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Foreword
In today’s era of information and communication technology, getting information 
about a particular subject has become increasingly fast and easy, but the readers 
are often seen struggling to precisely identify the best source from the plethora of 
information available. Here arises the need of expert opinion on the subject matter to 
guide the readers and that is what the editors have successfully accomplished in this 
book. Talking particularly about the “molecular medicines,” although summed up in 
two words, the field is very broad, covering the mechanistic aspects of how a disease 
could be targeted at the molecular level either by using a novel molecule or employing 
novel tools for delivering established therapeutics. Further, applications of nanotech-
nology have generated enormous interest in the medical field in the recent past with 
many of these new technologies heading towards the clinic. To harness the translational 
potential of nanotechnology, it is essential to understand how these systems interact 
with biological targets, ultimately shaping the outcome of the therapy. As rightly 
said by physicist Richard Feynman, “there is plenty of room at the bottom.” The 
idea of nanotechnology discussed in his famous lecture has now seen the light of the 
day with its application not being limited to a particular domain of physics but also 
extending its arms into almost all areas of current research. The field of molecular 
medicines has witnessed many of its major advancements due to nanotechnology, 
which is hence rightly covered in this book, while the research is still continuing to 
unleash the mysteries lying very deep at the bottom. The concept of “magic bullets” 
proposed by German Nobel laureate Paul Ehrlich in the 1900s has always been the 
driving force in research, particularly cancer research, to resolve the challenges asso-
ciated with the conventional strategies and provide personalized therapy to patients; 
these endeavors are rendered fruitful by applying concepts of nanotechnology for 
precise delivery of newer therapies. In spite of significant achievements in the field, 
delivery science still needs a precise spacio-temporal control over the molecular 
medicines to hit the target accurately at the right concentration and at the right time; 
a nanotechnology-based approach would certainly enable this quantum leap.

This book discusses how nanotechnology based approaches precisely deliver 
small molecules as well as oligonucleotides and gene-based therapies for cancer 
treatment presenting all the essential aspects of molecular medicines. The editors 
have convened the leading experts and researchers to put forth their views on this 
perpetually advancing field in an easy to understand text for academicians, research-
ers, undergraduate, and graduate students. I wish them all the best for this book and 
look forward for further compilations in the future as well.

Kenneth H. Cowan, MD
Director, Fred & Pamela Buffett Cancer Center

University of Nebraska Medical Center
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Preface
The term “nano” has paved its way into all the fields of science and technology 
and has shown promising improvements over the conventionally used method-
ologies. Talking about the field of medicine, it has emerged as a game-changing 
option by providing new ways of reaching out at the target disease and modify-
ing the therapeutic outcome. With the merger of nanotechnology and medicine, a 
new term, “nanomedicine,” has gained prominence and is applied to applications 
of nanotechnology in medicine encompassing both therapeutics as well as diagnos-
tics. The reason behind the enormous interest in the field is not only due to the 
new properties that materials start exhibiting at “nano” scale but also the ability 
to deliver these therapeutics/diagnostics at the subcellular/molecular level. On the 
other hand, simultaneous advancements in the field of molecular medicines that 
deal with the medical interventions targeting molecular structures and mechanisms 
involved in disease progression require novel technologies to make their therapeutic 
targets achievable. Particularly in cancer, several molecular mechanisms have been 
shown to impact its progression, aggressiveness, and chemoresistance. Our growing 
understanding of the mechanistic association of aberrant cell signaling as well as 
genetic and epigenetic modifications with cancer has enabled the design of molecular 
therapeutics. Small targeted molecules, antibodies, and oligonucleotides have been 
shown to selectively target the molecular structures in the cell thereby influencing 
the signal transduction process. Also, RNA interference (RNAi), including siRNA 
and miRNA, has exhibited a marked progress over the past decade with several 
RNAi technologies in clinical trials including CALLA 01 and ALN-VSP02. The 
challenges of delivering these molecular medicines to the desired site at therapeutic 
concentrations have rationalized the use of nanotechnology approaches for achieving 
the therapeutic goal. There is an increasing body of evidence that demonstrates the 
role of nanotechnology in influencing the outcome of molecular therapy. Keeping 
this in mind, we have gathered an array of interrelated topics to apprise the readers 
with the fundamentals of nanotechnology vis-à-vis the recent advancements in deliv-
ering the molecular medicines.

The book has been divided into three sections with a total of 19 chapters that 
reflect the recent literature as well as the experience of the authors. Section 1 con-
sists of seven chapters covering recent approaches for targeting cancer. Chapter 1 
provides an introduction to nanomedicines used for cancer particularly focusing on 
the nano-based products that have reached the clinic or are under clinical trials. A 
brief account of different aspects of nanomedicines such as targeting mechanisms, 
in vivo transport as well as clinically relevant animal models required to assess 
these nanomedicines is also provided. Chapter 2 focuses on the intricate relationship 
between the physico-chemical properties of the nanoparticles and their in vivo jour-
ney through various intravascular and transvascular transport routes and biological 
processes. The significance of nanoparticle size, shape, and surface characteristics 
with respect to their biological properties such as particle transportation, pharmaco-
kinetics, biodistribution, tumor penetration, cellular uptake, and particle clearance 
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from blood and tissues is highlighted in this chapter. Once into the cell, nanomedi-
cine should be able to target a particular subcellular organelle. The particle surface 
could be suitably modified for this purpose; this is thoroughly dealt with in Chapter 3 
wherein, several strategies are outlined to target the sub-cellular structures including 
mitochondria, nucleus, lysosomes, and endoplasmic reticulum. Chapter 4 focuses 
on the reversal of chemoresistance wherein, several key mechanisms involved in 
the emergence of chemoresistance are discussed to provide the reader with a clear 
understanding of key pathways utilized by cancer cells to evade the drug effects. 
A brief account of the general concepts of nanomedicines is then provided for bet-
ter understanding followed by a thorough description of nanomedicines utilized for 
the reversal of chemoresistance. Chapter 5 provides an in-depth understanding on 
dendrimers as a powerful multifunctional platform for delivering cancer therapeu-
tics and discusses several biomedical applications of peptide-modified dendrimers. 
Chapter 6 explores an important component involved in cancer progression i.e. tumor 
microenvironment (TME) as several therapeutic strategies now aim to manipulate 
TME and to disrupt the cross-talk between tumor and stroma. A detailed account 
of TME is given in this chapter followed by nanotherapeutic approaches for TME-
specific delivery. The last chapter of this section, Chapter 7 provides an insight into 
the recent nanotherapeutics containing active ingredients of traditional Chinese 
medicine (AITCM).

Section 2 comprises three chapters (8, 9, and 10) that deal with imaging technolo-
gies for cancer, recent trends in theranostic nanosystems and nanotechnologies for 
immunodiagnosis and immunotherapy, respectively. Herein, a detailed discussion 
of the imaging techniques in cancer is first provided to apprise the reader with the 
current state of the art followed by how nanotechnology could be utilized to improve 
the diagnostic capability. The emergence of theranostic systems that encompass both 
the diagnostic and therapeutic modalities together and enable personalized therapy 
is also focused upon in this section. Further, a thorough account on advancements in 
the fields of immunodiagnostics and immunotherapies vis-à-vis the emerging nano-
technologies that combine the sensitivity of nanomaterials with the specificity of the 
immunological interactions is provided.

Section 3 comprises nine chapters and provides a detailed account on the emerg-
ing gene-based therapies. Chapter 11 gives a brief introduction on the nucleic acids 
(DNA and RNA) and their use as cancer therapeutics. Further, various nanotechnology-
based approaches utilized to deliver these nucleic acid-based therapeutics are dis-
cussed followed by the challenges in their in-vivo and intracellular delivery. The 
reader is then apprised of the non-coding RNAs (long non-coding RNAs [lncRNAs] 
and microRNAs [miRNAs] in Chapters 12 and 13, respectively). LncRNAs are 
200–1,000 nucleotides long, non-coding transcripts involved in numerous essential 
cellular processes and epigenetic mechanisms including genomic imprinting, tran-
scription, translation, chromatin modification, cell development, and differentiation 
and apoptosis. On the other hand, miRNAs are small oligonucleotides that regulate 
the expression of target mRNA by binding to 3’-untranslated regions (UTRs) result-
ing in translation repression. Molecular pathways involved in cancer including WNT/
β-catenin, TGF-β/Smad, PI3K/AKT, and p53 signaling that could be targeted by 
miRNAs are discussed followed by current strategies and challenges in miRNA-based 
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therapies. Further, Chapter 14 provides an introduction to siRNA therapeutics and 
their delivery strategies including chemical modifications, RNA-based nanostruc-
tures, and lipid systems. Fine tuning of these systems for on-demand release is then 
discussed. Chapters 15 and 16 provide a detailed account on the lipidic and polymeric 
carriers for delivering the RNAi-based therapeutics, respectively. Recently it has 
been shown that both RNA and DNA could be used as nanoscaffolds for delivering 
various functionalities for regulating cell function and gene expression. The same is 
dealt with in detail in Chapter 17. Genetic mutations and genomic instability have 
long been thought of as drivers of the tumorigenesis process. The damage caused 
by endogenous or exogenous agents needs to be repaired to avoid these mutations. 
DNA repair mechanisms involve identification of the alterations in DNA molecules 
followed by a correction to restore the integrity of the genome. On the other hand, 
cancers with low mutations have pointed at the role of epigenetics, which is defined 
as the inheritable changes in gene expression with no alterations in DNA sequences. 
A connection between disruptions of the epigenome and tumor progression has been 
demonstrated by several studies. A detailed account of both DNA repair mecha-
nisms and epigenetics in cancer is provided in Chapter 18. Recently, CRISPR/Cas9 
has been shown as a potential tool for editing the genome and thereby correcting 
the detrimental mutations. Chapter 19 provides an account on the CRISPR/Cas9 
technology and its application in cancer for generation of tumor models as well as 
gene- and cell-based therapy.

This book presents an overview of the entire field of molecular medicines in can-
cer treatment and the use of nanotechnology as an efficient delivery approach. The 
content presented here has never before been compiled into a single book. The book 
brings together the leading experts and researchers to provide an account on the 
topic, such that the academicians, industrial researchers, higher-level undergradu-
ate and graduate students may easily comprehend the molecular therapy concepts 
and the applications thereof and could integrate them with the ever-advancing field 
of nanotechnology. This will further enable the reader to understand and structure 
the concepts and applications of nanotechnology in a more comprehensive manner.
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1 Nanomedicines 
for Cancer

Jiasheng Tu, Birendra Chaurasiya, and Yanan Li

1.1  INTRODUCTION

Recently, nanotechnologies have been gaining popularity in the medical field for 
the treatment as well as diagnosis of various diseases. Formulations prepared by 
nanotechnology are generally engineered below 100 nm size (Farokhzad & Langer, 
2006). By definition, nanotechnology works on two principles: (i) nanoscale size 
of the whole system or its vital components; (ii) man-made nature and unique 
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characteristics of new materials that arise due to their nanoscopic size (Godin 
et  al., 2010). Nanotechnology is a convergent system of various research areas 
like chemistry, biology, physics, mathematics, and engineering. This multidisci-
plinary effort made nanotechnology a unique delivery system to be used in clinical 
application (Shvedova, Kagan, & Fadeel, 2010). These nanoplatforms have been 
proven to carry varieties of therapeutic and diagnostic agents such as drugs, genes, 
and imaging agents at targeted site in a safe and effective manner. Their unique 
attributes such as ultra-small size, large surface area-to-mass ratio, and high reac-
tivity makes them deliver varieties of theranostics. With these multidisciplinary 
efforts, these nanocarriers loaded with various therapeutic agents have started to 
be used in clinical practice as nanomedicines (Liu, Miyoshi, & Nakamura, 2007). 
Nanocarriers play a major role in the improvement of solubility, bioavailability, 
and in decreasing the potential toxicity of chemotherapeutic drugs over conven-
tional formulation strategies. This pivotal partnership between nanocarriers and 
theranostic agents represents a changing paradigm over the last two decades in the 
drug delivery system to provide nanomedicines for clinical use for many disease 
conditions like diabetes, asthma, allergies, infections, and so on, most notably in 
cancer treatment (Brannon-Peppas & Blanchette, 2004; Forrest & Kwon, 2008; 
Kawasaki & Player, 2005). For therapeutic applications, these nanomedicines pre-
cisely deliver the therapeutic agents to the targeted site in a controlled manner 
without significant systemic side effects. For diagnosis applications, these nano-
carriers help to detect abnormalities on a molecular scale such as fragments of 
viruses, precancerous cells, and diseases markers that are not able to be identified 
with the traditional diagnosis system.

Nanotechnology, although recently applied to prepare medication for clinical 
use, was recognized as a drug delivery system long ago. The first nanotechnology 
based preparation was made of lipid vesicles in 1960s and was later described as 
liposomes in 1965 (Bangham, Standish, & Watkins, 1965). Similarly, several other 
nanotechnologies were established over the passage of time, for example, the first 
controlled-release polymer system of macromolecules was studied in 1976; the 
first long circulating stealth polymeric nanoparticle was described in 1994; the 
first quantum dot bioconjugate was described in 1998; and the first nanowire-based 
nanosensor described in 2001 (Farokhzad & Langer, 2006). History shows that the 
nanocarrier systems were explored more than 50 years ago but have got popularity 
in drug delivery date back about 40 years (Marty, Oppenheim, & Speiser, 1977). The 
first nanomedicine of anthracyclines was prepared in the form of nanosized phos-
pholipid vesicles (liposomes) to reduce cardiotoxicity at the end of 1970s (Forssen 
& Tökès, 1981). The landmark of nanotechnology-based nanomedicines was har-
nessed in clinical practice after approval of Doxil®, the first doxorubicin-loaded lipo-
some approved by the Food and Drug Administration (FDA) in 1995 (Barenholz, 
2012). Most common nanoplatforms studied today are polymer-based nanoparticles, 
nanoshells, micelles, liposomes, dendrimers, quantum dots, magnetic nanoparti-
cles, silicone oxide-based nanoparticles, and engineered viral-based nanoparticles 
(Ferrari, 2005). In this chapter we have focused on nanotechnology-based nanomed-
icines in clinical uses for various ailments and diagnoses and have included some 
nanomedicines that are under clinical trial.
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1.2  NANOMEDICINES IN CLINICAL USE 
AND UNDER CLINICAL TRIALS

According to an earlier survey conducted by the European Science and Technology 
Observatory, in last two decades huge progress has been made in the development of 
nanotechnology-based therapeutics and diagnostics (Wagner et al., 2006). Based on 
survey data conducted in recent years, the FDA has approved 20 nanotechnology-
based nanomedicines (Table 1.1) for cancer treatment and 67 nanodevices (not 
listed). A total of 122 therapeutics were under development and more than 795 nano-
products were in ongoing clinical trials (Hare et al., 2017). Among these products, 
liposomal and polymer-based drugs are the dominant groups, which account for 
more than 85% of the total number. Recently ongoing therapeutic clinical trials are 
listed in Table 1.2. All the products listed in tables were obtained from www.fda.gov 
and https://clinicaltrials.gov database.

1.2.1  Liposome-Based NaNomediciNes

Liposome is derived from the Greek words: lipo (“fat”) and soma (“body”). It was 
first described by British hematologist Alec D. Bangham in 1961. It is a spherical 
vesicle composed of phospholipids especially phosphatidylcholine, but also includes 
other lipids like egg phosphatidylethanolamine (Sahoo, Parveen, & Panda, 2007). 
Liposomes are categorized as unilamellar, multilamellar, and cochleate vesicles. 
Unilamellar vesicles contain one lipid bilayer and generally have a diameter ranging 
from 50 to 250 nm. They contain a large aqueous core that is preferentially used 
to encapsulate water-soluble drugs. Multilamellar vesicles comprise several con-
centric lipid bilayers in an onion-skin arrangement and usually have diameters of 
1–5 μm. Their high lipid content allows multilamellar vesicles to passively encapsu-
late hydrophobic drugs. Compared with the multilamellar vesicles above, cochleate 
vesicles comprise several lipid bilayers that are not concentric (Figure 1.1). Based 
on liposome preparation methods, the size distribution of liposomes varies from 
25–1000 nm (Weissig, Pettinger, & Murdock, 2014). Liposomes have been widely 
used as pharmaceutical carriers in the past decades because of their unique abilities 
to (a) encapsulate both hydrophilic and hydrophobic therapeutic agents with high 
efficiency, (b) protect the encapsulated drugs from undesired effects of external con-
ditions, (c) be functionalized with specific ligands that can target specific cells, tis-
sues, and organs of interest, (d) be coated with inert and biocompatible polymers 
such as polyethylene glycol (PEG), in turn prolonging the liposome circulation half-
life in vivo, and (e) form desired formulations with needed composition, size, surface 
charge, and other properties (Moghimi & Szebeni, 2003; Torchilin, 2005).

Liposome-based nanomedicines approved by the FDA for the treatment of cancer 
are listed in Table 1.1. Doxil® was the first liposome-based anticancer nanomedicine 
approved by the FDA in 1995 for the treatment of AIDS-associated Kaposi’s sar-
coma, ovarian cancer, and multiple myeloma, as well as for metastatic breast cancer 
(Zhang et al., 2008). Doxil® was prepared by encapsulating doxorubicin into stealth 
liposome carriers comprised of hydrogenated soy phosphatidylcholine, cholesterol, 
and PEGylated phosphoethanolamine (Figure 1.2). Doxil® has shown prolonged 

http://www.fda.gov
https://clinicaltrials.gov
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doxorubicin circulation half-life and enhanced drug deposition (about 16-fold) in the 
tumor tissue in comparison to free doxorubicin (Bobo et al., 2016). It was reported 
that 1 ml of commercial Doxil® dispersion contain 2.3 × 1014 liposomes and each 
liposome contains ~10,000 molecules of doxorubicin, above 95% of which was in 
the crystalline phase (Barenholz, 2012). Many investigations in animal models have 
reported that Doxil® extravasates and accumulates as intact liposomes in tumors 
through “leaky” vasculature and inside the tumor it moves by convection and distrib-
utes through the tumor, also called the EPR effect (Maeda, Bharate, & Daruwalla, 
2009). A comprehensive review on Doxil® was summarized by Barenholz (2012).

Another liposome-based anticancer nanomedicine is DaunoXome® (daunorubicin) 
approved by FDA for the treatment of AIDS associated Kaposi’s sarcoma. Similarly, 
Myocet®, is a PEGylated liposomal doxorubicin approved in Europe and Canada for 
metastatic breast cancers. In the last three years, FDA has approved three liposomal 
anticancer nanomedicines for clinical use, i.e. Lipusu® (Paclitaxel liposome, 2014); 
Onivyde® (Irinotecan liposome, 2015); and LEP-ETU® (Paclitaxel liposomal, 2015).

Lipusu® was approved by the State Food and Drug Administration of China in 
2003 for clinical use in China for the treatment of ovarian cancer and non-small 
cell lung cancer by i.v. administration; later in 2014 it was approved by the FDA for 
global use. It is a cholesterol-based liposome prepared by film dispersion method 
(Ye et al., 2013). In animal studies in a rat model, it was found that Lipusu® dis-
played higher distribution in the liver, spleen, and lungs rather than in the kidney 
and heart, which was highly observed in cremophor-based paclitaxel preparation i.e. 
Taxol® (Zhang, Huang, & Gao, 2009). It was reported that the maximum tolerated 
dose of paclitaxel in liposomal formulation is 200 mg/kg, while the conventional 
paclitaxel dosage is 30 mg/kg (Zhang, Huang, & Gao, 2009). Similarly, Onivyde® 
is a topoisomerase-I inhibitor and was approved by FDA in 2015 for the treatment 
of advanced (metastatic) pancreatic cancer (Drugs.com, 2015). Patients treated with 
Onivyde® in addition to flurouracil and folinic acid were shown to have a 6.1-month 
median survival vs 4.2 months with the addition of the liposomal irinotecan formula-
tion. Like all of the approved liposomal systems, the Onivyde® delivery mechanism 
is based on passive targeting. Likewise, LEP-ETU® was approved by the FDA in 
2015 for the treatment of ovarian cancer.

Unilamellar liposomes Multilamellar liposomes Multivesicular liposomes Cochleate vesicles

FIGURE 1.1 Basic structures of liposomes. (From Zununi Vahed, S. et al., Materials 
Science & Engineering. C, Materials for Biological Applications, 71, 1327–1341, doi: 
10.1016/j.msec.2016.11.073, 2017.)
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There are many more liposomal anticancer preparations under clinical trials. 
Thermodox® a multifunctional doxorubicin preparation, is in Phase III. It is formulated 
in the same way as Doxil® but is formulated with thermosensitive lipids that degrade 
the bilayer when exposed to high heat (40–45°C). It is designed to release loaded drugs 
in the tumor at a specific site where it interacts with the thermal radiofrequency of 
tumor cells (Figure 1.3) (Saxena et al., 2015). There are many other liposome-based 
nanoformulations for cancer treatment under clinical trials listed in Table 1.2.

Liposomes are popular versatile carriers used to deliver verities of biologically 
active molecules in a controlled manner to a target site. These are relatively non-toxic 
systems have enough potential to entrap both hydrophilic and hydrophobic drugs. Their 
hydrophilic outer layers provide a good platform to decorate with multiple cell target-
ing ligands. Thus, they represent very effective carriers for delivering multiple active 
molecules for enhanced therapeutic effect. The final amount of the encapsulated drug 
is affected by a selection of an appropriate preparation method providing a preparation 
of liposomes of various size, lamellarity, and physico-chemical properties. The modi-
fication of liposomes permits a passive or active targeting of the tumor site. This 
effect enables an efficient drug payload into the malignant cells of the tumor, while 
the non-malignant cells become minimally impacted (Koudelka & Turanek, 2012).

1.2.2  poLymer-Based NaNomediciNes

The polymeric drug delivery system is another well-studied nanocarrier system in 
drug delivery platforms currently in clinical practice. The polymeric system is fur-
ther classified into polymeric-drug conjugates, polymeric micelles, and polymeric 
nanoparticles. The schematic diagram of these polymeric systems is shown in 

Inside the blood
circulation at pH 7.4

Inside the tumor cellular
environment

Doxorubicin

Dipalmitoyl
phosphocholine

Stearoylhydroxy glycero
phosphatidylcholine

Distearoylglycero
phosphatidylethanolamine
methoxy polyethylene
glycol

40–45 °C
/pH 5

FIGURE 1.3 Schematic diagram of thermosensitive Thermodox liposome. (From Liu, D. 
et al., Theranostics, 6(9), 1306–1323, doi: 10.7150/thno.14858, 2016.)
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Figure 1.4. Small-molecule therapeutic agents, especially anticancer chemotherapeutic 
agents, usually have two limitations: a short circulation half-life, which leads to fre-
quent administrations, and non-site-specific targeting, resulting in undesired systemic 
side effects. The conjugation of small-molecule drugs to polymeric nanocarriers can 
improve the undesirable adverse effects. Polymer-drug conjugates not only prolong 
the in vivo circulation time from several minutes to several hours but also reduce cel-
lular uptake to the endocytic route (Zhang et al., 2008). Polymeric conjugates enhance 
the plasma stability and solubility of the payload while reducing its immunogenicity. 
Polymer nanomedicines usually fall into one of two categories: (a) polymer-drug con-
jugates for increased drug half-life and bioavailability, and (b)  degradable polymer 
architectures for controlled-release applications.

To date, the FDA has approved three polymer-based nanomedicines for cancer 
treatment and many more are under clinical trials. In polymeric nanomedicines, 
drugs are combined with hydrophilic polymers to increase blood circulation for 
biocompatibility (Alconcel, Baas, & Maynard, 2011). The most studied polymer is 
poly (ethylene glycol) (PEG). Neulasta® is one of the most popular polymer-based 
nanomedicines approved by the FDA for the treatment of neutropenia. Neulasta® is a 
PEGylated granulocyte colony-stimulating factor, due to its PEGylation, the biologi-
cal half-life in plasma was increased from 3–4 hours to 15–80 hours in comparison 
to its basic filgrastim (Benbrook, 2014). There are other two polymer-based antican-
cer nanomedicines approved by the FDA, Eligard®, and Genexol-PM®. Eligard® is a 
PEGylated leuprolide acetate suspension, a GnRH agonist, for subcutaneous injection 
for the management of advanced prostate cancer. It is designed to deliver leuprolide 
acetate at a controlled rate over a one-, three-, four-, or six-month therapeutic period.

Polymeric carriers not only extend the circulation time of established drugs but 
also establish stable release patterns for hydrophobic drugs for controlled release 
to maintain prolonged therapeutic index. This is achieved by using slowly degrad-
able functionality that subsequently leads to a kinetically driven release of the drug. 
PLGA is a well-established degradable polymer that slowly decomposes into the con-
stituent monomeric units over controlled time courses. Another chemotherapeutic, 
Camptothecin (a DNA topoisomerase I inhibitor), has been encapsulated in cyclo-
dextrin-PEG copolymers to form nanoparticles ~20–50 nm in diameter (Svenson 
et al. 2011). These nanoparticles (CRLX101) are administered by intravenous injec-
tion and utilize the so-called enhanced permeability and retention effect (EPR) that 
relies on leaky vasculature in tumors to increase accumulation of the drug molecules 

Polymer-drug conjugate Polymeric micelle Polymeric nanoparticle

FIGURE 1.4 Schematic diagram of various polymeric drug delivery systems.
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at the target of interest. CRLX101 has achieved Phase II trials in patients with rectal, 
ovarian, tubal, and peritoneal cancer and is an example of classical nanomedicine 
therapeutics utilizing biocompatible polymeric nanoparticles. There are many other 
polymeric nanoformulations under clinical trials listed in Table 1.2.

1.2.3  proteiN-Based NaNomediciNes

Proteins used as a carrier are biocompatible and biodegradable. Protein nanopar-
ticles cover a number of different nanomedicine classes, from drugs conjugated to 
endogenous protein carriers to engineered proteins where the active therapeutic is 
the protein itself, and to combined complex platforms that rely on protein motifs for 
targeted therapeutic delivery. Early protein nanoparticles sought to use the natural 
properties of protein circulating in serum, allowing dissolution and transport of drug 
compounds in blood during circulation. This approach consisted of natural protein 
combined with known drugs in order to reduce toxicity (Bobo et al., 2016).

Albumin has been the most common protein used as a carrier in a nano-drug deliv-
ery system for a decade. It can self-assemble and has a huge capacity to load both 
hydrophilic and hydrophobic drugs as well as genetic materials. Abraxane® is a pro-
totype example of a protein-based, anticancer nanomedicine approved by the FDA 
in 2005 for the treatment of metastatic breast cancer. Preparation of Abraxane® was 
based on albumin-bound nanoparticles (NAB)-technology, in which paclitaxel was 
loaded in human serum albumin nanoparticles with a size of 130 nm. A basic prepa-
ration technique of albumin nanoparticles is schematically described in Figure 1.5. 
As paclitaxel is insoluble in aqueous media, it needs a surfactant and an organic solvent 
as co-solvents for solubility. This Abraxane® was designed to replace the toxic solvent 
Cremophor, used to increase the solubility of the paclitaxel (Trickler, Nagvekar, & 
Dash, 2008). Cremophor is a polyethoxylated castor oil that contains ricinolic acid, 
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FIGURE 1.5 Schematic process for preparation of drug loaded albumin nanoparticles.
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which has marked cytotoxicity effect. Abraxane® cannot only reduce the toxic effect 
of Cremophor in Taxol® but also enhances the pharmacokinetic efficiency of pacli-
taxel. After successful therapeutic results of Abraxane®, many other formulations were 
designed based on NAB-technology, for examples, NAB-docetaxel, NAB-rapamycin, 
and NAM-heat shock protein inhibitor. There are other two protein-based anticancer 
drugs approved by the FDA, Ontak®, and Kadcyla® and many are under clinical trials.

Ontak® is prepared by fusion of Denileukin Diftitox with an engineered protein 
combination of interleukin-2 and diphtheria toxin. It was designed to target the 
interleukin-2 receptor to introduce diphtheria toxin into the lymphoma’s malignant 
cells to kill the cell. This interleukin-2 targeted therapy appears to be an effective 
treatment for peripheral T-cell lymphomas. It was reported that Ontak® in combi-
nation with other first line chemo drugs has increased survival rates up to 63.3% in 
comparison with therapy using first-line chemo drugs only, which is only 32–35%. 
Ontak® is not myelosuppressive, nor is it associated with significant organ toxicity. 
Ontak® represented one of the first actively targeted proteinaceous nanoparticles 
(Foss, 2006). Kadcyla® is another proteinaceous nanoparticle approved by the FDA 
in 2013 with payload ado-trastuzumab emtansine for metastatic breast cancer treat-
ment (Figure 1.6). It is administered prior to trastuzumab and taxane. Kadcyla® is 
designed to selectively target epidermal growth factor receptor-2-expressing cells 
for the treatment of metastatic breast cancer (Weissig et al., 2014).

Rexin-G®, another good example of proteinaceous nanomedicines for targeting 
genes, is under clinical trials in Phase I/II. Its active targeting relies on a collagen-
binding peptide from human von Willebrand factor (vWF). This protein normally 
induces platelet aggregation in the instance of vascular injury. In Rexin-G®, vWF 
serves to enhance particle deposition by guiding the whole particle into a tumor where 
exposed collagen is often found (Chawla et al., 2010). In contrast to previous protein 
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FIGURE 1.6 Molecular structure and sequence of Kadcyla®.
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nanoparticles, Rexin-G® is a mixed system that is based on the murine leukemia 
virus. The von Willenbrand factor-derived binding motif is expressed in the modified 
viral envelope for particle delivery. The proteinaceous envelope is responsible for 
nanoparticle accumulation and ultimate transfection of a cytotoxic cyclin G1 gene. 
As opposed to receptor-specific targeting, Rexin-G® is targeted against the general 
disease state characteristics found in tumor environments. Avoiding reliance on a spe-
cific receptor may avoid the confounding effects of mutation and adaptation. Rexin-
G®’s proponents have stated this general targeting of invasive cancer characteristics 
has improved delivery of the genetic payload to where it is needed while reducing 
target selection of normal tissues and tumor adaptation (Gordon & Hall, 2010). There 
are many more proteinaceous nanomedicines under clinical trials listed in Table 1.2.

1.2.4  miceLLes-Based NaNomediciNes

Micelles are an emerging nanoplatform to deliver various molecules in a controlled 
manner to the biological target site. It consists of both hydrophilic as well as hydro-
phobic motifs to load hydrophobic drugs in the core of the micelles. It also provides 
excellent outer surface decorating property to bind with target-specific ligands for 
site-specific delivery of therapeutics. It is self-assembled system; therefore, during 
preparation it is required to balance the hydrophobic/hydrophilic ratio to obtain the 
desired size and morphology. The internal core is hydrophobic to load hydrophobic 
molecule and the outer surface is hydrophilic to enhance dissolution in the plasma 
and cellular matrix. The flexible and tunable properties of polymeric micelles have 
contributed to extensive investigations in this field. However, the relatively low phys-
ical stability and thermodynamically driven disassembly upon dilution in plasma are 
the main drawbacks of polymeric micelles. A promising approach to overcome these 
drawbacks and optimize the properties of single micelles as above, is the combina-
tion of two or more distinct amphiphilic polymers, which are called mixed micelles 
(Figure 1.7). Compared with the single micelles, the mixed micelle is able to achieve 

Self assembly

Hydrophobic portion

Hydrophilic portion

Mixed
micelle

FIGURE 1.7 The schematic diagram of mixed micelles. (From Cagel, M. et al., 
European Journal of Pharmaceutics and Biopharmaceutics, 113, 211–228, doi: 10.1016/j 
.ejpb.2016.12.019, 2017.) 
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the following advantages such as lower CMC, improved stability, enhanced drug 
loading, and more accurate control for physicochemical property.

To date one polymeric micelles-based nanoformulation is approved by the FDA 
for cancer therapy, Genexol-PM®. It is a Methoxy-PEG-poly (D,L-lactide)-paclitaxel 
approved for the management of metastatic breast cancer. The preparation method is 
illustrated below in Figure 1.8. Genexol-PM® was found to have a three-fold high maxi-
mum tolerated dose in nude mice, and two- to three-folds higher levels of biodistribution 
in various tissues including the liver, spleen, kidney, and lung in comparison to Taxol®.

Many polymeric nanomedicines that are under clinical trials are listed in Table 1.2. 
BIND-014 is the first micellar nanomedicine for prostate cancer; it is in clinical trial 
Phase II. It is a docetaxel-loaded, core-shell polymeric micelle that contains a degrad-
able and hydrophobic polymeric core and a hydrophilic PEG shell. It is designed to 
target prostate-specific antigen, which is a prominent protein marker on the surface 
of many prostate cancer cells (Kaittanis et al., 2014). BIND micelles are considered 
as next generation therapeutics for cancer treatments that contain kinase inhibitors 
as future drug therapeutics. Another similar micellar nanomedicine is CriPec®, in 
which docetaxel was loaded in lactate-based hydrophobic blocks and contains PEG-
based hydrophilic blocks. In preclinical investigation, complete remission of breast 
cancer in rodent models was found, which shows favorable biodistribution for effec-
tive therapy (Rijcken et al., 2005). CALAA-01 is another micellar anticancer nano-
medicine for various tumors that is under clinical investigation. Mixed micelles are 
another hybrid group of micelles that are more stable than normal micelles. SP1049C, 
an example of these mixed micelles, entered into clinical trial and has successfully 
passed Phase I/II. This novel Pgp-targeting micellar formulation is composed of the 
loaded doxorubicin and two non-ionic copolymers, Pluronic L-61, and Pluronic F-127. 
The targeting ability is achieved due to Pluronic L-61 which disrupts Pgp function in 
the cell membrane of doxorubicin-resistant cancer cells and selectively depletes cel-
lular ATP (Valle et al., 2011). In addition, after releasing the loaded cargo, micelles 
can dissociate into block copolymers and be eliminated by filtration through kidneys, 
which would avoid the long-term side effect.

1.2.5  NaNotechNoLogy-Based misceLLaNeous NaNomediciNes

Metallic nanoparticles are well-studied due to their effective therapeutic as well as 
imaging properties. There are various iron oxide-based nanomedicines under clinical 

+
Self-assemble

PaclitaxelMethoxy-PEG-poly (D,L-
lactide)-copolymer Genexol-PM®

FIGURE 1.8 Schematic representation of the self-assemble phenomena of Genexol-PM®.
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trials and some are approved by the FDA only for iron deficiency treatment. To date 
there is only one metal based-nanomedicine approved by the FDA for cancer treat-
ment, namely Nanotherm®. This consists of aminosilane-coated superparamagnetic 
iron oxide nanoparticles designed for the treatment of glioblastoma using local tumoral 
hyperthermia (Thiesen & Jordan, 2008). For the treatment, this preparation is directly 
injected into the tumor where it gets heated in the tumoral hyperthermic environment 
(40–45°C), then the tumor cells are programmed to die. In its clinical trials, the overall 
survival period of the patients treated with Nanotherm® was increased by 12 months 
(Maier-Hauff et al., 2011). Recently, gold has been utilized as a nanomedicine in clini-
cal trials due to its unique combination of optical properties, thermal properties, and 
easy to modify size, shape, and surface structure (Yeager et al., 2014). Although hav-
ing versatility in preparation and wide coverage in research fields, to date there is no 
gold nanomedicine approved by the FDA for cancer therapy and only a few are under 
clinical trials. CYT-6091 is a gold-based anticancer nanomedicine that has successfully 
passed its clinical trial Phase I (Libutti et al., 2010). It is a recombinant human tumor 
necrosis factor (rhTNF) bound to colloidal gold linked up with PEG linker to enhance 
the biocompatible antifouling layer. During preclinical study in animal models, it was 
found that the gold increased the immobilization of rhTNF three-fold more than the free 
rhTNF without any toxicity and the PEG linker aided the cellular uptake via EPR effect.

Crystalline nanoparticles are another well-studied platform; they are composed 
of 100% drug molecules. Due to their nanoscale size, the solution stability is main-
tained and leads to enhance the diffusion-based mass transfer through the biologi-
cal membrane. To date there is only one FDA-approved crystalline nanomedicine 
for cancer treatment, Ryanodex®. It is a crystalline nanosuspension of Dantrolene 
sodium indicated for the treatment of malignant hyperthermia. During clinical tri-
als, the bioavailability of Ryanodex® was compared with Dantrolene sodium, and 
it was found that Cmax for Ryanodex® was 44% more than Dantrolene followed by 
intravenous injection administration (Kobayashi et al., 2003).

1.3  TARGETING MECHANISM OF NANOMEDICINES

1.3.1  passive targetiNg

The enhanced permeability and retention effect (EPR) effect was first proposed by 
Maeda in 1986. The incompletely hyperpermeable vasculature and impaired lym-
phatic drainage enhanced permeability of large particles in the tumor and avoided 
the clearance of particles that caused retention in solid tumor (Matsumura & Maeda, 
1986). Generally, nanomedicines (sub-200 nm) are able to extravasate and accumu-
late within the interstitial space of tumors by circulating through the much larger 
endothelial pores (10 to 1000 nm) (Fang, Nakamura, & Maeda, 2011). The nano-
medicines include nano-proteins, macromolecules, liposomes, micelles, conjugates, 
and other nanoparticles. The EPR effect is considered as the major underlying 
mechanism since the nanomedicine developed and accumulated inside the tumor 
(Figure 1.9) (Prabhakar et al., 2013). However, there is too much controversy on the 
efficiency of the EPR effect in humans through the clinical trials. In fact, the com-
promised effect of EPR effect for tumor in humans is attributable to the complex 
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heterogeneity of the tumors, such as a hypoxic gradient, which can severely limit the 
efficacy of drugs delivered by passive targeting. Another factor that limits the reten-
tion of nanomedicine drugs in the tumor is increased interstitial fluid pressure that 
can result in reduced or abrogated transport of drug (Jain & Stylianopoulos, 2010). 
Furthermore, the extracellular matrix of certain malignancies, such as pancreatic 
cancer, limits drug penetration into the tumor (Provenzano et al., 2012).

While the number of researches citing “EPR” for nanoparticles has extremely 
increased, this creative flourish has largely failed in the clinical trials. Although the 
EPR effect has been well achieved in small animal models, the clinic data is not as 
apparent as in animal models. Nanomedicines have almost uniformly failed to produce 
improved efficacy in the clinic compared with the standard therapies, in spite of tre-
mendously successful preclinical results. For instance, doxorubicin-loaded PEGylated 
liposomes (Doxil®) (Rose et al., 2006) was approved to treat the AIDS-associated 
Kaposi’s sarcoma and ovarian cancers with pre-clinically greater therapeutic efficacy 
compared with standard therapies in 1995. The main benefit of Doxil® in treating solid 
tumors was the reduced cardiotoxicity gained by limiting free doxorubicin exposure 
to cardiac tissue. However, these appeared to aggravate notably skin toxicity in the 
form of palmar-plantar erythrodysesthesia (PPE)—hand and foot syndrome because 
of the extended circulation time of the PEGylated liposomes, which provides time for 
the kinetically slow process of extravasation into the skin (Sutton et al., 2005). In addi-
tion, Doxil® failed to achieve enhanced tumor accumulation over free doxorubicin, 
indicating that EPR is compromised in human tumors without as well understood as 
in pre-clinical trials. Another example is Abraxane®, an albumin-bound nanoparticle 
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FIGURE 1.9 Schematic representation of EPR effects of passage of nanomedicine through 
vascular leaky aperture to approach the tumoral cells. (From Danhier, F., Journal of 
Controlled Release, 244, 108–121, doi: 10.1016/j.jconrel.2016.11.015, 2016.)
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of paclitaxel, was approved to maintain the therapeutic benefits of paclitaxel but elim-
inate the toxicities associated with the emulsifier Cremophor®EL in the free paclitaxel 
formulation (Taxol®) (Bertrand et al., 2014). The maximum tolerated dose (MTD) 
of Abraxane® was approximately 50% higher than that for Taxol® (Morenoaspitia 
& Perez, 2005). Thus, the clinical efficiency of Abraxane® is probably not due to 
nanoparticles characteristics but to the removal of Cremopho®EL from the formula-
tion that causes toxicities of its own (Sparreboom et al., 2005).

1.3.2  active targetiNg

Based on the passive targeting and the flexible surface of nanomedicine, specific 
ligands are modified on the surface of the nanocarrier that are able to bind to the over-
expressed receptors at the target site. The first targeting system mainly concentrates 
on the antibodies (F [ab’], scFv) as targeting moieties because of the high specificity 
and wide availability. Since then, many other targeting moieties such as other proteins 
(transferrin, ankyrin repeat protein, affibodies), peptides (LyP-1, F3 peptide, iRGD, 
KLWVLPK, aptides), nucleic acid-based ligands (A10 aptamer, A9 CGA aptamer), and 
small molecules (folic acid, triphenylphosphine [TPP], nucleic acid aptamers [ACUPA]) 
have been investigated. The active targeting delivery system is able to achieve more 
efficiently specific target towards cancer tissue, which is classified as two types on 
cellular targets: (i) target the receptors of cancer cells, for instance, CD44, transferrin, 
folate, epidermal growth factors, and others; (ii). target the tumor microenvironment 
such as the overexpression of vascular endothelial growth factor (VEGF) integrins, 
HER2, and others. Most active targeting nanomedicines are internalized via receptor-
mediated endocytosis that can recognize and enter into the specific targeted cell with 
higher specificity compared with the passive accumulation. Besides, receptor-mediated 
endocytosis can inhibit drug resistance by changing the internalized pathways to some 
extent. Despite a large number of publications in this area, only a few investigations 
with active targeting are under investigation in clinical trials (Table 1.3). Table 1.3 con-
clude the target to interact between the cells and the nanomedicine in clinic.

1.3.3  stimuLi-respoNsive NaNomediciNe

There are many investigations on the stimuli-responsive nanomedicine recently. The 
stimuli-responsive systems act in response to physical, chemical or biological triggers 
that promote release of drugs by interfering with the phase, structure or conforma-
tion of the nanocarrier. Triggers can be classified into internal (patho-physiological/
pathochemical condition) and external (physical stimuli such as temperature, light, 
ultrasound, magnetic force, and electric fields) stimuli (Figure 1.10) (Holme et al., 
2012; Jhaveri, Deshpande, & Torchilin, 2014; Tannock & Rotin, 1989).The advan-
tage of stimuli-responsive systems is minimizing systemic exposure to the anti-drug. 
With the use of an external stimulus to improve efficacy of nanomedicines, two 
formulations have managed to reach clinical trials: the thermosensitive liposome 
containing doxorubicin, ThermoDox, for the treatment of breast cancers and hepato-
cellular carcinomas. Another formulation is the magnetic nanoparticle, NanoTherm, 
for the treatment of glioblastomas (Mura, Nicolas, & Couvreur, 2013).
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1.4  DESIGN ASPECT OF NANOMEDICINES

To achieve enhanced antitumoral effect at the tumor site, there are four major steps 
for the nanomedicine entering into the cancer cells: (i) the circulation time of the 
nanomedicines within the vascular network; (ii) cross the tumor vessel wall into 
the tumor interstitial space; (iii) the interstitial transport of the particles within the 
tumor; (iv) the internalization by cancer cells for some drugs.

1.4.1  vascuLar traNsport

In theory, the size for the pore of the normal vessel wall is between 6–12 nm, which 
suggests that nanomedicines should be >12 nm to avoid crossing the vessel wall of 
normal tissues. In addition, clearance from the blood circulation is performed by 
filtration in the kidneys or by the reticuloendothelial system in the liver and spleen. 
Renal clearance is very rapid for small particles with a hydrodynamic diameter 
smaller than 5–6 nm, while clearance by the liver and the spleen is rapid for par-
ticles with diameter above 200 nm. So, systemically administered nanomedicines 
which are biodegradable and not toxic should be designed at a range of 12–200 nm 
to have a higher chance of reaching the tumor vasculature and extravasating into the 
tumor tissue. The larger the nanomedicine diameter, the shorter the half-life time 
(Figure 1.11).

TABLE 1.3
Actively Targeted Nanomedicines for Cancer in Clinical Trials (Phase I/II)

Name System Target Payload Ref

BIND-014 Polymeric NPs Prostate specific 
membrane antigen 
(PSMA)

Docetaxel (Hrkach et al., 2012)

MCC-465 Liposomes Gastric cancer
(Ab fragment)

Doxorubicin (Matsumura et al., 
2004)

MM-302 Liposomes HER2 (Ab scFv) Doxorubicin (Wickham & Futch, 
2012)

MBP-426 Liposomes Tf-Receptor Oxaliplatin (Byrne, Betancourt, 
& Brannonpeppas, 
2008)

SGT-53 Liposomes Tf-Receptor 
(Ab scFv)

p53 plasmid DNA (Senzer et al., 2013)

CALAA-01 Polymeric NPs Tf-Receptor siRNA M2 subunit 
of ribonucleotide 
reductase

(Davis et al., 2010)

Anti-EGFR-
ILs-dox

Liposomes EGFR (Ab, 
cetuximab)

Doxorubicin (Mamot et al., 2012)

Rexin-G Retroviral 
vector

Collagen
(viral envelope 
peptide)

Human cyclin G1 
gene

(Chawla et al., 2009; 
Chawla et al., 2010)
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Compared with spherical shape, filamentous particles processed longer circulation 
times, while nanotubes with diameters of less than 2 nm have rapid clearance from the 
kidneys, which drastically reduces their circulation times. Furthermore, the surface 
charges on the nanomedicine play a crucial role for the vascular transport of nano-
medicines. The higher charged particles (anionic or cationic), the easier to be cleared 
from the reticuloendothelial system. And cationic particles induce binding of plasma 
lipoproteins to their surface that signals immune cells. Hence, it would be preferable 
for the nanoparticle formulations with neutral charge to transport across the vascu-
lar wall. A common practice of surface functionalization is PEGylated by adding a 
neutral layer of polyethylene glycol (PEG) to its surface. PEGylation is able to protect 
the nanomedicine to avoid opsonization and phagocytosis by the reticuloendothelial 
system (e.g. Kupffer cells, phagocytes, etc.), which is called “stealth” nanoparticles.

In conclusion, PEGylated nanoparticles with a hydrodynamic diameter above 12 nm 
but less than 200 nm could, in general, ensure sufficient circulation times and seem to 
selectively transport across the vascular wall in tumor area and reach to tumoral cell.

1.4.2  traNsvascuLar traNsport

The transvascular transport of nanomedicine passes through the pores of the leaky 
tumor vessels and delivers the drug into the interstitial space of tumor, which is 
the main mechanism of EPR effect (Gillies et al., 1999; Jain, 1987). Transvascular 
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FIGURE 1.11 Schematic representation of various design aspects of nanomedicines to 
improve the tumoral internalization. (1) Decoration of various ligands can improve the active 
targeting and selective internalization, (2) modification on surface morphology can increase 
the passive targeting and cellular uptake by diffusion and phagocytosis process, (3) delivery 
of drugs using different nanocarriers can increase the stability and retention of drugs into the 
circulation system, and (4) improvement in physical properties like shape and size can also 
improve the cellular uptake into the tumoral cells.
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transport depends on two major points: (i) the difference between the microvascular 
and interstitial fluid pressure; (ii) the interactions between the nanomedicine and the 
vessel wall. The heterogeneity of tumor explains why the EPR effect failed in the 
clinic for some nanomedicine.

The interstitial fluid pressure is mainly controlled both by the permeability of the 
vessels and lymphatic dysfunction. Some tumors have large intercellular pores in 
the endothelial lining. Based on these, excessive fluid flows from the vascular to the 
interstitial space and insufficient lymphatic drainage causes the increased interstitial 
space pressure. When the interstitial fluid pressure in solid tumors is almost equal 
to microvascular pressure, transvascular pressure gradients reduce, which renders 
the diffused transport of molecules, so for very permeable tumors (e.g., openings 
larger than 200 nm) the transport of particles of all sizes will be hindered due to the 
elevated interstitial fluid pressure.

The interactions between the nanomedicine and the pores of the tumor vessel 
wall can be of three types: (i) steric due to collisions of the particle with the wall; 
(ii) hydrodynamic due to hydrodynamic forces induced by the motion of the particle 
within the fluid medium; (iii) electrostatic due to repulsion or attraction. All the 
above interactions are able to be controlled by the relative size of the particle to the 
openings of the wall. The research calculations indicate that neutral particles with a 
diameter larger than 60% of the openings of the vessel wall will be excluded due to 
steric interactions. Whereas if the opening size is too large for the particle, the inter-
actions becomes not important and the transport would not be hindered.

Therefore, there is a size-dependent delivery of nanoparticles for less permeable 
tumors, that will benefit only small particles with sizes usually less than 60 nm. 
Note that MM-398 (ONIVYDE® [irinotecan liposome injection]) is of the same size 
as Doxil® at 100 nm, it has been clinically approved for the treatment of pancreatic 
ductal adenocarcinomas, which are considered to be poorly permeable.

As far as the effect of nanomedicine shape is concerned, transvascular flux of 
elongated particles, such as nanorods, is superior compared to spherical particles of 
equal hydrodynamic diameter. This could be explained by the fact that non-spherical 
particles traveling in the bloodstream interact more actively with the vessel wall as 
they exhibit tumbling and rolling motions. It is indicated that steric and hydrody-
namic interactions may be lower for elongated particles. In conclusion, spherical 
nanoparticles with diameters in the range of 12–60 nm, elongated particles with 
similar hydrodynamic diameters and cationic particles are likely to have superior 
extravasation into the tumor tissue.

1.4.3  iNterstitiaL traNsport

Similar to transvascular transport, interstitial transport is controlled by the gradi-
ents of the interstitial fluid pressure within the tumor as well as by steric, hydro-
dynamic, and electrostatic interactions between the particles and the openings 
apertures (pores) of the interstitial space. However, the desmoplastic response 
observed in many tumors overproduces extracellular fibers and the pores can be on 
the order of 100 nm or smaller. As a result, nanomedicines with a hydrodynamic 
diameter larger than 50 nm might not be able to effectively and uniformly diffuse 
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into the tumor interstitial space. Therefore, even if nanoparticles are able to cross 
the hyper-permeable tumor vessels, they might not be able to penetrate deep into 
the tumor interior, and thus, concentrate in the perivascular regions or end up in the 
surrounding normal tissue. In that case, the release rate of the nanomedicine will 
largely determine the distribution of the effective drug into the tumor (Figure 1.11).

In conclusion, particles with a diameter of 12–50 nm, elongated particles with 
similar hydrodynamic diameters and neutral particles are ideal to optimize nanopar-
ticle penetration in the tumor interstitial space. Obviously, there is better penetra-
tion for smaller particles, but very small particles might be cleared rapidly from the 
tumor tissue due to limited retention. As discussed earlier for transvascular trans-
port, the efficacy of particles larger than 50 nm will depend on the release kinetics 
of drugs from these particles.

1.4.4  iNtraceLLuLar traNsport

Some antitumor drugs require intracellular delivery while others are able to release 
the drug into the microenvironment. For the former drug, the nanomedicine needs 
a design accounting for effective size, surface, and shape on the cellular internaliza-
tion (Figure 1.11).

A nanomedicine with a different size is able to be take up through various recep-
tor-mediated endocytic processes. Additionally, it has been shown that nanomedi-
cines with a size larger than 50 nm are more likely to be excluded from the cell 
nucleus. The cell membrane is covered with negatively charged, sulfated proteo-
glycans that are able to combine with cationic nanoparticles. As a result, in vitro 
experiments have shown that cationic nanoparticles were superior compared with 
the anionic counterparts, which indicated that surface charge might also determine 
the uptake mechanism.

Finally, as for the particle shape, there is research that has shown that for particles 
less than 100 nm, spherical nanoparticles are internalized more effectively than elon-
gated particles. However, internalization is faster and more efficient for elongated par-
ticles with larger sizes. Additionally, the local geometry of the nanomedicine at the 
interaction area with the cell determines whether it will be internalized or not. Thus, 
the relevance of shape in cellular internalization of nanoparticles in vivo remains to 
be shown. Moreover, nanomedicines that release their therapeutic load to be effective 
once they enter the tumor microenvironment do not need to be internalized.

Except the above the design considerations, we need also to take into account the 
drug loading, release rate of the nanomedicine, and targeting capability. As this chapter 
focuses on the optimal delivery of nanoparticles, we propose three different strategies 
such as small size nanomedicine, elongated shape formulations, and multi-responsive 
nanomedicine systems that are responsive to the properties of the microenvironment.

1.5  ENHANCING NANOMEDICINE TRANSLATION 
THROUGH CLINICALLY RELEVANT MODELS

The high failure of translation from pre-clinic to clinic is partly due to the lack 
of  predictive models or the inadequate use of existing preclinical test systems. 
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There is a critical requirement for the xenograft model that it should faithfully repli-
cate the original patient tumor such as its histological appearance, invasiveness, and 
metastasis phenotype for pre-clinical studies to have clinical relevance that is able 
to as closely as possible achieve meaningful insight into the underlying molecular 
mechanisms of the tumor. However, there is growing evidence that the data obtained 
from subcutaneous xenograft models poorly translate into positive clinical responses 
for nanomedicine. Therefore, the in vivo models we constructed for developing new 
nanomedicines may only reflect a narrow spectrum of the human tumor pathophysi-
ology. For example, early research with relevant models demonstrated the efficacy of 
liposomal doxorubicin in tumors with a high tumor cell density, low stromal content, 
and highly permeable vascularization. This efficacy has successfully been translated 
to the clinic, where Doxil® has shown its superior therapeutic efficacy in the treat-
ment of multiple myeloma and AIDS-related Kaposi’s sarcoma. Many predictive 
models for clinic uses have been developed as follows.

1.5.1  staNdard XeNograft modeLs with humaN stroma compoNeNts

The discovery of incubating human cell lines to solid cancers intraperitoneally or 
subcutaneously in immunodeficient mice laid the foundation for studying tumor 
biology and nanomedicine response in vivo. The major drawback of this model is 
that many paracrine signals are assumed to be non-functional between xenografted 
human cells and the mouse host, due to cross-species incompatibility (Voskoglou-
Nomikos, Pater, & Seymour, 2003). For instance, the granulocyte macrophage col-
ony stimulating factor (GM-CSF) is the prominent example for this unsuitability. 
As murine HGF could not activate human c-Met, mouse models were developed, 
which express human HGF, to study HGF/c-Met-dependent human tumor progres-
sion and to evaluate c-Met inhibition in these xenograft models (Jeffers, Rong, & 
Vande Woude, 1996; Mazzone et al., 2004). Furthermore, interleukin-6 (IL-6) in 
mice is inactive on human cells, whereas human IL-6 can activate mouse IL-6R 
signaling. Based on that, the co-inoculation of human stromal cells and cancer cells 
could improve tumor growth, progression, angiogenesis, and invasion (Francone 
et al., 2007). Although the above models may not be directly predictive of the clinic, 
many studies have now been published using these relevant models to develop new 
perspectives on nanomedicines. Furthermore, further insight can be developed by 
using these models, where the tumor develops in situ.

1.5.2  patieNt-derived tumor XeNograft (pdX) modeL

Directly implanting freshly resected tumor pieces subcutaneously or orthotopically 
into immuno-compromised mice is called patient-derived xenograft (PDX) cancer 
models (Daniel et al., 2009; Jin et al., 2010). The vasculature in clinical tumors and 
PDX models are more mature and less permeable than in xenograft models, which 
develop over days, rather than weeks or months, and present properties that are less 
influenced by the tumor cell proliferation. The differential vessel distribution is more 
reliably demonstrated in PDX models than it is in solid tumors. Despite the great 
promise of PDX model as a preclinical model for predictive human cancer, there 
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are several limitations for clinic uses. Firstly, tumor tissue and microenvironment 
are variable, leading to biases in testable material (Lum et al., 2012; Tentler et al., 
2012). Then the tumor-host interaction is not fully established due to cross-species 
incompatibilities as pointed out above. In addition, as a prerequisite for further pre-
dictive potential of cancer, the constructed PDX has to be thoroughly characterized 
histopathologically, cytogenetically, and genomically by essential molecular marker 
expression as well as by global expression profiling and comparison must be made to 
the initial human tumor, which is time-consuming and expensive.

There are some other various pre-clinical models such as the humanized PDX 
models and human metastatic site models in vivo (Mcgonigle & Ruggeri, 2014).

1.5.3  humaNized pdX modeL

To deal with the drawback that tumor immunity is lacking in the PDX models, the 
human hematopoietic system was reconstituted in the mice models. In the models, 
mice are transplanted with human hematopoietic stem and progenitor cells (HSPCs). 
After that, this should enable researchers to study human tumors in an environment 
with at least partially functional human immune system. In addition, HSPCs and the 
primary tumor should be from the same patient ideally. For instance, HSPCs and 
peripheral T-cells were transplanted into the same mice, which were also incubated 
with breast cancer cells.

1.5.4  humaN metastatic site modeL

Animal models of human breast cancer metastasis into functional human bone have 
been constructed in which orthotropic injection of metastatic human breast cancer 
cell resulted in metastatic dissemination to bone (Kuperwasser et al., 2005). Bone 
metastasis was directed to the implanted human bone fragment instead of the mouse 
skeleton, which indicates a species-specific osteotropism (Holzapfel et al., 2013). 
Such human bone metastasis models have been expanded to other cancers such as 
prostate cancer, and breast and prostate cancer colonization of human bone or tissue 
engineered human bone, which are in research now.

1.6  CHALLENGES AND CURRENT LIMITATIONS

Nanomedicine has become one of the most promising and advanced approaches in 
the forefront of cancer treatment. Decades of investigation suggest that nanomedi-
cine therapeutics are effective in cancer treatment, both in vitro and in vivo. However, 
only very few nanocarrier-based cancer therapeutics have successfully entered clini-
cal trials. Thus, it is essential to address the challenges in developing optimized 
nanomedicine products for clinical use.

In general, the physico-chemical characterization of nanomedicine include size 
distribution, surface charge, shape, porosity, drug loading, ligand characteristics, 
release behavior, biodegradability, stability, sterility, and batch-to-batch repro-
ducibility (Figure 1.10) (Fubini, Ghiazza, & Fenoglio, 2010; Kettiger et al., 2013). 
Variability within these properties both before and after administration made 
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characterizing these nanomedicine products problematic (Figure 1.12). Quantitative 
evaluative methods have to carry out the analysis of all necessary quality aspects of 
the nanomedicine.

Firstly, the size distribution (polydispersity) is essential for characterizing the 
heterogeneity of nanoparticles that play a major part in the changes in vivo such 
as the toxicity, pharmacokinetic behavior, biocompatibility, and in vivo efficiency. 
In particular, toxicity has been proposed to originate from nanomaterial size and 
surface area, composition, and shape. In addition, degradability of the nanocarrier 
is an important component of acute and long-term toxicity for clinical use (Aillon 
et al., 2009; Dobrovolskaia & Mcneil, 2007; Nel et al., 2009). Furthermore, chemical 
composition at the surface of nanomedicine has shown promising effects in many 
applications, which potentially interact with biological components, alter biologi-
cal function, and achieve specificity of nanomedicines that would not normally be 
taken up by certain cells. Regarding formulations currently in clinical use, micel-
lar polymeric particles (i.e. NC-6004, NC-4016, NC-6300, and Genexol-PM®) as 
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FIGURE 1.12 The physico-chemical properties of nanomedicines affect their pharmacoki-
netic and pharmacodynamic profiles. Detailed characterization of nanomedicine products is 
necessary to predict their performance in the clinical setting. (From Wicki, A. et al., Journal 
of Controlled Release, 200, 138–157, doi: 10.1016/j.jconrel.2014.12.030, 2015.) 
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well as Abraxane® and CRLX101 were at the size distribution range of 12–50 nm. 
Liposomal formulations usually have a larger size around 100 nm (e.g. Doxil®, 
MM-398, Thermodox®). Then, modification of nanoparticles (targeting ligands) 
would increase the size of the nanoparticles, leading to compromised entry of 
these as targeted nanomedicine. For instance, MCC-465 and SGT-53 are targeted 
liposomes with sizes of 100 nm, while BIND-014 and CALAA-01 are polymeric 
nanoparticles with sizes of 100 and 75 nm, respectively. Whether the modified bind-
ing affinity overcomes the enlarged size diameter is not only determined by the 
characteristics of nanoparticles, but also the tumor type.

Based on the complicated quality aspects, nanomedicine products should be 
characterized on a batch-to-batch basis with multiple methods. Characterization of 
stability and storage aspects of nanomedicine products is also challenging. After 
being administrated, nanomedicines may interact with other biological fluids (e.g. 
blood serum) or biomolecules (e.g. proteins), which may lead to instability or aggre-
gation of nanoparticles. Such interactions can significantly alter the function of 
nanomedicine compounds in biological systems in vivo. To sum up, the final for-
mulation of nanomedicine products should be fully characterized under clinically 
relevant conditions. There is a substantial need to improve quality assessment of 
nanomedicine by developing well-defined and reproducible standards. Moreover, 
in vitro and in vivo models accurately representing the clinical setting must be 
developed.

1.7  ADVANTAGES AND DISADVANTAGES 
OF NANOTECHNOLOGY

Nanotechnology is considered as boon in medical practice. Many advantages have 
been recognized for nanotechnology-based drug delivery system. Due to nanoscale 
size, these nano-drug delivery systems have large surface mass area to load large 
amount of theranostics in comparison to conventional drug delivery system (Emerich 
& Thanos, 2007; Groneberg et al., 2006). Nanotechnology has improved solubility, 
diffusivity, blood circulation half-life, drug release efficiency, and immunogenic-
ity of conventional drug delivery system. It has also improved patient compliance 
by reducing potential therapeutic toxicity and lowering the therapeutic cost. Many 
drugs can be simultaneously delivered to suppress drug resistance through nanotech-
nology (Zhang et al., 2008). Many nanotechnology-based theranostics are in clinical 
practices for prevention, diagnosis, and treatment of diseases. Better imaging and 
diagnostic agents are prepared by nanotechnology, which helps in early diagnosis for 
early treatment for better therapeutic success rates.

For better bioavailability and successful therapeutic effect, an individualized 
drug delivery system is necessary. Nanotechnology helps to delivery drugs directly 
at the site of action for better therapeutic effect. The pathophysiological condition 
and anatomical changes of diseased or inflamed tissues provide many advantages for 
the delivery of various nanotechnological products. Drug targeting can be achieved 
by taking advantage of the distinct pathophysiological features of diseased tissues 
(Haley & Frenkel, 2008). Thus, the differences between the physiological status 
of normal and diseased tissues provide a ladder for nanomedicines for site-specific 
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targeting. This difference between normal and diseased tissues recognition is lacked 
by conventional drug delivery systems. Various nanosystems, as a result of their size 
and surface structure get accumulated in the targeted organ at a higher concentration 
than normal drugs (Vasir, Reddy, & Labhasetwar, 2005). Thus, this pathophysiologi-
cal opportunity allows extravasation of the nanodrugs and their selective localization 
in the inflamed tissues (Allen & Cullis, 2004).

Treatment of many neurological diseases with a conventional drug delivery sys-
tem show poor therapeutic outcomes, due to poor permeability through the blood-
brain barrier (Calvo et al., 2001). But the delivery of drugs in the nano size to treat 
neurological diseases have shown effective therapeutic outcome (Garcia-Garcia 
et al., 2005). Recently, there has been a move away from cytotoxic cancer drugs 
towards molecularly targeted agents that have had little attention in the nanomedi-
cine field. While highly efficacious, these drugs are associated with serious toxicity 
profiles on their own, and therefore the combination with nanoparticles may help to 
reduce toxicity and allow higher dosing (Ashton et al., 2016).

In this modernized technology era, many researchers are trying to improve the 
quality of human life by utilization of modern technologies. Recently, nanotechnol-
ogy is rocking in medical field. Some scientists believe that these nanotechnology-
based medicines have no health hazards and are safe for therapeutic use. But, 
some scientists believe that there are potential risks on long-term use of these 
nanotechnology-based medicines. They also argue that if it is mishandled than it 
may bring unexpected environmental as well as health hazards. The following are 
some potential risks always associated with nanotechnologies, which are beyond the 
researcher’s knowledge and understanding.

Although some of these nanotechnology-based preparations are speculative, 
researchers have valid concerns regarding short- and long-term threats to the human 
body and environment because of recent laboratory findings about the toxicity of 
fullerenes (Aschberger et al., 2010). Fullerenes are carbon allotropes with 60 carbon 
atoms with a diameter of approximately 0.7 nm and molecular weight of 720 g/mol, 
also known as radical sponge (Johnson et al., 2010). It was reported that fullerenes 
get absorbed into the brains of fish and cause extensive neurological damages and 
physiological alterations (Sergio et al., 2013). In another report related with fullerenes, 
mentioned that earthworms after absorption of fullerenes survive for long time on 
dry soil (Rushton et al., 2010). Quantum dots are used in diagnosis of various ail-
ments, the poisoning of quantum dots is well reported by Kim et al. (Kim et al., 
2004). The real or potential drawbacks associated with nanotechnology raises much 
concern; although there is no quantitative way to determine it.

Nanoparticles are very different than their larger counterparts, with distinct 
elec tronic, magnetic, chemical, and mechanical properties. Nanoparticles have 
an increased surface area, which offers more space for interaction with other sub-
stances. This increased interaction with their surroundings means that substances at 
the nanoscale are more reactive and have higher toxicity than they do at their normal 
size. Adding to the concern of increased toxicity, substances that are stable in larger 
forms (e.g. aluminium) can also become reactive or explosive in nanoparticle form, 
creating the potential for health effects that are not seen when the substance is in its 
larger form.
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Size and structural differences allow nanomaterials to migrate to different tis-
sues and organs than their larger counterparts. There is also evidence that nanopar-
ticles can be more completely absorbed by the body, increasing the substance’s 
bioavailability. Nano-engineered materials also have the potential to increase the 
bioavailability of those chemicals, such as toxins. One study found that micronized 
titanium dioxide in sunscreens increases the skin’s absorption of several pesticides 
(Brand et al., 2003).

Due to their extremely small size, nanoparticles have the potential to bypass the 
blood-brain barrier. They also have the potential to pass the placental barrier. In one 
investigation it was found that nanoparticles can easily reach to brain through nasal 
passage-ways, similarly, in another study shows that gold nanoparticles can move 
across the placenta from mother to fetus (Schulte et al., 2013). Recently, one study 
published in Nature revealed that carbon nanotubes (CNT) have same potential to 
cause cancer as asbestos (Poland et al., 2008). Once nanoparticles enter into the 
bloodstream, circulate throughout the body and internalized into different organs 
and tissues. Based on the nature of materials, clearance of these nanomaterials var-
ies from a week to a year. Multiple administrations of these nanotechnology-based 
nanomedicines accumulate in the body and are retained for longer time, which may 
cause unknown harmful effects.

1.8  CONCLUSION

In this chapter we have discussed the nanomedicines approved by the FDA for can-
cer treatment (Figure 1.13) and the most prominent nanomedicines under clinical 
trials. We have also discussed about the mode of targeting, different modalities, 
challenges, advantages, and disadvantages of nanomedicines and nanotechnologies. 

Nanomedicine
for cancer

Polymer-drug conjugate

Liposome
stealth liposome

Micelle

Crystalline nanoparticles
Polymeric nanoparticle

Protein nanoparticle

Antibody-drug conjugate

FIGURE 1.13 Most frequently used nanomedicine for cancer therapy.
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It was shown that application of modern technologies and advancement in polymeric 
and non-polymeric materials resulted in many nanomedicines for cancer treatment. 
Also, this made a distinct trend that evolves beyond the initial goal for nanomedi-
cines, i.e. enhanced bioavailability with reduced systemic toxicity, to engineered 
delivery systems that may allow for controlled release, active targeting of disease, 
and diversification of drug approaches beyond traditional chemotherapeutics. Most 
of the recently approved nanomedicines consist of relatively simple nanoparticles 
with PEG surface modification for long retention and enhanced bioavailability. In 
the future, more precise targeting approaches will be required to combat the increas-
ing failure in chemotherapy.
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2 Effect of Nanocarrier 
Size/Surface on 
Molecular Targeting 
in Cancer
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and Rahul Kumar Verma

2.1  INTRODUCTION

The concept of the “magic bullet” proposed a century ago by the Nobel laureate 
Paul Ehrlich is turning into a reality with the approval of several nanoformulations 
for the treatment of cancer and other diseases. This approach has provided a plat-
form for the development of various types of nanocarrier formulations, encapsulat-
ing therapeutics and delivering them to the site of action. Since, the first formulation 
in the form of liposome was proposed in 1974 by Gregoriadis et al., there has been 
tremendous increase in the number of nanocarrier formulations suitable for targeted 
drug delivery, which are either made of lipids or composed of polymers (Gregoriadis 
et al. 1974, Davis, Chen, and Shin 2008). These systems are exploited to incorporate 
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drugs with poor biopharmaceutical profile or drugs associated with systemic toxicity 
issues. Nanocarrier systems help in protecting active constituents from degradation, 
augmenting bioavailability by enabling diffusion through the epithelium, enhance-
ment of intracellular penetration and bio-distribution. Nanotechnology-based therapy 
encompasses elements with therapeutic entities, including proteins, peptides, DNA, 
RNA, small molecules and the constituents that are used to assemble the therapeutic 
entities, such as lipids and polymers. Such nanoparticles will have enhanced antican-
cer activity as compared to pure therapeutic entities (Davis, Chen, and Shin 2008).

Besides other physicochemical properties of the nanoparticles, their geometric 
parameters such as size and shape plays a significant role in the targeted cancer drug 
delivery. With precise control over size, shape and surface properties of nanopar-
ticles, the circulation time and hence the pharmacokinetics and biodistribution of 
the encapsulated drugs can be modified. According to present thought, the diameter 
of nanoparticles should be in the range of 10–100 nm for optimum penetration and 
retention in cancerous tissues. The lower size limit is based on the measurements 
of sieving coefficients of the glomerular capillary-wall in the tumors. The typical 
transportation process in blood vasculature following the intravenous administration 
is shown in Figure 2.1.

Nanomedication is favored over conventional therapy because of its potential 
to facilitate the targeted delivery of drug to tumors owing enhanced permeability 
and retention (EPR) effect (Jain and Stylianopoulos 2010). The EPR effect helps the 
nanoformulation to concentrate in the desired tissue for an adequately longer time 
and facilitates the release of the drug in the vicinity of tissue. Experiments shown 
that, the nanoparticle with size <400 nm extravasates easily to the tumors (Peer 
et al. 2007). The pore cutoff size of the tumor depends on the site as well as tumor 
micro-environment, hence it is important to manipulate the size of the nanocarrier 
accordingly for enhanced efficacy of the drugs.

Nanoparticles injection Clearance by RES
system

Monocytes and
macrophages  

Tumor

Extravasation of nanoparticles

Margination Endothelial adherence

FIGURE 2.1 Transportation of nanoparticles in vasculature and various biological pro-
cesses that influence its delivery.
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2.2  PARTICLE SIZE IN TUMOR TARGETING

Particle size plays an important role in the vascular delivery of nanocarriers, which 
influences circulation half-life, attachment, rolling, adhesion phagocytosis, pharma-
cokinetics, biodistribution and tumor targeting (Champion, Walker, and Mitragotri 
2008; Brown et al. 2010). Particles must be of adequately optimum size to carry a 
significant payload of bioactive material and be transported efficiently in the blood 
vessels. Several studies have been done to evaluate the effect of particle size on the 
transport, margination and adhesion of particles in a bloodstream inside the vessels 
(Champion, Walker, and Mitragotri 2008, Alexis et al. 2008, Vinogradov, Bronich, 
and Kabanov 2002, Owens and Peppas 2006). In cancer chemotherapy, targeting 
tumors with long circulating nanocarriers are a promising strategy. These nanoma-
terials accumulate in solid tumors through the Enhanced Permeation and Retention 
(EPR) effect (Matsumura and Maeda 1986) (Figure 2.2), which is characterized by 
leaky blood vessel and impaired lymphatic drainage in tumor tissues. This EPR in 
such tumors is solely due to the size of the nanocarriers. Generally, particles with 
diameters of 100–200 nm provides prolonged circulation half-lives, lesser RES 
uptake and are suitable for passive targeting of tumors by Enhanced Permeation and 
Retention (EPR) Effect (Champion, Walker, and Mitragotri 2008).

For intravenously administered nanoparticles, diameter is an important determi-
nant of pharmacokinetics and biodistribution owing to the variable size of inter-
endothelial pores lining the blood vessels. Nanoparticles with diameters smaller than 
6 nm are quickly eliminated from the body as they can be excreted by glomerular 
filtration of kidneys (Choi et al. 2007). Nanoparticles with diameters larger than 
200 nm accumulate in the spleen and liver where they are processed by the mononu-
clear phagocytic system (MPS) cells. To produce long-circulating nanoparticles that 
can accumulate inside tumor tissues a size-range of diameter between 30 nm and 200 nm 
is desired (Jain and Stylianopoulos 2010). Using this approach, researchers may 
induce passive accumulation of nanomaterials inside a tumor. In fact, it is possible 
to control the overall accumulation and penetration depth into the tumor by tuning 
the nanoparticle’s diameter (Perrault et al. 2009). Researchers determined that the 
nanoparticle’s capacity to navigate between the tumor interstitium after extravasation 

Phagocytosis: particles>1 µm

Extravasation: particles≤20 nm

In circulation: particles 20 nm–1 µm

FIGURE 2.2 Impact of particle size on its transportation and its fate.
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increased with decreasing size. In contrast, larger nanoparticles (>100 nm) do not 
extravasate far beyond the blood vessel because they remain trapped in the extracel-
lular matrix between the cells. Thus, the smallest nanoparticles (~20 nm) penetrate 
deep into the tumor tissue, but they could not remain retained longer than 24 hours. 
Active targeting of nanoparticles change the intra-tissue localization of nanopar-
ticles and enhance their internalization into cancerous cells (Choi, Alabi, et al. 2010, 
Lee et al. 2010). It is currently uncertain, how active targeting affects nanoparticle 
accumulation in the target tissue (Lee et al. 2010).

2.2.1  tumor type aNd pore cutoff size

Previous quantitative studies have demonstrated that, the permeability of tumor ves-
sels is usually higher than that of normal vessels (Jain 1987, Gerlowski and Jain 1986, 
Yuan et al. 1994). This increase in permeability is due to the defective basement 
membrane and fenestrated wall tissue. Further, it has been also well established that 
vascular permeability may depend on tumor type (Yuan et al. 1994, Sands et al. 1988), 
increase with tumor size (Zhang et al. 1992) and growth rate (Heuser and Miller 
1986). It may be higher in the periphery than in the central region of tumors (Dvorak 
et al. 1988). However, the regulation of tumor vascular permeability is not well under-
stood. It is generally accepted that the host-microenvironment plays a major role in 
determining the tumor morphology. There are inconsistencies in growth-rate, rate of 
angiogenesis, metastasis and the effectiveness of treatments among ectopic and ortho-
topic tumors (Fidler 1995, Fidler et al. 1994). Fukumura et al. showed that, the tumors 
grown in the liver had a significantly lower vessel density especially in the center, 
coincident with central necrosis, than the subcutaneous tumors (heterotopic tumor). 
The frequency distribution of vessel diameters of a liver tumor was slightly shifted 
towards smaller size compared to a subcutaneous tumor. The macromolecular vascu-
lar permeability in the liver tumor was significantly higher than in the subcutaneous 
tumor (Fukumura et al. 1997). In a similar study, Hobbs et al. investigated the practi-
cal limits of trans-vascular transport and its inflection by the microenvironment. In 
this study, five murine tumors comprising mammary carcinoma, colorectal carcino-
mas, hepatoma, glioma, and sarcoma were implanted in the dorsal skin-fold chamber 
and the pore cutoff size was calculated (Hobbs et al. 1998). The microenvironment 
of the tumor was moderated; spatially, by budding tumors in subcutaneous region; 
temporally, through induction of vascular regression in hormone-dependent tumors. 
Cancers grown subcutaneously showed a characteristic pore cutoff size ranging from 
200 nm to 1.2 μm. This pore cutoff size was reduced in tumors grown after hormone 
withdrawal. Vessels induced in basic fibroblast growth-factor-containing gels had a 
pore cutoff size of 200 nm. Similarly, Yuan et al. performed studies to determine 
the maximum size of particles that can cross the tumor vessel wall. They did experi-
ments in the human colon adenocarcinoma LS174T implanted in the dorsal skin fold 
chamber in SCID mice. To estimate the maximum pore size, they injected sterically 
stabilized liposomes of different sizes, and found that the maximum size of liposomes 
that can seep from the lumen of tumor vessels was in the range from 400 to 600 nm. 
The liposomes of 400 nm in diameter might enter into the tumor interstitium, while 
liposomes of 600 nm or more were excluded from extravascular space. The maximum 
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pore size of the tumor vessel wall was assumed to be the maximum size of liposomes, 
which was around 500 nm (Yuan et al. 1995). These results may have major implica-
tions in the delivery of therapeutic agents in tumors. The delivery of nano-sized deliv-
ery systems may be reduced during tumor-regression induced by hormonal-ablation 
and permeability is independent of pore cutoff diameter providing the diameter of 
the delivery system is lesser than the pore diameter (Hobbs et al. 1998). In contrast 
to the above hypothesis of passive targeting due to hyper permeability of tumor tis-
sue, Chauhan et al. reported that normalization of the tumor blood vessel leads to 
improvement in delivery of nanomedicines (Chauhan et al. 2012). This group dem-
onstrated that, the elevated interstitial fluid pressure inside the tumors reduces the 
driving force for extravasation of fluid and macromolecules in tumors, which leads to 
a radially outward convection which opposes the inward diffusion (Jain and Baxter 
1988). This phenomenon restricts the drug diffusion through the vessel-walls into 
tumors (Chauhan et al. 2011). Therapies against angiogenesis (Figure 2.1) may help 
to repair the tumor-vessel anomalies like large heterogeneous pores that enable leaki-
ness by persuading vessel maturation (Tong et al. 2004, Nakahara et al. 2006). In 
order to determine the effect of vascular normalization on nanomedicine delivery, 
they studied the real-time delivery of particles ranging from 12 to 125 nm in diam-
eter. Using the resulting data, they applied a novel physiologically based mathemati-
cal model of drug delivery to tumors and determined how anti-angiogenics affect 
pore size distributions. They also used this model to study how pore size distribu-
tions can be therapeutically modulated to optimize the delivery of different sizes of 
nanomedicines. Generally, the small size range nanoparticles (1–12 nm) show rapid 
tumor penetration as compared to larger particles (125–250 nm), which do not leave 
the vasculature to appreciable extent. The phenomenon of convection is dominant at 
small mean pore sizes. Increasing the mean pore size above a certain critical point 
(>140 nm) hinders nanoscale therapeutic delivery due to the rising interstitial fluid 
pressure (IFP). The combined effect of convection with increasing hydrodynamic and 
steric hindrance helps in transport of nanocarriers as pore sizes approach the thera-
peutic particle size. Hence, every size of nanocarrier has its own ideal mean pore size 
for optimal delivery into tumors. (Chauhan et al. 2012).

2.2.2  circuLatioN iN BLoodstream

During intravascular movement, nanoparticles undergo various physiological pro-
cesses including (i) margination to blood vessels, (ii) interaction with endothelial 
cells and (iii) cellular uptake. These processes are strongly influenced by various 
physicochemical properties of nanoparticles including the shape of the particles. 
Margination is the phenomenon which involves movement of particles in the blood-
stream toward the vessel walls. Generally, nanoparticles loaded chemotherapeutic 
drugs are administered through systemic injection that circulates in the bloodstream 
before reaching the tumor site. In vascular targeting, nanocarriers are transported in 
bloodstream where they interact specifically with the endothelial cell-membrane by 
either non-selective van der Waals, electrostatic force or by ligand-receptor binding. 
It has been shown that the circulation and biodistribution of nanoparticles, like silica 
nanoparticles, silver nanoparticles, gold nanoparticles, quantum dots, and carbon 
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nanotubes (CNT), are size-dependent after being systemically administered. For 
efficient tumor targeting, circulating nanoparticles in the bloodstream should evade 
macrophage uptake and spleen filtration (Jain 1987). The movement of nanoparticles 
in vessels includes motion, margination, adhesion and internalization. The size of 
particle plays a significant role in each of the phenomena and considerably influences 
particle clearance from the bloodstream and cellular uptake. The optimum size for the 
phagocytosis by macrophages is 1–5 μm and smaller particles are less expected to be 
taken up by macrophages (Yue et al. 2010). The particles of size between 20 nm–1 μm 
shows prolonged circulation with minimal clearance by macrophages (Choi, Liu, et 
al. 2010). Small nanoparticles (10–20 nm) offer good biodistribution after systemic 
administration by overpassing barrier membranes and tight endothelial junctions 
but are rapidly cleared after first pass glomerular filtration of the kidney (Choi et al. 
2007). Drug delivery particles should be more than 20 nm in size to evade clearance 
through renal filtration. It has been found that particles of size ~10 μm (or more) 
tend to aggregate under physiological conditions and cause embolization in the blood 
vessels and several organs like liver, spleen and lungs. It is commonly accepted fact 
that nanoparticles of size between 20–200 nm demonstrate longer circulation half-
lives and are appropriate for passive targeting to solid tumors through the EPR effect. 
Hence, nanocarriers for systemic administration should be larger than 20 nm to evade 
first pass filtration in the kidney and smaller than 200 nm to escape phagocytosis and 
sequestration reticuloendothelial system (RES). Decuzzi et al., studied the effect of 
particle size (nano- to micro-scale) on adhesion to cultured endothelial cells below 
a low shear flow setting (Figure 2.1). Spherical particles of nanoscale diameter (50, 
100, 200, 500 and 750 nm) and micro-scale diameter (1, 6 and 10 μm) were stud-
ied. Results demonstrated that, movement of nanoparticles in the chamber was influ-
enced by brownian motion while the transport of larger particles (microparticles) was 
guided by gravitation forces (Lee, Ferrari, and Decuzzi 2009).

In another study by Toy et al. who investigated the margination of liposomes 
(60–130 nm) in the wall of a microfluidic-chamber at low shear rates. They found 
that smaller liposomes marginates more rapidly than larger liposomes towards wall 
due rapid Brownian motion and greater diffusivity (Toy et al. 2013). The transport 
and targeting of nanocarriers to cancer tumors depends upon the size of tumor vas-
culature fenestrations, which are influenced by various factors like the type of tumor, 
aggravation of disease, stage of disease etc. Some vasodilator drugs that reduce 
hypertension cause vasodilation of tumor micro-vessels and hence facilitate the 
movement of slightly larger nanoparticles through them.

2.2.3  NaNoparticLe traffickiNg aNd tumor iNterNaLizatioN

Tumors have immature and porous vasculature, which provides access to circulating 
nanoparticles (Matsumura and Maeda 1986, Maeda et al. 2003). Tumor accumula-
tion is a function of (i) the rate of extravasation of the blood to the tumor space and 
(ii) the rate of clearance from tumor. The optimum particle size of gold nanoparticles, 
silica nanoparticles, single-walled carbon nanotubes and quantum dots for the cel-
lular uptake and internalization in tumor cells was found to be 50 nm (Lu et al. 2009, 
Jin et al. 2009). Hobbs et al. showed that the rate of extravasation of bovine serum 
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albumin (BSA) was independent of pore-size in a variety of tumor models. The 
results demonstrated that the extravasation of molecule of size ~7 nm, (much smaller 
than the trans-vascular pore) was independent of pore size but depended on the 
concentration gradient between blood and tumor (Hobbs et al. 1998). Several nano-
medicines, including Doxil and Abraxane (diameters: 90 and 130 nm, respectively), 
showed significant antitumor activity in highly vascularized tumors such as Kaposi’s 
sarcoma and breast cancer, and have been approved for clinical use (Northfelt et al. 
1998, Gradishar et al. 2005). From the literature, nanomedicines in the sub-100 nm 
range are now regarded as being more important in the targeted delivery of drugs 
to the less permeable tumors (Dreher et al. 2006, Perrault et al. 2009). In support 
of the above results, Cabral et al. showed size-dependent penetration and efficacy of 
the nanocarrier formulation in poorly permeable pancreatic tumors. They examined 
the penetration and accumulation of a series of micellar nanocarriers with diameters 
less than 100 nm that encapsulated the tumurocidal agent 1,2-diaminocyclohexane-
platinum(II) (DACHPt) (Cabral et al. 2011). In hypervascular tumors of highly per-
meable structure, sub-100 nm micellar nanomedicines showed no size-dependent 
restrictions on extravasation and penetration in tumors. It was observed that the nano-
micelles that were smaller than 50 nm were only able to penetrate poorly permeable 
hypovascular tumors. Furthermore, increasing the permeability of hypovascular 
tumors using TGF-β signaling inhibitor improved the accumulation and distribution 
of the larger ~70 nm micelles, offering a new way to enhance the efficacy of larger 
nanomedicines. Perrault et al. systematically examined how particle design can be 
optimized for efficient tumor targeting. They measured size-dependent nanoparticle 
accumulation in tumors and correlated this phenomenon with blood pharmacokinet-
ics. They demonstrated that the particle-design has significant importance for tumor 
targeting, which help in controlling delivery to tumors. It was observed that the blood 
half-life of the ~60 nm nanoparticles was 6.5 times longer than those of ~20 nm par-
ticles, owing to its mPEG layer. Half-lives of the nanocarriers can be improved by 
application of larger mPEG layers, but this also increases hydrodynamic diameter, 
which could influence their ability to extravagate and permeate into tumors (Perrault 
et al. 2009). From a particle design viewpoint, small hydrodynamic diameters and 
long half-lives appear to converge when particle size is below 50 nm and particles are 
protected with PEG layer of moderate molecular weight (MW 5kDa). The accumula-
tion of particles and molecules in the tumor strives against uptake and removal by 
mononuclear phagocytic system (MPS) cells. Small particles (~20 nm) were cleared 
swiftly from the blood without a corresponding gathering in the liver and spleen. 
They are also unlikely to be cleared via the kidney, which has a hydrodynamic diam-
eter cutoff of approximately 6 nm. These nanoparticles could have accumulated in 
lymphatic cells, subsequent extravasation into nonspecific tissues. A comprehensive 
study of how particle design influences nonspecific bio-distribution would be imper-
ative and values further investigation.

2.2.4  ceLLuLar uptake aNd ceLL-particLe iNteractioNs

Following margination towards endothelial cells, a particle may adhere to the target 
cell, and then internalized to release therapeutic agents in the cytosol. In cancer 
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therapy, the particles need to avoid uptake by macrophages in circulation whereas 
rendering improved uptake by diseased cells. In a study, the cellular uptake of spher-
ical polystyrene particles with a size range (40 nm–15 μm) in dendritic cells were 
investigated. The results showed that the cellular uptake was more with smaller par-
ticles. The rate of internalization of particles was influenced by particle size, which 
further influenced subcellular distribution and their interaction with receptors and 
organelles (Foged et al. 2005). Cellular uptake of particles follows several mecha-
nisms of internalization including phagocytosis, pinocytosis, clathrin-mediated 
endocytosis, caveolin-mediated endocytosis and clathrin/caveolin independent 
endocytosis. The pathway mechanism of cellular-internalization is subjective to the 
particle size of the nanocarrier. The internalization of smaller nanoparticles with a 
diameter lesser than 200 nm predominantly involves receptor-mediated endocyto-
sis or clathrin-coated pits. This process requires small degree of rearrangement of 
the cell cytoskeleton. In particles with a size range of 200–500 nm, the mechanism 
of internalization shift to caveolae-mediated cellular uptake. Micron-sized particles 
(more than 1μm) are internalized via the phagocytosis process that needs a compre-
hensive rearrangement of the cell cytoskeleton. Particles with size range 500 nm to 
1 μm are internalized through macro-pinocytosis of a mixed mode (Rejman et al. 
2004). The particle size also influences its distribution inside the cells and organ-
elles. It has been shown that larger quantum dots (~5.2 nm) were distributed all over 
the cytosol but do not enters the nucleoplasm whereas smaller one (~2.2 nm) effort-
lessly enters into nucleus (Lovric et al. 2005).

2.3  PARTICLE SHAPE ON TUMOR TARGETING

Beside the control over the particle-size, the shape of the nanoparticles plays a sig-
nificant role in biological functions. Advanced fabrication approaches have allowed 
the construction of wide-ranging shapes of nanomaterials with great precision. 
These shapes include polyhedral, rods, ellipsoids, discs, cubes, urchins, dendrites, 
cylinders, hemispheres, cones, chains, binconcave discoids etc. Different shapes of 
nanoparticles show significant effect on their transport through the vasculature, their 
circulation half-lives, targeting proficiency, cellular uptake and following intracel-
lular targeting. Several research reports on the significance of nanoparticle shape on 
various biological processes have driven attention toward studying and improving 
nanoparticle geometry for optimal targeting (Truong et al. 2015).

2.3.1  circuLatioN iN BLoodstream

Reduction in the phagocytic clearance of nano drug delivery systems enhance blood 
circulation time in the vasculature (Yoo, Doshi, and Mitragotri 2010). Although, 
spherical structure is the most common geometry in use, asymmetrical shapes have 
also been found to be beneficial in several cases to enhance circulation time in the 
bloodstream with reduced collisions against the walls of the blood vessels (Muro 
et al. 2008). In different studies, the ability of nanomaterials of different aspect 
ratios was evaluated for their tendency to accumulate in the tumors. Asymmetrically 
shaped nanocarriers demonstrated a diverging hydrodynamic behaviour compared 
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to the spheres that leads to align them with the blood flow, which further enhances 
circulation time. Nanoconstructs with a minimum of one stretched axis, such as 
oblate, ellipsoids, cones, binconcave, discoids etc. are found to be more appropriate 
than spherical nanoconstructs for nanomedicine applications. These systems have a 
positive orientation with the bloodstream and are less prone to phagocytic clearance 
by the reticuloendothelial systems (RES), which make them long circulation drug 
delivery systems (Sharma et al. 2010). Non-spherical nano drug delivery systems 
show diverse drug distribution profiles compared to their spherical equivalents, by 
providing a different mode for targeting specific organs and tissues, including liver, 
lung, breast, spleen and tumors. It was observed that rod-shaped micelles have a 
much longer circulation lifetime than that of spherical micelles, which was up to 
one week after IV injection (Geng et al. 2007) (Figure 2.3). The extent of phago-
cytosis of gold nanorods was found to be lesser than the spherical counterparts. 
This lead to lesser deposition of gold-rods in the liver, hence prolonged circulation 
time in the blood circulation and higher concentration in cancerous tumors (Dreaden 
et al. 2012). Studies demonstrated that the single-walled carbon nanotubes with an 
aspect ratio of 100:1 to 500:1 cleared effectively by glomerular filtration of kidney, 
which indicated that elongated nanocarriers could be eliminated by filtration process 
(Ruggiero et al. 2010). Rod-shaped (44 nm) nanomaterials were found to be more 
efficiently accumulated in tumors compared to nanospheres of similar size (35 nm). 
Both types of nanomaterials showed almost similar blood circulation kinetics but dif-
fusion of rods into tumors was much faster and deeper (Durr et al. 2007). Similarly, 
Filo-micelles loaded with paclitaxel showed longer circulation time compared with 
spherical micelles, which lead to greater accumulation in tumors and higher effi-
cacy and minimal non-specific accumulation (Geng et al. 2007). Elongated Dextran-
coated nanochains (~50 nm) and spherical nanoparticles were evaluated for tumor 
targeting. Both the delivery systems showed significant accumulation into the tumor 
cells by extravasation, but it was observed that nanospheres reappeared in blood 
circulation after some time while nanochains were well retained inside the tumors 

Spherical: circulation and extravasation  

Oblate: more circulation time and less extravasation 

Filomicelles: more circulation time and less
extravasation 

FIGURE 2.3 Effect of nanoparticle shape on its circulation and extravasation.
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(Park  et  al.  2008). In another study, elongated viral-nanofilaments which present 
favorable EPR properties demonstrated augmented accumulation in tumors com-
pared to the spherical viral nano construct (Wen and Steinmetz 2016).

2.3.2  NaNoparticLe traNsportatioN aNd tumor iNterNaLizatioN

The effect of shape was shown to play an important role in the margination of 
nanoparticles towards the blood-vessel walls. Following the margination to the vicin-
ity of blood vessels, the endothelial cell-interaction and eventually cellular inter-
nalization, were considerably dependent on the shape of the nanocarriers (Gentile 
et al. 2008). In contrast to spherical particles, non-spherical particles were exposed 
to more complex torques leading to tumbling and rotation that caused translational 
and rotational motions. As compared to nanospheres, elongated and rod shaped par-
ticles exhibited more contact surface area that lower the drag in blood vessels (Lee, 
Ferrari, and Decuzzi 2009). Tumbling of non-spherical particles in bloodstream help 
in adhesion and margination towards the endothelial walls. Hence, they were more 
likely to adhere to endothelial cells. These particles were exposed to larger areas of 
the endothelial cell-surface as compared to nanospheres which lead to strong adhe-
sion. Discoid nanoparticles showed more lateral drift towards blood vessel walls 
and could exodus main vessels more easily as compared to conventional spherical 
particles.

2.3.3  ceLLuLar uptake aNd ceLL-particLe iNteractioNs

Recent studies showed that the shape of nanoparticles could affect the ability of cel-
lular uptake by independently influencing attachment and phagocytosis processes. 
The shape and local geometry of nanoparticles at the interaction point between 
particle and cell-surface decides whether macrophages will uptake the particle or 
not. A wide range of nanocarriers in non-spherical forms competently internal-
ized into cells after crossing the cell membranes. Several studies have showed the 
highest cellular uptake of nanorods, followed by spheres, cylinders and then cubes. 
Asymmetrical nanostructure may offer added level of control in presenting ligands 
towards targeted receptors. The longer axis interacts with more surface receptors 
on cells as compared to the short axis (Chithrani and Chan 2007). For example, 
spiky gold nano-urchins have ligands positioned on the spikes and between the 
spikes. The cellular uptake of this nanosystem was influenced by the way as it 
was presented towards the targeted cellular receptors (Hutter et al. 2010). In the 
case of ellipsoid particles, when the cell attached with the flat part of the particle 
there was lesser chance of internalization whereas, its attachment via the sharp 
part increased the probability of cellular uptake. The prolate-spheroids showed 
good attachment with the cellular surface but demonstrated lower cellular uptake, 
while oblate-spheroids displayed good phagocytosis after attachment (Champion, 
Walker, and Mitragotri 2008). These results revealed that both type of particles 
attach, internalize and accumulate with different orientations. Nanoparticles with a 
high aspect ratio had higher probability of attaching to the macrophage surface but 
lesser probability of being engulfed by the cells. Nanochains or wormlike particles 
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exhibited a high aspect ratio and demonstrated reduced cellular uptake as compared 
with spherical counterparts (Geng et al. 2007). These particles were poorly taken by 
macrophages in vivo due to hydrodynamic shearing and showed extended half lives 
in the blood circulation. Another study showed that the phagocytosis of polystyrene 
ellipsoid nanoparticles in mouse macrophages cell lines was significantly lesser 
than nanospheres (Paul et al. 2013). Similarly, the uptake of rod-shaped nanopar-
ticles developed by layer-by-layer technology into HeLa cells was lower as com-
pared with spherical capsules (Shimoni et al. 2013). Wooley et al. demonstrated that 
spherical polymeric nanoparticles were more efficient in cellular uptake in Chinese 
Hamster Ovary (CHO) cells as compared to cylindrical nanoparticles. After func-
tionalization with targeting moiety TAT-HIV1, spherical nanoparticles showed 
enhanced cellular uptake but there was insignificant change in the internalization 
of cylindrical particles (Zhang et al. 2008). Short nanorods were efficiently taken 
up by cells compared to long nanorods. Cellular uptake and intracellular trafficking 
of uncommon geometry such as disks, lamellae etc. were also studied. Staggered 
lamellae nanostructures showed prolonged blood circulation as well as fast cellu-
lar uptake by clathrin- or caveolae-independent endocytosis. Large-sized hydrogel 
nanodisks were found to be internalized into endothelial cells more competently 
than similar small-sized nanomaterials (Hu et al. 2013). Iron oxide nanorods and 
nanochains showed margination of seven-fold and 2.3-fold respectively as com-
pared to nanospheres in same flow conditions. In another study, mesoporous rod 
and disc-like-particles were compared for margination in blood vessels. When the 
width of both particles was made constant, then nanodiscs marginated twice as 
compared to nanorods. Dissimilarities in adhesion capabilities of studied particles 
were probably one of the reasons for the different margination rates. Largely, the 
available research work showed that non-spherical nanostructures undergo cellular 
uptake more competently; nevertheless, the results are not consistent. With cur-
rently available contradictory evidence, it would be too early to draw conclusions 
on the impact of shape on the cellular uptake of nanoparticles. More comprehensive 
experimental work is required to assess the impact of the shape of nanoparticles on 
margination, cellular uptake and internalization. In addition, the effect of cell types 
and entry pathways also need to be elaborately studied.

2.4  INFLUENCE OF NANOCARRIER SURFACE 
PROPERTIES ON TUMOR TARGETING

The surface characteristics of the nanoparticle, such as surface charge, hydrophobic-
ity influences the circulation life in blood vessels, tumor distribution, cellular inter-
action and uptake (normal/via opsonisation) and organelle targeting. The surface 
charge of nanoparticles is usually characterized by the zeta potential of a nanopar-
ticle, which shows the electrical potential of particles and depends upon the solution 
in which they are distributed. For stable nanoformulations, the zeta potential over 
the particles should be above ± 30 mV, as the surface potential avoids aggregation of 
the nanoparticles. Surface properties significantly impact the opsonisation process 
that eventually commands immune response. Several surface modifications were 
applied to evade phagocytosis and to dodge the initiation of the immune response. 
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Functionalization of the particle surface with specific ligands help in enhanced cel-
lular and organelle targeting.

2.4.1  circuLatioN iN BLoodstream

Nanoparticle hydrophobicity, surface functional groups and surface charge are 
important parameters that regulate the level of blood components that attach to their 
surface, hence impacts the in vivo fate of nanoparticles. These properties of nanopar-
ticles affect the opsonisation (binding of blood proteins), RES uptake and clearance. 
In order to increase the probability of drug targeting in cancer therapy, it is essential 
to reduce the opsonization and extend the circulation of nanoparticles in vivo. It is 
well recognized that positively charged nanocarriers have a higher degree of cellu-
lar uptake as compared to negative or neutral particles (Thorek and Tsourkas 2008, 
Slowing, Trewyn, and Lin 2006). It has been suggested that the cell membrane pos-
sesses a slight negative charge and cell uptake is driven by electrostatic attractions 
(Jin et al. 2009, Wang et al. 2010). A recent study demonstrated that this electrostatic 
attraction between membrane and positively charged nanoparticles favors adhesion 
onto the cell’s surface, leading to cellular uptake. It has been shown that polystyrene 
particles functionalized with positively charged primary amine underwent consider-
ably better phagocytosis compared to particles functionalized with other groups like 
hydroxyl, carboxyl or sulfate groups. Positively charged nanocarrier surfaces pre-
dictably have a high cellular uptake frequency but small blood circulation half-life, 
whereas negatively charged nanosystems shown a noticeable reduction in the rate 
of cellular uptake and elongated circulation time. Investigations showed that, fairly 
negative charged nanocarriers could diminish the undesirable clearance by RES and 
may help in delivering drugs effectively to the tumor sites. It is recognized that neu-
tral or negatively charged nanoparticles showed less plasma protein adsorption and 
a slower rate of cellular uptake (Figure 2.4). The surface hydrophobicity of nanopar-
ticles plays an important role in opsonisation and phagocytic uptake. Nanoparticles 
with hydrophobic surfaces are readily opsonised with plasma proteins and then favor-
ably taken up by RES systems. Protein adsorption makes the particle surface more 
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FIGURE 2.4 Effect of surface charge on nanoparticle uptake in cells.
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hydrophobic. To enhance the possibility of tumor targeting, it is crucial to decrease 
the opsonisation phenomenon to extend the circulation. This can be attained by 
coating particles with hydrophilic polymers (or surfactants) like polyethylene glycol 
(PEG), poloxamer, poloxamine, and polysorbate 80 (Tween 80), polyethylene oxide 
etc. PEG showed substantial reduction in interactions with plasma proteins due its 
hydrophilicity and steric repulsion, hence decreasing opsonization and phagocytosis.

2.4.2  NaNoparticLe traNsportatioN aNd tumor iNterNaLizatioN

Subsequently to the margination in blood vasculature, nanoparticle attachment with 
the endothelial wall and its internalization into tumor cells depends upon surface 
properties. The adherence of the nanoparticles to the cell surface is significantly 
influenced by the surface charge of nanoparticles. In the adhesion of nanoparti-
cles with endothelial membrane, internalization of particles occurs through vari-
ous mechanisms of endocytosis like clathrin, caveoli mediated, and clathin-caveoli 
independent pathways. Different endocytic mechanisms involved in the internaliza-
tion of nanoparticles with a dissimilar surface charge and charge density. Positively 
charged nanoparticles, show higher rates of nonspecific cellular uptake through elec-
trostatic interactions with negatively charged cellular membranes. In a study done 
by Thurston et al., it was found that positively charged liposomes were specially 
adhered and internalized by angiogenic endothelial cells of tumors compared with 
normal vasculature (Thurston et al. 1998). Noteworthy, positively charged nanopar-
ticles escape from endosomes via ‘proton sponge effect, minimizing the detrimental 
effects by lysosomes on drug. Negatively charged nanoparticles were efficient in 
transportation inside the blood vessels and delivering drugs into deep tumor tissues, 
while positively charge nanoparticles demonstrated higher cellular uptake. Ideally 
the nanocarrier for tumor targeting should have a neutral or slightly negative charge 
during systemic administration of formulation, which switches to a positive charge 
as it reaches to vicinity of tumor. Stimulus-guided, charge-switchable zwitter-ionic 
nanoparticles offer promise for an ideal drug targeting and maximum accumulation 
in tumors (Yuan et al. 2012). Hydrophobic particles are capable of moving by simple 
diffusion through the lipid bilayer membrane of cells. The particle surface can be 
improved to enhance interactions and cellular uptake. Hydrophilic PEG functional-
ized nanoparticles enhance circulation time but reduce the cellular uptake. Hence, 
nanoparticles necessitate a balance between hydrophilicity and hydrophobicity to 
sustain a movement in the blood and also achieve optimum cellular uptake. For 
example, Janus nanoparticles having hydrophobic/hydrophilic faces were developed 
by Bishop and coworker; they could penetrate the lipid bilayer, suggesting these are 
appropriate for drug delivery (Lee et al. 2013).

2.4.3  surface fuNctioNaLizatioN with targetiNg tumors

Many drug-loaded targeted delivery systems have shown promise in in-vitro, 
where significant increases in cellular uptake along with improved cytotoxicity was 
observed when compared to their non-targeted counterparts. Surface modification 
of nanocarriers might be helpful in achieving desirable properties and might make 
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them suitable for controlled drug delivery and cellular targeting. In recent times, 
there has been a lot of research in active targeting of the tumor cells with ligand 
decorated nanocarriers to achieve enhanced efficacy and for mitigating the systemic 
side effects. Active targeting can be achieved by functionalization with surface-
modifiers like stimuli sensitive polymer/lipids, soluble polymer and selective ligands 
(peptides, antibodies, folate, antibody, transferrin, lectins, epidermal growth factor 
[EGF], lipoprotein receptors, platelet-derived growth factor [PDGF]) (Holgado et al. 
2012) (Figure 2.5). Surface modification provides functionality to nanocarriers for 
targeted drug delivery. Ligands attached on the nanocarrier surface may be any mol-
ecules that could selectively interact with the receptors of target cells. Ligand-coated 
nanocarriers can efficiently penetrate and be internalized by tumor cells by receptor 
recognition and interaction. The nature of the ligand used to coat the nanomaterial 
could also affect downstream biological responses. Further, the cellular uptake and 
cytotoxicity of nanoparticles could be significantly altered when the nanoparticles 
are coated with ligands targeting the receptor. Once bound to their receptor, nanopar-
ticles will typically enter the cell via receptor-mediated endocytosis. The binding of 
ligand functionalized nanoparticles with the receptors cause reduction in the Gibbs 
free energy, which cause cell membrane to cloak over the nanoparticle to form a 
vesicle. Zhang et al., investigated and presented a detailed thermodynamic model 
for receptor-mediated endocytosis of ligand-coated nanoparticles. They identified an 
optimal radius of a ligand-coated nanocarrier at which the receptor mediated inter-
nalization reaches a maximum at physiologically relevant parameters and showed 
that the cellular uptake of nanoparticles is regulated by membrane tension and can 
be elaborately controlled by particle size. They concluded that the optimal nanopar-
ticle radius for endocytosis is on the order of 25–30 nm, which is in good agreement 
with prior estimates (Zhang et al. 2009). Depending upon the surface and matrix 
properties of the nanoparticle, vesicles either fuse with lysosome for degradation 
of cargo or remain in cytoplasm. Larger ligand-coated nanoparticles (100–300 nm) 
do interaction with greater number of cell receptors to encourage cellular uptake as 
compared with smaller nanoparticles (5–10 nm). Thermodynamically, 40–60 nm 
is the optimum size of nanoparticles that were able to bind an adequate number of 
receptors to effectively form vesicles for internalization. Since different cells possess 
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FIGURE 2.5 Surface modification of nanoparticles.
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diverse and unique phenotypes, optimal nanoparticle uptake size may depend on the 
cell used in the study as each cell type expresses different levels of surface recep-
tors. The different ligands that are frequently used in the cancer targeting therapies 
include antibodies, antibody fragments, peptides, proteins, siRNA, small molecules 
(folates, estrogen) and aptamers. This provides active targeting that offers extremely 
specific interactions between ligands and tissues and cells to stimulate the accumula-
tion of nanoparticles in tumors.

Nanoparticles conjugated with an antibody against a specific tumor antigen have 
been developed for specific drug delivery. Monoclonal antibodies destroy cancer 
cells after binding to the specific antigens on cancer cells by various approaches 
including apoptosis induction, autophagy, obstructing growth factor receptors, acti-
vation of complement system etc. HER2 receptors, members of EGFR family, are 
overexpressed in several cancers including breast cancer. Trastuzumab (a HER2 
receptor specific antibody) was conjugated to the surface of gelatin nanoparticles 
for targeting HER2-overexpressing cells (breast cancer cell line MCF7) (Wartlick 
et al. 2004). Rituximab (Fas agonist CH-11), a monoclonal antibody to the Fas 
receptor, conjugated with lipid nanoparticles demonstrated targeted complement-
dependent cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity 
(ADCC) in mantle-cell lymphoma cell lines (Z138 and JVM2). This has been clini-
cally approved for the treatment of non-Hodgkin’s lymphoma. Several antibodies 
are FDA-approved in clinical applications include Avastin, which targets VEGF for 
the management of colorectal, lung, and breast cancer; Herceptin targeting, HER-2-
overexpressing breast tumor cells); and Erbitux which binds to overexpressed epider-
mal growth factor receptor (EGFR) in colorectal cancer cells. The enhanced in vivo 
cell uptake and cell membrane binding of targeted micelles were found to delay their 
clearance from tumors that were overexpressing EGFR.

Aptamers are single-stranded DNA and RNA oligonucleotides/peptides that are 
capable of binding to particular target proteins. Drug encapsulated PLA- nanopar-
ticles conjugated with an aptamer-targeting Prostate Specific Membrane Antigen 
(PSMA) selectively target biomarkers on prostate cancer cells. The attached PEG 
ensures enhanced circulation half-life of the nanoparticles and aptamer enhanced 
cellular uptake. Doxorubicin-loaded super paramagnetic iron oxide nanoparticles 
(SPION) conjugated with RNA aptamer were utilized to deliver drugs into prostate 
cancer cell lines. The resulting nanoparticles demonstrated enhanced selective kill-
ing efficiency for cancer cells compared to that of normal cells (Wang et al. 2008).

Folate is one of the most broadly used ligands for targeted drug delivery for can-
cer therapy. The folate receptors are overexpressed in several types of tumors such 
as ovarian cancer, uterine sarcomas, osteosarcomas, non-Hodgkin’s lymphomas etc., 
which have a high binding avidity with folate. Nanocarriers conjugated with folate/
folic acid bind to folate receptors and are internalized into the cell and internal-
ized to the cytoplasm. Numerous studies have been done in devising and evaluating 
folate-conjugated liposomes, polymer conjugates, lipid nanoparticles and polymeric 
micelles for selective targeting. PLGA-PEG nanoparticles conjugated with folate offer 
improved cellular uptake and cytotoxicity of drug in MCF-7 breast cancer cells, and 
SKOV-3 ovarian cancer (Chen et al. 2011). Xiang and coworkers synthesized a folate 
derivative, folate-polyethylene glycol-cholesterol hemi-succinate (F-PEG-CHEMS), 
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and investigated its folate-receptor targeting potential. F-PEG-CHEMS-conjugated 
liposomes displayed extraordinary targeting capabilities (Xiang et al. 2008).

Transferrin is another membrane glycoprotein that has been frequently utilized 
for tumor targeting applications. The transferrin receptor (TfR) is overexpressed to 
the magnitude of 10-fold on tumor cells compared to normal cells, which makes 
it promising choice for targeted delivery of bioactive material through nanocarrier 
systems. In a study, transferrin conjugated paclitaxel loaded PLGA-PVA nanopar-
ticles showed three times more cellular uptake as compared to non-transferrin con-
jugated nanoparticles, consequently demonstrated better efficacy (Sahoo, Ma, and 
Labhasetwar 2004). There are several hormone receptors which are overexpressed 
in various type of cancers, are utilized as ligands for cancer targeting. Luteinizing 
hormone-releasing hormone (LHRH) is one of such targeting moiety against LHRH 
receptors, which is overexpressed on the surface of various cancer cells like breast 
cancer, ovarian cancer and prostate cancer. Song and group showed selective tar-
geting using LHRH-decorated liposomes for enhanced cancer therapy. There are 
myriad studies to show ligand-based drug delivery systems for cancer therapy (He, 
Zhang, and Song 2010). Dendrimers, in this regards serve as potential nanocarriers 
for site-specific drug delivery (Duncan and Izzo 2005). Studies exploring PPI (DAB) 
dendrimers for the delivery of a 32P-labeled triplex-forming oligonucleotide (ODN) 
showed that dendrimers could enhance uptake by MDA-MB-231 breast cancer cells 
by ~14 fold (Santhakumaran, Thomas, and Thomas 2004). Enhancement of cellular 
uptake was related to the concentration and dendrimer generation. The generation-4 
dendrimer showed the most pronounced enhancement of cellular uptake.

2.5  CONCLUSION

Targeting is a multiphasic process that involves the regulation of specific particle 
design parameters for greater efficiency. The size, shape and surface properties of 
the nanoparticle contributes significantly to its transportation in the bloodstream, 
margination tendency, circulation half-life, adherence, tumor tissue and cellular 
uptake. The cellular uptake and cellular trafficking of nanoparticles were also influ-
enced by their physicochemical properties. The engineering of these parameters in 
the nanoparticles significantly enhances the tumor targeting, efficacy of anticancer 
agents and reduces adverse effects on normal cells. Nanoparticles having size lower 
than 20 nm are excreted in the urine and those approximately 50–100 nm in size 
often exhibit optimal cellular uptake and intratumoral accumulation. Relatively 
large-sized nanoparticles, favorably accumulate at solid tumors because of enhanced 
permeability and retention effect. The shape of particles plays significant role in their 
in vivo behaviour and interaction with cells. Non-spherical nanoparticles show better 
properties than spherical particles in enhancing circulation time, endothelial adhe-
sion, evading phagocytosis and cellular targeting. Oblate and elongated nanoparticles 
can be utilized to target tumors for enhanced accumulation in target tumor tissues 
compared to the spherical particles. Neutral or slightly negative-charged nanopar-
ticles demonstrate better residence in blood vasculature and positive-charged par-
ticles better internalization into tumor cells. Polymer-functionalized (PEGylated) 
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nanoparticles show long circulation times and can escape phagocytosis by RES 
and blood clearance. This chapter focuses on the complex relationships between 
physiological properties and biological response, during the optimization process 
to achieve optimal results. The basic knowledge provided here gives insight for the 
rationale design of tumor targeting nanoparticles.
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3.1  INTRODUCTION

Over the last decade, several nanodrug delivery systems have been studied for thera-
peutics, diagnosis, and imaging of cancer. It has been demonstrated that, following 
systemic administration, nanoparticles are rapidly removed from blood circulation 
by the mono-nuclear phagocytic system (MPS), also known as reticuloendothelial 
system (RES) (Roy and Li 2016). After bypassing the MPS clearance, nanocarriers 
must extravasate from blood circulation to tumor tissues. The vasculature system 
located in malignant tissues is structurally different from that located in normal 
ones and exhibits increased permeability for nanocarriers. Additionally, the lym-
phatic system responsible for removing substances from tissues is often immature 
in tumors, leading to accumulation of the extravasated nanoparticles. This feature 
regarding nanoparticle delivery to tumors is termed the Enhanced Permeation and 
Retention (EPR) Effect (Li and Huang 2008; Ernsting et al. 2013) and is the domi-
nant mechanism of uptake in first generation of nanomedicines. For the second gen-
eration of nanomedicines, nanocarriers are surface modified with a ligand such as 
(monoclonal antibody, peptide, and folate) that targets a specific antigen at the target 
cell surface. After accumulating in tumors either as the first generation or second 
generation, nanocarriers must enter into the tumor cells to exert a pharmacologi-
cal effect. Plasma membrane is a barrier for intracellular transport of nanoparticles. 
Endocytosis is the most dominant mechanism in cellular uptake of nanoparticles 
(Sahay et al. 2010). After taken up by the tumor cells, most of the anticancer drugs 
exhibit non-selective intracellular distribution that in most cases, may cause toxicity 
to other subcellular organelles. In addition, the efficacy of the anticancer treatment 
can be enhanced by specific intracellular drug localization. Therefore, the devel-
opment of a drug delivery system targeting subcellular organelles (known as third 
generation nanomedicines) has been actively pursued. The main subcellular targets 
involved in anticancer therapy are schematically depicted in Figure 3.1.

The most straightforward approach for targeting a drug to its subcellular target is 
conjugating a targeting ligand with the drug (Sito et al. 2003; Whitmire et al. 2012). 
A number of factors for the ligand-drug conjugate need to be optimized for enhanced 
delivery. For example, the linker must be stable during the blood circulation and 
rapidly degrade intracellularly for efficient drug release. Further, the ligand needs 
to be highly specific to avoid off-target toxicity. Application of nanoplatforms is 
identified as the most efficient strategy for intracellular organelle targeting among all 
other approaches. Alternatively, multifunctional nanoparticles can be developed for 
subcellular drug targeting (Shi-Kam et al. 2005; Xiong et al. 2008; Ding et al. 2009; 
Shi et al. 2009). Various nanocarriers that were developed for organelle-specific 
drug delivery are summarized in Table 3.1. In this chapter, the role of subcellular 
organelles in cancer therapy and also various strategies for targeting of nanocarri-
ers to these intracellular organelles including mitochondria, nucleus, lysosomes, and 
endoplasmic reticulum (ER) will be discussed.
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3.2  MITOCHONDRIAL TARGETED DRUG DELIVERY

3.2.1  mitochoNdria aNd caNcer therapy

The mitochondrion is a double membrane, subcellular organelle with a size range 
of 0.75–3 μm. A mitochondrion is composed of an outer mitochondrial membrane, 
an inner mitochondrial membrane, inner membrane space, and the mitochondrial 
matrix. The mitochondrion is responsible for regulation of cellular energy by synthe-
sizing ATP using oxidative phosphorylation (Hiendleder et al. 1999; Waterhouse et 
al. 2001; Gulbins et al. 2003). In 1999, it was suggested that the mitochondrion has 
a dominant role in cell death regulation (Bernardi et al. 1999). It was proposed that 
cell apoptosis is regulated through two major signaling pathways including extrinsic 
and intrinsic routes (Hengartner 2000). At the cell surface, binding of ligands to the 
death receptors activates the extrinsic pathway which leads to cytosolic activation of 
caspase-8. Caspase-8 transforms BH3-integrating-domain death agonist (BID), a pro-
apoptotic member of the Bcl-2 protein family, to truncated BID (tBID) that is active 
and can translocate to the mitochondria. For the intrinsic pathway, translocation 
of tBID to the outer mitochondrial membrane promotes the release of apoptogenic 
factors from the mitochondrial matrix to the cytosol, such as cytochrome c (cyt c), 
second mitochondria-derived activator of caspases (smac), apoptosis inducing fac-
tor (AIF), and endonuclease G (Li et al. 2001; Barczyk et al. 2005; Adams and Cory 
2007; Kroemer et al. 2007). Both intracellular and extracellular stress signals can 
induce the mitochondrial apoptosis pathways (Finkel 2001; Maddika et al. 2007). The 
extrinsic and intrinsic apoptosis pathways are schematically depicted in Figure 3.2.

•Mitochondriotropics
•Mitochondrial penetrating
  peptide (MPP)
•Mitochondrial targeting
  signal (MTS)

•Lysosomotropics agents
•Cathepsin specific
  substrate
•Ceramides
•Metal nanoparticles
•pH responsive nano-carrier

•Nuclear localizing signal
  (NLS)
•Ultra small nano-carrier
•Fusogenic liposome
•Glucocorticoid conjugated
  nano-carrier

•ER localization signal
•ER –like phospholipids

Lysosome

Endoplasmic reticulum

Nucleus

Mitochondria

Nucleolus

FIGURE 3.1 Main subcellular targets and appropriate strategies for anticancer therapy 
using nanocarriers.
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In addition, the significant role of mitochondria in bio-energetics and ATP syn-
thesis, balancing of reduction-oxidation chain, regulation of calcium metabolism, 
and preparation of super oxides, makes the organelle a good target for cancer therapy 
(Serviddio et al. 2011). It has been shown that the outer and inner mitochondrial 
membranes can act as the barrier against permeation of nanoparticles. The high 
negative charge density of the mitochondrial matrix and impermeability of the inner 
membrane to ions including protons (H+), are responsible for generation and main-
tenance of an inner mitochondrial trans-membrane potential (ΔΨm) in the range of 
−160 mV to −180 mV, depending on the cell type. Although, the high negative value 
of ΔΨm is crucial for ATP synthesis by oxidative phosphorylation (Mitchell and 
Moyle 1965a; Mitchell and Moyle 1965b), it is reported to act as a barrier against 
drug permeation. The size of nanocarriers has a significant effect on their transloca-
tion into the mitochondria. It has been reported that while 6-nm gold nanoparticles 
failed to accumulate inside the mitochondria, similar gold particles with a diameter 
of 3 nm can permeate across the outer mitochondrial membrane (Salnikov et al. 
2007). Strategies to overcome the mitochondrial barriers include disruption of the 
mitochondrial negative membrane potential, alteration in mitochondrial permeabil-
ity, and destabilization of proteins in mitochondrial membrane.

There are some differences in the structure and function of mitochondria located 
in malignant cells as compared to normal cells, and these differences make mito-
chondria an attractive target for cancer therapy. In malignant cells, the rate of 
aerobic glycolysis is increased (Huang et al. 2011), electron and anion transport is 

Apoptosome
cytochrome C+Apaf1

Cytochrome C
release from
mitochondria Activated bax

DNA damage
activated P53

Intrinsic pathway DNA damage

Extrinsic pathway

P53

Caspase 9
active

Caspase 3
active

Caspase 8
active

Apoptosis

Death receptor

Death signal

Caspase
cascade

FIGURE 3.2 The extrinsic and intrinsic apoptotic pathways.
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increased, calcium uptake is enhanced, and activity of certain enzymes is decreased, 
such as cytochrome c oxidase (Agemy et al. 2011), adenine nucleotide translocase 
(Yamamada and Harashima 2013; Modica-Napolitano and Weissing 2015), and mito-
chondrial ATPase (Yousif et al. 2008). The mitochondrial trans-membrane potential 
(ΔΨm) is shown to be higher in cancer cells (Pelicano et al. 2004; Ma et al. 2012). 
Tumor cells also pose higher levels of reactive oxygen species (ROS) and oxidative 
stresses compared to normal cells (Paine et al. 1975; Dam et al. 2012; Ma 2014).

Tumor-initiating cells (TIC) are a small subpopulation of tumor cells that play 
a significant role in initiation, growth, progression, and metastasis of cancers. 
Mitochondria located in TICs exhibit a higher level of reactive oxygen species 
(ROS) and more negative mitochondrial membrane potential (ΔΨm) compared to 
mitochondria located in differentiated cancer cells. In TICs, enhanced expression 
of anti-apoptotic proteins results in increased resistance to apoptosis compared to 
differentiated cancer cells (Yang et al. 2016) and therefore, targeting mitochondria 
located in TICs is an attractive strategy to improve cancer therapy.

3.2.2  mitochoNdriaL drug deLivery

Various strategies including surface modification of nanocarriers with different 
mitochondriotropics, mitochondrial-penetrating peptides (MPPs), and mitochon-
drial targeting signals (MTSs) have been applied for mitochondria-targeted drug 
delivery and are discussed in the following sections.

3.2.2.1  Mitochondriotropic Conjugated Nanocarriers
Mitochondriotropics are amphiphilic compounds that permeate across mitochon-
drial membrane and accumulate in the mitochondrial matrix, resulting in a reduc-
tion of mitochondrial membrane potential. They can be applied as a mitochondrial 
translocation enhancer for targeted delivery to the mitochondrial matrix (Weissig 
2003; Weissig et al. 2004). Although various chemical structures were recognized as 
mitochondriotropics, lipophilic cations such as rhodamine and tetraphenylphospho-
nium (TPP) salts are the most studied mitochondriotropics. They can also facilitate 
permeation through phospholipid bilayer and enhance endosomal escape due to their 
high positive charge (Horobin et al. 2007). As mitochondria located in malignant 
cells pose a higher negative ΔΨm compared to that in normal cells, the interaction 
of mitochondriotropics with the inner mitochondrial membrane in malignant cells 
is stronger. Consequently, mitochondriotropics exhibit selectivity to mitochondria in 
tumor cells (Modica-Napolitano and Aprille 2001; Ito et al. 2009; Lim et al. 2009).

It was reported that multi-walled carbon nanotubes (MWCN) functionalized with 
rhodmine-110 as a mitochondriotropic displayed 4-fold increased mitochondrial 
uptake compared to the non-targeted MWCN. When carrying a platinum drug, the 
targeted MWCN exhibited increased potency against tumor cells (IC50 = 0.34 μM vs. 
2.64 μM) (Yoong et al. 2014). Preparation of a block co-polymer micelle composed 
of PEG–poly (caprolactone) functionalized with triphenylphosphonium for mito-
chondrial delivery of co-enzyme Q10 has been reported in the literature (Sharma 
et al. 2012). Images obtained from confocal microscopy of FITC-labeled nanomi-
celles revealed mitochondrial localization of 30% of the intracellularly absorbed 
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polymeric micelles. In another study, rodamine-123 (Rh 123) was conjugated to the 
distal end of a PEGylated lipid, which was used to prepare mitochondria-targeted 
liposomes. Paclitaxel delivery by the Rh-123-liposomes to the mitochondria in HeLa 
cells was increased by 5-fold compared to the control liposomes (Biswas et al. 2011).

It was demonstrated that surface modified gold nanorods using cetyltrimethyl 
ammonium bromide (CTAB) exhibited significant cytotoxicity against cancer cell 
lines including HepG2, HeLa, LNCaP, and A549 while slight cytotoxicity was 
reported in 16HBE and MSC normal cell lines (Wang et al. 2011). Images obtained 
by transmission electron microscopy (TEM) and confocal microscopy demonstrated 
accumulation of gold nanorods at the edges or around inner membrane of mitochon-
dria in the tumor cells. They suggested that CTAB-gold nanorods accumulated in the 
mitochondria, decreased the membrane potential, and increased levels of reactive 
oxygen species (ROS), inducing cell death. Similarly, a study reported mitochon-
drial accumulation of gold nanoclusters with a surface modification of TPP in Hela 
and HepG2 cell lines (Zhuang et al. 2014). The preparation of liposomes contain-
ing dequalinium as a mitochondriotropic ligand (i.e. DQAsome) for mitochondrial 
delivery of paclitaxel has been reported in the literature (D’Souza et al. 2008). There 
was approximately a 5-fold increase in mitochondrial accumulation of the drug com-
pared to plain liposomes. Similar results have been found in the literature (Men 
et al. 2011; Zhang et al. 2012).

MITO-Porters are liposomal formulations decorated with octa-arginine (R8) at 
the surface for mitochondrial delivery of macromolecules (Yamada et al. 2008). 
Confocal microscopy and flow cytometry results revealed that MITO-Porters exhib-
ited three-times higher accumulation in mitochondria compared to cytoplasm.

3.2.2.2  Mitochondrial-Penetrating Peptide (MPP) Conjugated Nanocarriers
The development of paclitaxel-loaded liposomes containing a KLA peptide 
(i.e. D[KLAKLAK]2) as an MPP at the liposomal surface for mitochondria-
targeted delivery was reported in the literature (Jiang et al. 2015). They dem-
onstrated 4-fold higher mitochondrial accumulation of the KLA-liposomes 
compared to control liposomes in human lung adenocarcinoma A549 cells 
using confocal laser scattering microscopy (CLSM). The conjugation of Mito-8 
(i.e. NH2-MSVLTPLLLRGLTGSARRLPVPRAKIHWLC-COOH), a peptide-
based mito chondrial targeting agent, to the surface of quantum dots, and reported 
eight-fold increased mitochondrial accumulation compared to control quantum dots 
has been reported in the literature. (Hoshino et al. 2004). In another study, the 
translocator protein (TPSO), a 18kDa protein found in outer mitochondrial mem-
brane, was used to decorate the surface of the PAMAM dendrimers, and 39% of 
the TPSO-dendrimers was found associated with mitochondria in C6 glioma cells 
(Denora et al. 2013).

Szeto-Schiller (SS) are small water-soluble peptides that can permeate the cell 
membrane and translocate in mitochondria. Due to their antioxidant capacity, these 
peptides protect mitochondria from oxidative stresses. One of these SS peptides, SS-31 
with a sequence of [D-Arg-Lys-Phe-NH2] (Elamipretide, Bendavia®), is currently 
under clinical trial for protection of mitochondrial injury during ischemia in patients 
suffering from acute coronary events (Breunig et al. 2008; Wongrakpanich et al. 2014).
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3.2.2.3  Mitochondrial Targeting Signal (MTS) Conjugated Nanocarriers
Modification of nanocarriers with MTS is another approach for the development 
of mitochondria-targeted drug delivery systems. Although both MPP and MTS 
enhance mitochondrial localization there are some differences in structure, intra-
cellular localization, and mechanisms of action between these two types of pep-
tides. Mitochondrial-penetrating peptides (MPPs) are peptide-based mitochondrial 
transporters that are endogenously incorporated in the mitochondrial membrane. 
They act on mitochondrial membrane potential (ΔΨm) and induce charge-driven 
mitochondrial uptake. Mitochondrial Targeting Signals (MTSs) including bacte-
rial signal peptides and mitochondrial leader sequence peptides, are endogenous, 
naturally occurring N-terminal sequences of mitochondrial proteins that localize to 
mitochondria. MTS contain 2040 amino acids and are recognized by mitochondrial 
protein import machinery for mitochondrial localization (Stojanovski et al. 2003; 
Horton et al. 2008; Zhang et al. 2010). The application of MTS derived from Bak 
(i.e. bcl2 antagonist/killer) and Bax (i.e. bcl2- associated X protein) for mitochon-
drial targeted delivery of p53 has been reported in the literature (Matissek et al. 
2014). They showed that p53-Bak MTS and p53-Bax MTS fusion proteins induced 
significant apoptosis through the mitochondrial pathway. In another study, MWCNs 
were surface conjugated with a MTS peptide, which exhibited increased  mito-
chondrial  accumulation compared to the non-modified MWCNs (Battigelli et  al. 
2013).

3.3  NUCLEAR TARGETED DRUG DELIVERY

3.3.1  the NucLeus: roLe iN caNcer treatmeNt

The nucleus is responsible for regulation of key cellular functions including replica-
tion and transcription of genes. It is also the major site of action for cellular growth 
factors that control cell reproduction, metabolism, and the cell cycle. Therefore, 
the nucleus plays a dominant role in regulation of cell death, and many cellular 
disorders including cancers originate from this subcellular organelle (Dam et al. 
2012; Sakhrani and Padh 2013). Significant roles of nucleus in cancer develop-
ment, progression, and metastasis, makes this organelle the main site of action for 
various anticancer drugs including doxorubicin, platinum drugs (e.g. cisplatin and 
carboplatin), and camptothecin, which exert their efficacy by DNA intercalation 
and reduction of nucleic acid replication by inhibition of topo isomerase 1 (topo-I), 
respectively (Wong et al. 1999; Yang et al. 2006; Frissen et al. 2008; Kim et al. 
2011). Camptothecin binds at the interface between topo-I and DNA, establish-
ing reversible topo-I-camptothecin-DNA complexes, and inhibits the rejoining step 
of the cleavage/relegation reaction of topo-I (Pommier et al. 1998). Photodynamic 
therapy for cancer is based on the generation of reactive oxygen species (ROS) from 
the photo-sensitizers such as haematoporphyrin derivatives, hydroxyethyl deutero-
porphyrin, benzoporphyrin derivatives, and zinc phthalocyanine, and these ROS 
act on DNA located in the nucleus (Sobolev et al. 2000). Additionally, an exogenous 
pDNA must be delivered to the nucleus for expression of a therapeutic protein to 
perform gene therapy (Sui et al. 2011).
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3.3.2  NucLear drug deLivery

Drug delivery to the nucleus is a complicated and challenging process with multiple 
barriers (Hakim and Usmani 2015). In tumor cells, overexpression of efflux pumps 
and increased cytoplasmic drug metabolism have been reported to decrease nuclear 
localization of many active compounds (Burrow et al. 2002; Duvvuri and Krise 
2005). The nuclear envelope (NE) is identified as a double-membrane structure that 
surrounds the nucleus and separates the inner components from the cytoplasmic 
environment (Torchilin 2006). NE is considered as the most significant intracellular 
barrier for nuclear translocation of drugs. Structurally, the integrity of the nuclear 
envelope is disrupted by the nuclear pore complexes (NPCs), which are incorpo-
rated in the NE (Wente 2000) and can allow passive diffusion of small molecules 
with a molecular weight below 45 kDa and free transport of particles with a size 
smaller than 9 nm (Gasiorowski and Dean 2003; Wagstaff and Jans 2009), while the 
nuclear permeation of larger particles through NPCs is strongly restricted. Integral 
membrane proteins (IMPs) are a class of proteins that are embedded in biological 
membranes. In the nucleus, IMPs are located in the inner membrane of the nuclear 
envelope and mediate the formation of NPC and the nucleoskeleton (Wente 2000; 
Gasiorowski and Dean 2003). It was reported that due to the small size and precise 
selectivity of NPCs, only a small portion of cisplatin (approximately 11%) taken up 
by a cell was translocated into the nucleus (Perez 1998). Therefore, development 
of an effective nuclear targeted delivery system can improve the efficacy of cancer 
therapy.

Some viruses can naturally overcome the NPC barrier for nuclear localization 
via receptor mediated uptake. Modified viral vectors prepared from retroviruses 
(Culver et al. 1992; Somia et al. 1995; Paulus et al. 1996), adeno-associated viruses 
(Gregorevic et al. 2004; Maheshri et al. 2006), adenoviruses (Willson 1996; Curiel 
et al. 1991), and herpes simplex viruses (Palmer et al. 2000) have been developed for 
nuclear targeted delivery of genes and other active compounds. However, their wide 
use has been significantly limited due to the safety concerns including immunologi-
cal reactions against viral vectors, probability of transformation of modified vectors 
to pathogenic phenotypes, and environmental biohazards (Baldo et al. 2013).

Nanocarriers can be designed for transport across the NPC barrier and therefore, 
in contrast to viral vectors (Hou et al. 2014), they pose high potential for providing 
safe and efficient nuclear targeted delivery (Li and Huang 2007). Different strate-
gies including surface modification of nanocarriers with nuclear localization signals 
(NLS), aptamers, and glucocorticoids, preparation of ultra-small nanocarriers, and 
development of fusogenic liposomes can be applied for nuclear delivery.

3.3.2.1  Nuclear Localization Signal (NLS) Conjugated Nanocarriers
Nanoparticle surfaces modified with a peptide-based nuclear localization signal 
(NLS) have been widely studied (Belting et al. 2005; Fan et al. 2016). It is suggested 
that interaction between the NLS and the integral membrane protein (IMP) fam-
ily receptors can facilitate the nuclear translocation of the nanocarriers (Jans et al. 
1998). Nuclear targeting NLS-conjugated CdSe-ZnS quantum dots with a diameter 
of ~22 nm was studied (Maity and Stepensky 2016). Only 11.9% of the intracellularly 
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accumulated non-modified quantum dots were localized in the nucleus, while 56.1% 
of the intracellular NLS-conjugated quantum dots were found in the nucleus. The 
effect of TAT peptide conjugation to mesoporous silica nanoparticles with vary-
ing diameters for nuclear drug delivery of doxorubicin was investigated (Pan et al. 
2012). They demonstrated that the size of the nanoparticles was critical for nuclear 
translocation and the TAT conjugated nanoparticles with a diameter of 25–50 nm 
efficiently targeted the nucleus. SV40 large T-antigen derived from a tumor antigen 
of simian virus 40 has been extensively studied as a NLS. It consists of highly basic 
amino acids: Pro-Lys-Lys-Lys-Arg-Lys-Val (Kalderon et al. 1984). Preparation of 
complexes by mixing luciferase encoded plasmid DNA,S413-PV penetrating peptide 
derived from SV40 T-antigen and a cationic liposome composed of 1,2-dioleoyl-
3-trimethylammonium-propane and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
was reported (Trabulo et al. 2008). The S413-PV containing lipoplex exhibited sig-
nificantly higher nuclear translocation compared to other complexes prepared with 
a reverse sequence of NLS or a scrambled peptide in HeLa and TSA cell lines. 
The development of gold nanoparticles surface modified with two separate peptide 
ligands including either a sequence of TAT peptide (AGRKKRRQRRR) derived 
from HIV, or the Pntn peptide (GRQIKIWFQNRRMKWKK) as a cell-penetrating 
peptide (CPP) obtained from An-tennapedia protein of Drosophila, and also an NLS 
(GGFSTSLRARKA) was reported (Nativo et al. 2008). After cytosolic accumula-
tion in HeLa cells, a large portion of the particles were detected near the nucleus 
due to NLS targeting. In another study, surface modification of superparamagnetic 
(Fe3O4) nanoparticles with an NLS peptide (KKKRKV) resulted in significant accu-
mulation in the nucleus while the non-targeted nanoparticles failed to deliver the 
model drug to the nucleus (Xu et al. 2008).

Most studied NLSs are rich in lysine and arginine and are positively charged, 
resulting in non-specific cellular interactions. Therefore, many NLS-conjugated 
nanocarriers exhibited significant adverse effects that limited their in vivo applica-
tions (Schwarze et al. 1999; Sarko et al. 2010). Shielding the positive charge of NLS 
conjugated nanocarriers during the systemic circulation followed by re-exposure of 
the NLS in the tumorous region has been demonstrated as an effective strategy for 
overcoming this problem (Ma et al. 2012). Development of a pH sensitive, micellar 
drug delivery system composed of two co-polymers including poly (methacryloyl-
sulfa dimethoxine) (PSD)-PEG as a pH-sensitive component and poly (l-lactic acid) 
(PLLA)-polyethylene glycol (PEG) conjugated with TAT as an NLS was investigated 
(Sethuraman and Bae 2007). They demonstrated that at pH 7.4, the positive charges of 
TAT were shielded by anionic PSD. The zeta potential of the micelles at pH 6.8–8.0 
was ~0 mV, indicating complete charge shielding. In the acidic environment within 
a tumor (i.e. pH 6.0–6.6), the PSD-PEG segment (pKb = 7.0) became uncharged 
was detached from TAT and formed aggregates due to increased hydrophobicity. 
The zeta potential of the micelles increased to +6.0 mV, indicating de-shielding of 
the TAT. They demonstrated that this system was selective for tumor nuclear deliv-
ery compared to normal cells. Preparation of polymeric nanoparticles composed of 
NLS-conjugated PLGA for nuclear delivery of plasmid DNA encoding luciferase 
gene was reported in the literature (Jeon et al. 2007). The polymeric nanoparticles 
showed enhanced nuclear localization with sustained gene expression for >13 days. 
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The authors suggested that compared to nanoparticles prepared with poly (ethyleneimine), 
the NLS-PLGA nanoparticles were more effective for long-term gene expression.

Enhanced nuclear localization of doxorubicin delivered by nanoparticles com-
posed of NLS-modified PLGA was demonstrated in the literature (Misra and 
Sahoo 2010). They reported increased cytotoxic potency for the NLS-conjugated 
nanoparticles (2.3 μM) compared to that for free drug (17.6 μM) in MCF-7 cells. The 
data were further supported by the confocal laser scattering microscopy (CLSM) 
showing increased nuclear accumulation of doxorubicin delivered by the nanopar-
ticles compared to free drug. Similarly, the NLS-functionalized gold nanoparticles 
(AuNP) displayed enhanced nuclear accumulation in HeLa cells (Yang et al. 2014). 
It was shown that surface-modified silver nanoparticles (AgNP) with a NLS pep-
tide (CGGGPKKKRKVGG) efficiently accumulated in the nucleus of human oral 
squamous cell carcinoma cells (HSC-3) and triggered caspase-independent apop-
tosis (Austin et al. 2015). Alternatively, NLS can be conjugated to a drug, followed 
by encapsulation into nanoparticles for improved nuclear delivery.

3.3.2.2  Other Approaches
Very recently, aptamers identified as oligonucleotides have been developed for 
specific binding to their target molecules and exhibit many advantages compared 
to antibodies. In contrast to antibodies, aptamers exhibit increased selectivity and 
affinity with the target molecule and enhanced stability during the storage without 
immunogenicity in vivo (Bruno 2013). Aptamers can be synthesized in a test tube 
using a polymerase chain reaction (PCR), and therefore, their mass production is 
much cheaper than antibodies.

Nucleolin is located mostly in fibrillar components around the fibrillar centers 
as well as in granular component of the nucleolus. Phosphorylation of the specific 
domains in nucleolin (i.e. RNA binding domains) enhances the cytoplasmic local-
ization while dephosphorylation of the specified domains improves the nuclear 
translocation. In addition to the nucleus, nucleolin is also found to be overexpressed 
at the cell surface (Ginisty et al. 1990). The development of an aptamer known 
as anti-nucleolin AS1411 was studied (Soundararajan et al. 2008). They reported 
that the aptamer targeted and bound with nucleolin overexpressed in MCF-7 and 
MDA-MB-231 breast cancer cells. In this study, it was demonstrated that the cyto-
toxicity of AS1411 was four times greater in the tumor cells compared to normal 
MCF-10A mammary epithelial cells.

Gold nanoparticles modified with an aptamer that bound with nucleolin were 
demonstrated to localize in the nucleus, leading to increased deformations in the 
nuclear envelope and elevated activity of caspase-3 and caspase-7, which promoted 
cell apoptosis (Dam et al. 2012).

As mentioned previously, particulate systems with a diameter smaller than 9 nm 
can be easily transported across the NPC. In a study, high nuclear accumulation 
was reported with a 2-nm AuNP, while the 16-nm AuNP showed non-specific 
cytosolic delivery (Huo et al. 2014). Quantitative analysis using ICP-MS revealed 
intra-nuclear percentage of 40% for the 2-nm AuNP 24 h after incubation, while the 
16-nm AuNP exhibited only 10% nuclear accumulation. Ultra-small PAMAM den-
drimers with a diameter of 10 nm were shown to exhibit enhanced nuclear delivery 
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(Hsu et al. 2011; Hsu et al. 2012). Primary amines in PAMAM dendrimers were 
conjugated with 1, 2-dicarboxilic acid-cyclohexene anhydride (DCA) or folic acid 
via amide bonds. At pH 7.4, the amide bond is stable and the dendrimer was nega-
tively charged. Following cellular uptake via folate receptor-mediated endocytosis, 
the acidic lysosomal environment triggered pH-dependent hydrolysis of the amides 
to release the cationic dendrimers, facilitating the lysosomal escape and the ultimate 
nuclear delivery via nuclear pores (Hsu et al. 2011; Hsu et al. 2012).

Fusogenic liposomes are a class of phospholipid vesicles, and their bilayer mem-
brane exhibits enhanced ability to interact with biological membranes, promoting lipid 
mixing and therefore release of the content to the other site of the membrane. They can 
be produced by incorporation of either a fusogenic lipid or polymer that increases the 
fluidity of the vesicle and promotes destabilization of endosomal and nuclear mem-
branes, facilitating endosomal escape and nuclear localization, respectively (Jhaveri 
and Torchilin 2016). In a study, a multifunctional, four-layered liposomal formulation, 
introduced as tetra-lamellar multifunctional envelope-type nanodevice (T-MEND) 
was developed for nuclear delivery of pDNA (Akita et al. 2009). The formulation was 
composed of a protamine-pDNA complex core surrounded by four lipid layers, includ-
ing two endosomal fusogenic outer layers and two nuclear fusogenic inner layers. The 
endosomal fusogenic layers were composed of 2-dioleoyl-sn-glycero-3-phosphatidyl-
ethanolamine (i.e. DOPE) and phosphatidic acid modified with stearylated octargi-
nine. These two layers fused with the endosomal membrane and mediated endosomal 
escape. The two nuclear fusogenic layers were prepared with cardiolipin and DOPE, 
which could fuse with nuclear envelope to enhance nuclear delivery. In this study, 
the stepwise membrane fusion was determined by Förster resonance energy transfer 
(FRET). Greater transfection efficiency by the four-layered liposomes was demon-
strated compared to Lipofectamine 2000 and the two-layered liposomes prepared with 
either endosomal fusogenic layers or nuclear fusogenic layers (Akita et al. 2009).

Nuclear internalization of pDNA was enhanced by conjugation of glucocorticoid 
to nanoparticles. The glucocorticoid receptor (i.e. NR3C1) is a nuclear receptor that 
can bind to glucocorticoid and is responsible for regulation of gene transcription 
involved in cell metabolism, anti-inflammatory, and immune responses. Binding 
of the glucocorticoids to the nuclear glucocorticoid receptor (GR) induces dilation 
of NPC, leading to enhanced drug and gene delivery to the nucleus. Preparation of 
dexamethasone-conjugated solid lipid nanoparticles (SLN) carrying a pDNA encoded 
with EGFP was reported (Wang et al. 2012a). They showed enhanced in vitro and 
in vivo nuclear translocation of the glucocorticoid-conjugated SLN compared to the 
control nanoparticles (Wang et al. 2012a).

3.4  LYSOSOMAL TARGETED DRUG DELIVERY

3.4.1  Lysosomes

Lysosomes, found in all eukaryotic cells except erythrocytes, are intracellular cyto-
plasmic organelles separated by a single lipid bilayer (Saftig et al. 2010) that entraps 
various hydrolytic enzymes including proteases, lipases, glycosidases, nucleases, 
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phospho-lipases, phosphatases, and sulfatases for degrading macromolecules and 
other cell components (Appelqvist et al. 2013). Lysosomes are responsible for cata-
bolic functions involved in phagocytosis, endocytosis, autophagy (i.e. degradation of 
large subcellular organelles), cell signaling, tumor metastasis, and regulation of cell 
death and apoptosis (Shen and Mizushima 2014). The intra-lysosomal environment 
is acidic (pH 4.5) due to the activity of proton pumps located in lysosomal mem-
brane (i.e. vacuolar H+-ATPase), which transports cytosolic protons into the lyso-
somal compartment (Settembre et al. 2013). Some glycosylated proteins including 
Lysosome Associate Membrane Protein 1(Lamp-1) and 2 (Lamp-2) are incorporated 
in the lysosomal membrane, forming glycocalyx as a protective layer from intra-
lysosomal acidic hydrolysis (Settembre et al. 2013; Wartosch et al. 2015). Lysosomal 
integral membrane proteins 1 and 2 are considered as other important lysosomal 
membrane proteins and play significant roles in membrane fusion, endocytosis, and 
exocytosis of macromolecules (Eskelinen et al. 2003; Saftig and Klumperman 2009).

3.4.2  LysosomaL ceLL death

Lysosomal cell death is mediated by lysosomal membrane permeabilization (LMP). 
Once the permeability of lysosomal membrane increases, intra-lysosomal contents 
such as digestive enzymes are released into the cytosol, inducing cell necrosis or 
apoptosis. Cathepsins are the most studied lysosomal proteases accumulating in the 
cytoplasm during LMP. Cathepsins mediate cytosolic proteolysis, which leads to 
cell death (Terman et al. 2006). According to the amino acid sequence at their active 
sites, cathepsins are categorized into cysteine (cathepsins B, C, F, H, K, L, O, S, V, 
W, and X), serine (cathepsins A and G), and aspartic cathepsins (cathepsin D and E) 
(Groth-Pedersen and Jaatela 2013). Although cathepsins pose maximum activity in 
the lysosomal acidic environment, they are also active in cytoplasm (Jhaveri and 
Torchilin 2016). In addition to their hydrolytic activity in cytosol, some studies have 
shown the correlation between the lysosomal apoptosis pathway and the mitochon-
drial apoptosis pathway. These studies revealed an increase in mitochondrial mem-
brane permeability and activation of caspase dependent apoptosis after activation of 
the cathepsins-mediated lysosomal apoptotic pathways (Gomez-Sintes et al. 2016).

3.4.3  LysosomaL drug deLivery

Lysosome-targeted approaches include preparation of nanocarriers containing lyso-
somotropic agents, employment of cathepsin specific substrates for synthesizing 
nanocarriers, incorporation of ceramides in nanoparticle formulation, and develop-
ment of pH-responsive nanocarriers.

3.4.3.1  Nanocarriers Containing Lysosomotropic Agents
In recent years, the failure of caspase-dependent cell apoptosis pathways has been 
reported in malignant cells and is considered as one of the mechanisms for antican-
cer drug resistance. Lysosome-mediated apoptosis is an attractive alternative for can-
cer therapy. Lysosomotropic agents, including hydroxychloroquine, chloropromazine, 



78 Molecular Medicines for Cancer

aripiprazole, and sphingosine are compounds that destabilize lysosomal membrane 
(Kagedal et al. 2001; Boya et al. 2003; Bechara et al. 2014). Because of their weak base 
characteristics, these compounds become protonated, positively charged, and eventu-
ally trapped in the lysosomal environment (Gomez-Sintes et al. 2016). This leads to 
preferential accumulation in the lysosomes (De Duve et al. 1974). Other lysosomotropic 
detergents are summarized in Table 3.2. Preparation of a PEG polyethylene glycol - 
PLGA [poly (lactic-co-glycolic acid] nanoparticle, which was surface-modified with 
a monoclonal antibody (mAb) and loaded with hydroxylchloroquine, a lysosomotropic 
agent was reported in the literature (Mansilla et al. 2010). Treatment of the drug-  resistant 
chronic lymphocyte leukemia cells with the drug containing targeted nanoparticles 
induced ~four-fold increased cell apoptosis compared to the drug-free formulation.

3.4.3.2  Nanocarriers Modified with Cathepsin-Specific Substrates
The application of lysosomotropic agents has been limited due to their off-target toxicity 
in normal cells. Therefore, strategies that can differentiate the lysosomes in cancer cells 
from normal ones have been developed for cancer-specific and lysosome-targeted drug 
delivery. Among these strategies, including various substrates for cathepsin B (Cat B) 
in the targeted formulation is widely studied. Cat B, compared to other proteins in the 
cathepsin family, is the dominant hydrolase involved in malignant cells and is often 
overexpressed in cancer cells (Kirkegaard and Jaattela 2009). Encapsulation of doxo-
rubicin into liposomes with surface conjugation of a tetra-peptide Gly-Leu-Phe-Gly, 

TABLE 3.2
Lysosomotropic Detergent

Compounds

Lysosomotropic detergents N-dodecyl difluroacetamide

N-dodecyl trifluroacetamide

N-dodecyl-2,2,2-trifluroethylamine 

N-octyl-2,2,2-trifluroethylamine

N-hexadecyl-2,2,2-trifufluroethylamine

N-octadecyl-2,2,2-trifulroethylamine 

N-dodecyl-2,2-difluroethylamine

N-carbobenzoxy-glyceryl-N-dodecyl-phenylalanine amide

N-dodecyl imidazole

N-retinyl morpholine

N-carbobenzoxy-glyceryl-N,N-bis(2-chlroethyl)-L-
phenylalanine amide

N-(t-butyloxy carbonyl) glyceryl-N,N-di92-chloroethyl)-L-
phenylalanine amide

O-methyl serine dodecylamine

N-carbobenzoxyglycyl-N-[2-(perflurooctyl)
ethyl]- L-phenylalanineamide

Source: Raymond, A. et al., Lysosomotropic detergent therapeutic agent, United States 
Patent, Patent Number: 4,719, 312, 1986.
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a substrate for Cat B was investigated (Maniganda et al. 2014). The conjugated lipo-
somes posed higher lysosomal accumulation and higher cytotoxicity compared to both 
non-targeted liposomes and free doxorubicin in HeLa cells. This was due to the high 
affinity of the synthetic tetra peptide substrate with cathepsin B that was overexpressed 
in lysosomes of the malignant cells (Maniganda et al. 2014).

Conjugation of another Cat B substrate peptide with a sequence of Arg-Arg to the 
surface of a gold-zinc oxide nanoparticle led to increased lysosomal accumulation 
and activation of the LMP-dependent apoptosis in HepG2 cells (Gao et al. 2014). 
Resistance mechanisms against LMP-mediated cell apoptosis have been reported in 
cancer cells. Expression of heat shock protein 70 (HSP 70) and its translocation into 
the inner part of the lysosomal membrane in tumor cells can stabilize the membrane 
and inhibit LMP (Nylandsted et al. 2004; Kroemer and Jaattela 2005). Suppression 
of HSP 70 might be an efficient strategy to overcome resistance in tumor cells. 
Delivery of an anti-HSP 70 siRNA using chitosan-based nanoparticles was reported 
(Matokanovic et al. 2013), and the study showed that downregulation of HSP 70 
induced significant toxicity in leukemia and glioblastoma cells.

3.4.3.3  Ceramide Containing Nanocarriers
In addition to nanocarriers modified with a cathepsin substrate, nanoplatforms con-
taining exogenous ceramides can be used for triggering lysosomal apoptotic path-
ways in cells. It is believed that ceramides can destabilize lysosomes and enhance 
LMP (Hannun and Obeid 2008). Ceramides are types of sphingolipids located in 
plasma membrane and lysosomal membrane. Ceramides act as second messengers 
in cell signaling. The cytotoxic effects of transferrin-modified liposomes contain-
ing ceramides on HeLa cells was studied (Koshkaryev et al. 2012). They showed 
that the transferrin-liposomes exhibited increased selectivity for cancer cells and 
enhanced lysosomal uptake through the transferrin receptor (TfR) mediated endo-
cytic pathway compared to plain liposomes. In this study, it is suggested that lyso-
somal delivery of ceramides increased the release of cathepsin D from lysosomes 
to the cytoplasm, triggering apoptosis in the cancer cells (Koshkaryev et al. 2012). 
It was demonstrated that ceramides could selectively interact with cathepsin D to 
enhance cathepsin dependent cell apoptosis (Heinrich et al. 1999).

3.4.3.4  Metal Nanoparticles
Induction of LMP using iron oxide magnetic nanoparticles targeted to the epidermal 
growth factor receptor (EGFR) that is overexpressed in cancer cells was reported 
(Domenech et al. 2013). After binding of the targeted magnetic nanoparticles to the 
EGFR, the ligand-receptor complexes were internalized into the endosomes. These 
targeted iron oxide nanoparticles then accumulated in the lysosome and were found 
mainly in the lipid bilayer of the lysosomes. Under an alternating magnetic field 
(AMF), the magnetic nanoparticles rotated and dissipated heat that mediated disrup-
tion of the membrane and consequently increased LMP, resulting in increased levels 
of Cat B in cytosol.

In a comprehensive study, the effects of different nanoparticles including 
uncoated ultra-small super paramagnetic iron oxide (USPIO), oleic acid coated 
USPIO, fluorescently labeled silica nanoparticles, TiO2 nanoparticles, and polymeric 
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nanoparticles prepared with PLGA-PEO [poly (ethylene oxide)] on induction of 
lysosomal autophagy were investigated in human cerebral endothelial cells (HCEC) 
(Kenzaoui et al. 2012). The MTT cytotoxicity assay revealed no cytotoxic effect 
for PLGA-PEO nanoparticles but maximum reduction in cell viability for uncoated 
USPIO. Other types of nanoparticles displayed medium cytotoxicity. Data obtained 
by Western blot showed overexpression of cathepsin B and D in cellular extracts, 
suggesting that the nanoparticles promoted lysosomal protease activity. TEM imag-
ing data supported that the lysosomal accumulation and induction of autophagy 
could be the major mechanism for the cytotoxicity of these nanocarriers (Kenzaoui 
et al. 2012).

3.4.3.5  pH-Responsive Nanocarriers
Preparation of a series of pH-activatable co-polymeric micellar nanoparticles for 
targeting of endocytic organelles including lysosomes was reported (Zhou 2011). 
They investigated self-assembled micelles prepared with co-polymers of poly (eth-
ylene oxide) (PEO)–poly methacrylate containing tertiary amines. It was shown 
that at a high pH, the tertiary amines were de-protonated and the micellar structure 
remained intact. At acidic pHs (5.0–5.5), the tertiary amines were protonated with 
increased solubility and charge repulsion, causing instability of the micelles and 
release of the entrapped drug in the lysosomes. Preparation of a drug delivery sys-
tem consisting of superparamagnetic (Fe3O4) nanoparticles, coated with a tri-block 
co-polymer of MPEG [methoxy poly (ethylene glycol)] - P(MMA-co-nBMA) [poly 
(methacrilic acid-co-n-butyl methacrylate)]-PGMA [poly (glycerol monomethacry-
late)] that contained adriamycin as the active ingredient was investigated (Guo et al. 
2011). Entrapment of the drug into the micelles was mediated by pH-dependent ionic 
and hydrophobic interactions between adriamycin and the carboxylic groups, and 
therefore, the system exhibited pH-responsive drug release: 40% and 100% drug 
release at pH 7.4 and 3.5, respectively. In another study, an amphipathic conjugate 
was synthesized by conjugating PEG and 4-(N)-stearoyl gemcitabine via an acid-
sensitive hydrozone bond. Multiple molecules of this conjugate then self-assembled 
into micelles (Zhu et al. 2012). It was demonstrated that the micelles exhibited pH-
dependent drug release. At pH 5.5 almost all of the entrapped drug was released 
after four hours of incubation, but the nanocarriers were stable during eight hours of 
incubation at pH 6.8.

3.5  ENDOPLASMIC RETICULUM (ER) TARGETED DRUG DELIVERY

3.5.1  eNdopLasmic reticuLum (er) aNd ceLL apoptosis

The endoplasmic reticulum (ER), a eukaryotic subcellular organelle, is responsible 
for post translational modifications (e.g. glycosylation, lipidation, and formation 
of disulphide bonds) and appropriate folding of proteins. ER also plays an impor-
tant role in intracellular calcium homeostasis (Healy et al. 2009). ER contains high 
concentrations of chaperones that enhance appropriate folding of newly synthe-
sized proteins. These chaperons include calnexin (CNX), peptidyl prolyl isomer-
ases (PPI), protein disulphide isomerase (PDI), glucose-regulated proteins (GRPs), 
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and calreticulin (CRT) (Ruddon and Bedows 1997; Gething and Sambrook 1992). 
Chaperones also recognize correctly formed peptides and proteins and facilitate 
their translocation into the Golgi apparatus for further processing, while the inap-
propriately formed polypeptides are recognized for degradation in the lumen of the 
endoplasmic reticulum (Kuznetsov et al. 1997; Ellgaard et al. 1999). Some diseases 
such as cancer display ER dysfunctions, such as inappropriate folding of oncopro-
teins, a decreased energy level in ER caused by hypoxia, altered oxidizing capacity 
in ER, and a reduced calcium level in ER. The ER dysfunction in cancer cells leads 
to reduction in chaperone functionality and consequently increased accumulation of 
unfolded and/or misfolded proteins in the lumen of ER, initiating signals known as 
“ER stress”. To respond to the ER stress, unfolded protein response (UPR) is induced 
inside the cell.

UPR is initiated by the activation of some ER trans-membrane stress sensors 
including inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF 
6), and pancreatic ER kinase-like ER kinase (PERK) (Schroder and Kaufman 2005). 
As the result of UPR, the expression of some proteins is increased, including chap-
erones, folding enzymes, and protein disulfide isomerase (Lee 2001), to enhance the 
folding capacity. In addition, a process known as ER-associated degradation (ERAD) 
that mediates the degradation of mis-folded proteins is also increased (Rutkowski 
and Kaufman 2004). Prolonged and excessive ER stress can cause cell apoptosis 
rather than UPR. This process is known as ER stress-induced apoptosis (Urano et al. 
2004; Szegezdi et al. 2006). It is believed that activation of transcription factor C/
EBP homologous protein (CHOP) due to excessive ER stress can mediate mitochon-
drial apoptotic pathways through activation of proapototic Bcl-2 family members 
(e.g. BH3) and caspase 12. CHOP is also involved in suppression of anti-apoptotic 
proteins (McCullough et al. 2001). Therefore, induction of a prolonged ER stress 
response in tumor cells is an attractive approach for anticancer therapy.

3.5.2  drug deLivery to er

ER-targeted drug delivery methods encompass surface modification of nanocarriers 
with an ER translocating signal and nanocarriers with phospholipids found in ER.

3.5.2.1  Surface Modification of Nanocarriers with ER Translocating Signals
A peptide bearing c-terminal sequence of Lys-Asp-Glu-Leu (KDEL) as an ER trans-
location signal was studied for surface modification of gold nanoparticles. KDEL is a 
trans-membrane endogenous peptide located in the lumen of endoplasmic reticulum 
and is recognized by the KDEL receptor (KDELR) in the ER-Golgi intermediate 
compartment. The modified gold nanoparticles were taken up by Sol 8 myogenic 
cells via clathrin-mediated endocytosis, and quickly localized to the ER 5–10 min-
utes post incubation by the coat protein I (COPI) mediated retrograde transport path-
way through the Golgi apparatus. After 60 minutes post incubation, approximately 
70% of the nanoparticles accumulated in the ER (Wang et al. 2013). It was dem-
onstrated that the KDEL-modified gold nanoparticles delivered three times more 
siRNA to the ER compared to Lipofectamine 2000-modified gold nanoparticles in 
differentiated myotubes (C2C12) (Acharya and Hill 2014).
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3.5.2.2  Nanocarriers with Phospholipids Found in ER
In a study, it was demonstrated that micelles prepared with poly (ethylene glycol)-
phosphatidylethanolamine (PEG-PE) significantly accumulated in the lumen of ER 
in A549 tumor cells with 75.3% of the intracellular micelles localized in the ER 
(Wang et al. 2012b). The micelles later induced ER dependent apoptosis. The data 
revealed no significant difference in intracellular distribution and ER accumulation 
between the PEG-PE micelles and PE, suggesting that PE might mediate the ER tar-
geting. ER is an important organelle for lipid metabolism, and PE as a phospholipid, 
exhibits a high affinity for ER. In contrast to tumor cells, normal cells exhibited 
better tolerance for the ER stress by the overexpression of UPR feedback proteins.

The ER-like liposomes composed of 1,2-dioleoyl-sn-glycero-3- phosphoethanolamine 
(DOPE), cholesteryl hemisuccinate (CH), and L-α-phosphatidylinositol (PI) dis-
played four-fold increased ER accumulation compared to control liposomes pre-
pared with DOPE and CH only, indicating the critical role of PI for ER-targeted 
delivery (Pollock et al. 2010). They also showed that incorporation of 20 mol% L-α-
phosphatidylserine (PS) to the control liposomes significantly increased their ER 
accumulation by three-fold.

3.6  CONCLUSION AND FUTURE PERSPECTIVES

Various nanocarrier systems have been developed to target diseased tissue, and they 
are often designed to release the payload in the extracellular environment in the tis-
sue, followed by drug penetration through the cell membrane, reaching the subcel-
lular target. Recently, these targeted delivery systems have been evolved to deliver 
the drug directly to the intracellular target for improved efficacy. A high amount of 
drug and multiple components can be incorporated into a single nanocarrier to over-
come various delivery barriers and achieve effective delivery to the intracellular tar-
get, including mitochondria, nucleus, lysosomes, and endoplasmic reticulum (ER). In 
order to target subcellular organelles, nanoparticles are often modified with various 
targeting moieties. Mitochondriotropics, mitochondrial-penetrating peptides (MPPs), 
and mitochondrial targeting signals (MTSs) were used for mitochondrial translo-
cation. Nuclear localization signals (NLSs), aptamers, and glucocorticoids were 
investigated for targeting nanocarriers to nucleus. Lysosomotropic agents, cathepsin-
specific substrates, and ceramide were used for modifying nanoparticles to enhance 
their accumulation in lysosomes. Some lipids such as phosphatidylethanolamine (PE), 
L-α-phosphatidylinositol (PI), and L-α-phosphatidylserine (PS) as well as ER trans-
location peptide sequences such as KDEL were applied to target nanoparticles to ER.

As a majority of these targeted nanoparticles enter the cells by endocytosis, endo-
somal escape of the carriers is one of the limiting steps for delivery. Development 
of pH responsive or fusogenic nanocarriers can enhance the endosomal escape. 
Alternatively, caveolae-mediated endocytosis may bypass the lysosomal degrada-
tion. Development of a drug delivery system that can simultaneously target multiple 
subcellular organelles might be effective for drug therapeutics. One significant chal-
lenge for intracellularly targeted drug delivery is the correlation between in vitro 
findings and in vivo results. For drug delivery in an in vivo setting, the delivery 
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system must overcome multiple barriers before reaching the target cell, including 
plasma stability, MPS clearance, renal clearance, and non-specific uptake by other 
tissues. Formulation components in these subcellularly targeted nanoparticles could 
induce non-specific uptake by other tissues and compromise the pharmacokinetics. 
As a result, the in vivo delivery may be poor while the in vitro cell culture results are 
promising. A robust in vitro system that can accurately predict the in vivo outcome 
for those nanoparticles must be developed. Moreover, these intracellularly targeted 
nanoparticles tend to incorporate multiple components in the formulation with com-
plicated structures and procedures for fabrication. As such, the scale-up manufac-
turing of these nanocarriers may be difficult. Scientists from different disciplines 
must collaborate to develop robust and reproducible methods to manufacture these 
complicated nanosystems.

Development of efficient intracellularly targeted drug delivery systems also 
requires a further understanding of biological membranes, mechanisms involved 
in cellular uptake, and intracellular trafficking. To reduce off-target effects of the 
nanoparticles, we must improve our knowledge regarding to structural, functional, 
and pathophysiological differences of intracellular organelles in cancer cells and 
normal cells. Although the intracellular organelle targeting is still in its infancy, 
it is a rapidly growing field with significant potential to improve current nanoparticle 
drug delivery for cancer therapy.
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4 Chemo-Resistance 
Reversal Using 
Nanomedicines

Can Sarisozen, Jiayi Pan, and Vladimir P. Torchilin

4.1  INTRODUCTION

Nanomedicines have been approved for treatment of a large variety of diseases 
including systemic fungal infections, HIV-related Kaposi’s sarcoma, age-related 
macular degeneration, multiple sclerosis, and cancer (Weissig et al. 2014). Since the 
oncology-based nanotechnology applications have received more than two-thirds of 
the recent research attention, this chapter focuses on cancer nanomedicines for the 
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reversal of chemo-resistance (Etheridge et al. 2013). In the United States, over a 
million people are diagnosed with cancer each year. The monthly individual cost of 
treating cancer with a newly approved drug has exceeded $10,000 since 2010, which 
is ten times higher than the cost in 2000. The increased cost for cancer treatment not 
only reflects the increasing expenditures for new drug development, but also indi-
cates a transformation in the types of new drugs used. Almost all the drugs approved 
by the Food and Drug Administration since 2010 are antibody-based cancer thera-
peutics rather than chemotherapeutics. The most critical hindrance to the develop-
ment of cancer chemotherapy is the chemo-resistance of tumor cells. Just as in the 
development of resistance towards antibiotics by bacteria, after repeated exposure to 
a chemotherapy tumor cells develop defensive mechanisms and become invulnerable 
to the chemotherapy.

Many groups have investigated the mechanisms of chemo-resistance on a 
molecular level. Several key mechanisms have been identified (Table 4.1). These 
mechanisms involve change in cellular drug accumulation, detoxification of drug, 
inhibition of apoptosis, repair of DNA adducts, and tumor recovery via cancer stem 
cells (Figure 4.1). Many possible molecular targets are involved in the creation of 

TABLE 4.1
Summary of Resistance Mechanisms to Some Common 
Chemotherapeutic Agents

Cytotoxic Agent Resistance Mechanisms Refs.

Methotrexate Reduced cellular accumulation (Dixon et al. 1994, Trippett 
et al. 1992)

Increased activity of drug target (Goker et al. 1995)

Cisplatin Reduced cellular accumulation (Veneroni et al. 1994)

Inhibition of apoptosis (Zhang et al. 2008)

Increased DNA damage repair (Dabholkar et al. 1994, 
Wiedemeyer et al. 2014) 

Doxorubicin Reduced cellular accumulation (Goren et al. 2000)

Inhibition of apoptosis (Kelly et al. 2002)

Paclitaxel Reduced cellular accumulation (Jang et al. 2001)

Inhibition of apoptosis (Wang et al. 2005)

Homologous recombination repair (Blanchard et al. 2015)

5-fluorouracil Decreased active metabolites (Beck et al. 1994)

Inhibition of apoptosis (Liang et al. 2002)

Topoisomerase I inhibitors
(Ex: Irinotecan)

Reduced cellular accumulation (Thomas and Coley 2003)

Inhibition of apoptosis (Longley et al. 2006)

Increased DNA damage repair (Farmer et al. 2005)

Decreased amount of drug targets (Meijer et al. 1992)

Poly (ADP-ribose) 
polymerase inhibitors

Reduced cellular accumulation (Oplustilova et al. 2012, 
Rottenberg et al. 2008)

Decreased amount of drug targets (Liu et al. 2009)

Homologous recombination repair (Ashworth 2008)
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multidrug chemoresistance using these pathways. Apart from these five main mech-
anisms, there are additional important molecules involved in chemo-resistance 
development such as PKC inhibitors and topoisomerase II. Based on the discovery of 
the molecular targets inducing chemo-resistance, researchers started to think about 
the possibility of re-validating existing and new chemotherapies with the reversal 
of chemo-resistance by either knocking out the molecules that contribute to chemo-
resistance or recovering the levels of components that facilitate apoptosis. In these 
scenarios, nanomedicines have turned out to be a suitable platform in fulfilling these 
aims.

4.2  CHEMO-RESISTANCE MECHANISMS IN CANCER

4.2.1  chaNge of ceLLuLar drug accumuLatioN

Fundamental to creation of an apoptotic effect, a drug molecule has to accumulate 
in cells. However, via the active transport within cells, these drug molecules are 
pumped out against their concentration gradients by membrane-bound transporters 
such as ATP-binding cassette transporters (ABC transporters). This situation is exag-
gerated especially in cancer cells where ABC transporters are overexpressed. Such 
a mechanism significantly decreases the amount of drug inside cells, suppressing 
the effectiveness of chemotherapy. Moreover, upregulation of transporters resulting 
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Active form of drug
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Target proteins Reduced
anti-cancer
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FIGURE 4.1 General chemoresistance mechanisms summarized in this chapter. The filled 
arrows indicate an upregulated/overexpressed pathways and proteins, while the hollow 
arrows indicate the downregulated/decreased pathways/events causing resistance.
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from one type of chemotherapy can also contribute to pumping out other types of 
structurally non-related chemotherapeutics. Such a phenomenon, called the multi-
drug resistant effect (MDR), limits the application of chemotherapy, and enhances 
tumor cell invulnerability to newly developed chemotherapies.

In 1979, a permeability-glycoprotein (P-glycoprotein) unique to drug-resistant 
cells was discovered that led to reduced colchicine permeability in Chinese ham-
ster ovary cell mutants (Riordan and Ling 1979). This 17,000 Da protein encoded 
by ABCB1 was purified in 1985 and aroused great interest (Riordan et al. 1985). 
P-glycoprotein is one of the ABC transporters, which consists of 48 or 49 family 
members (Kimura et al. 2007). Besides P-glycoprotein, other ABC transporters 
including the multidrug resistant protein family (MRP1–MRP5) (Cole et al. 1992, 
Evers et al. 1998) and breast cancer resistance protein (BCRP) (Bates et al. 2001, 
Doyle et al. 1998) were found to transport molecules from cells against their concen-
tration gradient.

In normal cells, ABC transporters function as cellular permeability modulators 
of diverse compounds. They are believed to be involved in preventing toxicity from 
xenobiotics by pumping them from cells. However, in malignancies, overexpressed 
ABC transporters enable cancer cells an enhanced pumping of xenobiotics. Among 
these xenobiotics, antitumor chemotherapeutics are a major class. Thus, overexpres-
sion of ABC transporters hinders the efficiency of various chemotherapeutics and 
results in multidrug resistance.

For better therapeutic design for treatment of multidrug resistance caused by ABC 
transporters, it is important to understand the molecular mechanisms of their upreg-
ulation. Among the ABC transporter family, MDR-1 transcribed P-glycoprotein 
(P-gp) is one that frequently gets mutated in tumor cells. Several pathways of P-gp 
amplification have been investigated (Kuo 2009). P-gp overexpression can be induced 
both internally and externally. It is straightforward to understand the external regula-
tion of P-gp expression. For example, when a tumor-bearing patient is treated with a 
chemotherapeutic agent, the influx of the agent into cells triggers a series of MDR-1 
gene promoters to produce more P-gp. These overexpressed P-gp transporters are 
then recruited to the cell membrane to promote a xenobiotic’s removal. Additionally, 
upregulation of MDR-1 by external factors is also promoted by the presence of xeno-
biotics. Ultraviolet (UV), reactive oxygen species and ionizing radiation exposure 
also induce DNA changes that promote the transcription of MDR-1 (Hu et al. 2000, 
Ziemann et al. 1999).

Internally, stress conditions such as carcinogens and hypoxia have been reported 
to induce upregulation of P-gp. Constitutive activation by carcinogens, such as 
diethylnitrosamine (DEN), 2-acetylaminofluoren (2-AAF), and dimethylhydrazine, 
enhanced the activity of the MDR-1 promoter (Deng et al. 2001, Kuo et al. 2002). 
Under hypoxic conditions, it was reported that the c-Jun NH2-terminal kinase (JNK) 
pathway was involved in the upregulation of MDR-1 expression. In this pathway, 
binding of hypoxia-inducible factor (HIF) to the hypoxia-response element located 
at the promoter of the MDR-1 gene upregulated P-gp expression (Liu et al. 2007, 
Comerford et al. 2002).

Clinically, most treatments targeting multidrug resistance have focused on P-gp 
because P-gp is highly expressed in colon, kidney, liver, and adrenocortical cancers 
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(Fojo et al. 1987, Goldstein et al. 1989). P-gp has a wide spectrum of substrates includ-
ing methotrexate, cisplatin, vincristine, doxorubicin, and paclitaxel. Administration 
of a P-gp inhibitor increased the accumulation and efficiency of chemotherapy in 
multiple multidrug resistant cancer cells (Goren et al. 2000, Navarro et al. 2012, 
Tidefelt et al. 2000). Three generations of P-gp inhibitors have been developed in 
last two decades to overcome the multidrug resistance effect. The first generation of 
P-gp inhibitors was developed originally for other indications but later discovered to 
be P-gp substrates. For example, verapamil was first prescribed as a calcium channel 
blocker to treat hypertension. Later, it was found to have potential for inhibition of 
P-gp and was co-administered together with chemotherapies (Potschka et al. 2002, 
Bansal et al. 2009). The second generation of P-gp inhibitors was developed with a 
better clinical profile and fewer toxic side effects. However, the P-gp inhibitory dose 
of these two generations of inhibitors was still far above the tolerated dose, and the 
poor pharmacokinetic profile of these inhibitors brought difficulties in determining 
the optimum chemotherapeutic doses (Thomas and Coley 2003, Darby et al. 2011). 
The third generation of P-gp inhibitors was developed by high-throughput screen-
ing of combinational compounds. These compounds were highly specific toward 
P-gp, independent of P450 metabolism and much more potent than the previous two 
generations. Among the third generation of P-gp inhibitors, tariquidar, derived from 
anthranilamide, has drawn great attention. Tariquidar interacts with a distinct modu-
latory binding site and inhibits the ATPase of P-gp. This third generation of P-gp 
inhibitor, although most promising, was still hindered in applications in clinical set-
tings by the existence of unfavorable toxicity resulting from a large tissue and organ 
distribution where P-gp activity is useful.

For a better antitumor performance, nanoformulation has been a good tool for 
reduction of toxicity and enhancement of the pharmacokinetic profile. Also, with 
nanoformulations, P-gp inhibitors can be delivered simultaneously with chemother-
apy. By entering cells through endocytosis, vast amounts of a drug molecule can 
be delivered across the cell membrane as nanoformulations compared to its simple 
diffusion. It was also reported that degraded nanocarriers and polymers could block 
P-gp by direct interaction with P-gp and inhibit its function (Dabholkar et al. 2006, 
Kobayashi et al. 2007). An additional novel strategy in downregulating P-gp utilizes 
nucleic acid therapy. It is necessary to use such a nano-sized delivery system, to 
protect the nucleic acids from degradation. Usually, P-gp is involved in most of the 
cases by hurdling drug accumulation in cells, whereas other ABC transporters like 
MRPs and BCRP also contribute negatively to the performance of chemotherapy 
and remain as an obstacle to be solved.

4.2.2  detoXificatioN of the drug

Most anticancer drugs need to be metabolized into their active form to be effective as 
anticancer agents. Also, anticancer drugs are made vulnerable to the in vivo detoxi-
fying systems that make them more water soluble for excretion through urine or 
bile. These processes are associated with diverse enzymes, which can degrade, mod-
ify or complex the drug with detoxifying molecules. Corresponding genes or gene 
promoters of those enzymes are usually regulated in response to chemotherapies. 
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One consequence of this regulation is the decrease of enzymes that play a role in 
activation of anticancer pro-drugs. Another is the increased level of enzymes that 
metabolize anticancer drugs. Under these circumstances, the amount of active anti-
cancer drug is reduced, resulting in treatment resistance.

Several enzymes, including glutathione transferase (GST), aldehyde dehydroge-
nase (ALDH), cytochrome P450 (CYP450), protect the in vivo environment from 
xenobiotics. However, in the presence of cancer, the existence of these defensive 
enzymes can be an obstacle. For example, more than 80% of 5-fluorouracil (5-FU) 
was metabolized by dihydropyrimidine dehydrogenase (DPD) to dihydrofluoroura-
cil (DHFU) in the liver before reaching the tumor (Diasio and Harris 1989). Thus, 
the activity and pharmacological profiles of 5-FU were markedly influenced by the 
amount of DPD expressed in the liver. In addition, an elevated intratumoral DPD 
level resulting from consecutively administered 5-FU doses led to the resistance to 
5-FU therapy (Beck et al. 1994, Diasio and Harris 1989, Diasio and Johnson 1999). 
In contrast, bioavailability of 5-FU was significantly increased when administrated 
together with DPD inhibitors in both preclinical and clinical studies (Adams et al. 
1999, Diasio 1998). Increased level of GST has been identified in tumor cells resis-
tant to platinum drugs (Kelland 1993). GST is widely expressed throughout the body 
and covalently binds cisplatin and oxaliplatin with glutathione (GSH), resulting in 
deactivation of these drugs (Ishikawa and Ali-Osman 1993). Tumor resistance due 
to the detoxification by GST has been observed in lung and ovarian cancers since 
the 1990s (Chang 2011, Raynaud et al. 1996). Additionally, irinotecan, used to treat 
colon cancer and small cell lung cancer, suffered from deactivation by CYP450 (Xu 
and Villalona-Calero 2002). A high level of ALDH is regarded as an identifica-
tion marker for cancer stem cells (Vinogradov and Wei 2012) and is associated with 
resistance in various types of cancer cells (Cheung et al. 2007, Friedman et al. 1992, 
Honoki et al. 2010).

Importantly, some metabolized chemotherapies act on particular target proteins 
to trigger the downstream tumor-killing effect. These target proteins play a critical 
role in determining the efficiency of chemotherapy. For example, fluorodeoxyuridine 
monophosphate (FdUMP), the metabolite of 5-FU, is a potent inhibitor of thymi-
dylate synthase (TS). The primary anticancer effect of 5-FU is initiated by the inhi-
bition of TS. TS catalyzes the conversion of deoxyuridine monophosphate (dUMP) 
to deoxythymidine monophosphate (dTMP). With the inhibition of TS, the amount 
of dUMP rises, which damages DNA replication, leading to apoptosis. However, 
resistant cancer cell lines exhibit an upregulated TS compared to sensitive cancer 
cell lines (Copur et al. 1995, Saga et al. 2003). To achieve the tumor suppressing 
effect by inhibition of TS, a larger dose of 5-FU is required that results in resistance 
to 5-FU.

4.2.3  iNhiBitioN of apoptosis

A balance between cell survival and cell death is important in maintaining organ-
ism hemostasis. Most chemotherapies inhibit tumor growth by triggering cell apop-
tosis that is, programmed cell death. There are two major pathways involved in 
mediating apoptosis. One is the extrinsic pathway that is activated predominantly 



97Chemo-Resistance Reversal Using Nanomedicines

by engagement between death receptors and their respective ligands (Scaffidi et al. 
1998). Death receptors are comprised of TNF, CD95, and TNF-related apoptosis-
inducing ligand (TRAIL) receptors, which all belong to the tumor necrosis factor 
(TNF) superfamily. Typically, activation of these receptors by TNF, Fas (for CD95 
receptors), and DR4/5 (for TRAIL receptors) recruits the adapter Fas-associated 
death domain (FADD), which in turn recruits death-inducing activated complex 
(DISC). The caspase-8 mediated apoptosis pathway is initiated after the cleavage 
of procaspase-8 and procaspase-10 by DISC to active caspases. The other pathway 
triggering apoptosis is the intrinsic pathway regulated by the mitochondrion. During 
chemotherapy, UV exposure, DNA damage or exposure to reactive oxygen species 
(ROS), the permeability of mitochondrial membrane is altered. A major conse-
quence of the change in mitochondrial membrane permeability is the release of the 
pro-apoptotic proteins cytochrome c and apoptosis inducing factor (AIF) (Indran 
et al. 2011, Wilson et al. 2006). Released cytochrome c forms a complex, termed 
the apoptosome, with apoptotic protease activating factor-1 (APAF1), ATP, and 
the  inactive initiator procaspase-9. Apoptosomes activate caspase-9 that   initiates 
 mitochondria-mediated apoptosis (Twiddy et al. 2004). Once caspase-8 and cas-
pase-9 are activated, they cleave and activate caspase-3, caspase-6, and capase-7, 
which are regarded as “executioner” caspases. A group of cellular substrates, such as 
nuclear LAMINS, deoxyribonuclease, DNA fragmentation factor, and cytoskeletal 
proteins, are cleaved by these executioner caspases, followed by actual apoptosis 
with chromatin condensation, nuclear shrinkage, cell blebbing, and formation of 
apoptotic bodies.

In both pathways, vast numbers of proteins regulate the apoptotic self-destruction 
machinery by tight control of the process at different levels. In cancer cells, gene 
expression of these apoptosis-related protein malfunctions. Expression of the pro-
apoptotic proteins is inhibited in some cases. Expression of anti-apoptotic proteins is 
exaggerated in other cases. Both of these situations can induce multidrug resistance 
to chemotherapeutics.

4.2.3.1  Overexpression of Anti-Apoptotic Proteins
In terms of overexpression of anti-apoptotic genes, the BCL-2 family proteins are the 
most prominent, despite the fact that BCL-2 family proteins are related both to the 
pro-apoptotic and to the anti-apoptotic pathway. Chromosomal translocation, when 
coupled with the BCL-2 gene, leads to amplified BCL-2 gene expression (McDonnell 
et al. 1989, Tsujimoto et al. 1985). BCL-2 contributes to tumorigenesis by cooperat-
ing with oncoproteins such as c-MYC (Vaux et al. 1988). In promyelocytic leukemia, 
BCL-2 cooperated with promyelocytic leukemia-retinoic-acid-receptor-α, resulting 
in tumor development (Kogan et al. 2001). Many different groups have shown that 
overexpression of BCL-2 confers a poor responsiveness to various kinds of chemo-
therapeutics both in vivo and in vitro (Findley et al. 1997, Miyashita and Reed 1992, 
Weller et al. 1995). In addition, cytotoxic drugs usually induced cell death through 
a pathway that influenced mitochondria outer membrane permeability (MOMP). 
BCL-2 blocks the MOMP apoptotic pathway.

Other than BCL-2, BCL-XL, and MCL1 (myeloid cell leukemia sequence  1) 
of the BCL-2 family are also involved in resistance of tumors to apoptosis. 
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BCL-XL was found to result in resistance through multiple pathways. One of these 
pathways is similar to that of BCL-2. BCL-XL is anchored to the outer membrane 
of the mitochondrion, suppressing apoptosis by preventing Bax and Bak from for-
mation of pro-apoptotic homodimers (Hanada et al. 1995). Interestingly, Bax and 
Bak are also members of the BCL-2 family but perform pro-apoptotic functions. 
Oligomerization of Bax and Bak forms pores in the outer mitochondria membrane 
and releases cytochrome c into the plasma. However, BCL-2 and BCL-XL have a 
pocket that binds Bax and Bak to bypass the pro-apoptotic effect.

Death-receptor mediated apoptosis is the extrinsic pathway for cell apoptosis. 
Inhibitors of death receptors can contribute to resistance to chemotherapy. Cellular 
FADD-like interleukin-1 β-converting enzyme-like protease-inhibitory proteins 
(c-FLIPs) interfere with the formation of DISC so that the cleavage of pro-caspase-8 
to caspase-8 is inhibited (Micheau et al. 2002). Hence, the downstream apoptotic 
effect initiated by caspase-8 is also inhibited. It has also been found that substantial 
expression of FLIP was observed in diverse deadly cancer types involved in resis-
tance to chemotherapies. Overexpression of c-FLIP inhibits the apoptosis induced 
by DNA damaging reagents such as 5-FU, irinotecan, and oxaliplatin in colorectal 
cancer (Longley et al. 2006) and reduces the sensitivity of breast cancer to both 
paclitaxel and docetaxel (Wang et al. 2005). Available data on c-FLIP supports the 
relationship between multi-drug resistance and its overexpression in lung cancer and 
ovarian cancer (Shivapurkar et al. 2002, Sun and Chao 2005). Thus, antisense oligo-
nucleotide delivery approaches for downregulation of c-FLIP may develop as a new 
direction for research on MDR reversal.

Apart from the anti-apoptotic proteins mentioned above, another main class of 
anti-apoptotic proteins involves the inhibitors of the apoptosis (IAPs) family. Many 
oncoproteins, such as survivin, neuronal apoptosis inhibitor protein (NAIP), cellular 
IAP1/2, X-linked inhibitor of apoptosis (XIAP), and BIR-containing ubiquitin con-
jugating enzyme (BRUCE), belong to this family. IAPs inhibit apoptosis by binding 
to caspase-3, caspase-7, and caspase-9, the “executioner” caspases in the intrinsic 
apoptosis pathway. Increased expression of IAPs resulted in chemoresistance and a 
poor therapeutic effect in cancer patients (Hunter et al. 2007). Thus, downregulation 
of these proteins would provide an efficient method for cancer treatment.

4.2.3.2  Insufficient Expression of Pro-Apoptotic Proteins
In addition to overexpression of anti-apoptotic proteins, insufficient expression of 
pro-apoptotic proteins contributes to chemoresistance in cancer cells. As mentioned 
in Section 4.2.3, BCL-XL inhibited apoptosis by interfering with the homodimeriza-
tion of Bax, which triggers the intrinsic pathway of apoptosis. Without sufficient 
expression of Bax, however, the apoptosis signal pathway cannot be triggered either. 
Restoration of Bax by Bax mRNA delivery both in vitro and in vivo showed a prom-
ising effect by inducing apoptosis and suppressing tumorigenesis in various cancer 
cell types, including breast and prostate cancers (Bargou et al. 1996, Li et al. 2001, 
Yin et al. 1997).

Tumor suppressor protein p53 plays a central role in maintaining genomic integrity 
by regulating cell cycle arrest as well as cell death. Various chemotherapies inhibit 
tumor growth by causing DNA damage that consequently initiates the p53-mediated 
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apoptosis pathway (Indran et al. 2011). Those signals of damage activate cellular 
checkpoint kinases such as Ataxia Telangiectasia Mutated (ATM) and ATM/Rad3-
related (ATR), which phosphorylate p53 and modulate its interaction with mouse 
double minute 2 (MDM2). MDM2 sequesters p53 and negatively regulates p53 by 
promoting ubiquitin-mediated degradation.

p53 was also reported to regulate apoptosis in several additional ways. First, 
expression of the pro-apoptotic protein, Bax, in the intrinsic apoptotic pathway could 
be activated by p53, resulting in enhanced apoptotic events. Second, death recep-
tors, i.e. DR5, could also be upregulated by p53. Increased levels of death receptors 
increased the chance of binding with ligands such as Fas and TNF, which would acti-
vate the extrinsic apoptotic pathway. In addition, the anti-apoptotic protein, survivin, 
could also be suppressed by p53 (Nakano et al. 2005). Mutations of p53 influence 
the sensitivity of tumor cells towards chemotherapies. Although the activity of p53 
is also regulated by many other modulators, elevating p53 levels is one of the main 
strategies for overcoming tumor chemoresistance.

4.2.4  dNa damage repair

One of the major mechanisms that cause cancer cell death by chemotherapeutic 
drugs is DNA damage in cancer cells. This DNA damage promotes cell cycle arrest 
if left unrepaired and if recognized by DNA damaging response (DDR) factors 
(Bouwman and Jonkers 2012). Maintenance of DNA repair mechanisms is necessary 
for cells to stabilize DNA (Hoeijmakers 2001). However, in cancer cells where the 
DNA repair mechanism-related proteins are upregulated, chemotherapy resistance 
is developed (Chaney and Sancar 1996). For example, the nucleotide excision repair 
(NER) pathway is predominantly responsible for repairing DNA adducts in cellular 
DNA. In NER, the excision repair cross-complementation group 1 (ERCC1) cleaves 
the DNA sequence where there is a mismatch or adduct. The exposed DNA gap is 
reconstituted by the action of DNA polymerases and ligases. Different studies have 
shown that overexpression of ERCC1 mRNA confers increased resistance to plati-
num drugs. ERCC1 downregulation by antisense vectors sensitized tumor cells to 
platinum therapies both in vitro and in vivo (Dabholkar et al. 1994, Kohn et al. 1994, 
Selvakumaran et al. 2003).

One of the key mechanisms that recognizes genomic integrity and transduces 
apoptotic signals is the mismatch repair (MMR) system (Fink et al. 1998). Mutation 
in MMR genes such as MLH1 and MSH2 has been linked to the resistance to various 
genotoxic chemotherapies. Basically, a mismatched DNA sequence is recognized by 
the MMR system. The MMR system creates a gap by incising the thymine-containing 
strand and removing the thymine as well as adjacent bases. The gap created is filled 
via a repair synthesis mechanism. Under the circumstances where MMR genes were 
mutated, MMR related proteins, like MLH1 and MSH2, may no longer detect a mis-
matched DNA sequence. Failure to recognize a mismatched DNA sequence leads 
to failure to trigger MLH1/MSH2-mediated cell cycle arrest. Hence, loss of MMR 
function was regarded as one of the most important mechanisms of resistance to che-
motherapeutics such as temozolomide (Zhang et al. 2012) and procarbazine (Armand 
et al. 2007), which were then currently being used in the clinic. The mechanism 
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of action of these drugs involves large amounts of O6-methyguanine adduct produc-
tion on DNA. If not detected by MMR-related proteins, these alkylated guanines 
are not toxic to cells. MMR-related resistance to platinum drugs has been well 
studied in ovarian cancer, lung cancer, and gastric cancer. It was reported that a 
significant proportion of ovarian tumors had silenced MLH1 due to methylation. 
Such a silencing effect correlated with cisplatin resistance in some patients (Brown 
et al. 1997).

Additionally, BRCA1/2 was extensively involved in DNA double-strand break 
(DSB) repair by homologous recombination (HR) and conferred chemoresistance 
in cancer cells. Overexpression of BRCA1/2 followed by upregulation of cyclin D1 
(Nakuci et al. 2006), inactivation of p53 (Chock, Allison, and Elshamy 2010) or 
by activation of survivin (Chock, Allison, Shimizu et al. 2010), desensitized can-
cer cells to DNA interference agents, such as paclitaxel, platinum drugs, and poly 
(ADP-ribose) polymerase (PARP) inhibitors (Bhattacharyya et al. 2000; Farmer et 
al. 2005). Regulation of BRCA gene expression can be achieved through interfering 
tyrosine receptor kinase (TRK), phophatidylinositide 3-kinase (PI3K), and KRAS 
signaling pathways (Wiedemeyer et al. 2014). However, it should be noted that inter-
fering upstream of these pathways could affect different downstream results and 
limit therapeutic efficacy.

4.2.5  caNcer stem ceLLs

Cancer stem cells (CSC), or cancer initiating cells, have drawn considerable attention 
in cancer research because of their tumor-initiating properties. Even when cancer 
stem cells occupy a very small portion of cells constituting the whole tumor, they 
maintain a tumorigenic ability. Failure to kill CSCs creates significant barriers to 
cancer treatment, including metastasis and relapse. Importantly, CSCs are more dif-
ficult to kill because they acquire chemoresistance through both the intrinsic and 
extrinsic mechanisms. Thus, chemotherapies may kill the bulk of cancer cells but not 
the CSC, which give rise to new tumors with increased invasiveness and malignancy.

CSCs have been characterized by special cell markers used in sorting CSCs for 
research. For example, CD34+/CD38–, and CD44+/CD24– were used as markers for 
leukemia CSCs and solid tumor CSCs. In other tumors, CD133 was overexpressed 
by CSCs. These cell markers were closely related to chemoresistance in CSCs. 
Multiple transporters, such as Pgp, BCRP, and MRP, have been identified in CSCs 
(Shervington and Lu 2008). High levels of BCRP are related to CD133 overexpres-
sion in CSCs. However, the exact relation between them is not well known till date. 
Enhanced ALDH1 activity has been found to be associated with CSCs, decreasing 
the sensitivity of CSCs to treatment by detoxifying the chemotherapy agents. It is 
believed that inhibition of ALDH1 has the potential of sensitizing CSCs and inhibit-
ing tumor growth (Rausch et al. 2010). CSCs also utilize pathways associated with 
proliferation in normal stem cells for their self-renewal and maintenance. It was 
demonstrated that the active Hedgehog (Hh) signaling pathway was involved in the 
rapid replication of leukemia stem cells (Kobune et al. 2009). Beta-catenin in the 
Wnt pathway and Jagged-1 in the Notch pathway were also found to contribute to 
the survival of CSCs in diverse types of cancer (Deng et al. 2010, Teng et al. 2010a, 
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Wang et al. 2009). Blocking these pathways and related proteins resulted in increased 
sensitivity to chemotherapies involving CSCs (Teng et al. 2010b).

In addition to protein-related chemoresistance mechanisms in CSCs, it has also 
been recognized that the particular microenvironment around CSCs protects and 
supports them for survival. Two major components of this microenvironment are the 
promoted angiogenesis and the hypoxic conditions. The vasculature around CSCs 
supports the proliferation of CSCs. This phenomenon indicates that disruption of 
the vasculature matrix in the CSC microenvironment may contribute to vulnerabil-
ity of CSCs. The combination of antiangiogenic- and chemo-therapies has shown 
enhanced efficiency in reducing the number of CSCs in tissues as well as the CSCs 
in spheroids (Folkins et al. 2007). Reduction of oxygen in tumors has also been 
regarded as a major factor that leads to the tumorigenicity of CSCs. Under hypoxic 
conditions, hypoxia-inducible factors (HIFs) activate repair enzymes for double 
strand DNA breaks. In the presence of an increased ability to fix DNA damage, 
CSCs are rendered more resistant to DNA-damaging chemotherapy. Thus, another 
strategy to overcome drug resistance in CSCs is based on downregulation of HIFs or 
blockage of the HIF signaling pathway. Preclinical studies have shown that targeting 
HIFs with nucleic acid therapy and topoisomerase inhibitors was effective in over-
coming drug resistance (Choi et al. 2009, Wirthner et al. 2008).

4.2.6  strategies to overcome chemoresistaNce

Chemoresistance is a broadly defined term given to the number of possible mecha-
nisms contributing to the loss or lack of response to a wide range of chemothera-
peutics. Important efforts have been made in the antibacterial research area to 
clarify the definitions and harmonize the scientific language related to resistance 
(Magiorakos et al. 2012). While some of the terms have cross-discipline uses such 
as multidrug resistance (MDR), others such as extensive drug-resistance (XDR) or 
pan drug-resistance (PDR) have not found the common use in oncology. Although 
various mechanisms related to chemoresistance have been very well established and 
elucidated, circumventing them still requires clear definitions. Historically, the strat-
egies that have been used to overcome or reverse the summarized chemoresistance 
mechanisms can be collected into the following main groups;

 1. Overcoming the drug efflux by arresting the P-gp pump or other types of 
efflux proteins by small molecule modulators is the most direct and widely 
used approach to overcome multidrug resistance. Saturating the pumps by 
delivering high amounts of P-gp substrate drugs to the tumor microenviron-
ment can also oversaturate the efflux mechanisms by acting as local drug 
depots.

 2. Provoking apoptosis by initiating lysosomal membrane permeabilization 
(LMP) and release of the cathepsins into the cytoplasm or by mitochondrial 
targeting to initiate the intrinsic apoptosis pathway are the other approaches 
used to overcome resistance.

 3. Silencing the ‘undruggable’ proteins that contribute to chemoresistance. 
Following the realization of wide applicability and selectivity of RNAi by 
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small interfering RNAs (siRNA), the downregulation of overexpressed pro-
teins and simultaneous co-delivery of chemotherapeutics became one of the 
most efficient strategies for circumventing chemoresistance.

Some of these approaches require local drug delivery to the tumor microenviron-
ment and some require intracellular organelle-targeted delivery. However, in the last 
four decades (DeVita 1975, DeVita et al. 1975) it has been established that, as long 
as the above strategies are pursued by using a single chemotherapeutic, the cancer 
therapy will fail due to either side effects caused by high doses of the chemothera-
peutic or, more likely due to resistance development (Diaz et al. 2012). The fact that 
a small number of cancer cells resistant to any chemotherapeutic agent will always 
be present and remain in tumor after the single-agent therapy (monotherapy) makes 
the treatment of tumors with two or more anticancer drugs (combination therapy) 
targeting different pathways an essential strategy (Bozic et al. 2013). However, 
emerging evidence indicates that certain ratios of combined anticancer drugs can be 
synergistic and overcome drug resistance, while other ratios of the same drugs can 
be additive or even antagonistic (Abouzeid, Patel, Sarisozen et al. 2014, Abouzeid, 
Patel, and Torchilin 2014, Sarisozen et al. 2016). Thus, optimizing the ratios of the 
combination drugs is one of the most important aspects of resistance reversal (Mayer 
et al. 2006, Mayer and Janoff 2007).

Rational nanomedicine designs and nanotechnology-based approaches have the 
unique advantages of combining many required parameters in ways that can adapt 
and evolve, just like cancer itself. Thus, in Section 4.3, we will lay out some basics 
in the nanomedicine area and build on them for developing strategies to reverse 
chemoresistance.

4.3  GENERAL CONCEPTS IN CANCER NANOMEDICINE

Tumor heterogeneity and the complexity of chemo-resistance mechanisms, as sum-
marized earlier, set a fundamental challenge for effective treatment of drug resistant 
cancers. The rationale of using nanotechnology-based medicine, more appropriately 
“nanomedicine”, can easily be justified due to their well-established advantages. 
First, nano-sized drug carriers can overcome the problems associated with the low-
water solubility of the cargo molecules. Low bioavailability, uptake, and delivery 
of such drugs can be enhanced by encapsulating them into nanoparticles as seen in 
paclitaxel carriers Genexol-PM® (Kim et al. 2004) and Abraxane/Celgene (Kratz 
2014). Second, nanocarriers can influence the biodistribution of their cargos by pro-
tecting them from biodegradation or excretion. They can also improve the efficacy of 
the anticancer moieties by targeting them to the tumor areas, or in many cases spe-
cifically to the cancer cells. In recent years, rational nanoparticle designs have aimed 
to use tumor-associated stimuli to trigger the release of their payload only in the 
tumor microenvironment or inside the cancer cells. And more relevant to the context 
of this chapter, these advantages, individually or in combination with each other, can 
significantly improve the response of the chemo-resistant tumors to the anticancer 
treatments by targeting/overcoming the molecular mechanisms summarized in ear-
lier sections. To better understand the reversal of resistance using nanomedicines, 
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it is important to mention the fundamentals, advantages, and challenges of general 
concepts related to cancer nanotechnology.

4.3.1  epr effect, particLe size, aNd LoNgevity iN the BLood

In 1979, Maeda et al. demonstrated that styrene malic acid (SMA) conjugated anti-
cancer protein neocarzinostatin (SMANCS) accumulated higher in the tumor tis-
sue than its unconjugated (NCS) derivative (Maeda et al. 1979). The researchers 
showed that proteins bigger than 40 kDa could not only selectively accumulate in 
the tumor areas, but also stay there for prolonged time periods. After seven years of 
comprehensive research, they built up the theory of an Enhanced Permeation and 
Retention (EPR) Effect, which since then has become one of the golden standards in 
drug delivery (Matsumura and Maeda 1986, Maeda et al. 2000, Maeda 2012). The 
first part of this effect, the ‘enhanced permeation,’ is related to the differences in the 
endothelial lining of blood capillaries in the tumors (as well as infarcts and inflam-
mation sites) compared to healthy blood vessel walls. The endothelial lining of the 
normal vasculature has a turnover rate of about one in 1,000 days while this time in 
tumors can be as short as 10 days (Hobson and Denekamp 1984). Thus, the newly 
formed vasculature around the tumors lacks a well-defined morphology and is more 
permeable due to the increase in the spacing between the endothelial cells, allowing 
large molecules with appropriate sizes to accumulate within the interstitial space in 
such areas. This accumulation works especially well with tumors because of the lack 
of lymphatic drainage, meaning that the molecules and particles that accumulate by 
vascular leakage will continue to stay at the tumor site (Maeda et al. 2000, Iyer et al. 
2006, Maeda 2001, Maeda et al. 2001).

While there are examples of oral, pulmonary, nasal or transdermal administra-
tion of anticancer therapeutics (Dening et al. 2016, Garbuzenko et al. 2010, Liechty 
et al. 2011, Reddy et al. 2008), the majority of cancer nanomedicines are being 
administered systemically. Reliance on EPR effect has become the main approach 
for systemically administered nanomedicine formulations since it allows nano-sized 
drug formulations to accumulate selectively in the tumor tissues based on their sizes, 
which forms the basis of such passive targeting. To deal with the size requirements 
for nanomedicines, it is important to give some numbers here. Most normal vessel 
walls have a permeable size cut-off of around 6–12 nm (Sarin 2010), indicating that 
a given nanoparticle should be larger than this size to limit its distribution to healthy 
tissues. Moreover, the renal clearance via filtration is very fast for the particles and 
molecules with hydrodynamic diameters smaller than 6-8 nm (Choi et al. 2010). In 
contrast, the clearance by liver and spleen is more rapid for particles which have 
particle sizes larger than 200 nm (Longmire et al. 2008). In addition, the cut-off size 
in vasculature around tumor sites varies markedly from case to case (100–800 nm) 
but usually falls within the range of 100 and 500 nm. These numbers define a ten-
tative particle size range of nanomedicines for enhanced tumor accumulation and 
minimized distribution to healthy tissues. In general, given their surface chemistry 
and physicochemical properties are kept the same, nanoparticles within the range 
of 6–200 nm have slower clearance (Popovic et al. 2010, Singh et al. 2006). Small 
nanomedicine systems, with sub-100 nm particle sizes, as well as low molecular 
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weight macromolecules and proteins extravasate more readily than the larger sys-
tems (Cabral et al. 2011, Dreher et al. 2006, Wang et al. 2015).

While these numbers and ranges are important for nanomedicines in relation to 
the EPR effect, they also make it apparent that the nano-sized drug carriers have 
to stay in the circulation for prolonged time periods to generate a sufficient level of 
accumulation at the targeted tumor sites. Many in vitro, in vivo and in-patient stud-
ies have shown that the prolonged circulation times of the nanomedicines correlate 
with the higher accumulation at the leaky vasculature sites (Bakker-Woudenberg 
et al. 1992, Gabizon et al. 1994, Gabizon and Papahadjopoulos 1988). Thus, it is 
imperative to understand the nanomedicine fate after it enters the blood circula-
tion. When nanoparticles are introduced into blood stream, different components, 
but mainly the proteins, rapidly cover their surface. This non-specific interaction 
with serum proteins alters the surface properties of the nanoparticles and can lead to 
opsonization leading to recognition by the mononuclear phagocytic system (MPS) 
and eventual clearance from the circulation. Given the fact that all the clinically 
approved nanomedicines (Table 4.2) claim to be subjected to EPR effect, preventing 
the opsonization and extending the blood circulation time have become the main 
goal of every successful nanomedicine-based approach. Among the various options 
to achieve this goal, coating nanoparticle surface with polyethylene glycol (PEG), i.e. 
PEGylation, is the first one that comes to mind, as was first suggested for liposomes 
(Klibanov et al. 1990). The PEGylation of nanomedicines prevents their interac-
tion with opsonins by creating a steric hindrance and impedes their capture and 
clearance by MPS, hence makes them ‘stealthy’. It should be noted that other types 
of biocompatible, soluble, and hydrophilic polymers for affording steric protection 
including poly(2-methyl-2-oxazoline) (Woodle et al. 1994), phosphatidyl polyglyc-
erols (Maruyama et al. 1994), poly(acryloyl morpholine) (Monfardini et al. 1995), 
poly(acryl amide), poly(vinyl pyrrolidone) (Torchilin, Levchenko, Whiteman et al. 
2001), and poly(vinyl alcohol) (Takeuchi et al. 1999) have been used to create stealth 
nanomedicines, but PEG remains the most popular choice.

The most important example of implementing the PEGylation and exploiting the 
EPR effect has been Doxil®, a stealth liposomal formulation of doxorubicin with a 
circulation half-life of more than two days (Gabizon et al. 2003, Gabizon et al. 2002). 
Doxil® is the first FDA-approved nanomedicine that underlined the advantages of 
a cancer nanomedicine which made it possible to reduce the severe side effects, 
mainly the cardiac toxicity, and increase the overall patient compliance (Barenholz 
2012). Moreover, besides being the first FDA approved nano-drug formulation, 
Doxil® almost single handedly revived the scientific and financial interest in nan-
otechnology-based drug formulations and reassured its recovery after the largely 
skeptic environment of 1980s against liposomes and nanoformulations in general 
(Poste 1983). However, despite the significantly reduced toxicity profile of doxorubi-
cin due to its improved pharmacokinetics and biodistribution (Northfelt et al. 1996, 
Gabizon et al. 2012, Gabizon et al. 1994), Doxil® failed to show significant increase 
in the rate of cancer progress free survival in the clinic (O’Brien et al. 2004). This 
lack of enhanced efficacy also underlines the fact that a nanomedicine’s activity 
could not be tied solely to the enhanced accumulation/retention in the tumor site. In 
fact, EPR-driven drug accumulation in tumor sites was reported for only some tumor 
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TABLE 4.2
Examples of Cancer Nanomedicines in the Market and the Most Likely 
Candidates to Be Approved

Product Name 
(and company)

Anticancer 
Cargo Indicated for Current Phase

Doxil® (Janssen) Doxorubicin HCl Ovarian cancer (after failure of 
platinum-based therapy)

AIDS related Kaposi’s sarcoma (after 
failure of prior systemic 
chemotherapy)

Multiple myeloma

Approved

Myocet™ (Teva 
UK)

Doxorubicin HCl First-line treatment of metastatic breast 
cancer

Approved

Genexol-PM® 
(Samyang)

Paclitaxel First-line treatment of metastatic or 
recurrent breast cancer

First-line treatment of locally advanced 
or metastatic non-small cell lung cancer

First-line treatment of ovarian cancer

Approved

Abraxane® 
(Celgene)

Paclitaxel Metastatic breast cancer (after failure 
of combination chemotherapy)

First-line treatment of locally advanced 
or metastatic non-small cell lung 
cancer in combination with 
carboplatin

First-line treatment of metastatic 
pancreatic cancer

Approved

Onivyde® 
(Merrimack)

Irinotecan Second-line treatment of metastatic 
pancreatic cancer

Approved

DaunoXome® 
(Galen)

Daunorubicin 
citrate

First-line treatment of HIV-associated 
Kaposi’s sarcoma

Approved

Marqibo® 
(Spectrum)

Vincristine sulfate Ph- acute lymphoblastic leukemia 
(ALL)

Approved

CPX-351 (Vyxeos, 
Celator)

Cyterabine: 
daunorubicin (5:1 
fixed molar ratio)

Acute myeloid leukemia (AML) Phase III 
(NCT01696084)

Opaxio™ (CTI 
Biopharm)

Paclitaxel Maintenance therapy of ovarian cancer Phase III 
(NCT00108745)

NKTR-102 
(Nektar)

Etirinotecan pegol Metastatic breast cancer Phase III 
(NCT01492101)

NK105 (Nippon 
Kayaku)

Paclitaxel Metastatic breast cancer Phase III 
(NCT01644890)

NC-6004 
Nanoplatin 
(NanoCarrier)

Cisplatin Pancreatic cancer Phase III 
(NCT02043288)

Lipoplatin™ 
(Regulon)

Cisplatin Non-small cell lung cancer Phase III (Europe)
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types rather than for all solid tumors (Maeda 2015). The EPR effect is unlikely to be 
present and also be equal in all tumors. Due to the heterogeneity of a tumor and its 
stroma, one may find different endothelial lining openings in different parts of the 
same tumor. Tumors which have large endothelial openings eventually experience 
accumulation of large volumes of liquid in the tumor area as well. As a result, the 
interstitial fluid pressure can increase to a point matching the microvascular pressure 
and thus eliminate effective nanomedicine extravasation (Boucher et al. 1990, Jain 
and Stylianopoulos 2010). Moreover, the EPR effect is mainly responsible for the 
increase of drug concentrations in the tumor vicinity, not in the tumor cells. In addi-
tion, PEGylated nanomedicines may induce the production of antibodies that can 
accelerate the blood clearance of nanoparticles, particularly after repetitive admin-
istration (Ishida, Ichihara et al. 2006, Ishida et al. 2002, Ishida, Atobe et al. 2006). 
These drawbacks, which are associated with the lack of control, hinder the potential 
of nanomedicines and make it clear that the EPR effect is not the only means of 
effective nanomedicine activity in the tumors, including the chemo-resistant ones.

4.3.2  active targetiNg

Cancer cells or the cancer-associated tumor vasculature frequently show the presence 
of antigens or receptors, which are either uniquely expressed or overexpressed rela-
tive to normal cells of the surrounding normal tissues. Active targeting of nanomedi-
cines can be achieved by attaching a targeting ligand such as monoclonal antibodies, 
transferrin, peptides, folate or certain sugar moieties onto their surface. In case of 
PEGylated nanomedicine formulations, the targeting ligand should be attached to 
the chemically activated distal end of the PEG chains to prevent stearic hindrance 
between the ligand and the PEG corona (Torchilin, Levchenko, Lukyanov et al. 
2001). However, separation of active targeting from passive targeting is conditional 
and not always defines two distinct definitions. That is, the passive targeting will still 
be required for the nanomedicines to reach the target area before ligand-mediated 
interaction with the target cells occurs. Thus, EPR effect remains as a bottleneck for 
active targeted nanomedicines. Passive targeting and tumor accumulation via EPR 
effect work when creation of a drug “depot” in the vicinity of a tumor is sufficient 
to induce antitumoral effect. However, active targeting is specifically useful if the 
drugs are needed inside the individual tumor cells or intracellular organelles inside 
the cells.

Successful actively targeted nanomedicines require a balanced ligand content and 
surface exposure that prevents rapid clearance from the circulation by MPS, while 
achieving efficient binding to their targets. There are numerous examples of the use 
of active targeting for enhanced nanomedicine efficacy including PEGylated doxo-
rubicin-loaded liposomes that have antibodies on their surface specific for human 
epidermal receptor 2 (HER2) (Gao, Zhong et al. 2009). Another antibody that has 
been successfully utilized on different types of nanomedicines is the antinuclear 
mAb 2C5, which possesses a nucleosome-restricted specificity. It has been shown 
that the doxorubicin-loaded 2C5-attached liposomes and micelles increased tumor 
cell cytotoxicity in in vitro and in vivo models (Elbayoumi and Torchilin 2009, 2007, 
Gupta and Torchilin 2007, Perche et al. 2012).
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Certainly, antibodies are not the only targeting moieties that have been used to 
achieve active targeting of nanomedicines to chemo-resistant tumors. Folate, owing 
to its easy conjugation with nanomedicine formulations, its high affinity for folate 
receptors, and the lower expression of folate receptors in normal cells compared to 
cancer cells, has been used as a targeting ligand (Low et al. 2008). Numerous folate-
targeted liposomal carriers have been described and found to be effective both in 
vitro and in vivo (Lee and Low 1995, Liu et al. 2011, Niu et al. 2011, Chaudhury et al. 
2012). Another active targeting moiety that has been exploited due to its increased 
overexpression on the tumor cells is transferrin. Liposome-attached transferrin for-
mulations have been used in mouse models to deliver different anticancer drugs such 
as doxorubicin (Li et al. 2009), boron compounds (Cheng et al. 2004), and ceramide 
(Koshkaryev et al. 2012).

The advantages of active targeting are also evident from the recent clinical trials 
of nanomedicines that have ligands on their surface for specific binding to cancer 
cells. MCC-465 is a PEGylated doxorubicin-loaded liposomal formulation targeted 
with the F(ab’)2 fragment of the human monoclonal antibody GAH against cancer-
ous stomach tissues (Matsumura et al. 2004) (Phase I in Japan). SGT-53 is another 
targeted liposomal formulation tagged with a single-chain antibody fragment 
against transferrin receptor (Pirollo et al. 2016) for delivery of the p53 gene (Phase I, 
NCT00470613, NCT02354547; Phase II, NCT02340117, NCT02340156). BIND-
014 is a polymeric nanoparticle formulation loaded with docetaxel (Hrkach et al. 
2012, Von Hoff et al. 2016) that uses the tumor prostate-specific membrane antigen 
(PSMA) as its targeting moiety (Phase I, NCT01300533; Phase II, NCT02283320, 
NCT01792479, NCT01812746, NCT02479178). Finally, CALAA-01 contains human 
transferrin as the targeting ligand on the surface of a PEGylated cyclodextrin-based 
siRNA delivery system (Zuckerman et al. 2014) (Phase I, NCT00689065). It should 
also be noted that all the clinical trials involving targeted-nanomedicines were ter-
minated in Phase I/II stages. Especially, discouraging results from the Phase II trials 
of BIND-014 showed that the nanomedicine candidate failed against cervical and 
head-and-neck cancers. Although it was found to be somewhat effective against one 
type of lung cancer, it was not clear whether the targeted nanomedicine exceeded the 
efficacy of conventional docetaxel treatment. At the end, BIND Therapeutics, Inc. 
had to file for bankruptcy, highlighting the challenges and high-risks associated with 
attempts to develop effective targeted nanomedicine therapies.

4.3.3  tumor peNetratioN aNd overcomiNg physicaL Barriers

While the EPR effect has received much of the attention in nanomedicine research, 
it is becoming clear now that a deep and uniform tumor penetration by nanothera-
peutics is equally important and a critical parameter for successful therapy of can-
cer including the chemo-resistant tumors. The challenges for tumor penetration and 
homogeneous drug distribution throughout the tumors include the dense intersti-
tial matrix components such as collagen and other extracellular matrix proteins, 
elevated interstitial fluid pressure, and the stearic, size-dependent, and electrostatic 
interactions between the nanomedicines and openings in the tumors (Jain and Baxter 
1988, Shi et al. 2017). Each of these parameters, as well as combinations of them, 
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can significantly decrease the penetration of the nanomedicines reaching the tumor 
site. Moreover, the average distances between the tumor capillaries can be up to 
hundreds of micrometers, which poses another challenge for nanoparticle delivery 
to tumor cells distant from the vessels (Yoshii and Sugiyama 1988, West et al. 2001).

Particle size also plays an important role in the tumor penetration of nanomedi-
cines. Generally, if particle size is smaller than the interstitial openings (pores), the 
stearic and size-dependent interactions can be considered insignificant. But these 
pore sizes can be as small as 100 nm in many tumors (Ramanujan et al. 2002). Thus, 
particle sizes smaller than this value may be required for homogeneous and efficient 
penetration and distribution in the tumor. For sub-100 nm nanoparticles, the penetra-
tion and tumor distribution increases with decreasing particle size (Goodman et al. 
2007, Kim et al. 2010, Huo et al. 2013). Targeting is another factor related to tumor 
penetration/distribution of the nanomedicines. While it is generally regarded as a 
desirable option to be included in the nanomedicine design to ensure the cancer cell 
specificity, it does not guarantee sufficient and homogeneous drug or drug carrier 
distribution in tumor tissues. For example, nanomedicines targeted with high affinity 
antibodies to target antigens tend to bind efficiently to the target cells that are easily 
available on the tumor periphery. This high binding to the surface cells limits distri-
bution in tumors by lowering penetration into deeper parts, while at the same time, 
non-targeted formulations can bypass this binding step and continue their journey 
to the deeper tumor layers. This phenomenon is called a ‘binding-site/barrier effect’ 
and can provide serious limitations for cancer cell targeted formulations.

The tumor penetration ability of the nanomedicine formulations holds even 
greater importance with regard to chemo-resistance. It has been reported that the 
heterogeneity of tumor tissues causes hypoxic and necrotic microregions as well as 
a decreased glucose gradient in the deeper layers, all of which can significantly con-
tribute to the cancer cell differentiation. This differentiation among cancer cells can 
easily cause chemo-resistance related protein overexpression in some cells, as shown 
in three-dimensional cancer cell spheroid models (Hamilton 1998, Wartenberg et al. 
2003, Comerford et al. 2002, Sutherland 1988, Kerbel et al. 1994).

4.4  A SPECIAL CASE: siRNA DELIVERY BY NANOMEDICINES

Gene silencing by RNA interference (RNAi) has undergone significant development 
in a relatively short time since its discovery in 1998 (Fire et al. 1998). This highly 
conserved process of post-transcriptional gene silencing is mediated by small inter-
fering RNA (siRNA) molecules. siRNAs are usually 21-23 nucleotide-long double-
stranded RNA molecules which are shorter than 10 nm in length (Guo et al. 2010, 
Hansen et al. 2001). The possibility of selectively downregulating chemo-resistance 
associated proteins in the cancer cells to overcome one of the greatest hurdles of 
effective clinical cancer therapy was a breakthrough in nanomedicine. However, it 
has also very rapidly become clear that successful in vivo siRNA or RNAi treatments 
come with serious challenges.

To exploit the RNAi in vivo, siRNA molecules need to reach their target cells’ 
cytoplasm. Systemic administration of siRNAs must provide the following for suc-
cessful therapy: (i) stability against serum nucleases, (ii) increased retention time in 
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the circulation and reduced renal clearance, (iii) interaction with the target cells and 
reduced non-specific interactions, (iv) the ability to extravasate, (v) effective cellular 
entry and uptake into the RNA-induced silencing complex (RISC). Properties of 
siRNAs, such as their hydrophilicity, negative charge, small size, and exposure to 
degradation by serum nucleases, make every step a challenge.

Post-injection into the bloodstream, naked siRNA must navigate the circulation 
without being degraded by nucleases. Careful design and modification on the siRNA 
structure can overcome this problem (Guo et al. 2010) but the siRNAs need to stay in 
the circulation long enough to reach their target tissues and cells. With a pore size fil-
tration barrier of 8 nm in the kidneys, naked siRNAs can quickly pass into the urine 
and be cleared from the circulatory system, in less than 10 minutes (Gao, Dagnaes-
Hansen et al. 2009, Iversen et al. 2013, Soutschek et al. 2004). However, even when 
the siRNAs are formulated with the carriers for a larger size (generally >20 nm) to 
avoid the renal clearance, phagocytosis starts to play an important role. Prevention 
of opsonization is crucial to bypass the removal of the siRNA. This can be achieved 
by formulating a stearic barrier around the siRNA or its carrier, such as with poly-
ethylene glycol (PEG) (Torchilin and Trubetskoy 1995). But then it is important to 
note that PEG also hinders the cellular interaction of the molecules (explained in 
more detail in the following sections). After siRNA leaves the bloodstream, it must 
overcome the diffusion barrier through the extracellular matrix which consists of 
polysaccharides and proteins that can slow down or even prevent siRNA and its car-
rier from reaching the target cells. Despite their size advantage, a net negative charge 
and hydrophilic character prevent siRNA from getting readily internalized by the 
target cells. To overcome this challenge, various strategies, such as complexation 
with positively charged polymers by electrostatic interaction, encapsulation into 
nanoparticles, and using different ligands (i.e. antibodies, cell-penetrating peptides, 
aptamers) can be implemented. However, effective internalization does not guar-
antee adequate protein silencing since the siRNA still needs to escape endosomal 
encapsulation and lysosomal degradation, be released into the cytoplasm and taken 
up by RISC (Oliveira et al. 2007). Endosomal escape remains the major barrier to 
efficient siRNA delivery since challenges up to that point have already been estab-
lished over the last decades by using nanotechnology-based carriers and approaches.

Given the summarized multi-step challenges, the potential of siRNA therapy very 
much depends on innovative vehicles and strategies to overcome these challenges 
with high efficacy. This bottleneck for siRNA technology against chemo-resistance 
can only be overcome by nanomedicine-based delivery approaches.

4.5  NANOMEDICINES FOR THE REVERSAL 
OF CHEMO-RESISTANCE

Almost all the approved nanomedicines for cancer treatment rely heavily on the EPR 
effect and passive targeting. Key benefits of the EPR-based therapeutics are the accu-
mulation of the drug in the tumor area, and limited biodistribution to healthy organs/
tissues, and hence decreased side effects. This results in several advantages such as 
increased tolerance to the anticancer drugs, increase in the area under the curve for 
plasma and tumor, and extended drug exposure at the target site.
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However, despite all these known advantages and the successful approval of Doxil® 
and other approved nanomedicines, they mostly failed to generate increased over-
all survival and progression-free survival times in patients (Prabhakar et al. 2013). 
Although the academy and industry focused on the EPR effect based on the assump-
tion of a positive correlation between the EPR and efficacy, successful translation to 
the clinic was hard to achieve. A meta-study revealed that only 0.7% of the admin-
istered dose was delivered to the tumors in preclinical studies. What is more disap-
pointing is the lack of improvement in the delivery efficiency over the last ten years 
of extensive research (Wilhelm et al. 2016). The overall conclusion may suggest that, 
after all, the achievements in the nanomedicine field have been limited to improved 
drug solubility, stability due to encapsulation, and longer circulation times that can 
result in tumor accumulation when compared to free drug. These achievements might 
have seemed groundbreaking a decade ago, however, they are no indication of actual 
tumor selectivity. For example, the Abraxane® extended life expectancy nearly ten 
weeks (Gradishar et al. 2005). While ten weeks seems insignificant, in the big picture 
for a disease such as cancer, it was more than enough to give hope to patients and 
to receive FDA approval. The demands from the regulatory agencies for more than 
incremental increases indicated the end of an era dependent solely on the EPR effect. 
In the light of the recent understanding of the pitfalls associated with passive targeting, 
the primary focus has shifted to actively-targeted nanomedicines, which have tended 
to outperform passive targeting in efficiency by approx. 30% (Wilhelm et al. 2016). 
However, it should be noted that even after overcoming several challenges that have 
been explained in this chapter many times, a given formulation may not get translated 
into the clinic and thus change the rules of the game. Chemotherapy often fails in the 
clinic not only because of insufficient drug accumulation and delivery into tumors but 
mostly due to the development of resistance against the chemotherapeutics.

The following sections of this chapter will focus some of the most common chemo-
resistance mechanisms outlined earlier, and their reversal with nanomedicine-based 
approaches. To date, development and engineering of the drug delivery systems have 
been the priority. However, the complexity of chemo-resistance mechanisms, as well 
as the heterogeneity of cancer, have made it thus far impossible to develop a one-for-
all nanosystem that can give all the desired advantages of nanomedicines and be able 
to reverse or prevent the resistance development in cancer. Instead of focusing on the 
nanomedicine types for resistance reversal, we have detailed examples of nanomedi-
cines that are based on the tumor’s biology. The nanomedicine-based approaches for 
this purpose can be grouped into four main categories:

 1. Single-drug carriers that depend on the nanoencapsulation or formulation 
components’ properties for reversal.

 2. Two or more drug carriers for combination therapy-based reversal.
 3. Oligonucleotide delivery systems for reversal.
 4. Complex systems, eg. stimuli-sensitive carriers.

Overcoming chemo-resistance of tumors with nanomedicine is a broad and 
detailed subject. Due to the massive research data on this topic, we focused on 
selected strategies that used the different nanomedicine approaches listed.
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4.5.1  overcomiNg drug effLuX-mediated resistaNce

The upregulation of drug efflux pumps is correlated with a poor diagnosis in can-
cer (Hornicek et al. 2000, Chan et al. 1997, Linn et al. 1995). P-gp, encoded by the 
human ABCB1/MDR1 gene was the first ABC family transporter to be identified 
(Chen et al. 1986), and since then it has become one of the most studied human 
transporter proteins (Ambudkar et al. 2003), ABCC1/MRP1 being another (Cole 
et al. 1992). As described earlier, chemo-resistance, or multidrug resistance (MDR) 
is a broad term that includes many different unique and complex molecular mecha-
nisms. However, P-gp-mediated drug resistance is by far one of the most targeted 
mechanisms for chemo-resistance reversal by nanomedicine. P-gp is a glycoprotein 
with 170 kDa molecular weight, has six transmembrane helices called transmem-
brane domains (TMD) and cytoplasmic domains with ATP-binding sites (nucleo-
tide-binding domain, NBD) (Aller et al. 2009). The structure of murine P-gp (Figure 
4.2) was found to have 87% sequence identity with the human P-gp, thus its structure 
has been utilized in mechanistic studies (Aller et al. 2009, Zha et al. 2013).

P-gp has an unusually broad specificity for chemically unrelated substrates. Most 
of its substrates are hydrophobic and partition into the lipid bilayer. The P-gp affinity 
for actinomycin D and paclitaxel are 4000 and 100 times higher when the protein is 
in the lipid bilayer than inside the cell (Jin et al. 2012). This makes the protein act as 
a ‘vacuum cleaner’ for molecules as they pass through the bilayer into cells. In the 
case of cancer cells, their subsequent efflux decreases the intracellular concentra-
tions of the chemotherapeutics and results in resistance.

The nature of the efflux action of P-gp also reveals opportunities to bypass it with 
nanomedicine. First, upon reaching the tumor site via EPR effect, a drug carrier 
could release its anticancer cargo and increase the drug concentration in the tumor 

Intracellular

Drug binding pocket
Extracellular

FIGURE 4.2 X-ray structure of P-gp. The area indicated by the arrow in the drug binding 
pocket represents hydrophobic and aromatic residues. Horizontal lines indicate approximate 
positioning of the lipid bilayer. (Modifed and reprinted from Zha, W. et al., PLoS One, 8 
(1):e54349, 2013. Under Creative Commons CC0 license.)
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microenvironment up to the point that the P-gp pumps get saturated and thus, allow 
increased diffusion of chemotherapeutics. Second, the very components used for pre-
paring nanomedicine formulations can be used to alter the action of P-gp. Pluronics, 
A-B-A type block copolymers of poly(ethylene oxide), and poly(propylene oxide) are 
excellent examples for reversing chemo-resistance depending on the nanomedicine 
design. Surfactants, including Pluronic polymers, are amphiphilic molecules that 
can form micelles in aqueous environment when they are above their critical micelle 
concentration (CMC) (Torchilin 2005). Pluronics are important nanomedicines not 
only because of their ability to form micelles and carry the water-insoluble anti-
cancer drugs to tumor site via EPR effect but also due to their capacity to inhibit 
P-gp pumps and sensitize the MDR cells (Alakhova and Kabanov 2014). While the 
sensitization mechanisms are multiple and complex, Pluronic P85 has been shown 
to be a strong inhibitor of P-gp by suppressing their ATPase activity by depleting 
the intracellular ATP levels (Batrakova et al. 2004, Batrakova et al. 2001). Pluronics 
also interact with the cell membrane and alter the lipid bilayer-P-gp interaction, 
which is important for efflux activity (Demina et al. 2005). Based on preclinical 
data, a Pluronic-based formulation SP1049C has entered the clinical trials (Valle 
et al. 2011). SP1049C consists of mixed micelles of Pluronic F127 ((EO)100-(PO)65-
(EO)100, HLB 22, MW 12,600 g/mol), and L61, encapsulating doxorubicin (Danson 
et al. 2004). In Phase II study with 21 patients, SP1049C demonstrated effective 
antitumor efficacy with 47% objective response rate after three weeks of therapy 
(Valle et al. 2011). It has been shown that Pluronic P85 was rapidly taken up by MDR 
cells following 15 minutes of exposure, associated with mitochondria and showed 
chemo-resistance reversal effects (Alakhova et al. 2010). Moreover, Pluronics also 
prevent the resistance development against anticancer drugs in vitro and in vivo. 
Human breast cancer cells, when exposed to doxorubicin behaved very differently 
in the presence and absence of Pluronic P85. While the cells cultured with P85/Dox 
nanomedicine formulation stayed sensitive to 10 ng/ml doxorubicin concentration, 
cells cultured with only doxorubicin eventually converted to MDR phenotype and 
tolerated significantly higher doses up to 10 μg/ml (Batrakova et al. 2006).

While drug molecules enter the cells by diffusion, and thus are exposed to 
P-gp efflux activity, nanomedicine formulations are usually taken up via endo-
cytosis, which bypasses the membrane P-gp and are released into the cytoplasm. 
Dabholkar et al., (Dabholkar et al. 2006) reported supportive data for bypassing of 
P-gp with nanomedicines consisting of long-circulating poly(ethylene glycol)2000–
phosphatidylethanolamine conjugate (PEG2000–PE) and d-α-tocopheryl polyethyl-
ene glycol 1000 succinate (TPGS) mixed micelles incorporating paclitaxel. The 
micelles themselves were not cytotoxic to P-gp overexpressing human cancer cell 
lines. Micelle formulations successfully solubilized paclitaxel without the need of 
other toxic ingredients. The rhodamine 123 uptake/efflux studies in the absence/
presence of the P-gp inhibitor verapamil indicated that the nanomedicine internal-
ization was not influenced by the inhibition of the P-gp pump, which assumes P-gp 
independent micelle internalization. Moreover, inclusion of TPGS in the formula-
tion could also create P-gp inhibition and help to reverse the increased P-gp activ-
ity (Dintaman and Silverman 1999). Micellar nanomedicine systems, due to their 
favorable properties, have been one of the most studied nanomedicine systems for 
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MDR reversal. However, many other nanomedicine-based drug delivery systems, 
including polymeric nanoparticles, liposomes, and mesoporous silica nanopar-
ticles are also reported to bypass P-gp-mediated drug efflux and create somewhat 
increased intracellular chemotherapeutic concentrations that depend on endocyto-
sis and high locally released drug (Hu and Zhang 2012, Kirtane et al. 2013, Kapse-
Mistry et al. 2014).

Nevertheless, arresting the P-gp activity by its modulators to prevent the drug 
efflux is another strategy which can exploit nanotechnology for chemo-resistance 
reversal. There are several generations of P-gp inhibitors. Generation one and two 
inhibitors (such as cyclosporine A or valspodar) inhibit the P-gp competitively. 
Valspodar (PSC-833), the most studied P-gp inhibitor, reached Phase II/III tri-
als in combination with vincristine, doxorubicin, dexamethasone, and paclitaxel 
(Friedenberg et al. 2006, Lhomme et al. 2008). However, the trials failed to improve 
treatment outcomes and further introduced toxicity. The third generation of inhibi-
tors (such as elacridar/GG918 and tariquidar/XR9051) inhibit P-gp noncompeti-
tively, completely blocking the pump irreversibly at concentrations as low as 50 nM 
(Dale et al. 1998, Hyafil et al. 1993).

One of the reasons for using nanomedicine-based delivery of the P-gp inhibi-
tors is selectivity. P-gp is distributed to a wide range of tissues and organs includ-
ing liver, kidney, small intestine, colon, placenta, uterus, and brain, and has clear 
physiological functions including prevention of toxic compound absorption through 
the intestine or passing through the blood-brain barrier (BBB) (Krishna and Mayer 
2000). Thus, systemic administration of P-gp modulators will have a body-wide dis-
tribution, inhibiting the normal function of P-gp and causing significant side effects. 
Thus, P-gp inhibitors should be delivered directly to their target tumor cells, just 
like anticancer compounds. These important points make the combination therapy 
with chemotherapeutics and P-gp inhibitors one of the most studied and effective 
approaches for chemo-resistance reversal in cancer. Sarisozen et al. encapsulated 
different generations of P-gp inhibitors into PEG-PE based micelles in combina-
tion with paclitaxel and investigated the MDR reversal properties of the formula-
tions (Sarisozen et al. 2012b, a). Nanomedicine-based delivery of paclitaxel, when 
encapsulated alone into the micelles, increased the efficacy of the drug by bypass-
ing the membrane-bound P-gp activity. Incorporation of the P-gp inhibitors further 
improved the cytotoxicity of paclitaxel in the MDR cells, up to the levels of sen-
sitive cells. Moreover, modification of these micelles with active-targeting ligand 
increased their activity in vitro (Sarisozen et al. 2012b).

Zou et al. (Zou et al. 2017) used the same approach and encapsulated a third 
generation P-gp inhibitor, tariquidar, in combination with paclitaxel into transferrin-
targeted long-circulating micelles. The nanoformulation was evaluated for targeting 
efficiency, cellular association, cellular internalization pathway, and cytotoxicity for 
reversal of PTX resistance on two multidrug resistant (MDR) ovarian carcinoma 
cell lines, SKOV-3TR, and A2780-Adr. P-gp inhibition with tariquidar increased 
the intracellular PTX levels and its cytotoxicity. Transferrin targeting increased the 
nanomedicine’s ability to penetrate deeper layers of the model three-dimensional 
spheroid structures, and thus provided clear benefit in terms of effective antican-
cer drug distribution throughout the tumor masses. They also demonstrated that 
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transferrin-targeting of these micellar nanoformulations can further enhance their 
efficacy against some MDR ovarian cancer cell lines. Specifically, the authors 
reported that the transferrin-targeted combination nanomedicine formulation com-
pletely reversed the chemo-resistance of human MDR ovarian cancer cells.

Along with micelles, liposomes have also been used extensively for combinatorial 
delivery of anticancer drugs with P-gp inhibitors. Patel et al. were first to co-encapsulate 
tariquidar with paclitaxel in a long-circulating liposomal combination nanomedicine 
formulation. They showed successful blocking of P-gp efflux activity in a rhodamine 
123 uptake study on the drug-resistant human ovarian cancer cell line, SKOV-3TR. 
A simultaneous delivery of tariquidar and paclitaxel by long-circulating liposomes 
resulted in greater cytotoxicity in SKOV-3TR cells at a paclitaxel dose that was ineffec-
tive in the absence of tariquidar, demonstrating a significant reversal of MDR to pacli-
taxel. Following the successful results and proof of concept of combination delivery by 
liposomes, Zhang et al. investigated the same combination in vitro and in vivo using 
HeyA8-MDR and SKOV-3TR human chemo-resistant ovarian cancer cell lines (Zhang, 
Sriraman, et al. 2016). The combination treatment with liposomal nanomedicine formu-
lations mediated apoptosis as shown with advanced microscopy techniques including 
label-free holomicroscopy and imaging cytometry, and resensitized the paclitaxel-
resistant ovarian cancer cells to paclitaxel treatment. More importantly, in vivo results 
obtained with HeyA8-MDR tumor-bearing mice consistently showed that the liposo-
mal combination treatment had no effect on angiogenesis and macrophage infiltration, 
but impaired proliferation and had a higher rate of apoptosis. The study addressed the 
main advantages of nanomedicines, that include effective solubilization of drugs and 
their co-encapsulation, EPR-mediated tumor inoculation, simultaneous delivery of the 
compounds selectively to the tumor site, successful blockage of P-gp, and an eventual 
resensitization of the drug-resistant tumors to chemotherapy.

Another successful combination treatment with P-gp inhibitors was achieved with 
polymeric nanoparticles encapsulating paclitaxel and tariquidar (Patil et al. 2009). 
Following the chemo-resistance reversal in in vitro MDR cell models by the co-loaded 
poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles, the authors targeted the formula-
tion with biotin for active targeting to tumors. Selective inhibition of P-gp efflux activity 
resulted in an eight-fold higher intracellular paclitaxel accumulation in drug-resistant JC 
cells. Biotin targeting improved the uptake of the particles by different MDR cells, up to 
13-folds. In vivo tumor growth inhibition and survival studies also supported the MDR 
reversal by showing the highest tumor growth inhibition and longest survival with the 
targeted combination nanomedicine group. The authors tied the results to the successful 
inhibition of P-gp in the in vitro experiments and selective accumulation of the formula-
tion in the tumor cells due to an EPR effect and targeting. However, it should be noted 
that, without determining the drug levels in the tumor and confirming the inhibition of 
P-gp activity in vivo, the results can only be considered as supportive.

One of the unique advantages of nanomedicine-mediated chemo-resistance 
reversal is the ability to downregulate proteins involved in the resistance mecha-
nisms via an oligonucleotide delivery to tumors. As summarized in the earlier 
sections, successful in vivo oligonucleotide delivery depends on nanotechnology-
based delivery strategies. Many groups have chosen to silence P-gp using siRNAs 
against the MDR1 gene (Figure 4.3). This is quite understandable. P-gp is one 
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of the most studied pumps responsible for the MDR, and its downregulation can 
result in resensitization of cells against a wide range of chemotherapeutics. Also, 
being a transmembrane protein, its downregulation is easily followed by various 
techniques including flow cytometry (Swerts et al. 2004), immunohistochemistry 
(Schlaifer et al. 1990) or immunofluorescence (Meaden et al. 2002). Its down-
regulation by oligonucleotides (siRNA, mRNA or miRNA) can easily return the 
MDR cells to their sensitive stage and result in cell sensitivity to chemotherapeu-
tics again.

Zhang et al. (Zhang, Zhu et al. 2016) synthesized a tri-block copolymer N-succinyl 
chitosan–poly-L-lysine–palmitic acid (NSC–PLL–PA) to co-deliver doxorubicin 
and siRNA against P-gp. The unique property of this micellar nanosystem was its 
responsiveness to changes in pH. The authors showed that the co-loaded micelle 
stability is lost under mildly acidic conditions compared to neutral pH, which cor-
responded to fast in vitro doxorubicin and siRNA release upon internalization by 
drug-resistant hepatocytes. Successful downregulation of the P-gp increased the 
doxorubicin efficacy. Patil et al. also used biotin-targeted PEI-PLGA based poly-
meric nanoparticle formulation to simultaneously deliver paclitaxel and P-gp siRNA 
to drug resistant cancer cells (Patil et al. 2010). They showed effective in vivo tumor 
growth inhibition by reversal of the chemo-resistance of tumor cells by downregulat-
ing P-gp.

Navarro et al. (Navarro et al. 2012) conjugated 1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine (DOPE) to polyethyleneimine (PEI, 1.8 kDa, branched) and 
showed that the formulation of DOPE-PEI:siRNA complexes in MNP formulations 
did not significantly alter their GFP or P-gp silencing efficacy but considerably 
decreased their cytotoxicity compared to Lipofectamine 2000 or non-lipid-modified 
complexes. Treatment of multidrug resistant breast cancer cells (MCF-7/Adr) with 
MNPs loaded with siMDR-1 resulted in significant downregulation of P-gp. This 
decrease translated successfully into the sensitization of resistant cells to doxoru-
bicin treatment 4, 8, 24, and 48h post siMDR-1 delivery. Regardless of the treat-
ment regimen and time lag between siRNA and drug treatments, the effectiveness of 
doxorubicin was increased.

The overall advantages of lipid conjugates with low molecular weight PEI 
(1.8  kDa, branched) led Essex et al. to evaluate their in vivo potential using a 
multidrug resistant breast cancer model in mice (Essex et al. 2014). First, the tis-
sue distribution of DOPE-PEI/siRNA complexes with a PEG coating, achieved by 
combining these complexes with micelle-forming PEGylated lipid PEG-PE, was 
evaluated. Four hours post-injection of the DOPE-PEI/PEG/siRNA micelles with 
an almost spherical shape, approx. 95 nm size and 13 mV surface charge, 22% 
of the injected dose (ID) of fluorescently-labeled siRNA was still in the circu-
lation (vs. 9% ID of DOPE-PEI/siRNA complexes). The long-circulating ability 
introduced by PEG chains allowed significantly better tumor accumulation (8% 
ID) and lower siRNA doses in the lung and liver compared to DOPE-PEI/siRNA 
complexes alone. The high tumor accumulation of the delivery system should 
be noted as indicative of enhanced efficacy. In the second step, the therapeutic 
efficacy of the siMDR1-containing complexes in combination with doxorubicin 
was investigated in resistant breast cancer MCF-7/Adr tumors. One intravenous 
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dose of siRNA (1.2 mg/kg, naked or in complexes) followed by one intravenous 
doxorubicin injection (2 mg/kg) after 48 hours was performed for 5 weeks. The 
MDR1 mRNA level in the excised tumors was reduced by half in the DOPE-PEI/
siMDR1 group, while the DOPE-PEI/PEG/siMDR1 treatment resulted in almost 
complete downregulation of mRNA. The tumor volumes at the end of the study 
(day 40) were three-fold reduced as compared to the free siRNA + doxorubicin 
treatment group. Moreover, simultaneous delivery of siRNA and doxorubicin had 
no impact on the therapeutic outcome (Figure 4.4). The results indicate the ver-
satility of DOPE-PEI/siRNA complexes and freedom from in vivo toxicity. These 
summarized results that related chemo-resistance reversal by modulating the intra-
cellular drug concentrations using nanomedicine-based strategies give emphasis to 
the advantages of nanotechnology.
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FIGURE 4.4 In vivo efficacy, MDR1 mRNA and P-gp downregulation by PEGylated 
DOPE-PEI-based nanocarriers. The treatment regimen is summarized in the upper left 
panel. (a) Mean relative tumor volume following the treatments. (b) and (c) are the MDR1 
mRNA and P-gp protein levels at the final time point. Results are plotted as mean±SD. n = 5, 
performed in duplicates and triplicates for panels (b) and (c), respectively. (Reprinted from 
Essex, S. et al., Gene Ther, 22 (3):257–66, 2015. With permission.)
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4.5.2  NaNomediciNes targetiNg the eNhaNced dNa repair system

Malfunction in DNA repair systems contributes chemoresistance to DNA-damaging 
drugs, such as alkylating agents and cisplatin. In the last two decades, numerous 
studies have focused on how to overcome the resistance to cisplatin, which is a 
widely used antitumor chemotherapeutic. It turned out that the application of nano-
technology in cisplatin therapy enhanced the tumor killing profiles based on several 
improvements. First, nanocarriers, such as liposomes and micelles, contribute to a 
much higher payload of cisplatin in the tumor site than the free drug. Drug resistance 
in tumors can be overwhelmed because of the significantly increased cisplatin inter-
nalized into the cells. Second, the protection provided by nanocarriers or PEGylated 
nanoconjugates of cisplatin prolong blood circulation time of cisplatin. More drug 
gets retained in the blood stream, hence more drug gets in touch with tumors and 
increases the tumor killing efficiency. Also, cisplatin in nanoformulations resulted 
in much lower systemic toxicity than free cisplatin due to its altered biodistribution. 
For example, hyaluronic-conjugated cisplatin nanoconjugates have been adminis-
tered subcutaneously and distributed through the lymphatic system. Results showed 
that renal toxicity of cisplatin was significantly reduced in nanoconjugates compared 
to intravenously injected cisplatin (Cohen et al. 2009). Third, targeted delivery of 
cisplatin can be achieved by nanocarriers. Besides the passive targeting via EPR 
effect, various ligands and antibodies have been applied to the outer surface of cis-
platin nanoparticles to deliver them to treat tumors in specific organs. Anti-EGFR 
antibody and prostate-specific membrane antigen (PSMA) were used as targeting 
moieties in nanomedicine formulations for cisplatin selective delivery to lung cancer 
and prostate cancer (Dhar et al. 2008, Peng et al. 2011). Chemoresistance to cisplatin 
could be decreased in tumors by application of traditional nanoformulated cisplatin. 
However, the chemoresistance was not fundamentally reversed and cells developed 
stronger chemoresistance by further effects on the MMR system as well as the NER 
system. This concern led to more advanced nanomedicines for treating chemoresis-
tance caused by DNA damage repair.

The first strategy used the synergistic effect of two or more anticancer drugs. 
For example, cisplatin and doxorubicin were delivered together in polymer-based 
nanobins for a synergistic effect in killing cancer cells (Lee et al. 2010). In addi-
tion, mitomycin C, a potent DNA cross-linker, was co-loaded in polymer-lipid 
hybrid nanoparticles (PLN) with doxorubicin to achieve synergistic effect in treating 
DNA damage repair-induced multidrug resistant breast cancer cells (Shuhendler et 
al. 2010). One advantage of delivering two drugs at the same time is the increased 
therapeutic effect in killing cancer cells. The other one is that it makes it more dif-
ficult to develop chemoresistance against two different mechanisms of action. In this 
scenario, resistance development to one single drug will not completely deactivate 
the efficiency of the whole formulation.

The second strategy is interfering with multidrug resistance using nucleic acid 
therapy. Specific downregulation of multidrug resistance-related proteins with 
corresponding anti-sense nucleic acid has promise for reversal of resistance and 
re-sensitizing cancer cells to established chemotherapies. To protect nucleic acid 
molecules from degradation and digestion by enzymes, nanocarriers are essential.
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As mentioned earlier, significantly elevated expression of ERCC1 in the NER 
pathway has been observed in multidrug resistant cancer cell lines. Downregulation 
of ERCC1 with ERCC1 siRNA was reported to disturb the NER pathway and 
inhibit the multidrug resistance that resulted from enhanced DNA damage repair. 
Downregulation of ERCC1 by its corresponding siRNA has been shown to be effec-
tive in sensitizing multidrug resistant ovarian and gastric cancer cells to cisplatin 
(Li et al. 2014, Selvakumaran et al. 2003). Mutation in the MMR system causes 
insufficient expression of MLH1 and MSH2, which trigger the downstream apop-
totic events. However, few studies have investigated the restoration or repair of the 
mutated MMR-related genes. Other gene targets that can be modulated through 
nanotechnology are BRCA1 and PARP1. Downregulation of BRCA1 is regarded 
as a promising target for sensitizing tumors to chemotherapies, including pacli-
taxel and cisplatin. Lipidoid nanoparticles were used to deliver of PARP1 siRNA to 
treat BRCA1-deficient ovarian cancer and produced a tumor inhibitory effect both 
in vivo and in vitro (Goldberg et al. 2011). Based on these gene targets documented 
above, co-delivery of anti-sense nucleic acid therapy with chemotherapy can further 
enhance the therapeutic efficacy in treating multidrug resistant tumors.

4.5.3  targetiNg ceramide metaBoLism with NaNomediciNes 
for resistaNce reversaL

Ceramide is the basic unit of sphingomyelin and can be produced de novo or by 
sphingomyelin hydrolysis. Ceramide-mediated signaling has been tied to cell cycle 
arrest and differentiation (Senchenkov et al. 2001). Ceramide lipids are natural pro-
apoptotic mediators of cellular responses in cancer against chemotherapy, radiation 
or hypoxic stress conditions (Kolesnick and Kronke 1998). Ceramides are located 
in cell membranes as well as the outer mitochondrial membrane and are related to 
cytochrome c release to the cytoplasm and initiation of apoptosis. Neutralization 
of ceramide by overexpressed glucosylceramide synthase activity in cancer cells is 
linked to chemo-resistance (Barth et al. 2011).

While stimulating ceramide synthesis can be useful to overcome resistance, exog-
enous ceramide delivery, especially short-chain ceramide (ceramide C6), by nano-
medicines has proven an effective way to tackle drug resistance (Barth et al. 2011). 
Several in vitro and in vivo studies have used various nanomedicine-based approaches 
to deliver ceramides, either alone or in combination with other chemotherapeutics 
to resistant cancer cells. Combination therapy of paclitaxel with ceramide C6 in 
poly(ethylene oxide)-modified poly(ε-caprolactone) nanoparticles resulted in more 
than a three-fold increase in tumor growth delay and doubling time in a SKOV-3TR 
drug resistant human ovarian cancer xenograft model (Devalapally et al. 2007). A 
polymer-blend nanoparticle system co-delivering paclitaxel and ceramide C6 showed 
higher paclitaxel accumulation in drug-resistant MCF-7TR tumors compared to free 
paclitaxel (van Vlerken et al. 2008) and reduced tumor volume by two-folds com-
pared to paclitaxel monodelivery to tumors (van Vlerken et al. 2010).

Ceramide C6, a lipid, can easily locate itself in the lipid bilayers and thus, formu-
lating it in liposomal formulations sounds logical. Koshkaryev et al. (Koshkaryev 
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et al. 2012) developed PEGylated liposomes consisting of egg phosphatidylcholine 
and cholesterol, targeted with transferrin, and loaded with short-chain ceramides C6 
and C16. By incorporating approx. 120 transferrin molecules on the outer surface 
of the liposomes, they showed that transferrin-targeted liposomes were internalized 
significantly more by the HeLa and A2780 ovarian carcinoma cells compared to 
non-targeted liposomes. The internalized liposomes eventually located themselves 
in the lysosomes, induced the lysosomal membrane permeabilization (LMP), and 
enhanced the apoptotic response of the cells. Ceramide-mediated apoptosis via the 
initiation of LMP translated into in vivo tumor growth inhibition in a A2780 xeno-
graft mouse model and caused the greatest tumor volume growth inhibition and 
lowest tumor weights.

Sriraman et al. (Sriraman et al. 2016) investigated the cytotoxic potential of folic 
acid-targeted liposomal formulations co-encapsulating doxorubicin and ceramide 
C6 on different chemo-resistant cells including A2780-Adr and H69-AR. The results 
demonstrated that the co-delivery of ceramide C6 and doxorubicin using a liposomal 
platform correlates significantly with antiproliferative effect, due to cell cycle regu-
lation, and subsequent induction of apoptosis. Furthermore, targeting the liposomal 
formulations with folic acid increased the cytotoxicity against monolayers as well as 
three-dimensional spheroids.

Nanomedicines give unique advantages for formulating ceramide to address drug 
resistance in cancer. They can also modulate the response of the resistant cancer 
cells to ceramide since it was shown that co-delivery of doxorubicin and ceramide 
exerts synergism only when formulated in liposomal carriers rather than free drug 
combinations (Fonseca et al. 2014).

4.5.4  targetiNg overeXpressed aNti-apoptotic proteiNs By NaNomediciNes

Proteins in the B-cell lymphoma 2 (BCL-2) family are key regulators of the  apoptotic 
process and consist of prodeath (i.e. BAX, BAK, BIM) and prosurvival (i.e. BCL-2, 
BCL-XL, MCL-1) members (Youle and Strasser 2008). BCL-2 was the first identified 
apoptosis regulator, and many cancers depend on BCL-2 mediated apoptosis escape 
to survive. Due to its significance and powerful anti-apoptotic regulatory function, 
inhibition or downregulation of this protein holds great importance in controlling 
the apoptotic pathways in cancer. Inhibiting the BCL-2 is a challenging task given 
that the blockage needs to be only in cancer cells, and any inhibitor needs to be 
delivered intracellularly. Here, nanomedicine-based approaches proved themselves 
very useful.

siRNA delivery by nanomedicines to cancer cells for selective downregulation of 
BCL-2 is one of the promising approaches for reversing drug resistance. Given the 
previously summarized challenges, it is not surprising that many different complex 
nanomedicine-based delivery systems fit under this heading.

Yu et al. developed cationic micellar nanocarriers from dual pH-responsive 
poly(2-(dimethyl amino)ethyl methacrylate)-block-poly(2-(diisopropyl amino)ethyl 
methacrylate) (PDMA-b-PDPA) di-block copolymers. The PDPA segment of the 
copolymer with a pKa around 6.3 can self-assemble to form hydrophobic cores for 
encapsulation of hydrophobic drugs (e.g. paclitaxel), whereas the PDMA block forms 
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a positively charged shell allowing siRNA complexation to carrier (Yu et al. 2014). 
Upon cellular internalization and subsequent exposure to lower pH values in the 
endosomal compartments (pH 5.9–6.2), PDPA is protonated and the system disso-
ciates. This dissociation causes the rapid release of paclitaxel and the protonated 
PDPA segment causes endosomal/lysosomal membrane disruption and intracellular 
siRNA release of BCL-2 siRNA. The nanomedicine system reversed the drug resis-
tance of BCL-2-overexpressing A549 human non-small cell lung cancer cells by 
successful downregulation of BCL-2 via RNAi. Thus, the cells were sensitized to 
paclitaxel treatment in vitro.

Another nanomedicine formulation for targeting overexpressed pro-apoptotic 
proteins was reported by Wang et al. (Wang et al. 2016). They designed a delivery 
system consisting of hyaluronic acid (HA)-decorated PEI-PLGA for simultaneous 
delivery of doxorubicin along with the microRNA, MiR-542-3p. The authors showed 
that successful intracellular delivery of the miRNA induced p53 activation and 
downregulated survivin, an inhibitor of apoptosis (IAP) family member. The system 
protected and increased the intracellular concentrations of miRNA. This, in return, 
sensitized the triple negative breast cancer cells to the levels seen in drug-sensitive 
MCF-7 cells.

Very recently, an intriguing nanomedicinal formulation was reported for down-
regulation of survivin by another miRNA. Salzano et al. (Salzano et al. 2016) devel-
oped a novel dual stimuli-sensitive system for simultaneous delivery of miRNA-34a 
and doxorubicin. The novelty of the reported system resides in the presence of two 
stimuli-sensitive prodrugs, a matrix metalloproteinase 2 (MMP2)-sensitive doxo-
rubicin conjugate and a reducing agent (glutathione, GSH)-sensitive miRNA-34a 
conjugate, in a single particle decorated with a polyethylene glycol corona and a 
cell-penetrating peptide (TATp). The combination system (Figure 4.5) can be consid-
ered as ‘multi-headed missile’ that drops (releases) its cargos selectively at the sites 
of action, and only when they are needed. The sensitivity of the system to MMP2 
resulted in three-fold higher cytotoxicity in MMP2-overexpressing HT1080 cells 
compared to low MMP2-expressing MCF7 cells. In addition, cellular internalization 
of doxorubicin increased by more than 70% due to the inclusion of a cell-penetrating 
peptide (TATp) in the formulation. Treatment with the MMP2-sensitive nanomedi-
cine also inhibited proliferation and migration of HT1080 cells. Moreover, GSH-
sensitivity of the system allowed for an efficient downregulated expression of BCL-2, 
survivin, and notch1 (65%, 55%, and 46%, respectively). They also showed up to 
50% decrease in cell viability and reduction of invasiveness in three-dimensional 
spheroid models. This kind of complex and multifunctional nanomedicine-based 
formulation that contains various desired components within themselves should lead 
the way to efficient treatment and reversal of chemoresistance in cancer cells.

4.6  CONCLUSION

Chemoresistance is a major factor for chemotherapy failure either for conventional 
small molecule treatments or nanomedicine-based approaches. As described in this 
chapter, the underlying molecular mechanisms of cancer resistance cover a broad 
range of factors. But resistance development remains fait accompli due to already 
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existing drug resistant cells in the large solid tumors in addition to resistance acquire-
ment during the course of the treatment with single agents. When combined with 
the heterogeneity of tumors, reversal of the chemoresistance sets a great challenge. 
However, increased number of identified resistance mechanisms in the last decades 
also increased the potential targets that can be exploited by different approaches to 
overcome chemoresistance. Significant advances and extensive knowledge that has 
been gathered in the nanomedicine field offered substantial advantages to tackle 
drug resistance by strategies summarized earlier.

While the vast number of nanomedicine-based approaches are being investigated 
and developed, relatively a few of promising candidates were able to reach the mar-
ket. This indicates a necessity to shift the focus from the long-established paradigms 
and find new strategies that also internalizes the approaches to overcome hurdles 
related to chemoresistance. The future for successful nanomedicine-based therapies 
requires multifunctional approaches which include molecularly targeted agents, oli-
gonucleotide delivery, peptide and protein drugs, and in most cases the combina-
tion of these. Relying on the formulation parameters or components of single-agent 
loaded nanomedicines for resistance reversal found some success, but it also made 
it clear that the combination therapies are the viable options for chemoresistance 
reversal. Many different chemoresistance reversal agents with different acting mech-
anisms such as P-gp inhibitors, pathway blockers, resistance related protein inhibi-
tors can be delivered simultaneously with cytotoxic drugs to targeted tumor cells. 
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Nanotechnology-based drug delivery platforms also enable the use of resistance 
modulators that were thought to be unviable due to low solubility or stability issues, 
including siRNA/miRNAs and peptide/proteins. Many properties of the nanomedi-
cine platforms can be fine-tuned depending on the type of tumor, location, resistance 
mechanism or subcellular target, the factors that are not allowing the personalization 
of traditional drug cocktail administration for resistance reversal.

Of course, there are many challenges involved with the nanomedicines con-
cerning poor clinical translation, batch-to-batch inconsistencies, elevated immune 
responses in some cases, and even biocompatibility issues arising from the materials 
used in the formulations. However, with ever expanding knowledge in this field, the 
molecular mechanisms underlying the chemoresistance can be challenged and over-
come by using nanomedicines. Utilization of nanomedicines in the clinic, growing 
number of successful clinical trials, even more promising preclinical data related to 
multifunctional tumor microenvironment sensitive approaches makes the possibility 
of reversing drug resistance a reality day by day.
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5 Multifunctional 
Dendrimers as Cancer 
Nanomedicines
Peptide-Based Targeting

Chie Kojima

5.1  INTRODUCTION

Nanomedicine is a medical application of nanotechnology, which covers drug deliv-
ery, diagnosis, and tissue engineering (Wagner et al., 2006; Riehemann et al., 2009). 
Nanomedicine research requires the combined efforts of interdisciplinary teams 
with backgrounds in medicine, pharmaceutics, material science, and mechanical 
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engineering. Researchers in materials science have prepared functional nanomateri-
als for biomedical applications with the aim of developing efficient delivery systems 
that target specific tissues. Numerous nanomaterials, such as inorganic nanomate-
rials, metal nanoparticles, liposomes, micelles, and polymers, have been applied 
to the aforementioned applications (Wagner et al., 2006; Riehemann et al., 2009). 
Multifunctional nanoparticles can be prepared by adding a host of compounds such 
as drug molecules, imaging probes and stimuli-sensitive materials. Furthermore, 
tailored preparation processes allow for controlled size and surface properties of 
the nanoparticles, which largely affect the biodistribution. As toxicity is a principal 
factor to consider in medication, biocompatible organic nanoparticles are often used 
in clinical trials. Liposomes and micelles are self-assembled nanoparticles whose 
size ranges from micrometer to submicron orders. Polymers are smaller and similar 
in size to proteins. Some compounds can be conjugated to the side chain of poly-
mers as pendants (Haag & Kratz, 2006; Duncan 2012). Synthetic polymers with 
poly-dispersed molecular weight and uncontrollable conformation are quite different 
from proteins.

Dendrimers are synthetic polymers with highly branched and well-defined 
structures, whose molecular weight is uniform. Dendrimers are synthesized in a 
stepwise organic synthesis, whereas most polymers are typically prepared by the 
polymerization of the corresponding monomers (Tomalia et al., 1985; Tomalia 
et al., 1990; Tomalia 2005). The controllable and uniform molecular weight and 
chemical structure can lead to their chemical and biological reproducibility. 
Additionally, dendrimers possess a high volume of terminal functional groups 
and an inner core available for the conjugation and encapsulation of small mole-
cules, respectively, which is a unique multifunctionalization pathway. A variety of 
functional materials, such as drug molecules, imaging agents and targeting com-
pounds, have been conjugated to and/or encapsulated within a single dendrimer 
molecule to produce multifunctional dendrimers. Multifunctional dendrimers are 
powerful unimolecular multifunctional nanoparticles, which are smaller and more 
stable than self-assembled organic nanoparticles such as liposomes and micelles. 
The differences of liposomes, micelles, polymers, and dendrimers are listed in 
Table 5.1. There are numerous review articles on the biomedical applications of 
dendrimers (Lee et al., 2005; Svenson & Tomalia, 2005; Gajbhiye et al., 2007; 
Wolinsky & Grinstaff, 2008; Medina & El-Sayed, 2009; Kojima 2010; Astruc 
et al., 2010; Kannan et al., 2014; Kesharwani & Iyer, 2015; Luong et al., 2016). 
Theranostic applications are a recent hot topic and involve applications of a single 
dendrimer to both therapy and diagnosis (Paleos et al., 2008; Khandare et al., 
2012, Sk & Kojima, 2015).

Peptides are another useful class of compounds in nanomedicine, whose activi-
ties can be controlled by their sequence. Some peptides, obtained from functional 
proteins, are powerful therapeutic agents as well as powerful ligands to the target 
molecules (Vlieghe et al., 2010). There are peptides derived from theoretical and 
experimental surveys. The targeting peptides are named cell-targeting peptides 
(CTPs) (Dissanayake et al., 2017). Some peptides are efficiently internalized into 
cells, which are named cell-penetrating peptides (CPPs) (Zorko & Langel, 2005; 
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Heitz et al., 2009; Koren & Torchilin, 2012). This chapter focuses on peptide-
conjugated dendrimers in nanomedicine. Typically, the molecular weight of peptides 
is relatively small, which is beneficial to dendrimer conjugation. These peptide-
conjugated dendrimers are associated with the target molecules and can further be 
internalized into the targeted cells. Detailed examples are shown in this chapter.

5.2  DENDRIMERS

Dendrimers were first reported by Dr. Tomalia in 1985 (Tomalia et al., 1985), 
whose name reflects their tree-like structure (Tomalia et al., 1985; Tomalia et al., 
1990; Tomalia 2005). Their properties can be controlled by changing the inner core 
structure, building blocks, or terminal groups. Dr. Tomalia developed polyamido-
amine (PAMAM) dendrimers, which have been widely studied and are commer-
cially available. The dendrimer is synthesized by repeated reaction cycles using 
methyl acrylate and ethylenediamine, initiated from a core amine compound. This 
synthetic method is called a divergent method. A reaction cycle is referred to as a 
generation (G), and the molecular weight and the number of terminal groups are 
determined by generation (Figure 5.1). The number of terminal groups doubles 

TABLE 5.1
Comparison of Liposomes, Micelles, Polymers, and Dendrimers

Name Components Size Properties

Liposome Phospholipids From 
submicron to 

several micron

Hydrophilic and hydrophobic drugs are 
loaded into the liposome and membrane, 
respectively.

Lipid-assembled nanoparticle

Micelles Detergents 10~20 nm Hydrophobic drugs are loaded into the 
micelle.

Detergent-assembled nanoparticle
Micelles do not form at lower concentration 
than cmc (critical micelle concentration).

Polymeric micelles
(Polymersome: 
polymer-based 
vesicle)

Block 
polymers

50~200 nm
(submicron)

Drugs are loaded into the micelle.
Polymer-self-assembled nanoparticle

Polymer Polymers <10 nm Drugs are conjugated to polymer side chain 
as a pendant.

Linear structure
Molecular weight is not uniform.

Dendrimer Dendrimers <10 nm
(without 

modification)

Drugs are conjugated at the termini and 
encapsulated into the interior.

Unimolecular nanoparticle with globular 
structure

Molecular weight is uniform.
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with each generation, and the molecular weight increases stepwise. The dendrimer 
diameter ranges from 2.2 nm to 13.5 nm (Tomalia et al., 1990; Svenson & Tomalia, 
2005). The sizes of insulin, cytochrome c, and hemoglobin are 3.0, 4.5, and 5.5 
nm, respectively, and correlate to G3, G4, and G5 dendrimers (Tomalia et al., 
1990; Svenson & Tomalia, 2005).

The dendrimer inner core is thought to provide additional function. Furthermore, 
the inner cores of large generation dendrimers are isolated; however, there are reports 
of some compounds and metal nanoparticles being encapsulated in dendrimers (Lee 
et al., 2005; Svenson & Tomalia, 2005; Gajbhiye et al., 2007; Wolinsky & Grinstaff, 
2008; Medina & El-Sayed, 2009; Kojima 2010; Astruc et al., 2010; Kannan et al., 
2014; Kesharwani & Iyer, 2015; Sk & Kojima, 2015; Luong et al., 2016). The terminal 
functional groups of dendrimers have been widely used for conjugation and complex 
formation (Figure 5.1). Various compounds including drug agents, imaging probes, 
sugars, and peptides can be linked to the dendrimer periphery. In some cases, the 
modification is beyond the addition of compounds to the dendrimer. The modified 
moieties exhibit clustering effects. For example, the binding affinity of the sugar- and 
peptide-modified dendrimers is significantly larger than the corresponding original 
molecules (Crespo et  al., 2005; Sadler & Tam, 2002; Kojima 2010; Astruc et al., 
2010; Liu et al., 2012). Peptides linked to the surface of a dendrimer can also induce 
higher-order structures (Kojima 2016).

Multiple dendrimer types have been synthesized, in addition to PAMAM 
dendrimers, such as poly(propylene imine) (PPI) dendrimers, biodegradable 
polyester dendrimers and poly L-lysine dendrimers. PAMAM dendrimers, PPI 
dendrimers, 2,2-bis(hydroxymethyl)propionic acid (bis-MPA)-based dendrimers 
and phosphorous dendrimers were obtained from Sigma-Aldrich. bis-MPA-based den-
drimers and dendritic polylysines are also available from the Polymer Factory 
(Sweden) and COLCOM (France), respectively. Clinical studies of poly L-lysine 

G4
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G2

G1
G0

Generation (G)

Control molecular weight
and terminal number

Terminal functional group

Conjugate to
and/or
complex with
compounds

Inner space

Encapsulate
compounds and
metal nanoparticleCore

FIGURE 5.1 Dendrimer overview.
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dendrimers as a drug carrier are performed by Starpharma (Australia) (Kesharwani 
& Iyer, 2015).

5.3  TARGETING STRATEGY

5.3.1  active targetiNg vs. passive targetiNg

Delivery to the target tissue is one of the most crucial issues in drug carrier devel-
opment. Generally, carriers are modified with targeting ligands—themselves 
recognized by the target cells. This is named active targeting. Another targeting 
mechanism, named passive targeting, has been reported for cancer targeting (Figure 
5.2). Passive targeting is based on the enhanced permeability and retention (EPR) 
effect, which derives from permeable neovessels surrounding tumor tissues and the 
lack of lymphatics in tumor tissues (Maeda & Matsumura, 1989; Maeda et al., 2000). 
Carriers with suitable size and blood retention properties can be passively accumu-
lated to tumor tissues because of the EPR effect. Polyethylene glycol (PEG) is a 
biocompatible material, which can provide an inert surface because of the signifi-
cant excluded volume effect. Thus, there are many studies showing PEG-modified 
(PEGylation) nanocarriers that lead to long blood circulation and passive targeting 
to tumor tissues (Ferrari, 2005; Alexis et al., 2010). Size-controllable dendrimers, 
modified with PEG chains, are a major design factor for nanocarriers having passive 
targeting ability to tumor tissues (Gajbhiye et al., 2007). Consequently, PEG- and 

Inert surface

Passive targeting

Tumor cell

Active targeting

Targeting ligand

Anticancer drug

Receptor

Blood vessel

FIGURE 5.2 Active targeting and passive targeting.
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ligand-modified dendrimers can possess both ligand-based active targeting proper-
ties and EPR effect-based passive targeting properties.

5.3.2  LigaNds for active targetiNg

Antibodies are often used as targeting compounds because of their high and specific 
binding affinity to the target molecule. There are numerous reports on antibody-
modified nanoparticles for drug delivery systems (DDSs) (Ferrari, 2005; Alexis 
et  al., 2010). The molecular weight of the immunoglobulin antibody is 150 kDa, 
which is similar to, or larger than, dendrimers. Therefore, immunoglobulin is not a 
suitable targeting compound for dendrimers. Small ligand molecules have been used 
as targeting molecules. Folic acid is a ligand for folate receptors highly expressed 
at the surface of specific cancer cells, which have been used for cancer treatments 
(Ledermann et al., 2015). Sugar compounds, for example galactose, mannose, and 
sialic acid, are also able to target hepatic cells, immune cells, and specific cancer 
cells. Many sugar compounds can be conjugated to the periphery of a single den-
drimer to induce clustering effects. Consequently, the binding affinity of sugar-
conjugated dendrimers is increased over that of the corresponding sugar compound 
(Jain et al., 2012). Peptides are also a powerful ligand for active targeting. Peptide 
functionality can be controlled by its sequence, and synthetic procedures of peptides 
are well-established. Thus, peptides are attractive materials in DDSs (Dissanayake et 
al., 2017). Additionally, the multivalency of dendrimers is attributed to the clustering 
effects at the periphery as well as the multifunctionality. This chapter focuses on the 
delivery system employing various peptide-conjugated dendrimers, especially for 
cancer treatment applications.

5.4  PEPTIDE-CONJUGATED DENDRIMERS 
FOR ACTIVE TARGETING

Peptides used in DDSs are divided into two categories: CTPs and CPPs. Various 
CTP types have been conjugated to dendrimers in DDS studies, which are listed in 
Table 5.2.

5.4.1  argiNyL-gLycyL-aspartic acid (rgd)-coNjugated deNdrimers

RGD is a commonly used peptide in DDSs and is observed in various cell matrix 
proteins, such as fibronectin, collagen, laminin, and vitronectin (Hersel et al., 
2003). RGD is a minimum-sequence that binds to integrin, which is a cell adhesion 
molecule (Hersel et al., 2003). Integrins are heterodimeric cell-surface receptors, 
which are formed by the combination of 18 α-subunit types and 8 β-subunit types. 
Different cells express different integrin heterodimer types, which decide cell prop-
erties (Desgrosellier & Cheresh, 2010). αv integrins and integrin α5β1 recognize 
the RGD sequence. Importantly, the αvβ3 integrin is expressed at low levels in most 
adult epithelia but is overexpressed on both the luminal surface of endothelial cells 
only during angiogenesis, and in numerous solid tumors (Desgrosellier & Cheresh, 
2010, Hersel et al., 2003). Therefore, RGD peptides are often used as a DDS ligand 
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for cancer treatment (Zhong, et al., 2014; Hersel et al., 2003). Although linear RGD 
peptides were used classically, Kessler’s group developed alternative αvβ3 integrin-
specific bound peptides such as cyclo-(RDGfK). The cyclic peptides enhanced the 
binding affinity to the target integrin, compared with the corresponding linear pep-
tides. Furthermore, the non-natural amino acid, D-Phe (f), prevents peptide degrada-
tion by proteinase. Hence, cyclic-RGD peptides have been used as a target ligand 
within DDS carriers (Hersel et al., 2003).

Saraswathy et al. and He et al. reported that the anticancer drug, doxorubicin 
(DOX), was encapsulated in the RGD-terminated PEG-conjugated PAMAM den-
drimers. These dendrimers showed efficient cytotoxicity against U87MG glioma 
cells (Saraswathy et al., 2015; He et al., 2015). Yan et al. prepared dual targeting 
dendrimers to penetrate the blood-brain barrier (BBB). They conjugated RGD and 
the Angiopep-2 peptide to a single dendrimer. Angiopep-2 is a low-density ligand 
from the lipoprotein receptor-related protein and induces BBB transcytosis. Thus, 
this dendrimer can accumulate into glioma in the brain via BBB penetration. They 
demonstrated that the two-peptide-conjugated dendrimer exhibited the efficient accu-
mulation in brain tumors (Yan et al., 2012). Delivery into the brain is the most diffi-
cult issue in DDS studies, because of BBB. This research provides a solution to solve 
it. Mekuria et al. prepared DOX-encapsulated dendrimers with RGD peptide or IL-6 
antibody to compare their targeting properties. In this case, the RGD peptide did 
not function well. They directly conjugated the peptide to the dendrimer, suggest-
ing the importance of the conjugation procedure (Mekuria et al., 2016). Jiang et al. 
reported RGD- and 5-fluorouracil (5FU)-conjugated dendrimers for bone cancer 
delivery (Jiang et al., 2013). Hill et al. attempted to prepare a tooth delivery system 
by employing an RGD-conjugated dendrimer (Hill et al., 2007).

RGD-conjugated dendrimers function as a wide range of delivery vehicles for 
various bioactive materials including nucleic acids and photo-responsive materials. 
Waite et al. reported the use of RGD-conjugated dendrimers for siRNA delivery 
to glioblastoma (Waite & Roth, 2009). Liu et al. succeeded in delivering siRNA 
to prostate cancer cells in vivo using complexes of amino-terminal PAMAM 
dendrimers, siRNA and RGD-containing poly(glutamic acid) peptide. They also 
achieved tumor growth suppression by silencing the heat shock protein 27 (Hsp27) 
in prostate cancer (Liu et al., 2014). Yuan et al. used an RGD-conjugated dendrimer 
for delivery of the photosensitizer, Ce6. Photosensitizers generate reactive oxygen 
species by photo-irradiation to kill affected cells, which are used for  photodynamic 
therapy. It was possible to induce photocytotoxicity against A375 cells, a non- 
pigmented melanoma cell line, by using RGD- and Ce6-conjugated dendrimers 
(Yuan et al., 2015). Metal nanoparticles such as gold nanorods/nanoparticles have 
been encompassed within photothermal therapy, because they generate heat by 
photo-irradiation to kill cancer cells. Li et al. reported the delivery of gold nanorods 
modified with RGD-conjugated dendrimers to melanoma via photothermal therapy 
(Li et al., 2010). Furthermore, tumor-selective photothermal effects of other metal 
nanoparticles-encapsulated RGD-conjugated dendrimers have also been observed 
(Zhou et al., 2016).

RGD-conjugated dendrimers have also been applied to the imaging of tumor 
tissues. Esophageal squamous cell carcinoma was visualized by RGD-conjugated 
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dendrimers labeled with the near infrared dye, Cy5.5 (Li, Q. et al., 2016). Gold 
nanoparticles were encapsulated in RGD-conjugated dendrimers, which were applied 
to x-ray computed tomography (CT) imaging of tumors (Li et al., 2015). Chen et al. 
conjugated gadolinium chelates to an RGD-conjugated dendrimer, followed by the 
encapsulation of gold nanoparticles. The dendrimers could act as a dual imaging 
probe for both CT imaging and magnetic resonance imaging (MRI) to detect tumors 
(Chen et al., 2015). Iron oxide nanoparticles are also used as an MRI imaging probe. 
Yang et al. reported an MRI image of a tumor in the presence of an RGD-conjugated 
dendrimer modified with iron oxide nanoparticles (Yang et al., 2015). Zhu et al. pre-
pared a gold nanoparticle-entrapped dendrimer conjugated to RGD and α-tocopheryl 
succinate (α-TOC). α-TOC conjugated to dendrimers generates reactive oxygen spe-
cies to kill targeted cancer cells, and gold nanoparticles can detect the targeted can-
cer cells by CT imaging. Thus, dendrimer-nanoparticle materials play specific roles 
in cancer diagnosis and cancer therapy—an example of a theranostic application 
(Zhu et al., 2015). Shen et al. also reported an example of theranostic nanoparticles 
using a dendritic polymer (dendri-graft polylysine [DGL]). An iron oxide nanopar-
ticle (MNP) was coated initially with DGL. RGD-linked GX-1 (CGNSNPKSC) was 
then conjugated and DOX was loaded. DOX and iron oxide nanoparticles showed 
an anticancer effect and MRI-detectable properties, respectively. RGD-linked GX-1 
was able to specifically mediate αvβ3-integrin/vasculature endothelium dual recep-
tors. Thus, MNP–DGL–RGD-GX1–DOX nanoparticles showed accelerated anti-
cancer effects and efficient tumor tissue detection (Shen et al., 2017).

5.4.2  t7-coNjugated deNdrimers

Han et al. reported the T7 peptide (HAIYPRH)-conjugated dendrimer for target-
ing the transferrin receptor (Han et al., 2010a; Han et al., 2011a; Han et al., 2011b). 
It was reported that the transferrin receptor is overexpressed on numerous tumor 
cells, because tumor cells require higher levels of iron to maintain cellular survival. 
Thus, DDSs targeting transferrin receptors have been classically used against cancers 
(Daniels et al., 2012). Transferrin is a ligand of the transferrin reporter, whose molec-
ular weight is 80 kDa. Thus, transferrin is not useful as a dendrimer ligand because 
of size limitations. Lee et al. discovered the T7 peptide, obtained by the phage display 
method (Lee et al., 2001). As the binding affinity is relatively high (Kd = ~10 nM), 
endogenous transferrin would not inhibit the uptake of T7-based DDSs (Oh et al., 
2009). Han et al. studied T7-conjugated dendrimers encapsulating DOX for hepatic 
carcinoma (Han et al., 2010a). They also applied the dendrimers to the co-delivery 
of the therapeutic gene encoding human tumor necrosis factor-related apoptosis-
inducing ligand (pORF-hTRAIL) and DOX (Han et al., 2011b). Furthermore, imaging 
probes were also added to the dendrimer for cancer cell imaging (Han et al., 2011a).

5.4.3  LuteiNiziNg hormoNe-reLeasiNg hormoNe 
(Lhrh)-coNjugated deNdrimers

LHRH (GIp-HWSYGLRPG) works as a releasing hormone in the brain. The synthetic 
peptide analog has been used as a ligand to numerous cancer cells such as breast, 
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ovarian, and prostate cancer cells, because the LHRH receptors are overexpressed 
in these cancer cells, but not detectably expressed in most visceral organs (Dharap 
et al., 2005). Baker’s group first published an LHRH-conjugated dendrimer (Bi et al., 
2008). Minko’s group synthesized an LHRH-conjugated dendrimer with the antican-
cer drug, paclitaxel (TAX). They also prepared linear polymer and liposomes, which 
contain both LHRH and TAX, and compared their targeting ability and antitumor 
activity in vitro and in vivo. All nanoparticles delivered the anticancer drug to the 
target lung carcinoma with similar efficiency (Saad et al., 2008). The same group 
also applied the siRNA-dendrimer to deliver siRNA to ovarian carcinoma (Shah 
et al., 2013). Taratula et al. reported a phthalocyanine-loaded LHRH-conjugated den-
drimer for photodynamic therapy against the A2780/AD cells, which is drug- resistance 
human ovarian carcinoma (Taratula et al., 2013). Furthermore, they reported the 
addition of graphene to the phthalocyanine-loaded LHRH-conjugated dendrimer 
across multiple applications to include photodynamic therapy, photothermal therapy, 
and near infrared imaging (Taratula et al., 2015).

5.4.4  BomBesiN-coNjugated deNdrimers

Bombesin (pEQRLGNQWAVGHLM) is a neuropeptide bound to the gastrin- releasing 
peptide receptor. It is known that the receptor is highly expressed in various tumors 
such as prostate, lung, and breast cancers. Hence, bombesin has been employed in 
DDSs as a ligand to target these specific cancers (Cescato et al., 2008). Lindner 
et al. reported PEG-modified bombesin (PEPSIN)-conjugated dendrimers having 
positron emission tomography (PET) detectable cores. They synthesized numerous 
dendrimers with different PEPSIN numbers and various PEG linkers to compare 
their targeting ability against prostate carcinoma. The bivalent dendrimer with long 
linkers showed the highest targeting activities (Lindner et al., 2014). Mendoza-Nava 
et al. prepared dual ligand (folic acid and bombesin)-conjugated dendrimers and 
nuclear imaging probes to target breast cancer cells (Mendoza-Nava et al., 2016).

5.4.5  cLt1-coNjugated deNdrimers

CLT1 (CGLIIQKNEC) is a cyclic peptide obtained from a phage library screening, 
which specifically binds to the fibronectin-fibrin complexes in the extravascular 
compartment of tumors (Pilch et al., 2006). Tan et al. synthesized polylysine den-
drimers with a cubic silsesquioxane core conjugating to Gd(III) chelates and CLT1 
peptides, for the MRI imaging of breast cancer cells (Tan et al., 2010). Furthermore, 
the group reported dual imaging of prostate cancer cells by employing dendrimers 
conjugated to Gd(III) chelates, CLT1 peptides and the fluorescence dye (Cy5) (Tan 
et al., 2014).

5.4.6  other peptide-coNjugated deNdrimers

The follicle-stimulating hormone (FSH) plays a significant role in the ovaries, and 
acts as a ligand that binds to the FSH receptor (FSHR). As primordial follicles do 
not express FSHR, FSHR-targeted drug carriers potentially preserve the fertility in 
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younger women with ovarian cancers. The FSH33 peptide—having the FSH binding 
domain sequence (33–53)—exhibited the strongest binding affinity to FSHR. This 
peptide has been employed as a ligand to target ovarian tumor tissues (Agris et al., 
1992). Modi et al. reported a FSH33-conjugated PAMAM G5 dendrimer, which suc-
cessfully targeted SKOV-3 ovarian cancer cells in vitro and in vivo (Modi et al., 2014). 
Somatostatin is a peptide ligand of the somatostatin receptors (SR) overexpressed in 
neuroendocrine tumors (Wängberg et al., 1997). Orocio-Rodríguez et al. prepared a 
radioactive somatostatin (99m Tc-Tyr3-Octreotide peptide)-modified PAMAM G3.5 
dendrimer, which was effective in visualizing SR-positive AR42J cancer cells in vivo. 
Furthermore, the group also prepared the same peptide-modified gold nanoparticle 
and compared the biodistribution. The accumulated nanoparticle concentrations at 
the tumor tissues were almost identical (Orocio-Rodríguez et al., 2015). Gellerman 
et al. employed the myelin basic protein peptide (87–99) as a ligand to target B-cell 
leukemic cells. They prepared dendrimers conjugated to the peptide at the core 
with the anticancer drug, chlorambucil, at the termini. The higher generation den-
drimer exhibited more efficient anticancer activity to murine B-cell leukemic cells 
(Gellerman et al., 2013). The pan human leukocyte antigen-antigen related epitope 
(PADRE) and the influenza hemagglutinin peptide (110–120) are active in targeting 
the immune cells. These major histocompatibility complex (MHC) class II-targeting 
peptide-conjugated dendrimers are able to deliver DNA to antigen-presenting cells 
(Daftarian et al., 2011).

Some targeting peptides are obtained from peptide libraries and phage display 
methods. CREKA is a linear pentapeptide obtained from in vivo phage display. As 
CREKA binds to fibrin (clotted plasma protein) in the blood vessels and stroma 
of tumors, this pentapeptide is a targeting ligand for tumor tissues (Simberg et al., 
2007). LyP-1 is a cyclic 9-amino-acid peptide obtained from a phage-displayed pep-
tide library, which binds to breast cancer cells and tumor-associated lymphatic ves-
sels (Laakkonen et al., 2002). It has been reported that the receptor for Lyp-1 is the 
mitochondrial, cell-surface protein, p32/gC1qR (Fogal et al., 2008). Lempens et al. 
synthesized a CREKA-conjugated dendrimer together with the Lyp-1-conjugated 
analog and compared their targeting ability to the individual peptides themselves. 
The binding affinity was enhanced after conjugation to the dendrimer (Lempens et 
al., 2011). Zhao et al. reported delivery to glioblastoma multiforme via a CREKA-
conjugated dendrimer vehicle (Zhao et al., 2015). Seo et al. reported atherosclerotic 
plaque imaging using Lyp-1-conjugated dendrimers on the basis that p32 is over-
expressed on plaque-associated macrophages (Seo et al., 2014). Pep-1 is a ligand of 
IL-13Rα2 that targets glioma via IL-13Rα2-mediated endocytosis (Pandya et al., 
2012). Jiang et al. added Pep-1 to a PEGylated dendrimer to investigate the target-
ing effect of Pep-1. The Pep-1-conjugated PEGylated dendrimer was accumulated 
to IL-13Rα2-positive U87MG cells in the brain more efficiently than the PEGylated 
dendrimer (Jiang et al., 2016). This dendrimer could overcome BBB and achieved 
the brain delivery. Morris et al. obtained LTP-1 as a targeting ligand for pulmonary 
epithelial transport from a cyclic 7-mer peptide phage display library against pri-
mary rat lung alveolar epithelial primary cells. They conjugated LTP-1 to a PAMAM 
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dendrimer, which provided the efficient lung adsorption properties in vitro and 
ex vivo (Morris et al., 2011). The H6 peptide was obtained as a ligand to the human 
epidermal receptor 2 (HER2) in breast cancers (Wang et al., 2015). Rostami et al. 
prepared H6-conjugated PAMAM dendrimers encapsulating DOX, for the treatment 
of HER2-positive cancer cells (Rostami et al., 2016). The plectin-1 targeted peptide 
(PTP) is a novel biomarker of pancreatic cancer (Kelly et al., 2008). Li et al. used 
PTP for co-delivery of TAX and siRNA to pancreatic cancer. They previously pre-
pared a branched poly(ethylene glycol) modified with dendrimers through disulfide 
linkages (PSPG), in which TAX and therapeutic siRNA were loaded. The addition 
of PTP to their system improved accumulation of the dendrimers in tumors and the 
therapeutic effects in vivo (Li et al., 2017). Antiviral dendrimers have been devel-
oped using the SB105-A10 peptide, which are conjugated to the four-terminal polyly-
sine dendrimer and exhibit antiviral effects against human papillomaviruses (HPVs), 
the herpes simplex virus (HSV), the human respiratory syncytial virus (RSV), and 
the human immunodeficiency virus (HIV) (Donalisio et al., 2010; Donalisio et al., 
2012; Luganini et al., 2011; Bon et al., 2013).

Ac-TZ14011 is a peptide ligand toward the chemokine receptor 4 (CXCR4) and 
was developed based on the structure-activity relationships of self-defense peptides 
of horseshoe crabs. CXCR4 is a member of G-protein-coupled membrane receptors 
overexpressed in specific cancers, which is a potential target for metastatic tumors. 
Hence, Ac-TZ14011 has been used as an imaging probe toward metastatic tumors 
(Hanaoka et al., 2006). Kuil et al. synthesized dendrimers with imaging probes at 
the core and Ac-TZ14011 at the termini for cancer imaging. The group synthesized 
monomeric, dimeric, and tetrameric forms of Ac-TZ14011 conjugates to compare 
their targeting activities. The dimeric conjugate showed the best targeting activities 
in vitro and in vivo (Kuil et al., 2011). Oligo (aspartic acid) was used as a delivery 
vehicle to cancer cells in bone tissue. Ouyang et al. synthesized dendrimers with 
one (monomeric), two (dimeric), and three (trimeric) chains of Asp4–6 to compare 
their hydroxyapatite binding properties. The dimeric dendrimer exhibited the most 
efficient binding properties (Ouyang et al., 2009). These results suggest that steric 
hindrance can occur during multiple peptide conjugation to diminish the peptide 
effects. Furthermore, Pan et al. prepared an oligo(Asp)-conjugated dendrimer with 
the nonsteroidal anti-inflammatory drug, naproxen (Pan et al., 2012). Gaertner et al. 
and Medina et al. prepared both sugar- and peptide-conjugated dendrimers for dual 
targeting. Sugar moieties functioned well; however, the peptide analogs functioned 
inadequately in both cases. The results suggest that clustering effects are effective 
for sugar-based targeting, but ineffective for peptide-based targeting in this case 
(Gaertner et al., 2011; Medina et al., 2013).

Protein-conjugated dendrimers have been reported by Shah et al. and Breurken 
et al. The former report related to antibody-conjugated dendrimers, whereas the lat-
ter report focused on the collagen binding protein, (CNA35), conjugated to den-
drimers. In both cases, the dendrimers were used as a “knot” of proteins to produce 
protein clusters. Binding affinities were improved after dendrimer conjugation (Shah 
et al., 2014; Breurken et al., 2011).
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5.5  PEPTIDE-CONJUGATED DENDRIMERS 
FOR EFFICIENT CELL INTERNALIZATION

Numerous CPPs have been reported in DDS studies. Representative examples are 
listed in Table 5.3 and further CPP examples have been reviewed elsewhere (Zorko 
& Langel, 2005; Heitz et al., 2009; Koren & Torchilin, 2012). The TAT peptide 
is the sequence of 48–60 HIV TAT proteins, which is the most classical and the 
most common CPP (Brooks et al., 2005). The TAT peptide has been conjugated 
to multiple dendrimers to enhance the cell internalization of nanoparticles such as 
metal nanoparticles and to complex with DNA or siRNA (Zhou et al., 2016; Yang 
et al., 2009; Han et al., 2010b; Han et al., 2011c). However, these CPPs do not have 
sufficient targeting activity. Sun’s group reported the conjugation of both CTPs and 
CPPs to a single dendrimer, which could reach the target cells as well as internal-
ize the cells efficiently (Ma et al., 2017; Li, J. et al., 2016). Two types of dendrimers 
were prepared using TAT and RGD peptides or a RGDTAT peptide. TAT and RGD 
peptides were separately conjugated to the dendrimer termini (Ma et al., 2017). In 
the other case, the RGDTAT peptide was conjugated to the dendrimer (Li, J. et al., 
2016). Both dendrimers enhanced the RGD targeting effects. Notably, the TAT- and 
RGD-conjugated dendrimer penetrated deeply into the spheroid (Li, J. et al., 2016).

5.6  RECENT ADVANCES OF PEPTIDE-CONJUGATED 
DENDRIMERS IN DDS FOR CANCER TREATMENT

Kondo et al. discovered tumor-homing, cell-penetrating peptides using mRNA dis-
play technology, listed in Table 5.4 (Kondo et al., 2012). These peptides were selec-
tively bound to specific cancer cells and thereafter internalized into the targeted 
cells. For example, CPP44 bound to M160 receptors on the cell surface of hepatic 
tumor cells and acute myelogenous leukemia (AML) cells and were then internal-
ized. Recent advances in molecular biological studies have shown that certain pep-
tides regulate the key molecule in specific diseases. For example, it was reported 
that particular peptides recovered tumor suppressor proteins such as p16INK4a and 

TABLE 5.3
Typical Cell-Penetrating Peptides (CPPs)

CPP Sequence Origin

Tat YGRKKRPQRRR HIV 1 Tat

gp41 fusion seq. GALFLGWLGAAGSTMGA HIV 1 env. gp41

Penetratin RQIKIWFQNRRMKWKK PAntp (43-58)

Transportan GWTLNSAGYLLGKINKALAALAKKIL Synthetic peptide

MAP KLALKLALKALKAALKLA Model amphipathic peptide

SynB1 RGGRLSYSRRRFSTSTGR Synthetic peptide

Prion MANLGYWLLALFVTMWTDVGLCKKRPKP N-term (1-28) of prion protein

SV40 PKKKRKV SV40NLS

Oligoarginine R4-16 synthetic peptide
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p14ARF, deficient in cancer cells, and inhibited tumor growth (Kondo et al., 2004; 
Saito et al., 2013). Kondo et al. reported that the CPP44-linked p16INK4a peptide had 
selective antitumor effects against hepatic tumor cells and AML cells in vitro and in 
vivo (Kondo et al., 2012).

We developed multifunctional dendrimers with tumor-targeting activity, cell-
penetrating activity and antitumor activity, by using the tumor-homing CPP44 and 
the antitumor peptide, p16INK4a (Kojima et al., 2018). Two types of multifunctional 
dendrimers were designed (Figure 5.3). One dendrimer design was to separately 

TABLE 5.4
Tumor-Homing Cell-Penetrating Peptides

Name Sequence Target Cell* Origin (Histological Type)

CPP2 DSLKSYWYLQKFSWR Lovo Colon (adenocarcinoma)

CPP28 RLIMRIYAPTTRRYG U2OS Bone (osteosarcoma)

CPP30 RLYMRYYSPTTRRYG MCF-7 Breast (adenocarcinoma)

CPP33 RLWMRWYSPRTRAYG A549 Lung (adenocarcinoma)

CPP44 KRPTMRFRYTWNPMK HepG2
K562

Liver (hepatoblastoma)
Haematopoietic (myelogenous leukaemia)

Source: Kondo, E. et al., Nat. Commun., 3:951–63, 2012.
*Tested using HeLa [uterus (squamous cell carcinoma)], Lovo, A549, MCF-7, MKN45 [stomach (adeno-
carcinoma)], HepG2, LNCap [prostate (adenocarcinoma)], KPK [kidney (renal cell carcinoma)], U2OS, 
RC-15 [skeletal muscle (rhabdomyosarcoma)], RD-ES [undefined (Ewing’s sarcoma)], H28 [pleura 
(mesothelioma)], K562, U251 [brain (glioblastoma)], NHDF [non-neoplastic, normal human dermal 
fibroblast] cells.

(b)

(a)

CPP44

GFLG
(cathepsin B substrate)

p16INK4a

FIGURE 5.3 Parallel (a) and tandem (b) peptide-conjugated dendrimers with tumor-homing 
cell-penetrating activity and antitumor activity.
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conjugate CPP44 and p16INK4a peptides (parallel-linked dendrimer). The cathepsin B 
substrate—a Gly-Phe-Leu-Gly (GFLG) sequence—was inserted at the C-terminus 
of the antitumor p16INK4a peptide. Cathepsin B is a proteinase, generally activated 
in lysosomes and upregulated in cancer (Palermo & Joyce, 2008). Thus, the GFLG 
peptide has been widely used as a linker between drugs and polymers in DDSs for 
cancer therapy, enabling antitumor agents to be released from the carriers by cathep-
sin B (Palermo & Joyce, 2008; de la Rica et al., 2012). As the antitumor peptide was 
released from the carriers, the GFLG linker-containing peptide exhibited enhanced 
antitumor activity (Saito et al., 2016). The second dendrimer design was to conju-
gate to a CPP44-linked p16INK4a peptide, referred to as a tandem-linked dendrimer, 
in which two GFLG linkers were inserted at the connecting interface of CPP44 
and p16INK4a and the C-terminus. These tandem and parallel peptide-conjugated den-
drimers were selectively associated with AML cells and showed antitumor activ-
ity, and the antitumor effects were observed to be higher than the CPP44-linked 
p16INK4a peptide alone. Thus, these dendrimers showed tri-functionality, as expected. 
Interestingly, the cell association and the antitumor activity were different. The 
tandem peptide-conjugated dendrimer showed greater association with cells than 
the parallel peptide-conjugated dendrimer. It is possible that the conjugated anti-
tumor peptide interfered with the targeting functions of CPP44 because of steric 
hindrance. Conversely, the parallel peptide-conjugated dendrimer exhibited higher 
antitumor effects than the tandem peptide-conjugated dendrimer. These results may 
derive from p16INK4a peptide cleavage from the dendrimer. The p16INK4a peptide is 
released from the parallel peptide-conjugated dendrimer in a single digestion step. 
In contrast, to release the p16INK4a peptide from the tandem peptide-conjugated den-
drimer a two-step digestion is necessary. Thus, higher p16INK4a peptide release may 
be available from the parallel peptide-conjugated dendrimer to cells than the tandem 
peptide-conjugated dendrimer. These results suggest that the conjugation strategy is 
important for designing multifunctional dendrimers (Kojima et al., 2018).

5.7  PEPTIDE CONJUGATION TO DENDRIMERS

There are three important aspects of the peptide conjugation to dendrimer: conjuga-
tion strategy, the linker and binding number. Peptide conjugation methods are sum-
marized in Figure 5.4. As most dendrimers contain reactive groups such as amino 

R-COOH + R’-NH2 R-CONH-R’

R-COOH + R’-OH R-COO-R’
O

O O

R

O

R-N

R-N3

R’-O-NH2 R-CH=N-O-R’R-CHO

R-N S-R’+

+

+

R’-SH

R’-C C-H N

R’

N
N

FIGURE 5.4 Peptide conjugation chemistry used in dendrimer studies.
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groups, hydroxyl groups and/or carboxylic groups at the core and/or the termini, 
there are several strategies for peptide-dendrimer conjugation. Most peptides con-
jugate to the dendrimers via amide or ester bonding, where condensation between 
the amino/hydroxyl groups and the carboxylic groups undergoes. However, the 
condensation is not applicable in the presence of conjugating peptides having reac-
tive side groups. The second reaction pathway involves the Michael-addition reac-
tion between a thiol and maleimide. In this case, maleimide is necessary to link 
the dendrimer, and the conjugating peptides require cysteine functionality having 
a thiol group in the side chain. A click reaction between an alkyne and azide can 
also result in peptide conjugation to a dendrimer. The click reaction is fast and 
quantitative under mild conditions; however, a metal catalyst is necessary (Gauthier 
& Klok, 2008). Oxime ligation between an aminooxy group and a carbonyl group 
from a ketone/aldehyde is another method to conjugation a peptide to a dendrimer. 
Aminooxy groups were added to the dendrimer, and levulinic acid possessing car-
bonyl moieties was added to the conjugating peptide. Oxime ligation is useful for 
peptide conjugation because the reaction occurs selectively in the absence of metal 
catalysis (Gaertner et al., 2011; Lempens et al., 2011; Seo et al., 2014). The strategic 
design behind multifunctional dendrimers should follow either the conjugation of a 
single multifunctional peptide to a dendrimer, or conjugation of different peptides 
to a single dendrimer.

As multi-point binding can increase the binding affinity to the targeted molecule, 
conjugation of several peptides to a single dendrimer can increase the targeting 
ability. However, steric hindrance should also be considered in designing peptide-
conjugated dendrimers. Targeting peptides should be exposed on the dendrimer and 
be recognized by the targeted molecules. Inaccessible peptides or high-density pep-
tide packing do not function efficiently. To circumvent this issue, a linker can be 
inserted between the peptide and the dendrimer, or by controlling the peptide binding 
number to the dendrimer. Thus, optimizing the peptide-conjugated dendrimer struc-
ture is necessary to obtain efficient targeting activities.

5.8  OTHER PEPTIDE DENDRIMERS AS CANCER NANOMEDICINES

In this chapter, I have focused on peptide-conjugated dendrimers, which are a 
type of peptide dendrimer. Amino acid- and peptide-based dendrimers (Type Ia 
and Type Ib) are also categorized into peptide dendrimers (Crespo et al., 2005). A 
typical example of a Type Ia dendrimer is the polylysine dendrimer. As previously 
described, Tan et al. used polylysine dendrimers with a cubic silsesquioxane core 
for imaging of breast cancer cells (Tan et al., 2010; Tan et al., 2014). Additionally, 
Yang et al. reported the conjugation of the TAT peptide and nuclear localization 
signal (NLS) peptide to polylysine dendrimers for gene delivery (Yang et al., 2009). 
Shen et al. also reported an iron oxide nanoparticle coated with dendri-graft polyly-
sine, which was linked to RGD-linked GX-1 and encapsulated DOX for theranostic 
application (Shen et al., 2017). Type Ib peptide-based dendrimers have a peptide 
substrate as a building block and the dendrimer is degraded by an enzyme to induce 
drug release (Darbre & Reymond, 2006). This kind of system is also useful as can-
cer nanomedicine.
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5.9  CONCLUSIONS

This chapter focuses on peptide-modified dendrimer nanomedicines. CTPs, 
CPPs, tumor-homing cell-penetrating peptides, and antitumor peptides were 
conjugated to dendrimers. Multifunctional peptides can be produced by linking 
several peptides. Furthermore, dendrimers can play a role as a host of various 
peptide of the multivalency. Thus, peptide-based multifunctional nanoparticles 
are easily designed and prepared using dendrimers. Efficient targeting ability 
and multifunctional properties are observed when tuning the structure of peptide-
conjugated dendrimers.

5.10  FUTURE PERSPECTIVES

A goal of cancer nanomedicines is their use in clinical applications and the ulti-
mate goal is that research products are marketed. However, studies of multifunc-
tional dendrimers are still at preclinical stages. A reason for this is that toxicity 
is hampering the use of multifunctional dendrimers in clinical studies. Amino-
terminated dendrimers are toxic, whereas acetylated, carboxyl-terminated and 
PEGylated dendrimers show reduced toxicity (Malik et al., 2000; Kolhatkar et 
al., 2007). The most popular PAMAM dendrimers are not approved by the Food 
and Drug Administration (FDA). In contrast, polylysine dendrimers have been 
used in a clinical setting. Clinical studies of an antiviral polylysine dendrimer 
(VivaGel®, Starpharma (Australia)) started in 2004 and it is currently in Phase 
III (Kesharwani & Iyer, 2015). This dendrimer is at the forefront of potential 
clinical applications. The same company started clinical applications of polyly-
sine dendrimers for docetaxel (DTX) delivery into solid tumors, which is the first 
clinical application of dendrimers as cancer nanomedicines. Liposomes are classi-
cally studied as cancer nanomedicine and some liposomes are already marketed. 
Liposomes are categorized into four types. First-generation liposomes (conven-
tional liposomes) are constructed using only lipids. Second-generation liposomes 
are PEG-modified liposomes, which prolongs the drug’s circulation in the blood-
stream. Third-generation liposomes contain ligands or antibodies for targeting. 
Fourth-generation liposomes are multifunctional liposomes, which can target 
specific tissue, and control drug release and detect them. Some conventional and 
PEGylated liposomes are on the market as cancer nanomedicines, but others are 
not (Sercombe et al., 2015). This may be because the selection of targeted mol-
ecules is difficult. Cancer cells are heterogeneous in tumor tissues and their prop-
erties change rapidly. Thus, it is difficult to target all cancer cells even in the same 
tumor tissue and overcoming this drawback for clinical application of targeted 
nanomedicines is important.
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6.1  INTRODUCTION

Recently, focus in the field of oncology has shifted from cell autologous to hetero-
typic interactions between tumor cells and the surrounding tumor microenviron-
ment (TME) indicating that cancer is a disease of tissue rather than of cells. These 
interactions include crosstalk between malignant cells and various components 
of stroma including cancer-associated fibroblasts (CAF), endothelium, infiltrating 
immune cells, and acellular extracellular matrix (ECM) components. Because of 
the vital role of these interactions in cancer progression and metastasis, significant 
efforts have been devoted to design therapies to target these interactions in the TME. 
Nanomedicine-based approaches are particularly promising for targeting mediators 
of tumor-stroma interaction and the downstream effector molecules of this cross-
talk. Nanoparticles (NP) can be designed to specifically accumulate, modify, and 
deliver drugs and biomolecules to the TME thereby increasing the therapeutic effi-
cacy and limiting toxicity associated with systemic administration of chemothera-
peutic agents. In this chapter, we briefly highlight the general features of the TME 
that contribute to cancer development and progression, followed by in-depth dis-
cussion of the mechanistic basis on which nanoparticles have been formulated for 
TME-targeted delivery of therapeutic agents. Notably, we emphasize the advantages 
and limitations of each nanomedicine targeting approach. Next, we highlight critical 
molecules involved in tumor-stroma crosstalk that are amenable to nanomedicine-
based therapeutic approaches. Finally, we conclude with a perspective on the future 
development of TME-based nanomedicines.

6.2  THE TUMOR MICROENVIRONMENT

The term “TME” refers to the abnormal cellular and biochemical environment sur-
rounding malignant cells. This environment includes CAFs, endothelium, immune 
cells, and the milieu of cytokines, growth factors, and small molecules (Figure 6.1). 
Pathologically, many tumors including carcinomas of the pancreas, breast, stomach, 
and colon are frequently composed of as little as 5–10% neoplastic cells while the 
remainder of the tumor, frequently referred to as tumor stroma, is a complex mix-
ture of both cellular and acellular components. These stromal components establish 
a complex network of reciprocal interactions between cancer and non-neoplastic 
cells. Importantly, both the abnormal biochemical environment and the milieu of 
signaling molecules occur concomitantly in tumors and are suggested to act coop-
eratively in promoting cancer progression. However, for the purpose of clarity, we 
will address the biochemical environment of the TME and heterotypic interactions 
within the TME separately.

6.2.1  ceLLuLar compoNeNts of the tme

The cellular compartment of the tumor stroma is composed of a variety of cell types 
including CAFs, myofibroblasts, endothelial cells, pericytes, smooth muscle, and 
resident or infiltrating immune cells (including macrophages, myeloid-derived sup-
pressor cells, and T-cells). Interactions with neoplastic cells modulate the secretome 
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of stromal cells which, leads to the distinct milieu of cytokines, growth factors, and 
small signaling molecules that activate signaling pathways shown to contribute to the 
malignant phenotype of cancer cells. Similarly, the ECM, consisting of collagens, 
proteoglycans, and glycoproteins, is largely produced by stromal cells and has the 
capacity to enhance oncogenic signaling in neoplastic cells. The contribution of each 
of these cellular stromal components towards cancer progression is discussed in this 
section.

6.2.1.1  Cancer-Associated Fibroblasts
While the origin and characteristic features of fibroblasts remain an area of active 
research, it is becoming increasingly clear that CAFs influence the behavior of can-
cer cells, especially in tumors with extensive desmoplasia. Under normal conditions, 
fibroblasts remain quiescent; however, in the case of tissue injury or chronic inflam-
mation, fibroblasts are activated leading to their proliferation, production of ECM 
proteins and matrix degrading enzymes, and acquisition of a migratory phenotype 
(Kalluri et al. 2016). After resolution of inflammation and tissue repair, fibroblasts 
return to a quiescent state. However, during cancer progression, the chronic healing 
response is augmented by persistent tissue injury, secretion of transforming growth 
factor beta (TGF-β), platelet-derived growth factor (PDGF), and fibroblast growth 
factors (FGF) by cancer cells as well as dysregulation of p53 and Notch signal-
ing in CAFs, resulting in continuous fibroblast activation and proliferation (Figure 
6.1) (Kalluri et al. 2016). The function of CAFs in the TME is complex, as several 
autochthonous murine models of multiple malignancies have demonstrated conflict-
ing functions of CAFs with regard to tumor promotion or tumor restraint. This con-
tradiction suggests the existence of heterogeneity among CAFs. The expression of 
multiple markers with limited co-expression further supports the notion that CAFs 
entail both tumor promoting and restraining populations that differ depending on 
spatial relationships with other components of the TME and possibly stage of tumor 
progression (Kalluri et al. 2016).

Activated CAFs synthesize ECM proteins like collagen and fibronectin that consti-
tute the predominant acellular components in tumors. ECM deposition is a dynamic 
process due to the production of ECM-degrading enzymes, such as matrix metallo-
proteinases (MMPs) and A disintegrin and metalloproteinase domain (ADAM) con-
taining protein family members (Kalluri et al. 2016). The ECM proteins especially 
collagen cross-linking, orientation, and thickness increase the stiffness of the tumor 
that facilitates cancer cell proliferation, oncogenic signaling, invasion, EMT, and 
metastasis (Gilkes et al. 2014). Furthermore, collagen orientation has been shown to 
play a critical role in cancer cell migration, directionality, and immune cell recruit-
ment (Gilkes et al. 2014). However, extensive deposition and cross-linking of the 
ECM impedes tumor perfusion, limiting the delivery of oxygen and nutrients to the 
tumor, and at the same time, posing a unique challenge to the delivery of chemother-
apeutics (Gilkes et al. 2014). Another aspect of cancer biology that is significantly 
affected by CAFs is that of the immune response to the developing tumor. In general, 
CAFs are thought to promote an immunosuppressive microenvironment through the 
secretion of various cytokines including interleukins (IL)-4, -6, -8, -10; TGF-β, as 
well as CXC and CC chemokines (Kalluri et al. 2016). These cytokines suppress 
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the activity of effector T-cells, promote T-cell differentiation to immunosuppressive 
phenotypes, and augment the immunosuppressive activity of cells of the myeloid 
lineage.

6.2.1.2  Cells of the Tumor Vasculature
Blood and lymphatic vessels are also an important component of the TME. These 
vessels are themselves composed of several cell types including endothelial cells, 
pericytes, and vascular smooth muscle cells, as well as supporting ECM. While the 
contributions of pericytes, vascular smooth muscle, and vascular ECM to tumor pro-
gression remain unknown, the endothelium plays significant roles during tumor pro-
gression. The endothelium is a specialized epithelium that constitutes the innermost 
layer of blood and lymphatic vessels and plays important roles in vascular response 
to intrinsic and extrinsic stimuli. In the TME, cancer cells secrete vascular endothe-
lial growth factors (VEGFs), FGFs, and angiopoietins that recruit endothelial cells 
and their precursors and drive their proliferation (Figure 6.1) (Gomes et al. 2013). 
Interestingly, stimulation of endothelial cells by cancer cells further increases the 
production of VEGF as well as pro-inflammatory cytokines like IL-6 and CXCL8, 
which augment cancer cell proliferation in multiple malignancies. Similarly, cancer 
cells mediate lymphatic endothelial cell recruitment and proliferation through the 
secretion of VEGF-C, -D, and Cis. Stimulation of lymphatic endothelium results 
in increased secretion of CCL21, a CCR7 ligand, which acts as a chemoattractant 
for cancer cells expressing CCR7, suggesting a role of lymphatic endothelial cells 
in cancer cell chemotaxis, invasion, and metastasis (Gomes et al. 2013). In addition 
to its interaction with tumor cells, the endothelium also influences other cells in 
the tumor stroma. While an understanding of these interactions is developing, it is 
becoming clear that endothelial cells influence the recruitment of immune cells and 
fibroblasts to the tumor bed, thereby potentiating the role of these cell types in the 
TME.

6.2.1.3  Immune Cells
Oncogene-mediated chronic inflammation leads to recruitment and accumulation 
of immune cells in the tumor bed. Hematopoiesis gives rise to cells belonging to 
myeloid or lymphoid lineages. Cells of the myeloid lineage including macrophages, 
neutrophils, and myeloid-derived suppressor cells (MDSCs) are recruited to the TME 
by the CCL family of cytokines as well as by GM-CSF and M-CSF. Macrophages 
represent terminally differentiated monocytes and are classified as M1 or M2 polar-
ized based on the expression of cell surface markers. M1 macrophages, marked by 
surface expression of CD68 and 86, stimulate T-cell response thus driving specific 
anti-tumor immune response (Elliott et al. 2017). In contrast, M2 macrophages dem-
onstrate surface expression of CD68, 163, and 206 and are thought to express cyto-
kines that suppress T-cell recruitment and cytotoxic activity (Elliott et al. 2017). 
Similar to macrophages, tumor associated neutrophils (TANs) are classified as being 
of N1 (antitumor response) or N2 (immune suppressive) polarization. Interestingly, 
the presence of TGF-β in the TME seems to drive the polarization of neutrophils 
towards the immunosuppressive N2 type (Elliott et al. 2017). Despite these observa-
tions, there are relatively few studies addressing the causative nature of TGF-β in 
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neutrophil polarization in the TME and the overall functioning of neutrophils sub-
types in the TME. MDSCs are immature cells of myeloid lineage that fail to achieve 
terminal differentiation before infiltrating an inflamed tissue. MDSCs are classified 
as monocytic-like MDSC (M-MDSC) or polymorphonuclear-like MDSC (PMN-
MDSC) (Elliott et al. 2017). Similar to other immune cell classifications, MDSCs 
are classified based on immunophenotype. However, the ability to suppress T-cell 
function is a common feature of both subsets of MDSCs (Elliott et al. 2017).

Immune cells derived from the lymphoid lineage are also present within the 
TME. The lymphoid lineage can be divided into T-cells, NK cells, B-cells, and 
plasma cells. Of these, the role of T-cells in the TME has been investigated exten-
sively, so, for the purpose of brevity, we will focus our discussion on T-cells. Several 
functionally distinct populations of T-cell subsets exist in the TME including, CD8+ 
cytotoxic T-cells, CD4+ Th1 and Th2 helper T-cells, and CD4+ CD25+ FoxP3+ 
T-regulatory cells. Cytotoxic (CD8+) T-cells are class restricted to MHC I, are 
involved in immune surveillance, and eliminate cells based on the tumor-associated 
antigen or tumor neoantigens derived from the intracellular compartment (Figure 
6.1). Upon recognition of antigen presented on MHC I by T-cell receptor (TCR) 
and adequate co-stimulation through the interaction of CD28 with CD80/CD86 or 
binding of IL-2, a naïve CD8 T-cell is activated and undergoes clonal expansion 
(Anderson et al. 2017). Once activated, CD8+ T-cells bind an antigen on target cells 
and release perforin and granzyme that permeabilize the cytoplasmic membrane and 
activate caspase 8 thereby initiating the apoptotic cascade in the cancer cells display-
ing MHC I bound antigen (Anderson et al. 2017). However, several factors within the 
TME limit the activity of T-cells and allow cancer cells to evade the host immune 
system. For instance, multiple cells within the TME express PD-L1, which func-
tions as an immune checkpoint causing effector T-cell anergy or death and limiting 
the ability of T-cells to execute antitumor immune reactions (Anderson et al. 2017). 
Additionally, the metabolic environment of the TME limits the antitumor immune 
response of T-cells through depletion of glucose and arginine by cancer cells and the 
immune-suppressive populations (Anderson et al. 2017).

Regarding CD4+ T-helper cells, Th1 subtype functions to coordinate the antitu-
mor immune response of CD8+ T-cells. In contrast, Th2 cells are thought to promote 
humoral immune response over a CD8+ T-cell response; humoral immune response 
appears to be ineffectual in tumor immune surveillance (Accolla et al. 2014). Th17 
represents yet another subgroup of CD4+ T-cells. Their function with respect to 
tumor immunity appears to be complex and dependent upon the interaction of these 
cells with CD8+ T-cells and T-regulatory cells. The critical subset of CD4+ T-cells 
are the T-regulatory cells, which suppress effector T-cells, macrophages, dendritic 
cells, NK cells, and B-cells through a variety of mechanisms including scavenging 
IL-2 and expression of CTLA-4, an immune checkpoint molecule thereby suppress-
ing tumor immunity (Tanaka et al. 2017).

6.2.2  BiochemicaL miLieu iN the tumor

The biochemical environment within a tumor differs significantly from that found 
in healthy tissues. In general, tumors are hypoxic, acidic, and demonstrate elevated 
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levels of reactive oxygen species (ROS). The underlying causes of these biochemical 
changes are multifactorial and often differ between tumor types. However, much of 
the hypoxia and acidity of the TME can be attributed to poor tumor perfusion in com-
bination with the higher metabolic activity of neoplastic cells. Further, tumor hypoxia 
contributes to mitochondrial dysfunction resulting in a paradoxical increase in the 
elaboration of ROS. In certain cases, each of these biochemical features of the TME 
can contribute to the malignant behavior of neoplastic cells. This section reviews the 
evidence regarding the role of each of these TME features in cancer progression.

6.2.2.1  Tumor Hypoxia
Over the last 60 years, studies have established the critical role of hypoxia in the 
aggressiveness of solid tumors. Hypoxic conditions are evident by the necrotic 
centers of solid tumors and a strikingly lower respiratory quotient (Michiels et al. 
2016). The factors leading to tumor hypoxia are multifaceted including the rapid 
rate of cancer cell proliferation and poor tumor perfusion. Tumors compensate for 
this hypoxia by releasing VEGF and FGF family members. These growth factors 
stimulate the recruitment and proliferation of cells required for the development of 
new blood vessels including endothelial cells, pericytes, and vascular smooth mus-
cle, referred to as angiogenesis. Despite these compensatory mechanisms, signal-
ing events required for angiogenesis are not sufficient to fully correct the hypoxic 
state within the tumor (Michiels et al. 2016). Furthermore, the rapid development 
of blood vessels in the TME results in the outgrowth of immature vessels that 
are unable to function normally leading to vascular dysfunction and intratumoral 
hemorrhage both of which contribute to the hypoxic TME (Michiels et al. 2016). 
Additionally, the metabolic activities of cancer cells and stromal cells rapidly con-
sume the scant oxygen present in the TME (Michiels et al. 2016). Of note, the 
picture of tumor hypoxia is complicated by a growing body of evidence that sug-
gests that low oxygen tension in the TME is not constant but cycles in a complex 
spatiotemporal pattern as a function of both distance of cells from a vascular bed 
as well as the presence of intermittent vascular dysfunction (Michiels et al. 2016). 
This cycling hypoxia is suggested to amplify the effect of hypoxia on cancer cells 
and the TME (Michiels et al. 2016). Cumulatively, tumor hypoxia is contributed by 
lack of vasculature relative to the amount of tissue, the vascular dysfunction that 
results from the rapid formation of immature blood vessels, and the metabolic rate 
of cells dwelling in the TME.

Counterintuitively, tumor hypoxia augments rather than limiting the cancer pro-
gression. As previously discussed, hypoxia in the TME stimulates angiogenesis, a 
process that is critical for metastasis by providing cancer cells access to the blood 
vessels (Ellis et al. 2004). Furthermore, hypoxia has been shown to stimulate the 
production of cytokines and growth factors, including TGF-β, CXCL12 (SDF-1), and 
CXCL13, by multiple cell types within the TME (Michiels et al. 2016). These soluble 
factors potently induce an invasive phenotype in cancer cells further augmenting the 
metastatic potential of malignant cells under hypoxia. Finally, hypoxia plays a major 
role in the polarization of macrophages towards an M2 phenotype and recruitment of 
T-regulatory cells to the TME (Elliott et al. 2017). Both of these functions of hypoxia 
result in a functionally immunosuppressive TME.
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6.2.2.2  Tumor pH
The hypoxic TME leads to a lower extracellular pH compared to other tissues in 
the body. Briefly, the high metabolic rate, specifically glycolytic rate, of cancer cells 
coupled with rapid tumor growth causes tumors to outgrow their vascular supply 
leading to the production of organic acids such as lactic acid (Michiels et al. 2016). 
Further, poor perfusion in solid tumors limits the clearance of these acidic species 
resulting in acidification of the TME. In order to survive in this environment, cancer 
cells adopt several means by which they can effectively export these acids to the 
extracellular compartment. Cancer cells demonstrate increased carbonic anhydrase 
activity, which catalyzes the conversion of carbonic acid into bicarbonate (a base) 
and H+, compared to normal cells (Parks et al. 2011). The activity of carbonic anhy-
drases is coupled to the function of several transporters, including Na+/H+ exchang-
ers (NHE), H+- ATPases, (HNE), NA+ dependent CL-/HCO3- exchangers, and 
Na+/HCO3- cotransporters (Parks et al. 2011). In general, the cumulative activities 
of these transports augment the efflux of H+ and influx/retention of HCO3- in cancer 
cells. The result of these adaptive mechanisms is the exportation of acidic species 
to the extracellular space. In fact, through these mechanisms, cancer cells are able 
to maintain a more basic intracellular pH than other cells despite the highly acidic 
extracellular milieu.

The acidity of the TME is not merely a challenge with which cancer cells must 
contend in order to survive, but rather contributes to cancer aggression by exerting 
a selective pressure that leads to the evolution of subclones with a more invasive/
metastatic phenotype. For instance, NHE isoform-1 is a key component of tumor 
cell response to the acidic TME and is induced by the acidic conditions of the TME. 
However, NHE-1 also plays a role in the formation of focal adhesions (Parks et al. 
2011). This is significant, as the turnover of focal adhesions is thought to be requisite 
for tissue invasion and metastasis. Other pH-regulating molecules are reported to aid 
in the metastatic dissemination of cancer cells, but the involvement, and mechanism 
of these molecules remain a topic of debate.

6.2.2.3  Reactive Oxygen Species
ROS are defined as chemical species containing a highly reactive or thermodynami-
cally unstable atom of oxygen. The generation of ROS by cancer cells is closely 
related to high metabolic/glycolytic activity of cancer cells in combination with a 
hypoxic TME that increases mitochondrial dysfunction and thus the generation of 
ROS (Costa et al. 2014). This mechanism of ROS generation predominately con-
tributes intracellular ROS; however, due to their reactive nature, ROS molecules are 
interconvertible between chemical species through enzymatic action or spontaneous 
dismutation. Further, infiltrating immune cells of the myeloid lineage express high 
levels of NADPH oxidase, an enzyme that specifically generates superoxide. Studies 
show that the activity of NADPH oxidase in myeloid cells contributes significantly 
to extracellular ROS in tumors. In the context of the TME, H2O2 plays a particularly 
important role in the generation of an oxidative environment as H2O2 is a highly 
reactive species that diffuses readily through the TME (Costa et al. 2014). The sec-
ond determining factor of ROS concentration within a tissue is the amount and activ-
ity of antioxidants. Enzymatic antioxidants including the superoxide dismutases, 
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peroxidases, glutathione peroxidase, catalase, and reductase catalyze the reactions 
of ROS with other molecules that finally result in degradation of hydrogen peroxide 
to water and molecular oxygen (Costa et al. 2014). Whereas, non-enzymatic anti-
oxidants including vitamin A, C, and E function to scavenge macromolecular ROS 
adducts thereby limiting the damage caused by ROS and terminating free radical 
chain reactions (Costa et al. 2014).

In the context of cancer, elevated levels of ROS play a variety of important roles 
that contribute to the aggressive behavior of cancer cells. Within cancer cells, ROS 
promotes signaling through receptor tyrosine kinases leading to augmented prolif-
erative, migratory, and survival signaling (Costa et al. 2014). These signaling events 
may work in conjunction with ROS mediated activation of NF-kB that results in 
epithelial to mesenchymal transition (EMT) causing epithelium-derived cancer cells 
to adopt a migratory/metastatic phenotype. Further, ROS increases the stemness of 
cancer stem cells thereby theoretically affecting both metastatic potential and che-
motherapy resistance (Costa et al. 2014). In addition to its direct effects on cancer 
cells, ROS also affects the tumor stroma. For instance, elevated levels of ROS recruit 
and activate CAFs leading to the production of MMPs that degrade ECM and facili-
tate cancer cell invasion (Costa et al. 2014).

In conclusion, the TME represents a unique biochemical environment consist-
ing of hypoxia, low pH, and increased levels of ROS. Each of these biochemical 
features of the TME contributes significantly to cancer progression, but at the same 
time presents an opportunity for targeting nanomedicines to the TME allowing for 
site-specific delivery of a therapeutic payload. Thus, the TME can be leveraged for 
the development of nanomedicines that would maximize therapeutic benefit and 
decrease dose-related toxicities associated with the administration of high dose cyto-
toxic therapies.

6.3  NANOPARTICLE APPROACHES 
TO TME-SPECIFIC DRUG DELIVERY

Early in the development of nanomedicines, researchers noticed that NPs, because of 
their physicochemical properties, preferentially accumulate in the TME. This effect, 
termed Enhanced Permeation and Retention (EPR), formed the basis of NP-based 
drug formulations for the treatment of cancer. Despite a natural propensity to accu-
mulate in tumors, it was quickly understood that the intrinsic EPR properties of 
nanoparticles (NPs) were not sufficient to substantially improve therapeutic efficacy 
while minimizing the therapy-related adverse events. Perhaps even before the role 
of the TME in cancer progression was discovered, studies had highlighted that the 
features of the TME provided an opportunity for the development of TME specific 
nanomedicine delivery systems. The acidity of the TME was the first characteristic 
to be leveraged for the purpose of nanomedicine delivery, but soon, systems were 
designed to utilize the redox state of the TME, the elevated activity of proteases/
peptidases in the TME, the presence of specific target molecules, and immune cell 
infiltration in the TME. This section describes the systems that have been or are 
being developed, which utilize features of the TME to enhance the accumulation of 
nanomedicines in the tumor (Table 6.1 and Figure 6.2).
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6.3.1  ph Base targetiNg of NaNomediciNes to the tme

As described earlier, the TME is acidic in comparison to the majority of non-pathologic 
tissue in the body. In principle, the NPs designed to take advantage of the acidic TME 
work through their rapid dissociation or change in surface charge upon exposure to 
an acidic environment thereby allowing drug release or endocytosis of NPs by cells 
in the TME, respectively. Given that majority of the solid tumors have an acidic envi-
ronment; this approach to develop tumor-specific nanomedicine delivery systems is 
appealing due to its broad applicability.

One of the first NP-based delivery systems to capitalize on the acidic TME 
was formulated from the biodegradable, cationic polymer poly-(beta-amino ester) 
(PbAE) modified by the physical adsorption of poly (ethylene oxide) (PEO) onto 
the surface of the NP (Shenoy et al. 2005). PbAE was selected for this drug deliv-
ery system due to its increased solubility at lower pH and low toxicity compared to 

TABLE 6.1
A Summary of the Features of the TME Used for Targeted Delivery 
of Nanomedicines to the TME

TME Feature Functionalization Mechanisms

Acidic pH Charge switching surface 
conjugates

pH-mediated shift from anionic to cationic surface 
charge allow endocytosis

pH sensitive internalizing 
peptide

pH-mediated peptide insertion into cell membrane, and 
conformational change causing cellular NP 
internalization

Oxidative 
Stress

Variable Reducing intracellular environment mediates release of 
NP and delivery of the drug intracellularly

Proteinase Variable Proteinase-based cleavage of NP core mediates drug 
release

Proteinase substrate and 
drug containing surface 
conjugate

Proteinase based cleavage of surface conjugates liberates 
drug from surface of NP

Proteinase based cleavage of surface conjugates unmasks 
positive surface charge leading to endocytosis of the NP

Molecular 
Interaction

Receptor ligand Surface functionalization binds to a specific molecular 
target in TME mediating sequestration in the TME or 
mediating cellular endocytosis

Binding Partner

Inhibitor

Monoclonal antibody

Cellular Variable NPs targeted for uptake by a specific cell type within or 
near the tumor; cell traffics NP into the tumor as NP 
loaded cell is recruited to the TME

Note: Here functionalization refers to the molecules added to the nanoparticle core that allow for targeted 
NP delivery on the basis of a given TME feature; “Variable” in this column indicates that surface 
functionalization is not an intrinsic feature of the targeting mechanism. The “Mechanisms” col-
umn contains a description of how the NPs interact with the TME allowing for TME-targeted 
delivery.
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other cationic polymers, which make it suitable for systemic administration. The 
surface adsorption of PEO onto a PbAE NP increased the circulating time of NPs 
and augmented passive accumulation of the NP in the tumor. PbAE is insoluble 
at physiologic pH allowing for the formation of NPs, however, as pH falls to 6.5, 
PbAE rapidly becomes soluble in aqueous solution, and the NP releases the thera-
peutic payload (Shenoy et al. 2005). In this study, NPs were used to encapsulate 
paclitaxel, an effective, yet toxic chemotherapeutic agent. Importantly, the admin-
istration of taxol drugs is complicated by the fact that taxanes are poorly soluble 
in water necessitating cremophore-based administration that considerably increases 
the toxicity of taxanes. Thus, the purpose of these PbAE-based NPs is two-fold, first, 
circumvention of cremophore-based administration of taxanes and second, targeting 
of therapeutic payload to the TME. Functionally, these NPs increased the delivery of 
paclitaxel to breast cancer and T-cell leukemia cells grown in culture and increased 
the cytotoxicity compared to pH-insensitive NP and traditional administration of 
paclitaxel (Shenoy et al. 2005; Lundberg et al. 2011). In spite of these benefits, the 
practicality of the use of this method clinically or even in preclinical models remains 
questionable. For instance, in the TME, pH below 6.8 has not been documented thus 
the release of drug from these NPs is likely not to occur specifically within the TME 
but rather within the endocytic vesicle. Therefore, any cell that endocytoses these 
NPs would release paclitaxel due to low pH of the endocytic vesicle. Thus, the ability 
of these NPs to release chemotherapeutic agent specifically and rapidly in the TME 
may be limited.

To circumvent these issues, one study used a pullulan-based, charge reversible 
(CAPL) shell on the modified PbAE core (Zhang et al. 2016). At physiologic pH, 
the CAPL shell carries a negative charge, which limits the endocytosis of this NP. 
However, when exposed to an acidic environment (pH 6.2–6.9), the charge of the 
CAPL shell becomes positive allowing endocytosis of the NP. In this way, endocy-
tosis of the NPs is restricted to the cells residing in an acidic environment such as 
the TME. Upon endocytosis, the PbAE core is dissolved, and the drug is released. In 
nude mice bearing tumors derived from HepG2, a hepatocellular carcinoma (HCC) 
cell line, the use of CAPL shell PbAE NP decreased the tumor volume due to tumor-
targeted cytotoxicity (Zhang et al. 2016). More importantly, there was a significant 
decrease in the accumulation of NP payload, paclitaxel, and CA4, in the liver and 
spleen compared to standard PbAE NP or administration of free paclitaxel and CA4 
(Zhang et al. 2016).

Iron oxide is another material that can be used to develop pH-sensitive NPs for the 
purpose of both drug delivery systems and imaging contrast that exploit the acidic 
pH of the TME. The principle underlying iron oxide-based NP accumulation in the 
TME is similar to that of CAPL NPs in that a pH-sensitive polymer is conjugated to 
the surface of the iron oxide NP (Crayton et al. 2011). At physiologic pH, these sur-
face polymers bear negative charges and remain in circulation for a longer duration 
while avoiding retention in the normal tissues. In the acidic pH of the TME how-
ever, the pH-sensitive polymer switches charges and NPs are internalized. One study 
used these NPs to develop a pH-sensitive contrast for magnetic resonance imaging 
(MRI). As a contrast agent, the super paramagnetic iron oxide (SPIO) accelerates 
the dephasing/relaxation of bulk water in the proximity of the NP thereby enhancing 
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the signal from areas that have higher concentrations of the NP (Crayton et al. 2011). 
To this SPIO NP, glycol-chitosan (a glycosamine polymer) was added to the surface 
of the NP, which confers the NPs with the ability to switch surface charge in an 
acidic environment. These NPs significantly enhanced the signal from subcutane-
ously implanted tumors in nude mice compared to NPs of the same size with a nega-
tive or neutral surface charge at both physiologic and acidic pH (Crayton et al. 2011). 
Similar formulations were used in another study for both imaging and drug delivery 
using extremely small iron oxide NPs modified by the addition of pH-sensitive deriv-
atives of poly (ethylene-glycol) poly (beta-benzyl-L-aspartate) (Ling et al. 2014). 
Once the surface charge of the NP becomes positive at low pH, cells endocytose the 
particles with greater efficiency and the additional drop in pH in endocytic vesicles 
completely dissociates the NPs. As an imaging contrast agent, these NPs enhanced 
T1- and T2-weighted MR images of the tumor (Ling et al. 2014). Additionally, when 
exposed to light, the iron core of the NP generates singlet oxygen which, is toxic to 
cells. At physiologic pH, these NPs are capable of self-quenching the light-mediated 
singlet oxygen due to Förster resonance energy transfer (FRET) between the compo-
nents of the compact NP. However, upon swelling and dissociation in the endosome, 
the FRET is lost, and cytotoxic singlet oxygen remains unquenched. These NPs, as 
pH-sensitive photosensitizers, showed enhanced tumor accumulation and tumor cell 
killing as compared to administration of free Ce6 dye and Ce6 dye in pH-insensitive 
NPs in mice bearing xenograft tumors (Ling et al. 2014). Interestingly, these NPs 
swell (~70 nm at pH 7.4 to >100 nm at pH<6.5) upon exposure to low pH; this feature 
may enhance the EPR properties of the NP but may also limit the diffusion of the 
NP through the TME.

Smaller NPs (<60 nm) are expected to penetrate the TME with greater efficiency; 
however, smaller NPs tend to have decreased circulating times and less EPR effect 
than larger NPs (~70–100 nm) (Jain et al. 2010). A nanoparticle that decreases size 
upon exposure to acidic conditions could theoretically circumvent the limitations 
of both small and large NPs. This concept led to the development of a pH-sensitive 
NP of poly (aminoamide) dendrimers conjugated to both a platinum drug deriva-
tive and the pH-sensitive poly (2-azepane-ethyl-methylacrylate) (PAEMA) (Li et al. 
2016b). At neutral pH, PAEMA is hydrophobic and insoluble resulting in the forma-
tion of large (80–100 nm) NPs around the centrally located PAMAM drug conjugate. 
However, at acidic pH (~6.5), PAEMA is protonated making it hydrophilic and trig-
gering disintegration of the large NPs to around ~10 nm size with the PAEMA on 
the outside and an individual PAMAM drug conjugate on the inside of the NP. At 
low pH, these pH-sensitive NPs demonstrated increased diffusion of NPs and a more 
uniform distribution of therapeutic payload through tumor spheroids compared to 
the pH insensitive NPs. Under in vitro conditions, the pH-sensitive size switching of 
NPs resulted in better tumor accumulation and distribution of drug through tumor 
spheroids compared to pH-insensitive controls. In vivo, this delivery system inhibited 
tumor growth to a greater extent than control NPs (Li et al. 2016b).

Zwitterionic mesoporous silica (Z-MSN) is yet another biomaterial that can be 
functionalized in a pH-sensitive manner for the delivery of drug to an acidic envi-
ronment. These NPs work in much the same way as those discussed previously. 
Upon entering an acidic environment, the surface of these NPs becomes positively 
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charged allowing better tumor retention and endocytosis of the NPs. In addition, a 
pH-sensitive gatekeeper is added to these NPs that prevents drug diffusion out of the 
Z-MSN at physiologic pH (Khatoon et al. 2016). Maximal drug release was reported 
at a pH of 5.0 indicating that drug release occurs in the endosome. Z-MSN has been 
used to deliver doxorubicin (DOX) to the TME, and in vitro cell killing by the DOX 
loaded NPs was entirely pH-dependent (Khatoon et al. 2016). The in vivo studies 
demonstrated that the pH-sensitive zwitterionic NP formulation showed higher inhi-
bition of tumor growth compared to the pH-insensitive formulation, indicating the 
feasibility of such an approach in clinic (Khatoon et al. 2016). Another study used 
MSN NPs for pH-sensitive drug delivery system, but rather than using a charge-
swapping mechanism, they used a peptide (pH low insertion peptide, pHLIPss) to 
target the NP to the TME (Zhao et al. 2013). The peptides, upon exposure to low pH, 
are inserted into lipid bilayers and undergo a conformational change that transports 
the NP, which is conjugated to the peptide near the C-terminus, into the cell. This 
bypasses the requirement of endocytic pathways for the delivery of the drug to the 
cells present in the TME. Once inside the cell, intracellular glutathione is believed to 
reduce the disulfide bonds linking pHLIPss to the NP allowing diffusion of the drug 
from the MSN (Zhao et al. 2013). In vitro studies demonstrated efficient uptake of 
these NPs by breast cancer cells grown in cell culture conditions (Zhao et al. 2013).

Overall, the underlying principle of pH-sensitive NPs is that changes of surface 
charges from neutral or negative to positive modulate the way NP interacts with the 
cells in the acidic environment as compared to physiologic pH. To this basic concept 
of a pH-sensitive NP, additional features are added to improve the spatiotemporal 
activity of NPs including multilayered pH sensitivity, changes in size to allow better 
tumor penetration, and light sensitivity for diagnostic as well as therapeutic utility. 
In contrast to most pH-sensitive NPs, mechanisms that do not rely specifically on 
the change of surface charge for targeted delivery of drug to the acidic TME are 
being developed. These methods are of particular interest, as they do not require 
endocytosis by cells for further activation and therapeutic effect. This could poten-
tially reduce the opportunity for malignant cells to develop resistance to these NPs. 
Finally, while many of these methodologies have been tested in animal models, it 
is difficult to determine how well will these function in the setting of the much 
more complex human diseases. It is likely that the complexity of human tumors will 
necessitate further modification of existing methods to improve the clinical utility of 
pH-targeted nanomedicines.

6.3.2  redoX-Based targetiNg of NaNomediciNes to the tme

In addition to low pH, the TME also contains higher concentrations of reactive oxy-
gen species (ROS). While ROS contribute to the progression of malignancy, they 
represent another feature of the TME that nanomedicine formulations can exploit 
for tumor-specific delivery of drugs. These NPs are formulated using lipid-modified, 
disulfide-linked cysteine that alters the physicochemical properties of the NP includ-
ing the size and redox responsiveness. The disulfide linkages are the redox-sensitive 
elements of the NPs and upon endocytosis by cells within the TME, intracellular 
glutathione rapidly reduces the disulfide linkages allowing disintegration of NPs and 
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drug release (Wu et al. 2015). While these particles improved cell killing in reducing 
conditions in vitro, these studies are difficult to generalize to in vivo function (Wu 
et al. 2015). Additionally, there is no real mechanism for targeting these particles spe-
cifically to the TME. Thus, the oxidative environment of the TME remains largely 
unexploited in terms of directing the accumulation and activation of nanomedicines.

6.3.3  proteiNase/peptidase-Based targetiNg 
of NaNomediciNes to the tme

Within the TME, different cell types including cancer cells, fibroblasts, and immune 
cells contribute enzymes that cleave a variety of extracellular proteins and maintain 
ECM homeostasis. It is suggested that the activity of these enzymes may be criti-
cal for the progression of cancer especially carcinomas of the breast and pancreas, 
which demonstrate rich desmoplasia and higher rates of ECM turnover. This pro-
teolytic milieu of TME can be utilized to cleave a substrate from the surface of NPs 
thereby rendering them active. This mechanism, in general, allows for targeting NPs 
to the TME and can decrease the diameter of the NPs, which aids in the diffusion of 
the NP through the tumor.

The earliest studies to utilize the activity of matrix-degrading enzymes within the 
TME for the purpose of targeting a nanomedicine to the TME used gelatin as the 
core of the NP with a surface modified by the addition of quantum dots (a model of 
a 10 nm drug nanocarrier) (Wong et al. 2011). The underlying principle of this for-
mulation is the presence of high concentrations of gelatinases/collagenases matrix 
metalloproteinase (MMP) 2 and 9 in the TME rapidly degrade the NPs to release 
the smaller quantum dots. Further, the perivascular areas near the invasive front 
of the tumor are particularly enriched in MMPs thus, upon extravasation, the NP 
would be rapidly degraded by MMPs releasing the payload for diffusion through 
the tumor. This study showed that, within 12 hours, the vast majority of the NPs are 
degraded both under in vitro and in vivo conditions (Wong et al. 2011). However, 
the methodologies used prevent the assessment of the overall accumulation of these 
NPs in the tumor following systemic administration and a practical analysis of their 
functionality.

Another study formulated a gelatin-based NP for the delivery of doxorubicin 
(DOX) in complex with DNA to the TME. Here a cationic gelatin NP encapsulated 
the DOX-DNA complex and was coated with human serum albumin through elec-
trostatic interactions (Zhu et al. 2014). Upon entering the TME, albumin dissoci-
ates from the NP leaving the gelatin exposed to the MMPs within the TME. The 
subsequent degradation of the NP by MMPs liberates the drug. Importantly, the 
study demonstrated that NP formulation of DOX had significantly higher circulat-
ing time, increased tumor concentrations of DOX, and decreased accumulation in 
non-targeted organs including the heart (a major site of doxorubicin toxicity) (Zhu 
et al. 2014). This bio-distribution of DOX correlated to a decrease in tumor size and 
reduced DOX-related toxicity in mice (Zhu et al. 2014). However, this study was 
poorly controlled as all comparisons were made between the formulated NP and free 
DOX instead of a more appropriate set of controls including an MMP-insensitive NP 
with similar physicochemical properties.
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Functionalized gold NPs rather than gelatin have also been used to design 
proteinase-sensitive NPs. In this formulation, DOX was conjugated to an MMP cleav-
able peptide, which was subsequently added to the surface of the gold NPs through 
a thiol linkage (Chen et al. 2013). As with many nanomedicines, the surface of these 
gold NPs was also modified by the addition of poly (ethylene-glycol) to maximize 
circulating times. The release of the drug from these NPs for therapeutic efficacy is 
dependent on the activity of MMP-mediated cleavage of the peptide linker or the 
reduction of the thiol linkage between the gold NP and the peptide linker (Chen et al. 
2013). When cancer cells were treated with these NPs in vitro, DOX was efficiently 
released from the surface of the NP, and there was a decrease in the cell viability in a 
dose-dependent manner. The in vivo administration of the gold NP showed that DOX 
release was dependent on the function of MMP and was inhibited by concomitant 
administration of matrix metalloproteinase-2 inhibitor (TIMP-2) (Chen et al. 2013). 
These NPs, when used for the treatment of subcutaneous tumors, failed to improve 
the therapeutic efficacy over free DOX, but significantly decreased toxicity as indi-
cated by decreased weight loss in mice receiving NP-DOX compared to free DOX 
(Chen et al. 2013).

While this targeting mechanism appears to be specific for a TME enriched in the 
proteinases/peptidases, other tissues, especially granulation tissues, express signifi-
cant amounts of MMPs. Thus, healing tissue could also be targeted by these NPs. 
Conversely, not all tumors express high levels of the requisite enzymes. Thus, these 
nanomedicines may be ineffective for those patients with low MMP expression. 
Further, these approaches are dependent on enzyme activity rather than enzyme 
expression, and tumors frequently express or overexpress endogenous inhibitors of 
MMPs such as the TIMP family of proteins. Because of this fact, administration 
of these nanomedicines may require an assessment of MMP activity in the tumor, 
which would be difficult in a clinical setting. Overall, these studies show a great 
deal of promise for increasing the specific delivery of cytotoxic drugs to the TME. 
However, further characterization is required to determine the clinical feasibility of 
these approaches.

6.3.4  moLecuLar iNteractioN-Based targetiNg 
of NaNomediciNes to the tme

Thus far, we have discussed the features of the extracellular milieu of the TME that 
can be utilized for the formulation of nanomedicines. In this section, we will discuss 
specific molecular interactions in the TME that similarly aid in the accumulation of 
nanomedicine in the TME. It is important to note that unlike enzyme-based target-
ing mechanisms, the expression of the molecules being targeted is the critical factor, 
which can be assessed easily using standard pathological practices.

Among the first molecules to be used successfully for targeting NPs to the 
TME was secreted protein acidic and rich in cysteine (SPARC). Nano-albumin 
bound paclitaxel (Nab-paclitaxel) NPs were originally formulated to circumvent 
cremophore-based taxane administration (Hawkins et al. 2008). However, upon char-
acterizing the nanomedicine, this formulation was found to interact specifically 
with SPARC, which is expressed in the TME of breast tumors (Desai et al. 2008). 
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This  nanomedicine outperformed other NP formulations of taxanes in subsets of 
breast cancer patients expressing significantly higher levels of SPARC (Von Hoff et 
al. 2011). However, subsequent studies in pancreatic cancer demonstrated a poor cor-
relation of Nab-paclitaxel response with SPARC expression. Nab-paclitaxel is now 
FDA approved for the first line treatment of metastatic pancreatic cancer and non-
small cell lung cancer, as well as second line therapy for metastatic breast cancer 
following failure of anthracycline-based combination therapy.

In contrast to the previous studies where targeting of NPs to TME was achieved 
through specific interactions of binding proteins; inhibitors can also be used for 
molecular interaction-based targeting. One study used lipid-based NPs with their 
surface decorated with legumain inhibitor. Legumain is an endopepitdase expressed 
on breast cancer cells under hypoxic conditions and tumor-associated macrophages 
(Liao et al. 2011). Tumor bearing mice treated with legumain targeted NPs had a 
modest reduction in tumor burden compared to mice that received the same drug 
in an un-targeted NP formulation. While this study was largely unsuccessful in its 
approach to target delivery of NP to the TME, it suggested that synthetic ligands or 
substrates can be potentially used for creating TME-targeted NPs.

Along similar lines, nucleolin is another protein that is markedly overexpressed in 
multiple cancer types including breast cancer, gliomas, as well as tumor-associated 
blood vessels. As the name suggests, this protein is localized to the nucleus, but it 
functions to transport cargo from the cell surface to the nucleus making it accessible 
from the extracellular space. Because of its cell surface localization, and expression 
in cancer cells and tumor-associated vasculature, nucleolin is a candidate for the 
targeting of NPs to the TME. One study used the F3 peptide, a specific ligand of 
nucleolin for the delivery of GFP (green fluorescent protein) siRNA. The incubation 
of NPs with breast cancer cells grown in culture significantly down-regulated the 
expression of GFP compared to untargeted liposomes (Gomes-da-Silva et al. 2012). 
Later, the F3 peptide was used to target PEG-PLA NPs loaded with paclitaxel to 
intracranial glioma tumors in mice, which significantly improved the survival of 
mice that received the nanoformulation (Hu et al. 2013). Galectin-1 is yet another cell 
surface protein that can be used to target NP to the tumor. Importantly, expression 
of Galectin-1 on endothelial cells increased upon exposure to radiation, which was 
exploited for the administration of Anginex®-NPs decorated with platinum or arse-
nic in mice bearing orthotopic breast tumors. Anginex® is an anti-angiogenic peptide 
and a specific ligand of Galectin-1 (Sethi et al. 2015). These tumors were irradi-
ated and treated with NP formulations of arsenic or cisplatin. Mice that received 
radiation showed a marked increase in intratumoral accumulation of Anginex® NPs. 
This study demonstrates the potential use of NPs to target or capitalize on adaptive 
changes in response to radiation or other therapeutic modalities. However, the fact 
that radiation-induced changes were necessary to induce Galectin-1 mediated target-
ing indicates that these NPs would be ineffective at targeting systemic disease.

Receptor-ligand interaction can also be used to target NP formulations to the 
TME. Insulin-like growth factor (IGF-1) and its receptor IGF-1R constitute an impor-
tant signaling axis in multiple cancers. As a peptide growth factor receptor, IGF-1R 
is localized at the cell surface and is exposed to the extracellular milieu. A nano-
formulation composed of DOX loaded into an iron oxide NP core with recombinant 
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IGF-1 conjugated to the surface was administered to mice bearing patient-derived 
pancreatic cancer xenografts. The IGF-1 conjugated NP demonstrated tumor-specific 
accumulation and conferred enhanced MRI contrast in xenograft tumors (Zhou 
et al. 2015). While this formulation did not reduce the side effects associated with 
DOX administration in terms of weight loss, it did reduce the overall tumor bur-
den in these mice as compared to the albumin conjugated NP (Zhou et al. 2015). 
Although, this drug delivery system was shown to be more effective, one concern 
regarding this approach is the use of a natural ligand, which has the potential to acti-
vate oncogenic signaling pathways. Therefore, a more appealing approach would be 
targeting NPs to IGF receptor using an inhibitor or selecting a ligand that does not 
activate pro-tumorigenic pathways in cancer cells.

The clinical use of monoclonal antibodies has allowed yet another means by 
which nanomedicines can be targeted to specific molecules expressed in the TME. 
Epidermal growth factor receptor (EGFR) family members have been identified as 
key signaling receptors in numerous cancers and contribute to the malignant pheno-
type of cancer cells through a multitude of mechanisms. Underscoring the impor-
tance of EGF receptors in human malignancy, a plethora of therapeutics have been 
designed to inhibit the function of EGFR in cancer cells. Because of its high surface 
expression on many cancers, EGFR represents an excellent molecule for targeting 
nanomedicines to the TME. However, use of epidermal growth factor as the target-
ing moiety would be concerning due to its potential to activate EGFR signaling 
pathways that would undermine treatment efficacy. To circumvent this issue, several 
studies have used antibodies or antibody fragments to target chemotherapeutic car-
rying nanoformulations to the TME. One study used cetuximab (an FDA approved 
anti-EGFR inhibitory antibody) to target gemcitabine containing gold NPs to EGFR 
expressing pancreatic cancer cells. NP uptake correlated positively with EGFR 
expression in pancreatic cancer cell lines. Further, in vivo studies showed a signifi-
cantly higher antitumor response from cetuximab-targeted NPs compared to isotype 
control antibody NPs. This response correlated with the amount of gold accumulated 
in the tumor, suggesting the increased effectiveness of the targeted NP compared to 
the combined effect of cetuximab and gemcitabine (Patra et al. 2008).

Another study took a similar approach for the treatment of HER2-positive breast 
cancer. HER2 is an orphan receptor (i.e., no known natural ligand) in the EGFR 
family. Trastuzumab, an FDA-approved anti-HER2 antibody, was conjugated to 
streptavidin, which was subsequently reacted with a biotinylated polymeric NP with 
endosomal disrupting properties. As a therapeutic mechanism, the NPs were loaded 
with siRNA against GAPDH, BCL-XL, and STAT3. Characterization of the anti-
HER2 antibody conjugated NPs demonstrated increased cellular uptake compared 
to NPs conjugated to an antibody against bovine Herpes 1 virus (Palanca-Wessels 
et al. 2016). Additionally, treatment of cells with the anti-HER2 antibody conjugated 
NPs downregulated target genes in cell lines compared to control NPs (Palanca-
Wessels et al. 2016). Further studies using these NPs in animal models are required 
to establish their potential clinical utility. Nonetheless this appears to be a particu-
larly promising approach for the delivery of siRNA to the cancer cells.

It is important to point out that the targeting of nanomedicine to TME via spe-
cific molecular interactions has advantages and disadvantages in comparison to 



179Targeting the Tumor Microenvironment

other methods. For instance, specific molecular interactions are diverse thereby 
providing flexibility when devising targeting strategies. These strategies can 
include the use of natural ligands of receptors, binding partners, inhibitors, and 
monoclonal antibodies. However, there are very few proteins that are expressed 
exclusively in the tumor tissue. Thus, extra-tumoral expression of the target mol-
ecules may contribute to decreased specificity of these delivery systems. At the 
same time, not all tumors express a given target molecule; therefore, these NPs 
cannot categorically be used to target a wide range of tumor types and may require 
gene expression analysis before their administration to ensure adequate expression 
of the target molecule.

6.3.5  ceLL-Based targetiNg of NaNomediciNes to the tme

During tumor progression, multiple cell types and their precursors are recruited to 
the tumor bed. This provides an opportunity for targeting of delivery of nanomedi-
cines to the TME through these cells. The general scheme for the delivery of nano-
medicines includes targeting and uptake of NPs by the cell type of interest followed 
by the recruitment of nanomedicine-laden cells to the TME where the nanomedicine 
is ultimately delivered. Among the various cell types that are targeted to the TME, 
macrophages have been studied extensively. One study used macrophage-based tar-
geting of NPs to liver metastases in breast cancer. Characteristically, liver metastasis 
derived from breast cancer respond poorly to the systemic therapy, in part due to 
poor vascularization that limits delivery of standard NPs or free drug-based thera-
peutics. To circumvent this, Tenai et al. developed a drug delivery NP that was taken 
up by resident or tumor associated macrophages in liver tissue, which further deliver 
the drug to cancer cells. Here, mesoporous silica NPs (MSNs), which appear to have 
an intrinsic affinity for macrophages were loaded with Nab-paclitaxel. Macrophages 
efficiently uptake the MSNs, and release the Nab-paclitaxel at an acidic pH (4.5) 
inside the macrophage endocytic compartment (Tanei et al. 2016). Under in vivo con-
ditions, these NPs demonstrated increased therapeutic efficacy and reduced tumor 
burden compared to “free” Nab-paclitaxel (Tanei et al. 2016). To determine the pre-
cise role of macrophages in the trafficking of NP-bound drug, another study created 
a three-dimensional in vitro model and confirmed that macrophages actively traf-
ficked Nab-paclitaxel into organoids and metastatic lesions in liver (Leonard et al. 
2016). However, these NPs do not appear to be targeted specifically to macrophages 
residing in the TME, at least theoretically, therefore, they deliver chemotherapeutics 
to all macrophages in the body.

A unique cell-based drug delivery platform uses autonomous bacterial “nano-
swimmers” to deliver drugs to the tumor. In principle, this delivery platform loads 
viable bacteria with NP encapsulated drug followed by intravenous administration 
of the nanoswimmers, which sense and move towards nutrients present in the TME 
(Zoaby et al. 2016). The cancer cells engulfed these nanoswimmers and the DOX 
is released from the NP thereby killing the bacterium, the engulfing cell, and the 
surrounding cancer cells. In cell culture, this approach was shown to be functional, 
however, in vivo validation is required to exploit its potential (Zoaby et al. 2016). 
This innovative method of drug delivery involves active homing rather than the 
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passive EPR effect used by other nanomedicines, but it remains to be seen if this is a 
pragmatic method of active drug delivery on a nanoscale.

6.3.6  comBiNatioNaL approaches for NaNoparticLe deLivery to the tme

Thus far, we have discussed the NP formulations that exploit a single attribute of the 
TME for specific targeting. Many of these nanomedicines demonstrate improved 
effectiveness and specificity of drug delivery. However, the combination of targeting 
mechanisms represents a promising modality to further enhance the accumulation 
and specificity of drug delivery to the TME. While there are numerous combinations 
of TME features that can be exploited for the delivery of NPs, we will discuss only a 
few possible combinations that appear to be effective.

One of the most well-researched combinations involve TME pH and molecular 
targeting, in part due to the flexibility of each of these targeting approaches. One 
study used an iron oxide NP core with surface modification through the addition of 
poly (ethyleneimine) bearing a positive charge blocked by pH-sensitive citraconic 
acid anhydride. The second targeting modality is chlorotoxin tethered to the surface 
of the NP. Currently, it is unclear as to how chlorotoxin binds to glioma cells with 
high affinity but reports of chlorotoxin’s affinity for glioma cells have been well 
demonstrated. As a therapeutic model, siRNA for GFP was also added to the sur-
face of the NPs. Under in vitro conditions, these NPs showed increased cancer cell 
targeting compared to acid-insensitive NPs bearing the same siRNAs. However, it is 
difficult to ascertain the effect of the chlorotoxin targeting mechanism (Mok et al. 
2010). A similar study in pancreatic cancer focused on the dual targeting of NPs to 
pancreatic tumors. This platform used MSN core NP with both chitosan to confer 
pH sensitivity and urokinase plasminogen activator (UPA) to target the NPs to uro-
kinase plasminogen activator receptor (UPAR) expressing cells (Gurka et al. 2016). 
The study demonstrated that addition of chitosan and UPA to the surface of the NP 
increased its accumulation in the tumor compared to NPs without UPA. Additional, 
control NP bearing chitosan or UPA decoration alone would help delineate the rela-
tive contribution of each targeting mechanism.

pH and enzymatic cleavage have also been combined as dual NP targeting 
modalities. In one study pH sensitivity was conferred by the use of charge switching 
functional groups on the surface of NPs and an MMP cleavable segment led to the 
unmasking of these functional groups. This combined approach allows the accu-
mulation of NPs in the TME, higher diffusion through the tumor due to the small 
size and NP digestion mediated release of the chemotherapeutics. Another unique 
method of achieving dual sensitivity involves the use of cell-penetrating peptides 
(CPP) linked by an MMP cleavable linker to an anionic peptide quencher of CPP 
activity. Upon exposure to the acidic TME, the quenching peptide charge is neu-
tralized allowing conformational change and MMP-mediated cleavage of the linker 
thereby exposing the active CPP and mediating NP internalization into cancer cells 
(Huang et al. 2013). Under in vivo conditions, the dual-targeted NPs more effectively 
target intracranial glioma cells in mice compared to control NPs and CPP-DNA con-
jugates (Huang et al. 2013). Further, this targeting modality increased the delivery of 
anti-VEGF siRNA to the tumor and increased the survival of mice while decreasing 
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treatment associated weight loss compared to control NPs and CPP-DNA conjugates. 
However, due to the integrated nature of the targeting modalities, it is difficult to 
assess the relative contribution of the individual targeting modalities independently.

Combination of molecular targeting with enzymatic cleavage/activation is 
another effective method to improve tumor-specific administration of drugs. One 
study used this modality to bypass the blood-brain barrier for the targeting of 
NPs to the TME of glioma. Angiopep-2, a ligand of the low-density lipoprotein 
receptor that is expressed abundantly on an inflamed blood-brain barrier, was con-
jugated to the surface of a lipid NP. In addition to angiopep-2, the surface of this 
NP was decorated with a PEGylated, MMP-cleavable lipopeptide (Bruun et al. 
2015). Upon cleavage of this lipopeptide, PEG is shed along with four glutamic 
acids leading to a charge switch from negative to positive that mediates an increase 
in endocytosis of the NP (Bruun et al. 2015). These NPs with the cleavable lipo-
peptide demonstrated increased cellular uptake and cytotoxicity mediated by the 
delivery of siRNAs (Bruun et al. 2015). Previous work has demonstrated that 
angiopep-2 mediates NP trafficking across the blood-brain barrier, but it remains 
difficult to interpret if the dual targeting mechanism used here is more efficient 
compared to previously reported NPs that used angiopep-2 as the sole targeting 
mechanism (Huang et al. 2011).

6.4  NANOMEDICINES IN MULTIMODALITY CANCER THERAPY

Despite the fact that many nanomedicine formulations have been designed to pro-
mote their accumulation in the tumor by exploiting features specific to TME, the 
presence of abundant ECM proteins in solid tumors represents a barrier to the dif-
fusion of nanomedicines through the tumor. This limits the effective delivery of 
therapeutics. Several studies have noted that NPs administered in tumor-bearing 
mice accumulate in areas near tumor vasculature leaving large segments of poorly 
perfused tumor area untreated. To circumvent this problem, several groups have 
designed multistage NPs that exist as large NPs in circulation to improve their half-
life and passive accumulation in the tumor. However, in TME, these NPs change or 
break down to release smaller nanocarriers capable of diffusion through the tumor 
ECM (Wong et al. 2011; Li et al. 2016a). Another approach is to combine administra-
tion of nanomedicines with other treatment modalities. For example, a combination 
of nanomedicine with concomitant radiation therapy improves the NP accumula-
tion in, and diffusion through the TME. In terms of NP accumulation, the admin-
istration of radiotherapy was shown to induce vascular permeability (Appelbe et al. 
2016; Giustini et al. 2012). Additionally, it was shown that irradiated tumors in mice 
had less interstitial fluid pressure allowing greater diffusion of the NPs through the 
tumor (Appelbe et al. 2016). The second treatment modality to increase the diffusion 
of nanomedicine through the desmoplastic tumor is the exogenous administration of 
PEGylated hyaluronidase. Hyaluronan is a glycosaminoglycan that makes up a large 
fraction of tumor ECM and has been reported to be a major cause of the elevated 
interstitial fluid pressure in tumors (Jacobetz et al. 2013). Treatment of tumor-bearing 
mice with hyaluronidase prior to the administration of NPs increased the uptake of 
the NP in the tumor by over two-fold and facilitate the diffusion of the NP through 
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the tumor (Gong et al. 2016). These studies suggest that NP administration in com-
bination with other therapeutic modalities potentiates the effects of both treatments. 
Therefore, understanding of the cooperation between NPs with other therapies will 
be critical to maximizing the benefits of combination therapies while minimizing 
the interference of each therapeutic modality.

6.5  THERAPEUTIC TARGETS IN THE TME

The heterotypic interactions within the TME are critical components of several of 
the hallmarks of cancer as delineated by Hanahan and Weinberg in 2000 and 2011 
(Hanahan et al. 2000; Hanahan et al. 2011). Because of the critical nature of the 
TME in cancer progression, the interactions of cancer cells with the TME and the 
interactions between components of the TME have emerged as promising therapeu-
tic targets. In this section, we will highlight various TME-associated molecules that 
have been targeted by nanomedicines for the purpose of undermining the tumor 
supportive role of the stroma.

6.5.1  therapeutic targetiNg of cafs through NaNomediciNes

Recently, CAFs have received significant attention due to their role in cancer pro-
gression. CAFs, because of their symbiotic relationship with cancer cells and their 
pro-tumorigenic role, can be targeted for therapeutic benefit. Interestingly, admin-
istration of naked gold NPs limits the proliferation of CAFs and modulates the sec-
retome of both cancer cells and CAFs in pancreatic cancer including key signaling 
molecules like TGF-β, FGF, and IL8. Apparently, these responses are mediated by 
the ER stress response protein, IRE-1 (Saha et al. 2016). Further, the administration 
of naked gold NPs inhibited the growth of tumors derived from orthotopic implan-
tation of CAFs and cancer cells together. The therapeutic efficacy of these NPs is 
based on their ability to disrupt the normal function of CAFs including the produc-
tion secretory signaling molecules that alter the behavior of cancer cells and other 
cells in the TME.

One of the most important pathways involved in the communication between 
CAFs and cancer cells is mediated through stromal derived factor-1 (SDF-1, 
CXCL12)/CXCR4 signaling axis. SDF-1 is largely produced by CAFs; which binds 
to CXCR4 expressed on cancer cells and activates pro-survival, migratory, and 
angiogenic pathways in cancer. This signaling pathway appears to be fundamental 
to the crosstalk between cancer cells and CAFs in multiple malignancies, making 
it an attractive candidate for therapeutic targeting in combination with other thera-
pies. One study developed a NP that used AMD3100, a CXCR4 inhibitor, to deliver 
sorafenib, a VEGFR inhibitor (Gao et al. 2015), or VEGF siRNA (Liu et al. 2015) 
to HCC. Both of these therapeutic strategies were effective in treating HCC in vivo. 
These NPs decreased the tumor vascularization and increased the survival of tumor 
bearing mice (Gao et al. 2015; Liu et al. 2015).

Another important mediator of tumor-CAF crosstalk is TGF-β. This growth fac-
tor can be secreted by a variety of cell types in the TME and elicits EMT in can-
cer cells, stimulates CAF proliferation and ECM synthesis, and contributes to the 
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immunosuppression by promoting differentiation of T-cells into T-regulatory cells. 
To target the TGF-β pathway, NPs were designed to carry TGF-β siRNA (Xu et al. 
2014). When administered in mice, these NPs effectively downregulated the expres-
sion of TGF-β and relieved some of the immune suppression associated with TGF-β 
overexpression (Xu et al. 2014).

6.5.2  therapeutic targetiNg of tumor vascuLature 
through NaNomediciNes

Angiogenesis, the formation of new blood vessels in a tumor is critical for its growth. 
In principle, inhibiting the process of angiogenesis would limit the supply of oxygen 
and nutrients to tumor cells and reduce the hematogenous spread due to decreased 
vascular density in the tumor. Many FDA-approved drugs are used as anti-angiogenic 
agents, but these have limited efficacy in the treatment of cancer. As previously dis-
cussed, NPs have been designed to combine VEGF as well as a CXCR4 blockade. 
The dual blockade prevents cancer cells from circumventing the VEGF blockade 
through the CXCR4-mediated angiogenic pathways (Gao et al. 2015; Liu et al. 2015). 
Additionally, the use of NPs has allowed for the successful administration of siRNAs 
in vivo. While siRNA-based therapies have not been approved for clinical use, NPs 
offer the best currently available approach for administration of these therapies (Liu 
et al. 2015). The final therapeutic option for targeting angiogenesis through NPs is 
the delivery of non-targeted cytotoxic agents specifically to tumor-associated endo-
thelial cells. A study in breast cancer showed that targeting NPs loaded with DOX 
specifically to the tumor endothelium through the use of the nucleolin ligand F3 
peptide increased the cytotoxicity of DOX in endothelial cells by 162-fold, which 
resulted in a significant decrease in tumor growth (Moura et al. 2012).

6.5.3  therapeutic moduLatioN of the tumor immuNe 
eNviroNmeNt through NaNomediciNes

The aspect of the TME that has received the most attention in terms of the thera-
peutic targeting is immune environment. Within the TME several factors conspire 
to suppress immune surveillance by cytotoxic T-cells. It is this immunosuppres-
sion that antibody-based therapies, such as nivolumab, are designed to overcome 
to boost an antitumor immune response. The strategy of harnessing the power 
of the host immune system to treat cancer has recently shown great promise. 
Nanomedicines have been used as a method of administration of immune modu-
lating agents to TME to change the immunosuppressive milieu. The NP-based 
targeted delivery of a broad spectrum anti-inflammatory triterpenoid (CDDO-Me) 
to the TME in melanoma decrease the number of MDSCs and T-regulatory cells 
present in the TME and enhanced the efficacy of vaccine targeted to a tumor-
associated antigen (Zhao et al. 2015). Similarly, NP-mediated targeted delivery of 
Signal Activator and Transduce-3 (STAT-3) inhibitors have been tested in mela-
noma and breast cancer, which decreased the expression of immunosuppressive 
cytokines and increased the infiltration of immune cells with anti-tumor activity 
(Liao et al. 2011; Huo et al. 2017).
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Adenosine is another immunosuppressive factor and its high intratumoral con-
centration acts pleiotropically to enhance the immunosuppressive TME through 
activation of adenosine receptors (Young et al. 2014). Importantly, adenosine must 
be transported into the extracellular space before it can exert immunosuppressive 
effects. Adenosine transporters CD39 and CD73 can be targeted to prevent the 
export of adenosine and hence immunosuppression. A study used NPs to deliver 
siRNA for CD73 in mice bearing 4T1 cell-derived breast tumors. The administration 
of these NPs suppressed the expression of CD73. In theory, these studies represent 
a modality that can be used in combination with cancer vaccines or other immune-
stimulating agents to augment antitumor immune response (Jadidi-Niaragh et al. 
2016). As discussed previously, certain subsets of macrophages have been implicated 
in the immunosuppressive microenvironment. Cells within the TME secrete factors 
that recruit immunosuppressive macrophage populations to the TME, and these can 
be used as drug delivery systems (Tanei et al. 2016; Leonard et al. 2016). In addition, 
tumor-associated macrophages and the mechanisms that recruit them can also be 
targeted therapeutically to limit their contribution to the immunosuppressive TME. 
One approach is to down-regulate the expression of cytokines that mediate macro-
phage accumulation. In breast cancer, macrophage migration inhibitory factor (MIF) 
is a major mediator of macrophage recruitment to the tumor (Zhang et al. 2015). To 
target this signaling pathway, NPs have been formulated to deliver siRNA for MIF, 
which when administered in mice bearing orthotopic tumors, demonstrate the reduc-
tion in CD206 immunoreactivity in tissues, indicating decreased presence of M2 
macrophages (Zhang et al. 2015). Mice treated with these NPs had decreased tumor 
growth and metastasis to the contralateral mammary tissue (Zhang et al. 2015).

6.6  CONCLUSION

Tumors are composed of a complex mixture of cellular and acellular components, 
which give rise to a unique biochemical environment. This environment contributes 
to the progression and chemotherapy resistance in cancer, but also provides features, 
which can be utilized for the purpose of both targeted delivery of therapeutics and 
identification of novel therapeutic targets. The targeted delivery of nanomedicines 
can be accomplished by exploiting the features of the TME for site-specific accu-
mulation and activation for the release of therapeutics. NPs consisting of charge-
switching polymers at their surface are particularly useful for NP homing to the 
acidic pH of the TME. While those with redox sensitive designs can, in theory, be 
targeted to the oxidative environment of the extracellular milieu or the reducing 
environment within cells present in the TME. Further mechanisms include protein-
ase cleavage-dependent activation of NPs, targeted delivery through specific molec-
ular interactions within the TME, and cell-mediated trafficking of NPs to the TME. 
Additionally, combinations of targeting mechanisms have the potential to reduce 
intrinsic disadvantages of individual mechanism of targeted drug delivery. Overall, 
the use of TME-targeted nanomedicines in clinical practice promises to reduce the 
systemic toxicity associated with cancer therapies and increase the efficacy of che-
motherapies through increasing intratumoral drug concentrations.
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In addition to providing targeting modalities, the TME is an important source of 
emerging therapeutic targets for the treatment of cancer. The fact that the TME plays 
such a critical role in the progression of cancer supports the idea that the interaction 
between cancer, ECM, and other cellular stromal compartments can be effectively 
targeted to slow the rate of cancer progression or cause tumor regression. The inter-
action of cancer cells with CAFs, endothelial, and immune cells have been tried as 
potential therapeutic targets in multiple cancers. Nanomedicine presents an oppor-
tunity to develop novel treatment modalities for targeting specific tumor-stromal 
interactions, which otherwise would not be viable treatment options. Notably, nano-
formulation allows for the administration of gene-based therapies under in vivo con-
ditions. While these treatment methods are still in their infancy, they provide hope 
that they will one day be useful clinical tools.

Moving forward, nanomedicines face a variety of challenges. In particular, the 
TME prevents the uniform diffusion of NPs through the tumor. The resultant resid-
ual tumors may lead to the recurrence of potentially drug-resistant and aggressive 
tumors. To face these challenges, several strategies are already being employed. One 
such strategy involves the use of multistage NPs, which can change size upon enter-
ing the TME to allow for diffusion of smaller particles through the entire tumor 
mass. The other is the combination of nanomedicine with additional treatment 
modalities, such as radiation or heparanase that decrease the interstitial pressure 
within the tumor thereby facilitating entry of NPs deeper into the tumor core. Future 
work will undoubtedly reveal new capabilities of nanomedicines while at the same 
time improve the efficacy of already existing drug delivery systems for the treatment 
of human malignancy.
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7.1  INTRODUCTION

Cancer ranks as the second leading cause of death in the world, thus cancer therapy 
remains one of the research hotspots in medicine (Torre et al. 2015). Until now, sur-
gery, chemotherapy, and radiotherapy have been the three main strategies in cancer 
treatment. Chemotherapy is efficient in killing cancer cells and prolonging patient’s 
life in most cancer therapies, but it is hindered by side effects and high costs (Feng 
and Chien 2003). To find new prognosis and develop more effective treatments, tradi-
tional Chinese medicine (TCM) as a major strategy of complementary and alternative 
medicine, has captured the attention of researchers for its multiple biological activities, 
including antimicrobial infection (Seneviratne, Wong, and Samaranayake 2008, Tan 
and Vanitha 2004), anti-inflammation (Saw, Saw, and Chew 2013), anti-antioxidant 
(Chou et al. 2012), hepatoprotective activity (Kumar et al. 2011), and gastrointesti-
nal protective function (Cho et al. 2000). With the development of modern techno-
logical approaches to phytochemistry and phytopharmacology, more and more active 
ingredients of traditional Chinese medicine (AITCM) are employed in cancer thera-
pies (Khushnud and Mousa 2013). Increasing evidence shows that the combination of 
AITCM and chemotherapy or radiotherapy can enhance the antitumor effect, over-
come drug resistance, reduce side effects, alleviate tumor-induced pains, and prolong 
survival time of advanced-stage cancer patients (Lo et al. 2012, Qi et al. 2010). AITCM 
has demonstrated the ability to be an adjuvant treatment for cancer. However, the appli-
cation of AITCM is limited by several disadvantages, such as low bioavailability, poor 
solubility, poor stability, short biological half-life, ease of metabolism, and rapid elimi-
nation (Bonifacio et al. 2014, Liu and Feng 2015). For example, when curcumin was 
taken orally by patients, even at a high dose of 3.6 g/day the serum concentration could 
only reach 11.1 nmol/L (Anand et al. 2007), such a high dose of drug will cause dam-
age to normal organs including the liver, heart, and kidneys. Using nanotechnology has 
proven an effective method in improving delivery of AITCM and has shown encour-
aging results. Benefiting from the nanoscale structure, nanocarriers could encapsulate 
hydrophobic AITCM to improve its solubility and stability. Although the enhanced 
permeability and retention (EPR) effect (Musthaba et al. 2009, Ansari and Islam 2012) 
in humans is currently under debate, it is likely that the nano-delivery systems can 
deliver more AITCM to tumor sites for certain late-stage and aggressive cancers where 
the vasculature is particularly leaky. In addition, nanocarriers with active targeting 
ability will further promote the accumulation of AITCM in tumor sites, while stim-
uli-responsive nanocarriers triggered by the tumor environment can quickly release 
AITCM, thereby improving the therapeutic effects of AITCM. This chapter gives an 
overview of the benefits of nanoparticles and highlights the application of different 
polymeric nanocarriers of AITCM including polymeric-based nanoparticles, stimuli-
responsive delivery systems, and lipid delivery systems in cancer therapy.

7.2  USING NANOPARTICLES TO IMPROVE 
AITCM BIOAVAILABILITY

Generally, using nanoparticles to deliver AITCM shows a number of advantages, 
such as increasing drug solubility, enhancing targeting (including tissue and cell 
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targeting etc.), reducing systemic toxicity (reduce the harm of drugs to normal tissue), 
and achieving controlled release of the drugs, resulting in improved bioavailability.

7.2.1  NaNoparticLes caN avoid hydrophoBic drug’s 
aggregatioN aNd eNhaNce their soLuBiLity

The majority of AITCM including curcumin, resveratrol, camptothecin, and pacli-
taxel are hydrophobic compounds and difficult to administer because of their poor 
aqueous solubility. Given as drug crystals they are not stable in the bloodstream, 
easily assembling into large particles that induce clearance by the reticuloendo-
thelial system, leading to very low bioavailability. Consequently, large amount 
of drugs are needed to compensate for the lower bioavailability, thus leading to 
acute toxicity and low patient compliance (Muqbil et al. 2011). To improve that, 
the hydrophobic drugs are encapsulated or grafted to polymer nanoparticles. On 
one hand, the drugs can be uniformly loaded into the hydrophobic core of the 
nanoparticles to avoid aggregation. On the other hand, the drug-loaded nanopar-
ticles can be effectively dispersed in the aqueous solution, improving their bioavail-
ability and thereby reducing the therapeutic dose to lower toxicity. For example, 
Ravindran et al. loaded the bioactive phytochemical, Nigella sativa thymoquinone 
in poly(lactide-co-glycolide) (PLGA) to obtain drug-loaded nanoparticles, with the 
particle sizes distributed from 150 and 200 nm, and drug encapsulation efficiency 
about 94%. The drug loaded nanoparticles showed a highly efficient anticancer 
effect against HCT116 cells (Ravindran et al. 2010). Curcumin is another hydro-
phobic drug with its utility in the clinic limited by poor bioavailability (Gupta, 
Patchva, and Aggarwal 2013). Takahashi et al. constructed drug-loaded nanopar-
ticles by encapsulating curcumin into liposomes, and using it in Sprague Dawley 
mouse, achieving nearly five times the plasma curcumin levels than using only free 
curcumin (Takahashi et al. 2009). Similar improvement in bioavailability has also 
been obtained using other liposome nanoparticles and polymer nanoparticles (Bisht 
et al. 2010, Chun et al. 2012). In addition, we conjugated curcumin to pluronic F68 
by pH-sensitive linker, which would self-assemble into nanoparticles about 100 nm 
in size. These nanoparticles showed pH-dependent drug release and improved 
anticancer effect over free curcumin (Fang et al. 2016). In other research, a novel 
method was developed to conjugate CPT to polymer in two steps: firstly, the cyclic 
monomer γ-camptothecin-glutamate N-car-boxyanhydride (Glu (CPT)-NCA) was 
synthesized, then ring opening polymerization (ROP) of the Glu (CPT)-NCA to 
obtain CPT-conjugated polymer for cancer therapy (Tai et al. 2014).

7.2.2  NaNoparticLes caN heLp accumuLatioN 
aNd peNetratioN iN tumor tissue

For intravenous administration, nanoparticles must navigate multiple barriers to 
reach the target site, the first being the reticuloendothelial system (RES), a system 
of macrophages in liver, spleen, and bone marrow. During the blood circulation, 
particles below 50 nm and above 300 nm are easily taken up by the liver, and par-
ticles larger than 400 nm are cleared by the spleen. Therefore, particle sizes near 
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100 nm are regarded optimal for tumor accumulation by the enhanced permeability 
and retention (EPR) effect, and simultaneously, with the minimum clearance (Li and 
Huang 2008). Penetration of tumor stroma to reach the cancer cells plays an impor-
tant role in improving cancer therapy efficacy. While nanoparticles loaded with 
AITCM may accumulate in the tumor tissue, the tumor microenvironment, such as 
abnormal and heterogeneous vasculature, stromal density, interstitial fluid pressure, 
and tumor associated macrophages (Ernsting et al. 2013), would severely hinder their 
deep penetration. To overcome these limitations, the properties of nanoparticles with 
suitable size, shape, surface charge, or target ligand should be properly designed to 
achieve deep penetration into tumor (Ernsting et al. 2013, Jain 2013).

In a recent work by J. Wang and co-workers, the correlations between the surface 
charge of nanoparticles with their pharmacokinetics, tumor accumulation, penetra-
tion and ultimate therapeutic effect, by constructing positively, neutral, or negatively 
charged docetaxel-loaded polyethylene glycol-b-poly lactide (PEG-b-PLA) nanopar-
ticles with size about 100 nm were systematically studied. The result showed that 
although positively charged nanoparticles were slightly inferior in blood circulation 
time and tumor accumulation, their tumor growth inhibition ratio (cationic nanoparti-
cles effectively suppressed tumor growth, with the inhibition ratio of 90%, compared to 
60% of anion or neutral counterparts), tumor penetration capacity, and cellular uptake 
efficiency (2.5-fold higher than anion or neutral counterparts) were better than the 
anion or neutral counterparts (Wang, Zuo et al. 2016). In another study, H.L. Gao etc. 
designed size-shrinkable nanoparticles, which were constructed with Gelatin-AuNPs-
DOX-PEG. The nanocarriers could be degraded by the matrix   metalloprotease-2 
(MMP-2) protein with shrinkage from 186.5 nm to 59.3 nm, which would help in 
penetrating deep into the tumor. Gelatin-AuNPs-DOX-PEG showed high intensity 
distribution in 4T1 and B16F10 tumor, resulting in a better antitumor effect (Ruan 
et al. 2015). The size-shrinkable nanoparticles could be regarded as the platform for 
delivering other anticancer drugs, such as camptothecin, paclitaxel, and curcumin.

7.2.3  LigaNd-decorated NaNoparticLes caN heLp tumor accumuLatioN

Targeting can help AITCM loaded in nanoparticles reach specific organs and tissues 
more efficiently. Targeted drug delivery systems are usually divided into passive 
targeting and active targeting. Passive targeting is caused by the EPR effect, which 
is mainly associated with the particle intrinsic properties, such as size and surface 
properties (Kanapathipillai, Brock, and Ingber 2014, Panyam and Labhasetwar 
2003). If nanoparticles can achieve long circulation, the EPR effect will be signifi-
cant, and the drug-loaded carrier can accumulate in tumor up to 50-fold higher than 
in normal tissue (Iyer et al. 2006). Three properties would be desirable for carriers 
loaded with AITCM to achieve favorable tumor accumulation: (1) a particle size 
between 80 to 100 nm; (2) a particle surface charge that is neutral or negative; and 
(3) a particle design that can avoid recognition by RES (Gullotti and Yeo 2009). For 
instance, K.H. Min etc., using hydrophobically modified glycol chitosan nanoparti-
cles to encapsulate camptothecin (CPT) and treat MDA-MB231 human breast cancer 
xenografts subcutaneously implanted in nude mice, found that the nanocarrier could 
both prolong blood circulation and achieve high accumulation in tumor, resulting in 
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significant antitumor effect (Min et al. 2008). For better therapeutic efficacy, active 
targeting delivery systems constructed by conjugating peptides, antibodies, proteins 
or small molecules to the carrier have in general shown some positive effect. Among 
these, the peptide arginine-glycine-aspartate (RGD) is a commonly used ligand mol-
ecules for targeting, which is targeted to αvβ3/αvβ5 integrins. RGD can be applied to 
bind the integrins, which are usually overexpressed in angiogenic sites and tumors. 
Z.H. Tang etc. prepared amphiphilic copolymers by grafting α-tocopherol (VE) and 
polyethylene glycol (PEG) to poly(L-glutamic acid) (PLG), in order to co-deliver 
docetaxel (DTX) and cisplatin (CDDP) to treat melanoma (B16F1) tumor. Besides 
the remarkably long circulation, the drug-loaded nanoparticles also achieved excel-
lent antitumor and anti-metastasis efficacy. More importantly, the drug delivery sys-
tem showed lower side effects, which was attributed to the active targeting guiding 
the nanoparticles directly to tumor site (Song, Tang et al. 2014).

7.2.4  NaNoparticLes caN overcome muLtidrug resistaNce

Multidrug resistance (MDR) is a common cause for the failure of malignant tumor 
therapy, which is influenced by various factors including decreased drug influx, 
increased drug efflux, DNA repair interference, altered drug metabolism, and defec-
tive apoptotic machinery (Baguley 2010). Usually, MDR results from the combina-
tion of the aforementioned factors, suggesting that a single inhibitor is insufficient to 
overcome MDR (Iyer et al. 2013, Patel et al. 2013). Delivery by nanosystems is one 
promising strategy to overcome MDR due to several cellular or physiological factors. 
First of all, nanocarriers can carry high concentration of anticancer drugs, MDR 
inhibitors and genes, or combination drugs simultaneously to tumor sites, thereby 
increasing drug accumulation in the tumor and overcoming MDR (Iyer et al. 2013, 
Kunjachan et al. 2013). In addition, nanocarriers are able to enter cells by endocy-
tosis to break through lysosomal trafficking, thus effectively avoiding drug efflux, 
leading to reversal of MDR (Kunjachan et al. 2013). Vincristine, a water-soluble 
alkaloid isolated from Catharanthus roseus, has been used to treat various tumors 
such as leukemia and breast cancer. However, toxicity and P-gp-mediated efflux 
largely limits its therapeutic efficacy and clinical application. With the aid of nano-
carriers, Wang et al. constructed a multifunctional drug delivery system, containing 
targeted, pH-sensitive polymer PLGA-PEG-folate and cell penetrating functional 
polymer PLGA-PEG-R7. The results showed that using vincristine-Fol/R7 nanopar-
ticles could significantly enhance cellular uptake efficiency, and improved killing 
effects on MCF-7 and MCF-7/Adr (an MDR variant with P-gp overexpression) cells, 
in comparison with folate- or R7-modified nanoparticles. Besides, folate-mediated 
endocytosis and R7-mediated strong intracellular penetration help vincristine-Fol/
R7 nanoparticles escape P-glycoprotein-mediated drug efflux and largely accumu-
late in tumor cells (Wang, Dou et al. 2014). Some of the AITCM, like tetrandrine, 
berberine, ginsenoside Rb3, and curcumin, also have the capacity to inhibit MDR 
(Xu, Tian, and Shen 2013). With respect to reversal of MDR, these original inhibi-
tors show advantages in lower side effects, enhanced antitumor effects, improved 
immune function, inhibited angiogenesis, suppressed metastasis and so on (Saha 
et al. 2012). Overall, combining AITCM MDR inhibitors with nanocarriers show 
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great potential in cancer treatment for the integrated function of MDR inhibition and 
tumor therapy (Abouzeid et al. 2014).

7.2.5  NaNoparticLes caN coNtroL drug reLease

The designed nanoparticles are expected to control drug release in specific cells to 
get better efficacy and lower toxicity; the controlled release can be divided into two 
types. The first type is that the polymer particles can achieve stable and sustained 
release of drugs. This kind of drug release is affected by a variety of factors, such 
as particle size, drug loading level, properties of the drug, and microenvironment 
(Yallapu, Jaggi, and Chauhan 2013). S. Rocha et al. encapsulated green tea polyphe-
nol epigallocatechin-3-gallate (EGCG) in polysaccharide nanoparticles for prostate 
cancer chemoprevention. It showed a burst release of 46% of EGCG in the first ten 
minutes, and 100% drug released in three hours (Rocha et al. 2011). A. Kumari and 
co-workers loaded quercetin to poly-lactide (PLA) nanoparticles, which showed two 
phases of drug release behavior, a burst release of 40%–45% in 30 minutes followed 
by a slower release of reaching 87.6% in 96 hours (Kumari et al. 2010). The second 
type of controlled release is externally triggered or sensitive to the environment. The 
latter is often termed a “smart” delivery system. External triggers can include light, 
heat, ultrasound, magnetism, and irradiation. Environmental factors can include pH, 
temperature, redox condition, and enzyme concentration. This kind of controlled 
drug release behavior will be discussed in greater details in Section 7.3.2. Different 
kinds of delivery system for AITCM delivering are listed in Table 7.1.

7.3  VARIOUS POLYMERIC NANOCARRIERS

7.3.1  poLymeric-Based NaNoparticLes

Amphiphilic block copolymers composed of hydrophilic and hydrophobic parts are 
emerging as a class of drug carriers for cancer therapy. The most commonly used 
hydrophilic chains are polyethylene glycol (PEG), poly (vinyl alcohol) (PVA), or poly 
(vinyl pyrrolidone) (PVP), and the hydrophobic chains are composed of polycapro-
lactone (PCL), poly (lactic acid) (PLA), PLGA. Benefits of the amphiphilic prop-
erty include fabrication into different nanostructures such as liposomes, micelles, 
and vesicles. Among them, micelles are the most commonly studied drug delivery 
system, because the unique core-shell structure can self-assemble into small and 
narrow-sized distribution particles in aqueous media. The hydrophobic inner core 
is an ideal space for lipophilic drug encapsulation, simultaneously improving drug 
solubility and protecting drugs against degradation (Wang, Shen et al. 2013, Chen, 
Lu et al. 2012). The hydrophilic shell can help enhance biocompatibility, stealth 
properties, and also prolongs blood circulation (Lv et al. 2014, Zhang, Chan, and 
Leong 2013).

Representative amphiphilic block copolymers used in drug delivery are PEG-
PCL, PEG-PLA, and PEG-PLGA, which are widely used as amphiphilic polyether-
polyester drug carriers. (1) PEG-PCL is prepared by ring-opening polymerization 
of ε-caprolactone using PEG as the initiator and stannous octoate (Sn(Oct)2) as the 
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catalyst (Zhou, Deng, and Yang 2003). PEG-PCL has good biodegradability and 
low cytotoxicity, which makes it suitable for in vivo usage. PEG-PCL-based delivery 
systems have been widely used in loading and controlled release of AITCM, such as 
curcumin (Feng et al. 2016, Song, Zhu et al. 2014) and paclitaxel (Loverde, Klein, 
and Discher 2012, Wang, Tang et al. 2016). Recently, the study of hydrophilic and 
hydrophobic ratios of PEG-PCL in building different nanostructures has received 
more attention (Wang, Xu, and Zhang 2009). For example, Zhang et al. studied the 
hydrophilic/hydrophobic ratios of PEG-PCL micelles (the ratios of PEG/PCL are 
2:8, 3:7, 4:6, 5:5), under the condition of keeping their particles sizes, zeta potential, 
and morphology consistent; the result showed that the highest cellular internalization 
occurs when the hydrophilic/hydrophobic ratio is 5:5 (Zhang et al. 2013). Li et al. 
found that the morphology of PEG-PCL can be adjusted to spherical and rod-like 
shapes by changing the salt concentration (Li, Tang et al. 2016). More interestingly, 
the rod-like micelle showed higher cell uptake efficiency, higher drug loading effi-
ciency, and faster drug release in acidic pH value compared to the spherical micelle. 
Rod-like micelles also showed some advantages in vivo, such as longer circulation, 
higher tumor accumulation, and more efficiency in tumor inhibition. (2) PEG-PLA 
is another kind of polyester copolymer used in drug delivery. PLA has three stereo-
chemical forms: they are poly (L-lactide) (PLLA), poly (D-lactide) (PDLA), and 
their racemic poly (D, L-lactide) (PDLLA) (Ulery, Nair, and Laurencin 2011). PDLA 
has a faster degradation rate, while PLLA has more mechanical strength. Therefore, 
the degradation rate and mechanical strength can be adjusted by turning the ratio of 
PLLA and PDLA to form suitable PDLLA. More importantly, PLA-based formula-
tions have been approved by the Food and Drug Administration (FDA) because of 
their nontoxic hydrolyzation in vivo in an aqueous environment (PLA first hydro-
lyzes into nontoxic lactic acid through the breakdown of the ester bond, then, is fur-
ther metabolized into water and carbon dioxide through a citric acid cycle [Biswas 
et al. 2016]). PLA can be widely used in biomedical and tissue engineering. PEG-
PLA is also prepared by ring-opening polymerization. Adjusting the PEG/PLA ratio 
can also reduce particle size, increase drug loading efficiency, and enhance circula-
tion in blood (Xiao et al. 2010). Micelle-based PEG-PLA can be prepared no larger 
than 100 nm in diameter (Letchford and Burt 2007), and PTX-loaded mPEG-PLA 
has been used clinically, named Genexol-PM. (3) PEG-PLGA is one of the most 
popular copolymers, because after hydrolysis of PLGA, two endogenous metabo-
lite monomers, lactic acid and glycolic acid, are released and readily metabolized 
by the body (Lu et al. 2009) G.X. Zhai et al. prepared the amphiphilic copolymer 
PLGA-PEG-PLGA to load curcumin. The drug-loaded micelle was smaller in size, 
about 26.3 nm, with higher entrapment efficiency at nearly 70%. More importantly, 
the plasma AUC (0-∞) (area under the drug concentration-time curve values), t1/2, t1/2β 
biological half-life and enhanced mean residence time (MRT) of curcumin micelles 
were largely increase compared to the curcumin solution (Song et al. 2011). Wang 
et al. used mPEG-PLGA to co-deliver doxorubicin (DOX) and hydrophobic pacli-
taxel. The drug-loaded nanoparticles (NPs) possessed better polydispersity, and 
the co-delivery system showed good drug release and cellular uptake properties. 
Furthermore, the co-delivery nanocarrier suppressed tumor cell growth more effi-
ciently than the delivery of either DOX or paclitaxel alone at the same concentrations 
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(Wang et al. 2011). Compared to amphiphilic polymer micelles, the other kind of 
polymeric nanoparticles were prepared only using hydrophobic PLA or PLGA, using 
the emulsification method to encapsulate drugs into the core formed by polymeric 
nanoparticles or adsorb drugs onto the particles. The advantages of these nanopar-
ticles are sustained drug release to maintain plasma drug concentrations, enhanced 
stability in the physiological environment, improved antitumor efficiency, and fewer 
side effects (Jain, Thanki, and Jain 2013, Desai, Date, and Patravale 2012, Mittal et 
al. 2007). Using the single emulsion solvent method, Snima et al. loaded silymarin 
into PLGA to get 60% of encapsulation efficiency. In vitro cell tests showed these 
particles had a preferential toxicity to prostate cancer cells, which indicates potential 
usage in prostate cancer therapy (Snima et al. 2014). Mukerjee et al. used a solid/
oil/water emulsion solvent evaporation method to encapsulate curcumin into PLGA 
nanospheres for prostate cancer therapy. Its encapsulation efficiency was more than 
90%, and their sizes were only 45 nm. An in vitro MTT assay showed that the IC 
50 of encapsulated curcumin in PLGA was reduced to about 21 μM compared to 
free curcumin which was about 33 Mm (Mukerjee and Vishwanatha 2009). Xu et 
al. conjugated RGD to PLA to prepare oridonin-loaded polymeric nanoparticles by 
a spontaneous emulsification solvent diffusion method. The results showed that the 
antitumor efficacy was effectively increased by the nanoparticles targeting hepato-
carcinoma 22 (H22)-derived tumors (Xu et al. 2012). Therefore, amphiphilic block 
copolymers are one type of widely used carrier with a hydrophilic shell and hydro-
phobic core to deliver AITCM, which could allow researchers to develop more intel-
ligent delivery systems.

7.3.2  stimuLi-respoNsive deLivery system

A stimuli-responsive delivery system is another important drug delivery system, 
which was prepared by using various kinds of polymers. It is sensitive to modest 
changes of the physiological and external stimulus, leading to obvious transitions 
of corresponding physiochemical properties (Alarcon, Pennadam, and Alexander 
2005). Stimuli-responsive delivery systems can be divided into internal and exter-
nal responses. The internal stimuli are often from biological systems, such as pH, 
temperature, redox, and enzyme environment. On the other hand, the external stim-
uli are regarded as light, heat, ultrasound, magnetism, and irradiation. Therefore, 
considerable efforts have been devoted to design different kinds of polymers to 
respond to one or more internal or external stimuli, triggering rapidly and control-
ling release of the loaded drugs. Considering the recent progress made, pH, thermo, 
and reduction-responsive polymer delivery systems have been widely investigated 
and utilized as AITCM delivery systems.

7.3.2.1  pH-Responsive Delivery System
pH responsive carriers are widely used to control release drugs at a special position. 
For tumors, because of their rapid growth, plenty of oxygen is consumed, leading 
to an acidic extracellular environment (pH 6.5–7.2) (Martin and Jain 1994, Mura, 
Nicolas, and Couvreur 2013). In addition, early endosomes (pH 5–6) and late lyso-
somes (pH 4–5) also support a more acidic environment for triggering drug release 
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from pH responsive nanocarriers (Fleige, Quadir, and Haag 2012). The pH-responsive 
drug delivery system can be designed using two approaches: one is attaching drugs 
to the polymers through an acid-sensitive linker. In acidic surroundings, the linker 
will be cleaved and the drug will be rapidly released from the nanocarriers (Pang 
et al. 2016). The other is that the carrier itself has a pH-responsive property. These 
nanocarriers can change their hydrophilic-hydrophobic states through protonation-
deprotonation in different pH conditions. With the transformation of hydrophilic-
hydrophobic states, polymers will self-assemble into micelles to load drugs or break 
down their structures to rapidly release drugs (Ge and Liu 2013, Kamaly et al. 2016).

Acid-labile chemical bonds are often used to conjugate drug molecules to poly-
mers. There are multiple, alternative pH-sensitive chemical bonds that can be used 
in the delivery system. Commonly pH-sensitive chemical bonds include acetal, ketal, 
hydrazone, and imine. These chemical bonds are stable in the physiological environ-
ment, while in acidic media they are rapidly degraded or hydrolyzed. Acetal and ketal 
linkers have a similar structure; they are two, single-bonded oxygen atoms attached 
to the same carbon atom. In acetal bonds, there is one carbon-bonded group and in 
ketal two carbon-bonded groups (Knorr et al. 2008, Murthy et al. 2003). A hydra-
zone bond contains a carbon-nitrogen double bond, formed through the reaction of 
ketones or aldehydes with hydrazine. The imine bond is similar to hydrazone, which 
is that the nitrogen is attached to another organic group or a hydrogen atom, rather 
than nitrogen (Ding et al. 2013, Gurski et al. 2010). Between the two, the hydrazone 
bond is more widely studied for its acuteness in drug release. Alani et al. prepared 
poly (ethylene glycol)-block-poly (aspartate-hydrazide) (PEG-P (Asp-Hyd)) as the 
backbone, then conjugated PTX, which was modified with levulinic acid (LEV), via 
hydrazone bonds. This polymer prodrug showed faster PTX release at pH 5.0 than at 
pH 7.4. Cytotoxicity experiment suggested that the polymer prodrug had similar cell 
growth inhibition in MCF7 and SK-OV-3 cell lines. More importantly, the polymer 
prodrug was more efficient in prolonging blood circulation, enhancing tumor accu-
mulation, and pH dependent release (Alani et al. 2010). Other acid cleavable linkers, 
such as acetal, ketal, and imine bonds, are also used to prepared polymer-drug. For 
acetal and ketal bonds, their first-order hydrolysis rate is ten times faster with each 
unit pH decrease, but the hydrolysis rate can be controlled by altering their chemi-
cal structure. Frechet’s group prepared various acetal-based drugs and polymers, 
and their hydrolysis half-lives exhibited a wide range from less than one minute to 
several days at pH 5.0; otherwise they are stable at pH 7.4 (Gillies, Goodwin, and 
Fréchet 2004). Recently, Li et al. prepared acetal-linked prodrug micelles by conju-
gating curcumin to mPEG-PLA. This prodrug micelle showed pH-dependent drug 
release behavior, with very low IC50, 51.7 ± 9.0 (μM), compared to their control 
103.0 ± 17.8 (μM) in HepG2 cells (Li, Gao, et al. 2016).

Different from the acid-labile chemical bond-conjugated drug delivery system, 
pH-sensitive polymers are often a class of ionizable polyelectrolytes, for example, 
containing carboxylic, sulfonic acid, or ammonium salts. With the changes of pH, 
polymers are ionized and dramatically change their conformation. The conforma-
tion change of the polymers associated with the pH transformation is usually pres-
ent as dissociation, destabilization, and changes of the partition coefficient between 
the drug and vehicle. The nanoscale inorganic materials such as calcium phosphate 
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(CaP) and calcium carbonate (CaCO3) are also pH sensitive. They are stable at physi-
ological pH, but in acidic surroundings, such as endo/lysosomes and solid tumors, 
they dissolve and release loaded drugs (Banerjee, Roy, and Bose 2011). pH-sensitive 
polymers can be classified into cationic and anionic polymers, depending on their 
protonated and deprotonated property. Anion polymers contain a carboxylic group. 
In acidic conditions, they are protonated and become hydrophobic, such as poly-
glutamic acid, polyacrylic acid, polyaspartic acid, and so on. Compared to anionic 
polymers, cationic polymers have a positively charged surface, which could be easily 
taken up by cells. Cationic polymers have an amine group, especially tertiary amines, 
which play a crucial role in pH-responsive property. The amine group binds protons 
in an acidic condition, to show positive charge and hydrophilic properties. In a basic 
condition, it will lose protons, and show hydrophobicity. Poly (2-(diethylamino) ethyl 
methacrylate) (PDEAEMA) is one of the typical pH-sensitive cationic polymers, 
with side chains containing an ionizable tertiary amine. Variety of PDEAEMA 
copolymers have been used for drug loading (Sun, Hong, and Pan 2010). For exam-
ple, when drugs are loaded into PDEAEMA copolymer-based hydrogels, there is a 
more rapid release at pH 3–5 than at pH 7.4. The poly (beta-amino ester) (PBAE) 
copolymer is another pH-sensitive, polymer-based tertiary amine group. PBAE is 
synthesized by the reaction between bis(secondary amines) or primary amines and 
bis(acrylate ester) groups. In the physiological environment, PBAE is usually hydro-
phobic, because of tertiary amine groups that lose protons, into which hydrophobic 
drugs can be loaded. In the acidic tumor microenvironment, PBAE copolymer-based 
nanocarriers can dissolve rapidly and release the loaded contents. More importantly, 
there are plenty of ester bonds in PBAE, which makes PBAE-based copolymers 
degradable, and this will help to improve cytotoxicity of the polymers. Lots of stud-
ies have focused on degradation, non-cytotoxicity, pH sensitivity, high drug delivery 
efficacy, and the excellent tumor inhibition capacity of PBAE based nano-delivery 
systems (Fang et al. 2012, Green, Langer, and Anderson 2008, Song et al. 2012, 
Wang, Wang, and Hsiue 2005).

7.3.2.2  Reduction-Sensitive Delivery System
Reduction-sensitive polymers are usually designed to contain a disulfide bond in back-
bones or side chains. In the reduction environment, the disulfide bond can be cleaved, 
and this will lead to the polymer disruption. Glutathione (c-glutamyl-cysteinyl-glycine, 
GSH), is a reducing tri-peptide, and it is in much higher concentration intracellularly 
(2–10 mM) than extracellularly (2–20 μM) (Schafer and Buettner 2001). Intracellular 
GSH concentration is enough to break the disulfide bond, while extracellular GSH 
concentration has little effect on disulfide bond. For tumors, the GSH level is at least 
two- to four-fold higher than normal tissues or cells (Saito, Swanson, and Lee 2003, 
Huo et al. 2014, Manickam et al. 2010). The intracellular GSH can effectively cleave 
the disulfide bond, which results in carrier disruption and rapid release of loaded drugs 
in cells. Due to this benefit, many reduction-responsive nanocarriers based on disul-
fide bond have been designed for tumor therapy (Tian, Bian, and Yang 2016, Zhan et 
al. 2015, Holm et al. 2015, Liu et al. 2011, Klaikherd, Nagamani, and Thayumanavan 
2009). Wang et al. reported a redox-responsive drug delivery system based on amphi-
philic PEG-based ether-anhydride copolymer, mPEG-ss-1, 3-bis(carboxyphenoxy) 
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propane-sebacic acid (mPEG-ss-CPP-SA). mPEG-ss-CPP-SA contained disulfide 
bonds between mPEG and CPP/SA segments, and self-assembled into micelles. The 
lipophilic curcumin can be effectively loaded into the micelles, and curcumin-loaded, 
redox-responsive micelles are more effective in inhibiting the growth of tumor cells 
due to the rapid release of therapeutic agents in the tumor microenvironment in con-
trast to redox-insensitive micelles (Wang, Yang et al. 2014). Up until now, a vari-
ety of disulfide bond-based polymers have been designed as drug carriers such as 
the reduction-triggered, shell-shedding delivery system, with PEG as the shell and 
the core made of PCL, PLA, poly (propylene sulfide) (PPS), or poly (γ-benzyl-L-
aspartate) (PBLA) (Lale et al. 2015, Yang et al. 2016, Chu et al. 2014, Cerritelli, 
Velluto, and Hubbell 2007). A disulfide bond can also be used as a reduction-sensitive 
linker to conjugate anticancer drugs as polymeric prodrugs, such as camptothecin 
(CPT) (Khan et al. 2014, Cao et al. 2016), paclitaxel (PTX) (Yin, Wu, et al. 2015, Yin, 
Wang et al. 2015), etc. Liu et al. Designed a polymer-drug system by the ring opening 
of CPT-based prodrug (Liu et al. 2015). This design overcame poor drug loading and 
complex steps of conjugating prodrugs to polymer.

7.3.2.3  Other Stimuli-Responsive Delivery Systems
Other stimuli responsive delivery systems including thermo- and light-responsive sys-
tems are often used for drug delivery. 1) Poly (N-isopropylacrylamide) (PNIPAM) con-
taining polymers are the most used thermo-responsive nanocarriers. These kinds of 
nanocarriers usually have a low critical solution temperature (LCST). When the nano-
carriers accumulate in tumor at a temperature above LCST, the nanocarriers will be 
damaged and the loaded drug can be rapidly released (Kono, Yoshino, and Takagishi 
2002). N. Sanoj Rejinold et al. reported on the chitosan-g-PNIPAM nanocarrier for 
curcumin delivery. The amount of PNIPAM grafting largely affected the LCST, and 
the different ratios of chitosan to PNIPAM, such as 1:9, 2:8, 3:7, and 4:6, led to different 
LCSTs, such as 44°C, 42°C, 40°C, 38°C, respectively. The drug release was severely 
affected by the LCST; when the temperature was below LCST (38°C), there was only 
10% of curcumin released within 36 hours. In comparison, when the temperature was 
above LCST (38°C), there was 100% curcumin released within the same timeframe 
(Rejinold et al. 2011). Wang et al. prepared a thermally responsive nanogel based on 
chitosan-poly (N-isopropylacrylamide-co-acrylamide) CTS-poly (NIPAAm-co-AAm) 
for paclitaxel delivery. By adjusting the content of AAm, the critical aggregation con-
centration, such as CTS-poly (NIPAAm-co-AAm5.5), of the nanogels was reduced 
to 1.11 μg/mL, much smaller than CTS-poly (NIPAAm) nanogels (5.00 μg/mL), and 
the loading efficiency of PTX in CTS-poly (NIPAAm-co-AAm) was about 9.06 ± 
0.195%. The drug release was also affected by the temperature. Furthermore, the half 
maximal inhibitory concentration of PTX-loaded nanogels on SMMC 7721 cells was 
about 2.025 nmol/L, which was a ten-fold improvement relative to free PTX solutions. 
In vivo, PTX-loaded nanogels presented remarkably higher antitumor efficacy against 
human colon carcinoma cells HT-29 in a xenograft nude mice model after intravenous 
administration (Wang, Xu et al. 2014). 2) The light-responsive process usually involves 
chemical bonds cleavage, isomers interconversion, and chemical reactions rearrange-
ment (Kamaly et al. 2016). Light-sensitive molecules, like spiropyran, azobenzene, and 
salicylideneaniline are common used to tune the polymer light responsive properties 
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(Dai, Ravi, and Tam 2009). For example, to design polymers contains hydrophobic 
pyrenyl-methyl esters in the side chains, and the side chains (pyrenyl-methyl) are eas-
ily cleaved from the hydrophilic backbone when irradiated by UV, leading to self-
assembling aggregates dissociation (Dorresteijn et al. 2014). But UV is easily absorbed 
by the skin, which will limit their application. Recent studies showed that light-
responsive groups can also be cleaved by NIR light (Yan et al. 2011). Light-triggered 
processes are clean and convenient, which has potential in drug delivery usage (Zhou, 
Wang, and Chang 2016, Liu et al. 2016). S.O. Poelma et al. developed a new classes 
of photochromic materials donor-acceptor Stenhouse adducts (DASA), that undergo a 
hydrophobic-to-hydrophilic polarity change triggered by visible light between 530 and 
570 nm. By conjugation of an N, N-di-n-octyl-substituted DASA derivative with poly 
(ethylene glycol) (PEG, Mn 3kDa, PDI 1.1) through copper-mediated azide alkyne 
cycloaddition (CuAAC), the reaction leads to a visible light-responsive amphiphilic 
system. The DASA system demonstrated controlled delivery of small molecules, such 
as the chemotherapeutic agent (paclitaxel), to human breast cancer cells, triggered by 
micellar switching with low intensity and visible light (that the photoisomerization of 
DASA systems triggered by the very low light intensities is only ~1 mWcm–2, and can 
effectively induce hydrophobic-to-hydrophilic polarity change) (Poelma et al. 2016).

7.4  LIPID-BASED DELIVERY SYSTEM

A lipid-based delivery system is used to enhance drug bioavailability and mainly 
includes liposomes and solid lipid nanoparticles (SLNs). On one hand, liposomes are 
composed of lipid bilayers and showed high biocompatibility. Liposomes can improve 
solubility and stability of hydrophobic anticancer drugs, such as curcumin, glycyr-
rhetinic acid, vinorelbine, and resveratrol (Li et al. 2011, Cadena et al. 2013, Guo et al. 
2012), by encapsulating them into the lipid bilayer. In particular, liposomes have dem-
onstrated advantages of improved pharmacokinetics, biodistribution, and decreased 
toxicity. For example, brucine can effectively cause tumor cell apoptosis, but high 
doses of brucine will cause severe central nervous system toxicity. When brucine was 
loaded into liposomes, antitumor activity was enhanced and side effects were largely 
decreased (Li et al. 2013, Chen, Yan, et al. 2012). In addition, P. Jourghanian et al. 
prepared curcumin loaded SLNs, which had 112 and 163 nm particle sizes before and 
after freeze drying, respectively. The prepared SLNs had more than 70% drug loading 
efficiency, and showed sustained curcumin release and within 48 hours, 90% of loaded 
curcumin was released (Jourghanian et al. 2016). J.B. Sun et al. reported on curcumin-
loaded SLNs (C-SLNs), which were prepared by high-pressure homogenization with 
liquid lipid Sefsol-218®. Their mean particle size was about 150 nm, with 90% entrap-
ment efficiency. C-SLNs exhibited prolonged inhibitory activity in cancer cells, as well 
as time-dependent increases in intracellular uptake. After intravenous administration 
to rats, the bioavailability of curcumin was increased by 1.25-fold (Sun et al. 2013).

On the other hand, various newly developed SLNs have been used as immune, 
thermo-, and pH-responsive antitumor therapy (Catania et al. 2013, Chen et al. 
2013, Zhou et al. 2012). SLNs are lipids containing a colloidal carrier system, with 
higher physicochemical stability, and remain solid at room and body temperature. 
SLNs  can  support better protection for labile drugs. They can be prepared from 
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50–1000 nm in size and their production can be easily scaled larger (Pardeike, 
Hommoss, and Muller 2009, dos Santos et al. 2013). SLNs also have the advantages 
of enhancing drug solubility, improving bioavailability, controlling drug release, and 
reducing toxicity (Neves et al. 2013, Aboutaleb et al. 2014). In order to get better con-
trol of the drug release profile and better stability, researchers developed a new kind 
of nanostructured lipid carrier (NLC) from SLNs, which is regarded as the second 
generation of lipid nanoparticle. NLCs are a mixture of solid lipids and liquid lipids, 
which makes them more irregular in the matrix and leads to enhanced drug loading 
capacity (Das, Ng, and Tan 2012). AITCM including Docetaxel (Wang, Xie, et al. 
2016), Berberine (Wang, Li, et al. 2014), oridonin (Wang, Wang, et al. 2014), and 
aloe-emodin (Chen, Wang, et al. 2015) have been loaded into SLNs for the treatment 
of a variety of cancers, such as lung cancer, hepatic cancer, and breast cancer.

7.5  OTHER DELIVERY SYSTEMS

Besides those discussed above, there are many other carriers, each with unique char-
acteristics for drug loading and delivery. These nanocarriers include dendrimers, 
natural biopolymers, and inorganic nanoparticles.

Dendrimers are “tree like” polymers with a central core and branched units. 
Compared to other polymers, dendrimers have a unique structure and molecular 
weight (different generations have different molecular weight) and their tree like struc-
tures increase inner space, in which more drugs can be loaded (Oliveira et al. 2010). 
Dendrimers have been used as carriers for gene and drug delivery, especially DNA, 
antigens or antibodies, to improve the therapeutic effects in cancer treatment. Many 
kinds of dendrimers have been used as drug delivery systems including poly (ami-
doamine) (PAMAM), glycodendrimers, and polypropyleneimine (PPI) for AITCMs. 
Previous studies have exhibited that podophyllotoxin, puerarin, curcumin, and resve-
ratrol can be loaded in dendrimers in cancer therapy. For example, the solubility of 
curcumin loaded in PAMAM dendrimers was increased more than 190 times, and the 
inhibitory effect on tumor cells was improved as seen in an in vitro cell assay (Wang, 
Xu et al. 2013). Now, a variety of novel dendrimers with special modification have been 
investigated to enhance bioavailability and therapeutic efficacy, and to decrease side 
effects; all signs of potential in biomedical application. For instance, P. Kesharwani 
et al. prepared a target dendritic nanocarrier by conjugate hyaluronic acid (HA) to 
4.0G PAMAM, which was loaded with 3, 4-difluorobenzyli dene curcumin (CDF) 
(HA-PAMAM-CDF). A HA-PAMAM-CDF nano-formulation with 9.3 nm particle 
size resulted in 1.71-fold increase in the IC50 value compared to non-targeted formula-
tion (PAMAM-CDF) in pancreatic cancer cells, which showed prospect in clinical 
translation (Kesharwani et al. 2015). M. Alibolandi et al. modified AS1411 aptamer to 
5.0G PAMAM by PEG linker. The encapsulation efficiency of camptothecin-loaded 
AS1411-targeted PEGylated dendrimers was more than 93% and the cellular uptake was 
largely enhanced. More importantly, camptothecin-loaded AS1411-targeted PEGylated 
dendrimers demonstrated site-specific abilities to effectively inhibit C26 tumor growth 
in vivo and significantly decrease systemic toxicity (Alibolandi et al. 2017).

Natural biopolymers have unique features compared to synthesized polymers, 
and also have the potential to be developed as drug delivery systems. They have more 
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biocompatibility, biodegradability, biological recognition, and ease with processing 
into gels (Shelke et al. 2014). These kinds of biopolymers include hyaluronan, albu-
min, dextran, cellulose, chitosan, and so on, which have been successfully prepared 
into nanoparticles, hydrogels, and drug conjugates (Bielska et al. 2013, Vittorio et al. 
2014, Manju and Sreenivasan 2011, Bu et al. 2013). For example, chitosan-based 
biopolymer nanoparticles have been used to encapsulate curcumin to improve their 
pharmacological function (Akhtar, Rizvi, and Kar 2012). Li et al. used chitosan and 
alginate derivatives construct a hydrogel system, incorporating nano-curcumin to 
achieve more stability and controlled release of curcumin (Li et al. 2012).

Inorganic nanocarriers also have unique features as potential drug carriers. 
Inorganic nanocarriers including mesoporous silica, gold nanoparticles, and mag-
netic nanoparticles, etc. have been used as multifunction delivery systems. Gold 
nanoparticles have the feature of surface plasmon resonance and can be used to 
release drugs in a controlled manner—drugs such as curcumin, silymarin, and gink-
golide A, by photothermal therapy (Pissuwan, Niidome, and Cortie 2011, Kabir et 
al. 2014, Weakley et al. 2011, Manju and Sreenivasan 2012). Gold nanoparticles 
embedded into multifunctional liposomes are reported to overcome MDR, enhance 
antitumor efficacy, and reduce side effects. Magnetic nanoparticles are a kind of 
Fe3O4-based nanoparticles, which have magnetic targeting function. Drug-loaded 
Fe3O4 nanoparticles can target tumors and cause heat-trigged drug release with a 
magnetic field. Wang et al. loaded gambogic acid into Fe3O4 nanoparticles, effec-
tively enhancing solubility and inhibiting Panc-1 pancreatic cell proliferation and 
migration (Wang et al. 2012). The attractive feature of silica nanoparticles is their 
mesoporousness, which makes their specific surface area larger, and promises more 
drug storage. Pore diameter of silica nanoparticles can be easily adjusted, and their 
surface can be easily functionalized. For example, silybin can be loaded into meso-
porous silica nanoparticles with high efficiency as there is nearly 60% drug load-
ing capacity, and simultaneously, achieve sustained drug release (Cao et al. 2012). 
Different type of polymeric nanocarriers associated above was shown in Figure 7.1.

Polymer conjugates Polymer micelle Lipid nanoparticle

Liposome Polymer nanoparticle Magnetic nanoparticle

Fe3O4

FIGURE 7.1 Various types of polymeric nanocarriers for AITCM delivery.
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7.6  CONCLUSION

In summary, novel nanoparticulate drug delivery systems have been extensively uti-
lized to deliver AITCM to improve therapeutic efficacy and reduce the side effects 
in cancer therapy. Despite much recent progress reported in this field, AITCM-
loaded nanocarriers still have several problems to be addressed. First, it remains 
challenging to design multifunctional AITCM-loaded nanocarriers with superior 
delivery properties, and simultaneously evaluate their characteristics as well as 
therapeutic effects. Second, different nanoscale carriers exhibit different proper-
ties due to various bulk materials, leading to varied absorption, digestion, metabo-
lism, and excretion in the body. Third, the potential toxicology of nanoparticles is 
unknown, more attention to the safety of nanoparticles is needed. Considering the 
fact that Chinese medicine possesses advantages in combination therapy, multiple-
unit nanotechnology-based AITCM delivery systems may bring in next revolution 
in cancer therapy. According to the theory of Chinese medicine, a way to load dif-
ferent ingredients into multiple-unit nanocarriers to combine different type of herbs 
can further improve drugs’ efficacy for clinical application. More in-depth research 
on novel AITCM delivery systems is important to push forward the future clinical 
translation.
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8.1  INTRODUCTION

“Seeing is believing” has become the mantra of modern biomedical imaging sci-
ence, which faithfully diagnoses, guides the course of treatment, monitors outcome 
of various diseases, and plays a critical role in the development of next generation 
scientific endeavor. Noninvasive imaging modalities, which utilize properties of the 
complete spectrum of electromagnetic radiation (from high energy gamma radiation 
to infra-red and sound) have been integrated in preclinical studies and clinical prac-
tices for the last three decades. These modalities primarily comprise radionuclide 
imaging, X-ray/computed tomography (X-ray/CT) imaging, optical and spectro-
scopic imaging, ultrasound (US) imaging, and magnetic resonance imaging (MRI). 
Each of these modalities uses a specific range of energy that can penetrate the tissue/
organ of interest up to a certain depth and capture functional or structural alteration 
(if any) at a specific resolution. The sensitivity needed to find any alteration depends 
upon the nature of the electromagnetic wave used and the instrumental capability. 
The radionuclide imaging techniques exhibit the highest sensitivity and are able to 
detect small functional and biochemical changes. Contrarily, MRI suffers from a 
low sensitivity of 10−3–10−5 mole/L (moles/liter) that is the minimum concentration 
of probe that must be present at the target site for successful MR imaging (Chen 
and Wu 2011, Massoud and Gambhir 2003). This low sensitivity is due to the small 
difference between atoms in a high energy state and a low energy state. However, 
the very high resolution of MRI counteracts the limitation of sensitivity and thus 
MRI has become the choice of imaging for various types of pathogenesis. In addi-
tion, the specificity of these imaging techniques relies upon the specific probe and 
the signature tagged. High specificity is an important criterion for accurate disease 
diagnosis especially for omitting false positive results. Both specificity and sensi-
tivity are crucial to detect functional alteration (radionuclide and optical imaging), 
structural alteration (CT and US) or even both (MRI) in tissue/organ. Protein- or 
metabolism-specific probes tagged with radionuclide or MR contrast agents are used 
for Functional Imaging while dye-based contrast agents are utilized for X-ray/CT 
and MRI are useful for anatomical imaging. US imaging classically does not need 
any signature probe or contrast agent; however, modern US techniques often employ 
microbubble-based detection. Therefore, it is now possible to detect and diagnose 
finer tissue alteration and blood flow in certain diseased conditions with higher sen-
sitivity by US imaging. The introduction of dual-modality positron emission tomog-
raphy with computed tomography (PET-CT) and single photon emission computed 
tomography (SPECT-CT) systems to the clinical environment in the late 1990s is 
regarded as a revolutionary advance in modern diagnostic imaging, bringing pre-
cise anatomical localization to conventional PET and SPECT imaging techniques, 
and enhancing the quantitation capabilities of these modalities. The great success of 
PET-CT prompted development of combination of PET and MR scanners, leading to 
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commercially available clinical positron emission tomography with magnetic reso-
nance imaging (PET-MR) systems that again broadened the scope of precise detec-
tion and evaluation of therapeutic effect.

At present, the most extensive utilization of these powerful imaging technolo-
gies has been in cancer and neurodegenerative pathogenesis. Application of these 
techniques in regular practice in neurodegenerative diseases has been restricted to 
MRI and radionuclide imaging. On the other hand, each of these imaging modali-
ties singly or in conjunction plays tremendous role in treatment of cancer patients. 
CANCER, this single term actually encompasses a multitude of diseases occurring 
in different organs that are biologically, functionally, and structurally quite distinct 
(Hanahan and Weinberg 2000). Thus, the diseases are obviously heterogeneous in 
their genetic, metabolic, and structural constituents except they share certain com-
mon disease-related features. Employment of different imaging modalities with 
different probes for diagnosis and monitoring therefore generate specific informa-
tion relevant for treatment. Classical biochemical and histological tests often cannot 
describe longitudinal changes occurring due to treatment. Imaging technologies not 
only provide longitudinal information but also reveal the functional status of the 
disease in a noninvasive manner. For majority of the cancer types, CT, MRI or radio-
nuclide imaging are routine practices in clinics. In addition, these technologies are 
also used in the evaluation of new therapies, especially targeted therapy in preclini-
cal models and clinical trials.

Unfortunately, in spite of all these improvements, cancer is still a devastating dis-
ease. Although progression-free survival and overall survival for majority of cancers 
have significantly been improved due to superior therapy, better patient management, 
and medical service in the last two decades, a few cancers are still beyond control 
and overall survival is extremely poor. These cancers, namely, glioblastoma, pancre-
atic cancer, lung cancer, and ovarian cancer, need early diagnosis, targeted therapeu-
tics, and better monitoring to gain control over these pestilent diseases. Noninvasive 
imaging techniques with standard and improved ability have been instrumental in 
achieving those goals for these cancers. In this chapter we discuss the detailed role 
of imaging in diagnosis and monitoring therapeutic response for glioblastoma, pan-
creatic, lung, and ovarian cancers. The first section describes the basic principle of 
these techniques followed by specific examples and outcomes of imaging for each 
disease and scope for the future generation imaging techniques.

8.2  CURRENT CANCER IMAGING TECHNIQUES

8.2.1  magNetic resoNaNce imagiNg (mri)

Principle: When a human body or part of the body is placed in a magnetic field and 
a radio frequency pulse is applied, the gyromagnetic spin of hydrogen nuclei align 
themselves with the direction of the magnetic field (Larmor precession). Once this 
radio frequency is removed, these nuclei realign themselves to the magnetic field by 
releasing a weak radio frequency. This ‘spin-relaxing’ signal is captured by the con-
ductive coils surrounding the human body and is used to obtain three-dimensional, 
gray scale MR images. MR image contrast also depends on two other tissue-specific 
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parameters, the longitudinal relaxation time T1 and the transverse relaxation time 
T2. T1 measures the time required for the magnetic moment of the displaced nuclei 
to return to equilibrium (i.e., realign itself with magnetic field). T2 indicates the time 
required for the signal from a given tissue type to decay (Maravilla and Sory 1986, 
Araki et al. 1984, Mullins et al. 2005, Stall et al. 2010). Since hydrogen is the most 
abundant atom in every biomolecule in our body, subtle changes in composition and 
distribution of any of the biomolecules due to pathogenesis can be reliably measured 
by MRI.

8.2.1.1  Different Variants of MRI Imaging
Conventional MRI is an anatomical diagnostic imaging modality that detects ana-
tomical abnormalities and changes in the normal physiology of the body. However, 
these anatomical changes are not sufficient to diagnose certain pathological con-
ditions like distinguishing between therapy-induced necrosis, relapse, and tumor 
stages. Under these circumstances, specialized functional MR imaging (fMRI) 
sequences such as diffusion, perfusion, and spectroscopy are applied to improve the 
diagnostic potential (Rees 2003, Provenzale, Mukundan, and Barboriak 2006).

8.2.1.1.1  Diffusion MRI
Principle: In MR diffusion imaging, three opposing magnetic fields are applied to 
establish a gradient magnetic field. These magnetic field gradients establish voxel 
gradients that cause a loss of phase coherence of diffusing protons. Voxel is a three-
dimensional point used for the construction of a computer-based model or graphic 
simulation. The loss of signal is in a linear relationship to the distance covered by the 
diffusion of ‘un-restricted’ protons at a given time period. Protons bound to macro-
molecules or retained in physical barriers will have ‘restricted’ diffusion that does 
not affect their net phases. Apparent diffusion coefficients (ADCs) can be calculated 
by ratios of intravoxel signal intensities between two sequences acquired by differ-
ing gradient strengths. Different image sequence acquisitions such as stronger and 
faster gradients, multi-shot echo-planar acquisitions, and phased array head coils 
parallel acquisition techniques are used to improve the specificity of diffusion MRI. 
ADC complements the conventional MRI to improve specificity of the diagnosis and 
characterization of the malignant tissues (Rees 2003, Provenzale, Mukundan, and 
Barboriak 2006, Al-Okaili et al. 2006).

8.2.1.1.2  Diffusion Tensor Imaging
Principle: In diffusion tensor imaging (DTI), directional maps of the cerebral white 
matter are generated by applying more than six magnetic field gradients in the same 
echo-planar sequences. For example, the proton diffusion in white matter is reliant 
on the orientation of the white matter bundle. Diffusion of the particles is greatest 
along the length of the myelinated neuronal axis and least in its perpendicular direc-
tion due to physical constraint of the membrane. As a result, particle diffusion mea-
surements can be used to generate the three-dimensional directional maps of white 
matter tracts in vivo. A dedicated algorithm detects these tracts (‘tensors’) and aligns 
them on a three-dimensional map (‘ellipsoids’). In ellipsoids, each imaging voxel is 
represented by eigenvalue (a vector representation for each voxel) that reflects the 



221Noninvasive Imaging in Clinical Oncology

primary orientation and maximal diffusive area of the white matter in a specific 
imaging voxel. The fractional anisotropy (FA) is a measure to express the differ-
ence between diffusivity of two eigenvalues used to generate the diffusion maps 
that are represented as color FA. Similar to whole brain map, these DTI acquisition 
sequences can be applied over a defined area of a brain to generate temporal maps of 
white matter tract (also known as tractography) (Ferda et al. 2010).

8.2.2  muLti-detector or muLti-sLice computed tomography

Principle: In CT, a part of the body or whole body is subjected to low-power X-ray 
radiation and attenuation of these X-rays are recorded on the detector. A dedi-
cated algorithm reconstructs this X-ray attenuation pattern into CT scan. Three-
dimensional X-ray attenuation patterns from various angles are reconstructed 
computationally to create multi-axial slices of the whole body. Multi-slice or multi-
detector CT (MDCT) denotes the ability of a scanner to simultaneously acquire mul-
tiple slices. The MDCT era started in 1992 with a dual slice scanner and currently a 
scanner with 16-slice systems is used in the clinics. Another advancement has been 
the increased rotational speed of the detectors (from 1.0 to about 0.375 s/rotation) 
leading to reduced scan time for a given portion of a body, decreasing usage of X-ray 
tube power, and minimizing exposure (Ulzheimer and Flohr 2009).

MDCT enables anatomic evaluation of the whole body in an infinite number of 
planes and projections while maintaining image resolution and quality. Several image 
processing techniques and algorithms have been developed for analysis of the scans. 
Multiplanar reformation (MPR) is an algorithm used to stitch orthogonal or oblique 
sagittal, axial, and coronal virtual sections to reconstruct three- dimensional images 
for MDCT (Yitta et al. 2009, Lell et al. 2006) . It is extremely useful for detecting 
lesion/s, particularly if there is more than one lesion in the same area. Maximum 
intensity projection (MIP) is another post-processing technique in which single layer 
of brightest voxels along a line (or projection) at a specified angle (orthogonal or 
oblique) is displayed. A major drawback is that it lacks in-depth information (i.e., dis-
plays only the density of objects and not spatial information). This technique better 
suits the studies involving contrast agents as the post-processed images display the 
contrast enhanced structures with partial suppression of the background (e.g., ves-
sels). Shaded surface display (SSD), another processing technique combines depth 
information as well as tissue density based on the preset thresholds; the first layer of 
voxels within defined density thresholds is used for display, leading to the visualiza-
tion of the surface of all structures that fulfill the threshold conditions. Here depth 
information is preserved but the attenuation information is scaled proportionately. 
Finally, volume rendering (VR) utilizes all the information available in the volume 
data set and then groups of voxels are selected within a series of defined threshold 
densities each of which is color coded with appropriate depth shading/opacity. This 
is considered one of the best three-dimensional techniques, particularly for intraop-
erative navigation (Benvenuti et al. 2005).

CT Angiography (CTA) and Intracranial Perfusion (CTP) are sequence of CT 
imaging technique performed via rapid data acquisition cued to the arrival of an 
arterial bolus of contrast agent administered through intravenous injection. In CTA, 
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high-resolution axial images are acquired longitudinally (i.e., in the direction of flow) 
and then evaluated using MIP or VR post processing with thresholds set for con-
trast enhanced vessels (Lell et al. 2006). Similar to CTA, CTP is another dynamic 
imaging technique used after contrast agent administration, in which a pixel-by-
pixel time-density curve is created by rapid data acquisition over a stationary area of 
interest (Huang et al. 2014).

8.2.3  radioNucLide imagiNg

Principle: The basic principle of radionuclide imaging revolves around systemic 
administration of radionuclide in a subject followed by detection and quantifica-
tion of radiation produced due to the decay of the radionuclide. This decay leads to 
generation of radiation like X-rays, γ rays, and β rays. These radiations are either 
detected by scintillation counter or through ionization detector. These techniques 
have a lower spatial resolution than MRI (typically several mm for PET compared 
with approx. 1 mm for MRI) but can detect picomolar concentrations of isotopes 
with no depth limit and with high sensitivity (Zanzonico 2012).

8.2.3.1  Different Variants of Radionuclide Imaging
8.2.3.1.1  Positron Emission Tomography
PET is a functional imaging modality that provides metabolic information for tumors. 
Accumulation of a specific probe (targeted towards a biologically active molecule) 
labeled with positron or β+ emitters such as fluorine-18, carbon-11 occurs after sys-
temic administration in specific tissues based on the concentration of the targeted 
biomolecules. The positrons then undergo annihilation after colliding with nearby 
electrons in the tissue thus producing two 1800 apart high energy photons of 511 KeV 
that are detected by coincidental hits on the PET detectors within nanoseconds of 
each other. These PET detectors are primarily composed of scintillation crystals like 
Bismuth germanite (BGO) (Kapoor, McCook, and Torok 2004). Depending on the 
radiotracer used, various molecular processes can be visualized, most of them relat-
ing to increased cell proliferation and metabolism in tumors. 18F-fluorodeoxyglucose 
(18F-FDG), a glucose analog, is the most widely used tracer molecule in PET imaging 
for the detection of metabolically active tumors (Avril 2004). However, some tumors 
show less or equal intake of 18F-FDG PET due to hypo- or isometabolism of glucose 
and thus more specific radiotracers such as methyl-[11C]-L-Methionine (MET) and 
3’-deoxy-3’-[18F] fluoro-L-thymidine (FLT) are required to image increased activity 
of membrane transporters for amino acids and nucleosides, respectively (Bergstrom 
et al. 1987).

8.2.3.1.2  Single-Photon Emission Computed Tomography
In SPECT, gamma emitter radio-isotopes such as Technetium-99m, Iodine-131, 
Iodine-123 or Indium-111 are administered to patients and are then scanned with 
gamma camera for single photons emitted by the gamma emitter. Depending on 
the depth and position of the radiotracer inside the body, the emitted photons inter-
act either directly with the gamma camera or after number of interactions with the 
neighboring tissue. Interaction with biological molecules in the surrounding tissues 
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leads to scattering and energy loss by the photons. Thus, only those photons that 
interact directly and have the highest energy are used for reconstruction of the image 
while deflected and low energy photons are neglected. Images are collected through 
360° rotation of the single or two gamma camera heads around the subject and then 
reconstituted to form a three-dimensional image. Technetium-99m is one of the 
radioisotopes used in SPECT (Livieratos 2012). A single strike by a direct photon 
originated at the source or from a scattered photon from the surrounding area on 
the detectors leads to significant noise generation in SPECT imaging. To reduce the 
noise, lead collimeters are introduced in SPECT, which significantly compromise 
the sensitivity of the SPECT imaging.

8.2.4  uLtrasouNd imagiNg

Principle: The basic principle of US imaging is when pulses of sound waves are 
transmitted to human tissue with the help of piezoelectric crystals, 1% of these sound 
waves are reflected back due to different tissue elements that vary in their density 
thus leading to acoustic mismatch. These mismatches act as reflectors of sound 
waves that are again detected by same piezoelectric crystals thus leading to the for-
mation of an image. The resolution of a US image depends upon the intensity of the 
waves used for generation of the image.

8.2.4.1  Different Variants of US Imaging
8.2.4.1.1  Doppler or Three-Dimensional Color Doppler Ultrasound Imaging
A standard US B-mode imaging is used for the localization of tumors but does not 
provide any ideas of vascularity around the tumor mass, which is dealt with Doppler 
technology. The Doppler technique is quite different from normal B-mode US imag-
ing where sound waves are imparted at an angle to the blood vessel. These sound 
waves after reflecting from the red blood cells either get augmented or dampened 
in intensity based on the direction and velocity of the blood. With the advancement 
in image processing technology, it is now possible to construct a three-dimensional 
tumor image along with its information of vasculature (Fleischer et al. 2010).

8.2.4.1.2  Contrast Enhanced Ultrasound
The use of contrast agents is very common with the modalities such as MRI and CT, 
which are aimed to enhance the visualization properties of various organs, vessels, 
and cavities. Currently, microbubble-based contrast agents are used in diagnostic 
imaging to enhance the signal intensities in US imaging. This advancement is also 
called as contrast enhanced ultrasound (CEUS) and it has been used as a diagnostic 
tool for many organs as well as for diagnosis of neoplastic lesions. Furthermore, 
CEUS provides better understanding of blood perfusion through tumor tissue due 
to its ability to highlight microcirculation. The microbubbles consist of air or inert 
gas encapsulated in a layer of protein or polymers. Microbubbles are typically 5 μm 
in diameter similar to the size of red blood cells and can therefore be transported 
into the smallest capillaries and across the lungs, thus allowing the visualization 
of the arterial system after venous injection. Considering CEUS characteristics, 
it can be used for real-time monitoring of the vascularization dynamics, blood 
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circulation patterns, and tissue architecture (Fleischer et al. 2010). Currently 
CEUS is also been used intraoperatively to guide the surgeon during tumor dissec-
tion (Mattei et al. 2016).

8.3  IMAGING OF CLINICALLY CHALLENGING CANCER

8.3.1  gLiomas

8.3.1.1  Introduction to Glioma
The preponderance of tumors in central nervous system (CNS), also known as the 
intracranial (related to occurrence within the cranium involving the brain or other 
structures such as cranial nerves, meninges) tumors, has reached a significant num-
ber so far. Malignant gliomas which happen to be the cancer of glial cells is, by 
far, the most prevalent primary malignancy of CNS with an annual incidence of 
5/100,000 persons (Wen and Kesari 2008). Glial cells comprise of roughly six dif-
ferent cell types, namely oligodendrocytes, astrocytes, ependymal cells, Schwann 
cells, microglia, and satellite cells. Earlier it was thought that these glial cells out-
numbered the neurons but the recent isotropic fractionator technique of counting 
implies that the ratio of glial cells to neuron is approximately 1:1 or even less (von 
Bartheld, Bahney, and Herculano-Houzel 2016). Malignancy in the former wreaks 
havoc in the nervous system simply by its presence in equal number as compared to 
neurons and its ability to divide in addition to the invasiveness of the cancer itself. 
Malignancy of brain could be of two types: a primary type that consists of malig-
nancy arising in the brain parenchyma (e.g., gliomas, medulloblastomas, ependy-
momas) or in extraneural structures (for instance meningiomas, acoustic neuromas, 
and other schwannomas) and a secondary type that originates in tissues outside the 
brain and spreads to brain. Among the primary tumors, the low grade (grade I & II) 
tumors tend to have average proliferative potential and lesser chances of recurrence 
but can transform into anaplastic astrocytoma and glioblastoma. The World Health 
Organization (WHO) grade IV designation is assigned to cytologically malignant, 
highly mitotically active, necrosis-prone neoplasms with rapid invasive properties, 
and a fatal outcome. Grade IV malignancies include glioblastoma (GBM), most 
embryonal neoplasms, and many sarcomas as well. Invasion of tumor to all parts of 
CNS and a tendency for cranio-spinal dissemination are telltale properties of some 
grade IV gliomas (Cohen et al. 2005). Rare forms of malignant gliomas are GBM 
variants include gliosarcomas, which contain a prominent sarcomatous element; 
giant cell glioblastomas, which have multinucleated giant cells; small-cell glio-
blastomas, which are associated with amplification of the epidermal growth factor 
receptor (EGFR); and glioblastomas with oligodendroglial features, which can give 
a better prognosis than standard GBM (Smith et al. 2001).

8.3.1.2  Current Imaging Modalities for Glioma
The clinical history of high-grade gliomas is short (less than three months in more 
than 50% of cases) compare to most of the low-grade gliomas such as astrocytoma 
(Wick et al. 2009, Khan et al. 2016, Sizoo et al. 2014, Burger and Green 1987). 
Treatment approaches and strategies are primarily dependent on the early diagnosis, 
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precise evaluation of ‘true’ tumor extension and its relationship with surrounding 
anatomic structures (Wang and Jiang 2013). The standard clinical care is based 
upon the diagnostic capabilities of the invasive stereotactic or surgical biopsy of 
suspicious tissue and its histopathological analysis. These invasive histopathologi-
cal analyses of clinically suspicious masses are the gold standard for diagnosis of 
malignancy, tumor characterization, and its grading. However, discontinuous and 
milder symptoms of neoplasm are confused with the other pathologies compromis-
ing early diagnosis. Moreover, these stereotactic biopsy procedures may not always 
be possible and involve substantial mortality risk (McGirt et al. 2003, Jackson et al. 
2001). Often, sampling errors and mixed tissue architecture may limit the diagnostic 
accuracy of the survey. This appeals to the necessity for a noninvasive technique 
that can be used for the diagnosis with comparable accuracy as histologic diagnosis 
without any risk to the patient.

Noninvasive imaging modalities play a crucial role in management of CNS neo-
plasms specifically for diagnosis, therapy planning, and assessing therapy response 
(Eskandary et al. 2005). Currently neuro-imaging modalities have evolved from an 
anatomy-driven discipline to the functional multimodal assessment of CNS lesions, 
incorporating biochemical properties (e.g., indicators of cell membrane synthesis) 
as well as physiological properties (e.g., hemodynamic variables) (Mabray, Barajas, 
and Cha 2015).

Current CNS imaging approaches including MRI, CT, and PET-MRI are prac-
ticed for the preliminary evaluation, preoperative management, and routine longitu-
dinal follow-up of patients with high-grade gliomas (Watanabe, Tanaka, and Takeda 
1992). A brief comparison of current imaging modalities has been summarized in 
Table 8.1. Early trial in 1993 on 56 children with pediatric brain stem gliomas had 
shown that MR scans are more efficient for diagnosing tumor occurrence compared 
to biopsy procedures and also this study reported postoperative complications in 
11% of the children due to biopsy procedure (Albright et al. 1993). In certain cases, 
MRI serves as a useful tool for early detection as well as detection of recurrent brain 
tumors. Sixteen independent studies with a combined cohort of 19,559 normal par-
ticipants have reported detection of CNS-neoplasm in 135 individuals by MRI and 
CT that would have otherwise remained undiagnosed (Morris et al. 2009). CT is also 
a traditional diagnostic modality for imaging CNS neoplasms.

8.3.1.2.1  Magnetic Resonance Imaging in Glioma Management
In normal brain MR images, T1-weighted cerebro spinal fluid (CSF) appears hypoin-
tense (dark) while a T2-weighted image appears hyperintense (bright) and a dynamic 
image contrast can be obtained by varying sequence capture parameters (proton 
density, T1, and T2). All these variable signal intensities on T1, T2, and proton 
 density-weighted images are interpreted by dedicated MRI-algorithm (Maravilla 
and Sory 1986, Araki et al. 1984).

Pathological conditions in the brain including neoplasm show differential signal 
characteristics compared to normal tissues. Standard management for high-grade 
gliomas involves surgical resection followed by adjuvant radiation and chemo-
therapy necessities the assessment of ‘true’ tumor mass versus adjacent vital nor-
mal tissue. Most of these pathologic lesions can be distinguished into five major 
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anatomical groups such as solid mass, cysts, sub-acute blood injuries, acute/chronic 
blood injuries, and fat accumulation based on their specific signal characteristics 
on the three basic images: T2-weighted, proton density-weighted (PD)/FLAIR, and 
T1-weighted. A comparative study conducted on 40 high-grade glioma patients by 
Stall et al. (2010) demonstrated that tumor volumes interpreted from T2, FLAIR, 
and T1 acquisition sequences are different and not interchangeable. T2 and FLAIR 
showed maximum overlap between 63.6% clinical tumor volume and 82.1% plan-
ning tumor volume. ‘Planning tumor volume’ is a critical clinical aspect that marks 
the tumor margin to define the uncertainty during surgery or radiotherapy and hence 
predicts the risk of damage to surrounding vital organs. Strikingly, both T2 and 
FLAIR sequences did not show any difference in the predicted toxicity towards nor-
mal brain structures (Stall et al. 2010).

Neoplastic tissue possesses differential contrast over normal tissue in a magnetic 
resonance image acquirement. Conventional MR images can predict the differences 
in tumor physiology that are important predictors for assessment of tumor grade, 
therapy response, and disease prognosis. In general, a solid region of high-grade 
neoplasms appears hypointense in T1-weighted sequences and hyperintense in T2, 
with a higher signal in areas of greater cellularity. Necrotic tissue can be differen-
tiated from solid mass by its hyperintense appearance in T2-weighted sequences, 
which may appear as hypo-, iso- or hyperintense in T1-weighted sequences. A study 
on 27 patients with high-grade glioma undergoing proton beam radiation therapy 
showed that combination of two MR sequences accurately identified therapy-induced 
necrosis in 59.3% of patients and for rest of the cases early tumor recurrences were 
detected. The hyperintense appearance of necrotic tissue depends on the degree of 
protein degradation primarily involving hemoglobin (Mullins et al. 2005).

In most cases, T2-weighted images are the preferred modality for the diagnosis of 
brain neoplasms. Patients with a suspected neoplasm are subjected to a T2-weighted 
diagnostic sequence (spin-echo and FLAIR) to acquire the images. If an abnormal-
ity is found, T1-weighted images or contrast-enhanced scans are recommended for 
characterization of the lesion. The paramagnetic gadolinium-based tracers are used 
as contrast agents due to their superior biologic tolerance. Under normal circum-
stances, gadolinium-tracers do not cross the intact blood-brain barrier (BBB), which 
is permeable during tumor growth due to neo-vascularization (Rees 2003). Contrast 
agents enhance the intensity of irregular tumor margins and help in identification of 
proliferative space of the tumor. Performing 565 MRI scans in 67 patients, Galanis 
et al. (2006) showed that gadolinium-enhanced scans are significantly more predic-
tive for patient survival compared to T1- or T2-weighted images (Galanis et al. 2006).

Noninvasive imaging modalities such as MRI or CT have the role of document-
ing the anatomic condition, iatrogenic changes, and normal physiology of the brain 
pre- and post-surgery. However, morphologic imaging modalities are not always suf-
ficient in such sequelae as well as under the medically complicated scenario. Also, 
these modalities fail to detect cellular and subcellular changes. This obstacle can 
be overcome by applying improved fMRI techniques such as diffusion weighted 
imaging (DWI), DTI, perfusion, and spectroscopy that empower the diagnostic 
potential of MRI imaging and in many cases facilitates early diagnosis (Rees 2003, 
Provenzale, Mukundan, and Barboriak 2006).
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As mentioned earlier, the revised WHO classification subdivides gliomas into 
four grades (I–IV) based on specific histologic features of the tumor such as cel-
lularity, nuclear atypia, mitotic activity, pleomorphism, vascular hyperplasia, and 
necrosis. DWI utilizes cellularity as a target to distinguish between different grades 
of gliomas. On a DWI-MR scan, a high-grade tumor characterized with compact 
structure (high cellularity) appears least bright due to low ADC. The use of echo-
planar imaging (EPI) reduces the overall timing of acquisition, which reduces the 
artifacts due to physiological motion (normal brain pulsation). A solid intracranial 
tumor causes a decrease in the ADC, which is increased in surrounding necrotic tis-
sue, edema, and cyst. The physical mass of a tumor tissue restricts the proton diffu-
sion and thus provides a distinct contrast over a normal brain tissue (Al-Okaili et al. 
2006). A study by Kono et al. (2001) with 56 patients showed that patients with grade 
IV glioblastoma (n = 9) had lower ADC values than grade II tumor (n = 8) (P value 
0.0008). Metastatic tumors (n = 21) did not show any significant difference compared 
to primary glioblastoma tumors. Therefore, quantitation of the ADC values can be 
used as a measure for distinguishing tumor grades (Kono et al. 2001).

As explained in the principle, DTI is a specialized MR modality that utilizes direc-
tional maps generated form diffusion anisotropy of tissue for detection of variety of 
intracranial pathologies, including patients with glioma. Mean diffusivity (MD) is 
used to distinguish between low- vs high-grade gliomas, tissue edema vs infiltrative 
neoplasm, and solitary vs multifocal primary neoplasm. DTI acquisition is also imple-
mented in preoperative planning for patients with high-grade glioma. These scans 
help surgeons to resect the maximum extent of the neoplastic mass without damag-
ing the neighboring tissue. DTI helps to discover the major white matter tracts (e.g., 
corticospinal tracts) and discriminate between displaced, edematous, infiltrated or 
destroyed tracks. A retrospective study with 24 patients by Ferda et al. (2010) showed 
that sensitivity and specificity of FA map to discriminate between low- and high-
grade gliomas is 81% and 87% respectively. Grade II tumors demonstrated a uniform 
tumor structure as compared to grade III infiltrating tumor structure. However, grade 
IV tumors have a variable margin on the FA maps. The combination of the contrast 
enhancement pattern along with FA map evaluation can improve the discrimination 
between low- and high-grade glial tumors (Ferda et al. 2010).

Magnetic Resonance Perfusion (MRP) imaging has also been utilized in the diag-
nosis and management of gliomas. A hyper-intense region on a conventional MRI 
post gadolinium administration essentially depends on the degree of angiogenesis 
and compromised BBB. In MR perfusion imaging, cerebral blood flow (CBF), and 
cerebral blood volume (CBV) are quantified to map virtual ‘angiograph’ of gliomas. 
Though debatable, MRP is also used to discriminate high-grade gliomas from low-
grade gliomas based on elevated cerebral blood flow and cerebral blood volume. In 
these studies, MRP provides relatively higher spatial resolution even in low-grade 
neoplasm over conventional PET and SPECT. Two different MRP scans can be per-
formed as arterial spin labeling and the first pass bolus methods (Jackson et al. 2008, 
Jeong et al. 2015).

Advantages MR diffusion imaging can be used preoperatively to distinguish 
between a solitary metastasis from a primary glioma, which appears hyper-intense 
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on peripheral T2 and FLAIR. It can be used to monitor the therapy response such 
as alteration in histological and fluid quantity in the intracellular and extracellular 
spaces, which discriminates between therapy-induced necrosis from recurrent neo-
plasm. Though relapse and therapy-induced necrosis have distinct histology, these 
are indistinguishable on a conventional MRI due to tumor proximity, adjoining vaso-
genic edema, localized mass effect, and a compromised blood-brain barrier (BBB) 
(primes gadolinium enhancement) (Castillo et al. 2001).

MR diffusion imaging can also assist in identifying radiation-induced necrotic 
cellular paucity compared to densely packed cells from recurrent neoplastic glioma. 
One study demonstrated significantly lower ADC value in relapse tissues compared 
to therapy-induced necrosis in patients presented with WHO grade III and IV glio-
mas. These studies set a mean ADC ratio threshold of 1.62 and above for a therapy-
induced necrotic tissue while values below 1.62 are associated with tumor recurrence 
(Hein et al. 2004, Tsui et al. 2001).

Disadvantages Despite the superior detection of brain tumors with MRI, certain 
limitations exist. Enhancement of comparison between low-grade and high-grade 
gliomas cannot be generalized as not all the high-grade gliomas show contrast 
enhancement after gadolinium administration. Conversely, low-grade gliomas like 
pilocytic astrocytoma in children and young adults are hyperintense post gadolinium 
administration. This limits the sensitivity of conventional MR imaging to 55–83% 
for histologic grading of the glial neoplasms. In clinics, the preliminary function of 
MR imaging is to evaluate disease progression and its impact on the adjacent normal 
brain tissues. Limited conventional MRI features in conjunction with demographic 
data and the clinical presentation can help to distinguish the different neoplasms and 
to identify the more aggressive masses.

8.3.1.2.2  Computed Tomography in Glioma Management
MRI is the imaging modality of choice for brain (neoplasm) imaging. However, CT 
is superior in evaluating patient physiology such as calcification, hemorrhage, and 
bone changes related to tumors (Whelan et al. 1988, Morris et al. 2009). Also, CT 
plays a crucial role in the management of patients for whom MRI is not suitable, such 
as patients with pacemakers or metallic devices, as well as critically ill or unstable 
patients. Recent advancements in the instrumentation such as the multichannel, spi-
ral CT scanner have rejuvenated its role in preoperative localization, intraoperative 
navigation, and radiation therapy targeting. These advancements in CT facilitate a 
sophisticated multiplanar three-dimensional imaging as well as dynamic imaging 
(i.e., CTP and CTA). With the help of CT as an imaging modality, Eskandary et al. 
(2005) diagnosed eight cases with tumors bearing incidental abnormalities from 
3,000 asymptomatic participants who were not showing any signs of brain abnor-
malities in initial clinical evaluation (Eskandary et al. 2005). However, limited data 
are currently available regarding CT perfusion imaging in brain tumor imaging.

Advantage The major application for microvascular assessment using dynamic, 
contrast-enhanced CT is understanding the extent of differentiation of the most 
malignant region of the tumor before conducting stereotactic biopsy. This often turns 
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out to be valuable information for differentiating between radiation necrosis, post-
surgical scar tissue, and a recurrent tumor.

Disadvantage The major limitation of CTP is that only a limited volume of the 
brain can be scanned.

8.3.1.2.3  Radio-Nuclide Imaging in Glioma Management
PET and SPECT provide the opportunity to image multiple dynamic biological pro-
cesses in situ in brain tumors. Despite the inherent background of 18F-FDG in a 
normal brain scan, it is the most widely used tracer for nuclear imaging of gliomas. 
Technetium-99m-labeled compounds, such as 99mTc-sesta-methoxyisobutylisonitrile 
(99mTc-MIBI), 99mTc-hexamethyl-propyleneamine-oxime (99mTc-HMPAO), and 
99mTc-tetrofosmin (99mTc-TF) are most widely used SPECT probes for glioma 
imaging (Mabray, Barajas, and Cha 2015, Watanabe, Tanaka, and Takeda 1992). 
This field is rapidly advancing and other metabolic tracers are being investigated.

18F-U is routinely used to discriminate between tumor relapse from radiation-
induced necrosis in patients with clinical suspicion of recurrent glioma. However, 
use of 18F-FDG in brain tumor imaging is limited, as a normal brain is isometo-
bolic or hypermetabolic compared to tumor tissue. With the exception of aggres-
sive high-grade tumors (glioblastoma multiforme), normal parenchyma shows a high 
background due to higher glucose metabolism. Hence, it is often difficult to differen-
tiate it from normal brain parenchyma. To overcome this limitation, various amino 
acid-based PET tracers have been developed as their uptake is higher in the tumor 
tissues compared to normal brain tissue (Alexiou et al. 2012). 11C-MET is the best-
studied amino acid tracer for evaluation of recurrent glioma. In spite of convincing 
clinical results, the use of 11C-MET remains restricted to a few centers due to abso-
lute requirement of an on-site cyclotron because of short half-life of 11C (T1/2 20 
min vs 110 min of 18F-FDG). This limitation has led to the development of various 
18F-labeled aromatic amino acid analogues such as 3, 4-Dihydroxy-6-[18F] fluoro-
phenylalanine (18F-FDOPA). Overall sensitivity of these tracer uptakes varies from 
85% to 100% and specificity varies from 89% to 100%. The accuracy of 18F-FDOPA 
PET in evaluating low-grade and high-grade gliomas has been found to be superior 
to that of 18F-FDG PET (Karunanithi et al. 2013, Chen et al. 2006, Becherer et al. 
2003, Fueger et al. 2010). A study by Kato et al. (2008) with 95 primary glioma 
patients reported a significant correlation between 18F-FDG, MET, and 11C-choline 
uptake with Ki-67 index. However, MET has been proven to be superior for visual 
tumor evaluation as it is able to produce a better tumor to background delineation 
(Kato et al. 2008). Other probes include O-(2-[18F]-fluoroethyl)-L-tyrosine (18F-
FET), 39-deoxy-18F-FLT, and 18F-fluoromisonidazole.

Various SPECT radiotracers also have been evaluated for glioma imaging. 
These include Technetium-99m-labeled compounds, such as 99mTc-MIBI, 99mTc-
HMPAO, and 99mTc-TF. Vos et al. (2007), demonstrated that 201Tl SPECT is supe-
rior to conventional MRI in differentiating between recurrence and therapy induced 
necrosis. In this study 201Tl SPECT sensitivity in detecting recurrence was found 
to be 43% to 100% with specificity ranging from 25% to 100% (Vos et al. 2007). 
Bleichner-Perez, et al. (2007) with 201 patient 99mTc-MIBI SPECT scans reported 
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89% sensitivity, 83% specificity, and 87% accuracy for the detection of tumor recur-
rence in high-grade gliomas (Bleichner-Perez et al. 2007).

Advantages PET and SPECT scans are the most accurate imaging modality for 
detection of micro-metastasis within the brain as well as in the whole body. These 
scans can differentiate between recurrent tumors from radiation necrosis.

Disadvantage Inherent background in normal brain scan limits the sensitivity of 
radio-nucleotide scan.

8.3.1.2.4  Multimodal Imaging of Glioma
PET-CT Diagnostic imaging with single functional (PET or SPECT) or anatomical 
(CT or MRI) imaging modality constrains the clinical investigation. The combina-
tion of two imaging modalities provides greater confidence in image registration, 
accurate diagnosis eliminating the need of multiple scans. PET-CT or SPECT-CT 
are useful tools for diagnosis and management of a variety of neurological diseases 
and cancers. Increased tumor uptake of 99mTc-TF in SPECT is correlated with 
aggressive behavior and serves as an independent prognostic factor in patients with 
malignant glioma (Karunanithi et al. 2013).

PET-MR Integrated PET-MRI systems offers the ability to perform brain ana-
tomical MR imaging simultaneously with physiologic PET imaging. In PET-MR 
imaging, MR scans are used to acquire anatomical tumor volume followed by radio 
tracer 18F-flouromisoidazole (FMISO) administration to detect physiological tissue 
hypoxia using PET images. A preliminary study of 22 participants with glioblas-
toma demonstrated an association between both the pre-radiation tumor volume and 
degree of tumor hypoxia measured by FMISO PET and a shorter time to tumor 
progression and survival (Gerstner et al. 2016).

8.3.1.2.5  Intraoperative Imaging Modalities
Intraoperative imaging modalities have been used by many neurosurgeons to 
localize and distinguish tumor tissue from normal tissue. These modalities help to 
detect brain shift (a random brain movement during surgery) and tissue deforma-
tion during surgery, which improves the extent of resection and reduces neuro-
logic morbidity. Recent studies have confirmed that the overall survival of patient 
with gliomas is highly dependent on the success of the surgical dissection of the 
tumor tissue. In 90% of the glioma cases, treatment fails due to recurrence from 
un-resected part of the tumor post-surgery. In either low- or high-grade gliomas, 
surgery is commonly the initial therapeutic approach followed by radiation treat-
ment. Maximum/complete resection of the tumor tissue favors the comprehensive 
treatment along with extended tumor recurrence time and patient survival. Under 
these circumstances, micro-neurosurgical techniques play a very crucial role to 
identify tumor vs normal tissue during surgeries and enable the greatest degree 
of tumor resection. An integrated application of neuro-navigation, intraoperative 
MRI, intraoperative fluorescence labeling, and intraoperative sonography also 
enhances these factors.
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In recent years, ‘neuro-navigation’ has been developed to assist neurosurgeons in 
performing surgery more safely and efficaciously. Neuro-navigation detects func-
tional sectors of brain tissue and distinguishes ‘true’ tumor boundaries. However, 
it cannot provide surgeons with information about intraoperative dynamic changes 
such as brain shifting due to loss of cerebrospinal fluid (CSF), tumor debulking, and 
brain deformation caused by patient positioning (Gerard et al. 2017).

Intraoperative MRI could be a promising technology for detecting residual tumor 
mass during surgery. Unfortunately, the use of metallic surgical instruments poses 
a serious limitation. These problems can be overcome by intraoperative sonogra-
phy, which is a real-time monitoring modality and is less costly than other methods. 
Several reports in last few years have demonstrated the benefits of sonography for 
intraoperative imaging and guidance in brain surgery. Sonographically guided resec-
tion of cerebral gliomas exhibits better curative effect than conventional surgery and 
significantly delays tumor recurrence and increases survival. However, many factors 
can influence the sonographic image definition, such as edema, air, pads, the hole 
formed by removing the lesion, and the shape of the removed bone window. These 
factors may decrease the sensitivity and specificity for evaluation of tumor remnants.

8.3.1.3  Future Directions of Glioma Imaging
MRI scans remain an important tool for diagnosis, staging, and evaluating therapy 
response to glioma. Yet early detection of the glioma is a major clinical concern. 
Sensitivity of CT and PET scans limits the early diagnostic capacity. Development 
of new fMRI methodologies and sequence algorithms are improving diagnosis accu-
racy. In future, improvement in DCE, DWI, and DTI MRI may serve as an early 
diagnostic tool for glioma.

The recent advancements in intraoperative imaging modalities using ultrasound 
has improved the accuracy of tumor resection and patient survival rates. Currently, 
the future lies in the amalgamation of more sensitive technologies such as MRI 
modalities. Moreover, progress has been made in making ultra-surgical manipula-
tions for better tumor resection, which will increase the mean overall survival rate 
of this deadly disease.

8.3.2  LuNg caNcer

8.3.2.1  Introduction to Lung Cancer
Lung cancer, with the highest incidence rate among all malignancies across the 
globe remains a deadly disease due to a high mortality rate both in men and women 
(Ferlay et al. 2015). There has been a significant increase in incidence (approxi-
mately half of the total cases occurring globally) of lung cancer in developing coun-
tries. Approximately half of the cases now occur in developing countries. Incidence 
of lung cancer has increased dramatically in women during last decade and is linked 
to increased smoking and occupational hazards (Dela Cruz, Tanoue, and Matthay 
2011, Ridge, McErlean, and Ginsberg 2013). The two major forms of lung cancer are 
non-small cell lung cancer/NSCLC (about 85% of all lung cancers) and small-cell 
lung cancer/SCLC. NSCLC is further divided into three subtypes; adenocarcinoma, 
squamous cell carcinoma, and large cell lung carcinoma. Adenocarcinoma  and 
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squamous cell carcinoma constitute 90% of the NSCLC and remain the major cancer 
subtypes observed among lung cancer patients. While smoking is the major cause for 
increased lung cancer incidence, it is strongly associated with squamous cell carci-
noma and SCLC, while adenocarcinoma is more common among non-smokers (Sun, 
Schiller, and Gazdar 2007). These subtypes are further sub-divided by histopatho-
logical characteristics and the molecular signatures of the disease. Standard treat-
ment for lung cancer is based on TNM (T-Tumor, N-Node, and M-Metastasis) staging, 
which determines the course of lung treatment that includes surgery, platinum- 
based chemotherapy, and radiation as the first line of treatment (Mirsadraee et al. 
2012). Surgical resection is performed when the disease is confined to the primary 
site without involvement of mediastinal nodes. Pleural effusion, node involvement, 
and distal metastasis are treated by chemotherapy and radiation. Understanding the 
underlying molecular mechanism of lung carcinogenesis led to discovery of sev-
eral targetable molecules like Epidermal Growth Factor Receptor (EGFR), c-MET, 
KRAS, and LKB1 (Shackelford et al. 2013, An et al. 2012). Similar to other cancers, 
early detection remains a key for better treatment outcome and survival.

8.3.2.2  Diagnosis of Lung Cancer
Accurate diagnosis and staging of lung cancer are essential to determine the best 
possible treatment for the patient but the process is often very complex. Fitness of 
the patient augments the complexity and itself may influence both diagnostic and 
treatment procedures. Sufficient tissue sampling is required to enable a pathologist 
to further classify the tumor into different subtypes. Additional tissue samples are 
often required to determine the presence of specific biomarkers to predict the choice 
and efficacy of targeted therapies. Diagnostic tools and methods used for lung can-
cer diagnosis largely affect the morbidity and mortality rate during diagnosis. Both 
noninvasive and minimally invasive methods are used for lung cancer diagnosis.

8.3.2.3  Noninvasive Methods
Noninvasive visualization of cancer has played an important role in both screening 
and diagnosis of the disease. It has also been an important tool for following the dis-
ease progression during and after the treatment. Recent developments in noninvasive 
imaging has played important role in TNM staging and improved treatment of lung 
cancer. The comprehensive and comparative glance at the various imaging modali-
ties associated with lung cancer management is listed in Table 8.2.

8.3.2.3.1  Computed Tomography in Lung Cancer Management
The chest radiograph, an imaging modality was used to detect abnormal mass in 
lungs in earlier days. Though it could detect lesions in the lung, initial clinical tri-
als with chest radiograph for lung cancer screening in 1980s showed no significant 
beneficial outcome for lung cancer mortality (Fontana et al. 1986, Muhm et al. 1983). 
The major drawback for chest radiography is that the technique is unable to detect 
the disease at early stage. In fact, investigators of a recent large-scale, randomized 
cancer screening (known as the Prostate, Lung, Colorectal, and Ovarian [PLCO]) 
trial, consisting of 1,54,901 participants also concluded that annual screening with 
chest radiographs over a four-year period did not significantly decrease lung cancer 
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mortality when compared with standard clinical tests (Oken et al. 2011). CT is supe-
rior to radiography in sensitivity and resolution and has emerged as an important 
diagnostic tool for lung cancer screening. In 1999, a small trial called Early Lung 
Cancer Action Project (ELCAP) consisting of 1,000 high-risk individuals undergo-
ing CT scans reported that low-dose CT at baseline compared to chest radiography 
was better for detecting the disease at earlier stages. In this study, non-calcified pul-
monary nodules (NCN) were detected three times higher (23% vs 7%) and stage I 
malignancies were detected six times higher (2.3% vs 0.4%) in low-dose CT com-
pared to the chest radiograph. Out of 27 NCNs detected by low dose CT, 23 were 
of stage I and 19 out of these 23 nodules were non-detectable on a chest radiograph 
(Henschke et al.). Later an extended and bigger trial consists of 25,000 high-risk indi-
viduals (International ELCAP (I-ELCAP)) reported detection of 382 patients with 
tumors, a vast majority of which were at stage I (International Early Lung Cancer 
Action Program Investigators 2007). These initial clinical trials showed potential of 
CT for lung cancer screening and early detection diagnosis. Later large screening 
programs to understand the influence of smoking in lung cancer utilizing both chest 
radiography and CT were carried out. In the National Lung Screening Trial (NLST) 
conducted in the US, around 53,439 asymptomatic participants ranging from 55 to 
74 years of age with a history of smoking at least 30 packs per year were enrolled 
and randomly assigned to undergo annual screenings for three years using either 
low-dose CT or chest radiography. It was seen that, the participants who were sub-
jected to low-dose CT scan showed 27.3% positive screening results compared to just 
9.2% of the participants who were subjected to only a chest x-ray. Lung cancer was 
diagnosed in 292 participants (1.1%) in the low-dose CT group versus 190 (0.7%) in 
the radiography group. It was found that, the number of lung cancers diagnosed at 
stage I were 158 with the CT scan compared to 70 with the chest X-ray. It was also 
noted that there was no significant difference in the number of patients diagnosed 
at late stage by both modalities (stage IIB to IV in 120 vs 112). The sensitivity and 
specificity of lung cancer detection with the CT scan were found to be 94% and 73% 
respectively. By contrast, the sensitivity and specificity of a chest x-ray in the detec-
tion of lung cancer were found to be 74% and 91%. Positive predictive value for CT 
and x-ray was 5.7% and 5.2% (National Lung Screening Trial Research et al. 2013). 
Currently, contrast enhanced CT has emerged as routine practice for lung cancer 
diagnosis and T-staging of lung cancer.

Advantages CT has proven an invaluable tool for early detection of lung cancer. 
CT can detect calcified nodes in lung increasing its predictive value.

Disadvantages However, CT has certain inherent limitations. It relies on its abil-
ity to resolve and distinguish different anatomical features such as lymph node size, 
pleural effusion etc. to detect abnormalities. Lymph node staging by CT involves 
measuring lymph node size and hence, disease may be over staged if enlarged benign 
lymph nodes are measured, or disease may be under staged if the microscopic nodes 
are classified as benign (Knoepp and Ravenel 2006). Pleural effusion is relatively 
common in patients with lung cancer. To determine resectability of the tumor or 
the use of chemo-radio therapy it is necessary to differentiate between benign and 
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malignant effusion. CT has limited specificity for mediastinal metastasis and dif-
ferentiating ability for benign and malignant pleural effusion.

8.3.2.3.2  Positron Emission Tomography in Lung Cancer Management
PET is highly sensitive and widely used technique in radio-nucleotide imaging of 
cancer. 18F-FDG PET has become an excellent tool for accurate detection of medi-
astinal lymph node metastases as well as extra-thoracic metastases and is often been 
recommended to be performed after CT for confirmation of node and extra-thoracic 
metastasis. This technique has been accurate in differentiating benign from malig-
nant lesions as small as 1 cm (Marom et al. 2002). PET has an overall sensitivity of 
96% (range 83%–100%), a specificity of 79% (range 52%–100%), and an accuracy 
of 91% (range 86%–100%) (Gould et al. 2001, Zhuang et al. 2001). Since CT scan 
is unable to differentiate benign and malignant pleural effusions, thoracic biopsy 
remains as an option that has low predictive value. It may not predict malignancy in 
30%–40% of patients with truly malignant pleural effusion (Gupta et al. 2002). PET 
imaging, however can differentiate between benign and malignant pleural effusions. 
In one such study, PET18F-FDG imaging correctly detected the presence of malig-
nant pleural effusion and malignant pleural involvement in 16 of 18 patients and 
excluded malignant effusion or pleural metastatic involvement in 16 of 17 patients 
(sensitivity, specificity, and accuracy of 88.8%, 94.1%, and 91.4% respectively) 
(Gupta et al. 2002). In another study involving 25 patients, the sensitivity, specificity, 
and accuracy of detecting malignant effusion were found to be 95%, 67%, and 92% 
respectively by 18F-FDG PET (Erasmus et al. 2000). PET has a high negative predic-
tive value, which is very useful for confirming and ruling out false-positive results of 
a CT scan. It also reduces the number of repeat thoracic biopsies. PET is also useful 
for node imaging when distal metastasis is not seen, and it helps to decide the treat-
ment regime. Compared to CT, PET is highly sensitive for the detection of nodal 
involvement, however false-negative results in PET can occur for lesions smaller 
than 1 cm because a critical mass of metabolically active malignant cells is required 
for PET diagnosis. Nomori et al. conducted a study to evaluate use of 18F-FDG PET 
for pulmonary nodule scanning wherein, a cohort of 141 patients was subjected to 
CT scan. CT scan identified 73 malignant and 43 benign nodules that were further 
subjected to 18F-FDG PET and histopathology (Nomori et al. 2004). Among the 73 
malignant nodules, 58 were found to be positive and 15 were negative by 18F-FDG-
PET scan. However, those 15 malignant nodules turned out to be false-negative 
results of 18F-FDG PET scan as IHC determined 12 modules as well differentiated 
adenocarcinoma and one as moderately differentiated adenocarcinoma. Similarly, 
out of 43 benign nodules (revealed by CT), 15 were positive in 18F-FDG PET scan, 
which were later found to be inflammation not lung nodules. The 28 18F-FDG PET 
negative nodules included five ground-glass opacity (GGO) benign lung tumors. 
Though 18F-FDG PET scanning for pulmonary nodules showed an overall sensi-
tivity, specificity, and accuracy of 79%, 65%, and 74%, respectively, for detection 
of GGO nodules, the sensitivity, specificity, and accuracy dropped to 10%, 20%, 
and 13%, respectively. A CT scan of 141 patients identified ten malignant nod-
ules with GGO images, comprised of well-differentiated adenocarcinomas, and 
nine of them (90%) were negative for 18F-FDG-PET scan (Nomori et al. 2004). 
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This study signifies the ability of 18F-FDG PET to correctly detect both benign and 
malignant nodules of ≧1 cm in size, but it is not reliable for diagnosing nodules with 
GGO images or <1 cm in size. Detection of metastases in patients with non-small 
cell lung cancer (NSCLC) has major implications on management and prognosis 
where PET imaging plays an important role in identifying extra-thoracic metastasis. 
Lung cancer often metastasizes to the CNS and to bones. Bone scintigraphy using 
99m Technetium methylene diphosphate is widely used to detect bone metastasis and 
has a good sensitivity (90%) but a low specificity (±60%). When scintigraphy imag-
ing is compared to PET for bone metastasis detection, the latter is reported to have 
a similar sensitivity (≥90%), but a higher specificity (≥98%) and accuracy (≥96%), 
and is therefore considered superior to bone scintigraphy in the detection of bone 
involvement (Bury et al. 1998). 18F-FDG-PET is less suitable for diagnosing brain 
metastasis and when compared to CT, PET has non-significant difference in sensitiv-
ity, specificity, and accuracy for detection of liver metastasis.

Advantages The superior ability to detect nodal metastasis and ability to distin-
guish benign and malignant pleural effusion by PET imaging has improved nonin-
vasive detection of lung cancer and at an early stage. PET has also improved TNM 
staging of lung cancer helping in better diagnosis and treatment options. PET is often 
used to monitor treatment response post chemo or radio therapy. It has been a valu-
able tool not only for diagnosis but also to follow treatment response and to monitor 
tumor growth and relapse after treatment.

Disadvantages PET is often performed as complementary imaging for CT in lung 
cancer since PET imaging is unable to detect anatomical information. Also, failure 
to differentiate from active inflammation and failure to detect disease in GGO nod-
ules poses a challenge of using PET as a primary detection method in lung cancer 
diagnosis.

8.3.2.3.3  Magnetic Resonance Imaging in Lung Cancer Management
MRI is not a mainstream imaging modality for lung cancer diagnosis and is only 
performed, where it is necessary to assess the extent of disease, for patients with 
superior sulcus tumors. MRI detection of pulmonary nodules is inferior to CT detec-
tion, however, MRI yields supplementary morphologic information that is valuable 
for differential diagnosis, including for sclerosing hemangioma, bronchial carci-
noid tumor, tuberculoma, progressive massive fibrosis (Kurihara et al. 2014). There 
are various dynamic MR techniques and sequences for distinguishing malignant 
nodules from benign nodules, with reported sensitivities ranging from 94–100%, 
specificities from 70–96% and accuracies from 80–95%. While comparing whole-
body diffusion weighted MRI with 18F-FDG-PET-CT for the M-stage assessment 
capability, DW-MRI was found to be as effective as integrated 18F-FDG-PET-CT, 
with a sensitivity of 70%, specificity of 92%, and accuracy of 87.7% (Ohno et al. 
2008). Recently, Koyama et al. (2008) compared capabilities of pulmonary nod-
ule detection and differentiation of malignant from benign nodules between non- 
contrast-enhanced, multi-detector CT and MRI using a 1.5 T system in 161 patients 
presented with a total of 200 pulmonary nodules. Although the overall detection 
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rate of multi-detector CT was superior to that of respiratory-triggered short tau 
inversion recovery (STIR) turbo spin echo imaging, there was no significant differ-
ence in malignant nodule detection rate between the two methods (Koyama et al. 
2008). It is known that pulmonary nodule assessment using MRI has been inferior to 
multi-detector CT due to motion artifacts from respiratory and cardiac movements. 
However, development of new sequence algorithms and breath-hold protocols had 
made whole body MRI feasible in clinical settings with advancement of technology. 
Turbo spine echo sequence shows many pulmonary nodules, including lung cancers, 
pulmonary metastases, and low-grade malignancies. Enhancement patterns or blood 
supply evaluated with dynamic contrast-enhanced (CE) MRI is helpful for diagnosis 
of pulmonary nodules. It has been suggested that dynamic CE MRI is effective for 
assessment of tumor angiogenesis (Li, Wang, et al. 2015).

Advantages The lack of ionizing radiation makes MRI a safe tool for repeated 
dynamic evaluations of tumor perfusion. Dynamic MRI with advanced sequences 
requires less than 30 seconds of breath-holding for acquisition of all data, a much 
more comfortable session for a patient.

Disadvantages To date, MRI detection of pulmonary nodules is inferior to CT 
detection.

8.3.2.3.4  Ultrasound Imaging in Lung Cancer Management
US imaging is not a common practice for lung cancer diagnosis. However, it is a 
useful imaging modality to guide needle aspiration or biopsy of cervical lymph-
adenopathy, peripheral tumors in contact with the pleura, distant metastases, and 
sampling of pleural tissue or fluid. Three minimally invasive methods combined 
with US imaging used for sampling tissue samples are transthoracic needle aspi-
ration (TTNA), endoscopic ultrasound (EUS) fine needle aspiration (EUS-FNA), 
endobronchial ultrasound (EBUS) trans-bronchial needle aspiration (EBUS-TBNA), 
and non-ultrasound-guided TBNA. Mediastinal staging in patients with NSCLC 
is crucial in dictating surgical vs non-surgical treatment options. Cervical medi-
astinoscopy is the “gold standard” in mediastinal staging but is an invasive proce-
dure and limited in assessing the posterior subcarinal, lower mediastinal, and hilar 
lymph nodes. Further, noninvasive mediastinal staging by CT and PET scans gener-
ates significant false-negative and false-positive data and requires lymph node tis-
sue confirmation. FNA techniques, with guidance by EBUS and EUS, have thus 
become more widely acceptable. The combination of EBUS-FNA and EUS-FNA of 
mediastinal lymph nodes can be a viable alternative to surgical mediastinal staging. 
(Varela-Lema, Fernandez-Villar, and Ruano-Ravina 2009). Bronchoscopic EBUS 
is performed as an adjunct procedure following routine bronchoscopy. The EBUS 
bronchoscope is equipped with a linear probe US at the tip, which allows for visu-
alization of mediastinal structures including lymph nodes, vasculature, and stromal 
tissue (Varela-Lema, Fernandez-Villar, and Ruano-Ravina 2009). EBUS also allows 
for real-time direct visualization of mediastinal node puncture and subsequent aspi-
ration. The addition of EBUS after routine bronchoscopy adds approximately 15 
to 30 minutes extra to each procedure, depending on the number of nodal stations 
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sampled. In addition to the mediastinal nodal stations (2R, 2L, 4R, 4L, and 7) acces-
sible by cervical mediastinoscopy, the hilar, interlobar, and lobar nodes (levels 10, 
11, and 12, respectively) are also accessible by EBUS (Colella et al. 2014). Yasufuku 
et al. (2011) prospectively evaluated 153 patients who underwent EBUS and cervical 
mediastinoscopy in back-to-back procedures and demonstrated a specificity and pos-
itive predictive value (PPV) of 100% for both techniques. The sensitivity, negative 
predictive value (NPV), and diagnostic accuracy for EBUS were 81%, 91%, and 93%, 
respectively, compared with 79%, 90%, and 93% for mediastinoscopy (Yasufuku 
et al. 2011). EUS-FNA avoids the need for surgical staging procedures in 50% to 70% 
of patients. Zhang et al. (2013) recently reported the estimated summary measures, 
a meta-analysis, for quantitative analysis of EBUS-TBNA plus EUS-FNA for medi-
astinal nodal staging of lung cancer. The combined sensitivity (86%) and specificity 
(100%) was better than EBUS-TBNA and EUS-FNA alone and with a positive likeli-
hood ratio of 51.8 and negative likelihood ratio of 0.15 (Zhang et al. 2013).

Advantages Both the US mediated endoscopic techniques (EUS and EBUS) show 
higher sensitivity and specificity when performed in combination than each done 
alone and are minimally invasive in nature. EUS-FNA plus EBUS-TBNA might 
replace more invasive methods for evaluating mediastinal node staging of lung can-
cer in future.

Disadvantages Current barriers to the dissemination of these techniques include 
initial cost of equipment, lack of access to rapid on-site cytology, and the time 
required to obtain sufficient skills to perform the technique.

8.3.2.3.5  Multimodality Imaging
PET-CT Application of combined PET-CT imaging in lung cancer is highly depen-
dent on requirement. In contrast to CT being conclusive for T-staging of disease, 
PET does not have any added advantage for primary tumor imaging in lung cancer. 
However, PET is important for benign to malignant differentiation and to identify 
nodal involvement and metastasis. Various studies have reported combined PET-CT 
imaging to have a better outcome than either of alone in TNM staging of the dis-
ease. Co-registered PET-CT imaging decreases false-positive results and improves 
specificity.

PET-MR Though PET-MR multi-modality imaging for lung cancer is an attrac-
tive option considering MRI is able to provide the anatomical information without 
involvement of radiation exposure, it is yet to be introduced for lung cancer detection.

8.3.2.3.6  Future Directions
Currently, CT and PET remain the standard tools for lung cancer diagnosis. Contrast-
enhanced CT and PET has improved TNM staging of disease reflecting better treat-
ment management of the disease. Low-dose CT screening for high-risk individuals 
holds the key to early detection of disease along with identifying molecular biomark-
ers, which will improve lung cancer prognosis and reduce mortality. Similarly, PET 
imaging with new biomarker-based tracer (F18-DOPA, F18-Choline for brain and 
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CNS metastasis and 18F-fluoromisonidazole for angiogenesis) will result in better 
patient stratification and treatment.

Recent advancements in fast MR imaging using parallel imaging and compressed 
sensing technology have demonstrated excellent capability in accelerating MR imag-
ing acquisition. To reduce imaging acquisition to five seconds or lesser, a technique 
that combines parallel imaging and compressed sensing with optimized imaging 
parameters and acceleration performance has to be developed. Another promising 
future technique for imaging pulmonary nodules is an ultrashort echo time (UTE) 
MR image. UTE MR imaging is also advantageous for lung imaging because it is 
relatively robust about motion artifacts and therefore high-quality clinical images 
can be acquired with free-breathing in the limited field-of-view setting despite the 
regular non-accelerated acquisitions.

8.3.3  paNcreatic caNcer

8.3.3.1  Introduction to Pancreatic Cancer
Among pancreatic malignancies, pancreatic ductal adenocarninoma (PDA) is the 
most common type and represents 85–90% of all pancreatic neoplasms. Despite 
a variety of improved diagnostic and therapeutic approaches over the past several 
decades, it still remains the fourth leading cause of cancer-related deaths in the US 
and the overall five-year survival rate is only around 5–7% (Shrikhande, Barreto, and 
Koliopanos 2009, Adamska, Domenichini, and Falasca 2017). Since the ductal epi-
thelial cells are believed to be the cell of origin for PDA, the characteristic features of 
this disease include mucin production along with the expression of certain cytokera-
tins (7, 8, 13, 18, and 19), a signature that is easily identifiable through IHC (Hruban 
and Fukushima 2007). While 60–70% of ductal adenocarcinomas are localized in the 
head of the gland, the remaining proportion is found to be localized in the body and/
or tail. Based on the cell type origin, a set of histologic subtypes have been classified 
as follows: adenosquamous carcinoma, mucinous noncystic carcinoma, signet-ring 
cell carcinoma, undifferentiated (anaplastic) carcinoma, and mixed ductal-endocrine 
carcinoma (Hamilton and Aaltonen 2000). Each subtype has a distinct site of origin 
and dictates the symptoms, early stage diagnosis, therapy response, and overall sur-
vival rate. Therefore, management of PDA requires thorough understanding of the 
underlined anatomy and biology of each subtype while designing the strategy for 
therapy. Surgical resection remains the only potentially curative treatment for PDA 
which is possible only in 15–20% of the cases. About 40% of the patients have the 
locally advanced non-resectable disease (Zakharova, Karmazanovsky, and Egorov 
2012). Earlier, intraoperative assessment was the only way to approximate the resect-
ability of the tumor. However, application of modern imaging techniques has allowed 
preoperative staging of patients that reveals valuable information about the tumor.

8.3.3.2  Image-Guided Diagnostic Intervention
The complex anatomical and physiological features of the pancreas impose a chal-
lenge in the management of pancreatic cancer. This could be considered as one of the 
major factors responsible for dismal survival rates of the patients since surgical resec-
tion of the whole tumor may not be feasible. However, current imaging techniques 
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have been proven to be very effective tools in not just the detection of the tumor but 
also in the overall management of pancreatic cancer. Preoperative imaging is neces-
sary as it yields important information about tumor resectability. Since the pancreas 
is a highly vascular organ, it is inevitable to take into account the involvement of 
adjacent blood vessels (superior mesenteric vein, portal vein, and superior mesenteric 
artery). Imaging can also provide valuable information about nodal involvement and 
distant metastatic lesions, which can further be utilized to design appropriate treat-
ment regimen for the patients. Figure 8.1 describes the imaging-based screening pro-
cedure of patients with PDA. The commonly used imaging techniques are as follows.

8.3.3.2.1  Ultrasound Imaging in Pancreatic Cancer Management
Abdominal US is the first modality of choice as it is cost effective and routinely 
available. PDA neoplasms occur mostly in the head part of the pancreas and have 
typical features like hypoechoic mass, dilatation of the pancreatic duct, and dilata-
tion of the bile duct that can be easily observed in an US scan. Moreover, in advanced 
stage pancreatic carcinoma, ascites accumulation. and liver metastases (>1 cm) may 

A patient showing symptoms of abdominal
discomfort/at risk patients

Follow up

No mass
detected

Amibiguous
detection

Mass detected

MDCT-MR imaging

Confirmation
by EUS

Endoscopic ultrasound (EUS) and EUS
guided fine needle aspiration (EUS-FNA)

Endoscopic ultrasound (EUS)

Echoendoscope

Ultrasound
transducer

FIGURE 8.1 Imaging-based screening procedure of PDA patients. The screening proce-
dure starts by performing MDCT-MR scan to detect the presence of adominal mass. The 
patients with a lump in the abdomen are further tested by EUS for confirmation. Whereas the 
patients showing no mass may be followed up using an MDCT-MR scan. In case of ambigu-
ity, EUS remains the gold standard for diagnosis.
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be seen (Miura et al. 2006). However, the presence of gas bubbles, shadowing effect 
of transverse colon, accumulation of fat etc. can mask the detection of tumors pres-
ent in the body/tail part of the pancreases. A study of 189 patients with pancreatic 
head cancer showed that the detection rate of pancreatic cancer with transabdomi-
nal US was 82.0%, which was lower than that with CT (93.1%) and endoscopic US 
(94.7%). The sensitivity of this technique is highly operator dependent and therefore 
can vary anywhere between 50–90% (Lee and Lee 2014, Conrad and Fernández-del 
Castillo 2013). Echo-enhanced power doppler sonography is an advanced version of 
the traditional abdominal US that offers better sensitivity and specificity. In a study 
performed on 137 patients suffering from PDA, the sensitivity and specificity of 
echo-enhanced power doppler sonography was found to be 87% and 94% respec-
tively, which is quite promising (Rickes et al. 2002).

Advantages Overall, abdominal US is used for preliminary screening, which 
requires confirmation through CT. Its noninvasive and cost-effective nature makes 
it the first line of choice.

Disadvantages The findings may vary depending upon the operator’s handling. 
Physiological conditions like overlying bowel gas, obesity etc. may compromise the 
sensitivity of identification of the tumor mass. Therefore, further development of 
contrast agents and standardization of the procedure is necessary.

8.3.3.2.2  Computed Tomography in Pancreatic Cancer Management
After abdominal US, CT is the second imaging modality used to confirm the pres-
ence of PDA neoplasms, which provides better resolution and greater sensitivity as 
compared to US. Moreover, it serves as a reliable diagnostic intervention that is not 
dependent on the handling of the operator. Owing to the recent technical advances 
and to its ability to yield reproducible results, CT is considered as the gold standard for 
diagnosis of pancreatic cancer. The recent CT scan uses triple-phase (non-contrast, 
arterial, and portal venous) helical multi-detector row CT (MDCT) that enables us to 
have 1 mm thin sections through the pancreas which are then reconstructed to have 
a three-dimensional tomogram (Bronstein et al. 2004). Specific algorithms and pro-
tocols have also been developed for pancreatic CT that resolves the complexities of 
the organ by enhancing the contrast. It is possible to achieve almost 100% sensitivity 
for pancreatic lesions greater than 2 cm through CT imaging. Moreover, involve-
ment of tumor vasculature is assessed and classified into different types through CT 
upon which the resectability can be judged. Table 8.3 describes the criteria for this 
classification with interpretation as adapted from Tamm et al. AJR (2003) (Tamm 
et al. 2003). However, the reliability of the detection may be compromised if other 
pathophysiological conditions like focal chronic pancreatitis or autoimmune pancre-
atitis co-exist.

Advantages Overall CT scan is preferred for pancreatic cancer because of its wide 
availability, noninvasiveness, and easily reproducible images. Most importantly, it 
offers a preoperative evaluation of the tumor vasculature that is useful in deciding 
the approach during surgery (Tamm et al. 2003).
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Disadvantages Despite its reproducibility, longitudinal monitoring of the tumor 
during therapy may yield ambiguous results if the scanning procedure is altered by 
the technician. Moreover, small metastatic nodules (<2 cm) may not be observed 
through CT scan.

8.3.3.2.3  Endoscopic Ultrasound in Pancreatic Cancer Management
Endoscopic US uses a high-frequency (7.5- to 12-MHz) sonographic transducer 
that is introduced into the gastrointestinal tract via a side-viewing endoscope. This 
modality, therefore, provides real-time cross-sectional images of the gastrointesti-
nal wall with detailed structure of adjacent soft-tissues. It transmits high-frequency 
sound waves through the upper GI tract to detect abnormalities in the pancreas. 
EUS is considered to have a similar (or better) sensitivity and specificity for the 
diagnosis of pancreatic cancer as compared to that of MDCT (Soriano et al. 2004). 
The important feature of this modality is that subtle pancreatic anomalies like pan-
creatic duct strictures and small neuroendocrine tumors can be easily picked up and 
distinguished from other malignant tumors. It is very efficient in detecting tumors 
smaller than 1 cm, which is difficult for other modalities. It can also distinguish 
between malignant as well as pre-malignant cystic lesions such as intraductal papil-
lary mucinous neoplasms with its characteristic findings of intramural nodules and 
its communication with the main pancreatic duct (Santo 2012, Canto et al. 2012). 
During diagnostic evaluation of the patients, EUS allows the sampling of the tumor 
mass, regional nodes, liver lesions, ascites, and malignant cyst fluid. Besides, it also 
assesses tumor resectability. The EUS-FNA technique allows multiple tumor sam-
pling with a minimally invasive procedure and therefore avoids complications due to 
imaging interventions. In a study carried out on a cohort of 81 patients, the accuracy 
of spiral CT, EUS, and EUS-FNA was evaluated for diagnosing pancreatic cancer 
and was found to be 74%, 94%, and 88% respectively. The authors also suggest that 
EUS with FNA can serve as a valuable extension to newer high-resolution multi-
detector spiral CT for diagnostic evaluation of patients with suspected pancreatic 
cancer (Agarwal et al. 2004). In another study, the diagnostic accuracy of EUS-FNA 

TABLE 8.3
Criteria for the Classification of Involvement of Tumor Vasculature on the 
Basis of CT Scan

Type Criterion Interpretation

A Well separated tumor, no vessels involved Resectable tumor

B Tumor separated from distinct parenchyma Resectable tumor

C Convex point of contact with adjacent vessels Ambiguous involvement of the vessels

D Concave point of contact with adjacent vessels Tumor can be resected with partial resection 
of the vessel

E Tumor surrounding adjacent vessels No tumor resection possible without 
negative margin

F Tumor occlusion with the adjacent vessels No tumor resection possible without 
negative margin.



244 Molecular Medicines for Cancer

was evaluated in patients with suspected pancreatic cancer along with the assess-
ment of procedure-associated complications. This study demonstrated that it is a 
highly accurate process for identifying patients with suspected pancreatic cancer, 
especially when other modalities fail. Major procedure-associated complications are 
rare and minor complications are similar to those reported for upper endoscopy. In 
spite of these advantages, the accuracy of EUS still remains dependent upon opera-
tor. Further, use of EUS-FNA is still quite limited as it is not yet available at many 
community hospitals.

Advantages This is a very effective imaging modality as far as the detection of 
small metastatic tumors is concerned. Liver metastases can also be reliably observed.

Disadvantages However, poor penetration often compromises the diagnosis. 
Moreover, for staging, CT serves as a better option.

8.3.3.2.4  Endoscopic Retrograde Cholangiopancreatography (ERCP) 
and Magnetic Resonance Cholangiopancreatography 
in Pancreatic Cancer Management

ERCP was developed with an intention of visualizing the duodenum and ampulla, 
as well as delineation of the biliary and pancreatic ductal systems directly. However, 
its extended application includes collection of brush samples for cytology and intra-
ductal biopsy samples. During brush biopsy, a small brush is passed through the 
endoscope to rub off cells from the pancreatic duct that can be used for cytologi-
cal testing. ERCP can be used as a confirmatory test where EUS-FNA results are 
inconclusive. However, ERCP is an invasive technique and a person undergoing the 
test may suffer from post ERCP-pancreatitis. Therefore, this technique is restricted 
to palliating patients with obstructive jaundice from pancreatic cancer to understand 
the therapeutic indications (van der Gaag et al. 2010).

Magnetic resonance cholangiopancreatography (MRCP) is better suited for out-
lining the anatomy of the biliary and pancreatic tract as compared to CT. It is also 
useful in deciding the course of endoscopic therapy. MRI of the pancreas can pro-
vide valuable information about solid tumors of the pancreas as well as cystic neo-
plasms and is generally comparable to MDCT in determining resectability of the 
tumor (Lee et al. 2010).

Advantages The biggest advantage of this techniques is that it offers multiple biop-
sies through brush sampling. Treatment response can also be evaluated in terminally 
ill patients. MRCP offers precise detection of the tumor and adjacent organs.

Disadvantages These modalities are not locally available. ERCP can also cause 
other clinical complications during the procedure.

8.3.3.2.5  Multimodality Imaging
PET-CT As described previously, CT is also used in conjunction with 18F-FDG-CT 
for real-time follow up of primary tumor/metastases imaging post treatment (Tamm 
et al. 2003).
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8.3.3.3  Comparison among Various Imaging Modalities
Each of the imaging modalities applied for detection for pancreatic cancer have their 
respective advantages and disadvantages and hence preference over one another is 
based upon the intention of the diagnosis as described in detail in Table 8.4. Although 
the current imaging modalities have improved the overall accuracy, these modalities 
often fail to detect lesions <1 cm in size. Moreover, some techniques like ERCP have 
procedure-related risks. Additionally, the high cost of these procedures discourages 
their use for the follow-up of asymptomatic cases. All of these drawbacks warrant 
further development in this field that will make imaging safer and cost effective for 
these patients.

8.3.4  ovariaN caNcer

8.3.4.1  Introduction to Ovarian Cancer
Despite recent advances in the field surgery, chemotherapy, and basic cancer biology, 
ovarian cancer, the silent lady killer remains as one of the most deadly gynecologi-
cal malignancies. Ovarian cancer is a complex heterogeneous disease consisting of 
several subtypes differing in various pathological features. According to the World 
Health Organization, ovarian cancer is broadly classified into three major subtypes 
based on the cell of origin, epithelial ovarian cancer (EOC), germ cell ovarian can-
cer, and sex cord-stromal tumors. EOC is the most prevalent subtype among them 
(Chen et al. 2003). According to FIGO classification, ovarian cancer is classified into 
four stages based on spread of the diseases and each stage has varying effect over 
five-year survival. According to the Surveillance, Epidemiology, and End Results 
(SEER) database of the National Cancer Institute (NCI), if a case is diagnosed in 
stage 1 when the tumor is confined to the ovary, the relative five-year survival rate 
is about 90% while stage 4 patients have relative five-year survival rate of 10–28%. 
Recently, a more simplistic model of epithelial ovarian cancer based on the aggres-
siveness and molecular features was proposed by Kurman and Shih Ie (Kurman 
and Shih Ie 2010). According to this model, EOC can be classified in to two groups, 
type 1 tumors comprising of low-grade serous, low-grade endometrioid, clear cell, 
mucinous, and transitional carcinomas. Nearly two–thirds of these tumors carry a 
mutation in KRAS, BRAF, and ERBB2 gene. While type II tumors consisting of 
high-grade serous, high-grade endometrioid, and undifferentiated carcinomas are 
more aggressive and represent more advanced stage of the disease. These tumors 
lack genetic stability and show high percentage of p53 mutation and CCNE1 gene 
amplification.

8.3.4.2  Diseases Management
The major challenge remains in field of ovarian cancer is late detection due to its 
asymptomatic characteristics. The symptoms are generally similar to the symptoms 
of gastrointestinal abnormalities. Diagnosis mainly relies upon upregulated level of 
biomarkers like CA-125 and HE 4 (Wilbaux et al. 2014, Li et al. 2009). Advanced 
ovarian cancer leads to a median CA-125 value of more than 400 U/mL (Van Calster 
et al. 2011) but CA 125 level alone cannot be used as sole predictor of ovarian cancer 
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because other malignancies liked uterine, pancreatic malignancies, and certain 
benign conditions also lead to increase in CA 125 level. Thus, imaging modalities 
play a crucial role in detection and diagnosis. The use of invasive techniques is not 
generally preferred for ovarian cancer though techniques like omentectomy or lapa-
rotomy may play a role in biopsies before or after treatment. Once an individual 
is confirmed for ovarian cancer, surgical removal of tumor mass followed by che-
motherapy or neo-adjuvant chemotherapy is prescribed depending on the extent of 
tumor mass. Combination of cisplatin and paclitaxel treatment is currently the first 
line chemotherapy for ovarian cancer, which shows a maximum objective response. 
(Jelovac and Armstrong 2011).

8.3.4.3  Role of Imaging in the Management of Ovarian Cancer
Imaging modalities play a crucial role in every stage of ovarian cancer management, 
from initial diagnosis to monitoring the surgical and chemotherapy treatment. Each 
of the standard imaging techniques like US, CT, MRI, and PET has its own advan-
tages and are preferred over one another depending upon the required application in 
detection, staging, preoperative planning, and surveillance of ovarian cancer.

8.3.4.3.1  Ultrasound Imaging in Ovarian Cancer Management
Trans-vaginal ultra sound (TVUS) imaging is the first line of imaging modality for 
primary diagnosis of ovarian cancer due to high sensitivity and specificity values. 
Granberg et al. (1989), for the first time, reported the correlation between US fea-
tures and the histology of ovarian cancer and concluded that morphologically dif-
ferent tumors have varying risk of malignancy (Granberg, Wikland, and Jansson 
1989). With the development of different modes of US imaging, several morphologi-
cal characteristics like the internal structure of cysts, thickness and extent of septa, 
echogenicity and acoustic shadow patterns, etc. have been associated with extent of 
tumor malignancy (Sassone et al. 1991).

Since diagnosis of ovarian cancer is difficult due to its asymptomatic nature, 
several authors have reported the use of scoring system based on gray-scale (two- 
dimensional US) images. One of the important scoring system developed British 
Royal College of Obstetricians and Gynecologists (RCOG) is the Risk of Malignancy 
Index (RMI). Tumors were divided into benign and malignant on the basis of RMI 
cut off value of 200, menopausal status, CA125 level, and US image characteristics. 
This method had a sensitivity of 85% and a specificity of 97% for diagnosing the 
disease (Jacobs et al. 1990). In the late 1990s, a new method called “pattern recog-
nition” was introduced and ovarian tumors were classified according to their ultra-
sonographic characteristics such as volume, localization, and associated features 
like presence of ascites, carcinomatosis, thickness of internal structure (wall, inner 
contour/papillary projections, septa, solid areas), echogenicity, and the presence of 
shadow and/or Crescent sign (Klangsin et al. 2013).

With the advancement of technology, US imaging has been multiplexed with color 
Doppler technique, which leads to an increase in diagnosis accuracy. The Doppler 
technique is different from gray-scale US imaging. In this technique, sound waves 
are reflected back by the moving red blood cells, which results in the increase or 
decrease in the intensity of these waves based on the direction and velocity of the red 
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blood cells (Sofferman 2012). Doppler imaging is used to understand the vascularity 
of a tumor since malignant tumors are characterized with high level of blood flow 
and a denser vascular network while benign tumors show little or no vascularity. 
Several reports suggested the benefit of using color Doppler along with gray-scale 
US imaging. A study by Alcazar et al. (2003) of imaging 705 adnexal masses in 705 
patients showed a superior diagnostic performance of color Doppler compared to 
other scoring systems simply based on morphological features (Alcazar et al. 2003). 
In 2013, International Ovarian Tumor Analysis (IOTA) group developed several 
models based on Doppler and US imaging along with other factors for assessment of 
malignancy of adnexal tumors (Kaijser et al. 2013).

TVS with colored Doppler is still the first line and best imaging technique used 
for presurgical assessment of ovarian cancer. This assessment is very important for 
further steps of ovarian cancer management and primarily aims for the following 
goals: 1. Confirmation of the benign or malignant nature of the detected tumor/s in 
the ovaries; 2. Confirmation that the tumor/s primarily originate from ovary and are 
not metastatic nodule of tumors of gastrointestinal tract or pancreas; 3. Assessment 
to determine the tumor burden and the metastatic spread of the tumor/s, and; 
4. Diagnosis of other complications (Forstner et al. 2010). Trans-abdominal US is 
preferred when lesions are larger than the field of view of TVS (Forstner, Meissnitzer, 
and Cunha 2016).

Several multicentric trials had been carried out for the assessment of the impor-
tance of US imaging. The UK collaborative trial of ovarian cancer screening aimed 
to assess the accuracy of US imaging in a large cohort of 202,638 patients and 
reported the high specificity of US imaging. Another trial by van Nagell et al. (2011) 
demonstrated that even asymptomatic patients can be diagnosed with US in early 
stages of ovarian cancer (van Nagell et al. 2011).

Advantages The major advantage of US imaging is that it is an inexpensive, non-
invasive, and nonradiative technique. The combination of trans-vaginal and trans-
abdominal US with color Doppler imaging allows the detailed diagnosis and staging 
of ovarian cancer.

Disadvantages US technique cannot be used for proper screening of secondary 
liver metastasis in presence of large amount of ascites and also this technique is not 
suitable for bone metastasis resulting from spread of 1–2% ovarian cancer. Tumor 
infiltration in the retroperitoneal lymph node is often observed in the advanced stage 
of the disease (Camara and Sehouli 2009). US imaging of retroperitoneal metastasis 
fails to provide sufficient information in obese patients because of the higher amount 
of adipose tissue, which causes increased attenuation of sound waves. As a result 
US beam fails to penetrate the abdomen and retroperitoneal organ thus limiting US 
information (Modica, Kanal, and Gunn 2011).

8.3.4.3.2  Computed Tomography in Imaging Ovarian Cancer Management
Since the majority of the ovarian cancer patients are diagnosed at stage III or IV, the 
major way of management is either cytoreductive surgery or neo-adjuvant chemo-
therapy followed by cyto reduction. The criteria for optimal surgical resectability are 
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versatile and depend on the expertise of the center. As a majority of these advanced 
patients show abdominal and pelvic metastasis thus screening for metastasis and stag-
ing plays a crucial role on effectivity of the cyto-reduction surgery (Bristow et al. 
2002). CT plays a major role in staging and decision-making procedure to identify 
the resectability criteria. Thus, a detailed CT report examining the possible sites of 
tumor metastasis is deemed important. Ovarian tumors most frequently show pelvic 
invasion or transcoelmic spread into the peritoneal, subdiaphragmatic, mesenteric, 
and serosal surfaces (Sahdev 2016). Thus, a detailed examination of these sites is 
very important. Though US imaging is the most favored imaging modality for initial 
assessment and detection of ovarian cancer, MDCT is first line of imaging for preop-
erative staging due to its short examination time, reproducibility, and it provides far 
superior information on extra abdominal, lymph node, pleural, and pulmonary metas-
tases than obtained through US (Tempany et al. 2000, Forstner 2007). A detailed CT 
report suggesting size, morphology, uterine endometrial thickening, bladder, bowel 
invasion or pelvic side-wall invasion, presence and amount of ascites in the pelvis or 
upper abdomen, and omental metastases is used for understanding the size, shape, 
and localization of the lesions and helps in determining the optimal resectability R(0) 
or near complete resectability R(1) during surgery (Forstner et al. 2010).

Several other studies also indicated the importance of CT for predicting surgi-
cal outcomes. To investigate the role of CT imaging in prediction of feasibility of 
optimal cytoreduction, Ferrandina et al. (2009) assessed 195 patients suspected of 
advanced ovarian cancer. Various parameters like peritoneal thickening, perito-
neal implants >2 cm, bowel mesentery involvement, omental cake, pelvic sidewall 
involvement, and/or hydroureter, suprarenal aortic lymph nodes >1 cm, infrarenal 
aortic lymph nodes >2 cm, superficial liver metastases >2 cm, and/or intraparenchi-
mal liver metastases of any size, large volume ascites (>500 ml) were used along 
with age, CA 125 level, and Eastern Cooperative Oncology Group performance sta-
tus table (ECOG-PS) for prediction of optimal cytoreduction. ECOG-PS describes 
the overall impact of a disease on the patient’s daily life; acting as an indicator of 
the influence of the disease on an individual’s ability to take care of herself, perform 
daily activities, and their physical ability to work. It grades patients from a scale of 
0 to 5 where 0 signifies no significant change in the patient’s physical performance 
before and after the disease while 5 signifies death of the patient (Oken et al. 1982). 
Using all these criteria, a predictive index (PI) score was calculated for each patient 
that reliably suggested the usefulness of CT for predicting optimal cytoreduction. It 
was evident from this study that the predictive value of CT for foretelling optimal 
cytoreduction improved when CT scan parameters were integrated with ECOG-PS 
data (Ferrandina et al. 2009). Another retrospective study in cohort of 118 patients 
aimed to identify features for predicting sub-optimal cytoreduction, showed preop-
erative CT scan depicting presence of omental extension to stomach or spleen and 
presence of inguinal or pelvic lymph nodes >2 cm indicating suboptimal cytoreduc-
tion procedure (Kim et al. 2014).

Advantages The major advantage of CT is its speed. Thus, a large area of the body 
can be scanned for abnormalities in a short time. It can generate a whole body scan 
within a minute (Pelc 2014).
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Disadvantages The major limitation of CT is the use of toxic contrast agent, ioniz-
ing radiation etc. A multi-institutional retrospective by Axtell et al. (2007) aimed at 
addressing the specificity and sensitivity of different CT parameters, demonstrated 
that the CT predictors show high sensitivity and specificity within the original cohort 
that is used to determine the sensitivity or specificity of the CT parameters. The sen-
sitivity and specificity of these predictors falls drastically when applied to a different 
cohort (Axtell et al. 2007). Also, the specificity and sensitivity of CT for preopera-
tive evaluation depends upon the anatomical region as shown in the study by Cerci 
et al. (2016) in a cohort of 114 patients. The sensitivity and specificity of detection 
of uterine and umbilical spread was 66% and 89% respectively while that of cervi-
cal involvement was 100% and 80% respectively (Cerci et al. 2016). Lymph node 
assessment is another pitfall of CT imaging as it can only differentiates lymph nodes 
into benign and malignant based on size (Forstner et al. 2010). Another limitation 
of CT lies in soft tissue contrast and thus is often difficult for differentiating cysts 
into benign and malignant. Also the sensitivity of CT declines to 25–50% for tumor 
masses that are less than 1 cm diameter (Coakley et al. 2002).

8.3.4.3.3  Magnetic Resonance Imaging in Ovarian Cancer Management
Characterization of certain adnexal masses remains indeterminate after US and CT 
 imaging. MRI plays a major role in characterization of these adnexal masses. MR 
imaging has similar sensitivity as US imaging but has higher specificity and accu-
racy (84% and 89%) compared to US (40% and 64%) (Coakley et al. 2002). Conventional 
MR imaging produces a sequence of T1-weighted, T2-weighted, and fat suppressed 
T1-weighted images that provide high resolution anatomic features of the targeted 
region. MRI imaging features suggesting the presence of papillary projection within 
cystic masses, presence of ascites, and necrosis are strong predictors of malignancy 
(Sohaib et al. 2003). The signal intensity of T1, T2, and fat suppressed images varies 
depending upon the cystic, fibrous, and hemorrhagic content of the tumor. Different 
characteristics of signal intensity on MRI images is well reviewed by Mohaghegh et al. 
(2012). Briefly, an adnexal mass is defined as benign when it shows well-defined MR 
characteristics like high signal intensity on T1-weighted images (indicative of fat or 
blood) with subsequent loss of signal intensity on fat-suppressed images (indicative of 
fat), high signal intensity on T1-weighted fat-suppressed images (indicative of blood), 
and low signal intensity on T2-weighted images (indicative of fibrous tissue or hemosid-
erin). Generally when an adnexal mass is defined by low signal intensity on T2-weighted 
image it is classified as noninvasive benign tumor (Mohaghegh and Rockall 2012).

The use of contrast agent like gadolinium in contrast-enhanced MR or dynamic 
contrast enhanced MR (DCE-MR) imaging further helps in understanding malig-
nant characteristics of adnexal masses by differentiating between solid components 
and papillae from clots and debris within a cyst through specific enhancement of 
the signal. Li et al. (2015) showed the importance of dynamic contrast enhanced 
MRI in a cohort of 48 subjects on the basis of certain criteria like enhancement pat-
tern, time-signal intensity, and signal intensity at initial 60s and time to peak within 
200s. There were significant differences for each of these of criteria for malignant 
and benign tumors. The benign tumors showed a lower signal after initial 60s and 
prolonged time to peak within 200s compared to malignant ones (Li, Hu et al. 2015).
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Diffusion weighted imaging (DWI) distinguishes malignant tumors based on 
restricted diffusion and the low apparent diffusion coefficient value of the tumor. 
Diffusion weighted imaging is quite helpful in detecting metastatic spread on the 
pelvic surface. In a cohort of 32 patients, whole-body MRI and DWI had been shown 
to have 91% accuracy for peritoneal staging and 87% sensitivity in detection of ret-
roperitoneal lymphadenopathies (Michielsen et al. 2014). The study also showed that 
MRI and DWI have higher accuracy in characterizing primary tumors and preopera-
tive staging in comparison to PET and CT.

Advantages The major advantage of MRI is the ability to distinguish between 
benign and malignant tumors with high sensitivity and specificity. With the advance-
ment of technology, DCE MRI, and DIW MRI along with conventional MRI are 
able to produce improved imaging features that help in characterization of adnexal 
masses especially for those cases where US and CT diagnosis remain inconclusive. 
The combination of various MRI techniques together are able to produce a detailed 
analysis of most of the adnexal mass with accuracy of 95% (Thomassin-Naggara 
et al. 2011). The main advantage of MRI in comparison to CT images is that MRI has 
a much higher soft tissue contrast and does not involve use of radiation.

Disadvantages MRI is used as a second line of diagnosis and only after US or 
CT. Also, MR imaging requires a longer acquisition time and presence of expert for 
every step of the procedure. MRI also has a low accuracy in staging ovarian cancer 
in comparison to CT (Sohaib and Reznek 2007).

8.3.4.3.4  Positron Emission Tomography in Imaging 
Ovarian Cancer Management

The role of PET in early diagnosis of ovarian cancer is not well established though 
certain studies hint the benefit of PET when combined with CT. A study by Castellucci 
et al. (2007) aiming to differentiate malignant versus benign tumors on the basis of 
uptake of 18F-FDG, was reported to have sensitivity of 87% and specificity of 100% 
(Castellucci et al. 2007). Nam et al. in 2010 compared PET-CT with other imag-
ing modalities like US, CT, and MRI to distinguish between benign, borderline, and 
malignant lesions in a cohort of 133 patients and reported higher accuracy of PET-CT 
in comparison to other modalities (Nam et al. 2010). Despite these facts PET-CT is 
still not considered as a choice for diagnosis in ovarian cancer because of its false-
positive and false-negative results. The same study by Castellucci et al. (2007) though 
reported a specificity of 100%, had three to four false negative cases. Thus, other imag-
ing modalities like US and MRI remains the choice of diagnostic imaging modality. 
There are certain reports that suggest the benefit of using PET for the diagnosis of 
infra- and supradiaphragmatic lymph-node metastases (Hynninen et al. 2013). PET 
plays an important role in treatment planning and assessment of the effectivity of the 
treatment since metabolic changes may be more indicative of the tumor’s response to 
therapy. 18F-FDG-PET has been found to be very useful in determining the effective-
ness of neo-adjuvant chemotherapy in comparison to CA-125 level. Avril et al. (2005) 
showed that 18F-FDG-PET can predict the outcome and survival better after rounds 
of chemotherapy by evaluating the metabolic function of the tumor mass. PET-CT 
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imaging has higher sensitivity of 95–97% and specificity of 80–100% for detection of 
recurrent ovarian cancer (Avril et al. 2005). Several meta-analysis studies showed the 
accuracy of PET-CT in diagnosis of recurrent ovarian cancer. Thrall et al. (2007) in a 
cohort of 39 patients retrospectively evaluated the role of PET-CT to detect recurrent 
diseases and predicted recurrence in three patients out of eight patients having clini-
cal manifestation of recurrence but normal CA 125 levels. All these three patients 
showed recurrence within six months of follow up (Thrall et al. 2007). Similarly, Gu 
et al. (2009) reported higher sensitivity and specificity of PET-CT for detection of 
recurrent disease in comparison to CT or MRI (Gu et al. 2009).

Advantages The major advantage PET combined with anatomic data of CT is 
increased detection of cancerous lesion. Also, a whole-body scan with PET-CT can 
identify asymptomatic primary malignant tumors in secondary site/s in the body.

Disadvantages One of the major limitation of PET is inability to detect tumors 
less than 5 mm (Prakash, Cronin, and Blake 2010) PET-CT has several limitations in 
detection of abdominal lesion since 18F-FDG-PET is excreted through urinary tract 
and can accumulate in the bowel thus generating high noise that interferes with the 
detection of abdominal or pelvic spread of ovarian cancer (Avril 2004). 18F-FDG can 
also accumulate in the luteal phase of menstrual cycle during ovulation and during 
inflammation thus hampering the detection of tumors (Kim et al. 2005). The cost of 
18F-FDG-PET is also higher than US, CT, and MRI.

8.3.4.4  Comparison among Various Imaging Modalities
Each of imaging modalities have their respective advantages and disadvantages 
and are preferred over one another based on demand of the diagnostic question as 
described in detail in Table 8.5.

8.3.4.5  Future Perspectives
US imaging is the first line of imaging in ovarian cancer having high specificity and 
sensitivity. Its low cost and easy availability makes it a favorable imaging modality of 
choice. US with color Doppler image provides morphological and perfusion biology of 
the targeted site (Sofferman 2012). In recent years, much attention has been given to the 
vascularity or angiogenesis of a tumor. US imaging has very low contrast between blood 
and tissue thus failing to provide optimal information. Multiplexing with color Doppler 
helps in improving contrast to some extent but only can detect blood vessels greater than 
100–200 μm (Fleischer et al. 2010). To address these issues research has been focused 
on enhancement of contrast between blood and tissue by use of microbubbles. A micro-
bubble generally contains low-diffusivity gases such as nitrogen or perfluorocarbon 
with in the coating of biodegradable material (Quaia 2007). These microbubbles are 
highly echogenic and produce an enhancement in contrast due to acoustic mismatch. 
Several preclinical studies report the use of microbubbles in cardiovascular and renal 
disease (Arnold et al. 2010). Along with their imaging advantage microbubbles can be 
used for therapeutic purpose as carriers of drug or genes. A few studies also indicated 
a significant difference in contrast enhancement pattern between benign and malig-
nant ovarian tumors. Testa et al. (2009) in a cohort of 72, adnexal masses showed that 



253Noninvasive Imaging in Clinical Oncology

TA
B

LE
 8

.5
C

om
pa

ra
ti

ve
 L

oo
k 

at
 t

he
 V

ar
io

us
 I

m
ag

in
g 

M
od

al
it

ie
s 

A
ss

oc
ia

te
d 

w
it

h 
O

va
ri

an
 C

an
ce

r 
M

an
ag

em
en

t

U
lt

ra
so

un
d

C
om

pu
te

d 
To

m
og

ra
ph

y 
M

ag
ne

ti
c 

R
es

on
an

ce
 Im

ag
in

g 
Po

si
tr

on
 E

m
is

si
on

 T
om

og
ra

ph
y/

C
om

pu
te

d 
To

m
og

ra
ph

y

R
ol

e 
in

 C
an

ce
r 

M
an

ag
em

en
t

Fi
rs

t l
in

e 
im

ag
in

g 
m

od
al

ity
 f

or
 

de
te

ct
io

n,
 s

ta
gi

ng
, f

ol
lo

w
 u

p 
an

d 
im

ag
e 

gu
id

ed
 b

io
ps

ie
s 

Pr
im

ar
y 

ro
le

 in
 s

ta
gi

ng
 a

nd
 

se
co

nd
 li

ne
 im

ag
in

g 
m

od
al

ity
 

fo
r 

im
ag

e-
gu

id
ed

 m
od

al
ity

In
 c

ha
ra

ct
er

iz
at

io
n 

of
 o

va
ri

an
 

m
as

se
s 

w
hi

ch
 a

re
 r

em
ai

ns
 

un
de

te
rm

in
ed

 in
 U

S.
 S

ec
on

d 
lin

e 
of

 im
ag

in
g 

m
od

al
ity

 f
or

 
st

ag
in

g 
af

te
r 

C
T

 

In
 c

ha
ra

ct
er

iz
at

io
n 

of
 ly

m
ph

 
no

de
 m

et
as

ta
si

s 
an

d 
fo

llo
w

 u
p 

of
 p

at
ie

nt
s 

un
de

rg
oi

ng
 

ch
em

ot
he

ra
py

Se
ns

iti
vi

ty
96

%
87

%
91

.9
%

97
.9

%

Sp
ec

ifi
ci

ty
90

%
84

%
88

.4
%

73
%

C
os

t
L

ea
st

 e
xp

en
si

ve
 a

m
on

g 
ot

he
r

M
uc

h 
m

or
e 

ex
pe

ns
iv

e 
th

an
 U

S
M

or
e 

ex
pe

ns
iv

e 
th

an
 b

ot
h 

U
S 

an
d 

C
T

M
os

t e
xp

en
si

ve
 a

m
on

g 
th

e 
fo

ur

A
va

ila
bi

lit
y

E
as

ily
 a

va
ila

bl
e

In
 m

an
y 

ho
sp

ita
ls

 
In

 a
dv

an
ce

d 
ho

sp
ita

ls
 a

nd
 

ce
nt

er
s

In
 f

ew
 a

dv
an

ce
d 

ho
sp

ita
ls

 a
nd

 
ce

nt
er

s

D
ur

at
io

n 
of

 th
e 

Pr
oc

ed
ur

e
15

–2
0 

m
in

1 
m

in
30

–4
5 

m
in

 
30

 m
in

Sp
ec

ia
l P

re
pa

ra
tio

n 
be

fo
re

 
Im

ag
in

g
N

on
e

Fa
st

in
g 

fo
r 

fo
ur

 h
ou

rs
 is

 
re

qu
ir

ed
A

nt
ip

er
is

ta
lti

c 
ag

en
ts

 
Sa

m
e 

as
 C

T
 w

ith
 o

ne
 a

dd
iti

on
al

 
ho

ur
 o

f 
re

st

C
on

tr
as

t A
ge

nt
 a

nd
 

R
ad

ia
tio

n 
E

xp
os

ur
e

G
en

er
al

ly
, n

on
e 

ex
pe

ct
 in

 c
as

e 
of

 c
on

tr
as

t e
nh

an
ce

d 
U

S 
an

d 
no

 e
xp

os
ur

e 
to

 r
ad

ia
tio

n

Io
di

ne
 b

as
ed

 c
on

tr
as

t a
ge

nt
 a

nd
 

10
–2

0 
m

Sv
 r

ad
ia

tio
n 

ex
po

su
re

G
ad

ol
in

iu
m

-b
as

ed
 a

nd
 n

o 
ex

po
su

re
 

FD
G

 a
nd

 io
di

ne
 b

as
ed

 a
nd

 
20

–3
0 

m
Sv

 r
ad

ia
tio

n 
ex

po
su

re
. 

A
ss

oc
ia

te
d 

H
az

ar
d 

or
 

To
xi

ci
ty

N
on

e
C

on
tr

ai
nd

ic
at

io
n 

fo
r i

od
in

e-
ba

se
d 

co
nt

ra
st

 a
ge

nt
: r

en
al

 
in

su
ffi

ci
en

cy
, h

yp
er

th
yr

oi
di

sm
, 

io
di

ne
 a

lle
rg

y

C
la

us
tr

op
ho

bi
a 

an
d 

re
m

ov
al

 o
f 

al
l m

et
al

 c
om

po
ne

nt
s 

(C
oc

hl
ea

r 
im

pl
an

ts
, c

ar
di

ac
 

pa
ce

m
ak

er
)

Sa
m

e 
as

 C
T

So
ur

ce
s:

 F
is

ch
er

ov
a,

 D
., 

an
d 

A
. B

ur
ge

to
va

, B
es

t P
ra

ct
 R

es
 C

li
n 

O
bs

te
t G

yn
ae

co
l, 

28
 (

5)
:6

97
–7

20
, 2

01
4;

 T
im

m
er

m
an

, D
. e

t a
l.,

 U
lt

ra
so

un
d 

O
bs

te
t G

yn
ec

ol
, 1

3 
(1

):
11

–6
, 

19
99

; D
od

ge
, J

. E
. e

t a
l.,

 C
ur

r 
O

nc
ol

, 1
9 

(4
):

e2
44

–5
7,

 2
01

2;
 N

am
, E

. J
. e

t a
l.,

 G
yn

ec
ol

 O
nc

ol
, 1

16
 (

3)
:3

89
–9

4,
 2

01
0.



254 Molecular Medicines for Cancer

malignant tumors had significantly higher peak contrast signal intensity and area under 
the contrast signal intensity curve than benign and borderline tumors (Testa et al. 2009). 
Recent studies in ovarian cancer using  contrast-enhanced microbubbles have a specific-
ity ranging from 90–96% (Fleischer et al. 2008). Another development in the field of US 
is development of three- dimensional ultrasound and three-dimensional power Doppler 
ultrasound that can be used for generating a volumetric image. These images provide 
similar morphological information to gray-scale US, but they give better information 
about the dimension and vascularity of adnexal masses. In a study by Alcazar et al. 
(2013) three-dimensional volumetric US images were used in specific training program 
for diagnosis of adnexal masses. It was reported that after 170–185 examinations, the 
observer attained a sensitivity of >95% and a specificity of >90% (Alcazar et al. 2013).

Multiplexing of PET with MR (PET-MR) has been an emerging field of imaging 
of gynecological cancer. Currently PET-CT is generally used for diagnosis of lymph 
node metastasis, recurrence, and staging. Multiplexing of MR instead of CT with 
PET reduces unwanted exposure to radiation without any loss of diagnostic perfor-
mance. This is especially important for individuals undergoing multiple examina-
tions. PET-MR can also be used for better detection of local and distant metastatic 
diseases as MR imaging possesses better contrast compared to CT. Different modes 
of MR imaging along with PET may give better characterization of lesions with high 
sensitivity and specificity (Ponisio, Fowler, and Dehdashti 2016).

8.4  CONCLUDING REMARKS

Both unimodal (MR, CT, PET-SPECT, and US) and hybrid imaging techniques have 
been thoroughly integrated in screening and management of glioblastoma, lung, 
pancreatic, and ovarian cancer. Patients are gaining significant benefits and PFS and 
OS have been improving. However, we have a long way to go before we have a 
complete grip on these diseases. Further improvement in instruments with sensitive 
detectors, comprehensive algorithms, better acquisition sequences, and improvement 
in probes would lead us to precision medicine. These techniques are yet to detect 
tumor heterogeneity, a major caveat to provide best therapeutic efficacy, which might 
be possible in future with diligent efforts in imaging research.
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9.1  INTRODUCTION

In accordance with the data from World Health Organization in 2015, a rough esti-
mate of 84 million deaths in the last decade have been caused by cancer (Bukhtoyarov 
et al. 2015; WHO 2017). Occurrences of cancer and its further development have 
been classified as a complex and multistep process in which an initiating event (e.g. 
mutation & aberrant transformation) leads to malignant proliferation. The changes 
that lead to the transformation of a normal cell to cancerous cells are either inherited 
mutations and induced mutations by environmental factors like exposure to a certain 
type of viruses, UV light, X-rays, potentially mutagenic chemicals; or substance 
abuse like drugs, tobacco, smoking, alcohol. Reported evidence suggests that most 
of the cancers are not the result of a single contact or an event related to one factor 
but, usually take more than four to seven such events for the transformation of cells 
to a premalignant stage and further to a cancerous cell. Also, the changes can take 
a short time span or several years. It is a well-known phenomenon of cancer cells 
that they grow rapidly and compete with the other healthy cells present in surround-
ing tissues for uptake of available nutrients from the bloodstream. This results in an 
imbalance eliminating normal cells, leading to suppression of primary functions, 
failure of organs, and finally death of an organism. There is a vast diversity of dif-
ferent types of cancer, but some peculiar features remain common among all the 
cancerous cells. These abnormal cells have an impaired mechanism of control over 
cell division with additional functional abnormalities in comparison to normal cells 
(Furuya et al. 2005; Kawasaki and Player 2005; Bukhtoyarov et al. 2015).

9.1.1  pathophysioLogy of caNcer

Several altered molecular events lead to changes in the fundamental properties of 
cells making them cancerous in nature. Cancerous cells constitute severely impaired/
absent preventive checks for cellular overgrowth and invasion. These functional defi-
cits of cells enable them to grow even when signals suppressing cell growth are 
present. Decrease in cell adhesion properties, upregulation of certain enzymes are 
a few other steps for propagation and intrusion of cancer cells in normal tissues. 
Aberrational changes in key proteins responsible for cell division/regulation along 
with mutation of genes leads to abnormality in functioning of cells. Over time the 
repair mechanism of the cell gets knocked-down due to increased mutations and 
due to the higher frequency of mutations with compromised repair mechanism, 
abnormalities arrive in abundance. Some of these mutations lead to cell death as 
well, in the premalignant phase before transforming completely into a cancerous cell. 
Another well-known and interesting fact about cancer is that in a healthy organism 
some cancer like cells always exists but they do not cause or progress cancer probably 
due to various built-in molecular balances in cellular systems and vigilant immune 
systems. It is also very interesting that cancerous cells share a lot of common fea-
tures with stem cells, which are now being looked upon to be used as therapeutic 
agent in many severe human disorders. When the transformed cells remain local-
ized and non-intruding they are termed as benign (non-recurrent or non-progressive) 
otherwise they are considered malignant when they are progressive and unchecked. 
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Malignancy of cancer tissues leads to formation of new tumor tissues in other sites 
of the body due to migration of cancer cells in a process called as metastasis. Figure 
9.1 summarizes the structural and functional differences between normal and cancer 
cells. Certain types of genes are more associated with cancers as their expression 
may be enhanced or inhibited. One such type of gene is called a proto-oncogene, 
which expresses proteins that normally enhance cell division or inhibits cell death. 
Mutated forms of these genes that are overexpressed in cancer cells are called onco-
genes. Tumor suppressor genes are another type of gene that prevent cell division or 
lead to cell death. They are inactivated in the cancerous cells. Apart from these, DNA 
repair genes are responsible for inhibiting mutated cells reaching cancerous stages, 
however mutation/suppression of them does not allow them to function efficiently. 
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FIGURE 9.1 Differentiating characteristics and cell dynamics of normal and cancer cells.
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In the progression of cancer the cellular machinery takes drastic turn from the nor-
mal course in the form of overproduced proteins or the inhibition of protein produc-
tion due to mutations that check cell division and apoptotic process (Weinberg 2001; 
Miller et al. 1981; Furuya et al. 2005; Bukhtoyarov et al. 2015).

9.1.2  cLiNicaL methods of diagNosis aNd treatmeNt of caNcer

Several methods are used clinically for the diagnosis of cancer. Due to advancement 
in technologies, there is an increase in the number of diagnostic tools available for 
the detection of cancer. Several imaging techniques like computed tomography (CT) 
scans, magnetic resonance imaging (MRI) scans, and X-rays are used for screen-
ing of cancer patients. CT scans provide a detailed computerized imaging of organ 
in question using exposure of X-rays. MRI also produces a computerized imaging 
of soft tissues and organs by magnetic field. Radiolabeling for positron emission 
tomography (PET) and the use of contrast agents for MRI enhances the accuracy of 
these imaging techniques. Solid tumors can also be detected using ultrasound tech-
nique wherein a tumor of solid or liquid lumps can be characterized accurately. A 
blood sample analysis is commonly employed for detecting specific tumor markers 
such as prostate specific antigen and CA-125 in ovarian cancers. Cancerous tissue 
can also be removed by needle aspiration/surgical excision or in the form of a Pap 
smear to be observed in a microscope in a biopsy procedure. Endoscopic techniques 
like laparoscopy have been used for the visualization of abdominal areas using a 
camera attached to a tube. Genetic mutation can be detected using a chromosomal 
analysis that will indicate the susceptibility towards cancer (Xie, Lee, and Chen 
2010; Muthu et al. 2014; Kelkar and Reineke 2011; Yu, Park, and Jon 2012).

The vast diversity of cancers and their causes have remained impossible to under-
stand in order to develop universal methods for diagnosis and therapy. Most commonly 
applied treatment modalities for cancer therapy include surgery, radiation therapy, and 
chemotherapy or gene therapy in prescribed combinations. Paradoxically the methods 
of therapy themselves have been reported as carcinogenic in several scientific and clin-
ical platforms, which can be considered as a setback in successful treatment. Various 
reports indicate that damage and detrimental side effects imparted by these treatment 
strategies affect functioning of other normal cells. The injurious side effects also con-
tribute to the morbidity and death rate associated with cancer. Efficacy of any strategy 
is directly correlated to selectively targeting tumor tissues, improving bioavailability 
by overcoming biological barriers, and releasing the drug adequately in a controlled/
prolonged or triggered manner. Owing to the challenges in diagnosis and therapy of 
cancers the most persuasive idea of management of cancers is to combine several tech-
niques of diagnosis and therapy to establish therapeutic compliance where the col-
lateral damage by applied therapy is as detrimental as the disease condition itself. 
Among various combination approaches improving bioavailability, targeting to tumor 
tissues, minimizing systemic toxicity of drugs, controlled/sustained/prolonged deliv-
ery of drugs, and continuous simultaneous imaging of drug delivery are sought. These 
will eventually lead to developments in therapeutic compliance, reduced cost and time 
of therapy (Mironidou-Tzouveleki, Imprialos, and Kintsakis 2011; Anonymous 2016; 
Bukhtoyarov et al. 2015; Wang 2008; Singh and Nehru 2008; Gold 2011).



267Multifunctional Nanocarriers as Theranostic Systems for Targeting Cancer

9.2  NANOMATERIALS FOR CANCER DIAGNOSIS AND THERAPY

Nanoparticles have served a great deal in reducing the perils of conventional chemo-
therapy. Small nanoparticles of different materials like polymers, lipids, inorganic 
materials, and biological materials have been described to be used for management 
of cancer. The loading of drugs and imaging probes together can serve in developing 
theranostics for cancer (Figure 9.2). Anticancer nanotherapeutics have come a long 
way since their first clinical trial in 1980s and the entry of first liposomal doxoru-
bicin in the market in 1995 (Nguyen 2011). Nanoparticles have been in the prime 
of research due to their advantages, like the capability of encapsulating hydropho-
bic drugs, increased retention time in the body, reduced toxicity, improved penetra-
tion in unreachable organs, and specific cancer targeting. Recent nanotechnological 
developments have also stirred the old strategies and potential drug molecules, which 
had to be discontinued due to their poor interaction, adverse effects, and assimi-
lation in biological systems. Several nanomaterial properties like very small size, 
enhanced permeability and retention in tumors, preferential ligand-receptor mediated 
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FIGURE 9.2 Nanomaterials used as theranostic carriers.
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attachment, and triggered release potential provide them good stead in therapeutic 
application. Recent advancement in the field of nanomaterials gives firm ground for 
a hope of better solutions. Several different types of compositions in nanomateri-
als have been tried to date to fulfill the aims of cancer management (diagnosis and 
therapy). Drug/imaging agents can be delivered in a localized or a systemic manner. 
Direct/localized delivery of drugs can be achieved by direct injection of drugs at the 
tumor sites where as systemic delivery of actives involve administration into blood 
vessels and transport to the active sites. Localized or direct delivery of drugs and 
imaging agents although superior is not possible in several cases due to inacces-
sibility of tumor tissues. In such cases, systemically administered drug remains the 
only choice where in drug can be transported to tumor tissues mediated passively or 
actively (Figure 9.3). The success of cancer therapy is in the targeting capability of 
these nanoformulations. Passive transportation of drugs or drug-loaded nanomateri-
als can be achieved by controlling and optimizing different parameters like particle 
size, surface charge, ability to fuse with cells, stability of the complexes, cytotox-
icity etc. Attachment of cell-specific ligands to such nanomaterials in addition to 
optimizing the above parameters can achieve actively targeted nanomaterials. Most 
investigated nanocarriers include inorganic/organic nanocarriers that function as 
biocompatible, biodegradable or eliminating nanocarriers (Figure 9.2). Nanocarrier 
elimination through a renal route is only possible when the nanoparticle size is below 
5–8 nm. A larger nanoparticle needs to be degraded in vivo to prevent any undue 
toxicity. This fact led to the use of biodegradable materials for the development of 
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FIGURE 9.3 Mechanisms of transport and uptake of nanocarriers in tumors (a) passive 
(enhanced permeation and retention effect in cancerous tissues, produced due to leaky vessels 
thus more deposition of therapeutic in cancer tissues, poor lymphatic drainage of cancerous 
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ii) uptake of nanoparticles, iii) endosomal ingestion, iv) lysosome degradation and separation 
of imaging agent and drugs, v) drug release and distribution of drug release in the entire tissue] 
with specificity and selectivity based on ligands of nanocarriers in tumors.
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nanocarriers. Polymer degradation can occur due to physiological conditions in a 
time-based manner or triggered erosion based on a response to stimuli. A diverse 
range of materials have been used ranging from inorganic, organic, and biological 
origin. The current focus of developing novel materials and techniques is towards 
reduction of toxicity to normal cells by targeting of therapy (Joshi et al. 2018).

9.2.1  goLd NaNoparticLes

Inorganic nanoparticles have shown promise in establishing diagnostic and treatment 
alternatives like magnetic hyperthermia using iron nanoparticles, photo-thermal 
hyperthermia using gold nanoparticles/nanoshells, quantum dots etc. Quantum dots, 
which are semiconductor nanoparticles, have been very useful for imaging studies 
owing to their fluorescence properties. Inorganic nanomaterials used in diagnosis 
or therapy of cancer are eliminated via a renal route owing to their very small sizes 
below 5 nm. Among inorganic materials gold nanoparticles have been used to deliver 
drugs precisely to tumor tissues. Gold colloidal solutions have been modified using 
tumor necrosis factor alpha (TNF-α), which causes tumor necrosis. Modification 
using polyethylene glycol (PEG) with thiol derivatives enables them to be trans-
ported to tumor tissues without being engulfed by the reticuloendothelial systems. 
The preferential deposition of these gold nanoparticles can occur due to Enhanced 
Permeation and Retention (EPR) Effect or due to active targeting using a ligand. 
Further, multiple drugs can be attached to gold nanoparticles to provide a better 
efficacy of therapy and minimal side effects. Owing to the properties of surface 
plasmonic resonance, NIR absorbance, and photo-thermal effect, gold nanoparticles 
play a significant role as imaging agents in NIR imaging, X-ray, and CT imaging. 
There these particles generate heat locally to destroy tissue after being activated 
by near infrared laser of a selected wavelength, which harmlessly crosses through 
human soft tissues. The nanoparticles are designed to absorb these wavelengths con-
firming their targeted activation selectively by laser illumination to specific areas, 
leaving the healthy adjacent tissue. This approach is based on the property of optical 
tunability (absorbance to one selective wavelength range), converting light energy 
into heat. Photo-thermal acting nanoparticles also consist of gold nanoshells. Gold is 
deposited over a template nanoparticle like silver or silica and then the core nanopar-
ticles are removed forming gold nanoshells. Additionally, the core-shell structure 
formed from gold coated on silica nanoparticles has been effective for photo-thermal 
therapy when a near infrared laser of a selected wavelength is used. The method 
achieves light induced targeting and photo-thermal effect of a localized tumor site. 
The absorbance of a specific light wavelength can be altered and tuned by varying 
the size of core particles along with the thickness of the outer shell (Figure 9.2). The 
combination of these two attributes gives specific optical characteristic properties 
to nanoparticles also allowing them to be customized and tailor made. This photo-
thermal therapy has been found promising in trials under the name of AuroLase 
or Auroshell in animal models and is supposed to enter human trials soon in near 
future. The tested animals remained cancer free even after the completion of treat-
ment, and the treatment-associated symptoms were reduced (Anonymous 2016; Xie, 
Lee, and Chen 2010; Haynes et al. 2016; Lee et al. 2014).
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9.2.2  magNetic NaNoparticLes (mNps)

Another common type of inorganic nanoparticle used are iron nanoparticles (mag-
netic nanoparticles), which have been very widely used as a theranostic nanocarrier 
system due to their MRI imaging capability, magnetic hyperthermic effect, mag-
netic targeting etc. Superparamagnetic coated iron oxide nanoparticles (SPIONs) are 
often coated with organic materials like polymers, fatty acids, or inorganic shells to 
improve stability and improve functionality. SPIONs have been widely employed as 
contrast agents for MRI. The composite structures of magnetic nanoparticles and 
polymers forming nanoparticles and microparticles have been developed so that a 
variety of anticancer drugs can be loaded or conjugated to polymers forming multi-
functional theranostic carriers having properties of magnetic hyperthermia, multiple 
drug chemotherapy, and targeting capability. The killing of tumor cells through the 
heat irradiated from the magnetic nanoparticles attached to them is a direct conse-
quence of the heating properties under an applied alternating magnetic field. Core-
shell nanoparticles can generate unique properties that cannot be obtained using 
other single-component systems. Gold coated iron nanoparticles can bind to “–SH” 
groups on the particle’s surface so that particle size and drug/peptide/protein con-
jugation can be favorably done. Magnetic nanoparticles have been encapsulated in 
gels, liposomes, bubbles, carbon nanotubes, and pH and temperature sensitive poly-
mers to generate multifunctional theranostic systems (Anonymous 2016; Xie, Lee, 
and Chen 2010; Hoare et al. 2009; Murase et al. 2015; Lu et al. 2005; Kumar et al. 
2010; Joshi et al. 2011).

9.2.3  QuaNtum dots (Qd)

Quantum dots are light-emitting semiconductor nanocrystals made of CdSe, CdTe, 
and PbS, which have unique optical properties such as photo-stability, narrow 
emission spectrum, and quantum yield (Figure 9.2). The tunability of size and 
composition can impart a variable emission wavelength in visible to near infrared 
region (NIR) range. Quantum dots have not been useful for in vivo applications due 
to their issues with biocompatibility and poor penetration of fluorescence emis-
sion. QD-based drug delivery has not been investigated mainly due to its toxicity. 
Limited quantum dots are being researched that are Cd/Pb free such as InAs/ZnSe 
and InP/ZnSe. An example QD-based theranostic system comprising of QDs, 
MNPs, and doxorubicin loaded into micelles is developed from PEGylated phos-
pholipids, which has been shown to be successful for tumor targeting in MDA-MB 
xenograft models (Kim et al. 2012; Yu, Park, and Jon 2012). QDs modified with 
cysteine have served the purpose of water solubility so that they can be adminis-
tered systemically. Such nanoparticles have a propensity to be excreted via renal 
route and not be engulfed in reticuloendothelial system. A QD-Aptamer-DOX 
conjugate has displayed multifunctional action in cancer imaging, therapy, and 
therapeutic monitoring. QDs have also been shown to be effective in photody-
namic therapy where they can act as photosensitizers or carriers for photosensitiz-
ers. Photosensitizers become activated by light and transfer to triplet state energy 
to nearby oxygen molecules, which causes cell damage. However, the sensitizing 
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effect of QDs is poor in comparison to classic photosensitizers. In spite of these 
capabilities, the metabolism of QDs and subsequent toxicity profiles need to be 
addressed for improved biomedical applications.

9.2.4  carBoN NaNotuBes (cNts)

Carbon nanotubes are hydrophobic and have surface with aromatic nature. Due to 
their hydrophobic nature they can easily anchor using non-covalent interactions to 
different types of groups. They have shown potential applications in Raman, photo-
acoustic imaging, and attachment of drugs. Drug delivery can be established by con-
jugation using covalent links of amide bonds. Several amphiphilic compounds like 
sodium dodecyl sulfate, triton-X-100, Cetyltrimethylammonium bromide (CTAB), 
sodium dodecyl benzene sulfonate, and sodium dodecane sulfonic acid are used for 
dispersing CNTs. CNTs can be internalized in the cells by different mechanisms 
and the extent of this can be influenced by surface coatings. Dai group applied 
 phospholipid-CNT conjugates in both imaging and therapy. Drugs like paclitaxel can 
be coupled to nanotubes using cleavable ester bonds, which was tested in a murine 
4T1 breast cancer model. The conjugates showed a ten-fold increase in accumulation 
of medicine in the tumor. NIR optical absorbance of CNTs acts as a promising strat-
egy towards photo-thermal therapy. Once internalized in cells CNTs can be subjected 
to NIR radiation causing endosomal rupture and a subsequent cell death. Apart from 
drugs linked to CNTs, gold nanoparticles, and iron nanoparticles have also been 
linked to CNTs for enrichment of multifunctionality. After systemic administration, 
CNTs have been found to be entrapped in liver and spleen without degradation and 
toxicity. It has remained debatable about the safety and long-term usage of CNTs and 
ability of modifications like surface coating to be effective in surpassing the toxicity 
issues (Xie, Lee, and Chen 2010; Faraji and Wipf 2009).

9.2.5  other iNorgaNic NaNoparticLes

Silica nanoparticles are one of the inorganic carriers that are regarded as biocompat-
ible but not biodegradable. Silica nanoparticles, due to their mesoporous nature, pro-
vide a platform for the loading of imaging agents or therapeutic molecules making 
them suitable candidates for theranostic purposes. Silica nanoparticles can also be 
used for encapsulation of iron oxide nanoparticles, gold nanoparticles, and quantum 
dots for their respective applications (Figure 9.2). Encapsulation of photosensitizer 
molecules like 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide, which are fluores-
cent in nature, can provide photo-dynamic therapy when irradiated with laser light. 
Radiation therapy has remained a viable approach to kill the cells, however both 
normal and cancer cells become affected in this process. This adds to the morbidity 
and mortality associated with cancers. Several new approaches have been developed 
to prevent such side effects to normal cells; one of them is the use of nanoparticles 
of hafnium oxide that are inert in nature until they are activated through an X-ray 
beam. Exposure to X-rays leads to generation of free radicals that ultimately cause 
damage to cancer tissues. The energy is dissipated in the surrounding tissues by 
the means of kinetic energy from emitted electrons. These nanoparticles have been 
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found to be excreted in feces, which reduces renal damage (Lee, Na, and Bae 2003; 
Song, Wu, and Chang 2015; Uchida et al. 2016; Ihre et al. 2002).

9.2.6  Lipid NaNoparticLes

Liposomes are bilayer vesicles enclosing aqueous compartment that are formed using 
amphiphilic phospholipids and cholesterol. Owing to their structure and capability 
to encapsulate hydrophobic and hydrophilic components, liposomes act as interest-
ing tools for drug and diagnostic agent delivery. In order to provide stealth properties 
against opsonization by the immune system and elimination, liposomes are coated 
with hydrophilic compounds like PEG. Different hydrophilic/hydrophobic drugs 
have been investigated in liposomal delivery systems. Agents that can be surface 
coated on liposomes or covalently linked targeting ligands can enable liposomes 
to be targeted to particular cancer tissues. Certain coatings like TPGS and PEG 
and targeting ligands like folic acid have been commonly used for improving the 
circulation time and targeting to specific tumor tissues. Liposomes have also been 
used to encapsulate different kinds of nanoparticles like polymeric nanoparticles, 
gold nanoparticles, and iron oxide nanoparticles within the core of liposomes or as 
a coating over liposomes. Encapsulation of different kinds of nanoparticles in/on 
liposomes can provide multifunctionality, for example magnetic targeting and mag-
netic hyperthermia using iron oxide nanoparticles, photo-thermal therapy using gold 
nanoparticles, imaging of tumors using quantum dots (Wen et al. 2013) or controlled 
drug release, drug-loaded polymeric nanoparticles. Alternative to the flexible struc-
ture of liposomes are solid-lipid nanoparticles that are made of biocompatible lipids 
that have a rigid structure. Similar to other nanoparticulate structures, solid lipid 
nanoparticles can provide targeted co-delivery of diagnostic and therapeutic agents. 
Sub-100 nm solid lipid nanoparticles can cross the blood-brain barrier and can be 
used for brain-associated cancers. Apart from drugs they can be loaded with NIR 
quantum dots and conjugated with ligands like cRGD for targeting and live animal 
imaging applications (Shuhendler et al. 2012). Core-shell structures with solid-lipid 
nanoparticles have also been formulated using a drug or imaging agent loaded inside 
the lipoid core along with quantum dots and an siRNA coating acting as a shell 
over the solid-lipid nanoparticle (Figure 9.2). Such a system acts as an LDL mimetic 
multimodal optically traceable nanocarrier acting as a theranostic (Bae et al. 2013).

9.2.7  poLymer NaNoparticLes

Polymer nanoparticles have been researched a great deal as therapeutic drugs in a 
developing area of nanomedicine. The most important purpose of nanomedicines is 
to have controlled release and targeted drug release. Polymeric chains can be used 
to prolong the circulation time and inhibit uptake by the reticuloendothelial sys-
tem. Polymeric nanoparticles loaded with drugs accumulate in cancer tissues due 
to the EPR effect or active targeting using ligands in comparison to the effect on 
normal tissues (Figure 9.3). Theranostic applications have been implemented using 
polymeric nanoparticles by loading diagnostic modalities along with therapeutic 
modalities. Theranostic polymeric carriers can serve the following advantages like 
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biocompatibility, storage stability, protection of loaded drug/diagnostic agent, and 
controlled drug release (Figure 9.2). Biodegradation is another parameter for the 
use of polymeric nanoparticles wherein the polymer chains are hydrolyzed into 
physiological components of the body like alginate, chitosan, PLGA, PLGA-TPGS, 
and PLGA-PEG are commonly used biodegradable polymers that are metabolized 
into lactic acid and glycolic acid monomers to be eliminated from metabolic path-
ways. Some of the polymers can be obtained from natural origins and others can be 
synthetically prepared. Surface coatings of polymeric nanoparticles using PEG or 
polyelectrolytes can produce nanoparticles that can avoid uptake from the reticu-
loendothelial system and are amenable to being conjugated to biologically active 
compounds for targeting. The use of co-polymers in synthesis of nanoparticles 
will provide modulated release profiles and degradation patterns for nanocarri-
ers. Similar to lipid nanoparticles, PEGylation improves the circulation time of 
polymeric nanoparticles as well. Micelles are self-assembling colloidal structure 
with a hydrophobic core and hydrophilic shell having sizes less than 100 nm. They 
are the preferred carriers for water-insoluble materials. Therapeutic or diagnostic 
agents can be put into hydrophobic core of micelles and to the outer hydrophilic 
layers a targeting agent can be employed. PLA-PEG-based micelles have proven 
to be effective for delivery of drugs like paclitaxel. TPGS has also been used for 
preparation of micelles of iron oxide, which can show improved properties of mag-
netic hyperthermia, uptake, and in vivo imaging. Hyaluronic acid along with DOX 
coated with gold as half shells have been developed for multifunctional theranostic 
applications in cancers (Kim et al. 2012). Folate or TPGS coatings can provide 
benefits of targeting to the tumor tissues. Different kinds of inorganic nanopar-
ticles like quantum dots, iron oxide nanoparticles, and gold nanoparticles can be 
loaded into these polymeric nanoparticles to obtain composite structures having 
multiple functionalities. These nanoparticles embedded composite structures will 
produce applications of in vivo imaging, magnetic targeting and hyperthermia, 
photo-thermal therapy, and triggered therapy using external stimuli like light or 
magnetism. Dendrimers are an example of synthetic polymeric nanomaterials that 
are highly branched in nature with sizes in the range of 10–100 nm. Converging 
or diverging structures along with variety of substituents in the form of drugs or 
imaging agents can be developed for theranostic applications. Several physical 
properties, degree of polymerization, and chemical group combinations are being 
investigated for the formation of dendrimers to utilize them as targeted therapeutic 
carriers to minimize drug toxicity in healthy tissues. The fifth generation G5 type 
of dendrimers are the most commonly studied as they can impart extended drug 
encapsulation and stability. Paclitaxel and Cy5.5 dye have been delivered using 
these nanocarriers and targeting was established by attaching luteinizing hormone 
releasing hormone (LHRH) peptide targeted to receptors overexpressed on cancer 
cells. Phthalocyanines-C was encapsulated in the dendrimer and targeted using an 
LHRH peptide to tumors showed a photodynamic therapeutic potential and fluo-
rescence imaging capability. Owing to the tenability of size and applying a variety 
of linkages to active compounds dendrimers show huge potential for theranostic 
applications (Mironidou-Tzouveleki, Imprialos, and Kintsakis 2011; Singh and 
Nehru 2008; Anonymous 2016).
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9.3  TARGETING MECHANISMS: PASSIVE AND ACTIVE

Imaging of anatomical tissues is the most important step in determining the size, 
shape, and position of an abnormality with high resolution. Computed tomography 
and MRI have remained the gold standard in imaging of organs. Personalized medi-
cine has not addressed explicitly the targeted imaging in its definition, however it 
is an important part of diagnosis of diseases. The use of targeted imaging involves 
the selection of right radiolabeled probe/light emitting molecules for right target for 
a particular condition. Targeted radiotracers bind to well-defined protein sites like 
enzymes and receptors. Physiologically receptors are present with a very small den-
sity in comparison to enzymes. Distinct imaging advantages can be obtained with 
low density receptor-ligand interaction, for example the asialoglycoprotein  receptor 
in the liver is present to an extent of 500 nM, which enables MRI to be used for imag-
ing. F-19 can be used for imaging using MRI, as in the case of 2-Fluoro-2 deoxy glucose 
(FDG), which is commonly used to understand the glucose metabolism. Another 
successful imaging modality is the use of iron oxide particles linked to visualization 
of transferrin receptors under MRI. Radionuclides are gamma- emitting molecules 
that need to be validated for binding to the target specifically. Such targeted imaging 
methods have been useful to develop radiopharmaceuticals co-administered with 
pharmaceuticals. Some approaches for using such a combination can help in moni-
toring disease control points like apoptosis and angiogenesis. They will also aid 
in monitoring targeting capability of radiopharmaceuticals for a similar target and 
estimating the downstream biochemical processes affected by drugs. For example, 
specific neuronal imaging agents have been developed that can monitor different 
steps in the nor-adrenaline metabolic pathway. [123]-Meta-iodo benzyl guanidine 
(MIBG) is grabbed by vesicles than [11C]-Meta-hydroxyephedrine (HED) by mono-
amine transporter.

The fate of nanoparticles is highly dependent on the particle size and surface char-
acteristics. The drug or imaging agent loaded nanoparticulate theranostic should be 
able to be present in the blood stream for considerable periods without elimination and 
uptake by reticuloendothelial system. High molecular weight compounds and nanopar-
ticles in the size range of 10–100 nm can become accumulated in the cancer tissues. In 
order to prolong the circulation time, the surface of nanoparticles should be hydrophilic 
in nature to escape macrophage capture. This can be achieved by coating hydrophilic 
polymers or by attachment of PEG. Nanoparticles satisfying the size and surface char-
acteristics have a great probability of reaching the tumor tissue. Passive targeting is 
mainly dependent on the Enhanced Permeation and Retention Effect produced due to 
leaky vasculature and unorganized endothelial tumor tissues (Figure 9.3a). This effect 
is produced due to the enhanced growth of blood vessels supplying the tumor tissues 
to fulfill their oxygen and nutritional requirements. The imbalance in growth results in 
disorganized cellular structures and enlarged gap junctions between endothelial cells 
and poor lymphatic drainage. Nanoparticle formulations like polymeric nanoparticles, 
micelles, liposomes, etc. can be used to counter passive targeting mechanisms so that 
toxic effects are reduced. Polymer drug conjugates can be formed to lead high molecu-
lar weight like doxorubicin linked to glycol using a spacer of N-cis-aconityl group and 
carbo-di-imide links. DOX-GC nanoparticles can be formed using polymer conjugates 
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accumulate in tumor tissues due to EPR effect. Similarly, paclitaxel conjugated to chi-
tosan can be cleaved in physiological conditions. Chitosan, due to its cell permeation 
properties by opening tight junctions between epithelial cells, also helps in the oral 
administration of paclitaxel. EPR-based targeting, although commonly used, suffers 
from limitations of tumor types, vascularity, necrosis of tumors, and fibrosis of tissues. 
Theranostic cationic liposomal carriers loading quantum dots and camptothecin and 
irinotecan for simultaneous imaging and drug delivery have been described that dem-
onstrated higher efficiency of accumulation in solid tumors exhibiting fluorescence 
signals. The liposomes were localized up to 24 hours using these cationic nanosystems 
(Wen et al. 2013). Tumors, owing to their high growth and metabolic rate, lead to the 
generation of hypoxic conditions and the acidic environment of tumor cells. These 
tumoral environmental conditions can be used for triggering or targeting the release 
of nanoparticulate structures in a site-specific manner. For example an albumin-bound 
doxorubicin incorporating metalloproteinase-2 specific octapeptide sequence was 
hydrolyzed by the enzymes at tumor sites in an in vitro study. pH sensitive polymeric 
carriers or liposomes have been utilized for tumor specific release of drugs along with 
flourescence based imaging (Joshi et al. 2017; Joshi et al. 2018).

Active targeting is the localization of drug therapy on target sites like cell mem-
branes, cytoplasm or nucleus or targeting to particular organs e.g. brain, heart, kid-
ney etc. Targeting to tumors is based on exploring specific antigens and receptors on 
the surface of cancer tissues (Figure 9.3b). Ligands linked to drugs were one of the 
primary attempts to target cancer tissues however the chemical linkages have known 
to reduce the activity of drugs. The process of treatment of cancer using drug-linked 
antibodies is called chemo-immunotherapy. A similar strategy of targeted radiation 
therapy in called radio-immunotherapy where in radioactive molecules are attached 
to antibodies. Different ligands that can be attached to nanoparticles for active tar-
geting can include small molecules like folate and large molecules like RGD pep-
tide, bombesin, A54, luteinizing hormone releasing hormone, proteins like EGFR, 
VEGF, antibodies, cell-penetrating peptides, myristoylated polyarginine peptides, 
TAT peptides, herceptin etc. Folic acid targeting has been employed for targeting 
tumors owing to the high requirement of folic acid in tumor tissues and the overex-
pression of folate receptors. Folate receptors are found in about 53% of tumor tissues 
(Saba et al. 2009). In addition to receptor binding, the penetration of nanocarriers 
inside the cell for effective release of drugs is highly critical. Endocytosis is the most 
common mechanism of internalization of nanocarriers. Magnetic field-based target-
ing is another interesting approach that uses magnetic nanoparticles conjugated to 
anticancer drugs like doxorubicin. An example of a study on such system was done 
by encapsulating such drug-conjugated structures in silica shells with PEGylation 
to provide stealth properties (Wu et al. 2011). Coatings over magnetic nanoparticles 
like carbohydrates, liposomes, hydrogels, lauric/citric acid, and oleic acid make 
them suitable for attachment of drugs. The use of magnetic nanoparticles provides 
an additional benefit of magnetic hyperthermia for cancer therapy either alone or to 
induce magnetically triggered chemotherapy. Therapy for a highly invasive pros-
tate cancer has been attempted using nano-liposomes carrying IPA3 molecules that 
inhibit PAK1 protein in cancer cells which can slow down the progression of cancer 
and apoptosis resulting in cell death. Oligonucleotide sequences such as DNA, 
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RNA are called aptamers, which bear conformations capable of binding to antigens 
of tumor tissues. Aptamers have been used to enhance the selectivity of drug therapy 
like docetaxel in PLGA nanoparticles in prostate cancer (Farokhzad et al. 2006). 
Transferrin and lectin are other ligands that act as transporters to delivery iron and 
carbohydrates, respectively. Transferrin receptors are overexpressed in tumor tis-
sues compared to normal tissues. Thus, transferrin-conjugated paclitaxel loaded in 
PLGA nanoparticles showed greater inhibition of MCF-7 cells. On the other hand, 
lectins are proteins that bind to carbohydrate molecules attached to proteins on the 
extracellular side of the plasma membrane. Cancer cells express different kinds of 
glycan that are different from the normal tissues making them suitable for targeting. 
Two approaches have generally been described using lectins, one of which involves 
the coating of lectins over nanoparticulate carriers that can interact with cellular 
carbohydrates and in another coating of carbohydrate molecules against the lectins 
expressed in cancer cells.

Targeted nanoparticles, through extensive application, have come through as a 
promising strategy, though several issues remain unexplored. Among the develop-
ment of drug resistance rendering drugs released from nanoparticles as ineffec-
tive. Drug resistance can be addressed by combining multiple drugs, drugs, and 
gene delivery or developing multifunctional targeted nanoparticulate systems. 
Biopharmaceutical challenges like stability in vivo and pharmacokinetic proper-
ties of the payload are least explored. Some polymeric materials like PLGA are not 
toxic and degrade quickly after administration, however other materials like inor-
ganic materials, quantum dots, carbon nanotubes etc., can persist, not metabolize, 
and accumulate for years making them potentially toxic for repeated administration. 
Developing new materials, selecting appropriate materials, optimizing drug loading 
and release are some other factors that need to be optimized during the development 
stage. Some of these issues can be solved by developing hybrid structures to incor-
porate properties of each component and also provide multifunctionality (Yu, Park, 
and Jon 2012; Shao et al. 2016; Gao 2016; Lammers et al. 2012; Joshi et al. 2017).

9.4  MULTIFUNCTIONAL NANOTHERANOSTICS: 
STRATEGIES AND ADVANCES

Theranostics is a composite term derived from therapeutics and diagnostics, which 
have been important pillars of health care. The term was coined around 2002 by 
John Funkhouser, a medical consultant, in the context of profiling of subjects for 
diagnosis of cardiovascular diseases.

Theranostics puts the promise of novel and advanced insight into research, 
diagnosis, and treatment for complex diseases like neurodegenerative disorders as 
Alzheimer’s, metabolic disorders like cystic fibrosis, cellular anomalies like can-
cer, autoimmune disorders etc. Such diseases have remained difficult to treat due to 
insufficient explorations. A combined imaging and therapeutic modality can provide 
a stepping stone for the execution of sufficient explorations in untreatable diseases 
and disorders (Figure 9.4). The current definition of theranostics encompasses the 
delivery of therapeutic agents along with imaging of cells and tissues, or detecting 
pathophysiological biomarkers within the body. Theranostics can also be focused 
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towards developing tailored therapies based on the individual genetic makeup, a con-
cept known as personalized medicine. In the recent developments, the applicability 
has been extended to multiple utilities like screening, targeting, localization, efficacy 
enhancement etc. In order to generate such multiple applications in a single package, 
different materials, and nanoformulations need to be employed. There are several 
strategies for the application of theranostics in healthcare. The following sections 
describe individual strategies and some examples for cancer diagnosis and therapy.

9.4.1  photo-dyNamic therapy aNd photo-thermaL therapy

Photo-dynamic therapy is another mode of usage of light for therapy especially in 
cancer using photosensitizer molecules that are administered by systemic or local 
routes. Photo-dynamic therapy involves the use of light-activated photosensitizers 
to form reactive oxygen that has the capability of killing cells in response to selec-
tive light illumination. Literature cites several photosensitizers’ mainly 5-amino 
levulinic acid (ALA) and its derivatives, Verteporfin (benzoporphyrin deriva-
tive) and Photofrin (hematoporphyrin derivatives), which have been shown to be 
effective in photodynamic therapy (Lou et al. 2006). The main issue with using 
photosensitizers is the hydrophobicity, which results in uneven pharmacokinetic 
patterns. Photosensitizers are fluorescent molecules that can be used to locate the 
disease and performing surgical procedures. According to a report, a phthalocya-
nine photosensitizer was encapsulated in PEG-coated AuNPs and due to the EPR 
effect a deeper penetration occurred in the tumor tissues (Kim et al. 2013). The 
application of photo-dynamic therapy provides dual specificity by localizing the 
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production of reactive oxygen species mediated by light, focusing upon tumor tis-
sues makes it useful as non-cancerous tissues remain unaffected. Tumor selectivity 
can be increased by the attachment of antibodies to form photo-immuno-conjugates 
so that they can be targeted to cellular components like receptors, organelles or 
diseased tissues. Savellano et al. used a benzoporphyrin monoacid ring A (BPD) to 
PEGylated Cetuximab that binds to EGFR receptor expressed in epithelial cancers 
(Driel et al. 2016).

Photo-thermal therapy is associated with illumination of optical radiations that 
are absorbed and converted into heat causing thermal denaturation of proteins and 
thereby cell death. Gold nanocages have been developed as good candidates for 
photo-thermal therapy using galvanic replacement between Ag and HAuCl4. The 
interaction of light with gold nanoparticles leads to vibrations in the lattice causing 
an increased temperature. The gold nanocages have tunable peaks and can be tuned 
in NIR region that is an important reason for their suitability for photo-thermal 
therapy. The popularity of gold nanoparticles for photo-thermal therapy is also gov-
erned by the biocompatibility and amenability of functionalization Chen et al. have 
described functionalization of gold nanocages using anti-HER2 antibodies (trastu-
zumab) so that they can be targeted to SKBR3 cancer cells (Zhu et al. 2014; Kennedy 
et al. 2011; Yu, Park, and Jon 2012). Such antibody attachment provides for selective 
photo-thermal destruction of SKBR3 cells. Irudayaraj et al. used “nano-pearl-necklaces” 
based on Au nanorods with Fe3O4 nanoparticles and with trastuzumab can be used as 
a theranostic formulation (Wang et al. 2008; Cho et al. 2008).

9.4.2  image-guided drug deLivery

Image-guided drug delivery can employ fluorophore, radionuclides or MRI probes 
co-immobilized in nanoparticulate carriers. Radionuclides and MRI probes can be 
described to be providing quantitative information in comparison to fluorophores 
that provide semi-quantitative data. Image-guided drug delivery can be helpful for 
the visualization of distribution patterns of active agents entrapped in polymers, 
monitoring tumor accumulation, visualization of drug release properties, monitor-
ing intratumoral distribution, and assessment of therapeutic efficacy. For example, 
iodine-labeled hydroxypropyl methacrylamide (HPMA)-based polymers are suitable 
candidates for scintigraphy, PET, SPECT to provide for analysis of distribution of 
active ingredients in the body. Similarly, gadolinium-labeled HPMA co-polymers 
have been used for MR angiography to evaluate the blood capillaries. Polymer func-
tionalization using imaging probes to provide for imaging capability, iodine-tagged 
hydrazone polymer prodrugs are some of the interesting avenues to be explored for 
image-guided drug therapy. Doxorubicin and gemcitabine-loaded HPMA carriers 
were used to study AT1 rat prostate carcinoma with respect to the imaging capa-
bility and therapeutic efficiency. Imaging analysis proved that the carriers local-
ized in tumor tissues after being in circulation for a prolonged time and helped in 
the delivery of drugs. Further it was also described that chemotherapy and radio- 
chemotherapy were synergistically beneficial for therapy of tumors. Targeting of 
drugs has been achieved by attachment of ligands like amino sugars, hormones, 
antibodies, and peptides to polymer nanoparticle carriers. Harrington et al. 
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developed liposomal formulations namely PEGylated doxorubicin-loaded lipo-
somes and PEGylated cisplatin-loaded liposomes that were used as carriers for 
radio-chemotherapy for animals in single doses along with fractioned radiotherapy 
together. The results indicate that the animal survived for a longer periods of time 
than standard radio-chemotherapy (Harrington et al. 2000).

9.4.3  triggered deLivery of targeted theraNostic NaNocarriers

Theranostics are believed to be the next breakthrough to solve unmet medical needs. 
Deployment of theranostics in several disease conditions has been producing fruitful 
results recently in the fields of imaging, drug delivery, and bio-sensing. An important 
aspect of drug delivery is bringing about spatial and temporal control of drug deliv-
ery, which is the localization of drug delivery at a particular site and controlling the 
rate of drug release over a period of time, respectively.

Apart from the physical localization of drug delivery at a site, researchers have 
investigated several triggering systems that can selectively deposit molecules of 
interest at a particular site.

Noninvasive triggering mechanisms will be a boon to healthcare as they can be 
formed as point-of-care delivery systems without any manual intervention. Different 
stimuli used for developing triggered delivery systems include temperature, pH, 
magnetic or electrical fields, ultrasound, light, or enzymatic action (Figure 9.5). The 
following sections will describe in depth each of the triggering mechanism for tar-
geting of drug delivery.

9.4.3.1  Light
Light can be used for a number of purposes including targeted imaging, image-
guided drug delivery, and photo-triggered drug delivery systems. The use of light can 
be considered as the simplest form of triggered drug delivery. Optical imaging sys-
tems can be considered as excellent tools to obtain spatial resolution and since they 
are inexpensive they can be converted into portable devices. However, they offer few 
limitations such as low penetration depth, field, and anatomic resolution. Based on 
the exposure of ionizing radiations, among all the optical techniques, PET scanning 
is a highly accurate and noninvasive technique, however it requires control of dosage 
to avoid toxicity (Corsi et al. 2009). Photo-triggered drug delivery systems are exter-
nally activated systems that release the drug at the site and the rate of delivery can 
be controlled based on the matrix used. Some light-responsive drug delivery systems 
are for single use (i.e. the light triggers an irreversible structural change that provokes 
the delivery of the entire dose, for example a photosensitizer system conjugated to a 
contrasting agent; administered to selectively accumulate in target tissues and later 
activated by external light trigger for detachment from contrasting agent, leaving it 
activated for imaging purposes) while others can endure reversible structural changes 
when cycles of light/dark are applied and they may also act as multi-switchable car-
riers (releasing the drug in a pulsatile manner, for example photo degradation by 
laser pulses to a controlled population of liposomes, for releasing the load at a spe-
cific site or tissue; carbon nanotubes can be loaded in carriers to produce heat upon 
laser irradiation over a period of time or in different intervals to curb the growth of 
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cancerous tissue). Light-controlled drug liberation offers the unique advantage of 
controlling the location, quantity, and timing of the drug released. Common modes 
of photon-induced drug delivery include photo-chemical triggering or photo-thermal 
triggering mechanism. Photo-chemical internalization (PCI) is a technique used for 
release of drug-engulfed macromolecules into the cytoplasm. As a consequence of 
light irradiation, cells exposed to photosensitizers result in such type of delivery 
and are found to be promising for treatment of soft tissue sarcomas and other solid 
tumors. Norum et al. have described PCI for release of endocytosed bleomycin into 
the cytoplasm by photo-chemical rupture. Human fibrosarcoma xenograft HT1080 
was used in the leg muscles of athymic mice along with di-sulfonated aluminum 
phthalocyanine. The results indicated that PCI is superior to photodynamic therapy 
(Norum et al. 2009). Lou et al. have described the application of PCI for release 
of doxorubicin from endocytic vesicles in MDR cells of cancer cell lines MCF-7 
and MCF-7/ADR using a photosensitizer TPPS (di-sulfonated meso-tetraphyenyl-
porphine) and light. Exposure of doxorubicin alone gave the IC50 concentrations of 
0.1 µM in MCF-7 and 1 µM in MCF-7/ADR, however after photo-chemical therapy 
followed by doxorubicin the IC50 concentration was 0.1 µM for both cell lines. After 
PCI and drug treatment it was found doxorubicin was released in the cytoplasm and it 
entered the cell nuclei in MCF-7 cells without PCI (Lou et al. 2006). Rai et al. (2010). 
have reviewed studies of Febvay et al. (2010), Pashkovskaya et al. (2010), Lu et al. 
(2006), Dvir et al. (2010) also presented a novel method of delivery based on size tun-
able mesoporous silica nanocarriers functionalized and targeted to specific cell sur-
face proteins. Cell-impermeable fluorescent compounds were delivered inside the 
cytosol as visualized by confocal microscopy. The results obtained revealed that the 
nanocarriers could be loaded with different kinds of compounds that are imperme-
able inside cells. Pashkovskaya et al. have demonstrated that damaging the liposome 
membranes through light can be used for release of drugs using dye release assays 
based on fluorescence de-quenching of dyes. Similar to liposomes, nanoimpeller-
controlled mesostructured silica nanoparticles were developed by Lu et al., which 
were called light-activated mesoporous silica (LAMS). These nanoparticles were 
loaded with luminescent dyes and anticancer drugs that were released inside the 
cancer cells that were illuminated using specific wavelengths, which activated the 
nanoimpellers. It was observed that for such systems, light intensity, and time of irra-
diation incident light governs the quantity of molecules released. Pancreatic cancer 
cell line and colon cancer cell line SW480 were used to study the uptake of particles. 
Another interesting finding to target nanoparticles was described by Dvir et al. who 
showed that nanoparticle surface was covalently linked with targeting moiety caged 
with a photo-removable protecting group. The caging group used in this study was 
a small peptide YIGSR that was required for adhesion to integrin β1 and could be 
removed by illumination (Rai et al. 2010).

9.4.3.2  Enzyme
Use of theranostics can have great repercussion on targeting using nanotechnology. 
Use of enzyme-based triggering is one of the significant biological mechanisms to 
target a drug to a particular tissue. It is a known fact that enzyme-substrate interac-
tion is highly specific. Enzymes localized in a specific area can provide site-specific 
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imaging and localized drug release. Enzyme-triggered drug delivery systems can be 
developed using a variety of enzymes belonging to categories like proteases, phos-
pholipases, caspase, matrix metalloproteinase, phosphodiesterase’s, amidase, phos-
phatases, glucose oxidase, urease, hyaluronidase, and trypsin. It is necessary that the 
nanocarriers used for enzymatic triggering must degrade when exposed. The most 
widespread enzyme-based triggered drug delivery systems are based on phospho-
lipases and hydrolases. As reported by Zerouga et al. (2002) phospholipases have 
the ability to hydrolyze lipids present in liposomes and thus deliver the drug. The 
researchers observed that methotrexate, an anticancer drug attached to docohexanoic 
acid (DHA) and phosphatidyl choline was hydrolyzed by phospholipase A2 leading 
to reduction in murine leukemia growth (Davidsen, Vermehren, and Frokjaer 2001; 
Siddiqui et al. 2005). Matrix metalloproteinase (MMP) enzymes can increase uptake 
of nanocarriers into solid tumors by assisting the interstitial fluid pressure. The 
matrix metalloproteinase (MMP) enzymes are mostly tissue specific in their expres-
sion. These MMP enzymes also have a behavior of altering the basement membrane 
and extracellular matrix environment, this increases cancer tissue proliferation and 
metastasis by the mode of increased inflow of fluids and nutrients along. Apart from 
previously mentioned characteristics, MMP enzymes also facilitate the expression of 
several factors uncommon in regular cellular activity for example overexpression of 
angiogenesis factor (Overall and López-Otín 2002). This property can be effectively 
used for lipid-based nanocarrier systems like micelles and solid-lipid nanoparticles. 
It is also observed that phospholipase A2 can be overexpressed in cancers of colon, 
pancreas, prostate, breast etc. making it worthy of therapeutic intervention for trig-
gered delivery of anticancer drugs (Overall and López-Otín 2002). As reported in 
the literature, PEGylated lipid (1,2-distearoyl-sn-glycero-phosphoethanol amine-N-
methoxy [PEG]-2000) provided rapid release of cisplatin and doxorubicin causing 
toxicity to Colo 205 colon cancer cells and improved efficacy of treatment in breast 
cancer xenograft model (MT-3) in mice (Davidsen, Vermehren, and Frokjaer 2001; 
Anderson 2008). Like phospholipases, proteases also hydrolyse peptide bonds and 
cleave larger peptides into smaller fragments.

MMP plays a pivotal role in cancer invasion, angiogenesis and metastasis. 
Through their research findings Wong et al. proposed that MMP-2-responsive 
nanoparticle aggregates can further be broken down into 10 nm particles. 10 nm 
particles were found to penetrate deep in tumor tissues even in the presence of inter-
stitial fluid pressure due to enhanced permeation and retention (Wong et al. 2011). 
Kim et al. have compiled an extensive review on protease-responsive drug delivery 
as DOX-peptide-coated, magnetic silica nanoparticle conjugates for intracellular 
delivery in vitro (Kim et al. 2013). Chi et al. (Chi et al. 2015) performed surgical 
removal of orthotopic and metastatic breast tumors by matrix metalloproteinase tar-
geted fluorophores using liposomes developed from lipo-peptides. The lipo-peptides 
were found to be sensitive to MMP-9 and induced liposome destabilization and thus 
resulted in the release of the drug. Similar research work was carried out by the 
Harashima group, they developed PEG masked liposomes with configuration of 
PEG-peptide-DOPE having a lipoid core that degraded by MMP-2 by destabilization-
fusion and aggregation (Hatakeyama et al. 2007). The results also indicated that 
the liposomes of the said configuration were less stable in circulation as against 
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PEGylated liposomes. Literature reports also reveal that macromolecular carriers 
like Glu-Pro-Cit-Gly-Hof-Tyr-Leu cross-linked to DOX showed improved efficiency 
of prodrugs. Other examples of MNP prodrugs include use of macromolecular car-
riers like (Pro-Val-Gly-Leu-Ile-Gly), which function as peptide linker to dextran and 
methotrexate (Chau et al. 2006; Choi et al. 2012). Likewise, Gly-Phe-Leu-Gly struc-
ture can be designed to effect drug release from the nanocarriers by the lysosomal 
enzyme cathepsin B that is found to exist only in the intracellular compartment. 
After internalization in the cells, the encapsulated drug exerts its effect. This unique 
feature not only improves the therapeutic efficacy but also tends to reduce any side 
effects associated with the drug. Investigations have been carried out on this pep-
tide sequence for DOX linked to HPMA nanoparticles through aminoglutethimide 
(AGM), which acts as an aromatase inhibitor (Vicent et al. 2005).

Another class of enzymes that have potential applications in enzyme-triggered 
drug delivery systems is glycosidase. Glycosidases are the enzymes that hydrolyze 
carbohydrates to yield small sugars. An example of an enzyme belonging to this class 
is α-amylase, which is highly expressed in tumor environment making it suitable to 
design a drug delivery system containing sugar molecules coated on the nanocarriers. 
A blooming proof of this concept was shown by linking dextran with phospholipase 
via succinylation. It was observed that when lactose and starch derivatives coupled 
to MSNP with fluorophore trapped inside the pores were treated with pancreatin or 
β-D-galactosidase there was release of dye. Dox-loaded and starch-modified MSNP 
exerted a high influence on cell survival upon release of drug (Bernardos et al. 2010). 
Dzamukova showed that halloysite nanotube carriers (50 nm diameters) can be used 
for the selective delivery of anticancer drug doxorubicin and Brilliant green. In the 
study, dextrin end stoppers were used to prevent release of Brilliant green; however, 
when intercellular glycosyl hydrolases degraded the dextrin stoppers the entrapped 
molecules were released. Since the rate of internalization of nanotubes was depen-
dent on the growth rates of tumor tissues, such delivery systems can prove to be 
effective and suitable for malignant cancer tissues (Dzamukova et al. 2015).

Another interesting example is that of phosphatase enzyme. In this research, 
Phosphatase triggered co-assembly can be used to form tumor specific ICG-doped 
nanofibers for cancer theranostics. NIR absorbance of ICG improves photo-acoustic 
and photo-thermal properties. In one of the studies, phosphatase instructed delivery 
was successfully studied ranging from in vitro, living cell, tissue mimic, and in vivo. 
The results of the study revealed that ICG (in conjugated form) uptake of tumors 
was markedly increased 25-fold higher than free ICG (Huang et al. 2015). Davis 
and Szoka used phosphatase to catalyze liposomes that promoted transfection with 
plasmid DNA that encoded luciferase, which was involved in a transition of lamellar 
phase to inverted hexagonal phase due to removal of phosphate group (Davis and 
Szoka 1998).

9.4.3.3  Temperature
Interesting carriers of choice for stimuli-responsive drug delivery are temperature-
responsive polymers. These polymers can be categorized using volume phase tran-
sition at a particular temperature. Lower critical solution temperature (LCST) and 
upper critical solution temperature (UCST) are the parameters that demonstrate their 
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solubility based on temperature. Polymers that precipitate on application of heat have 
a low LCST and polymers that solubilize upon heating have an UCST. An interesting 
example is that of hydrogel, which can be characterized using lower gel transition 
temperature (LGTT) and upper gel transition temperature (UGTT) due to its tem-
perature-responsive nature. Examples of commonly used LCST polymers include 
N, N-diethylacrylamide (DEAM), N-isopropyl acrylamide (NIPAM), N-vinyl cap-
rolactum, Methyl vinyl ether (MVE) (Schmaljohann 2006). Examples of widely 
applicable UCST polymeric systems include PEO-b-PPO block copolymers, PEO-
b-PPO-b-PEO, PEG-b-PLGA-b-PEG, and combination of acrylamide and acrylic 
acid. Apart from the LCST other factors affecting the solubilization of polymers 
include concentration, temperature, molecular weight, and presence of co- solvents 
or additives. PNIPAM co-polymers have been widely exploited for temperature 
responsive properties. Ramkisson Ganorkar et al. used PNIPAM-co-BMA-co-AAc 
in their studies for intestinal delivery of calcitonin (Ramkissoon-Ganorkar et al. 
1999). Another example is liposomes that have also been used for thermal triggering 
using 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and a lysolipid such as 
1-palmitoyl-sn-glycero-3-phosphocholine or 1-stearoylsn-glycero-3-phosphocholine, 
the researchers concluded that the lysolipid increases the diffusion of drug through 
gel to liquid phase transition. Thus it was concluded that such liposomes would be 
useful for mild hyperthermia (Needham, Anyarambhatla, and Kong 2000). Since 
liposomes are unstable under physiological conditions, thermos-responsive polymers 
like poly [2-(2-ethoxy) ethoxy ethyl vinyl ether) and poly (N-isopropyl acryl amide) 
can be used to increase the stability of liposomes and modify their form. However, 
the above polymers are non-biodegradable and hence are used to a very limited 
extent. Another interesting example of temperature-triggered delivery system is that 
of elastin-like polypeptides incorporated in dipalmitoylphosphatidyl choline (DPPC) 
based liposome. In one of the studies, cyclic arginine-glycine-aspartic acid (cRGD) 
has been used for targeting angiogenic vasculature and tumor cells. The results for 
accumulation studies showed that the targeting capability was improved five-fold 
when compared against non-targeted liposomes. Along with an external heat gener-
ating system the system also offered improved performance (Kim et al. 2014).

Dual-responsive behaviors can be achieved with a combination of temperature and 
pH responsive polymers and this can lead to interesting biomedical applications. An 
example of such dual-responsive drug delivery was demonstrated by Chilkoti et al. 
(2002). They designed doxorubicin-polypeptide conjugate for cancer therapy. The 
LCST behavior was customized to higher temperature so that it underwent a phase 
transition to become insoluble after reaching the tumor target. The second respon-
sive behavior was generated using an acid labile linker so that DOX was released 
in a low pH environment (Mo et al. 2015). Liu et al. developed polymerosomes, a 
novel form of temperature-responsive system. The delivery system comprised of poly 
(N-vinylcaprolactam)n-poly(dimethylsiloxane)65-poly(N-vinylcaprolactam) 
co-polymers. These polymersomes offered numerous advantages including properties 
like being biocompatible, biodegradable, monodisperse, stable at room temperature, 
tunable to size, and thermally responsive, and they showed a high loading capacity of 
40 % (Liu et al. 2015). For delivery of drugs, development of temperature-sensitive 
gels using polymers is very widely investigated. An example is that of hydrogels, 
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which possess swelling and de-swelling properties and contain insoluble polymer 
above LCST or UCST. A significant application is the development of ophthalmic 
formulation using in-situ gels that are temperature triggered. One of the studies 
reported the use of thermosensitive polymer pluronic F-127, HPMC-E50 LV, and 
anti-glaucoma drug betaxolol HCl were combined together to increase residence 
time of drug in the eyes for over seven hours. The polymers in the form of an in-situ 
gel showed good ocular tolerance. Such a formulation would offer a great potential 
in glaucoma therapy (Geethalakshmi et al. 2013). Temperature triggered delivery to 
eye has also been extensively studied by embedding timolol in HEMA gel, which 
is a contact lens material. The results revealed that the drug release was prolonged 
for two to four weeks using cross-linked particles of dimethacrylate, ethylene gly-
col and propoxylated glyceryl triacrylate. The driving mechanism for drug release 
was proposed to be due to the change in temperature after lens insertion in the eyes 
that triggered the drug release (Jung and Chauhan 2012). Multifunctional PEGylated 
liposomes are also found to be effective as temperature-triggered drug delivery 
systems and also for magnetic resonance imaging (MRI) developed from poly(2-
ethoxy(ethoxyethyl) vinylether) chains with a lower critical solution temperature 
around 40°C and polyamidoamine G3 dendron-based lipids having Gd3+ chelate 
residues. In one of the studies, these liposomes were loaded with DOX wherein the 
drug release was expected to occur above 40°C. Intravenous administration of these 
formulations resulted in controlled and targeted delivery of DOX and tumor accu-
mulation was observed after eight hours in 26 tumor bearing mice. Additionally, T-1 
weighted images of MRI showed accumulation of Gd loaded in tumor tissues (Kono 
et al. 2011).

9.4.3.4  pH
pH-triggered systems are the most common forms of endogenously acting stimuli or 
triggered responsive drug delivery systems. This type of system was employed for 
oral delivery system in order to either increase the absorption of drug from GIT or to 
protect the drug from the acidic atmosphere by enteric coating. Enteric coating helps 
to release drug in the alkaline pH of intestine. Recently in a glucose oxidase catalytic 
reaction, a glucose-responsive drug delivery systems was developed that worked on 
the pH triggering mechanism since glucose that is converted to gluconic acid leads 
to a change in pH. This approach can be used to make implantable systems that 
will control the release of glucose and will be useful in management of glucose in 
diabetes. The extracellular pH of cancerous cells is slightly more acidic than normal 
and lies in between 6.5 to 7.2. Similarly, lysosomes are more acidic in nature and 
this property can be used to develop pH-sensitive carriers. Different acids and bases 
such as phosphoric acid, carboxylic acids, amines form ionizable polymers. These 
ionizable polymers can have pH range from 3 and 10. Change in the pH can lead to a 
conformational change in the polymer, which alters the swelling pattern of polymer. 
Polymers such as acrylate, methacrylate, and their derivative, maleic anhydride have 
pH dependent properties. These moieties were employed for the delivery of various 
drugs including indomethacin, caffeine, and cation protein such as lysosome. Poly 
L-histidine and amphoteric poly (amido-amine)s have exhibited endo-osmolytic 
properties and later it has been used for gene delivery (Huh et al. 2012). Bae et al. 
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examined the weak sulfonamide acid for the extracellular delivery of doxorubicin as 
triggering agent. Adriamycin with Poly(L-histidine)-b-PEG and PLLA-b-PEG have 
investigated for targeting extracellular tumor. Adriamycin was released at transition 
pH that takes place at 6.6. (Lee, Na, and Bae 2003).

9.4.3.5  Ultrasound
Sound waves are better alternative for imaging of soft tissues in ultrasound. To alter 
the permeability of blood vessels or to increase the localized release of drug, ultra-
sound acts as a crucial tool. Ultrasound also helps to reduce side effects. Due to 
change in permeability of blood vessels, nanoparticles, and impermeable drugs can 
enter the cells easily, e.g. alprazolam. The bioavailability of certain drugs such as cis-
platin, doxorubicin, paclitaxel, siRNA, and plasmid DNA can be enhanced by using 
ultrasound waves. Macro-pinocytosis, caveolin, and clathrin type of mechanism help 
to extravasate the high molecular weight compounds such as dextran having molecu-
lar weight between 4–500 KDa (Meijering et al. 2009). Walton and Shohet (2009) 
have shown two different mechanisms for permeability: subcavitary oscillation and 
inertial cavitation through microbubble ultrasound-mediated delivery. The key car-
riers in the ultrasound-based triggering are the microbubbles that can be used for 
drug delivery. Due to air or gaseous nature of microbubbles, they show acoustic 
properties that can be imaged by ultrasound easily. Rupture of these bubbles releases 
the drug and leads to disappearance of echogenicity, which is another marker for 
imaging using ultrasound techniques (Deckers and Moonen 2010). Microbubbles 
containing paclitaxel were used for restenosis in a rabbit iliac balloon injury model 
along with ultrasound and these were effectively releases drug for visualization (Zhu 
et al. 2016). Micelles, polymer capsule, and liposomes can also offer an ideal carrier 
for ultrasound sensitive drug (Ayre et al. 2013). The sono-sensitive and MRI contrast 
agent was developed from Gd(III) DOTA altered with sono-sensitive liposomes that 
can be used for the delivery of DOX to a specific site and rate with improved signal 
intensity at the area of accumulation (Zhu et al. 2016). At different ultrasonic pres-
sure, polymeric PLLA capsules having different shell width can be triggered both in 
vivo and in vitro using Evans blue as a model agent.

9.4.3.6  Magnetism
In order to achieve targeting on some specific sites through magnetic nanoparticles, 
an external magnetic field can be used for the alignment of the magnetic moment 
in a particular direction. Magnetic nanoparticles (MNP) are perfect contenders for 
the development of novel theranostic systems due to their attractive properties such 
as magnetic hyperthermia, negative contrast for MRI, target specific-controlled 
drug delivery. In MRI, MNP can be used as negative contrast that can be indicated 
by T2 relaxation phenomena (Murase et al. 2015). Akbarzadeh et al. have reported 
the synthesis of PNIPAM-MAA grafted magnetic nanoparticles by radical polymer-
ization method for MRI application (Akbarzadeh et al. 2012). Similarly, Wang et al. 
have developed chitosan and polyethyleneimine (PEI)-coated magnetic micelles for 
MRI and to deliver nucleic acid. Experimentally it has been shown that superpara-
magnetic iron oxide nanoparticles (SPIONs) integrated inside the micelle have higher 
biocompatibility, prolonged circulation time, and improved contrast agent. Moreover, 
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micelles were used effectively for probing in MRI and in drug delivery. SPIONs have 
various applications in cancer management such as drug load on MNP, target selec-
tivity because of magnetic field or conjunction with antibodies. MRI is considered 
a better diagnostic tool because of good spatial resolution, outstanding anatomical 
image, and high soft tissue contrast. The coating of MNP by polymer can modify the 
release of drug and can offer better stability. Various formulations such as emulsions, 
contraceptive systems, implants, infusion pumps along with magnetic nanoparticles 
have shown substantial improvements for targeting and triggering drugs for preferred 
site. Kumar et al. have demonstrated that Fe2O3 nanoparticles coated with chitosan 
transport localize at a specific site (Kumar et al. 2010; Mishra, Patel, and Tiwari 2010; 
Kumari, Yadav, and Yadav 2010). Bio-conjugation with protein, ligand or antibodies 
can offer selectivity to drug delivery system. Iron oxide nanoparticles with PNIPAM 
composite can be used not only for magnetic hyperthermia but also for drug release 
because of thermo-sensitive nature of PNIPAM (Purushotham and Ramanujan 2010).

9.5  CONCLUSIONS AND FUTURE PROSPECTS

Nanotheranostic approach of management of diseases appears to be superior to con-
ventional modes of diagnosis and therapies. This fact can be attributed to selective 
treatment, use of nanosystems that provide deeper penetration in physiological sys-
tems and triggered delivery of diagnostic or therapeutic agents. The recent theranos-
tic approaches are still in developmental phase and have shown sufficient promise 
against cancer. Theranostic systems consist of nanomaterials developed from bio-
molecules, natural or synthetic organic or inorganic materials or any combinations 
of them to provide different applications in a single system. Functionalization of 
nanomaterials in order to localize or control the fate of nanoformulations is another 
advantage obtained using targeting ligands conjugated to theranostic nanomateri-
als. Targeting allows for site-specific release and reduced toxicity to other systemic 
organs improving the therapeutic compliance. Treatment using genetic materials like 
DNA, siRNA, and oligonucleotides help in interacting with cellular mechanisms and 
will allow for treatment of diseases with genetic predisposition. Reports of use of 
theranostics in the clinic and validation of effectiveness of performance in animals 
and humans need to be visited in great depth before actual practice of theranos-
tics as a healthcare solution. Nanotheranostic approaches are being accepted world-
wide across the research community as it projects the expansion of new horizons of 
adapted and applied therapies for various diseases and disorders with lesser toxicity 
against any anomaly ranging from gastrointestinal, brain, and cardiovascular ail-
ments. Thus, the use of theranostics allows for efficient healthcare solutions to take 
care of morbidities in a more precise manner in comparison to conventional diagnos-
tic or therapeutic strategies.
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10.1  INTRODUCTION

As described all throughout this book, nanoparticles exhibit novel properties, which 
largely differ from the bulk materials due to their enhanced surface to volume ratios. 
These include both physiochemical and biological properties. The nano-dimension 
not only confers unique electronic, optical, and electrochemical properties to the 
nanoparticles; the nano size scale also renders these materials comparable to biomol-
ecules, cellular components as well as pathogens. While the former enables unique 
and highly sensitive interactions with light and matter, the latter enables precise 
modulation of biomolecular interactions through these tiny machines. This chapter 
dwells at the interface of these two capabilities of nanomaterials—as tools for diag-
nosis and biological manipulations. Keeping in mind the immensity of such a topic, 
we have focused our discussion on the cancer diagnostic and therapeutic aspects 
through immunological lenses.

Immunology offers a highly specific and sensitive analytical methodology to 
detect, quantify, and diagnose with great precision. Combining the unique opto-
electronic properties of nanomaterials with immune-analytical techniques and tools 
results in some very sensitive yet simple and portable diagnostic methods and tools for 
rapid detection of cancer biomarkers. Early detection and characterization of cancer is 
critical for understanding the underlying disease process, and designing personalized 
courses of treatment, with the ultimate goal of improving patient survival and treat-
ment prognosis. This gives rise to a need for practical, cheap, an d quick methods for 
routine screening of early cancer markers in a sensitive and selective manner. There 
have been great strides made in the development of cancer biosensors in recent years, 
and the incorporation of nanoparticles has played a critical role in improving the 
realm of immunodiagnostics. This chapter highlights some of the most recent devel-
opments in the field of cancer immunodiagnostics based on nanotechnology.

Nanoparticles also possess unique biological properties—and have been increas-
ingly adapted for biomedical applications, as evident from the rapid growth of the 
field of nanomedicine. As carriers of insoluble and unstable drug molecules, nanopar-
ticles provide the stability and improve the bioavailability of such therapeutic com-
pounds. With the ability to accumulate in targeted tissues and solid tumors, and 
rapid clearance, nanoparticles are fast emerging as the carriers of choice to deliver 
imaging contrast agents for diagnostic imaging. With the emergence of immuno-
therapies as highly potent adjuvant treatment options for cancer, nanoparticles are 
uniquely suited to make drastic improvements in treatment strategies based on simi-
lar principles of nanomedicine. The second half of this chapter focuses on some of 
these critical contributions of nanotechnology in cancer immunotherapies.

10.2  CANCER IMMUNODIAGNOSIS

Immunodiagnostics has been an essential technique for the past several decades for 
cancer detection (Gold et al. 1965). By taking advantage of the strong and highly 
specific association of antibodies with their respective antigens, accurate detection 
of certain cancer biomarkers such as prostate-specific antigen (PSA) and carcinoem-
bryonic antigen (CEA) can be achieved (Ludwig et al. 2005, Polascik et al. 1999). 
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Immunology as a means for diagnostics was first demonstrated in 1960 for detecting 
serum insulin (Yalow et al. 1960). Not long after, in 1965, Gold and Freedman dis-
covered the presence of CEA, which is normally found in fetal tissues, in the blood 
of colon cancer patients (Gold et al. 1965). Since then, the field of biomarker-based 
cancer immunodiagnostics has greatly expanded, and advancements in technology, 
including new detection techniques and the incorporation of nanoparticles, have sig-
nificantly improved the sensitivity and specificity of detection (Jayanthi et al. 2017, 
Malhotra et al. 2016).

In this section, we focus on nanoparticle technologies for detecting protein mark-
ers that are correlated with cancer; this includes immunodiagnostics aimed to detect 
antigens expressed by cancer cells as well as cancer-associated serum autoantibod-
ies. The coupling of nanoparticles to antibody-antigen interactions is a powerful 
technique that can be further applied to in vivo imaging diagnostics, which is exam-
ined in more detail in several comprehensive reviews (Bazak et al. 2015, Chen et al. 
2016). Our principal aim is to introduce recent developments regarding innovative in 
vitro cancer immunodiagnostics technologies for analysis of blood and other biologi-
cal samples, which have the advantages of being more convenient, cheaper, and more 
readily repeated. Specific examples are presented to demonstrate the range of appli-
cations, but this is by no means the whole extent of the field, and readers are encour-
aged to look through the review articles presented here for more detailed information 
regarding cancer biosensors (Anik et al. 2016, Chikkaveeraiah et al. 2012, Ge et al. 
2017, Guo et al. 2015, He et al. 2016, Jayanthi et al. 2017).

Enzyme-linked immunosorbent assays (ELISAs) in microtiter plates have 
long been the traditional form for immunodiagnostics since its first description in 
1971 (Engvall et al. 1971). While conventional ELISAs have been highly useful 
and robust, steps are being taken toward developing quicker and more automated 
point-of-care immunosensors (Ge et al. 2017). These immunosensors can imple-
ment a variety of transduction methods for signal detection, with electrochemical 
(Chikkaveeraiah et al. 2012) and optical techniques (He et al. 2016) being among 
the most popular. The general setup of biosensors involves: 1) a biorecognition mol-
ecule for the analyte, typically an antibody in immunodiagnostics, 2) a support on 
which to immobilize the biorecognition molecule, and 3) a transducer to quantify the 
signal from binding events, which encompasses electrochemical, optical, and mass-
based techniques (Figure 10.1) (Chikkaveeraiah et al. 2012, Jayanthi et al. 2017). 
Through incorporating nanoparticles and exploiting their high molar absorptivity, 
lower detection limits and higher sensitivities can be achieved (Kreibig et al. 2013, 
Zhao et al. 2008). After a brief overview of potential biomarkers for cancer diagnos-
tics, a more detailed account of the range of immunodiagnostic methods involving 
nanoparticles is provided, followed by discussion on future opportunities for cancer 
diagnostics.

10.2.1  tumor Biomarkers

During cancer development, there is a functional gain in oncogenes or loss in tumor 
suppressor genes that grant a cell undiminished proliferation, and a common conse-
quence is an alteration in the expression profiles of certain protein biomarkers that 
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can be used to differentiate between healthy and diseased states (Hanahan et al. 
2000). There are a wide variety of markers that are regularly applied in the clinic for 
cancer detection, classification, and surveillance (Table 10.1) (Handy 2009). Some 
of the markers used in biosensors include PSA, CEA, cancer antigens (CA 125, CA 
15-3, CA 19-9, CA 27.29), alpha-fetoprotein (AFP), human epidermal growth factor 

Biorecognition
molecule

Biorecognition
molecule

Interaction/reaction

Biomarker

Shuttling of e–

Transducer Oscillator

Transducer signal
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Optical signal
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FIGURE 10.1 General schematics of different biosensor transducers. (a) Electrochemical, 
(b) optical, and (c) mass-based transduction systems. (Reproduced from Jayanthi, V. S. P. K. S. A. 
et al., Biosens Bioelectron, 91:15–23, 2017. With permission.)

TABLE 10.1
Tumor Markers Routinely Utilized in Clinical Laboratories

Cancer Type Biomarker Biomarker Type Clinical Use

Testicular AFP Glycoprotein Staging

Testicular hCG Glycoprotein Staging

Pancreatic CA 19-9 Carbohydrate Monitoring

Ovarian CA 125 Glycoprotein Monitoring

Colon CEA Protein Monitoring

Colon EGFR Protein Therapy selection

Gastrointestinal KIT Protein Diagnosis and therapy selection

Thyroid Thyroglobulin Protein Monitoring

Prostate PSA Protein Screening, diagnosis, and monitoring

Breast CA 15-3 Glycoprotein Monitoring

Breast CA 27-29 Glycoprotein Monitoring

Breast Cytokeratins Protein Prognosis

Breast HER2/neu Protein Prognosis and therapy selection

Bladder NMP22 Protein Screening and monitoring

Bladder Fibrin/FDP Protein Monitoring

Bladder BTA Protein Monitoring

Bladder CEA Protein Monitoring

Source: Reproduced with permission from Ludwig, J. A., and Weinstein, J. N. Nat Rev Cancer, 
5:845–56, 2005. With permission.
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receptor 2 (HER-2/neu), and human chorionic gonadotropin (hCG). In addition to 
diagnostics, some of these biomarkers can also be used as tumor-associated antigens 
(TAAs) for immunotherapy (Buonaguro et al. 2011), as discussed later in this chap-
ter. Of the biomarkers identified, only PSA is routinely used for cancer screening in 
the clinic, while others are generally applied toward monitoring treatment response 
and detecting recurrence (Smith et al. 2016).

The primary considerations for the utility of biomarkers are their sensitivity and 
specificity, in other words their ability to detect the presence of cancer (sensitivity) 
without any false positives (specificity) (Handy 2009). Ideally, all biomarkers would 
have 100% sensitivity and specificity for reliable and early detection. However, due 
to cancer heterogeneity and low abundance of certain biomarkers, no one test is per-
fect. For example, in the case of PSA testing, high sensitivities of over 90% can be 
achieved, but the tradeoff is a low specificity of around 25% (Lee et al. 2006). One 
approach to improve predictions of cancer presence is to combine several individual 
biomarkers in a panel (Rusling et al. 2010). In such a way, patients not expressing 
a particular biomarker would still be diagnosed and false positives and negatives 
would be minimized based on other biomarkers in the panel, consequently improv-
ing specificity and sensitivity. To this end, multiplexed assays for detecting multiple 
protein biomarkers found in cancer are being developed (Rusling et al. 2010).

10.2.2  eLectrochemicaL techNiQues

The primary methods for electrochemical immunosensing are electrochemical imped-
ance spectroscopy (EIS), amperometry, and voltammetry (e.g. linear sweep [LSV], 
differential pulse [DPV], cyclic [CV], and squarewave [SWV]), and they generally 
employ an applied potential that generates a redox reaction in labeled electroactive spe-
cies and results in a current that is proportional to the analyte concentration (Anik et al. 
2016). There has been a plethora of investigations in the area of immunosensing, and 
only a small cross-section are described here, which are summarized in Table 10.2.

CEA is a common biomarker for biosensor validation, and a great variety of 
nanoparticles have been investigated for advancing electrochemical immunosensors. 
In one approach, core-shell Fe3O4@Ag magnetic nanoparticles were used by tak-
ing advantage of the Ag shell for adsorption of CEA antibody and the iron oxide 
core to magnetically incorporate the nanoparticles into a carbon paste on the elec-
trode (Tang et al. 2006). Using potentiometry, detection of CEA at concentrations 
as low as 0.5 ng/mL was achieved. A similar strategy utilized core-shell Fe3O4/SiO2 
detector nanoparticles in a flow-injection device, and CEA in human serum could be 
detected based on EIS measurements (Pan et al. 2007). There was a linear resistance 
response between 1.5 and 60 ng/mL and a detection limit of 0.5 ng/mL. A more 
recent work illustrates the huge improvements in sensitivity that have been achieved 
since then; the linear detection region for CEA was expanded to a range from 0.1 ng/
mL to 1000 ng/mL and the detection limit was reduced down to 0.007 ng/mL (Li 
et al. 2017). This was made possible by a combination strategy of applying gap-based 
interdigitated electrodes (IDEs) and polyaniline-Au nanoparticles (PANi-AuNPs). 
After antibody capture of CEA onto the IDEs, antibody-labeled PANi-AuNPs bound 
and connected the microgap of IDEs, leading to greatly reduced resistance values.
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PSA is another biomarker commonly researched in cancer detection sensor devel-
opment. One example of an innovative system for PSA detection was established by 
immobilizing an anti-PSA antibody on a nanocomposite electrode modified with 
multiwalled carbon nanotubes (MWCNTs) and an ionic liquid (Salimi et al. 2013). 
DPV detection of PSA gave linear responses in two ranges, between 0.2 and 1 ng/mL 
and between 1 and 40 ng/mL, with a detection limit of 20 pg/mL. It was further 
shown that the immunosensor could be used to detect PSA in prostate tissue samples. 
An alternative and promising prostate cancer biomarker, alpha-methylacyl-CoA 
racemase (AMACR) was shown to be highly sensitive and specific in differentiat-
ing prostate cancer patients (Lin et al. 2012). Electrochemical measurements using 
iridium oxide-modified electrodes demonstrated that average AMACR levels in the 
prostate cancer patients was ten-fold higher than either healthy individuals or high 
grade prostatic intraepithelial neoplasia patients, and a cutoff could be identified to 
achieve 100% accuracy in separating prostate cancer patients from controls.

Work exploring other cancer biomarkers include the breast cancer marker HER2, 
and ultrasensitive detection was achieved in plasma samples using antibody-modified 
Fe3O4 nanoparticles overlaid on the electrode surface (Emami et al. 2014). A lin-
ear DPV response to HER2 concentrations was observed over the ranges of 0.01 to 
10 ng/mL and 10 to 100 ng/mL, with the limit of detection reaching 0.995 pg/mL. 
A sensitive immunosensor with a wide dynamic range of 1 pg/mL to 1 μg/mL has 
also been presented for the detection of epidermal growth factor receptor (EGFR), a 
biomarker for a variety of cancers including lung and ovarian cancer (Elshafey et al. 
2013). The impedimetric immunosensor involved the electrodeposition of AuNPs 
on a gold electrode that increased electrochemical active area by 68% and showed a 
limit of detection as low as 0.88 pg/mL.

A valuable application for immunodiagnostics is the detection of metastasis, 
and sensing of epithelial cell adhesion molecule (EpCAM) with an amperometric 
biosensor has been proposed as a viable method for detecting circulating epithelial 
carcinoma cells (Pallela et al. 2016). The sensor probe is fabricated by immobiliz-
ing a capture antibody on a composite layer formed from a conducting polymer and 
AuNPs. Following a sandwich-type immunoassay, the binding of EpCAM-positive 
cancer cells was confirmed using EIS, CV, and chronoamperometry. The dynamic 
range for cancer cell detection was determined to be in the range of 45 to 100,000 
cells/mL with a detection limit of 28 ± 3 cells/mL. The immunosensor could suc-
cessfully detect EpCAM-expressing metastatic cancer cells in both serum and mixed 
cell samples, and its capacity to detect of early stage metastatic cells was confirmed 
by fluorescence-activated cell sorting. In another study, EpCAM was detected using 
a microfluidic sensor created with silver nanoparticles (AgNPs) attached in the 
channel that were then covalently bound to EpCAM antibodies (Bravo et al. 2017). 
Chronoamperometric measurements were able to achieve a linear response range 
of 2 to 2000 pg/mL, with a limit of detection of 0.8 pg/mL compared to a detection 
limit of 13.9 pg/mL for a commercial ELISA kit. This corresponded to a capacity to 
detect as low as four circulating tumor cells measured in 10 mL of blood.

Simultaneous detection of multiple protein biomarkers has also been explored, 
with good sensitivity and little cross-reactivity, as demonstrated by a recent work 
for multiplexed electrochemical detection of CEA and AFP (Li et al. 2016). 
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For detection of AFP, carbon nanospheres were coated with AgNPs and anti-AFP 
antibodies, while for detection of CEA, carbon nanospheres were coated with a thio-
nine signal tag before coating with AuNPs and anti-CEA antibodies (Figure 10.2a). 
Antigen entrapment was achieved on the glassy carbon electrode surface using a 
composite formed from graphene oxide and AuNPs that was then modified with anti-
CEA and anti-AFP antibodies (Figure 10.2b). The addition of the decorated carbon 
nanosphere immunoprobes to the sensing substrate in the presence of the target pro-
teins resulted in two distinguishable peaks when measured with DPV, one at +0.16 V 
(corresponding to AgNPs and hence AFP) and another at −0.33 V (corresponding to 
thionine and hence CEA). The linear range of detection was 0.01 to 80 ng/mL, with 
detection limits for CEA and AFP being 2.8 and 3.5 pg/mL, respectively.

In the world of sensing, microfluidic paper-based analytical devices (μPADs) have 
been gaining ground in recent years due to their simplicity, portability, low cost, 
three-dimensional configurability, and unique porous and absorptive surface prop-
erties (Ge et al. 2017). As an example, a photoelectrochemical immunoassay using 
a portable inorganic-organic, light-emitting diode (LED) was integrated in a μPAD 
for multiplexed detection of CEA, CA 125, and CA 15-3 (Zhang et al. 2014). A six-
electrode array was screen printed on the paper, antibodies immobilized into the 
working electrodes, and LEDs based on ZnO nanorods grown perpendicular to the 
electrode surface. After LED photoexcitation of the immunosensor array, specific 
and sensitive detection of the cancer biomarkers was achieved, with detection limits 
of 1.8 pg/mL for CEA, 3.6 mU/mL for CA 125, and 3.8 mU/mL for CA 15-3.

(1) PDDA

(2)

�i

CNSs Ag NPs Au NPs rGO CS

BSACEAAFPanti-CEAanti-AFP

GCE GCE GCE

(1)

(2)

GCE GCE
DPV

Ag NPs

–8

–12

–16

–20

–24

0.4 0.2 0.0 –0.2 –0.4

TM

I/
µA

E/V (vs. SCE)

(a)

(b)

FIGURE 10.2 (a) Preparation process of immunoprobes. (b) Fabrication procedure of the 
immunosensor. (Reproduced from Li, L. et al., Anal Biochem, 505:59–65, 2016. With permission.)
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10.2.3  opticaL techNiQues

10.2.3.1  Fluorescence
Direct measurement using antibodies tagged with fluorescent nanoparticles can 
be used for sensitive detection of cancer biomarkers, which was demonstrated in 
a microfluidic protein chip for multiplexed detection of AFP and CEA with fem-
tomolar sensitivity using CdTe/CdS quantum dots (QDs) of different sizes/colors 
(Hu et al. 2010). QDs are also useful due to their involvement in Förster resonance 
energy transfer (FRET)-based approaches. For example, a paper-based immunosen-
sor utilized coordination of dithizone energy acceptors at the surface of CdTe QDs to 
strongly quench its green emission, but release of Cu2+ in a sandwich immunoassay 
involving secondary antibodies conjugated to CuO nanoparticles switched off the 
FRET pathway in the presence of target biomarkers and resulted in recovered CdTe 
QD fluorescence (Ge et al. 2013). This strategy gave rise to ultralow detection limits 
of 3.0 × 10−4 ng/mL, 6.1 × 10−5 U/mL, 2.9 × 10−4 U/mL, and 1.4 × 10−3 ng/mL for 
AFP, CA 125, CA 15-3, and CEA, respectively. Upconversion nanoparticles (UCNPs) 
can also be applied for FRET-based sensors and have the added advantage of avoid-
ing autofluorescence and light scattering that may arise from ultraviolet or visible 
light excitation in paper-based substrates (Xu et al. 2016). Antibody-labeled lantha-
nide (Ln3+)-doped UCNPs were directly printed on filter paper, and introduction of 
CEA antigen-labeled acceptors resulted in a fluorescent signal at concentrations as 
low as 0.89 ng/mL. Furthermore, simultaneous detection of multiple biomarkers (CA 
125, CEA, and AFP) was also demonstrated.

Time-resolved FRET (TR-FRET) is another strategy that offers increased signal-
to-noise ratio due to lack of interference from the excitation light resource and back-
ground autofluorescence, and it has been utilized for quantitative detection of PSA 
(Kupstat et al. 2011), AFP (Chen et al. 2012), and CEA (Chen et al. 2013), among 
others. Time-resolved fluoroimmunoassays are homogeneous assays that can be per-
formed in solution without need for antigen or antibody immobilization and involve 
FRET between a donor and acceptor, such as between luminescent terbium chelates 
(LTCs) and QDs, that are brought together in the presence of the desired protein 
marker. Variations have been explored to enhance performance and flexibility of this 
strategy. Time-gated detection, different QD colors, and application of IgG, F(ab’)2, 
and F(ab) antibodies were verified for detection of PSA in 50 μL serum samples with 
subnanomolar detection limits (Wegner et al. 2013). A similar study demonstrated 
the feasibility of using nanobodies instead for the detection of EGFR at subnanomo-
lar concentrations in 50 μL buffer or serum samples (Wegner et al. 2014). Another 
study investigated engineering more compact QDs by surface functionalization with 
zwitterionic penicillamine and observed an improvement in the detection limit over 
commercial QDs (Mattera et al. 2016).

10.2.3.2  Electrochemiluminescence
Electrochemiluminescence (ECL) methods are commonly employed in conjunction 
with paper-based devices and are generally extremely robust with high signal inten-
sity. Simultaneous detection of two analytes with one electrode was accomplished 
using tris-(bipyridine)-ruthenium(II) (Ru bpy( )3

2+) and carbon nanodots (CNDs) as 
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ECL labels due to their different optimal operational potentials for generating ECL 
emission (-1.2 V for CNDs and +1.2 V for Ru bpy( )3

2+) (Wang et al. 2012). In this 
study, it was shown that ECL detection could also be triggered using a battery simply 
by reversing the connection mode for the two measurements, making this system 
low-cost and disposable. Functional demonstration of AFP, CA 19-9, CA 15-3, and CEA 
detection using two electrodes was presented, with limits of detection (clinical cutoff 
values shown in parentheses) of 0.02 ng/mL (25 ng/mL), 6.0 mU/mL (35 U/mL), 5.0 
mU/mL (35 U/mL), and 4.0 pg/mL (5 ng/mL), respectively. ECL immunoassays can 
also be implemented on three-dimensional microfluidic origami devices, as shown 
in one application for CEA detection that utilized Au nanocages functionalized with 
Ru bpy( )3

2+  for ECL signal amplification on a paper working electrode modified with 
Ag nanospheres (Ag-PWE) (Gao et al. 2015). The Au nanocages were effective for sig-
nal amplification due to presenting a high surface area for Ru bpy( )3

2+  adsorption, as 
both the inner and outer surfaces could be used. Highly sensitive detection of CEA was 
observed, with a linear range of 0.001-50 ng/mL and a detection limit of 0.7 pg/mL.

Using a FRET-like approach in which energy was transferred from a donor (CdS 
QDs) to an acceptor (Ru bpy( )3

2+), the concept of ECL resonance energy transfer (ECL-
RET) was introduced as another method to improve the sensitivity of the assay (Wu 
et al. 2012). After QD/antigen immobilization on the electrode surface, capture of 
Ru bpy( )3

2+-labeled antibodies resulted in a change in ECL emission from green (QDs) 
to red (Ru bpy( )3

2+), and a competitive immunoassay with antigens of interest reverted 
the color back to green. Spot arrays with AFP, CEA, and PSA antigens resulted in mul-
tiplexed detection and linear ranges of 0.75 ng/mL to 75 ng/mL for AFP, 0.57 ng/mL 
to 0.50 μg/mL for CEA, and 1.0 ng/mL to 1.25 μg/mL for PSA. A recent study built 
on the concept of ECL-RET and presented a double-quenching method for sensitive 
detection of CEA using a combination of a ternary composite of hemin-graphene-Au 
nanorods with CdS:Eu QDs (Liu et al. 2016). The ECL emission intensity of the QDs 
in the presence of the ternary composite was quenched first due to their high electro-
catalytic activity for the reduction of H2O2, a coreactant of QDs-based ECL, and sec-
ond due to ECL-RET between the Au nanorods and the QDs. The immunoassay had a 
very low detection limit of 0.01 pg/mL and a linear range from 0.01 pg/mL to 1 ng/mL.

10.2.3.3  Surface Plasmon Resonance
Noble metal nanoparticles such as gold and silver nanoparticles have many unique 
optical and electromagnetic properties (Eustis et al. 2006). Their surface plas-
mon oscillation in particular can be taken advantage of for biomarker detection. 
Localized surface plasmon resonance (LSPR) originates from the collective oscil-
lation of valence electrons at the nanoparticle’s surface, which results in unique sur-
face plasmon absorption and strong light-scattering spectra, spectra that are strongly 
dependent on the size, shape, and composition of the nanoparticle, as well as the 
refractive index of the surrounding medium (Guo et al. 2015). Different strategies 
can be applied for detection using plasmonic nanosensors: 1) shift in the plasmon 
peak due to refractive index change, 2) shift in the plasmon peak due to nanopar-
ticle coupling, and 3) increase in the peak amplitude due to nanoparticle growth 
(Figure 10.3) (Guo et al. 2015). By taking advantage of the inherent LSPR properties 
of the nanoparticles, rapid and label-free approaches can be realized.
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Binding of target markers to LSPR-based nanosensors generates a change in the 
refractive index and a shift in the extinction maximum of the LSPR spectrum that 
is directly related to the concentration of the analyte. For example, in one study, a 
rhombic silver nanoparticle array was created on a sensor chip and functionalized 
with antibodies for the detection of human epididymis secretory protein 4 (HE4), 
a biomarker for the early diagnosis of ovarian cancer (Yuan et al. 2012). Using 
this method, HE4 could be rapidly detected in serum from patients with ovarian 
cancer and with good specificity, effective reproducibility, and long-term stabil-
ity. Results were comparable to those obtained from ELISAs, and the linear range 
was between 10 pM and 10 nM, more than sufficient for HE4 assessments where 
the normal range is considered to be less than 150 pM. A similar study utilized 
an antibody-modified triangle-shaped silver nanoparticle array to detect squamous 
cell carcinoma antigen (SCCa) as a tool for cervical cancer detection (Zhao et al. 
2014). SCCa was successfully detected in both buffer and human serum at a physi-
ologically relevant range of 0.1 pM to 1 nM, which is compatible with the normal 
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FIGURE 10.3 Illustration of different strategies for plasmonic sensing. Sensing can be 
accomplished by changing the local dielectric environment around plasmonic nanoparticles. 
Some strategies include surface modification of the nanoparticles that results in a refrac-
tive index change, plasmonic coupling of the nanoparticles, and growth of the nanoparticles. 
(Reproduced from Guo, L. et al., Nano Today, 10:213–39, 2015. With permission.)
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range being below 45 pM. An additional benefit of this biosensor chip was its abil-
ity to be regenerated by immersion in 50 mM glycine-HCl (pH 2.0) for three min-
utes to remove bound SCCa and still generate reproducible results. Another group 
investigated the application of LSPR for early detection of renal cancer carcinoma 
(RCC) using a paper substrate adsorbed with gold nanorods (AuNRs) conjugated 
with aquaporin-1 (AQP1)-specific IgG (Tian et al. 2012). AuNRs were utililized for 
the high sensitivity of their longitudinal LSPR to refractive index change, and the 
method allowed for rapid and quantitative detection of AQP1 in urine. The detec-
tion limit of this method, 10 ng/mL, matched well with the lower limit of AQP1 in 
patients with RCC.

Nanoplasmonic biosensors can also be used for multi-analyte detection. This was 
demonstrated in an investigation where various immuno-gold nanoparticles specific 
for AFP, CEA, and PSA were site-selectively immobilized on glass slides (Lee et al. 
2015). The multiplex biosensor demonstrated excellent sensitivity and selectively 
when tested using a panel of biomarkers in serum, with very little cross reactiv-
ity and a limit of detection of 91 fM, 94 fM, and 10 fM for AFP, CEA, and PSA, 
respectively.

As an alternative to the above, label free approaches that require appropriate 
instrumentation to detect the plasmon resonance shift, a colorimetric plasmonic 
ELISA, have been developed in which the presence of the target results in a shift 
in solution color from red to blue (de la Rica et al. 2012). The strategy utilizes the 
plasmon peak shift that occurs due to aggregation of AuNPs. The process is simi-
lar to a traditional ELISA, except catalase is the enzyme coupled to the secondary 
antibody. With increasing analyte concentration and thus increasing catalase con-
centration, the hydrogen peroxide (H2O2) substrate is consumed, which subsequently 
affects its ability to reduce gold ions into AuNPs and results in growth of aggregated 
AuNPs of ill-defined morphology. As opposed to a red solution that is generated 
when non-aggregated AuNPs are formed in the absence of the protein of interest, a 
blue solution observable by the naked eye results. This strategy was established for 
the ultrasensitive detection of PSA at concentrations as low as 10–18 g/mL. Another 
ultrasensitive colorimetric immunoassay was demonstrated based on glucose oxi-
dase (GOx)-catalyzed growth of AuNPs for the detection of PSA (Liu et al. 2014). 
In this instance, biomarker presence resulted in accumulation of GOx, which then 
catalyzed the generation of H2O2 through oxidation of β-D-glucose. The H2O2 would 
then reduce Au ions to AuNPs, resulting in a red solution corresponding to a positive 
signal. Detection of PSA as low as 4.6 fg/mL was achieved in serum, with a wide 
linear range from 10 to 105 fg/mL.

Although most sensors generate a signal proportional to the analyte concentra-
tion, another GOx-based immunoassay approach demonstrated unique inverse sensi-
tivity (Figure 10.4) (Rodríguez-Lorenzo et al. 2012). Using a sandwich immunoassay 
format, GOx-labeled secondary antibodies were used for detection of PSA bound to 
Au nanostars conjugated to PSA antibodies. At high GOx concentrations, nucleation 
of free-standing silver nanocrystals is favored, resulting in only a small shift in the 
extinction maximum of the Au nanostars. On the other hand, relatively low concen-
trations of GOx result in the adsorption of Ag ions on the Au nanostars, formation of 
a homogeneous silver coating, and a significant blue shift in the plasmon resonance 
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spectrum. This inverse sensitivity approach thus enables highly sensitive detection of 
PSA, and concentrations down to 10–18 g/mL in whole serum was measured.

10.2.3.4  Light Scattering
In addition to possessing LSPR, gold and silver nanoparticles also exhibit surface-
enhanced Raman scattering (SERS), in which these plasmonic nanoparticles can 
be exploited for an intense enhancement in the Raman scattering signal of reporter 
molecules (Schlucker 2014). The SERS signature of the nanoparticles can be used 
in live-cell imaging (Lee et al. 2014, Lee et al. 2012, Narayanan et al. 2015), but we 
focus here on in vitro quantification assays. As an example, a SERS immunosen-
sor has been demonstrated for the detection of vascular endothelial growth factor 
(VEGF) in clinical blood plasma samples from breast cancer patients at levels simi-
lar to those measured using a standard ELISA (Li, Cushing, et al. 2013). Capture 
antibodies were immobilized on a triangular gold nanoarray, detection antibodies 
were conjugated to gold nanostar@Raman reporter@silica sandwich nanoparticles, 
and the resultant proximity of the two sharp gold surfaces led an enhancement in 
electromagnetic hot spots that strongly amplified the Raman probe’s signal. The util-
ity of SERS for immunosensing was also demonstrated for the detection of hCG 
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Nat Mater, 11:604–7, 2012. With permission.)
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using a method where the presence of hCG promoted the catalysis of gold shell 
formation around AgNPs and led to an increase in the SERS intensity of the Raman 
reporter (Wen et al. 2016). Electrostatic interaction of a positively charged peptide 
specific for hCG with citrate-capped AgNPs led to aggregation of the nanoparticles, 
but the presence of hCG released the AgNPs and had a strong catalytic effect on 
AuNP formation, resulting in a strong SERS signal that increased linearly with hCG 
concentration between 0.05 and 20 ng/mL.

Enhanced scattering intensity has also been observed when gold nanospheres 
and nanorods are brought in close proximity to each other, and this principle can 
be applied for the detection and characterization of extracellular vesicles (EVs) in 
plasma for tumor diagnostics (Figure 10.5) (Liang et al. 2017). This nanoplasmon-
enhanced scattering (nPES) assay used an EV-specific antibody to capture EVs on 
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the sensor chip followed by a combination of gold nanorods conjugated to another 
EV-specific antibody and gold nanospheres conjugated to an antibody to ephrin 
type-A receptor 2 (EphA2), a pancreatic cancer biomarker, to detect the presence of 
tumor-derived EVs. Using volumes as low as 1 μL of plasma, the nPES assay was 
capable of differentiating pancreatic cancer patients from both healthy and pancre-
atitis patients.

10.2.3.5  Mass-Based Techniques
Mass-based techniques have not been as commonly explored in the context of 
nanoparticle-enhanced cancer detection, but a few examples can be found in the 
literature. One method used to improve detection involved coating a piezoelectric 
immunosensor surface with a hybrid of gold nanoparticles and nanosized hydroxy-
apatite for a greater surface area for immobilization of AFP antibodies and resulted 
in a detection range of 15.3–600.0 ng/mL (Ding et al. 2007). An alternative approach 
involved a sandwich immunoassay on a quartz crystal microbalance, where a capture 
antibody was used to immobilize CD10, a marker for common acute lymphoblastic 
leukemia followed by signal amplification with AuNPs decorated with detection 
antibodies (Yan et al. 2015). The detection range for CD10 was 1.0 × 10–8 M to 1.0 × 
10–11 M, and the greater sensitivity could be attributed to the augmented mass of the 
AuNPs along with the synergistic effect of having multiple antibodies displayed on 
each particle.

10.2.3.6  Serum Autoantibodies
It has long been known that cancer elicits the production of autoantibodies in patients 
(Graham et al. 1955), and a recent study exploited this property for cancer detec-
tion using only a few drops of blood (Zheng et al. 2015). The relatively simple 
assay involved incubating citrate-coated AuNPs in blood serum, using a secondary 
antibody to detect human IgG in the resulting protein corona that formed on the 
nanoparticles, then quantifying the size of the resultant particles by dynamic light 
scattering, which correlated with the quantity of IgG present. When blood sera of 
prostate cancer patients was compared to healthy controls, it was discovered that 
IgG was more abundant in cancer patients, likely resulting from autoantibodies pro-
duced against the cancer, and remarkably this measurement could be used detect 
early stage prostate cancer with 90–95% specificity and 50% sensitivity. This assay 
does not specifically identify prostate cancer-specific antibodies, so it likely applies 
broadly to most cancers and can only be utilized as a quick assay for general cancer 
screening.

10.2.4  conclusions and FuTure direcTions in cancer immunodiagnosTics

By examining the possibilities presented by nanoparticles for cancer immunodiag-
nostics, it is clear that major headway has been made for rapid, cost effective, and 
highly sensitive biomarker detection with broad acceptable ranges. Great progress 
has been made towards early cancer detection, but there is still a need for better 
specificity in differentiating cancer patients and healthy individuals. Innovations 
in genomics, proteomics, metabolomics, and imaging in recent years will aid in 
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comprehensive examination of cancer cells for identification of suitable biomarkers 
(Nair et al. 2014). Such information will eventually allow us to design personalized 
therapies for patients depending on their specific molecular signatures. Undoubtedly, 
nanotechnology has the potential to profoundly impact cancer diagnosis and treat-
ment in the near future. While there are still many hurdles remaining to be con-
quered, the future looks bright.

10.3  NANOTECHNOLOGY AND CANCER IMMUNOTHERAPY

The immune system has evolved to differentiate self from non-self (Jiang et al. 2009, 
Swann et al. 2007). This capacity enables the immune system to efficiently guard the 
body against foreign invasions by a coordinated action of innate and adaptive arms 
that eradicate invading pathogens with high specificity while preventing immune 
response against self-proteins. However, this very feature hampers the ability of the 
immune system to deal with transforming or transformed cells in cancer—that are 
recognized as self, and prevent an immune system-mediated clearance of developing 
or returning tumors (Zou 2006). Nevertheless, cancer cells accumulate genetic aber-
rations and express of neo-antigens resulting from breakdown of genetic and trans-
lational regulations (Linley et al. 2011, Bright et al. 2014). These neoantigens can 
differentiate cancer cells from healthy cells and can potentiate an immune response. 
Presence of weak autonomous cellular or humoral immunity in some cancer patients 
and its association with reduced severity and aggressiveness of the disease is attrib-
uted to the immune system recognizing and responding to cancerous cells (Swann 
et al. 2007, Vesely et al. 2011). However, under the influence of an intricate milieu 
of immunomodulators a highly immunosuppressive tumor microenvironment keeps 
such natural antitumor immunity in check and the tumor prevails (Schreiber et al. 
2011). Additionally, under the selection pressure from the immune system, the rap-
idly evolving cancer cells learn to evade the immune surveillance through intricate 
immune-editing that includes antigen shedding, negative selection of antigenic cells 
and downregulation of antigen processing and presenting components (Schreiber 
et al. 2011). Furthermore, by turning off activated immune cells through negative 
regulators and promoting regulatory immune cells, cancer cells render antitumor 
immunity ineffective (Zindl et al. 2010).

Several of these mechanisms by which tumors can evade immune recognition 
are now being identified. For example, tumor cells can gain survival advantage by 
downregulating MHC class I expression, which effectively compromises recog-
nition and elimination of cancer cells by tumor antigen specific cytotoxic T-cells 
(CTLs). Alternatively, through antigen shedding or depletion, cancer cells evolve 
and escape the surveillance. On the other hand, tumor cells develop resistance to 
CTL-mediated killing mechanisms by either expressing granzyme-specific serine 
proteases (Bladergroen et al. 2002), or through expression of decoys for death recep-
tors like Fas and TRAIL, and by overexpression of anti-apoptotic and pro-survival 
molecules such as BcL-2, STAT3, etc. (Topfer et al. 2011, Ashkenazi 2002).
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Another key mechanism is immune suppression by turning off activated immune 
cells through immune checkpoint regulators such as PD-L1 and CTLA-4, which spe-
cifically ligate to inhibitory receptors on T-cells (PD-1) and antigen presenting cells 
(CD80/86). Inhibitory receptors control immune responses while limiting autoim-
munity. However, tumors can take control of these checkpoints for protection from 
immune attack (Pardoll 2012). Tumor-specific T-cells that exhibit an exhausted, unre-
sponsive phenotype express high levels of inhibitory receptors including CTLA4, PD1, 
and LAG3 (Woo et al. 2012, Jiang et al. 2015). Intratumoral regulatory T-cells (Tregs) 
promote immunosuppression and express multiple inhibitory receptors (Sakaguchi et al. 
2008). Tumor cells can also secret immune suppressor cytokines such as TGF-β that 
inhibits the activation and differentiation of T-cells and APCs (Filippi et al. 2008). 
Other mechanisms involve expression of inducible enzymes with immunomodulatory 
functions such as cyclooxigenase-2 and Indoleamine 2,3-dioxygenase (IDO), whose 
metabolites suppress T-cell activation and in conjugation with cytokines/chemokines 
promote immune suppressor cells including Foxp3+ Tregs, myeloid-derived suppres-
sor cells (MDSCs) (Gabrilovich et al. 2009) or M2-type macrophages (via interleukin 
[IL]-4 and IL-13) (Basu et al. 2006). Therefore, it is apparent that the cancer cells and 
solid tumors can modulate the immune system through a broad range of cellular and 
molecular effectors to overcome immune-surveillance and persist while still accumu-
lating mutations that would otherwise flag them for elimination.

This growing insight into the interplay between the immune system and tumors 
has led to the emergence of cancer immunotherapies that are aimed at empowering 
the immune system to overcome suppressive mechanisms and initiate, rejuvenate, or 
amplify a self-sustaining cycle of anticancer immune response. The common underly-
ing theme of such therapies is to modulate tumor-immune system interactions to tilt the 
balance in favor of antitumor immunity by counterbalancing cellular and molecular 
effectors to facilitate cancer cell recognition and elimination (Blattman et al. 2004). 
The potential of cancer immunotherapies has been realized by the success of check-
point blockade therapies and adaptive T-cell therapies. Checkpoint blockade therapies 
targeting immunosuppressive regulators PD-1 and CTLA-4 are based on antibodies 
that block these receptors and inhibit subsequent regulatory pathways thereby restor-
ing T-cell function. These therapies have made significant impact on the treatment 
outcomes in melanoma, renal cell carcinoma and several other malignancies (Pardoll 
2012). Similarly, adaptive T-cell therapies are based on chimeric antigen receptors 
(CARs) and employ patients’ own T-cells genetically engineered to recognize tumor 
antigens and re-introduced in body to fight cancer (Grupp et al. 2013). A wide range 
of other immunotherapeutic approaches is under pre-clinical development and clinical 
testing (Table 10.3). These include immunomodulation with cytokines and chemokines, 
antibodies and small molecular drugs, which can alter the tumor microenvironment 
and facilitate activation and expansion of effector immune cells (Nicholas et al. 2011). 
On the other hand, tumor antigen specific therapeutic cancer vaccines are aimed at 
boosting antitumor immunity via stimulation of an endogenous immune response—
cellular and humoral (Winter et al. 2014, Azvolinsky 2013).
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10.3.1  NaNoparticLes-mediated deLivery 
of immuNomoduLators to the tumors

Cytokines and chemokine have broad spectrum of immunomodulatory effects and 
multiple mechanisms of action. For example, cytokine IL-2 promotes cytotoxic 
T-lymphocyte proliferation and has been shown to enhance the efficiency of other 
immunotherapies including vaccines and adoptive immune therapies (Nicholas et al. 
2011). Other cytokines such as IL-21 and IL-18 activate a range of immune effector 
cells including CD4+/CD8+ cells, natural killer cells and B cells while suppress-
ing regulatory T-cells; these cytokines also enhance production of other stimulatory 
molecules including IFN-γ, IL-2, TNF-α, GM-CSF, and IL-6 by activated T-cells 
(Davis et al. 2015, Tian et al. 2014). Type-1 interferons IFN-α and β promote natural 
killer (NK) cells mediated antitumor activity and suppress allospecific suppressor 
T-cells and have showed promising therapeutic effects in clinical trials for several 
malignancies (Zitvogel et al. 2015). Type II interferons (IFN-γ) on the other hand, 
induce apoptosis and upregulate HLA-I and II, thus restore antigen processing and 
presentation in cancer cells (Tagawa et al. 2011). Other non-specific immunomodu-
lators include Toll-like Receptor (TLR) agonists that activate TLRs and results in 
the activation of innate and adaptive responses via dendritic cell (DC) maturation, 
CD4+/CD8+ T-cell proliferation and modulation of suppressive immune cell popu-
lations (Paulos et al. 2007, Kaczanowska et al. 2013). For example, synthetic oli-
gonucleotides with CpG motifs promotes Th1 polarization and have been used as 
adjuvants and resulting in enhanced levels of protective cytokines including IL-2, 
IL-4 and IL-10 (Shirota et al. 2013, Klinman 2004).

Such therapies often involve systemic administration of these potent immuno-
modulators with broad spectrum of non-specific activity, which poses considerable 
safety risks and could lead to severe off-target pleotropic effects. These include non-
specific lymphocyte activation in circulation resulting in elevated risk of autoimmune 
and allergic responses and adverse effects on normal tissue metabolism (Vanneman 
et al. 2012, Kwong et al. 2011, Kwong et al. 2013). For example, IL-1, IL-2, IL-6, TNF-α, 
and TGF-β could lead to modulation of hepatic metabolisms (Weber et al. 2015). 
IL-2 can also cause hypothyroidism, thrombocytopenia, anemia, coagulopathy, or 
impairment of neutrophil chemotaxis, autoimmunity, neurotoxicity, and myocarditis 
(Atkins et al. 1988, Klempner et al. 1990), whereas systemic administration of IL-2 
with adaptively transferred T-cells could also cause multi-organ failures in severe 
cases. Additionally, the ability of IL-2 to stimulate regulatory T-cells diminishes 
the beneficial effects of tumor-specific CD8+ cell response (Boyman et al. 2006). At 
the same time, dose-dependent toxicity including thrombocytopenia, fatigue, and 
pyrexia has been associated with checkpoint blockade inhibitors (Weber et al. 2015). 
Likewise, IL-2 administration at high doses cause vascular leak syndrome (VLS; 
also known as capillary leak syndrome), which is associated with increased vascular 
permeability, hypotension, pulmonary edema, liver cell damage, and renal failure 
(Donohue et al. 1983). Similarly, systemic administration of CD40 agonist for DC 
activation can lead to widespread symptoms of cytokine release syndrome, ocular 
inflammation, elevated levels of hepatic enzymes, and hematologic toxicities includ-
ing T-cell depletion. Besides, anti-CD40 therapy has also been linked to long-term 
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immunosuppression mediated by activation-induced apoptosis of CD4+ and CD8+ 
T-cells (Bartholdy et al. 2007, Berner et al. 2007). Similarly, overexposure to CpG 
could result in suppression of adaptive T-cell immunity (Heikenwalder et al. 2004, 
Wingender et al. 2006).

Besides the pleotropic effects and toxicities associated with systemic adminis-
tration, the underlying challenges of short half-lives, instability, and poor bioavail-
ability of these immunomodulators has also adversely affected their successful 
clinical translation. It is apparent that these challenges are similar to contemporary 
drug development processes where drug candidates often fare poorly in terms of 
molecular stability, circulation longevity and bioavailability in absence of carriers, a 
role increasingly played by nanoparticles. Nanomedicine is therefore an established 
field and nanotechnology-based approaches have significantly improved drug deliv-
ery and biomolecular imaging and diagnostics (Peer et al. 2007, Mitragotri et al. 
2015). Besides improving solubility, stability, and bioavailability of drug and con-
trast agents, nanocarriers also mitigate toxicities by limiting the off-target accumula-
tions (Lammers et al. 2012). Nearly 50 nanoformulations have been approved by the 
FDA and ~80 ongoing clinical trials are evaluating nanoparticles-based platforms 
for drug delivery applications (Bobo et al. 2016). These include polymeric nanopar-
ticles, liposomes, micelles, metal nanoparticles, and protein-based nanoplatforms for 
diseases ranging from various types of cancer, muscular degeneration, autoimmune 
disorders, to viral infections and hemophilia. Such nanoformulations of therapeutic 
molecules outperform conventional formulations in efficiency and specificity of drug 
delivery and are poised for significant influence on the developing immunotherapies.

10.3.1.1  Delivering Immunomodulators to Tumor Microenvironment
Currently, a wide range of nanoparticle platforms is under preclinical development 
or clinical evaluation as carriers of immunomodulators, as immunostimulatory vac-
cine adjuvants, and as depots for sustained release of immune-drugs. Nanoparticles 
facilitate improved bioavailability of immunomodulatory molecules through pro-
longed circulation in blood and by providing in vivo stability of payload against 
serum inactivation and enzyme degradation (Christian et al. 2012, Petros et al. 2010). 
For example, intravenous administrations of liposomal formulations of IFN-γ, IFN-α, 
IL-2 or TNF-α have been shown to enhance the plasma residence time (van der 
Veen et al. 1998, Kedar et al. 2000, Christian et al. 2012). On the other hand, intra-
peritoneal, intramuscular, subcutaneous, or intranasal administration of such liposo-
mal and polymeric formulations have been used to create local cytokine depots and 
increase residence times of the immunostimulatory payloads at the site (Kedar et al. 
1997, Eppstein et al. 1982, Anderson et al. 1992). Furthermore, by engineering nano-
formulations that require external or physiological stimuli, another level of control 
has been incorporated that ensures the release of immunostimulatory cargo only at 
targeted sites for improved bioavailability and safety (Yuyama et al. 2000, ten Hagen 
et al. 2002, Heffernan et al. 2009, Haining et al. 2004).

In order to alter the tumor microenvironment and render it favorable for an anti-
tumor response, delivery of immunotherapy to the tumor tissue is a key requirement. 
Nanoformulations of immunomodulatory or immunostimulatory molecules have 
been used for preferential accumulation and retention in tumors via the enhanced 
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permeability and retention (EPR) effect resulting from the abnormal, leaky tumor vas-
culature and impaired lymphatic drainage. Together with prolonged circulation times, 
such enhancement of tumor accumulation also minimizes off-target systemic toxicities 
(Davis et al. 2008, Maeda et al. 2013). For example, lipid-coated calcium phosphate 
nanoparticles (LCP-NPs) have been used for modulation of the tumor microenviron-
ment by delivering TGF-β siRNA to downregulate the levels of this immunosuppres-
sive cytokine within the tumor or to deliver a broad-spectrum anti-inflammatory drug 
that significantly reduced Treg and MDSC populations within the tumor microenviron-
ment (Xu et al. 2014, Zhao et al. 2015). Similarly, PD-L1 siRNA delivery by polyeth-
ylenimine (PEI) liposomes has been employed to knock-down PD-L1 levels in human 
and mouse ovarian cancer models that resulted in an immunostimulatory phenotype 
with a subsequent increase in tumor-reactive CD8+ T-cells population and improved 
mice survival (Cubillos-Ruiz et al. 2009). EPR-mediated accumulation of liposome-
encapsulated polymer nanogels has also been utilized for intratumoral delivery of a 
small molecule drug SB505124 that inhibits cytokine (IL-2) and TGF-β receptor lead-
ing to expansion of T-cells and NK cells by blocking key immunosuppressive pathways 
(Park et al. 2012). Similarly, liposomal delivery of IL-2 has also showed enhanced 
therapeutic effects with reduced toxicities in a variety of other tumors including liver 
and lung cancers (Kanaoka et al. 2002, Neville et al. 2001).

While the EPR effect mediated tumor accumulation following systemic delivery 
is a critical advantage offered by nanocarriers, direct intratumoral administration of 
such formulations limits the drainage and escape of immunotherapeutic molecules 
into systemic circulations and therefore minimizes off-target toxicity. For example, 
immunostimulatory liposomes conjugated with IL-2 and anti-CD137 antibodies 
targeting activated T-cells lead to improved IL-2 dosing within the tumor via intra-
tumoral administration vs. systemic injections and resulted in a higher ratio of tumor-
infiltrating CD8+ T-cells over regulatory T-cells in established melanomas (Kwong 
et al. 2013). In a similar approach, PEGylated liposome formulation has been used 
to deliver anti-CD40 antibodies and TLR agonist CpG molecules via intratumoral 
administration resulting in significant tumor inhibition while sequestering the immu-
nostimulatory payload in cancerous tissue, thus minimizing off-target inflammatory 
effects (Kwong et al. 2011). Intratumoral administration of CpG payloads on gold 
nanoparticles has been similarly used to build up high concentration of CpG in the 
tumor tissue to induce significant macrophage and DC infiltration without requiring 
administration of a high systemic dose (Lin et al. 2013). Once in the tumor tissues, 
either through EPR or intratumoral injections, nanoparticles-based immune-drugs 
can be selectively engulfed by tumor infiltrating immune cells. Such strategies have 
been used to reprogram the tumor microenvironment. For example, nanocomplexes 
encapsulating CpG oligonucleotide were efficiently captured by tumor-associated 
macrophages (TAMs) and resulted in altered macrophage phenotypes, leading to a 
significant antitumor effect in a hepatoma murine model (Huang et al. 2012). It has 
also been demonstrated that by using surface shielding strategies such as acid sen-
sitive PEGylation, polymeric micelles carrying immunomodulator payloads can be 
engineered to evade phagocytic uptake by phagocytic macrophages of the mononu-
clear phagocyte system (MPS). The long-circulating micelles shed PEG layer in the 
acidic environment of the tumor and are selectively taken up by the tumor-associated 
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macrophages to achieve similar reprograming of the tumor microenvironment (Zhu 
et al. 2013). Another approach to deliver therapeutic payloads to the tumor microen-
vironment is by hitchhiking circulating immune cells that infiltrate tumor tissues. For 
example, RGD-targeted single-walled carbon nanotubes (SWCNTs) showed enhanced 
tumor accumulation via hitchhiking Ly6Chi monocytes in the circulation that are 
recruited to the site of the tumor in response to inflammation (Smith et al. 2014). 
Similarly, macrophages and monocytes that are home to hypoxic regions of tumors 
have been loaded with liposome-encapsulated chemotherapeutics to increase tumor 
delivery of the drug (Choi et al. 2012). In another approach, intracranial injection of 
cyclyodextrin-based nanoparticles resulted in enhanced accumulation at tumor sites 
via tumor-associated macrophages (Alizadeh et al. 2010). In a recent study, immuno-
therapy aimed at stimulating an MHC-1 non-restricted immune response mediated 
by NK cells has been delivered via YSK05 lipid-containing liposomes. Specifically, 
Cyclic di-GMP (c-di-GMP), a ligand of the stimulator of interferon genes (STING) 
signal pathway was delivered using a liposomal carrier to cytosol and resulted in a 
NK cells mediated antitumor effects (Nakamura et al. 2015).

Another area of great interest in cancer immunotherapy is the requirement for 
a sustained immunostimulus and recent nanotechnology-based developments are 
promising. For example, cytokine depots based on polymeric nano- and micropar-
ticles have been employed to treat primary tumors with peri- or intratumoral injec-
tions. Here, primary tumors serve as the source of antigen while cytokine depot 
bearing IL-2, IL-12, TNF-α, GM-CSF, IL-18 or combinations thereof activate leu-
kocytes in the tumor microenvironment and promote immunotherapy against pri-
mary tumor and metastasized tumor cells (Hanes et al. 2001, Christian et al. 2012). 
Similarly, treatment of established tumors with IL-12 loaded particles prior to sur-
gical resections promoted systemic antitumor immunity that prevented recurrence 
and metastasis (Sabel et al. 2001). The concept of immunotherapeutic depot has also 
been similarly used in therapeutic vaccine DepoVaxTM (DPX-0907), which employs 
a liposome-based platform harboring custom formulated mixtures of CD8+ T-cell 
peptide epitopes, a tetanus toxoid derived epitope, and an adjuvant of choice (such 
as a toll-like receptor agonist) to provide signals for improved antigen presentation. 
The liposomes carry incorporated hydrophilic antigens and adjuvant directly into an 
oil medium such as Montanide ISA51 VG, entrapping all vaccine ingredients in a 
form suitable for efficient uptake, processing, and presentation by antigen-presenting 
cells (APCs). Such DPX-formulated vaccines have been shown to induce effective 
immune responses after a single-dose administration (Karkada et al. 2014).

10.3.1.2  Delivering Immunomodulators to Immune Cells
While intratumoral administration is an efficient way of concentrating nanocar-
riers with immune-drug payloads in the tumor tissues, many tumors types are 
anatomically inaccessible and rely on the passive accumulation of nanoparticles 
through the EPR effect. However, the overall efficacy of tumor homing based on 
EPR remains low and only a small fraction of the injected dose accumulates in 
the tumor—a large fraction is still sequestered in RES organs including liver and 
spleen (Wilhelm et al. 2016). Delivering immuostimulators or immunomodula-
tors to immune cells could therefore be a more efficient approach. With potential 
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to propagate, even a small population of stimulated immune cells could have a 
more pronounced immunotherapeutic effect. A growing number of strategies are 
exploiting the affinity of nanoparticles to circulating or tissue resident immune 
cells to deliver immunostimulatory payloads and modulate the functioning of DCs, 
T-cells, and B cells for therapeutic interventions based on a wide range of mecha-
nisms. For example, pluronic-stabilized polypropylene sulfide (PPS) nanoparticles 
carrying CpG oligonucleotides have been used to activate DCs residing in tumor 
draining lymph nodes (TDLNs) following subcutaneous injections in melanoma 
bearing mice. The nanoparticles are taken up by DLN resident APCs, trigger-
ing the release of cytokines IL-12 and IL-6 and resulting in increased activation 
of effector CD4 T-helper cells. Such an approach of administrating activating 
nanoparticles in tumor proximal sites has been shown to slow the growth of sub-
cutaneous tumors (Reddy et al. 2007). Using a very different approach, mag-
netic nanoparticles have been used to enhance T-cell activation and expansion 
for adaptive T-cell therapy. Specifically, dextran-coated iron oxide nanoparticles 
with surface-coupled MHC-Ig dimers and anti-CD28 antibodies were designed to 
allow magnetic field-based aggregation of nanoparticles bound to T-cell receptors 
(TCRs). Ex vivo stimulation of T-cells with these particles in the presence of a 
magnetic field-enhanced TCR clustering reduced the threshold of T-cell activation 
(Perica et al. 2014). Such innovative approaches can significantly improve the effi-
cacy of adaptive T-cell therapy. In other examples, in vivo loading of T-cells with 
lipid nanoparticle “backpacks” carrying stimulatory cytokines has been developed 
for in vivo priming of adaptively transferred T-cells. The increased T-cell expan-
sion resulting from sustained in vivo stimulus resulted in significant enhance-
ments in ACT efficacy while prevented toxicity arising from systemic cytokine 
activation (Stephan et al. 2010). Similarly, circulating adaptive T-cells targeted 
in vivo by IL-2 loaded liposomes via anti-Thy1 antibodies, have been shown to 
enhance T-cell proliferation more effectively compared to administration of solu-
ble cytokines (Zheng et al. 2013). These approaches overcome decline in function 
of transplanted T-cells, particularly in the setting of solid cancers with a highly 
immunosuppressive microenvironment. Another related development has been the 
engineering of artificial APCs (aAPCs) based on nano- and micron-sized particles 
to which proteins required for T-cell activation, such as MHC-epitope complexes, 
agonist anti-CD3 and agonist anti-CD28, have been conjugated (Eggermont et al. 
2014). aAPCs are synthetic mimics of natural antigen-presenting cells that pro-
mote T-cell activation and subsequent expansion, both ex vivo and in vivo. Both 
spatial and temporal organization of these signals during aAPC/T-cell contact is 
important for efficient T-cell activation. Nanoparticles based aAPCs have demon-
strated a favorable distribution to T-cell-rich regions such as spleens and lymph 
nodes upon systemic administration (van der Weijden et al. 2014).

10.3.2  NaNoparticLes-Based comBiNatioN therapies

Cancer immunotherapies have also been combined with nanoparticles-based con-
ventional chemotherapy or photothermal therapies to generate systemic antitumor 
immune responses. For example, photothermal ablation of primary tumors with 
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single-walled carbon nanotubes (SWNTs) has been shown to trigger significant 
adaptive immune response against the cancer cells. The debris of dying tumor 
cells generates a pool of tumor antigens. When combined with a CTLA4 block-
ade strategy, such photothermal ablation can induce significant DC maturation 
in tumor-draining lymph nodes and promote the generation of multiple cellular 
immunity-related  cytokines, and subsequently is able to prevent the development of 
tumor metastasis (Wang et al. 2014). In another example, PLGA nanoparticles co- 
encapsulating Indocyanine green (ICG), a photothermal agent, and imiquimod, a 
TLR-7 agonist was employed to trigger near IR mediated tumor ablation of pri-
mary tumors, generating a pool of tumor-associated antigens. In the presence of a 
TLR-7 agonist, these neo-antigens showed vaccine-like function. In the presence 
of co-administered CTLA4 blocking antibodies, a subsequent immune response 
ensued that protected against tumor re-challenge (Chen, Xu, et al. 2016) (Figure 
10.6). In yet another example of photoimmunotherapy, ferritin nanocages have also 
been used to remove carcinoma-associated fibroblasts and suppress extracellular 
matrix deposition—which in turn leads to increased T-cell infiltration and tumor 
suppression (Zhen et al. 2017). Based on similar principles, nanoparticle-delivered 
chemotherapy can lead to an antitumor immune response via dying cancer cells in 
the presence of immunostimulatory nanoparticles or co-delivered immunomodula-
tors. For example, PLGA nanoparticles containing paclitaxel as the chemotherapy 
and SP-LPS as the immunostimulatory drug showed both direct cytotoxicity and 
immunostimulatory activity. Such combined therapies are more effective than either 
of monotherapies (Roy et al. 2010).

10.3.3  NaNotechNoLogy aNd caNcer vacciNes

The field of cancer vaccines is another significant avenue that can benefit from advances 
in nanomaterials and nanotechnology. A wide range of cancer vaccines is under pre-
clinical and clinical evaluation for a variety of human malignancies (Irvine et al. 2015, 
Bolhassani et al. 2011). The basic concept behind cancer vaccine research is to define 
strategies by which the immune system recognizes tumor-associated antigens that are 
otherwise not being recognized in the tumor-bearing host. The overarching goal is to 
deliver tumor-associated antigens to professional APCs to elicit adaptive immune 
responses mediated by tumor-specific cytotoxic T-cells and antibodies. Such an active 
immunotherapy approach based on vaccine-triggered endogenous immune response 
can overcome the shortcomings of passive immunotherapies requiring multiple admin-
istrations and offer effective long-term protection against recurring and residual 
tumors. Cancer vaccines can also mitigate the high cost and compliance issues associ-
ated with multiple administrations of passive immunotherapies. However, develop-
ment of an effective therapeutic vaccine against established disease is challenging, and 
despite decades of pursuit, establishment of successful vaccination strategies based on 
proteins, peptides, autologous DCs or tumor cells have largely been unsuccessful 
(Azvolinsky 2013, Sakaguchi et al. 2008). While vaccines based on autologous cells 
are costly and technically challenging, peptide-based cancer vaccination suffers from 
inefficient uptake, processing, and presentation of the delivered epitopes by activated 
professional APCs (Eggermont et al. 2014, Azvolinsky 2013, Cohen et al. 2009, 
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Melero et al. 2014, Rosenberg et al. 2004). Moreover, such vaccination strategies have 
led to a generation of low-avidity, tumor-specific T-cell responses. Whole protein vac-
cination with powerful and often poorly tolerated adjuvants; immunostimulatory cyto-
kines such as IL-2 or GM-CSF and/or TLR agonists have failed to induce clinically 
significant antitumor responses (Altin et al. 2006, Dubensky et al. 2010, Lima et al. 
2004). Nanoparticles, with their high payload carrying capacity and affinity towards 
immune cells are ideally suited for vaccine applications and offer multiple advantages 
that can help meet the challenges of generating a potent immune response towards 
tumor antigens. Presenting antigenic epitopes on nanoparticulate carriers not only pro-
vides the requisite stability, it also facilitates efficient interactions with key immune cell 
populations (Wu et al. 2009, Krishnamachari et al. 2011). Nano-vaccine formulations can 
enhance immunostimulation by promoting multivalent receptor cross-linking and by alter-
ing intracellular processing and presentation of antigens. Moreover, by co-delivering 
antigens and co-stimulatory molecules within the same cellular populations, nanocar-
riers also provide a more potent immune-stimulus that can generate high-avidity, 
tumor-reactive T-cells (Fan et al. 2015, Shao et al. 2015). Nanoparticles also reduce the 
rate of vaccine clearance from the lymphoid tissue and facilitate antigen uptake by 
antigen-presenting cells. Also, the particulate nature of nanoparticles mimic pathogen-
associated molecular patterns (PAMPs) that are perceived as danger signals and drive 
protective immunity (Irvine et al. 2013). Such patterns are recognized by the pattern 
recognizing receptors (PPRs) such as TLR on immune cells and facilitate enhanced 
uptake of nanoparticle-based vaccines by these cells (Gallucci et al. 2001, Matzinger 
1994). Activation of PPRs provides immunogenic cues to the immune system instruct-
ing it to launch specific response to the antigens carried by the nanoformulation. 
Nanoparticle-based multivalent antigen displays are also highly efficient in engaging B 
cell receptors (BCRs) to promote greater signaling, antigen internalization and pro-
cessing of antigens for presentation to CD4+ T-cells towards an effective antibody 
response (Bachmann et al. 1993). By engaging TLRs, multivalent nanoparticles-
based vaccines can generate a long-lived, high-avidity antibody response mediated 
co-stimulatory cytokines such as IFN-α and IL-12 (Pasare et al. 2005). Based on such 
principles, we have recently developed viral nanoparticles-based breast cancer vac-
cines that could break the tolerance for self-antigen HER2 and effectively generated 
HER2-specific antibodies (Shukla et al. 2014, Shukla et al. 2017). Similarly, plant viral 
nanoparticles coupled to a weak idiotypic (Id) tumor antigen have been used as a con-
jugate vaccine to induce antibody formation against a murine B-cell malignancy 
(Jobsri et al. 2015). Other virus-like particles have similarly been evaluated as efficient 
vaccine carriers (Scheerlinck et al. 2008, Riedel et al. 2011, Noad et al. 2003, Plummer 
et al. 2011, Lee et al. 2016). Professional APCs, particularly DCs, are critical initiators 
of adaptive immune response, comprising both humoral and cellular responses, and 
are therefore an important target for cancer vaccines. Nanoparticle-based vaccines are 
readily taken up by DCs and are associated with enhanced antitumor response as com-
pared to soluble antigens (Fang et al. 2015). Cross-presentation of tumor-associated 
antigens in a critical step for CD8+ T-cell priming and ensuing CTL response against 
cancer cells (Joffre et al. 2012). Such cross-presentation of cancer antigens have been 
demonstrated for a wide range of distinct nanoparticles and new strategies are being 
developed to improve the efficiency of such cross-presentation (Molino et al. 2013, 
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Saluja et al. 2014, Sharp et al. 2009). These include strategies employed for cytosolic 
drug delivery of membrane-impermeable molecules such as via endolysosomal disrup-
tion through the proton sponge effect using biodegradable nanogels, (Li, Li, et al. 2013) 
endolysosomolytic and pH-responsive micelles (Hu et al. 2007), as well as endoplas-
mic reticulum (ER) targeting approaches where nanoparticles shuttle to cytosol follow-
ing endosome-ER fusion (Mukai et al. 2011). Nanoparticles-based cancer vaccines can 
be further improved by targeting DCs and overcoming non-specific uptake of particles 
by other phagocytic cells. For example, cancer vaccines based on biodegradable 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles coated with an agonistic αCD40-
mAb (NP-CD40), showed highly efficient and selective delivery to DCs in vivo and 
improved priming of CD8+ T-cells against two independent tumor-associated antigens 
(Rosalia et al. 2015) Additionally, the nature of immune response can be further tuned 
by targeting a specific subset of DCs (Hardy et al. 2013). For example, TLR7 and 
TLR9 agonists can convert the tolerogenic plasmacytoid DCs to innate immunostimu-
latory types, whereas targeting various C-type lectins can modulate variable adaptive 
response. For instance, DC-SIGN, DEC-205, DNGR-1 and Langerin favors CD8+ 
T-cell cellular (Th1) responses while CD4+ and B cell humoral (Th2) responses are 
achieved by targeting of DCIR2 (Cruz et al. 2012). A noteworthy development in 
nanoparticles-based immunotherapy has been the mRNA vaccines. Nucleotide vac-
cines, including mRNA vaccines with their intracellular antigen synthesis, have been 
shown to be potent activators of a cytotoxic immune response. For example, lipid 
nanoparticles have been used to deliver mRNA coding for tumor antigens gp100 and 
TRP2 intracellular to the cytosol of APCs including DCs, macrophages and neutro-
phils to induce a strong CTL response resulting in tumor shrinkage and extended sur-
vival (Oberli et al. 2017). In another proof of concept study, liposome mediated delivery 
of IFN-γ pDNA has been used to enhance antitumor immune response in mice bearing 
E.G7-OVA tumor, when simultaneously injected at the same subcutaneous site with 
liposomes carrying OVA antigenic peptide. The liposome combination promoted the 
infiltration of CTLs to tumors (Yuba et al. 2015). In a recent study, a new strategy to 
engineer cationic nanoparticles-coated bacterial vectors has been used to efficiently 
deliver oral DNA vaccine for cancer immunotherapy. By coating live attenuated bacte-
ria with synthetic nanoparticles self-assembled from cationic polymers and plasmid 
DNA, the protective nanoparticle coating layer is able to facilitate bacteria to effec-
tively escape phagosomes, significantly enhance the acid tolerance of bacteria in stom-
ach and intestines, and greatly promote dissemination of bacteria into blood circulation 
after oral administration. The oral delivery of DNA vaccines encoding autologous vas-
cular endothelial growth factor receptor 2 (VEGFR2) by this hybrid vector showed 
significant T-cell activation and cytokine production. Successful inhibition of tumor 
growth was also achieved by efficient oral delivery of VEGFR2 with nanoparticle-
coated bacterial vectors due to angiogenesis suppression in the tumor vasculature and 
tumor necrosis (Figure 10.7) (Hu et al. 2015).

10.3.3.1  In Situ Vaccination Strategies
A recently approved oncolytic virus therapy talimogene laherparepvec (T-VEC) for 
metastatic melanoma that cannot be surgically removed has opened new avenues 
for in situ vaccination-based immunotherapies. T-VEC, a genetically modified live 
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oncolytic herpes virus is injected directly into the melanoma lesions, where it prefer-
entially replicates inside dividing cancer cells and exerts antitumor activity through 
directly mediating cell death and by augmenting local and distant immune responses 
(Johnson et al. 2015, Rehman et al. 2016).

Based on a similar approach, immunostimulatory nanocarriers based on plant 
viruses have been recently developed as an immunotherapeutic nanomaterial, where 
the properties of the nanoparticle itself unlocked a potent antitumor immune response in 
an in situ vaccination approach (Lizotte et al. 2016, Lebel et al. 2016). We have demon-
strated that plant-derived virus-like particles cowpea mosaic virus (CPMV) stimulate 
a potent immune-mediated antitumor response when introduced into the established 
primary tumors via intratumoral administration (Lizotte et al. 2016). Such immune 
response to VLPs generated an effective antitumor immune response in mouse models 
of multiple tumor types, including triple negative breast cancer, disseminated ovarian 
cancer, and primary and metastatic melanoma (Figure 10.8). Most importantly, the 
effect is systemic and durable, resulting in immune memory protecting mice from 
re-challenge. This approach modulates the local microenvironment to relieve immu-
nosuppression and potentiate antitumor immunity against tumor antigens.

Thus, it is evident that by combining nanoengineering principles with immu-
nomodulating payloads or immunostimulatory carriers, improved immunotherapy 
strategies can be developed. Going forward, tissue- and cell-specificity can be 
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tailored by altering nanoparticle shape, size, charge, hydrophobicity, and surface 
chemistry (Smith et al. 2013, Champion et al. 2009, Kumar et al. 2015).

10.3.4  chaLLeNges aNd future aveNues for caNcer immuNotherapies

Even with extensive research efforts and resources only a handful of nanotechnology- 
based immunotherapies have been successfully translated into the clinic. This trans-
lational gap highlights not only the complex relationship of cancer and immunology, 
but also underlines poor understanding of the biological fate of nanoparticles and 
safety concerns (Dawidczyk et al. 2014, Stylianopoulos et al. 2015). Undesirable 
immunotoxicity of nanoparticles, adverse interactions with biomolecules, inflam-
matory responses, and long-term accumulation at off-target sites remain challenging 
issues. While moderate success has been achieved in nanoparticles-based delivery 
of chemotherapies and imaging contrast agents to tumor tissues, rapid clearance 
and accumulation of a large fraction of nanocarriers in tissues and organs of RES 
is a reality. Such off-target accumulation of nanocarriers bearing broad-spectrum 
immunomodulatory cargos could have even severe implications. Since the biologi-
cal interactions and applicability of nanoparticles are influenced by physiochemi-
cal properties and compositions, selection of appropriate nanoparticle platform 
and its careful evaluation is a critical requirement. Therefore, aspects such as route 
of administration, biodistribution, pharmacokinetics, range of cellular interactions, 
and toxicological risk assessments must be thoroughly evaluated in extensive pre-
clinical studies. Similarly, improving nanoparticle stability in circulation, upon 
serum protein conjugations and under varying pH and redox potentials should also 
be key to rule out premature release of such broad-spectrum cargo. At the same time, 
emphasizing the development of safer biodegradable nanoplatforms could facilitate 
easier translation of such technologies. Lastly, nanomanufacturing and quality con-
trol assurance must be considered along the translational pathway. Improved scaled-
up production of nanoparticles with excellent physiochemical and compositional 
reproducibility is a critical bottleneck that must be resolved through innovative tech-
nologies and bio-inspired nanomaterials.

10.4  CONCLUDING REMARKS

Nanotechnology has rapidly gained acceptance in our day-to-day life—from con-
sumer goods to paints and coatings, from fertilizers to water purifiers and from 
cosmetics to food adducts. While advancements in nanotechnology-based product 
development have been very visible, the field of nanotechnology has been quietly 
revolutionizing scientific research. As discussed in this chapter, significant improve-
ments have been made in diagnostics methods with greater accuracy and sensitivity 
based on the optical and electronic properties of nanomaterials. These new methods 
of biomarkers and metabolite detection are enabling physicians and healthcare work-
ers to diagnose and detect diseases quickly and with greater certainty. On the other 
hand, amalgamation of nanotechnology and cancer immunotherapy has brought two 
highly potent and complementary therapeutic modalities together. The multivalency 
and physiological uniqueness of nanoparticles in conjugation with specificity and 
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potential of immune interactions is enabling manipulation of biological interactions 
with great precision, which is resulting in the development of newer and safer thera-
pies. Both these fields—immunodiagnostics and immunotherapies—will continue 
the rapid growth via a highly interdisciplinary research and development effort and 
will provide huge opportunities for researchers in coming decades.
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11 Nucleic Acid 
Nanotherapeutics

Siddharth Jhunjhunwala

11.1  INTRODUCTION

Nucleic acids are a group of biological macromolecules essential for life. In all 
living systems (barring viruses), two major types of nucleic acids are present—
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is the primary 
carrier of information (in the form of genes) required for the proper functioning 
of the living system (a cell for example) and RNA functions to convert the infor-
mation stored in DNA to proteins, although exceptions to these roles exist. Given 
the functional importance of nucleic acids in a cellular system, it has long been 
envisaged that they could be used as therapeutics for the treatment of a myriad of 
diseases including cancer.

Introduction of exogenous nucleic acids into a cell has the potential to alter 
genetic information in that cell, and this process is often described as gene therapy 
(Yin et al. 2014). Gene therapy has the potential to be used as a therapeutic for 
disease treatment, however, its use in the clinic has met with limited success due to 
challenges associated with delivering nucleic acids into cells. Nucleic acids may be 
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delivered using biological systems (using a virus) or through synthetic systems (non-
viral delivery vehicles [Blackburn et al. 2006]). Viral systems are capable of deliv-
ering nucleic acids with high efficacy, but are plagued with problems of safety and 
immunogenicity, and will not be discussed further in this chapter (for more infor-
mation refer to [Merten and Al-Rubeai 2011]). Non-viral systems while safer and 
potentially easier to manufacture, generally have low efficacies (Kay 2011; Verma 
and Weitzman 2005). Advances in nanotechnology based non-viral systems could 
potentially overcome the aforementioned limitations, and hence improve clinical 
translational of gene therapy.

In this chapter, first a biological overview of the nucleic acids that are being used 
as therapeutics is provided. Next nanotechnology-based systems used for delivery 
of nucleic acids are described. Finally, the challenges associated with in vivo and 
intracellular delivery of nucleic acid nanotherapeutics and a summary of a few new 
and successful delivery systems that are capable of modulating gene expression are 
discussed.

11.2  NUCLEIC ACIDS AND THEIR USE AS CANCER THERAPEUTICS

11.2.1  NucLeic acid compoNeNts aNd structure

Nucleic acids are naturally occurring polymers that are made up of monomeric 
nucleotide units linked together by a phosphodiester bond. Nucleotide units in turn 
comprise three components, a nitrogenous base, a sugar (pentose), and a phosphate 
group. Five nitrogenous bases are commonly found in nucleotides present in cellu-
lar systems, with adenine (A), guanine (G), and cytosine (C) common to both DNA 
and RNA, and thymine (T) present in DNA while uracil (U) is present in RNA. 
The pentose sugar, which is a ribose molecule, is common to all nucleotides with 
one major difference; in DNA a hydroxyl group is absent from the 2’ carbon of the 
ribose, while it is present in RNA. In both DNA and RNA, a phosphate group is 
attached to the 3’ carbon of one nucleotide unit and 5’ carbon of another nucleo-
tide unit to form a phosphodiester bond, resulting in a sequence of nucleotide units 
linked together. Such a sequence of nucleotides is often called a strand.

A variety of bonding interactions may exist between intra-strand (within the same 
strand) and inter-strand (between two strands) nucleotides. These interactions lead 
to complex three-dimensional structures of nucleotide strands. Hydrogen bonding 
between nitrogenous bases is the primary inter-strand interaction, which results in 
the formation of a double-stranded nucleic acid. DNA molecules primarily exhibit 
a double-stranded structure. Contrastingly, RNA molecules are generally observed 
to be present as a single strand, with intra-strand interactions. Exceptions to these 
structures do exist. Single-stranded DNA (ssDNA) is observed as a temporary state 
in all cells during replication and transcription. Additionally, some viruses have their 
genetic material encoded as ssDNA. Similarly, certain class of viruses have their 
genetic material encoded as a double-stranded RNA (dsRNA). dsRNA may also be 
found in many cells as regulatory elements that silence the activity of many genes 
and will be discussed in greater detail later in this chapter.
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11.2.2  deoXyriBoNucLeic acid (dNa)

The DNA molecule has two major roles inside cellular systems. First, it is the mol-
ecule that forms the basis of information inheritance in prokaryotes and eukaryotes. 
Basically, the structure of DNA enables it to be faithfully replicated and passed on 
to progeny cells. Altering the sequence of nucleotides in the DNA of a cell results 
in the altered sequence being inherited by all of its progeny, a feature that may be 
exploited for therapeutic purposes. Second, the specific nucleotide sequence of DNA 
forms the code for the production of the workhorses of the cell—proteins. This trait 
makes DNA an attractive therapeutic in diseased conditions where a protein is either 
not being produced or is generated abnormally resulting in absence of function.

11.2.3  riBoNucLeic acid (rNa)

RNA molecules have a variety of functions in living systems. In most prokaryotic 
and eukaryotic systems, RNA molecules may be divided into three distinct types 
based on their functions: (i) sequences that provide the code for production of a spe-
cific poly-peptide chain (termed as messenger RNA or mRNA), (ii) sequences that 
help translate the code carried by mRNA to a poly-peptide (transfer RNA or tRNA), 
and (iii) sequences that form an essential part of the ribosomal enzyme machinery 
that catalyze the translation of the mRNA code to a poly-peptide sequence (termed 
as ribosomal RNA or rRNA). In addition to these primary functions, recent discov-
eries have resulted in the recognition of new roles for specific RNA molecules. For 
example, the short (or small) interfering RNA (siRNA) and microRNA (miRNA) 
have recently been shown to be involved in regulation of mRNA translation process 
in the cell. In addition, RNA molecules with other functions such as the long non-
coding RNA (lncRNA), piwi interacting RNA (piRNA) and small nucleolar RNA 
(snoRNA) have also been identified. Of these numerous types of RNA, only siRNA 
and mRNA will be discussed in this chapter.

11.2.4  dNa aNd rNa as caNcer therapeutics

Specifically in cancer, DNA molecules could potentially be used as a therapeutic in 
many different forms (Ginn et al. 2013; Kozielski, Rui, and Green 2016). In cancer-
ous cells that arise due to the absence or aberrant production of the protein encoded 
by tumor suppressor genes (proteins that would normally limit the proliferative abil-
ity of the cell or induce apoptosis in abnormal cells), delivering the DNA sequence 
that codes for that specific protein could prevent cancerous cell proliferation or 
induce apoptosis. Alternately, DNA sequences that code for a pro tein (antigen) over-
expressed in cancerous cells could be delivered to specific immune cells (antigen 
presenting cells). In turn, these immune cells will activate immune responses against 
that specific protein, which has the potential to result in immune cell-mediated kill-
ing of cancerous cells (DNA vaccines). Further, DNA sequences could be used 
to generate toxins that have the ability to specifically kill cells they are produced 
in. Delivering such molecules to cancerous cells has the potential to treat cancer. 
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Numerous other strategies are being developed for the use of DNA molecules as 
cancer therapeutics (Ortiz et al. 2012; Yin et al. 2014).

siRNA has the potential to be used in a variety of cancer treatment strategies 
due to its ability to regulate protein expression (Lytton-Jean et al. 2015; Whitehead, 
Langer, and Anderson 2009). An example of its potential use is the ability to sup-
press the expression of proteins derived from oncogenes that are the primary cause 

TABLE 11.1
A Summary of Basic Characteristics of DNA, siRNA, mRNA That Would 
Be Relevant for Their Development as a Cancer Therapeutic

Property DNA siRNA mRNA

Function Stores genetic 
information that may 
be used to produce 
proteins or alter other 
cellular activities 

Interferes with 
translational of mRNA, 
thereby suppressing 
protein production

Is translated into a specific 
protein

Location of 
Activity

Nucleus Cytoplasm Cytoplasm

Structure Double stranded Double stranded Single stranded

Size Large. Generally, 
hundred thousand to 
millions of base-pairs 
long

Small. Generally, 20–25 
base-pairs long

Medium. Generally, a few 
thousand bases long

Stability 
(Storage)

Stable at room 
temperature for a few 
hours in appropriate 
buffers. Stable under 
refrigeration and 
freezing conditions for 
a longer time

Stable at room 
temperature for a short 
time, when stored dry. 
Stable under 
refrigeration and 
freezing conditions for 
a longer time

Generally unstable but may 
be stored at room 
temperature for brief time 
periods in appropriate 
buffers. Stable when 
frozen at or below -80°C

Stability 
(in vivo) 

Stability in body fluids 
dependent on presence 
of DNase

Generally unstable, but 
base modification 
improves stability in 
body fluids

Unstable in body fluids. 
Base modification 
suggested, although 
remains questionable 

In vivo 
Inflammatory 
Properties

Extracellular naked DNA 
can be highly 
inflammatory. 
Encapsulated forms are 
less inflammatory

siRNA made of native 
nucleotides is highly 
inflammatory. Base 
modification reduces 
immunogenicity

Naked mRNA sequences 
are highly inflammatory. 
Effect of base 
modification is unclear

Bases Natural bases. Non-
natural bases or 
modifications generally 
affect activity

Natural bases. Modified 
bases can be used with 
little to no effect on 
activity

Natural bases. Modified 
bases being tested for 
effect on activity

Replication 
Ability

Replicates in the nucleus. 
Has the potential to be 
inherited 

Cannot replicate Cannot replicate
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of numerous cancers. Alternately, siRNA may also be used to silence the activity 
of regulatory immune cells, which restrain the activity of effector immune cells 
acting against aberrant cancerous cells. mRNA molecules also have the potential 
to be used in cancer treatment due to their ability to produce specific proteins. 
Similar to the therapeutic uses of DNA, mRNA may be used to synthesize proteins 
generated by tumor suppressor genes or be used to produce anticancer vaccines 
(Rausch et al. 2014).

While DNA, siRNA, and mRNA molecules may all be used as cancer therapeu-
tics, they have very different stability, structural, and functional properties. A sum-
mary of a few of these basic properties is provided in Table 11.1. These individual 
characteristics will help us determine the nucleic acid that might be most suitable for 
a specific type of treatment of a specific type of cancer.

In addition to these nucleic acid molecules being explored as therapeutics, RNA 
sequences that are a part of the clustered regularly interspaced short palindromic 
repeats (CRISPR), single guide RNA (sgRNA), have also been suggested as poten-
tial cancer therapies. sgRNA coupled with the CRISPR associated protein-9 (Cas9) 
could be used for the modification of genes that have been aberrantly altered in can-
cerous cells (Sánchez-Rivera and Jacks 2015). Additionally, the CRISPR-Cas9 sys-
tem has the potential for expanding research efforts in cancer biology, including the 
establishment of in vitro and in vivo models that accurately replicate human disease 
in the laboratory. While the possible applications of this technology are immense, 
clinical applications are still in nascent stages of development, and hence will not be 
discussed further in this chapter.

11.3  OVERVIEW OF NANOPARTICULATE SYSTEMS

A major challenge for most therapeutics has been the delivery of a sufficient dose of 
the active agent to the cancerous cells or their microenvironment. This challenge is 
magnified for nucleic acid therapeutics due to their unique physical properties (size 
and charge), relative lack of stability (when compared to small molecule drugs), and 
difficulty in providing large doses (cost and immunogenicity issues). Delivery vehi-
cles, primarily nanotechnology-based offer a solution to this problem (Cho et al. 2008; 
Kozielski, Rui, and Green 2016). Delivery vehicles may broadly be sub-divided into 
two categories—biological (viral) and synthetic (non-viral). A majority of gene ther-
apy clinical trials have utilized a virus as a delivery system for nucleic acids, and 
viral vectors have been discussed extensively in the several review articles (Thomas, 
Ehrhardt, and Kay 2003; Waehler, Russell, and Curiel 2007). Hence, viral nucleic 
acid delivery systems will not be described in this chapter. Synthetic delivery vehi-
cles, a vast majority of which are nanoparticulate, have been extensively explored for 
the delivery of nucleic acids as well (Mintzer and Simanek 2009). In the next few 
subsections, each of these synthetic nano-delivery systems will be discussed.

11.3.1  poLymeric NaNoparticLes

Polymeric nanoparticles are amongst the most commonly available delivery systems 
for a variety of therapeutics including nucleic acids (Pack et al. 2005). Polymers 
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used to fabricate nucleic acid delivery systems can largely be divided based on 
the technique used to prepare nucleic acid nanoparticles: (i) direct encapsulation 
of nucleic acids inside the polymer matrix; or (ii) through interactions of cationic 
polymers with negatively charged nucleic acid that result in the formation of poly-
plexes; or (iii) through direct covalent conjugation of nucleic acids to the polymers 
(Figure 11.1).

Encapsulating nucleic acids into degradable polymer matrices has been stud-
ied as a potential delivery system. Poly (lactic-co-glycolic) acid (PLGA) has been 
the most commonly used polymeric matrix for this application (Tinsley-Bown et al. 
2000; Woodrow et al. 2009) due to its biological compatibility and status as an FDA 
approved substance, but other degradable polymers have been employed as well 
(Little et al. 2004). However, the technique used for encapsulation in these cases 
employs a strategy that involves the formation of water-in-oil emulsions, which 
results in nucleic acids coming in contact with a water-oil interface. Such contact 
may result in loss of structure and function. Hence, alternate delivery strategies with 
relatively better efficacies have been developed.

The most common polymeric delivery vehicles for nucleic acids are polyplexes 
that are self-assembled structures formed by the condensation of negatively charged 
nucleic acids with positively charged polymers. Poly (L-lysine) (PLL) was one of 
the first cationic polymers to be used for DNA complexation and delivery (Wu and 
Wu 1987; Wu et al. 1988). However, due to its high cellular toxicity and low effi-
cacy (primarily the absence of endosomal escape), PLL is not used extensively. To 
overcome some of these challenges, alternate cationic polymers were tested for their 
efficacy in condensing and delivering DNA. One of the most encouraging successes 
was polyethylenimine (PEI), which was shown to have the capability to deliver oli-
gonucleotides by Boussif et. al. (Boussif et al. 1995). Since its first development and 
use, PEI has become the gold standard for nucleic acid delivery to cells both in vitro 
and in vivo (Neu, Fischer, and Kissel 2005; Mintzer and Simanek 2009). PEI may be 
synthesized as either a linear or branched polymer, and both versions are efficient at 

Polymeric
matrix

Cationic
polymer

Nucleic
acid

CPP

(c)(b)(a)

FIGURE 11.1 Schematic representation of nucleic acid—polymeric nanoparticles. (a) Nucleic 
acids encapsulated in a polymer matrix. (b) Self-assembled particulate formed by the con-
densation of a cationic polymer with a nucleic acid. (c) Conjugate particulate formed when a 
cell-penetrating peptide (cpp) is covalently linked to a nucleic acid.
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intracellular nucleic acid delivery. PEI’s excellent transfection efficacy is the result 
of high charge density associated with the numerous nitrogen atoms in its structure, 
which enables endosomal escape inside the cell (Godbey, Wu, and Mikos 1999). The 
high charge density on PEI is thought to enable osmotic swelling of endosomes that 
have taken up PEI-nucleic acid complexes, resulting in bursting of the endosomal 
membrane and escape of the delivery vehicle into the cytoplasm (termed as the pro-
ton sponge effect) (Behr 1997; Akinc et al. 2005). The success of PEI as delivery 
vehicle for nucleic acids resulted in its development into commercial reagents for 
gene delivery (marketed for laboratory use only) as well as therapeutics that are in 
clinical trials (Yin et al. 2014). Nevertheless, PEI is not degradable in the body and 
its accumulation has been shown to result in cellular toxicity. Hence, polymeric sub-
stitutes that retain the cationic charge but contain groups that are degradable have 
been developed. The alternatives include modified PEI with disulfide or ester link-
ages, cyclodextrin-based polymers, chitosan, polyamidoamine dendrimers, and poly 
(beta-amino-ester) (PBAE) among others (Mintzer and Simanek 2009; Haensler 
and Szoka 1993; Lynn and Langer 2000). Of these, PBAE-nucleic acid nanopar-
ticles have been shown to have better efficiency as well as lower toxicities than PEI, 
and could potentially be designed to target specific cell types (Kozielski, Rui, and 
Green 2016). Alternately, polymers containing both a hydrophilic and a hydrophobic 
region that self-assemble into micellar structures (polymeric micelles) in aqueous 
solutions (Torchilin 2001)are also widely studied for in vivo drug delivery appli-
cations. Polymeric micelles may be designed to have multiple functionalities that 
enable effective drug encapsulation, protection from harsh in vivo environments, and 
stimuli-responsiveness. While these systems have primarily been designed for the 
delivery of hydrophobic small molecules that are trapped in the hydrophobic core of 
the micelle, they have also been tested as delivery systems for siRNA. The primary 
strategy employed for entrapment of siRNA in polymeric micelles is the formation 
of ionic polyplexes, as discussed above (Jhaveri and Torchilin 2014).

Direct covalent conjugation of polymers with oligonucleotides has also been devel-
oped as a technique for nucleic acid delivery. The most common polymers that are 
used for such delivery vehicles are polypeptides. Polypeptides rich in basic amino acid 
residues have been shown the have the ability to directly cross the cellular plasma 
membrane, and hence have been termed as cell-penetrating peptides (CPP). Numerous 
types of CPP have been identified and developed (Gupta, Levchenko, and Torchilin 
2005). Most of them contain a peptide sequence rich in lysine and arginine amino 
acids, and can be naturally occurring or synthetically designed (Karagiannis et al. 
2013). For delivery of oligonucleotides, such as siRNA, the CPP are generally cova-
lently conjugated to the nucleic acid sequence. For delivery of larger molecules such 
as DNA and mRNA, while covalent conjugation might be feasible, most commonly 
condensed nanocomplexes of CPP-nucleic acid are developed and have been shown 
to have high efficacy both in vitro and in vivo. However, a major challenge with cur-
rently available CPPs is that the peptide sequences are mostly non-human, which could 
result in immune responses when used in humans (Karagiannis et al. 2013). Other 
polymer-oligonucleotide conjugates have also been developed, and one of the clinically 
advanced candidates is the dynamic polyconjugates (DPC) (Rozema et al. 2007).
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11.3.2  Lipid-Based NaNoparticLes

Certain lipids can self-assemble in aqueous solvents to form nanoparticulate vesicles 
that are generally referred to as liposomes. Liposomes are among the earliest and 
most commonly used nanoparticulate systems for nucleic acid delivery (Mintzer and 
Simanek 2009; Yin et al. 2014). Liposomes are classified based on either (i) the 
number of lipid bilayers present- uni-lamellar vesicles (having one bilayer) or multi-
lamellar vesicles (having two or more bilayers), or (ii) the ionic characteristics of 
the lipids used, cationic or neutral. Numerous cationic and neutral lipid reagents 
(structures in Figure 11.2) are now commercially available for use as nucleic acid 
delivery systems in the laboratory. A majority of the cationic lipid molecules are 
similar and are essentially made of three parts: the head group (which is cationic or 
neutral), the tail group (which is hydrophobic), and linker between these two groups. 
Modifications to the head group or the tail group results in the generation of different 
cationic lipid molecules used to prepare liposomes. Mintzer and Simanek describe 
these modifications in detail (Mintzer and Simanek 2009). Neutral lipid molecules 
are generally not used in isolation to make liposomes, but are used in combination 
with other lipids where they help to improve liposome stability and potentially trans-
fection efficacy (Li and Szoka 2007).

While individual lipid molecules have shown efficacy in nucleic acid delivery, 
most common liposomal formulations are a combination of a variety of lipids. These 
lipids consist of naturally occurring lipids as well synthetic lipids (Whitehead, Langer, 
and Anderson 2009). Liposomes made of a mixture of lipids are referred to as stable 
nucleic acid lipid particles (SNALP) (Zimmermann et al. 2006; Semple et al. 2010). 
While initially such particles were used for DNA delivery (Wheeler et al. 1999), they 
were adapted and have been optimized for siRNA delivery (Yin et al. 2014). Although 
the exact mechanisms of in vivo efficacy of these formulations remain to be deter-
mined, it is suggested that the serum proteins, especially the apo-lipoproteins, bind 
to the formulations to affect their in vivo uptake. Using these formulations, several 
clinical trials have been initiated, which have been recently described by Anderson 
and colleagues (Yin et al. 2014; Lytton-Jean et al. 2015).

Although liposomal nanoparticles are excellent vehicles for nucleic acid delivery, 
safety issues relating to the use of lipid molecules remain. Toxicity and immunoge-
nicity are the primary safety concerns. Studies have shown that cationic lipid head 
groups cause cellular toxicity (S. Li et al. 1998), and may result in proinflammatory 
interferon secretion by immune cells (Ma et al. 2005). Strategies to overcome these 
concerns are currently being explored, which include PEGylation of the liposomes 
or modification with other biological polymers that are more biologically compat-
ible. Another approach that has been developed to move past the issue of toxicity 
is the use of lipid-like materials called lipidoids (Akinc et al. 2008). Many of these 
modified liposomal formulations have shown remarkable potency in different ani-
mal models and are currently being explored as potential therapeutics (Lytton-Jean 
et al. 2015).



347Nucleic Acid Nanotherapeutics

+
H

3N
+

H
2N

N
H

3+

H
2+

N
H

O
O

O

O
O

O

O
N H

H

N

H
3C

H
3C

H
3C H
3C

C
H

3

C
H

3

C
H

3

H
3C H

3C

H
3C H
3C

C
H

3

C
H

3

O

O

O

H
O

O

O

O

O
O

O

OO P

O

N
+

N
+

N
+

N
+

N
+

D
O

TM
A

D
O

SP
A

D
M

RI
E

D
C

-c
ho

le
st

er
ol

D
O

PE
D

O
TA

P

C
ho

le
st

er
ol

D
SP

C

H
3C H
3C

C
H

3
O

O
N

+

O

O

O

O
O

O

O

O
P

H
3C H
3C

C
H

3

N
+

FI
G

U
R

E 
11

.2
 

C
he

m
ic

al
 s

tr
uc

tu
re

s 
of

 s
om

e 
of

 th
e 

m
os

t c
om

m
on

ly
 u

se
d 

ca
ti

on
ic

 a
nd

 n
eu

tr
al

 li
pi

d 
m

ol
ec

ul
es

 fo
r 

th
e 

de
li

ve
ry

 o
f 

nu
cl

ei
c 

ac
id

s.
 A

da
pt

ed
 

an
d 

re
pr

in
te

d 
w

it
h 

pe
rm

is
si

on
 f

ro
m

 M
ac

m
il

la
n 

P
ub

li
sh

er
s 

L
td

.: 
N

at
ur

e 
R

ev
ie

w
s 

G
en

et
ic

s 
(Y

in
 e

t a
l. 

20
14

) 
N

at
ur

e 
P

ub
li

sh
in

g 
G

ro
up

.



348 Molecular Medicines for Cancer

11.3.3  NucLeic acid coNjugates

In Section 11.3.1 covalent conjugation of nucleic acids with polymers was discussed. 
Similar formulations involving direct conjugation of nucleic acids with small mol-
ecules have also been developed. Technically these conjugates are not nanoparticles 
but have been shown to have high efficacy in targeting specific cell types in vivo. One 
of the most clinically advanced conjugates is nucleic acids to N-acetylgalactosamine 
(GalNAc). GalNAc acts as a ligand that specifically targets hepatocytes, thereby 
delivering high doses of nucleic acids to these cells. Numerous nucleic acid thera-
peutics involving conjugation with GalNAc are under clinical trials for a variety of 
indications (Kanasty et al. 2013). Recent work by Zhang and colleagues shows that 
carbon particle-based conjugates may also be effective in delivering short nucleic 
acid sequences like siRNA (L. Zhang et al. 2016). Further, not all nucleic acid conju-
gates are developed for the purpose of delivering nucleic acids. A classic example is 
protein-nucleic acid conjugates that are being explored as vaccine candidates, where 
the protein is an antigen and the nucleic acid is the adjuvant capable of activating 
immune responses (Bode et al. 2011). Along these lines, Walker and colleagues have 
fabricated a new oligodeoxynucleotide-antigen conjugate that has the potential to be 
developed as an antitumor vaccine (Kramer et al. 2017).

11.3.4  metaL NaNoparticLes

Metallic nanoparticles have been described as potential nucleic acid delivery vehicles 
for numerous decades. The earliest reports demonstrate the use of direct particle bom-
bardment (using shock waves) or particle acceleration devices for the delivery of nucleic 
acids associated with gold nanoparticles (Mintzer and Simanek 2009). However, these 
techniques were plagued with the problem of causing tissue damage and being unable 
to deliver to deep tissues in the body. Alternate strategies were developed that involved 
modification of gold nanoparticle surfaces such that they would readily be taken up 
by cells through endocytic processes. Rotello and colleagues used this strategy to 
demonstrate excellent efficacy in delivering covalently conjugated DNA strands to 
cells (Sandhu et al. 2002; Ding et al. 2014). Other groups have improved upon these 
techniques using polymeric conjugates to gold nanoparticles that either aid in cellular 
uptake or improve intracellular detachment of nucleic acids from the gold nanopar-
ticles. Mirkin and colleagues applied similar principles to deliver siRNA to cells using 
gold nanoparticles. One of the advances made in siRNA delivery was the arrangement 
of the oligonucleotides in a dense, spherical fashion around the gold particle to improve 
delivery efficiency. These particulates, termed as spherical nucleic acids have shown 
tremendous potential for treatment of multiple disorders (Rosi et al. 2006; Cutler, 
Auyeung, and Mirkin 2012). Similarly, iron oxide nanoparticles have been developed 
for nucleic acid delivery. Significant advantage of using iron oxide particles is that they 
have been approved by the US Food and Drug Administration (FDA) for human use 
as diagnostic agents, they are biologically compatible, they can be visualized using 
current imaging techniques, and they may be guided using external magnetic fields 
to specific tissue sites. Nevertheless, these metal nanoparticles are yet to be tested in 
clinical trials for the delivery of nucleic acids.
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In addition to these, metal-based quantum dot nanoparticles have also been used 
for nucleic acid transfection. The first report on using quantum dot (CdSe/ZnS) for 
DNA delivery was by Burgess and colleagues (Srinivasan et al. 2006), where they 
directly conjugated DNA onto lipid-coated quantum dots. Following this approach, 
self-assembled nanoparticles formed by non-covalent association of DNA with cat-
ionic polymer-coated quantum dots has also been attempted (Zhang and Liu 2010). 
Bhatia and colleagues have shown that similar techniques can be used for siRNA 
delivery to cancerous cells using quantum dots (Derfus et al. 2007). While quan-
tum dots provide numerous advantages for imaging and tracking of the nucleic acid, 
questions regarding their efficacy and in vivo translatability remain.

11.3.5  other NaNoparticuLate systems

Inorganic nanoparticles are another class of delivery vehicle that have been devel-
oped for nucleic acid delivery, of which silica-based systems are the most widely 
studied. Silica nanoparticles are attractive due to numerous advantages: (i) nucleic 
acids can be directly conjugated to them using various chemistries, (ii) porous parti-
cles may be prepared in facile manner that allows for encapsulation of nucleic acids, 
(iii) they have an affinity to bind to lipid molecules on membranes that have the 
potential to enhance cellular uptake, and (iv) they are biologically compatible and 
stable both in vitro and in vivo. Numerous silica-based nucleic acid delivery sys-
tems are under development in many laboratories across the world, with potential 
for clinical translation.

Nucleic acids may also be made to self-assemble into nanoparticles. The ability 
of nucleic acid strands to form double-stranded structures due to hydrogen bonding 
between bases allows for the fabrication of nanoparticles made strictly of nucleic 
acids (Smith et al. 2013). While this technique could be used for both DNA and 
siRNA molecules (but not for mRNA as it is single stranded), successful, and effica-
cious intracellular delivery has been shown with siRNA (Shu et al. 2011).

Another system for nucleic acid delivery that has shown promise in laboratory 
experiments is the use of carbon nanotubes (CNT). Similar to the inorganic and 
metal nanoparticulate systems, modification of CNT surfaces with polymers enables 
direct conjugation of nucleic acids to them. Additionally, CNT surfaces may be 
modified to become cationic, which allows for self-assembly of cationic-CNT and 
negatively charged nucleic acids. While CNTs in vitro transfection ability has never 
been in doubt, they have also been shown to be capable of delivering siRNA in vivo 
to cancerous cells (Zhang et al. 2006). Nevertheless, questions regarding safety and 
immunogenicity of CNTs remain, which has affected their clinical translation.

11.4  CHALLENGES ASSOCIATED WITH 
DELIVERY OF NUCLEIC ACIDS

A majority of drugs taken by humans today are in the form of oral formulations. 
Unfortunately, most biological drugs (biologics), including nucleic acid therapeu-
tics, cannot be administered to individuals through the oral route. Two main reasons 
are that nucleic acids are likely to be degraded by the hostile environment of the 
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digestive track (pH and presence of degradative enzymes), and intestinal cells find 
it challenging to directly absorb (take up into the body) large macromolecules such 
as nucleic acids. Hence, alternate routes of delivery are being explored. Parenteral 
delivery, via intravenous, subcutaneous or intra-muscular means, remains one of the 
most viable options for nucleic acid therapeutics that cannot be taken up through the 
alimentary canal. However, each of these routes of administration is associated with 
its own challenges.

Delivery of nucleic acid therapeutics through any of the aforementioned routes 
results in their delivery to the extracellular space. The human body has evolved 
to perceive extracellular nucleic acids as a threat from a pathogenic agent or to be 
associated with a dead cell, both of which result in degradation. Key players in the 
recognition and degradation process are the body’s immune cells. Innate immune 
cells have numerous cell surface receptors (termed as toll-like receptors or TLRs) 
that recognize nucleic acids as a threat, resulting in cellular activation. Activated 
innate immune cells are not only capable of directly taking up and degrading the 
extracellular nucleic acids, but also result in local or systemic inflammation. Recent 
progress in the area of chemical modifications to siRNA has helped reduce both deg-
radation and immunogenicity, but the same principles have not worked for mRNA 
as these modifications make it ineffective. Similar strategies are also not feasible for 
DNA molecules. To avoid the problems of degradation and immunogenicity, nucleic 
acid therapeutics need be protected from directly encountering the immune system, 
which may be achieved using nanoparticle technologies.

In the previous section, numerous nanoparticulate systems for packaging and deliv-
ering nucleic acids were described. While these systems, can be effective in surmount-
ing the aforementioned challenges, their have other barriers to overcome. Broadly, 
nucleic acid nanoparticulates should be capable of the following tasks: (i) delivery 
to the right cells/tissues (cancer cells or microenvironment) in vivo, and (ii) delivery 
to the right intracellular compartment. Numerous obstacles exist to achieving these 
tasks (Figure 11.3), as described lucidly by Whitehead et. al. (Whitehead, Langer, 
and Anderson 2009) for siRNA therapeutics (similar challenges faced by DNA and 
mRNA therapeutics).

11.4.1  In VIVo targetiNg

Nucleic acid nanoparticle therapeutics may be directly injected into localized tumors 
that are easily accessible (for example, localized skin tumors). However, a majority 
of tumors reside in or have spread to tissues that are not easily accessible. Targeting 
refers to specifically enriching the therapeutic in these tissues, that may be achieved 
through many different means.

Often systemic administration (through the bloodstream) is employed to achieve 
delivery of therapeutic to the tissues deep within the body. Systemic delivery leads 
to interaction of the nanoparticles with various systems in the body that might result 
in their degradation. For example, following entry into the bloodstream the particles 
may be subjected to, (i) coating with serum proteins that might lead to aggregation, 
(ii) degradation by nucleases present in the serum, (iii) uptake by phagocytic immune 
cells in circulation, (iv) uptake by phagocytic cells in the liver, and (v) filtration by 
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the kidney. A common method to avoid these off-target interactions of nanoparticles 
has been the use of surface PEGylation (similar to the technique used for certain 
biologics administered intravenously) (Jokerst et al. 2011). If the nanoparticulate sys-
tem is able to overcome these challenges, then it remains in circulation and may 
accumulate in tissues with elevated vascular supply. Accumulation has been shown 
to occur primarily in organs such as lung, liver, and spleen, but it has been suggested 

Blood
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FIGURE 11.3 Barriers to delivery of nucleic acid nanoparticles. the obstacles to delivery 
are: (1) serum protein coat that promotes particle aggregation, degradation by serum nucle-
ases and filtration by the kidney; (2) phagocytic uptake by immune cells; (3) traverse the 
endothelium; (4) getting past the cell membrane; (5) escaping the endosome; and (6) unpack-
ing of the nanoparticle. Adapted and reprinted by permission from Macmillan Publishers 
Ltd.: Nature Reviews Drug Discovery (Whitehead et al. 2009) Nature Publishing Group.
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that similar high levels of build-up may be achieved in tumors due to the presence of 
vasculature that is not fully developed and hence leaky. This phenomenon is termed 
as the Enhanced Permeation and Retention (EPR) Effect (Matsumura and Maeda 
1986; Maeda 2010). The EPR effect is a passive-targeting strategy that utilizes natu-
ral in vivo processes for increasing the concentration of a nanotherapeutic at the site 
of interest (tumors in this case).

A recent study by Chan and colleagues, however, questions the validity of the 
EPR effect. They show that among numerous published studies with sufficient data 
to quantify the number of nanoparticles in the tumor, the median percentage of 
nanoparticles present in the tumor was only 0.7% (Wilhelm et al. 2016). This study, 
coupled with the lack of translation of the EPR effect in clinical studies (and pos-
sibly even the lack of its effect in certain mouse models of research) (Park 2016), has 
resulted in an urgency to develop better targeting modalities. Alternate strategies 
for targeting nanotherapeutics involve the use of an active-targeting mechanism. In 
active targeting, ligands or antibodies are conjugated on the surface of a nanopar-
ticle or directly onto therapeutic nucleic acids. These ligands or antibodies bind to 
receptors expressed on cells of interest, such as tumor cells. Successful active tar-
geting ligands include GalNAc (discussed previously but not specific for tumors), 
folate molecules that bind to folate receptors overexpressed on tumor cells (Liang 
et al. 2008), RGD peptide (Park et al. 2012), and antibodies against specific cancer 
antigens (Palanca-Wessels et al. 2016). Targeting has also been attempted using syn-
thetic molecules that bind to a specific cell type. An example of such a molecule that 
has shown high efficacy in delivering siRNA to endothelial cells (also present in the 
cancer microenvironment) (Dahlman et al. 2014) is shown in Figure 11.4.

11.4.2  iNtraceLLuLar deLivery

A majority of the nanoparticulate formulations of nucleic acids are taken up into 
cancerous cells by endocytosis. The cells of interest might utilize different endo-
cytic processes for uptake have been described in detail by Kabanov and colleagues 
(Sahay, Alakhova, and Kabanov 2010). The process of endocytosis results in the 
therapeutic being entrapped in an endosome. Endosomes undergo a maturation pro-
cess inside the cell, which is a result of fusion with other intracellular vesicles. The 
maturation process results in the lowering of intra-endosomal pH and the accumula-
tion of degradative enzymes. These conditions are detrimental for nucleic acid and 
nanoparticles, leading to degradation of the nucleic acids resulting in lowering of 
therapeutic efficacy. Additionally, endosomes eventually fuse with the lysosomes, 
which have an even lower pH and greater number of degradative enzymes. Further, 
the nanoparticulate cargo in the endosomes may also be recycled and secreted out 
of the cell through exosomes. Hence, many current-generation nanoparticulates have 
a built-in capability to lyse endosomes and escape into the cytoplasm (as discussed 
in Section 11.3.1 on cationic polymeric particles and the proton sponge effect) or are 
designed to avoid the endosomal uptake process. Avoiding the endosomal uptake 
process may be achieved through direct fusion with the membrane (for example with 
use of CPP) or through the creation of temporary pores on the cell membrane that 
enable nanoparticulate entry through diffusion (Sharei et al. 2013).
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siRNA and mRNA therapeutics are able to exert their action in the cytoplasm, so 
this is their intracellular target. However, the nanoparticulate system used for pack-
aging needs to dissociate itself from the RNA molecules for them to function effec-
tively. While some nanoparticles are designed to fall apart in the cytoplasm or during 
the endosomal escape process, the exact unpacking mechanisms remain unclear for 
many nanoparticulate systems. For DNA therapeutics, the intracellular target is the 
nucleus. In many cells (including cancer cells), the efficacy of the DNA therapeutic 
is highest when the cell is dividing, as the nuclear envelope has degraded during 
mitosis. However, this passive mechanism is insufficient for potent DNA delivery 
to cancer cells. In addition to using such a passive mechanism, strategies such as 
nuclear targeting sequences and utilization of intra-nuclear protein transport mecha-
nisms have been attempted (Dean, Strong, and Zimmer 2005).

11.5  FUTURE OUTLOOK

The genomics revolution coupled with major advances in tumor biology is providing 
us with information on new targets for the treatment of a variety of cancers. Nucleic 
acid therapeutics and their delivery systems will have a prominent role to play in the 
translation of this data into clinically viable treatment strategies. As discussed in this 
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FIGURE 11.4 Nanoparticle system for targeting of endothelial cells. (a) Scheme showing a 
system for the nanoencapsulation of sirna using lipid-polymer hybrids (7c1 being one of the 
most potent of these molecules). (b) Electron micrograph of the lipid-polymer nanoparticle 
encapsulating sirna. (c) Images of murine lungs with metastatic tumors (lewis lung carci-
noma) following treatment, showing that sirna-based silencing of specific molecules helps 
reduce the number of metastatic lesions. Reprinted by permission from Macmillan Publishers 
Ltd.: Nature Nanotechnology (Dahlman et al. 2014) Nature Publishing Group.
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chapter, numerous nanoparticle-based systems have been designed for nucleic acid 
delivery, several of which are currently in clinical trials (reviewed in [Yin et al. 2014; 
Lytton-Jean et al. 2015]). While this fact demonstrates the progress has been made 
since the development of the first laboratory systems for gene therapy, continued 
efforts are still required for design of safer systems with higher efficacy.

The ideal delivery system for nucleic acids should be able to package potent 
doses, overcome the in vivo and intracellular barriers for delivery, precisely target 
the cancerous cells, and avoid the problems of immunogenicity and toxicity. To 
achieve this goal, we need to better understand the chemical properties of a variety 
of nanoparticulate systems that would allow us to package increasing amounts of 
nucleic acid, improve in vivo targeting, as well as characterize the biology behind 
intracellular targeting and comprehend the sources of immunogenicity. Recent 
innovative work in each of these areas is promising, and the prospect of nanopar-
ticulate-based gene therapy system for the treatment of cancer in humans is within 
reach.
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12 Long Non-Coding 
RNA and Cancer

Mateja M. Jelen and Damjan Glavač

12.1  INTRODUCTION

Cancer is predominantly a genetic disease and represents major public health 
burden worldwide. In 2013, the Global Burden of Disease Cancer Collaboration 
(GLOBOCAN) reported cancer as the second leading cause of death worldwide, 
after cardiovascular disease (Fitzmaurice et al. 2015). Among the 14.9 million inci-
dent cases reported in 2013, the top five leading types of cancer were: lung cancer 
(1.8 million), breast cancer (1.8 million in women), colorectal cancer (1.6 million), 
prostate cancer (1.4 million), and stomach cancer (984,000) (Fitzmaurice et al. 2015). 
Although the genetic determinants of oncogenesis have been extensively studied, 
cancer genetics remains complex. Cancer develops as a consequence of dysregulated 
gene expression and epigenetic changes and is mostly associated with somatic muta-
tions, including single nucleotide polymorphisms (SNPs), deletions, duplications, 
translocations, copy-number alterations, and rarely reflects inheritable abbreviations 
in a single gene (Cheetham et al. 2013).
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In the last decade a colossal improvement has been made in development and 
availability of genome-wide deep sequencing technologies, microarrays, and data-
bases. Gene annotations of human genome are being revealed and updated con-
stantly by systematic databases, such as consortium Encyclopedia of DNA Elements 
(ENCODE) and GENCODE Project (Dunham et al. 2012, Jalali, Gandhi, and Scaria 
2016, Harrow et al. 2012). It has become increasingly evident over the last few years 
that the largest portion of the genome consists of regulatory, non-protein coding 
RNAs (non-coding RNAs, ncRNAs), previously annotated as “dark matter” or “junk 
DNA” (Taft et al. 2010, Ponting and Belgard 2010, Cheetham et al. 2013). NcRNAs 
are heterogeneous, evolutionary conserved molecules that resemble protein-coding 
genes and have multiple molecular functions across cellular processes, including can-
cer development. For the purpose of simplicity ncRNAs can be divided in three cat-
egories: (1) short ncRNAs (up to 200 bp in length), such as transfer RNAs (tRNAs), 
micro RNAs (miRNAs) etc., (2) mid-size ncRNAs (up to 300 bp), such as small nucle-
olar RNAs (snoRNAs), and (3) long ncRNAs (lncRNAs) (more than 200 bp) (Esteller 
2011). Interestingly, it has been shown by the majority of genome-wide association 
studies that cancer risk loci occur outside of protein-coding regions and that loca-
tions of most SNPs currently linked to cancer locate in the introns (40 %) of protein-
coding genes or intergenic regions (44 %) (Cheetham et al. 2013). Extensive studies 
and reviews began to arise, associating mutations and dysregulations in lncRNAs 
with various diseases, including cancer (Wapinski and Chang 2011, Gutschner and 
Diederichs 2012, Li and Chen 2013, Gupta et al. 2010). Accordingly, lncRNAs repre-
sent potential biomarkers for cancer diagnosis, progression, and therapeutic targets.

In this chapter we outline the lncRNA regulatory roles and basis of their genetic 
association with cancer. Subsequently, we briefly summarize importance of lncRNAs 
for cancer diagnostics and their therapeutic potential.

12.2  LONG NON-CODING RNAs (LNCRNAs)

The current GENCODE Version 25 (V25), revised in 2016, reported that human 
genome contains 15,767 lncRNA genes and 27,692 lncRNA transcripts (www 
.gencodegenes.org/stats/current.html).

LncRNAs are 200–1,000 nucleotides long non-coding transcripts and are involved 
in numerous essential cellular processes and epigenetic mechanisms (Amaral and 
Mattick 2008)), such as genomic imprinting (Lee and Bartolomei 2013, Leighton 
et al. 1995), gene expression stages including transcription, translation, chromatin 
modification (Mercer and Mattick 2013, Clark and Mattick 2011), protein signal-
ing pathways (Shi et al. 2013), cell cycle control (Wapinski and Chang 2011), cell 
development and differentiation (Clark and Mattick 2011), and apoptosis control 
(Wapinski and Chang 2011). In accordance with their functions, lncRNAs are located 
in the nucleus, while some reside in cytoplasm (Mercer and Mattick 2013). However, 
some lncRNAs form fragments, which function in different cell locations. For 
example, lncRNA MALAT1 single gene locus generates a nuclear-retained ncRNA 
and a small RNA that is transported into cytoplasm (Wilusz, Freier, and Spector 
2008). LncRNAs were originally discovered by analyzing the mouse transcriptome 
through large-scale sequencing of full-length cDNA libraries (Okazaki et al. 2002). 

http://www.gencodegenes.org
http://www.gencodegenes.org
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Genetically, lncRNAs can be categorized in five categories: (1) sense, (2) antisense, 
(3) bidirectional, when the initiation of its expression and a neighboring coding tran-
script on the opposite strand occurs in the close proximity, (4) intronic, when derived 
from an intron of a second transcript, and (5) intergenic, when it is located between 
the two genes (Ponting, Oliver, and Reik 2009).

12.2.1  LNcrNa structure

Similar to protein structure, RNA molecules consist of primary (nucleic acid compo-
sition), secondary (duplexes, hairpins, loops, and junctions), and tertiary structures 
(interactions between distant secondary elements), which provide binding sites for 
various proteins and play roles throughout the process of gene expression (Wan et al. 
2011). Additionally, lncRNAs form duplexes or even triplexes with other DNA or 
RNA molecules, which also represent binding sites for numerous proteins (Li and 
Chen 2013). LncRNAs are mostly transcribed by RNA polymerase II, are capped at 
5’-end, and undergo 3’-end polyadenylation and splicing (Li and Chen 2013). Four 
main categories of lncRNAs are showing association with cancer: (1) long intergenic 
ncRNAs (lincRNAs), (2) natural antisense transcripts (NAT), (3) transcribed ultra-
conserved regions (T-UCR), and (4) non-coding pseudogenes (Li and Chen 2013).

12.2.2  LNcrNa reguLatory roLes iN caNcer

The major role of lncRNAs is probably to effect epigenetic changes in the genome, 
as many large intergenic human ncRNAs associate with chromatin-modifying com-
plexes that alter gene expression (Khalil et al. 2009). LncRNAs act as tumor sup-
pressors or oncogenes. The mechanisms of their regulatory networks in cancer are 
diverse. In order to alter gene expressing programs lncRNAs target complexes that 
modify chromatin and proteins that bind RNA (Tsai, Spitale, and Chang 2011). Since 
it is known that lncRNAs play critical roles in various biological processes, it is 
inevitable that lncRNA dysfunctions associate with a wide range of diseases. Several 
lncRNA online databases exist and are publically available (for details see the review 
by Gibb et al., 2011 [Gibb, Brown, and Lam 2011]). Recently, a new database for 
long-non-coding RNA-associated diseases has been launched: The LncRNADisease 
database, which integrated more than 1,000 lncRNA-disease entries and around 500 
lncRNA interaction entries and provided the predicted associated diseases of 1,564 
human lncRNAs (Chen et al. 2013). In this review, functions of lncRNAs will be 
briefly summarized as examples of four groups of molecular mechanisms (Wang 
and Chang 2011): chromatin-modifying lncRNAs, transcription (de)activators, post-
transcriptional regulators, and lncRNAs that act as decoys (Cheetham et al. 2013, 
Shi et al. 2013, Wang and Chang 2011) (Figures 12.1 and 12.2). As an individual 
lncRNA may retain functions in other presented groups of mechanism, the presented 
groups of mechanisms are not mutually exclusive (Wang and Chang 2011).

12.2.2.1  Chromatin Remodeling LncRNAs
HOTAIR is a Hox transcript antisense RNA, located in the HOXC locus and regu-
lating transcription within the HOX locus in cis or trans. HOTAIR is a lincRNA 
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and interacts with histone modifiers Polycomb Repressive Complex 2 (PRC2) and 
Lysine-specific histone demethylase 1 (LSD1) and guides them to specific genomic 
region where it is involved in gene silencing of several metastasis suppressor genes 
through histone tail methylation (Rinn et al. 2007, Gupta et al. 2010, Tsai et al. 
2010). The discovery of an lncRNA that regulates epigenetic silencing has important 
implications as it may operate in other loci (Rinn et al. 2007). It has been shown that 
HOTAIR is overexpressed in various cancers, including breast cancer (Chisholm 
et al. 2012), colorectal cancer (Kogo et al. 2011), hepatocellular carcinoma (HCC) 
(Yang, Zhou, et al. 2011), pancreatic cancer (Kim et al. 2013), esophageal squamous 
cell carcinoma (ESCC) (Song and Zou 2016), laryngeal squamous cell carcinoma 
(Li et al. 2013), nasopharyngeal carcinoma (Nie et al. 2013), and mesenchymal gli-
oma (Zhang et al. 2013). Overexpression of HOTAIR is also prone to lymph node 
metastasis. The recent meta-analysis has demonstrated higher incidence of lymph 
node metastasis in patients with HOTAIR overexpression in comparison to patients 
with lower expression levels of HOTAIR (Cai et al. 2014).

ANRIL is an antisense ncRNA in the INK4 locus that belongs to a class of NAT 
lncRNAs, which have their transcripts complementary to other RNAs (Li and 
Chen 2013). ANRIL contains 19 exons, and it is transcribed in the opposite direc-
tion from INK4b-ARF-INK4a gene cluster, encoding tumor suppressor proteins 
p15INK4b, p14ARF, and p16INK4a. ANRIL activates two histone modifiers, PRC1 and 
PRC2, which in turn triggers re-organization of the chromatin and repression of 
the INK4b-ARF-INK4a locus (Yu et al. 2008, Pasmant et al. 2007, He et al. 2013). 
ANRIL was identified as a lncRNA with oncogenic properties, involved in a series 
of tumors, such as: gastric cancer (Zhang et al. 2014), non-small cell lung cancer 
(NSCLC) (Nie et al. 2015), HCC (Huang et al. 2015), ESCC (Chen et al. 2014), 
cervical cancer studied in HeLa and H1299 cells (Naemura et al. 2015), pros-
tate cancer (Yap et al. 2010), melanoma, where ANRIL was originally identified 
(Pasmant et al. 2007), bladder cancer (Zhu et al. 2015), and serous ovarian cancer 
(Qiu et al. 2015). It has been shown recently, that ANRIL plays an important role 
in the DNA damage response. Wan et al. (2013) have demonstrated the upregula-
tion of ANRIL by E2F1 in an ATM-dependent manner and that elevated ANRIL 
suppresses the expression of INK4B-ARF-INK4A at the late-stage of DNA dam-
age response, which in turn forms a negative feedback loop to the DNA damage 
response (Wan et al. 2013).

XIST, an X-inactive-specific transcript, is located at the X-chromosome inactiva-
tion center and plays a critical role in female development due to its promotion of 
X-chromosome inactivation. XIST recruits the PRC2 complex to silence the X chro-
mosome (Zhao et al. 2008). TSIX, the antisense ncRNA of XIST, regulates XIST 
levels during X-inactivation (Lee, Davidow, and Warshawsky 1999). Namely, XIST 
has been linked to various gynecological diseases and is downregulated in female 
breast and ovarian cancer cell lines (Kawakami et al. 2004). The breast and ovar-
ian cancer suppressor gene BRCA1 has been shown to interact with XIST and this 
interaction may imply a novel gender-specific consequence of BRCA1 loss, how-
ever, further studies are needed to confirm the relevance of BRCA1/XIST interaction 
(Ganesan et al. 2004).



363Long Non-Coding RNA and Cancer

12.2.2.2  Transcriptional Co-Activators and Repressors
H19 is located near the insulin-like growth factor 2 (IGF2) gene. H19 and IGF2 
are imprinted, thus, the genes are expressed reciprocally: IGF2 is expressed from 
paternally inherited chromosome and H19 from maternally inherited chromosome 
(Gabory, Jammes, and Dandolo 2010). It has been shown after screening of murine 
fetal liver cDNA libraries that H19 is expressed during embryogenesis, inactivated 
in postnatal period, and re-activated in cancer development (Pachnis, Belayew, and 
Tilghman 1984). Berteaux et al., have shown that H19 promotes the transition from 
G1 phase to S phase in breast cancer cells through an active link to the E2F tran-
scription factor 1 (E2F1) (Berteaux et al. 2005). The upregulated expression of H19 
has been reported in hypoxic stress and associated with tumorigenesis in broad types 
of cancers, including breast cancer (Berteaux et al. 2008), lung cancer (Kondo et al. 
1995), cervical cancer (Douc-Rasy et al. 1996), ESCC (Gao et al. 2015), bladder 
cancer (Berteaux et al. 2008), ovarian cancer (Mizrahi et al. 2009), and colorectal 
cancer (Deng et al. 2014). In breast cancer the H19 promoter is activated by E2F1 
and the knock-down of H19 by small interfering RNA (siRNA) blocks wild-type 
and H19-transfected cells from entering into the S phase (Berteaux et al. 2005). 
Circulating H19 in plasma has been recently suggested as a novel biomarker for 
breast cancer (Zhang et al. 2016). Furthermore, it has been verified in gastric cancer 
tissues that H19 interacts with tumor suppressor p53, which triggers p53 inactivation, 
and that H19 siRNA treatment participated in apoptosis of AGS cell line, suggesting 
an application of H19 in therapy of gastric cancer (Yang et al. 2012).

LincRNA-p21 has been characterized as a regulator of cell proliferation, apopto-
sis, and DNA damage response, and is involved in various diseases (Tang, Zheng, 
and Xiong 2015). It is located upstream of the p21 and has a key role in regula-
tion of p21 transcriptional levels. This is achieved by lincRNA-p21 interaction with 
heterogeneous nuclear ribonucleoprotein K (hnRNP-K) and its localization to the 
p21 promoter, which is essential for binding p53 to the p21 promoter, which in turn 
initiates the p21 transcription (Dimitrova et al. 2014). LincRNA-p21 was in addition 
found to be regulated by p53, directly upon DNA damage. Transcriptional regula-
tion of p53-regulated genes by lincRNA-p21 is reached through an interaction with 
hnRNP-K. LincRNA-p21 localizes the hnRNP-K to promoters of repressed genes 
and is required for regulation of p53-mediated apoptosis (Huarte et al. 2010). Based 
on results obtained in their studies, Huarte et al. proposed that lincRNAs may serve 
as key regulators in transcriptional pathways (Huarte et al. 2010). LincRNA-p21 
has been reported to be associated with colorectal cancer (Zhai et al. 2013), skin 
cancer (Hall et al. 2015), prostate cancer (Isin et al. 2015), and chronic lymphocytic 
leukemia (Isin et al. 2014). However, there is currently some ambiguity regarding 
lincRNA-p21 function in cancer development. Recently, Castellano et al., reported 
that high expression of lincRNA-p21 was associated with poor outcome in patients 
with NSCLC adenocarcinoma (Castellano et al. 2016). The role of lincRNA-p21 in 
angiogenesis was studied in vitro and researchers observed a global downregulation 
of angiogenesis-associated genes when lincRNA-p21 was inhibited (Castellano et al. 
2016). Conversely, lincRNA-p21 levels were markedly decreased in diffuse large B 
cell lymphoma (DLBCL) tissues and it has been proposed that lincRNA-p21 predicts 
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favorable clinical outcome in DLBCL patients treated with rituximab plus cyclo-
phosphamide/ doxorubicin/ vincristine/ prednisone (R-CHOP) chemotherapy (Peng, 
Wu, and Feng 2015). Thus, to further elucidate the exact molecular mechanism of 
action of lincRNA-p21 in different cancer types, additional studies are needed.

Another lncRNA, activated by external stimuli is located in the CDKN1A pro-
moter. The p21-associated ncRNA DNA damage-activated (PANDA) is induced in 
the p53-manner, in response to DNA damage. PANDA represses apoptosis by inter-
acting with the transcription factor Y subunit alpha (NF-YA) and limits the expres-
sion of apoptotic genes (Hung et al. 2011). However, PANDA could be considered as 
a NF-YA decoy as it sequesters the transcription factor in order to inhibit apoptotic 
genes. PANDA levels vary in different types of cancers, for example it is selectively 
upregulated in metastatic ductal carcinomas (Hung et al. 2011).

A steroid receptor RNA activator (SRA) is a transcriptional co-activator of vari-
ous steroid hormone receptors (Fatima et al. 2015, Cheetham et al. 2013). Due to 
alternative splicing SRA1 gene exhibits dual roles and encodes a SRAP protein and 
a lncRNA SRA (Kawashima et al. 2003). SRA impacts tumorigenesis and cancer 
progression through trans activation of genes, interacting with the AF1 domain 
of nuclear receptors (Lanz et al. 1999), and it has been found to be deregulated 
and associated with breast cancer (Leygue et al. 1999, Liu et al. 2016), uterine 
cancer (Lanz et al. 2003), ovarian cancer (Lanz et al. 2003), and prostate cancer 
(Kawashima et al. 2003).

12.2.2.3  Post-Transcriptional Regulators
MALAT1, a metastasis associated lung adenocarcinoma transcript 1, is a nuclear lin-
cRNA, involved in gene expression regulation as well as post-transcriptional modifi-
cation. It is evolutionary strongly conserved among mammalian species (Gutschner, 

PRC2
cmplex

lncRNA

(a)

Activation or inhibition of transcription

Polymerase
complex

lncRNA

(b)

FIGURE 12.1 LncRNA chromatin remodeling and transcription regulation. (a) Chromatin 
remodeling. (b) Co-activation/repression of transcription.
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Hammerle, and Diederichs 2013, Ji et al. 2003). MALAT1 interacts with numer-
ous regulators and interaction partners (reviewed by Gutschner et al. [Gutschner, 
Hammerle, and Diederichs 2013]), thus its function depends on combination of inter-
acting proteins in the respective cell. MALAT1 employs a mechanism of alterna-
tive splicing of pre-mRNAs, where it binds with serine/arginine splicing factors and 
thereby influences the distribution of splicing factors in nuclear speckle domains. 
Moreover, it has been shown that MALAT1 regulates levels of phosphorylated ser-
ine/arginine proteins and that depletion of MALAT1 alters splicing factor localiza-
tion and activity, which leads to altered pattern of alternative splicing for pre-mRNAs 
(Tripathi et al. 2010). MALAT1 exhibits a strong association with genes involved in 
cancer like cellular growth, movement, proliferation, signaling, and immune regu-
lation. Despite years of research, MALAT1 still lacks a molecular mechanism of 
upregulation in cancer (Gutschner, Hammerle, and Diederichs 2013). MALAT1 is 
highly expressed in non-small cell lung cancer (NSCLC) (Ji et al. 2003), bladder 
cancer (Ying et al. 2012), HCC (Lai et al. 2012), colorectal carcinoma (Xu et al. 
2011), prostate cancer (Ren et al. 2013), breast cancer (Jadaliha et al. 2016), endome-
trial stromal sarcoma (ESS) of the uterus (Yamada et al. 2006), osteosarcoma (Gao 
and Lian 2016), and pancreatic cancer (Pang et al. 2015). Experiments on NSCLC 
cell lines showed that RNAi-mediated suppression of MALAT1 abolished clono-
genic growth, while upon injection of NSCLC xenografts with reduced MALAT1 
expression into nude mice, the tumor formation and growth were damaged (Schmidt 
et al. 2011). It has been demonstrated that MALAT1 overexpression predicts recur-
rence of HCC in patients with liver transplantation and could serve as a promising 
therapeutic target (Lai et al. 2012).

12.2.2.4  LncRNA Decoys
Pseudogenes are dysfunctional relatives of normal genes. Since they harbor pre-
mature stop codons, indels, and frameshift mutations they cannot be translated 
into functional proteins (Geisler and Coller 2013). Due to preservation of their 
nucleotide sequences, their important functional role in cells is not to be excluded. 
One example is a PTENP1 pseudogene, which is highly homologous to tumor 
suppressor gene PTEN and contains conserved sites for different miRNAs that 
target PTEN (Poliseno et al. 2010, Fujii et al. 1999). These conserved elements 
between the two sequences suggest that PTEN1 and PTEN are subjected to the 
same post-transcriptional regulation, mediated by miRNAs. Poliseno et al. have 
studied PTENP1 function in prostate cancer samples and demonstrated that the 
PTEN1 regulates cellular levels of PTEN and that its 3’UTR region retains the 
tumor suppressive activity (Poliseno et al. 2010). The research group (Poliseno 
et al. 2010) examined the ability of PTENP1 functioning as a decoy for miRNAs-
targeting PTEN.

GAS5 (growth arrest specific 5) is a growth arrest- and starvation-associated 
repressor of the glucocorticoid receptor (GR) (Kino et al. 2010). GAS5 binds the 
DNA-binding domain of the glucocorticoid receptor as it mimics its DNA binding 
site. The interaction triggers repression of glucocorticoid receptor-mediated tran-
scription, which influences metabolic activities during cell starvation (Kino et al. 
2010, Geisler and Coller 2013). GAS5 has been reported to be downregulated in 
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breast cancer (Mourtada-Maarabouni et al. 2009) and regulates apoptosis in prostate 
cancer cell lines (Pickard, Mourtada-Maarabouni, and Williams 2013).

TERRA, a telomeric repeat containing RNA is transcribed from subtelomeric 
loci towards chromosome ends, telomeres (Redon, Reichenbach, and Lingner 2010, 
Azzalin et al. 2007). Telomeres are protective ends of chromosomes that shorten 
progressively during each cell division and finally reach the critical length, which 
induces cellular senescence. Telomerase enzyme is able to re-extend the 3’end 
telomeric repeats and it is therefore used by majority of cancerous cells. In vitro 
study by Redon et al. has demonstrated lncRNA TERRA as a telomerase ligand, 
which directly inhibits human telomerase (Redon, Reichenbach, and Lingner 2010). 
TERRA is downregulated in cancer cells, which explains the long life of cancer cells 
that circumvent the cellular senescence and death (Shay and Bacchetti 1997).

12.3  LncRNAs DIAGNOSTIC AND THERAPEUTIC POTENTIAL

As described in previous sections, some lncRNAs act as oncogenic lncRNAs and 
stimulate cancer growth when upregulated. On the other hand, some lncRNAs 
express tumor suppressive features and drive cancer growth only when downregulated 

lncRNA
Telomerase

(a)
3’

3’

Spliceosome

lncRNA

pre-mRNA

Alternative splicing
(b)

FIGURE 12.2 LncRNA post-transcriptional regulation and decoy mechanism. (a) Decoy 
mechanism. (b) Post-transcriptional regulation.
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(Figure 12.3). Deregulated expression levels of lncRNAs in numerous cancers indi-
cate their promising role in diagnostics and prognosis of cancer and provide a novel 
alternative in medical treatment of cancer (Table 12.1).

12.3.1  Biomarkers iN diagNostics

Identification of numerous dysregulated lncRNAs in various types of cancers has 
raised possibility of using these lncRNAs as potential diagnostic and prognostic bio-
markers. Unfortunately, limited data exist on stability of lncRNAs in different body 
fluids and mechanisms that regulate lncRNA expression remain poorly resolved. 
However, ncRNAs are often stable in serum and may be measured with reverse 
transcription quantitative PCR amplification (RT-qPCR) or screened for their entire 
transcriptome using RNA sequencing (RNAseq). LncRNA profiling tools most 
widely used are RT-PCR, Northern blotting, lncRNA arrays, RNAseq, and in situ 
hybridization. Nevertheless, lncRNAs in diagnostics have major advantages over 
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MelanomaESCC

Breast
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Cancer
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FIGURE 12.3 Oncogenic and tumor-suppressive lncRNAs.



368 Molecular Medicines for Cancer

TA
B

LE
 1

2.
1

B
io

lo
gi

ca
l F

un
ct

io
ns

 o
f L

nc
R

N
A

s,
 T

he
ir

 M
ec

ha
ni

sm
s 

of
 R

eg
ul

at
io

n 
an

d 
A

ss
oc

ia
ti

on
s 

w
it

h 
D

if
fe

re
nt

 C
an

ce
rs

Ln
cR

N
A

C
an

ce
r T

yp
e

B
io

lo
gi

ca
l F

un
ct

io
n

M
ec

ha
ni

sm
 o

f R
eg

ul
at

io
n

R
ef

er
en

ce

H
O

TA
IR

B
re

as
t, 

co
lo

re
ct

al
, H

C
C

, 
pa

nc
re

at
ic

, E
SC

C
, l

ar
yn

ge
al

 
sq

ua
m

ou
s 

ce
ll 

ca
rc

in
om

a,
 

na
so

ph
ar

yn
ge

al
, g

lio
m

a,
 ly

m
ph

 
no

de
 m

et
as

ta
si

s

R
ep

re
ss

io
n 

at
 th

e 
H

O
X

D
 lo

cu
s

C
hr

om
at

in
-m

ed
ia

te
d 

re
pr

es
si

on
(C

hi
sh

ol
m

 e
t a

l. 
20

12
, K

og
o 

et
 a

l. 
20

11
, 

Y
an

g,
 Z

ho
u,

 e
t a

l. 
20

11
, K

im
 e

t a
l. 

20
13

, 
So

ng
 a

nd
 Z

ou
 2

01
6,

 L
i e

t a
l. 

20
13

, N
ie

 e
t a

l. 
20

13
, Z

ha
ng

 e
t a

l. 
20

13
, C

ai
 e

t a
l. 

20
14

)

A
N

R
IL

G
as

tr
ic

, E
SC

C
, c

er
vi

ca
l, 

pr
os

ta
te

, m
el

an
om

a,
 b

la
dd

er
, 

ov
ar

ia
n,

 ly
m

ph
ob

la
st

ic
 

le
uk

em
ia

R
ep

re
ss

io
n 

at
 th

e 
IN

K
4b

-A
R

F-
IN

K
4a

 lo
cu

s
C

hr
om

at
in

-m
ed

ia
te

d 
re

pr
es

si
on

(P
as

m
an

t e
t a

l. 
20

07
, Z

ha
ng

 e
t a

l. 
20

14
, N

ie
 

et
 a

l. 
20

15
, H

ua
ng

 e
t a

l. 
20

15
, C

he
n 

et
 a

l. 
20

14
, N

ae
m

ur
a 

et
 a

l. 
20

15
, Y

ap
 e

t a
l. 

20
10

, 
Z

hu
 e

t a
l. 

20
15

, Q
iu

 e
t a

l. 
20

15
)

X
IS

T
O

va
ri

an
, b

re
as

t
X

 in
ac

tiv
at

io
n

C
hr

om
at

in
-m

ed
ia

te
d 

re
pr

es
si

on
(K

aw
ak

am
i e

t a
l. 

20
04

)

H
19

B
re

as
t, 

lu
ng

, c
er

vi
ca

l, 
E

SC
C

, 
bl

ad
de

r, 
co

lo
re

ct
al

, o
va

ri
an

Pr
om

ot
es

 c
el

l p
ro

lif
er

at
io

n
T

ra
ns

cr
ip

tio
na

l c
o-

ac
tiv

at
io

n
(B

er
te

au
x 

et
 a

l. 
20

08
, K

on
do

 e
t a

l. 
19

95
, 

D
ou

c-
R

as
y 

et
 a

l. 
19

96
, G

ao
 e

t a
l. 

20
15

, 
M

iz
ra

hi
 e

t a
l. 

20
09

, D
en

g 
et

 a
l. 

20
14

)

SR
A

B
re

as
t, 

ov
ar

ia
n,

 u
te

ri
ne

, p
ro

st
at

e
T

ra
ns

cr
ip

tio
na

l c
o-

ac
tiv

at
or

 o
f 

st
er

oi
d 

re
ce

pt
or

s
T

ra
ns

cr
ip

tio
na

l c
o-

ac
tiv

at
io

n
(K

aw
as

hi
m

a 
et

 a
l. 

20
03

, L
ey

gu
e 

et
 a

l. 
19

99
, 

L
iu

 e
t a

l. 
20

16
, L

an
z 

et
 a

l. 
20

03
)

L
in

cR
N

A
-p

21
C

ol
or

ec
ta

l, 
sk

in
, p

ro
st

at
e,

 
ch

ro
ni

c 
ly

m
ph

at
ic

 le
uk

em
ia

, 
N

SC
L

C
 a

de
no

ca
rc

in
om

a,
 

D
L

B
C

L

R
eg

ul
at

io
n 

of
 p

53
 r

es
po

ns
e 

T
ra

ns
cr

ip
tio

na
l r

ep
re

ss
io

n
(Z

ha
i e

t a
l. 

20
13

, H
al

l e
t a

l. 
20

15
, I

si
n 

et
 a

l. 
20

15
, I

si
n 

et
 a

l. 
20

14
, C

as
te

lla
no

 e
t a

l. 
20

16
, P

en
g,

 W
u,

 a
nd

 F
en

g 
20

15
) (C

on
ti

nu
ed

)



369Long Non-Coding RNA and Cancer

TA
B

LE
 1

2.
1 

(C
O

N
TI

N
U

ED
)

B
io

lo
gi

ca
l F

un
ct

io
ns

 o
f L

nc
R

N
A

s,
 T

he
ir

 M
ec

ha
ni

sm
s 

of
 R

eg
ul

at
io

n 
an

d 
A

ss
oc

ia
ti

on
s 

w
it

h 
D

if
fe

re
nt

 C
an

ce
rs

Ln
cR

N
A

C
an

ce
r T

yp
e

B
io

lo
gi

ca
l F

un
ct

io
n

M
ec

ha
ni

sm
 o

f R
eg

ul
at

io
n

R
ef

er
en

ce

PA
N

D
A

M
et

as
ta

si
s 

of
 d

uc
ta

l c
ar

ci
no

m
a

In
hi

bi
tio

n 
of

 a
po

pt
os

is
T

ra
ns

cr
ip

tio
na

l r
ep

re
ss

io
n 

(d
ec

oy
 m

ec
ha

ni
sm

)
(H

un
g 

et
 a

l. 
20

11
)

T
E

R
R

A
C

an
ce

ro
us

 c
el

l l
in

es
Fa

ci
lit

at
es

 te
lo

m
er

ic
 

he
te

ro
ch

ro
m

at
in

 f
or

m
at

io
n 

an
d 

in
hi

bi
ts

 p
ol

ym
er

as
e

Pr
ot

ei
n 

in
hi

bi
tio

n
(R

ed
on

, R
ei

ch
en

ba
ch

, a
nd

 L
in

gn
er

 2
01

0,
 

Sh
ay

 a
nd

 B
ac

ch
et

ti 
19

97
)

M
A

L
A

T
1

N
SC

L
C

, b
la

dd
er

, c
ol

or
ec

ta
l, 

pr
os

ta
te

, b
re

as
t, 

E
SS

 o
f 

th
e 

ut
er

us
, o

st
eo

sa
rc

om
a,

 
pa

nc
re

at
ic

R
eg

ul
at

io
n 

of
 d

is
tr

ib
ut

io
n 

of
 

se
ri

ne
/a

rg
in

in
e 

sp
lic

in
g 

fa
ct

or
s 

Sc
af

fo
ld

in
g 

of
 s

ub
-n

uc
le

ar
 

do
m

ai
ns

(J
i e

t a
l. 

20
03

, Y
in

g 
et

 a
l. 

20
12

, L
ai

 e
t a

l. 
20

12
, X

u 
et

 a
l. 

20
11

, R
en

 e
t a

l. 
20

13
, 

Ja
da

lih
a 

et
 a

l. 
20

16
, Y

am
ad

a 
et

 a
l. 

20
06

, 
G

ao
 a

nd
 L

ia
n 

20
16

, P
an

g 
et

 a
l. 

20
15

)

PT
E

N
P1

 
ps

eu
do

ge
ne

Pr
os

ta
te

U
pr

eg
ul

at
io

n 
of

 tu
m

or
 

su
pp

re
ss

or
 g

en
e 

PT
E

N
Se

qu
es

tr
at

io
n 

of
 m

iR
N

A
s 

(P
ol

is
en

o 
et

 a
l. 

20
10

)

G
A

S5
B

re
as

t
R

ep
re

ss
io

n 
of

 g
lu

co
co

rt
ic

oi
d 

re
ce

pt
or

-m
ed

ia
te

d 
tr

an
sc

ri
pt

io
n

Se
qu

es
tr

at
io

n 
of

 
gl

uc
oc

or
tic

oi
d 

re
ce

pt
or

 
(M

ou
rt

ad
a-

M
aa

ra
bo

un
i e

t a
l. 

20
09

)

A
bb

re
vi

at
io

ns
: 

 N
SC

L
C

: 
no

n-
sm

al
l 

ce
ll 

lu
ng

 c
an

ce
r;

 H
C

C
: 

he
pa

to
ce

llu
la

r 
ca

rc
in

om
a;

 E
SC

C
: 

es
op

ha
ge

al
 s

qu
am

ou
s 

ce
ll 

ca
rc

in
om

a;
 E

SS
: 

en
do

m
et

ri
al

 s
tr

om
al

 s
ar

co
m

a;
 

D
L

B
C

L
: d

if
fu

se
 la

rg
e 

B
 c

el
l l

ym
ph

om
a;

 H
O

TA
IR

: h
ox

 tr
an

sc
ri

pt
 a

nt
is

en
se

 R
N

A
; A

N
R

IL
: a

nt
is

en
se

 n
cR

N
A

 in
 th

e 
IN

K
4 

lo
cu

s;
 X

IS
T

: X
-i

na
ct

iv
e-

sp
ec

ifi
c 

tr
an

sc
ri

pt
; P

A
N

D
A

: P
21

-a
ss

oc
ia

te
d 

nc
R

N
A

 D
N

A
 d

am
ag

e-
ac

tiv
at

ed
; S

R
A

: s
te

ro
id

 r
ec

ep
to

r 
R

N
A

 a
ct

iv
at

or
; M

A
L

A
T

1:
 m

et
as

ta
si

s 
as

so
ci

at
ed

 lu
ng

 a
de

no
ca

r-
ci

no
m

a 
tr

an
sc

ri
pt

 1
; G

A
S5

: g
ro

w
th

 a
rr

es
t s

pe
ci

fic
 5

.



370 Molecular Medicines for Cancer

protein-coding RNAs as their measured expression directly indicates levels of active 
molecules in the cell.

Ideal biomarkers are easily accessible, sampled noninvasively (sampled from 
body fluids) and therefore need to be highly stable as circulating molecules (Qi and 
Du 2013). Currently, only potential lncRNA biomarkers have been characterized 
in body fluids, such as PCA3 in urine samples for prostate cancer diagnosis (Tinzl 
et al. 2004), lncRNA HULC as a blood biomarker for HCC (Panzitt et al. 2007), 
HOTAIR as a negative prognostic biomarker in tumor tissues and blood of patients 
with colorectal carcinoma (Svoboda et al. 2014), circulating H19 in plasma has 
been recently suggested as a novel biomarker for breast cancer (Zhang et al. 2016), 
MALAT1 in urine for prostate cancer diagnosis (Wang et al. 2014) etc. Critical 
reviews summarizing recent studies on different circulating biomarker lncRNAs in 
different cancers have been published recently (Shi, Gao, and Cao 2016, Fatima et al. 
2015, Li and Chen 2013).

12.3.2  therapeutic targets

LncRNAs present valuable potential targets in cancer therapeutic opportunities. Two 
major advantages of lncRNAs need to be mentioned in this context: in comparison 
to protein-coding genes, lncRNAs are tissue specific and stable in body fluids and 
tissues, which facilitates the noninvasive targeting. A variety of approaches exist to 
therapeutically target lncRNAs. Currently, there are two therapeutic RNA targeting 
methods tested in clinical trials: RNA-mediated interference (Ozcan et al. 2015) and 
antisense oligonucleotides (Evers, Toonen, and van Roon-Mom 2015). In this section 
we will briefly outline five promising therapeutic approaches targeting lncRNAs. 
Therapeutic targeting of lncRNAs was extensively reviewed recently by Fatima et al. 
and Chery (Chery 2016, Fatima et al. 2015).

12.3.2.1  RNA Interference (RNAi)-Based Therapy
RNAi-mediated inhibition of various targets could be achieved by implementing 
different RNA molecules (siRNA, shRNA, miRNA). Targeting lncRNAs with siR-
NAs includes unwinding the siRNA duplex and assembly of RNA-induced silencing 
complex (RISC) (Li and Chen 2013). It has been shown that downregulation of the 
lncRNA HOTAIR by siRNA in HCC reduced cell viability and cell invasion, sen-
sitized TNF-α induced apoptosis, and increased the chemotherapeutic sensitivity of 
cancer cells to cisplatin and doxorubicin (Yang, Zhou, et al. 2011). H19 siRNA treat-
ment has been suggested as an application in therapy of gastric cancer (Yang et al. 
2012). Furthermore, Bhan et al. (Bhan et al. 2013) have designed the small inter-
fering sense (siSENSE) DNA oligonucleotide to knock-down the HOTAIR induced 
apoptosis of transfected MCF7 breast cancer cell line. Knock-down of HOTAIR by 
siRNA was performed also by Kim et al. (Kim et al. 2013) and revealed the inhibi-
tion of tumor growth in mouse xenograft model. SiRNA-mediated downregulation 
of lncRNA has proven successful also in case of PCA3, which is highly expressed 
in prostate cancer. In prostate cancer, however, several other lncRNA targets have 
shown potential for siRNA-mediated cancer inhibition. For example, PRNCR1 and 
PCGEM1 strongly enhanced proliferation in prostate cancer cells (Yang et al. 2013). 
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For metastatic prostate cancer, a novel biomarker or potential therapeutic agent 
lncRNA PCAT18 has been discovered recently (Crea et al. 2014). PCAT18 silenc-
ing through siRNA significantly inhibited pancreatic cell proliferation (Crea et al. 
2014). In HCC, siRNA/shRNA-mediated inhibition of lncRNAs H19 (Vernucci et al. 
2000), HULC (Panzitt et al. 2007), HEIH (Yang, Zhang, et al. 2011), and MVIH 
(Yuan et al. 2012) have as well resulted in reduced tumor growth, therefore these 
lncRNAs present potential therapeutic targets. Although, there are currently several 
RNAi-based therapies in clinical trials, further research in lncRNA-based therapy 
and further advances in development of safe and effective therapy application are 
needed. In spite of many challenges, such as rapid degradation, difficulties in siRNA 
delivery to target sites and unspecific target effects, 26 siRNAs have been already 
tested in more than 50 clinical trials, involving an extensive list of various diseases 
(Chery 2016). SiRNA-based therapeutics in clinical trials are presented in a recent 
review by Ozcan et al. (Ozcan et al. 2015).

12.3.2.2  Antisense Oligonucleotide (ASO)-Mediated Therapy
ASOs are short single stranded oligonucleotides (13–50 bp) that are able to spe-
cifically bind to target RNAs in the nucleus or cytoplasm (pre-mRNAs, mRNAs, 
ncRNAs etc.). ASOs induce cleavage of target transcripts and inhibit mRNA transla-
tion. Degradation of lncRNA transcripts includes binding of ASOs to target RNA 
and form a DNA-RNA heteroduplex that is recognized by RNase H that catalyzes 
heteroduplex cleavage. ASOs are more stable in comparison to siRNAs, highly 
soluble in water and their management in vivo is less complicated (Li and Chen 
2013, Chery 2016). Another advantage of ASOs over siRNAs is that they are single 
stranded and easier to manufacture. However, both dsRNAs and single-stranded 
molecules can induce innate immune response, with excessive cytokine release, 
an undesirable effect in siRNA or ASO-based drugs (Li and Chen 2013, Robbins, 
Judge, and MacLachlan 2009, Gantier et al. 2008). Their disadvantage is their lack of 
ability of crossing the blood-brain barrier. ASOs use various mechanisms of action, 
including inhibition of 5’-cap formation, splicing, steric blocking of translation, and 
recruitment of the enzyme RNase H. (Chery 2016, Fatima et al. 2015, Parasramka 
et al. 2016). Knock-down of MALAT1 by ASO has been demonstrated to inhibit the 
metastasis in lung cancer cells in a mouse xenograft model (Gutschner, Hammerle, 
and Diederichs 2013). To the best of our knowledge, there are currently three ASO 
drugs that have been approved by the Federal Drug Administration (Formivirsen 
[Vitravene], Mipomersen, and Macugen) and that have been used in clinical depart-
ments, however they do not influence lncRNA activity (Chery 2016).

12.3.2.3  Plasmid-Based Therapy
Plasmid-based therapy has been innovated recently by Mizrahi et al., 2009 (Mizrahi 
et al. 2009) who developed the targeted therapy for ovarian cancer mediated by 
a plasmid BC-819/DTAH19, which harbors the diphtheria toxin subunit A under 
the control of H19 promoter. The preliminary study showed the applicative role of 
regulatory sequences of the H19 gene for the development of DNA-based therapy 
for human ovarian cancer related ascites (Mizrahi et al. 2009). Inventors of this 
therapeutic approach have published a case report of a progressive ovarian cancer 
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and reported on currently conducting an extensive Phase I study in order to assess 
safety and efficacy on a larger number of patients (Mizrahi et al. 2010). This method 
has been explored in several cancers, including bladder cancer (Amit and Hochberg 
2010), however, to the best of our knowledge no further steps in clinical trials have 
been published to date.

12.3.2.4  Gene-Based Therapy
Observations that several lncRNAs become downregulated in certain tumor samples, 
in comparison to normal tissues, has raised a novel possibility of using lncRNAs to 
suppress tumor growth. The delivery of tumor suppressor RNAs could be a great 
potential and help in gene therapy. Although the mentioned approach of targeting 
ncRNAs brought promising results in cell lines, in vivo targeting still requires to 
overcome a series of challenges, including a point of concern that many lncRNAs are 
species-specific, therefore human-specific, and cannot be explored in knock-down 
animal models (Fatima et al. 2015).

12.3.2.5  Small Molecule Inhibitor-Based Therapy
Small molecule inhibitors (SMIs) mask the binding sites on lncRNAs or their various 
interacting molecules. Typical small molecules that are used to target RNA structure 
are for example tetracyclines. Inhibition through SMI of viral molecules in HIV and 
HCV has been also reported (Li and Chen 2013). It has been shown for example in 
glioblastoma xenograft model that HOTAIR interaction with PRC2 and LSD1 can 
be blocked with SMI of the PRC complex subunit zeste homolog 2 (EZH2) (Zhang 
et al. 2015). Researchers found that EZH2 inhibition elicited effects that were consis-
tent with those elicited by HOTAIR-targeted siRNA (Zhang et al. 2015). SMIs have 
several advantages over RNAi and ASO and siRNAs based methods: they are easier 
to administer, exhibit better cellular uptake, and are more target specific (Fatima 
et al. 2015).

Among the above-mentioned therapeutic options that inhibit desired RNA mole-
cule, there are also ribozymes, which are naturally produced molecules and degrade 
other RNA molecules and aptamers, short DNA or RNA molecules or peptides with 
stable three-dimensional structure that overcome RNA secondary structures as they 
rely on fitting shape of their ligands (Li and Chen 2013). LncRNA-targeted therapeu-
tic strategies are presented in Figure 12.4.

Despite the fact that many therapeutic approaches exist in the lncRNA research 
area, there are four major challenges that remain unresolved in using circulating 
lncRNAs as cancer biomarkers or therapeutic agents (reviewed by Qi et al.[Qi, Zhou, 
and Du 2016]): poorly explored complex biological pathways, accurate quantifica-
tion protocols, delivery and pharmacokinetics, and toxicity issues (Qi, Zhou, and 
Du 2016).
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12.4  CONCLUSIONS AND PERSPECTIVES

In this chapter we have outlined critical characteristics of lncRNAs, presented 
their functional roles in different cancers and described their significant poten-
tial roles in diagnostics and treatment of cancer. LncRNAs are numerous tissue-
specific molecules, dysregulated in different types of cancer and hold evident 
potential in cancer diagnostics and lncRNA-mediated therapy of cancer. In the 
past few years the evidence of lncRNA importance has just started to emerge, 
covering currently only the tip of the “knowledge iceberg.” Further studies are 
required to elucidate reliable lncRNA measurement methods, delivery systems, 
and to bypass off-target effects. Despite the fact that therapeutic options may be 
possible in more distant future, currently accomplished knowledge has answered 
a lot of key questions regarding potential roles of non-coding genome material in 
human disease. In the process of uncovering novel models of lncRNA regulation, 
ncRNAs will most probably assist or combat small RNAs and proteins in their 
clinical applications.

Aptamer
Small molecule

Cleavage
Cleavage

Cleavage

RISC

Rnase H

Rnase H

siRNA

lncRNA

3’
Antisense oligonucleotide

5’

Ribozyme  

FIGURE 12.4 Potential therapeutic mechanisms of targeting lncRNAs.
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13 miRNA Therapeutics 
to Target Multiple 
Molecular Pathways
Current Status, Challenges, 
and Future Prospects

Lihui Zhu and Guofeng Cheng

13.1  INTRODUCTION

miRNA, a key component of the small non-coding RNA family, can regulate the 
expression of target mRNA by binding to 3’-untranslated regions (UTRs) through 
imperfect and perfect base pairing; as such, they are involved in the regulation of 
multiple cellular functions. Since their first discovery in Caenorhabditis elegans in 
the early 1990s (Lee et al. 1993; Fire et al. 1998), miRNAs have been recognized 
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as key players in many biological processes. To date, changes in miRNA expres-
sion profiles have been noted during the progression of many diseases, particularly 
caner (Lee et al. 2016; Li and Sarkar 2016; Yonemori et al. 2017). In addition, func-
tional modulation of miRNAs in several animal disease models has indicated that 
miRNAs are involved in the pathophysiology of different diseases (Guo et al. 2010; 
van Rooij and Olson 2012). Although few miRNA-based therapeutics have entered 
human clinical trials, miRNA targeting in some animal models has provided impor-
tant proof-of-concept for the future development of novel clinical therapies (Li and 
Sarkar 2016; Yonemori et al. 2017).

The main advantage of miRNA-based therapeutics is that one miRNA can target 
multiple genes that are potentially involved in several pathways required for can-
cer initiation, promotion, and progression (Guo et al. 2010; van Rooij and Olson 
2012). This provides a biological rationale for the use of a small number of miRNAs 
to achieve broad silencing of pro-tumorigenic pathways. However, potential side 
effects and/or off-target effects should be overcome prior to the effective clinical 
use of miRNA-based therapies. miRNAs and small interfering RNAs (siRNAs) are 
two main small RNAs designed to affect any gene of interest. Both are short RNA 
duplexes that target mRNA to produce a gene-silencing effect, yet their mechanisms 
of action are distinct. siRNAs are derived by processing of long, double-stranded 
RNAs and are often of exogenous origin and degrade mRNAs; they should be fully 
complementary to their target sequences (Zeng et al. 2003). In contrast, miRNAs 
are endogenously encoded, small noncoding RNAs, derived by processing of short 
RNA hairpins, which can inhibit the translation of mRNAs with partially comple-
mentary target sequences; thus, a single miRNA therapy could simultaneously affect 
multiple genes (Zeng et al. 2003). As a result, the requirements for sequence design 
and therapeutic applications of siRNAs and miRNAs are different. However, for 
clinical development, the two types of small RNA molecules to some extent face 
similar obstacles including instability in vivo, delivery limitations, and off-target 
effects (Lam et al. 2015). In this chapter, we summarize the current understanding 
of the roles of miRNA in several diseases and their associated molecular pathways 
that could be targeted for therapeutic proposes. Subsequently, we review miRNAs 
as potential therapeutic targets for different diseases, specifically for cancer, and the 
associated challenges that remain.

13.2  ABERRANT DISEASE-ASSOCIATED MECHANISMS 
OF miRNA BIOGENESIS

miRNA biogenesis and target identification have been described elsewhere (for 
biogenesis and regulation see Cheng 2015, and for target identification see Bartel 
2009). Here, we briefly summarize these processes as follows. The miRNA biogen-
esis pathway is shown in Figure 13.1. miRNA genes are first derived from precur-
sor transcripts called primary miRNA (pri-miRNA) by RNA polymerase II. The 
pri-miRNA contains stem-loop structures ranging from hundreds to thousands of 
nucleotides in length and is further processed in the nucleus by DGCR8 and the 
ribonuclease Drosha into approximately 70–100 nt long hairpin structures, called 
precursor miRNA (pre-miRNA) (Han et al. 2004). Next, the exportin 5 exports 
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the pre-miRNA to the cytoplasm where it is further processed by Dicer, an RNase 
III-like enzyme, into a 19–25 nt double-stranded miRNA duplex. Then, the mature 
miRNA strand is subsequently incorporated into the RNA-induced silencing com-
plex (RISC), where it directly binds to a member of the AGO protein family. The 
other strand is referred to as miRNA* and is normally degraded. The RISC can 
recognize the target mRNA by binding of the seed sequence (position 2 to 8 from 
the 5’end) of the mature miRNA strand typically to the 3’-UTR of the mRNA, which 
is the canonical mechanism of miRNA-mediated gene regulation; however, some 
other “non-canonical” miRNA-mediated mechanisms of mRNA regulation also 

miRNA gene

Pri-miRNA

Pre-miRNA

DGCR8 DroshaAAAAAA

Nucleus

Cytoplasm

5’Cap

Exportin-5

Targeting
biogenisis

miRNA:miRNA* duplex

Dicer

Mature miRNA

miRNA mimic

Restore tumor suppressor miRNA

AAAA mRNA5’Cap

5’Cap
Gene specific miRNA-mRNA interference

AAAA mRNA

miR-MaskDNA

miRISC

Block oncogenic miRNA

AMO

miRNA sponge

mRNA destabilization
translational repression

FIGURE 13.1 Schematic diagram of miRNA biogenesis and therapeutic strategies. anti-
miRNA oligonucleotides (amo) interact with miRNA to inhibit binding of miRNA to target 
miRNA; miRNA sponges contain multiple binding sites for a specific miRNA, which in turn 
block the binding of this miRNA to its targets; miR-mask DNA is complementary to the bind-
ing site of a specific miRNA, thereby blocking access of the endogenous miRNA to its binding 
site, resulting in de-repression of the target gene; miRNA mimics are delivered by nanoparticles 
or liposomes to enhance the expression of tumor suppressor miRNAs; targeting of miRNA 
biogenesis components such Dicer and Drosha can be achieved to regulate miRNA maturation.
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exist where miRNA interacts with mRNA coding regions, intron-exon junctions, 
and 5’-UTRs (Orom et al. 2008; Tay et al. 2008). For example, miR-10a has been 
shown to bind to the 5’-UTR of a target gene and shown to activate rather than to 
inhibit gene expression (Orom et al. 2008). It has been reported that miR-328 binds 
to ribonucleoproteins in a seed sequence- and RISC-independent manner, and then 
interferes with the RNA decoy activity (Eiring et al. 2010). In addition, Calin and 
co-workers reported that miRNAs (miR-15 and miR-16) also regulate gene expres-
sion at the transcriptional level by binding directly to the DNA (Calin et al. 2002). 
Overall, these studies demonstrate the complexity and diversity of gene expression 
regulation by miRNAs, which need to be taken into consideration when developing 
miRNA-based therapies.

Aberrant expression of components involved in miRNA biogenesis is associated 
with certain diseases (Karube et al. 2005; Merritt et al. 2008). For example, decreased 
expression of Dicer and Drosha in epithelial ovarian cancers is associated with poor 
clinical outcome (Merritt et al. 2008) and diminished miRNA expression is associ-
ated with poor prognosis in lung cancer (Karube et al. 2005). Downregulation of 
Dicer, resulting in impaired miRNA processing, has also been shown to enhance 
tumor cell proliferation and invasion (Han et al. 2010); this was further confirmed 
by silencing Dicer, Drosha, and exportin-5 in bladder urothelial carcinoma T24 and 
5637 cells (Han et al. 2013). Similarly, Dicer overexpression has been reported to be 
associated with poor prognosis in prostate and esophageal carcinoma (Sugito et al. 
2006; Chiosea et al. 2006). In addition, deficiency in exportin-5 might limit miRNA 
production, as shown by Yi and colleagues (Yi et al. 2003). Moreover, the Ago pro-
tein family, which are critical for mRNA degradation via RISC, might also regu-
late upstream molecules of RNAi machinery, thereby inhibiting miRNA function 
(Diederichs et al. 2008).

Furthermore, the knock-down of mature oncogenic miRNAs by targeting of 
Dicer or Drosha or its cofactor DGCR8 has been shown to suppress tumor forma-
tion (Leucci et al. 2012; Geng et al. 2014). Additionally, systemic delivery of anti-
miR-9 increased Dicer and HuR expression and led to decreased tumor growth 
in a xenograft model of Hodgkin lymphoma (Leucci et al. 2012). Upregulation of 
Dicer was shown to suppress miR-103 induced colorectal cancer cell proliferation 
and migration in vitro and HCT-116 xenograft tumor growth in vivo (Geng et al. 
2014). Moreover, knock-down of Dicer inhibited endothelial cell tumor growth 
via miR-21a-3p targeting of Nox-4 (Gordillo et al. 2014) and downregulation of 
Drosha-inhibited cell proliferation, colony formation and migration in cervical 
cancer (Zhou et al. 2013). Furthermore, loss of ΔNp63 (an oncogenic member of 
the p53 family) resulted in decreased levels of its target, DGCR8, and inhibited 
the maturation of let-7d and miR-128 in cancer (Napoli et al. 2016). In contrast, 
aberrant expression of miRNA biogenesis components may also accelerate tumor 
formation (Dincbas-Renqvist et al. 2009; Han et al. 2010). Global repression of 
miRNA expression can be induced by inhibition of Dicer and Drosha, and this 
treatment promotes cellular transformation and tumorigenesis in vivo and in tumor 
cells (Dincbas-Renqvist et al. 2009; Han et al. 2010). The conditional loss of Dicer 
in mice lung tissues enhanced the development of lung tumors in a K-Ras mouse 
model (Dincbas-Renqvist et al. 2009).
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Aberrant expression of miRNA biogenesis components has also been observed 
in non-cancerous diseases such as wound healing (Bhattacharya et al. 2015), dia-
betes (Rahimi et al. 2015), and cardiovascular diseases (Li et al. 2015c; Hartmann 
et al. 2016). For example, increased expression of Drosha, Dicer, and DGCR8 were 
observed in pregnant and gestational diabetes mellitus patients (Rahimi et al. 2015). 
Dicer inhibition was shown to prevent HaCaT cell migration and affect wound clo-
sure, suggesting that it is a promising target to address impaired wound healing 
(Bhattacharya et al. 2015). In cardiovascular disease, Li and colleagues reported that 
miR-107 could improve angiogenesis through downregulation of Dicer-1, thereby 
upregulating endogenous VEGF 165 during hypoxia both in vivo and in vitro. This 
suggests that miR-107 could serve as a potential therapeutic target for stroke treat-
ment (Li et al. 2015c). In a recent study, downregulation of miR-103 was observed in 
Dicer-deficient endothelial cells. Notably, blocking the interaction between miR-103 
and its target Krüppel-like factor 4 (KLF4) in arteries reduced atherosclerosis and 
lesional macrophage formation, similar to the effects of Dicer deletion in endothe-
lial cells. This implies that selective inhibition of KLF4 by miR-103 with antisense 
oligonucleotides could represent a novel approach to treat atherosclerosis (Hartmann 
et al. 2016). Overall, these studies demonstrate that aberrant expression of compo-
nents involved in miRNA biogenesis contributes to the progression of certain dis-
eases, indicating a critical role for miRNAs in these disorders.

13.3  MOLECULAR PATHWAYS THAT COULD BE TARGETED 
BY miRNAS FOR THERAPEUTIC PURPOSES

A deep understanding of cancer biology, especially relating to molecular pathways 
of tumor metastasis, is a prerequisite for identifying novel and effective targets for 
therapeutic intervention. To regulate cell proliferation, miRNAs interact with a vari-
ety of key signaling axes such as the WNT, TGF-β, p53, and phosphoinositide-3 
kinase (PI3K)/serine/threonine kinase (AKT) pathways, among others (Han et al. 
2012; Chen et al. 2016c; Peng et al. 2017a). Hence, understanding the biological roles 
of miRNAs, as they pertain to key molecular pathways that are involved in cancer 
metastasis, might provide insight into the signaling mechanisms that are essential for 
cancer development, resulting in novel therapeutic strategies and agents for cancer 
treatment. Consequently, in Section 13.3, we summarize recent studies on miRNA-
associated pathways that could be targeted for cancer treatment.

13.3.1  targetiNg of the wNt/β-cateNiN sigNaLiNg pathway By mirNas

The WNT/β-catenin pathway is a highly regulated signaling pathway that controls 
numerous stages of animal development and tissue homeostasis (Clevers 2006). 
Activation of this pathway begins with WNT proteins binding to Frizzled (FZD) and 
lipoprotein receptor-related protein (LRP) receptor complex, which halts β-catenin 
degradation, resulting in accumulation and nuclear translocation of β-catenin (Patil et 
al. 2009). In the nucleus, β-catenin interacts with the T-cell factor/lymphoid enhancer 
factor (TCF/LEF) family to increase the expression of a range of downstream tar-
gets that include cyclin-D, c-Myc, and CD44 (Patil et al. 2009). Dysregulation of 
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components of the WNT/β-catenin pathway results in developmental disorders and 
diseases including, but not limited to, cancer (Mahmood et al. 2016). To date, various 
studies have demonstrated that miRNAs can activate or repress the WNT/β-catenin 
pathway, at multiple levels, by targeting WNT ligands/receptors and associated pro-
teins including β-catenin and the β-catenin interacting complex as well as other com-
ponents of this pathway (Figure 13.2). WNT activation increases expression of some 
miRNAs (such as miR-183, miR-96, and miR-182) or decreases expression of some 
other miRNAs (such as miR-34) through the interaction between β-catenin and TCF/
LEF, and subsequent binding to promoter regions thus activating transcription (Kim 
et al. 2011a; Leung et al. 2015).

It is well established that WNT activation originates from WNT proteins binding 
to the Frizzled/LRP5/6 receptor complex; thus, miRNAs that target components of 
the WNT ligand/receptor complex such as WNT, FZD, and LRP might repress the 
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FIGURE 13.2 Major miRNAs involved in the regulation of the wnt/β-catenin signaling 
pathway. miRNAs activate or repress wnt/β-catenin signaling at multiple levels by target-
ing wnt ligands/receptors or ligand/receptor associated proteins, including β-catenin, and 
the β-catenin interacting complex, and multiple wnt signaling pathway components. activat-
ing interactions are indicated with arrows, whereas inhibitory interactions are shown as red 
t-lines.



387miRNA Therapeutics to Target Multiple Molecular Pathways

WNT/β-catenin signaling pathway (Tang et al. 2013; Wen et al. 2015; Zhou et al. 
2015; Jiang et al. 2016b; Jiang et al. 2016c). For example, miR-200b and miR-22 have 
been reported to directly target WNT-1-encoding mRNA; in particular, a mutation 
in the miR-200b and miR-22 “seed region” binding sites was shown to differen-
tially regulate WNT/β-catenin signaling in gastric cancer. Upregulation of miR-22 
and miR-200b not only synergistically inhibited gastric cancer growth, but also 
enhanced the antitumor effect of diallyl disulfide both in vitro and in vivo (Tang et al. 
2013). Similarly, the WNT-1-encoding gene was also found to be the direct target of 
miR-122 and miR-148b in hepatocellular carcinoma; overexpression of these miR-
NAs inhibited WNT-1 expression, resulting in reduced expression of β-catenin and 
c-Myc and promotion of HCC cell growth (Zhang et al. 2015a; Ahsani et al. 2016). 
Other miRNAs such as miR-148a (Jiang et al. 2016c), miR-146a-5p (Du et al. 2015), 
and miR-152 (Dang et al. 2014) were also shown to target WNT ligand expression to 
inhibit the WNT/β-catenin signaling pathway. Another group of miRNAs (includ-
ing miR-744, miR-100, and miR-126) act as tumor suppressors by targeting FZD, 
glycogen synthase kinase 3β (GSK3β), and LRP (Wen et al. 2015; Zhou et al. 2015; 
Jiang et al. 2016b). Overexpression of miR-744 promoted WNT/β-catenin signaling 
by directly targeting negative modulators of this pathway, including secreted FZD1, 
GSK3β, and transducin-like enhancer of split 3 in pancreatic cancer cells (Zhou et al. 
2015). More recently, miR-100 was shown to inhibit the WNT/β-catenin pathway by 
targeting FZD8 expression, thereby suppressing the migration and invasion of breast 
cancer cells (Jiang et al. 2016b). In addition, miR-126 was shown to downregulate 
LRP6 to suppress papillary thyroid carcinoma cell proliferation (Wen et al. 2015).

β-catenin, the central component of the WNT/β-catenin signaling pathway, is 
involved in signal transduction by directly binding to TCF/LEF transcription factors 
and activating downstream gene expression to promote the epithelial-mesenchymal 
transition (EMT), cell proliferation, migration, and metastasis (Valenta et al. 2012). 
Several miRNAs have been found to suppress the WNT pathway by modulating 
β-catenin and the β-catenin-interacting complex, which is formed by Axin, the tumor 
suppressor adenomatous polyposis coli (APC), casein kinase 1 (CK1), and GSK3β. 
Members of the miR-200 family such as miR-200a/b/c, miR-141, and miR-429 were 
shown to downregulate β-catenin to inhibit cancer progression (Mongroo and Rustgi 
2010; Abedi et al. 2015; Wu et al. 2016). In gastrointestinal cancer, miR-200a was 
shown to target the E-cadherin repressor, zinc finger ebox binding homeobox (ZEB) 
(Cong et al. 2013). Additional studies have demonstrated that the miR-200 family 
can be suppressed by ZEB, since it forms a double-negative feedback loop with miR-
200 family (Bracken et al. 2008; Benlhabib et al. 2015). Exogenous injection of 
a miR-429 mimic dramatically inhibited the migratory ability of urothelial carci-
noma cells by reducing ZEB1 and β-catenin expression (Wu et al. 2016). Regarding 
the β-catenin interacting complex, enhanced miR-582-3p expression was reported 
to promote cancer stem cell traits in non-small cell lung carcinoma (NSCLC) cells 
in vitro and tumorigenesis and tumor recurrence in vivo by simultaneously targeting 
multiple negative regulators of the WNT/β-catenin pathway, namely dickkopf WNT 
signaling pathway inhibitor 3 (DKK3), secreted frizzled-related protein 1 (SFRP1), 
and Axin2 (Fang et al. 2015). Indeed, the GSK3β and SFRP2 genes were demon-
strated to be direct targets of miR-224, and knock-down of miR-224 was shown 
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to rescue the expression of GSK3β and SFRP2 and to attenuate WNT/β-catenin-
mediated cell metastasis and proliferation in vitro and in vivo (Li et al. 2016d). In 
human osteosarcoma, GSK3β was identified as a target of miR-26a, and overexpres-
sion of miR-26a induced osteosarcoma cell growth and metastasis, and inhibited 
GSK3β through direct binding to the 3’-UTR (Qu et al. 2016). Another group of 
miRNAs, including miR-27 (Park et al. 2014), miR-129-5p (Li et al. 2013a), and miR-
155 (Zhang et al. 2013b) was shown to target APC to regulate the WNT/β-catenin 
pathway.

In addition, miRNAs also modulate other transcriptional factors and co-activators/ 
co-repressors, other than those mentioned above, to affect WNT signaling. For 
example, miR-15a and miR-16-1 can target WNT3a, Bcl2, and cyclin-D1, result-
ing in marked inhibition of prostate tumor xenograft growth (Bonci et al. 2008). 
In another study, miR-320 was shown to suppress the stem cell-like characteristics 
of prostate cancer cells by downregulating WNT/β-catenin signaling (Hsieh et al. 
2013). Another study indicated that miR-183 can interact with DKK3, an inhibitor 
of the WNT signaling pathway, in prostate cancer (Ueno et al. 2013). Furthermore, 
miR-93 was reported to inhibit the WNT/β-catenin pathway and suppress colorectal 
cancer development by decreasing the expression of the β-catenin, Axin, c-Myc, and 
cyclin-D1. Additionally, the MAD-related protein Smad7, required for the nuclear 
accumulation of β-catenin, was identified as a target gene of miR-93 (Tang et al. 
2015). A recent study indicated that miR-340 can target c-Myc, CTNNB1 (encod-
ing β-catenin), and Rho/Rho-associated kinase 1 (ROCK 1). Restoration of miR-
340 expression in an invasive breast cancer cells suppressed the mRNA and protein 
expression of these targets and consequently inhibited tumor cell invasion and 
metastasis (Mohammadi-Yeganeh et al. 2016).

Furthermore, miRNA expressions can be modulated by the WNT signaling path-
way through the transcriptional activation of WNT pathway components. It has been 
reported that the miR-34 family links p53 activity to the WNT pathway through 
miR-34-specific interactions with the UTRs of multiple genes encoding components 
of the WNT pathway including WNT1/3, β-catenin, LRP6, Axin2, and LEF1, thereby 
inhibiting β-catenin-TCF/LEF-dependent transcriptional activity (Kim et al. 2011a; 
Liang et al. 2015; Zhu et al. 2015). In hepatocellular carcinoma, hepatitis C virus 
(HCV)-induced miR-155 expression inhibited hepatocyte apoptosis and promoted 
cell proliferation upon WNT/β-catenin pathway activation, forced expression of 
β-catenin, and negative regulation of miR-155 (Zhang et al. 2012). In a subsequent 
study using a luciferase reporter assay, TCF-4 was demonstrated to be the direct 
target of miR-139. Restoration of TCF-4 activity resulted in effects similar to those 
of miR-139 inhibition in hepatocellular carcinoma (HCC) cells, specifically with 
regard to enhanced tumor cell growth, migration/invasion, and apoptosis inhibition. 
Indeed, forced expression of miR-139 suppressed β-catenin/TCF-4 transcriptional 
activity by targeting TCF-4 (Gu et al. 2014). Recently, Wang and co-workers found 
that knock-down of miR-221 in 5-fluorouracil resistant esophageal cancer cells 
resulted in enhanced antitumor effects and downregulation of the WNT/β-catenin 
pathway, which was mediated by alterations in the expression of DKK2, the direct 
target of miR-221(Wang et al. 2016b). Additionally, the negative WNT regulator, 
SUFU is targeted by the oncogenic miR-194; this interaction was shown to promote 
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gastric cancer cell proliferation and migration by activating WNT/β-catenin signal-
ing (Peng et al. 2017b).

13.3.2  targetiNg of the tgf-β/smad sigNaLiNg pathway By mirNas

Transforming growth factor beta (TGF-β) acts as a tumor suppressor during can-
cer initiation but as a tumor promoter during tumor progression; as such, it plays 
a dual role in cancer during different stages of tumor progression and migration 
(Chen et al. 2016c). TGF-β binds to its receptors, the type I and type II recep-
tors (TGFRI and TGFRII) leading to the activation of both the Smad family of 
transcription factors and non-Smad signaling pathways (Heldin et al. 2009). miR-
NAs have been shown to target both downstream and upstream factors that are 
involved in TGF-β signaling pathway regulation (Figure 13.3). miR-29 family 
members such as miR-29a and miR-29b act as downstream inhibitors of TGF-β 
signaling and collagen production (Qin et al. 2011). In cultured fibroblasts and 
tubular epithelial cells, Smad3 mediates TGF-β1-induced downregulation of miR-
29 by binding to the promoter of miR-29. Overexpression of miR-29b was shown 
to inhibit TGF-β1-induced expression of collagen I and III in renal tubular cells 
(Qin et al. 2011). Furthermore, ultrasound-mediated gene delivery of miR-29b 
in vivo either before or after established obstructive nephropathy, was shown to 
block progressive renal fibrosis (Qin et al. 2011). In primary muscle cells, overex-
pression of miR-29 and miR-206 resulted in the translational repression of histone 
deacetylase 4 (HDAC4) in the presence or absence of TGF-β by targeting the 
3’-UTR of HDAC4 (Winbanks et al. 2011). In addition, miR-29a is a downstream 
target gene of Smad3 and is negatively modulated by TGF-β/Smad signaling; this 
has been confirmed by the demonstration of protection against bleomycin or TGF-
β1-induced inhibition of miR-29a and fibrosis in Smad3-null mice (Xiao et al. 
2012). Recently, TGF-β2 was defined as a novel target of miR-29b. cAMP stimu-
lation enhances, but hypoxia inhibits, the expression of miR-29 in cultured human 
fetal lung epithelial cells, whereas TGF-β2 expression is coordinately decreased 
(Guo et al. 2016). Systemic delivery of scAAV8-encoded miR-29a was shown to 
alleviate fibrosis despite continued exposure to carbon tetrachloride when admin-
istered before or after the onset of liver injury. Interestingly, a single injection of 
2 × 1011 scAAV8-encoded miR-29a was sufficient to normalize hepatic miR-29a 
expression for more than four weeks but for less than eight weeks, suggesting 
that AAV-miR-29 represents a potential therapy for a variety of fibro-proliferative 
disorders (Knabel et al. 2015).

Members of the miR-200 family have also been shown to target TGF-β2. Studies 
indicate that during the differentiation of alveolar epithelial type II cell, upregulation 
of miR-200 is inversely correlated with the expression of its targets including ZEB 
and TGF-β2. Loss of miR-200 inhibits the expression of thyroid transcription factor-1 
(TTF-1) and surfactant proteins and upregulates TGF-β2 and ZEB1 expression, and 
this effect is reversed by cAMP in type II cells. In addition, overexpression of ZEB1 
was shown to suppress TTF-1 and inhibit miR-200 expression, providing evidence 
of a double-negative feedback loop (miR-200 family and ZEB1) that is regulated by 
TGF-β (Benlhabib et al. 2015). Subsequently, both miR-200b and miR-200c were 



390 Molecular Medicines for Cancer

m
iR

-2
9a

m
iR

-2
9b

m
iR

-2
00

m
iR

-9
2a

m
iR

-2
23

m
iR

-2
9c

TG
Fβ

TG
Fβ

2

TGFBR2

TGFBR1

TG
Fβ

1

In
te

gr
in

m
iR

-6
63

FO
G

2

PI
3K

m
iR

-2
00

fa
m

ily
m

iR
-2

9a

Sm
ad

2/
3

m
iR

-2
1

Sm
ad

7

Sm
ad

4 m
iR

-5
64

Sm
ad

4

Sm
ad

2/
3

Sm
ad

2/
3

Sm
ad

2/
3

Sm
ad

4

Sm
ad

2/
3

C
ol

la
ge

n

m
iR

-2
9b

Fi
br

os
is

TG
Fβ

 re
ce

pt
or

s

PI
3K

/A
K

T
 p

at
hw

ay
EM

T

C
yt

op
la

sm

N
uc

le
us

C
ol

la
ge

n 
ge

ne
 tr

an
sc

rip
tio

n

C
ol

la
ge

n 
m

RN
A

m
iR

-5
90

m
iR

-1
9a

m
iR

-1
7

m
iR

-2
9a

m
iR

-2
9b

ZE
B

A
ct

iv
ita

to
r/

re
pr

es
so

r

FI
G

U
R

E 
13

.3
 

M
aj

or
 m

iR
N

A
s 

in
vo

lv
ed

 in
 th

e 
re

gu
la

ti
on

 o
f b

y 
th

e 
tg

f-
β/

sm
ad

 s
ig

na
li

ng
 p

at
hw

ay
. m

iR
N

A
s 

ca
n 

ta
rg

et
 fa

ct
or

s 
th

at
 a

ct
 b

ot
h 

do
w

ns
tr

ea
m

 
an

d 
up

st
re

am
 f

ac
to

rs
 o

f 
T

G
F

-β
 a

nd
 a

re
 i

nv
ol

ve
d 

in
 t

hi
s 

pa
th

w
ay

. 
so

m
e 

m
iR

N
A

s 
ca

n 
di

re
ct

ly
 t

ar
ge

t 
T

G
F

-β
 m

iR
-2

9a
/b

 a
nd

 m
iR

-6
63

 o
r 

do
w

ns
tr

ea
m

 
si

gn
al

in
g 

m
ol

ec
ul

es
 o

f 
T

G
F

-β
1,

 n
am

el
y 

sm
ad

s 
(e

.g
., 

m
iR

-2
1,

 m
iR

-5
64

, m
iR

-5
90

, m
iR

-1
9a

, a
nd

 m
iR

-1
7)

, t
o 

re
gu

la
te

 T
G

F
-β

 s
ig

na
li

ng
. m

iR
N

A
s 

su
ch

 a
s 

m
iR

-9
2a

, m
iR

-2
23

, a
nd

 m
iR

-2
9c

 a
re

 in
vo

lv
ed

 in
 th

is
 s

ig
na

li
ng

 p
at

hw
ay

 b
y 

ta
rg

et
in

g 
in

te
gr

in
s,

 th
e 

m
ai

n 
ac

tiv
at

or
s 

of
 T

G
F

-β
. a

ct
iv

at
in

g 
in

te
ra

ct
io

ns
 a

re
 

in
di

ca
te

d 
w

it
h 

ar
ro

w
s,

 w
he

re
as

 in
hi

bi
to

ry
 in

te
ra

ct
io

ns
 a

re
 s

ho
w

n 
as

 r
ed

 t-
li

ne
s.



391miRNA Therapeutics to Target Multiple Molecular Pathways

shown to target FOG2, an inhibitor of phosphatidylinositol 3-kinase activation, to 
modulate TGF-β induced Akt activation in glomerular mesangial cells. Suppression 
of miR-200b/c was shown to attenuate the TGF-β-induced decrease in FOG2 expres-
sion and to abrogate the TGF-β-induced increase in protein content per cell (Park 
et al. 2013). Other targets of miR-200c include Crtap, Fhod1, Smad2, Map3k1, Tob1, 
14-3-3γ, 14-3-3β, Smad5, Zfp36, Xbp1, Mapk12, and Snail1, Crtap, Fhod1, Smad2, 
Map3k1, Tob1, 14-3-3γ, 14-3-3β, Smad5, Zfp36, Xbp1, Mapk12, and Snail1 which 
have been experimentally validated by Perdigão-Henriques and colleagues. Among 
these factors, Smad2 and Smad5 form a complex with ZEB2, whereas 14-3-3β and 
14-3-3γ form a complex with Snail1. Furthermore, knock-down of each of the three 
novel miR-200 target genes (Smad5, Ywhag and Crtap) results in suppression of cell 
invasion (Perdigão-Henriques et al. 2016). More recently, the long noncoding RNA, 
metastasis associated lung adenocarcinoma transcript 1 (MALAT1), was identified 
as a novel target of miR-200c; TGF-β increases MALAT1 expression by inhibit-
ing miR-200c. In addition, targeting of the miR-200c/MALAT1 axis was shown 
to inhibit endometrioid endometrial carcinoma growth and EMT-associated protein 
expression in a xenograft tumor model and in vitro. Thus, these results indicate that 
the miR-200c/MALAT1 axis is a potential target for endometrioid endometrial car-
cinoma therapy (Li et al. 2016c).

In addition, some miRNAs have been reported to directly target TGF-β1 or down-
stream signaling molecules, such as Smads. For example, TGF-β1 was identified as 
a direct target of miR-663 in glioblastoma; overexpression of TGF-β1 reversed the 
inhibitory effects of miR-663, promoting proliferation, migration, and invasion in 
glioblastoma cells (Li et al. 2016b). Wang and co-workers reported that overexpres-
sion of miR-21 enhanced TGF-β1-induced EMT by directly downregulating Smad7 
(an inhibitory Smad that acts downstream of TGF-β1) and indirectly upregulating 
Smad3/p-Smad3, which aggravated renal damage during diabetic nephropathy (Wang 
et al. 2014a). Furthermore, miR-564, a novel tumor-suppressive miRNA, was found to 
be downregulated in human glioblastoma tissues and cell lines. TGF-β1 was defined 
as a direct and functional target of miR-564 and was shown to enhance expression of 
miR-564 and decrease the expression of p-Smad and Smad4, which act downstream 
of TGF-β. In contrast, upregulation of miR-564 suppressed TGF-β-mediated prolifer-
ation and migration in human U-87 glioblastoma cells, suggesting that miR-564 could 
serve as a novel therapeutic target for treatment of glioblastoma (Jiang et al. 2016a).

miRNAs also target integrins, which are the main activators of TGF-β. For 
example, miR-92 targets integrin-β5, a key upstream regulator of TGF-β activation, 
which leads to inhibition of cancer cell adhesion, invasion, and proliferation. Forced 
expression of miR-92a in HeyA-8 cells suppressed peritoneal dissemination in vivo 
in ovarian cancer xenograft (Ohyagi-Hara et al. 2013). Overexpression of miR-29c in 
lung cancer cells led to significant downregulation of matrix metalloproteinase 2 and 
integrin β1 (Wang et al. 2013a). Additionally, integrin β1 was also defined as a direct 
target of miR-29c in gastric cancer cells (Han et al. 2015). Moreover, integrin β1 
was identified as a target of miR-223, and overexpression of miR-223 recapitulated 
defects in growth factor receptor phosphorylation and AKT signaling via down-
regulation of integrin β1. Interestingly, reintroduction of integrin β1 into miR-223- 
ovexpressing cells was shown to rescue growth factor signaling and angiogenesis 
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(Shi et al. 2013). In a recent study, miR-223 was reported to directly interact with 
both negative (FBXW7 and Acvr2a) and positive (IGF-1R and integrin-β1) regula-
tors of AKT signaling in miR-223-transgenic hearts (a transgenic mouse model of 
cardiac-specific miR-223 overexpression), and eventually promoted a net increase 
in the activation of AKT, a key regulator of physiological cardiac hypertrophy. This 
study suggested that the ultimate phenotypic outcome of miRNA treatment might be 
decided by secondary net effects of the whole target network rather than effects on 
several primary direct targets in an organ or tissue (Yang et al. 2016).

13.3.3  targetiNg of pi3k/akt pathway By mirNas

miRNAs are also known to regulate tumor metastasis by targeting multiple key 
components of the PI3K/AKT pathway in cancers (Figure 13.4). Phosphatase and 
tension homolog (PTEN) is a phosphatase that negatively regulates the PI3K path-
way. This protein is involved in tumor angiogenesis, which is mediated mainly 
through its effects on the PI3K pathway (Li et al. 1997). In colon cancer, PTEN 
was confirmed to be a target of the miR-17-92 cluster, which is responsible for 
chemotherapeutic drug resistance and metastasis (Fang et al. 2014). miR-92a was 
also shown to regulate PTEN expression and induce EMT in colorectal cancer 
cells (Zhang et al. 2014b). Additionally, PTEN is a functional downstream target 
of miR-32, which functions by directly targeting the 3’-UTR of PTEN in colorectal 
carcinoma cells (Wu et al. 2013). In liver cancer, PTEN was shown to be a direct 
target of miR-21 in HCC cells. Loss of miR-21 increased the expression of PTEN 
and decreased HCC proliferation, migration, and invasion, whereas upregulation 
of miR-21 inhibited PTEN expression and leads to activation of AKT and extra-
cellular signal-regulated kinase pathways (Liu et al. 2011). Moreover, miR-21 and 
miR-155 are also overexpressed in NSCLC, which promotes the development of 
the disease, in part by downregulating suppressor of cytokine signaling 1(SOCS1), 
SOCS6, and PTEN. More importantly, it was shown that combined inhibition of 
miR-21 and miR-155 was more effective against NSCLC than treatment with a 
single inhibitor (Xue et al. 2016). miR-221 and miR-222 can also enhance cel-
lular migration and tumorigenicity in breast, gastric, lung, and liver cancer cells 
by modulating PTEN expression. This occurs through binding to the 3’-UTR of 
PTEN mRNA (Garofalo et al. 2009; Chun-Zhi et al. 2010; Li et al. 2016a). In 
a recent study, Zhang and co-workers demonstrated the delivery of chemically 
modified anti-miR-221 to transferrin receptor-overexpressing HepG2 cells using 
negatively charged liposomes. This led to a 15-fold increase in delivery efficiency 
compared to that with non-targeting liposome in HepG2 cells. This was also 
accompanied by the upregulation of miR-221 target genes including PTEN, P27, 
and TIMP metallopeptidase inhibitor 3 (TIMP3) (Zhang et al. 2015b). In addition, 
miR-29a increases HepG2 cell migration by targeting PTEN (Kong et al. 2011). 
Loss of miR-148 was reported to suppress cell proliferation, cell migration, and 
anchorage independent growth in soft agar and subcutaneous tumor formation in 
SCID mice through increased PTEN protein and mRNA expression (Yuan et al. 
2012). In addition, miR-144 interacts with PTEN mRNA and downregulates its 
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expression to promote cell proliferation, migration and invasion in nasopharyngeal 
carcinoma cells (Zhang et al. 2013a).

Additionally, miRNAs have also been shown to regulate PI3K/AKT pathway by 
targeting PTEN. For example, repression of PTEN by miR-144 leads to increased 
p-AKT activity (Zhang et al. 2013a). Indeed, AKT is a direct target of several 
 miRNAs such as miR-143, miR-99a, and miR-185. Upregulation of miR-143 was 
also shown to impair insulin-stimulated AKT activation and glucose homeostasis 
(Jordan et al. 2011) and enforced expression of miR-185 or miR-99a exhibited antitu-
mor effects in NSCLC (Li et al. 2015b; Yu et al. 2015b).

Phosphorylated AKT activates a multitude of downstream targets, including the 
mammalian target of rapamycin (mTOR), BCL2-associated agonist of cell death, 
Caspase9, Forkhead box O3 proteins, Tuberous sclerosis 1 (TSC1), Mouse double 
minute 2 (MDM2), and GSK3β (Danielsen et al. 2015). Among these targets, mTOR 
is a critical regulator of cell growth, proliferation, migration, invasion, and func-
tions through two complexes, mTORC1 and mTORC2 (Alqurashi et al. 2013). Some 
miRNAs regulate mTOR in tumor cells, including miR-99a (Cui et al. 2012), miR-7 
(Wang et al. 2013c), miR-100 (Xu et al. 2013), and miR-101 (Riquelme et al. 2016). 
In human renal cell carcinoma, restoration of miR-99a levels was shown to greatly 
attenuate tumor cell growth in vitro and in vivo by directly targeting the 3’-UTR of 
mTOR (Cui et al. 2012). Subsequently, inhibition of miR-7 was reported to activate 
mTOR signaling and promote adult β-cell proliferation in both mouse and human 
primary islets, implicating miR-7 as a potential therapeutic for diabetes (Wang 
et  al.  2013c). Knock-down of mTOR was shown to enhance the antitumor effect 
of miR-100 in bladder cancer (Xu et al. 2013). Furthermore, exogenous expression 
of miR-101-2, miR-125b-2, and miR-451a inhibits the PI3K/AKT/mTOR pathway 
in gastric cancer through repression of their putative targets mTOR, PIK3CB, and 
TSC1, respectively (Riquelme et al. 2016).

miRNAs also target phosphoinositide-3 kinase (PI3K) in cancers. For example, 
miR-126 binds to the 3’-UTR of phosphatidylinositol-3-kinase regulatory subunit 
beta (p85β, also called as PI3Kβ), which is involved in the stabilization and propaga-
tion of PI3K signaling in colon cancers (Guo et al. 2008). PI3KR2 (PI3K regulatory 
subunit 2), a negative regulator of angiogenesis that acts through vascular endothelial 
growth factor (VEGF) pathway inhibition, can be targeted by miR-126 in breast 
cancer (Zhu et al. 2011). It was shown that overexpression of miR-126 suppresses, 
whereas inhibition of miR-126 promotes, SGC-7901 cell proliferation by balancing 
the expression of its target genes, specifically PI3KR2, polo like kinase 2 (PLK2), and 
Crk (Zhu et al. 2011). In liver cancer, PIK3CA is a target of miR-124, demonstrated 
by the data that increased levels of miR-124 markedly suppressed cell proliferation 
by inducing G1-phase cell-cycle arrest and by downregulating PIK3CA in vitro and 
in xenograft animals (Lang and Ling 2012). In vivo and in vitro evidence supports 
that overexpression of miR-375 results in inhibition of tumor growth and the PI3K/
AKT signaling pathway via direct binding to the 3’-UTR of PIK3CA in colorectal 
cancer (Wang et al. 2014b). Recently, miR-490-5p was confirmed to directly bind 
the 3’-UTR of PIK3CA mRNA and reduce the expression of PIK3CA. Knock-
down of PIK3CA blocked whereas overexpression of PIK3CA reversed the inhibi-
tory effect of miR-490-5p on renal cancer cell tumorigenicity (Chen et al. 2016a). 
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Furthermore, overexpression of miR-376a inhibits proliferation and induces apopto-
sis in vitro and in vivo by suppressing p85α (PIK3R1) (Zheng et al. 2012). In addi-
tion, a recent study in hepatocellular carcinoma suggested that PI3KR1 is a direct 
target of miR-486-5p (Huang et al. 2015).

The role of the PI3K/AKT signaling in cancer metastasis has been deeply inves-
tigated in recent years, and several drugs targeting this pathway are under develop-
ment (Danielsen et al. 2015). The miRNA targets discussed above, such as PIK3CA, 
PTEN, and AKT, are already considered attractive pharmacological targets, and this 
has been summarized by Danielsen et al. (2015). However, the development of sec-
ondary resistance, unanticipated feedback effects, and pathway cross-talk has com-
plicated the efforts to design therapeutically effective compounds (Yu and Grady 
2012). Because these targets can be regulated by miRNAs, miRNA-based therapies 
might be a good option for cancer treatment. Despite great advances in the under-
standing of cancer biopathology, miRNA-mediated regulation of multiple signal-
ing pathways involved in cancer metastasis remains largely uncharacterized. Much 
work is required to decipher the functions of miRNAs with regard to these signaling 
molecules in cancers, in addition to delineating the cross-talk between miRNAs and 
other signaling networks implicated in cancer development.

13.3.4  targetiNg of p53 pathway By mirNas

As a transcription factor, the tumor suppressor p53 is the most frequently altered 
gene in human cancers. It acts as a multifunctional transcription factor that con-
trols DNA replication and repair and cell cycle progression in addition to playing 
important roles in tumor suppression, mostly through its downstream target genes 
(Liao et al. 2014). On the one hand, p53 regulates the transcriptional expression and 
the biogenesis of its downstream miRNAs, which makes these miRNAs function as 
effectors in cell cycle progression, proliferation, apoptosis, and EMT. These regula-
tory mechanisms contribute to the tumor suppressive function of p53 (Tarasov et al. 
2007; Suzuki et al. 2009). On the other hand, miRNAs can function as mediators to 
modulate p53 expression and activity through direct targeting of its 3’-UTR or indi-
rectly by inhibiting p53-modulator proteins (Pollutri et al. 2016). Thus, p53 might 
regulate miRNA transcription and processing, and miRNAs can conversely regulate 
p53 activity and expression (Table 13.1).

13.3.4.1  miRNAs as Effectors of the p53 Pathway
p53 can directly bind to the promoters of miRNA-encoding genes and control tran-
scription. For example, miR-34a/b/c, which belongs to the highly conserved miR-34 
family, was first defined as a direct transcriptional target of p53 (Tarasov et al. 2007). 
The promoters of each of these miRNA transcription units harbor functional p53 
binding sites (Tarasov et al. 2007). Inhibition of miR-34 family members signifi-
cantly reduces p53-dependent apoptosis in cell lines, whereas enhanced expression 
of these miRNAs induces cell-cycle arrest, apoptosis, or cellular senescence by sup-
pressing the expression of various cell cycle-related genes including cyclin-D, E2F 
transcription factors (E2Fs), and c-Myc, thereby promoting tumorigenesis (Bommer 
et al. 2007; Chang et al. 2007; Tazawa et al. 2007). Restoration of miR-34 levels can 
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TABLE 13.1
List of Selected miRNAs Related to p53 Pathway

miRNAs Expression
miRNA/p53 
Relationship Targets miRNA Functions

miR-16 ↓ Effector Wee1, Chk1 Tumor suppressor miRNA 
inducing cell cycle arrest, 
apoptosis (Lezina et al. 2013)

miR-26a ↓ Effector Wee1, Chk1, 
cyclin D2, 
cyclin E2

Tumor suppressor miRNA 
inducing cell cycle arrest, 
apoptosis (Zhou et al. 2016)

miR-630 ↓ Effector CDC7 Tumor suppressor miRNA 
inducing cell cycle arrest, 
apoptosis (Cao et al. 2014)

miR-490-3p ↓ Effector CDK1 Tumor suppressor miRNA 
inducing cell cycle arrest, 
apoptosis (Chen et al. 2015)

miR-23b ↓ Effector cyclin G1 Tumor suppressor miRNA 
inducing cell cycle arrest, 
apoptosis (Yan et al. 2016)

miR-34a ↓ Effector cyclin-D, E2F, 
c-Myc, Bcl2, 

MDM4, 
NR4A2

Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Bommer et al. 2007; 
Chang et al. 2007; Tazawa et al. 
2007; Okada et al. 2014; Beard 
et al. 2016)

miR-24 ↑ Regulator p53 Oncogenic miRNA increasing cell 
proliferation and tumor growth 
(Chen et al. 2016b)

miR-125b ↑ Regulator p53 Oncogenic miRNA increasing cell 
proliferation and tumor growth 
(Le et al. 2009)

miR-33 ↑ Regulator p53 Oncogenic miRNA increasing cell 
proliferation and tumor growth 
(Herrera-Merchan et al. 2010)

miR-504 ↑ Regulator p53 Oncogenic miRNA increasing cell 
proliferation and tumor growth 
(Hu et al. 2010)

miR-18b ↑ Regulator MDM2 Oncogenic miRNA increasing cell 
proliferation and tumor growth 
(Dar et al. 2013)

miR-339-5p ↓ Regulator MDM2 Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Zhang et al. 2014a)

miR-660 ↓ Regulator MDM2 Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Fortunato et al. 2014)

(Continued)
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promote apoptosis in response to p53 activation through inhibition of the expression 
of anti-apoptotic proteins such as Bcl2, which prevents tumorigenesis (Ji et al. 2008). 
However, miR-34 deletion alone does not result in p53 dependent cell cycle arrest, 
apoptosis, or p53-dependent spontaneous tumorigenesis in mice. This is possibly 
because redundant pathways downstream of p53 compensate for miR-34 loss in vivo 
(Concepcion et al. 2012). A positive feedback loop between p53 and miR-34a dur-
ing tumor suppression was demonstrated by Okada and co-workers in Kras-induced 
lung adenocarcinoma in mice. Here, the authors found that p53-miR-34a positive 
feedback was at least in part due to miR-34a-mediated repression of MDM4 (a nega-
tive p53 regulator). When this feedback loop was disrupted, oncogenic consequences 
were observed in vivo (Okada et al. 2014). More recently, an orphan nuclear receptor, 
nuclear receptor subfamily 4 group A member 2 (NR4A2), which is overexpressed in 
cancer and promotes cell proliferation, migration, and chemoresistance, was defined 
as the direct target of miR-34a and was shown to play a crucial role in the p53-
miR-34 network. In this study, the authors found that exogenous miR-34 or activa-
tion of the p53 pathway decreased NR4A2 expression, whereas overexpression of 
NR4A2 blocked the induction of p53 target genes, including miR-34a, providing new 
evidence for cancer-related miRNA regulation of NR4A2 and a possible feedback 
mechanism involving p53, miR-34, and NR4A2 (Beard et al. 2016). Because miR-
34 has been considered for clinical therapeutics, restoring miR-34a expression by 
epigenetic therapy or through delivery of miR-34a mimics is a promising therapeutic 
strategy to treat human cancer.

In addition to the miR-34 family, other tumor suppressor miRNAs can also act as 
p53 effectors; these include miR-16 (Lezina et al. 2013), miR-26a (Zhou et al. 2016), 
miR-630 (Cao et al. 2014), miR-490-3p (Chen et al. 2015), and miR-23b (Yan et al. 2016). 
Most of these miRNAs function by targeting several G1/S and G2 checkpoint pro-
teins, including cyclin dependent kinase 1 (CDK1), CDC7, checkpoint kinase 1 (Chk1), 

TABLE 13.1 (CONTINUED)
List of Selected miRNAs Related to p53 Pathway

miRNAs Expression
miRNA/p53 
Relationship Targets miRNA Functions

miR-340 ↓ Regulator MDM2 Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Huang et al. 2016)

miR-1827 ↓ Regulator MDM2 Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Zhang et al. 2016a)

miR-17-
5p/20a

↓ Regulator p21,TP53INP1 Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Wang et al. 2013b)

miR-214 ↓ Regulator COP1 Tumor suppressor miRNA 
decreasing tumor invasion and 
metastasis (Heishima et al. 2015)
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cyclin G1, and cyclin E2 in response to p53 activation. For example, miR-16 and miR-
26a were reported to target the G1/S checkpoint kinases Wee1 and Chk1 in response 
to p53 activation by genotoxic stress (Lezina et al. 2013). Indeed, miR-26a regulates 
mouse hepatocyte proliferation by directly targeting the 3’-UTR of cyclin D2/cyclin 
E2 (Zhou et al. 2016). Similarly, in lung cancer, miR-630 was reported to inhibit 
proliferation by targeting CDC7 (Cao et al. 2014). Overexpression of miR-490-3p 
promotes G1/S or G2/M arrest and apoptosis by directly targeting CDK1; this is 
accompanied by reduced Bcl-xL and cyclin D1 mRNA and protein expression, which 
was shown to inhibit ovarian epithelial carcinoma tumorigenesis and progression 
(Chen et al. 2015). More recently, cyclin G1, the key component of p53-dependent 
G1-S and G2 checkpoints, was defined as the direct target of miR-23b. Upregulation 
of miR-23b significantly decreases the expression of cyclin G1, urokinase, survivin, 
Bcl-xL, and matrix metallopeptidase-9 (Yan et al. 2016). Furthermore, miR-23b was 
shown to inhibit tumor growth and to suppress cyclin G1 expression in vitro, sug-
gesting that miR-23b is a potentially novel target for regulating ovarian carcinoma 
progression (Yan et al. 2016).

In addition, p53 can regulate the maturation of miRNAs by modulating RISC 
complex function (Suzuki et al. 2009). The first evidence of the direct involvement of 
p53 in miRNA biogenesis was described by Suzuki and colleagues in 2009 (Suzuki 
et al. 2009). They found that the pri-miRNA processing activity of Drosha for pri-
miR-16-1, miR-143, and miR-145 increased in a p53-dependent manner under DNA 
damage-inducing conditions in the HCT116 colon carcinoma cell line. During this 
process, p53 interacts with the Drosha complex through an association with the 
DEAD-box RNA helicase p68 to facilitate the processing of primary miRNAs to 
precursor miRNAs. Moreover, the authors demonstrated that overexpression of three 
tumor-derived transcriptionally inactive p53 mutants in the DNA binding domain 
(R273H, R175H, C135Y) in the p53-null HCT116 cell line decreased the precur-
sor and mature miRNA levels (miR-16-1, miR-143 and miR-206) and decreased the 
interaction between Drosha and p68 (Suzuki et al. 2009). These data suggest that 
transcription-independent regulation of miRNA biogenesis is embedded in an anti-
oncogenic program governed by p53. Recently, Garibaldi and colleagues discovered 
a novel mechanism underlying the mutant p53-dependent modulation of miRNA 
processing. They found that endogenous mutant p53 proteins (R273H and R175H) 
directly bind and sequester RNA helicases p72/82 through their N-terminal domains, 
interfering with Drosha-pri-miRNA association and inhibiting the biogenesis of 
a subset of miRNAs that is positively regulated by p72 in cancer cells (Garibaldi 
et al. 2016). It was also reported that loss of miRNAs biogenesis resulted in increased 
DNA damage and p53 activity, revealing a reciprocal connection between p53 and 
miRNA pathways (Mudhasani et al. 2008).

13.3.4.2  miRNAs as Mediators of the p53 Pathway
A subset of miRNAs, including miR-24 (Chen et al. 2016b), miR-125b (Le et al. 
2009), miR-33 (Herrera-Merchan et al. 2010), and miR-504 (Hu et al. 2010), has been 
shown to modulate the activity of p53 through direct targeting of p53 (Table 13.1), 
whereas some other miRNAs target regulators of p53, such as MDM2 (Zhang et al. 
2016a), MDM4 (Hoffman et al. 2014), and COP1 (Heishima et al. 2015), to indirectly 
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regulate the activity and function of p53. This highlights the pivotal role of miRNAs 
in the p53 network and cancer. For example, miR-125a/b acts as negative regulators 
of p53, transcriptionally repressing p53 mRNA (Le et al. 2009). Similarly, miR-504 
decreases p53 expression and inhibits p53-mediated apoptosis and cell cycle arrest in 
response to stress, which strongly highlights the contribution of miR-504 to tumori-
genesis (Hu et al. 2010). miR-33 was also shown to downregulate p53 by binding to 
two conserved motifs in the 3’-UTR of p53 to control hematopoietic stem cell self-
renewal (Herrera-Merchan et al. 2010). More recently, Chen and co-workers found 
that miR-24 can function as an oncogene to promote cell invasion in hepatocellular 
carcinoma by downregulation of p53, suggesting that miR-24 might be a potential 
therapeutic target for treatment of HCC (Chen et al. 2016b).

The E3 ubiquitin ligase MDM2 is the most important negative regulator of p53, 
and it binds directly to mediate ubiquitination-dependent degradation of p53. MDM4 
shares structural homology with MDM2 and represses p53 transcriptional activity 
by directly binding to the trans-activation domain or by promoting MDM2-mediated 
degradation (Wade et al. 2013). Recent studies indicated that miRNAs can regulate 
the p53 pathway by targeting MDM2 and MDM4. For example, miR-18b (Dar et al. 
2013), miR-339-5p (Zhang et al. 2014a), miR-660 (Fortunato et al. 2014), miR-340 
(Huang et al. 2016), and miR-1827 (Zhang et al. 2016a) target MDM2 to increase 
p53 levels and function, thereby suppressing tumorigenesis. Similarly, miR-34a 
also decreases p53 protein levels through seed-matching sequences in the 3’-UTR 
of MDM4 (Okada et al. 2014). Indeed, miR-34a is a direct target of p53 and there-
fore forms a positive feedback loop with p53. Furthermore, miR-17-5p/20a indirectly 
downregulates MDM2 by targeting p21 and tumor protein p53-induced nuclear 
protein 1, promoting gastric cancer cell proliferation (Wang et al. 2013b). In addi-
tion, the COP1 E3 ubiquitin ligase, a negative regulator of p53, was shown to be a 
direct target of miR-214, and it functions as a tumor suppressor in many cancers. 
Restoration of miR-214 expression was shown to reduce cell growth and to induce 
apoptosis in canine hemangiosarcoma cells (Heishima et al. 2015).

It is necessary to also point out that p53-regulated miRNAs regulate not only the 
p53 pathway, but also other pathways such as the Notch (Hsu et al. 2016), TGF-β/
Smad (Li et al. 2016e), PI3K/AKT (Jiang et al. 2014), and Wnt/β-catenin signaling 
pathways (Kim et al. 2011a). Therefore, the cross-talk between miRNAs and the p53 
network requires further investigation to expand our understanding of the roles of 
p53 in tumor suppression and to promote the utilization of miRNAs in diagnostic 
and therapeutic strategies for cancers.

13.4  CURRENT STRATEGIES FOR miRNA-BASED 
THERAPIES IN SEVERAL DISEASES

One advantage of miRNA-based therapies over targeting of a single oncogene is the 
ability of a single miRNA to target many genes and signaling pathways at the same 
time. Therefore, targeting by a single miRNA could lead to dramatic results due to 
the ability to affect numerous biological processes. Importantly, individual miRNAs, 
combinations of miRNAs, and even artificial miRNAs can be designed specifically 
to target entire biological pathways, making them good candidates for therapeutic 
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intervention when compared to classical single target approaches (Van Rooij et al. 
2012). Generally, the most frequently proposed modality of miRNA-targeted therapy 
is to silence overexpressed miRNAs through antisense miRNA oligonucleotides (anti-
miRs) (Krutzfeldt et al. 2005) or to restore levels of downregulated miRNAs by apply-
ing miRNA mimics. A schematic diagram of miRNA therapeutic strategies and a 
summary of current progress are provided in Figure 13.1 and Table 13.2, respectively.

13.4.1  aNti-mirs

Anti-miRs are chemically modified oligoribonucleotides that are widely used to 
inhibit miRNAs expression in vitro and in vivo. These chemically modified oligonu-
cleotides contain sequences with reverse complementarity to mature miRNAs, and 
can be delivered by subcutaneous or intravenous injection, possibly by packaging 
them into lipid-based and/or antibody-conjugated nanoparticles. These molecules 
effectively block the association of miRNAs with their targets, and might there-
fore be used for disease treatment (Krutzfeldt et al. 2005). To date, some chemical 
modifications that enhance the cellular uptake and stability of anti-miRs have been 
reported, including 2-O-methyl (2’-OMe)-modification or locked nucleic acid (LNA) 
modification, in which the 2’-oxygen and the 4’ carbon of the ribose moiety are cova-
lently linked. This results in the formation of a thermodynamically strong duplex 
with the complementary RNA, thereby enhancing cellular oligonucleotide cellu-
lar uptake and in vivo stability, thus optimizing effectiveness (Weiler et al. 2006; 
Petersen and Wengel 2003). However, the action of anti-miRNA oligonucleotides 
(AMO) is sequence-specific but not gene-specific, which might elicit off-target side 
effects and unwanted toxicity. Alternatively, a novel strategy called “miR-mask” was 
established by Xiao and colleagues (Xiao et al. 2007). The miR-mask is a single-
stranded 22-nt antisense molecule with perfect complementarity to the endogenous 
miRNA binding site in the target gene.

13.4.2  mir-mask

Rather than binding to the target miRNA similarly to an AMO, the miR-mask 
directly binds to the endogenous miRNA-binding site in the 3’-UTR of the target 
mRNA via its complementarity. This blocks the access of endogenous miRNA to 
its binding site, thereby de-repressing the target gene (Wang 2011). The miR-mask 
approach is a valuable supplement to the AMO technique, which might be more 
appropriate for studying the specific outcome of target gene regulation by endoge-
nous miRNA. For example, in a recent study, the DENN/MADD domain containing 
2D (DENND2D) was confirmed to be a direct target of miR-522, which is upregu-
lated in NSCLC samples and cells. A miR-Mask designed to be fully complementary 
to the target DENND2D sequence of miR-522 reversed the effects of miR-522 on 
tumor growth and metastasis, indicating that miR-522 represents a potential novel 
therapy for NSCLC (Zhang et al. 2016b).
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13.4.3  mirNa spoNges

Artificial miRNA sponges can also be used to achieve miRNA loss of function in dis-
eases, particularly in cancer cells (Brown et al. 2007; Ebert et al. 2007; Tay et al. 2015). 
miRNA sponges, which contain binding site complementary to the miRNAs of 
interest, are competitive inhibitors that are expressed from strong promoters and 
are designed based on base pairing in the seed region (nucleotides 2–8 from the 5’ 
end of the miRNA). The molecules are either perfectly complimentary or contain 
mismatches in the middle position, which most likely results in a more stable interac-
tion with miRNAs (Ebert and Sharp 2010). These binding sites are usually tandem 
repeats of identical sites that are designed to target either single specific miRNAs 
or miRNA family members sharing the same seed region; this allows these mol-
ecules to block a whole family of related miRNAs that have the same target sites. To 
achieve stable miRNA sponge activity, miRNA sponge expression cassettes usually 
consist of an RNA polymerase II promoter to drive transcription, a reporter gene to 
monitor efficacy, and multiple miRNA binding sites downstream of the reporter gene 
in the 3’-UTR. To deliver the miRNA sponge expression cassette into cells, viral 
and non-viral gene transfer vectors have been used, resulting in inhibitory effects 
on miRNA functions. For in vivo studies, viral vectors are used to deliver sponge 
constructs to mouse tissues (Du et al. 2009), whereas non-viral delivery systems 
consisting of plasmids and synthetic and usually positively charged materials such 
as liposomes, polysaccharides, polypeptides, and artificial polymers have been used 
in cells (Ando et al. 2013; Celec and Gardlik 2017). The advantage of this technique 
compared to anti-miRs is that it can better inhibit functional classes of miRNAs, 
whereas the antisense inhibitors appear to be specific for one miRNA because they 
depend on extensive sequence complementarity beyond the seed region (Esau 2008). 
In addition, because many cells are resistant to uptake of oligonucleotides both in 
vitro and in vivo, delivery of the sponge transgene by a viral vector might warrant 
consideration.

13.4.4  mirNa mimics

A therapeutic response can be achieved by overexpressing some miRNAs. One exper-
imentally proven way to enhance miRNA effects is using an miRNA mimic. These 
molecules are double-stranded RNAs in which one strand (guide strand) is identical 
to the sequence of a mature miRNA and the other (passenger strand) is deliberately 
designed to have partial complementary, thus functionally mimicking the mature 
endogenous miRNA. Because the miRNA mimics possess the same structure as 
the miRNA duplex, they can be directly loaded into RISC complex, and the passen-
ger strand is cleaved by Ago2. The guide strand remains and matches the comple-
mentary sequences of the target mRNA, leading to mRNA cleavage or translational 
repression (Chen et al. 2015). However, miRNA mimics have limitations with regard 
to therapeutic applications. Similar to endogenous miRNAs, miRNA mimics need 
to be recognized by Argonaute and incorporated into RISCs to exert their effect. 
In contrast to anti-miRs, which can be chemically modified to enhance stability 
and binding, miRNA mimics do not tolerate extensive modification. Additionally, 
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miRNA mimics are still susceptible to nuclease degradation, can be targeted by the 
innate immune system, and affect non-target tissues (Rachagani et al. 2015). In light 
of these aspects, to further enhance therapeutic delivery, recent advances have been 
achieved in lipid-based delivery systems for enhancing the uptake of miRNA mimics. 
Liposomes of smaller diameter (<100 nm) enable loading with a high drug-to-lipid 
ratio. The first miRNA mimics to be tested in humans was delivered intravenously 
to treat liver cancer using a liposome formulation (Ling et al. 2013). Liposomes have 
also been successfully used to deliver miR-34a mimic (MRX34) intravenously in 
a mouse model of NSCLC, resulting in a reduction in tumor growth, without sig-
nificant renal or hepatic toxicity and without triggering an immune response (Trang 
et al. 2011). The delivery of miRNA mimics in disease settings via adenoviral meth-
ods also warrants consideration for enhancing miRNA construct (Kota et al. 2009). 
To date, various serotypes of adenoviruses with different affinities for various organs 
to aid in the targeting of miRNAs have proven effective in murine disease models 
(Kota et al. 2009).

miRNA-based therapeutic approaches have shown promise in ongoing pre-
clinical trials for the treatment of certain diseases; however, there are only 
a few miRNA drugs in clinical trials, including one antagomiR of miR-122 
(SPC3649, NCT00979927), which is currently in Phase II, and one liposomal-
formulation of double-stranded mimic of the tumor suppressor miR-34 (MRX34, 
NCT01829971), which is in Phase I for treatment of liver cancer (Lanford et al. 
2010; Mirna Therapeutics 2013; Bouchie 2013). In addition, a miR-16 mimic is 
also in Phase I clinical trials for malignant pleural mesothelioma (MPM) treatment 
(NCT02369198; Kao et al. 2015). After MRX34 systemic injection, significant 
tumor growth inhibition and regression were observed in mice with orthotopic 
Hep3B and HuH7 liver cancer xenografts (Daige et al. 2014). In particular, sys-
temic injection of MRX34 into immunocompetent mice did not elicit apparent 
changes in cytokine profiles or result in any toxicity. Additionally, significant 
tumor growth repression was observed in mouse xenograft models of different 
cancers, such as melanoma, lymphoma, multiple myeloma, and NSCLC, and 
breast, prostate, and pancreatic cancer (reviewed by Bader 2012). Systemic miR-
34a delivery in a mouse model was not associated with any severe toxicity, based 
on phenotypic and pathologic observations (Li et al. 2015a; Craig et al. 2012), 
suggesting that miR-34a could be used for other diseases in future clinical tri-
als. Second, coupling of a miR-16 mimic with an anti-EGFR antibody (EnGeneIC 
Delivery Vehicle, EnGeneIC, New York, USA), restored miR-16 expression in 
MPM cells, in vitro and in vivo, leading to significant tumor growth inhibition 
(Reid et al. 2013), providing the basis for the ongoing MesomiR 1 Phase I trial for 
MPM treatment using TargomiR, an experimental therapy consisting of synthetic 
miR-16-based microRNA mimics packaged in EDV nanocells and targeted with 
anti-EGFR antibodies (MacDiarmid and Brahmbhatt 2011). Kao and colleagues 
subsequently published results from a cohort of six patients with MPM, in which 
TargomiR treatment was shown to be well-tolerated and safe (Kao et al. 2015). The 
third, alternative miRNA-based therapeutic to reach the clinic is an LNA-modified 
anti-miR (SPC3649) directed against the liver-specific miRNA miR-122. This 
miRNA is known to positively regulate HCV replication through direct interaction 
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with the 5’-UTR of the HCV genome (Li et al. 2013b). In preclinical studies, it was 
reported that treatment with SPC3649 provided long-lasting suppression of HCV 
replication without side effects in chimpanzees chronically infected with HCV 
(Lanford et al. 2010). Furthermore, safety studies on SPC3649 showed no apparent 
toxic effects and no changes in liver morphology or function (Elmen et al. 2008; 
Hildebrandt-Eriksen et al. 2012). Two Phase I studies (NCT00688012 for a single 
ascending dose and NCT00979927 for multiple ascending doses) were performed 
to evaluate the safety of SPC3649 (Lindow and Kauppinen 2012). In a Phase II 
study, patients with chronic HCV genotype 1 infection receiving five weekly sub-
cutaneous injections of anti-miR-122 showed a dramatic dose-dependent reduction 
in HCV RNA levels together with a decrease in plasma cholesterol levels, without 
evidence of viral resistance. In addition, dose-limiting toxicity and desensitizing 
mutations in the HCV genome were not observed (Janssen et al. 2013). Although 
proof-of-concept studies have demonstrated the tumor suppressor function of miR-
122, it is necessary to point out that strategies for miR-122 silencing might not be 
suitable for the treatment of patients with dual HBV and HCV infection because 
endogenous miR-122 depletion resulted in increased production of HBV in trans-
fected cells (Hao et al. 2013).

Overall, these miRNA-based therapeutic strategies have been well tolerated, 
without apparent inflammatory reactions in human clinical trials. Furthermore, 
recent studies have reported that co-delivery of chemotherapeutics and cancer-
related miRNAs such as miR-34a, miR-21, and miR-145, or the combination of 
miRNAs with other anticancer therapies such as siRNA, results in potential syn-
ergistic effects on tumor growth inhibition (Kopczynska 2015; Devulapally et al. 
2015; Kim et al. 2011b). Nanocarrier-mediated co-delivery systems have been the 
most commonly used systems for the delivery of chemotherapeutic drugs in recent 
years. For instance, combination of siRNA and miR-34a delivery by GC4 (phage 
identified internalizing)-targeted nanoparticles additively enhanced the antican-
cer effect when compared with treatment with siRNAs and miR-34a alone (Chen 
et al. 2010). Formulation of anti-miR-21 and 4-Hydroxytamoxifen co-loaded bio-
degradable polymer nanoparticles had dose-dependent anti-proliferative effects 
that were significantly higher than the effect of treatment with 4-hydroxytamoxi-
fen alone (Devulapally et al. 2015). More recently, a core-shell nanocarrier coated 
with cationic albumin was developed to simultaneously deliver docetaxel and 
miRNA-34a into breast cancer cells. The results indicated that this new nano-
platform effectively improved anticancer efficacy by inhibiting tumor growth and 
metastasis, and provides a promising strategy for treatment of metastatic breast 
cancer (Zhang et al. 2017). Although various nanocarriers have been developed, 
there is much attention needed to develop the rational ratio of miRNA, gene, and 
drug, or the interaction between therapeutic agents and carriers. Consequently, it 
is also necessary to design new strategies combining miRNA-based therapies with 
other chemotherapeutic agents or anticancer drugs to evaluate the effect of these 
combinations. Further, long-term and large-scale studies are warranted. Notably, 
in addition to miRNA drugs that are currently in clinical trials, other miRNAs 
are being tested in preclinical settings, such as miR-143 and miR-145 for human 
colorectal tumors (Akao et al. 2010), let-7 for hepatocellular carcinoma (Liu et al. 2014), 
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miR-16  for Alzheimer’s disease (Parsi et al. 2015), and miR-221 for multiple 
myeloma (Gulla et al. 2016). Several challenges such as delivery, stability, and 
avoiding the activation of immune responses, need to be overcome; these issues 
will be discussed as follows.

13.5  CHALLENGES FOR THE CLINICAL DEVELOPMENT 
OF miRNA-BASED THERAPIES

Despite recent improvements in the understanding of miRNAs, the translation of 
bench-based findings to clinical practice remains a considerable task (Gavrilov and 
Saltzman 2012). Several challenges such as off-target effects, cytotoxicity, immu-
nogenicity, and biological instability need to be overcome to meet the demands of 
clinical therapy (Iorio and Croce 2012).

Since a single miRNAs can target multiple genes and each gene can be targeted by 
multiple miRNAs, it is not surprising that there are some off-target effects observed 
with miRNA-based therapies. Factors contributing to these effects include miRNA-
like repression, competition for limited resources of the endogenous miRNA path-
way, incorporating passenger strands into Ago during loading, and immune responses 
(Bofill-De Ros and Gu 2016). In addition, systemic administration of anti-miRs will 
also inhibit the targeted miRNA in other tissues or cell types, which could lead to 
adverse effects in non-diseased tissues (Van Rooij et al. 2012). To overcome these 
drawbacks, it is important to understand the functional interactions between these 
targets as well as the contribution of each to the observed phenotype. Additionally, 
the design of novel carrier platforms as well as small changes in miRNA sequences 
(specific base modifications within the siRNA duplex) can dramatically reduce off-
target effects while maintaining desirable on-target effects (Jackson et al. 2006). 
In addition, bioinformatics-based algorithms can also be used to predict off-target 
effects on a genome-wide scale as suggested by Sigoillot et al. (2012).

miRNA mimics and anti-miRs accumulate predominantly in the liver and kid-
neys, necessitating substantially higher doses to achieve efficacy in the cardiovas-
cular system and other organs. This raises challenges with respect to achieving 
intracellular concentrations in tissues that are sufficient to evoke a therapeutic effect 
without causing hepatic and renal toxicity (Van Rooij et al. 2012). Since miRNAs 
act on numerous targets, an individual miRNA might have beneficial activity in one 
tissue but adverse activity in another. In addition, miRNAs might produce different 
effects in different locations due to regional differences in the cellular environment. 
In this regard, appropriate modification and conjugation methods for target delivery 
can reduce such effects.

Due to the physiological and immunological features of human body, miRNA 
mimics and anti-miRs are subject to renal clearance and phagocytic activity by 
monocytes and macrophages. Consequently, the initial action of miRNA interfer-
ence appears to be delayed and to occur with low efficiency (Grueter et al. 2012; 
Guzman-Villanueva et al. 2012; Van Rooij et al. 2012). In addition, many of the 
miRNAs involved in tissue pathology have also been implicated as tumor suppres-
sors in vivo. Although the potential long-term use of anti-miRs could enable effective 
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treatment of chronic diseases, periodic dosing could lead to anti-miR accumulation 
in different tissues and the inability to rapidly reverse the activities of these mol-
ecules (Grueter et al. 2012). Moreover, many disease conditions involve the aberrant 
expression of multiple miRNAs, and thus targeting one single miRNA might not be 
sufficient to correct the phenotype. The effects of any individual miRNA on a single 
target might be subtle; however, the combinatorial effects of one miRNA on multiple 
mRNA targets within a regulatory network could profoundly change the output of 
a pathway.

The biological instability of miRNA mimics or anti-miRs is one of other weak-
nesses toward clinical translation of these. miRNA mimics are susceptible to nucle-
ase degradation, and they cannot be extensively modified. In general, non-modified 
“naked” oligonucleotides are rapidly degraded by the abundant nucleases such as 
serum RNase A in the bloodstream (Raemdonck et al. 2008). Furthermore, the 
naked miRNAs are cleared rapidly from the body via renal clearance, leading 
to a short half-life in the systemic circulation (Yu et al. 2009). The reticuloen-
dothelial system is another major barrier, in which Kupffer cells of the liver and 
spleen macrophages eliminate these oligonucleotides from the circulation system, 
which results in non-specific uptake by innate immune cells such as monocytes 
and macrophages (Garzon et al. 2010). One strategy to overcome this obstacle 
and increase the bioavailability of miRNA therapeutics is site-specific delivery 
by direct injection or other techniques into the target tissue, which has been per-
formed by intratumor injection into subcutaneous tumors. Second, the degrada-
tion and elimination of miRNAs by nucleases, renal clearance, or phagocytic 
immune cells can be minimized by optimizing particle size, surface charge, and 
chemical modification of the miRNAs. Finally, various targeting ligands and 
cell-penetrating moieties can be employed to increase tissue permeation of the 
miRNAs.

13.6  FUTURE PROSPECTS

Owing to the complexity and challenges associated with miRNA research, the 
development of miRNA-based therapeutics is in its infancy. The use of this class of 
therapeutics represents a new method to treat some of the more challenging diseases 
including chronic infection, cancer, and other non-cancer diseases; however, further 
research is needed to determine the optimal formulations and to achieve precise 
delivery, avoiding unwanted effects that could result from targeting important genes 
in healthy tissues.

Before these miRNA-based therapies can be subjected to clinical trials, some 
strategies should be considered. First, further large-animal studies are needed to 
prove the utility of miRNA therapeutics. Second, different available chemistries, 
used to modulate (overexpress/silence) miRNAs, should be compared in various 
models and tissues, and toxicology testing must be performed. Furthermore, the 
identification of individual miRNA targets, especially in disease conditions, needs 
to be identified, as alteration of the targets during disease could affect the efficacy 
of miRNA-based therapeutics. Finally, apart from these clinical delivery platforms, 
several novel siRNA or miRNA delivery systems are under development. One such 
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effort includes conjugation of spherical nucleic acid nanoparticles with gold nanopar-
ticle cores, adenoviruses, and sponges, which has shown promise in several pre-
clinical studies (Wang et al. 2016a; Kim et al. 2011b; Tay et al. 2015). If the above 
approaches continue to show success and enter the clinic, the use of miRNAs as 
therapeutics could emerge as a key technology for the treatment of cancer and other 
diseases.

In addition, given the ever-expanding number of miRNAs, understanding their 
functional roles is important. However, much remains to be learned regarding the 
precise mechanisms of miRNA activity within complex disease pathways and 
whether such modest regulators can, indeed, be modulated in cancer. To fully reveal 
the mechanisms of miRNA function and to clinically apply miRNAs to tumor ther-
apy, a substantial amount of further work is required. Technologies that integrate 
RNA sequencing, proteomics, and systems biology of gene networks will enable 
a more comprehensive assessment and understanding of miRNAs. This will pro-
vide exciting opportunities to develop new treatment options for cancer manage-
ment. Future work on miRNA pathways as therapeutic targets might also enable the 
development of chemotherapy regimens that are more specifically tailored to treat 
the disease process.
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14.1  INTRODUCTION

Modulation of gene expression by RNA interference (RNAi) in mammalian cells 
is an important event that was first realized by Fire and Mello two decades ago 
(Fire et al. 1998). The process of RNAi is a post-transcriptional gene silencing event 
that can be triggered by a range of RNAi inducers using multiple pathways. Widely 
studied RNAi inducers include small non-coding RNA molecules such as short 
interfering RNAs (siRNAs), microRNAs (miRNAs), short hairpin RNAs (shRNAs) 
and piwi-interacting RNAs (piRNAs) (Rana 2007). Among these, small interfering 
RNA (siRNA) remains at the forefront of ongoing efforts towards the development of 
RNA-based therapeutics (Figure 14.1a, siRNA structures) (Ozcan et al. 2015, Bobbin 
and Rossi 2016)

It is encouraging that several clinical trials are currently being conducted for 
RNAi therapeutics within this relatively short duration since the initiation of such 
efforts (Ozcan et al. 2015) and is reviewed in (Wittrup and Lieberman 2015, Pecot 
et al. 2011, Wu et al. 2014). RNAi therapeutics under clinical development have tar-
geted a multitude of diseases such as viral infections, cancer, cardiovascular dis-
eases, and eye-related disorders. The delivery route of naked and modified siRNA 
molecules (without a carrier) is geared towards topical applications (such as eye or 
skin diseases). First clinical trials for systemic delivery of non-modified siRNA to 
treat solid tumors utilized cyclodextrins as carriers, however, these studies were later 
terminated (Davis et al. 2010). Concurrently, siRNA-conjugates bearing covalently 
linked multivalent targeting ligands such as N-acetylgalactosamine (GalNAc) were 
developed and are currently in clinical trials to treat liver diseases (Nair et al. 2014, 
Zimmerman et al. 2017); outcome awaited. In parallel, a variety of lipid-based siRNA 
delivery systems (LNPs) were developed; mainstream clinical trials for systemic 
delivery of siRNA utilized LNPs in their own accord (reviewed in Rossi, Lieberman, 
Sood) (Ozcan et al. 2015, Bobbin and Rossi 2016, Wittrup and Lieberman 2015).

14.1.1  iNtraceLLuLar processiNg of sirNa

siRNAs are relatively small RNA moieties, generally constructed as a ~21 base pair 
(bp) duplex with two nucleotide 3’-overhangs. Cellular processing pathways for the 
biological function of siRNAs have been studied and provide strategies for their thera-
peutic exploitation. In the cell, siRNA duplexes enter the RNA interference (RNAi) 
pathway where they are incorporated into the RNA-induced silencing complex (RISC) 
(Figure 14.1b). At this point, the “passenger” strand (sense strand) of the siRNA duplex 
is degraded, while the “guide” strand (anti-sense strand) is retained and used to target a 
complementary endogenous mRNA sequence for cleavage by the Ago2 component of 
RISC (Matranga et al. 2005, Liu et al. 2004). The decision of which of the two strands 
ultimately becomes the guide strand is largely influenced by the thermodynamic stabil-
ity of each strand’s 5’ end (Schwarz et al. 2003, Khvorova et al. 2003). Slightly longer 
RNA duplexes (25–30 bp) termed Dicer substrate interfering RNAs (DsiRNAs) can be 
used in place of conventional 21-mer siRNAs. DsiRNAs require cellular processing by 
the ribonuclease-III enzyme Dicer before loading into the RISC complex. However, 
in some cases DsiRNAs display superior silencing efficacy compared to siRNAs and 
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FIGURE 14.1 (a) Basic siRNA structures. (A) Conventional siRNA (21-mer) (B) Dicer 
substrate RNA with 3’ overhang (DsiRNA, 25/27-mer) (C) blunt end DsiRNA (27-mer) 
(D) Asymmetric siRNA; (E) Internally segmented siRNA; (F) short hairpin RNA. (b) Cellular 
entry pathways of siRNA, RNA-NPs and siRNA-LNPs. Intracellular uptake of various 
siRNA assemblies can either occur via (1) direct interactions the with the plasma membrane 
resulting in cytoplasmic delivery of the siRNA or via the (2) endocytic route. Endosomal 
release of siRNA can be achieved by indicated strategies (3) for further processing, RISC 
loading and mRNA degradation.
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can be designed to induce polarity in the duplex that helps determine which strand 
ultimately becomes the guide strand (Kim et al. 2005, Rose et al. 2005).

14.1.2  sirNa-Based therapeutics, geNeraL coNsideratioNs

RNAi-based therapies are currently under intensive research for treatment of diseases 
such as cancer and pathogen infections, either on their own merit or in combination with 
small molecule drugs (Kanasty et al. 2013, Ozpolat et al. 2010, Musacchio and Torchilin 
2013). The effectiveness of naked, unmodified RNA for its biological activity (such as 
RNAi and gene modulation) is faced with challenges such as degradation by exo- and 
endo-nucleases, short half-life, and clearance by kidneys and off-target effects (Kanasty 
et al. 2013, Akhtar and Benter 2007). As expected, the high negative charge of the siRNA 
creates an obstacle for direct interaction with cellular membranes and subsequently intra-
cellular uptake (Pecot et al. 2011, Musacchio and Torchilin 2013). To evade these limita-
tions, investigators have developed various approaches for siRNA delivery. These include 
(i) chemical modifications of siRNAs, (ii) the design of self-assembled RNA nanostruc-
tures with multiple functionalities (Afonin et al. 2011, Afonin et al. 2014a, Afonin et al. 
2014b, Guo 2010), and (iii) utilization of delivery agents (carriers) such as viral vectors 
and non-viral vectors (Haque and Guo 2015, Shu et al. 2014, Parlea et al. 2016a).

In this review, we have attempted to summarize current research efforts in siRNA 
delivery. Here, we will cover the following topics: (i) development of siRNA-based 
RNAi therapeutics including “modified bases” and siRNA-lipid conjugates (chemi-
cally modified siRNAs), (ii) self-assembled nanostructures (RNA-NPs) bearing mul-
tifunctional siRNAs, and (iii) siRNA-lipid nanoparticles (siRNA-LNPs) that utilize 
unmodified siRNA and tunable lipids for enhanced cytosolic siRNA delivery. The 
next sections provide background, basics of design strategies, rationale, fundamen-
tals and current biological applications for each platform.

14.2  CHEMICALLY MODIFIED siRNAs AS RNAI THERAPEUTICS

Chemical modification of siRNA can impart several beneficial characteristics such 
as increased resistance to enzymatic degradation and modulation of duplex thermo-
dynamics. Incorporation of nucleotide modification is most often done at the level 
of the phosphoramidite moiety used for chemical oligonucleotide synthesis, allow-
ing for site-specific incorporation of the desired modification. However, nucleotides 
containing sugar modifications at the 2’ position can be introduced during enzymatic 
RNA synthesis using specific concentrations of divalent metal ions for transcription 
(Afonin et al. 2012), or by exploiting a mutant RNA polymerase (Padilla and Sousa 
2002),, and nucleotides containing substitutions at non-bridging backbone oxygens 
can be incorporated by wildtype RNA polymerase (Hall et al. 2004).

14.2.1  chemicaL modificatioNs of sirNa

Various chemical modifications of siRNA have been explored that confer advantageous 
characteristics over unmodified siRNA (Figure 14.2) (Shukla et al. 2010, Deleavey 
and Damha 2012). Modifications to the ribose sugar including, but not limited to, 
2’-O-methyl, 2’-fluoro and locked nucleic acids, have been shown increase resistance 
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to ribonuclease digestion (Choung et al. 2006, Elmen et al. 2005, Layzer et al. 2004) 
(modification to the phosphate backbone, such as phosphorothioate or boranophos-
phate inclusion, can also increase the ability of siRNAs to resist nuclease degradation 
(Hall et al. 2004, Choung et al. 2006). These substitutions of non-bridging backbone 
oxygens are likely to increase nuclease resistance by altering the charge distribution 
on the electrophilic phosphorus atom and the surrounding environment (Shaw et al. 
2003). Chemical modifications can be useful to avoid activation of an innate immune 
response. Several different ribose modifications, particularly 2’-O-methyl, have been 
used to reduce the extent of cytokine production in response to siRNA both in vitro 
and in vivo (Souid et al. 2007, Deleavey et al. 2010, Robbins et al. 2007, Morrissey 
et al. 2005). Importantly, commonly used siRNA modifications do not significantly 
reduce efficacy, and some have been shown to increase siRNA potency and reduce the 
required dose for effective gene silencing (Elmen et al. 2005, Allerson et al. 2005). 
The favorable properties attributed to many of these modifications, such as increased 
stability in serum and reduction of the innate immune response, can also be imple-
mented in the slightly longer DsiRNAs (Collingwood et al. 2008).

14.2.2  sirNa-Lipid coNjugates

Chemical modifications of naked siRNA yield nuclease resistant and serum stable 
siRNA, which are suitable for in vitro assays and cell culture experiments. However, 
their utility in vivo remains a challenge due to fast clearance from circulation (within 
minutes). The development of large RNA-based nanoparticles has been shown to over-
come these clearance limitations (Shu et al. 2014, Haque et al. 2012). Development of 
siRNA conjugates exhibiting enhanced half-life in circulation has been demonstrated 
to be a promising avenue of research. siRNA conjugates linked to biomolecules such 
as peptides (Moschos et al. 2007, Turner et al. 2007, Gandioso et al. 2017, Dong et al. 
2014), polymers (Jung et al. 2010), aromatic molecules (Kubo et al. 2012c, Nishina 
et al. 2008a), lipid-polymer hybrid systems (Shi et al. 2014, Yang et al. 2012), and 
lipids have been developed (Ku et al. 2016, Lee et al. 2016) for improved pharmacoki-
netic properties, enhanced cellular/tissue uptake and enhanced RNAi activity in vitro 
and in vivo (De Paula et al. 2007, Raouane et al. 2012).

Historically, covalent coupling of lipids to small molecule drugs (Zaro 2015, 
Trevaskis et al. 2015, Adhikari et al. 2017, Irby et al. 2017), and other pharmaceuti-
cal agents such as therapeutic antibodies, antibody domains etc. (Tomita et al. 2012, 
Manjappa et al. 2011, Ying et al. 2014) has proven to be a successful strategy to 
improve bioavailability and the therapeutic potential of these drugs. The choice and 
selection of lipids for a given class of small molecule drugs is dictated by factors such 
as feasible chemical reaction methods for lipid-drug conjugation, desired solubility, 
and the target tissues being investigated.

14.2.2.1  Structural Determinants of siRNA for Lipid Conjugation
Both siRNA and DsiRNA have been examined for conjugation with lipids and 
lipid-like molecules. It appears that modification of the 3’ end of the sense strand 
of siRNA or the 5’ end of the antisense strand of siRNA is the preferred choice for 
the conjugation (Jeong et al. 2009) (Figure 14.3). Most studies available to date for 
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lipid-siRNA conjugates are designed with an objective to enhance the retention and 
stability of siRNA in the blood circulation as well as improved intracellular localiza-
tion of the conjugates (Table 14.1) (De Paula et al. 2007).

Primary considerations for the development of siRNA-lipid conjugates include 
(i) selection of which strands for linking to the lipid molecules (see Figure 14.3a), 
(ii)  linkage chemistry with no or minimal effects on intracellular processing of 
siRNA, (iii) enhanced stability of siRNA in blood circulation (iv) choice of lipids 
with built-in cleavable bonds for site-specific dissociation of siRNA, and (v) pre-
ferred uptake of these conjugates by target tissues.

To date, several siRNA-lipid conjugates have been developed and the structure-
function activity of the lipids for optimal siRNA activity has been elucidated (Raouane 
et al. 2012, Wolfrum et al. 2007). The classical lipid molecules examined are sterols 
(Ding et al. 2012), fatty acids (with various chain lengths and degrees of unsaturation), 
and phospholipids (Musacchio et al. 2010). In addition, two other classes of mol-
ecules, polyethylene glycol (PEG) and α-tocopherol (Nishina et al. 2008a, Nishina et 
al. 2008b) linked to siRNA have also been developed.

14.2.2.2  Cholesterol, a Preferred Choice for Conjugation
siRNA-cholesterol conjugates are one of the most studied partners among lipid/
siRNA conjugate systems. The choice of cholesterol is based on some of its unique 
features including the chemical structure and biological function, such as its abil-
ity to complex with plasma proteins thereby enhancing the half-life of cholesterol-
conjugated siRNA  in circulation. Selective association of siRNA-cholesterol 
conjugates with blood lipoproteins (such as HDL and LDL) also bears an advantage 
for receptor-mediated siRNA delivery to tissues expressing corresponding recep-
tors. Lipoprotein-associated cholesterol has been demonstrated to be critical for 
their transport to desired tissues (primarily liver). Intracellular uptake of these par-
ticles is dependent on the expression of lipoprotein receptors (Wolfrum et al. 2007). 
Hence, siRNA-cholesterol conjugates are likely to be suitable candidates as RNAi 
therapeutics for the diseases of the liver. The choice of type of siRNA (ds siRNA or 
DsiRNA) as well as site/strand selection (3’ vs 5’) for conjugation of cholesterol has 
been diverse in studies conducted thus far (Figure 14.3). siRNA-cholesterol conju-
gates platforms for treatment of various diseased tissues/organs are described below.

Lorenz et al. (2004) and Soutschek et al. (2004) demonstrated the utility of lipid-
conjugated siRNA for in vitro and in vivo gene silencing respectively. Conjugation 
of a double-stranded siRNA with cholesterol as well as other lipids was achieved 
via a phosphorothioate linkage at the 5’ end of the sense strand (Lorenz et al. 2004) 
(Figure 14.3). Interestingly, these derivatives performed well for gene silencing in 
liver cells without any additional transfection agent (Table 14.1, Figure 14.3). In a 
similar study, Soutschek et al., selected the 3’ end of the sense strand of the siRNA 
molecule for conjugation of cholesterol (Soutschek et al. 2004). In either case, cho-
lesterol modifications did not adversely impact siRNA gene silencing activity. These 
studies successfully demonstrated gene silencing of endogenously expressed Apo B 
in mice upon systemic administration of siRNA-cholesterol conjugates (Figure 14.4a, 
reproduced with permission). There was significantly enhanced half-life of siRNA-
cholesterol conjugates (t1/2 about 95 minutes) as compared to that of naked siRNA 
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(t1/2 about six minutes) in circulation after intravenous injections in mice (Figure 14.4a, 
reprinted with permission). Recent studies by Khan et al., demonstrated that a highly 
modified cholesterol-siRNA conjugate significantly reduced the muscle-specific gene 
myostatin (Mstn) upon systemic administration of this conjugate (Khan et al. 2016). 

120

100

80

60

40

20

0

ap
oB

 m
RN

A
 c

on
te

nt
 re

la
tiv

e
to

 sa
lin

e 
tr

ea
tm

en
t g

ro
up

 (%
)

Saline
(a)

(b)

Chol-mismatch Chol-apoB-1

Human apoB, liver
Mouse apoB, liver
Mouse apoB, jejunum

140

120

100
80

60

40

20

0

Re
l. 

ap
oB

 m
RN

A
 (%

)

PBS

mm-C
holes

ter
ol

Choles
ter

ol

Doco
san

yl

Lith
och

olei
c-o

leo
yl

Stea
royl

Lau
royl

Myri
sto

yl

Palm
ito

yl

* *

*

** **

* *

FIGURE 14.4 (a) In vivo silencing of murine and human apoB mRNA in mice transgenic 
for human apoB. Reduction of human and mouse apoB mRNA levels in mice transgenic for 
human apoB that received saline (n = 8), chol-mismatch-siRNA (n = 8) and chol-apoB-1-
siRNA (n = 8). Statistical analysis was by ANOVA with Bonferroni post-hoc t-test, one-tailed. 
Asterisk, P < 0.0001 compared with saline and chol-mismatch-siRNA control animals. Error 
bars illustrate s.d. of the mean. Reprinted by permission from Macmillan Publishers Ltd: 
[Nature Biotechnology] (Soutschek et al. 2004), copyright (2004). (b) Lipophilic siRNA onju-
gates have different in vivo activities. In vivo silencing of apoB mRNA by lipid-conjugated 
siRNAs. Liver apoB mRNA levels were normalized to GAPDH mRNA 24 h after three daily 
intravenous injections of saline or 50 mg/kg stearoyl-siRNA-apoB1, dodecyl-siRNA-apoB1, 
 lithocholic-oleyl-siRNA-apoB1- or docosanyl-siRNA-apoB1 (n = 5 per group). Data show 
apoB mRNA levels as a percentage of the saline treatment group and is expressed as the 
mean ± the s.d. Data marked with asterisks are statistically significant relative to the saline 
treatment group as calculated by ANOVA without replication, alpha value 0.05 (*, P < 0.05; 
**, P < 0.005). (Reprinted by permission from Macmillan Publishers Ltd. Nat Biotechnol, 
Wolfrum, C., et al., Nat Biotechnol, 25(10): p. 1149–57, 2007, copyright 2007.)
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The Mstn protein down-regulation was observed in the muscles as well as in blood 
circulation. These studies are likely to have therapeutic potential for muscle-related 
diseases. In another study, a novel class of hydrophobically modified asymmetric 
siRNAs (hsiRNAs) were developed by Khvorova and colleagues (Byrne et al. 2013) 
to improve stability and promote cellular internalization. hsiRNA contain a number 
of nucleotide modifications and are linked to cholesterol at the 3’ end of the sense 
strand of siRNA. The hsiRNAs functioned without a carrier molecule when delivered 
locally into the brain and silences Huntington mRNA indicating their implications in 
neurogenerative disorders (Alterman et al. 2015). The hsiRNA loaded into exosomes, 
when administered into mouse brain exhibited bilateral distribution and silencing of 
Huntington mRNA in a recent study by the same group (Didiot et al. 2016).

Synthesis and biological activity of siRNA-cholesterol conjugates bearing a tun-
able linker that contained cleavable and reducible sulfhydryl linkages was reported 
by Chen et al. They demonstrated an advantage over non-cleavable alkyl linker for 
direct CNS delivery to oligodendrocytes and had an advantage in vivo in rat studies 
(Chen et al. 2010) (Figure 14.3).

Kubo et al. (led by Toshio Seyama’s group) developed a cholesterol conjugation 
technology using 27 nucleotide double-stranded RNAs with Dicer substrate potency 
(Kubo et al. 2013, Kubo et al. 2012a). Here, the 5’ end of the sense strand of the 
dsRNA was modified with an amine and then linked to either cholesterol or fatty 
acids. The same group also studied the effect of asymmetric lipid conjugation with 
siRNA on gene silencing activity (described below).

14.2.2.3  siRNA-Fatty Acid Conjugates
Fatty acids, being part of phospholipids, typically linear in structure and bearing a 
select conjugation site, are often considered a preferred choice to enhance the hydro-
phobicity of the water-soluble molecules. Pioneering research by Stoffel and col-
leagues demonstrated the utility of fatty acids conjugated siRNA for RNAi therapy 
(Wolfrum et al. 2007). In this study, conjugation of siRNA was done to fatty acids 
of various chain lengths without or with a variable degree of unsaturation. siRNA-
linked to longer fatty acids exhibited superior apoB mRNA knock-down in vivo. 
However, cholesterol-siRNA conjugates excelled among all lipid conjugates tested 
and the presence of unsaturation in the fatty acids did not appear to have a significant 
effect. In this study, the authors also reported that pre-assembly of a cholesterol-
siRNA conjugate with a high-density lipoprotein (HDL) had a remarkable effect 
(eight- to 15-fold enhancement) on the silencing of apoB protein expression in vivo 
(Figure 14.4b, reprinted with permission).

With an aim of delineating the structure-function activity correlates of siRNA-
lipid conjugates with the Dicer recognition (see Figure 14.1b), a series of symmet-
ric and asymmetric C16-fatty acid-siRNA conjugates were synthesized (Kubo et al. 
2013). siRNAs of varying lengths of sense and antisense strands (21, 23, and 25-nt) 
with a 2-nt overhang at each 3’-end (C16-siRNA) or 2 nt DNA overhangs at the 
3’-blunt end (C16-LoRNA) were conjugated to the C16-fatty acid. Kubo and col-
leagues continued their efforts towards conjugation of fatty acids using various 
chain lengths (Kubo et al. 2016). Their studies included fatty acid conjugation via an 
amine/NHS coupling reaction to 21-nt or 27-nt-DsiRNA, using the 5’ sense strands 
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of siRNA (Figure 14.3). They demonstrated both in cell culture systems and in vivo 
that the efficiency of C16-DsiRNA was superior as compared to short-chain fatty 
acid-linked DsiRNAs. The lipid-modified siRNAs still needed assistance from a car-
rier molecule (such as Lipofectamine 2000) for their optimal activity (Table 14.1). In 
contrast, a previous report by Wolfrum et al., demonstrated that siRNA-cholesterol 
conjugates performed superior than palmitic-acid conjugated siRNA. These discrep-
ancies may be explained due to different site selection of siRNA and the type of 
chemical linkages used for generating these conjugates.

14.2.2.4  siRNA-Tocopherol Conjugates
Utilization of bioactive molecules with specific biological functions, discrete trans-
port mechanisms in vivo, and abilities to complex with blood components such as 
lipoproteins is a rational approach for delivery of pharmaceuticals. α-Tocopherol 
(Vitamin E), a non-lipidic molecule, possessing an affinity for fats, meets the crite-
ria of a suitable agent for exploitation in the development of nanomedicine (Duhem 
et al. 2014). This molecule is nontoxic in vivo and does not have endogenous cellular 
 genesis. Therefore, Nishina et al., developed siRNA-tocopherol conjugates with an 
objective to target the liver in vivo. They used covalent linkages to the antisense 
strand of 27/29mer siRNA at the 5’ end, designated as TOC-siRNA (apoB) (Nishina 
et al. 2008a, Murakami et al. 2015). To our knowledge, TOC-siRNA is the only 
available example where ligand conjugation is done using an antisense strand of the 
siRNA (Figure 14.3). Intravenous injections of TOC-siRNA (apoB) resulted in signif-
icant reduction of apoB messenger RNA and no obvious side effects were observed 
(Nishina et al. 2008a). The same group further used a postprandial enteral delivery 
route to enhance the specific uptake of this conjugate in the liver. Toc-siRNA was 
incorporated into linoleic acid and PEG-60 hydrogenated castor oil mixed micelles 
prior to in vivo administration in mice. Authors suggested that TOC-siRNA conju-
gates were delivered to the liver via the lymphatic pathway. Efficient gene silencing 
and reduction in LDL-cholesterol was also demonstrated (Murakami et al. 2015). 
Taken together, these and similar conjugates may find suitability for oral delivery 
of siRNA.

14.3  RNA-BASED NANOSTRUCTURES 
AS RNAi THERAPEUTICS (RNA-NPs)

The application of RNA-based nanostructures is growing in popularity as a plat-
form for delivery of RNA-based therapeutics. Use of RNA nanostructures affords 
the possibility of combining several functional RNA moieties into a single deliver-
able entity. This style of delivery platform has several advantages over the delivery 
of multiple individual RNAs. The use of RNA nanostructures allows the user to 
increase the siRNA payload delivered in a single uptake event and ensure the stoi-
chiometry and co-delivery of multiple distinct siRNAs. Their multivalent nature 
enables the siRNA harboring particle to also be coupled with additional therapeutic 
or diagnostic entities. Additionally, RNA-based nanostructures are larger in size 
than monomeric siRNA duplexes, making the nanostructures more likely to avoid 
renal clearance.
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Numerous approaches to the assembly of RNA nanostructures have been used 
and vary in their degree of complexity. The use of single-stranded, complementary 
“sticky” ends is one relatively straightforward approach used to link multiple distinct 
RNA moieties and create a single amorphous RNA assembly. This approach can be 
applied to assemble multiple siRNAs, creating a linear gene-like structure (Liu et al. 
2012; Yingling and Shapiro 2007), or to tether siRNAs to domains with a different 
function, such as a targeting aptamer (Zhou et al. 2013).

Greater control over the dimensions, programmable assembly, and functional 
capacity of deliverable RNA nanostructures can be achieved through the functional-
ization of a structurally defined, “rigid” core scaffold. The resulting nanostructures 
are highly reproducible, an important characteristic for therapeutic development. 
Typically, one of two methods are used to design RNA scaffolds. One approach is 
to create completely de novo sequences that can assemble into two-dimensional or 
three-dimensional geometric objects through intermolecular helix formation. This 
technique has been used to create triangles, squares, pentagons, hexagons, and cubes 
that can be further functionalized with siRNA containing sequences (Bui et al. 2017, 
Afonin et al. 2010, Bindewald et al. 2011) (Figure 14.5a, i). The second approach 
utilizes structural motifs that are found in natural RNA molecules as building blocks 
to construct defined structures, with supramolecular structures often assembled from 
monomeric units by use of extended sticky regions or kissing loops. This technique 
has been used to design various two-dimensionals geometries (Parlea et al. 2016b), 
create fully programmable hexameric RNA nanorings (Grabow et al. 2011), and 
engineer multiple nanostructures based on the phi29 packaging RNA (pRNA) (Shu 
et al. 2014) (Figure 14.5a, ii–iii).

RNA nanorings and nanocubes are both hexavalent scaffolds, able to harbor six 
distinct functional RNAs. These scaffolds are each assembled from six (or ten) indi-
vidual strands and are fully programmable in their assembly, allowing for custom-
ization of the identity, position, and copy number of each functional moiety added 
to the scaffold. As such, the scaffold can be designed to harbor six copies of the 
same siRNA, one copy of six different siRNAs, or with other functional RNAs, or 
any combination in between. Importantly, appending siRNAs to the core nanostruc-
ture scaffold does not hinder its cellular uptake or silencing efficacy (Figure 14.5b). 
RNA nanorings complexed with Lipofectamine 2000 performed as well or better 
than equimolar concentrations of free siRNA in the knock-down of stably expressed 
eGFP in cultured breast cancer cells. Intratumoral injections of an siRNA harboring 
nanoring complexed with bolaamphiphile lipids also displayed slightly improved 
silencing efficacy over free siRNA complexes in xenograft breast cancer tumor mod-
els. RNA nanorings have also been shown to be effective against HIV infection, 
as targeting six distinct viral proteins with six siRNAs packaged together in the 
nanoring significantly reduced protein expression levels and viral reverse transcrip-
tase activity in infected HeLa cells (Afonin et al. 2014). RNA nanocubes have also 
been engineered to be a potent gene silencing platform. Nanocubes complexed with 
Lipofectamine 2000 have demonstrated potent silencing against stably expressed 
eGFP in cultured breast cancer cells, as well reduction of HIV infection among a 
population of 293T cells (Afonin et al. 2015). Both nanoring and nanocube scaffolds 
have shown the ability to successfully incorporate other functional entities including 
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fluorescent aptamers, proteins and dyes, targeting aptamers, and the incorporation of 
RNA-DNA hybrid duplexes that allow for an inducible RNAi response (Afonin et al. 
2010, Afonin et al. 2014, Afonin et al. 2015, Afonin et al. 2013).

pRNA-derived nanostructures are multivalent, and range in size from simple 
divalent dimer structures, to multivalent junctions, rings, and higher order den-
drimers (Sharma et al. 2016, Shu et al. 2013). pRNA-based scaffolds have proven 
successful in siRNA delivery in many different contexts. Experiments performed 
in cell culture using pRNA-X scaffolds (an “X”-shaped RNA scaffold consisting 
of four helical domains emanating from two central, adjacent pRNA three-way 

i.

ii.

iii.
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FIGURE 14.5 (a) RNA-based nanostructures for siRNA delivery. (Left) RNA-based nano-
structures can be generated through the assembly of multiple RNA strands. Such structures 
include (i) RNA nanorings, (ii) RNA nanocubes and (iii) novel structures engineered from 
the phi29 DNA-packaging motor RNA (pRNA). Each RNA strand is indicated by a different 
color. (Right) RNA nanostructures can be used as a scaffolding for multiple DsiRNAs, or 
other functional RNAs. DsiRNA helices are highlighted. (b) RNA-based nanostructures for 
siRNA delivery. Result for RNA nanorings harboring siRNAs that illustrate its efficiency as 
a RNAi-therapeutic platform. (i) Uptake of Alexa546 labeled siRNA by MDA-MB-231 cells, 
as either free siRNA duplexes or incorporated within the nanorings scaffold, as indicated 
(adapted from Figure 3, reference [Afonin et al. 2014]). (ii) In vivo eGFP gene silencing in 
MDA-MB-231 tumor-bearing mice using siRNA duplexes or siRNA-nanorings as indicated 
(adapted from Figure 5, reference [Afonin et al. 2015]).
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junctions) harboring four siRNAs complexed with Lipofectamine 2000 have dem-
onstrated significant downregulation of both plasmid-encoded luciferase and endog-
enous survivin transcripts in HeLa cells (Haque et al. 2012), while Lipofectamine 
2000 delivery of chimeric pRNA dimers harboring an siRNA against a viral prote-
ase were successful in increasing the viability of cells infected with cox-sackie virus 
B3 (Zhang et al. 2009). Most development towards in vivo therapeutic application of 
pRNA nanostructures has focused on aptamer or small-molecule targeted delivery 
in the absence of any lipid carrier. This is largely outside the scope of this review. 
However, systemic delivery of such siRNA harboring pRNA nanostructures have 
been successful in treating multiple mouse models including gastric (Cui et al. 2015) 
and intracranial glioblastoma (Lee et al. 2015) xenograft tumors.

14.4  LIPID-BASED siRNA DELIVERY SYSTEMS: 
GENERAL CONCEPTS

14.4.1  BackgrouNd

A popular alternate approach that obviates the need of direct chemical modifica-
tions of siRNA relies on the development and utilization of suitable molecules 
and/or molecular scaffolds (often referred to as delivery vehicles, agents and 
carriers) to deliver siRNA to its targeted site. The reader is referred to excellent 
reviews published in recent years, summarizing the status of siRNA-based thera-
pies including various platforms, design strategies, potential utility, pitfalls etc., 
(Bobbin and Rossi 2016, Wittrup and Lieberman 2015, Kim et al. 2005, Musacchio 
and Torchilin 2013, Sarisozen et al. 2015, Tseng et al. 2009, Cheng and Mahato 
2009, Sarisozen et al. 2016, Ganta et al. 2008, Jabr-Milane et al. 2008, Zhang et al. 
2008, Alexis et al. 2008, Ferrari 2005, Nguyen and Szoka 2012, Li and Szoka 
2007, Mahato 2000).

Essentials of an ideal delivery agent for siRNA-based therapies, have mainly 
stemmed from our existing knowledge of long-studied nano drug delivery systems 
(Zhang et al. 2008, Puri et al. 2009, Allen and Cullis 2013, Torchilin 2007, Connor 
et al. 1986). Desired characteristics of a nanocarrier, such as its low toxicity, biode-
gradability, acquiescent surface properties for preferred accumulation in the disease 
organs (reduced non-specific biodistribution), stability, and timed-clearance rates 
from the circulation are some important properties commonly shared by both drug 
and siRNA delivery systems.

14.4.2  sirNa-LNp systems

Lipids, an integral part of cell membranes, have been designed by nature to per-
form important biological functions including intracellular compartmentalization of 
organelles, cellular transport, cell signaling, control of membrane potential mecha-
nisms, and maintenance of cellular architectures etc. Assembly and organization 
of naturally occurring lipid molecules (including phospholipids, sphingolipids, and 
cholesterol) is relatively well-understood at the molecular level by examination of 
model membrane systems (such as supported bilayers and liposomes). Phospholipids 
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have the propensity to organize into vesicular structures of desired size, surface, and 
physical characteristics with their ability to accommodate payloads of drugs and 
bear molecular beacons at their surface (Haran et al. 1993). Therefore, lipids have 
found their niche as suitable delivery agents for drugs (Puri et al. 2009, Kohli et al. 
2014, Allen and Cullis 2004, Torchilin 2014) and nucleic acids including DNA and 
RNA (Santel et al. 2006, Lee et al. 2013). It may be noted that various lipid mole-
cules, in lieu of phospholipids (which are glycerol backbone based), have been devel-
oped for delivery of siRNA. These lipid molecules bear positively charged groups of 
choice in the polar region, include a linker and hydrophobic chains of various lengths 
and degrees of unsaturation. Design and synthesis of these cationic lipids is based 
on geometric considerations to favor efficient transfection to accomplish optimal 
siRNA function.

The complexes of cationic lipids and siRNA are created by electrostatic inter-
actions between the positively charged head groups of the lipids and the nega-
tively charged phosphates of siRNA. The resulting siRNA-lipid assemblies are 
commonly termed “lipoplexes.” Additional lipid molecules, categorized as “helper 
lipids” are often included in the siRNA-lipid assemblies. The purpose of helper lip-
ids is to facilitate the disassembly of siRNA from the lipid environment and their 
intracellular disposition. This function helps in localized destabilization of the 
plasma membrane or endosomal membrane (see Figure 14.1b). Endosomal escape 
of the lipoplexes into the cytosol can be achieved by multiple mechanisms. We 
discuss siRNA release mechanisms that are relatively well-studied later in this 
section.

Due to the discrete features of siRNA (small size and negative charge), 
additional constraints dictate design considerations for the creation of optimal 
siRNA-nanocarrier assemblies. These include development of suitable protocols 
for siRNA loading within the hydrophilic core of a chosen carrier relying on 
non-covalent or hydrophobic interactions for its encapsulation. However, main-
stream siRNA-LNP designs at present are primarily based on direct electrostatic 
associations of the siRNA with a positively charged delivery agent of choice. 
Chemical structures of some of the classical and recently developed positively 
charged lipids are shown in Figure 14.6. (Kanasty et al. 2013, Ozpolat et al. 2010, 
Sparks et al. 2012, Lee et al. 2013, Santel et al. 2006). Among these, 1,2-dioleoyl-
3-trimethylammonium-propane chloride, (DOTAP) (Stamatatos et al. 1988) 
and 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride (DOTMA) 
(Felgner et al. 1987) are popular molecules for cell culture studies (Simberg et al. 
2004) and have been tested in small animal studies (Fan et al. 2015, Singh et al. 
2000). Studies using DOTAP and DOTMA have been extensively reviewed previ-
ously (Tseng et al. 2009, Tam et al. 2013). Recently, two distinct classes of lipids, 
namely oxime ether (Gupta et al. 2015a), and bola lipids (Gupta et al. 2015b) have 
emerged as viable lipids for improved siRNA delivery. In vitro and in vivo studies 
from this laboratory and by Heldman and colleagues allude to the potential utility 
of bolaamphiphiles for RNAi therapy (Stern et al. 2014, Kim et al. 2013, Dakwar 
et al. 2012). Clinical success of bolas as siRNA carriers, however, remains to be 
seen in the near future. Studies related to these lipids were recently discussed in 
detail elsewhere (Gupta et al. 2017).
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FIGURE 14.6 Chemical structures of representative lipids used for siRNA delivery. 
DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane (Stamatatos et al. 1988); DODAP, 
1,2-dioleoyl-3-dimethylammonium-propane (Leventis and Silvius 1990); DOTMA, 1,2-di-O-
octadecenyl-3-trimethylammonium propane (Felgner et al. 1987); DOSST, Di-oleyl-succinyl-
serinyl-tobramycin (Habrant et al. 2016); YSK05, a cationic pH sensitive lipid with tertiary 
amine (Sato et al. 2012); GLH 19 and GLH 20, Bola lipids with non-hydrolyzable and hydro-
lyzable acetylcholine head groups respectively (Grinberg et al. 2008); OEL, Oxime ether lipid 
(Biswas et al. 2011); Dlin-KC2-DMA, Cationic lipid (Semple et al. 2010); DlinDMA, lipid of 
SNALP (Heyes et al. 2005); AtuFECT01, cationic lipid (Santel et al. 2006).
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14.4.3  sirNa-LNps, iNtraceLLuLar deLivery pathways

As mentioned earlier, overcoming the limited endosomal escape of endocytosed 
siRNA-LNPs to the cytosol remains a challenge in the field among other limitations 
faced by RNAi therapeutics (Tseng et al. 2009, Sarisozen et al. 2016). Intracellular 
delivery of siRNA can be achieved by two main pathways (Figure 14.1b).

The first mechanism relies on direct siRNA expulsion from the nanoparticles into 
the cytosol primarily by fusion of the lipid membrane of the nanoparticle with the 
plasma membrane of the target cells. Here, membrane interacting, conformation-
specific molecules such as cell-penetrating peptides (Deshayes et al. 2005, Endoh 
and Ohtsuki 2009, Torchilin 2008), fusogenic lipids (such as cardiolipin), or posi-
tively charged lipids play a role to promote cytosolic delivery (Cullis and K.B. 1979, 
Viard and Puri 2015). Triggers for direct cytosolic siRNA delivery can result from 
specific interactions of LNPs with the cellular receptors or subtle changes in the 
LNPs by the slightly acidic pH of the tumor microenvironment (Bertrand et al. 2014, 
Danhier 2016, Hobbs et al. 1998).

Recent studies by Ding et al. described a nanosystem for direct cytosolic delivery 
of HDL-reconstituted siRNA-cholesterol for target specific delivery to treat tumor 
angiogenesis, bypassing the endocytic route for entry (Ding et al. 2014). Direct trans-
fer of siRNA-cholesterol occurred by the scavenger receptor B1 and was facilitated 
by HDL. The second pathway for cellular entry of siRNA-LNPs relies on preferential 
intracellular uptake of the LNPs via endocytic mechanisms. In the latter case, dis-
lodging of the siRNA from the endocytosed nanoparticles for its placement into the 
cytosol becomes a vital consideration for successful RNAi therapy (Figure 14.1b).

In general, LNPs contain structurally defined lipids with an element of built-in 
positive charged moieties to enable electrostatic interactions with negatively charged 
siRNA molecules. However, the positively charged formulations may exhibit non-
specific toxic effects in vivo (Knudsen et al. 2015, Kedmi et al. 2010, Senior et al. 
1991), presumably by undesired immune activation. Therefore, Sood and colleagues 
developed neutral liposomes (consisting of DOPC) with encapsulation of siRNA 
against the EphA2 gene (EPHARNA); entering Phase I clinical trials (Wagner et al. 
2017). Various tunable LNPs to facilitate escape of siRNA from the endosomes 
examined to date are presented in the next section.

14.5  TUNABLE LIPID-BASED RNAi THERAPEUTICS 
FOR siRNA DELIVERY

Lipid-based nanoparticles for on-demand release of loaded drugs in vitro, in vivo, 
and in clinical settings have paved the way to partial success (Puri et al. 2009, Puri 
2013). Design principles and mechanisms underlying triggerable LNPs for drug 
delivery can in part be translated to triggerable LNPs for siRNA delivery. At pres-
ent, the tunable siRNA-LNP field can be considered to be only in its juvenile stage 
while exploring multi-pronged strategies. Efforts to this end can be categorized into 
the following main platforms (i) development of tunable chemical linkers to generate 
siRNA-lipid conjugates, and (ii) utilization of stimuli-sensitive lipids to formulate 
LNPs for efficient siRNA release in the cytosol from the endosomes. These strategies 
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offer distinct molecular mechanisms for endosomal escape, often termed “switching 
mechanisms.” It may be noted that the “switching mechanisms” may lead to revers-
ible or irreversible modifications in the designed molecule or the nanosystem.

An ideal design of carrier lipid-based RNAi nanotherapeutics aims at (i) rea-
sonable siRNA protection, (ii) efficient and preferential intracellular uptake by 
tumor cells, (iii) enhanced tumor accumulation, (iv) a built-in (tunable) mechanism 
for siRNA release from the endosomes, and (v) decomplexation from the carrier 
nanoparticle in the cytosol.

As mentioned earlier, poor endosomal release of the siRNA (plus nanoparticle) is 
one of the major challenges posing limitations for successful RNAi therapy. Ongoing 
research efforts to solve this seemingly very difficult problem are aiming at mul-
tifaceted platforms to develop “Tunable RNAi Therapeutics.” The common prin-
ciples that rely on the design of tunable lipid-based nanotherapeutics are primarily 
based on currently used strategies for tunable nanoparticles for on-demand release 
of small molecule drugs in the field of cancer nanomedicine (Ganta et al. 2008, Puri 
2013, McCoy et al. 2010, Zhu and Torchilin 2013, Kale and Torchilin 2007, Torchilin 
2009). Following intracellular uptake of siRNA-lipoplexes by the cells, factors that 
influence RNAi therapy efficiency include precise cellular location of the released 
siRNA within the cell, as well as the kinetics, and the extent of the siRNA release. 
It is also important that the modalities/treatments that are applied for siRNA release 
exert minimal effect on the biological activity of siRNA itself, and do not compro-
mise the host cell machinery.

Currently available research reports that primarily focus on development of 
nanoparticles that will facilitate siRNA/nanoparticle release from the endosome 
can be broadly classified into two categories, namely (i) internal and (ii) external 
stimulus. The internal trigger depends on the unique biology of the disease (such as 
altered pH, glutathione levels, and overexpressed enzymes). An external trigger, as 
the name suggests, relies on an outside source to destabilize the endosome and/or the 
tunable nanoparticle (such as heat, light, magnetic field). Both approaches with their 
pros and cons have advanced in the cancer nanomedicine field for small molecule 
drugs (Viard and Puri 2015, Puri 2013). However, at present, the field for on-demand 
delivery of siRNA-LNP is at a very early stage of development (Salzano et al. 2015). 
Various platforms including pH-triggered molecular switches (Walsh et al. 2013), 
redox switches (Vulugundam et al. 2015, Aytar et al. 2013), light switches (Oliveira 
et al. 2007), polymerizable switches based on surfactants (Wang et al. 2007), and 
cleavable PEG molecules (Jung et al. 2010) are under development. We describe tun-
able lipid systems that contain reducible and ionizable groups to facilitate endosomal 
escape below.

14.5.1  sirNa-LNps with tuNaBLe suLfhydryL LiNkages

Glutathione (GSH), a tripeptide, is a vital molecule in biological systems, known 
to maintain the intracellular redox state and modulate oxidative stress among other 
functions etc. (Jones et al. 2002, Sies 1999). Intracellular GSH levels are reported to 
be significantly elevated in cancer cells; leveraging for exploitation in favor of GSH 
to develop tunable RNAi therapeutics containing reducible bonds for site-specific 
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delivery of small molecule drugs (Musacchio et al. 2010, Kim et al. 2010, Vader et al. 
2011). To take advantage of the differential of GSH levels in cancer cells, Musacchio 
et al., developed a novel siRNA-thio phosphatidyl ethanol amine (siRNA-s-s-PE) 
to accomplish efficient siRNA release from nanoparticles in cell culture assays and 
in circulation (Musacchio et al. 2010) (Figure 14.7a). They used a functionalized 
GFP-siRNA (2-pyridyl disulfide activated siRNA, siRNA-SPDP). The functional-
ization was done at the 3’ end of the sense strand and reaction with PE-SH resulted 
in siRNA-s-s-PE. The molecule was assembled in micelles by addition of a PEG 
lipid. siRNA-s-s-PE was significantly superior when packaged with the PEG-lipid as 
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compared to Lipofectamine 2000. In another study, siRNA-cholesterol conjugates 
were synthesized via a cleavable disulfide at the 3’ end of the sense strand of siRNA 
(Chen et al. 2010). It was demonstrated that the siRNA-conjugate containing the 
biocleavable S-S linker was significantly efficient in gene silencing of a phosphodies-
terase expressed in oligodendrocytes upon direct CNS-delivery to rats. These studies 
demonstrate the utility of cleavable sulfhydryl linkers in the field of RNAi thera-
peutics, and future research will substantiate the translation aspects of this strategy.

14.5.2  ph-respoNsive ioNizaBLe Lipids

The design, synthesis, and utility of pH responsive lipids to deliver siRNA is a widely 
studied area in the realm of tunable RNAi therapeutics. The very existence of slightly 
acidic pH in the tumor environment (Danhier 2016, Tannock and Rotin 1989) and pH 
gradients in the endosomes (Liu and Huang 2013, Akinc and Battaglia 2013) bring in 
attractive modalities for escape of the endocytosed nanoparticles. An ideal ionizable 
lipid molecule should contain a head group with pKa values responsive to the chosen 
pH environment for protonation and deprotonation. In addition, the ability of the 
protonated lipid to assume a preferred conformation (such as hexagonal HII phase) to 
interact with the inner monolayer of endosomal lipids for membrane destabilization 
is desirable (Culls and K.B. 1979, Viard and Puri 2015). Various lipid-based systems 
for endosomal escape of siRNA-LNPs are briefly described below.

Previous studies have shown that incorporation of DOPE, that goes into the hex-
agonal (HII) phase at low pH, mediates the fusion of the endosomal membrane with 
the siRNA-lipoplexes, resulting in release of the siRNA into the cytosol (Litzinger 
and Huang 1992, Farhood et al. 1995). Heyes et al. were the first to synthesize a 
series of cationic lipid analogs with varying chain lengths and degrees of unsatura-
tion and formulated SNALPs. Using Neuro2A cells stably expressing the luciferase 
gene, it was demonstrated that the degree of saturation of cationic lipids plays a 
role in lipid, fusogenicity, cellular uptake, and gene silencing. Efficient endosomal 
release was suggested for the observed high gene silencing of luciferase in Neuro2A 
cells (Heyes et al. 2005).

In a follow-up study, Semple et al. utilized a medicinal chemistry approach to 
rationally design lipids for siRNA delivery taking into consideration the putative 
in vivo mechanism of action of ionizable cationic lipids. Using DLinDMA (a com-
ponent of SNALPs) as the bench mark, a series of cationic lipids were synthesized 
to screen gene silencing activity in vivo. The lipid DLin-KC2-DMA (Figure 14.7b) 
formulated in liposomes outperformed other synthesized lipids presumably due to 
its pKa (6.7 ± 0.08) showing in vivo siRNA activity at doses as low as 0.01 mg/kg in 
rodents and 0.1 mg/kg in non-human primates (Semple et al. 2010). Therefore, these 
ionizable pH-sensitive lipids are likely to prove to be useful as components of RNAi 
therapeutics in vivo.

In another study, Walsh et al. took a novel approach to synthesize ionizable lipids 
that contain a lysine head group linked to a long-chain dialkyl amine via an amide 
coupling reaction (Walsh et al. 2013). Using a simple synthesis scheme, variations 
in the ionizable head groups, hydrophobic tails, and linker regions were introduced. 
The introduction of a second ionizable amine group in the core of the lipid had an 
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effect on the pKa, membrane destabilization, endosomal escape, and siRNA delivery 
into cytoplasm. Interestingly, these lipids performed well in cell culture assays as 
demonstrated by knock-down of the luciferase gene in HeLa-luc cells. In contrast, 
these lipids did not show a significant silencing of Factor VII when tested in vivo in 
mouse studies. Under similar conditions, the SNALP lipid, DLinDMA showed sig-
nificant knock-down of the Factor VII in vivo. This study brings an interesting point 
for further investigation.

14.6  siRNA-LNPs IN CLINICAL TRIALS

A prerequisite for successful RNAi therapeutics requires delivery of the siRNA-
loaded nanocarrier into the cell interior, as the site of action of siRNA is in the 
cytosol. As described in preceding sections, GalNac-siRNA conjugates and 
cholesterol-siRNA conjugates have paved the way for initial clinical trials for dis-
eases of the liver. Here, GalNac conjugates were delivered subcutaneously to evade 
the requirement of a carrier to facilitate siRNA delivery. Cholesterol-siRNA conju-
gates also exploited their association with lipoproteins in blood plasma for transport 
to the liver, and hence could be delivered via the intravenous route. For diseases not 
involving the liver, carrier-assisted siRNA delivery becomes important. In recent 
years, a number of cationic lipids have entered clinical trials for safety and/or efficacy 
studies (Figure 14.6, DLinDMA & AtuFECT01) (Xu and Wang 2015). A liposomal 
formulation Atu027, (prepared from cationic AtuFECT01, a helper lipid [DPhyPE] 
and the PEGylated lipid [DSPE-PEG2000]), assembled with blunt ended negatively 
charged 23mer RNA ODN was tested for advanced solid tumors (Strumberg et al. 
2012, Schultheis et al. 2014). Another promising lipid-based platform called stable 
nucleic acid-lipid particles (SNALPs) (Santel et al. 2006) was originally described 
by Heyes et al. (2005) and Morrissey et al. (2005). SNALPs contain an ionizable cat-
ionic lipid, 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA, Figure 14.6-x), 
a helper lipid and a PEG-lipid. The design principle of SNALPs is based on the ability 
of DLinDMA to undergo protonation at low pH, and assembly of siRNA in the core 
of the nanoparticle. Using SNALPs, siRNAs for two cell cycle regulating proteins, 
polo like kinase (PLK1) and kinesin spindle protein (KSP) were tested in a hepatic 
cancer model (Hep3B, Neuro2a hepatic tumor) (Judge et al. 2009), with induction 
of apoptosis, significant inhibition of the PLK1-mRNA and KSP-mRNA expression 
levels resulting in enhanced survival rates of tumor bearing mice. Recently, Alnylam 
and Sanofi reported a successful Phase III clinical trial for the rare disease RNAi 
candidate patisiran, showing highly significant improvement in hereditary ATTR 
(hATTR) amyloidosis with polyneuropathy in patients. Their report embodies a 
landmark in the development of RNAi therapeutics and marks the first Phase III 
study for an RNAi drug (clinical trial number NCT02510261). Their formulation was 
based on SNALP lipids and was administered by intravenous injections.

14.7  SUMMARY AND PERSPECTIVES

RNAi-based nanotherapeutics are currently of huge interest as gene modulation tools 
to treat cancer, infections, and other related diseases. At present, diseases of the liver 
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have been studied in detail using siRNA-cholesterol conjugates and have met with suc-
cess. Naked siRNA molecules with suitable modifications may find their applications 
for diseases of skin and eye, when the therapeutic can be applied topically. Design of 
various molecules to carry siRNA to desired sites is an area under constant develop-
ment for intended applications as injectable siRNAs. In this regard, extensive research 
has been done exploiting versatile lipid molecules as carriers for siRNA delivery. 
siRNA-lipid partnerships can be multifold as presented in this review. Hence, it’s not 
surprising that several lipid-based siRNA nanoparticles are being examined in clini-
cal trials. A recent successful Phase III clinical trial study included siRNA-LNPs. 
However, availability of tunable siRNA-LNPs for enhanced and localized delivery is 
subject to future research efforts. Construction of RNA-based scaffolds (RNA nano-
structures) is a relatively new field of research and has begun to show promise using 
in vitro and in vivo model systems. The very advantage of RNA nanostructures to 
accommodate multiple siRNA, molecular beacons and targeting ligands within a sin-
gle architecture can be considered a leap forward in the realm of RNAi therapeutics.
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15.1  INTRODUCTION

For many decades, small molecule inhibitors have been developed. To a degree, these 
inhibitors have been successful in treating cancer, although they are nonspecific and 
toxic against normal tissues. RNA interference (RNAi) can circumvent these prob-
lems when introduced as a novel therapeutic strategy in the clinic (Haussecker 2014). 
Mechanistically, RNAi inhibits expression of target mRNA, which can be achieved by 
introducing chemically synthesized small interfering RNA (siRNA;  Siomi and Siomi 
2009; Hannon and Rossi 2004). siRNAs have been synthesized to target oncogenes 
that are involved in cellular processes, including cell proliferation, metastasis, invasion, 
and angiogenesis. siRNA-based therapeutics can modulate the expression of a target 
protein with high specificity, providing a promising strategy to treat cancer. The clini-
cal application of siRNAs has been limited due to its biological instability, degradation 
by endogenous enzymes, and aggregation with proteins in the serum. Furthermore, 
these negatively charged siRNAs have minimal cellular internalization due to electro-
static repulsion against the negatively charged cell membrane. Therefore, translation 
into the clinic depends on the development of appropriate delivery vehicles. To over-
come these difficulties, the ideal siRNA delivery carrier should have a long circulation 
time, be able to pass through the vascular endothelium to reach the tumor site, and 
possess efficient endosomal escape to reach the cytoplasm (Wang et al. 2010). Many 
nanocarriers, polymers, liposomes, and inorganic nanomaterials have been developed 
to address these challenges to siRNA delivery. Among them, lipid-based nanocarriers 
are the most developed, due to biocompatibility and the ability to biodegrade.

15.1.1  Lipid NaNocarriers for sirNa deLivery

Since viral carriers trigger undesirable immunogenic responses, non-viral nanocar-
riers are found to be the best choice for safe siRNA delivery. Lipid and phospho-
lipid nanocarriers have a natural tendency to interact with the cellular membrane 
to facilitate siRNA uptake. Liposomes are generally formed by the self-assembly 
of lipids that contain hydrophilic head groups and hydrophobic tails. The pres-
ence of one or more amines on the polar head group makes the lipid more cat-
ionic, which facilitates the binding of negatively charged DNA/RNA. Different 
classes of lipid-based nanocarriers have been studied for RNA/DNA delivery. 
Figure 15.1 shows the chemical structure of commonly used lipids for liposome 
preparation for siRNA delivery. Neutral lipids, like cholesterol (Muralidharan et 
al. 2016) DOPE (Dioleoylphosphatidylethanolamine) (Mochizuki et al. 2013) or 
(Dioleoylphosphatidylcholine) (Nakamura, Kuroi, and Harashima 2015), are added 
to stabilize the siRNA delivery system. DOPE is not only neutral but also fusogenic 
in nature and acts as helper lipid that stabilizes the liposome and enhances the pen-
etration of the liposome and endosomal escape of the cargo. However, the proper 
mechanism of endosomal escape with DOPE is not fully understood yet. In a typi-
cal study, when combined with a cationic head group ethylene diamine and DOPE 
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in 1:1 ratio, a suitable structural transition in the lipoplex occurred that helped its 
improved transfection efficiency (Mochizuki et al. 2013).

Dioleoylphosphatidylcholine (DOPC) also, as a helper lipid, yields higher 
transfection efficiencies with cationic lipids, considered as a result of confor-
mation shift in their structure at low pH (Balazs and Godbey 2011; Hafez and 
Cullis 2001). To improve the siRNA loading efficiency, helper cationic polymer 
protamine is added to pre-condense the siRNA in the core of the liposomes. 
Differences in the type of the lipid used in the formulation yield different types 
of lipid nanoparticles. Many factors, including the structure, surface charge, 
degree of PEGylation, and conjugation of targeting ligand(s), affect the delivery 
of siRNA via liposomal delivery system (Figure 15.2). In this chapter we describe 
the contributions of liposomes and lipid-based nanocarriers in the delivery of 
siRNA. Further, our research efforts in liposome-based siRNA are also described 
with the emphasis on cancer therapy.
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FIGURE 15.1 Examples of commonly used lipids for liposome preparation for siRNA 
delivery and their chemical structures. These include DOTAP (dioleoyl trimethylammonium-
propane), DOPC (Dioleoylphosphatidylcholine), DOPE (Dioleoylphosphatidylethanolamine) 
and DOTMA (dioleyloxypropyl trimethylammonium chloride).
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15.2  METHODS FOR LIPOSOME PREPARATION

Liposomes are prepared using many procedures for the delivery of nucleic acid ther-
apeutics. Nucleic acid molecules such as siRNA, plasmid DNA, or oligonucleotides 
are complexed with liposomes via either passive loading or by active loading. In 
passive loading, nucleic acid materials are basically encapsulated inside the lipo-
somes, whereas in active loading the nucleic acid materials are allowed to interact 
with the lipids and are added to fully formed and intact liposomes (MacLachlan 
2007). Commonly used methods of liposome preparation for nucleic acid therapeu-
tics are: (a) thin-film hydration, (b) sonication, (c) ethanol injection and, (d) reverse 
phase evaporation. Detailed protocols for each methods for liposome synthesis can 
be found in a recent article by Akbarzadeh et al. 2013.

Briefly, in these methods, the lipids are generally dissolved in a mixture of organic 
solvents (chloroform, methanol, or ethanol) and are coated inside a round-bottom 
flask under vacuum and ambient temperature. The thin film formed in this process 
can be hydrated by the addition of buffers or water, or during the removal of organic 
solvents or detergents, allowing rapid self-assembly of lipids to form vesicles. At 
this stage the lipid vesicles are in general of multilamellar and heterogeneous. Then 
in the next stage to control the particle size and to make multilamellar vesicles to 
uni- or bi-lamellar liposomes, post-processing procedures such as extrusion, sonica-
tion, controlled freeze-thaw cycles or high-pressure homogenization are required. 
In the extrusion method the liposomal solution is passed through polycarbonate 
membranes of various pore sizes (nm) under mechanical pressure using specialized 

Lipid bilayer

Targeting ligand

Hydrophobic drug

DNA/RNA/siRNA

Hydrophilic drug

Polyethylene glycol (PEG)

FIGURE 15.2 Structure and design of liposomes for DNA/siRNA/drug delivery. Liposomes 
can be surface functionalized through PEGylation to promote receptor-mediated endocytosis 
via targeting ligands. Chemotherapeutic drug can be encapsulated into the aqueous phase, 
incorporated into the lipid bilayer, or conjugated to the liposome surface.
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devices many times until the desired size of the particles are achieved. Since this 
method is time-consuming, simple methods such as sonication are extensively used 
in liposome preparation. In sonication, the heterogeneous lipid vesicles are subjected 
to ultrasound waves using a bath sonicator or probe sonicator under controlled con-
ditions to reduce the particle size and to obtain small unilamellar vesicles (SUV) 
from multilamellar (MLV) vesicles. The harsh environment of sonication may not be 
appropriate for the nucleic acid molecules passively loaded to the liposomes because 
of the harshness of the procedure.

Another simple method of liposome preparation is the ethanol injection tech-
nique, where lipids dissolved in ethanol are forcefully injected into a buffer. This 
will lead to spontaneous formation of MLVs, but not SUVs, and generates a het-
erogeneous population of lipid vesicles of various sizes. However for siRNA/DNA 
encapsulation this method is not preferred as it can precipitate the nucleic acids caus-
ing inactivation of their biological activity.

Recent progress in liposome technology emphasizes the high loading capacity 
of payload and reproducible monodispersed structures for rapid clinical translation 
purposes. The reverse phase evaporation method is a recent technique, allowing for 
encapsulation of large amount of water soluble material in the liposome core. In 
this technique an organic phase containing lipids in which hydrophobic materials 
are dissolved is mixed with an aqueous phase in which hydrophilic materials are 
present to form inverted micelles, then organic phase is slowly eliminated to form a 
viscous gel phase. The gel phase is then hydrated to form liposomes. The liposomes 
synthesized by the reverse phase evaporation method have high aqueous volume-
to-lipid ratios, almost four time higher than MLVs synthesized by other methods 
(MacLachlan 2007).

15.3  PARAMETERS INFLUENCING CELLULAR ENTRY 
AND GENE DELIVERY EFFICIENCY OF LIPOSOMES

The cellular entry and gene delivery efficiency of liposomal nanocarriers is influ-
enced by several factors that include: particle size, shape, surface charge, ligand 
modification for targeted siRNAdelivery, PEGylation degree etc., (Xia, Tian, and 
Chen 2016). It is important to note that the particle size determines the biological 
fate and activity of the liposomes in vivo. Taking into account the high vascular 
permeability around tumor tissues particle sizes under 200 nm are preferable for in 
vivo administration. As suggested by Li and Szoka, a particle size <100 nm helps in 
overcoming the in vivo biological barriers for liposome siRNA complexes (Li and 
Szoka 2007). These barriers include uptake by reticuloendothelial systems (RES), 
entry to tumor mileu, extracellular matrix, cell membrane, and intra cellular barri-
ers. In a different study, a cationic liposome of ~150 nm size has shown its lung accu-
mulation upon intra-tracheal administration after a period of 72 hours, indicating a 
slightly higher permeability in lung tissues. However, lung accumulation was time 
dependent, as at a later time point the liposomes were mostly accumulated in liver 
(Ishiwata et al. 2000). Surface charge of liposomes is another important factor that 
influences the gene silencing efficiency of liposome-siRNA complexes (Campbell 
et al. 2002). Cationic liposomes are extensively used in transfection reagents because 
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of their high transfection efficiency for siRNA or DNA. However, they are toxic too, 
because of their ability to fuse with negatively charged membranes non-specifically. 
Anionic liposomes and neutral liposomes are highly regarded as less toxic, but 
their transfection efficiencies are less compared to cationic liposomes. These sys-
tems are further elaborated in following section(s). Polyethylene glycol modification 
(PEGylation) and the degree of PEGylation are important factors that determine the 
stability of liposomes in the bloodstream. PEG chain length and density of coat-
ing are important in effective transport of liposomes in the circulation. In general, 
PEGylation reduces the charge of liposomes, to make it to near neutral. This will 
prolong the circulation time of liposomes (stealth property) by delaying clearance 
by RES. Liposomes are also made by neutral lipids. However, neutral lipids are sup-
portive of cationic lipids to enhance the transfection efficiency. More details about 
these systems are presented in Section 15.4. In a nutshell, the charge of the liposome 
is an important factor in gene delivery efficiency. Finally, to improve the cell-type 
based transfection efficiency, receptors overexpressed in cell surfaces are explored, 
by modifying liposomes with ligands specific for those receptors. Details describing 
suitable examples are presented in Section 15.6.

15.3.1  ceLLuLar eNtry mechaNism of NaNocarriers for sirNa deLivery

Endocytosis is the prominent mechanism of cellular entry by nanocarriers. Based 
on the above-mentioned parameters, an siRNA-loaded nanocarrier may enter cells 
through macropinocytosis, clathrin-mediated endocytosis (CME), or caveolae-
mediated endocytosis. In macropinocytosis, siRNA carriers are internalized through 
large vesicles called macropinosomes, and undergo endosomal escape through leaky 
macropinosomes or fuse with lysosomes to release siRNA. They are growth factor-
induced, actin-driven endocytosis and largely depend upon cell type. In CME, an 
siRNA nanocarrier enters the cell through the formation of clathrin-coated vesi-
cles, which fuse with early endosomes and the buffering capacity of nanocarrier 
material should allow siRNA to escape from endosomes before its maturity and 
fusion with lysosomes. The initial stage of this cellular entry pathway depends on 
nanoparticle-cell surface receptor interaction. However, a fraction of the nanopar-
ticles may enter lysosomes resulting in inactivation and degradation of the siRNA 
carried. This is because CME or micropinocytosis pathways have been shown to 
deliver some ligands and their receptors ultimately to lysosomes (Pereira et al. 2015). 
Caveolae mediated endocytosis begins with the formation of caveolae using the 
 caveolin-1 protein present in the plasma membrane. The resulting vesicles, caveo-
somes, are non-acidic and will not undergo any change in pH. Most caveosomes 
are directly transported to the cytosol, bypassing normal lysosomal degradation. 
However, the exact molecular mechanism by which the caveosomes reach the cyto-
sol is unclear (Khalil et al. 2006; Medina-Kauwe, Xie, and Hamm-Alvarez 2005).

The type of nanocarrier material and the physicochemical properties also 
determine the cellular entry pathway for siRNA delivery. For instance, superpara-
magnetic iron-oxide nanoparticles and silica-coated, iron-oxide nanoparticles, 
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which are negatively charged, preferentially enter the cells through caveolin-1 or 
cdc42 based endocytosis pathways (Bohmer and Jordan 2015). It was also reported 
that gold nanoparticles with different sizes, coated with PEG or other polymers, 
polystyrene nanoparticles etc., enter cells through caveolin-mediated pathways. 
The hydrophobicity of a nanoparticle is also an important factor that determines 
the cellular entry of nanoparticles. For example cholesterol-modified pullulan 
nanoparticles preferentially enter cells through clathrin-mediated endocytosis and 
micropinocytosis (Jiang et al. 2013). However, hydrophobically modified glycol 
chitosan nanoparticles enter cells through several distinct pathways involving 
clathrin-mediated endocytosis, caveolae-mediated endocytosis, and micropino-
cytosis (Nam et al. 2009). A direct membrane fusion strategy that bypasses the 
conventional cell entry pathways has also been used, depending on the nanocarrier 
material and its interaction with cell membrane (Yang et al. 2016). They have used 
complementary coiled-coiled lipopeptides inserted into the lipid bilayer of lipo-
somes which resulted in targeted membrane fusion accompanied by drug release 
into the cell cytoplasm (Yang et al. 2016). Therefore, physicochemical properties 
of nanoparticles play a role, though it is not fully elucidated for many nanopar-
ticle systems, in determining the mechanism of cell entry pathways and drug or 
gene delivery. Though the above section is not specific to liposomes, the specific 
examples serve to give an insight to the general mechanisms of cell uptake by 
nanocarriers for gene delivery.

Since endosomal escape is a challenge for siRNA/oligonucleotides stability, 
nanoparticle material that chooses a specific cellular entry pathway other than the 
endosome pathway or the ability of nanoparticles to help siRNA to escape from 
endosomal acidic environment influence their successful cytoplasmic delivery. 
Examples of some important strategies for endosomal escape of siRNA using lipo-
some delivery vehicles are described in Section 15.4.

Different categories of liposomes have been extensively studied for siRNA deliv-
ery in mammalian cells. Overall cationic liposomes show high transfection efficiency 
both in vitro and in vivo compared to non-cationic liposomes. Cationic liposomes 
interact with anionic nucleic acids to form positively charged lipoplexes that can eas-
ily interact with the negatively charged cell membrane to facilitate the cellular entry. 
Besides the charge of liposomes, lipid composition, particle size distribution, and 
charge ratio may also influence the uptake of the particles. Cellular uptake can take 
place either through direct fusion with the plasma membrane or through endocytosis. 
Cell surface binding of cationic liposomes alone is not sufficient to enter into the 
cells without the endocytosis process. The proposed flip-flop mechanism explains 
the dissociation of nucleic acids from the lipoplexes and escape from the endosomes 
into cytosol (Zelphati and Szoka 1996). After the cellular uptake, lipoplexes fuse 
with endosomes and form endosomal vesicles. The close proximity of the endosomal 
membrane and lipoplexes facilitates the electrostatic interaction between the cationic 
lipoplexes and the anionic lipids of the endosomal membrane. It destabilizes the lipid 
bilayer due to the formation of a charge-neutralized ion pair. As a result, the nucleic 
acids will be released into the cytoplasm.
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15.4  TYPES OF LIPOSOMES

15.4.1  catioNic Liposomes

15.4.1.1  Cationic Liposomes/Lipoplexes
Cationic liposomes are positively charged; the hydrophilic head group is linked to a 
hydrophobic tail that contains alkyl chains of various lengths. The number of amine 
groups present on the head group determines the charge of the liposomes. These 
liposomes are synthesized by simply mixing the cationic liposomes with neutral 
helper lipid and siRNA in the desired ratio. The complexes, thus formed by aggrega-
tion of the siRNAs with the liposomes, eventually rupture the lipid bilayer to wrap 
around the siRNA complex and form multilamellar structures. These complexes 
protect the siRNA from degradation and show enhanced cellular uptake. Studies 
have shown that the slightly positively charged lipoplexes interact more efficiently 
with the negatively charged cell membrane, and demonstrate higher transfection 
efficiency (Zhang, McIntosh, and Grinstaff 2012). The protection of DNA from 
nucleases and improved transfection efficiency of the lipoplex depend on the lipid/
nucleic acid ratio. The lipid/nucleic acid ratio determines the structure and controls 
the size of cationic lipoplexes (Almofti et al. 2003), the biophysical characteristics of 
which are evaluated using transmission electron microscopy. Relatively small com-
plexes are formed at high positive charge ratios with a particle size around 200 nm. 
However, when the net charge of the liposome-siRNA complexes nears neutrality, 
large aggregates are formed, mostly in micrometer sizes (Almofti et al. 2003).

DOTAP (dioleoyl trimethylammoniumpropane) and DOTMA (dioleyloxypropyl 
trimethylammonium chloride) are the two monovalent cationic liposomes that are 
commonly used for siRNA delivery. The strong cationic quaternary ammonium 
group present in DOTAP and DOTMA aids in the formation of cationic lipoplexes 
and lipopolyplexes. These lipoplexes showed high cellular uptake, resulting in 
enhanced gene silencing. DNA/lipoplexes bind to the cell membrane through non-
specific ionic interactions and enter the cells through membrane-associated proteo-
glycans. These lipoplexes demonstrated efficient endosomal escape due to the ion-pair 
mechanism. The ion-pair mechanism is the strong electrostatic interaction between 
the cationic lipoplexes and the anionic lipid phosphatidylserine that is present in 
the cytoplasmic side of the endosomal membrane. Anionic lipids on the endosomal 
membrane diffuse into lipoplexes and destabilize the ion pairs, thus disassembling 
the lipoplexes to release the siRNA into the cytoplasm. This ion-pair mechanism 
leads to successful escape of siRNA from endosomes. The formulation using 100% 
DOTAP produces inefficient delivery of DNA/RNA due to a greater positive charge 
on the liposome, which prevents the counter ion exchange. Protonation of DOTAP 
at a neutral pH requires more energy to remove the DNA/RNA from the liposomes. 
Due to its biocompatibility, cholesterol was chosen to stabilize the DOTAP. This for-
mulation showed a two-to-four-fold increase in transfection efficiency and a four-fold 
decrease in cytotoxicity (Balazs and Godbey 2011).

Khatri et al. investigated the effect of different lipid compositions that influence 
stability and toxicity of lipoplexes (Khatri et al. 2014). The lipoplex (D2CH) sys-
tem had the following components: dioleoyl-trimethylammoniumpropane (DOTAP), 
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dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), hydrogenated soya phospho-
choline (HSPC), cholesterol, and methoxy (polyethyleneglycol)2000–1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (mPEG2000–DSPE). Compared to the conventional 
gene delivery system Lipofectamine-2000, the D2CH system showed significantly 
low toxicity up to an N/P ratio of 7.5 with siRNA. The lipoplexes generated showed 
three times less hemolytic potential compared to Lipofectamine 2000. Further the 
lipoplexes were well tolerated (up to 300 mg lipid/kg) by the mice models studied. 
Desmet et al. recently introduced novel lipoplexes, which are elastic liposomes; flex-
ible and highly deformable to allow easy penetration through pores much smaller 
than their size (Desmet et al. 2016). These elastic lipoplexes with a composition of 
DOTAP, DOPE, cholesterol, and EtOH (named as DDC642), were used to deliver 
siRNA for topical application, especially psoriasis. Their DDC642 liposomes formed 
stable complexes with both siRNA and miRNA molecules and demonstrated high 
penetration in skin cells.

15.4.1.2  Lipopolyplexes
Lipopolyplexes were designed to circumvent the large size and cytotoxicity prob-
lems of lipoplexes. These new carriers show better nucleic acid condensation for 
better siRNA delivery. Lipopolyplexes combines the advantages of both polyplexes 
and lipoplexes, as they are ternary nanocomplex composed of cationic liposome, 
polycation, and nucleic acid. They are categorized based on the types of polycationic 
materials used in the creation of lipopolyplex (i) cationic polymer based (eg: PEI and 
its derivatives) lipopolyplexes and (ii) cationic polypetide (eg: poly-l-lysine)-based 
lipopolyplexes (Rezaee et al. 2016).

Lipopolyplexes were prepared by condensing nucleic acids with the help of poly-
cation into a polyplex and entrapped within the liposomes. Various polymers, such 
as polyethylenimine, poly-L-lysine, protamine, chitosan, and polyallylamine, have 
been used in lipopolyplex formulation (Chen et al. 2009). The recent review by 
Rezaee et al. (2016) described different kinds of lipopolyplexes based on the above-
mentioned categories in detail. They showed promising transfection efficiencies and 
safety features for these lipopolyplexes and are superior to conventional cationic 
liposomes and polymeric gene delivery systems. PEIs of different lengths, either 
branched or linear are available and can be functionalized by simple methods. These 
are able to condense the nucleic acids by electrostatic interaction between the posi-
tively charged PEIs and negatively charged nucleic acid into homogeneous particles. 
The positively charged PEI/DNA complexes could bind to the negatively charged 
cell membrane and result in high transfection efficiency. Garcia et al. developed a 
lipopolyplex using DOTAP:chol with various PEIs (linear and branched PEI) and 
DNA (Garcia et al. 2007). They demonstrated that a higher lipid/DNA ratio resulted 
in better transfection efficiency. De Wolf et al. synthesized cationic liposomes using 
DOTAP/DOPE with various modified PEIs (PEG-PEI) for siRNA delivery (de Wolf 
et al. 2007). They showed the influence of various cationic vectors in tumor accumu-
lation and biodistribution. The overall tumor accumulation and circulation kinetics 
were not significantly different from free non-complexed siRNA. However, intratu-
moral distribution of siRNA was influenced by the type of cationic carriers used. 
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Among the studied nanocarriers only PEG-PEI improved the circulation kinetics 
of pDNA. Their study concluded that the intratumoral, carrier-induced changes are 
more significant in predicting the fate of siRNA or pDNA, than the advantage pro-
vided by the carrier system during transport in circulation until it reaches the tumor 
(de Wolf et al. 2007).

Lipopolyplexes escape from the endosomes through both the ion-pair formation 
and proton sponge effect. After the endocytosis, the cationic lipopolyplex and the 
anionic lipids in the endosomal membrane would form an ion pair and destabilize 
the membrane. The electrostatic interaction could further facilitate the formation of 
the inverted hexagonal phase and disrupt the endosomal membrane. The cationic 
polymers in the core of the lipopolyplexes behave as a sponge and become proton-
ated to withstand the acidification of the endosomes. As a result, more protons will 
be pumped into the endosomes to lower the pH and the passive entry of counter 
chloride ions increases the osmotic pressure that results in the rupture of endosomal 
membrane.

The multifunctional envelope-type nanodevice (MEND) is another example of a 
lipopolyplex. MEND lipopolyplexes have nucleic acids condensed with a polycation 
to form a polycation/nucleic acid core, which is then protected by the lipid bilayer 
decorated with various functional moieties, like targeting ligands. The condensed 
nucleic acids in the core minimize the size and increase the loading efficiency, 
protecting the nucleic acids from nucleases (Hatakeyama et al. 2011). In another 
approach, lipopolyplexes were prepared by mixing DOTAP with a chitosan/DNA 
polyplex, resulting in a 70-fold increase in the transfection efficiency (Wang 2012).

15.4.1.3  SNALP
Stable nucleic acid lipid particles (SNALP) are formulated using an ionizable cat-
ionic lipid and a neutral helper lipid that is further coated by a PEGylated lipid, which 
enhances the interaction with the plasma membrane, thus promoting cellular uptake 
and endosomal escape (Semple et al. 2010). The siRNA is encapsulated in the shell of 
a lipid bilayer that is a mixture of cationic lipids and fusogenic lipids. The PEG coating 
in the cationic bilayer protects the nucleic acid core from degradation by nucleases. 
The chemical modification of siRNA at 3’ and 5’ with 2’-OH and 2’-O-methyl was 
reported to prevent the immune response and enhanced the stability of siRNA (Burnett 
and Rossi 2012; Siomi and Siomi 2009). Morrissey et al. (2005) developed a SNALP 
system using a chemically modified siRNA-targeting hepatitis B virus, in which the 
liposome consisted of DSPC:chol:PEG-C-DMA:DLinDMA at 20:48:2:30 mol percent. 
They observed that the intravenous injection of SNALP at 3 mg/kg/day for three days 
significantly reduced the HBV DNA in the serum (Jayaraman et al. 2012).

Alnylam Pharmaceuticals developed a first-generation SNALP comprised of two 
different siRNAs to target two genes in liver cancer. One of the siRNAs targeted 
the mRNA of vascular endothelial growth factor (VEGF), while the other siRNA 
inhibited the mRNA of kinesin spindle protein (KSP). The SNALP was tested in 
41 patients with treatment-resistant disease, in a study that lasted 26 months. One 
patient had complete remission, but the mRNA knock-down was not observed 
(Kanasty et al. 2013). Phase I/II studies of modified DLinDMA LNP to target polo-
like kinase 1 (PLK1) gene showed improved circulation time and enhanced tumor 
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accumulation (Zatsepin, Kotelevtsev, and Koteliansky 2016). Di Martino et al. 2014, 
used SNALP to improve the delivery efficiency of miR-34a mimics towards mul-
tiple myeloma cells. They prepared SNALP having the composition, DSPC/CHOL/
DODAP/PEG2000-Cer16 (molar ratio 25/45/20/10). To prepare SNALP carrying 
miR-34a, the preheated (65°C, two to three minutes) lipid mixture in solution was 
rapidly added into the aqueous solution containing miR34a under continuous stir-
ring. The resulting SNALP-miR-34a complex was extruded several times through a 
polycarbonate membrane of 100 nm pore size and purified by dialysis and column 
chromatography. The SNALP-miR-34a complex was shown to efficiently deliver the 
miRNA mimics into tumor cells both in vitro and in vivo. SNALP-based delivery 
of miRNA mimics increased survival rate of mice bearing tumors. Another advan-
tage was that the SNALP-based miR-34a mimic did not cause any significant non-
specific toxicity in treated animals, indicating its safety as a gene delivery system. 
While the use of SNALP for miRNA delivery is exciting, additional studies however 
are warranted prior to advancing SNALP-based miRNA therapy for cancer.

15.4.1.4  pH-Sensitive Liposomes
pH-sensitive liposomes are considered promising nanocarriers for intracellular gene 
delivery. Like the cationic liposomes, pH-sensitive liposomes are unstable in the 
circulation and are sequestered by phagocytes in the reticuloendothelial system. 
To increase the circulation time, cationic liposomes are modified with polyethyl-
ene glycol (PEG), a process called PEGylation. Although PEGylation has various 
advantages, it prevents the interaction between liposomes and the cell membrane. To 
overcome this problem, a pH-sensitive bond is introduced between the hydrophilic 
PEG and the hydrophobic lipid moiety. When exposed to lysosomal acidic conditions, 
the pH-sensitive bond will be degraded, releasing the lipid moiety. The pH in early 
endosomes is about 6.0 and reduces to 5.0 in late endosomes. Even in weak acids pH-
sensitive bonds can be cleaved, which promotes the endosomal escape. DLinDMA, 
1, 2-dilinoleyloxy-3-dimethylaminopropane: DLin-KC2-DMA, 2,2-dilinoleyl-4-(2-
dimethylaminoethyl)-[1,3]-dioxolane, and YSK05 are common cationic pH-sensitive 
lipids used to prepare pH sensitive liposomes (Sato et al. 2012)

15.4.1.5  Lipidoids
Lipidoids are new class of chemically synthesized, lipid-like materials used for 
siRNA delivery (Akinc et al. 2008). More than 1,200 structurally different lipi-
doids have been developed and tested in animal models. Lipidoids are pH-sensitive 
and can be synthesized with customized head and tail groups. PEGylated lipidoids 
C12-200 with PEG 2K at 1.5 mol% showed the downregulation of multiple genes 
(Frank-Kamenetsky et al. 2008). Akinc et al. developed a novel lipidoid, LNP01, 
with cholesterol and PEGylated lipid; this lipidoid silenced multiple genes in various 
animal models (Akinc et al. 2009).

15.4.2  aNioNic Liposomes

Anionic liposomes are suggested as an alternative to cationic liposomes due to their 
low toxicity. However conventional anionic liposomes have limitations such as short 



460 Molecular Medicines for Cancer

circulation time due to complement activation and high macrophage uptake; and 
poor tumor penetration, and poor cellular uptake in cancer cells due to repulsive 
force against anionic membranes. The negatively charged head group of anionic 
lipids prevents the electrostatic interaction between the phosphate backbone of DNA 
and the anionic head group. However, strategies have been developed to improve 
the cellular uptake by combining anionic and neutral lipids in the formulation. For 
instance, liposomes formulated using a 17:83 ratio of anionic lipid DOPG, 1,2-di-(9Z-
octadecenoyl)-sn-glycero-3-phospho-(1’-rac-glycerol), and the neutral lipid DOPE 
showed efficient cellular uptake. Divalent cations can be incorporated to condense 
the nucleic acids during anionic lipid complexation. A stable anionic lipoplex of 
DOPG can be synthesized using Ca2+ ions. Application of this lipoplex produced 
70% gene knock-down. A high concentration of Ca2+ ions turns the lipoplexes into a 
cationic complex and facilitates the cellular uptake through proteoglycan-mediated 
endocytosis (Patil, Rhodes, and Burgess 2004). The association of siRNA within 
the lipoplexes depends on the anionic lipid/siRNA molar charge ratios (Srinivasan 
and Burgess 2009). Based on these ratios siRNA is either complexed or encapsu-
lated within the anionic lipoplexes (Kapoor and Burgess 2012). Reports suggests 
that at low anionic lipid/siRNA molar charge ratios the siRNA/lipoplexes are in the 
‘complexed’ form whereas at higher ratios they exist in both the ‘complexed’ as well 
as ‘encapsulated’ forms. The same group further optimized the anionic liposome 
formulation in separate study based on 1 μg/mL lipid (40:60 (DOPG/DOPE m/m), 
2.4 mM calcium and 10 nM siRNA, which showed ~70% gene knock-down without 
being cytotoxic (Kapoor and Burgess 2012). Overall, anionic liposomes using newer 
formulation strategies like those discussed above may offer a safer alternative to 
cationic liposomes for in vitro as well as in vivo siRNA delivery.

15.4.3  NeutraL Liposomes

The most widely used neutral liposomes are DOPC (Dioleoylphosphatidylcholine) 
and DOPE (Dioleoylphosphatidylethanolamine), in combination with cholesterol. 
Neutral liposomes encapsulate siRNA in its aqueous core. Dried thin films of lipid 
mixture formed in a rotary evaporator are dispersed in a buffer containing siRNA 
or other nucleic acid materials to form siRNA/nucleic acid material-loaded neu-
tral liposomes. Nogueira et al. (2017) utilized this strategy to encapsulate locked 
nucleic acids (LNA, synthetically modified siRNA) in folate modified PEGylated, 
DOPE-derived neutral liposomes to target Mcl-1 protein in macrophages. They 
reported that this neutral liposome loaded with Mcl-1 LNAs efficiently silenced 
Mcl-1 gene causing downregulation of respective protein and apoptosis induction 
in macrophages. Neutral liposomes composed of DOPE have longer blood cir-
culation and lower toxicity and can effectively deliver siRNA 10–30-fold higher 
than cationic liposomes. Intravenous or intraperitoneal injection of DOPE-based 
nanoliposomes encapsulated with siRNAs specific for Bcl-2, IL-8, EphA2, or FAK 
showed a significant reduction in tumor volume and the target gene in animal 
models (Wyrozumska et al. 2015; Landen et al. 2005; Merritt et al. 2008). These 
nanoliposomes showed no toxicity towards normal cells, including fibroblasts and 
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bone marrow cells, making neutral liposomes attractive for further development 
in siRNA delivery.

15.5  PEGylation OF LIPOSOMES FOR siRNA DELIVERY

An ideal siRNA nanocarrier should provide protection from blood nucleases and 
extend the circulation time, which would enhance the accumulation of siRNA in 
tumors. Regardless of the size and charge of the liposomes, upon intravenous admin-
istration, these liposomes interact with negatively charged serum proteins and form 
an aggregate that accumulates in the lungs, liver, and spleen. PEGylation increases 
the stability of nanocarriers and extend their circulation time. The hydrophilic PEG 
polymer provides a shielding effect around the nanocarrier and decreases the opso-
nization effect. This will minimize the recognition by macrophages, which will 
lead to increased blood circulation time. PEGylation has been shown to increase 
stability and extend blood circulation time. Both the length of the PEG chain and 
the density of PEGylation on liposomes affect the stability and circulation time. 
PEGylated liposomes with shorter PEG chains are negatively charged, and thus 
will be cleared by macrophages, reducing their circulation time. However, very long 
PEG chains will reduce the cellular uptake of siRNA and the endosomal escape. 
Hence, medium-sized PEGs are commonly used (Pozzi et al. 2014). A higher molar 
ratio of PEG to total lipid gives higher surface coverage, providing more steric 
shielding and creating a stealth property. Liposomes with higher PEG density will 
create a better steric barrier between the macrophage and liposomes and have a 
longer circulation time. It has been shown that ~10.6 mol % of PEG2K modifica-
tion of liposome-polycation-DNA (LPD) nanoparticles have significantly enhanced 
the tumor accumulation compared to naked LPD; the tumors showed the uptake of 
70–80% of ID/g. Additionally, the liver and lungs took only up to 10–20% of ID/g 
which shows the selective uptake of the nanoparticle system (Li and Huang 2009; 
Li and Huang 2010). Dos Santos et al. (2007) demonstrated that incubation of vari-
ous liposomal formulations (0.0 to 3.5 µmol lipid) with mouse serum for ten min-
utes at 37°C and liposomes with adsorbed proteins were separated by size exclusion 
chromatography. They observed that 2% PEGylated liposomes in serum showed 
the least interaction with serum proteins compared with unmodified liposomes and 
liposome with various PEG mol% (0.5, 1, 2, and 5 mol%) investigated, aiding in 
lower aggregation tendency (Dos Santos et al. 2007).

In order to improve the therapeutic outcome, repeated administration of thera-
peutic doses is recommended. Single doses of PEGylated liposomes showed a lon-
ger circulation time, whereas subsequent doses of PEGylated liposomes rapidly 
cleared from circulation, due to accelerated blood circulation (ABC phenomenon). 
The first injection of PEGylated liposomes produces IgM antibodies secreted by 
activated B cells; repeated injections of PEGylated liposomes interact with resid-
ual IgM antibodies in the serum, which activate the complement system, and are 
cleared by macrophages (Wang et al. 2015). Dams et al. reported that the first sys-
temic administration of empty PEGylated liposomes showed improved therapeutic 
effect (Dams et al. 2000).
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PEG-derivatized lipids have offered the ability to control the release of the thera-
peutic drug at a rate determined by the length of the lipid anchor. The shorter the 
length of the acyl chain, the faster the dissociation of PEG from the lipid bilayer will 
be, resulting in high transfection efficiency. This was demonstrated by the stabilized 
plasmid lipid nanoparticle (SPLP) synthesized using ceramide-anchored CerC8-
PEG2000, which showed efficient transfection compared with CerC20-PEG2000. 
However, systemic administration of CerC8-PEG2000 was unsatisfactory, due to the 
loss of positive charge (Mok, Lam, and Cullis 1999).

Semple et al. (2010) demonstrated that PEGylated pH-sensitive liposomes con-
taining DLin-KC2-DMA lipid showed efficient tumor accumulation in animal 
models. PEGylated SNALP cationic pH-sensitive liposomes have very high siRNA 
encapsulation efficiency. They possess this property because the membrane perme-
ability is not affected by the PEGylation during synthesis, which allows the penetra-
tion of siRNA into the liposomal core. These particles have a neutral surface charge, 
increased circulation time, and enhanced tumor accumulation (Semple et al. 2010). 
Real-time intracellular trafficking analysis showed that these particles entered the 
cell through both clathrin-mediated endocytosis and macropinocytosis. However, 
only 1–2% of the cationic liposomes entered the cytosol from endosomes; this pro-
cess could be further enhanced by improving the endosomal escape mechanism.

15.6  TUMOR TARGETED DELIVERY OF LIPOSOMES

Targeted delivery of therapeutics into tumor cells, tumor vasculature, and/or the 
endothelium is a successful approach to cancer treatment. Recent advances in the 
development of targeted siRNA delivery systems using cationic lipids and polymers 
increased the therapeutic dosage of drug that was delivered and reduced the off-
target effects. The targeting moiety can be directly conjugated to siRNA or incorpo-
rated into nanoparticles. Ligands, including antibodies, aptamers, and peptides, are 
traditionally used for targeted delivery of siRNA to specific tissues. The covalent 
attachment of a targeting ligand for receptors at the end of the PEG chain that will 
interact with the receptors overexpressed on the cancer cells is a common strategy. 
Targeting receptors should be expressed only on malignant cells, with few-to-none 
expressed on normal cells. Frequently targeted receptors include Her2, folate recep-
tor alpha, transferrin, and epidermal growth factor receptors.

The folic acid receptor is a potential molecular target for human cancers. It is 
upregulated in a range of human tumors, including lung, ovarian, nasopharyngeal, 
and colorectal cancers.

Folate receptors are glycoproteins and exist in two isoforms: FR-alpha and 
FR-beta. Studies have shown that higher expression of FR-alpha is associated 
with poor patient survival. As a targeting ligand, folic acid has several advantages: 
high stability, low molecular weight, and high affinity for folate receptors. These 
advantages make FR-alpha a promising target for cancer therapy. He et al. (2013) 
synthesized FR-alpha targeting liposomes encapsulated with shRNA specific for 
the CLDN3 gene. The use of folate-modified liposomes F-P-LP/CLDN3 using 
DOTAP, Chol, mPEG-suc-Chol and F-PEG-suc-Chol produced a significant reduc-
tion of tumor growth in an ovarian tumor model. Folate receptor α (FRα)-targeted 
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nano-liposomes (FLP) was designed to target FR-alpha to deliver exogenous pig-
ment epithelium-derived factor (PEDF) genes, which showed enhanced antitumor 
effect in a model of cervical cancer. Phase I\II trials of the farletuzumab monoclonal 
antibody that targets FR-alpha in lung cancer showed that it was well tolerated as a 
single agent and in combination, without causing additional toxicity. These obser-
vations suggest that higher levels of FR-alpha expression in lung cancer could be 
exploited with FR-targeted nanocarriers.

The transferrin receptor is one of the most-studied tumor-targeting receptors 
in lung cancer therapy. The transferrin receptor (TfR), CD71, is a transmembrane 
glycoprotein. Its increased expression in many cancer types is associated with poor 
prognosis. CD71 is responsible for iron transport and is present in normal cells at 
minimal levels. It can be internalized efficiently through clathrin-coated vesicles, 
which makes it a potential target for nucleic acid and drug delivery (Tortorella 
and Karagiannis 2014). Radiation enhances the delivery of transferrin-conjugated 
lipoplexes in lung cancer cells. This effect is inhibited by the treatment of cells 
with free transferrin, indicating specificity for transferrin-conjugated lipoplexes. 
Studies have shown that the electrostatic association of transferrin with cationic 
liposomes enhanced the transfection of siRNA. Mendonca et al. (2010) demon-
strated that by using a TfR-targeted liposome, BCR-ABL siRNA effectively 
knocked-down the target gene in K562 and LAMA 84 myeloid leukemia cells. 
They also demonstrated that the TfR-targeted liposome system can be used to 
 co-encapsulate an anticancer drug and the siRNA for the treatment of chronic 
myeloid leukemia (Mendonca et al. 2010).

Recent advances in the development of different delivery platforms for siRNA 
led the researchers to adopt a different strategy to use naturally produced lipid 
vesicles, namely exosomes, as siRNA carriers (Srivastava et al. 2015). Exosomes 
and liposomes have some common features including a phospholipid bilayer com-
posed of biocompatible materials that has high encapsulation efficiency for siRNAs 
(Antimisiaris, Mourtas, and Papadia 2017). The phospholipid bilayer acts as a key 
mediator and facilitates the transfer of genetic and biochemical information between 
cells through various surface adhesion molecules and ligands. Due to its unique 
composition, the uptake of these nanocarriers are very efficient in host cells and it 
has been shown that the exosome-mediated delivery systems are very well tolerated 
both in vitro and in vivo (Antimisiaris, Mourtas, and Papadia 2017; Srivastava et al. 
2015; Srivastava et al. 2016). These nanosized vesicles are capable of permeabiliz-
ing the biological membranes compared to other delivery systems. Different strate-
gies have been adopted to load siRNAs into exosomes including electroporation, 
incubation at elevated temperature, freeze-thaw cycles, sonication, and extrusion. 
Further investigations are required to obtain large quantities of highly purified exo-
somes. While exosomes as natural gene and drug carriers hold promise, exosome-
based gene delivery faces challenges such as lack of efficient and scalable method 
to load exosomes or extracellular vesicles with RNA molecules of interest. A recent 
study demonstrated that by conjugating cholesterol molecules to siRNA the load-
ing efficiency in extracellular vesicles can be significantly increased (O’Loughlin 
et al. 2017). This study optimized that incubating around 15 cholesterol-conjugated 
siRNA molecules loaded per extracellular vesicle at ambient temperature for one 
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hour resulted in efficient concentration dependent silencing of the target gene HuR 
in cancer cells. While such systems based on exosomes are promising for gene deliv-
ery, it seems too early to determine the potential challenges and their feasibility of 
clinical translation.

Previous studies from our laboratory showed the efficacy of DOTAP:chol cat-
ionic liposomes in delivering the therapeutic tumor suppressor gene p53 and FHIT 
(Fragile Histidine Triad) in an animal model of metastatic lung cancer. We demon-
strated that the intravenous injection of a DOTAP:chol/DNA complex enhanced the 
transgene expression in lung tumor cells compared with normal cells and explained 
the effective uptake of liposomes complex by the tumor cells. In another study, 
systemic delivery of a DOTAP:chol/FUS1 DNA complex in an animal model of 
metastatic lung cancer suppressed tumor growth and prolonged animal survival 
(Ito et al. 2004). A Phase I clinical trial was also conducted using a DOTAP:chol/
FUS1 nanoparticle to treat human patients with lung cancer (Lu et al. 2012). To this 
DOTAP:chol nanoplatform we carried out modification using ligands such as trans-
ferrin (Tf) and folic acid (FA), to target the respective receptors overexpressed in 
lung cancer cells. Section 15.7 describes our recent efforts in development and effi-
ciency evaluation of folate- or transferrin-modified liposomes for delivery of siRNA 
towards the molecular target HuR.

15.7  TARGETED LIPID NANOPARTICLES FOR siRNA 
DELIVERY IN LUNG CANCER: A CASE STUDY

HuR is an RNA-binding protein and a member of the embryonic lethal abnormal 
vision (ELAV)-like protein gene family. HuR is a nucleocytoplasmic shuttling pro-
tein that is predominantly localized in the nucleus. When HuR is activated by various 
stimuli, it binds to the AU-rich elements (AREs) at the 3’ and 5’ untranslated region 
(UTR) of several mRNAs, and is then transported from the nucleus to the cytoplasm, 
where it stabilizes the mRNA from degradation and enhances protein translation 
(Brennan and Steitz 2001). HuR overexpression was shown to be a poor prognostic 
marker, and its overexpression was correlated with poor survival of patients with 
lung cancer. Many cancer-related oncogenes, cytokines, growth factors, and invasion 
factors have been characterized as HuR targets (Abdelmohsen et al. 2007; Galban 
et al. 2008; Wang et al. 2013). These reports suggest that HuR might be a novel and 
promising therapeutic target and that HuR inhibition may provide a better prognosis 
for lung cancer (Mehta et al. 2016; Huang et al. 2016; Romeo et al. 2016). Hence, we 
hypothesized that siRNA-mediated HuR knock-down will modulate a multitude of 
oncoproteins and may serve as a druggable target in lung cancer.

To test our hypothesis, we designed an FR-alpha-targeted nanoparticle (FNP) to 
deliver HuR-siRNA and tested its efficacy in lung cancer cells in vitro and in vivo. 
FNP was synthesized using a DOTAP:chol lipid nanoparticle and DSPE-PEG-folate 
was conjugated using the post insertion technique. Biophysical characterization 
studies showed that the FNPs were negative to slightly positive in surface charge, 
with hydrodynamic diameters in the range of 200 nm to 300 nm (Figure  15.3). 
Transfection efficiency studies demonstrated that uptake of FNPs was high in H1299 
cells that overexpress the folate receptor compared with A549 cells that have low 
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expression. Competitive inhibition studies conducted in H1299 cells suggested that 
the intracellular delivery of HuR-FNP was efficiently taken up via folate receptor-
mediated endocytosis. Cell viability studies showed that HuR-FNP significantly 
inhibited H1299 cell growth by inducing a G1 phase cell-cycle arrest, compared with 
C-FNP. Additionally, HuR-FNP exhibited significantly higher cytotoxicity against 
H1299 cells than A549 cells. The reduction in cell viability was correlated with a 
marked decrease in HuR mRNA and protein expression in H1299 cells. Further, 
a reduction in the expression of HuR-regulated oncoproteins (cyclin D1, cyclin E, 
Bcl-2) and an increase in p27 tumor suppressor protein were observed in HuR-FNP-
treated cells. Finally, cell migration was significantly inhibited in HuR-FNP-treated 
H1299 cells (Muralidharan et al. 2016). Since our in vitro studies demonstrated the 
selective uptake of HuR-FNP in folate-receptor positive lung tumor cells, we next 
conducted pilot in vivo studies in subcutaneous xenografts. Intravenous injection of 
DY647HuR-FNP demonstrated the selective accumulation of FNPs in the tumor site 
at 24 hours after injection.

We adopted the second strategy to develop lipid nanoparticles to target transferrin 
receptors (TfRs) that are overexpressed in lung cancer. Thiol-modified transferrin 
was chemically conjugated into DSPE-PEG, which was post inserted into DOTAP: 
chol lipid nanoparticles to form Tf-NP. We used Tf-NP to deliver the siRNA specific 
for HuR (HuR-TfNP). Biophysical analysis showed that Tf-NPs were uniform in 
size (about 200–300 nm) and slightly positive in charge. Our in vitro studies showed 
the specific delivery of siRNA to the TfR-overexpressing A549 lung tumor cells, 
which in turn displayed reduced expression of HuR at the protein and mRNA levels. 
To evaluate the effectiveness of Tf-NP, the Tf-NPs were loaded with fluorescently 
(DY647)-labeled HuR siRNA and were administered intravenously to an animal 
model of metastatic lung cancer. The circulation of Tf-NPs was monitored by spec-
tral imaging, which revealed the accumulation of siRNA at the tumor site 24 hours 
post-injection. To test the functionality of HuR siRNA, HuR-TfNP was injected intra-
venously into A549 tumor-bearing nude mice. We harvested the tumors at 24 hours 
after injection and compared the HuR protein levels in the C-TfNP and HuR-TfNP 
treated groups. The results demonstrated a significant reduction in HuR mRNA and 

NP FNP

100 nm 100 nm

FIGURE 15.3 Transmission electron microscope (TEM) images of NP (magnification, 
70,000X) and HuR-FNP (magnification, 25,000X). Scale bar denotes 100 nm.
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protein levels, as well as a reduction in other HuR-regulated oncogenes (Bcl-2, cyclin 
D1, COX2). To investigate the therapeutic efficacy of systemic administration of 
HuR-TfNP in an A549-luc animal model of metastatic lung cancer, we monitored 
the tumor growth through bioluminescent imaging. A significant reduction in the 
average radiance was observed six weeks after treatment. We also observed a reduc-
tion in the metastatic tumor nodules, clearly demonstrating the therapeutic efficacy 
of HuR-TfNP (Muralidharan et al. 2017).

Next, we attempted to codeliver two different siRNAs to target two differ-
ent genes. For that the FNP delivery system was tested. One of the siRNAs tar-
geted the mRNA of High Mobility Group A1 protein (HMGA1), which is highly 
expressed in lung cancer tissues compared with normal lung tissues. The second 
siRNA targeted HuR mRNA. Inhibition of both HMGA1 and HuR suppresses 
several other oncogenes that are involved in different stages of cancer progression 
(Figure 15.4). The codelivery of both siRNAs is expected to produce an enhanced 
therapeutic effect in lung cancer therapy. Our study is important in terms of lipo-
somes efficiency, since liposomes are known for co-delivery of siRNA, pDNA or 
other anticancer agents, however delivery of multiple siRNAs are not common in 
the literature. A typical study used lipid-coated polymer nanoparticles for mul-
tiple siRNA delivery recently (Hasan et al. 2012). They prepared the lipid-coated 
nanoparticles carrying siRNAs using PRINT ® technology and obtained uniform 
and mono-disperse siRNA encapsulated nanoparticles. They tested the nanopar-
ticles carrying luciferase siRNA for evaluating the transfection potential of the 
lipid-coated nanoparticles. Further study in prostate cancer cell lines with KF11 
targeting siRNA-loaded nanoparticles showed good delivery and targeted gene 
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silencing efficiencies compared to control siRNA loaded lipid-coated nanoparti-
cles. Our next attempt was to target the epidermal growth factor receptor (EGFR), 
which is overexpressed in many solid tumors, including non-small cell lung can-
cer (NSCLC). High EGFR expression has been associated with poor prognosis 
and resistance to therapy. Gefitinib, a tyrosine kinase inhibitor, targeted towards 
EGFR has demonstrated antitumor efficacy as a monotherapy for patients with 
NSCLC (Nurwidya, Takahashi, and Takahashi 2016). Gefitinib is a weak base 
and has a high affinity for human plasma proteins, which limits the accumu-
lation of drug at the tumor site. Since we demonstrated the therapeutic effect 
of transferrin-modified liposomes, we attempted to encapsulate gefitinib in the 
lipid bilayer (Zhou et al. 2012). Gefitinib was encapsulated in cationic liposome 
(DOTAP:chol) by the thin-film hydration method (GEF-NP), and the cytotoxicity 
was measured in HCC827 lung tumor cells. Free gefitinib led to higher toxicity 
than GEF-NP, indicating stable sequestration of gefitinib by the cationic lipo-
some. GEP-NP was then complexed with HuRsiRNA to form GEF/HuR-TfNP, 
which showed selective and enhanced uptake in A549 and HCC827 lung can-
cer cells. Our preliminary in vitro studies demonstrated that targeted delivery of 
HuRsiRNA and Gefitinib using TfNP suppressed cell proliferation and inhibited 
EGFR signaling and knock-down of HuR-regulated proteins (unpublished data). 
Additional in vitro and in vivo studies to demonstrate the efficacy of GEF/HuR-
TfNP are currently under way.

15.8  CONCLUSION

Significant developments have been made in RNAi technology for clinical applica-
tions. However, the targeted delivery of therapeutic siRNA against specific genes 
remains a challenge. Lipid-based nanocarriers are the most widely used and have 
shown the most efficient siRNA delivery in vitro. SNALP, pH-sensitive liposomes 
are the most successful in vivo siRNA delivery system, with an extended circula-
tion time and efficient tumor penetration. Table 15.1 summarizes recent examples 
of liposome nanocarriers used in gene delivery applications. PEGylated cationic 
liposomes showed enhanced cellular uptake and can be used for siRNA deliv-
ery in animal models. PEGylation reduces the endosomal escape and increases 
the circulation time. Further incorporation of targeting ligands would signifi-
cantly increase the delivery of siRNA. Although a liposomal-based siRNA deliv-
ery system showed promise for cancer therapy, several challenges need to be 
resolved. For rapid clinical translation of the liposomes as gene carriers they need 
to overcome challenges such as toxicity of the lipid materials, off-target effects, 
immune-stimulatory effects and stability issues in vivo. The mechanisms by which 
the cationic liposomes enter the cells are not fully understood. More research is 
needed to determine the amount of siRNA reaching the tumor site and to locate the 
siRNA molecules that escape during circulation. Using natural liposome-like vehi-
cles such as extracellular vesicles or exosomes offers new strategies for developing 
rationally designed nanocarriers for gene delivery. These studies would guide us to 
develop and design nanocarriers that would substantially improve the therapeutic 
value of the gene therapeutics.
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TABLE 15.1
Recent Examples of Liposome Nanocarriers Used in Gene Delivery 
Applications

Nanoparticles Lipid Structure Payload Source

Cationic liposomes/
Lipoplexes

DOTAP
DOTMA

DOPE
HSPC

DNA/RNA Balazs and Godbey, 2011
Khatri et al. 2014
Desmet et al. 2016

Lipopolyplexes DOTAP:chol
DOTAP/DOPE

MEND

DNA
siRNA

Chen et al. 2009
de Wolf et al. 2007
Rezaee et al. 2016
Garcia et al. 2007

Hatakeyama et al. 2011

SNALP DSPC:chol:PEG-C-
DMA:DLinDMA

DSPC/CHOL/DODAP

siRNA Jayaraman et al. 2012
Martino et al. 2014

pH-sensitive 
liposomes

DLinDMA Sato et al. 2012

Lipidoids C12-200
LNP01

Frank-Kamenetsky et al. 2008
Akinc et al. 2009

Anionic liposomes DOPG
DOPG/DOPE

DNA Patil et al. 2004
Kapoor and Burgess, 2012

Neutral liposomes DOPC
DOPE

siRNA Nogueira et al. 2017
Wyrozumska et al. 2015, Landen 

et al. 2005, Merritt et al. 2008

Exosomes – siRNA O’Loughlin et al. 2017
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16.1  INTRODUCTION

RNA interference (RNAi) has been suggested as a potential treatment method to improve 
current chemotherapeutic regimens. It is a sequence-specific, post-transcriptional 
gene silencing mechanism in animals and plants that targets mRNA encoded by the 
mutant gene. RNA-based strategies are useful in targeting the mutations that results in 
a gain of function wherein RNA levels are modified and includes the use of antisense 
oligonucleotide, triplex-forming oligonucleotides, aptamers, trans-splicing, segmen-
tal trans-splicing, ribozymes, DNAzymes, siRNA, and miRNA (Chitkara, Singh, & 
Mittal, 2016). Among these, siRNA and miRNA have generated a lot of interest as they 
could be easily synthesized, do not require genome integration, and thus could curtail 
potential problems of insertional mutagenesis. These are 20–25 base pair-long RNA 
oligonucleotides that are incorporated into the pre-RISC (RNA-induced silencing 
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complex) followed by the cleavage-dependent or independent release of the passenger 
strand forming the guide strand containing RISC. The guide strand guides RISC to the 
complementary or near complementary region of the target mRNA. siRNA with a per-
fect match to its target cleaves the target mRNA via the endonuclease Ago2 whereas 
miRNA, with an imperfect match to its target, induces mRNA degradation and trans-
lational inhibition (Rao et al., 2013) as shown in Figure 16.1.

Both miRNA and siRNA have shown enormous potential as cancer therapeutics, 
however their delivery, using traditional methods, may not achieve the expected ther-
apeutic response due to biological barriers. On systemic administration, these thera-
peutics have to overcome several barriers including the enzymes (RNAase), tissue 
interstitial environment, vascular wall, intercellular tissue junction, and cytoplasmic 
membrane of the target cells, followed by escape from the endosome, and then incor-
poration into the RISC. Owing to their high molecular weight, high hydrophilicity, and 
negative charge, naked siRNA/miRNA are impermeable through biomembranes result-
ing in inefficient transfection (Chitkara, Singh, & Mittal, 2016). Physical approaches 
such as needle injection, coated microneedles, electroporation, gene guns, ultrasound, 
and hydrodynamic delivery have been explored however have limitations in their clini-
cal translation. For example, needle injection is the simplest physical method for gene 
delivery by direct injection of DNA through a needle into the tissue. The major applica-
tion of this strategy is DNA vaccination, however, this strategy may result in localized 
pain, edema, and bleeding at the injection site. Electroporation is another method that 
uses short pulses with high voltage to carry DNA across the cell membrane. This shock 
is thought to cause temporary formation of pores in the cell membrane, allowing DNA 
molecules to pass through. However, inaccessibility of the electrodes to the internal 
organs limits in vivo use for gene transfer to solid tissues. Particle bombardment through 
a gene gun is an effective and rapid tool to deliver exogenous materials into living tis-
sue. DNA is deposited on the surface of gold particles, which are then accelerated by 
pressurized helium gas and expelled onto cells or tissue. Gas pressure, particle size, and 
dosing frequency are critical factors in gene guns (Zhu & Mahato, 2010). This method is 
easy, fast, and versatile however, it could cause cell damage. Another approach is to use 
the vectors that could carry the payload to the desired site. Vectors (both viral and non-
viral) could deliver the gene of interest at the target site after intravenous administration. 
Several types of viruses, including retrovirus, adenovirus, and adeno-associated virus 
(AAV), have been modified for use as vectors. Although viral vectors show efficient 
transfection and integrate into the host genome (retroviral vectors) leading to long-term 
gene expression and could efficiently transduce both dividing and non-dividing cell, 
they may cause immune stimulation that often limits their in vivo application.

Non-viral vectors including lipidic (lipoplexes), polymeric (polyplexes, micelle-
plexes), and bioconjugates have also been reported to efficiently deliver nucleic acid 
therapeutics for cancer treatment (Zhu & Mahato, 2010). Among these, polymeric 
systems have gained interest due to their tailor-made properties, biocompatibility, 
biodegradability, and non-immunogenicity. Cationic polymers including polyethyl-
enimine (PEI) and poly L-lysine (PLL) form compact polyplexes with nucleic acids 
by means of electrostatic interaction and protect their degradation as well as mask 
their negative charges. They also facilitate cell attachment, subsequent internaliza-
tion by endocytosis or membrane fusion, and endosomal escape by proton sponge 
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(Zhu & Mahato, 2010). Polymeric nanoparticles prepared using biodegradable poly-
mers such as PLGA have also been used for nucleic acid delivery. Another polymeric 
carrier system, micelleplexes, have also gained acceptance for delivery of siRNA/
miRNA with therapeutic purpose. These are nanometric core-shell structures formed 
by amphiphilic block copolymers, wherein the inner core is formed by hydrophobic 
block that encapsulate the poorly water-soluble drugs while the hydrophilic blocks 
of the outer portion generally form a dense hydrophilic shell. Cationic charge on the 
polymer enables complexation with the oligonucleotides. In this chapter we will focus 
on the developments that have taken place in polymeric systems for siRNA/miRNA.

16.2  BARRIERS TO NUCLEIC ACID THERAPEUTICS

In order to understand the design elements of polymeric carriers, it is necessary 
to know of biological barriers that hinder the nucleic acid delivery. Delivery of 
siRNA/miRNA is a multi-step process, which includes cellular uptake, escape from 

Nucleus

Cytoplasm

miRNA gene or intron

Pri-miRNA

Pre-miRNA

Pre-miRNA

Transcription

Cleavage

RNA POL II/III

DROSHA/
DGCR80

5’

5’

5’

3’

3’

3’

3’
3’ 3’

3’

3’

3’
3’

3’

3’ 3’

5’

5’

5’

5’

5’5’

5’

5’
5’

5’

DICER

AGO-2

DICER

RISC

Active
RISC

Target transcript

Active
RISC

RISC

Ago-2 mediated cleavage
(passenger strand cleavage)

Translation repression (requires
only partial complementarity)

GTP-Ran

GTP-RanExportin 5
Exportin

 5

FIGURE 16.1 Mechanism of miRNA expression, gene regulation and function. (From 
Chitkara, D. et al., Advanced Drug Delivery Reviews, 81:34–52, 2015.)



476 Molecular Medicines for Cancer

degradation vesicles, and intracellular movement. During the delivery process, these 
therapeutics face several extracellular and intracellular barriers that may compro-
mise their efficacy.

16.2.1  eXtraceLLuLar Barriers

Aggregation of complexes in the extracellular environment is the first major obsta-
cle. Vector-siRNA complexes having a size range between 50–200 nm mostly enter 
cells by endocytosis or pinocytosis. The size and charge of particles depend upon 
various factors such as type of polymer, concentration of polymer, buffer, and pH. 
These may aggregate in the extracellular environment resulting in increased size and 
hence reduced uptake. To avoid aggregation, the surface charge of nanoparticles is 
modified by incorporating PEG or sugar molecules (e.g., cyclodextrin and hyaluronic 
acid) (Nimesh, Gupta, & Chandra, 2011). In a study by Merkel et al. increasing the 
PEG molecular weight incorporated into polymer based PEGylated micelles (from 2 
to 20 kDa) was shown to prevent aggregation and adsorption to blood components, 
leading to increased circulation time in vivo (Merkel et al., 2009).

Barriers to siRNA delivery also depend on targeted organs and the administration 
route. Systemic delivery of siRNA poses a significantly greater challenge, as these thera-
peutics have to travel from site of administration to the site of action. After i.v. injection, 
they are distributed to organs via blood circulation and at the same time also undergo 
elimination. Several studies have reported that naked siRNA is unstable in the presence 
of a high concentration of serum due to RNAases thus requiring the need for a carrier 
that can protect it from degradation (Wang et al., 2010). Another obstacle is the rapid 
clearance by the reticuloendothelial system (RES). Phagocytic cells of the RES, more 
specially Kupffer cells in the liver and splenic macrophages can endocytose siRNA as 
well as carriers used to deliver it. Nanoparticles for delivery of nucleic acids are consid-
ered as foreign particles and are bound by opsonins, which consists of a complement 
system. Factors including surface charge and size of the nanoparticles may affect RES 
uptake and biodistribution. Negative surface charge increases the clearance of particles 
from systemic circulation compared to neutral or positively charged particles. Hence 
surface modifications using hydrophilic and flexible polyethylene glycol and other sur-
factant copolymers, e.g. poloxamer, result in stealth properties due to which the particles 
remain in systemic circulation for the prolonged period. These modifications can limit 
the protein adsorption on the particle surface and thereby protect the vectors against 
opsonization, reduce the complement activation, and promote the cargo stability. These 
stealth properties are effective for the particles in the range of 70–200 nm. On the other 
hand, PEGylation may neutralize the positive surface charge that is required for siRNA 
uptake into cells. For example, increasing PEGylation of siRNA-lipoplexes from 1–2 to 
5 mol % PEG 2000 completely abolished the siRNA-mediated gene silencing against 
PTEN protein in vitro (Zhu & Mahato, 2010; Wang et al., 2010).

16.2.2  iNtraceLLuLar Barriers

Intracellular barriers exist in several processes including vesicle escape, intracellular 
trafficking, and vector unpacking that is required for siRNA/miRNA delivery as 
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shown in Figure 16.2. siRNA is transported across the interstitial space to the target 
cells. After reaching the target cell, siRNA undergoes internalization by endocy-
tosis, a process that involves siRNA being encapsulated in endocytic vesicles that 
later fuse with endosomes. siRNA must escape from the endosomes and should be 
released from its carrier to cytosol in order to be loaded onto RISC. Various mecha-
nisms have been proposed for the endosomal escape of vectors, one of the strategies 
suggests of physical disruption of the negatively charged endosomal membrane by 
direct interaction with a cationic polymer. Polyamidoamine, poly L-lysine, and den-
drimers have been shown to undergo endosomal escape through this mechanism. 
Positively charged nanoparticles could also bind to anionic microtubules and move 
to the nuclear membrane along with the cytoskeletal network that enhanced cyto-
plasmic trafficking. Further unpacking of the polyplexes should occur to release the 
cargo that will then incorporate itself into the RISC complex. In addition to the 
release of siRNA/miRNA from the vectors, it is necessary that the polymer should 
be degraded and excreted out to prevent accumulation of high molecular weight 
polycations inside cells, which improves their cell viability (Wang et al., 2010).

16.3  POLYMER CHARACTERISTICS REQUIRED 
FOR GENE DELIVERY

An ideal cationic carrier has to fulfill a series of delivery functions in the extracel-
lular and intracellular transport of siRNA/miRNA. The polymer has to compact 
siRNA into particles of virus-like dimensions that can migrate through blood cir-
culation to the target site, it has to protect nucleic acid from degradation and against 
undesired interactions with the biological environment, to facilitate target cell bind-
ing and internalization, endosomal escape, and trafficking the cytoplasmic environ-
ment. Also, carriers should be non-toxic, non-immunogenic, and biodegradable. 
Factors influencing nucleic acid binding affinity that are inherent in the chemical 
structure of polymers are mentioned in Table 16.1. The use of polymers as synthetic 
non-viral carriers for introducing siRNA/miRNA into cells appears very appealing. 
Polymers can be generated in large quantities with chemically defined structures and 
non-immunogenic properties. Different chemical structures and molecular weights 

TABLE 16.1
Factors Influencing Nucleic Acid Binding Affinity

S. No. Factors

i Number of charge groups per single polymer

ii The type of charge groups such as primary, secondary and tertiary amino groups

iii The spacing of charge groups within the polymer

iv Hydrophobicity of the cationic carrier

v The degree of branching in the polymer backbone

vi Ionic strength of polyplex solution

vii Technical process of polyplex formation
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may be applied to tailor-made polymers with optimized characteristics for extracel-
lular delivery of nucleic acid to target tissues and subsequent intracellular delivery 
into target cells. Further, advantages of a polymeric system over viral vectors are the 
low cost and consistent standard of production, higher biosafety (less immunogenic 
as compared to viruses such as adenoviruses), and high flexibility.

Polymeric gene delivery vectors must maintain their physical stability in the pres-
ence of serum proteins and high ionic strength, and also protect siRNA from nucle-
ases that are present in the extracellular spaces. The nanoparticles that are formed 
either by condensation, encapsulation or complexation of nucleic acid have distinct 
characteristics and varying transfection efficiencies, making them suitable for dif-
ferent gene delivery applications. Plank et al. have demonstrated that a minimum 
length of six to eight cationic amino acids (lysine, arginine) is required to com-
pact the nucleic acid (DNA) into polyplex structures active in gene delivery utiliz-
ing polylysine polymers. Depending on the size and affinity of polycation this may 
also result in an increased positive charge on the polyplex that promotes cellular 
uptake and transfection efficiency. However, an increase in charge also results in 
toxicity due to destabilization and loss of integrity of cellular membranes and the 
presence of excess free polycation (Kloeckner, Wagner, & Ogris, 2006). The influ-
ence of charge group type and spacing was evaluated by Davis and colleagues using 
carbohydrate-containing polycations. They demonstrated that the distance between 
the carbohydrate unit and the charge groups in the backbone, and also the types of 
amino group (quaternary amines vs. amidine groups) were the factors that influence 
the carrier’s transfection efficiency in vitro. The study demonstrated that as the ami-
dine charge center is moved further from the carbohydrate unit within the polycation 
structure an increase in toxicity results. Further inclusion of larger carbohydrate spe-
cies within polycation backbone reduces toxicity. A series of quaternary ammonium 
polycations containing N,N,N’,N’-tetramethyl-1,6-hexanediamine, d-trehalose, and 
beta-cyclodextrins were synthesized in order to elucidate the effects of charge center 
type on gene delivery. In all cases it was found that the quaternary ammonium ana-
logs exhibited lower gene expression values and similar toxicities as those of their 
amidine analogs. Transfection experiments conducted in the presence of chloroquine 
revealed an increased gene expression from quaternary ammonium containing poly-
cations and not from amidine analogs (Reineke & Davis, 2003).

The degree of polymer branching has significant effect on flexibility of these mac-
romolecules and their ability to form complexes and transport of nucleic acid. For 
example, in evaluating histidine/lysine copolymers (HK) in combination with lipo-
somal carriers, Chen et al. showed that the degree of branching was a major factor in 
determining the transfection efficiency. In the transformed cell line (MDA-MB-231), 
branched HK polymers were more effective than the linear HK polymers, however 
linear HK polymers enhanced gene expression in primary cell lines more effectively. 
Further, the differences in the linear and branched polymers were not due to initial 
cellular uptake or size of complexes. Also, there was a strong association between 
the optimal type of HK polymer and the pH of the endocytic vesicles. In the cell 
cultures, linear polymers showed the best effects wherein the endocytic vesicles were 
strongly acidic with pH below 5. Conversely, in the cell lines in which the branched 
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polymers were optimal transfection agents, the pH of endocytic vesicles was above 6 
(Vasir & Labhasetwar, 2008; Kloeckner, Wagner, & Ogris, 2006).

16.4  POLYMERS FOR NUCLEIC ACID DELIVERY

16.4.1  catioNic poLymers

Cationic polymers readily bind and condense polyanionic nucleic acids and have thus 
been widely used as transfection reagents for genes, oligonucleotides, and siRNA/
miRNA. Several structural modifications have been reported in the cationic poly-
mers varying from linear (chitosan and linear polyethylenimine [PEI]) to branched 
(branched PEI) and cross-linked-type polymers (cross-linked poly [amino acid]) in 
order to improve upon their properties particularly their transfection efficiency and 
toxicity profiles (Figure 16.3).

16.4.1.1  Polyethylenimine (PEI)
Polyethylenimine (PEI) consists of a repeating amine group with a two-carbon 
(CH2CH2) aliphatic spacer. Polyethylenimine is a highly positively charged poly-
mer and is most frequently used because of an excellent transfection efficiency in 
vitro and significant transfection in vivo. Structurally, PEI exists in either linear or 
branched forms, with linear PEI containing all secondary amines in its backbone 
except the terminal groups, while branched PEI contains primary, secondary, and 
tertiary amino groups at the ratio of 1:1:1 (Zhu & Mahato, 2010; Kloeckner, Wagner, 
& Ogris, 2006). Owing to the presence of different types of amino groups with dif-
ferent pKa values, these are protonated at different levels at a given pH. This confers 
PEI with a superior buffering capacity over a wide range of pH resulting in the well-
known “Proton Sponge Effect.” Unprotonated amines after endocytosis will be pro-
tonated at acidic pH in the endosome, which increases the influx of protons, chloride 
ions, and water into endosome. The increased osmotic pressure causes the endosome 
to swell and rupture, thereby releasing the endosomal content into the cytoplasm.

PEI polymers with different molecular weights and degrees of branching have 
been synthesized and evaluated in vivo and in vitro. It has been reported that the 
transfection efficiency increases with an increase in molecular mass, however, this 
also results in increased cytotoxicity. A suitable molecular mass of PEI for com-
plexation with nucleic acid is between 5 and 25 kDa (Zhu & Mahato, 2010; Nimesh, 
Gupta, & Chandra, 2011). A highly branched polymer (BPEI; 25 kDa) has been 
widely used since it effectively forms complexes with even large DNA molecules 
leading to homogeneous spherical particles with a size of ~100 nm or less that are 
capable of transfecting cells efficiently in vitro as well as in vivo. It also provides 
significantly higher protection against nuclease degradation in comparison to other 
polycations, such as poly(L-lysine), possibly due to its high charge density and more 
efficient complexation ability. The efficiency of BPEI-derived vectors and their 
cytotoxicity effects depend on material characteristics like the molecular weight, 
the cationic charge density, the degree of branching, buffer capacity, and polyplex 
properties, such as the particle size and zeta potential. A large amount of positive 
charge results in high toxicity and is one of the major limiting factors for its in vivo 
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application (Nimesh, Gupta, & Chandra, 2011). Grayson et al. evaluated the effi-
ciency of different PEI structures for siRNA delivery in a model system, and deter-
mined the biophysical and structural characteristics of PEI at different N/P ratios, i.e. 
the ratio of concentration of nitrogen atom (N) of polycation to the phosphate groups 
(P) of DNA, as the characteristic of complex composition. siRNA delivery with 
PEI was observed within a narrow window of conditions, and only with the BPEI 
25 KDa at an N/P ratio of six and eight with 200 nM siRNA. Also, it was suggested 
that the complex stability might govern transfection efficiency. Further, zeta poten-
tial and the size of the PEI/siRNA complexes were correlated to transfection effi-
ciency (Grayson, Doody, & Putnam, 2006). Biodegradable disulfides containing PEI 
derivatives showed great potential as siRNA vectors for the treatment of cancer. Liu 
et al. reported a hyperbranched disulfide cross-linked PEI (LPEI-SS) based on linear 
PEI (LPEI) and ring opening reaction of propylene sulfide. Further, its efficiency was 
investigated as a siRNA vector, in vitro with a luciferase reporter gene system, and in 
vivo as antitumor efficacy of survivin-targeted siRNA [siRNA(sur)] on murine breast 
cancer model. Results from the hemolysis assay and cytotoxicity proved that lPEI-
SS/siRNA polyplexes showed favorable cell and blood compatibility even with high 
positive zeta potential of 42 mV and an average size of around 230 nm. Further, cel-
lular uptake of lPEI-SS/siRNA polyplexes was significantly improved as compared 
to the parent LPEI due to its higher branching degree (Liu et al., 2016).

The most widely used approaches to PEI functionalization are PEGylation or 
conjugation of other biomacromolecules such as polysaccharides, and functionaliza-
tion with hydrophobic moieties. The degree of PEGylation and molecular weight 
of PEG strongly influence the properties of the conjugate. PEGylation provides a 
reduction of toxicity caused by PEI along with providing the stealth property to the 
polyplex formed after complexation with the nucleic acid. It has been shown that a 
large amount of PEG chains impedes electrostatic interaction between polycation 
and polyanion and thus hampers condensation. Mao et al. showed that the stability 
and size of siRNA-PEI polyplexes were clearly influenced by PEG structure. A high 
degree of substitution was obtained by using a lower molecular weight PEG (550 Da), 
resulted in large complexes (300–400 nm) that showed condensation behavior only 
at N/P ratio of 15. Other polyplexes with PEG molecular weights ranging from 5 to 
25 KDa and a PEI control showed similar sizes (150 nm) and complete condensa-
tion was reached at N/P ratio at 3. Further protection against RNase digestion was 
reported to be insufficient in the case of bare PEI/siRNA polyplexes in comparison 
with their PEGylated counterpart (Merkel et al., 2009).

Dong et al. have reported nanocomplexes consisting of polyethyenimine-3- 
maleimidopropionic acid hydrazide doxorubicin and polyethylenimine- polyethylene-
folate for codelivery of doxorubicin and anti-VEGF siRNA. These components were 
mixed with the siRNA to obtain actively targeted codelivery nanocomplexes that 
showed antitumor efficiency after intravenous injections in a subcutaneous MCF-7 
tumor xenograft model (Dong et al., 2015).

16.4.1.2  Poly L-lysine
Poly-L-lysine (PLL) is a cationic polypeptide with amino acid L-lysine, as a repeat-
ing unit. It is a biocompatible and biodegradable polymer consisting of only primary 
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amines that are positively charged at physiological pH and interact ionically with 
the negatively charged siRNA (Wang et al., 2017). PLL/siRNA polyplexes have a 
high positive zeta potential, interact electrostatically with a negatively charged cell 
surface and are taken up by absorptive endocytosis process (Buyens et al., 2010). The 
uptake efficiency can be enhanced by covalently coupling the PLL with a ligand that 
can specifically target cells and promote receptor-mediated uptake. Further, PLL 
is not biologically inert; for example, polyplexes have been shown to affect cellu-
lar processes during transfection by enhancing pinocytosis, phagocytosis and cell 
division. PLL comes in a variety of sizes and is usually specified as the average 
number of polylysine molecules within defined solution rather than a specifically 
defined number of lysine molecules per polylysine molecule (Kircheis et al., 2001). 
Although PLL can initiate siRNA uptake into cells, often gene expression is low 
owing to a number of factors such as degradation in the cytoplasm, ineffective endo-
somal release, limited migration to the nucleus, and insufficient nuclear uptake. All 
these factors can decrease transfection efficiency; however, a major disadvantage 
with PLL is that it does not have an intrinsic endosomal release activity. Hence, 
complexes are often not released or escaped from endosomes/lysosomes into the 
cytoplasm (Kircheis et al., 2001). Therefore, different strategies have been developed 
to increase endosomal release by disrupting the endosomal lipid bilayer such as the 
addition of lysosomotropic agents (e.g., chloroquine) into the cell medium that has 
increased gene expression in a number of cell lines. Chloroquine accumulates in the 
vesicles and leads to swelling of the endosome by raising pH and destabilizing it. 
Furthermore, it may help in the release of siRNA from PLL and increase the gene 
expression. Similarly, addition of glycerol results in enhanced gene expression in 
cell lines, probably by weakening of the endosomal lipid bilayer and allowing the 
polylysine/siRNA complex release into the cytoplasm. In a study by Klink et al., 
5% glycerol and 100 µM chloroquine were used as enhancing agents to improve 
the efficiency of lactosylated poly-l-lysine wherein, approximately 89% transfection 
efficiency was obtained with 7.5 µg plasmid complexed to 22.5 µg of lactosylated 
poly-l-lysine (Klink et al., 2003).

16.4.1.3  Chitosan
Chitosan is a non-toxic, biocompatible, and biodegradable polycationic polymer 
produced from naturally occurring chitin by partial deacetylation. It is a linear 
polysaccharide, which is composed of deacetylated unit, D-glucosamine, and 
acetylated unit, glucosamine, linked with randomly distributed β-(1,4)  glycosidic 
bonds. The size and zeta potential, stability, morphology, and biological effect of 
its polyplexes strongly depend on chitosan’s molecular mass, degree of deacety-
lation, pH, and N/P ratio. The positive charge of chitosan is imparted by deacety-
lation process, and thus degree of deacetylation is important for nucleic acid 
delivery. It has been shown that a lower degree of deacetylation caused low trans-
fection efficiency. Further size of polyplexes increases with increasing molecular 
mass of chitosan resulting in increase in transfection efficiency (Zhu & Mahato, 2010). 
Bowman and Leong studied chitosans of different molecular masses ranging 
from 7 to 540 kDa and found that particle size of chitosan/DNA complexes pre-
pared at an N/P ratio 6:1 with plasmid concentration of 100 µg/ml increased 
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from 100 to 500 nm as the molar mass of chitosan was increased (Bowman & 
Leong, 2006).

Katas et al. prepared chitosan nanoparticles by two methods of ionic cross-linking 
i.e. simple complexation and ionic gelation using sodium triphosphate (TPP). Both 
methods produced nanosized particles, less than 500 nm depending on the type, molec-
ular weight as well as the concentration of chitosan. It was observed that the method of 
association of chitosan with siRNA played an important role in gene silencing effect 
in CHO K1 and HEK 293 cells wherein nanoparticles of chitosan- tripolyphosphate 
(chitosan-TPP) entrapping siRNA were observed to be better vectors for siRNA deliv-
ery compared to chitosan-siRNA complexes, due to their high binding capacity and 
loading efficiency (Katas & Alpar, 2006). In another study, Lee et al. prepared siRNA 
encapsulated chitosan nanoparticles using a coacervation method in presence of 
polyguluronate (PG). The mean diameter of siRNA-loaded, chitosan-based nanopar-
ticles ranged from 110 to 430 nm, depending on the weight ratio between chitosan 
and siRNA. These nanoparticles were not only efficient in delivering siRNA to HEK 
290FT and HeLa cells but also showed low toxicity (Lee et al., 2009).

In order to further improve upon the properties of chitosan, PEG grafting have 
been employed. Reduced protein adsorption and successful transfection efficiency 
depend on PEG chain lengths and surface coverage. According to Zheng et al., a 
PEG density of greater than 7 mol% was necessary for higher shielding against non-
specific interactions of chitosan-based complexes with proteins and cells. Various 
PEGylated chitosans with increasing degree of substitution were described as being 
successful, ranging from 0.5 to 10% or <28%. High PEG density is also known to 
replace a certain percentage of primary amino group necessary for nanoplex forma-
tion, as well as decrease the transfection efficiency due to reduced cellular uptake 
(Zheng et al., 2013).

16.4.1.4  Cyclodextrin-Based Cationic Polymers
Cyclodextrins (CDs) are naturally occurring cyclic oligosaccharides composed of 
six (α-CD), 7(β-CD) or eight (γ-CD) D (+)- glucose units, linked by α-1,4-linkages. 
Cyclodextrins are topologically represented as torus-like macro-rings with a hydrophilic 
outer surface and hydrophobic inner cavity that could form inclusion complexes with 
water insoluble molecules. Therefore, CDs and their derivatives are used in pharma-
ceutical formulations to enhance stability, solubility, and absorption of small mol-
ecule drugs (Zhu & Mahato, 2010). Different strategies have been reported to form 
cyclodextrin-based polymers for a variety of applications including gene delivery. In 
one such strategy, polycationic oligomers were synthesized by step-growth polym-
erization between diamine-bearing cyclodextrin monomers and dimethyl suberimi-
date, yielding oligomers with amidine functional groups. Strong basicity of these 
amidine groups mediates efficient condensation of nucleic acid with the cyclodextrin 
polymers (CDPs) at an N/P ratio as low as three. End-capping of the polymer termini 
with imidazole functional groups can cause endosomal escape, resulting in improved 
delivery efficacy of both siRNA and plasmid DNA (Li, Xue, & Mao, 2016).

Davis and colleagues have developed a novel system, based on (i) condensation 
of siRNA with cyclodextrin containing polycations (CDPs) and (ii) modification 
of CDP-siRNA by forming inclusion complexes with adamantine that in turn was 
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utilized for the attachment of the functional groups, PEG-transferrin. This formula-
tion has indicated efficacy in the delivery of siRNA against oncogenes to inactivate 
the tumor growth in a murine model of metastatic Ewing’s sarcoma. Continuous 
three daily doses of the CDP-siRNA-adamantine-PEG-transferrin formulation car-
rying two types of siRNAs specific for the gene encoding ribonucleotide reductase 
subunit M2 (RRM2) slowed tumor development. Several factors contributed to the 
translation of this delivery system includes low toxicity of the cationic polymer, con-
densation with nucleic acids, the steric stabilization by PEGylation of CDP-siRNA 
nanoparticles in a stable and non-covalent fashion, and the inclusion of ligand to 
improve in vivo uptake and efficacy (Guo et al., 2010).

A new class of cationic supramolecules, CD-based polyrotaxanes has also been 
designed for gene delivery. The new cationic polyrotaxane was composed of multiple 
OEI-grafted β-CDs that were threaded on PPO blocks and blocked on the two ends 
of a pluronic (PEO-PPO-PEO) triblock copolymer. Cationic polyrotaxanes effec-
tively condensed plasmid DNA to nanoparticles and showed low cytotoxicity and 
high transfection efficiency in BHK-21 and MES-SA cells. Transfection efficiencies 
mediated by the cationic polyrotaxanes increased with an increase in the N/P ratio. 
Hence, higher transfection efficiencies along with lower cytotoxicity make these new 
cationic polyrotaxanes promising carriers for gene delivery (Yang et al., 2009).

Another recent approach is oligocationic cyclodextrins (CDs) that were modified 
with alkylimidazole, pyridylamino, methoxyethylamino, or primary amine groups 
at 6-position of the glucose units. The oligocationic cyclodextrins neutralize nucleic 
acid to form stable nanoparticulate polyplexes. The transfection efficiency of the 
cyclodextrin was dependent on the substituents present, with the most efficient hav-
ing either an amino, butylimidazole group or pyridylamino at the 6-position (Wang 
et al., 2010).

16.4.2  poLyester-Based carriers

Polyesters are synthetic polymers containing ester as a functional group in a poly-
meric backbone. They are hydrophobic, insoluble in water and soluble in organic 
solvents like ethyl acetate, dichloromethane, and chloroform. PLGA is the most 
extensively investigated copolymer for controlled drug release. PLGA nanocap-
sules have been used to encapsulate DNA, antisense oligodeoxynucleotides, and 
siRNA in order to improve stability and provide controlled release. Nanoparticles 
of PLGA are solid; they are stable and able to protect nucleic acids from degrada-
tion during circulation in the bloodstream. Further, the solid phase allows long-
term storage and convenient use in the clinic. However, major drawbacks of PLGA 
nanoparticles is low siRNA delivery efficiency, inactivation of macromolecules, 
and a slow release rate that may hinder its application in the delivery of nucleic 
acids. The hydrophobicity and molecular mass of PLGA also have profound influ-
ence on the encapsulation efficiency of nucleic acids (Mittal et al., 2007). Two 
different approaches have been used in order to load nucleic acids into PLGA 
nanoparticles, (i) encapsulation into the core of nanoparticles, and (ii) adsorption 
onto the surface-modified, cationic PLGA NPs via electrostatic interactions. By 
optimizing the encapsulation procedures, delivery systems with sufficient loading, 
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affording protection as well as controlled release profile of the nucleic acid could 
be prepared (Cun et al., 2010).

With regards to formulation development, it is very challenging to efficiently 
encapsulate high amount of hydrophilic macromolecules like siRNA into nano-sized 
PLGA particles mainly due to hydrophobic nature of the PLGA and the absence of 
electrostatic interactions between siRNA and PLGA. The addition of cationic excipi-
ents into a PLGA matrix may improve encapsulation of nucleic acid. Katas et al., 
incorporated PEI into PLGA particles by a spontaneous modified emulsification-
diffusion method. Incorporation of PEI into PLGA particles with the PLGA to PEI 
weight ratio 29:1 was found to produce spherical and positively charged nanopar-
ticles where the type of polymer and the type and concentration of the surfactant 
affected their physical properties. Particle size around 100 nm was obtained when 
5% PVA was used as a stabilizer. PLGA-PEI nanoparticles were able to completely 
bind siRNA at an N/P ratio 20:1 and provided protection against nuclease degrada-
tion. In vitro cell culture studies revealed that PLGA-PEI nanoparticles with adsorbed 
siRNA could efficiently silence the targeted gene in mammalian cells, better than 
PEI alone, with acceptable cell viability. In another study, Su. et al. reported PEI-
modified nanoparticles for co-delivery of paclitaxel (TAX) and siRNA for cancer 
therapy. Paclitaxel, the hydrophobic anticancer drug, was encapsulated in PLGA-PEI 
nanoparticles. Fluorescence measurements were used to confirm that stat3 siRNA 
(S3SI) and paclitaxel were delivered simultaneously to lung cancer cells (A549 and 
A549/T12) and siRNA-based silencing of the stat3 gene using PLGA-PEI-TAX-S3SI 
nanoparticles rendered cancer cells more sensitive to paclitaxel and produced more 
cellular apoptosis than did PLGA-PEI-TAX. Murata et al. also reported sustained 
release PLGA microspheres encapsulating anti-VEGF siRNA/cationic polymer 
complexes and observed the inhibition of tumor growth (Katas, Cevher, & Alpar, 
2009; Amreddy et al., 2017).

Apart from PEI, chitosan-modified PLGA nanoparticles have also been suc-
cessfully used to deliver antisense oligonucleotides to lung cancer in recent stud-
ies. Chitosan-modified PLGA nanoparticles were 130 nm in size with an adjustable 
positive surface charge. Antisense oligonucleotide and a 2-O-methyl-RNA (OMR) 
for human telomerase gene was electrostatically bound to chitosan-PLGA nanopar-
ticles, and efficient cellular uptake was observed. The chitosan content, binding effi-
ciency, stability, and cell uptake efficiency of the chitosan-PLGA nanoparticles were 
evaluated for OMR delivery in a follow-up study by the same group. The researchers 
observed that the cellular uptake and transfection efficiency of OMR was depen-
dent on the chitosan content in the nanoparticle. Further, these nanoparticles were 
non-toxic and efficiently inhibited telomerase activity (Amreddy et al., 2017). Du 
et al. reported efficient delivery of siRNA via the use of biodegradable nanopar-
ticles made from monomethoxypoly(ethylene glycol)-poly(lactic-co-glycolic acid)-
poly-L-lysine (mPEG-PLGA-PLL) triblock copolymers. SEM confirmed that the 
mPEG-PLGA-PLL nanoparticles had a spherical structure. Further mean diameter 
of blank nanoparticles was 140 ± 62 nm, with a zeta potential of +11.4 mV. The size 
of nanoparticles loaded with siRNA increased to 151 ± 74 nm, while the zeta poten-
tial of nanoparticles decreased to -0.13 mV. The encapsulation efficiency of siRNA 
in mPEG-PLGA-PLL nanoparticles was 86.06%. Cultured human lung cancer cells, 
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SPC-A1-GFP, showed that nanoparticles loaded with Cy3-labeled siRNA had much 
higher intracellular siRNA delivery efficiency than siRNA alone and lipofectamine-
siRNA complexes. Further, the gene silencing efficiency of mPEG-PLGA-PLL 
nanoparticles was also higher than that of lipofectamine while showing no cytotox-
icity (Du et al., 2012).

Misra et al. prepared DOX/siPGP loaded nanoparticles of PLGA using cationic 
stabilizers such as dimethyldidodecylammonium bromide (DMAB) by an O/W 
emulsion/solvent evaporation method. PLGA and DOX containing organic phase 
was emulsified into DMAB (0.5%) polyvinyl alcohol (1%) and d-α-tocopheryl 
polyethylene glycol 1000 succinate (TPGS; 0.5%) containing aqueous phase. 
Nanoparticles were observed to be 243 nm in size and possessed a surface poten-
tial of 36.33 mV. Confocal microscopy results showed higher siRNA internaliza-
tion through siRNA-loaded nanoparticles than native siRNA in MCF-7/ADR MDR 
breast cancer cells. The qRT-PCR studies and Western blot results demonstrated a 
significant decrease in p-gp expression after treatment with siPGP-loaded nanopar-
ticles (Malathi et al., 2015).

16.4.3  miceLLepLeXes

Micelleplexes have gained acceptance as potential nanocarriers for delivery of nucleic 
acids because of their excellent tissue penetrating ability and ability to provide con-
trolled release. These are nanometric core-shell structures formed by amphiphilic 
cationic block copolymers with the core consisting of hydrophobic block, whereas 
the outer shell containing hydrophilic block and can interact with different types of 
bioactive molecules, such as targeting moieties and siRNA/miRNA. The electro-
static interaction between cationic charge of micelles with anionic siRNA/miRNA 
molecules result in the formation of a micelle-gene complex. Further, hydrophobic 
small molecules could also be loaded in the hydrophobic core of the micelleplexes 
for simultaneous drug-gene delivery.

It is possible to design polymeric micelles with different functionalities such as 
stimuli sensitivity, desirable release properties, targetability etc. depending on the 
amphiphilic copolymer architecture, the core-shell forming material, molecular 
weight, chain length, chain density, and the proportion of hydrophilic/hydrophobic 
segment (Pereira et al., 2017). Modification of their surface bears a significant 
impact on their stability and biologic interaction, in drug absorption, bioavail-
ability, and internalization into the cells via receptor-mediated endocytosis. The 
copolymers with tumor-targeted, stimuli-sensitive release properties, like acid- or 
glutathione-sensitive cleavage bonds could be chosen for site-specific controlled 
delivery. Sun et al. engineered an acid-sensitive Dlinkm group copolymer micel-
leplex based on self-assembly of PEG-Dlinkm-R9-PCL polymers that interacted 
with siRNA to form Dm-NP/siRNA through electrostatic bonds. This complex 
protected siRNA in serum, increased its circulation time and enhanced uptake 
of siCKD4 in A549 lung tumor cells. Further, these nanoparticles improved gene 
silencing efficiency and antitumor activity in vivo through pH-controlled delivery 
of therapeutic siRNA (Amreddy et al., 2017; Sun et al., 2015). Zhu et al. delivered 
VEGF siRNA and paclitaxel simultaneously into the prostate cancer cells (PC-3) 
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using cationic poly(2-(N,N-dimethylaminoethyl) methacrylate)-polycaprolactone-
poly(2-(N,N-dimethylaminoethyl methacrylate) (PDMAEMA-PCL-PDMAEMA) 
triblock copolymers. These triblock copolymers formed nano-sized micelles in 
water with a positive charge ranging from +29.3 to 35.5 mV. A gel retardation assay 
showed that micelles could effectively complex siRNA at and above N/P ratios of 
4:1 and 2:1. GFP siRNA complexed with micelle exhibited significantly enhanced 
gene silencing efficiency as compared to that formulated with 20 kDa PDMAEMA 
or 25 kDa branched PEI in GFP expressed MDA-MB-435-GFP cells. Further, 
micelles loaded with paclitaxel displayed higher drug efficacy than free paclitaxel 
in PC3 cells, due to improved cellular uptake (Zhu et al., 2010). In another study, 
Zheng et al. used poly(ethylene glycol)-b-poly(L-lysine)-b-poly(L-leucine) peptide 
micelles of mean diameter 121.3 nm for co-delivery of docetaxel and siRNA-Bcl-2. 
Hydrophobic poly(L-leucine) enabled entrapment of docetaxel while the poly(L-
lysine) cationic backbone complex with negatively charged siRNA at N/P ratio of 
10:1 (Zheng et al., 2013).

Cationic polymeric micelles could also be prepared from copolymers contain-
ing cationic pendant groups onto the hydrophobic blocks. Xiong and Levasanifar 
integrated multiple functionalities onto PEG-PCL copolymer for co-delivery of 
siRNA and doxorubicin. Short polyamines were attached onto PCL blocks for 
siRNA complexation and doxorubicin was conjugated via pH-sensitive hydrazine 
linkage. Further, an integrin αvβ3-specific ligand (RGD4C) and a cell-penetrating 
peptide (TAT) were attached to the PEG block to confer the virus mimetic shell on 
these micelleplexes. These polymeric micelles simultaneously delivered DOX and 
MDR-1 siRNA to MDA-MB-435 cells and also showed in vivo targeting of αvβ3-
positive tumors (Xiong & Lavasanifar, 2011). The Mahato group has synthesized 
polycarbonate-based copolymers with cationic pendant groups for co-delivery of 
miRNAs with small molecules. A cationic chain including tetraethylenepentamine, 
spermine or dimethyldipropylenetriamine was conjugated onto the hydrophobic 
polycarbonate block containing free carboxyl groups. A lipid moiety was also con-
jugated to the polymer backbone to enable micelleplex formation. This system effi-
ciently delivered miR-205/gemcitabine combination to heterotopic xenograft model 
of pancreatic cancer (Mittal et al., 2014).

16.5  CONCLUSIONS AND FUTURE PERSPECTIVES

It is encouraging to recognize the tremendous progress that has been made towards 
developing multifaceted polymeric systems for gene delivery. Delivery systems that 
show efficacy in vivo exhibit great diversity in structure, size, chemistry, and overall 
approach to delivery problems. Although a variety of delivery systems have been 
developed in the laboratory, challenges remain in translating the full potential of 
RNAi to the clinic. Nanoparticles are rapidly emerging as systems of choice for 
in vivo delivery of siRNA/miRNA. These polymeric systems can efficiently pro-
tect nucleic acid from degradation by nucleases in an in vivo environment. It is dif-
ficult to design new delivery vehicles until a clear structure-activity relationship 
between transfection agents and transfection efficiency is established. The ideal 
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nano-carrier system should be able to achieve long circulation time, biocompatibil-
ity, low immunogenicity, selective targeting and efficient penetration of barriers such 
as the vascular endothelium and blood-brain barrier, self-regulated release without 
serious side effects. Cationic polymers, both naturally occurring and synthetic ones 
with versatile functionalities have immense potential to evolve as nucleic acid deliv-
ery systems for clinical applications. The incorporation of surface PEGylation and 
cell-specific targeting ligands in the carriers may improve the pharmacokinetics, 
biodistribution, and selectivity of miRNA/siRNA therapeutics. Primary focus on 
screening the existing derivatives and formulation optimization is needed. Also, 
there is need to carry out more clinical studies as most of the studies to date have 
been conducted in vitro and in animal models. The effect of strategies for incorpo-
ration of nucleic acids into different vectors and their routes of administration on 
transfection efficiency of different vectors need to be investigated. Overall, an enor-
mous amount of effort has to be done both in the synthesis of better polymers and 
the design of efficient ways to complex nucleic acids. A collaborative attempt by 
academicians and industry groups is further needed in order to develop industrially 
viable methods for preparation of efficient gene delivery systems.
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17.1  MOTIVATION FOR NUCLEIC ACID NANOTECHNOLOGY

Nucleic acid nanotechnology benefits from the ability of RNA (or DNA) to form both 
canonical Watson-Crick (WC) e.g., G-C and A-U (T for DNA) and non-canonical 
base pairings. Non- canonical base pairs, however, are mostly characteristic for 
RNAs and include 12 basic geometric families thus leading to a diverse set of struc-
tural motifs (Leontis and Westhof 1998, 2001, Leontis et al. 2002, Leontis and 
Westhof 2003). Currently, the existing repertoire of available RNA structural motifs 
allows for the rational design and construction of various programmable nucleic acid 
nanoparticles (NPs) that can be further used for a broad range of biomedical appli-
cations. Recent research shows that both DNA and RNA NPs have been used as 
nanoscaffolds and delivery vehicles for diverse functionalities used for the regula-
tion of cellular function and gene expression, most notably gene silencing, utilizing 
small-interfering RNAs (siRNAs), Dicer substrates (DS), and micro RNAs (miR-
NAs), as well as functional aptamers, ribozymes, fluorophores, and small molecules 
(Rose et al. 2005, Guo 2010, Gross 2013, Afonin et al. 2013a, Mohri et al. 2014, 
Kumar et al. 2016, Jasinski et al. 2017). NPs comprised of RNA and RNA-DNA 
hybrids offer an advantage over DNA-only NPs in that they are able to utilize a 
wider array of interacting motifs and functional parts that are, in most cases, RNA-
based. Also, the ability of RNA to adopt a more thermodynamically stable and com-
pact A-form helix promotes the thermal stability of RNA NPs. The geometry of an 
RNA helix is characterized by a shallow minor and deep major groove and has its 
unique properties due to the C3’-endo orientation of the ribose sugar. The 2’-OH 
of the ribose also allows RNA to act as an efficient hydrogen bond donor or accep-
tor in tertiary interactions, thus expanding the possibilities of hydrogen bonding to 
the 12 geometric families mentioned before (Strobel and Doudna 1997, Tamura and 
Holbrook 2002, Guo et al. 2012).

The overall structures of RNA NPs are promoted by locally formed tertiary inter-
actions and structural motifs such as internal and terminal loops, bulges, three- and 
four-way junctions, turns, and pseudoknots, just to name a few, that are often stabi-
lized by divalent cations such as magnesium (Mg2+). Reorganizing RNA motifs and 
testing the encoded sequences that exhibit specific assemblies with unique proper-
ties led to the birth of the field known as RNA nanotechnology (Guo et al. 1998, 
Chworos et al. 2004, Jaeger et al. 2001, Jaeger and Chworos 2006, Guo 2010, Geary 
et al. 2011, Grabow et al. 2011, Dabkowska et al. 2015, Jedrzejczyk et al. 2017). 
The design principles and in vitro synthesis of RNA NPs have evolved immensely 
through the years since the discovery of manipulating bacteriophage packaging 
RNA (pRNA) derived from the phi29 DNA packaging motor (Guo et al. 1998, Guo 
et al. 2012) and the pioneering concept of RNA architectonics (Jaeger and Leontis 
2000, Jaeger et al. 2001, Chworos et al. 2004, Jaeger and Chworos 2006, Afonin and 
Leontis 2006, Afonin et al. 2012b).

Lately, functionalized RNA NPs have accrued great importance in the field of 
RNA nanotechnology and nanomedicine (Afonin et al. 2013a, Afonin et al. 2014a, 
Dao et al. 2015, El Tannir et al. 2015, Parlea et al. 2016, Jasinski et al. 2017). The 
design principles of RNA NPs rely on X-ray crystallography and nuclear magnetic 
resonance databases to align and connect tertiary motifs using helical linkages. 
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These motifs are then extracted and reassembled either manually or computationally 
with the goal of making a desired shape and eliminating any undesirable second-
ary folding and tertiary interactions (Jaeger et al. 2001, Jaeger and Chworos 2006, 
Afonin et al. 2013a). While the chemical synthesis only allows production of RNA 
sequences below 80 nucleotides (nts), enzymatic in vitro transcription can be used 
for the synthesis of much longer RNA strands. Subsequent characterization eventu-
ally leads to the design of primary optimized sequences for assembly of program-
mable NPs (Jaeger et al. 2001, Chworos et al. 2004, Nasalean et al. 2006). Novel 
RNA NPs have been designed to exhibit different functionalities such as ribozymes, 
therapeutic siRNAs, and RNA and DNA aptamers, which can be encoded directly 
into the optimized sequence without the interruption of the assembled RNA NP 
(Jaeger et al. 2001, Khaled et al. 2005, Liu et al. 2005, Jaeger and Chworos 2006, 
Saito and Inoue 2007, 2009, Shukla et al. 2011, Grabow et al. 2011, Afonin et al. 
2011, Ohno et al. 2011, Shu et al. 2011, Abdelmawla et al. 2011, Haque et al. 2012, 
Guo et al. 2012, Shu et al. 2013, Qiu et al. 2013, Afonin et al. 2014b, Afonin et al. 
2014c, Afonin et al. 2014d, Osada et al. 2014, Shu et al. 2014, Khisamutdinov et al. 
2014, Feng et al. 2014, El Tannir et al. 2015, Dao et al. 2015, Afonin et al. 2014c, 
Zhang et al. 2015, Shu et al. 2015, Rychahou et al. 2015, Li et al. 2015, Lee et al. 
2015, Binzel et al. 2016, Stewart et al. 2016, Parlea et al. 2016, Afonin et al. 2016, 
Bui et al. 2017, Halman et al. 2017). Three main topics are covered in this chapter. 
We will first describe the design principles of different NPs and common character-
ization techniques used in RNA nanotechnology. Then, we will briefly explore the 
molecular mechanism of RNA interference (RNAi) and discuss biological barriers 
that impede the use of RNAi nucleic acid nanotherapeutics. Finally, we will consider 
possible solutions to overcome these obstacles and the use of exogenously derived 
vehicular transport of nucleic acid NPs.

17.2  DESIGN AND PRODUCTION OF RNA NPs

RNAs that are used as scaffolds to enter the composition of RNA NPs are usu-
ally designed de novo using canonical WC and non-canonical interactions or by 
directly incorporating well-defined RNA motifs that may employ any type of inter-
actions (Guo et al. 1998, Bindewald et al. 2008, Shapiro et al. 2008, Severcan et al. 
2009, Guo 2010, Bindewald et al. 2011, Shu et al. 2013, Bindewald et al. 2016). The 
overall engineering principles of RNA NPs can be described by two main design-
ing strategies, as exemplified by the nanorings and nanocubes shown in Figure 17.1 
(Afonin et al. 2010, Grabow et al. 2011, Afonin et al. 2011, Afonin et al. 2014e). The 
first approach, used for nanoring design, relies on principles formulated for RNA 
architectonics, also called tectoRNAs, (Jaeger and Leontis 2000, Jaeger et al. 2001, 
Chworos et al. 2004, Jaeger and Chworos 2006, Nasalean et al. 2006). It requires 
the folding of individual rationally designed monomers by forming intramolecu-
lar hydrogen bonds and the formation of tertiary motifs (called “kissing loops” in 
the case of nanorings) with further stabilization of intermolecular interactions, that 
promote the assembly of nanoparticles in the presence of Mg2+. A second strategy, 
represented by nanocubes, uses in silico-designed, single-stranded RNAs (ssRNAs) 
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that lack any intramolecular secondary structure and can only have intermolecular 
interactions with their cognate partner strands. These interactions can be stabilized 
by metal ions but do not necessarily require the presence of Mg2+. Once designed, 
the RNA sequences can be tested in a variety of modeling programs (i.e., RNA2D3D 
(Martinez et al. 2008), NanoTiler (Bindewald et al. 2008), and NUPACK (Zadeh 
et al. 2010)) to avoid any problems associated with RNA misfolding (Afonin et al. 
2014a). More details on available design strategies can be found in our previously 
published work (Afonin et al. 2011, Afonin et al. 2014e, Afonin et al. 2014a). The 
reverse complements for the cube and ring strands can be assembled into anti-cube 
and anti-ring NPs allowing design of dynamic nanostructures. This concept was 
recently introduced by Halman et al. 2017. RNA NPs can be easily produced in 
vitro by following several simple techniques. Those steps can be briefly summa-
rized as the following: PCR-amplified template DNAs are transcribed with T7 RNA 
polymerase and after gel purification and precipitation, recovered RNAs undergo 
melting and annealing steps in the presence of monovalent (Na+/K+) and divalent 
(Mg2+) cations. Metal ions stabilize the negative charges of the RNA secondary and 
tertiary structures (Afonin et al. 2011, Afonin et al. 2013a). Some RNA tertiary 
structures, for example the three-way junction motif (3WJ) widely used in RNA 
nanotechnology, were reported to be resistant to denaturation even in the presence 
of 8 M urea and exhibit high melting temperatures (Guo 2010, Binzel et al. 2014). 
The 3WJs have been used to assemble a variety of RNA nanoparticle polygons with 
different geometries, diverse branched motifs, and various sizes using the assembly 

Anti-cube Cube

Ring Anti-ring

FIGURE 17.1 Designing strategies in RNA nanotechnology. RNA nanocubes and nanorings 
along with their reverse complement (anti) design principles. The nanorings were designed 
utilizing the RNA architectonics approach, where monomer pre-folding reveals the RNAI/IIi 
kissing loops that in the presence of Mg2+ further interact with angles of 120° between each 
monomer, forming the nanorings. Nanocubes were assembled computationally or manually 
using WC base pairing, while avoiding tertiary interactions. Both RNA NPs can be assembled 
in high yields via one-pot or co-transcriptional self-assembly. (From Grabow, W. W. et al., 
Nano Lett., 11 (2):878–87, 2011; Afonin, K. A. et al., Nat. Nanotechnol., 5 (9):676–82, 2010; 
Afonin, K. A. et al., Nano Lett., 12 (10):5192–5, 2012a.)
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of loop-loop interactions between pRNA monomers that form tri-heptamers, palin-
dromic sequences complementary to the “foot” region of the pRNA, and branched 
3WJs (Shu et al. 2013). Reports on further expansion of pRNA-based polygons 
have changed the number of external and internal strands in the nano-assemblies 
by fine-tuning the angles of the pRNA 3WJ motif to 60°, 90°, and 108°, resulting in 
the assembly of triangle, square, pentagon, and tetrahedron-shaped NPs as shown 
in Figure 17.2 (Khisamutdinov et al. 2014, Jasinski et al. 2014, Li et al. 2016). 
Additionally, the hydrodynamic diameters of square-shaped RNA NPs can be fine-
tuned simply by adjusting the RNA duplexes in the “foot” region of phi29 pRNA 
(Jasinski et al. 2014). Recently, the development of poly-uracils as helical linkers 
introduced a simple way to design RNA, DNA, and RNA/DNA polygons with fine-
tunable chemical, thermodynamic, and immunological properties (Bui et al. 2017).

It is important to mention that most of the RNA NPs can also be produced co-
transcriptionally by introducing the specifically designed DNA templates in the tran-
scription mixture and incubating it for several hours at 37°C (Afonin et al. 2010). 
Additionally, we demonstrated that by simply changing the composition of the tran-
scription buffer, the introduction of chemically modified nucleotides into the RNA 
nanoparticle composition becomes possible (Afonin et al. 2012a).

RNA nanoparticle functionalities have been effective in confirming assemblies, 
determining proximity using fluorescence-based assays, and observing regulation 
of intracellular functions. However, ensuring the conditional activation of embed-
ded functionalities only in the presence of a specific stimulus increases the level of 
NP regulation. Recently, different RNA, DNA, and RNA/DNA hybrid NPs (Afonin 
et al. 2013b, Afonin et al. 2014b, Afonin et al. 2014d, El Tannir et al. 2015, Dao et 
al. 2015, Halman et al. 2017) with split functionalities have been adopted from the 
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FIGURE 17.2 pRNA polygonal RNA NPs designed by extending the three-way junction 
angle from 60° to 108°. (Adapted from Jasinski, D. L. et al., ACS Nano, 8 (8):7620–9, 2014.)
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concept of split-proteins (Shekhawat and Ghosh 2011). In this concept, each  indi-
vidual subunit is split and therefore non-functional, but can be conditionally reas-
sembled with its cognate partner and become activated. Likewise, a response is 
activated when cognate nucleic acid strands recognize their complements. As a proof 
of concept, we initially studied RNA/DNA hybrids that can carry and activate dif-
ferent split functionalities. For that, we designed the individual inactive hybrids to 
interact with each other and re-associate through the interactions of short single-
stranded DNA toeholds. The toehold interactions are driven thermodynamically 
by a difference in free energies between the hybrids and the resulting RNA and 
DNA duplexes (Afonin et al. 2013b). A novel expansion of these split non-functional 
subunits used the re-association of RNA and DNA NPs and their reverse complements 
anti-particles as recalled in Figure 17.1. This re-association allowed for the activa-
tion of transcription, conditional gene silencing, FRET, and assembly of functional 
aptamers (Halman et al. 2017). The development of the concept, design principles, 
and experimental verifications of dynamic RNA NPs have opened a whole new 
field of dynamic RNA nanotechnology (Afonin et al. 2013b, Afonin et al. 2014a, 
Afonin et al. 2014c, Afonin et al. 2014d, Dao et al. 2015, Afonin et al. 2015, Afonin 
et al. 2014c, Rogers et al. 2015, El Tannir et al. 2015, Roark et al. 2016, Bindewald 
et al. 2016, Groves et al. 2016, Afonin et al. 2016, Halman et al. 2017). This is only 
one piece of the puzzle involved in establishing nucleic acid NPs for the exogenous 
delivery and conditional activation of multiple split functionalities in cells. Next, we 
briefly explain the principles and utilization of common characterization techniques 
found in nucleic acid nanotechnology.

17.3  COMMON CHARACTERIZATION TECHNIQUES 
IN DNA/RNA NANOTECHNOLOGY

17.3.1  eLectrophoretic geL moBiLity shift assays

One of the main characterization techniques used by research groups in the field 
of RNA nanotechnology is the electrophoretic mobility shift assay (EMSA). These 
assays are especially important for direct visualization and comparative analysis of 
various RNA and DNA NPs assembled under the same conditions. Electrophoresis 
is the movement and separation of macromolecules through a polymer (either poly-
acrylamide or agarose) under the influence of an electric field. Two main forces 
exerted on the macromolecule, electrostatic and frictional, are in equilibrium and 
take into account parameters such as viscosity and ionic radii, resulting in the 
electrophoretic velocity (Buszewski et al. 2013). The electrophoretic velocity is 
determined by the charge-to-size ratio of molecules, which influences the migra-
tion of the NPs as shown in Figure 17.3. The visualization of NPs is achieved by 
staining the gels with ethidium bromide or SYBR Green I/II (Afonin et al. 2010, 
Guo et al. 2012).

In experimental set up, the prepared polymer gel is placed into a buffer solution 
either in the presence of Mg2+ (for native-PAGE) or, if needed, with the addition 
of ethylenediaminetetraacetic acid (EDTA), which chelates Mg2+ in agarose gels. 
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Typically, polyacrylamide with pore sizes between 5–100 nm is used to separate 
smaller nucleic acids. The size is determined by both concentration of acrylamide 
and acrylamide:bis-acrylamide ratio. Bis-acrylamide will change the cross-linking 
between the acrylamide subunits, optimizing pore size and resolution. The ratio  
usually range from 19:1 to 37.5:1 with the lower ratio more suitable for fibrous mol-
ecules and small RNA assemblies and the higher ratio applied for bulkier three-
dimensional RNA NPs. In addition, the electrophoretic mobility through the native 
gel matrix can be influenced by a vast array of RNA secondary and tertiary con-
formations as shown in Figure 17.3. Thus, matrix composition, applied voltage, and 
running time all have strong influences on the resolution of RNA NP assemblies, 
making this technique widely modifiable.
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FIGURE 17.3 Characterization techniques including EMSA with corresponding sample 
bands, AFM, and DLS of RNA nanorings. The size-to-charge ratio of RNA/DNA NPs with 
and without functionalities is governed by electrostatic and frictional forces, which determine 
the extent of migration through a polymer matrix. This image depicts native-polyacrylamide 
gel electrophoresis, or native-PAGE. On native-PAGE, all RNA and DNA NPs remain assem-
bled and appear as sharp bands. Hexameric RNA nanorings were imaged with tapping-mode 
AFM and DLS is shown of RNA nanorings with hydrodynamic radii histogram.
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17.3.2  temperature gradieNt geL eLectrophoresis aNd uv meLt

Temperature gradient gel electrophoresis (TGGE) is another type of electrophoretic 
mobility assay that utilizes a temperature gradient to denature the assembled or folded 
nucleic acids and to further determine their thermodynamic stabilities and measure 
their melting temperatures (Tm). Tm is the temperature at which half of the hydrogen 
bonding interactions within a nucleic acid NP are disrupted and is dependent on 
the size, charge, primary sequence, stability of secondary and tertiary motifs, and 
buffer conditions (Strobel and Doudna 1997, Víglaský et al. 2000, Makovets 2013). 
When TGGE is run in perpendicular mode (the electric field is aligned perpendicular 
to the temperature gradient), the sample migrates through the polymer matrix and 
non-linear/sigmoidal band patterns are indicative of conformational changes due to 
thermal unfolding of base pairs stabilizing the folded structure. The method allows 
detection of not only two-state but also multi-state conformational transitions.

This melting behavior can also be confirmed through UV-melting of nucleic acids 
by measuring the absorbance at ~260 nm of a nucleic acid NP as a function of tem-
perature. As the temperature is ramped, bases unstack and are exposed to the sol-
vent, causing an increase in the absorbance due to hyperchromacity (Darby et al. 
2002). However, for complex assemblies, UV-melting is not ideal (Owczarzy 2005). 
For example, despite the experimental UV-melting profiles that produced similar 
Tms compared to computationally determined Tms of RNA-DNA hybrid nanocubes 
(Halman et al. 2017), complex 2D and 3D structures can result in overlapping and 
unresolved transitions. Therefore, the combination of gel assays (TGGE), UV-melt, 
and fluorescence assays can be the most accurate method of Tm assessments (Shu 
et al. 2011, Darby et al. 2002, Li et al. 2016).

17.3.3  atomic force microscopy (afm)

AFM has become a standard characterization instrument in the field of RNA nano-
technology. This technique allows for the visualization and determination of the 
relative sizes and shapes of RNA nanoparticle assemblies. For example, 3D RNA 
nanoprisms, RNA polygons, RNA/DNA nanocubes, and RNA dendrimers have all 
been characterized by AFM (Shapiro et al. Patent No. 2010148085, Grabow et al. 
2011, Shu et al. 2013, Khisamutdinov et al. 2016, Bui et al. 2017, Halman et al. 2017, 
Sajja et al. 2018). AFM is used to image sample topography by measuring intermo-
lecular forces at atomic resolution. This is completed by using a micro-machined can-
tilever probe with a sharp tip that is mounted to a piezoelectric actuator, which scans 
across a sample at either constant force or height and changes due to the contours of 
the sample (Basso et al. 1998, Shlyakhtenko et al. 2003, Jalili and Laxminarayana 
2004, Lyubchenko et al. 2011, Shlyakhtenko et al. 2013). A sensitive photodetector 
is positioned to detect reflections off the end-point of the cantilever, providing differ-
ences in light intensity to either an upper or lower photodiode.

There are three modes—non-contact, contact, and intermittent contact (tapping)—
of AFM operations, each with its own advantages and disadvantages. In non-contact 
mode, the cantilever is oscillated at its natural resonance frequency to detect attractive 
van der Waals forces between the tip and sample due to changes in amplitude, phase, or 
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frequency; this allows topographical information to be extrapolated. This mode is suit-
able for studying elastic and soft biological materials and has improved resolution com-
pared to contact AFM, which degrades the sample (Basso et al. 1998, Sebastian et al. 
1999, Jalili and Laxminarayana 2004). A drawback is that the oscillating probe could 
become trapped in the fluid layer, decreasing the resolution because it can no longer 
measure the distance between tip and sample. In contact mode, repulsive forces between 
the sample and tip dominate due to the increasing interatomic distances. Surface topog-
raphy is acquired in either constant height or constant force and since constant force is 
the most common, it will be discussed in detail. The forces between the sample and tip 
are kept constant by comparing the deflection on the cantilever to a set value. The dif-
ference in the signals is used to actuate the piezoelectric element by applying a voltage. 
This voltage is used as a measure of the surface topography as a function of the lateral 
position. This mode is not suitable for measuring biological materials because the sheer 
force due to contact between the sample and tip can cause surface alterations of the sam-
ple during scans (Lyubchenko et al. 2011). Thus, the most utilized operation for AFM 
is the tapping mode (Zhong et al. 1993). This mode uses characteristics from both non-
contact and contact to determine surface topography. The piezoelectric actuator applies 
a force that causes the cantilever to vibrate/oscillate at a particular amplitude, usually 
in the range of 20–100 nm when the tip is not in contact with the sample. As the tip is 
allowed to scan over the sample, peaks and troughs on the surface cause a decrease or 
increase in the amplitude that is detected by the optical signal. The differences between 
measured and set references are applied to the piezoelectric actuator to measure the 
surface anomalies in the vertical direction as a function of the tip’s lateral position, thus 
interpreting the surface topography (Jalili and Laxminarayana 2004).

17.3.4  dyNamic Light scatteriNg (dLs)

DLS, also referred to as photon correlation spectroscopy, is a hydrodynamic tech-
nique that measures the constant random Brownian motion exhibited by all atoms 
and molecules as a function of the intensity of scattered light from a laser placed 
at either 90° or 173° (backscattering) (Morrison et al. 1985, Pecora 2000, Malvern 
Instruments 2012). The signal’s time correlation function is computed using an auto 
correlator. By relating the time correlation decay function to the scattering vector (q) 
as a function of time, the translational diffusion coefficient (D) is used in the Stokes-
Einstein relation as shown in Table 17.1 to calculate the hydrodynamic diameter (DH). 
The basis of the technique is through the understanding that small particles move 
more rapidly and cause faster decaying fluctuations, compared to larger particles that 
move more slowly. These differences are calculated by the auto correlator using dif-
ferent algorithms (e.g., method of cumulants and inverse Laplace transform provided 
from the CONTIN software) (Provencher 1982, Pecora 2000). Sizes of non-spherical 
NPs are somewhat difficult to determine, but common workarounds involve calculat-
ing the size of a spherical particle that has the same translational diffusion coefficient 
as the non-spherical particle (ISO13321 1996). The hydrodynamic radii or diameter 
of several polygonal RNA NPs with and without functionalization have been deter-
mined that agree with many computational models (Afonin et al. 2010, Afonin et al. 
2012a, Khisamutdinov et al. 2014, Afonin et al. 2014e, Jasinski et al. 2014).
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17.3.5  förster resoNaNce eNergy traNsfer (fret)

FRET is used in RNA nanotechnology to measure molecular dynamic changes 
between NPs in solution and in cells as a function of time (Afonin et al. 2013b, Afonin 
et al. 2014d, Afonin et al. 2014c, Halman et al. 2017). FRET involves the radiation-
less energy transfer of an energetically excited fluorophore (donor) to another molecule 
(acceptor) through dipole coupling. The two-step process is dependent on the Förster 

TABLE 17.1
Brief Overview of the Chemical and Physical Properties and Relevant 
Calculated Parameters Measured by the Described Characterization 
Techniques

Common Characterization Techniques in Nucleic Acid Nanotechnology

Technique Chemical and Physical Properties
Relevant Calculated 

Parameters

Electrophoretic 
mobility shift assays

Size: charge ratio influenced by 
electrostatic and frictional forces

Size, charge, and retention factor 
(Rf)

TGGE and UV-melt Thermodynamic stability based on size, 
charge, primary sequence, and stability 
of 2°/3° motifs

Melting temperature Tm, 
standard enthalpy/entropy, and 
Gibb’s free energy from vant’ 
Hoff plots1

Atomic force 
microscopy

Attractive or repulsive intermolecular 
forces between sample and tip

Relative topography (size and 
shape)

Dynamic light 
scattering

Size related to light scattering events 
from Brownian motion of nanoparticles

Hydrodynamic diameter from 
the Stokes-Einstein equation2

Förester Resonance 
Energy transfer

Molecular dynamic interactions 
determined from dipole coupled donor 
and acceptor fluorophores

FRET efficiency and Förester 
radius (Ro)3

Sources: Marky, L. A., and K. J. Breslauer, Biopolymers, 26 (9):1601–20, 1987; Sahoo, H., J. Photochem. 
Photobiol. C, 12 (1):20–30, 2011 Sep.

1 
1 2 2 6

T

R

H
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Hm
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°
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°∆
∆

∆
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ln( )
 where Tm is the melting temperature, ΔH° is the standard enthalpy, 

R is the gas constant, [C]total is the total concentration, and ΔS° is the standard entropy. Note that a plot of 1
Tm

 

vs. ln[C]total gives a linear relationship that can be used to determine the thermodynamic properties which can 
be used to determine the standard Gibb’s free energy ΔG° = ΔH° – TΔS°.
2 D

k T

DH
B=

3κη
 where DH is the hydrodynamic diameter in nm, kB is Boltzmann’s constant, T is the absolute 

temperature, η is the viscosity of medium, and D is the translational diffusion coefficient.
3 R Q JD0

5 2 4
1 6
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κ η λ  Å) where R0 is the Förester radius which is determined from the 

input parameters. Experimentally E
I

IFRET
DA

D

= −






1  can be found from the intensity of the donor in the 

presence of acceptor (IDA) and the intensity of just the donor.
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radius (R0) which is determined as 50% of FRET efficiency between a FRET pair. 
Particular considerations when performing FRET involve donor emission and accep-
tor absorbance overlap (overlap integral J(ƛ)), distance between FRET pairs (should 
fall between 1–10 nm), and the parallel alignment of dipole moments (Sahoo 2011).

An illustration of electrophoresis, AFM, and DLS can be found in Figure 17.3 and 
a summary of all the techniques can be found in Table 17.1. It is important to note that 
these are not the only techniques that researchers use to characterize nucleic acid NPs, 
but these are the most common. In-depth descriptions of the theories, mathematical 
derivations, and instrumentation can be found elsewhere (Cann 1996, Pecora 2000, 
Jalili and Laxminarayana 2004, Owczarzy 2005, Sahoo 2011, Binzel et al. 2014).

Next, we will explore the natural gene silencing pathway of RNA interference 
(RNAi), describe potential barriers for the application of exogenously introduced 
siRNA therapeutics into the clinic, and finally, combat these barriers with innovative 
approaches for delivery vehicles transporting nucleic acid NPs.

17.4  RNA NPs FOR DELIVERY AND ACTIVATION 
OF RNA INTERFERENCE

The machinery of RNAi has a huge therapeutic potential. Unlike typical small-
molecule drugs, small-interfering RNAs (siRNAs) can be specifically designed to 
silence nearly any gene in the body by utilizing a pre-existing cellular pathway. 
Andrew Fire, Craig Mello, and their colleagues showed that double-stranded RNA 
(dsRNA) induced the RNAi silencing phenomenon more than either the sense or 
antisense RNAs alone (Fire et al. 1998, Liu and Paroo 2010). Briefly, the two main com-
monly used inducers of RNAi are micro RNAs (miRNAs) and siRNAs (Figure 17.4). 
The main difference is their individualized processing, but once loaded onto the RNA-
induced silencing complex (RISC), the different pathways converge. Genome-encoded 
primary miRNA transcripts (pri-miRNA) contain a large number of hairpins that are 
processed by RNase III family enzymes (e.g., Drosha). This produces 65–70 nt precur-
sor miRNA (pre-miRNA) that is transported out of the nucleus into the cytoplasm by 
Exportin-5 (Lund and Dahlberg 2006, Saini et al. 2007, Kim and Kim 2007, Wilson 
and Doudna 2013). Once in the cytoplasm, pre-miRNAs are truncated by Dicer into 
dsRNAs 21–25 nts long (while exogenously introduced siRNAs are already of this size) 
with 2 nt-long 3’-side overhangs. The mature miRNA is then presented to one of the four 
Argonaute (Ago) family proteins found in humans to generate RNA-induced silencing 
complex, or RISC. The complex selects the strand with less thermodynamically stable 
base-pairing at its 5’-end as the guide strand (Tomari et al. 2004, Wilson and Doudna 
2013, Wittrup and Lieberman 2015). Ago 2 is the only protein of the family that exhibits 
enzymatic slicer activity using complementarity through the guide (or antisense) strand 
to the messenger RNA (mRNA) target site. Otherwise, Ago 1, 3, and 4 induce transla-
tional repression leading to deadenylation of the messenger RNA poly A-tail and degra-
dation; the former is not required for gene silencing (Jackson and Standart 2007, Wilson 
and Doudna 2013). RNAi has been shown to be a specific and robust mechanism of gene 
regulation, with vast implications for the future treatment of genetic maladies.
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Mechanisms of RNA Interference,” in Annual Review of Biophysics, Vol 42, edited by 
K. A. Dill, 217–39, 2013; Wittrup, A., and J. Lieberman, Nat. Rev. Genet., 16 (9):543–52, 2015.)
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17.4.1  oBstacLes eNcouNtered iN NucLeic acid therapeutics

Ideally, drug treatments are optimally safe and effective when activity of medication 
is restricted to diseased cells, and functional RNA NPs are no exception. Specific 
siRNA delivery to the affected tissue helps to minimize deregulation of the targeted 
gene in healthy cells, as well as to decrease the probability of off-target effects. 
The proper level of delivered siRNA must be high enough to silence expression of 
the target protein in respect to protein turnover, yet low enough to avoid saturation 
of the  RNAi pathway. However, before taking effect in targeted cells, exogenous 
siRNAs have to overcome many biological barriers within a patient’s anatomy and 
physiology. The large anionic and hydrophilic character of RNA molecules prevents 
them from diffusing across the negatively charged hydrophobic cell membranes, 
entering the cytoplasm, and activating RNAi machinery. The bloodstream is another 
challenging environment for nucleic acid NPs that may lead to disassembly, elimi-
nation from circulation by trans-vascular transport (extravasation), renal clearance, 
uptake by macrophages, or aggregation by serum proteins (Malek et al. 2009, Kettler 
et al. 2014, Xu and Wang 2015). Also, serum nucleases are an imminent threat for 
non-modified RNA after systemic administration since they rapidly degrade RNAs, 
thus decreasing their therapeutic potential.

There are two main mechanisms used to circumvent the difficulties of siRNA 
transport: chemical modification of the RNA backbone and incorporation of RNA 
into synthetic carriers. The former can greatly extend the half-life of siRNA in 
plasma, which is a brief ten minutes or less (El Tannir et al. 2015, Ku et al. 2016). 
Though sizeable resources in discovery, translational, and clinical research have 
been invested in applying gene silencing to humans, the development of clinically 
suitable delivery methods for siRNA still remains a bottleneck. This section will 
address the technological progress in siRNA technology to tackle the issue of effec-
tive and nontoxic siRNA delivery for therapeutic applications.

17.4.2  chemicaL modificatioNs of rNa

Incorporation of chemically-modified nucleotides (Figure 17.5), such as 
2’-fluoropyrimidines or 2’-methoxy nucleotides, into RNA building blocks sig-
nificantly extends the lifetime of RNA NPs in the human blood serum (Afonin 
et al. 2012a). Another example is the 2’-F modified A9g aptamer that is stable 
in 100% human serum up to eight hours until slow degradation starts, and still, 
50% of RNA survives after a week (Dassie et al. 2014). Modifications can also 
include locked nucleic acids (LNAs) with a methylene bridge from the 2’ oxygen 
to the 4’ carbon (Elmén et al. 2005, Mathe and Perigaud 2008, Stein et al. 2010); 
unlocked nucleic acids (UNAs), which lack a bond between the 2’ and 3’ carbons 
(Langkjær et al. 2009, Vaish et al. 2011); and 2’-aminoethyl (2’-AE), 2’-H (2’-deoxy), 
2’-O-methyl (2’-OMe), 2’-O-methoxyethyl (2’-MOE), or 2’-O-guanidinopropyl (2’-
GP) substitutions (Morrissey et al. 2005, Deleavey et al. 2010, Engels 2013). The 
small size of fluorine accommodates the folding and assembling of natural RNA 
while reducing immunogenicity (Liu et al. 2010, Afonin et al. 2012a, Afonin et 
al. 2014a). Larger, more complex modifications (e.g., 2’-O-MOE and 2’-O-allyl) 
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likewise  reduce  immune  effects,  but concomitantly decrease the thermodynamic 
stability of RNA and may alter the structure of RNA NPs. These sterically bulky 
groups distort the RNA helix, negatively affecting interactions with RISC and the 
target mRNA (Bramsen et al. 2009). While the outcome of RNAi is sensitive to arti-
ficial chemical groups in siRNAs, it seems that the replacement of ribose residues in 
siRNA molecules may stabilize and improve their in vivo activity in comparison to 
unmodified siRNAs (Morrissey et al. 2005). However, the increased potency is not 
observed in all cases (Layzer et al. 2004).

The most common chemical modifications may be at various positions of the ribose 
ring but approaches that modify the nucleobase itself are also used in gene silencing. 
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Using 5-methyluridine (m5U) and 5-propynyluridine (5-pU) in the guide strand led to 
increased serum stability, as well as increased RNAi activity in the case of the former 
(Terrazas and Kool 2009). Related substitutions of 2-thiouridine and pseudouridine 
enhanced thermostability and increased siRNA activity when incorporated at the 3’ 
end of the guide strand (Kumar and Davis 1997). Extending this idea of increased sta-
bility, modifications with 2,4-difluorotoluene or 5-nitroindole at central regions of the 
passenger strand also augment silencing (Rand et al. 2005, Peacock et al. 2011). On 
the other side, replacement of standard nucleotides for their analogs and/or linking to 
heterogeneous molecules may interfere with the functional moieties of self-assembled 
nanostructures. For example, the sequence and associated structure of aptamers is 
crucial for their high-affinity binding to target molecules. Therefore, nucleotide sub-
stitution in aptamer sequences is likely to interfere with folding and may reduce target 
binding. This problem could be resolved by using a library of chemically modified 
oligonucleotides during the aptamer selection. Not only does this solution provide 
RNAs with enhanced nuclease resistance, it also permits the engineering of aptam-
ers with novel conformations and target-binding surfaces otherwise unavailable in 
aptamers with natural nucleotides (Keefe and Cload 2008).

Chemical modifications in the phosphate linkage can also improve RNA stability 
while retaining silencing activity: these include boranophosphates, in which the phos-
phodiester oxygen is replaced with a borane moiety (Hall et al. 2006); phosphorothio-
ates, wherein the bridging molecule is a sulfur rather than an oxygen (Braasch et al. 
2003, Jahns et al. 2015); and phosphotriester groups in short interfering ribonucleic 
neutrals (siRNNs) (Meade et al. 2014). Additionally, morpholino nucleoside analogues 
(Zhang et al. 2009), peptide nucleic acids (PNAs) (Boffa et al. 2005, Stein et al. 2010), 
and polycarbamate nucleic acids (PCNAs) (Madhuri and Kumar 2010) have been 
applied to siRNAs for therapeutic purposes. Caution remains a critical factor when 
introducing modifications into either strand of an siRNA duplex. Selective insertion 
of modified bases into RNA duplexes can abolish immunostimulatory activity of the 
delivery vehicles (Robbins et al. 2009), but it could come at the cost of reduced RNAi 
behavior (Hanning et al. 2013). A substitution at one position of the guide strand 
may reduce the negative effects of off-target silencing (Jackson et al. 2006), whereas 
another may interfere entirely with the RNAi process (Leuschner et al. 2006).

17.4.3  iNterNaLizatioN

The size, shape, composition, and connectivity of self-assembled RNA and DNA 
NPs substantially differ from naturally occurring nucleic acids and influence the 
stability of NPs. It has been shown that while triangles tend to be fragile, tetrahe-
dra resist deformation (Keum and Bermudez 2009) and remain substantially intact 
within cultured human embryonic kidney cells for at least 48 hours post-transfection 
(Walsh et al. 2011). Furthermore, it seems that survival of 2D and 3D DNA struc-
tures does not depend on the cell type (healthy vs. cancerous) (Mei et al. 2011). Also, 
it was reported that one structure (DNA 18, 24, or 35 helix bundles) is selectively 
sensitive to degradation by different endo- and exonucleases. However, authors cau-
tion that their observation holds true just for the structures they used. Interestingly, 
2 ng of helix bundles were resistant to degradation for approximately 60 minutes 
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in comparison with 65 ng of plasmid DNA that was destroyed within five minutes 
(Castro et al. 2011). Most NPs delivered to cells localize after 12 hours in the lyso-
some, where they get digested after 60 hours (Shen et al. 2012).

RNA NPs need more than nuclease-resistance to reach their target tissue. 
Depending on the size of the NP, they can be cleared through the kidneys (<5 nm) 
(Van de Water et al. 2006), or accumulated in the liver, spleen, and bone marrow 
(Ilium et al. 1982). Trans-vascular transport (extravasation) properties of capillary 
endothelia differ in various organs and tissues representing thus another barrier for 
efficient delivery of nanotherapeutics (Choi et al. 2007). The hydrodynamic proper-
ties dictated by size and shape determine the ability of NPs to marginate towards the 
wall of the blood vessels and subsequently escape from capillaries as well as pro-
mote the uptake by macrophages in the reticuloendothelial organs and endocytosis 
by target cells (Toy et al. 2014). The simplicity of nucleic acids’ primary structure 
allows for the precise synthetic control over their size, geometry, and composition. 
However, despite this advantage, to the best of our knowledge, there is no study 
showing hemodynamic properties of DNA and RNA NPs.

After surmounting all other barriers, RNA and DNA therapeutic NPs must finally 
traverse the endosomal membrane to reach their site of action in the cytosol or nucleus. 
Endocytosis is the most common route of internalization for siRNA delivery systems 
(Kanasty et al. 2012). Even so, the actual mechanism for siRNA particle uptake can 
vary, and may take place through pathways separate from endocytosis (Au et al. 2016). 
To date, it is unclear how naked nucleic acid assemblies can pass through the membrane 
of the endosome. The trafficking of engulfed NPs, either bound to the target cell recep-
tor or free, can be complex. Endocytosed cargo can end up degraded in lysosomes, or 
exported out of the cell, or, ideally, can escape from the endosome and successfully 
carry on its pre-programmed function. The nature of the receptor, cell type, and the 
physiological status of the cell determine intracellular transporting and processing of 
delivered DNA/RNA assemblies (Juliano et al. 2008, Roepstorff et al. 2009).

Many different cellular factors influence internalization of RNA and DNA NPs: 
e.g., nanoparticle size, shape, charge, and distribution of ligands. From a medicinal 
point of view, the most critical factor for internalized nucleic acid-based nanothera-
peutics is to avoid triggering innate cellular defense mechanisms. Every endocytosed 
nucleic acid therapeutic is subject to the cellular innate immune surveillance system, 
a line of defense that spreads from the cell membrane through the endosome to the 
cytoplasm. Innate defensive mechanisms have evolved to recognize viral or bacte-
rial pathogens including their RNA and DNA (Whitehead et al. 2011). The structure 
and patterns of RNA sequences are recognized as foreign pathogens by two general 
classes of receptors: toll-like receptors (TLRs) and cytoplasmic receptors (Takeuchi 
and Akira 2010). Once these receptors detect and identify RNA as a pathogen, they 
induce a strong interferon response. The family of nucleic acid-sensing toll-like recep-
tors, such as TLR3, TLR7, TLR8, and TLR9 can sample the endolysosomal lumen 
for nucleic acids. It seems that TLR3 recognizes dsRNA in a sequence- independent 
fashion, while TLR7 and TLR8 are assumed to sense ssRNAs with particularly U- 
and G- rich regions. TLR9 detects unmethylated cytosine-guanosine (CpG) DNA 
motifs of bacterial origin (Brencicova and Diebold 2013). Many non-immune cells 
(epithelial cells and fibroblasts) that do not express TLRs are still able to trigger 
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an innate immune response that proves the existence of an additional surveillance 
system. This second line of defense contains RNA sensors that are localized in the 
cytosol and includes the RIG-I-like receptor (RLR) family, 2’-5’-oligoadenylate syn-
thetase (OAS), and dsRNA-dependent protein kinase R (PKR).

When analyzing data from different sources, it should be taken into consider-
ation that laboratory cell lines commonly used in RNAi studies and nonimmune 
cells do not seem to express TLR7 and TLR8 and do not respond to their ligands. 
Furthermore, TLR7/8 and 9 expressions in immune cells differ between mice and 
humans (Wu and Chen 2014). Interestingly, 2′-O-methyl modified RNAs suppress the 
immunostimulatory activity of siRNAs (Judge et al. 2006, Robbins et al. 2007). In 
a detailed safety evaluation of the anti-PSMA A9g RNA aptamer, Dassie et al. have 
not found either any apparent changes in general appearance and behavior of treated 
mice nor effects on blood cells or abnormalities in major organs (Dassie et al. 2014). 
While the cell specific A9g aptamer has not elicited any expression of inflammatory 
cytokines, interferons, or viral RNA recognition genes, control non-binding A9g.6 
induced a slight increase in both IFN-β/γ levels. The difference between the A9g.6 
and A9g is only one nucleotide that most probably led to the structural difference in 
an A9g.6 aptamer, and as an outcome, caused the increase of IFN-β/γ expression. 
Therefore, it is important to understand that any switching of modular parts in nucleic 
acid NPs may have immunostimulatory potential. In addition, if in silico-designed 
RNA and DNA scaffolds are used for the siRNA delivery, it is hard to extrapolate to 
what extent artificial nucleic acid-based motifs can activate the innate defense system 
that has primarily evolved to recognize invading viral and microbial agents.

Our own lab recently assessed how simply varying the ratio of RNA to DNA strands 
in cube NPs affects the immune response of primary human peripheral blood mononu-
clear cells. In tests with the pro-inflammatory cytokines and chemokines IL-1β, TNFα, 
IL-8, and MIP-1α, all cube constructs triggered the expression of IFNα, IL-8, and 
MIP-1α. However, cubes composed entirely of RNA strands were more potent immu-
nostimulants than other tested particles. Overall, for this particular type of nanopar-
ticle, we observed a correlation between the increasing number of RNA strands in cube 
particles and higher immunogenicity properties. The ability to change immunostimu-
latory potential based on the DNA vs. RNA strand ratio allows for different usages 
of cubic assemblies. DNA cubes (negligible induction of proinflammatory cytokines) 
become suitable for drug delivery, whereas RNA cubes with optimal immunomodula-
tory properties could be potentially used for vaccines and immunotherapy (Halman et 
al. 2017). All in all, we can exploit immunostimulatory properties of certain nucleic 
acid structures/sequence motifs to trigger innate immunity or boost defense mecha-
nisms (Bourquin et al. 2007, Khisamutdinov et al. 2014, Radovic-Moreno et al. 2015, 
Johnson et al. 2017, Hong et al. 2018). On the other side, specific RNA motifs (chemi-
cally unmodified), e.g., derived from viruses, suppress cellular immunity (Manokaran 
et al. 2015) and can be potentially used to block the innate immune system.

Interestingly, applications of modified nucleotides such as 5’-BrU, 5’-IU, or 
5’-O-methyl modified RNA not only offer protection against serum nucleases, but 
also avoid triggering the signaling cascade leading to immune response (Chen et al. 
2008, Watts et al. 2008). Amongst these non-natural nucleotides, 2’-methoxy modi-
fications have shown great success in inhibiting TLR-mediated signaling without 
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diminishing RNAi potency. The same effect can be observed after conjugation of 
free 5’ and 3’ ends with streptavidin-biotin, inverted thymidine, amine, polyethylene 
glycol (PEG), cholesterol, fatty acids, and related delivery materials. Similarly, cap-
ping of the 5’ end of single- or double-stranded RNA may help RNA to pass through 
the cellular surveillance system. If synthetic individual strands of siRNA are tran-
scribed in vitro by phage polymerases, they lack 5’ capping with a methyl-guanosine 
nucleotide (Kato et al. 2006). As the result, human proteins generate an immune 
response under the assumption that this RNA is from a virus (Hornung et al. 2006, 
Pichlmair et al. 2006). Efforts to produce 5’-triphosphate siRNA (Zlatev et al. 2013, 
Thillier et al. 2015) or similar bioisosteres (Kenski et al. 2012, Zlatev et al. 2016) 
have demonstrated the therapeutic potential of synthetic siRNA molecules.

17.5  CARRIERS USED FOR DELIVERY OF FUNCTIONAL RNA NPs

Nano-formulations consist of functional RNA cargo that is either covalently linked 
or physically adsorbed onto a synthetic nanoparticle through non-covalent interac-
tions. This association aims to improve biodistribution of RNA cargo and allow its 
transport from the blood circulation to the cytosol (and later to RISC machinery) 
(Geng et al. 2007, Petros and DeSimone 2010). Ways to improve internalization ini-
tially focused on conjugation with cholesterols (Juliano and Carver 2015), but have 
expanded in recent years to include materials such as small molecules, aptamers, lip-
ids, peptides, proteins, and polymers (Xu and Wang 2015). These elements disguise 
and direct the NPs to target sites so that they are less prone to clearance at the system 
and organ levels (Hu et al. 2014a). Figure 17.6 outlines the overall strategy of incor-
porating siRNA into a general delivery vehicle introduced into a cell (Table 17.2).

17.5.1  Lipids aNd poLymers

Lipids (i.e., fatty acids, cholesterol, bile acids, phospholipids, bolaamphiphiles and 
glycolipids) are the molecules commonly used for delivery of siRNAs and functional 
RNA NPs (Zimmermann et al. 2006, Sato et al. 2008, Afonin et al. 2008, Kim et al. 
2013, Gupta et al. 2015, Sun et al. 2015, Kim et al. 2016). Lipid complexes tended 
to filter into the liver rather than the site of interest. This accumulation of delivery 
particles at non-target tissues and organs is typically seen as one of the hazards 
of the bloodstream but could actually help siRNAs reach the liver while avoiding 
elimination from circulation, uptake by macrophages, and aggregation by serum 
proteins (Malek et al. 2009, Kettler et al. 2014, Xu and Wang 2015). Lipoprotein 
particles in blood serum will bind to cholesterol-siRNA conjugates and deliver them 
to the liver for target knock-down in vivo (Lorenz et al. 2004, Soutschek et al. 2004, 
Wolfrum et al. 2007, Nishina et al. 2008). Apart from liver targeting, cholesterol has 
been chemically coupled to siRNAs to create delivery particles that reach the brain 
(Kuwahara et al. 2011) and thyroid tumors (Raouane et al. 2011). There are many 
choices of carbohydrates for conjugation, galactose being the most widely inves-
tigated. Several groups have targeted hepatocytes by conjugating siRNAs to one 
or more galactose or galactose-derived molecules, facilitating delivery to hepatic 
vessels (Aviñó et al. 2011, Nair et al. 2014). The N-acetylgalactosamine derivative 
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of galactosamine (Baenziger and Maynard 1980) has been featured prominently 
in multivalent systems (Lee et al. 1983, Stokmaier et al. 2009, Severgnini et al. 
2012), going so far as to produce positive results in clinical trials under Alnylam 
Pharmaceuticals (Nair et al. 2014).

In terms of variety, biocompatible polymers like PEG offer a huge diversity of 
structures, degrees of conjugation, cleavability, and molecular weights to extend the 
actions of siRNA. PEGylation greatly extends the half-life of siRNA in serum, but 
the steric bulk interferes with translocation (Lee et al. 2016). PEG can be com-
bined with targeting ligands to overcome this problem, while bringing the benefit 
of incorporating different functional moieties into a single molecule. These include 
fusing PEG and PLGA with siRNA-phospholipids (Liu et al. 2014), linking PEG 
to siRNA to membrane-active cationic polymers (Rozema et al. 2007) in Dynamic 
PolyConjugates (DPCs) (Wong et al. 2012, Wooddell et al. 2013, Rozema et al. 
2015), conjugating mannose-6-phosphate to PEG and siRNA (Zhu and Mahato 
2010), or lactolysating PEG-siRNA conjugates (Oishi et al. 2005).

17.5.2  targeted deLivery By aNtiBodies aNd aptamers

Therapeutic delivery molecules are able to counter the obstacles of bodily clear-
ance at the system and organ levels by incorporating antibodies, aptamers, or 
other ligands to guide them to their intended location in vivo (Davis et al. 2010). 
Conjugation to cell-selective ligands helps the nanoparticle undergo cellular inter-
nalization. Specific ligands include antibodies to the prostate-specific membrane 
antigen (PSMA) on prostate cancer cells (Patri et al. 2004) used in one of the first 
antibody-aptamer conjugates and a protamine-antibody fusion protein to target 

TABLE 17.2
Brief Overview of the Different Types of Carriers for the Delivery of RNA NPs

Chemical Components RNA NP Delivery Approaches

Lipids Fatty acids, cholesterol, bile 
acids, phospholipids, 
bolaamphiphiles, and 
glycolipids

Filtered to the liver. Avoid uptake of macrophages and 
aggregation of serum protein.

Delivery through the blood brain barrier.

Polymers Polyethyleneimine poly(lactic-
co-glycolic acid)

Diversity, degrees of conjugation, and cleavability.
Extends half-life of siRNAs.
Combined with targeting ligands and incorporation of 
other functionalities.

Antibodies Protein complexes for specific 
antigens

Cell specific internalization.
Can trigger the immune response and expensive to 
manufacture.

Aptamers Short single-stranded DNA or 
RNA oligonucleotides

Easily scalable and less expensive.
Easily linked through sequence design.
Target many different targets.

Peptides Cell penetrating, targeting, and 
lytic peptides

Chemical linkages through disulfide, amide, and 
thioether/maleimide bonds.
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HIV-1 (Song et al. 2005). Since these early examples, further developments have 
led to fusion proteins against leukocytes (Peer and Shimaoka 2009) and T-cells to 
suppress HIV infection. Antibodies do suffer from potential immunogenicity and 
manufacturing difficulties, which is why aptamers have arisen as alternative affin-
ity reagents.

Aptamers are short, single-stranded DNA/RNA oligonucleotides that bind to 
selected targets with an affinity comparable to monoclonal antibodies. Aptamers 
are selected from libraries of up to ~1016 randomly synthesized sequences through 
a method termed Systematic Evolution of Ligands by EXponential enrichment 
(SELEX) (Ellington and Szostak 1990, Tuerk and Gold 1990). This in vitro concept 
selects nucleic acid aptamers with high affinities to the chosen target under desired 
conditions. Potential target-binding sequences are amplified in each cycle until one 
or few sequences form an entire population. Negative selection can be performed 
in parallel to eliminate nonspecifically binding. Moreover, the ability to control the 
preparation methods, oligonucleotide libraries, and post-process modifications helps 
to streamline and customize the production of aptamers. In comparison with anti-
bodies, the synthesis of aptamers is an easily scalable and time-saving process. The 
advantage of aptamers is that any nucleic acid with therapeutic potential can be sim-
ply linked to an aptamer sequence, resulting in a bivalent molecule endowed with 
a targeting aptamer moiety and a functional RNA or DNA moiety. These targets 
could be transferrin receptors, integrins (Hussain et al. 2013), chemokine receptors 
(Wheeler et al. 2011), glycoproteins (Neff et al. 2011), antigen receptors (Herrmann 
et al. 2014, Rajagopalan et al. 2017), growth factor receptors (Zhang et al. 2014b), 
cyclic peptides (Alam et al. 2011), nucleolins (Lai et al. 2014), and many other medi-
cally relevant targets.

Since the first description of an aptamer-siRNA delivery approach in 2006 
(McNamara et al. 2006), DNA- and RNA-based aptamers have been shown in vitro 
and in vivo to function as delivery agents for therapeutic cargo involving various 
gene-regulating oligonucleotides (siRNAs, miRNAs, decoys, antimiRs, deoxyribo-
zymes, etc.) (Panigaj and Reiser 2015). For instance, one potential target is trans-
ferrin receptors (Mathew et al. 2015, Zhou and Rossi 2017). In addition to specific 
target binding, many aptamers elicit antagonistic or agonistic responses upon recep-
tor recognition that, in combination with transported therapeutic payload, have a 
potential synergistic effect (Esposito et al. 2014).

While many different chimeric aptamers have been tested so far, only several 
reports have been published describing the aptamer-mediated delivery of 3D DNA 
or RNA assemblies. Nucleic acid NPs are very well-suited to serve as scaffolds 
equipped with multiple functional modules like aptamers and antisense oligonu-
cleotides. They offer programmability and control over the size, geometry, and 
composition of the final nucleic acid system. Furthermore, other chemical compo-
nents (such as fluorophores, chemotherapeutics, etc.) can be associated with NPs 
in addition to intrinsic nucleic acid-based functional moieties (Haque et al. 2012, 
Afonin et al. 2014b). Besides bearing multiple functionalities, the programmable 
3D structure of nucleic acid scaffolds allows positioning of individual moieties in 
a rational manner to prevent steric hindrance, trigger FRET, and predefine their 
stoichiometry.
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17.5.3  peptides

Three types of peptides—cell-penetrating peptides (CPPs), targeting peptides, and 
lytic peptides—have been applied toward peptide-siRNA conjugates (Torchilin 
2008). The conjugation linkage itself could be a disulfide, amide, thioether, or thiol-
maleimide bond between a functionalized end of the siRNA and the carboxy terminus 
or cysteine residue of the peptide. The well-characterized HIV-1 Tat transactivator 
protein (Frankel and Pabo 1988) has shown promise for the delivery of RNAi (Chiu 
et al. 2004, Moschos et al. 2007, Meade and Dowdy 2007, Stewart et al. 2008, Nam 
et al. 2012, Meade et al. 2014), though control of the attachments and dosage are 
necessary to avoid inciting an immune response with CPPs. Penetratin (Nam et al. 
2012) transportan (Muratovska and Eccles 2004), skin penetrating and cell entering 
(SPACE) (Hsu and Mitragotri 2011, Chen et al. 2014) are several other penetrating 
peptides that improve siRNA delivery. Targeting peptides bind to cell-surface recep-
tors to similarly increase siRNA uptake, as in the case of conjugation with growth 
factors (Cesarone et al. 2007), hormones (Detzer et al. 2009), and folic acids (Zhang 
et al. 2014a). A third avenue for translocation into the cytosol is through lytic pep-
tides. One major issue with siRNA-lytic peptide conjugations is toxicity, but masking 
systems can help the biologically-relevant cargo within the delivery molecule remain 
inactive until reaching its intended location in vivo (Davis et al. 2010). Masking pep-
tides with dimethyl maleic anhydride (Meyer et al. 2009) or shielding NPs with PEG 
(Dohmen et al. 2012) offer a few options to disguise the conjugate molecules.

17.6  SELF-ASSEMBLED NUCLEIC ACID NPs 
AS POTENTIAL THERAPEUTICS

From its start, RNA nanotechnology has represented a rapidly developing and prom-
ising part of nanomedicine. However, despite the advancement in computational 
design and structure prediction that let us create variably shaped RNA scaffolds, 
relatively few works have attempted to target self-assembled RNA NPs into recipient 
cells. In one of the pioneering works on therapeutic RNA nanotechnology, Guo et al. 
(Guo et al. 2005) targeted CD4-overexpressing T-cells with the pRNA derived from 
the DNA-packaging motor of bacteriophage phi29. The subsequently forming dimer 
contained one monomer RNA that harbored the CD4-specific aptamer and a second 
monomer siRNA that was complementary to survivin mRNA. Cells treated with 
dimer RNA NPs had decreased viability that was attributed to targeted delivery, 
although neither survivin mRNA nor protein levels were investigated. The forma-
tion of dimers through loop-loop interactions enabled the use of double-stranded 
helical domains at 5′/3′ ends of pRNA in both interacting pRNAs independently. 
Exchanging end helical regions for an aptamer or siRNA does not affect pRNA 
structure. As such, Hu et al. created dimeric pRNAs composed of one monomer 
displaying the FB4 aptamer specific to the mouse transferrin receptor and a second 
monomer for siRNA targeting ICAM-1 mRNA (FRS-NPs).

ICAM-1 is overexpressed on brain endothelium in pathological conditions, 
where it facilitates the migration of detrimental leukocytes into the brain. However, 
blocking of leukocyte adhesion to ICAM-1 reduces the intensity of brain damage. 
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Treatment of TNF-α stimulated bEND5 cells, an in vitro inflammatory model, with 
FRS-NPs reversed the increase of ICAM-1 expression as well as lowered ICAM-1 
levels under oxygen-glucose deprivation/reoxygenation conditions. Furthermore, 
FRS-NPs blocked adhesion of monocytes under both treatments (Hu et al. 2014b). 
Similarly, the loop-loop interlocking interaction of chimeric pRNA-gp120 with 
pRNA bearing anti-tat/rev siRNA has been shown to deliver fluorescently-labeled 
siRNA in a cell-type specific manner in vitro (Zhou et al. 2011).

Alternatively, aptamer targeting of nucleic acid NPs to cancer cells can be medi-
ated through folic acid (FA). Cancer cells overexpress the folate receptor to main-
tain increased demands for FA. Recently, Zhou et al. chemically linked FA and 
anti-miRNA-21 LNA to the 3-way junction (3WJ) core from pRNA (FA-3WJ-LNA-
miR21). MicroRNA-21 is upregulated in most types of cancers, where it silences 
tumor suppressor genes (Chan et al. 2005, Papagiannakopoulos and Kosik 2008). 
Therefore, it is an appealing target for treatment with antisense oligonucleotides. 
Lee et al. were able to systemically administer FA-3WJ-LNA-miR21, specifically 
and effectively targeting human glioblastoma cells in a murine xenograft model. No 
accumulation of NPs was observed in normal brain tissue. Although treatment with 
the FA-3WJ-LNA-miR21 improved survival of mice, the growth of the tumor was 
not suppressed even after repeated application of NPs (Lee et al. 2017).

While Guo et al. extensively explored therapeutic possibilities of RNA NPs 
inspired by natural structures of pRNAs, Afonin et al. took advantage of in silico-
designed and experimentally verified hexameric RNA nanorings (Yingling and 
Shapiro 2007, Afonin et al. 2011, Afonin et al. 2014a). To demonstrate that nanor-
ings can be targeted to specific cells in vitro, nanorings containing up to five copies 
of the J18 RNA aptamer binding to the human epidermal growth factor receptor 
(EGFR) were assembled (Figure 17.7). Nanorings with higher numbers of aptamers 
per nanoparticle provided a higher binding affinity to target cells. Unfortunately, any 
subsequent internalization and functional effect of siRNAs delivered by aptamer-
nanorings were not studied. In vivo experiments were carried out in athymic nude 
mice bearing xenograft tumors expressing eGFP. Five days after administration of 
functionalized but non-targeted nanorings associated with bolaamphiphilic cationic 
carriers, ex vivo analysis of silencing efficiencies showed a significant decrease 
in eGFP fluorescence. In comparison to monomeric and dimeric aptamer-siRNA 
conjugates, multiple cell-specific aptamers allow for increasing rates of intracellu-
lar nanoparticle transport. Building upon this concept, Yoo et al. chained a DNA 
aptamer against Mucin 1 and anti-GFP or Bcl-2 mRNA siRNA conjugates in a mul-
tivalent, comb-like shape (Yoo et al. 2014). To date, several self-assembled DNA 
NPs have been also used as simple scaffolds to display antisense DNA oligo-
nucleotides (Keum et al. 2011) or deliver siRNAs by binding to folate receptors 
(Lee et al. 2012).

17.7  CONCLUSIONS AND FUTURE PROSPECTS

In conclusion, RNA nanotechnology is an emerging field with much room for cre-
ativity, study, and innovation. Nanomedicine has already benefited from the in-silico 
design principles, cost effective synthesis methods, and controllability that underlie 
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FIGURE 17.7 Aptamers and trafficking A: DNA aptamer against Mucin 1 conjugated to 
anti GFP or anti Bcl-2 siRNAs in a multivalent comb-like shape; antisense siRNA strands 
coupled through disulfide bonds are base paired to the DNA aptamer-siRNA sense strand 
conjugate. B: Dimeric pRNA aptamer formed by interaction of the left- and right-hand loops 
of the interlocking domain. C: Trafficking of internalized nucleic-acid therapeutics. (Adapted 
from Panigaj, M., and J. Reiser, DNA and RNA Nanotechnology, 2 (1):41–51, 2015.)
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RNA delivery systems. A vast array of characterization techniques have contributed 
to our understanding of RNA nanoparticle assembly and the application of NP car-
riers for exogenous delivery of siRNAs. There have been immense developments 
of the RNA/DNA NP library in formulating precise structures, increasing nuclease 
stability, and reducing off-target effects. Still, the use of nucleic acid nanotherapeu-
tics in modern medicine has many hurdles to overcome: systemic delivery remains 
a challenge due to biological barriers and elicitation of innate immune responses. 
Innovations from multiple laboratories worldwide have synergistically expanded 
the library of DNA/RNA nanoscaffolds with multiple functionalities. Advances in 
the clinical implementation of nucleic acid nanotherapeutics concentrate on effec-
tive delivery vehicles for encapsulating siRNAs. The current approach to use DNA/
RNA nanoscaffolds, which offers precise control over the stoichiometry of cargo 
molecules and activation of multiple functionalities for the trafficking and delivery 
of siRNAs could be the future of personalized medicine. Lastly, we can trust that 
researchers in the interdisciplinary field of RNA nanotechnology will continue mak-
ing strides to combat malevolent diseases through the use of functional RNAs.
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18.1  DNA REPAIR IN CANCER

Cells are under constant genotoxic pressure from both endogenous and exogenous 
sources. It has been estimated that every day a single human cell has to endure 
tens of thousands of DNA lesions (Jackson and Bartek 2009). This damage needs 
to be repaired to avoid detrimental mutations, blockage of replication and tran-
scription, and chromosomal breakage. DNA repair is the collection of the multiple 
and diverse ways through which living cells identify alterations in the chemistry 
of their DNA molecules and correct the damage to restore the integrity of their 
genome. In cancer, DNA repair serves as a significant barrier that can prevent pre-
neoplastic cells from progressing through malignant transformation. The impor-
tance of DNA repair in preventing cancer was first demonstrated in the study of 
patients with xeroderma pigmentosum (XP), a rare autosomal recessive genetic 
disorder characterized by extreme sensitivity to ultraviolet (UV) rays caused by a 
deficiency in the ability to repair damage caused by sunlight (Cleaver 1968, Setlow 
et al. 1969). Individuals with XP exhibit skin malignancies and cancer at a young 
age. Further support for the critical role of DNA repair in preventing cancer in 
humans came from the discovery of other DNA repair mechanisms, summarized in 
this chapter (Figure 18.1). The mechanism through which DNA is repaired depends 
on the type and extent of the DNA damage. In mammalian cells, there are six 
major DNA repair pathways with unique—but sometimes overlapping—functions, 
to mend the damage caused by exogenous DNA-damaging agents (including che-
motherapy and radiotherapy) and damage caused by normal endogenous cellular 
processes (Kelley and Fishel 2008).

18.1.1  direct reversaL (dr)

In humans, there is only one type of DNA damage that can be repaired by direct 
chemical reversal. This mechanism can only repair one type of lesion and does not 
involve breakage of the phosphodiester backbone; thus, not requiring a template 
for the repair. The DR pathway removes alkyl groups (CH3-) at the O6 position of 
guanine by direct transfer to O6-methylguanine-DNA methyltransferase (MGMT) 
(Tano et al. 1990, Natarajan et al. 1992). MGMT transfers the methyl group to a 
cysteine residue in the protein. In this process, each MGMT molecule can only be 
used once. Impairment of the DR pathway would allow the O6-methylguanine to pair 
with thymine instead of cytosine, leading to G to A mutations (Kaina et al. 2007). 
When MGMT is unsuccessful in removing O6-methylguanine during DR, the mis-
match repair (MMR) pathway can recognize and fix the resulting O6-methylguanine 
mispairs (Luo et al. 2010). Interestingly, glioma patients with MGMT gene inacti-
vation, which would render the tumors incapable of repairing O6-methylguanine, 
have better survival rates than patients with active MGMT following treatment with 
alkylating agents such as carmustine and temozolomide (Esteller et al. 2000, Hegi et 
al. 2005). As one would predict, lack of MMR has also been shown to render tumors 
resistant to alkylating agents, even in the absence of MGMT (Liu, Markowitz, and 
Gerson 1996).
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18.1.2  Base eXcisioN repair (Ber)

BER is one of three excision repair pathways that happen to repair single stranded 
DNA damage. BER removes small, non-bulky lesions (do not distort the DNA helix) 
produced by alkylation, oxidation or deamination of bases. In this DNA repair 
mechanism, a DNA glycosylase-type enzyme removes a single damaged DNA base, 
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FIGURE 18.1 DNA repair pathways in humans. DNA repair pathways and their corre-
sponding type of DNA damage and sources of endogenous and exogenous agents are sum-
marized in this figure.
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forming an apurinic/apyrimidinic site (AP site). Additional steps including DNA 
backbone incision, gap filling, and ligation then repair the resulting AP site. Thus, 
a characteristic of BER is the diversity of the DNA glycosylases, which recognize 
specific substrates. Either the short-patch (single nucleotide replacement) or long-
patch (two to eight nucleotides are synthesized) BER pathway can process the result-
ing single-strand break that results after cleavage by AP endonucleases. Short-patch 
BER repairs most AP sites, while oxidized and reduced AP sites are preferentially 
repaired through the long-patch pathway. BER is important to removing damaged 
bases that could lead to mutations by base mispairing or lead to breaks in DNA dur-
ing replication.

In human cancer, C to T transition mutations at CpG dinucleotide sites are the 
most common kind of genetic alteration. In part, these mutations arise from the 
spontaneous deamination of methylated cytosines (5-methylcytosine) (Pfeifer 2006). 
Methyl-CpG binding domain protein 4 (MBD4) and thymine DNA glycosylase 
(TDG) are two BER glycosylases responsible for binding and removing mismatched 
thymine from DNA (Hendrich et al. 1999, Yoon et al. 2003). Mutations in MBD4, 
but not TDG, have been observed with cancers with genomic instability (Bader et 
al. 1999).

Another BER enzyme which, when mutated, may be involved in carcinogenesis is 
OGG1 (Chevillard et al. 1998, Shinmura and Yokota 2001). OGG1 is the glycosylase 
responsible for the excision of 8-oxoguanine, a mutagenic base byproduct that occurs 
as a result of exposure to reactive oxygen (Arai et al. 1997). Unrepaired 8-oxoguanines 
lead to G to T or G to C transversions.

18.1.3  NucLeotide eXcisioN repair (Ner)

NER is another excision repair pathway involved in the repair of single stranded 
DNA damage. In NER, large adduct and bulky DNA lesions that cause a significant 
distortion of the DNA double helix are excised within a string of nucleotides and 
replaced with DNA as directed by the undamaged template strands. Thus, NER is 
the DNA repair mechanism used only when one of the two DNA strands is dis-
turbed. This type of damage usually occurs as a result of cross-linking agents (e.g. 
UV radiation) and base-damaging carcinogens (Luo et al. 2010).

NER is a multi-step repair process that involves more than 30 proteins, listed 
in Table 18.1. There are two NER sub-pathways: global genomic repair (GGR) and 
transcription coupled repair (TCR). GGR acts throughout the genome, regard-
less of whether the specific sequence is the transcribed or non-transcribed strand 
of a gene (Sugasawa et al. 2001, Riedl, Hanaoka, and Egly 2003). As the name 
indicates, the TCR repair machinery removes lesions only from the transcribed 
strand of active genes, removing distorting lesions that block transcriptional 
elongation by RNA polymerases (Fousteri and Mullenders 2008, Hanawalt and 
Spivak 2008). The protein complexes that recognize the DNA damage site and 
initiates DNA repair determine the NER sub-pathway selection (Luo et al. 2010). 



533DNA Repair and Epigenetics in Cancer

TABLE 18.1
NER Associated Genes

Human Gene Protein Subpathway Function in NER

CCNH Cyclin H Both CDK Activator Kinase (CAK) subunit

CDK7 Cyclin Dependent 
Kinase (CDK)7

Both CAK subunit

CETN2 Centrin-2 GGR Damage recognition; forms complex with 
XPC

DDB1 DDB1 GGR Damage recognition; forms complex with 
DDB2

DDB2 DDB2 GGR Damage recognition; recruits XPC

ERCC1 ERCC1 Both Involved in incision on 3’ side of damage; 
forms complex with XPF

ERCC2 XPD Both ATPase and helicase activity; transcription 
factor II H (TFIIH) subunit

ERCC3 XPB Both ATPase and helicase activity; transcription 
factor II H (TFIIH) subunit

ERCC4 XPF Both Involved in incision on 3’ side of damage; 
structure specific endonuclease

ERCC5 XPG Both Involved in incision on 5’ side of damage; 
stabilizes TFIIH; structure specific 
endonuclease

ERCC6 CSB TCR Transcription elongation factor; involved in 
transcription coupling and chromatin 
remodeling

ERCC8 CSA TCR Ubiquitin ligase complex; interacts with CSB 
and p44 of TFIIH

LIG1 DNA Ligase I Both Final ligation

MNAT1 MNAT1 Both Stabilizes CAK complex

MMS19 MMS19 Both Interacts with XPD and XPB subunits of 
TFIIH helicases

RAD23A RAD23A GGR Damage recognition; forms complex with 
XPC

RAD23B RAD23B GGR Damage recognition, forms complex with 
XPC

RPA1 RPA1 Both Subunit of RFA complex

RPA2 RPA2 Both Subunit of RFA complex

TFIIH Transcription 
factor II H

Both Involved in incision, forms complex around 
lesion

XAB2 XAB2 TCR Damage recognition; interacts with XPA, 
CSA, and CSB

XPA XPA Both Damage recognition

XPC XPC GGR Damage recognition
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The xeroderma pigmentosum group C protein, encoded by the XPC gene is a sub-
unit of these damage recognition complexes and is essential for GGR (Friedberg 
2001, Riedl, Hanaoka, and Egly 2003). For the TCR pathway, recognition of the 
DNA damage-blocked RNA polymerase by transcription-repair coupling factors 
is important. After damage recognition, both NER subclasses have the same or 
similar subsequent steps involved in nucleotide excision and gap filling by DNA 
polymerases.

18.1.4  mismatch repair (mmr)

The last excision repair pathway involved in the repair of single stranded DNA dam-
age is MMR. During DNA replication mistakes can occur that escape the proofread-
ing activity of DNA polymerase as it copies the two strands. The MMR pathway is 
responsible for recognizing and repairing single-base insertions, deletions, and mis-
matches that arise during normal DNA replication process (Luo et al. 2010, Fleck 
and Nielsen 2004). These errors that escape the proofreading activity of DNA poly-
merases happen with a frequency of about 1 in 109–1010 base pairs per cell division 
(Iyer et al. 2006). Furthermore, exposure to exogenous agents or endogenous reactive 
species may cause base modifications that lead to nucleotide mispairing (Li 2008). 
Loss of MMR affects genome stability (including microsatellite instability), which 
causes cancer predisposition (Jiricny 2006). In this pathway, PMS2, MLH1, LSH6, 
and MSH2 are proteins that recruit EXO1 to excise the segment of mutant DNA 
strand. Then DNA polymerases replace the missing section of the strand with a new 
section and the damage is repaired. The vast majority of hereditary non-polyposis 
colorectal cancers (HNPCC) are attributed to mutations in the MSH2 and MLH1 
genes (Bronner et al. 1994).

18.1.5  homoLogous recomBiNatioN (hr)

HR is one of two mechanisms through which DNA double-strand breaks can be 
repaired. DNA damage that has not been repaired before replication can cause 
DNA polymerase blockage, resulting in DNA double-strand breaks. HR is the 
repair pathway used to fix double-strand breaks detected during the S/G2 phases 
of the cell cycle, when a homologous template via the sister chromatid is avail-
able. Since HR requires a long homologous sequence to guide the repair, it is 
highly accurate in its repair (Fleck and Nielsen 2004). The DNA checkpoint 
responses are responsible for the regulation of double-strand break ends process-
ing, which will determine which DNA double-strand break repair mechanism 
will perform the repair. This is a crucial stage in the recombination process 
(Lazzaro et al. 2009).

Two of the most studied genes and proteins that are involved in this repair path-
way are BRCA1 and BRCA2. These tumor suppressor proteins form a complex along 
with RAD51 to repair DNA double-strand breaks (Duncan, Reeves, and Cooke 
1998, Yoshida and Miki 2004). Cells missing BRCA1 and BRCA2 have a decreased 
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rate of HR. Mutations in the BRCA1 and BRCA2 genes have been associated with 
considerably increased risk for breast and ovarian cancer (Miki et al. 1994, Wooster 
et al. 1994).

18.1.6  NoN-homoLogous eNd joiNiNg (Nhej)

NHEJ is the other pathway that repairs double-strand breaks in DNA. Unlike HR, 
NHEJ has the potential to relegate any type of DNA ends, without the need for a 
homologous template. Since NHEJ does not require an identical copy of DNA as 
a template, it is not restricted to a certain phase of the cell cycle, and it is prone to 
imprecise repair leading to loss or addition of bases in the ligation process (Fleck 
and Nielsen 2004). Inactivation of CDK1 increases NHEJ events in the G2 phase of 
the cell cycle (Lazzaro et al. 2009). DNA strands that are not repaired completely by 
NHEJ are subject to repair by HR (Essers et al. 2000).

The initial step in NHEJ is the recognition and binding of the Ku heterodimer at 
the DNA double-strand break (Mari et al. 2006). The Ku heterodimer is composed 
of Ku70 and Ku80, encoded by the XRCC6 and XRCC5 genes, respectively. Once the 
Ku heterodimer is bound the DNA double-strand break ends, it serves as a scaffold 
to recruit the other NHEJ factors to the damage site. No spontaneous Ku mutations 
have been found in humans, suggesting that both Ku70 and Ku80 are likely required 
for viability.

18.2  EPIGENETICS IN CANCER

It was long thought that tumorigenesis was mostly driven by genetic mutations and 
genomic instability. With the advent of whole-genome sequencing, cancers with a low 
rate of mutations have been identified and epigenetics has gained an ever-increasing 
role in the process of tumor progression (Zhang et al. 2012, Feinberg, Koldobskiy, 
and Gondor 2016). Epigenetics is defined as the inheritable changes in gene expres-
sion with no alterations in DNA sequences. During the past few years several studies 
showed the connection between disruptions of the epigenome, defined as the com-
bination of changes in gene expression, and tumor progression. In the eukaryotic 
nucleus, DNA is compacted into a chromatin structure with the nucleosome as the 
basic unit, in which 147 bases of DNA surround each histone octamer. The histone 
octamer includes two elements of the core histone (H3, H4, H2A, and H2B) (Luger 
et al. 1997). Unlike the other histones H1, the “linker “histone, is not a component 
of the nucleosome. It interacts at the DNA entrance and exit site of the nucleosome 
and the linker DNA that connects adjacent nucleosome. There are three main epi-
genetic modifications that regulate chromatin structure and gene expression: DNA 
methylation, histone covalent modification and microRNAs (miRNAs) (Figure 18.2). 
All together, they constitute the “epigenetic code,” that is capable of modulating the 
expression of the different cell types. Disruption of epigenetic processes can lead 
to altered gene function and malignant cellular transformation (Sharma, Kelly, and 
Jones 2010).



536 Molecular Medicines for Cancer

18.2.1  dNa methyLatioN

DNA methylation is a covalent modification of DNA that has been described in 
bacteria, plants, and mammals. It can occur following DNA replication, in order 
to re-establish the preexisting DNA methylation pattern or de novo, and in both 
situations acts to repress gene transcription (Chen et al. 2014). In eukaryotic cells, 
the 5’ methyl group is added to the cytosine base, and this modification is most 
frequently found in the context of CpG dinucleotides. S-adenosyl-methionine is the 
methyl donor in a reaction catalyzed by the DNA methyltransferase (DNMT) family, 
including DNMT1, DNMT3A and DNMT3B. DNMT1 is responsible for the meth-
ylation of hemi-methylated DNA and thus DNA methylation maintenance, whereas 
DNMT3A and DNMT3B are involved in de novo DNA methylation, but they can 
also participate in methylation maintenance (Castillo-Aguilera et al. 2017). It can be 
speculated that DNA methylation is capable of preventing gene transcription either 
by blocking the combination of a transcription factor and its binding sites, or through 
the recruitment of methylated binding domain proteins that mediate inhibition of 
gene expression.

In some areas of the genome, CpG sites are concentrated in short CpG-rich DNA 
fragments or DNA fragments in the long repeat so-called ‘CpG islands’. CpG island-
containing gene promoters are usually un-methylated in normal cells to maintain 
euchromatic structure, which is the transcriptional active conformation allowing 
gene expression (Chen et al. 2014).
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the nucleosome octamers. Condensed chromatin is not accessible to transcription factors 
(repressed chromatin, left). Epigenetics modifiers can render chromatin accessible to tran-
scription factors and RNA polymerase II (active chromatin, right).
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18.2.2  histoNe modificatioNs

The histone octamer, the basic element of the nucleosome core particle, con-
sists of two copies of each core histone proteins (H2A, H2B, H3, and H4). The 
N-terminals of histones protrude out of the nucleosome core, and amino acids 
of N-terminals easily undergo a series of covalent modifications, such as meth-
ylation, acetylation, phosphorylation, ubiquitination and sumoylation (Figure 
18.3) (Tessarz and Kouzarides 2014, Cheung, Allis, and Sassone-Corsi 2000). 
These post-translational modifications can regulate important processes such as 
gene transcription, X-chromosome inactivation, mitosis, heterochromatin forma-
tion, DNA repair, and replication (Kouzarides 2007). Regarding gene transcrip-
tion, histone H3 lysine 9 acetylation (H3K9ac), H3 serine 10 phosphorylation 
(H3S10ph), and H3 lysine 4 tri-methylation (H3K4me3) are reported to be associ-
ated with transcriptional activation. Conversely, H3K27me3 and hypoacetylation 
of H3 and H4 are correlated with transcriptional repression. Importantly, a large 
body of evidence supports a scenario in which combinatorial modifications corre-
spond to specific functional chromatin states. Individual post-translational modi-
fications can favor or inhibit consequent modifications on nearby residues of the 
same tail (Fischle, Wang, and Allis 2003, Latham and Dent 2007). For example 
phosphorylation of Ser-10 on H3, is a positive signal for subsequent acetylation 
at K14 on the same tail (Lo et al. 2000, Cheung, Allis, and Sassone-Corsi 2000) 
whereas histone deacetylation and methylation of H3-K9 lysine represses tran-
scription (Fuks 2005).

18.2.3  microrNas

miRNA encode small noncoding RNA molecules (19–25 nucleotides in length) that 
are complementary to the 3’ untranslated regions of target mRNAs. This results in 
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gene silencing through translational repression or target mRNA degradation (Bartel 
2009). Studies on miRNAs have demonstrated how they regulate gene expression 
also at transcriptional level, and not only at post-transcriptional level as described 
above. Promoter-associated RNA (paRNA) can also regulate transcription of genes 
by targeting the promoter (Costa 2010). PaRNA can also modify the recruitment of 
the epigenetic machinery to enhance or silencing transcription of mRNA (Yan and 
Ma 2012).

18.2.4  the epigeNetic cLassificatioN system for caNcer geNes

The old classification of cancer genes into dominant oncogenes (MYC, KRAS, PIK3CA, 
ABL1, BRAF) and recessive tumor suppressor genes (RB1, TP53, WT1, NF2, VHL, 
APC, CDKN2A), has been replaced by the more functional epigenetics classification 
of the cancer genes, which includes the epigenetic modifiers, the mediators and the 
modulators (Feinberg, Koldobskiy, and Gondor 2016). Epigenetic modifiers are gene 
products capable of directly modifying the epigenome through DNA methylation, 
post-translational modification of chromatin, or the alteration of the structure of the 
chromatin. The epigenetic mediators are often the targets of epigenetic modification, 
although they are rarely mutated themselves; importantly, they appear to be respon-
sible for the emergence of cancer stem cells (Feinberg, Koldobskiy, and Gondor 2016). 
Finally, the epigenetics modulators are defined as genes lying upstream of the modifi-
ers and mediators in signaling and metabolic pathways, and serving as the mechanism 
by which environmental agents, injury, inflammation, and other forms of stress push 
tissues towards a neoplastic propensity and/or increase the likelihood that cancer will 
arise when a key mutation occurs by chance.

18.2.5  epigeNetic modifier mutatioNs aNd caNcer

Epigenetic modifier mutations are a common occurrence in a wide range of cancers 
(Table 18.2). These occur in components at every level of the epigenetic machinery 
including DNA methylation and histone modification.

18.2.5.1  DNA Methylation
Hematological malignances are highly related to mutations in the DNA methylation 
machinery. These events clearly underline how epigenetics and genetics can coop-
erate in cancer initiation and progression. DNA methyltransferase3α (DNMT3A) 
mutations have been described in human acute myeloid leukemia, acute monocytic 
leukemia and T-cell lymphoma (Ley et al. 2010, Yan et al. 2011, Couronne, Bastard, 
and Bernard 2012). Moreover, DNMT3A mutations are considered a marker of poor 
prognosis both in acute myeloid leukemia and T-cell acute lymphoblastic leukemia 
(Grossmann et al. 2013, Ribeiro et al. 2012). DNMT1 mutations have been described 
in colon cancer (Kanai et al. 2003). Mutations in DNMT3B have been associated with 
a rare autosomal recessive immunoglobulin deficiency, sometimes combined with 
defective cellular immunity called immunodeficiency-centromeric instability-facial 
anomalies (ICF) syndrome (Wijmenga et al. 2000). In addition, a single nucleotide 
polymorphism (SNPs) that involves a C to T transition on the promoter of this gene 
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has been associated with increased DNMT3B promoter activity and increased risk 
of lung cancer, while DNMT3B overexpression can lead to hypermethylation and 
silencing of key genes in human breast cancer cell lines (Shen et al. 2002, Roll et 
al. 2008). DNA methylation can be reversed by erasers, which are part of the epi-
genetic machinery. Among these we can find TET (Ten-eleven-translocation) and 
AID (Activation-induced cytidine deaminase) demethylases (De Carvalho et al. 
2012, Ko et al. 2010, Wu and Zhang 2010). Active DNA demethylation is currently 

TABLE 18.2
Epigenetic Modifier Mutations in Cancer

Gene Function Cancer

DNMT3A DNA methylation 
(de novo)

Acute myeloid leukemia (Ley et al. 2010); T-cell lymphoma 
(Couronne, Bastard, and Bernard 2012)

DNMT1 DNA methylation Colon cancer (Kanai et al. 2003)

DNMT3B DNA methylation 
(de novo)

Lung adenocarcinoma (Shen et al. 2002); breast cancer 
(Roll et al. 2008)

Tet2 DNA demethylation Myelodysplastic syndrome; myeloproliferative neoplasms; 
acute myeloid leukemia (Gaidzik et al. 2012)

IDH1/2 DNA demethylation Glioma (Turcan et al. 2012); acute myeloid leukemia 
(Figueroa et al. 2010)

EP300 Histone acetylation Acute myeloid leukemia (Wang, Gural et al. 2011)

HDAC1 Histone deacetylase Prostate cancer (Halkidou et al. 2004); gastric cancer (Choi 
et al. 2001)

HDAC2 Histone deacetylase Colorectal cancer (Ozdag et al. 2006)

HDAC4 Histone deacetylase Breast cancer (Sjoblom et al. 2006)

HDAC7A Histone deacetylase Colorectal tumors (Ozdag et al. 2006)

KMT2A Histone methyltransferase Acute myeloid leukemia (Thirman et al. 1993)

KMT2B Histone methyltransferase Endometrial; large intestine; lung; glioma; liver carcinoma 
(Rao and Dou 2015)

KMT2C Histone methyltransferase Endometrial; large intestine; lung; bladder carcinoma (Rao 
and Dou 2015)

KMT2D Histone methyltransferase Acute myeloid leukemia; lung large intestine carcinoma; 
bladder carcinoma (Rao and Dou 2015)

EZH2 Histone methyltransferase Non-Hodgkin lymphoma; solid tumors; T-cell leukemia 
(Feinberg, Koldobskiy, and Gondor 2016)

NSD1 Histone methyltransferase Acute myeloid leukemia (Varier and Timmers 2011)

SMYD3 Histone methyltransferase Colon; breast; hepatocellular carcinoma (Varier and 
Timmers 2011)

G9A Histone methyltransferase Hepatocellular carcinoma (Varier and Timmers 2011)

PRMT1 Arginine methyltransfrase Breast cancer (Gao et al. 2016)

PRMT5 Arginine methyltransfrase Hematologic and solid tumors (Tarighat et al. 2016)

LSD1 Histone demethylase Bladder; colorectal cancer (Rotili and Mai 2011)

KDM6A Histone demethylase Myeloma; renal cell carcinoma (Rotili and Mai 2011)

BRCA1 Ubiquitin ligase Breast; ovarian cancer (Zhu et al. 2011)

USP22 Ubiquitin hydrolase Breast cancer (Zhang et al. 2011)
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thought of as being a stepwise process. First 5-methylcytosine (5mC) is converted 
into 5- hydroxymethylcytosine (5hmC) by the TET family of enzymes. Subsequently 
5hmC can be deaminated by the AID/APOBEC family members to form 5-hydroxy-
methyluracil (5hmU). The DNA excision repair system can finally replace the cytosine 
without the methyl group (Bhutani, Burns, and Blau 2011). Three TET family mem-
bers (TET1, TET2, and TET3) have been reported so far and each protein seems to 
have a distinct function in different cellular contexts (Cimmino et al. 2011). Mutations 
in TET2 including frame shift, nonsense and missense mutations, have been found 
in various myeloid neoplasms and gliomas (Gaidzik et al. 2012). Cytosolic isoci-
trate dehydrogenase 1/2 (IDH) mutants display global DNA hypermethylation along 
with the accumulation of 2-hydroxyglutarate, and they are also capable of impair-
ing TET2 function. IDH1/2 mutations were mutually exclusive with mutations in the 
α-ketoglutarate-dependent enzyme TET2, while TET2 loss-of function mutations (a 
type of mutation in which the altered gene product lacks the molecular function of the 
wild-type gene mutations) are associated with similar epigenetic defects as IDH1/2 
mutants (Figueroa et al. 2010). IDH1/2 mutations are described in different kind of gli-
omas and leukemias (Turcan et al. 2012). These mutants show impaired hematopoietic 
differentiation (Figueroa et al. 2010), and impaired cell differentiation (Lu et al. 2012).

18.2.5.2  Histone Acetylation and Deacetylation
The acetylation of lysine on histone is generally associated with active gene tran-
scription. Acetyltransferase (HATs) can be grouped into three main categories 
according to their sequence similarity: Gcn5-related–N-acetyltransferase (GNAT), 
MYST (acronym for the founding members MOZ, Ybf2, Sas2, TIP60), and orphan 
(p300/CBP and nuclear receptors) (Yang 2004). Several mutations such as amplifica-
tions, point mutations or translocations of HATs have been described. Several publi-
cations connected acetyltransferase mutation to different types of cancer. Mutations, 
translocations or deletions of these genes are observed in colon, uterine, lung tumors, 
and leukemia (Esteller 2007). HATs can also modulate the activity of fusion pro-
teins. It has been previously described how AML1-ETO, the most frequent fusion 
protein in acute myeloid leukemia needs p300-mediated site-specific acetylation to 
drive leukemogenesis (Wang, Gural, et al. 2011).

Histone deacetylases (HDAC) are erasers that can remove acetyl. There are five 
classes of histone deacetylases:

-class I: HDAC1, HDAC2, HDAC3, and HDAC8
-class IIa: HDAC4, HDAC5, HDAC7, HDAC9
-class IIb: HDAC6 and HDAC10
-class III: Sirtuins (SIRT1-7)
-class IV: HDAC11

Somatic changes in HDAC genes are implicated in cancer progression. HDAC1, 
HDAC5 and SIRT1 are downregulated in some renal, bladder, and colorectal 
tumors (Ozdag et al. 2006). HDAC1 is overexpressed in prostate and gastric cancer 
(Halkidou et al. 2004, Choi et al. 2001). HDAC2 mutations correlate with colorectal 
cancer (Ozdag et al. 2006), gastric (Ropero et al. 2006), and endometrial primary 
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tumors (Ropero et al. 2006). The loss of HDAC2 protein expression renders those 
cells more resistant to the usual anti-proliferative and pro-apoptotic effect of his-
tone deacetylase inhibitors. HDAC4 mutations have been identified in breast cancer 
(Sjoblom et al. 2006). HDAC5 is overexpressed in some colorectal tumors (Ozdag 
et al. 2006). And, higher expression of HDAC7A was observed in most colorectal 
tumors (Ozdag et al. 2006). Understanding the role of epigenetics modifiers in can-
cer can open new avenues for medical treatment through the identification of new 
drugs that specifically target these factors.

18.2.5.3  Histone Methylation
Methylation of arginine and lysine residues on histone protein tails can regulate 
chromatin structure and gene expression. One well-known example for alterations 
in histone methylation is mixed lineage leukemia (MLL). MLL1 (also known as 
KMT2A) is the human homolog of the trithorax (trx) in Drosophila. The trithorax 
group of proteins typically function in large complexes formed with other proteins 
and are most commonly associated with gene activation. MLL regulates H3K4me3, 
an active mark for transcription. Translocations of MLL1 with multiple different 
partners can originate fusion proteins that have abnormal patterns of H3K4me3 
and/or abnormal patterns of histone modifier recruitment resulting in tumorigen-
esis. Rearrangement of the MLL1 gene has been described in acute lymphoblastic 
and acute myeloid leukemia (Thirman et al. 1993). Mutations in MLL1 have also 
been described in a large spectrum of solid tumors (colon, lung, bladder, endome-
trial, and breast cancers) (Rao and Dou 2015). Mutations in the coding region of 
MLL2 (also known as KMT2B), another member of the MLL family of methylases, 
occur in endometrial, large intestine, lung, glioma, and liver carcinomas (Rao and 
Dou 2015). To date, hundreds of MLL3 (known as KMT2C) and MLL4 (known as 
KMT2D) mutations have been identified, making them among the most frequently 
mutated genes in human cancer. MLL3 mutations are prevalent in lung, large intes-
tine, breast, endometrial, and bladder carcinomas. All these together account for 
60% of the total KMT2C mutations identified (Rao and Dou 2015). Nonsense, mis-
sense and frameshift mutation of MLL4 (known as KMT2D) have been related to 
acute myeloid leukemia, lung, large intestine, endometrial carcinomas, and medul-
loblastoma (Rao and Dou 2015). EZH2 (enhancer of zeste homologue 2) is a mem-
ber the Polycomb repressive complex 2 (PRC2). EZH2 regulates H3K27me3 and 
there are two different classes of mutations that affect its function. Gain-of-function 
hotspot mutations (a type of mutation in which the altered gene product possesses a 
new molecular function or a new pattern of gene expression) and amplification have 
been reported in non-Hodgkin lymphomas and solid tumors. These events suggest 
how these tumors require an increased level of H3K27 tri-methylation (Feinberg, 
Koldobskiy, and Gondor 2016). On the contrary, loss-of-function mutations (a type 
of mutation in which the altered gene product lacks the molecular function of the 
wild-type gene) of EZH2 have been described in myeloid malignancies, head and 
neck squamous carcinomas, and T-cell leukemia (Feinberg, Koldobskiy, and Gondor 
2016). Other lysine histone methyl-transferases (HMTs) are aberrantly expressed in 
several cancers. NSD1 (Nuclear Receptor Binding SET Domain Protein 1) methyl-
ates Lys-36 of histone H3 and Lys-20 of histone H4 (in vitro). This transcriptional 
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intermediary factor is capable of both negatively or positively influencing transcrip-
tion, depending on the cellular context. NSD1 translocations have been described in 
acute myeloid  leukemia (Varier and Timmers 2011). SMYD3 (SET and MYND 
Domain Containing 3)  specifically methylates Lys-4 of histone H3, inducing di- 
and tri-methylation, but not mono-methylation. It also methylates Lys-5 of histone 
H4. SMYD3 overexpression has been described in colon, breast, and hepatocellu-
lar carcinoma (Varier and Timmers 2011). G9a regulates mono- and di-methylation 
of Lys-9 of histone H3 (H3K9me1 and H3K9me2, respectively) in euchromatin. 
H3K9me represents a specific tag for epigenetic transcriptional repression. G9a 
overexpression has been detected in hepatocellular carcinoma (Varier and Timmers 
2011). Evidence for the role of arginine HMTs in tumorigenesis has not been as well 
established as that of lysine HMTs. PRMT1 (Protein Arginine Methyltransferase 1) 
constitutes the main enzyme that mediates mono-methylation and asymmetric di-
methylation of histone H4 Arg-3 (H4R3me1 and H4R3me2a, respectively), a spe-
cific tag for epigenetic transcriptional activation. Upregulation of PRMT1 expression 
has been described in breast cancer (Gao et al. 2016). PRMT5 (Protein Arginine 
Methyltransferase 5) mediates the formation of omega-N mono-methyl-arginine 
(MMA) and symmetrical di-methylarginine (sDMA). Overexpression of PRMT5 
has been reported in hematologic and solid malignancies (mantle cell lymphoma, 
lung and bladder cancer, gastric cancer, germ cell tumors) (Tarighat et al. 2016).
Histone demethylases (KDMs) are erasers responsible for removing histone meth-
ylation. Aberrant expression of LSD1 (Lysine-specific histone demethylase 1), that 
demethylates both Lys-4 (H3K4me) and Lys-9 (H3K9me) of histone H3, has been 
shown in many types of cancers (bladder, small cell lung, and colorectal cancer) 
(Rotili and Mai 2011). Downregulation or inactivation of KDM6A/UTX (lysine-
specific demethylase 6A), specific for demethylation of H3K27me3/me2, have been 
reported in various type of cancers such multiple myeloma, esophageal squamous 
cell carcinomas, and renal cell carcinomas (Rotili and Mai 2011). Another large 
class of histone demethylases is composed of the Jumonji family of Lysine demeth-
ylases. These enzymes can demethylate all three lysine methylation states (tri-, di-, 
and mono-methylation) at H3K4, H3K9, H3K27, and H3K36, as well as H1K26. 
Six different subfamilies (JMJD1s, JMJD2s, JARID1s, UTX/Y-JMJD3, PHFs, and 
FBXLs) of JmjC histone demethylases have been identified, which have different 
histone sequence and methylation state selectivity. Misregulation of JmjC KDMs 
has significantly been implicated in cancer initiation and progression (Rotili and 
Mai 2011).

18.2.5.4  Histone Ubiquitination
Histone H2A was the first protein identified to be modified by ubiquitination 
(Goldknopf et al. 1975). H2A and H2B are two of the most abundant ubiquitinated 
proteins present in the nucleus (5–15% for H2A and 1–2% for H2B) (Goldknopf et 
al. 1975, West and Bonner 1980, Robzyk, Recht, and Osley 2000). The most fre-
quent forms of histone ubiquitination are mono-ubiquitination of H2A (H2Aub) and 
H2B (H2Bub). The residues that are normally mono-ubiquitinated are: Lys-119 for 
H2A, and Lys-123 in yeast, or Lys-120 in vertebrate for H2B (Goldknopf et al. 1975, 
West and Bonner 1980). It has been reported that H3 and H4 and linker histone H1 
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could be ubiquitinated, but the biological function still has to be elucidated (Pham 
and Sauer 2000, Jason et al. 2002, Wang et al. 2006). The modifier enzymes respon-
sible for ubiquitination are called histone ubiquitin ligases. The first to be identified 
was RING1B (E3 ubiquitin ligase), and it is responsible for Lys-119 H2A mono- 
ubiquitination. It belongs to the Polycomb group proteins so it is related with gene 
silencing, while on the contrary H2B ubiquitination has been related with gene tran-
scription activation (Cao and Yan 2012). Different studies underline how histone ubiq-
uitination and other histone modifications are interconnected. It has been described 
in literature how histone H2B mono-ubiquitination is required for subsequent H3K4 
methylation and H3K79 methylation, all markers of active gene transcription (Dover 
et al. 2002, Sun and Allis 2002, Lee, Shukla et al. 2007). BRCA1, a known tumor 
suppressor gene, contains in its RING finger an E3 ubiquitin ligase and it can catalyze 
H2A mono-ubiquitination in vivo (Zhu et al. 2011). Inactivation of BRCA1 causes the 
development of breast and ovarian cancer. RNF20, the major H2B specific E3 ubiqui-
tin ligase in mammals, is considered a putative tumor suppressor gene since its deple-
tion can increase the expression of c-myc and c-FOS, two proto-oncogenes (Shema 
et al. 2008). Histone ubiquitination can be reversed by ubiquitin hydrolase. USP22 
can remove ubiquitin from monoubiquitinated H2A and H2B (Zhang, Varthi et al. 
2008, Zhao et al. 2008). Elevated expression of USP22 is related with poor prognosis 
in patients with breast cancer (Zhang et al. 2011). All of this evidence underlines the 
important role played by histone ligase/hydrolase for normal cell function and makes 
these enzymes “drug-able” targets for future cancer therapies.

The expression patterns of histone modifiers in human cancer suggest these 
genes are important in neoplastic transformation and have characteristic patterns 
of expression depending on tissue of origin, with implications for potential clinical 
application.

18.2.6  epigeNetic readers

Readers typically provide an accessible surface (such as a cavity or surface groove) to 
accommodate a modified histone residue, and determine the modification (acetyla-
tion vs. methylation) or state specificity (such as mono- vs. tri-methylation of lysine) 
(Yun et al. 2011). The SRA (Set and Ring Associated) domain of Uhrf1 behaves likes 
a “hand” with two fingers, capable of flipping out the methylated cytosine with sub-
sequent recruitment of DNMT1 (DNA methyltransferase 1) to methylate the cyto-
sine of the newly synthetized DNA strand. Uhrf1 TTD (Tandem Tudor Domain) and 
PHD (Plant Homo Domain) are instead capable of recruiting respectively the histone 
methyltransferases Suv39H1 or G9a. Uhrf1 overexpression has been reported to be 
upregulated in various types of cancers, including breast, lung, pancreatic, astro-
cytomas, cervical, bladder cancer, retinoblastoma, and leukemia (Kofunato et al. 
2012, Benavente et al. 2014, Alhosin et al. 2016). Hells (helicase, lymphoid specific, 
also known as lymphoid-specific helicase) is a putative chromatin remodeler belong-
ing to the SWI/SNF subfamily that plays a central role at repetitive pericentromeric 
heterochromatin. Hells can remodel chromatin in order to render it accessible to 
DNA methyltransferase enzymes Dnmt3a or Dnmt3b, but not Dnmt1, and therefore 
supports de novo DNA methylation and stable gene silencing. Hells upregulation 
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has been described in human retinoblastoma and human prostate cancer (Benavente 
et al. 2014, von Eyss et al. 2012). BRD4 is a member of the bromodomain proteins 
of epigenetics readers. A bromodomain is an approximately 110 amino acid protein 
domain that recognizes acetylated lysine residues, such as those on the N-terminal 
tails of histones. The fusion of BRD4 with nuclear protein in testis (NUT) results in 
the development of NUT midline carcinoma (French et al. 2001). Downregulation of 
BRD7 is observed in hepatocellular carcinoma, and lower level of BRD7 expression 
is also used as an indicator of poor prognosis in patients with osteosarcoma (Chen 
et al. 2016). BRD8 somatic mutations have been reported in whole genome sequenc-
ing of human hepatocarcinoma (Fujimoto et al. 2012, Fujisawa and Filippakopoulos 
2017). Selective inhibition of these epigenetic readers may be a novel tool for cancer 
treatment.

18.2.7  epigeNetic mediators aNd caNcer

Epigenetics mediators are normally regulated in cancer by epigenetics modulators 
in order to increase pluripotency or survival. These genes are capable of counteract-
ing proper maturation programs when ectopically expressed or overactive, and in 
order to do that, the mediators are capable of influencing the epigenetic states that 
define differentiated cell types. Large blocks of repressive H3K9me2 and H3K9me3 
modifications along with DNA methylation coordinate the cell-type-specific repres-
sion of developmentally regulated genes. These areas are called large organized 
chromatin K9 modifications (LOCKs) and are largely absent from embryonic stem 
cells and cancer cell lines (Wen et al. 2009). Well-known pluripotency factors such 
as NANOG or OCT4 (also known as POU5F1) and some WNT signaling members 
belong to this category (Feinberg, Koldobskiy, and Gondor 2016). NANOG is a tran-
scription factor required for maintaining the pluripotency of embryonic stem cells 
and is not expressed in most normal adult tissues. However, several studies described 
NANOG overexpression on several tumors, including breast cancer. NANOG is not 
capable of inducing the mammary tumor alone, but when co-expressed with Wnt-1, 
promotes cell migration and invasion (Lu et al. 2014). OCT4 is another factor that 
plays a pivotal role as key regulator in pluripotency. It is believed that OCT4 main-
tains the pluripotency of spermatogonial (the earliest stage in the spermatocitic 
ontogeny) stem cells and keeps them in an undifferentiated, self-renewing state. Its 
aberrant expression may contribute to the neoplastic process in cancer cells (Gidekel 
et al. 2003). Moreover, the sex-determining Y-box (SOX2) gene, another important 
pluripotency factor, is amplified in small-cell lung cancer and squamous cell car-
cinomas of the lung and esophagus (Rudin et al. 2012, Bass et al. 2009). SOX2 is 
highly expressed in nasopharyngeal carcinoma, and lung adenocarcinoma (Luo et 
al. 2013, Chiou et al. 2010). NANOG and OCT4 overexpression are associated with 
increased metastatic potential in breast cancer and lung adenocarcinoma (Lu et al. 
2014, Wang et al. 2014, Chiou et al. 2010). In conclusion OCT4, NANOG, and SOX2 
altered expression is capable of preventing proper maturation of the stem cells, and 
contributing to the development of different tumors. Finally, these genes could be 
potential markers of prognosis and a novel target of therapy for these tumors.
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18.2.8  epigeNetic moduLators aNd caNcer

Epigenetic modulators are factors capable of influencing the activity of the epigenetics 
modifiers causing the destabilization of differentiation-specific epigenetic states. An 
example of epigenetic modulators is oncogenic RAS signaling. All RAS protein family 
members belong to a class of protein called small GTPase and are involved in transmit-
ting signals within cells (cellular signal transduction). KRAS transformation, a mem-
ber of the RAS genes, can drive the downregulation of TET enzymes (histone lysine 
demethylases described above) and this event increases DNA methylation, that facili-
tates the silencing of tumor suppressor genes (Wu and Brenner 2014). Moreover, about 
70% of colorectal cancers with a KRAS mutation show chemical marks that “switch 
off” the expression of genes, known to suppress the growth of tumors. In actively 
growing human diploid fibroblasts, the INK4A-ARF locus is silenced by histone H3 
lysine 27 tri-methylation (H3K27me3) directed by Polycomb group proteins. When 
such cells are exposed to cellular stress, such as oncogenic signals, the H3K27me3 
mark on the locus is decreased, resulting in expression of INK4A-ARF tumor suppres-
sor genes. KRAS can increase the level of the ZNF304 transcription factor that binds 
to the repressor complex made by KAP1-SETDB1-DNMT1. This event causes the lack 
of activation of the INK4A-ARF locus (Serra et al. 2014). Another example is STAT3 
(Signal transducer and activator of transcription 3) gene. This gene is an important 
regulator of NANOG, OCT4, and SOX2 expression (all epigenetic mediators described 
above) (Do et al. 2013). STAT3 is also capable of promoting the acquisition of stem cell 
features in pancreatic cancer (Tyagi et al. 2016), so it can be speculated that external 
signals may lead to the activation of the epigenetic mediators through STAT3 activa-
tion. Moreover STAT3 is capable of interacting with epigenetic modifiers such as p300 
histone acetyltransferase (HAT), or DNMT1 influencing gene expression and cell-type 
specific transcription (Hutchins, Diez, and Miranda-Saavedra 2013).

TP53, a tumor suppressor gene, is also capable of acting as an epigenetic modula-
tor. TP53 gain of function mutations can induce the expression of MLL1 and MLL2 
(mixed-lineage leukemia) genes, and this results in genome-wide increase in H3K4 tri-
methylation and gene transcription activation (Zhu et al. 2015). Moreover, mutated p53 
can help in maintaining an open chromatin conformation at the VEGFR2 promoter 
through the recruitment of the SWI/SNF complex (Pfister et al. 2015). Bi-allelic 
inactivation of RB1 (retinoblastoma 1) gene, another important tumor suppressor, 
drives the development of human retinoblastoma, a pediatric tumor of the retina. 
Whole-genome sequencing of human retinoblastomas identified no genetic lesions 
in known tumor suppressor genes or oncogenes, other than RB1. Furthermore, the 
epigenetic profile showed profound changes compared to that observed in normal 
retinoblasts (Zhang et al. 2012). As for epigenetic mediators, the modulators are 
important targets for the cancer predisposing environment, and their mutations can 
lead to the destabilization of the epigenome.

18.2.9  microrNa aNd caNcer

MicroRNA (miRNAs) play an important role in regulating gene expression. 
MiRNAs can be classified as oncogenic, tumor suppressor, or context dependent 
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(Kasinski and Slack 2011). For example, miR-21 and miR-155 are frequently over-
expressed in cancer, while miR-15~16 belong to the family of the onco-suppressor. 
MiR-146 instead is considered a context-dependent miRNA, because it may have 
opposing roles in tumorigenesis depending on the cellular context (Kasinski and 
Slack 2011). Interestingly it has been described in literature how miRNAs can regu-
late the expression of the epigenetic modifiers. Downregulation of miR-101 can lead 
to EZH2 (H3K27me3) overexpression in bladder and prostate cancer (Friedman et 
al. 2009, Varambally et al. 2008). Among the reported downregulated miRNAs in 
lung cancer, the miRNA miR-29 family (29a, 29b, and 29c) can target the 3’-UTRs 
of DNA methyltransferase DNMT3A and DNMT3B (de novo methyltransferases), 
two key enzymes involved in DNA methylation, that are frequently upregulated in 
lung cancer and associated with poor prognosis (Fabbri et al. 2007). In lung cancer 
miR-449 can downregulate HDAC1 expression, and this results in tumor suppres-
sion (Jeon et al. 2012, Rusek et al. 2015). Co-treatment with miR-449a and HDAC 
inhibitors had a significant growth reduction compared with HDAC inhibitor mono-
treatment. These results suggest that miR-449a/b may have a tumor suppressor func-
tion and might be a potential therapeutic candidate in patients with primary lung 
cancer. MiRNAs expression can be altered by epigenetic changes given that around 
half of the miRNA genomic sequences are associated with CpG islands (Weber et 
al. 2007). A good example is miR-127, which is embedded in a CpG island within a 
miRNA cluster. The expression of the whole cluster is downregulated or completely 
silenced in primary tumors (prostate, bladder and colon) and various cancer cell 
lines (HCT1116, HeLa and MCF7). Interestingly, miR-127 downregulation can be 
reversed using DNMT inhibitors (5-Aza-CdR) (Saito et al. 2006). MiR-9-1 and miR-
34a/b are DNA hypermethylated in breast and colon cancer respectively (Lehmann 
et al. 2007, Toyota et al. 2008). MicroRNA also play a pivotal role in the early phase 
of cancer metastasis called epithelial-to-mesenchymal transition (EMT), charac-
terized by the repression of E-cadherin. The zinc finger transcriptional repressors 
ZEB1, ZEB2, Snail1, and Twist1 are involved in E-cadherin regulation; and thus, 
EMT. The miR-200 family can inhibit ZEB in several cancer types such as breast, 
bladder, and ovarian cancers (Bendoraite et al. 2010, Gregory et al. 2008, Park et al. 
2008, Adam et al. 2009). MiR-335 is also capable of suppressing migration/invasion 
through a different pathway involving the progenitor cell transcription factor SOX4 
and extracellular matrix component Tenascin C (Tavazoie et al. 2008). MiR-34A 
is normally induced by the epigenetic modulator p53, while it can be repressed by 
the cytokine IL-6 and the oncogenic transcription factor STAT3. This event can 
promote EMT-mediated colorectal cancer invasion and metastasis (Rokavec et al. 
2014). MiRNA-466 can reduce prostate cancer tumor growth and bone metastasis 
(Colden et al. 2017). The let-7 family is downregulated in several human cancers, 
which is thought to increase tumorigenicity and metastatic ability in breast cancer 
(Yu, Yao et al. 2007). Interestingly, the mature let-7 can be inhibited by another 
miRNA, miR-107, an event that promotes tumor progression and metastasis (Chen et 
al. 2011). Remarkably, circulating miRNAs may also serve as biomarkers for cancer 
prognosis. A study performed in serum samples from patients with colorectal cancer 
identified increased levels of circulating miR-92a and mir-29a (Huang et al. 2010). 
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Similarly, increased serum levels of miR-141 are observed in prostate cancer patients 
when compared to healthy individuals (Mitchell et al. 2008). The striking involve-
ment of miRNAs in several critical cancer-associated processes makes them highly 
interesting molecules for therapeutic applications. So far, two potential approaches 
for the regulation of miRNA expression have been evaluated for their use in can-
cer treatment. One approach is to introduce antisense RNA (Anti-miRs), which can 
block the function of oncogenic miRNAs, or the re-introduction of a synthetic miR-
NAs to mimic the action of the tumor suppressor miRNAs. The other approach is 
focused on inducing the expression of the miRNAs using drugs. The use of drugs 
implies the modification of the oligonucleotide structure in order to avoid filtration 
by the kidneys and their clearance through the urine (Chan and Wang 2015).

18.2.10  epigeNetic iNactivatioN of dNa repair geNes

Efficient DNA repair is crucial for preventing cancer. Earlier, we discussed how muta-
tions in DNA repair genes could cause inherited cancer syndromes. We also exam-
ined how mutations in the epigenetic machinery contribute to cancer. Additionally, 
DNA repair pathways may be inactivated or decreased in effectiveness by epigenetic 
inactivation mechanisms affecting DNA repair genes. While mutations in the DNA 
repair machinery are quite rare in sporadic cancers, those that present with DNA 
repair deficiencies have one or more epigenetic alterations that reduce or silence the 
expression of the DNA repair genes (Bernstein and Bernstein 2015). DNA methyla-
tion at the promoter region of genes participating in DNA repair pathways including 
DR, BER, NER, HR, NHEJ, and others has been reported in several cancers, sum-
marized in Table 18.3 and discussed below. It can be assumed that the epigenetic 
inactivation of DNA repair genes can result in an increase in genetic instability that 
contributes to tumor progression. On the other hand, diminished DNA repair may 

TABLE 18.3
DNA Repair Genes Methylated in Cancer

DNA Repair 
Pathway Gene Methylated

BER MBD4 (Howard et al. 2009, Peng et al. 2006); TDG (Peng et al. 2006); OGG1 (Guan 
et al. 2008); NEIL1 (Do et al. 2014)

DR MGMT (Herfarth et al. 1999)

NER XPC (Yang et al. 2010); RAD23A (Peng et al. 2005); RAD23B, ERCC1 (Chen et al. 
2010); ERCC4

MMR MLH1 (Guan et al. 2008, Esteller et al. 1998, Wang et al. 2003, Kim et al. 2010, 
Hinrichsen et al. 2014); MSH2 (Wang et al. 2003, Lawes et al. 2005, Hinrichsen et al. 
2014); MSH3 (Kim et al. 2010), MSH6 (Lawes et al. 2005); PMS2 (Hinrichsen et al. 
2014)

HR BRCA1 (Dobrovic and Simpfendorfer 1997, Lee, Tseng et al. 2007)

NHEJ XRCC5 (Lee, Tseng et al. 2007)
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also lead to reduced cell survival in general, and additional events are likely occur-
ring that enable a cell with reduced repair capacity to undergo uncontrolled prolif-
eration instead of cell death (e.g. TP53 pathway inactivation).

18.2.10.1  DR
Epigenetic silencing of the MGMT gene has been broadly reported in solid tumors 
including colon cancer (Herfarth et al. 1999), glioblastoma (Esteller et al. 2000), 
non-small cell lung cancer (Wolf et al. 2001), and gastric cancer (Oue et al. 2001), 
among others. Furthermore, in glioma patients, epigenetic silencing of the MGMT 
gene correlates with better response to alkylating agent treatments when compared 
to patients with tumors with active MGMT (Esteller et al. 2000, Hegi et al. 2005).

18.2.10.2  BER
As discussed previously, in BER, MBD4 and TDG are important enzymes for coun-
teracting the hydrolytic deamination of 5-methylcytosine. Promoter methylation of 
these two DNA repair genes has been observed in various cancer cell lines (Peng et 
al. 2006, Howard et al. 2009). Furthermore, epigenetic silencing of OGG1, involved 
in the repair of 8-oxoguanine, has also been observed in some cancer cell lines 
(Guan et al. 2008).

18.2.10.3  NER
The XPC gene, which encodes for the essential subunit for the damage recognition 
complexes in GGR (Friedberg 2001, Riedl, Hanaoka, and Egly 2003), is silenced 
in bladder cancer through DNA hypermethylation (Yang et al. 2010). In addition, 
RAD23A and ERCC1, two genes that are involved in DNA damage recognition and 
incision, respectively, as part of the NER pathway are also inactivated through DNA 
methylation of their promoter region. The RAD23A gene is methylated in the mul-
tiple myeloma cell line KAS-6/1 (Peng et al. 2005) and ERCC1 is epigenetically 
silenced through DNA methylation is associated with drug resistance in glioma cell 
lines and glioma tumors (Chen et al. 2010).

18.2.10.4  MMR
Approximately 13% of all colorectal cancers present deficiencies in MMR. Among 
the majority of these—particularly in sporadic disease—have loss of MMR due to 
silencing of MLH1 through DNA methylation of the promoter region of the gene 
(Truninger et al. 2005, Kane et al. 1997). Additionally, this gene is epigenetically 
inactivated in other types of cancer, including sporadic endometrial carcinoma 
(Esteller et al. 1998), gastric cancers (Fleisher et al. 1999), ovarian tumors (Gras 
et al. 2001, Zhang, Zhang et al. 2008), oral squamous cell carcinoma (Czerninski 
et al. 2009), neck squamous cell carcinoma (Liu et al. 2002), and acute myeloid 
leukemia (AML) (Seedhouse, Das-Gupta, and Russell 2003). Beyond MLH1, other 
genes that belong to the MMR pathway are also controlled by promoter methylation, 
including MSH2, MSH3, and MSH6. Indeed, MSH2, MSH3 and MSH6 are also DNA 
methylated in colorectal cancer (Lawes et al. 2005, Benachenhou et al. 1998). MSH2 
is also DNA methylated in primary non-small cell lung cancer (Wang and Qin 
2003), oral squamous cell carcinoma (Czerninski et al. 2009), and ovarian cancer 
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(Zhang, Zhang et al. 2008). Interestingly, the methylation frequencies in MLH1 and 
MSH3 were significantly higher in elderly gastric carcinoma patients than in younger 
patients (Kim et al. 2010). Thus, DNA methylation of these genes may have consider-
able importance in cancer development and as a prognostic factor.

18.2.10.5  HR
Mutation of the BRCA1 tumor suppressor gene is an important contributing factor 
in hereditary breast and ovarian cancer. However, BRCA1 mutations have not been 
detected in the sporadic forms of these cancers. Still, BRCA1 mRNA and protein 
levels are reduced in some sporadic breast and ovarian cancers. Aberrant promoter 
methylation of the BRCA1 promoter is correlated with the low mRNA and protein 
levels (Dobrovic and Simpfendorfer 1997). The BRCA1 promoter is also methylated in 
gastric cancer (Bernal et al. 2008), non-small cell lung cancer (Lee, Tseng et al. 2007), 
uterine leiomyosarcoma (Xing et al. 2009), and bladder cancer (Yu, Zhu et al. 2007).

18.2.10.6  NHEJ
While genetic mutation of the genes that regulate NHEJ have not been reported, a defi-
ciency in expression of the Ku80 protein has been observed in melanoma (Korabiowska 
et al. 2002). In addition, low expression of Ku80 was found in 15% of adenocarcinoma 
type and 32% of squamous cell type non-small cell lung cancers, which correlated 
with hypermethylation of the XRCC5 promoter (Lee, Tseng et al. 2007).

18.2.11  epigeNetics iN caNcer stem ceLLs

Cancer stem cells (CSCs) are a rare subpopulation of cells present within tumors 
with the capacity to self-renew and regenerate the whole tumor (Reya et al. 2001). 
While CSCs were first described in myeloid leukemia, they have also been identified 
in solid tumors including breast, prostate, colon, brain, pancreas, liver, ovary, mela-
noma, skin, and head and neck. CSCs are thought to be responsible for sustaining 
tumor growth and metastases. Most importantly, CSCs are more resistant to thera-
peutic agents than the non-stem tumor cells, suggesting that CSCs are responsible for 
tumor relapse. Most of the epigenetic mechanisms with roles in promoting the acqui-
sition of uncontrolled self-renewal previously described in this chapter may contrib-
ute to CSC formation and maintenance. One of the best examples of the relevance 
of DNA methylation in CSC regulation and tumor growth is portrayed in leukemia 
stem cells, where abrogation of Dnmt1 expression blocks leukemia development in a 
mouse model. Furthermore, haploinsufficiency of Dnmt1 results in tumor suppressor 
gene activation, impaired CSC self-renewal and delayed progression of leukemo-
genesis (Trowbridge et al. 2012). Histone methylation also appears to be involved 
in CSC formation and maintenance. The Polycomb group complexes target similar 
sets of CpG-containing genes in embryonic stem cells as in cancer cells, suggesting 
that these genes may be responsible for the emergence of the CSC phenotype during 
tumorigenesis (Schlesinger et al. 2007, Widschwendter et al. 2007, Ohm et al. 2007). 
Further, a knock-in mouse model inducing the expression of EZH2 in hematopoietic 
stem cells was shown to promote myeloid expansion, which indicates a stem cell-
specific EZH2 oncogenic role in myeloid disorders (Herrera-Merchan et al. 2012). 
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Several other studies support the idea that increased EZH2 expression in some tumors 
contributes to the maintenance of a reversible and undifferentiated stem-like pheno-
type in cancer cells and the expansion of breast CSCs (Chang et al. 2011, Burdach 
et al. 2009). Inhibition of other Polycomb proteins including LSD1 and MLL1 has 
also been shown to decrease CSC proliferation potential and tumorigenicity (Wang, 
Lu et al. 2011, Heddleston et al. 2012). Several miRNAs cooperate with Polycomb 
complexes and DNA methylation to regulate the balance between self-renewal and 
differentiation in CSCs (Esquela-Kerscher and Slack 2006; Volinia et al. 2006). Let-7 
is thought to play a critical role in the breast CSC maintenance (Viswanathan et al. 
2009; Yang et al. 2010) and contributes to EZH2 overexpression in prostate cancer 
(Kong et al. 2012). The downregulation of the miR-200 family members is linked to 
proliferation of CSCs and their ability to form tumors (Iliopoulos et al. 2010; Lo et 
al. 2011; Shimono et al. 2009). Further, miR-34a, which is underexpressed in CSCs, 
negatively regulates the tumor initiating capacity of prostate (Liu et al. 2011), pan-
creatic (Ji et al. 2009b), and breast (Yu et al. 2012) CSCs.

18.3  CONCLUSION AND FUTURE PROSPECTS

The ongoing molecular characterization of DNA damage response and repair path-
ways, and how they influence chemo- and radio-resistance, guides the development 
of novel cancer therapeutics. This information is instrumental in developing DNA 
repair inhibitors, the latest effort in creating more targeted anticancer treatments that 
cause less toxicity to normal cells. DNA repair inhibitors are essential in the applica-
tion of synthetic lethal combinations of drugs and genetic deficiencies.

It is interesting to point out that while in most repair pathways there are several 
proteins involved in the repair process, within each DNA repair pathway there are 
specific genes that are preferentially epigenetically silenced. It is yet to be deter-
mined whether this specificity is due to selection of particular repair gene silencing 
events in promoting tumorigenesis or is due to preferential targeting of the DNA 
methylation machinery to specific DNA repair gene promoters (Lahtz and Pfeifer 
2011).

It is also interesting that epigenetic inactivation of DNA repair pathways can lead 
to different clinical outcomes. Reduced repair capacity for alkylated guanines by 
promoter methylation of the MGMT gene provides a therapeutic benefit in patients 
with glioma (Esteller et al. 2000). On the other hand, inactivation of the MMR sys-
tem is associated with resistance of cells to cisplatin treatment (Fink, Zheng et al. 
1997, Fink, Nebel et al. 1997). With the mounting knowledge regarding the epig-
enome of specific cancer types, there is now an opportunity to develop chemotherapy 
regimens tailored to a patient’s DNA repair gene status by incorporating information 
on epigenetic silencing of the relevant genes in the tumor.

Studies during the last decade emphasize the importance of epigenetic mecha-
nism at most stages during cancer development, which given the reversible nature of 
epigenetics, present novel opportunities for therapeutic intervention. The observation 
that genes involved in epigenetic regulation are among the most commonly mutated 
gene families, underscores the importance of further understanding the epigenetic 
mechanisms participating in tumor maintenance and progression. Advances in the 
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field will likely require elucidating how different epigenetic proteins contribute to 
gene-specific gene expression modulation, which would refine our understanding 
of their roles in tumor maintenance. Considering the multiple roles of epigenetics in 
cancer, and the possible interference with normal homeostasis, epigenetic interven-
tions in carcinogenesis still faces many challenges, but also offers groundbreaking 
opportunities to the treatment of these devastating malignancies.
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19.1  INTRODUCTION

Genome engineering is a process of making necessary changes to the genetic mate-
rial by deleting, inserting or by modifying the DNA sequences to dissect the func-
tion of specific genes and regulatory elements. For decades, genome engineering 
has been an increasingly challenging task. The evolution of recombinant DNA 
technology marked the beginning of a new era for molecular biology. Since then, 
molecular biologists could manipulate genomic molecules. However, the develop-
ment of easy and efficient engineering tools to edit genomic material in eukaryotic 
cells holds many obstacles with a promise to transform basic science, biotechnology 
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and medicine. Recent progress in genome engineering is sparking a new revolution 
in life science, making it possible to study biological systems and applications in cell 
biology research, plant breeding, disease modeling, gene therapy, drug development, 
genetic variation, metabolic engineering of platform chemicals producing microbes, 
and so on. Today, our understanding of the genomic material and genetic engineer-
ing has progressed through the de novo assemblies of larger genomic material with 
a decrease in manufacturing cost.

The eukaryotic DNA molecule consists of two long polynucleotide chains com-
posed of four types of nucleotide subunits, which make them difficult to manipulate. 
Utilization of a homologous recombination (HR) mechanism to integrate exogenous 
repair templates containing sequence homology at a specific site in the genome has been 
a game-changing revolution in genomics (Capecchi 1989a). HR-mediated gene target-
ing has generated transgenic animal models by germline competent stem cell manip-
ulation and advanced the biological research arena. Although HR-mediated genome 
engineering results in highly precise alterations, the desired recombination events occur 
extremely infrequently (Capecchi 1989a). This frequency of low recombination events 
presents enormous challenges for large-scale applications of genome engineering tools. 
Therefore, numbers of genome editing technologies and tools have emerged, enabling 
targeted and efficient modification of a variety of eukaryotic systems.

19.2  GENOME ENGINEERING APPROACHES

The human genome is constantly under the influence of various intrinsic and extrin-
sic agents. These agents sometimes lead to the generation of thousands of DNA 
lesions including DNA double-strand break (DSB) (Khanna and Jackson 2001). 
DSB is one such type of damage, which recruits endogenous repair machinery for 
its repair by non-homologous end joining (NHEJ) or homology-directed repair 
(HDR) (Figure 19.1). During NHEJ-mediated repair, the process leads to the intro-
duction of insertion or deletion mutations (indels) disrupting the protein coding 
sequence of the gene. The process is so active that no repair template or exten-
sive DNA synthesis is needed for higher repair capacity in a short time. On the 
other hand, during HDR-mediated repair, the process leads to the introduction of 
site-specific mutations or insertions of desired sequences through recombination 
of exogenously supplied donor DNA template to the target locus. Targeted genome 
editing via HDR is a powerful approach in molecular biology (Capecchi 2005). 
However, the lower efficiency of engineered donor DNA template to correctly inte-
grate into the desired target locus, lengthy selection process and adverse mutagenic 
effects hamper the use of the HDR system. DSBs are among the most lethal forms 
of DNA damage, which if unrepaired, result in the apoptosis or senescence of the 
injured cells. In addition, misprocessing of DSBs can lead to genomic instability 
and carcinogenesis. The technical advances in genome sequencing have advanced 
genome manipulating approaches. The wealth of biological data accumulated dur-
ing the process has presented challenges of converting this information into clini-
cally relevant knowledge. However, introducing site-specific changes in the genome 
of cells and organisms is difficult to achieve. Early approaches relied on the devel-
opment of RNA interference (RNAi) for targeted gene knock-down, offering a 
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cost-effective and high-throughput alternative to HDR. However, RNAi-mediated 
gene knock-down is incomplete and provides only temporary inhibition of the gene 
function. On the other hand, the rise of a nuclease-based method composed of site-
specific DNA binding domains and nonspecific DNA cleavage module has allowed 
influencing genes of interest. Using DNA-protein recognition principles, zinc fin-
ger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) 
were developed (Kim and Kim 2014; Gaj, Gersbach, and Barbas 2013; Joung and 
Sander 2013; Kim and Chandrasegaran 1994; Kim, Cha, and Chandrasegaran 1996; 
Boch et al. 2009; Christian et al. 2010). These approaches have enabled multifunc-
tional DNA engineering, including the introduction of targeted DNA-DSBs and 
stimulating cellular DNA-repair mechanisms in an efficient and precise manner. 
Although these systems are effective, the difficulty in designing specific nucleases 
remained a barrier to adopt these engineered nucleases for routine use. On the other 
hand, the recently explored genome editing approach, which uses the prokaryotic 
immune defense system, has shown advantages over the previous regimes. The 
system is based on the clustered regularly interspaced short palindromic repeats 
(CRISPR) and CRISPR-associated (Cas) genes. The CRISPR/Cas system depends 
on the complementary base pairing between RNA from the CRISPR locus and the 
target DNA sequence (Jinek et al. 2012). A distinct feature of the CRISPR/Cas sys-
tem is the use of an RNA molecule to guide the system’s Cas nuclease to a specific 
DNA target. In addition, the targeting RNA molecule can easily be designed with 
cost-effective synthesis process. The comparison of three different types of genome 
editing approaches is presented in Table 19.1.

19.2.1  the crispr/cas system

Discovery of the CRISPR/Cas system uncovered the presence of an adaptive 
immune system in bacteria and archaea, which was thought to be present only 
in eukaryotes. This system is utilized by the microorganisms to gain immunity 
against viruses and plasmids in a sequence-specific manner. CRISPR/Cas systems 
are highly diverse, of which Type II is mostly studied from Streptococcus pyo-
genes (Makarova et al. 2015; Heler et al. 2015). This diversification of CRISPR/
Cas systems is based on the content and organization of Cas genes (Makarova 
et  al. 2011). The enormous mechanistic difference between various types of 
CRISPR/Cas system has been reported. The general mode of action is structured 
into adaptation (spacer acquisition), maturation (expression and processing), 
and interference (silencing) (Figure 19.2). In a Type II CRISPR/Cas system, the 
CRISPR locus is composed of a cluster of Cas genes and the CRISPR array. The 
Cas genes are often located adjacent to the CRISPR array consisting of a series of 
repetitive sequences interspaced by short stretches of non-repetitive DNA called 
spacers. The spacers are short variable sequences of ~20 base pairs long acquired 
from invading exogenous viruses and plasmids, which are stored as a record 
against future encounters. Preceding the Cas genes, the trans-activating CRISPR 
RNA (tracrRNA) gene is located encoding for non-coding RNA homologous to 
repeats (Jiang and Doudna 2017).
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19.2.2  crispr/cas mechaNism

In a Type II CRISPR/Cas system, the process begins at adaptation stage where Cas1, 
Cas2, and Csn2 proteins identify exogenous genetic elements from invading patho-
gens and integrate them into the CRISPR array to form a new spacer sequence as an 
immunological memory (Heler et al. 2015). After integration, the CRISPR array is 
cotranscribed with the new spacer into a long precursor RNA (pre-crRNA) transcript 
containing repeats and spacers. On the other hand, the tracrRNA is also transcribed, 

TABLE 19.1
The Comparison between ZNF, TALEN, and CRISPR/Cas Genome-Editing 
Approaches

Properties ZNF TALEN CRISPR/Cas

Molecular target DNA DNA DNA

Generating target 
specificity

Difficult: Cloning and 
protein engineering 
steps are required

Moderate: Cloning 
steps are required

Easy: Simple oligo 
synthesis and cloning 
steps are required

Effect on target Irreversible knock-out Irreversible knock-out Irreversible knock-out

Overall cost of target 
engineering

High Moderate Low

Generating large-scale 
libraries

Low: Protein 
engineering is 
required for each 
gene

Moderate: 
Challenging cloning 
steps are required

High: Simple oligo 
synthesis and cloning 
steps are required

Epigenetic and 
transcriptional control

DNA-binding zinc 
finger domains can 
be fused to new 
functional domains

DNA-binding 
domains can be 
fused to new 
functional domains

Catalytically inactive 
Cas9 can be fused to 
new functional 
domains

Off-target effect Moderate Low Variable

Main nucleases FokI FokI Cas9

Restriction in target site GC-rich Start with T and end 
with A

End with NGG or NAG 
sequence (PAM)

Cytotoxicity Variable to high Low Low

In vivo delivery 
efficiency

Moderate: Viral 
vectors

Moderate: Viral 
vectors

Moderate: Viral vectors 
and nanoparticles

Mechanism of action Induce DSB:
Repair maybe NHEJ 
or HDR depending 
on tool design

Induce DSB:
Repair maybe NHEJ 
or HDR depending 
on tool design

Induce DSB:
Repair maybe NHEJ or 
HDR depending on 
tool design

Ease of design Customized protein 
component for each 
gene sequence is 
required

Technical challenge 
due to extensive 
identical repeat 
sequences

Easy to design due to 
the requirement of 
simple cloning of 
20-nucleotide long 
oligonucleotides 
targeting each gene 
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which hybridizes to the repeats of pre-crRNA for its processing into the short crRNA 
unit in the maturation stage by the bacterial, double-stranded RNA-specific ribonu-
clease, RNase III. Further processing of the crRNA 5’ end reduces its length to 20 
nucleotide-long crRNA containing a single spacer flanked by a part of the repeat 
sequence. Finally, in the interference phase, the mature crRNA and tracrRNA form a 
complex with Cas-associated nuclease 9 (Cas9). The Cas9, which introduces a blunt 
DSB contains two cleavage domains: (i) a RuvC-like nuclease near the N-terminus 
which initiates cleavage of the DNA strand not complementary to the guide RNA and 
(ii) a McrA-like (HNH) nuclease in the center of Cas9 which cleaves the DNA strand 
complementary to the RNA guide (Jinek et al. 2012; Kennedy and Cullen 2015). On 
the other hand, a tracrRNA stabilizes the complex and activates Cas9. As the proto-
spacer is always associated with a protospacer adjacent motif (PAM) within the target 
DNA, the crRNA-tracrRNA-Cas9 complex scans for the foreign DNA target inside 
the cells containing crRNA complementary sequence preceding PAM leading to deg-
radation of target nucleic acid via the Watson-Crick base pairing method (Figure 19.3) 
(Marraffini and Sontheimer 2008; Brouns et al. 2008; Barrangou et al. 2007).

19.2.3  off-target effects of the crispr/cas system

Engineering biological systems holds great potential for applications across basic sci-
ence including medicine. Precise editing of genomic material using programmable 
endonucleases has enabled engineering a broad range of species. The ability of the 
crRNA-tracrRNA-Cas9 complex to cleave sequence-specific DNA inspired the use of 
the CRISPR/Cas system to edit the genome. Since targeted nucleases have worked as 
a powerful tool for genome engineering in the past with high precision, the CRISPR/
Cas system offers a new and efficient prospect for genome editing using a single guide 

crRNA
tracrRNA

Fused crRNA and tracrRNA
(sgRNA)

Cas9

5’
5’ 5’ 5’

3’
3’

3’
3’

Genomic DNA

Target
DNA site

Matching genomic
sequence

Able to cleave

sgRNA

PAM sequence

Cas9

NGG

Cas9-sgRNA
complex

FIGURE 19.3 A representation of sgRNA/Cas9 complex recognizing the target DNA, 
resulting in the formation of DNA DSB break. The DNA DSB break is detected by the cel-
lular DNA repair machinery and subsequently repaired via HDR and NHEJ.
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RNA (sgRNA) to guide Cas9 to the DNA target (Ran et al. 2013b). Therefore, the 
Type II CRISPR/Cas system has become the basis for the current genome engineering 
technology. The use of a genome editing system provides a tool to create model cells 
and transgenic animals, engineer metabolic pathways, and treat human diseases that 
are difficult to tackle by traditional medications. Although the CRISPR/Cas system 
has become a promising tool to successfully use in a variety of cells and organisms 
for genome editing, there are several aspects that affect its efficiency and specificity, 
including Cas9 activity, target site selection, sgRNA design, and delivery methods 
including off-target side effects. Several studies have demonstrated the introduction 
of off-target effects using CRISPR/Cas system, which generates unwanted mutations 
at random sites, thus affecting precise gene modification (Fu et al. 2013; Pattanayak et 
al. 2013; Ma, Zhang, and Huang 2014). However, over the past three years, consider-
able efforts have been made to diminish off-target effects by: (i) proper site selection 
and designing of highly active sgRNAs (Lin et al. 2014), (ii) pairing Cas9 mutant, 
which carries a mutation in the 10th amino acid position (D10A) converting aspartic 
acid (D) to alanine (A) for disabling the cleavage efficiency of the RuvC-like domain, 
converting Cas9 activity from catalyzing DSBs (nuclease) to catalyzing single-strand 
breaks (nickase) with sgRNAs (Jinek et al. 2012; Shen et al. 2014), and (iii) using 
truncated sgRNAs with a length of 17–18 nucleotides, which decreases undesired off-
target effects and retains on-target efficiency (Fu et al. 2014).

19.3  APPLICATION OF CRISPR/Cas IN CANCER

Cancer is a complex genetic disorder that arises from multiple genetic and epigen-
etic alterations in onco- or tumor suppressor genes (Hanahan and Weinberg 2011). 
Improvements in whole-genome-sequencing have generated sufficient information 
and specific genetic alterations of human cancer cells. Over the past few decades, 
much has been learned about how point mutations, copy number alterations, and 
chromosomal rearrangements play causal roles in tumorigenesis. Oncogenes are 
usually hyperactivated via gain-of-function mutations, whereas tumor suppressor 
genes are typically inactivated via loss-of-function mutations. Epigenetic differ-
ences at the level of DNA methylation and histone marks present another layer of 
complexity in tumorigenesis (Lawrence et al. 2014; Cancer Genome Atlas Research 
Network 2014; ENCODE Project Consortium 2012). Experimental approaches to 
systematically manipulate the genomes of normal and cancer cells are therefore 
vital for the generation of animal tumor models as well as for the search of novel 
therapeutic modalities. The biggest hurdle with the treatment or management of 
cancer is the involvement of our own uncontrollably proliferating cells, against 
which our body’s defense mechanisms do not work. Different treatment options are 
available for cancer, but over time, the cancerous cells develop resistance making 
traditional chemotherapy useless (Chaudhary et al. 2017; Kumar et al. 2017; Mondal 
et al. 2017). Therefore, genetic modification of the cancerous cells, controlling the 
expression of onco- or tumor suppressor genes could be a long-term solution for 
cancer treatment. The CRISPR/Cas system for genome editing has emerged as one 
of the most efficient, affordable, and flexible methods for modifying the genome of 
the cancerous cells.
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19.3.1  geNeratioN of caNcer modeLs

Many human disease-related genes have been mapped after the development of high-
throughput sequencing technology in the post-genomic-era. It is now recognized that 
most diseases are genetically complex and require thousands of individuals to achieve 
adequate statistical power to ensure the validity of their association. Modeling the 
pathogenesis of illness by reproducing the patient’s complex genetic alterations in spe-
cific cell types or organisms can ease the overall drug development process and the 
study of human diseases (Hutmacher et al. 2009; Das Thakur, Pryer, and Singh 2014). 
The laboratory mouse (Mus musculus) is an advantageous model due to its small size 
and similar genomic architecture as that of human, encoding for 23,000 genes with 
3 × 109 nucleotides. Mice with specific gene modifications are a valuable system for 
understanding the function of a gene in diseases and discovering improved methods 
to prevent, diagnose, and treat diseases. Until recently, manipulating mouse genes to 
study their function in health and illness was hard to achieve. However, the genera-
tion of specific disease models in mammalian cells and animals that recapitulate the 
biological and clinical characteristics of humans by targeting specific locus in the 
genome has made CRISPR/Cas system an important subject for studying cancers (Van 
Dyke and Jacks 2002). The CRISPR/Cas system has been used to create germline 
and somatic mouse models with point mutations, deletions, and complex chromosomal 
rearrangements. Since genetic modifications in onco- or tumor suppressor genes are 
the major cause of cancer, the CRISPR/Cas system can be used to model the dynamics 
of genetic elements to generate cancer models. Useful mouse models for translational 
research need to replicate the genetics and genomics, the context and the heterogeneity 
of human tumors. A conventional chimeric animal generation has relied on genetically 
altered embryonic stem (ES) cells by HR techniques (Capecchi 1989b). By injecting 
such genetically modified ES cells into wild-type blastocysts, chimeric animals with 
altered germ lines are generated (Capecchi 2005). Although suitable for generating 
sophisticated genetic modifications, the rate of HR in ES cells is remarkably low. This 
is a time-consuming, laborious, and costly process, which involves tedious selection 
of ES cell clones followed by injection into blastocysts to generate chimeric animals. 
Also, the absence of ES cells in other mammalian species limits the studies that can 
be undertaken (Van Dyke and Jacks 2002; Dow and Lowe 2012). The construction of 
animals carrying many alterations comparatively adds substantially more time and 
effort. However, non-germline genetically engineered animals can simplify this pro-
cess by bypassing the need for complex genetic crosses through a series of retargeting 
ES cells (Heyer et al. 2010). Since genetic modifications including gain-of-function 
mutations or loss-of-function mutations in proto-, onco-, and tumor suppressor genes 
respectively are the primary cause of cancer, the CRISPR/Cas system can be used to 
model the dynamics of genetic elements to generate disease models including foot-
print free point mutations (Gurumurthy et al. 2016), knock-in, and conditional knock-
out models (Quadros et al. 2017). It is challenging to mimic the complex changes in 
genetic combinations due to the difficulty associated with large numbers of genetic 
crosses. However, some studies have used the CRISPR/Cas system to knock-out multi-
ple genes of a pathway (Huang et al. 2016; O’Neill et al. 2016). Although CRISPR/Cas 
system has evolved as a promising tool for targeted genome editing, the in vivo delivery 
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of Cas9 nuclease in somatic tissue remain challenging due to its large size (~4 kb) 
(Eyquem et al. 2017; Ran et al. 2015; Wang et al. 2016). Therefore, a step further is the 
development of Cas9 expressing animal, where any combination of desired genes can 
be inactivated by delivering sgRNAs for target genes to generate the disease models 
(Harms et al. 2014; Quadros et al. 2015). The generation of a Cas9 expressing mouse 
indeed offers a versatile tool for cancer research. As Rosa26 locus has become a stan-
dard ‘safe harbor’ located on chromosome 6 for transgenesis in mouse ES cells, Platt 
et al. generated a Cre-recombinase inducible Cas9 knock-in mouse by inserting Cas9 
transgene expression cassette into Rosa26 locus by HR in R1 ES cells and implanted 
them in C57BL/6N blastocysts to generate chimeric mice (Platt et al. 2014). These Cre-
inducible Cas9 expressing mice were used to model most frequently mutated genes, 
such as p53 (46%), KRAS (33%) and LKB1 (17%) in lung adenocarcinoma (Cancer 
Genome Atlas Research Network 2014). Since mutations in KRAS are often missense 
resulting in a gain-of-function, the CRISPR/Cas system can be used to introduce an 
HDR-mediated missense mutation in KRAS. Delivery of a vector containing a donor 
template homologous to the first exon of KRAS, encoding a glycine (G) to aspartate (D) 
mutation in the 12th amino acid position (G12D) of KRAS, results in a gain-of-function 
oncogenic KRASG12D mutation (Cancer Genome Atlas Research Network 2014). On the 
other hand, generating CRISPR/Cas-mediated indels in p53 and LKB1 at the predeter-
mined cutting site can result in their loss-of-function mutation. Therefore, simultaneous 
induction of loss-of-function mutations in p53 and LKB1 followed by HDR-mediated 
gain-of-function mutations in KRAS (KRASG12D) leads to the generation of lung adeno-
carcinoma in mice (Platt et al. 2014). Hydrodynamic injection is a well-studied method 
to deliver foreign DNA molecule to the liver in animals. This method uses high-volume 
and high-pressure tail vein injection to express DNA in 20–30% of mouse hepato-
cytes transiently. Since the in vivo delivery of Cas9 nuclease is challenging, Xue et al. 
used hydrodynamic injection to deliver Cas9 and sgRNAs containing plasmid to target 
tumor suppressor genes in mouse liver (Xue et al. 2014). Loss-of-functional mutation 
of tumor suppressor gene PTEN, a negative regulator of the phosphatidylinositol-3- 
kinase (PI3K)/Akt pathway (Song, Salmena, and Pandolfi 2012) has been associated 
with several cancers including liver cancer (Peyrou, Bourgoin, and Foti 2010). On the 
other hand, activation of p53 signaling pathway in response to cascade of signaling net-
works provide p53 tumor suppression properties. However, mutations or disturbance in 
signaling pathways related the loss of p53 function leads to most of the human cancers. 
More than 75% of the mutations in p53 lost their wild-type properties and exerted a 
dominant-negative regulation over any remaining wild-type p53 (Petitjean et al. 2007). 
The mutant p53 proteins acquire oncogenic properties that enable them to promote 
invasion, metastasis, proliferation, and cell survival. Therefore, the delivery of plasmid 
encoding Cas9 and sgRNAs for tumor suppressor genes PTEN and p53 in combination 
induces liver tumors in mice (Xue et al. 2014).

19.3.2  geNe therapy

The insertion, alteration, or removal of genetic material to treat or to improve and man-
age the clinical status of a patient is commonly known as gene therapy. It is a prom-
ising approach to treat diseases that conventional drugs fail to do. Gene therapy has 
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potential to control a broad range of diseases, including cystic fibrosis, heart disease, 
diabetes, cancer, and blood diseases. The faulty genes can be corrected either by insert-
ing a normal gene into a nonspecific location within the genome or by repairing to its 
normal function. Cellular activities are governed by basic signaling pathways, which 
coordinate cellular properties through a complex coordination of responses to the cell 
microenvironment. The obstruction within these pathways is one of the leading cause 
of various diseases including cancers. Targeting cellular activities that cause cancerous 
cells to grow is the principal therapeutic approach for cancer management. However, 
the cancerous cells adjust to the new environment, mutate to bypass the signaling block-
ade and develop new pathways for growth. These alternate mechanisms are the rea-
sons for drug tolerance and drug resistance commonly observed in the cancerous cells. 
This prompts the use of the second-line therapy, which is not as effective in managing 
tumors. However, in contrast to traditional approaches, gene therapy provides cancer-
specific treatment. Structural rearrangements of DNA molecules result in the exchange 
of coding or regulatory sequences between genes. Many such fusion genes may or may 
not function as wild-type genes, and thus acquire additional features that drive can-
cer progression or destroy oncogenic genes (Mertens et al. 2015). These hybrid genes 
serve as an attractive target as both therapeutic and diagnostic tools due to their inher-
ent expression in cancerous tissue alone. Ninety-one percent of prostate cancer patients 
are positive for one of the TRMT11-GRIK2, SLC45A2-AMACR, MTOR-TP53BP1, 
LRRC59-FLJ60017, TMEM135-CCDC67, KDM4-AC011523.2, MAN2A1-FER, and 
CCNH-C5orf30 fusion genes. They are either separated widely on a single chromosome 
(TRMT11-GRIK2, TMEM135-CCDC67, CCNH-C5orf30, and KDM4B- AC011523.2) 
or located on separate chromosomes (MTOR-TP53BP1 and LRRC59-FLJ60017). 
Among them, CCNH-C5orf30, TMEM135-CCDC67, and LRRC59-FLJ60017 harbors 
genomic-breakpoints, where TMEM135-CCDC67 is formed by the deletion of the 6-Mb 
genomic region between the genes coding for transmembrane protein 135 (TMEM135) 
and coiled-coil domain containing 67 (CCDC67) (Yu et al. 2014). In TMEM135-
CCDC67, this phenomenon disturbs the gene encoding for CCDC67 (putative cancer 
suppressor) and truncates 65 amino acids from the C-terminus of TMEM135, thus mak-
ing them a unique genotype-specific target for cancer therapy (Chen et al. 2017). Due to 
the precise specificity, the CRISPR/Cas system can be applied to target genomic-break-
points (Chen et al. 2017). However, the off-target issues related to CRISPR/Cas system 
have been a concern, when using it as a therapeutic tool. Out of 20 nucleotide-long 
sgRNA, up to 3–5 mismatches are tolerated, translating into a substantial amount of 
potential off-target sites (Fu et al. 2013; Shen et al. 2014). Mismatches near the 5’ end of 
the sgRNA are easy to tolerate. However, higher sensitivity is observed for mismatches 
in the 8–10 bases near the 3’ end (Mali et al. 2013). To address this challenge, Cas9 
specificity can be altered using two sgRNAs binding targets in combination with Cas9 
nickase (Mali et al. 2013; Ran et al. 2013a; Cho et al. 2014). The introduction of two 
nicks in target DNA increases the efficiency of introducing sequences by 50–1,500-fold 
and decreases the off-target rate by 1/10,000 (Ran et al. 2013a). Since such specificity 
makes somatic genomic- targeting a viable approach in treating human diseases, Chen 
et al. used this method to create two nicks on complementary DNA strands (Chen et al. 
2017) to introduce a suicide enzyme-encoding gene at the breakpoints of TMEM135–
CCDC67. The prodrug-converting enzymes, such  as  thymidine kinases (TKs) from 
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herpes simplex virus type 1 (HSV1-TK) convert non-toxic compounds (prodrugs) into 
toxic products. HSV1-TK phosphorylates the synthetic nucleoside ganciclovir (prodrug) 
into ganciclovir monophosphate in mammalian cells expressing HSV1-TK (Smith et 
al. 1982), which later is converted to triphosphate and blocks DNA synthesis through 
elongation termination (Van Rompay, Johansson, and Karlsson 2000). By simple deliv-
ery of two complementary sgRNAs designed from the flanking region of the break-
point on the opposite strand of TMEM135–CCDC67, they incorporated a chimeric 
enhanced green fluorescence protein-HSV1-TK (EGFP-TK) gene by HDR into the 
TMEM135–CCDC67 breakpoint of mouse genome. Which, after translation into pro-
tein, phosphorylate simultaneously delivered ganciclovir and incorporated into DNA, 
thus terminating DNA synthesis leading to cell death. Although, the HR rate reached 
up to 20–30%, this procedure has inherent drawback of not being able to achieve com-
plete remission, owing to its inability to direct the system to every cancerous cell in the 
tissue and to random off-target effects. Therefore, a method which could increase the 
efficiency of CRISPR/Cas system instead of directly targeting cancerous cell, would be 
a clinically relevant approach for cancer treatment.

19.3.3  ceLL therapy

Understanding the role of the immune system in cancer has grown tremendously 
over the past few decades. Genetically engineered immune cells have been studied 
as a treatment option for multiple diseases including human immunodeficiency virus 
(HIV) and cancer. The T-cells of an adaptive immune system has potential to kill 
antigen-expressing cells after identification by a T-cell receptor protein (TCR). The 
genes encoding for TCRs are rearranged during T-cell development providing each 
T-cell a unique TCR for binding a specific antigen. However, the killing efficiency 
of a T-cell is usually weak over cancerous cells due to their nature of expressing 
self-antigens. This weak efficiency of T-cells can be increased by developing chi-
meric antigen receptor (CAR) expressing T-cells. CARs are genetically engineered 
fusion proteins containing an extracellular antigen-binding domain composed of a 
single-chain variable fragment derived from an antibody and intracellular signaling 
domains involved in T-cell functions (Finney et al. 1998). An engineered CAR to 
recognize a cluster of differentiation 19 (CD19) or any other antigens expressed in 
a cancer cell can be designed and genetically introduced into the T-cells for CAR 
T-cell generation. CAR T-cells are applicable for many types of cancer (Jensen and 
Riddell 2015; Brentjens et al. 2003) because they have the potential to overcome 
immunosuppressive tumor microenvironments, reduce toxicities, and prevent anti-
gen escape.

On the other hand, cell therapy is the administration of live cells in a patient for 
the treatment of a disease (Haworth et al. 2017; Delhove and Qasim 2017). Gene 
and cell therapy are intended to cure disease related to the certain genetic modifica-
tion. Blood transfusions and bone marrow transplantation are well-established treat-
ment approach for blood disorders, and immunodeficiency diseases after identifying 
a suitable immunological match. Since both gene and cell therapies complement 
each other for effective therapy cell therapy can be used to overcome the issues 
related to gene therapy and increase the efficiency of the CRISPR/Cas system for 
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clinical translation. More specifically, the drawbacks of the CRISPR/Cas system to 
target individual cells in bulk tumor and preventing the insertion of CAR at random 
locations in the genome can be eliminated, and more personalized therapy can be 
designed using CAR T-cells. The CRISPR/Cas system can advance immunotherapy 
by modulating T-cells into CAR T-cells, making them specific to various type of 
cancers. As the TCR locus is rearranged during T-cell development and expressed in 
the order of delta, gamma, beta, and alpha, Eyquem et al. used a CRISPR/Cas system 
to integrate gene encoding for CAR into a TCR alpha constant (TRAC) locus for tar-
geting CD19 found on B-lymphocytes surface as treatment module for chemorefrac-
tory or relapsed B-cell malignancies (Eyquem et al. 2017; Sadelain 2015). The easy 
introduction of CAR coding sequence into the T-cell’s genome, which is under the 
control of endogenous regulatory elements, not only results in more uniform CAR 
expression in human peripheral blood T-cells, but also increases the therapeutic 
potency of the engineered T-cells in the mouse with acute lymphoblastic leukemia.

19.4  DELIVERY OF THE CRISPR/Cas SYSTEM

The CRISPR/Cas system has revolutionized targeted genome editing and holds 
potential to give rise to an entirely new class of therapeutics. Achieving this poten-
tial requires exploration of its delivery to the target cells and to patients. The ~4 kb 
Cas9 from Streptococcus pyogenes can be integrated into an adeno-associated virus 
(AAV) with cargo size of ~4.5 kb (Eyquem et al. 2017; Ran et al. 2015; Wang et al. 
2016). To accommodate larger cargo, adenoviral and lentiviral vectors with larger 
cargo capacities can also be used (Cheng et al. 2014). On the other hand, some non-
viral vectors, such as electroporation, hydrodynamic delivery, cationic lipid-based 
vectors (Zuris et al. 2015), cationic polymer-based vectors (Platt et al. 2014), conju-
gated vectors (Ramakrishna et al. 2014), and the combination of viral and non-viral 
systems have also been studied. Depending on the necessity, Cas9 and sgRNAs can 
be formulated as DNA, RNA, or a complex of Cas9 and sgRNA. Most of these 
methods support delivery of the CRISPR/Cas components for transient expression, 
providing a safety advantage over viral delivery methods (Gori et al. 2015). These 
non-viral vectors need further refinement to make them more efficient in delivering 
through different routes other than direct injection into the target site. In addition, 
DNA nanoparticles reflect a promising approach for safe and effective delivery of 
CRISPR/Cas system (Sun et al. 2015). On the other hand, hydrodynamic injection 
of nucleic acids could result in the in vivo delivery of foreign DNA primarily in the 
liver (Xue et al. 2014).

19.5  REGULATORY AND ETHICAL ISSUES

The introduction of the CRISPR/Cas system as a new and efficient genome editing 
technology has not yet significantly altered any regulatory parameters set by most of 
the countries. In the United States, the Food and Drug Administration (FDA), US 
Department of Agriculture (USDA) and the Environmental Protection Agency (EPA) 
regulate genetically modified animals or insects through their guidelines. Most of 
the regulations, with few amendments, are based on the standards set in 1980s, and 
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90s making them incapable of addressing the recent concerns. The FDA issued a 
draft revised guidance in January 2017 on the “regulation of intentionally altered 
genomic-DNA in animals,” a continuation to the one in 2009, which addresses ani-
mals with intentionally altered genomic-DNA developed using genome editing (ZFN, 
TALEN, and CRISPR) and recombinant DNA technologies (www.fda.gov/down 
loads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry 
/UCM113903.pdf). The ethical concerns related to CRISPR/Cas technology are not 
only limited to human germline editing but also to other organisms and the eco-
system. The scientific community has been bifurcated in their opinion about using 
this technology to propel the research on human germline editing forward or to be 
cautious and play safely without violating the ethical lines. The use of CRISPR/Cas 
technology to modify human embryos either to get rid of genetic defects or to develop 
immunity against other fatal diseases poses significant ethical concerns (Araki and 
Ishii 2014). Some scientists are pro CRISPR/Cas, while others caution about the lim-
ited understanding of gene edition in the long term. So, this debate is not going to end 
anytime soon, or not until we have sufficient evidence in animals to justify the safety 
of human beings. Apart from humans, the use of CRISPR/Cas technology to modify 
plants, animals, insects, and microorganisms to produce food and drugs for human 
use, must be considered as the affordability and efficiency of the technology will pose 
new threats and an ethical dilemma (Sugarman 2015). On the other hand, animals can 
be bred, without any ethical concerns, for a specific mutation in research to obtain less 
variability and more human-like animals. So, to address these types of ethical dilem-
mas, public reviews are conducted and strict biosafety measures are issued. This field 
is moving very quickly, and a ‘sit back, relax, and think’ approach might be helpful 
in identifying the favorable future for CRISPR/Cas technology (http://nationalacad 
emies.org/cs/groups/genesite/documents/webpage/gene_177260.pdf).

19.6  CONCLUSION

Although the CRISPR/Cas system has been fruitfully used to model cancer, gene, 
and cell therapy, the system is still subject to technical restrictions. The most impor-
tant challenges are concerned with the delivery of the necessary components to the 
target cell either in vitro or in vivo and off-target effects. Off-target cleavage of DNA 
can cause unwelcome genetic variations with unpredictable consequences. Many 
approaches have been used to increase the delivery efficiency while lowering the 
off-target effects of CRISPR/Cas components. The CRISPR/Cas system is becom-
ing a superior technology over traditional methods, one that could be applied in all 
fields of life sciences. With the rapid advancement in CRISPR/Cas-based genome-
engineering system, the application of this technology has changed the picture of 
cancer and genetic disorder research, providing new therapeutic approaches to per-
sonalized medicine, contributing to gene therapy and immunotherapy.
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450, 451
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DNA damage repair, 99–100
DNA damaging response (DDR), 99
DNA double-strand break (DSB), 564, 569

repair, 100
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DNA hypermethylation, 548
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DNA methyltransferase 1 (DNMT1), 543, 545, 549
DNA methyltransferase3α (DNMT3A), 538
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mismatch repair (MMR), 534
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533t
DNA repair system, targeting enhanced, 118–119
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Donor-acceptor Stenhouse adducts (DASA), 

201
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Double-strand break (DSB), 564
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Doxorubicin (DOX), 19, 22, 55, 72, 75, 78, 370
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cancer diagnosis and therapy, 270
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co-encapsulating, 120
Doxil®, 4, 5, 6t, 12, 13f, 14, 21, 26, 28, 31, 47, 
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siMDR1-containing complexes, 116–117
to TME, 174
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DR, see Direct reversal (DR)
Drug delivery systems (DDSs)
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143t–144t

mitochondrial targeted, 65–72
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Drug efflux-mediated resistance, overcoming, 
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Drug release, controlling, 194, 195t
DTX, see Docetaxel (DTX)
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EGFR signaling, 467
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ER stress-induced apoptosis, 81
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EndoTAG-1®, 8t
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targeted delivery of drug, 42
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detection of, 301
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Ethylenediaminetetraacetic acid (EDTA), 498
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like protease-inhibitory proteins 
(c-FLIPs), 98

Fas-associated death domain (FADD), 97
Fat suppressed images, ovarian cancer 

management, 250
Fatty acids, 429
FDA, see Food and Drug Administration (FDA)
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Fluorescent nanoparticles, 303
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Gemcitabine, 178, 278
GENCODE Project, 360
Generation (G), defined, 139
Gene regulation, 475
Gene silencing, by RNA interference (RNAi), 

108–109
Gene therapy, 572–574
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Histone methylation, 541–542; see also 

Epigenetic modifier mutations and 
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Histone modifications, 537
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Iron oxide-based nanomedicines, 19–20, 348, 454

K

Kadcyla®, 7t, 17
Kaposi’s sarcoma

AIDS associated, 12, 21, 28
antitumor activity in, 47

Ketal linkers, 198
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Long non-coding RNA and cancer, 359–373

LncRNAs diagnostic and therapeutic 
potential, 366–368, 370–373

biomarkers, 367, 370
therapeutic targets, 370–372
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PET-MR, 239
US imaging, 234t, 238–239

Luteinizing hormone-releasing hormone 
(LHRH), 56

-conjugated dendrimers, 146–147
peptide, 273
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