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 Foreword 
 Globally dubbed as “Technology of the Future”, the fi eld of 
nanoscience and nanotechnology explore distinct properties 
of materials at nano-scale and exploit them to increase the 
effi ciency of the existing products or create novel ones. 
Though spanning a range of science and engineering 
disciplines, the fastest growing technology in the world has 
particularly promised to revolutionize the area of human 
health care; the way we diagnose and treat diseases. Gene 
therapy: potential applications of nanotechnology by 
Dr. Surendra Nimesh is a comprehensive articulation of basic 
theory, applications and challenges involved in the use of this 
inexorable technology in the fi eld of medicine. 

 Gene therapy also referred to as “gene transfer research” 
is, in simple words, a technique by which an abnormal or 
non-functional gene is replaced in the genome by a normal 
one. At present more than 1800 gene therapy clinical trials 
are underway world wide (for details of these clinical trials 
please refer to Ginn et al., J Gene Med 2013; 15: 65-77). 
Despite the early and exciting progress made towards the 
utility of gene therapy to treat several diseases including 
genetic disorders and cancers, one of the perils of the 
technique has been high rates of death due to the viral vectors 
used as vehicles for transferring genes. Nanotechnology and 
nanomaterials offer safe surrogates to the traditional virus-
based delivery vehicles and offer tremendous potential in the 
areas of nanomedicine. 
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 This forward-thinking book written by Dr. Surendra 
Nimesh, is for both nano-specialists and non-nano audience, 
and provides a detailed technical preface to nanomaterials 
and their applications, concepts of gene therapy, and critically 
discusses the advantages and disadvantages associated with 
the use of nano-vehicles for gene therapy. 

 Sabina Halappanavar 
 Research Scientist, Genomics and Nanotoxicology 
Laboratory 
 Mechanistic Studies Division 
 Environmental Health Science and Research Bureau, 
Health Canada 
 Tunney’s Pasture, P/L 0803A 
 50 Columbine Driveway, Ottawa, Ontario K1A0K9 
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  Preface 
 Gene therapy is rapidly emerging as a new class of therapeutics 
for the treatment of inherited and acquired diseases. However, 
poor cellular uptake and instability of DNA in physiological 
milieu limits its therapeutic potential, hence there is a need to 
develop a vector which can protect and effi ciently transport 
DNA to the target cells. Nanotechnology-based non- viral 
vectors have been proposed as a potential alternate. Various 
polymeric nanoparticles have been shown as suitable delivery 
candidates with high cellular uptake effi ciencies and the 
advantage of reduced cytotoxicity. These delivery vectors 
form condensed complexes with DNA which results in 
shielding against enzymatic degradation and enhanced 
cellular targeting. Nanoparticles derived from various 
polymers like poly-L-lysine, polyethylenimine, and chitosan 
have been largely explored, as they bear several advantages 
such as: easy manipulatibility, high stability, low cost and 
high payload. This new book reviews the research work done 
in gene delivery employing nanotechnology. Several cationic 
polymers used to prepare nanoparticles for gene delivery 
have been discussed with relevant recently published data. 

 Chapters 1–4 – Provide a brief introduction to 
nanotechnology and conceptualization of targeted gene and 
drug delivery. The nanoparticles derived from various 
sources such as from cationic polymers have been investigated 
for gene delivery studies. In these chapters, an emphasis has 
been given on the available tools and techniques for  in vitro  
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xxiv

Preface

and  in vivo  characterization of nanoparticles. Right from the 
preparation of nanoparticles till the fi nal fate i.e. release of 
payload followed by transfection effi ciency has been 
mentioned here. Nanoparticle by virtue of their small size 
possess excellent gene delivery effi cacies however, it also 
renders diffi culty in characterization and hence need of 
highly sophisticated analytical instrumentation. A wide 
variety of highly sophisticated techniques such as TEM, 
SEM, AFM, and DLS has been employed to study 
nanoparticles. 

 Chapters 5–7 – Discuss the concept and theory behind 
nanoparticles mediated gene delivery. Gene delivery is a 
multi- step process and faces numerous challenges at each 
and every step. These chapters detail the barriers encountered 
during gene delivery and the strategies adapted to encounter 
those using nanoparticles. The cationic nanocarriers have 
been suggested to not only overcome the cellular and 
environmental hurdles but also result in targeted and 
sustained gene delivery. Polymeric nanoparticles decorated 
with various targeting ligands including antibodies, RGD 
peptides, cholesterol etc. showed promising results in  in vitro  
and  in vivo  studies done in animal models. 

 Chapters 8–16 – Provide a detailed account of the various 
nanomaterials employed to deliver DNA for  in vitro  and  in 
vivo  gene delivery. The initial studies carried out with cationic 
polymers such as chitosan, PEI, PLL are exciting and need to 
be further validated before entering clinical application. An 
in-depth archive has been drawn in these chapters for 
investigations going on into various polymeric nanoparticles 
for gene delivery.  
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                 1 

 Nanotechnology: an 
introduction  

   DOI:  10.1533/9781908818645.1 

  Abstract:  The term “nanotechnology” was coined 
by Norio Taniguchi (1974) and defi ned as: Nano- 
technology mainly consists of the processing of separation, 
consolidation, and deformation of materials by one atom 
or one molecule. Nanotechnology enables the production 
and application of physical, chemical, and biological 
systems at sizes ranging from individual atoms or molecules 
to submicron dimensions. Nanomedicine is one of the 
most signifi cant implications of nanotechnology; it is 
used to collectively mention liposomes, quantum dots, 
polymeric micelles, polymer- drug conjugates, dendrimers, 
inorganic nanoparticles, biodegradable nanoparticles, and 
other materials in nanoscale size with therapeutic 
relevance. This chapter provides some basic introduction 
to nanotechnology and various drug and gene delivery 
systems.  

   Key words:    nanotechnology, nanomedicine, nanoparticles, 
nanocapsules, nanospheres, liposomes, quantum dots.   
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    1.1  Introduction 

 In the quest to develop an effi cient drug delivery system 
with desired therapeutic effect, several approaches have 
been proposed. Upon administration, the fate of drug 
distribution in the body depends on the physico-chemical 
properties and molecular structure of the drug. However, 
the uneven distribution of the drug results in only a small 
amount of the administered dose reaching the desired site 
of action. Further, deposition of the drug at non- specifi c 
sites may lead to adverse and toxic side effects. Hence, it 
has been a challenging task to design and develop novel 
delivery systems with maximal therapeutic effect and 
minimal toxic effects. To develop better drug targeting 
strategies it is imperative to fully explore the nature of the 
target and the mechanism of targeting. A number of drug 
delivery systems have been developed in order to engineer a 
system that can effi ciently and specifi cally deliver drugs to 
target sites. One early approach was the use of prodrugs, 
which are modifi ed forms of the active drugs that can reach 
the target site and be cleaved enzymatically or chemically to 
release the active drug moiety. More recently, several 
biomolecule- based vectors have been investigated, including 
polyclonal antibodies, monoclonal antibodies, sugars and 
lectins, as targeting molecules to which the drug can be 
chemically coupled. 

 The primary objective of controlled drug delivery systems 
is to deliver a drug to a target site, which could be an organ, 
a tissue or a particular population of cells within a tissue. 
Regarding development of newer target- specifi c delivery 
systems, the following points are noteworthy:

   ■   the system should be capable of distinguishing between 
target and non- target sites, to diminish the side effects;  
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  ■   the system should not exhibit toxic effects on prolonged 
 in vivo  administration;  

  ■   the vector should be biodegradable, i.e. it should degrade 
after achieving drug delivery and the degraded components 
thus formed should not be toxic.    

 The site- specifi c delivery of a drug can be signifi cantly 
infl uenced by the choice of delivery system. Recent decades 
have witnessed the evolution of several carrier systems, 
such as microparticles, microemulsions, liposomes and 
nanoparticles. These systems were designed to deliver drug at 
the target sites and diminish any interactions with non- target 
sites, thereby leading to enhanced therapeutic effect. These 
novel carrier systems offer explicit advantages, such as:

   ■   maintenance of drug activity;  

  ■   maintenance of therapeutic drug concentration at target 
sites;  

  ■   protection of drug from being eliminated by the host 
defense system.    

 The host defense mechanism, which consists of the 
reticuloendothelial system (RES), poses one of the major 
challenges in the development of polymeric nanoparticulate 
vectors. When a carrier molecule, or any other foreign 
moiety, enters the vascular system, it is rapidly conditioned 
(or coated) by elements in circulation, such as plasma 
proteins and glycoproteins called “opsonins”, in a process 
known as “opsonization”. This opsonization process enables 
easy identifi cation of the carrier materials by the RES, as in 
the case of other foreign bodies, pathogens, or dying cells, 
and cleared from the blood circulation by phagocytosis by 
the macrophages. 1  The macrophage cells of the liver (Kupffer 
cells), spleen and lung, and circulating macrophages, all play 
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a signifi cant role in the removal of the opsonized particles. 
Recognition of the particles by the RES is dictated by size 
and surface properties. Particulates with large hydrophobic 
surfaces are effi ciently coated with opsonins and are rapidly 
cleared from circulation. However, particles with hydrophilic 
surfaces escape recognition by opsonins, leading to prolonged 
time in circulation. 2  

 Several strategies have been proposed for the modifi cation 
of surface properties of delivery vectors. 3  Coating of 
polystyrene nanoparticles with positively-charged polylysyl- 
gelatin led to the reduction in liver uptake and an increase 
in spleen and lung uptake. In the early 1980s, Illum and 
Davis observed that particles can be largely protected 
from scavenging and clearance by the RES by chemical 
modifi cation, which consists of coating the particles with 
block copolymers. 2  This approach proved to be highly 
effective in alteration of the biodistribution of radiolabeled 
colloidal particles. The polystyrene particles coated with 
block copolymer poloxamer 338 largely escaped (by up to 
50%) the normally predominant liver and spleen uptake, but 
could not escape removal by RES cells. However, coating the 
particles with poloxamine 908, which totally prevents RES 
capture, led to prolonged circulation times. Some of the 
other strategies proposed to circumvent these problems 
include coating the carrier molecules with surfactants, 
gangliosides and polymers like polyethylene glycol (PEG) or 
polyethylene oxide (PEO). Studies with surfactant coated 
carrier molecules led to reduced liver uptake and increase in 
their concentration in blood and other non-RES organs. 4  
However, such strategies are not considered to be applicable 
in clinical practice, since repeated suppression can lead to 
impaired RES function. 

 Particle based drug carriers have been engineered 
to enhance the bioavailability of drug at the desired site 

�� �� �� �� ��



Nanotechnology: an introduction

Published by Woodhead Publishing Limited, 2013

5

and to explore the therapeutic relevance of the controlled 
release of drug and drug targeting. It is highly desirable 
to control the size of the polymeric matrix, to achieve 
the desired therapeutic response of the entrapped drug 
molecules. According to size, the particles can be broadly 
categorized as:

   ■   macroparticles (50–200  μ m),  

  ■   microparticles (1–50  μ m),  

  ■   nanoparticles (1–1000 nm).    

 Microparticles and nanoparticles have been employed in 
numerous studies of drug and gene delivery. Although 
microparticles have been observed to circulate in the blood 
and are capable of passing through the heart, due to their 
large size they cannot enter capillaries and thus cannot reach 
tissue sinusoids. However, the drug encapsulated molecules 
accumulate in the nearby tissues surrounding the capillaries 
and release the drug slowly. These accumulated microparticles 
can be used as a depot system and can be delivered by various 
routes, such as intra- arterial, subcutaneous, intravenous or 
intraperitoneal. Thus, the drug is not only released slowly 
and continuously but is also protected from  in vivo  
degradation. Effi cient drug release is achieved by the use of a 
polymer properly engineered with regard to its pore size, 
swelling properties and degradation. Considering these key 
parameters, biodegradable microparticles of starch, albumin, 
polylactic acid and ethyl cellulose have been designed and 
implicated for chemoembolization. 

 Advances in drug delivery studies have suggested that 
micron sized particles are rapidly cleared by the RES defense 
mechanism. However, to circumvent this clearance of 
particles from the circulation, reduction in size of the particles 
was thought to help prolong circulation and thereby result 
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in a better carrier for enzymes, proteins or polynucleotides 
by any route of administration. Further, the decrease in 
size would result in an increase in surface area, which 
would allow adsorption of larger amounts of the drug or 
biological molecule. Subsequently, it has been demonstrated 
that nanoparticles have the capability of not only releasing 
a drug or a bioactive molecule at the target site but 
also carrying it there. The size of the particles had a 
signifi cant effect, rendering them suitable for systematic 
application, as they can easily pass through capillaries. 
Nanoparticles can be defi ned as metallic or polymeric 
particles within the size range of 1–1000 nm. Birrenbach 
and Speiser in 1976 for the fi rst time reported the preparation 
and characterization of polymeric nanoparticles. 5  This 
report triggered extensive research into the design and 
development of novel nanoparticle based carrier systems 
for delivery of biomolecules. The release of the drug/
biomolecule entrapped in the polymeric nanoparticles can be 
achieved by any one or a combination of the following 
mechanisms:

   ■   swelling of the polymeric nanoparticle matrix by 
hydration followed by bursting or slow release through 
diffusion;  

  ■   enzymatic degradation of the polymeric network at the 
target site, thereby resulting in release of the drug;  

  ■   chemical cleavage of the drug molecules from the swollen 
nanoparticles.    

 Genes have become potential targets for therapeutic use in a 
wide variety of diseases due to their ability to produce active 
proteins using the biosynthetic machinery of the host cell. 
Gene therapy can be defi ned as insertion of genetic material, 
i.e. DNA or RNA, into the cell’s genetic machinery either to 

�� �� �� �� ��



Nanotechnology: an introduction

Published by Woodhead Publishing Limited, 2013

7

correct an underlying defect or to modify the characteristics 
of the cell via expression of the newly inserted gene. However, 
upon delivery genetic material is rapidly degraded by the 
nucleases present in the host system. Hence, for effi cient 
delivery of genes to the target cells, several carrier systems 
have been developed, broadly categorized as viral and non- 
viral vectors. The viral vectors were initially proposed as 
potential carriers due to site specifi city and the natural 
mechanism employed to transit cargo to the cells, but their 
wide clinical application is hampered by immunogenicity 
and pathogenicity. 6  More recently, a wide variety of non- 
viral vectors, consisting of lipid based carriers, polycationic 
lipids, poly- L -lysine (PLL), polyornithine, histones and 
other chromosomal proteins, hydrogel polymers, calcium 
phosphate nanoparticles and cationic polymers have been 
developed. Although non- viral vectors have several 
advantages, such as ease of manipulation, biodegradability, 
biocompatibility, etc., they also suffer from some limitations. 
More specifi cally, polymeric nanoparticles possess high 
stability in the endosomal compartment, which can lead 
to the destruction of DNA by the lysosomal enzymes. 
Further, high stability of the complexes not only makes DNA 
more prone to enzymatic degradation, but also inhibits the 
release of DNA from the complexes within the endosome 
into the cytosol, thereby resulting in poor transfection 
effi ciency.  

  1.2  Defi nition of nanotechnology 

 A presentation at the annual meeting of the American 
Physical Society on 29 December 1959, at the California 
Institute of Technology, by Nobel Laureate Richard 
P. Feynman, titled “There’s Plenty of Room at the Bottom,” 
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has become one of the twentieth century’s classic science 
lectures. Feynman envisaged a technology of manipulating 
and controlling things on a miniature scale, constructing 
nano- objects atom by atom or molecule by molecule. The 
term “nanotechnology” was coined in 1974 by Norio 
Taniguchi, a professor at Tokyo Science University, and 
defi ned as follows: “Nano- technology mainly consists of the 
processing of separation, consolidation, and deformation of 
materials by one atom or one molecule.” Furthermore, 
nanotechnology refers to technology operated on a nanoscale 
with potential applications ( Figure 1.1 ). Nanotechnology 
enables the production and application of physical, chemical, 
and biological systems at sizes ranging from individual 
atoms or molecules to submicron dimensions. Innovation in 
nanotechnology promises breakthroughs in areas such as 
materials and manufacturing, nanoelectronics, medicine and 
healthcare, energy, biotechnology, information technology, 
and national security. One of the unique aspects of 

  Potential applications of nanotechnology       Figure 1.1 
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nanotechnology is the large increase in the ratio of surface 
area to volume present in many nanoscale materials, 
which opens new avenues in surface- based science, such as 
catalysis. 

 Nanomedicine is one of the most signifi cant implications 
of nanotechnology; it is used to collectively describe 
liposomes, quantum dots, polymeric micelles, polymer–
drug conjugates, dendrimers, inorganic nanoparticles, 
biodegradable nanoparticles, and other materials of 
nanoscale size with therapeutic relevance. Nanoparticles 
have emerged as one of the most potential candidates for 
nanomedicine, with several applications in targeted drug 
and gene delivery. Nanoparticles provide better tissue 
penetration and targeting due to their small size. 7  
Nanoparticles prepared from polycationic polymers have 
been largely explored to deliver DNA and small interfering 
RNA (siRNA). These nanoparticles can be subdivided 
into (i) nanospheres, spherical nanometer size particles 
in which the desired molecules can be either entrapped 
inside the sphere or adsorbed on the outer surface or 
both; (ii) nanocapsules, which have a solid polymeric shell 
and an inner liquid core, and the desired molecules can 
be either entrapped inside the core or adsorbed on the 
outer surface or both ( Figure 1.2 ). Further, nanoparticles 
have also been reported to exist in different types of 
shapes, such as nanorods, nanotubes, cones, spheroids, etc. 
Recently, carbon nanotubes have also been conjugated with 
polyglycerol to prepare nanocapsules. 8  Several natural and 
synthetic polycationic polymers, including chitosan and 
polyethylenimine (PEI), have been employed to deliver DNA 
in the form of either complexes or nanoparticles. Herein, I 
have focussed on recent strategies and advances in the 
application of polymeric nanoparticles for targeted DNA 
delivery. 
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   1.3  Structure of the book 

 The book compiles basic knowledge of key concepts 
in preparation, characterization and biological applications 
of nanoparticles. The fi rst four chapters provide a 
detailed account of knowledge about the various tools and 
techniques available for characterization of nanoparticles. 
The following chapters talk about the basic science 
involved behind gene therapy, the major barriers encountered 
during  in vitro  and  in vivo  gene delivery, and the strategies 
adapted to circumvent them. The second half of the 
book provides an overview of the various polymers, such 
as PLL, chitosan, PEI, CDs (cyclodextrins), etc., employed 
to deliver DNA for gene therapy. The emphasis is on the 

  Different types of nanoparticles       Figure 1.2 
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incorporation of the most up-to-date available published 
data for both  in vitro  and  in vivo  gene therapy mediated by 
various polymeric nanoparticles.   
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 Methods of nanoparticle 
preparation  

   DOI:  10.1533/9781908818645.13 

  Abstract:  Nanoparticles have been largely prepared 
from polymers, as they bear several advantages such 
as high reproducibility, control over physico-chemical 
properties, low cost, high stability, and wide availability 
of biodegradable polymers. Polymeric nanoparticles can 
be fabricated in two different ways, i.e. by polymerization 
of monomers or from preformed polymers. Various 
methodologies have been proposed for the preparation of 
nanoparticles depending upon the type of molecules to be 
delivered. Polymeric nanoparticles can be prepared by 
polymerization of monomers using various polymerization 
techniques such as emulsion, dispersion, and interfacial 
polymerization. Further, nanoparticles from polymers can 
be prepared by different approaches including solvent 
evaporation, salting- out, thermal denaturation, dialysis 
and supercritical fl uid technology. This chapter outlines 
the different strategies for the preparation of polymeric 
nanoparticles employed for drug and gene delivery.  

   Key words:    polymeric nanoparticles, monomers, emulsion 
polymerization, dispersion polymerization, interfacial 
polymerization, solvent evaporation, salting- out, dialysis.   
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    2.1  Introduction 

 Polymers are attractive candidates for the preparation of 
nanoparticles as they bear several advantages, such as high 
reproducibility, control over physico-chemical properties, low 
cost, high stability, and wide availability of biodegradable 
polymers. In order to achieve nanoparticles with tailored 
physico-chemical properties, the method of preparation 
plays a pivotal role. Nanoparticles of pharmaceutical relevance 
were fi rst reported by Birrenbach and Speiser in 1976. 1  
Polyacrylamide nanoparticles were synthesized, by 
polymerization of acrylamide cross- linked with N,N´-
methylenebisacrylamide (MBA) in an inverse microemulsion 
(water- in-oil) reaction. Kreuter and Speiser proposed another 
strategy for the preparation of poly(methyl methacrylate) 
(PMMA) nanoparticles called dispersion polymerization. 2  
Later, several other methodologies were suggested for the 
preparation of nanoparticles capable of encapsulating desired 
biomolecules. Polymeric nanoparticles, more specifi cally 
nanospheres, have been explicitly employed for the 
encapsulation and delivery of lipophilic and hydrophilic drugs. 

 Polymeric nanoparticles can be fabricated in two different 
ways: by polymerization of monomers or from preformed 
polymers. 3  To date, a large number of methodologies have 
been proposed for the preparation of nanoparticles depending 
upon the type of molecules to be delivered. Polymeric 
nanoparticles can be prepared by polymerization of monomers 
using various polymerization techniques such as emulsion, 
dispersion, and interfacial polymerization. However, 
nanoparticles from polymers can be prepared by different 
approaches including solvent evaporation, salting- out, thermal 
denaturation, dialysis, and supercritical fl uid technology. An 
illustration of various techniques employed for the preparation 
of polymeric nanoparticles is given in  Figure 2.1 . The choice 
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of preparation method depends on a number of parameters 
such as desired application, the type of polymeric system, size 
requirement, etc. 

    2.2  Preparation of nanoparticles by 
polymerization of monomers 

 Nanoparticles suitable for specifi c applications can be 
prepared by controlling the properties of polymeric 
nanoparticles, which can be easily achieved during the 
polymerization process of monomers. Herein are discussed 
some of the commonly employed methodologies for the 
preparation of nanoparticles by polymerization of monomers. 

   2.2.1  Emulsion polymerization 

 Emulsion polymerization is one of the most widely used 
methods for the preparation of specialty polymers. On the 
basis of use of surfactant, it can be sub- divided into 
conventional and surfactant- free emulsion polymerization. 

   2.2.1.1  Conventional emulsion polymerization 

 This is the most commonly employed method of nanoparticle 
preparation from polymerization of monomers. The key 
ingredients comprise water, a monomer of low water 
solubility, water- soluble initiator, and a surfactant. This 
method consists of emulsifi cation of monomers in an aqueous 
phase and generation of initiator radicals that can diffuse into 
the monomer- swollen micelles. The anionic polymerization 
in the micelles is initiated by water, and proceeds further by 
additional migration of monomers into the micelles. Chain 
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transfer agents are abundant, and termination occurs by 
radical combination ( Figure 2.2 ). 

 Preparation of poly(alkyl cyanoacrylate) (PACA) 
nanoparticles by emulsion polymerization was reported by 
Couvreur et al. 4,5  Anionic polymerization can take place in 
micelles after the diffusion of monomer molecules through 
the water phase and is initiated by water itself. Both the 
rate of polymerization and the absorption of the drug 

  Mechanism of emulsion polymerization       Figure 2.2 �� �� �� �� ��
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are determined by the pH of the medium when the latter is 
ionizable. Usually, the emulsion is stabilized either by non- 
ionic surfactants, such as poloxomer 188 or polysorbate 
20, or by steric stabilizers, such as dextran 70. The size of 
the nanoparticles synthesized by this method is generally 
around 200 nm, but it may be reduced to 30 nm by increasing 
the pH of the polymerization medium and the concentration 
of the surfactant. 6  Despite some major drawbacks, such 
as use of low pH (around 2) at the time of preparation 
and cytotoxicity, the PACA nanoparticles gained wide 
popularity. 7  A number of nanoparticle systems have been 
synthesized following the emulsion polymerization technique. 
Nanoparticles of poly(methyldiene malonate) were prepared 
as a replacement for PACA nanoparticles, but later on they 
were found to be non- biodegradable both  in vivo  and  in 
vitro . 8  To overcome this problem, new derivatives of 
poly(methyldiene malonate), i.e. ethyl-2-ethoxycarbonylmet
hylenoxycarbonylacrylate nanoparticles, were prepared by 
the same methods as adopted for the preparation of PACA 
nanoparticles by anionic polymerization. 8   

   2.2.1.2  Surfactant free emulsion polymerization 

 This methodology gained signifi cant popularity due to its 
simple, green process for preparation of polymeric 
nanoparticles without the use of stabilizing surfactants and 
the inconvenience of removing them afterwards. 9–13  This 
emulsifi er free reaction system consists of deionized water, a 
water- soluble initiator (i.e. potassium persulfate (KPS)), and 
monomers, such as acryl or vinyl monomers. The stabilization 
of polymeric nanoparticles in such a process takes place via 
the use of ionizable initiators or ionic co- monomers. In one 
study, PMMA nanoparticles were prepared by using this 
methodology, in which polymerization was stimulated with 
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microwave irradiation. 14  It was reported that the average 
particle size was primarily controlled by the monomer methyl 
methacrylate concentration. The particle size increased from 
103 nm to 215 nm when the concentration was increased 
from 0 to 0.3 mol/L. Further, the nanoparticle size could be 
controlled by using cross- linkers with enhanced reactivity 
through a one- step microwaving process. The size of the 
nanoparticles was successfully controlled by limiting the 
cross- linking to intra- particle cross- linking rather than inter- 
particle cross- linking. 15  Polyacrylate nanoparticles were 
prepared by employing sodium salt hydrate (NaSS) as the 
stabilizing agent, with a particle size of 172.5 nm; a reduction 
in particle size from 263.4 nm to 172.5 nm was observed 
with manipulation of NaSS concentration. 16  Polystyrene 
nanoparticles of particle size 200–250 nm were prepared 
using ultrasonic irradiation, an anionic ionizable water- 
soluble initiator, KPS, and cetyl alcohol as the co- stabilizer. 17  
Emulsion polymerization has several advantages, but its 
applications are limited by its disadvantages, such as 
inability to synthesize, monodisperse and precisely control 
particle size. 18    

   2.2.2  Mini- emulsion polymerization 

 Application of the mini- emulsion polymerization process for 
nanoparticle preparation has recently gained momentum. 
The reagents employed in this process consist of 
water, monomer mixture, co- stabilizer, surfactant, and 
initiator ( Figure 2.3 ). Although the reagents used in mini- 
emulsion polymerization are similar to those of emulsion 
polymerization, the major difference is the use of a low 
molecular mass compound as the co- stabilizer and also 
the utilization of a high shear device (ultrasound, etc.). 
Mini- emulsions are precariously stabilized, require a high 
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shear to reach a steady state and have an interfacial tension 
higher than zero. 

 PMMA and poly(n- butylacrylate) nanoparticles were 
prepared using a mini- emulsion polymerization technique by 
employing sodium lauryl sulfate (SLS)/n- dodecyl mercaptan 
(DDM) and SLS/hexadecane as surfactant/co- stabilizer 
systems, respectively. 19  Polyacrylic acid nanoparticles were 
synthesized using a co- emulsifi er system consisting of a 
mixture of Span 80 and Tween 80. 20  The polymerization was 
initiated by free radicals, and the particle size was dictated by 

  Differences between various hetero- phase 
polymerization methods: (a) before and 
(b) after polymerization     

  Figure 2.3 
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the type of radical initiator used. Application of water- soluble 
initiators, such as ammonium persulfate (APS), resulted 
in microparticles; however, nanoparticles with average 
diameter between 80 and 150 nm were generated when 
lipophilic radical initiators, such as azobisisobutyronitrile 
(AIBN), were used. Polystyrene single- walled carbon 
nanotube composites were prepared using mini- emulsion 
polymerization, in which sodium dodecyl sulfate (SDS) and 
1-pentanol were employed as the surfactant and co- surfactant, 
respectively. 21  Later, synthesis of polystyrene and PMMA 
nanoparticles was reported using Lutensol AT 50 as 
surfactant. 22   

   2.2.3  Micro- emulsion polymerization 

 Micro- emulsion polymerization is a comparatively new and 
effi cient strategy for the preparation of polymeric 
nanoparticles. Emulsion polymerization exhibits three 
reaction rate intervals, whereas only two are detected in 
micro- emulsion polymerization. Also, the particle size 
and the average number of chains per particle are 
comparatively smaller in micro- emulsion polymerization. In 
micro- emulsion polymerization, a water- soluble initiator is 
added to the aqueous phase of a thermodynamically stable 
micro- emulsion containing swollen micelles ( Figure 2.3 ). 
The polymerization starts from this thermodynamically 
stable, spontaneously formed state and relies on high 
quantities of surfactant systems, which possess an interfacial 
tension at the oil/water interface close to zero. Furthermore, 
the particles are completely covered with surfactant because 
of the use of a large amount of surfactant. Initially, polymer 
chains are formed only in some droplets, as the initiation 
cannot be attained simultaneously in all micro- droplets. 
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Later, the osmotic and elastic infl uence of the chains 
destabilizes the fragile micro- emulsions and leads to an 
increase in the particle size, the formation of empty micelles, 
and secondary nucleation. 

 Polymerization of vinyl acetate in micro- emulsions 
stabilized with sodium bis(2-ethylhexyl) sulfosuccinate 
(AOT) was examined as a function of concentration and 
type of initiator (azobisisobutylnamide dihydrochloride 
(AIBA) and KPS) and temperature. 23  Nanoparticles 
smaller than 40 nm in diameter were prepared using 
micro- emulsion systems containing 1% AOT and 3% 
VA-044. A comparative study involving preparation of 
poly(vinylacetate) nanoparticles by emulsion and micro- 
emulsion polymerization approaches revealed that the 
poly(vinyl acetate) in the high solid content latex has 
much smaller molar masses than the poly(vinyl acetate) 
in emulsion made lattices with similar solid content. 24  Also, 
the micro- emulsion made lattices contain particles two- 
to three- fold smaller than those obtained by emulsion 
polymerization. Polyhexylmethacrylate nanoparticles with 
a size range of 38–53 nm were prepared using a mixture 
of dodecyltrimethylammonium bromide (DTAB) and 
dimethyldioctadecylammonium bromide (DDAB) as 
stabilizer and VA-044 as the initiator. 25  Another study 
employed a surfactant mixture of SDS and AOT in micro- 
emulsion polymerization of butylacrylate, and nanoparticles 
with a particle size smaller than 40 nm were obtained. 26  
Though polymer latexes obtained by micro- emulsion 
polymerization found numerous applications, their 
commercial use has been hampered due to very dilute 
formulations and requirement of a high ratio of surfactant 
to monomer. In typical preparation processes, the surfactant 
concentrations usually exceed the amount required for 
polymer stability.  
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   2.2.4  Interfacial polymerization 

 This technique of nanoparticle preparation has been 
exclusively used to synthesize nanocapsules. In this method 
the drug and an organic liquid are combined, then slowly 
mixed with an aqueous phase with continuous stirring 
( Figure 2.4 ). A diffusing co- solvent (oil- soluble and miscible 
in water) is then used to bring the monomer to the surface of 
the droplets. Spontaneous emulsifi cation at the organic/
aqueous interface leads to polymerization. The resultant 
nanocapsules with oil-fi lled cavities are then separated by 
ultracentrifugation. This method of nanocapsule preparation 
is a relatively new technique and is more complicated than 
that of nanospheres. For the interfacial technique to be 
successful, bulk polymerization should not occur in the 
droplet. Furthermore, an appropriate phase composition 
and co- solvent are critical. 27  

 Al Khouri Fallouh et al. (1986) developed the technique of 
interfacial polymerization for alkylcyanoacrylate monomers 

  Mechanism of interfacial polymerization       Figure 2.4 
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with the aim of entrapping lipophilic drugs. 28  In this 
technique, the alkylcyanoacrylate monomers and the drug 
were dissolved in an ethanolic phase containing an oil, a 
phospholipid mixture or benzyl benzoate. The phase was 
then slowly added into water containing a non- ionic 
surfactant (e.g. poloxamer 188). Dispersion of the organic 
phase occurred simultaneously with both the diffusion of the 
ethanol in the aqueous phase and anionic polymerization of 
the monomer at the water–oil interface. The polymerization 
was initiated by hydroxide ions and led to the formation of 
nanocapsules with an oily core and a polymeric shell. The 
nanocapsule suspension was then concentrated under reduced 
pressure. Although there was twice as much surfactant as 
polymer in the raw suspension, no purifi cation was described. 

 A signifi cant amount of effort has been made to entrap 
hydrophilic drug in the nanoparticles prepared by interfacial 
polymerization. El Samaligy et al. proposed water- in-oil 
(w/o) emulsifi cation followed by an interfacial polymerization 
method. 29  The successful entrapment of doxorubicin was 
demonstrated by this procedure. The aqueous solution was 
emulsifi ed in an organic phase (cyclohexane or chloroform) 
containing a surfactant to which the monomer was added. 
Arakawa et al. proposed an interfacial polymerization 
technique for the preparation of blood hemolysate loaded 
nanoparticles. 30   Poly(N,N-L-lysine- diethylterephthaloyl) 
nanoparticles containing sheep hemolysate were prepared 
by interfacial polymerization using an electro- capillary 
emulsifi cation w/o. Recently, Aboubakar et al. have entrapped 
insulin in poly(isobutylcyanoacrylate) nanoparticles, which 
were prepared by interfacial polymerization with high 
entrapment effi ciency. 31  Thus, these examples show that the 
interfacial polymerization technique allows the formation of 
nanoparticles with relatively high concentration of drug 
entrapment.  
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   2.2.5  Radical polymerization 

 Recent developments related to controlled radical 
polymerization methods have opened up new avenues for 
this process of polymeric nanoparticle preparation. 32,33  Three 
different approaches have been successfully employed 
for controlled polymerizations: nitroxide- mediated 
polymerization (NMP), atom transfer radical polymerization 
(ATRP), and reversible addition and fragmentation transfer 
chain polymerization (RAFT). 34–36  The size of the 
nanoparticles depends on the nature and concentration of 
the controlling agent, monomer, initiator, and emulsion type 
(apart from temperature). Among all the factors, the nature 
of the controlling agent signifi cantly dictates the size of the 
nanoparticles formed. Polystyrene nanoparticles have been 
prepared by using nitroxide as a controlling agent, and its 
effect on the particle size has been investigated. 37  Formation 
of stable latex nanoparticles with small particle size (below 
100 nm) and good consistency was observed with the use of 
acetoxy derivatives (N6) and SG1 (N8). Matyjaszewski et al. 
prepared poly(n- butylacrylate) nanoparticles of average size 
300 nm, which varied with the concentrations of the initiator, 
the mediating (control) agent, the surfactant, and the 
temperature. 38    

   2.3  Preparation of nanoparticles 
using preformed polymers 

 Nanoparticles can also be prepared from macromolecules 
(natural and synthetic) such as polymers, proteins and 
polysaccharides. The major advantage of this method is 
getting rid of the presence of potentially toxic residual 
monomers, oligomers, surfactant, initiators, etc. in the 
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nanoparticles and to avoid further tedious purifi cation 
of the nanoparticles. To date several methods have been 
reported for the preparation of biodegradable nanoparticles 
using preformed polymers such as poly(lactic acid) (PLA), 
poly(l- glycolide) (PLG), poly(lactide- co-glycolide) (PLGA), 
and PACA. 39  

   2.3.1  Solvent evaporation 

 Solvent evaporation was the fi rst method developed for the 
preparation of nanoparticles from preformed polymers. The 
traditional method involves use of two different approaches 
for the emulsion formation: the preparation of single 
emulsions, e.g. oil- in- water (o/w), or double emulsions, e.g. 
(water- in-oil)-in-water, (w/o)/w. In single emulsion 
methodology, the polymer is suspended in a volatile and 
water immiscible solvent like dichloromethane, chloroform, 
ethyl acetate, etc. The drug molecule to be entrapped is 
dissolved into the preformed polymer solution and this 
organic phase is dispersed in the aqueous phase using 
conventional emulsifi cation techniques and surfactant/
emulsifi ers like gelatin, poly(vinyl alcohol) (PVA), 
polysorbate-80, poloxamer 188, etc. The polymeric o/w 
droplets thus formed are separated by the removal of the 
organic solvent following distillation under reduced 
pressure. Afterwards, the solidifi ed nanoparticles can be 
collected by ultracentrifugation and washed with distilled 
water to remove surfactants, followed by lyophilization.
One of the major drawbacks of this methodology is the 
formation of highly polydispersed particles, though the size 
is smaller than 1  μ m. 

 PLGA nanoparticles with particle size range of 60–200 nm 
were prepared by employing dichloromethane and acetone 
(8:2, v/v) as the solvent system and PVA as the stabilizing 
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agent. 40  Later, PLGA nanoparticles of average size 200 nm 
were produced by Lemoine et al. by using dichloromethane 
1.0% (w/v) as the solvent and PVA or Span 40 as the 
stabilizing agent. 41  Both the single emulsion and double 
emulsion methods were employed for the preparation of 
nanoparticles, and the effect of the emulsion method and the 
experimental parameters on the particle size were also 
investigated. In the solvent evaporation method, the mixing 
technique plays a signifi cant role in the preparation of 
nanoparticles. Bilati et al. investigated the effect of the 
sonication process on the characteristics of PLGA 
nanoparticles prepared by the w/o/w solvent evaporation 
method. 42  The duration and intensity of sonication were 
investigated with respect to the ability to modify the size and 
distribution of the nanoparticles. It was demonstrated that 
the duration of the second mixing step, which leads to the 
w/o/w emulsion, has a greater infl uence on the fi nal mean 
particle size than the fi rst step for the water- in-oil emulsion. 
When the second emulsifi cation time period was increased, 
the mean particle size decreased to a certain level. This study 
suggested that a threshold exists for the sonication intensity 
leading to a controlled particle size with a narrow distribution.  

   2.3.2  Emulsifi cation/solvent diffusion 
method 

 This methodology is derived from the solvent evaporation 
method, in which a water- soluble solvent like acetone or 
methanol is used along with a water- insoluble organic 
solvent like dichloromethane or chloroform. 43  Due to the 
spontaneous diffusion of water- soluble solvent (acetone or 
methanol), an interfacial turbulence is created between 
two phases leading to the formation of smaller particles. As 
the concentration of the water- soluble solvent (acetone) 
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increases, a considerable decrease in particle size can be 
achieved. El-Shabouri reported preparation of nanoparticles 
by the emulsifi cation solvent diffusion method, using lecithin 
and poloxamer 188 as emulsifi ers, and chitosan HCl, 
gelatin-A or sodium glycocholate (SGC) as charge inducing 
agents. 44  This method is based on the partial miscibility of an 
organic solvent with water. An o/w emulsion is obtained 
upon injection of organic phase into chitosan solution 
containing a stabilizing agent (i.e. poloxamer) under 
mechanical stirring, followed by high pressure 
homogenization. The emulsion is then diluted with a large 
amount of water to overcome organic solvent miscibility in 
water. Polymer precipitation occurs as a result of the diffusion 
of organic solvent into water, leading to the formation of 
nanoparticles. This method is suitable for hydrophobic drugs 
and showed a high percentage of drug entrapment. The 
major drawbacks of this method include harsh processing 
conditions (e.g. the use of organic solvents) and the high 
shear force that is used during nanoparticle preparation.  

   2.3.3  Thermal denaturation 

 Preparation of nanoparticles by thermal denaturation was 
fi rst reported by Scheffel et al. from a natural macromolecule, 
albumin. 45  Heat treatment of albumin is applicable only to 
drug molecules that are not heat sensitive. Initially, the 
albumin microspheres of size 12–45  μ m were prepared by 
emulsifi cation of the aqueous solution of albumin in cotton 
seed oil, followed by heating for total evaporation of the 
water along with the denaturation of albumin. 46  This 
technique was further adapted by Scheffel et al. to prepare 
an emulsion (aqueous solution of albumin in cotton seed oil) 
characterized by very small droplets in the dispersed phase. 
The emulsion was then added to cotton seed oil pre- heated 
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to above 100°C. The addition of the emulsion to the hot oil 
instantaneously leads to the evaporation of the water 
contained in the droplets as well as denaturation of 
the albumin. Later, Kramer used this method for the 
preparation of drug loaded nanoparticles for sustained drug 
delivery studies. 47  Subsequently, Widder et al. also used this 
method for the preparation of magnetized albumin 
nanoparticles. 48   

   2.3.4  Salting- out 

 The salting- out method for nanoparticles preparation is 
based on the separation of a water miscible solvent from 
aqueous solution via a salting- out effect. The salting- out 
approach can be considered as a modifi cation of the 
emulsifi cation/solvent diffusion method. The initial step 
consists of dissolving polymer and drug in a solvent such as 
acetone, followed by subsequent emulsifi cation into an 
aqueous gel which contains the salting- out agent (electrolytes, 
such as magnesium chloride, calcium chloride, and 
magnesium acetate, or non- electrolytes such as sucrose) and 
a colloidal stabilizer such as polyvinylpyrrolidone (PVP) or 
hydroxyl ethylcellulose. This oil/water emulsion is diluted 
with a suffi cient volume of water or aqueous solution to 
enhance the diffusion of acetone into the aqueous phase, 
thus resulting in the formation of nanospheres. The choice of 
the salting- out agent is critical, as it can play an important 
role in the encapsulation effi ciency of the drug. At the fi nal 
step, both the solvent and the salting- out agent are then 
removed by cross- fl ow fi ltration. 49  Leroux et al. reported 
preparation of PLA nanoparticles by adding an aqueous gel 
containing magnesium acetate tetrahydrate and PVA to an 
acetone solution of the polymer, forming a water- in-oil 
emulsion. 50  Although water was miscible with acetone, a 
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liquid–liquid two- phase system was formed due to the 
presence of the salting- out agent. Further addition of the 
aqueous gel resulted in an oil- in-water emulsion. Finally, a 
suffi cient amount of water was added to allow diffusion of 
acetone into the aqueous phase, which produced nanoparticles 
with an average size of 295 nm.  

   2.3.5  Dialysis 

 Dialysis is a simple and effi cient method for the preparation 
of polymeric nanoparticles with small size range and 
narrow distribution. In this method, the desired polymer is 
dissolved in an organic solvent and placed inside dialysis 
tubing with a suitable molecular weight (MW) cut- off 
( Figure 2.5 ). Dialysis is usually performed against a non- 
miscible solvent. The removal of the solvent from the dialysis 
tubing is followed by gradual aggregation of polymer due 
to loss of solubility and fabrication of a homogeneous 
suspension of nanoparticles. Nanoparticles of poly( γ -
glutamic acid) were prepared using different solvents such as 
dimethylsulfoxide (DMSO), dimethylformamide (DMF), 
dimethylacetamide (DMAc), and N-methyl-2-pyrrolidone 
(NMPy); spherical nanoparticles with diameters in the size 

  Schematic representation of dialysis method for 
preparation of polymer nanoparticles     

  Figure 2.5 
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range of 100 to 200 nm were observed in the case of 
DMF. 51  In contrast, use of NMPy solvent resulted 
in formation of various sizes of nanoparticles with 
larger size distribution. Poly(d,l- lactide)-g- poly(N-isopropyl 
acrylamide- co-methacrylic  acid)  (PLA-g-P(NIPAm- co-
MAA)) graft co- polymers have been employed for the 
preparation of “intelligent” nanoparticles with multi- 
functional sensitivity using the dialysis method with DMSO 
as the solvent. 52  In another study, poly(lactic acid) branched 
polyethylene glycol (PLA-b-PEG) nanoparticles of spherical 
shape with a size range of 90–330 nm were synthesized by 
employing DMSO as the solvent. 53  

 In one of our studies, PEI nanoparticles were prepared by 
cross- linking with PEG-bis-(p- nitrophenyl carbonate) with 
a size range of 18–75 nm (hydrodynamic radii) with almost 
uniform population. 54  The p- nitrophenoxide ions generated 
during the reaction were easily removed by dialysis against 
a 5% sodium bicarbonate solution for 3 days prior to 
dialyzing against distilled water.  

   2.3.6  Supercritical fl uid technology 

 Supercritical or compressed fl uid has been successfully 
employed for the preparation of nanoparticles and 
microparticles from polymers. 55  This method involves 
solubilization of polymer in a supercritical fl uid, followed by 
expansion of the solution through a nozzle. The supercritical 
fl uid gets evaporated during the spraying process, resulting 
in precipitation of the solute particles. This method yields 
pure nanoparticles as the precipitated solute is free from any 
solvent content. It has other advantages, such as suitable 
technological and biopharmaceutical properties, along with 
high quality. It has been successfully implicated in several 
applications involving protein drug delivery systems. PEG/
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PLA nanoparticles encapsulating insulin were prepared 
employing this technique. 56  

 Meziani et al. used the rapid expansion of a supercritical 
solution into a liquid solvent (RESOLV) technique for 
the preparation of poly(heptadecafl uorodecylacrylate) 
(PHDFDA) nanoparticles having an average size of less than 
50 nm. 57  The polymer was soluble in supercritical CO 2 , but 
insoluble in water. In a typical experiment, a CO 2  solution of 
the polymer PHDFDA (0.3 wt. %) was pressurized in a 
syringe pump and pushed through the heating unit to reach 
the desired supercritical temperature before reaching the 
expansion nozzle. The expanding solution passed through 
the nozzle into a chamber containing water at ambient 
temperature. Since the polymer was insoluble in water, it 
precipitated to form nanoparticles. The expansion of the 
supercritical CO 2  solution of 60 ml took about 30 min. In the 
fi rst 5 min of the rapid expansion, the aqueous nanoparticle 
suspension appeared clear and stable. However, scanning 
electron microscope (SEM) micrographs revealed that, as the 
rapid expansion progressed, larger particles were formed in 
the aqueous suspension due to aggregation of the initially 
formed nanoparticles. The use of an aqueous NaCl solution 
in place of water at the receiving end of the expansion process 
stabilized the initially formed nanoparticles to some extent 
due to the increased ionic strength in the suspension.   

   2.4  Methods of controlled release 

 Two types of controlled drug release can be achieved – 
temporal and distribution control. In temporal control, the 
aim of the drug delivery system is to deliver the drug over an 
extended period of time or at a specifi c duration during 
treatment. This type of control is highly benefi cial for drugs 

�� �� �� �� ��



Methods of nanoparticle preparation

Published by Woodhead Publishing Limited, 2013

33

having fast metabolism and elimination after administration. 
In distribution control, the aim of the drug delivery system is 
to target the release of the drug to the precise site of activity 
within the body. This type of control is benefi cial for two 
principal situations: (i) when the natural distribution causes 
drug molecules to encounter tissues and cause major side 
effects, thus prohibiting further treatment, and (ii) when the 
natural distribution of the drug does not allow the drug 
molecule to reach its molecular site of action. A wide variety 
of drugs, including chemotherapeutic drugs, immune 
suppressants, antibiotics, steroids, hormones, etc., have 
benefi ted from this temporal and distribution controlled 
release of drugs. 

 In controlled release, the physical and chemical properties 
of the system are modifi ed to achieve the drug release kinetics. 
The main factors involved in achieving the desired release 
rates are:

   ■   desorption of the surface bound/adsorbed drug;  

  ■   diffusion through the nanoparticle matrix;  

  ■   diffusion through the polymer wall (in the case of 
nanocapsules);  

  ■   nanoparticle matrix erosion;  

  ■   a combined erosion/diffusion process.    

 Diffusion and biodegradation are the major governing 
factors for the process of drug release. Drug release profi les 
from nanoparticles depend upon the nature of the delivery 
system. Such systems often use synthetic polymers as carriers 
for the drug. In the case of a matrix device, drug is uniformly 
distributed/dissolved in the matrix and the release occurs by 
the diffusion or erosion of the matrix. If the diffusion of the 
drug is faster than matrix degradation, then the mechanism 
of drug release occurs mainly by diffusion; otherwise it 
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depends upon degradation of the matrix. 58  Rapid initial 
release is attributed to the fraction of the drug which is 
adsorbed or weakly bound to the large surface area of the 
nanoparticles, rather than to the drug incorporated in 
the nanoparticles. 

 Diffusional release methods can be categorized as reservoir 
devices, monolithic devices and hollow fi bers. These devices 
exhibit the classical biphasic Michaelis–Menten kinetics in 
which the initial burst phase is followed by a steady release 
rate. Recently, Polakovic et al. theoretically studied the 
release from PLA nanoparticles with varying amounts 
(7–32% w/w) of lidocaine. 59  In the case of nanocapsules, the 
drug core is coated with the polymer and release occurs by 
diffusion of the drugs from the core across the polymeric 
barrier layer. Hence, theoretically the drug release should 
follow zero order kinetics. Cavallaro et al. obtained similar 
release profi les for indomethacin from bulk nanoparticles 
and nanocapsules, thus indicating the non- interfering nature 
of the polymer coating, so that release is caused by 
partitioning of the drug. 60  

 In monolithic devices, the therapeutic agent is dissolved or 
dispersed at a rate controlled by the polymeric matrix. These 
devices do not exhibit zero order kinetics, but are the simplest 
and the most convenient for applications with the prolonged 
release of an active agent. Fresta et al. reported a higher 
burst, up to 60–70%, for the nanoparticles loaded with the 
drug by absorption. Here the burst effect is less and the 
remaining drug release is quite slow. 61  

 In osmosis the drug is released from the semi- permeable 
membrane. This type of delivery is independent of the agent’s 
properties, has a constant rate of delivery and exhibits 
greater rates than diffusion control. Osmotic systems are pH 
dependent and are very useful in gastrointestinal drug 
delivery. Polymer bio- erosion is the conversion of an initially 
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water- insoluble system to a water- soluble one. This is often 
classifi ed into three types, depending upon which portion of 
the drug is cleaved (cross- links, pendant groups or backbone). 
In the case of drug release from hydrogel nanoparticles, 
release occurs mainly due to swelling, which can be controlled 
either by adding hydrophilic functional groups or by 
monitoring the cross- linking of the matrix. 

 It is evident that the various types of controlled release 
nanoparticulate systems have the potential to have a 
revolutionary impact on drug delivery. The recent advances 
in the area of peptide design and gene therapy have necessitated 
the need to develop newer controlled release systems.   
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 Tools and techniques 
for physico-chemical 
characterization of 

nanoparticles  

   DOI:  10.1533/9781908818645.43 

  Abstract:  The transfection effi ciency of nanoparticles is 
signifi cantly infl uenced by the particle size, shape and 
charge. A multitude of techniques, such as TEM and DLS, 
are required to characterize the physico-chemical properties 
of nanoparticles which may be relevant to their therapeutic 
potential. Laser diffraction which works on the Mie and 
Fraunhofer scattering theory has also been employed 
for particle size measurements. Further, TEM, AFM and 
SEM have been used for determination of surface 
morphology of nanoparticles and laser Doppler velocimetry 
for surface charge. This chapter accounts for various 
techniques employed for physico-chemical characterization 
of nanoparticles.  

   Key words:    size, zeta potential, dynamic light scattering, 
microscopy, TEM, SEM, AFM, laser diffraction.   
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    3.1  Introduction 

 The therapeutic effi cacy of nanoparticles has been 
well correlated with their physico-chemical properties, 
namely size, shape, surface chemistry, etc. Numerous 
studies have reported the correlation between the size and 
shape of nanoparticles and their drug and gene delivery 
effi cacy. 1,2  Though the physico-chemical characterization of 
nanoparticles has been well associated with biological 
interactions and uptake by cells, such measurements are 
not reliable for predicting the effi cacy and toxicity of the 
nanoparticles.  

   3.2  Physico-chemical characterization 

 Several natural and/or synthetic polymers have been 
employed in preparation of polymeric nanoparticles 
for therapeutic applications, such as PEI, chitosan, 
hyaluronic acid (HA), dextran, PEG,  N -(2-hydroxypropyl)
methacrylamide copolymers, PVP and poly(aspartic acid). 3  
Various techniques are employed for routine characterization 
of polymeric nanoparticles; some of these techniques are 
discussed in detail below. 

   3.2.1  Size and size distribution 

 The transfection effi ciency of nanoparticles is signifi cantly 
infl uenced by the particle size. Hence, most of the 
formulations, such as DNA/polymer, lipid complexes and 
liposomes, are prepared with special attention to the particle 
size. 4–6  Numerous publications have revealed that the particle 
size signifi cantly dictates their cellular and tissue uptake; in 
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some cell lines, only the sub- micron-sized particles are taken 
up effi ciently but not the larger- sized microparticles (e.g. 
Hepa 1-6, HepG2, and KLN 205). 7,8  Prabha et al. reported 
that the smaller- sized nanoparticles (mean diameter 70 nm) 
showed a 27-fold higher transfection than the larger- sized 
nanoparticles (mean diameter 202 nm) in COS-7 cell line 
and a four- fold higher transfection in HEK-293 cell line. 9  In 
a study by Chithrani et al., the uptake of three different gold 
nanoparticles with size 14, 50, and 74 nm was investigated 
in HeLa cells. 10,11  It was observed that the kinetics of uptake 
as well as the saturation concentration varied with different- 
sized nanoparticles, with 50 nm particles being the most 
effi cient in their uptake, indicating that there might be an 
optimal size for effi cient nanomaterial uptake into cells. The 
effect of nanoparticle shape on its internalization was also 
examined: spherical particles of similar size were taken up 
500% more than rod- shaped particles, which is explained by 
the greater membrane wrapping time required for the 
elongated particles. Studies done for the determination of 
nanoparticle size are often complicated by the polydispersity 
of samples. However, characterization of nanoparticles 
employing multiple techniques, such as transmission electron 
microscopy (TEM) and dynamic light scattering (DLS), 
provides information about size of nanoparticles which may 
be relevant to their therapeutic potential. 

   3.2.1.1  Microscopy 

 Due to the very small size of nanoparticles, they are often not 
resolvable by optical microscopy; hence higher- resolution 
techniques such as electron microscopy are required for 
determination of their size and shape. TEM employs a beam 
of electrons which is transmitted through an ultra- thin 
specimen, interacting with the specimen as it passes through. 
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This interaction of electrons forms an image which is further 
magnifi ed and can be focused onto an imaging device, such 
as a fl uorescent screen or charged coupled device (CCD) 
camera. Samples for nanoparticle characterization can be 
either prepared by simple deposition of dilute suspensions on 
copper grids or fi xated using a negative staining material 
such as uranyl acetate. TEM provides information not only 
about the size of nanoparticles but also about the surface 
morphology. In one of our studies, samples for TEM were 
prepared by dispersing lyophilized powder (2 mg) of 
nanoparticles by sonication in distilled water (1 ml) to obtain 
a clear suspension. 12  The sample solution (3  μ l) was put on a 
formvar (polyvinyl formal) coated copper grid and air- dried 
prior to analysis. TEM analysis of cross- linked acrylamido-
2-deoxy- glucose (AADG) nanoparticle images showed 
spherical and compact particles with average size of 85 nm 
( Figure 3.1 ). In another study, prior to visualization of 
samples, the grids were negatively stained with a saturated 
solution of uranyl acetate. 13  

 Atomic force microscopy (AFM) or scanning force 
microscopy (SFM) is a high- resolution scanning probe 
microscope with resolution in the range of few nanometers. 
The instrumental set- up of AFM consists of a cantilever with 
a very fi ne tip (probe) at its end, typically silicon with a 
radius of few nanometers, which is employed to scan the 
sample surface. At the time of scanning, the forces between 
the cantilever tip and the sample lead to defl ection of the 
cantilever, which can be detected by using a laser spot 
refl ected from the top surface of the cantilever. AFM is 
preferred for characterization of nanoparticles as it possesses 
3D visualization capability and provides both qualitative 
and quantitative information about the sample topology, 
including morphology, surface texture and roughness, and, 
more important in this case, the size of the particles. 14  
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Recently, AFM has been employed for the estimation of size 
and surface morphology of nanoparticles. In one of our 
studies, lyophilized powder (~0.5 mg) of nanoparticles was 
dispersed by sonication in double distilled water (1 ml) to 
obtain a suspension, and 2–3  μ l of this suspension was 
deposited on a “Piranha” cleaned glass slide and allowed to 
dry overnight at room temperature. 15  Subsequently, the glass 
surface containing the nanoparticles was imaged by AFM. 
The average size of nanoparticles PPA3 and PPA3 loaded 
with DNA was found to be 100 nm ( Figure 3.2 ). In another 
study, the size of guanidinated-PEI/pDNA complexes, 
prepared at N/P ratio of 30 in phosphate buffered saline 
(PBS) at pH 7.4, was observed to be 350 nm. 16  Polyurethane 
nanoparticles observed by AFM were spherical with diameter 
around 209 nm for nanoparticles prepared without PEG. 17  

  TEM image of AADG nanoparticles. Average size 
of nanoparticles is 85 nm     

  Figure 3.1 

  Source:  adapted from Nimesh et al. 2006 12  
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  Atomic force microscope image of (a) PPA 3 
alone and (b) PPA 3-DNA complexes. Average 
size in each case is 100 nm     

  Figure 3.2 

  Source:  adapted from Nimesh et al. 2007 15  

From AFM imaging two modes of nanoparticles were 
observed in the formulation prepared with PEG, 218 and 
127 nm. 

    3.2.1.2  Dynamic light scattering 

 DLS measures the temporal fl uctuations of the light scattered 
due to the Brownian motion of the particles, when a solution 
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containing the particles is placed in the path of a 
monochromatic beam of light. It is also known as photon 
correlation spectroscopy or quasi- elastic light scattering. 
This technique provides particle size information in terms of 
hydrodynamic diameter along with the polydispersity index 
of the sample. DLS is a sensitive, non- intrusive, and powerful 
analytical tool, routinely employed for characterization of 
macromolecules and colloids in solution. This technique has 
also been used to measure the size and size distribution 
profi le of nanoparticles. In a study published earlier, size of 
polymer/DNA complexes was determined by DLS fi tted with 
an argon ion laser operated at 633 nm as the light source 
using a digital correlator. 16  Measurements were carried out 
at an angle perpendicular to the incident light and the data 
were collected over a period of 3 min. The mean particle size 
of the complexes of guanidinated-PEI/pDNA prepared at 
N/P ratio of 30 in PBS at pH 7.4 was observed to be 355 nm. 
In another study, PEI–PEG nanoparticles were characterized 
by DLS and TEM and found to be in the range of 18–75 nm 
(hydrodynamic radii) with almost uniform population 18  
( Figure 3.3 ). 

 Usage of two different methods, namely, AFM or TEM 
and DLS, results in probable discrepancy in the nanoparticle 
size determination. To perform DLS, nanoparticles are 
suspended in water or buffer, making them completely 
hydrated, whereas for AFM or TEM samples are dried 
on a glass slide or copper grid surface. AFM and TEM 
have the limitation of visualizing a small number of 
nanoparticles, while the DLS technique provides an 
average picture of the sample by determining the size of 
millions of particles. Therefore, the use of two different but 
complementary methods provides an overall evaluation of 
both size and morphology of nanoparticles. However, size 
determination under physiological conditions is an important 
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  (a) Representative overlay of dynamic light 
scattering spectrum of PEI-PEG 8000  10% (ionically 
cross- linked) nanoparticles in double distilled 
water (blue color), and 10% FCS (gray color). 
Size distribution obtained by TEM images of 
ionic nanoparticles: (b) PEI-PEG 6000  10% ionic 
alone and (c) PEI-PEG 6000  10% ionic DNA loaded. 
Average size in each case is 100 nm     

  Figure 3.3 

  Source:  adapted from Nimesh et al. 2006 18  

and challenging area. The properties of nanoparticles are 
highly infl uenced by the surrounding environment; for 
instance, the size distribution at physiological conditions 
may differ from that in water or in the dry state. In this 
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regard, DLS seems to be the more suitable method, as it 
provides measurements in physiological buffers or biological 
fl uids such as blood plasma.  

   3.2.1.3  Laser diffraction 

 In addition to microscopy and DLS, laser diffraction, which 
works on the Mie and Fraunhofer scattering theory, has also 
been employed for particle size measurement. These laser 
diffraction instruments are quite capable of measuring 
particle size in the range of a few nanometers to several 
microns. Moreover, the unique advantage of this technology 
is not only the wide size range but also its capability to 
measure dry powders and aerosols, which is not possible by 
DLS. In a typical experiment, a dispersed sample is passed 
through the measurement chamber, where a laser beam 
illuminates the particles. The intensity of light scattered by 
the particles within the sample is detected over a wide range 
of angles. In contrast to DLS, the laser diffraction technique 
can also measure the volume distribution directly, whereas 
the DLS measures an intensity- based mean particle diameter. 

     3.2.2  Surface morphology 

 Surface morphology and shape of nanoparticles play a vital 
role in interaction with the cells and resulting uptake. TEM, 
AFM and SEM have been used for determination of the surface 
morphology of nanoparticles. SEM employs a high- energy 
beam of electrons to scan the sample surfaces. On this 
instrument samples are analyzed after drying and coating with 
a thin layer of gold or platinum. SEM provides a direct picture 
of the surface of nanoparticles. The surface morphology of 
PLGA nanoparticles modifi ed with L-ascorbic acid was 
analyzed by SEM. 19  The synthesized PLGA nanoparticles were 
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found to have regular and smooth spherical shape, with no 
signifi cant difference between particles prepared with 
and without ascorbic acid. In another study, Wu et al. 
investigated (PEG-PEI)/siRNA nanoparticles at N/P ratio of 
15 by SEM for morphology. 20  The nanoparticles were 
observed to be spherical, uniform in size and well dispersed, 
with average size of 240 nm. In one of our studies, surface 
morphology of nanoparticles prepared by cross- linking 
AADG with MBA was determined with TEM. 12  The 
nanoparticles appeared spherical with smooth surface and 
uniform distribution with average size of 85 nm ( Figure 3.1 ). 
AFM has also been employed for investigation of surface 
morphology of nanoparticles in several studies. We employed 
AFM to observe nanoparticles prepared from PEI acylated 
with propionic anhydride with or without complexation 
with siRNA ( Figure 3.4 ). 21  AFM investigation of these 
nanoparticles showed spherical and compact complexes 

  AFM image of nanoparticles prepared from PEI 
acylated with propionic anhydride in double 
distilled water. The average particle size is 
100 nm     

  Figure 3.4 

  Source:  adapted from Nimesh and Chandra 2009 21  
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with an average size of 100 nm. The three- dimensional image 
revealed a homogeneous population with a clear absence of 
aggregates even after 2 h. The nanoparticles maintained their 
morphology and shape even after binding to siRNA. 

    3.2.3  Surface charge 

 The surface charge plays an important role in determining 
the interaction of nanoparticles with the cell surface. 
Zeta potential is used to describe the surface charge of 
nanoparticles, which can be defi ned as a measure of the 
magnitude of repulsion or attraction between particles. A 
particle suspended in a solution containing ions is surrounded 
by an electrical double layer of ions and counterions. The 
potential that exists at the hydrodynamic boundary of the 
particle is known as the zeta potential. It is determined using 
laser Doppler velocimetry, whereby the velocity of particles 
is measured in samples exposed to electrophoresis. The 
stability of the colloidal system can be predicted by 
the magnitude of the zeta potential values. Particles in 
suspension with a high negative or positive zeta potential 
will tend to repel each other, thereby resulting in a stable 
colloid. However, on the contrary, particles with low 
zeta potential values lack suffi cient repulsive force, which 
results in particle agglomeration. The charge of chitosan/
DNA nanoparticles depends on the concentration of 
DNA and chitosan as well as the pH and salt content of 
the suspension medium. We systematically investigated the 
infl uence of salt and pH on the surface charge of chitosan/
DNA nanoparticles. 22  Zeta potential measurements indicated 
that particle surface charge was reduced by suspending 
nanoparticles in PBS at pH 6.5 (+11.4 mV) as compared with 
water at pH 6.1 (+41.4 mV), and even became negative at 
pH 7.4 (−4.9 mV). This dependence of charge on pH was 
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also observed by Mao et al., who found electrostatically 
neutral particles in the pH range of 7.0–7.4 using a N/P 
ratio of 6 while the zeta potential became −20 mV at pH 
8–8.5. 23  

 Nanomaterial properties such as solubility and cell surface 
interactions can be signifi cantly infl uenced by the presence of 
functional groups on the surface. Incubation of nanomaterials 
with cells in media results in adsorption of serum proteins 
on their surface that induce the entry of nanoparticles 
by receptor- mediated endocytosis. 24  However, synthesis of 
nanoparticles that do not interact with cell membranes or 
other biological macromolecules is also desirable. For 
instance, for  in vivo  applications, non- specifi c adsorption of 
proteins on the nanoparticle surface can occur, which may 
lead to particle agglomeration and clearance by the RES, 
hindering the particle’s ability to deliver drugs/genes to the 
target site. To avoid such issues, nanoparticles can be coated 
with neutral polymers such as PEG, which is well known to 
resist protein adsorption.  

   3.2.4  Stability 

 To be benefi cial as therapeutic agents, nanoparticles must 
satisfy two important criteria: they must be stable over 
the temperature range and the time period required as 
per the need for therapeutic applications. The surface 
of nanoparticles needs to be modifi ed in order to improve 
upon their dispersion stability in liquid media, by polymeric 
surfactants or other modifi ers, so as to generate an effective 
repulsive force between the nanoparticles. Adsorption of 
polymeric dispersant is the easiest way to modify the 
nanoparticle surface. Various carboxylic acid- based anionic 
surfactants, such as polyacrylic acid and polyacrylic acid 
sodium salts, and the cationic surfactant PEI are widely 
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accepted. 25–27  However, the high positive charge arising due 
to amine groups, as in the case of nanoparticles prepared 
from polycationic polymers, is suffi cient to maintain the 
dispersion stability. Stable shelf life over a period of time 
is one of the important prerequisites for production of 
biologically active molecules. It is well established that very 
small particles tend to aggregate among themselves to reduce 
the surface area, and hence to reduce the free surface energy. 
One of the methods to check the stability of the nanoparticles 
is to examine the particle size at various time points. In one 
of our recent publications, we have prepared chitosan 
nanoparticles by cross- linking with glutaraldehyde in reverse 
micro- emulsion and the stability was examined in terms of 
the particle size. 28  The lyophilized nanoparticle powder was 
stored at 4°C for 1–30 days and the size of the nanoparticles 
monitored by DLS. A clear suspension was obtained by 
sonication when the lyophilized powder of nanoparticles 
was dispersed in water. The conclusion of the study suggested 
that the nanoparticles were quite stable at 4°C, since the size 
of the nanoparticles remained constant even after 30 days 
of storage. 

 Plasmid DNA formulations are prepared for transfections, 
and these can be stabilized by drying at room temperature, 
though they are unstable when stored in solution. 29  In a 
few studies dealing with the applications of PEI-based 
formulations with siRNA, oligonucleotides and ribozymes, 
lyophilization has been reported. 30,31  It was observed that 
these systems retained activity when freeze- dried with 
glucose. It has been shown that nucleotide complexes lose 
transfection activity because of interactions between the 
complexes during the freezing step that leads to aggregation. 32  
However, steric hindrance by macromolecules like sucrose 
could lead to decreased mobility of the particles and 
so decrease the interactions as well. Andersen et al. 
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also observed a requirement for a lyoprotectant in their 
freeze- dried chitosan system to prevent aggregation and loss 
of silencing activity. 33   

   3.2.5  Sterility 

 Maintenance of a sterile atmosphere for the nanoparticles 
is a prerequisite for both  in vitro  and  in vivo  application in 
the fi eld of drug and gene delivery. For clinical use, the 
pharmacopoeial requirements of sterility have to be met by 
parenteral drug delivery systems. However, the chemical 
or physical properties of the polymer matrix usually 
limit most conventional methods for obtaining acceptable 
sterile products. 34  A major challenge in the case of polymer 
nanoparticles used as drug carriers is the use of a sterilization 
technique which can keep intact the supramolecular and 
molecular structure of the colloids. With chemical sterilization 
by gases such as ethylene oxide, toxicological problems 
may be encountered due to toxic residues. Numerous studies 
have shown the effects of  γ -irradiation on the stability and 
safety of colloidal carriers based on polyesters, principally 
microparticles and nanoparticles. 35,36  Therefore, the selection 
of a suitable sterilization method for this type of formulation 
is crucial to ensure their physical and chemical integrity, their 
performance, and biosafety  in vivo . 

 Sterile fi ltration based on physical removal of micro- 
organisms through 0.22- μ m membrane fi lters may be 
considered the appropriate method for chemically or 
thermally sensitive materials, since it has no adverse effect 
on the polymer or the drug. 37–39  Moreover, it has no 
adverse effect on either the drug release properties and the 
stability of a formulation or the chemical stability of 
ingredients. However, this sterilization method can only be 
used for nanoparticles with a mean size signifi cantly below 
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membrane cut- off and with a narrow size distribution to 
avoid membrane clogging. Moreover, this technique is 
not suitable for larger nanoparticles (exceeding 200 nm), 
when the drug is adsorbed at the nanoparticle surface, or 
when the colloidal suspensions are too viscous. 40,41  In one 
of our studies, we sterilized chitosan solutions by a sterile 
fi ltration technique before complexation with DNA followed 
by incubation and transfection of complexes in sterile 
conditions. 22  The complexes showed effi cient transfection 
without any signs of contamination by either bacteria or 
mycoplasmas. 

 Autoclaving for heat- induced sterilization is a highly 
effective technique, which involves high temperatures 
and may infl uence decomposition or degradation of the 
active ingredient as well as the nanoparticle material, i.e. 
the polymer. 35,42  A signifi cant increase in particle size was 
reported after autoclaving unloaded polybutylcyanoacrylate 
nanoparticle suspensions, and the nanoparticle powders 
were characterized by impaired re- suspension characteristics. 
These effects were attributed to swelling of the polymeric 
membrane. Sterilization by autoclaving induces degradation 
of polyesters by hydrolysis, and these polymers are also 
heat- sensitive, due to their thermoplastic nature. On the 
other hand, solid lipid nanoparticles can be sterilized 
by autoclaving, maintaining an almost spherical shape, 
without any signifi cant increase in size or distribution. 43,44  
The Food and Drug Administration requires that sterile 
pharmaceutical products be free of viable micro- organisms. 
Sterility testing of pharmaceutical products provides added 
assurance that the product is sterile. Sterility testing is 
typically done by inoculating the drug product into microbial 
growth media for Gram- positive and Gram- negative bacteria, 
spore- forming bacteria, yeasts and fungi, followed by visual 
inspection for growth during incubation for a specifi ed time 
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period. A lack of visual growth indicates that the drug 
product samples tested were sterile.    
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and  in vivo   
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  Abstract:  Effi cacy of gene and drug delivery is dictated by 
the interaction of nanoparticles with the cell membranes. 
Since the cell membranes are anionic in nature, cationic 
nanoparticles enhance the interaction with the cell 
membranes. Binding and uptake of nanoparticles have 
been characterized by sophisticated microscopy and fl ow 
cytometry techniques. Binding of nanoparticles depends 
on the particles’ charge, size, shape and the cell type under 
investigation. Cytotoxicity has been evaluated by 
employing a multitude of colorimetric assays exploiting 
either the physical state or the metabolic state of the cells. 
Further,  in vivo  characterization of interaction of 
nanoparticles is highly desirable in deciphering the 
interaction of nanoparticles with various serum proteins. 
This chapter explores various factors dictating the 
characterization of nanoparticles in different milieu and 
technique employed.  

   Key words:    binding, uptake, confocal microscopy, 
fl ow cytometry, cytotoxicity, alarmar blue, MTT assay, 
western blot.   
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    4.1  Introduction 

 Interaction with the cell membrane is a prerequisite for 
nanoparticles, in order to be effi cient as a gene and drug 
carrier to the target. Therefore, an insight into biophysical 
interactions of nanoparticles with the cell is necessary if 
they are to be designed and developed as a potent carrier 
system for therapeutic and pharmaceutical research 
applications. Electrostatic force is potentially the major force 
of interaction between the nanoparticles and the cellular 
membrane. Several proteins are either completely or partially 
embedded in the plasma membrane, and these are responsible 
for the negative charge on the membrane, interacting 
effi ciently with the positively charged nanoparticles. This is 
the reason why cationic polymers are preferred, since a 
positive charge on the nanoparticles’ surface is highly 
advantageous. But cytotoxicity due to access of the positive 
charge limits the usage of cationic polymers. Thus, various 
modifi cations and characterization of nanoparticles are 
required in order to develop these as vectors with desirable 
qualities, keeping in mind that the interaction of nanoparticles, 
followed by their delivery activity, is a crucial, multi- step 
process.  

   4.2   In vitro  characterization of 
nanoparticles 

   4.2.1  Binding and uptake 

 Binding of nanoparticles to the cellular membrane is the fi rst 
and one of the most important steps, followed by uptake. 
Cell surface proteins and sugar moieties on the membrane 
are usually negatively charged, and cationic nanoparticles 
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with size less than a micron interact with these negatively 
charged species. These kinds of interactions are usually 
non- specifi c, but they stimulate the onset of the endocytic 
pathway for engulfment by endosomal vesicles into the cell, 
a process known as endocytosis. Various extra- endosomal 
factors and the cytoskeleton strictly defi ne the life cycle 
of endosomes and regulate the multi- step process of 
endocytosis. The various steps involved in the process begin 
with the engulfment of material in membrane invaginations 
which are pinched off to form membrane- bound vesicles, 
also known as endosomes (or phagosomes in the case 
of phagocytosis). Cells are equipped with heterogeneous 
populations of endosomes that possess distinct endocytic 
machinery and originate at various sites of the cell membrane. 
To continue with the endocytic process, sorting of materials 
towards different destinations is required, and this is done 
by endosomes delivering the material to various specialized 
vesicular structures. Finally, the material is delivered to 
various intracellular compartments, recycled to the 
extracellular milieu or delivered across cells (a process 
known as “transcytosis” in polarized cells). Generally, 
endocytosis is categorized into two broad classes: 
phagocytosis (the uptake of large particles) and pinocytosis 
(the uptake of fl uids and solutes). 

 Advanced and sophisticated techniques such as fl ow 
cytometry and confocal microscopy have been employed in 
various research studies to investigate the interaction of 
nanoparticles with the cells. In one of our studies, fl ow 
cytometry was employed to investigate the uptake of 
chitosan/DNA nanoparticles by HEK 293 cells. 1  Cellular 
uptake of nanoparticles was quantifi ed by fl ow cytometry; 
however, it does not generally discriminate between 
membrane- bound and internalized fl uorescent moieties, so 
additional procedures were included to minimize any 
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contribution of surface- bound particles in measuring 
uptake. For this reason, cells were treated with trypsin, 
followed by several washes, before fl uorescence assisted 
cell sorting (FACS) analysis, which proved to be a quick 
and effi cient method to remove surface- bound complexes 
and assess cellular uptake of fl uorescent chitosan and 
complexes. Uptake of complexes by HEK 293 cells was 
pH and serum- dependent, with maximum uptake 
occurring in medium at pH 6.5 supplemented with 
10% fetal bovine serum (FBS). The uptake of nanoparticles 
as well as of chitosan alone was higher in the presence of 
serum at all the three pH values investigated. 1  The 
interaction between chitosan and the plasma membrane is 
due to non- specifi c electrostatic forces of attraction; no 
receptor specifi c to chitosan has been identifi ed in the 
cell membrane. 2  Further, to fully substantiate the uptake 
results from fl ow cytometry analysis, we assessed the 
cellular internalization of nanoparticles with confocal 
microscopy. 1  Though this technique is more qualitative 
than quantitative, it permits direct observation of the 
localization of the fl uorescent nanoparticles in the cells, 
providing evidence of cellular internalization. During cellular 
tracking of the fl uorescent chitosan/DNA nanoparticles, 
fl uorescence appeared to be distributed throughout the 
cells at pH 6.5 with serum ( Figure 4.1 ). However, large 
aggregates of complexes were found near the cell 
membranes with only small amounts being internalized 
when cells were incubated with the complexes at pH 7.1 and 
7.4 with serum. 1  

 We observed strong correlation between cell binding 
( Figure 4.2 (a)) and cell uptake ( Figure 4.2 (b)), with a notable 
increase in uptake for the two chitosans with high degree of 
deacetylation (DDA) (92%) compared with lower-DDA 
chitosans. 3  The correlation between binding and uptake 
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  Confocal microscope images of HEK 293 cells 
transfected at different pH values. Cells 
transfected with chitosan/DNA complexes, 
where chitosan is labeled with rhodamine and 
DNA with fl uorescein, visualized under confocal 
microscope 24 h post- transfection. Blue color: 
staining of cell membrane; red color: rhodamine- 
labeled chitosan only; green color: fl uorescein- 
labeled DNA only; yellow: colocalization showing 
chitosan/DNA complex. At pH 6.5 with serum, a 
large number of complexes are visible inside 
the cell (white arrows) whereas at pH 6.5 
without serum a large amount of free chitosan 
can be seen inside the cell (white arrows). 

  Figure 4.1 

(continued)
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underscores the necessity of establishing cell contact with 
polyplexes. The number of cells positive for uptake 
( Figure 4.2 (c)) peaked at around 8 hours, when nearly 100% 
of the cells contained internalized polyplexes. In contrast, 
the total amount being taken per cell increased continuously 
with time till the medium was changed, indicating that no 
saturation of internalization occurs at any time point. Several 
parameters that defi ne the success of the process of 
internalization of nanoparticles are reported and discussed 
below. 

(continued) At pH 7.1 with serum, small 
amounts of chitosan and complexes were visible 
(white arrows), whereas at pH 7.1 without serum 
only a small amount of free chitosan was seen 
inside cells (white arrows) without any 
internalization of complexes. At pH 7.4 with 
serum, large aggregates were observed outside 
the cells external to the cell membrane (white 
arrows), while at pH 7.4 without serum a small 
number of complexes were observed on cell 
membranes (white arrows)    

 Figure 4.1 

  Source:  adapted from Nimesh et al. 2010 1   
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  Kinetics of cellular binding and uptake of 
polyplexes prepared with chitosans of 
different DDA and MW. HEK293 cells were 
incubated with fl uorescent chitosan polyplexes 
for the indicated periods of time and analyzed 
by fl ow cytometry. Flow cytometry quantitative 
analysis of mean fl uorescence per cell for 
polyplex (a) binding and (b) uptake and 
(c) of % cells with internalized polyplexes 
was performed following trypsinization and 
extensive washes, except for (a) cell binding, 
where cells were detached by enzyme- free 
cell dissociation buffer and analyzed directly. 
(b) Mean uptake levels per cell and 

  Figure 4.2 

(continued)
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   4.2.1.1  Particle charge 

 The surface charge of nanoparticles defi nes their 
internalization by cells. At present, the majority of reports 
suggest that positively charged nanoparticles predominantly 
internalize through clathrin- mediated endocytosis, with 
some fraction utilizing macropinocytosis. Examples include 
cationic nanoparticles of totally different origin—
stearylamine- coated PEG- co -PLA, PLGA modifi ed with PLL, 
chitosan, etc. 4,5  However, at times certain strong cationic 
nanoparticles such as PEI-based polyplexes may utilize 
multiple pathways including caveolae- mediated endocytosis, 6  
while negatively charged nanoparticles, such as DOXIL®, 

(continued) (c) % positive cells were obtained 
from the same set of fl ow cytometry data. 
Graphs show that binding and uptake are time 
and DDA-dependent, with both 92% DDA 
chitosans binding more effectively than the 
lower-DDA chitosans, resulting in increased 
uptake. Results are the average of three ( N  = 3) 
independent experiments ± SD; each experiment 
included two replicates    

 Figure 4.2 

  Source:  adapted from Thibault et al. 2010 3   
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micelles and quantum dots, are more likely to utilize 
caveolae- mediated endocytosis. 7,8  Slow rate of internalization 
is associated with negatively charged nanoparticles as 
compared with their positively charged counterparts 
because the cell membranes are also generally negatively 
charged. However, the preference of neutral nanoparticles 
for specifi c cellular entry routes is unclear from the available 
literature.  

   4.2.1.2  Particle size 

 The endocytic vesicles vary greatly in size, and thus the size 
of nanoparticles could play a dominant role in their uptake 
in different vesicles. This dependency on size led to the idea 
of the requirement to keep particles small, between 10 and 
100 nm, in order to allow the entry of nanoparticles into the 
endocytic vesicles. It seems that there is no size cut- off limit 
up to at least 5  μ m, though small size may favor rapid entry 
into cells of some materials through pinocytosis. Also, the 
largest particles are more likely to enter cells through 
macropinocytosis. 9  For example, negatively charged 
polystyrene nanoparticles showed clathrin- mediated 
endocytosis- based entry for 43-nm particles and caveolae- 
mediated entry for 25-nm particles. 10  One of the major 
problems in identifying the effect of the size of nanoparticles 
is their high polydispersity. This is not true for all 
nanoparticles; for example, in the case of highly polydispersed 
chitosan nanoparticles, the chemical composition of the 
nanomaterial defi nes the entry pathway, while the effect of 
particle size is less pronounced. 11   

   4.2.1.3  Particle shape 

 The effect of the shape of particles on phagocytosis is very 
well described in alveolar rat macrophages in a study by 
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Champion et al. 12  For the study, polystyrene- based particles 
of more than 20 shapes, including spheres, rectangles, rods, 
worms, oblate ellipses, elliptical disks and UFO-like, were 
prepared in the size range primarily from 1 to about 10  μ m. 
However, the size was not a rate- limiting factor in 
phagocytosis. 13  All particle shapes, independently of their 
size, were capable of initiating phagocytosis in at least one 
orientation. However, unexpectedly, the crucial role in 
phagocytosis was played by the local particle shape at the 
point of attachment of the particle on the macrophage. 12  For 
example, if the narrow side of an ellipse is attached to a 
macrophage, it is internalized in a few minutes, while an 
ellipse attached by its wider side to the macrophage is not 
internalized even after several hours. However, spherical 
particles attached at any point were internalized, 
independently of their size. Although particle size played a 
much smaller role in the initiation of phagocytosis, it could, 
of course, affect its completion, especially when the particle 
volume exceeded that of a cell. The effect of the geometry on 
phagocytosis was quantifi ed by measuring the angle between 
the membrane normal at the point of initial contact and 
the line defi ning the particle curvature at this point. 13  The 
macrophages lose their ability to entrap nanoparticles if this 
angle exceeds a critical value (45°) and attach to these 
particles in a spreading kind of process. The authors 
suggested that the shape of the particle at the point of 
attachment defi nes the complexity of actin structures that 
need to be rearranged to allow engulfment. Above the critical 
angle the necessary actin structures cannot be created, forcing 
the macrophages to switch to spreading behavior. Altogether, 
this eloquent study clearly demonstrated the relationship 
between the physical properties of the materials to be 
phagocytosed and cellular transport by the process of 
phagocytosis.  
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   4.2.1.4  Cell type 

 One of the criteria for cellular uptake and traffi cking could 
be the nature of the cell. But it appears that this relationship, 
between the nanoparticles’ cellular traffi cking and cell type, 
is the least explored. There are few reports that the cell type 
may be critical in fi nalizing the entry of nanoparticles and 
their delivery to the fi nal destination in the cell. It is 
noteworthy that the differential endocytic pathways in 
normal and tumor cells may be a gateway for selective 
targeting of novel nanomaterials into tumors. 7  The 
relationship between cell origin and availability of various 
cellular endocytic pathways has not so far been very well 
considered and emphasized in most of the studies performed 
on nanoparticle traffi cking. It could be possible that, 
depending on the type of cell, its origin or phenotype, and in 
some cases even on growing conditions, such as cell density, 
presence of growth factors, etc., the various known cellular 
pathways may be differentially presented or even totally 
absent. Obviously, in- depth understanding of cell biology 
and its relation to nanomaterials science is critical for 
developing this area of nanomedicine and drug delivery.   

   4.2.2  Cytotoxicity 

 In order to design and develop nanomedicine- based 
therapeutic agents, the primary concern is to develop an 
acceptable, effi cient and minimally toxic delivery system that 
ensures maximum patient safety on administration in any 
form. To target specifi c cells, nanoparticles are often coated 
with bioconjugates such as DNA, proteins, and monoclonal 
antibodies and then used for imaging and drug delivery. Any 
modifi cations engineered on the nanoparticles to enhance 
their interaction with cells must be done with utmost care to 
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ensure that these enhancements do not cause any adverse 
effects. More signifi cantly, it must be kept in mind that naked 
or coated nanoparticles will undergo biodegradation once 
they are in the cellular milieu, and the degraded nanoparticles 
could induce cellular responses. A plethora of reports have 
been published reporting  in vitro  cytotoxicity studies of 
nanoparticles using different cell lines, incubation times, and 
colorimetric assays. These studies employ a wide range of 
nanoparticle concentrations and exposure times, making it 
diffi cult to determine whether the cytotoxicity observed is 
physiologically relevant. In addition, different groups have 
used not only various cell lines but also, at times, different 
culture conditions, making it diffi cult to perform direct and 
conclusive comparisons between the available studies. 

 To get an understanding about the reaction of an agent in 
the body, one must conduct cell culture studies with that 
particular agent as the fi rst step. Cell culture studies must be 
done as the initiation step because, in comparison to animal 
studies, the former are less ethically ambiguous; easier to 
control and reproduce; and less expensive. Cells are sensitive 
to a number of factors, including any changes in their 
growing environment such as pH, fl uctuations in temperature, 
nutrient and waste concentrations; and these points must be 
considered while doing cytotoxicity studies, along with the 
fact that concentration of the tested agent could also be 
potentially toxic. Therefore, it is very important to monitor 
the experimental conditions to ensure that the measured cell 
death corresponds to the toxicity of the added nanoparticles 
rather than unstable culture conditions. An appropriate 
assay for the cytotoxicity test must be chosen, based on 
the fact that nanoparticles can also adsorb dyes and be 
redox active. Hence, to draw a valid conclusion from 
any cytotoxicity study, performing multiple assays is an 
advantageous and judicious choice. 
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 On the onset of any kind of toxicity, the cellular or nuclear 
morphology is generally changed, so one of the simplest 
cytotoxicity tests involves visual inspection of the cells with 
bright fi eld microscopy for changes in cellular or nuclear 
morphology. This technique was used by us in one of our 
studies involving PEI nanoparticles, and we observed that 
PEI polymer induced considerable toxicity and cell morbidity 
in COS-1 cells as compared with PEI–PEG nanoparticles. 14  
Another qualitative method to observe cytotoxicity is a cell 
confl uency study. In another of our experiments, we used cell 
confl uency, the qualitative measure of cell viability based 
upon cell coverage on the well surface, as judged by 
microscopy, for an indication of toxicity of chitosan/DNA 
nanoparticles used for transfection in comparison to 
Lipofectamine. 1  It was found that, on transfection with 
chitosan/DNA nanoparticles, the cells were more confl uent 
and retained their normal shape, in contrast to Lipofectamine. 
Cell membranes become leaky and cellular contents could 
ooze out when cells are exposed to certain cytotoxic agents, 
as the membrane could be compromised, making it more 
permeable. Many commercially available test kits for 
cytotoxicity have exploited this increased cellular membrane 
permeability factor; for example, neutral red and trypan blue 
assays. Neutral red or toluylene red is a weak cationic dye 
that can cross the plasma membrane by diffusion and 
becomes accumulated in lysosomes. If the cell membrane is 
altered, there is a decrease in the uptake of neutral red and 
also the dye leaks out, allowing live and dead cells to be 
distinguished. Cytotoxicity can be quantifi ed by taking 
spectrophotometric measurements of the neutral red uptake 
under varying exposure conditions. Studies by Flahaut et al. 
and Monteiro-Riviere et al. determining the cytotoxicity of 
carbon nanotubes utilized the neutral red assay. 15,16  Trypan 
blue a diazo dye, can enter only those cells whose membrane 
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is compromised and has become more permeable; therefore, 
staining the dead cells blue while live cells remain colorless. 
Light microscopy also fi nds its use in determining the amount 
of cell death, 17  and this assay in particular was used by 
Bottini et al. and Goodman et al. to determine the cytotoxicity 
of single- walled nanotubes and gold nanoparticles. 18,19  

 There are several other colorimetric cytotoxicity assays 
aimed at detecting the metabolic activity of the cells along 
with those that differentiate between live and dead cells by 
detecting damaged cell membranes. One such assay to test 
the mitochondrial activity of cells uses tetrazolium salts, as 
mitochondrial dehydrogenase enzymes, present in active 
mitochondria of live cells, cleave the tetrazolium ring. 20  The 
MTT assay is one of the most widely employed mitochondrial 
activity- based tests; it is pale yellow in solution but produces 
a dark blue formazan product within live cells. In our studies 
dealing with PEI-derivatized nanoparticles, we have also 
utilized MTT for determination of cytotoxicity. 14,21–24  
Recently, the toxicity of nanoparticles was evaluated by 
colorimetric Alamar blue assay. 25,26  The blue colored reagent 
Alamar blue contains resazurin, which is reduced to a pink 
colored resorufi n by the metabolic mitochondrial activity of 
viable cells and can be quantifi ed colorimetrically and 
fl uorimetrically. The Alamar blue assay was employed by us 
in our studies to assess potential cytotoxicity of nanoparticles 
prepared from high DDA (92%) and low MW (10 kDa) 
chitosan. 1  The chitosan/DNA nanoparticles were found to 
be only slightly toxic, with more than 85% of cells viable at 
pH 6.5 and 96% at pH 7.1 even at 48 h post- transfection 
( Figure 4.3 ). 1  Since nanoparticles can interact with any 
cellular components, such as plasma membrane, organelles, 
or macromolecules, there is a plethora of biological effects 
that can be triggered during application of nanoparticles, 
and, since different nanoparticles behave distinctly, it is 
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important that cytotoxicity studies must be conducted for 
each kind of nanoparticle.   

   4.3   In vivo  characterization 

 Nanoparticles have emerged as a very promising therapeutic 
agent with a wide range of applications in nanomedicine. 
Due to their unique characteristics, they have found usage in 

  Cell viability at different pH values. HEK 293 
cells treated with chitosan, chitosan/DNA 
complexes at different pH, 48 h post- transfection 
cell viability determined using Alamar blue. Cells 
at pH 7.4 in complete media taken as 100% 
viable. Other controls include D: cells incubated 
with DNA alone, L: cells transfected using 
Lipofectamine. Values are mean ± SD,  n  = 3    

  Figure 4.3 

  Source:  adapted from Nimesh et al. 2010 1   
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 in vitro  diagnostic assays as well as for  in vivo  localized 
imaging, drug delivery, and therapy. 27–29  There is a drive for 
insight into  in vivo  biodistribution and possible clearance 
mechanisms for multifunctional nanoparticles with 
diagnostic and therapeutic functions (‘theragnostics’) that 
have been proposed for  in vivo  applications. 30  The clinical 
relevance of nanoparticle- based technology is governed by 
the fact that nanoparticles must have effi cient biodistribution 
that does not put at risk the safety of the recipient. For 
example, in order to evaluate the effect of therapeutic 
nanoparticles that could passively or actively target a site of 
interest, a clear understanding of the extent of localization of 
nanoparticles at that site is relevant and necessary. Evaluation 
of the hazards of unwanted accumulation of nanoparticles in 
off- targeted tissues and characterization of their long- term 
fate (indefi nite residence, metabolism, or excretion) is 
required for understanding the safety of administered 
nanoparticles. 31  In view of this important consideration, ever 
since the synthesis of the fi rst nanoparticle made for 
biomedical applications, thorough biodistribution studies of 
nanoparticles have been thoroughly conducted, mainly in 
relation to polymeric nanoparticles. 32  

 Development of nanoparticles is considered to be a boon 
in the fi eld of nanotherapy, as they can be employed to 
provide protection or reduce renal clearance for drugs that 
either have a short life or can be easily degraded, for example, 
small peptides and nucleic acids, and can, therefore, provide 
a sustained and prolonged therapeutic effect. However, 
nanoparticles may also improve the availability of drugs to 
certain tissues, and thus cause new side effects. The 
pharmacokinetic profi les of the parent drug and the drug 
entrapped in the nanoparticles are often different. Hence, 
monitoring of the pharmacokinetics and biodistribution of 
nanoparticles is essential to understand and predict their 
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effi cacy and side effects. The chemical and physical properties, 
such as size, charge, and surface chemistry, of the nanoparticles 
defi ne their pharmacokinetic profi le. A pharmacokinetic 
study involves measuring drug concentrations in all major 
tissues after drug administration over a period of time until 
the elimination phase. Monitoring the drug concentration 
for a long enough period (usually 3 × half- life) is essential 
to fully describe the behavior of the drug or nanoparticles 
 in vivo . 

 Once the nanoparticles are administered intravenously, a 
number of serum proteins bind to their surface, which are 
recognized by the scavenger receptor on the macrophage cell 
surface and are internalized, leading to a signifi cant removal 
of nanoparticles from the circulation. This process of binding 
of the serum proteins to the nanoparticles is also known as 
opsonization, and the proteins are termed opsonins. One of 
the major issues in developing a prolonged circulation for 
a nanoparticle formulation is to minimize the protein 
interaction and binding to the nanoparticles. 

   4.3.1  Protein binding to nanoparticles 

 An enriched environment of proteins, cells and tissues greets 
the nanoparticles once they are exposed to the bloodstream. 
Probably the surface of the nanoparticles is initially occupied 
by the proteins present at high concentrations in plasma and 
having high association rates. However, over time these 
proteins may dissociate and be replaced by proteins of lower 
concentrations, slower exchange rates, and/or higher 
affi nities. 2,6  This whole process is collectively defi ned as the 
“Vroman Effect,” i.e. the process of competitive adsorption 
of proteins onto a limited surface based on abundance, 
affi nities, and incubation time. 24  This effect signifi cantly 
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contributes to particle distribution throughout the body. As 
the particles distribute from the blood to various locations, 
the differences in protein levels, as well as their affi nities for 
binding, may play a part in determining how the protein 
corona evolves as the nanoparticle moves from compartment 
to compartment. The kinetics of protein adsorption can be 
studied in several ways. Various samples were analyzed in a 
time- dependent manner with the combined use of SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and western 
blotting in a study on 50-nm lecithin- coated polystyrene 
nanospheres. Quantitative and qualitative profi les of serum 
proteins adsorbed on the surface of the nanoparticles over 
periods from 5 min to 360 min were revealed in this particular 
study. SDS-PAGE and western blotting provide vital 
information about the proteins adsorbed onto the 
nanoparticles. To get quantitative data from the gel methods 
is very diffi cult; these methods are generally used for 
comparison purposes rather than for precise quantitation. 
SDS-PAGE can detect anywhere between 1 and 50 ng of a 
single protein band, depending on the stain used, while 
western blot limitations are dependent on the antibodies used 
as well as the conjugated substrate of choice. All of these 
conditions would have to be optimized for the particular 
protein of interest. Another study evaluated the kinetics of 
protein binding to PEG–PHDCA nanoparticles using a 
system that separates fl uorescent dye- labeled protein–SDS 
complexes electrokinetically in a gel medium, and separates 
the proteins based on molecular weight. 9  A few established 
techniques have recently been used to analyze the kinetic 
properties of protein binding to nanoparticle surfaces in a 
less potentially disruptive manner than centrifugation. These 
techniques include size- exclusion chromatography, isothermal 
titration calorimetry, and surface plasmon resonance. 2  For 
various poly(N-isopropylacrylamide/N-tert- butylacrylamide) 
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(NIPAM/BAM) copolymer nanoparticles, isothermal titration 
calorimetry was used to determine the stoichiometry and 
affi nity of human serum albumin (HSA) to the nanoparticle 
surface.   

   4.4  Conclusions 

 The whole concept of designing a drug delivery system is to 
attain targeted delivery of the drug, not only to a specifi c cell 
population but also to a specifi c intracellular compartment. 
Nanoparticles can be of immense use; they can either serve 
as the carrier for drugs or themselves act as therapeutic 
and imaging agents, thus emphasizing the need to decipher 
the mechanism of intracellular traffi cking of synthetic 
nanoparticles. Development of nanoparticles directed 
towards selected intracellular compartments through 
engagement of specifi c cellular traffi cking machinery is the 
need of the hour. As various published reports have suggested, 
the fate and movement of the nanoparticles in the cells 
depend on a number of factors, such as structure and physico-
chemical characteristics of nanoparticles (size, shape, charge, 
hydrophobicity, etc.), bio- specifi c interactions between the 
cell and the biological moieties attached onto nanoparticles, 
and cell- specifi c endocytosis pathways. The interaction of 
the nanoparticles and the cell involves a complex mechanism 
that also governs the sorting of nanoparticles to different 
destinations. Also, the interaction between cellular 
components and synthetic nanoparticles can trigger 
activation of cellular signaling. Defi ning the common factors 
that dictate the traffi cking of nanoparticles is a Herculean 
task due to the diversity of nanoparticles and cells employed 
in the transport studies. In order to minimize the non- specifi c 
uptake of the nanoparticles, avoiding protein binding on the 
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surface and possible engulfment by macrophages, the 
strategy of coating nanoparticles can be very important for 
developing a nanoparticle- based therapy that would also 
provide longer circulation times in the body. On the contrary, 
to generate nanoparticles that could be targeted or directed 
to the particular site of localization or a destined pathway, 
specifi c bound proteins can be attached to the 
nanoparticles. 24  Therefore, nanoparticles need to be 
engineered by specifi cally binding certain proteins of 
interest such that they can be used for targeting purposes 
and escape binding of opsonins to signifi cantly improve their 
capability to be developed as targeted nanoparticles for 
therapeutics.   
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gene therapy  
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  Abstract:  Gene or DNA delivery to mammalian cells is a 
tightly regulated multi- step process. The key steps involved 
are: condensation of DNA, the cellular uptake of 
nanoparticle–DNA complexes, escape from degradation 
vesicles, intracellular movement or “traffi cking,” nuclear 
translocation and fi nally unpacking followed by 
translation. During this process of gene transfer the 
nanoparticle–DNA complexes have to bypass several 
barriers imposed by the physiological or metabolic 
processes of the cell. These barriers can be categorized as, 
 in vitro  and  in vivo  barriers. These barriers should be kept 
in mind before designing vectors for  in vitro  gene transfer, 
which can potentially be employed for  in vivo  applications. 
The present chapter cites the barriers encountered during 
process of gene delivery and suggested remedies.  

   Key words:    enzymatic degradation, complex stability, 
internalization, endosomal escape, traffi cking, nuclear 
localization, nucleases, endothelial barrier.   
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    5.1  Introduction 

 The promise of gene therapy relies on the development of 
safe and effi cient vectors for  in vivo  gene delivery. Although 
viral vectors are quite effi cient for  in vivo  gene transfer, safety 
issues associated with them hamper their future use, rendering 
synthetic carriers as potential alternatives. Synthetic vectors 
such as cationic liposomes, polycations and nanoparticles 
are safer alternatives; however, their therapeutic application 
is hindered by low gene transfer effi ciency. There is a need to 
perform mechanistic studies to identify the key rate- limiting 
steps in the non- viral gene delivery process. Further systematic 
and controlled studies are needed in order to elucidate the 
structure–function relationship. In this chapter, we explore 
the underlying mechanism of gene delivery and identify 
the key  in vitro  and  in vivo  barriers towards successful 
gene transfer.  

   5.2  Mechanism of gene delivery 

 Gene or DNA delivery to mammalian cells is a well- 
orchestrated multi- step process. The key steps involved 
are: condensation of DNA, the cellular uptake of 
nanoparticle–DNA complexes, escape from degradation 
vesicles, intracellular movement or “traffi cking,” nuclear 
translocation, and fi nally unpacking, followed by translation 
( Figure 5.1 ). The major rate- limiting step would depend 
upon the nature of the polymer or nanoparticles employed. 

 Cationic polymers electrostatically interact with the 
anionic DNA and condense it into compact particles in the 
range of 20–200 nm in diameter. 1–3  The condensation of 
DNA results from the association of the polycation around 
the DNA phosphate groups. At a specifi c N/P ratio, the DNA 
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molecule undergoes localized bending or distortion, which 
facilitates the formation of rods, toroids, and spheroids. 1–3  
Condensation of DNA by chitosan at N/P ratio between 
3 and 8 leads to the formation of particles in the size 
range of 100–250 nm with a low polydispersity index (PDI). 4  
We prepared chitosan/DNA nanoparticles by mixing a 
fi xed amount of chitosan with DNA to obtain an N/P ratio 
of 5, which was shown to be most effective for chitosan 
92-10 (MW-DDA). 5–7  The transfection effi ciency of the 

  Schematic representation of the mechanism of 
gene delivery. It is a multi- step process that 
involves condensation of DNA, the cellular 
uptake of nanoparticle–DNA complexes, escape 
from degradation vesicles, intracellular 
movement or “traffi cking,” nuclear translocation, 
and fi nally unpacking, followed by translation    

 Figure 5.1 
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polycation depends on its ability to condense DNA into 
nanoparticles. Complexation of cationic polymers with 
DNA not only results in reduction in size but also 
imparts excess positive charge. The cationic complexes 
electrostatically interact with anionic proteoglycans 
present on the cell membrane, followed by endocytosis 
(“non- specifi c adsorptive endocytosis”). 8  This non- specifi c, 
charge- mediated step is important for both binding and 
subsequent internalization but poses concerns pertaining to 
 in vivo  applications. The size of polycation–DNA complexes 
is a central parameter infl uencing cell uptake and gene 
transfection. It has been reported that polycation–DNA 
complexes larger than 100 nm mostly enter the cell by 
endocytosis or pinocytosis. 9  

 Particles internalized by the cells are entrapped into 
endosomes, which fuse with the lysosomes, where they are 
exposed to several degradative enzymes. The endosomes 
fi rst mature from the “early” to “late” stage when the pH 
drops from ~6 to ~5, and the late endosomes fuse with 
lysosomes. 10  The hydrolytic enzymes present inside the 
lysosomes would eventually lead to the degradation of 
complexes, resulting in inhibition of gene expression. 
However, cationic vectors that possess endosomolytic 
activity allow early escape of the polyplex from lysosomes, 
which accounts for enhanced transfection effi ciency. The 
complexes must enter the nucleus to undergo transcription 
after their release from the endosomes into the cytosol. The 
transport of the complexes through the cytoplasm to the 
nucleus is poorly understood, but there is evidence that 
polycations protect DNA from cytosol nucleases, resulting in 
a higher probability of nuclear entry. 11  The tracking studies 
revealed that intact PEI/DNA polyplexes were found in the 
nucleus, which indicates that it may not be necessary for the 
polycation to separate from DNA prior to nuclear entry. 12–14  

�� �� �� �� ��



Theory and limitations to gene therapy

Published by Woodhead Publishing Limited, 2013

93

Although the amount of complexes entering the nucleus is 
small, large amounts of complexes were observed in the 
perinuclear granular region in the case of  in vitro  
transfection. 14  We observed a distinct relationship between 
transfection effi ciency and polyplex dissociation rate. 15  
The most effi cient chitosans showed an intermediate stability 
and kinetics of dissociation, which occurred in synchrony 
with lysosomal escape. In contrast, a rapid dissociation 
before lysosomal escape was found for the ineffi cient 
low-DDA chitosan, whereas the highly stable and ineffi cient 
complex formed by a high-MW and high-DDA chitosan 
did not dissociate even after 24 h. 15  Release of DNA from 
the complexes to allow the transcription apparatus of the 
cell to access the DNA effi ciently is the fi nal stage in gene 
expression.  

   5.3  Barriers to gene delivery 

 Gene therapy has attracted much attention in industry and 
academia as potential therapeutics. However, the hidden 
potential of gene therapy cannot be tapped without evolution 
of strategies for controlled and targeted delivery of DNA. 
For an effi cient transfection process, a cell usually internalizes 
10 6  plasmid copies, of which only 10 2 –10 4  can reach the 
nucleus for transgene expression. 16–18  This low effi ciency of 
transfection is due to the inability of the delivery vector to 
cross the various barriers encountered right from the site of 
administration to localization in the cell nucleus. While 
undergoing the transfection process, nanoparticle–DNA 
complexes are exposed to several barriers that reduce their 
effi cacy ( Figure 5.2 ). These barriers can be categorized as 
 in vitro  and  in vivo  barriers.   
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   5.3.1  In vitro  barriers  

 The nanoparticle–DNA complexes have to bypass several 
challenges for effi cient  in vitro  gene delivery effi cacy. These 
barriers should be kept in mind before designing vectors for 
 in vitro  gene transfer, which can potentially be employed for 
 in vivo  applications as well. 

   5.3.1.1  Complex stability 

 Internalization of DNA by cells is inhibited by the large size 
and presence of anionic charge. Though several studies have 
proposed introduction of free DNA into cells by 
electroporation, or direct injection into target tissue, the 
therapeutic relevance of these techniques is limited. 19,20  
Systemically administered DNA is rapidly degraded by 
nucleases; to address this issue DNA can be complexed with 
polycationic polymers. The size of the complexes thus formed 
depends on various factors such as concentration of DNA, 
type of polycationic polymer, pH, type of buffer, and N/P 

  Schematic representation of various barriers to 
DNA delivery    

 Figure 5.2 
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ratio. Also, the size of polycationic polymer/DNA complexes 
is well correlated with MW of the polymer. 21  However, the 
colloidal stability of the vectors in extracellular compartments 
also turns out to be a major issue. The stability of complexes 
in the extracellular milieu depends on the chemical stability 
of DNA as well as the physical stability of the vector. Low 
colloidal stability of the polycationic polymers can be due to 
the presence of excess positive charge. However, to address 
this issue, polycationic polymers have been covalently linked 
with amphiphilic polymers such as PEG. 22,23  To characterize 
and quantify the physical stability, spherical nanoparticles of 
PLA and PMMA were prepared, in the size range 100–
200 nm. 24  Stability analysis in salt solutions, biological fl uids, 
serum and tissue homogenates by DLS revealed that PMMA 
nanoparticles were stable in all fl uids, while PLA nanoparticles 
aggregated in gastric juice and spleen homogenate. The 
stability of chitosan nanoparticles cross- linked with 
tripolyphosphate (TPP) was investigated over a period of 1 
month in terms of particle size and compactness. 25  Chitosan–
TPP nanoparticles were prepared at different ionic strengths, 
chitosan chloride concentrations, and TPP-to- chitosan 
ratios. The particles were observed to be more stable when 
prepared and stored under saline conditions compared with 
water. With increase in TPP-to- chitosan ratios, size of 
nanoparticles increased due to higher concentration of 
chitosan, increased aggregation, and sedimentation of the 
particles with reduced colloidal stability of the nanoparticles.  

   5.3.1.2  Complex internalization 

 The mechanism of polyplex and nanoparticle internalization 
is a complex process and depends on several factors such as 
size, shape, type, composition, and surface charge of the 
nanoparticles; and also on the cell type and membrane 
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composition involved. 26  Uptake of polymer/DNA complexes 
usually takes place by phagocytosis or by clathrin- mediated 
endocytosis. The polycationic complexes interact with cell 
surface heparin sulfate proteoglycans (HSPGs) present 
abundantly on all cell surfaces. Uptake of PEI/DNA 
complexes has been proposed to proceed by complex binding 
to transmembrane HSPGs, known as syndecans, which 
cluster into cholesterol- rich rafts on the cell surface. 27  This 
clustering triggers protein kinase C phosphorylation followed 
by binding of the syndecan to the actin skeleton through 
linker proteins. This binding leads to internalization of 
complex into the cell by phagocytosis. Several studies have 
reported the involvement of clathrin- coated pits in the 
internalization of polycationic vector/DNA complexes. 28,29  

 A comparative study of endocytic pathways in various 
cell lines revealed that inhibition of caveolae- mediated 
endocytosis was more effi cient in reducing the transfection 
of HeLa cells by PEI polyplexes than inhibition of clathrin- 
mediated endocytosis, 30  while in COS-7 and HUH-7 cells 
clathrin- mediated endocytosis was found to be most effi cient. 
In HepG2 cells it was shown that the uptake of PLL/DNA 
complexes occurs either by clathrin- dependent endocytosis 
or by macropinocytosis. 31  Attachment of targeting moieties, 
such as folate receptor ligands, to complexes leads to 
internalization mediated by caveolae. 32  The effects of 
inhibitors of clathrin- mediated endocytosis (chlorpromazine 
and K+ depletion) and of caveolae- mediated uptake (fi lipin 
and genistein) on internalization of fl uorescein isothiocyanate 
(FITC)-PLL-labeled 1,2-dioleoyl-3-trimethylammonium 
propane (DOTAP)/DNA lipoplexes and PEI/DNA polyplexes 
was investigated in A549 and HeLa cells. It was observed 
that lipoplex uptake proceeds only by clathrin- mediated 
endocytosis, while polyplexes are taken up by caveolae 
and clathrin- mediated endocytosis. Moreover, transfection 
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mediated by polyplexes was completely blocked by genistein 
and fi lipin but was unaffected by inhibitors of clathrin- 
mediated endocytosis. 33  In another study, the uptake of 
trisaccharide- substituted chitosan oligomers was compared 
with linear chitosan. 34  Linear chitosan polyplexes were 
internalized via clathrin- dependent as well as clathrin- 
independent pathways, whereas trisaccharide- substituted 
chitosan oligomer polyplexes were only taken up by clathrin- 
independent endocytosis.  

   5.3.1.3  Endosomal escape 

 The intracellular route of polyplexes is determined by the 
endocytic pathway. Polyplexes internalized by the clathrin- 
dependent pathway follow the classical endocytic pathway 
to endosomes and lysosomes, which could lead to 
degradation. Hence, lysosomal degradation of DNA poses 
one of the major obstacles for effi cient expression of a 
therapeutic gene. Several mechanisms have been proposed 
for endosomal escape of vectors. One such hypothesis 
suggests physical disruption of the negatively charged 
endosomal membrane by direct interaction with the cationic 
polymer. Polyamidoamine (PAMAM) dendrimers and PLL 
have been shown to undergo endosomal escape by this 
mechanism. 35  Polycationic polymers such as PEI with 
ionizable amine groups use the “proton sponge” mechanism 
to promote the release of endocytosed polyplexes from the 
endosomes ( Figure 5.3 ). 36–39  During the process of endosome 
maturation, the membrane- bound ATPase proton actively 
translocates protons from the cytosol into the endosomes, 
which results in the acidifi cation of endosomal compartments 
and activation of hydrolytic enzymes. However, at this point 
the polycationic polymer will become protonated and resist 
the acidifi cation of endosomes ( Figure 5.3 ). To mask this 

�� �� �� �� ��



Gene therapy

Published by Woodhead Publishing Limited, 2013

98

action of polymers, more protons will continuously be 
pumped into the endosomes to achieve lower pH. The proton 
pumping action is followed by passive entry of chloride ions, 
increasing ionic concentration, followed by water infl ux. 
Ultimately, the increase in osmotic pressure causes swelling 
and rupture of endosomes, releasing their contents to the 
cytosol. Later, this hypothesis was validated by investigating 
the concentration of chloride ions, pH and the volume of 
endosomes after internalization of polyplexes composed of 
DNA and non- buffering PLL along with PEI and PAMAM. 40  
In the case of PEI and PAMAM, high concentration of 

  Schematic representation of the proton sponge 
mechanism, beginning with endocytosis of the 
cationic complexes (1), followed by acidifi cation 
of endosomal compartments (2), which leads to 
increased osmotic pressure and fi nally rupture 
of endosomes (3)    

 Figure 5.3 

�� �� �� �� ��



Theory and limitations to gene therapy

Published by Woodhead Publishing Limited, 2013

99

chloride ion, volume expansion and membrane lysis were 
observed, which were absent with PLL. This buffering may 
protect DNA from degradation in the endosomal 
compartment during the maturation of the early endosomes 
to late endosomes and their subsequent fusion with the 
lysosomes. 

   However, polycationic polymers such as chitosan and PLL 
that lack pH buffering properties have been observed to 
possess poor transfection effi ciency. To improve upon the 
gene delivery effi cacy of such polymers, different functional 
moieties have been attached. Histidine, a commonly 
employed molecule, possesses buffering capacity due to the 
presence of an imidazole ring that has a pKa around 6 and 
can be protonated at acidic pH. 41,42  Cell penetrating peptides 
(CPPs) such as Glutamine-Alanine-Leucine-Alanine peptide 
(GALA) or fusogenic peptide (KALA) have also been 
incorporated in the polymer backbone to enhance buffering 
capacity. Exogenous additives, such as chloroquine and 
inactivated adenovirus, have also been exploited to promote 
endosomal escape and enhance gene delivery effi ciency. 
Chloroquine neutralizes the acidic compartment and induces 
rupture of endocytic vesicles, thereby promoting escape 
of polymer/DNA complexes. 43  Once the polymer/DNA 
complexes are released into the cytoplasm, they must 
overcome additional barriers in the cytosol that hamper 
delivery of the complex into the nucleus of the host cell.  

   5.3.1.4  Traffi cking in cytoplasm 

 Vectors that successfully escape endosomes in the peri- nuclear 
region of cells may still have to traverse distances of up to 
several micrometers through the molecularly crowded 
cytoplasm prior to reaching nuclear pores, the pathway into 
the nucleus. Hence, poor movement of complexes inside the 
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cytoplasm may critically hamper gene delivery effi cacy. PEI/
DNA nanoparticles have been observed to be effi ciently 
transported to the peri- nuclear region of the cell by 
microtubules, leading to their rapid accumulation in that 
region within 30 minutes post- transfection. 44  Also, it was 
observed that microtubule- based motor proteins were 
responsible for the transport of the nanoparticles. PEGylation 
of 100-nm polystyrene nanoparticles was observed to increase 
the average nanoparticle diffusivities by 100% compared 
with non-PEGylated particles (timescale of 10 s) in live cells. 
Moreover, faster particle transport correlated with a marked 
decrease in the number of particles that underwent hindered 
transport, from 79.2% (unmodifi ed) to 48.8% (PEGylated). 45   

   5.3.1.5  Nuclear localization 

 For gene expression, it is a prerequisite for DNA to enter the 
nucleus and gain access to the cellular transcription 
machinery. In normal cells, DNA can enter the nucleus 
through nuclear pores, while in dividing cells DNA enters 
the nucleus during mitosis when nuclear envelope disassembly 
occurs, or it could transverse the nuclear envelope. 46  The 
movement of biomolecules across the nucleus takes place via 
the nuclear envelope, embedded in nuclear pore complexes 
(NPC). 47,48  The NPC consists of three distinct domains, a 
central domain, a nuclear and a cytoplasmic ring, made from 
~ 50 different nucleoporin proteins. 49  Studies investigating 
the kinetics of nuclear transport have demonstrated that 
each NPC is capable of handling ~1000 translocation events 
per second, including both active and passive transport. 50  
The nuclear pores allow passive diffusion of molecules less 
than 9 nm in diameter; however, the movement of molecules 
larger than 26 nm employs an ATP-dependent process 
triggered by re- organization of short peptide sequences. 51  
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Signifi cantly higher levels of gene expression have been 
observed in transfection employing DNA complexed with a 
polycationic vector than that of free plasmid DNA (pDNA), 
indicating that a positively charged vector may have a 
nuclear- localizing effect. 52  Several nuclear localization signals 
(NLS) have been incorporated into the polymers to promote 
the nuclear uptake of polymer/DNA complexes. Polycationic 
polymers have been observed to enhance DNA entry into the 
nucleus by association with nuclear material during mitosis 
when disassembly of the nuclear envelope occurs. Improved 
transfection effi ciencies have been reported with polycationic 
polymers as compared with free DNA with transfection 
carried out in different stages of the cell cycle. 46,53  Transfection 
experiments with DNA complexed to polycationic polymers 
appear to be advantageous as compared with free DNA, 
independent of the mechanism of nuclear uptake.   

   5.3.2  In vivo  barriers  

 Extracellular barriers to DNA delivery depend on the route 
of administration (e.g. intravenous, intranasal, intratracheal, 
subcutaneous, intratumor, intramuscular, or oral), which, 
in turn, depends upon the targeted disease. It is 
worth mentioning that the barriers encountered by 
native oligonucleotides, i.e. siRNA, antisense molecules, or 
aptamers, will be quite different from those encountered by 
oligonucleotides associated with various polymeric 
nanoparticles. Here we mention some of the common 
barriers encountered during  in vivo  DNA administration. 

   5.3.2.1  Degradation by serum nuclease 

 Systemically delivered free DNA or oligonucleotides (ODNs) 
are rapidly degraded by nucleases in serum, with a half- life 
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varying from a few minutes to several hours. The major 
enzymatic activity that occurs in the plasma is the 3ʹ 
exonuclease, although cleavage of inter- nucleotide bonds 
can also occur. Chemical modifi cations involving alteration 
in the ODN backbone have been observed to signifi cantly 
improve the stability of ODN in the biological milieu. 
Replacement of the non- bridging oxygen of the 
phosphodiester backbone by sulfur resulted in the synthesis 
of phosphorothioate ODN with enhanced stability towards 
enzymatic degradation. 54  However, phosphorothioate ODN 
tends to bind non- specifi cally to proteins, thus causing 
toxicity. Other chemical modifi cation includes replacement 
of the non- bridging oxygen by a methyl group which results 
in a methylphosphonate DNA, 2ʹ-OH modifi cations, locked 
nucleic acids (LNA), peptide nucleic acids (PNA), morpholino 
compounds, and hexitol nucleic acids (HNA). 55,56  However, 
ODN associated with polymeric nanoparticles easily 
bypasses this barrier, as the condensed ODN is no longer 
available for 3ʹ nuclease binding followed by cleavage.  

   5.3.2.2  Clearance via the reticuloendothelial 
system 

 Another major obstacle is the renal clearance by the RES. 
Phagocytic cells of the RES, more specifi cally the Kupffer 
cells in the liver and splenic macrophages, can endocytose 
DNA as well as carriers used to deliver it. 57  Foreign particles 
such as DNA molecules in circulation are bound by opsonins, 
which consist of immunoglobulins, complement system 
proteins, and other serum proteins. These opsonized particles 
are recognized by a variety of receptors present on the cell 
surface of macrophages. Immunoglobulin G-opsonized 
particles are recognized by Fc receptors and complement- 
opsonized particles are internalized through complement 
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receptors, thereby leading to their degradation. However, 
surfaces of nanoparticles have been modifi ed with hydrophilic 
polymers such as PEG, which reduces the adsorption of 
opsonins, followed by reduced clearance by phagocytosis. 58  
The covalent coupling of polymers with PEG results in 
shielding the surface charge of polycations. PEG is a preferred 
candidate for such steric stabilization due to its charge 
neutrality and water solubility.  

   5.3.2.3  Endothelial barrier 

 The endothelial cells present on the surface of the vascular 
lumen present both a barrier and an advantage for 
oligonucleotide- based therapeutics. On one hand, they 
comprise a major cell type that is easily accessed by 
systemically administered drugs. It has been well established 
that endothelial cells have a profound role in several 
pathologies, such as tumors and blood pressure, and hence 
they appear to be a potential therapeutic target. On the other 
hand, when ODN needs to transit across the endothelium to 
be delivered to tissue parenchymal cells, it becomes a major 
obstacle. In most tissues the structure of the endothelia is 
tight, restricting egress of materials larger than 4 or 5 nm. 
Only organs and tissues with an irregular fenestration, such 
as the liver, spleen, bone marrow, and certain tumors, have 
endothelia with large meshes. Hence, nanoparticles may be 
useful for delivery to certain types of tumors and to normal 
tissues having fenestrated endothelia. In this regard, complex 
size plays an important role, since only small particles can 
pass through the fenestrated barriers known as enhanced 
permeability and retention (EPR). However, before cellular 
entry, the delivery system should be able to cross the plasma 
membrane barrier, composed of a variety of polysaccharides 
and proteins over the surface of cells that produce them. 59     
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   5.4  Conclusions 

 Although the issues pertaining to stability and effi cacy have 
made reasonable progress, effi cient intracellular delivery still 
remains a key issue. The problems are further aggravated 
when transition is made from  in vitro  to  in vivo  gene delivery. 
Ideally, the nanoparticle- based delivery system should avoid 
both interactions with plasma proteins and uptake by the 
macrophages. It is envisaged that use of hydrophilic polymers 
may be fruitful, but a considerable amount of attention needs 
to be paid to biologically based strategies. Hence, several 
factors should be considered at both cellular and organ levels 
in the quest towards design of effi cient  in vivo  gene delivery 
strategies.   
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 Targeted gene delivery 
mediated by nanoparticles  
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  Abstract:  Success of gene delivery depends on transport of 
DNA to desired tissues or organs. Target specifi c gene 
delivery employing nanoparticles can be achieved by 
decorating with various targeting ligands such as peptides, 
antibodies, and sugar molecules. Targeting strategies can 
be broadly classifi ed as passive and active targeting. For 
passive targeting naïve nanoparticles are administered 
leading to biodistribution within the body, followed by 
delivery of payload to various organs. However, active 
targeting employs use of targeting moieties specifi c for 
different tissues. The present chapter accounts for various 
strategies employed to achieve gene delivery to desired 
tissues/organs.  

   Key words:    targeting, passive targeting, active targeting, 
ligands, antibodies, transferrin, peptides, cholesterol.   

    6.1  Introduction 

 One of the major hurdles towards successful clinical 
application of gene delivery is the lack of specifi city for target 
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cells. Several attempts have been made to achieve 
target- specifi c gene delivery employing nanoparticles 
decorated with various targeting ligands such as peptides, 
antibodies, and sugar molecules. The uptake of ligand-
 modifi ed nanoparticles occurs via interaction of ligands 
with the specifi c cell receptor, which further favors 
internalization. Targeted gene delivery not only allows the 
desired therapeutic effect to be achieved at low doses 
but also minimizes the possible adverse effects. Targeting 
approaches can be broadly classifi ed into passive and active 
targeting. 

   6.1.1  Passive targeting 

 Passive targeting of nanoparticles can be achieved by 
biodistribution of naïve nanoparticles within the body. After 
intravenous administration, naïve nanoparticles are rapidly 
cleared from systemic circulation by opsonization and 
macrophage engulfment or accumulate in the liver and 
spleen. 1,2  Hence, this rapid clearance can be exploited for the 
treatment of hepatic disorders such as leishmaniasis, a 
parasitic disease, or for targeting of accumulated macrophages 
in atherosclerosis. 3,4  Studies have evidenced accumulation 
of particles up to 400 nm by passive targeting to tumors. 5  
This could be achieved due to the ability of these particles 
to leach into the diseased tissue through the leaky 
vasculature network commonly observed in tumorigenesis, a 
phenomenon called the EPR effect ( Figure 6.1 ). 5  When tumor 
cells undergo multiplication, cluster together and reach a size 
of 2–3 mm, they induce angiogenesis to meet the ever- 
increasing nutrition and oxygen demands of the growing 
tumor. 6  This neovasculature signifi cantly differs from that of 
normal tissues in microscopic anatomical architecture. 7  
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The blood vessels in the tumor are irregular in shape, dilated, 
leaky, or defective, and the endothelial cells are poorly 
aligned or disorganized with large fenestrations ( Figure 6.1 ). 
Moreover, the perivascular cells and the basement membrane, 
or the smooth- muscle layer, are frequently absent or 
abnormal in the vascular wall. Tumor vessels have a wide 
lumen, whereas tumor tissues have poor lymphatic 
drainage. 7–11  These anatomical defects, along with functional 
abnormalities, result in extensive leakage of blood plasma 
components, such as macromolecules, nanoparticles, and 
lipid particles, into the tumor tissue. Furthermore, the slow 
venous return in tumor tissue and the poor lymphatic 
clearance results in accumulation of macromolecules in the 
tumor, whereas extravasation into tumor interstitium 
continues.  

  Schematic representation of tumor targeting by 
nanoparticles via EPR effect     

  Figure 6.1 
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   6.1.2  Active targeting 

 Active targeting involves use of nanoparticles modifi ed with 
a targeting moiety. Usually the surface of the nanoparticles is 
modifi ed by conjugation of a ligand, which facilitates the 
homing, binding, and internalization of the complex to the 
target cells. Conjugation approaches have been developed to 
control the amount of targeting ligands on the surface of the 
nanoparticles. However, in the case of weak binding ligands, 
multivalent functionalization on the surface of the 
nanoparticles provides suffi cient avidity. In general, small 
ligands such as peptides, sugars, and other small molecules 
are more attractive than antibodies due to higher stability, 
purity, ease of production through synthetic routes, and non- 
immunogenicity.   

   6.2  Approaches for targeted 
gene delivery 

 Cellular targeting involves effi cient internalization of 
receptors upon binding to their ligands, followed by rapid 
recycling on the cell surface to allow repeated targeting. Two 
different strategies have been proposed for receptor- mediated 
targeting. The fi rst approach consists of targeting the tumor 
micro- environment, including the extracellular matrix or 
surface receptors on endothelial cells of the tumor blood 
vessels, which is usually effective for the delivery of immune 
induction or anti- angiogenesis molecules. The second 
approach involves targeting receptors expressed on the 
surface of tumor cells for intracellular delivery of cytotoxic 
agents or signal- pathway inhibitors. Nanoparticles decorated 
with ligands towards the extracellular markers of 
transmembrane tumor antigens are generally taken up by 
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cancer cells via receptor- mediated endocytosis, leading to 
effi cient intracellular delivery of therapeutic payloads. 
Although it is diffi cult to compare the effi cacies of two 
approaches, recently receptor- targeted nanoparticles have 
shown exciting results. Hence, a key parameter is to design 
ligands for effi cient gene delivery to the cell surface receptors. 
Cells undergoing tumorigenesis express a large number of 
proteins, which can be exploited to modulate delivery system 
for target specifi city. Various strategies and advances for 
targeted gene delivery are discussed below in detail. 

   6.2.1  Antibodies 

 Ever since the discovery of the potential application of 
monoclonal antibodies (mAbs), they have been the preferred 
class of targeting molecules. Recent progress towards 
development of antibodies focuses on chimeric, humanized, 
and fully humanized derivatives to mask their immunogenicity. 
Antibodies have been conjugated with various polymeric 
nanoparticles for targeted delivery to tumors and other 
diseases. In a recent study, biodegradable cationic PHPA-PEI 
was complexed with pDNA to form nanoparticles, followed 
by conjugation of 9B9mAb, an anti- epidermal growth factor 
receptor (EGFR) mAb. 12  The size of the complex was 
observed to be around 300 nm at its optimal weight ratio, 
and it was effi ciently internalized by SMMC–7721 cells. 
Further, the cytotoxicity of the complexes was found to be 
much lower than that of PEI 25 kD in SMMC–7721, HepG2, 
Bel–7404 and COS–7 cell lines. The complex effi ciently 
delivered therapeutic AChE gene, which resulted in 
signifi cantly improved anti- tumor effect on tumor- bearing 
nude mice. In another study, single domain antibody, also 
known as nanobody (anti-MUC1), was covalently conjugated 
to the distal end of PEG 3500  in PEG 3500 -PEI (25 kDa) conjugates 
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and used to deliver plasmids coding a transcriptionally 
targeted truncated-Bid (tBid) killer gene under the control of 
the cancer- specifi c MUC1 promoter. 13  The generated 
polyplexes were quite suitable for transfection and effectively 
increased the level of Bid/tBid expression, in both MUC1 
over- expressing caspase 3-defi cient (MCF7 cells) and caspase 
3-positive (T47D and SKBR3) tumor cell lines and, 
concomitantly, induced considerable cell death. Neither 
transgene expression nor cell death occurred when the 
MUC1 promoter was replaced with the central nervous 
system (CNS)-specifi c synapsin I promoter. 13  

 To improve biocompatibility of the gene vector and to avoid 
its being cleared by the host RES, PEI was modifi ed with PEG 
followed by conjugation with G250 mAb. 14  G250 is one of 
the most extensively studied mAbs associated with the HeLa 
cell line. 15  The highest transfection effi ciency was observed in 
HeLa cells as determined by fl ow cytometry after transfection 
with the gene encoding EGFP. Inhibition of surface antigen on 
the cell membrane of HeLa cells, by incubation with free 
G250 mAb, or by downregulation of G250 expression by 
siRNA transfection, resulted in a remarkable decrease in 
transfection effi ciency. Further  in vivo  study with the 
complexes exhibited high transfection effi ciency in tumors 
with no obvious toxicity. Another group developed a PEI 
(25 kDa)-based gene delivery system, with two model mAbs 
with different well- characterized antigen specifi cities: the 
mouse anti- human IgG1 mAb AS02 recognizing human CD90 
(hThy–1), which is expressed on human fi broblasts, and the 
humanized anti-Her–2/neu mAb Trastuzumab, employed for 
the treatment of Her–2/neu- positive breast cancer. Effi cacy 
and selectivity of gene delivery were evaluated for covalent 
mAb–PEI conjugates coupled with N-succinimidyl–3-(2-
pyridyldithio)proprionate (SPDP) or N-succinimidyl–4-
(maleimidomethyl)-cyclohexancarboxylate (SMCC) as a 
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newly introduced coupling reagent, and non- covalent 
complexes of mAb with IBFB 110001 coupled to PEI. While 
mAb-PEI conjugates coupled with SPDP resulted in antigen- 
non-specifi c EGFP expression, conjugates coupled with 
SMCC or IBFB 110001 enabled antigen -specifi c gene delivery. 
Han et al .  also reported effi cient and specifi c delivery of 
PEI conjugated with antibodies (PEI-anti-MMP–2) against 
MMP–2, a surface marker protein on cancer cells. 16  

 To deliver genes to Her2-expressing cell lines, conjugates 
consisting of PEG (2000 Da)-graft-PEI (25 kDa) covalently 
coupled to Trastuzumab via SPDP were synthesized. 17  
Conjugate complex sizes were observed to be in the range 
130–180 nm with zeta potentials at different N/P ratios close 
to neutral. Complexes showed effi cient binding and uptake 
by Her2-positive SK-BR–3 cells, but negligible binding and 
uptake in Her2-negative OVCAR–3 cells. Further, the 
reporter gene expression using targeted complexes in 
SK-BR–3 cells was up to seven- fold higher than that of 
unmodifi ed PEG–PEI complexes. Moreover, inhibition 
experiments with free Trastuzumab showed a signifi cant 
decrease in reporter gene expression using SK-BR–3 cells but 
no decrease using OVCAR–3 cells, strongly supporting a 
specifi c Her2-receptor- mediated uptake mechanism. In an 
earlier study, polyplexes of DNA–linear PEI conjugated to 
Trastuzumab were prepared to target breast cancer cell 
lines. 18  The polyplexes showed signifi cantly greater (up to 
20-fold) transfection activity than non- derivatized PEI-based 
polyplexes in the HER2 over- expressing SK-BR–3 cells, in 
contrast to low HER2-expressing MDA-MB–231 breast 
cancer cells. Further, the transfection effi ciency of polyplexes 
was retained in serum- containing medium. 

 Although enormous progress has been made towards 
development of mAb- conjugated nanoparticles, it still 
encounters several barriers. Due to their large size and 

�� �� �� �� ��



Gene therapy

Published by Woodhead Publishing Limited, 2013

120

complexity, there is need for signifi cant manipulations 
for effi cient gene delivery. Additionally, antibodies are far 
more expensive to generate than small- molecule drugs. 
Furthermore, the hydrodynamic size of antibodies is ∼20 nm, 
which could contribute an increase in size of nanoparticles 
by up to 40 nm in proportion to the number of antibodies 
functionalized on them. 19,20   

   6.2.2  Transferrin 

 Cellular uptake and delivery of iron takes place via interaction 
and internalization of iron- loaded transferrin (Tf) mediated 
by the transferrin receptors (TFR). 21  Transferrin is a 
monomeric glycoprotein that can transport one (mono- ferric) 
or two (di- ferric) iron atoms. It is conjugated to polyplexes 
by reductive amination of its carbohydrate residue, enabling 
its application as a targeting moiety to deliver genes, especially 
to tumor cells. Cell surface distribution of TFR is known to 
increase in several types of tumors, thereby providing a cell 
surface receptor which can be targeted. Internalization of 
TFR during endocytosis consists of recycling of TFR to the 
cell surface without its being degraded. In contrast to 
antibodies, transferrin is less expensive and commercially 
available in large quantities. Incorporation of transferrin into 
PEI/DNA polyplexes has been shown to enhance cellular 
internalization via receptor- mediated endocytosis and deliver 
genes specifi cally targeted to tumor tissue  in vivo , even at 
low N/P ratios. 22–25  At higher grafting densities, transferrin 
exhibits effective charge shielding and therefore provides 
both polyplex protection and targeting. The most effi cient 
gene delivery into tumors was achieved with vectors prepared 
by complexing pDNA with a blend of transferrin- tagged 
PEG–linear polyethylenimine (LPEI) copolymer, as compared 
with PEG–LPEI copolymer and LPEI itself. The transgene 
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expression was enhanced over equivalent systems derived 
from branched polyethylenimine (BPEI), transferrin- shielded 
particles, and transferrin- decorated PEG–BPEI–DNA 
complexes. 23,24  

 The intratumoral injection of 188Re- labeled Tf-PEI 
(188Re-Tf-PEI) conjugate was studied for its effi cacy in 
radionuclide therapy against tumor cells. 26  Human Burkitt’s 
lymphoma xenografts were established in nude mice prior to 
intratumoral injection. Increased retention of 188Re was 
observed in mice treated with the 188Re-Tf-PEI. Tumors 
in these mice demonstrated extensive necrosis without 
widespread leakage of the radionuclide to neighboring 
tissues. 26  Further, to understand the interplay of factors 
which enhance the transcytosis of DNA nanoparticles across 
an  in vitro  model of M-cells, and to compare transport 
mediated by M-cells versus normal epithelial cells, chitosan/
DNA nanoparticles were employed. 27  The nanoparticle 
transport through the M-cell co- culture model was observed 
to be fi ve- fold that of the intestinal epithelial monolayer, 
with at least 80% of the chitosan–DNA nanoparticles 
internalized in the fi rst 30 min. Moreover, incorporation of 
Tf into nanoparticles enhanced transport through both 
models by three to fi ve- fold. 

 In a recent study, conjugation of Tf to PEG–PEI resulted in 
an effi cient and safe vector for DNA delivery. 28  The 
nanocomplexes showed improved transfection effi ciency in 
Jurkat cells, which are known to express elevated numbers 
of Tf receptors and reduced cytotoxicity as compared with 
PEI complex. In an earlier study, conjugates of the BPEI 
(25 kDa) with Tf were prepared to condense and deliver 
DNA. 29  The complexes yielded higher  β -galactosidase gene 
expression than native PEI, in Jurkat cells. Transferrin- 
conjugated PEGylated polycyanoacrylate nanoparticles with 
a size <200 nm were prepared to encapsulate and deliver 
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pDNA. 30   In vitro  studies showed a higher degree of 
cell attachment for these nanoparticles at 4°C compared 
to those without ligand in human K562 tumor cells 
overexpressing the TFR. However, the presence of free Tf 
signifi cantly decreased the binding of nanoparticles to the 
cells, suggesting that the binding and uptake of the ligand 
was receptor- specifi c. 30   

   6.2.3  Small peptides 

 Small peptide sequences are attractive targeting molecules 
due to their smaller size, lower immunogenicity, high stability, 
and ease of manipulation. The development of peptide phage 
libraries (∼10 11  different peptide sequences), bacterial peptide 
display libraries, plasmid peptide libraries, and new screening 
technologies have made their selection much easier, 
contributing to their popularity as targeting ligands. The 
expression of vitronectin receptor  ανβ 3 is highly upregulated 
in tumor vascular cells, in contrast to minimal expression in 
resting or normal blood vessels. 31  The tripeptide sequence 
RGD, found at the active site of vitronectin, binds to  ανβ  3  
and almost half of the 22 known integrins. 32  

 In one of the earlier studies, a variety of RGD–PEI 
conjugates with different degrees of substitution, with or 
without PEG spacer, were synthesized and used to deliver 
pDNA to Mewo human melanoma cells and A549 human 
lung carcinoma cells. 33  Coupling of RGD without a PEG 
spacer improved transfection effi ciency of PEI in integrin- 
expressing Mewo cells by one to two orders of magnitude, 
especially at low N/P ratios. Disulfi de- containing PEI 
(SS-PEI)/DNA complexes were ionically coupled to RGD 
and investigated for transfection. 34   In vitro  transfection 
experiments revealed that SS-PEI exhibited comparable 
transfection effi ciency, but reduced cytotoxicity, in 
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comparison with PEI (25 kDa). The transfection effi ciency of 
complexes in HeLa cells was signifi cantly reduced with the 
increase in content of RGD peptide, whereas it remained 
unaltered in 293T cells. 34  Hyaluronic acid, a natural anionic 
mucopolysaccharide, was used to coat PEI–Poly( γ -benzyl 
L-glutamate) (PBLG)/DNA complexes. 35  Coating the 
complexes with HA and HA–RGD resulted in lower surface 
charge and only slightly bigger size than the naked PEI–
PBLG/DNA. Further, HA/PEI–PBLG/DNA complexes 
showed only slightly lower transfection effi ciency compared 
with naked PEI–PBLG/DNA, while the transfection effi ciency 
of HA–RGD/PEI–PBLG/DNA was 9.7 times that of HA/
PEI–PBLG/DNA due to the RGD target binding affi nity to 
the receptors on HeLa cells. 35  

 TAT oligopeptide has been employed as a model CPP, by 
covalent coupling to the polymeric nanoparticles. 36  The basic 
domain of TAT peptide (RKKRRQRRR) is comprised of 
arginine and lysine amino acid residues that can play an 
important role in the translocation across biological 
membranes, due to strong cell adherence that is independent 
of receptors and temperature. 20  TAT has been shown 
to destabilize the lipid bilayer of the cell membrane through 
an energy- independent pathway carrying hydrophilic or 
macromolecules as large as several hundred nanometers in 
size across the plasma membrane. 21  RGD or HIV–1 TAT 
peptides were attached to PEI/DNA nanocomplexes via PEG 
spacer molecules and employed for gene delivery to 
undifferentiated and differentiated SH-SY5Y cells. 36  Both 
RGD and TAT improved the cellular uptake of gene vectors 
and enhanced the gene transfection effi ciency of primary 
neurons up to 14-fold. RGD functionalization not only led 
to receptor- targeted delivery but also resulted in a signifi cant 
increase in vector escape from endosomes. 36  TAT has 
been covalently coupled to PEI (25 kDa) through a 
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heterobifunctional PEG spacer, resulting in a TAT–PEG–PEI 
conjugate, and used for transfection in A549 cells and in 
mice after intratracheal instillation. 37  Although the luciferase 
expression in A549 cells was ten- fold less for TAT–PEG–PEI 
conjugate than for PEI, signifi cantly higher transfection 
effi ciencies were detected with TAT–PEG–PEI in mice. 

 Brain- derived neurotrophic factor (BDNF) is a protein of 
the neurotrophin class, a group of nerve growth factors that 
support the growth, differentiation, and survival of neuronal 
cells. Two neurotrophin receptors to which BDNF is capable 
of binding exist on the cell surface: the low- affi nity 
neurotrophin receptor p75 and the high- affi nity TrkB. 38,39  
Therapeutic use of BDNF, e.g. in the treatment of 
neurodegenerative diseases, is, however, restricted because of 
its molecular size, short half- life, and side effects. Hence, to 
mimic the actions of BDNF, low-MW TrkB-binding peptides 
have been developed. 38  Chitosan/pDNA nanoparticles were 
functionalized by coupling fl uorescent dye and TrkB-binding 
peptides on the particle surface and tested in TrkB-positive 
murine transformed monocyte/macrophage cells (RAW 
264). 40   In vitro , binding and uptake studies revealed that 
TrkB-peptide- functionalized nanoparticles bound to cells 
more effectively than nanoparticles functionalized with a 
control peptide. Furthermore, the length of the PEG spacer 
arm of the amine- to-sulfhydryl cross- linker used in the 
functionalization was also found to positively correlate with 
the cellular attachment effi ciency. 

 The nuclear membrane poses one of the major barriers to 
the delivery and expression of exogenous genes, and hence 
several attempts have been made to overcome this barrier. 
Among various strategies, the use of NLS peptides for non- 
viral gene transfer has been widely investigated. 41–43  NLS 
sequences are typically less than 12 residues in length and 
rich in basic amino acids, imparting a net positive charge and 
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attachment to larger molecules, which leads to recognition 
by cytoplasmic transport receptors and mediates nuclear 
uptake. The most studied NLS sequences are peptides derived 
from viruses like Tat (transactivating) protein or 
Antennapedia homeodomain protein- derived ones, but 
arginine/lysine- rich NLS, such as for the SV40 large T antigen 
(PKKKRKV), seem to be far more effi cient than those 
peptides. The chitosan/DNA complexes containing NLS 
were observed to increase transfection effi ciencies in a NLS-
dose dependent manner in HeLa cells, compared with the 
control. 44  The highest transfection effi ciency was observed in 
chitosan/DNA complex at the weight ratio of 8 with 120 µg 
NLS, and was 74-fold higher than that in the cells transfected 
with chitosan/DNA complex. However, the cytotoxicity of 
the NLS/chitosan/DNA complexes also increased as the 
amount of the peptide increased, with ∼ 80% cell viability at 
the most effective peptide concentration.  

   6.2.4  Other targeting ligands 

 Several other targeting ligands, such as folate, carbohydrates 
and cholesterol, have been reported as targeting moieties. 
Folate receptors (FRs) are over- expressed on the cell surfaces 
in many different types of human cancers, including ovarian, 
lung, breast, brain, colon, and kidney. 45  Use of folic acid as a 
targeting ligand for FRs bears several advantages: (a) a small 
targeting ligand, which favors effi cient pharmacokinetic 
properties of the folate conjugates and reduced 
immunogenicity; (b) easy availability and inexpensive; 
(c) ease of chemical manipulation; (d) possess high affi nity 
for FRs; (e) the receptor–ligand complex can be induced to 
internalize via endocytosis; and (f) high occurrence of FR 
over- expression among human tumors. Therefore, folate 
presents an attractive target for tumor- selective delivery. 
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Folate- mediated targeting was induced by conjugating PEG–
folate on histidine- modifi ed chitosan (15 kDa) and high 
degree of quaternization. 46  The  in vitro  transfection effi ciency 
in KB cell line, which over- expresses FRs, in the presence of 
10% FBS was found to be comparable to the control. Further, 
the chitosan derivative promoted cell growth by up to 139% 
as compared with control under normal cell culture 
conditions. Chitosan (50 kDa) was conjugated with folate, 
followed by nanoparticle preparation using a coacervation 
process. 47  The intravenous administration of nanoparticles 
in the right posterior paw of normal and arthritic rats 
demonstrated 5 to 12 times more fl uorescence intensity of 
red fl uorescent protein (DsRed) in the right soleus muscle 
and in the right gastro muscle than other tissue sections. 
Furthermore, high expression of  β -galactosidase gene was 
observed with folate/chitosan/pDNA nanoparticles in the 
soleus muscle. 47  

 Asialoglycoprotein receptor (ASGPR) is exclusively found 
in hepatocytes, where it is located at the basolateral 
membrane and therefore faces the bloodstream. Human 
ASGPR is a hetero- oligomer which is composed of two 
homologous subunits (46 and 50 kDa) and is present at a 
high density of 500,000 receptors per cell, and retained on 
several human hepatoma cell lines. ASGPR possesses very 
high affi nity ( K   D   in the nanomolar range) for tri- and tetra- 
antennary N-linked sugar side chains with terminal galactose 
residues. Several studies have reported use of a combination 
of polymeric gene carriers with ligands such as galactose, 
lactose, and apoprotein E. 

 Chitosan was modifi ed with a lactobionic acid- bearing 
galactose group for hepatocyte targeting, and GC grafted 
with dextran (GCD) to improve stability in water. 48  Effi cient 
transfection was observed with GCD/DNA complexes only 
into Chang liver cells and HepG2 having ASGPR, suggesting 
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a specifi c interaction of ASGPR on cells and galactose ligands 
on chitosan. Later, dextran was replaced with PEG, which 
resulted in high transfection effi ciency in HepG2 cells. 49  
Substitution of dextran with PVP led to formation of 
galactosylated chitosan- graft-PVP (GCPVP)/DNA complexes 
with negligible cytotoxicity regardless of the concentration 
of GCPVP and the charge ratio in HepG2 cells. 50  Water- 
soluble chitosan was modifi ed with a lactobionic acid- 
bearing galactose group to achieve target specifi city and 
reduce cytotoxicity associated with acetic acid- soluble 
chitosan. 51  Cytotoxicity studies suggested absence of 
cytotoxicity with GC-DNA complexes and higher 
transfection effi ciency into HepG2 in contrast to HeLa cells. 
In another study, low-MW chitosan was modifi ed with 
lactobionic acid to target liver cells. 52  GC/DNA complex 
showed highly effi cient and cell- selective transfection to 
hepatocytes, which increased with the improvement of the 
degree of galactosylation. 

 PEI was derivatized with terminally galactose- grafted PEG 
by using a bifunctional PEG derivative containing both an 
 a- vinyl  sulfone and N-hydroxysuccinimide (NHS) ester 
groups (VS-PEG-NHS). 53  The transfection effi ciency with 
1% galactose-PEG-PEI in HepG2 cells was higher than that 
of PEI; on the other hand, in mouse fi broblasts (NIH3T3), 
which have no ASGPR, the transfection effi ciency drastically 
decreased to 1/40 of that with PEI. In another study, 
galactosylated PEI was synthesized with a broad range of 
substitution, ranging from 3.5 to 31% of PEI amino groups. 54  
The transfection effi ciency of gal–PEI/DNA complex in 
HepG2 cells was slightly increased for galactosylated PEIs at 
a N/P ratio of 2 and strongly reduced at higher N/P ratios. 
Later, galactosylated PEI was conjugated with PVP to reduce 
cytotoxicity along with target specifi city. 55  The transfection 
effi ciency of the complexes at charge ratio of 40 in the 
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HepG2 was observed to be higher than that of PEI/DNA. 
Galactosylated PEG-chitosan- graft-PEI complexes were 
reported to transfect liver cells more effectively than PEI 
(25 kDa)  in vivo  after intravenous administration. 56    

   6.3  Conclusions 

 Application of target- specifi c nanoparticles for gene delivery 
has shown promising results in preclinical studies, 
demonstrating their potential as therapeutics carriers. Recent 
progress towards the development of ligand- decorated 
nanoparticles for target specifi city has generated great 
enthusiasm in both academia and industry. However, there is 
a long way to go in order to develop formulations for 
therapeutic use. Nanoparticles with improved intracellular 
uptake, high target specifi city, improved effi cacy, and low 
cytotoxicity profi les in contrast to non- targeted nanoparticles 
will further pave the way for generation of novel delivery 
vehicles for therapeutic agents.   
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 Polymeric nanoparticles for 
gene delivery  

   DOI:  10.1533/9781908818645.137 

  Abstract:  Polymeric nanoparticles are generally engineered 
via a self- assembly process using block- copolymers which 
consists of two or more polymer chains varying in 
hydrophilicity that are usually biocompatible and 
biodegradable. Nanoparticles being compact are well 
suited to traverse cellular membranes to mediate gene 
delivery. It is also expected that due to smaller size, 
nanoparticles would be less susceptible to RES clearance 
and will have better penetration into tissues and cells, 
when used in  in vivo  therapy. However, due to excess 
cationic charge polymeric nanoparticles electrostatically 
interact with membrane proteins and induce cytotoxicity. 
The present chapter provides the pros and cons of 
nanoparticles mediated gene delivery.  

   Key words:    biocompatible, biodegradable, transgene, 
polycationic polymers, cytotoxicity, non- biodegradable.   

    7.1  Introduction 

 Polymeric nanoparticles are generally derived from 
biocompatible and biodegradable polymers. These 
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nanoparticles are usually formulated via a self- assembly 
process using block- copolymers of two or more polymer 
chains varying in hydrophilicity. The copolymers are 
rearranged into a core–shell structure in an aqueous 
environment. 1  The hydrophobic units form the inner core to 
mask their exposure to the aqueous environment while the 
hydrophilic units form the outer shell to stabilize the core. 2  
This whole rearrangement process results in nanostructures 
that are well suited for drug/gene delivery. Polymeric 
nanoparticles can be engineered to entrap either hydrophilic 
or hydrophobic drug molecules, as well as macromolecules 
such as proteins and nucleic acids. 3  The properties of 
polymeric nanoparticles (e.g. size, surface charge, and 
structure) are dependent on the N/P ratio. Several natural 
and synthetic polymers such as chitosan, PEI, PLL, PLGA, 
poly (alkylcyanoacrylate), etc. have been investigated for 
DNA delivery.  

   7.2  Advantages of nanoparticles 

 Due to their small size (usually 10 to 200 nm), polymeric 
nanoparticles can readily interact with biomolecules on the 
cell surface or inside the cell. Nanoparticles, being compact, 
are well suited to traverse cellular membranes to mediate 
gene delivery. It is also expected that, due to their smaller 
size, nanoparticles will be less susceptible to RES clearance 
and will have better penetration into tissues and cells when 
used in  in vivo  therapy. Also, due to their small size 
nanoparticles could penetrate tissues such as tumors in depth 
with a high level of specifi city, thereby improving the targeted 
delivery of drug/gene. 4  Further, nanoparticles prepared from 
polymers have several advantages, such as ease of 
manipulation with scope to change the MW, geometry (linear 

�� �� �� �� ��



Polymeric nanoparticles for gene delivery

Published by Woodhead Publishing Limited, 2013

139

and branched), stability, safety, low cost, and high fl exibility 
regarding the size of transgene delivered. Furthermore, 
nanoparticles can easily be tagged with various targeting 
moieties such as RGD peptides or transferrin to achieve 
target- specifi c gene delivery. 5,6  Also, various routes of 
administration are feasible, including oral and by inhalation. 
These carriers can also be engineered to enable controlled 
(sustained) drug release from the matrix.  

   7.3  Limitations of nanoparticles 

 Although polymeric nanoparticles possess several advantages 
and have been successfully employed in several studies, they 
still suffer some limitations. Biocompatibility of polymers 
employed for nanoparticle preparation was observed to be 
infl uenced by different properties of the polymers, such as 
(i) molecular weight, (ii) charge density and type of cationic 
functionalities, (iii) structure and sequence (block, random, 
linear, branched), and (iv) conformational fl exibility. 7  The 
cytotoxicity of polymers was found to be directly correlated 
to the increase in the MW of the polymer. 7–10  The polycationic 
polymers constituting nanoparticles undergo strong 
electrostatic interaction with membrane proteins, which can 
lead to destabilization and ultimately rupture of the cell 
membrane. 11  A comparative study between polycationic, 
neutral, and polyanionic polymers revealed that the 
polycationic polymers have the highest toxicity, followed by 
neutral and anionic ones. 11  Also, different types of amine 
functionalities have been associated with cytotoxicity. The 
toxic effects of poly-L-glutamic acid derivatives on red blood 
cells, causing them to agglutinate, have been attributed to 
the presence of primary amines. 12  Further, macromolecules 
with tertiary amine groups have been shown to exhibit a 
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lower toxicity than those with primary and secondary 
residues. Strategies based on reduction of surface charge by 
coating with HA or PEG have been found to circumvent this 
problem. 13,14  

 Among linear and branched PEIs, the latter are more toxic 
and less suitable for transfection, particularly at higher N/P 
ratio. 15  At a N/P ratio of 7.2, toxicity was observed with 
BPEI (800 and 25 kDa), the mice dying with signs of lung 
embolism. In contrast, at N/P ratios of 7.2, 6.0, and 4.8, no 
toxicity was observed with LPEI (22 kDa)/DNA complexes 
generated in salt or salt- free conditions. 15  Additionally, PEI is 
a non- biodegradable polymer that can accumulate within 
the cells, interfering with vital intracellular processes. 16,17  
Free PEI can harm cells via growth inhibition or cell death. 
The complement system can be activated by PEI/DNA 
complexes if the ratio of cation to anion is high, but the 
extent of its activation is lowered as the PEI/DNA complexes 
approach neutrality. 18,19  Chemical modifi cations by which 
low-MW PEIs are coupled to generate higher-MW molecules 
using degradable bi- functional linkages have been found 
useful in reducing toxicity. 

 Chitosan has been found to be an effi cient  in vitro  and  in 
vivo  gene delivery vector with no toxicity. 20–24  However, it 
suffers from low transfection effi ciency; optimum conditions 
for transfection are not clear, and must be well elucidated 
before its clinical application. Chitosan nanoparticles at a 
size of 200 nm caused malformations, including a bent spine, 
pericardial edema, and an opaque yolk in zebrafi sh embryos. 25  
Furthermore, embryos exposed to chitosan nanoparticles 
showed an increased rate of cell death, high expression of 
reactive oxygen species, and over- expression of heat shock 
protein 70, indicating that chitosan nanoparticles can cause 
physiological stress in zebrafi sh. 25  Chitosan has been 
observed to exhibit concentration- dependent cytotoxicity, 
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with half maximal inhibitory concentration (IC 50 ) ranging 
from 0.2 to 2 mg/ml in most cell models. The IC 50  values are 
further dictated by the MW and DDA of chitosan. 26–28  
Concerning  in vivo  toxicity, some initial studies done in 
rabbits and dogs indicated that signs of cytotoxicity began 
upon subcutaneous injection of doses in the range of 5–50 mg/
kg/day. 29,30   

   7.4  Conclusions 

 Though nanomedicine is a relatively new stream of science, 
its translation into clinical therapeutics has been rapid. This 
new development of a nanoparticle- based platform holds 
great promise for treatment of some deadly diseases, such as 
cancer. Although  in vivo  gene delivery has made signifi cant 
progress, still many challenges remain to be addressed. There 
is a need to emphasize strategies to improve transfection 
effi ciency and achieve target- specifi c delivery. More clinical 
data are needed to fully substantiate the pros and cons of 
nanoparticle therapeutics.   
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 Poly-L-lysine nanoparticles  

   DOI:  10.1533/9781908818645.147 

  Abstract:  Poly-L-lysine, a cationic polypeptide with amino 
acid lysine as a repeat unit form electrostatic complexes 
with DNA, resulting in nanoparticles. The polypeptide 
chain of PLL possesses an acceptable degree of 
biodegradability, making it an ideal candidate for  in vivo  
gene delivery. PLL appears to be the fi rst polymer 
developed to substitute viral vectors for gene delivery to 
avoid the immunogenicity and oncogenicity associated 
with them. Initial studies observed PLL/DNA complexes 
as both donut and short stem structures in nanometer size. 
Several studies have harnessed the immense potential of 
PLL to deliver genes to  in vitro  and  in vivo  targets. Further, 
PLL has also been incorporated in different peptides either 
to introduce cationic amino acids or cell attachment 
domains.  

   Key words:    poly-L-lysine, polypeptide, asialoorosomucoid, 
hepatocyte, polystyrene, homobifunctional, amphiphilic.   

    8.1  Introduction 

 Since the fi nding that poly-L-lysine (PLL) forms polyelectrolyte 
complexes with DNA, it has been widely employed as a 
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non- viral gene delivery vector. 1  It is a cationic polypeptide 
with amino acid lysine as a repeat unit ( Figure 8.1 ). The 
degree of polymerization (DP) of lysine can range between 
90 and 450 and lead to the formation of a polypeptide chain 
with an acceptable degree of biodegradability, a property 
highly desirable for  in vivo  use. As is quite evident from the 
initial studies, PLL having a MW of less than 3000 Da is 
unable to form stable complexes with DNA, suggesting that 
the number of primary amines in the PLL backbone is crucial 
for complex formation. 2  Though high-MW PLLs resulted in 
better complexation and yielded effi cient gene delivery, the 
PLL/DNA complexes showed a relatively high cytotoxicity 
and a tendency to aggregate and precipitate depending on 
the ionic strength. 3,4  PLL have been used in non- viral vectors 
as single chain or as oligolysine- containing proteins, thus 
allowing manipulations in the length of the peptide, sequence, 
and presentation to enhance transfection effi ciency. 5  

 Synthesis of low-MW PLL (7500–12 500 Da) was described 
from N-carboxy-(N ε -benzyloxycarbony1)-L-lysine anhydride 
(Z-L-lysine NCA) using diethylamine as initiator and DMF 
as solvent. In another study, Z-L-lysine NCA was polymerized 
in DMF with triethylamine, diethylamine, or hexylamine as 

  Chemical structure of poly-L-lysine       Figure 8.1 
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initiator, at varying molar ratios of NCA to initiator (M/I 
ratio) to synthesize PLLs with controlled MW. 6  The degree of 
polymerization depended linearly on the M/I ratio for both 
diethylamine and hexylamine, with higher degree of 
polymerization for the diethylamine- initiated PLL at equal 
M/I ratio.  

   8.2   In vitro  and  in vivo  applications 
of poly-L-lysine/DNA nanoparticles 

 One of the seminal studies showed that PLL effi ciently 
condenses DNA and appears as both donuts and short stem 
structures in electron micrographs, where each of the 
structures were about three to four layers thick. 1  Wu  et al.  
(1987) reported that PLL coupled with asialoorosomucoid 
formed soluble polyplexes with DNA and effi ciently delivered 
genes to HepG2 cells, which express the receptor for 
asialoorosomucoid on their surface. 7,8  Further, they described 
the application of low-MW PLL for gene delivery to 
hepatocytes and  in vivo  via intravenous administration to 
mice. 9  Intravenous injection of pDNA complexed to the 
carrier demonstrated specifi c hepatic targeting, with 85% of 
the injected counts being taken up by the liver in 10 min 
compared with only 17% of the counts when the same 
amount of uncomplexed radiolabeled DNA was injected 
under identical conditions. Since PLLs alone exhibit modest 
to low transfection effi ciencies, they have been coupled 
with endosomal escape agents, such as chloroquine. 10,11  
Furthermore, to improve the biological properties of PLL it 
was grafted with a range of hydrophilic polymer blocks, 
including PEG, dextran and poly[N-(2-hydroxypropyl)
methacrylamide] (pHPMA). 12  The complexes visualized by 
AFM were observed as discrete particles, typically ∼100 nm 
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in diameter. Shielding of the surface by the presence of the 
hydrophilic polymer resulted in decreased cytotoxicity as 
compared with simple PLL/DNA complexes, along with 
improved transfection effi ciency. 12  In another study, Choi 
et al. synthesized PEG-grafted PLL (MW 52.5 kDa) with 
three different PEG-grafting ratios (5, 10 and 25 mole %). 13  
These comb- shaped PEG- g -PLL copolymers showed a 5–30-
fold increase in transfection effi ciency compared with PLL 
alone in HepG2 cells. 

 To develop a hepatocyte- specifi c gene vector, galactose 
was introduced into PLL to target ASGPR present on the 
surface of liver cells. 14  After intravenous administration, [ 32 P]
plasmid CAT/Gal-PLL complexes were rapidly cleared from 
the circulation and preferentially taken up by the liver’s 
parenchymal cells. For effi cient gene delivery into cells, PEG-
grafted PLL was linked with KALA, which is capable of 
disrupting endosomal membrane. 15  DNA/PEG-g-PLL 
complexes remained unaltered at a size of ∼200 nm, even 
with an increase in the KALA amount. Enhanced transfection 
effi ciency was observed with increasing amount of KALA 
incorporation into PEG-g-PLL/DNA complexes. 15  Further, 
to enhance intracellular delivery of DNA, a linear reducible 
polycation based on the oxidative polycondensation of 
Cys-Lys 10 -Cys peptide was developed. 16  Reducible polycation 
not only reversibly condensed DNA but also released DNA 
into the intracellular environment by polyplex- controlled 
cleavage. A 187-fold higher gene expression level indicated 
that intracellular delivery of DNA was more effi cient using 
reducible polycation/DOTAP compared with vectors based 
on non- reducible PLL. 16  

 Polystyrene nanoparticles coated with PLL were employed 
to enhance the effi cacy of a DNA vaccine by using the 
sOVA-C1 plasmid, which contains the gene for chicken 
egg ovalbumin under the CMV promoter. 17  Intradermal 
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administration of DNA complexed with PLL-coated 
polystyrene nanoparticles induced high levels of CD8 T-cells 
as well as ovalbumin- specifi c antibodies in C57BL/6 mice 
and inhibited tumor growth after challenge with the 
ovalbumin- expressing EG7 tumor cell line. Moreover, 
vaccine effi cacy was observed to be dependent on the size of 
the particles used as well as on the presence of the PLL linker. 
It was evidenced that PLL-coated polystyrene nanoparticles 
of size 50 nm were highly effective for the delivery of DNA 
vaccines as compared with 100 and 200-nm nanoparticles. 17  
In another study, a naturally occurring lipid, palmitic acid 
(PA), was coupled to PLL (PLL-PA) to enhance gene transfer 
effi cacy in bone marrow stromal cells (BMSC). 18  PLL-PA 
formed condensed structures with pEGFP of size below 
700 nm and effectively delivered the pDNA into the nucleus 
within 5 h of incubation with the cells. PLL-PA delivered the 
pEGFP to ∼80% of the cells, resulting in a maximum 
transfection effi ciency of ∼22%. Moreover, two to three 
times additional dosing during the 24 h period increased the 
transfection effi ciency by two to threefold, without 
compromising cell viability. 18  

 To promote brain targeting, a 30-amino acid peptide, 
leptin30, derived from an endogenic hormone was covalently 
conjugated to dendrigraft poly-L-lysine (DGL) via a 
homobifunctional PEG linker. 19  Complexation of DGL-PEG-
Leptin30 with plasmid DNA resulted in nanoparticles of size 
below 150 nm. The cellular uptake effi ciency increased with 
the degree of PEGylation and brain- targeting ligand 
conjugation to the DGL-PEG-Leptin30/DNA nanoparticles 
from none to median. Nanoparticles could be transported 
across an  in vitro  blood brain barrier (BBB) model, which 
consists of a monolayer of brain capillary endothelial cells 
(BCECs), more effectively than DGL-PEG/DNA and DGL/
DNA nanoparticles due to signifi cantly higher permeability 
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of DGL-PEG-Leptin30/DNA nanoparticles as compared 
with other nanoparticles. 19  Further, transfection studies in 
brain parenchyma microglia cells such as BV–2 cells 
expressing leptin receptors revealed that the transfection 
effi cacy of DGL-PEG-Leptin30/DNA nanoparticles was 
higher than that of DGL/DNA and DGL-PEG/DNA 
nanoparticles and comparable to that of Lipofectamine 
2000. Additionally,  in vivo  administration of nanoparticles 
resulted in reporter gene expression visible in different brain 
regions (cortical layer, hippocampus, caudate putamen, and 
substantia nigra), with a preference for DGL-PEG-Leptin30/
DNA nanoparticles in the brain when compared with the 
other two controls. 19  

 To blend the advantages of PLL, i.e. its good DNA-binding 
ability, and chitosan, i.e. its good biocompatibility, 
copolymers with different PLL grafting ratios (Chi- g-PLL) 
were synthesized. 20  The Chi- g-PLL polyplexes were observed 
to be in the size range of 120–200 nm, which was comparable 
to that of PLL polyplexes and smaller than that of chitosan 
ones at certain polymer to pDNA weight ratios. A positive 
correlation between the transfection effi ciency of the 
copolymers and the PLL graft length was found. 20   In vitro  
transfection experiments in 293T cells showed that, with 
increase in PLL chain length from 2.0 to 5.7, the EGFP-
positive cell percentage was improved by a factor of 3.5 
(from 6.8 to 23.5%). Furthermore, in HeLa cells, a 3.3-fold 
increase was reported when the PLL chain length was 
increased from 2.0 to 5.7, and further increasing the PLL 
chain length to 15.6 led to a 1.8-fold increase in EGFP-
positive cell percentage. However, under optimal conditions, 
the copolymer Chi- g-PLL 32.2  transfected 71% of HeLa cells 
and 56% of 293T cells, respectively. Also, chitosan and Chi- 
g-PLL polyplexes resulted in cell viabilities over 80% with 
polymer to pDNA weight ratios varying from 20 to 5. 20  
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 To identify possible effects of polymer MW and architecture 
on both immediate and delayed cytotoxicity and to provide 
mechanistic details,  in vitro  cytotoxicity of a library of three 
structural polylysine variants, namely, linear polylysine (LPL), 
dendritic polylysine (DPL), and hyperbranched polylysine 
(HBPL), was evaluated in Chinese hamster ovary (CHO) 
DG44 cells. 21  At similar MW, the EC 50  values for the LPL 
analogues were ∼5–250 times higher as compared with the 
DPL and HBPL samples. For low-MW polycations, osmotic 
shock was found to be an important contributor to immediate 
cell death, whereas for the higher-MW analogues direct cell 
membrane disruption was identifi ed to play a role. Apoptosis 
was found to be more pronounced for DPL and HBPL as 
compared with LPL at comparable MWs. This difference was 
due to the fact that LPL is completely degradable enzymatically, 
in contrast to DPL and HBPL, which also contain  ε -peptidic 
bonds and are only partially degradable. 21  

 A unique mPEG-SS-PLL 15 -star catiomer was engineered as 
dual stimulus–responsive, which results in redox- sensitive 
removal of an external PEG shell induced by acid from the 
endosomal compartment. 22  The PEG shell removal enhanced 
the intracellular uptake of mPEG-SS-PLL 15 -star/DNA 
complexes in the presence of tumor- relevant glutathione 
(GSH) concentration, whereas the acid- induced cleavage 
was to accelerate the release of genetic payload following 
successful internalization into targeted cells. The  in vitro  
cytotoxicity of fabricated catiomers evaluated in 293T and 
HeLa cell lines revealed cell viabilities of more than 90% 
following 4 h incubation at all the concentrations used. 22  The 
particle size distribution studies showed near-Gaussian 
distribution of polyplexes between 100 and 350 nm, with a 
mean diameter of ∼200 nm. Finally,  in vitro  transfection 
effi ciency using luciferase and GFP demonstrated comparable 
results to those obtained with BPEI (25 kDa). 22  
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 To explore a nucleolin- independent pathway for 
transfection, pH-responsive DNA nanoparticles were 
formulated by inserting poly-L-histidine between PEG and 
PLL to form a triblock copolymer system, PEG-CH 12 K 18 . 

23  
Insertion of poly-L-histidine increased the buffering capacity 
of PEG-CH 12 K 18  to levels comparable with BPEI. DNA was 
condensed into rod- shaped nanoparticles by PEG-CH 12 K 18  
and had similar morphology and colloidal stability as PEG-
PLL copolymer (PEG-CK 30 )/DNA nanoparticles.  In vitro  
uptake studies suggested that PEG-CH 12 K 18 -DNA 
nanoparticles internalized human bronchial epithelial cells 
(BEAS–2B) that lack surface nucleolin by a clathrin- 
dependent endocytic mechanism followed by endo- lysosomal 
processing. 23  Though PEG-CH 12 K 18 -DNA nanoparticles 
followed a degradative endo- lysosomal pathway, ∼20-fold 
improvement in  in vitro  transfection effi ciency was observed 
in contrast to (PEG-CK 30 )-DNA nanoparticles. Further, 
 in vivo  gene delivery to lung airways in BALB/c mice was 
improved by approximately threefold, while maintaining a 
low toxicity. 23  

 Polymer replica particles have been explored for the 
adsorption and co- adsorption of therapeutics for their 
concurrent delivery. Replica particles based on PLL (PLL RP ) 
polymers cross- linked via a homobifunctional linker were 
designed to support co- adsorption of a pDNA (SPT7pTL, a 
vector expressing the human SPT7 nuclear transcription 
factor) and a peptide hormone ( α -melanocyte- stimulating 
hormone ( α -MSH)) for concurrent transfection and induction 
of a cellular function. 24  The size of the PLL RP  particles, as 
analyzed by TEM, was ∼1.5  μ m. The effi cacy of PLL RP  at 
delivering SPT7pTL DNA into B16-F1 melanoma cells and 
melanin stimulation was investigated. The PLL RP /SPT7pTL 
complex showed a signifi cant increase (∼60–70%) in gene 
expression of SPT7 in terms of cell number, and the melanin 
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production was 20-fold higher than in the controls. Further, 
the cell viability was found to be > 90% for the complexes. 24  

 To engineer an advanced gene delivery system retaining 
the advantages of both PEI and PLL while avoiding their 
shortcomings, a ternary copolymer of PEG-b-PLL-g-LPEI 
(PPI) was synthesized with different LPEI graft densities. 25  
Further, to employ PPI for target- specifi c gene delivery, folate 
was attached to it. The polyplexes prepared within the N/P 
range of 8–25 based on PPI2 (graft density 6.3) and PPI3 
(graft density 5.9) displayed positive charge lower than 
+5 mV and particle size less than 200 nm. A transfection 
study carried out in three cell lines (HepG2, U251, and 
BHK21) using a reporter gene assay strongly demonstrated 
that grafting a proper amount of short linear PEI chains to 
PEGylated PLL can remarkably improve the vector’s 
gene transfection effi ciency. PPI3 with 57% linear PEI 
displayed the highest transfection effi cacy among the three 
synthesized PPIs. 25  

 Gene delivery effi ciency of PLL was improved by imparting 
an amphiphilic property to PLL by substituting ∼10% of 
 ε -NH 2  with several endogenous lipids of variable chain 
lengths (lipid carbon chain ranging from 8 to 18). 26  High-MW 
(∼25 vs. 4 kDa) lipid- modifi ed PLL was found to be more 
effective in delivering plasmid DNA intracellularly in 
clinically relevant bone marrow stromal cells. In the case of 
lipid- substituted 25 kDa PLL, the effi cacy of pDNA delivery 
was seen to be dependent on the extent of lipid substitution. 
Myristic, palmitic, and stearic acid- substituted polymers 
resulted in highly effi cient DNA delivery; the effect was 
ascribed to high substitution ratios obtained with these lipids 
(∼10 lipids/PLL). Transfection data revealed that amphiphilic 
PLLs signifi cantly improved (20–25%) the transfection 
effi ciency in comparison to native PLL and the commercial 
transfection agent Lipofectamine 2000. Also, the transfection 
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effi ciency of the polymers was dependent on the extent of 
lipid substitution. 26  

 To highlight the effect of DNA vector topology when 
complexed to PLL and its quantifi cation in transfection 
effi ciency, cell uptake followed by transfection effi ciency 
studies of PLL/DNA complexes were done in CHO cells. 27  
Complexation of supercoiled pDNA with PLL resulted in a 
polyplex with a mean diameter of 139.06 nm, while open 
circular and linear pDNA counterparts yielded mean 
diameters of 305.54 and 841.5 nm, respectively. Moreover, 
complexes comprising supercoiled pDNA were more 
resistant to nuclease degradation than other topological 
counterparts. Uptake data suggests that 1 h post transfection 
61% of supercoiled- pDNA polyplexes were associated with 
the nucleus, in comparison to open circular (24.3%) and 
linear- pDNA polyplexes (3.5%), respectively. 27  Furthermore, 
supercoiled- pDNA polyplexes showed highest transfection 
effi ciency of 41%, in contrast to 18.6% for linear- pDNA 
polyplexes.  

   8.3  Polylysine- containing peptides 
for gene delivery 

 In order to incorporate cationic amino acids or cell 
attachment domains, PLLs can be inserted into other peptides 
or proteins, thereby allowing a fi ne control of synthesis and 
toxicity reduction. 28–30  To test the infl uence of lysine content 
on DNA condensation and transfection effi ciency, cationic 
peptides possessing a single cysteine, tryptophan, and lysine 
repeat were synthesized. 31  The N-terminal cysteine in each 
peptide was either alkylated or oxidatively dimerized to 
produce peptides possessing lysine chains of 3–36 residues. It 
was demonstrated that peptides with lysine repeats of 13 or 
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more effectively condensed DNA and resulted in formation 
of nanoparticles in the size range of 53–230 nm, while shorter 
peptides containing eight or fewer lysine residues formed 
large complexes ranging from 0.7 to 3  μ m. 31  Further, a 1000-
fold increase in gene expression was observed in HepG2 cells 
when transfected with DNA condensates prepared with 
alkylated Cys-Trp-Lys18 (AlkCWK18) versus polylysine19. 31  
In another study, McKenzie et al. compared a batch of lysine- 
containing peptides, namely AlkCWK 18 , AlkCYK 18  and 
K 20 . 

32  The study was designed to test the possible effect of 
insertion of the aromatic amino acids tyrosine and tryptophan 
with respect to DNA-binding affi nity. It was deduced that 
aromatic amino acid substitution did not have a vital role in 
DNA binding, condensation, and gene transfer effi cacy. 
Furthermore, four different variants of CWK 20  peptide 
differing in the number of cysteine residues (one to four) 
inserted into the peptide were designed. 32  Upon binding with 
DNA, cysteine residues oxidized spontaneously, and inter- 
peptide disulfi de bonds prevented DNA from dissociating, 
leading to smaller nanoparticles below 50 nm. After 
internalization, the reducing cell cytoplasm milieu favored 
the relaxation of the polyplex, allowing rapid release of 
DNA. The gene expression level obtained with CWK 17 C was 
found to be 60-fold higher than that reached by AlkCWK 18 . 

32  
 In order to establish the minimum number of lysines 

required to effi ciently condense DNA and achieve high levels 
of gene expression, lysine- based peptides with sequence 
YKAKnWK ( n  = 4–12) were engineered. 29  It was demonstrated 
that peptide sequence YKAK 8 K, which contained ten lysines 
and a tryptophan, resulted in the best variant in a variety of 
cell lines when assembled with a membrane- destabilizing 
peptide. Further, to explore the potential of synthetic peptides 
as DNA-binding and DNA-compacting agents for receptor- 
mediated gene delivery, a series of branched oligocationic 
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peptides that differed in the number and type (lysine, 
arginine, ornithine) of cationic amino acids were synthesized. 5  
The minimal chain length for the formation of DNA 
complexes capable of receptor- mediated gene delivery was 
found to be of six lysine residues. The signature characteristic 
of these branched peptides includes a terminal glycine acting 
as an attachment point for effectors, ligands, and stabilizers 
like PEG at the C-terminus. 5   

   8.4  Conclusions 

 PLL was one of the fi rst polymers developed to substitute 
viral vectors for gene delivery to avoid the immunogenicity 
and oncogenicity of the latter. Peptide–DNA interactions 
occur by virtue of several different mechanisms, such as 
hydrogen bond formation, hydrophobic or electrostatic 
interactions, and water extrusion effects. Although signifi cant 
progress has been made in gene transfer techniques using 
PLL during the last two decades, the prerequisites for clinical 
use in terms of effi ciency and specifi city have not yet been 
met. Studies to bypass sub- cellular barriers, such as 
endosomal escape and nuclear translocation, need to be 
conducted while designing PLL-based nanoparticles for gene 
delivery.   
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 Chitosan nanoparticles  
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  Abstract:  Chitosan an aminoglucopyran, is composed of 
randomly distributed  N -acetylglucosamine and  β -(1,4)-
linked glucosamine residues. The transfection effi ciency of 
chitosan/DNA nanoparticles depends on several factors 
such as the degree of deacetylation and molecular weight 
of the chitosan, pH, protein interactions, charge ratio of 
chitosan to DNA (N/P ratio), cell type, nanoparticle size 
and interactions with cells. The DNA binding affi nity and 
transfection effi ciency have been found to increase with 
increase in DDA or MW while maximum protein 
expression levels are achieved by obtaining an intermediate 
stability through control of MW and DDA. So far, chitosan 
has been implicated in several  in vitro  and  in vivo  gene 
delivery applications. This chapter provides detailed 
account of applications of chitosan in gene delivery.  

   Key words:    chitosan, glucosamine, degree of deacetylation, 
complexes, N/P ratio, chitosan salt, serum.   

    9.1  Introduction 

 Chitosan- based vectors have emerged as one of the potential 
non- viral vectors that can safely deliver genetic materials 
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including pDNA, ODNs and siRNA. Some of the advantages 
associated with chitosan are low toxicity, low immunogenicity, 
and high biocompatibility along with a high cationic 
charge. 1,2  Due to its positive charge, chitosan can readily 
form polyelectrolyte complexes with negatively charged 
nucleotides by electrostatic interaction. However, its clinical 
application is hampered due to low specifi city and transfection 
effi ciency. Further, the formulation parameters signifi cantly 
affect the gene delivery effi cacy of chitosan. 

 Chitosan, an aminoglucopyran, is composed of randomly 
distributed  N -acetylglucosamine and  β -(1,4)-linked 
glucosamine residues. To explore the vast spectrum of 
applicability of this polysaccharide, enormous attempts have 
been made to functionalize and derivatize it. Chitin is the 
second most abundant natural biopolymer, next only to 
cellulose, and is isolated from exoskeletons of crustaceans 
(crabs, shrimps, etc.), cell walls of fungi, and insects. 
Chemically, chitin is a linear cationic heteropolymer of 
randomly distributed  N -acetylglucosamine and glucosamine 
residues with  β –1,4 linkage. Chitosan is produced by 
 N -deacetylation of chitin in the presence of alkali ( Figure 9.1 ). 
Controlled derivatization of chitin results in chitosan with 
DDA between 40% to 98% and MW between 5 × 10 4  Da 
and 2 × 10 6  Da. 3  The biological application of chitosan 
depends on DDA and DP, which also decide the MW of the 
polymer. Chitosan possess reactive hydroxyl and amino 
groups and is usually less crystalline than chitin. On heating, 
it degrades prior to melting; thus these polymers have no 
melting point. It can be considered as a strong base, as it 
possesses primary amino groups with a pKa value of 6.3. 
Due to the presence of amino groups, the charged state and 
properties of chitosan are dictated by the pH. 4  At low pH, 
the amino groups are protonated and become positively 
charged, making chitosan a water- soluble cationic 
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polyelectrolyte. On the other hand, as the pH is increased 
above 6, chitosan amino groups become deprotonated; the 
polymer loses its charge and becomes insoluble. This 
transition between solubility and insolubility occurs at its 
pKa value, between pH 6 and 6.5. Hence, chitosan is readily 
soluble in acidic media such as acetic acid, citric acid, 
glutamic acid, aspartic acid, hydrochloric acid, and lactic 
acid, and insoluble at neutral and alkaline pH values. Along 
with pH, the solubility of chitosan is also dictated by the 
DDA, MW and ionic strength of the solution. Under 
physiological conditions, chitosan is digested either by 
lysozymes or by chitinases, which can be produced by the 
normal fl ora in the human intestine or exist in the blood. 5–7  
Due to these properties, it has been widely employed for 
drug/gene delivery both in pharmaceutical research and in 
industry. 8  

 The gene delivery aspect of chitosan is due to the presence 
of a cationic charge. At acidic pH, below the pKa, the 

  Preparation of chitosan from chitin     Figure 9.1 
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primary amines in the chitosan backbone become protonated 
and allow binding to negatively charged DNA via an 
electrostatic interaction. This ionic interaction between the 
positively charged chitosan backbone and negatively charged 
DNA results in formation of nano- size complexes, i.e. 
polyplexes or nanoparticles, in the aqueous milieu 
( Figure 9.2 ). Furthermore, DNA can also be entrapped into 
the chitosan matrix by using conventional nanoparticle 
preparation strategies. At an optimal N/P ratio, chitosan 
can condense DNA to form nanoparticles with sizes 
compatible with cellular uptake while protecting DNA from 
enzymatic nuclease degradation. 9  Although a strong 
electrostatic interaction is desirable for DNA packaging 
and protection, it may pose a challenge for DNA release 
once the nanoparticles reach the site of action; hence a subtle 

  Different types of chitosan nanoparticles 
prepared from interaction of chitosan with DNA    

 Figure 9.2 
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balance can be achieved by manipulating the formulation- 
related parameters. 

    9.2  Factors affecting transfection 
effi ciency of chitosan nanoparticles 

 The immense potential of chitosan for  in vitro  gene 
delivery was fi rst reported by Mumper et al. 10  Chitosan 
nanoparticles can be prepared by several different methods, 
such as coacervation, ionic gelation, covalent cross- linking, 
and desolvation. 11–14  The variability in preparation 
methodology, together with other parameters like pH, charge 
ratios, DNA concentrations, salt concentrations, and 
coacervation temperatures, can signifi cantly affect the size 
of the resultant chitosan/DNA nanoparticles, and hence the 
transfection effi ciency. 15–20  Hence, considerable attention 
should be paid to these factors while designing a gene 
delivery system. 

 Although chitosan has been widely employed for DNA 
delivery, it has also been reported to enhance the transfectivity 
of other transfecting agents. Low MW chitosan was observed 
to act as a condensing agent and enhance transfection effi cacy 
twofold in HepG2 cells, mediated by a cationic emulsion 
composed of the following reagents: 3  β  [N-(N',N'-
dimethylaminoethane) carbamoyl] cholesterol, Tween 80, 
dioleoylphosphatidylethanolamine, and castor oil. 2  Chitosan 
adsorbed onto lactose- lipid:polycation:pDNA particles by 
spray- drying was shown to impart improved transfection 
effi cacy and  in vitro  deposition on human lung epithelial 
carcinoma, A549 cells. 21  Furthermore, chitosan in 
complexation with adenovirus was found to facilitate 
adenoviral transfection in mammalian cells lacking viral 
receptors. 22  
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   9.2.1  Molecular weight 

 The MW of chitosan is an important parameter that dictates 
the chitosan/DNA nanoparticles’ stability, particle size, 
cellular uptake effi ciency, release of DNA from nanoparticles 
after endocytosis, and hence the transfection effi cacy of the 
nanoparticles. 23,24  A decrease in the size of nanoparticles has 
been observed with a decrease in the MW of the chitosan. 23  

 Another study reported that the mean particle size of 
chitosan nanoparticles decreased from 181 to 155 nm when 
the MW dropped from 213 to 48 kDa. 9  However, as the MW 
decreased further a reversal in the size trend was observed, i.e. 
chitosans of 17 and 10 kDa resulted in nanoparticles with an 
average size of 269 and 289 nm, respectively. It could be 
inferred from these studies that chitosan of an optimal MW 
should be chosen to attain the desirable particle size, since the 
transfection effi cacy of the nanoparticles strongly depends 
on the size of the particles. 25  Cellular uptake has been well 
correlated with gene expression for chitosans of 40, 84 and 
100 kDa complexed with the pGL3-Luc plasmid in SOJ cells. 11  

 Effi cient transfection was observed with chitosans of MW 
20, 45 and 200 kDa in CHO-K1 cells, while higher MW 
chitosan (460 kDa) showed only slightly higher transfection 
effi ciency than naked DNA due to the large particle size, 
which resulted in decreased cellular uptake. 12  Also, chitosans 
of MW 15 and 52 kDa promoted higher luciferase expression 
in A549, B16 melanoma, and HeLa cells. 24  On the other 
hand, chitosan heptamer (1.3 kDa) did not show any 
transfection effi ciency, probably due to particle aggregation. 
Furthermore, transfection effi ciency observed with chitosan 
of 100 kDa was signifi cantly lower than for chitosan of 
15 and 52 kDa in all cell lines, despite comparable particle 
size. 24  Also, chitosan oligomer (18 monomer units) was 
shown to have higher transfection effi ciency than high MW 
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chitosan (162 kDa). 13  Additionally, low MW chitosan 
(10 kDa) was also shown to yield higher transfection 
effi ciency than the higher MW chitosans (40, 80, 150 kDa) 
when employed to deliver luciferase gene in HEK 293 cells. 16  
This difference in transfection effi cacy could be due to 
availability of an appropriate balance between protection of 
DNA and release for biological activity. 

 It could be deduced that high MW chitosans are better 
than low MW chitosans in improving the nanoparticles’ 
stability, which is benefi cial for the protection of DNA in 
the cellular endosomal/lysosomal compartments, but also 
inhibits dissociation of DNA once into the cytoplasm, or 
allows slow release, resulting in low or delayed expression. 23,26  
On the other hand, nanoparticles prepared with chitosans of 
very low MW are not suffi ciently stable and are incapable 
of protecting DNA, due to early dissociation, and therefore 
result in low or no transgene expression. Hence, a subtle 
balance must be achieved between extracellular DNA 
protection (better with high MW) versus effi cient intracellular 
unpackaging (better with low MW) to obtain high 
transfection effi ciency of chitosan.  

   9.2.2  Degree of deacetylation 

 DDA of chitosan represents the percentage of deacetylated 
primary amine groups along the molecular chain, which 
further determines the cationic charge density when chitosan 
is dissolved in acidic medium. Higher DDA yields increased 
positive charge, which allows a greater DNA binding 
capacity and cellular uptake. Furthermore, the DDA of 
chitosan also affects its degradation, solubility, and 
crystallinity. 14  

 The size of chitosan nanoparticles has been observed to 
decrease from 181 to 239 nm with the decrease in DDA from 
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88 to 46%, while the zeta potential dropped from 22.2 mV 
to 9.6 mV. 9  Kiang et al. reported that DDA of chitosan 
signifi cantly infl uences DNA binding, release, and gene 
transfection effi ciency  in vitro  and  in vivo . 27  For chitosans 
with a MW of 390 kDa, the charge ratio to achieve complete 
DNA complexation for DDA of 90%, 70%, and 62% was 
3.3:1, 5.0:1, and 9.0:1, respectively. 27  Lowering of DDA 
decreases the overall  in vitro  gene expression levels in 
HEK293, HeLa, and SW756 cells, due to the instability of 
the particles in the presence of serum proteins. However, this 
instability, along with the increased chitosan degradation 
rate, contributes to higher luciferase transgene expression 
levels in muscles of female Balb/c mice, revealing the disparity 
that can result between  in vitro  and  in vivo  gene expression 
studies. 27  Also, Koping-Hoggard et al. suggested that the 
DDA of chitosan must be more than 65% in order to obtain 
stable complexes with pDNA that can effi ciently transfect 
target cells  in vitro . 26  While investigating the effect of MW 
and DDA on chitosan, Lavertu et al. suggested that maximum 
expression levels could be obtained by simultaneously 
lowering the MW and increasing DDA, or lowering DDA 
and increasing the MW, indicating a predominant role of 
particle stability, through co- operative electrostatic binding, 
in determining effi ciency. 16  

 In one of our studies, nanoparticles prepared at higher 
DDA were observed to bind at a greater level to cells for all 
tested time points. 17  A strong correlation between cell binding 
and cell uptake, with a notable increase in uptake for the 
high DDA (92% and 80%) chitosans as compared with 
lower DDA (72%) chitosans, was observed ( Figure 9.3 ). 
Uptake data suggested that the number of cells positive for 
uptake peaked at around 8 hours, when nearly 100% of 
the cells contained internalized polyplexes. 17  Furthermore, 
the kinetics of nanoparticle decondensation in relation to 
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  Kinetics of cellular binding and uptake of 
polyplexes prepared with chitosans of different 
DDA and MW  .
  HEK293 cells were incubated with fl uorescent 
chitosan polyplexes for the indicated periods of 
time and analyzed by fl ow cytometry. Flow 
cytometry quantitative analysis of mean 
fl uorescence per cell for polyplex (a) binding and 
(b) uptake and (c) of % cells with internalized 
polyplexes was performed following trypsinization 
and extensive washes, except for (a) cell binding, 
where cells were detached by enzyme- free 
cell dissociation buffer and analyzed directly. 

 Figure 9.3 

(continued)
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lysosomal sequestration and escape was found to be critically 
dependent on chitosan structure. The low DDA chitosan 
(72%) possesses weak stability that could lead to substantial 
and accelerated pDNA degradation in lysosomes, while high 
DDA chitosan (92% and 80%) provides protection against 
enzymatic digestion due to the ability to protect pDNA until 
lysosomal escape to the cytosol. 17  

    9.2.3  N/P ratio 

 The N/P ratio in the case of chitosan nanoparticles is defi ned 
as the ratio of nitrogen (N) of chitosan to phosphate (P) of 

(continued ) (b) Mean uptake levels per cell and 
(c) % positive cells were obtained from the same 
set of fl ow cytometry data. Graphs show that 
binding and uptake are time and DDA-
dependent, with both 92% DDA chitosans binding 
more effectively than the lower DDA chitosans, 
resulting in increased uptake. Results are the 
average of three ( n  = 3) independent 
experiments ± SD, where each experiment 
included two replicates    

 Figure 9.3 

  Source:  adapted from Thibault et al. 2010 17  
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DNA. The surface charge or zeta potential of the nanoparticles 
depends on the molar stoichiometry of chitosan to DNA, 
which later determines the capability of chitosan to effi ciently 
condense pDNA and interact with negatively charged 
cell membranes, and ultimately its fate in terms of transfection 
effi ciency. 9,25  The transfection effi ciency of chitosan 
nanoparticles was observed to increase at charge ratios 
of 3 and 5, and decreased at higher charge ratios in 
SOJ cells. 11  This dependence was also verifi ed with chitosan/
pGL3 (N/P ratio 5) nanoparticles yielding high luciferase 
gene expression in human lung carcinoma, A549 cells. 24  
The N/P ratios have been shown to infl uence the morphology 
of chitosan nanoparticles. Manipulation of N/P ratio 
in nanoparticles (average sizes 150–600 nm) resulted in 
different topological conformations including spherical, 
annular, toroidal, and globular morphologies. 18–20,28  The  in 
vitro  and  in vivo  transfection effi cacies have also been 
correlated with the physical shape and morphology of 
nanoparticles. 18  

 Cationic nanoparticles have been reported to bind to 
anionic microtubules or molecular motor proteins that 
facilitate movement towards the nuclear membrane along 
with the cytoskeletal network, resulting in enhanced 
cytoplasmic traffi cking. 29  Moreover, an increase in the N/P 
ratio of the nanoparticles infers an increase in the chitosan 
concentration in the nano- complex. Increased amounts of 
chitosan in the nano- complexes may lead to a higher osmotic 
pressure in the endosomes that could favor increase in the 
effi ciency of plasmid release. 26  In contrast, nano- complexes 
with a neutral surface charge tend to aggregate due to the 
absence of an inter- particle repulsive force. 30  However, there 
exists an optimal N/P ratio specifi c to the employed chitosan, 
due to the fact that use of too low a N/P ratio will yield 
physically unstable nano- complexes and poor transfection, 
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while nano- complexes prepared at too high a N/P ratio with 
over- stability may also result in reduced transfection. 18,24,26  

 The N/P ratio values for complete DNA condensation 
have been observed to be infl uenced by the chitosan structure. 
Evident interaction between MW and N/P ratio has been 
reported, where a high MW chitosan showed a higher 
transfection effi ciency at a low N/P ratio, and a low MW 
chitosan needed a higher N/P ratio to completely form nano- 
complexes. 12,16,31  This could be due to optimal complexation 
and de- complexation of chitosan with DNA in the chitosan/
DNA nanoparticles, prepared at an optimal MW of chitosan 
and N/P ratio. However, at the same MW, a lower DDA 
requires a higher N/P ratio to completely condense DNA, 
while at the same DDA a lower MW chitosan requires a 
higher N/P ratio. 16,26,27   

   9.2.4  Chitosan salt form 

 Although chitosan and its derivatives have been extensively 
reported to be effective agents for transfection, they are only 
soluble in acidic solutions. However, chitosan salts such as 
chloride or lactate salts are often water- soluble and have 
been reported to possess improved transfection effi ciency. 
Chitosan lactate and acetate of varying MW (20, 45, 200, 
and 460 kDa) were reported to have comparable transfection 
effi ciencies and cell viabilities above 90%. 32  Further, chitosan 
lactate was observed to require a higher charge ratio in 
comparison with chitosan acetate to completely form 
complexes with DNA. This difference was attributed to the 
availability of different counter- ions (acetate ion and lactate 
ion) present in the medium that could interact with chitosan. 
Later, chitosan/DNA nanoparticles formulated with various 
chitosan salts, including chitosan hydrochloride (CHy), 
chitosan lactate (CLa), chitosan acetate (CAc), chitosan 
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aspartate (CAs), and chitosan glutamate (CGl), were 
investigated for transfection potential in CHO-K1 cells and 
were found to be dependent on the salt form. 12  The 
transfection effi ciency had a tendency to increase as the 
N/P ratio was increased. CHy/DNA, CLa/DNA, CAc/DNA, 
CAs/DNA, and CGl/DNA complexes showed maximum 
transfection effi ciencies at N/P ratios of 12, 12, 8, 6, and 6, 
respectively. All the salt forms have a transfection effi ciency 
superior to that of chitosan base. 12   

   9.2.5  Concentration of DNA 

 The transfection effi ciency of chitosan/DNA nanoparticles 
also depends on the amount of DNA incorporated within the 
nanoparticles. As is evident from literature, the transfection 
effi ciency increases with plasmid concentration up to an 
optimal point, after which the transfection remains constant 
or starts to decrease. Increase in plasmid concentration was 
observed to increase the diameter of the nanoparticles 
formed. 23  A greater increase in size was observed by increasing 
the plasmid concentration and formulating with a higher 
MW chitosan (102 kDa) than with a lower MW chitosan 
(32 kDa), inferring that it is possible to formulate complexes 
of a specifi c diameter by adjusting the plasmid concentration 
and chitosan MW. 23  Further, the transfection effi ciency of 
nanoparticles prepared at a plasmid concentration of 200  μ g/
ml was signifi cantly higher than those prepared at 50 and 
100  μ g/ml. In another study, increase in luciferase gene 
expression was observed with increasing the plasmid 
concentration from 0.5 to 2.5  μ g/well. 31  However, the gene 
expression levels were saturated in epithelioma papulosum 
cyprini (EPC) cells as a result of a further increase in the 
DNA concentration to 5  μ g/well. A later study suggested an 
increased level of transfection effi ciency in primary 
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chondrocytes with an increase in the plasmid dosage. 33  
Furthermore, the transfection effi ciency decreased greatly 
when the plasmid dosage increased up to 16 and 32  μ g/well. 
This decrease was attributed to the aggregation of 
nanoparticles with their increasing amount, resulting in 
impaired cell uptake. 33   

   9.2.6  pH of transfection medium 

 The charge of chitosan/DNA nanoparticles, which dictates 
the transfection effi cacy, depends on the concentration of 
DNA and chitosan as well as the pH and salt content of the 
suspension medium. The pKa of chitosan can be expressed 
as a linear function of its charge density with an intrinsic 
pKa (pK 0 ) of 6.7 and, as for any polyelectrolyte, this charge 
density dependence of pKa is reduced as ionic strength 
increases. 34  At 50% protonation, in the presence of 15 or 
150 mM of NaCl, the pKa of the amino groups of chitosan is 
about 6.3 or 6.5, respectively, and the polymer’s cationic 
charge density is greatly reduced by pH increases in the 
5.5 to 7.5 region. For instance, increasing pH from 5.5 
to 7.5 results in a decrease of chitosan amine protonation 
from about 75% to 10% in 15 mM NaCl or a decrease from 
about 90% to 10% in 150 mM NaCl, according to a recently 
developed molecular model of chitosan ionization. 34  
Interestingly, the strongly polyanionic nature of DNA in 
chitosan/DNA nanoparticles facilitates the protonation of 
glucosamine units of chitosan due to proton transfer from 
the buffer to chitosan during complex formation, even at a 
high pH such as 7.4, at which chitosan would be largely 
uncharged in the absence of DNA. 35  We observed the zeta 
potential of chitosan/DNA nanoparticles in water to be 
41.4 ± 5.1 mV, which generates suffi cient electrostatic 
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repulsion to prevent aggregation of complexes during 
incubation times exceeding 120 min, was further reduced by 
suspension in PBS at pH 6.5, and even became negative 
at pH 7.4 15  ( Table 9.1 ). This dependence of charge on pH 
was consistent with that previously reported, where 
electrostatically neutral particles were found in the pH range 
of 7.0–7.4 using an N/P ratio of 6, while the zeta potential 
became −20 mV at pH 8–8.5. 

     The transfection effi ciency of chitosan/DNA nanoparticles 
in A549 cells was observed to be pH-dependent, with higher 
effi cacy at pH 6.9 as compared with pH 7.6, due to the fact 
that nanoparticles at pH 6.9 are positively charged, and can 
bind with the negatively charged cells through electrostatic 
interaction. 24  Further, the transfection effi ciency at pH 6.5 
with chitosan (10 kDa) was reported to be higher than that 
at pH 7.1 in HEK 293 cells. 16  Furthermore, highest gene 
expression was obtained at pH 6.8 and 7.0; the transfection 
effi ciency decreased dramatically when pH of the transfection 
medium increased to 7.4, which was explained by the 

  Hydrodynamic diameter, polydispersity index and 
zeta potential (mean ± SD,  n  = 3) of chitosan/
pDNA complexes in various media without 
serum  

 Table 9.1 

  S.No.    Measurement 
medium  

  Hydrodynamic 
diameter (nm)  

  Polydispersity 
index  

  Zeta potential 
(mV)  

 1.  Double-distilled 
water 

 243 ± 12  0.39 ± 0.07  41.4 ± 5.1 

 2.  10 mM Nacl  391 ± 43.7  0.41 ± 0.11  28 ± 5.2 

 3.  150 mM Nacl  890 ± 71.6  0.20 ± 0.08  23 ± 6.3 

 4.  PBS pH 6.5  911 ± 39.6  0.14 ± 0.07  11.4 ± 4.1 

 5.  PBS pH 7.1  1213 ± 84  0.10 ± 0.06  4.5 ± 1.0 

 6.  PBS pH 7.4  1244 ± 135.2  0.19 ± 0.5  −4.9 ± 3.5 
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dissociation of free plasmid from the complex at higher pH. 11  
On the contrary, in a more acidic pH, the transfection 
effi ciency decreases due to very strong electrostatic interactions 
between the negatively charged DNA and the positively 
charged chitosan, which ultimately slows down DNA release. 

 In one of our studies, uptake of chitosan nanoparticles 
by HEK 293 cells was found to be pH-dependent, with 
maximum uptake occurring in medium at pH 6.5 15  
( Figure 9.4 ). After 4 h of incubation at pH 6.5 with serum, 
almost 100% of cells internalized complexes and chitosan 
alone, whereas at pH 7.1 with serum only 55% of cells 
internalized complexes, while 100% internalized chitosan 
only. Further, the transfection effi ciency, expressed as 
percentage of cells expressing EGFP, was observed to be 
26.3% at pH 6.5, and then dropped considerably at higher 
pH values of 7.1 and 7.4 to 9.2% and 0.2%, respectively 15  
( Figure 9.5 ). This was attributed to the fact that the pKa 
of the amino groups in chitosan is ~6.5; hence, in the 
transfection medium at pH 6.5, chitosan is expected to be 
highly protonated and the chitosan–DNA nanoparticles to 
be positively charged. High cationic charge of nanoparticles 
at pH 6.5 could result in a high non- specifi c affi nity for 
negatively charged cell membranes and consequently high 
cell uptake, thereby producing higher transfection effi ciency 
than at a higher pH of 7.1 or 7.4. 15  

      9.2.7  Presence of serum 

 Development of gene delivery vectors that are stable even in 
the presence of serum is highly desirable for the practical 
applications of  in vivo  gene therapy. Numerous studies 
have proposed higher transfection effi ciency for chitosan 
nanoparticles in the presence of serum rather than the 
absence of serum. The transfection effi ciency of chitosan 
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nanoparticles in HeLa cells in the presence of 10% serum 
was reported to be higher than in the absence of serum, 
whereas PEI-mediated transfection decreased in the presence 
of 10% serum. 19  The infl uence of presence of 10–50% 
serum on the transfection effi ciency of the chitosan/pGL3 
nanoparticles was investigated in A549 cells, and it was 
shown that the presence of 10–20% serum resulted in 
improved gene transfer effi ciency. 24  At a serum content of 
20%, gene expression with chitosan/pGL3 nanoparticles 
was increased by two to threefold compared with that 
without serum, which was attributed to the increase in cell 
function by the addition of serum. However, further increase 
in serum content, up to 30–50%, resulted in a decrease of 
transfection effi ciency, due to cell damage induced by 
addition of a high amount of serum. 24  

 We observed serum- dependent uptake of chitosan 
nanoparticles by HEK 293, with maximum uptake occurring 
in medium at pH 6.5 supplemented with 10% FBS 15  
(Figure 9.4). The uptake of chitosan nanoparticles as well as 
of chitosan alone was higher in the presence of serum at all 
the three pH values investigated, pH 6.5, 7.1, and 7.4. 
Further, the transfection effi ciency was found to be 20 to 
50% lower in the absence of serum than in the presence of 
serum for time points of 8 h, 12 h and 24 h at pH 6.5 or 7.4. 
The serum- deprived cells continue to cycle until they 
complete mitosis, whereupon they exit into the G0 state and 
further division stops. 36,37  The increase in transfection 
effi ciency in the presence of serum could thus also be 
attributed to serum promoting cell division.  

   9.2.8  Effect of additives 

 Although low MW chitosans are more advantageous for 
clinical applications, with properties such as increased 
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  Cellular uptake of rhodamine- labeled 
chitosan/DNA complexes (a) and rhodamine- 
labeled chitosan 

 Figure 9.4 
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(continued ) (b) at different pH values  
  HEK 293 cells were incubated with labeled 
complexes or chitosan at different pH values. 
After the stipulated time points, the percentage 
of cells with internalized label (top) and the 
mean fl uorescence intensity of the label per cell 
(bottom) were determined by fl ow cytometry. 
Values are mean ± SD,  n  = 3    

 Figure 9.4 

  Source:  adapted from Nimesh et al. 2010 15  
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  Transfection effi ciency of chitosan/DNA 
complexes at different pH values  
  HEK 293 cells were transfected with chitosan/
DNA complexes at different pH values. After 48 h 
(a) GFP expression was quantifi ed using fl ow 
cytometry and expressed as percentage of cells 
transfected, while (b) the level of gene expression 
was determined by luminometry and expressed 
as RLU per min per mg of protein. Values are 
mean ± SD,  n  = 3    

 Figure 9.5 

  Source:  adapted from Nimesh et al. 15  
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solubility at physiological pH and improved DNA release, 
they suffer from low transfection effi cacies as compared with 
high MW chitosans. 16  One approach for the improvement of 
low MW chitosan/DNA particle stability and transfection 
effi ciency involves the association of low MW chitosan with 
an anionic biopolymer, such as alginate, prior to the addition 
of DNA. This allows the formation of a more stable polyplex 
and smaller nanoparticles than the ones formed with low 
MW chitosan (10 kDa) alone. The low MW chitosan/DNA/
alginate (12–80 kDa) nanoparticles were able to transfect 
293T cells with a higher effi ciency than nanoparticles without 
alginate. 38  Another strategy consists of complexation of low 
MW chitosan with anionic HA before condensation of DNA. 
Nanoparticles prepared by electrostatic conjugation of 
chitosan with HA were found to be in the size range of 110–
230 nm, with a positive zeta potential of +10 to +32 mV and 
a very high pDNA association effi ciency of 87–99% (w/w). 39  
Further, the nanoparticles exhibited low cytotoxicity 
and transfection levels up to 25% HEK 293 cells with 
GFP expression. Low MW chitosan (10–12 kDa)-HA 
nanoparticles also showed high levels of expression of 
secreted alkaline phosphatase in the human corneal 
epithelium cell model. 40  Additionally, topical administration 
of nanoparticles to rabbits demonstrated that these 
nanoparticles entered the corneal and conjunctival epithelial 
cells and then became assimilated by the cells. In another 
study, the low MW chitosan-HA nanoparticles had a size in 
the range of 100–235 nm and a zeta potential of −30 to 
+28 mV. 41  The results of the transfection studies showed that 
nanoparticles were able to provide high transfection levels 
(up to 15% of transfected cells) in human corneal epithelial 
(HCE) and normal human conjunctival (IOBA-NHC) cell 
lines, without affecting cell viability. 41  A similar study 
employed low MW chitosan (5 kDa) and HA (MW of 
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64 kDa) at a weight ratio of 4:1 to prepare nanoparticles 
with a size of ~146 nm with high transfection effi ciency in 
293T cells. 42  The MW of the chitosan used for preparing 
nanoparticles played a signifi cant role in DNA release; the 
lower MW facilitated better DNA release and thereby 
increased transfection effi ciency. 42   

   9.2.9  Stability against polyanions 

 Nanoparticles with suffi cient stability against degradative 
enzymes in the bloodstream should be consequently delivered 
to the target cells without loss of integrity of the entrapped 
therapeutic nucleic acid- based drugs. However, the presence 
of various proteoglycans, which are proteins covalently 
cross- linked with carboxylic or sulfated glycoaminoglycons 
(GAGs), appears as a possible barrier for the nanoparticles 
on the way to the target cells for cargo delivery. 43  The GAGs, 
including heparin sulfate, chondroitin sulfate, and HA, are 
highly anionic and may interact with the cationic 
nanoparticles, which may affect the integrity of the particles 
and the mobility of the nanoparticles in the tissue extracellular 
matrix, limiting their access to target cells. 44,45  Hence, 
nanoparticles prepared from chitosan should be stable 
against anions. Nanoparticles prepared from high MW 
chitosan (102 kDa) at a N/P ratio of 2 were observed to be 
extremely stable against exposure to SDS and heparin 
(sodium salt), which facilitated  in vivo  application. 23   

   9.2.10  Addition of chitosan 

 Though chitosan has been employed as the main vector in 
several studies involving DNA delivery, it can also be used as 
a coating material to offer a fl exible technology platform. 
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The use of PLGA for DNA delivery applications is limited by 
its negative surface charge and acidic degradation products. 
The incorporation of chitosan into the PLGA matrix could 
inhibit degradation of the matrix, thereby blocking the 
release of DNA from the polymer. Chitosan- coated 
nanoparticles are characterized by a strongly positive zeta 
potential, in contrast to the non- coated PLGA nanoparticles. 
Therefore, aggregation of these nanoparticles is prevented 
as they are stabilized by strong electrostatic repulsion. 
Moreover, this positive charge may contribute towards 
improved cell attachment in fi broblast cells. 46  The chitosan- 
coated PLGA nanoparticles were established as a fl exible 
and effi cient delivery system for AS-ODNs to lung cancer 
cells. 25  Chitosan was shown to enhance the effi cacy of 
emulsion as a gene delivery vehicle. Chitosan mediated pre- 
condensation of pDNA and enhanced transfection effi ciency 
of the emulsion  in vitro  in HepG2 cells. The  in vivo  data 
suggested that the chitosan- enhanced emulsion complexes 
lasted longer in the organs of mice compared with those 
complexes without chitosan. 2  Further, coating with chitosan 
was observed to improve the loading effi ciency of the nucleic 
acids and signifi cantly reduced the initial burst of nucleic 
acid, resulting in sustained release. 47  Furthermore, by coating 
liposomes with chitosan, the luciferase gene expression levels 
were slightly reduced, possibly due to the increased instability 
of the chitosan- loaded liposomes. 48   

   9.2.11  Preparation techniques of chitosan 
nanoparticles 

 Several strategies have been proposed for preparation of 
chitosan nanoparticles, such as coacervation, ionic gelation, 
covalent cross- linking, and desolvation. 49–51  The variation in 
preparation techniques can signifi cantly alter the size of the 
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chitosan/DNA nanoparticles produced, and hence the overall 
transfection effi ciency. 52–54  However, limited information is 
available in this area and further investigations are needed. 
Nanoparticles should be synthesized keeping in mind the 
route of administration.  

   9.2.12  Effect of route of administration 

 Route of administration to attain acceptable bioavailability 
represents a signifi cant challenge for gene delivery. Usually 
DNA is delivered by parenteral administration, due to its 
physico-chemical characteristics, while oral administration 
has been less explored. However, chitosan has mucoadhesive 
properties, which facilitate its application in mucosal gene 
delivery through oral, intranasal, and intratracheal routes. 55,56  
Chitosan has been widely employed for delivery of oral 
vaccines, as it has been demonstrated to have the additional 
advantage of promoting adhesion and absorption across a 
mucous surface. Chitosan has been reported to successfully 
deliver a reporter gene orally to enterocytes, Peyer’s 
patches, and mesenteric lymph nodes in female New Zealand 
white rabbits. 23  In another study, oral gene immunization 
for reducing the food- induced anaphylactic response 
was observed in mice using a chitosan- based gene 
delivery system. 57  Also, orally administered chitosan/DNA 
nanoparticles were reported to stimulate an immune response 
to the principal peanut allergen Arah-2 in Swiss albino mice. 58  
Later, high transfection effi ciencies of pDNA were retained in 
Japanese fl ounder after oral administration by encapsulating 
pDNA in chitosan microspheres through an emulsion- based 
methodology, suggesting that chitosan microspheres may be 
promising carriers for oral pDNA vaccines. 59  

 Intranasal administration is one of the most promising 
potential routes for gene therapy. Mice vaccinated with 
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chitosan nanoparticles encapsulating a cocktail of RSV 
cDNAs exhibited a signifi cant reduction in RSV titer and 
antigen load, as compared with untreated and naked DNA-
administered controls, after intranasal administration. 60  
Another study reported that intranasal immunization with 
chitosan nanoparticles induced peptide- and virus- specifi c 
CTL responses in BALB/c mice that were comparable to 
those induced via intradermal immunization. 61  Additionally, 
pulmonary administration of the DNA plasmid incorporated 
in chitosan nanoparticles was shown to induce increased 
levels of IFN- γ  secretion compared with plasmid DNA in 
solution or the intramuscular immunization route in HLA-
A2 transgenic mice. 62  Moreover, chitosan/DNA nanoparticle 
powders were demonstrated to possess higher transfection 
potency than solutions containing the same amount of DNA 
via pulmonary administration in mice. 63   

   9.2.13  Cell type 

 An effi cient gene delivery system is required to condense 
DNA, transport the gene into the cell, and facilitate its 
release, thereby leading to gene expression and subsequent 
protein synthesis. 64  Since chitosan- mediated transfection has 
been observed to depend on the cell type, it is a prerequisite 
to test a gene carrier on different cell lines, including cells 
that resemble those that will be targeted. The composition of 
cellular membranes varies among cellular types and may 
promote or inhibit the binding of the nanoparticles and 
subsequent internalization. 64  Chitosan/DNA nanoparticles 
have been reported to transfect various cell types, including 
HeLa, HEK 293, A549, and COS-1 cells with an unknown 
mechanism. 27  HEK 293 cells were reported to be more 
effi ciently transfected than HeLa, M69 mesenchymal, and 
MG63 cells with chitosan nanoparticles. 64,65  Another study 
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showed that HEK293 cells were transfected with chitosan 
nanoparticles, whereas HeLa and Swiss 3T3 cells were 
resistant to transfection. 66  Also, gene expression in HEK 293 
cells with ultrapure and non- toxic chitosan nanoparticles 
was comparable to that obtained with PEI, while in more 
differentiated epithelial cells such as HT-1080 and Caco-2 it 
was less effi cient. 26    

   9.3  Conclusions 

 Chitosan represents one of the most widely investigated 
cationic polymers for gene delivery. The transfection 
effi ciency is driven by a series of formulation parameters, 
such as the MW, DDA of chitosan, N/P ratio of chitosan/
DNA nanoparticles, chitosan salt form, pH, serum, etc. 
Keeping in mind all the formulation- based investigations, it 
appears that there exists a range of intermediate values of 
MW and DDA which form complexes of optimal stability 
and transfect effi ciently. As is evident from literature, the 
future prospects of chitosan- mediated gene delivery could be 
promising, despite the current problems.   
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 Polyethylenimine nanoparticles  
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  Abstract:  Polyethylenimine is considered as the gold 
standard of gene transfection; is one of the largely 
investigated cationic polymers for gene delivery. PEI 
possesses high cation density (a positive charge per 43 Da) 
and depending on the linkage of the repeating ethylenimine 
units, it occurs as branched or linear morphological 
isomers. Branched PEI is synthesized by acid- catalyzed 
polymerization of aziridine whereas linear PEI is prepared 
via ring opening polymerization of 2-ethyl-2-oxazoline 
followed by hydrolysis. LPEI contains secondary amines 
in its backbone except the terminal primary groups. On 
the other hand, BPEI contains primary, secondary and 
tertiary amino groups at the estimated ratio of 1:2:1. PEIs, 
ranging from low MW to higher ones, have extensively 
been exploited as effective gene delivery vehicles. It has 
been earlier reported that of linear and branched PEIs, the 
latter ones are more toxic and less effi cient for transfection, 
particularly at higher N/P ratios. The present chapter 
provides an exhaustive detail of the studies exploring PEI 
for  in vitro  and  in vivo  gene delivery.  

   Keywords:    polyethylenimine, branched PEI, linear PEI, 
polyethylene glycol, PEGylated PEI, alkylation, 
acetylation, folate.   
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    10.1  Introduction 

 A wide variety of linear, branched cationic polymers and 
copolymers have been tested in terms of their effi cacy and 
suitability for  in vitro  transfection. Unfortunately, no system 
has emerged as a versatile vector for gene delivery. 1  Studies 
regarding the mechanism of condensation of polymer structure 
with DNA and their biological performance, such as toxicity 
and transfection effi ciency, are limited. Because of this, the 
development of newer systems relies on empirical approaches 
rather than on a rational design. However, the results from 
transfection experiments with PEI have been encouraging from 
the very beginning. PEI, often considered as the gold standard 
of gene transfection, is one of the most widely explored cationic 
polymers for gene delivery. Since the fi rst successful application 
by Behr et al. of PEI-mediated ODN delivery, it has been further 
derivatized to improve the physico-chemical and biological 
properties of polyplexes. 2,3  High cation density of PEI (one 
positive charge per 43 Da, which is the monomer’s MW) also 
contributes to the formation of highly condensed particles by 
interacting with nucleic acids. Depending on the linkage of the 
repeating ethylenimine units, PEI occurs as branched or linear 
morphological isomers. Branched PEI is synthesized by acid- 
catalyzed polymerization of aziridine, whereas linear PEI is 
prepared via ring opening polymerization of 2-ethyl-2-
oxazoline followed by hydrolysis ( Figure 10.1 ). 4,5  LPEI contains 
secondary amines in its backbone except for the terminal 
primary groups. On the other hand, BPEI contains primary, 
secondary and tertiary amino groups at the estimated ratio of 
1:2:1. 6  The different types of amine group have different pKa 
values and could be protonated at different levels at a given pH. 
This confers on PEI a superior buffering capacity over a wide 
pH range. PEI uses the “proton sponge” mechanism to promote 
the release of endocytosed polyplexes from the endosomes. 2,7–9  
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 PEIs, ranging from low to higher MW, have been extensively 
exploited as effective gene delivery vehicles. 2,10–13  The 
transfection effi ciency of PEI is directly related to the size of 
the polymer and the charge – associated with cytotoxicity. 2,14–16  
The MWs of PEI being investigated ranged from 1 to 
1600 kDa. 17,18  Moreover, transfection data from L929 cells 
suggested that the most suitable MW of PEI for gene delivery 
ranges between 5 and 25 kDa. 14  Although the higher MW PEI 
is associated with higher transfection effi ciency, it has also 
been shown to result in increased cytotoxicity due to cell- 
surface aggregation of the polymer. 14  On the other hand, low 
MW PEI is less toxic but is also less effi cient in gene delivery. 
Also, low MW PEIs possess a lower amount of positive charge 
within one molecule, which makes it diffi cult to condense the 

  Synthesis of PEI by (a) acid- polymerization of 
aziridine to yield BPEI and (b) ring- opening 
polymerization of 2-ethyl-2-oxazoline followed 
by hydrolysis to yield LPEI     

  Figure 10.1 
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negatively charged DNA. On the other hand, if the surface 
charge of the complexes is too low, it is almost impossible for 
them to induce cellular uptake through charge- mediated 
interactions. 15  However, the high cationic charge density of 
PEI condenses the negatively charged DNA effi ciently into 
small complexes and protects it from nuclease degradation. 14  
Low MW PEI (5 kDa) grafted with PEG (5 kDa) exhibited 
higher transfection effi ciency in both bronchial and alveolar 
cells than high MW PEI (25 kDa) grafted PEG polyplexes. 19  

 It has been reported that branched PEIs are more toxic and 
less effi cient for transfection than linear PEIs, particularly at 
higher N/P ratios. 20  BPEI have been shown to complex 
strongly with DNA and form smaller complexes than 
LPEI. 20,21  The condensation behavior of LPEI is signifi cantly 
infl uenced by the preparation buffer conditions, whereas that 
of BPEI remains unaffected. 20  For instance, LPEI (22 kDa) 
condenses DNA in low ionic strength 5% glucose solution to 
30–60 nm complexes, which increase to 1  μ m in a high ionic 
strength solution. 2,21  Also, the  in vitro  transfection effi ciency 
of LPEI/DNA complexes was appreciably higher than that of 
BPEI (800 Da)/DNA and BPEI (25 kDa)/DNA complexes 
when complexes were prepared in a salt- containing buffer. 20  
Further, transfection studies done  in vivo  showed that LPEI/
DNA complexes prepared in high salt conditions were 100-
fold less active than those formed in low salt conditions. 
These data strongly suggested that effi cient transgene 
expression depends on the size of the PEI/DNA complexes.  

   10.2  Derivatives of PEI for  in vitro  
and  in vivo  gene delivery 

 An exhaustive variety of chemical modifi cations have been 
introduced to the PEI structure in order to improve 
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transfection effi ciency of the polymer. The modifi cations 
have been targeted either to mask the surface charge to 
reduce toxicity or for attachment of ligands for targeted gene 
delivery. 

   10.2.1  Conjugation of PEG to PEI 

 In order to improve the  in vivo  half-life and cell viability of 
PEI, the positive charge is masked by coating the surface with 
neutral hydrophilic polymers such as PEG. Steric stabilization 
is achieved by creating a “brush” layer of hydrophilic polymer 
on the surface of PEI/DNA polyplexes, thereby decreasing 
self and non- self non- specifi c interactions. One of the fi rst 
studies investigated the  in vitro  and  in vivo  properties of 
(800 kDa) complexes before and after covalent coupling of 
PEG (2 kDa). The majority of Tf-PEI/DNA and Tf-PEI/PEG/
DNA complexes generated under low salt conditions 
(HEPES-buffered glucose) appeared as spherical particles 
with a diameter of 40 nm. Non-PEGylated complexes formed 
aggregates with plasma proteins; in contrast, PEG-modifi ed 
complexes remained small and un- aggregated.  In vitro  
transfection data in human cell lines K562 and Neuro2a 
suggested that PEGylation did not interfere with the 
transfection activity. Further, the PEGylation of complexes 
was observed to improve the retention time in blood after tail 
vein injection as compared with unmodifi ed complexes. 

 Various synthetic strategies have been proposed for 
conjugation of PEG to PEI. Coupling is usually a two- step 
procedure, whereby PEG can be activated with either epoxide 
or isocyanate groups, followed by reaction with the amino 
groups of PEI. 22,23  Also, commercially available NHS-
activated PEG can be used to couple with PEI. 24  Furthermore, 
bifunctional NHS-activated PEG with a vinyl sulfone group 
on the opposite end allows further functionalization of the 
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PEI-PEG block copolymer with targeting moieties such as 
arginine- glycine-aspartic acid (RGD) peptides to target 
integrin receptors on endothelial cells or galactose to target 
hepatocytes. 25,26  PEG chains of varying lengths have been 
employed to modify BPEI (MW 2–25 kDa) and LPEI (MW 
22 kDa). 23,27,28  Investigations revealed that the degree of 
PEGylation and the MW of PEG strongly infl uence the 
properties of the resulting PEG-PEI conjugates. 23  It is 
noteworthy that all studies involving PEG-PEI/DNA 
complexes were performed with PEIs that were PEGylated 
before generation of the DNA complexes. This could probably 
be attributed to less effi cient DNA condensation with 
PEGylated PEI in comparison to non- modifi ed PEIs. 23,27  The 
covalent conjugation of PEI with PEG reduced the positive 
surface charge (zeta  potential) of the polyplexes, whereas it 
only marginally affected their size. 23,27,28  The shielding of the 
polyplexes allowed increased half- life in the blood circulation. 
Further, the PEGylation of PEI/DNA polyplexes also reduced 
the non- specifi c ionic interactions between polyplexes and 
target cells. 27  However, some studies reported effi cient gene 
transfer despite PEGylation. 23  Furthermore, the PEG-PEI 
conjugates are observed to be less cytotoxic than the non- 
modifi ed polymers. This could be due to the fact that fewer 
PEG-PEI/DNA complexes are taken up by the cells as a result 
of reduced non- specifi c ionic interactions. Additionally, the 
PEG chains signifi cantly enhanced the solubility of the 
PEI/DNA complexes. Polyplexes of LPEI/DNA at PEI 
concentration of 350  μ g/ml and N/P ratio of 12 resulted in 
formation of precipitates, while PEG-PEI/DNA complexes 
with up to 1500  μ g/ml of DNA could be easily generated. 27  

 To reveal the details of dependence of PEGylation on PEI 
transfection effi cacy, polymers were synthesized by grafting 
PEG (2 kDa) to PEI (25 kDa) at multiple ratios. 29  Increased 
PEG substitution was shown to lower toxicity and pDNA-

�� �� �� �� ��



Polyethylenimine nanoparticles

Published by Woodhead Publishing Limited, 2013

203

binding on a per total polymer weight basis, but not on a per 
PEI-backbone weight basis. Further, DLS studies indicated 
inhibition of aggregation at high PEGylation of polyplexes in 
the presence of serum. Plasmid uptake and transgene expression 
were found to have a complex relationship with PEG 
substitution, depending on the polymer/pDNA weight ratio. 
Furthermore, PEGylation generally decreased the transfection 
effi cacy of PEI, but, under ideal conditions of PEG substitution 
and polymer/pDNA ratio, PEGylation provided more effective 
carrier formulations than the native PEI itself. 

 Although  in vivo  studies of PEG-PEI copolymers have 
shown increased blood circulation time and reduced toxicity, 
no gene expression was detected with doses of 25  μ g pDNA in 
mice. 30  This was attributed to reduced interaction with the cell 
membrane due to decreased surface charge, hindering the fi rst 
step of the intracellular traffi cking. 31  To address this issue, 
NHS-activated biotin was conjugated to PEI in one reaction 
and PEG (5 kDa) succinimidyl propionate was conjugated to 
chicken avidin in a separate reaction. 32  The two copolymers 
were then coupled together by biotin–avidin interactions. 
When exposed to high salt conditions  in vitro , the non- covalent 
interaction between biotin and avidin remained stable, 
suggesting the potential for prolonged systemic circulation as 
seen with covalently conjugated PEI-PEG copolymers. Further, 
addition of excess biotin reduced the degree of PEGylation 
and improved binding to the cell surface  in vitro.  32  

 To circumvent the charge reduction while incorporating 
PEG into PEI, we developed PEG-based homobifunctional 
derivatives for ionic cross- linking. 33  Ionic cross- linking was 
accomplished by using PEG-bis (phosphate) and resulted in 
nanoparticles of ∼85–150 nm varying in accordance with the 
MW of PEG and degree of cross- linking. The PEI-PEG 
nanoparticles were 5–16-fold more effi cient as transfecting 
agents compared with lipofectin and PEI itself ( Figure 10.2 ). 
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  Comparison of transfection effi ciency of various 
PEI-PEG nanoparticle complexes  
  COS-1 cells were incubated with PEI-PEG/DNA 
nanoparticle complexes at various weight ratios 
and incubated for 36 h. The luciferase reporter 
gene activity in the cell lysate was measured 
using a luminometer and the results are 
expressed in terms of relative light units/mg 
total cellular protein. The optimal transfection 
effi ciency obtained by different nanoparticles is 
represented by the bar diagram. The absolute 
concentration of PEI-PEG nanoparticles 
complexed with DNA is also indicated. The 
assays were done in triplicate and the standard 
error is shown    

  Figure 10.2 

  Note:  I, ionic cross- linked; C, covalent cross- linked 
  Source:  adapted from Nimesh  et al.  2010 33   
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Further, the toxicity of PEI-PEG nanoparticles was found to 
be reduced considerably in comparison with PEI polymers. 33   

   10.2.2  Hydrophobic modifi cation of PEI 

 To improve transfection effi ciency mediated through the 
balance between hydrophilicity and hydrophobicity, PEI was 
derivatized by introduction of alkyl linkage, attachment of 
hydrophobic ligands, etc. PEI was modifi ed by linking 
cholesteryl chloroformate (PEI-Chol) to the secondary amino 
groups of BPEI (MW 1.8 and 10 kDa). 34  The mean particle 
size of the complexes was in the range 110–205 nm, except 
for the complexes prepared using PEI of 1.8 kDa, which had 
a mean particle size of 384 ± 300 nm. Further, the  in vitro  
transfection of PEI-Chol/pCMS-EGFP complexes in Jurkat 
cells showed high levels of GFP expression with little 
toxicity. 34  In another study, N-alkylated LPEIs (MW 22 kDa) 
with varying alkyl chain lengths and extent of substitution 
were synthesized and investigated for  in vivo  transfection 
effi ciency, specifi city, and biodistribution. 35  N-Ethylation 
revealed improved  in vivo  effi cacy of gene expression in the 
mouse lung by 26-fold relative to the parent polycation and 
more than quadrupled the ratio of expression in the lung to 
that in all other organs. N-propyl-PEI was the best performer 
in the liver and heart (581- and 3.5-fold enhancements) while 
N-octyl-PEI improved expression in the kidneys over the 
parent polymer 221-fold. 35  Further, the effects of the 
protonation properties of PEI were investigated by generation 
of PEI derivatives by acetylating varying fractions of the 
primary and secondary amines to form secondary and 
tertiary amides. 36  Acetylation of PEI decreased the 
physiological buffering capacity and decreased the zeta 
potential of polyplexes from 14 mV to 8–11 mV, with a two 
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to threefold increase in the polyplex diameter. Furthermore, 
acetylation had a negligible effect on cytotoxicity of PEI 
derivatives, while gene delivery effi cacy increased by up to 
21-fold compared with unmodifi ed PEI, in both the presence 
and absence of serum. 36  

 We partially derivatized the amino groups of PEI (750 kDa) 
by using three different acylating agents varying in carbon 
chain length from C-2 to C-4, to infl uence the proton sponge 
mechanism and hydrophobic–hydrophilic balance. 37  The 
acylated PEI-PEG nanoparticles were found to be in the 
range of 84–124 nm. The gene delivery effi cacy in COS-1 
cells was improved by 5–12-fold as compared with native 
PEI and the commercially available transfecting agent 
lipofectin, along with a signifi cant reduction in cytotoxicity 
( Figure 10.3 ). Of all the systems prepared, nanoparticles 
with 30% acylation, using propionic anhydride, were found 
to be the most effi cient at  in vitro  transfection. 37  In another 
study, the amino groups on the polymeric backbone of PEI 
were acylated using acetic or propionic anhydride. 38  Modifi ed 
PEI showed reduced buffering capacity, and those polymers 
with buffering capacities greater than 50% and less than 
80%, relative to PEI, showed higher transfection effi ciencies 
than PEI. This study also showed PEI-propionic anhydride 
derivate to be the best transfecting system, with improved 
cell viability. 38   

   10.2.3  Conjugation of targeting ligands 

 To improve their interaction with the cell surface, and 
ultimately their cellular uptake, PEIs can be modifi ed with 
targeting ligands such as FA, the cell penetrating peptide 
TAT, RGD peptide, or galactose. 39–41  Active targeting 
strategies involve coupling of polyplexes with a ligand of 
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  Comparison of transfection effi ciency of various 
acylated PEI nanoparticle complexes  
  COS-1 cells were incubated with DNA-loaded 
acylated PEI nanoparticle complexes at various 
weight ratios for 4 h and the expression of GFP 
was monitored after 36 h. The fl uorescent 
intensity of GFP fl uorophore in the cell lysate 
was measured on a spectrofl uorometer and the 
results are expressed in terms of arbitrary units/
mg total cellular protein. The results represent 
the mean of two independent experiments 
performed in triplicate. The data were recorded 
at optimal transfection effi ciency for the 
respective acylated PEI nanoparticle:DNA ratio. 
Transfection effi ciency with acylated PEI 
nanoparticles, DNA complexes for 750 kDa 
series     

  Figure 10.3 

  Source:  adapted from Nimesh  et al.  2010 33  
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choice that is expected to interact with a specifi c target on 
the cell surface. An over- expression of this molecule in the 
target cell type is necessary if high uptake is intended. 

 Folate- conjugated ternary copolymers based on PEI-graft-
PCL-block-PEG (PEI-g-PCL-b-PEG-FA) were synthesized as 
a targeted gene delivery system using a modular synthesis 
approach, including “click” conjugation of folate moieties 
with heterobifunctional PEG-b-PCL at the PEG terminus 
and subsequently the introduction of PEI by a Michael 
addition between folate-PEG-b-PCL and PEI via active PCL 
terminus. 42  An enhancement of cellular uptake of PEI-g-
PCL-b-PEG-FA/pDNA polyplexes was observed in FRs 
overexpressing KB cells, which resulted in a 14-fold increase 
in transfection effi ciency in comparison with unmodifi ed 
PEI-g-PCL-b-PEG. 42  FA was conjugated to a backbone 
(named mPPS) consisting of a copolymer of methyl PEG-
2000, PEI-600, and sebacoyl chloride for synthesis of novel 
polymer mPPS-FA. 39  Transfection studies revealed that 
mPPS-FA/DNA complexes yielded the highest GFP 
transfection effi ciency in B16-F1O, U87, CHO-1, and 
HO-8910 cells, all of which highly express FRs, at an 
mPPS-FA/DNA ratio (w/w) of 15. 

 PEG-Tf-PEI conjugate yielded improved transfection 
effi ciency in Jurkat cells and reduced cytotoxicity as compared 
with PEI complex. 43  This was attributed to a reduction in the 
membrane- damaging effect via shielding of the positive 
charge on the nanocomplex surface by PEG. 43  Further, to 
intensify the effects of the ligand on gene delivery, dual 
receptor- binding elements, Tf and transforming growth factor 
 α  (TGF α ), were introduced into the PEI polyplex. 44  In A549, 
Tf and TGF α  polyplex had higher uptake and transfection 
effi ciency when compared with single Tf or TGF α  introduced 
polyplex (Tf- polyplex and TGF α -polyplex), respectively, 
while no enhancement was observed in CHO-K1. 44  
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 PEG-PEI was coupled with a cyclic RGD peptide, a special 
ligand for integrin  ανβ 3 receptor, and employed as vector for 
pigment epithelial- derived factor (PEDF) gene therapy. 41  
PEDF gene delivered by cyclic RGD-PEG-PEI apparently 
suppressed tumor growth, with a 67.4% reduction and 
decreased micro- vessel density in nude mice bearing SW620 
human colorectal xenografts. HA-coated PEI-PBLG/DNA 
complexes were further modifi ed by introducing RGD 
peptide (HA-RGD/PEI-PBLG/DNA) with grafting density of 
one RGD in every 1.9 HA repeating units. 45  The transfection 
effi ciency of HA-RGD/PEI-PBLG/DNA was 9.7 times that of 
HA/PEI-PBLG/DNA for the RGD target binding affi nity to 
the receptors on the HeLa cell surface. This was attributed to 
HA coating on PEI-PBLG/DNA reducing the electrostatic 
binding affi nity to the cells, while the RGD tagging not only 
compensates for the reduced binding affi nity for integrin on 
HeLa cells but also enhances the affi nity for HA-RGD/PEI-
PBLG/DNA. 45  In another study, PEI-PEG-based polyplexes 
containing MC1SP-peptide, a ligand specifi c for melanocortin 
receptor-1, demonstrated receptor- mediated transfection of 
Cloudman S91 (clone M-3) murine melanoma cells that was 
more effi cient as compared with the non- targeted complexes. 46  
Further, the targeted polyplexes carrying the HSVtk gene 
more effi ciently inhibited melanoma tumor growth after 
ganciclovir administration and prolonged the lifespan 
of DBA/2 tumor- bearing mice compared with the non- 
targeted ones. 

 Key properties of the PEI-PEG-TAT peptide polyplex 
nanoparticles, including their behavior in cells, were 
investigated and compared with the transfection effi cacy 
using 11 different cell lines. 40  A statistically signifi cant 
positive correlation was found between transfection effi cacy 
and the share of 50–75 nm fraction in the whole mixture 
of nanoparticles estimated with AFM. Also, variations in 
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PEG/PEI and N/P ratios made it possible to fi nd their optimal 
combinations, which resulted in up to 100% transfection 
effi cacy for several cell lines. 40  PEG (3.4 kDa)-g-PEI (25 kDa) 
modifi ed with TAT polyplex mediated signifi cantly higher 
transfection in lung epithelial cells of mice compared with 
TAT-PEI/pDNA polyplex, suggesting that covalent coupling 
of TAT to PEI via PEG led to high transfection. 47  These 
conjugates were able to transfect the epithelial cells of 
bronchi and alveoli. It has been reported that sugar- modifi ed 
PEI can help  in vivo  gene delivery by enhancing specifi c 
interactions between the vector and target organs.  

   10.2.4  Coupling with other polymers 

 PEI(600 Da)-cyclodextrin (CD), prepared by linking low 
MW PEI and  β -CD, was used to introduce the therapeutic 
gene TRAIL into mesenchymal stem cells (MSCs). 48  The 
particle size of PEI-CD measured at N/P 20 was around 
180 ± 13 nm, with zeta potential around 29 mV. Further, 
cellular uptake studies revealed that the PEI-CD/DNA 
complex could escape from endosomes at a proper rate so 
that the transfection effi ciency could be increased. 
Furthermore, TRAIL-MSCs reduced metastases in C57BL/6 
mice by intravenous injection and did not show any signs of 
toxicity in the lung or liver of normal mice. 48  To reduce 
toxicity, Pun et al. synthesized CD-modifi ed PEI derivatives 
(branched and linear). 49  While the cytotoxicity of both 
CD-BPEI and CD-LPEI was reduced with the increasing 
density of cyclodextrin, transfection effi ciency of CD-BPEI 
was lower than that of the unmodifi ed analogue despite 
higher cellular uptake. However, the transfection effi ciency 
of both CD-BPEI and CD-LPEI was higher than for the 
unmodifi ed analogues in the presence of chloroquine, 
suggesting that cyclodextrin conjugation hinders endosomal 
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escape. Later, adamantane- terminated PEG was synthesized, 
which could be non- covalently conjugated to CD-PEI. 
 In vivo  studies revealed no toxicity up to 120  μ g DNA, a 
dose that is lethal for LPEI-DNA complexes. Biodistribution 
data showed highest accumulation in liver tumor, followed 
by the lungs, then the kidneys, with gene expression observed 
only in the liver. 49  

 Shuai et al. incorporated PEG-PCL grafts onto the 
periphery of BPEI. These polyplexes showed reduced 
cytotoxicity and some of them exhibited improved 
transfection effi ciency compared with BPEI (25 kDa). 50  The 
enhanced gene transfection effi ciency of these PEG-PCL-PEI 
copolymers was later improved by creating inclusion 
complexes between the PEG-PCL grafts and  α -CD. 51  PEI 
was also derivatized with PCL by Michael addition reaction 
between PCL diacrylate and low MW PEI to yield poly(ester 
amine)s (PEA). 52  Poly(ester amine)s/DNA complexes showed 
effective and stable DNA condensation with particle sizes 
below 200 nm. Poly(ester amine)s revealed much higher 
transfection effi ciencies in three tested cell lines (293T, 
HepG2, HeLa cells) as compared with PEI (25 kDa), with 
PCL/PEI-1.2 (1.2 kDa) complex having transfection 
effi ciency 15–25-fold higher. Further, poly(ester amine)s/
DNA complexes transfected cells  in vivo  after aerosol 
administration more successfully than PEI (25 kDa). 52  

 Chitosan and its derivatives have been studied as non- viral 
vectors due to biocompatibility, biodegradability, and low 
toxicity. To impart biodegradability, PEI-graft- chitosan was 
synthesized by cationic polymerization of aziridine in the 
presence of water- soluble chitosan (3.4 kDa). 53  PEI-graft- 
chitosan showed higher transfection effi ciency and safety 
than PEI (25 kDa) in the different cells (HepG2, HeLa, and 
hepatocytes) due to the proton sponge effect of PEI in the 
polymer. Administration of the polymer/DNA complexes 
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into the rat liver common bile duct showed 58-fold higher 
transfection effi ciency in liver than PEI itself (25 kDa). 53  
Later, PEI-graft- N -maleated chitosan was synthesized 
through grafting of low MW PEI (800 Da) to  N -maleated 
chitosan by a Michael addition reaction. 54  The polymer 
revealed low cytotoxicity and good transfection effi ciency in 
both 293T and HeLa cells, although high MW polymer 
showed higher cytotoxicity and lower transfection effi ciency 
than low MW polymer. 54  In another study, PEI-graft- chitosan 
was prepared by grafting low MW PEI (600 Da) into the 
chitosan through a short PEG linker (440 Da) with terminal 
epoxide rings to decrease the inherent cytotoxicity of PEI-
graft- chitosan. 55  The polymer showed higher cell viability 
than chitosan in 293T cells, and also mediated higher gene 
expression than chitosan in 293T cells.   

   10.3  Degradable PEI for gene delivery 

 Although PEI is highly effi cient in transfecting mammalian 
cells, its non- degradability hampers its clinical application. 
The non- degradable cationic polymers could induce cytotoxic 
effects by destabilizing the cell membrane. Therefore, various 
chemical modifi cations that consist of biodegradable bonds 
are introduced into cationic polymers, in order to reduce the 
cytotoxicity as well as to control the release of DNA. The 
degradable, branched PEIs have a number of advantages 
over linear ones due to their high amine density. As the amine 
density in linear PEI is limited, it may not be enough to 
condense DNA effi ciently. Branched PEIs are therefore more 
popular for the synthesis of degradable PEIs, although they 
need more stringent control over the reaction conditions due 
to the involvement of primary, secondary, and tertiary 
amines. Linear degradable PEI exhibits a short half- life, as 
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even a few cleavages can reduce chain length rapidly, with a 
quick drop in MW, whereas the branched PEI degrades 
slowly due to the lower water accessibility of the ester 
linkages in the branched structures. 56,57  

 Though the introduction of biodegradable bonds could 
reduce cytotoxicity, the DNA delivery effi ciency could also 
be decreased, probably due to reduction in the endosomal 
escape effi ciency by the introduction of biodegradability, 
which causes a decrease in the amine density of the polymers. 
A biodegradable PEI derivative, LPEI-S, was synthesized for 
effi cient and safe gene delivery. 58  The transfection effi ciency 
was observed to increase as the amine density of LPEI-S 
increased. LPEI-S6 and LPEI-S8 show transfection effi ciencies 
comparable to PEI with almost negligible cytotoxicity. 
Degradation studies of LPEI-S in HeLa cells revealed 
complete degradation within 3 h. 58  Further, the degradation 
rate of LPEI-S derivatives was controlled by varying the 
amount of the cross- linker bisepoxide. 59  The bisepoxide-
PEI-S was readily degradable under reductive conditions 
(5 mM glutathione solution) and the degradation time was 
dependent on the degree of cross- linking. The transfection 
effi ciency of bisepoxide-PEI-S was higher than that of LPEI-S; 
for instance, in NIH3T3s and HUVEC cells, the difference in 
transfection effi ciency between LPEI-S and bisepoxide-PEI-S 
5% was more than 1000-fold. 59  

 In addition to disulfi de linkages, PEI has been derivatized 
with acid- labile ester linkages for introduction of 
biodegradability. Biodegradable PEI-PEG conjugates were 
synthesized by reacting low MW PEI (600, 1200, 1800 Da) 
with PEG succinimidyl succinate (2000 Da) to form water- 
soluble polymers. 60  Neutralization of the complexes was 
achieved at charge ratios of copolymer/pSV-beta- gal plasmid 
from 0.8 to 1.0, with the mean particle size of the polyplexes 
ranging from 130 to 150 nm.  In vitro  transfection effi ciency 
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of the synthesized copolymer was three- fold higher than that 
of the starting low MW PEI (1800 Da), while the cell viability 
was maintained at over 80%. To reduce the cytotoxicity, 
degradable PEIs with acid- labile imine linkers were 
synthesized with low MW PEI (MW 1.8 kDa) and 
glutadialdehyde. 61  The half- life of the acid- labile PEI was 
1.1 h at pH 4.5 and 118 h at pH 7.4, suggesting that the 
acid- labile PEI may be rapidly degraded into non- toxic low 
MW PEI in the acidic endosome.  In vitro  transfection assays 
showed that the transfection effi ciency of the acid- labile PEIs 
was comparable to that of PEI (25 kDa) and that they were 
far less toxic, due to the degradation of the acid- labile 
linkage. 61  In another study, biodegradable PEI-PEG 
copolymers were prepared by reaction of low MW PEI with 
PEG diacrylate as a cross- linker. 62  Particle sizes were observed 
to decrease with increasing N/P ratio and PEG MW, 
exhibiting a minimum value of 75 nm at an N/P ratio of 45 
with PEI-PEG (MW 700 Da). Further, the transfection 
effi ciency was also infl uenced by PEG MW and, in the case 
of PEI-PEG (MW 258 Da), the transfection effi ciency was 
higher than that for PEI (25 kDa) in HepG2 and MG63, 
whereas it was lower in HeLa cells. 62  

 Forrest et al. cross- linked low MW PEI (800 Da) with 
1,3-butanediol (or 1,6-hexanediol) diacrylate as cross- 
linking agents to generate the ester- cross- linked polymer. 63  
The acrylate groups reacted with both primary and secondary 
amines, resulting in highly branched, cross- linked, degradable 
PEI with a fi nal MW of 14 kDa. The half- life of the cross-
linked PEI synthesized from 1,3-butanediol was 4 h, due 
to the rapid hydrolysis of ester bonds in the polymeric 
structure at physiological conditions, to produce the diol 
linkers and amino acids. 63  Further, the degradable polymers 
exhibited similar size, structure, and DNA-binding 
properties to commercially available PEI (25 kDa), but 
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mediated 2–16-fold higher gene expression in MDA-MB-231 
cells with lower cytotoxicity. 63   

   10.4  Conclusions 

 The availability of LPEI and BPEI in a wide range of MWs 
with excellent transfection effi ciencies and their implication 
in several studies to establish the optimal requirements are 
promising. From the available study database, it could be 
deduced that the optimal MW of PEI for complexation with 
DNA lies between 5 and 25 kDa, although high (800 kDa) 
and low (2 kDa) MW PEIs have also shown good transfection 
at their preferred N/P ratios. To evolve clinically relevant 
formulations, the design of a cationic PEI-based vector 
should be directed towards addressing the cytotoxicity 
concern, and effi cient protection of DNA against serum or 
DNAse via effi cient complexation with DNA.   
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 Atelocollagen  

   DOI:  10.1533/9781908818645.225 

  Abstract:  Atelocollagen was the fi rst naturally occurring 
biomaterial with potential application as gene delivery 
vector and is prepared by pepsin treatment from type I 
collagen of calf dermis. Atelocollagen/DNA complexes 
can be fabricated into beads, sponge, membrane, 
minipellet, etc. without use of heat or without using 
any organic solvent. Further, high concentration of 
atelocollagen allows the complex to be stable for prolonged 
times, which is advantageous for a sustained release 
carrier. On the contrary, low concentration of atelocollagen 
results in formation of complex particles with diameter in 
size 100–300 nm, which is considered adequate for 
systemic applications. Furthermore, treatment with 
atelocollagen did not alter expression level of toxicity 
related genes, suggesting it to be practically non- toxic and 
potential candidate for gene vector. Atelocollagen has 
been successfully employed in several  in vitro  and  in vivo  
gene delivery studies. The present chapter accounts for the 
studies done to establish the gene delivery applications of 
atelocollagen.  

   Key words:    atelocollagen, minipellet, nanosize, antitumor, 
tetrahydrobiopterin.   
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    11.1  Introduction 

 Atelocollagen was the fi rst naturally occurring biomaterial 
with potential application as gene delivery vector. 1  It is 
prepared by pepsin treatment from type I collagen of calf 
dermis. 2,3  The N- and C-terminals of the collagen molecules 
possess an amino acid sequence called telopeptide, which 
determines the antigenicity of collagen. However, pepsin 
treatment gets rid of telopeptides in atelocollagen, which 
eliminates its immunogenicity and empowers clinical 
applications. At low temperature atelocollagen exists as a 
liquid, which favors complexation with nucleic acids. Since 
the surface of atelocollagen molecules is positively charged, 
the molecules can bond electrostatically with negatively 
charged nucleic acid molecules. Upon implantation in the 
body, it exhibits plasticity, by which it becomes fi brous and 
then solid due to body temperature. This solidifi cation allows 
entrapment of DNA in the mesh structure of the matrix, 
resulting in protection from immunological reaction and 
enzymatic attack ( Figure 11.1 ). Moreover, atelocollagen/
DNA complexes can be fabricated into beads, sponge, 
membrane, minipellet, etc. without use of heat and without 
using any organic solvent, which is a major cause of 
deactivation of gene vectors. 

 Atelocollagen was used for the preparation of minipellet 
containing pDNA, pH adjusted to neutral, to maintain 
stability of pDNA. To prevent degradation of DNA chains 
due to lyophilization, glucose is added as a lyoprotective 
additive ( Figure 11.2 ). Further, the size of the complex 
particles can be modulated by varying the ratio of nucleic 
acid to atelocollagen. Furthermore, a high concentration of 
atelocollagen allows the complex to be stable for a prolonged 
time, which is advantageous for a sustained release carrier. 
On the other hand, a low concentration of atelocollagen 
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  Mechanism of atelocollagen- mediated gene 
delivery     

  Figure 11.1 

  Preparation of minipellet containing pDNA       Figure 11.2 
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results in formation of complex particles with diameter of 
size 100–300 nm, which is considered adequate for systemic 
applications.  

   11.2  Atelocollagen- mediated 
gene delivery 

 To generate atelocollagen- based  in vivo  gene delivery vectors, 
atelocollagen/DNA complexes were prepared using 50  μ g of 
pDNA and human HST-1/FGF-4 cDNA resulting in a 
minipellet of cylindrical shape (0.6 mm in diameter and 
10 mm in length). 1,4  The optimization studies involved  in 
vitro  pDNA release from the minipellet with or without 
glucose. A minipellet comprising 30% (weight/weight) 
glucose facilitated sustained release of pDNA into the 
medium; after 10 days about 40% of pDNA was released. 1  
For  in vivo  application, minipellet containing 50  μ g of 
pCAHST-1 was injected intramuscularly into 7-week- old 
normal ICR mice. Administration of minipellet led to 
increase in the platelet counts from a pre- injection level of 
98 ± 4 × 10 4 / μ l to 145 ± 9 × 10 4 / μ l and 168 ± 12 × 10 4 / μ l at days 
10 and 28, respectively, remaining elevated for up to 60 days. 
On the other hand, administration of 50  μ g of naked 
pCAHST-1 pDNA showed transiently increased platelet 
counts of 175 ± 12 × 10 4 / μ l at day 10, which returned to 
normal (98 ± 4 × 10 4 / μ l) by day 25. 1  Further, the serum levels 
of HST-1/FGF-4 were signifi cantly increased upon 
administration of minipellet containing 50  μ g of pCAHST-1 
pDNA, with the highest level of 112 ± 22 pg/ml on day 30 
after injection and remaining as high as 50–100 pg/ml for up 
to 60 days. Polymerase chain reaction (PCR) analysis of 
released pDNA revealed that pCAHST-1-specifi c PCR 
product fi rst appeared in the sera of mice 6 h after injection 
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and remained present for 40 days, while in controls PCR 
products were barely detectable after 21 days. 1  It was 
deduced that the  in vivo  administration of the minipellet 
resulted in serum protein levels of HST-1/FGF-4, which 
produced a 200% increase in the platelet count, suffi cient to 
inhibit experimentally induced thrombocytopenia in mice. 5  

 Due to its cationic charge and binding properties, the 
ability of atelocollagen to transfer cDNA expression vectors, 
AS-ODNs, and adenovirus vectors into cells on a microplate 
was investigated. 6  In this study, atelocollagen/genetic material 
complexes as nanosized particles were pre- coated on a 
micro- well plate onto which the cells were then seeded. 
Atelocollagen (80  μ g/ml) condensed pDNA (7 kb) (100  μ g/
ml) to form complexes in the nanoparticle form with a 
diameter of ~100–200 nm, which yielded maximal 
transfection effi cacy. 6  In one example, HEK 293 cells were 
added to a plate coated with atelocollagen/GFP reporter 
gene nanoparticles. The fl uorescence intensity due to 
expression of GFP in the cells was observed to occur in a 
dose- dependent manner that remained up to 52 days post- 
transfection. Moreover, the spotted and air- dried 
nanoparticles on the plate retained their transfection ability 
for more than 1 month when stored at room temperature. 
Further, to demonstrate the utility of atelocollagen in ODN 
delivery, it was employed to deliver AS-ODNs that specifi cally 
inhibited the growth of human testicular tumor cells, NEC8, 
which showed high expression levels of HST-1/FGF-4 
mRNA. 6  The results revealed signifi cant growth- inhibiting 
effects on cells with AS-ODNs against HST-1/FGF-4, while 
mock ODNs had no effects. Also, the growth inhibition by 
the complex of AS-ODNs against human HST-1/FGF-4 
occurred in an ODN-dose- dependent manner. 6  Furthermore, 
atelocollagen was involved in delivery of an adenovirus 
vector carrying a GFP gene. The embryonic stem cells plated 
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onto the atelocollagen/adenovirus- prefi xed plate expressed 
GFP in a virus- titer-dependent manner, while the adenovirus 
solution alone prefi xed to the plate as a control did not lead 
to GFP gene expression in cells. 6  

 Over- expression of the fi broblast growth factor HST-1/
FGF-4 gene is associated with growth and malignancy in 
human testicular germ cell tumors. To evaluate the therapeutic 
relevance of HST-1/FGF-4 AS-ODNs directed against human 
HST-1/FGF-4 mRNA, they were delivered by complexation 
with atelocollagen and analyzed for anti- tumor activity. 7  
Among the four AS-ODNs specifi c for the HST-1/FGF-4 
gene, A4196T (58.8% inhibition) and A5773V (22 . 2% 
inhibition) showed effi cient reduction of proliferation of 
NEC8 cells  in vitro  at 2  μ M concentration. The AS-ODNs 
also inhibited the cell proliferation of other male germ cell 
tumors which produce a high amount of HST-1/FGF-4, such 
as NEC14 and NCCIT cells. 7  Further, the AS-ODNs 
signifi cantly suppressed the secretion of HST-1/FGF-4 in 
NEC8 cells treated with 5  μ M ODNs for 72 h. Assessment 
6 h after intratesticular administration of atelocollagen/
ODNs revealed the presence of signifi cant amounts of ODNs 
in tumors as compared with ODNs injected alone. After 20 
days of ODNs administration, the tumor volume in mice 
treated with atelocollagen/AS-ODNs was 68, 78, or 76% 
smaller than that in mice treated with AS-ODNs 
alone, control sense ODNs alone, or atelocollagen alone, 
respectively. 7  The HST-1/FGF-4 protein level in tumors was 
signifi cantly inhibited in tumors ( P  < 0.001) after 3 days of 
administration of atelocollagen/AS-ODNs. Furthermore, 
atelocollagen- mediated transfer of AS-ODNs signifi cantly 
inhibited tumor metastasis in the para- aortic lymph nodes 
and lungs. 7  

 To study the potential application of atelocollagen as an 
ODN delivery carrier  in vivo , the activity of formulated 
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AS-ODN targeted against the ICAM-1 mRNA was 
investigated in an allergic dermatitis mice model. 8  AS-ODN 
was administered to the animals as a single intravenous 
injection of formulation containing 100  μ g/ml of AS-ODN in 
0.05% atelocollagen solution. Antisense activity was 
determined by measurement of ear thickness, histopathology, 
and immunohistochemistry, 24 h after the initiation of the 
dermatitis. A single dose of atelocollagen/AS-ODN at a 
dosage of 0.6 mg/kg showed almost complete inhibition of 
the ear swelling and was comparable to non- infl amed tissue 
in the unsensitized group. 8  The immunohistochemical 
analysis showed reduced ICAM-1 expression at the 
challenged site in animals treated with the atelocollagen/
AS-ODN. Also, the antisense activity was found to increase 
according to the concentration of atelocollagen in the 
formulation. 8  Further, the effect mediated by the atelocollagen/
AS-ODN was more than 50 times greater than that provided 
by ODN infusion, although the level of ODN formulated 
with atelocollagen dropped below that of the 24 h infusion 
group within 30 min. Moreover, atelocollagen/AS-ODN 
suppressed infl ammatory progression by treatment at 8 h 
after the ear challenge, when infl ammation had already 
commenced at the challenged site. Furthermore, antisense 
activity was noted even when the atelocollagen/AS-ODN 
was injected 3 days before the initiation of infl ammation. 8  

 To treat tetrahydrobiopterin (BH 4 ) defi ciency by over- 
expression of its biosynthetic enzyme, GTP cyclohydrolase I 
(GTP-CH1), a new gene transfer method was developed by 
insertion into a pCAGGS vector, followed by complexation 
of pDNA with atelocollagen. 9  The BH 4  content and 
GTP-CH1 activity in Zucker fatty rats were 50–55% less 
than in Zucker lean rats.  In vivo  administration of 
atelocollagen/GTP-CH1 complexes in Zucker fatty rats 
signifi cantly improved aortic BH 4  content to more than 80% 

�� �� �� �� ��



Gene therapy

Published by Woodhead Publishing Limited, 2013

232

of the level in Zucker lean rats. Further, atelocollagen/
GTP-CH1 complexes stimulated O 2  

−  production, along with 
reduction in endothelial nitric oxide synthase (eNOS) 
activity, and endothelial function in insulin- resistant Zucker 
fatty rats was improved by a plasmid DNA injection to a 
level similar to that in Zucker lean rats. 9  

 To evaluate the effect of ornithine decarboxylase (ODC) 
AS-ODNs on  in vitro  cell growth of gastrointestinal 
cancer (MKN 45 and COLO201) and RD and  in vivo  in 
mice, atelocollagen/AS-ODN complexes were employed. 10  
Signifi cant suppression in MKN45, COLO201, and 
rhabdomyosarcoma (RD) cell growth, by 83.8%, 86.5%, and 
95.6%, was obtained with atelocollagen/AS-ODN. Also, 
atelocollagen/AS-ODN remarkably suppressed tumor growth 
over a 35–42-day period. Further, the tumor suppression was 
found to be dependent on route of administration; for instance, 
intramuscular and intraperitoneal injection remarkably 
suppressed RD tumors, while intraperitoneal administration 
completely suppressed growth of MKN45 and COLO201 
tumors at 35 days. 10  Furthermore, intratumoral administration 
of intraperitoneal atelocollagen/AS-ODN signifi cantly 
suppressed ODC activities in MKN45, COLO201, and RD 
tumors: 87.8%, 64.9%, and 71.3%, respectively. 10  

 Atelocollagen has been used as an effective drug delivery 
technology to sustain the release of anti- tumor proteins and 
to enhance the anti- tumor activity of ODNs in  in vivo  
models. Hence, it is imperative to investigate the toxicity of 
atelocollagen for successful clinical applications. Towards 
this end, whole genome expression profi ling in mouse liver 
was done after systemic administration of atelocollagen or 
cationic liposome DOTP/cholesterol (LP) and compared 
with hepatotoxicity. 11  Microarray analysis revealed that 
systemic LP administration signifi cantly elevated the 
expression level of toxicity- related genes, i.e. lipocalein 2, 
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cyclin dependent kinase inhibitor 1A, serum amyloid A 
isoforms, chemokine ligands, and garnzyme B. However, 
treatment with atelocollagen did not alter any of these, 
suggesting that atelocollagen is practically non- toxic and 
can be a potential biomaterial for gene and drug 
delivery. 11  In a recent study, the effects of atelocollagen on 
endothelial paracellular barrier function were investigated. 12  
Atelocollagen/ODN complexes signifi cantly increased the 
permeability of two types of endothelial cells, and the change 
was dependent on the molecular size, structure, and 
concentration of the ODNs and atelocollagen used. Further, 
immune- histochemical studies suggested that complexes 
infl uenced the cellular skeleton and intercellular structure, 
but without affecting the expression of adherent junction or 
tight junction proteins, and these changes were induced 
through p38 MAP kinase signaling. 12   

   11.3  Conclusions 

 Atelocollagen has been successfully employed in several  in 
vitro  and  in vivo  gene delivery studies. Further, treatment 
with atelocollagen did not alter the expression level of 
toxicity- related genes, suggesting that it is practically non- 
toxic and a potential candidate for a gene vector. However, 
the mechanical aspects of atelocollagen- mediated gene 
delivery still need to be elucidated in order to develop vectors 
for clinical applications.   
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 Protamine nanoparticles  

   DOI:  10.1533/9781908818645.237 

  Abstract:  Protamine is a small, arginine- rich, nuclear 
protein found in the sperm and is purifi ed from the mature 
testes of salmon fi sh, with MW ∼4000–6000 Da. Protamine 
sulfate have been shown to be a safer and more appropriate 
alternative to poly-L-lysine for condensation, as well as 
the delivery of plasmid DNA to the nucleus. Also, 
protamine salts have been often used in combination with 
liposomal preparations to deliver plasmid DNA into cells. 
These ternary complexes were designed to mimic viral 
vectors containing condensed DNA, which is surrounded 
by a lipid bilayer and termed as LPDs. Further, to design 
novel anionic ternary nanoparticles for gene delivery, 
protamine/DNA complexes (150–200 nm) were coated 
with anionic solid lipid nanoparticles (∼20 nm). The 
present chapter evidences the studies done towards 
development of protamine as gene delivery vector.  

   Key words:    protamines, protamine sulfate, transferrin, 
oligonucleotides, apolipoprotein, LPDs.   

    12.1  Introduction 

 Protamine is a small, arginine- rich, nuclear protein that 
replaces histones in the late haploid phase of spermatogenesis. 
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More than 67% of the amino acid composition in protamine 
is arginine. It is a naturally occurring protein found only in 
sperm and is purifi ed from the mature testes of fi sh, usually 
salmon, with MW ∼4000–6000 Da. In sperm, protamine 
binds to DNA, facilitating formation of a compact structure 
followed by delivery of DNA to the nucleus of the egg after 
fertilization. This unique functionality overcomes a major 
obstacle in gene therapy by non- viral vectors, i.e. the effi cient 
delivery of DNA from the cytoplasm into the nucleus. 
Protamine sulfate has been shown to be a safer and more 
appropriate alternative to poly-L-lysine for condensation, as 
well as the delivery of plasmid DNA to the nucleus. Also, 
protamine salts have often been used in combination with 
liposomal preparations to deliver plasmid DNA into cells.  

   12.2  Protamine nanoparticles for 
gene delivery 

 In one of the initial studies, one to three protamine molecules 
were linked to one transferrin molecule to create a DNA 
delivery system similar to the transferrin-PLL conjugates. 
The transferrin- protamine/DNA (luciferase encoding pDNA 
pRSVL) conjugates were recognized and taken up by receptor- 
mediated endocytosis in avian erythroblasts. This delivery 
system showed low cytotoxic side effects in this cell line. 1  
ODNs mixed with protamine free base solution spontaneously 
formed nanoparticles with a diameter of 150–170 nm, which 
increased up to ∼300–330 nm after 3 days of incubation. 2  
The nanoparticles prepared at mass ratios of 0.5:1 (protamine/
ODN) and 1:1 were negatively charged while those at 2:1 
were positively charged. The nanoparticles were highly stable 
on exposure to fetal calf serum (FCS) and cell culture 
medium. 2  Further, nanoparticles carrying an antisense ODN 
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directed towards the proto- oncogene c- myc were readily 
taken up by human promonocytic leukemia cells (U 937) and 
showed signifi cant cellular growth inhibition (∼50% growth 
inhibition by 2.5:1 mass ratio nanoparticles). 2  Another study 
reported formation of nanoparticles in the range of 90–150 nm 
by complexation of protamine/ODNs. 3  For nanoparticle 
formation a minimal chain length of nine nucleotides and a 
mass ratio of 0.5:1 were required. The surface charge and the 
number of nanoparticles were dependent on the mass ratio. 
Uptake studies in African green monkey kidney cells (Vero 
cells) revealed mass ratio- dependent cellular uptake of 
nanoparticles, and internalized ODNs were seen in the 
cytoplasm and nucleus of the cells. The nanoparticles 
protected ODNs against nuclease degradation and were 
almost non- toxic. 3  This nuclease stability of ODNs was also 
observed in nanoparticles prepared with various protamine 
salts and treated with rat small intestine homogenates. 4  
Protamine sulfate and protamine chloride signifi cantly 
improved the nuclease stability of the ODNs. This study was 
pursued to prove the potential utility of protamine/ODN 
nanoparticles for gastro- intestinal administration. 4  

 The interaction of protamine salts and ODN was 
investigated to determine the physico-chemical characteristics 
of the resulting complex systems and to analyze the infl uence 
of permeation enhancers (sodium chenodeoxycholate and 
sodium caprate) on the dissociation of the complexes. 5  Zeta 
potential data confi rmed the conductometric equivalence 
points and explained the good physical stability of charged 
complexes when compared with neutral complexes (+/−25 mV 
for protamine sulfate complexes). Moreover, incorporation 
of sodium chenodeoxycholate promoted complex dissociation, 
while sodium caprate inhibited dissociation. 5  For effi cient 
transfection of HIV-1 target cells, protamine was used to 
complex ODN and phosphorothioate (PTO) analogues to 
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form nanoparticles with diameters of about 180 nm and 
surface charges in the range of −18 to +30 mV. 6  The uptake of 
these nanoparticles was signifi cantly improved as compared 
with naked oligonucleotides. Protamine/ODN nanoparticles 
showed release of the antisense compound leading to specifi c 
inhibition of tat- mediated HIV-1 transactivation. On the 
other hand, protamine/PTO complexes were stable over 72 h, 
and failed to release AS-PTO. 6  

 To harness the similarity between low MW protamine 
fragments (LMWPs) and HIV-TAT protein transduction 
peptide, protamine was enzymatically digested with 
thermolysin to yield LMWPs and investigated for gene delivery 
potential. 7  The size and zeta potential of the LMWP (1.9 kDa)/
pDNA complexes were 120 nm and +30 mV, respectively, 
which were quite suitable for cellular uptake. After 
complexation LMWPs appeared to effectively protect pDNA 
against DNase I attack. Confocal microscopic analysis of the 
two peptides confi rmed the cytoplasmic (in 15 min) and 
nuclear localization (in 1 h) of the peptides with a lower sign of 
adhesion to the cell membranes. 7  Also, the transfection assay 
of pSV- β -galactosidase into the 293T cells employing LMWP/
DNA nanoparticles showed maximal effi cacy at a N/P ratio of 
10, which was comparable to that of TAT/DNA complexes 
and signifi cantly higher than that of the PEI/DNA complexes, 
while exhibiting a markedly reduced cytotoxicity compared 
with the pDNA/PEI complex. 7  To decipher the interaction of 
DNA with peptides and determine the critical factors that 
control expression following gene delivery, protamine was 
selectively digested enzymatically to produce LMWPs of 
various lengths and amino acid compositions. 8  The lower MW 
fractions of LMWPs (0.6–2.4 kDa) condensed DNA to form 
particles of size 1000–3000 nm, while the higher MW fraction 
(2.8–3.0 kDa) formed nanoparticles of size ∼142 nm, as 
compared with protamine, which formed nanoparticles of size 
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∼278 nm. Further, all the LMWP peptides showed lower DNA 
binding strength as compared with protamine. Also, the 
LMWP peptide- mediated  in vitro  gene delivery showed 
prolonged (up to 12 days) gene expression in HeLa and CHO 
cells. 8  

 The advantages associated with protamine/ODN 
nanoparticles include: (1) simple and rapid preparation by 
self- assembly; (2) non- antigenic and possess very low 
toxicity; (3) the particles are comparatively stable in water 
and, at least under favorable conditions, in cell culture 
medium; (4) high uptake by a variety of cells, as compared 
with the naked ODNs; and (5) after cellular uptake, they 
dissociate readily, resulting in rapid release of ODNs. 
Although protamine/ODN nanoparticles showed promising 
results, they also suffer from disadvantages: (i) tendency to 
aggregate in aqueous solutions under isotonic conditions; (ii) 
poor escape of nanoparticles entrapped inside endosomes. 
To overcome these problems, HSA, a non- toxic, biodegradable 
macromolecule, was introduced as a protective colloid. 9  
Protamine sulphate and HSA complexed to form particles of 
size ∼10–14 nm that increased to 230–320 nm after addition 
of ODNs. The surface charge of the particles ranged from 
about −12 to +60 mV depending on the protamine 
concentration and the ionic conditions. 9  Uptake studies in 
mouse fi broblast cells revealed a 12-fold increased cellular 
uptake of ODNs using nanoparticles in comparison to free 
oligonucleotides, while 100% of the cells were transfected. 10  
These nanoparticles showed an enhanced release of ODN 
into the cytoplasm compared with the protamine/ODN 
nanoparticles. Moreover, the nanoparticles showed antisense 
effect of about 35% in a functional assay as well as on the 
protein level (western blot) along with very low cytotoxicity 
during a 24h application. However, substitution of the 
protamine free base by protamine sulfate led to a drastic 
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reduction in size, with nanoparticles of only around 40 nm in 
diameter with otherwise unchanged properties. 11  These 
small- sized nanoparticles may be advantageous when dealing 
with cells which show size- dependent particle uptake. 

 A comparative study was done with two commercially 
available liposomes (DOTAP, lipofectin), one artifi cial virus 
capsoid (polyoma VP1), two cationic acrylate nanoparticles, 
and two protamine- based nanoparticles. 12  The protamine- 
based nanoparticles were prepared by complexation of 
protamine with ODN, either alone or later followed by HSA 
coating. The HSA-coated nanoparticles showed more diffuse 
ODN distribution throughout the cytoplasm as compared 
with uncoated ones. Further, the HSA-coated nanoparticles 
showed signifi cantly improved antisense effect in comparison 
to uncoated nanoparticles. 12  

 Drug delivery to the brain is severely restricted by formation 
of tight junctions between adjacent brain capillary endothelial 
cells (BCECs). In order to develop a delivery system to BCEC 
cells, protamine/ODN nanoparticles were coated with 
apolipoprotein A-I (apoA-I), as apolipoproteins were 
suggested to enhance cellular uptake of nanoparticles. 13  
Adsorption of apoA-I on the surface of nanoparticles resulted 
in signifi cantly improved uptake and transcytosis properties 
as compared with uncoated proticles. Further, a β oA-I 
coating enhanced nanoparticle delivery to astrocytes almost 
twofold in an  in vitro  model of the BBB. 13  

 In order to achieve target- specifi c cellular binding, a 
cationic derivative of dextran using protamine (Dex-P) was 
developed. 14  Evaluation of particle size showed the 
condensation of Dex-P/ctDNA (calf thymus DNA) 
nanoplexes to a diameter range of 6–7 nm. Also, Dex-P 
showed considerable buffering capacity in the pH range 
from 7 to 6. Complexation of DNA with Dex-P provided 
protection from the effect of DNase as compared with naked 
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DNA digested with DNase I. 14  A hemolysis study performed 
with Dex-P showed no detectable red blood cell (RBC) 
membrane disruptive activity, thus proving it to be non- 
hemolytic. Further, RBC aggregation studies with Dex-P 
resulted in absence of aggregation. Dex-P did not activate C3 
to a greater extent than protamine, whereas PEI was found 
to strongly activate the complement system. 14  Cell viability 
studies after exposure of Dex-P to L929 cells suggested that 
reduction in cytotoxicity was due to modifi cation of dextran 
with protamine. Furthermore, the transfection potential of 
Dex-P/pGL3 nanoparticles in HepG2 cells was comparable 
to that with BPEI (25 kDa). The transfection effi cacy was 
found to correlate with the localization of the plasmid within 
the nucleus and with increase in incubation time. Entry of 
the plasmid into the nucleus was also increased. 14  

 Recently, superoxide dismutase 1 (SOD1) was conjugated 
with LMWP and the effect of LMWP-SOD1 conjugates 
on hydrogen peroxide- induced cellular senescence and 
osteoblastic differentiation was investigated. 15  LMWP-SOD1 
signifi cantly increased senescence- associated  β -galactosidase 
activity with enlargement and fl attening of human dental 
pulp stem cell (DPSC) morphology. Further, LMWP-SOD1 
abolished activation of the cell cycle regulator proteins, p53 
and p21 Cip1 , induced by hydrogen peroxide. Additionally, 
LMWP-SOD1 reversed the inhibition of osteoblastic 
differentiation and downregulation of osteogenic gene 
markers induced by hydrogen peroxide. 15   

   12.3  Liposome/protamine/
DNA complexes 

 Liposomes have become one of the most widely studied non- 
viral vectors since their introduction as potential gene 
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carriers. 16  They comprise a group of positively charged lipids 
at physiological pH that interact with the negatively charged 
DNA through electrostatic attractions. Initial studies with 
liposomes appeared promising; however, their therapeutic 
applications were limited due to the formation of large 
particles (0.6–1  μ m) at optimal transfection effi ciencies. To 
circumvent this shortcoming and further improve transfection 
effi cacy, the DNA was condensed with a polycationic peptide 
such as protamine before binding to the cationic carrier. 17  
These ternary complexes were designed to mimic viral 
vectors containing condensed DNA surrounded by a lipid 
bilayer and termed LPDs ( Figure 12.1 ). The pre- condensation 

  Schematic representation of comparison 
between LPD and lipoplex particles. DNA is 
condensed and neutralized with protamine 
before entrapment into liposomes to form the 
LPD complex, while in lipoplexes DNA is 
sandwiched between liposomal particles     

  Figure 12.1 

�� �� �� �� ��



Protamine nanoparticles

Published by Woodhead Publishing Limited, 2013

245

of DNA with polycationic peptide resulted in a reduction of 
the particle size and an increased stability against nucleases. 17  
Also, LPDs formed at a higher initial ratio of liposome to 
DNA had higher lipid content and were highly active in 
transfection; the activity was about three to ninefold more 
than the corresponding complex before purifi cation. 17  Sorgi 
et al. described the ability of several different protamine 
species to enhance the transfection activity of cationic 
lipids. 18  The structural differences between the protamines 
were accounted for by the differences among various salt 
forms of protamine. The appearance of lysine residues within 
the protamine molecule correlated well with a reduction in 
binding affi nity to plasmid DNA, as well as an observed loss 
in transfection activity. In another study, You et al. observed 
improvement in transfection effi ciency by adding protamine 
to plasmid DNA solution before the formation of DNA-lipid 
vesicle complexes. 19  Both free- base protamine and protamine 
sulfate revealed better transfection effi ciency and expression 
level, but the optimal amount of the two protamines was 
different. The increment in transfection effi ciency and gene 
expression level was at most 20-fold compared with 
dimethyldioctadecyl ammonium bromide lipid vesicles. 
Protamines were thought to protect DNA from degradation 
by DNAse and promote delivery into the nucleus. 19  

 To develop stable gene delivery systems suitable for long- 
term storage, lyophilization of cationic lipidic vector LPD 
nanoparticles of size ∼100 nm were investigated as a model. 20  
With the use of a suffi cient amount of appropriate 
lyoprotectant during lyophilization, both particle size and 
transfection effi ciency could be preserved. Evaluation of a 
series of monosaccharides and disaccharides, including 
dextrose, galactose, mannose, lactose, maltose, sucrose, and 
trehalose, for their lyoprotective effect revealed disaccharides 
as better protectors than monosaccharides. 20  No signifi cant 
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difference was found with the use of different freezing 
protocols for lyophilization; however, for freeze- thawing, 
fast freezing caused less aggregation. Further, lyophilization 
of LPD with 10% sucrose allowed storage at room 
temperature without signifi cant change in particle size or 
loss of transfection effi ciency. 20  Another study investigated 
LPD complexes comprising protamine that gave rise to 
multi- lamellar lipid- coated nanoparticles of size ∼100 nm, 
smaller and more homogeneous compared with complexes 
of lipid/pDNA alone of size ∼145 nm, and whose structure 
was unaffected by jet nebulization. 21  Further, the LPD 
complexes provided remarkably higher protection of pDNA 
against the shearing forces encountered in a jet nebulizer as 
compared with lipid/pDNA complexes prepared even at very 
high mass (w:w) ratios, i.e. 12:1. To circumvent poor 
transfection effi ciency in the presence of serum, protamine 
was covalently bound to stearic acid, followed by 
incorporation into lipid vesicles of dimethyldioctadecyl 
ammonium bromide (DDAB) to make stable complexes 
between DNA and DDAB lipid vesicles. 22  The optimal ratio 
of DDAB to protamine (5:1) gave about 50% transfection 
effi ciency in COS-7 cells, which remained unaltered even in 
the presence of 10% serum. Further, protamine- modifi ed 
DDAB lipid vesicles also enhanced virus transduction 
effi ciency in the presence of serum using a replication- 
defective retroviral vector. Furthermore, the vesicles allowed 
effi cient gene transfer for avian embryos  in vivo.  22  

 The intracellular fate of ODN delivered by LPD in HepG2 
cells was investigated by condensation of fl uorescent labeled 
68-mer ODN with protamine and coated with three different 
liposomal formulations. 23  LPDs effectively transported 
protamine- complexed ODNs into the nucleus, while both 
the negatively charged and neutral control liposomes, as well 
as lipid/ODN complexes in the absence of protamine, did 
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not induce any nuclear uptake of ODN after 21 h of 
incubation. 23  Later, a comparative study was done between a 
protamine/DNA complex coated with a lipid envelope made 
of cationic DOTAP, i.e. LPD, and a DOTAP/DNA lipoplex 
based on the same lipid composition. 24  The transfection 
effi cacy was evaluated in four different cell lines, i.e. CHO 
(Chinese hamster ovary cells), HEK293 (human embryonic 
kidney cells), NIH 3T3 (mouse embryonal cells), and A17 
(murine cancer cells). The transfection effi ciency of LPD was 
found to be from three to 20 times higher than that of 
DOTAP/DNA lipoplexes. Physico-chemical properties were 
found to control the ability of nanocarriers to release DNA 
upon interaction with cellular membranes. LPD complexes 
easily release their DNA payload, while lipoplexes remain 
largely intact and accumulate at the nucleus in the cell. 24  

 The transfection effi cacy of LPD nanoparticles was 
reported to be ∼39-fold more than liposome/DNA 
complexes. 25  The order of protamine addition signifi cantly 
infl uenced the transfection of LPD nanoparticles; higher 
effi cacy was obtained with LPD nanoparticles prepared with 
pre- mixed protamine/DNA complexes. Intracellular tracking 
studies evidenced the presence of ODNs in nucleus when 
transfected with LPD, while they were only distributed in 
cytoplasm with liposome/DNA complexes. 25  To evaluate the 
anti- tumor effects of p27 gene therapy on pulmonary 
metastatic tumors by a non- viral gene delivery strategy, LPD 
complexes were prepared. 26  The size and zeta potential of 
LPD nanoparticles were ∼100 nm and +50 mV, which 
remained unaltered after lyophilization and storage. The 
 in vivo  gene expression data suggest that, after intravenous 
injection, LPD has targeting transduction ability with respect 
to lung tissues, to which it showed much higher transfection 
effi ciency in comparison with other organs. Further, 
combined treatment with LPD and the chemotherapy agent 
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cisplatin resulted in better therapeutic effects compared with 
cisplatin treatment or LPD treatment alone. 26  

 A novel stearyl protamine was synthesized by the reaction 
of natural protamine with an NHS ester of stearic acid for 
gene delivery. 27  The higher stearyl group content derivative 
self- assembled into complexes with a size of 110 nm in water 
and had relatively higher  in vitro  gene transfection effi ciency 
than protamine and lower stearyl group content derivatives. 
The high transfection effi ciency was attributed to increased 
ability to destabilize the cell membrane, facilitating the entry 
of DNA into the cell via endocytosis and effi cient dissociation 
of complexes with the introduction of hydrophobic stearyl 
groups into protamine. 27  

 Lipid nanoparticles with improved cellular uptake capacity 
were utilized to prepare lipid nanoparticles/protamine/DNA 
ternary nanoparticles for gene delivery. 28  The anionic lipid 
nanoparticles consisting of monostearin and different 
contents of oleic acid had an average size range of 23.6 to 
71.3 nm and a zeta potential about −30 mV. The average size 
of the protamine/DNA complex at 2:1 mass ratio was 
128.5 nm, with +19.4 mV zeta potential. Lipid nanoparticles/
protamine/DNA ternary nanoparticles had an average size 
ranging from 192.7 to 260.6 nm and were negatively charged. 
Cellular uptake studies suggest that the uptake ability of 
lipid nanoparticles was enhanced by increasing the oleic acid 
content. Lipid nanoparticles with 20 wt% oleic acid/
protamine/DNA ternary nanoparticles (w/w/w, 65:6:3) 
showed maximal transfection effi cacy that remained 
unaffected even in the presence of serum. 28  

 Pulmonary endothelium is vital for normal pulmonary 
physiology and its dysfunction is involved in a number of 
pulmonary diseases. To develop a vector targeting pulmonary 
endothelium of lung via the vascular route, LPD was developed 
that was composed of DOTAP liposomes, protamine, and 
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ODN. 29  Intracellular tracking studies suggested effi cient 
accumulation of ODN in the alveolar capillary region with 
targeted delivery to the pulmonary endothelial cells. The 
delivery effi ciency was found to be dependent on lipid 
composition and the charge ratio between lipid and ODN. 
Furthermore, this formulation was associated with minimal 
pro- infl ammatory cytokine response and other hematologic 
toxicities when the ODN lacked a potent unmethylated CpG 
motif. Also, pre- treatment of mice with LPD containing an 
ODN against intercellular adhesion molecule-1 (ICAM-1) 
signifi cantly decreased ICAM-1 expression in the lung 
following lipopolysaccharide (LPS) challenge. 29  

 The incorporation of pegylated lipid into lipid- protamine-
DNA (LPD-PEG) lipopolyplexes causes a decrease of their  in 
vitro  transfection activity. To restore transfection effi cacy 
and achieve tumor- specifi c delivery of LPD, RGD peptide 
was incorporated into the LPD. 30  Conjugation of RGD into 
LPD complexes resulted in a fi vefold and 15-fold increase in 
binding and uptake, respectively, which led to a 100-fold 
enhancement of transfection activity. Moreover, this 
transfection enhancement was specifi c to cells expressing 
appropriate integrin receptors (MDA-MB-231 cells). 30  

 The liver performs several functions vital for well- being, 
which makes this organ very attractive for gene therapy. 
However, the proportion of administered macromolecules 
internalized by hepatocytes depends on their particle size and 
biochemical characteristics. A liver- targeting lipidic vector 
was developed by pre- complexation of pDNA with different 
amounts of protamine, followed by the addition of cationic 
DOTAP/Chol liposome- asialofetuin (AF) complexes. 31  Use of 
AF amounts below 1  μ g led to the formation of protamine-
AF-lipoplexes of ∼300 nm with a positive zeta potential. 
The resulting protamine-AF-lipoplexes remarkably enhanced 
the levels of gene expression in cultured HepG2 cells and in 
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the liver upon intravenous administration. Further, lipoplexes 
comprising the optimal amount of AF (1  μ g/ μ g DNA) showed 
a 16-fold higher transfection activity in HepG2 cells than 
non- targeted (plain) complexes. Luciferase gene expression in 
the liver of mice after systemic administration of protamine-
AF-lipoplexes via the tail vein increased by 12-fold as 
compared with plain complexes. 31  In order to develop a liver- 
targeted biocompatible gene delivery system, protamine/DNA 
condensates were complexed with PEG derivative having 
both carboxylic acid and lactose side chains (Lac-PEG-C). 32  
The size of the nanoparticles was 180–200 nm, with high 
stability even in high ionic strength solutions. Lac-PEG-C 
coating onto protamine/DNA complexes reduced their zeta 
potential and inhibited albumin- induced aggregation. Further, 
the nanoparticles did not induce coagulation of RBCs, and 
possessed low cytotoxicity. Addition of Lac-PEG-C to 
protamine/DNA complexes prior to incubation with HepG2 
cells markedly enhanced gene expression, and the weight 
ratio of 1.5:1:8 resulted in a 56-fold higher expression of 
luciferase than that without Lac-PEG-C. 32  LPD complexes 
composed of galactosylated cationic liposomes, protamine 
sulfate, and pDNA signifi cantly improved the levels of gene 
expression in cultured hepatoma cells HepG2 and SMMC-
7721 as compared with non- galactosylated LPD. 33  The 
transfection effi cacy was observed to be infl uenced by the 
length of the spacer between the anchor and galactose residues 
for recognition by the asialoglycoprotein receptor.  

   12.4  Protamine conjugation to 
other ligands 

 Photochemical internalization (PCI) is a photodynamic 
therapy- based approach for improving the delivery of 
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macromolecules and genes into the cell cytosol. 34  The utility 
of PCI for the delivery of the GFP reporter gene on the 
same plasmid as a tumor suppressor gene (PTEN) was 
investigated in monolayers of U251 human glioma cells 
and U87 glioma spheroids employing protamine/DNA 
(GFP/PTEN or GFP) complexes. Protamine/GFP complexes 
were practically non- toxic to the glioma cells, but were 
highly ineffi cient at gene transfection if used alone. PCI 
treatment induced a fi ve to tenfold increase in transfection 
effi cacy as compared with non- treated controls. Further, 
PCI-protamine/PTEN transfection of either U251 monolayers 
or U87 spheroids signifi cantly inhibited their growth but 
had no effect on MCF-7 cells containing a wild- type 
PTEN gene. 34  

 To design novel anionic ternary nanoparticles for gene 
delivery, protamine/DNA complexes (150–200 nm) were 
coated with anionic solid lipid nanoparticles (SLNs) 
(∼20 nm). 35  The SLNs were synthesized by a modifi ed 
fi lm dispersion–ultrasonication method, and adsorbed onto 
the protamine/DNA complexes via electrostatic interaction. 
The resultant ternary nanoparticles were observed to be 
uniform in size (257.7 ± 10.6 nm) and the surface 
charge inversion was from 19.28 ± 1.14 mV to 
−17.16 ± 1.92 mV. 35  Further, circular dichroism spectra 
analysis confi rmed coating of SLNs onto protamine/DNA 
complexes without alteration of their structure. The ternary 
nanoparticles provided enhanced protection of DNA from 
nuclease degradation and higher cell viability of A549 
cells compared with protamine/DNA complexes and 
lipofectamine. Furthermore, the transfection effi ciency of 
the ternary nanoparticles was comparable to that of the 
commercially available transfection reagent lipofectamine 
and much higher than that of naked DNA and the protamine/
DNA complexes. 35  
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 The transfection capacity of a new multi- component 
system based on dextran (Dex), protamine (Prot), and solid 
lipid nanoparticles (SLN) was evaluated  in vitro  and  in vivo  
after intravenous administration to mice. 36,37  The DNA-SLN 
vector and the Dex-Prot-DNA-SLN vector showed sizes 
∼250–285 nm, and zeta potential about ∼+30 to +35 mV. 
Dex-Prot-DNA-SLN nanoparticles induced a sixfold increase 
in the transfection of SLNs in retinal cells (ARPE 19 cells) 
due to the presence of protamine, which improved the DNA 
protection capacity, and a shift in the internalization 
mechanism from caveolae/raft- mediated to clathrin- mediated 
endocytosis. 37  However, Dex-Prot-DNA-SLN nanoparticles 
resulted in an almost complete inhibition of transfection in 
HEK-293 cells. Further evaluation of transfection effi ciency 
in four different cell lines showed a higher transfection 
effi cacy in the cells with a high ratio of activity of clathrin/
caveolae- mediated endocytosis. 36  The complex prepared 
without dextran and protamine (DNA-SLN) was more 
effi cient in cells with a high ratio of activity of caveolae/
clathrin- mediated endocytosis. Further, the Dex-Prot-DNA-
SLN vector showed no agglutination of erythrocytes, an 
effect probably attributed to the presence of dextran. Finally, 
intravenous administration of Dex-Prot-DNA-SLN vector to 
BALB/c mice induced GFP expression in liver, spleen, and 
lungs, and the protein expression was maintained for at least 
7 days. 36  

 Quaternary complexes with a condensed core of plasmid 
DNA, protamine, fi sh sperm DNA, and a shell of stearic acid 
grafted chitosan oligosaccharide (CSO-SA) were prepared. 38  
The CSO-SA self- assembled in aqueous solution to form 
25 nm micelles, which were smaller than CSO-SA micelles 
and CSO-SA micelles/plasmid DNA binary complexes. The 
transfection effi ciencies of quaternary complexes on HEK293 
and MCF-7 cells increased with incubation time, and were 
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signifi cantly higher than that of CSO-SA micelles/plasmid 
DNA binary complexes. The optimal transfection effi ciency 
of quaternary complexes on HEK293 and MCF-7 cells after 
96 h was 23.82% and 41.43%, respectively, which was 
comparable to Lipofectamine 2000. Further, gene expression 
analysis showed that the optimal ratio of plasmid DNA:fi sh 
sperm DNA:protamine:CSO-SA was 1:1:5:5. 38  

 To evaluate the effect of the amount of protamine used as 
the transfection promoter in SLN-mediated gene delivery, 
three protamine-SLN samples (Pro25, Pro100, and Pro200) 
were prepared by adding increasing amounts of protamine. 39  
The size of SLN was ∼230 nm, and only Pro200 showed a 
few particle aggregates. The SLN samples (Pro100 and 
Pro200) exhibited good pDNA complexation as compared 
with Pro25. Among these, only Pro100, having an 
intermediate amount of protamine, appeared able to promote 
pDNA cell transfer, especially in a neuronal cell line 
(Na1300). The amount of protamine as the transfection 
promoter in SLN was observed to affect not only the gene 
delivery ability of SLN but also its capacity to transfer genes 
effi ciently to specifi c cell types. 39   

   12.5  Conclusions 

 Although protamine has been successfully employed in 
numerous  in vitro  gene delivery studies, a clear understanding 
of the factors infl uencing the transfection effi ciency still 
needs to be developed. Incorporation of protamine into 
liposomes led to a dramatic increase in the transfection 
effi ciency along with a decrease in the cytotoxicity of the 
resultant LPD. However, there still remains a huge gap 
between  in vitro  studies with protamine- based nanoparticles 
for gene delivery and clinical applications.   
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 Dendrimers  

   DOI:  10.1533/9781908818645.259 

  Abstract:  Dendrimers are well- defi ned, multivalent 
molecules having branched structure of nanometer size. 
Dendrimers possess a distinct molecular architecture that 
consists of three different domains: (i) a central core 
(ii) branches (iii) terminal functional groups, present at the 
outer surface of the macromolecule, that dictates the 
nucleic acid complexation or drug entrapment effi cacy. 
Dendrimers of defi ned size and structure can be engineered 
by a step- wise chemical synthesis approach, and that too 
with low polydispersity index. Generally, dendrimers are 
synthesized by two conceptually different approaches, the 
divergent and the convergent. Over the past few years, 
dendrimers have been attractive candidates for  in vitro  
and  in vivo  gene delivery. The present chapter explores the 
application of dendrimers for delivering various genes to 
 in vitro  and  in vivo  milieux.  

   Key words:    dendrimers, convergent, divergent, protonation, 
PAMAM dendrimers, PPI dendrimers, dendritic, triazine.   

    13.1  Introduction 

 Dendrimers (derived from the Greek “dendron,” which 
means tree, and “meros,” meaning part) are well- defi ned, 
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multivalent molecules having a branched structure 
( Figure 13.1 ). These molecules were fi rst reported by Vögtle 
et al. as “cascade molecules,” and later Tomalia et al. named 
these molecules dendrimers. 1,2  Dendrimers are globular 
macromolecules of nanometer size and possess a distinct 
molecular architecture that consists of three different 
domains: (i) a central core that comprises either a single 
atom or a group of atoms having at least two chemical 
functionalities that provide linkage for the branches; (ii) 
branches that emerge from the core, comprising repeating 
units with at least one junction of branching, whose repetition 
is organized in a geometric progression that results in a series 
of radially concentric layers termed generations (G); and (iii) 
terminal functional groups, present at the outer surface of 
the macromolecule, that dictate the effi cacy of nucleic acid 
complexation or drug entrapment. Interactions of dendrimers 
with solvents, surfaces, or other molecules are due to the 
presence of a large number of terminal groups. Usually, the 
presence of highly interactive functionalities on the surface 
of dendrimers confers on them high reactivity, solubility, and 
binding properties. 

  Structure of dendrimers       Figure 13.1 
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 Dendrimers of defi ned size and structure and with a low 
polydispersity index (PDI) can be engineered by a step- wise 
chemical synthesis approach. The synthesis approaches are 
quite versatile in the sense that a wide range of dendrimer 
molecules can be generated, with different functionalities. 
Generally, dendrimers are synthesized by two conceptually 
different approaches, the divergent and the convergent 
( Figure 13.2 ). The divergent approach consists of dendrimer 
synthesis starting from the multifunctional core, followed by 
building one monomer layer or generation at a time. 3  The 
core molecule reacts with monomer molecules containing 
one reactive group and two (or more) inactive groups. In 
contrast, the convergent approach consists of dendrimer 
synthesis starting from the end groups and terminating at the 
core. 2  In this approach two (or more) outer surface branch 

  Dendrimer synthetic approaches. (a) Divergent 
synthesis, (b) convergent synthesis     

  Figure 13.2 

�� �� �� �� ��



Gene therapy

Published by Woodhead Publishing Limited, 2013

262

subunits are reacted with a single joining unit which has two 
(or more) corresponding active sites and a distal inactive site.  

   13.2  Dendrimers in gene delivery 

 Over the past few years, dendrimers have been attractive 
candidates for gene delivery. Dendrimers form complexes 
with DNA through sequence- independent electrostatic 
interactions between negatively charged phosphate groups of 
the nucleic acid and protonated (positively charged) primary 
amino groups on the dendrimer surface, resulting in particles 
termed dendriplexes. Some of the advantages associated with 
dendrimers are: i) precise control over size and structure, ii) 
high chemical and structural homogeneity, and iii) high 
ligand and functional groups distribution. All of these can be 
manipulated as per the delivery application. The 
biocompatibility of dendrimers is infl uenced by size, surface 
charge, and concentration; dendrimers do not exert signifi cant 
cytotoxicity  in vitro  or  in vivo . 4–11  Further, PAMAM 
dendrimers have also been suggested to mediate transport 
through the epithelial barrier, indicating their potential for 
oral delivery. 12–14  The morphology of dendrimers is 
signifi cantly infl uenced by both the core and the number/type 
of interior branching units. The steric crowding occurs at the 
surface of dendrimers, since the diameter of dendrimers 
increases linearly whereas the number of surface groups 
increases exponentially for each generation. Therefore, the 
dendrimers at higher generations form more compact, rigid 
three- dimensional structures while low generations yield 
fl exible and open structures. 15  For instance, PAMAM 
dendrimers become more rigid and compact at generation 
4.5, and in the case of polypropylenimine (PPI) globular 
structures are observed at the fourth generation. Further, the 
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globular nature of the higher- generation dendrimers results 
in different insolubility and reactivity of the end groups in 
comparison to similar linear polymer analogues. Due to these 
physico-chemical properties, usually fourth- generation or 
higher dendrimers are employed in therapeutic applications. 

 Dendrimer conformations are infl uenced by ionic strength 
and pH, when suspended in aqueous solutions, with the 
intensity of changes depending on the type of functional 
group at the dendrimer surface. Molecular dynamic studies 
of amine- terminated PAMAM dendrimers revealed that at 
high pH globular loosely compact structures are observed, 
whereas the extended conformation dominates at low pH 
(∼5) due to electrostatic repulsion between the protonated 
tertiary amines (pKa ∼5) at the interior of the dendrimer and 
the primary amines (pKa ∼9–11) at the surface. 16  This 
alteration in conformation infl uences the endosomal escape 
potential of dendrimers, followed by cellular internalization. 
At physiological pH (7.4) only the primary amines are 
protonated, while exposure to low pH (∼5) in the endosomal 
compartment leads to protonation of the tertiary amines, 
thereby resulting in endosomal rupture and subsequent 
release of dendrimers into the cytoplasm. On the other hand, 
the carboxyl- terminated PPI dendrimers display an extended 
conformation at both low (∼4) and high (∼11) pH due to 
protonation of amines at low pH or deprotonation of 
carboxylic acids at high pH. Further, the PPI dendrimer 
showed a condensed, back- folded structure at pH ∼6 due to 
intramolecular hydrogen bonding of the zwitterionic 
structure. 17  

   13.2.1  Polyamidoamine dendrimers 

 One of the initial studies on the use of Starburst PAMAM 
dendrimers observed high transfection effi ciency in a variety 
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of suspension and adherent cultures of mammalian cells, 
using luciferase and  β -galactosidase as reporter plasmids. 18  
The dendrimers of generation six (G6) with NH 3  core showed 
the best effi ciency at a N/P ratio of 6 and dendrimers of size 
∼6.8 nm. When GALA, a water- soluble, membrane- 
destabilizing peptide, was covalently attached to the 
dendrimer via a disulfi de linkage, transfection effi ciency 
of the 1:1 complex increased by two to three orders of 
magnitude. It was argued that PAMAM dendrimers had the 
ability to escape from the endosome due to the ability of 
the internal dendrimer amine groups to buffer pH changes 
in the endosome by a mechanism similar to that described 
for PEIs. 18  Later, PAMAM dendrimers were observed to 
effi ciently transfect a wide variety of cells with minimal 
cytotoxicity. 5  However, for effi cient transfection additional 
agents were sometimes required, such as diethylaminoethyl 
(DEAE) dextran, which appeared to alter the nature of the 
complex, or chloroquine, which acted as a lysosomotropic 
agent. The optimal generation of PAMAM dendrimers 
ranged from G7 to G10, which showed transfection in most 
of the cell lines. 5  Further, the cytotoxicity of PAMAM 
dendrimers (G3, G5 and G7) was investigated both  in vitro  
and  in vivo . 7   In vitro  cell viability of V79 cells exposed to 
dendrimers was found to be generation- dependent; PAMAM 
G3 affected cell growth at 1 mM whereas PAMAM G5 
showed cytotoxicity at 10  μ M. In both cases, cell viability 
was less than 10%. Cell growth was greatly affected by 
PAMAM G7, with which less than 10% cell viability was 
obtained even at a low concentration of 100 nM. Further,  in 
vivo  studies did not reveal any signifi cant cytotoxicity or 
immune response. Biodistribution studies of PAMAM 
dendrimers showed the highest accumulation in kidney for 
G3, while G5 and G7 localized in the pancreas. Additionally, 
G7 dendrimers showed extremely high urinary excretion. 7  
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 PAMAM dendrimers were also employed for delivery of 
AS-ODNs and “antisense expression plasmids” for the 
targeted modulation of gene expression. 6  Dendrimer- 
mediated delivery of AS-ODNs or antisense cDNA plasmids 
into various cell lines resulted in a specifi c and dose- dependent 
inhibition of luciferase expression. A 25–50% reduction of 
baseline luciferase activity, along with improvement in cell 
viability, was observed for ODNs complexed to dendrimers 
as compared with uncomplexed ODNs. 6  Further, cellular 
uptake of both dendrimers and ODNs was investigated after 
incubation of Oregon green 488-conjugated dendrimer- 
carboxytetramethylrhodamine (TAMRA)-oligonucleotide 
complexes with HeLa cells in culture. 19  A remarkably 
signifi cant number of cells showed strong fl uorescence 
intensity in the nuclei. Furthermore, a dramatic increase in 
the luciferase expression level was observed when AS-ODNs 
were delivered with the Oregon green- dendrimer conjugates, 
as compared with unmodifi ed PAMAM dendrimers. Cell 
viability was also enhanced when dendriplexes were treated 
in the presence of serum, while cell viability was reduced for 
dendrimer alone or the dendriplexes in serum- free medium. 19  
The infl uence of anionic oligomers (ODNs, dextran sulfate) 
on the transfection effi cacy of PAMAM dendriplexes was 
evaluated in HeLa and NIH3T3 cells. 20  The transfection 
effi cacy of dendriplexes was signifi cantly enhanced when 
anionic oligomers were mixed with pDNA before addition 
of the dendrimer. This improvement in transfection effi ciency 
was dependent on the size, structure, and charge of oligomers, 
with 35–50 ODNs being most effi cient. 20  

 To improve gene delivery effi ciency, quaternary ammonium 
salts have been introduced to the internal tertiary amine 
of surface hydroxyl- terminated PAMAM dendrimer 
(PAMAM-OH) and acetylated PAMAM dendrimer 
(PAMAM-NHAc). The morphology and size of the 
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complexes was dependent on the degree of quaternization; 
0.52 QPAMAM-OH (52% degree of quaternization) showed 
partially condensed structures of DNA, while small and 
spherical particles were observed with 0.78 QPAMAM-OH 
and 0.97 QPAMAM-OH (78 and 97% degree of 
quaternization, respectively). 21  The transfection effi ciency in 
HEK293T cells of QPAMAM-OH was lower than that of 
PAMAM G4 and PEI. 21  In another study, the levels of 
luciferase expression mediated by 0.5 QPAMAM and 0.7 
QPAMAM were lower than those of 0.1 QPAMAM (10% 
degree of quaternization) and unmodifi ed dendrimers. 22  The 
expression levels mediated by 0.5-QPAMAM and 
0.7-QPAMAM exhibited a tenfold decrease as compared 
with that of unmodifi ed dendrimer. 22  The decrease in the 
surface charge of PAMAM dendrimers resulted in reduced 
interactions with the cell membrane, thus causing lower 
transfection effi ciencies. However, quaternization improved 
the cell viability as compared with the unmodifi ed PAMAM 
dendrimers. A positive correlation between cell viability and 
degree of quaternization was detected; PAMAM < 
0 .1 -QPAMAM < 0 .5 -QPAMAM < 0 .7 -QPAMAM, 
with cell viability according to the degree of quaternization. 22  
A similar trend was observed for quaternized PAMAM-OH 
dendrimers, for which the relative cell viability for quaternized 
dendrimers was over 90% at all concentrations tested (up to 
100  μ g/ml). 21  The higher cell viability may be attributed to 
the shielding of the interior positive charges by surface 
hydroxyl groups. 

 PAMAM dendrimers can be activated by hydrolytic 
cleavage of some of the amide bonds in the inner part of the 
polymer and removal of some of the dendrimer branches. 23  
To perform hydrolytic cleavage of the amide bonds, 
dendrimers are solubilized in an appropriate solvolytic 
solvent and heated for a defi ned time period. Dendrimer 
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degradation is a random process, leading to a population of 
mixed compounds with MW ranging from very low 
(<1500 Da) to several kilodaltons. Carboxyl groups are 
formed at the cleavage sites, and dendrimers thus formed 
possess a higher degree of fl exibility. However, the overall 
size and shape of the dendrimer remain constant following 
the activation process. 23  The differences between dendriplexes 
prepared with activated and non- activated PAMAM 
dendrimers G4 and G5 revealed that particle sizes for non- 
activated dendriplexes remained the same, whereas for 
activated dendriplexes the sizes decreased slightly in both G4 
and G5 dendriplexes with increasing N/P. 24  However, the 
zeta potentials generally increased with increasing N/P ratio, 
especially for G5 dendriplexes, for both non- activated and 
activated dendriplexes. No signifi cant difference in the 
surface charge of dendriplexes was observed by adjusting the 
activation time or by using a different dendrimer generation. 24  

 Activated PAMAM dendrimers have been observed to 
mediate higher transfection effi ciency as compared with non- 
activated ones. A study involving PAMAM G6 and G8 
dendrimers based on ethylene diamine core (6EDA and 
8EDA, respectively) as well as PAMAM G5 and G6 
dendrimers based on tris(2-aminoethyl)amine core (5TAEA 
and 6TAEA, respectively) suggested the existence of an 
optimal heat treatment time for achieving maximum 
transfection effi ciency. 23  The lower- generation dendrimers 
required a short heat treatment duration to achieve maximum 
transfection effi ciency, although their corresponding 
effi ciencies were lower than those of higher- generation 
dendrimers. The transfection effi ciencies of activated 6TAEA 
dendriplex was enhanced by about 100- and 1000-fold as 
compared with that of non- activated dendriplex for 
 β -galactosidase and luciferase assays, respectively. 23  Another 
study investigated the infl uence of activation time on 
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dendrimer activation and associated fl exibility for 
transfection. 24  Maximum transfection effi ciency observed 
for activated dendriplex based on PAMAM G4 was about 
fourfold (N/P = 4 and 6) higher than that for the corresponding 
non- activated dendriplex. For activated dendriplex based on 
PAMAM G5, the effi ciency was about twofold (N/P = 4) and 
sevenfold (N/P = 6) higher than for the corresponding non- 
activated dendriplex. 24   In vivo  studies on mice also observed 
the same trend, especially for the transfection effi ciency 
obtained in the lungs. These results suggested that both 
generation number and duration of heat treatment can be 
optimized to enhance transfection effi cacy of PAMAM 
dendrimers. Changes in global gene- expression profi les in 
HeLa cells exposed to non- activated and activated PAMAM 
dendrimers, alone or in complexes with pDNA (dendriplexes), 
were investigated. 25  Real- time quantitative RT-PCR 
confi rmed four regulated genes (PHF5A, ARNTL2, CHD4, 
and P2RX7) affected by activated dendrimers and 
dendriplexes. Activated and non- activated dendrimers and 
dendriplexes alike induced multiple gene expression changes, 
some of which overlapped with their dendriplexes. 
Dendrimers and dendriplexes principally affect genes with 
the molecular functions of nucleic acid binding and 
transcription activity, metal- ion binding, enzyme activity, 
receptor activity, and protein binding. 25  

 The transfection effi ciency of PAMAM dendrimers has 
been improved by attachment of different ligands. Coupling 
of dendrimers with cell- penetrating peptides such as arginine 
has been observed to enhance the transfection effi ciency. An 
arginine- grafted-PAMAM dendrimer (PAMAM-Arg) was 
designed that consists of about 58 out of 64 surface primary 
amine groups coupled with arginine residues on PAMAM 
G4. 26  The transfection effi ciency of PAMAM-Arg-DNA 
complex was more than 10- and 100-fold higher than that of 
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unmodifi ed dendrimer-DNA complex in HepG2 and Neuro 
2A cells respectively. Further, studies on HeLa, HEK 293, 
and A549 cells showed that complexes formed by di- 
arginine- conjugated dendrimers generally led to higher 
transfection effi ciencies than mono- arginine- conjugated 
dendrimers. 27  Intracellular traffi cking showed that all the 
complexes were internalized into the cytosol, but only 
complexes formed by di- arginine-conjugated PAMAM G3 
and G4 were localized within the nuclei. However, the cell 
viability of di- arginine-conjugated dendrimers was poor, 
comparable to PEI. 27  

 To improve transfection effi ciency, a series of PAMAM G2 
dendrimers were conjugated with  α -,  β - and  γ -cyclodextrins 
(CD conjugates) and evaluated in NIH3T3 and RAW264.7 
cells. 28  The  α -CD conjugate showed higher transfection 
effi ciency than  β - and  γ -CD conjugates. Also, the gene 
expression of  α -CD conjugate-DNA complexes was 
signifi cantly higher than that of the dendriplexes over the 
studied range of N/P ratios. At high N/P ratio,  α -CD 
conjugate mediated higher transfection effi ciency than 
Lipofectin, but lower than that of TransFast. 28  Further, the 
infl uence of generation of dendrimers (G2, G3, and G4) on 
transfection effi ciencies was investigated for CD conjugates. 29  
For both NIH 3T3 and RAW264.7 cells,  α -CD conjugate of 
PAMAM G3 mediated the highest transfection effi ciency as 
compared with  α -CD conjugate of PAMAM G2 and G4, and 
was quite comparable to TransFast. Further, the effect of 
degree of substitution of  α -CD in CD conjugates based on 
PAMAM G3 dendrimer was investigated with 1.1, 2.4 and 
5.4 degrees of substitution. 29  The  α -CD conjugates with high 
degrees of substitution (2.4 and 5.4) showed membrane- 
disruptive properties, and 5.4 substitution resulted in 
signifi cant cytotoxicity at high N/P ratios. 30  The  α -CD 
conjugate with degree of substitution of 2.4 exhibited 
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superior transfection effi ciency in NIH3T3 and HepG2 cells 
at high N/P ratio in comparison to other conjugates.  In vivo  
studies on BALB/c mice followed the trend;  α -CD conjugate 
with degree of substitution of 2.4 showed higher transfection 
effi ciency as compared with unmodifi ed dendrimer, and  α -
CD conjugates localized in spleen at 12 h and in liver and 
kidney at 24 h post- administration. 30  These studies suggested 
that CD conjugation to dendrimers infl uences the intracellular 
traffi cking of DNA, possibly in terms of increased release of 
DNA from the endosome into the cytoplasm after endocytosis. 

 The delivery of PAMAM dendriplexes into the cell nucleus 
has been enhanced via glucocorticoid conjugation. The 
transfection effi cacy of PAMAM-dexamethasone (PAMAM-
Dexa) (four dexamethasone residues on PAMAM G4) was 
evaluated in HEK 293 and Neuro2A cells. 31  In the absence of 
serum, the transfection effi ciency of PAMAM-Dexa-DNA 
complex was found to be 2-fold and 6-fold higher than that 
of unmodifi ed dendriplexes in HEK293 and Neuro 2A cells, 
respectively. However, in the presence of serum, the 
transfection effi ciency of PAMAM-Dexa-DNA complex 
was 10-fold better than that of PEI/DNA complexes in 
HEK293 and Neuro 2A cells, respectively. Further, confocal 
microscopy images confi rmed localization of more PAMAM-
Dexa-DNA complex in the nucleus region than for 
unmodifi ed dendrimer-DNA complex. 31  In a similar study, a 
glucocorticoid of high potency, triamcinolone acetonide, 
was conjugated to PAMAM dendrimer to form PAMAM-TA 
with different degrees of substitution, mainly PAMAM-TA-L 
(0.22 triamcinolone acetonide residues on PAMAM G4) 
and PAMAM-TA-H (1.65 triamcinolone acetonide residues 
on PAMAM G4). 32  Enhanced transfection effi ciency was 
observed in both HEK 293 and HepG2 cells, irrespective 
of presence of serum, as compared with unmodifi ed 
dendriplexes, though there was no signifi cant difference in 
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expression between PAMAM-TA-L and PAMAM-TA-H at 
the respective optimal weight ratio. Intracellular localization 
experiments suggested effi cient translocation of PAMAM-TA 
from the cytoplasm into the cell nucleus. 32   

   13.2.2  Polypropylenimine dendrimers 

 Polypropylenimine dendrimers contain 100% protonatable 
amine groups, which renders them suitable for DNA 
binding and delivery. 33  PPI dendrimers derived from a 
1,4-diaminobutane core with different generations (DAB 4, 
8, 16, 32, and 64) have been employed for gene delivery. 34  
DNA binding and cytotoxicity were generation- dependent 
and followed the trend DAB 64 > DAB 32 > DAB 
16 > DOTAP > DAB 4 > DAB 8. A different pattern was 
observed for transfection studies in human epidermoid 
carcinoma cell line (A431 cells): DAB 8 = DOTAP = DAB 
16 > DAB 4 > DAB 32 = DAB 64. 34  Further, quaternization of 
the lower- generation DAB 4 and 8 dendrimers signifi cantly 
improved DNA binding and biocompatibility. 35  DNA 
binding decreased the toxicity of the low- generation 
dendrimers, whereas the toxicity of the higher generations 
(DAB 16 and 32) was not altered. The DAB 8/pDNA 
formulations were lethally toxic, whereas quaternized DAB 
8/pDNA complexes were tolerated on intravenous injection. 
Quaternization improved cell biocompatibility of higher 
DAB/DNA dendrimer complexes, but reduced transfection 
effi ciency of higher- generation native dendrimers. DAB 16 
and quaternized DAB 8/DNA formulations led to liver- 
targeted gene expression, presumably in Kupffer cells, and 
avoided lung delivery, in contrast to LPEI. 35  

 Toxicogenomic examination of generation 2 (DAB-8) and 
generation 3 (DAB-16) PPI dendrimers in two human cell 
lines revealed that PPI dendrimers alone elicited marked 
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changes in endogenous gene expression in A431 epithelial 
cells. 36  Further, the extent of PPI-induced gene changes was 
dependent on the dendrimer generation, as the number of 
genes affected was greater with G3 than with G2 PPI 
dendrimers. Also, the signature of DAB16-induced gene 
expression changes in A549 cells was different from those 
elicited in A431 cells, suggesting a strong dependence on cell 
type. In addition to this, modulation in expression of a 
variety of gene ontologies, including those involved in 
defense responses, cell proliferation, and apoptosis, was 
observed. 36  Hence, it was deduced that dendrimers can 
intrinsically manipulate the expression of many endogenous 
genes, which could potentially lead to their exerting multiple 
biological effects in cells. 36  

 Arginine-conjugated PPI G2 (DAB-8) dendrimers (PPI2-R) 
were engineered for gene delivery, complexed with DNA to 
form polyplexes of size ∼200 nm at a N/P ratio of 150. 37  
PPI2-R displayed 80–90% cell viability even at a concentration 
of 150  μ g/ml. Moreover, the transfection effi ciency of PPI2-R 
was found to be 8–214-fold higher than that of unmodifi ed 
PPI2 in HeLa and 293 cells, and quite comparable to that of 
PEI (25 kDa). Furthermore, PPI2-R showed two to 3-fold 
higher transfection effi ciency than PEI in human umbilical 
vein endothelial cell (HUVEC) cells, proving its potency as a 
gene delivery carrier for primary cells. 37  Low- generation PPI 
dendrimer (DAB-8) was conjugated to  β -CD, and  in vitro  
studies suggested low cytotoxicity and high transfection 
effi ciency. 38  

 PPI G2 or G3 was coupled with branched oligoethylenimine 
800 Da (OEI) or PPI dendrimer via hexanediol diacrylate, 
providing bio- reversible ester linkages. 39  Grafted dendrimers 
effi ciently condensed DNA to nanosized dendriplexes 
(100–200 nm) and exhibited an increased colloidal stability 
as compared with their unmodifi ed counterparts. Transfection 
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effi cacy of OEI-grafted dendrimer/pDNA dendriplexes was 
maximal, which was comparable to PEI/DNA polyplexes, 
suggesting that the incorporation of ethylenimine moieties is 
the key factor contributing to this enhanced transfection 
effi ciency. Further, intravenous injection of OEI-grafted PPI 
polyplexes into tumor- bearing mice mediated transgene 
expression predominantly in subcutaneous tumors. Also, 
gene expression levels in tumors increased signifi cantly with 
higher dendrimer core generation. 39  

 PPI G3 modifi ed with Pluronic P123 showed much lower 
cytotoxicity than that of PPI alone. 40  Physico-chemical 
studies showed that both P123-PPI and PPI condense pDNA 
into nanoparticles with a size of ∼100 nm and a zeta potential 
of about +15 mV at the N/P ratio of 20. Further, the 
transfection effi ciency of P123-PPI/DNA nanoparticles in 
SPC-A1 cells was much higher than that of unmodifi ed PPI/
DNA nanoparticles. The addition of free P123 during the 
preparation of P123-PPI/DNA nanoparticles signifi cantly 
enhanced the transfection effi ciency in the presence of 10% 
FBS. 40  

 Studies of conjugation of transferrin to PPI dendrimer G3 
(DAB-TF) revealed a slight increase of the polyplex size 
compared with the unmodifi ed DAB polyplex, from ∼196 nm 
to ∼287 nm, with lower PDI. 41  Maximal gene expression 
levels of  β -galactosidase were obtained at a N/P ratio of 10 
in T98G and A431 cells, and were markedly higher than for 
the unmodifi ed dendrimer and DOTAP. Moreover, grafting 
of TF to DAB improved DNA uptake by T98G cells, but had 
little infl uence on A431 cell line, for which the nuclear uptake 
of DNA appeared to be similar after treatment with both 
targeted and non- targeted dendrimers. 41  The intravenous 
administration of DAB-TF polyplexes resulted in gene 
expression mainly in the tumors. Subsequently, the 
intravenous administration of the polyplexes led to a rapid 
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and sustained tumor regression over 1 month, with long- 
term survival of 100% of the animals (90% complete 
response, 10% partial response). Additionally, the treatment 
was well tolerated by the animals, with no apparent signs of 
toxicity. 41  In another study, DAB-TF complexed to a plasmid 
DNA encoding p73 led to an enhanced anti- proliferative 
activity  in vitro , by up to 120-fold in A431 compared 
with the unmodifi ed dendriplex. 42   In vivo  intravenous 
administration of this p73-encoding dendriplex resulted in a 
rapid and sustained inhibition of tumor growth over 1 
month, with complete tumor suppression for 10% of A431 
and B16-F10 tumors and long- term survival of the animals. 42  

 PPI G4 was employed to target 45-base (phosphorothioate- 
modifi ed) ODNs in the cell nuclei of cultured cells in order 
to correct a specifi c point mutation in the hypoxanthine- 
guanine-phosphoribosyl- transferase ( hprt ) gene in hamster 
fi broblasts (V79-400 cells). 43  Transfection resulted in a high 
cellular uptake of the FITC-labeled ODNs in V79-400 and 
HuH-7 cells, with low toxicity levels. Localization studies 
showed presence of ODNs 24 h after transfection 
predominantly in the nuclear compartment. Moreover, the 
ODNs mediated the desired biological activity, the correction 
of the  hprt  point mutation in V79-400 cells. 43   

   13.2.3  Dendritic poly(L-lysine) 

 Dendritic poly(L-lysine) (DPK) was fi rst synthesized by 
Dankewalter et al. using Boc-L-Lys(Boc)-OH benzhydrylamide 
as a core. 44  DPK can be synthesized as a well- defi ned molecule 
possessing a precise number of terminal amines per dendrimer. 
The initial studies reported use of several types of DPKs, 
block copolymers consisting of PEG and PLL dendrimer. 45,46  
The copolymers formed spherical particles upon complexation 
with DNA of size ∼100 nm and did not show any cytotoxity 
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toward NIH3T3 cells even at higher concentration. 46  
Amphipathic asymmetric PLL dendrimers, in which the 
dendritic structure was attached to an amino group of 
 α -amino myristic acid, have been used to transfect COS7 
cells at a N/P ratio of 5. 47  These dendrimers further transfected 
BHK cells at a N/P ratio of 5, resulting in 20% effi ciency. 
Also, cytotoxicity was observed to increase when the N/P 
ratio exceeded 5. 48  

 Several generations of symmetric DPK prepared from 
hexamethylenediamine as an initiator core were investigated 
for their abilities binding pDNA and gene transfection into 
cells. 49  Dendrimers of generations 3 to 6 yielded particles of 
size ∼200 to 250 nm. Effi cient gene transfection without loss 
of cell viability was observed into several different cell lines 
with DPKs of generations 5 and 6, which have 64 and 128 
amine groups on the surface of the molecule, respectively. 
Additionally, the transfection effi ciency of the DPK of the 
sixth generation remained unaltered even in the presence of 
50% serum in the transfection medium. 49  

 The zeta potential of KG6/DNA complexes was maintained 
at a neutral or slightly positive value (+3 mV) even when the 
N/P ratio was increased to 8, which enhanced stability in 
the presence of a high concentration of serum. In addition, 
the complexes were found to circulate in the bloodstream for 
at least 3 h after intravenous injection into mice. 50  This 
prolonged blood circulation was due to the stealth character 
provided by neutral and hydrophilic surfaces. 

 The effect of substituting terminal cationic groups on the 
KG6 dendrimer was investigated by replacing terminal 
amino acids by arginine (KGR6) and histidine (KGH6). 51  
The KGR6 dendrimer could bind to the pDNA as strongly as 
KG6, whereas KGH6 showed decreased binding ability. 
Further, KGR6 showed 3–12-fold higher transfection 
effi ciency than KG6 into several cell types, while transfection 
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was absent with KGH6. However, complexation of KGH6 
with DNA under acidic conditions (pH 5.0) followed by 
transfection showed better effi ciency than that with KG6. 51  

 A comparison between DPK generation 6 (KG6) and PLL 
showed that KG6 formed a neutral DNA complex, and its 
DNA compaction level was weaker than that of PLL. 52  
Further, uptake of complexes into cells mediated by PLL was 
fourfold higher than that with KG6. However, gene 
expression mediated by KG6 was 100-fold higher than that 
by PLL. This improved transfection effi cacy was due to 
higher proton sponge effect and weak compaction of DNA 
by KG6 that led to escape from endosomal degradation and 
allowed access to RNA polymerase in the cell nucleus. 
Intravenous administration of KG6 and PLL in mice did not 
show a signifi cant difference in cytokine production. 52  

 Amphiphilic DPKs of generation 4 (KG4) condensed DNA 
to form particles of size ∼100–200 nm, and the zeta potential 
gradually changed from negative to positive values as the N/P 
ratio increased from 1 to 25. 53  The higher- generation 
dendrimers produced higher positive zeta potentials, 
suggesting a stronger potency of the complexes to interact 
with negatively charged cell membranes. Good biocompatibility 
of the dendrimers and their complexes was observed by 
conducting  in vitro  and  in vivo  cytotoxicity assays over the 
different N/P ratios studied. Further, the transfection effi ciency 
of KG5 was higher than other dendrimers and insensitive to 
variation in serum concentration. 53   

   13.2.4  Triazene dendrimers 

 Triazine dendrimers are synthesized by sequential substitution 
of trichlorotriazine with amine nucleophiles. The variance in 
the reactivity of different chlorotriazines (mono-, di-, and 
trich-loro) facilitates high- yielding, selective synthesis across 
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a range of nucleophiles through modulation of temperature 
and reaction times. 54,55  The gene delivery effi cacy of triazine 
dendrimers depends on the size, peripheral group, and 
internal structure of dendrimers, which signifi cantly infl uence 
the condensation of ODNs and their delivery to target cells. 
The nomenclature of these dendrimers indicates structure, 
size, and surface chemistry (e.g.  RG-G1-A: RG  for rigid,  BT  
for bow- tie,  FX  for fl exible,  Gn  for generation, and  A–K  for 
surface groups). To evaluate the effect of the peripheral 
groups on transfection effi ciency, a small library of eight rigid 
triazine dendrimers (all second- generation) with amine ( A ), 
hydroxyl ( H ), guanidine ( G ), and aliphatic chain surface 
groups ( F ) was prepared. 56  The DNA condensation was 
dependent on the peripheral groups of the dendrimers. 
Dendrimers with only six primary amines on the surface 
( RG-G2-H  and  RG-G2-I ) showed less DNA compaction as 
compared with dendrimers with 12 amine groups ( RG-G2-A  
and  RG-G2-F ), resulting in 60–70% and less than 30% of 
free or loosely bound DNA, respectively, at a N/P ratio of 5. 
A similar trend was observed in the guanidinylated dendrimers 
( RG-G2-B ,  RG-G2-J, RG-G2-K ), and they appeared most 
effective in packing DNA in contrast to the dendrimers with 
the same number of protonatable amines. 56  Small complexes 
(≤ 200 nm) were formed by  RG-G2-A  and  RG-G2-E  
upon complexation with DNA, probably due to their 
high positive surface charge, which may facilitate cellular 
internalization via endocytosis. Transfection experiments in 
human melanoma cell lines (MeWo) suggested that  RG-G2-A  
dendriplex possessed maximal transfection effi ciency at N/P 
ratios of 5 and 7. Further, no signifi cant cytotoxicity was 
associated with the dendrimers (IC 50  0.03–0.06 mg/ml). 56  

 Another study employed the surface group  A , with 
generations ( G1–G3 ) and structure:  RG-G1-A ,  RG-G2-A, 
RG-G3-A, BT-G2-A , and  FX-G2-A . 57  The degree of DNA 
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compaction was generation- dependent, increasing with 
higher generations of the rigid dendrimers, while dendrimer 
structure had no effect. For instance,  BT-G2-A  and  FX-G2-A  
formed looser dendriplexes than  RG-G2-A , presumably due 
to the lower charge density (∼262 Da/N atom). Although the 
cytotoxicity of the rigid dendrimers increased with increasing 
generation (IC 50  20–500  μ g/ml), it was signifi cantly lower 
than for PEI 25 kDa (IC 50  4.9  μ g/ml). 57  Further, the 
transfection effi ciency of the rigid dendriplexes increased 
with increasing generation in both L929 and MeWo cells. 
The  FX-G2-A  dendriplex showed maximal transfection 
effi ciency as compared with other dendriplexes studied, and 
controls including PEI, PAMAM, and SuperFect. 57    

   13.3  Conclusions 

 One of the major advantages associated with dendrimers is 
their synthetic versatility, derived from sequential reactivity. 
Recent progress in dendrimer syntheses, including availability 
of higher generations (up to 11) and adoption of new linkers, 
makes the future of the dendrimer platform as a gene delivery 
vector promising. However, synthetic challenges include 
increasingly rigorous methods to eliminate composition and 
batch- to-batch variability in larger- scale synthesis of higher- 
generation materials. PEGylation introduces signifi cant 
heterogeneity into the dendrimers; hence, fi nding an 
alternative to PEG will also be one of the major challenges.   
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 Cyclodextrins and cyclodextrin- 
containing polymers  

   DOI:  10.1533/9781908818645.287 

  Abstract:  Cyclodextrins are cyclic ( α -1, 4)-linked 
oligosaccharides of  α -D-glucopyranose with a central 
hydrophobic cavity and hydrophilic outer surface usually 
derived from enzymatic degradation of starch. Commonly, 
existing CDs include  α -CD,  β -CD and  γ -CD which consist 
of six, seven and eight glucopyranose units, respectively. 
The CD moieties can be embedded in the polymer matrix 
or grafted onto polymers as pendent groups. CDs and 
cyclodextrin-containing polymers have been extensively 
investigated as gene delivery vehicles. All the polymers 
grafted with CDs showed reduced cytotoxicity and 
improved transfection effi cacy.  

   Key words:    cyclodextrins, glucopyranose, cyclodextrin-
containing polymers, co-monomer, PEGylated, imidazole, 
oligoethyleneimine, adamantine.   

    14.1  Introduction 

 Cyclodextrins are naturally occurring cyclic ( α -1,4)-linked 
oligosaccharides of  α -D-glucopyranose containing a central 
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hydrophobic cavity and a hydrophilic outer surface 
derived from enzymatic degradation of starch. Due to the 
absence of free rotation about the bonds that connect 
the glucopyranose units, the CDs are not cylindrical 
molecules but are toroidal or cone- shaped. The structural 
distribution consists of primary hydroxyl groups on the 
narrow side of the torus and secondary hydroxyl groups 
on the wider edge ( Figure 14.1 ). Commonly existing CDs 
include  α -CD,  β -CD, and  γ -CD, which consist of six, seven, 
and eight glucopyranose units, respectively. The most 
important characteristic of the cyclodextrin-containing 
polymers (CDPs) gene delivery system is that the polyplexes 
formed between the polymers and DNA can further be 
modifi ed by inclusion complex formation due to the presence 
of large numbers of CD moieties. 1,2  The CDs have been 
suggested to improve the bioavailability of entrapped 
molecules due to their inherent membrane absorption- 
enhancing properties and their ability to stabilize biomolecules 
in the physiological milieu by shielding them from non- 
specifi c interactions. 3  Interaction of CDs with cell membranes 
leads to release of some membrane components (e.g. 
phospholipids or cholesterol) followed by destabilization 
and permeabilization. 4  This membrane destabilization was 
thought to occur due to the presence of the hydrophobic 
cavity inside the CDs; however, the exact mechanism could 
not be established. A number of cationic polymers, such as 
linear and branched PEI, chitosan, and PAMAM dendrimer, 
were modifi ed by grafting CDs onto the polymers, and 
studied for gene delivery. All the CDPs showed reduced 
cytotoxicity due to the grafted CD moieties. The CD moieties 
can be embedded in the polymer matrix or grafted onto 
polymers as pendant groups.  
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   14.2  Cyclodextrin- embedded polymers 

 The application of CDPs in gene delivery was pioneered 
by Davis et al., who reported the use of  β -CD-containing 
linear cationic polymers synthesized by copolymerizing 
difunctionalized  β -CD monomers (AA) with other 

  (a) The chemical structure, (b) the toroidal shape 
of the  β -cyclodextrin molecule    

 Figure 14.1 
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difunctionalized co- monomers (BB) such that an AABBAABB 
product was formed. 5  The CDP effi ciently condensed pDNA 
(~5 kbp) to form nanoparticles of size ~100–150 nm at a N/P 
ratio of 1.5 (ratio of amines of the  β -CDP to the phosphate 
of DNA) and effectively transfected cells at N/P ratios above 
10. The transfection studies done in BHK-21 and CHO-K1 
cells revealed higher transfection effi cacies, comparable to 
those of PEI and Lipofectamine. Some cell line- dependent 
toxicities were observed for serum- free transfections, while 
in the presence of 10% serum toxicity was absent up to a 
N/P ratio of 70. Moreover, intravenous or intraperitoneal 
administration of high doses of  β -CDP (200 mg/kg) in mice 
showed no mortality. 5  

   The variations in co- monomer B result in changes in 
polymer charge density and hydrophobicity of CDP, which 
could further infl uence the biological properties of the 
polymer; to elucidate this, the effect of co- monomer B 
structure on DNA delivery and toxicity was investigated. 6  
Polymers with four, fi ve, six, seven, eight, and ten methylene 
units ( β -CDP4, 5, 6, 7, 8, and 10) in the co- monomer B 
molecule condensed pDNA to form nanoparticles of size 
~124–152 nm. Particle size depended on polymer and DNA 
concentrations in the polyplex formulations, which, however, 
remained unaffected above a N/P ratio of 3. 6  Transfection 
effi ciency was dependent on co- monomer B length, with up to 
a 20-fold difference between polymers; maximal transfection 
effi ciency was obtained with  β -CDP6 polymer. Cytotoxicity 
was absent in the case of  β -CDP8, while it increased for all 
co- monomer B lengths differing from that used in  β -CDP8. 6  

 Modulation of polycations by direct grafting of additional 
components, e.g. PEG, either before or after DNA 
complexation, tends to interfere with polymer/DNA binding 
interactions; to circumvent this, surface-PEGylated  β -CDP 
polyplexes were formed by self- assembly of the polyplexes 
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with adamantane-PEG conjugates. 7  PEGylated  β -CDP 
polyplexes were stable at physiological salt concentration 
(size ~110 nm), while unmodifi ed polyplexes rapidly 
aggregated and precipitated in salt solutions (no discrete 
particles were observed). Galactosylated  β -CDP-based 
particles revealed selective targeting to hepatocytes via the 
asialoglycoprotein receptor with approximately tenfold 
higher effi ciency than glucosylated particles (control). 7  

 The infl uence of polycation structure on cytotoxicity and 
gene delivery effi ciency was investigated by synthesizing a 
series of amidine- based polycations that contained the 
carbohydrates D-trehalose and  β -CD. 8  Polyplexes formed 
from all the polycations were between 80 and 100 nm in 
diameter. The gene delivery effi ciency in BHK-21 cells 
showed dependence on the carbohydrate size (trehalose vs. 
CD) and its distance from the charge centers. The toxicity 
was found to increase as the charge center was removed 
further from the carbohydrate unit. Moreover, the toxicity 
was reduced with enlargement in the size of the carbohydrate 
moiety from trehalose to  β -CD. On the other hand, removal 
of the carbohydrate in the polycations produced high 
toxicity. 8  Further, comparison between series of quaternary 
ammonium polycations containing N,N,N',N'-tetramethyl-
1,6-hexanediamine, D-trehalose, and  β -CD suggested that 
the quaternary ammonium analogues exhibit lower gene 
expression values and similar toxicities to their amidine 
analogues. 9  Additionally, transfection experiments conducted 
in the presence of chloroquine reveal increased gene 
expression from quaternary ammonium- containing 
polycations and not from their amidine analogues. This high 
transfection effi ciency was thought to be due to the inability 
of quat- based polyplexes to escape from endosomes, since 
the addition of chloroquine to transfection experiments 
increased gene expression for quat- based but not amidine 
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analogues. 9  Furthermore, longer alkyl regions between the 
CD and the charge centers in the polycation backbone 
increased transfection effi ciency and toxicity in BHK-21 
cells, while increasing hydrophilicity of the spacer (alkoxy 
versus alkyl) results in lower toxicity. 10  Also,  γ -CD-based 
polycations are shown to be less toxic than otherwise 
identical  β -CD-based polycations. Later, structure–activity 
relationship (SAR) studies concluded that low MW polymers 
(~10 kDa, DP 5–8) with the CD units suffi ciently distant 
from amidine cationic centers were the optimal architectures 
in terms of both high delivery effi ciency and low cytotoxicity. 11  

 Transfection effi ciency of CDP has been shown to improve 
with incorporation of imidazole groups at low charge ratios 
(of most interest for systemic administration) without 
signifi cant increase in toxicity. 11  Enhanced transfection 
effi ciency of the imidazole- containing variant (CDPim) was 
attributed to increased buffering. 12  To decipher the 
mechanism(s) by which these two related materials exhibit 
differences in gene delivery, CDP and CDPim were 
investigated in detailed physio-chemical and biological 
studies. 13  The CDPim polymer displayed comparable DNA 
uptake to CDP and improved transfection effi ciency in 
cultured cells, including cells with a cytoplasmic expression 
system. However, it remained unclear whether the improved 
transfection effi ciency of CDPim was a result of enhanced 
endosomal escape, as it was also observed that CDPim 
generates greater amounts of unpackaged intracellular 
nucleic acids than CDP. Moreover, the increase in unpackaged 
intracellular DNA with CDPim over CDP is not consistent 
with cell- free measurements, and emphasizes the need to 
evaluate the behavior of non- viral gene delivery vectors 
within cellular environments. 13  

 Srinivasachari et al. employed a copper (I)-catalyzed “click 
reaction” to synthesize  β -CD copolymers with variation in 
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oligoethyleneamine stoichiometry – Cd1 46 , Cd2 44 , Cd3 49 , 
and Cd4 47  (one to four oligoethyleneamines, respectively, in 
the repeat unit, and similar degrees of polymerization, 
 n  w  = 44–49) – and with variation in polymer length (four 
ethyleneamines in the repeat unit): Cd4 27 , Cd4 47 , Cd4 93 , and 
Cd4 200  ( n  w  = 27, 47, 93, 200). 14  The polymers compacted 
pDNA into nanoparticles between ~75- and 120 nm. It was 
observed that within Series 1 the polyplex size decreased as 
the amine density increased, while in Series 2 the polyplex 
size tended to increase with the polymer length, with the 
exception of Cd4 47 . DNAse degradation assay revealed 
that these polymers were quite capable of protecting 
pDNA from nuclease degradation, irrespective of the degree 
of polymerization, and the pDNA protection capability 
increased with amine stoichiometry in the polymeric 
structure. The gene expression profi les of the resulting 
“click” polymers in HeLa cells were mostly dependent on 
the oligoethyleneamine/CD ratio, with the polymers having 
longer oligoethyleneamine chains showing highest effi cacies. 14  

 Two novel biodegradable polymers of LMW PEI (MW 
600 Da) cross- linked by (2-hydroxypropyl)- β -cyclodextrin 
(HP- β -CDs) or (2-hydroxypropyl)- γ -cyclodextrin (HP- γ -CD) 
were developed to improve transfection effi ciency. 15  The 
polymers effectively condensed pDNA, resulting in 
nanoparticles of size less than 300 nm. The newly synthesized 
polymers exhibited signifi cantly lower cytotoxicity as 
compared with PEI 25 kDa in SKOV-3 cells. Further, the 
transfection effi ciency of polymer/DNA nanoparticles was 
1.5–1.7-fold higher than that of PEI 25 kDa/DNA complexes 
and over 20-fold higher than that of PEI 600 Da/DNA 
complexes. 15  

 In another study, 2-hydroxypropyl- α -cyclodextrin 
(HP- α -CD) was conjugated to LMW PEI (MW 600 Da) by 
reaction with carbonyl diimidazole (CDI). 16  The carbamate 
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linkages ensure polymer biodegradability, which contributes 
to reducing toxicity. The particle size of the complexes 
formed with HP- α -CD-PEI/DNA complexes was ~186 nm, 
and that of the PEI/DNA complexes was ~4800 nm. The cell 
viability was markedly higher for HP- α -CD-PEI (~95% at a 
concentration of 1250 nmol/ml) in contrast to PEI 25 kDa 
(~19% at concentration of 300 nmol/ml). Transfection 
effi ciency of HP- α -CD-PEI/DNA complexes was up to 
5.5-fold higher as compared with PEI (25 kDa) polyplexes in 
SKBR-3 human breast cancer cells in complete media. 16  
Further, the transfection effi ciency of the HP- α -CD was 
comparable to, and at higher polymer/DNA ratios even 
higher than, that offered by PEI 25 kDa in neural cells. 17  
Moreover, intrathecal injection of HP- α -CD-PEI/DNA 
complexes into the rat spinal cord yielded gene expression 
levels close to that obtained by PEI 25 kDa. 17  

 To develop a tumor- targeted gene delivery vector, folate 
was conjugated to low MW PEI (600 Da)-grafted CD to 
form polymer H 1 . 

18  The polymer H 1  condensed pDNA at 
N/P ratios between 5 and 30 to form particles of size less 
than 120 nm and zeta potentials less than + 10 mV. The 
 in vitro  transfection effi ciency of H 1  was more than 50% in 
various tumor cell lines (U138, U87, B16, and Lovo), which 
was improved by the presence of FBS or albumin in the 
transfection medium. Also, cell viability was signifi cantly 
higher for H 1  than for high MW PEI 25 kDa. 18  Additionally, 
 in vivo  optical imaging showed that the effi ciency of 
H 1 -mediated transfection (50  μ g luciferase plasmid (pLuc), 
N/P ratio = 20/1) was comparable to that of adenovirus- 
mediated luciferase transduction (1 × 10 9  pfu) in melanoma- 
bearing mice, and it did not induce any toxicity in the tumor 
tissue. 18  Later, HP- γ -CD grafted with PEI (600 Da) was 
coupled to MC-10 oligopeptide containing a sequence of 
Met-Ala-Arg-Ala-Lys-Glu to target the human epidermal 
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growth factor receptor 2, which is over- expressed in many 
breast and ovarian cancers. 19  The particle size of HP- γ -CD-
PEI/DNA complexes at a N/P ratio of 40 was ~170–200 nm, 
with zeta potential of about + 20 mV. Polymer HP- γ -CD-PEI 
exhibited very low cytotoxicity, strong targeting specifi city 
to the HER2 receptor, and high effi ciency in DNA delivery to 
target cells both  in vitro  and  in vivo . The delivery and the 
therapeutic effi ciency of IFN- α  gene mediated by the new 
gene vector were also studied in a mouse model. The HP- γ -
CD-PEI-mediated IFN- α  gene delivery showed signifi cantly 
enhanced anti- tumor effect in tumor- bearing nude mice as 
compared with PEI (25 kDa), HP  γ -CD-PEI, and other 
controls, suggesting the therapeutic potential of this vector. 19  

 The condensation of DNA by  β -CD, an amphiphilic 
cationic connector (DC-Chol or adamantane derivative 
Ada2), was evaluated by using surface- enhanced Raman 
spectroscopy (SERS). 20  The amount of cationic connector in 
the medium was used to control the charge of the polymeric 
vector. The SERS spectra showed a decrease of signal 
intensity when the vector/DNA charge ratio (Z+/−) increased. 
At the highest ratio (Z+/− = 10) the signal was sixfold and 
threefold less intense than the DNA reference signal for 
Ada2 and DC-Chol polyplexes, respectively, suggesting 
that adenyl residues have a reduced accessibility as DNA is 
bound to the vector. 20  The study demonstrated that the 
cationic charges neutralizing the negative charges of DNA 
result in the formation of stable polyplexes.  In vitro  
transfection effi ciency results exhibited a twofold increase 
with the ternary complex as compared with  β -CD. 20  Another 
study employed viscometry and small angle neutron 
scattering (SANS) techniques to investigate the formation 
of ternary complex between  β -CD, cationic surfactant 
 n -dodecyltrimethylammonium chloride (DTAC), and low 
MW DNA (herring sperm DNA fragments). 21  The factors 
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that determine the poly( β -CD)/DTAC/DNA complexation in 
aqueous solution include reversible inclusion interactions 
between the CD cavities of  β -CD and the alkyl group of 
DTAC, leading to the formation of a polycation, and 
electrostatic interactions between the opposite charges of the 
cationic surfactant and anionic DNA. Also, the  β -CD/DTAC/
DNA complexes were reported to be completely reversible in 
the presence of 150 mM of NaCl salt. 21  

 A distinct advantage of CDPs is that the nanoparticles 
resulting from complexation with ODNs/pDNA can be 
modulated at their surface by exploiting the intrinsic CD 
inclusion capabilities. For instance, CDP/pDNA complexes 
were modifi ed by inclusion of the adamantane moiety of 
adamantane- modifi ed PEG (Ad-PEG) into CD cavities, 
which provided a steric corona around the particles that 
prevented aggregation and non- specifi c interactions with 
biological components. 22  The size of CDP/pDNA 
nanoparticles was ~100 nm, which steadily increased upon 
addition of PBS, suggesting aggregation, while that of 
PEGylated CDP/pDNA complexes was ~110 nm and 
remained unaltered upon addition of PBS. CDP/pDNA 
polyplexes exhibited a signifi cant two to threefold higher 
luciferase expression as compared with naked DNA, whereas 
PEGylation of polyplexes reduced the observed luciferase 
activity nearly to the level achieved with naked pDNA. 
Further, polyCDplexes coated with galactosylated Ad-PEG 
were shown to exhibit selectivity towards hepatocytes with 
galactose- specifi c membrane receptors. 7  Also, polyCDplexes 
shielded with transferrin- modifi ed Ad-PEG (Ad-PEG-TF) 
transfected luciferase- encoding gene to K562 human 
myelogeneous leukemia cells with better effi ciency than non- 
targeted particles. 23,24  

 A series of cationic star polymers were synthesized by 
conjugating multiple OEI arms onto  α -CD core as non- viral 
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gene delivery vectors. 25  The molecular structures of the 
 α -CD-OEI star polymers, which contained linear or branched 
OEI arms with different chain lengths ranging from 1 to 14 
ethylenimine units, were characterized by using size exclusion 
chromatography and nuclear magnetic resonance (NMR) 
techniques. The  α -CD-OEI star polymers were studied in 
terms of their DNA binding capability, formation of 
nanoparticles with pDNA, cytotoxicity, and gene transfection 
in cultured cells. All the  α -CD-OEI star polymers could 
inhibit the migration of pDNA on agarose gel via formation 
of complexes with pDNA, and the complexes formed 
nanoparticles with sizes ranging from 100 to 200 nm at 
N/P ratios of 8 or higher. The star polymers displayed 
much lower  in vitro  cytotoxicity than that of branched PEI 
of MW 25 kDa. The  α -CD-OEI star polymers showed 
excellent gene transfection effi ciency in HEK 293 and 
COS-7 cells. Generally, the transfection effi ciency increased 
with an increase in the OEI arm length. The star polymers 
with longer and branched OEI arms showed higher 
transfection effi ciency.  

   14.3  Polymers with cyclodextrins as 
pendant groups 

 The properties of pre- existing polymers employed in gene 
delivery have been modulated by attachment of CDs. Since 
most of the polymers used for gene delivery were cationic in 
nature, they could be manipulated to achieve improved 
transfection effi ciency, to avoid or diminish their toxicity, or 
to provide them with additional capabilities. To incorporate 
the advantages of CDs, i.e. low toxicity and the ability to 
modify the polyplex via inclusion complex formation, high 
MW LPEI and BPEI (25 kDa) were modifi ed by reacting with 
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6-mono- tosyl- β -cyclodextrin. 26  CD grafting resulted in 
decrease in transfection effi ciency; 10% amine modifi cation 
showed a 2-fold decrease in luciferase activity and 16% 
amine modifi cation reduced expression 4-fold as 
compared with unmodifi ed PEI. However, cell viability was 
increased with the increase in grafting in PC3 cells; high 
levels of cyclodextrin grafting increase IC 50  values by over 
20-fold (4.8 mM for 12% grafting and 6.7 mM for 16% 
grafting). CD-BPEI and CD-LPEI polymers self- assembled 
with and condensed pDNA to small spherical nanoparticles 
with size ~100 to 160 nm. PEGylation with Ad-PEG at 
1:1 Ad:CD ratio reduced aggregation rate by forming a 
protective hydrophilic PEG brush layer on the particle 
surface. 26  Intravenous administration of up to 120  μ g of 
DNA formulated with CD-LPEI + AD-PEG did not induce 
any acute toxicity, while LPEI-DNA polyplexes at this dose 
were observed to be lethal to mice. Furthermore, PEGylated 
CD-LPEI/DNA polyplexes showed reduced aggregation 
and primarily accumulated in liver in contrast to lung (4-fold 
higher amount in liver than in lung) and exhibited gene 
expression localized to liver only. 26  The CD/DNA polyplexes 
were further derivatized with targeting 
ligands using their inherent molecular inclusion capabilities. 
PEI with ~10% grafting with  β -CD (CD-PEI) was modulated 
with hydrophobic palmitate group (pal-HI)-modifi ed 
human insulin. 27  CD-PEI effi ciently condensed DNA, 
exhibited 4-fold higher gene expression in HEK293 cells as 
compared with unmodifi ed PEI, and was almost 
non- toxic. Also, addition of the pal-HI to CD-PEI enhanced 
gene expression by more than an order of magnitude 
compared with unmodifi ed PEI, either with or without 
the pal-HI. 27  

 CD grafting to PEI was also utilized to promote 
immobilization of PEI/DNA nanoparticles onto solid 
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surfaces. CD-PEI nanoparticles were immobilized on Ad- 
modifi ed self- assembled monolayers for controlled surface- 
mediated gene delivery. 28  Surface plasmon resonance studies 
suggested that CD-PEI nanoparticles were specifi cally 
immobilized on the chip surface by CD-Ad inclusion complex 
formation, while minimal adsorption was detected with PEI-
based nanoparticles. Binding affi nity of CD-PEI nanoparticles 
to the adamantane surfaces was several orders of magnitude 
higher than binding of single cyclodextrin molecules due 
to multivalent interactions. 28  Later, a CD-based polymeric 
assembly was designed to act as a dual (gene and drug) 
delivery system. Inclusion- driven supramolecular assembly 
of a  β -CD-grafted PEI with poly( β -benzyl-L-aspartate) 
(PBLA) generated core–shell structured nanoparticles, with a 
hydrophobic core that can locate hydrophobic drugs, and 
a cationic shell intended to condense DNA. 29  Further, the 
transfection effi ciency towards osteoblast cells using particles 
with and without drug loading (dexamethasone, DMS) 
exhibited less effi cient transfection than PEI-based polyplexes; 
also, the drug loading exerted a mild positive effect on both 
cell viability and gene transfer. 29  

 CD was also grafted to poly( ε -lysine) to form a sunfl ower- 
shaped  β -CD-conjugated poly( ε -lysine) ( β -CDPL) polyplex 
for gene delivery. 30  The confocal microscopy data suggested 
that  β -CDPL polyplexes are effi ciently internalized even at 
short incubation times; after 0.5 h of transfection, signifi cant 
cellular uptake was observed, while PL polyplexes showed 
limited internalization after 3.0 h. Further, the  β -CDPL 
polyplexes at N/P ratios of 5 and 10 exhibited transfection 
effi ciencies fourfold and tenfold higher than those of PL and 
LPEI, respectively. It was reasoned that the  β -CDs facing the 
outside of the polyplex promoted the removal of cholesterol 
from the cell membrane, introducing local membrane 
disturbances and facilitating uptake of complexes by 
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endocytosis, and the secondary amines of  β -CDPL utilized 
the proton- sponge effect to produce signifi cantly enhanced 
transfection. 30  

 CD was grafted to chitosans (MW 110 and 10 kDa) to 
yield hybrid chitosan/CD nanoparticles which were then 
loaded with pSEAP (plasmid DNA model that encodes the 
expression of secreted alkaline phosphatase) to form 
nanoparticles of size ~100–200 nm, depending on chitosan 
MW, and a positive surface charge of ~+ 22 to + 35 mV. 31  
Chitosan/CD nanoparticles exhibited a signifi cantly lower 
cytotoxicity in Calu-3 cells than those composed of solely 
chitosan (CS); IC 50  values were threefold higher for 
CD-containing nanoparticles than for the CS control 
nanoparticles. Cellular uptake studies showed that the 
nanoparticles were effectively internalized by the cells, and 
localized around the cell nuclei. The transfection effi ciency 
of the different formulations, measured by the concentration 
of secreted gene product (SEAP), indicated that all the 
nanoparticles were able to elicit a signifi cantly higher 
response than the naked DNA (control), the transfection 
effi ciency being more important for low MW chitosan 
nanoparticles than for those composed of medium MW 
chitosan. 31  Two water- soluble chitosan- graft-(PEI- β -CD) 
(CPC) cationic copolymers were synthesized via reductive 
amination between oxidized chitosan and low MW  β -CD-
PEI. 32  Gene transfection experiments showed improved 
performance mediated by both the polymers as compared 
with native chitosan in HEK293, L929, and COS7 cell lines. 
Further investigation of the gene transfection mediated by 
CPC2/DNA complexes showed both time and dose- 
dependency in the tested cell lines, where the polymer showed 
higher level luciferase expression than commercially available 
branched PEI (25 kDa) under conditions of high dose or 
extended time. 32   
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   14.4  Cyclodextrins as adjuvants for 
enhanced gene delivery 

 The addition of cyclodextrin derivatives as formulation 
excipients has been reported to improve the transfection 
effi ciency of various gene delivery vectors. One of the initial 
studies reported a sixfold improvement in gene expression 
in rat lung upon addition of  β -CD (1%) to the original 
DNA:lipid formulations. 33  The enhanced transfection 
effi cacy was attributed to CD membrane permeation 
enhancement capabilities in this tissue. Addition of methyl-
 β -cyclodextrin solubilized cholesterol (MBC) to DOTAP and 
Superfect further improved their transfection effi ciency by 
3.8-fold and 2.6-fold, respectively. 34  The gene expression of 
 β -galactosidase was easily detectable within 1 h of transfection 
and reached a maximal value at 48 h. Intracellular localization 
studies suggested that MBC-derivatized DOTAP/DNA 
complexes were found in both the nucleus and the cytoplasm. 
Further, intravesical administration of MBC-derivatized 
DOTAP/DNA complexes to mice bladders resulted in 
enhanced gene expression after 2 days, which remained 
confi ned to the bladder and was sustained for up to 30 days 
after transfection. 34  

 Another study reported inclusion of  β -CD into PAMAM 
dendrimer/DNA formulations to form dendrimer/DNA/ β -CD 
complexes. 35  The size of the complexes formed with 50  μ g/
ml of DNA at a N/P ratio of 1 decreased from 156 nm to 
5.8–21.2 nm in 0.025–0.1% w/vol  β -CDs. Also, sulfonated 
 β -CDs bind to dendrimers, and high concentrations may 
displace DNA in the dendrimer/DNA complex. Further,  in 
vitro  chloramphenicol acetyltransferase (CAT) expression 
on the surface of collagen membranes increased ~200–fold 
when mediated by dendrimer/DNA/ β -CD formulations as 
compared with formulations without  β -CD. Maximal 
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transfection effi ciency was obtained with sulfated anionic 
CDs, which facilitated gradual dissociation of cationic 
polymer–DNA complexes. 35   

   14.5  Cyclodextrin- based polyrotaxanes 

 Rotaxanes are unique supramolecular structures in which 
a cyclic molecule is threaded onto an “axle” molecule and 
end- capped by bulky groups at the terminal of the “axle” 
molecule. Polyrotaxanes and polypseudorotaxanes are 
polymers with multiple cyclic molecules threaded onto a 
polymer chain with or without bulky end caps. Due to their 
low cytotoxicity, controlled size, and unique architecture, 
CD-based polyrotaxanes and polypseudorotaxanes have 
been exploited as gene delivery vectors. Polyrotaxanes with 
cationic polymer- modifi ed CD rings showed good DNA 
binding ability, low cytotoxicity, and high gene transfection 
effi ciency. 36–38  

 One of the fi rst studies reported formation of polyrotaxanes 
by threading  α -CD molecules over PEG and poly( ε -
caprolactone) (PCL) chains of ternary block copolymers of 
PEG, PCL, and PEI. 38  Due to reduction in hydrophobic 
interaction between PCL blocks, the resulting polyrotaxanes 
displayed an enhanced solubility in comparison with the 
ternary block copolymers. Ethidium bromide fl uorescence 
quenching assays demonstrated that polyrotaxanes 
complexed DNA as effi ciently as BPEI 25 kDa. The size of 
the resultant polyrotaxane/DNA polyplexes was observed to 
be ~ 200 nm, with neutral surface charge and effi cient cellular 
uptake. Although the transfection effi ciency was similar to 
PEI in mouse embryonic fi broblast 3T3 cells, toxicity was 
100-fold lower, allowing the administration of N/P ratios of 
up to 20. 38  The virtually neutral surface potential (z potential) 
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of these complexes did not impair effi cient cell uptake and 
could account for the absence of toxic effects. 

 Three different cationic polyrotaxanes with different 
lengths of OEI were synthesized by grafting of OEI to  β -CD 
threaded on a pluronic PEO-PPO-PEO triblock copolymer 
chain and end- capped with 2,4,6-trinitrobenzene sulfonate. 37  
The cationic supramolecular gene delivery vectors 
showed good DNA binding ability, low cytotoxicity, and 
high gene transfection effi cacy, similar to PEI (25 kDa), 
at the optimized N/P ratio and MW. They even exhibited 
higher transfection effi ciency than dimethylaminoethyl 
(DMAEC)- α -CD polyrotaxane systems. Further, LPEI- γ -CD 
polypseudorotaxanes were developed as a safer gene carrier 
alternative. 36  Although these supramolecular constructs 
condensed pDNA less effi ciently than naked LPEI (22 kDa), 
their far lower toxicity and the better cellular uptake of 
the corresponding rotaplexes fully compensated for this, 
achieving similar gene expression levels to PEI-based 
polyplexes in NIH3T3 cells. The cellular uptake of pDNA in 
the LPEI/ γ -CD polyplex was enhanced by free  γ -CDs released 
from the polyplex, which might accelerate the cellular uptake 
through enhanced membrane affi nity.  

   14.6  Conclusions 

 Cyclodextrins improve the gene delivery effi cacy of pre- 
existing cationic polymers or dendrimers, due to their 
capacity to permeabilize cell membranes by affecting 
cholesterol distribution. However, the effi ciency of the best 
cyclodextrin- based gene delivery systems currently developed 
remains several orders of magnitude poorer as compared 
with viral vectors. Nonetheless, the possible combination of 
covalent and supramolecular approaches offers exciting 
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avenues for the fabrication of custom- made vectors. The CD 
polymer- based vector CALAA-01 has already entered clinical 
trials ten years after its conceptualization. It is expected that, 
due to development in understanding of CD-based gene 
delivery mechanisms, more dendrimer- based vectors will 
enter clinical trials soon.   
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 Poly(D,L-lactide- co-glycolide)-
based nanoparticles  

   DOI:  10.1533/9781908818645.309 

  Abstract:  PLGA is a copolymer of polylactic acid and 
polyglycolic acid; synthesized in a wide range of molecular 
weight by ring- opening polymerization of cyclic dimers, 
i.e. lactide and glycolide, in the presence of metal catalysts. 
Different forms of PLGA are available, depending on the 
ratio of lactide to glycolide used for the copolymerization. 
PLGA breaks down into body metabolites, i.e. lactic and 
glycolic acid, by hydrolysis of ester bonds, which are 
removed by Kreb cycle. Moreover, PLGA have been 
approved by U.S. Food and Drug Administration and 
European Medicine Agency for human use. PLGA or 
PLGA-based nanoparticles have been widely employed for 
 in vitro  and  in vivo  gene delivery, as they are biocompatible 
and biodegradable.  

   Key words:    PLGA nanoparticles, polylactic acid, polyglycolic 
acid, non- condensing agents, copolymer, bioadhesive.   

    15.1  Introduction 

 Cationic polymers (i.e. nucleic acid condensing agents) suffer 
from some disadvantages, such as toxicity due to excess 
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positive charge, rapid clearance by the RES, poor endosomal 
escape, and ineffi cient decondensation, due to strong 
electrostatic interactions resulting in release of a low amount 
of DNA. 1  Polymers capable of forming nano- sized (i.e. non- 
condensing agents) vectors with either a neutral or a net 
negative charge have been proposed for tissue and cell- specifi c 
delivery; these possess effi cient transfection effi ciency with 
improved cell viability. DNA can either be entrapped into the 
polymeric matrix or adsorbed on the nanoparticle surface by 
electrostatic interaction by using appropriate surfactants or 
adding cationic polymers to the matrix ( Figure 15.1 ). 2,3  
Encapsulation provides protection against nucleases and 
other plasma proteins during travel through the bloodstream 
to the target site. Further, non- condensing vectors are not 
recognized by the RES, due to absence of positive charge, and 
thus maintain prolonged systemic circulation. 4,5  

  Schematic representation of PLGA 
nanoparticles. The surface of nanoparticles is 
modulated by PEG and positive charge is 
introduced by a cationic polymer such as PEI or 
chitosan     

  Figure 15.1 
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 Among various non- condensing agents, PLGA has been 
reported as a potential candidate for gene delivery. Studies 
have proposed that PLGA nanoparticles are effi ciently and 
rapidly internalized through a combination of specifi c and 
non- specifi c endocytic mechanisms. 6  Upon internalization, a 
signifi cant amount of nanoparticles escapes the lysosomal 
compartment and reaches the cytosol. Surface charge 
reversal of PLGA nanoparticles from anionic to cationic 
in the acidic pH of the lysosomes is regarded as an 
important step that enables PLGA nanoparticles to escape 
the lysosomal compartment. 6,7  Following lysosomal escape, 
PLGA nanoparticles have been observed to remain in the 
cellular cytoplasm for more than 2 weeks, thereby slowly 
releasing their payload. 8  PLGA is broken down by hydrolysis 
of ester bonds into body metabolites, i.e. lactic and glycolic 
acids, which are removed by the Krebs cycle. Hence, the 
nanoparticles exhibit high biocompatibility and are nearly 
non- toxic. Moreover, PLGA has been approved by the US 
Food and Drug Administration for human use. PLGA is a 
copolymer of polylactic acid and polyglycolic acid, 
synthesized in a wide range of MWs by ring- opening 
polymerization of cyclic dimers, i.e. lactide and glycolide, in 
the presence of metal catalysts ( Figure 15.2 ). Several 
modifi cations of PLGA have been reported for DNA delivery, 
especially by copolymerization with other monomers. 
Depending on the ratio of lactide to glycolide used for the 
copolymerization, different forms of PLGA are available; 

  Chemical structure of PLGA. x, number of lactic 
acid units; y, number of glycolic acid units     

  Figure 15.2 
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these are usually identifi ed on the basis of the ratio of the 
monomers used (e.g. PLGA 75:25 is a copolymer whose 
composition is 75% lactic acid and 25% glycolic acid). 
All PLGAs are amorphous and show a glass transition 
temperature in the range of 40–60°C.  

   15.2  PLGA nanoparticles for 
gene delivery 

 In one of the initial studies, PLGA polymer was used to 
encapsulate pDNA (alkaline phosphatase (AP), a reporter 
gene), forming nanoparticles of size ∼600 nm with high 
encapsulation effi ciency (70%). 9  The pDNA entrapped in 
nanoparticles maintained its structural and functional 
integrity;  in vitro  transfection resulted in signifi cantly higher 
expression levels in comparison with naked pDNA. Further, 
AP levels increased with the increase in the transfection time, 
suggesting sustained release of pDNA. Increased AP 
expression was seen in rats after 7 and 28 days following 
intramuscular administration of nanoparticles, indicating 
sustained activity of the AP. 9  

 Another seminal study reported PLGA nanoparticles of 
∼70 nm encapsulating 6-coumarin, with an average zeta 
potential of ∼12.5 mV at pH 7 in 0.001 M HEPES buffer. 7  
At 10 min post- incubation, nanoparticles were localized in 
the cytoplasmic compartment of PC3 (prostate cancer) 
cells. The mechanism of rapid escape was attributed to 
selective reversal of the surface charge of nanoparticles 
(from anionic to cationic) in the acidic endolysosomal 
compartment, which facilitates the interaction of 
nanoparticles with the endolysosomal membrane and 
escape into the cytosol. After their escape, nanoparticles 
delivered their payload in the cytoplasm at a slow rate, 
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resulting in dose- dependent transfection levels that increased 
with the time of transfection, suggesting sustained release 
of pDNA. 7  

 In order to develop a controlled release delivery system 
for AS-ODNs, PLGA nanoparticles of size ∼300 nm 
were prepared that encapsulated platelet- derived growth 
factor  β -receptor antisense (PDGF β R-AS) with high 
encapsulation effi ciency (81%) and investigated  in vitro  
and  in vivo  in a balloon- injured rat restenosis model. 10  The 
extent of mean neointimal formation 14 days after injection 
of AS-nanoparticles, measured as a percentage of luminal 
stenosis, was 32.21 ± 4.75%, in comparison with 54.89 ± 8.84 
and 53.84 ± 5.58% in the blank- nanoparticles and scrambled- 
nanoparticles groups, respectively. 10  

 Fabrication of PLGA nanoparticles employing a double 
emulsion solvent evaporation technique generally leads to 
the formation of nanoparticles with heterogeneous size 
distribution. Transfection effi ciency of different size fractions 
of nanoparticles was investigated in cells by separating 
fractions using membrane fi ltration (100 nm size cut- off). 
The smaller- sized nanoparticle fraction (∼ 70 nm) produced 
27-fold higher transfection in COS-7 cells and fourfold 
higher transfection in HEK 293 cells for the same dose of 
nanoparticles as compared with larger- sized nanoparticles 
(∼200 nm). 11  The higher transfection effi cacy of smaller- sized 
nanoparticles was hypothesized to be due to the difference in 
the total number of particles present in the cells for the same 
mass of nanoparticles being taken up by the cells. Further, on 
the basis of the mean particle diameter of the two fractions 
of nanoparticles and the cellular uptake data, the number of 
smaller- sized nanoparticles taken up by the cells was 
estimated to be ∼20-fold greater than for larger- sized 
nanoparticles (350 × 10 8  vs. 17 × 10 8  per mg cell protein for 
smaller- and larger- sized nanoparticles, respectively). 12  
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 To optimize the effi cacy of the encapsulated therapeutic 
agent, the intracellular distribution as well as the tissue 
uptake of nanoparticles was studied. 13  Towards this objective, 
PLGA nanoparticles containing 6-coumarin as a fl uorescent 
marker and osmium tetroxide as an electron microscopic 
marker with bovine serum albumin (BSA) as a model protein 
were formulated. Comparison of different physico-chemical 
properties of marker- loaded nanoparticles, such as particle 
size, zeta potential, residual PVA content, and protein- loading, 
with those of unloaded nanoparticles revealed no signifi cant 
difference. Moreover, marker- loaded nanoparticle formulations 
were as non- toxic to the cells as unloaded nanoparticles. 
Nanoparticles loaded with 6-coumarin were found to be useful 
for studying intracellular nanoparticle uptake and distribution 
using confocal microscopy, while osmium tetroxide- loaded 
nanoparticles were found to be useful for studying nanoparticle 
uptake and distribution in cells and tissue using TEM. 13  

 The anti- proliferative activity of wild- type (wt) p53 gene- 
loaded PLGA nanoparticles was investigated in a breast 
cancer cell line. 14  Nanoparticles of size ∼280 nm and DNA 
entrapment effi ciency of ∼63% were formulated using a 
multiple- emulsion-solvent evaporation technique. Cells 
transfected with wt- p53 DNA-loaded nanoparticles 
demonstrated a sustained and signifi cantly greater anti- 
proliferative effect than those transfected with naked wt- p53 
DNA or wt- p53 DNA complexed with a commercially 
available transfecting agent (Lipofectamine). Additionally, 
cells transfected with wt- p53 DNA-loaded nanoparticles 
demonstrated sustained p53 mRNA levels compared with 
cells which were transfected with naked wt- p53 DNA or the 
wt- p53 DNA/Lipofectamine complex. 14  

 Vascular endothelial growth factor (VEGF) has been 
investigated for the treatment of ischemic heart disease. 
PLGA nanoparticles encapsulating VEGF 165  pDNA were 
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employed to explore the therapeutic potential of 
nanoparticles. 15  The nanoparticles, prepared by double 
emulsion and solvent evaporation technique, were observed 
to be of size ∼100–300 nm, with DNA encapsulation effi ciency 
of ∼58%. Nanoparticles enabled signifi cant enhancement of 
VEGF gene transfection into myocardial cells. TEM studies 
evidenced the presence of large numbers of nanoparticles in 
the myocardial cytoplasm and nucleus. Further, histological 
examination of ischemic rabbit myocardium transfected with 
nanoparticles exhibited a signifi cant increase in the number 
of capillaries in contrast with the pDNA group. 15  

 In an attempt to achieve high pDNA entrapment with full 
biological activity and minimal toxicity, PLGA nanoparticles 
were fabricated employing short sonication periods with low 
energy input, minimal washing steps, and without use of any 
additives. 16  The size of nanoparticles prepared using a 
modifi ed water- in-oil- in-water (w/o/w) technique was found 
to be ∼300 nm, with DNA entrapment effi ciency of 80%. In 
view of results from the size distribution, DNA integrity, 
DNA entrapment effi ciency, and release kinetics, it was 
concluded that the high MW system is preferable to the low 
MW system and that nanoparticle preparations involving 
shorter sonication times are preferable to preparations 
with long sonication times. 16  Further, the nanoparticles 
were non- toxic up to a concentration of 600  μ g/ml in the 
cell lines tested, i.e. COS-7 and Cf2th. Confocal microscopy 
studies revealed that nanoparticles were localized in the 
endolysosomal compartment and later escaped into the 
cytosol. Transfection with nanoparticles signifi cantly 
increased the protein expression of pGL3-Luc and was found 
to be 200-fold higher for COS-7 cells and 250-fold higher 
for Cf2th cells in comparison to control. 16  

 The effect of pigment epithelial- derived factor (PEDF) 
gene loaded in PLGA nanoparticles was investigated on 
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mouse colon carcinoma cells (CT26)  in vitro  and  in vivo . 17  
Nanoparticles were found to measure ∼220 nm, with 88% 
DNA encapsulation effi ciency. Nanoparticles transfected 
to human umbilical vein endothelial cells (HUVEC) induced 
CT26 apoptosis and inhibited proliferation. Further, 
intratumoral administration of nanoparticles to mice models 
inhibited CT26 tumor growth by inducing CT26 apoptosis, 
decreasing microvessel density, and inhibiting angiogenesis. 17   

   15.3  Chitosan- modifi ed PLGA 
nanoparticles 

 Chitosan has been largely employed as main gene delivery 
vector in several studies. It can also be conjugated to other 
polymers to offer a fl exible technology platform. The use of 
PLGA for DNA delivery application is limited by its negative 
surface charge and acidic degradation products. The 
incorporation of chitosan into the PLGA matrix could inhibit 
degradation of the matrix, thereby blocking the release of 
DNA from the polymer. Chitosan- coated nanoparticles 
are characterized by a strongly positive zeta potential, in 
contrast to the non- coated PLGA nanoparticles. Therefore, 
aggregation of these nanoparticles is prevented, as they are 
stabilized by strong electrostatic repulsion. To engineer 
cationic PLGA nanoparticles with defi ned size and shape 
that can effi ciently bind DNA, an emulsion diffusion 
evaporation technique was employed with PVA-chitosan as 
stabilizer. 18  The cationic nanoparticles possessed a zeta 
potential of + 10 mV at pH 7.4 and size of ∼185 nm. DNA 
retardation studies suggested the presence of suffi cient charge 
on the nanoparticles to effi ciently bind the negatively charged 
DNA electrostatically. Tahara et al. prepared pDNA-loaded 
PLGA nanospheres using the emulsion solvent diffusion in 
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which the surface was modifi ed by binding to chitosan. 19  
Chitosan-PLGA nanospheres were prepared by adding 
chitosan solution into the outer phase with PVA solution. 
The size of the nanospheres was found to be ∼200–300 nm, 
with positive surface charge. Chitosan- modifi ed or 
unmodifi ed PLGA nanospheres did not show cytotoxicity 
with respect to the A549 cells, while DOTAP/pDNA complex 
exhibited ∼20% cell death after 4 h of incubation. The 
luciferase gene expression mediated by nanospheres was 
initially weak, but gradually grew stronger, suggesting 
sustained release of pDNA from PLGA nanospheres. The 
improved transfection effi cacy with chitosan- modifi ed PLGA 
was thought to be due to endosomal escape of nanospheres, 
similar to that of chitosan/DNA nanoparticles. 19  

 In another study, to improve pDNA loading effi ciency and 
cellular uptake ability, chitosan was incorporated into the 
PLGA matrix. 20  PLGA-chitosan nanospheres were engineered 
by a spontaneous emulsion diffusion process and a particle 
size of around 60 nm was obtained under optimum 
formulation conditions. Due to the positive zeta potential of 
chitosan- modifi ed PLGA nanospheres, they showed much 
higher loading effi ciency than unmodifi ed PLGA nanospheres. 
Transfection experiments in HepG2.2.15 cells showed a 
higher enhanced green fl uorescent protein (EGFP) intensity 
after transfection with PLGA-chitosan- pDNA nanospheres 
(200  μ g/2  μ g) complexes in contrast to an equal amount of 
plain unmodifi ed PLGA-pDNA nanospheres. 20   

   15.4  Polyethylenimine- modifi ed 
PLGA nanoparticles 

 PEI possesses strong electrostatic interaction with negatively 
charged DNA, and thereby confers protection on DNA 
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against enzymatic degradation, due to its high positive charge 
density. Hence, PEI has been widely investigated as a cationic 
polymer for the synthesis of cationic PLGA particles. In 
order to achieve effi cient pulmonary gene expression, PLGA 
nanoparticles were formulated by adding the cationic 
polymer PEI. 21  PLGA-PEI nanoparticles prepared at different 
ratios and loaded with varying amounts of DNA showed 
particle sizes ranging between 207 and 231 nm with a narrow 
size distribution. All the nanoparticles exhibited high DNA 
loading effi ciency (∼99%) and were highly positive (zeta 
potential above 30 mV). DNA was observed in the 
endolysosomal compartment 6 h after DNA-loaded 
nanoparticles were transfected into the human airway 
submucosal epithelial cell line Calu-3. Further, the 
cytotoxicity of these nanoparticles was dependent on the 
PEI/DNA ratios, with highest cell viability at N/P ratios of 
0.5 to 1. 21  

 PLA/PEI and PLGA/PEI nanoparticles fabricated by a 
diafi ltration method exhibited spherical and smooth surface 
characteristics. 22  The size of the nanoparticles was dependent 
on the amount of PEI, with reduction in size of PLA/PEI and 
PLGA/PEI nanoparticles from ∼560 to 217 nm and ∼580 to 
185 nm, respectively, at wt/wt ratios of 0 to 0.6. Further, 
incorporation of PEI into PLA and PLGA nanoparticles 
rendered them stable for up to 12 days of storage at room 
temperature. The transfection effi ciency in HEK 293 cells 
mediated by PLA and PLGA nanoparticles with PEI was 
∼50% of that with PEI alone and was signifi cantly higher 
than that of naked DNA and nanoparticles without PEI. 22  

 A combination of chemical (PLGA/PEI/DNA nanoparticles) 
and physical (ultrasonication) approaches was employed to 
improve the  in vivo  gene transfer effi ciency via intravenous 
administration. 23  The size of PLGA/PEI/DNA nanoparticles 
was found to be ∼200 nm, with positive zeta potential of 
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∼13.4 mV. When intravenously administered in nude mice 
with DU145 human prostate tumors, the combination 
of PLGA/PEI/DNA nanoparticles with ultrasonication 
substantially enhanced  in vivo  transfection into tumor cells. 
The transfection effi cacy was increased by up to eightfold in 
irradiated tumors compared with non- irradiated controls, 
while little to no cell death was produced by ultrasonication. 23  

 To develop an effective vector for DNA vaccines, the 
gene expression and intracellular traffi cking of pDNA 
complexed with PLGA/PEI nanospheres, in combination 
with an NF- κ B analog as a nuclear localization signal (NLS) 
and electroporation, were evaluated in human monocyte- 
derived dendritic cells (hMoDCs). 24  PLGA/PEI nanospheres 
improved the cellular uptake of pDNA in both COS7 
and hMoDCs cells. Further, the PLGA/PEI nanospheres 
signifi cantly promoted transfection in COS-7 cells with 
high intranuclear transport of pDNA, but had almost 
no effect on transfection in hMoDCs cells with low 
intranuclear transport. However, PLGA/PEI nanospheres 
combined with NLS and electroporation (experimental 
permeation enhancer) signifi cantly enhanced the transfection 
effi ciency by improvement of intracellular uptake as well as 
intranuclear transport of pDNA in the hMoDCs. 24  

 A PLGA nanoparticle formulation was optimized for gene 
delivery to a pulmonary epithelium model. 25  The surface 
properties of PLGA nanoparticles were varied by using 
different coating materials that adsorb to the particle surface 
during formation employing solvent diffusion methodology. 
Nanoparticles of size ∼200 nm effi ciently encapsulated 
plasmids encoding for luciferase (80–90%) and exhibited 
sustained release for 2 weeks. High levels of gene expression 
were observed at day 5 for positively charged PLGA 
nanoparticles that remained for at least 2 weeks, while 
with PEI/DNA complexes expression lasted only 5 days. 
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Furthermore, the PLGA nanoparticles were signifi cantly less 
cytotoxic than PEI, suggesting the use of these vehicles for 
localized, sustained gene delivery to the pulmonary 
epithelium. 25  

 To evaluate the infl uence of BPEI (25 kDa) incorporation 
into PLGA nanoparticles, two different PLGA nanoparticle- 
based gene delivery systems, namely, pDNA-encapsulated 
PLGA nanoparticles and pDNA adsorbed on the surface of 
PLGA-BPEI nanoparticles, were fabricated. 26  Nanoparticles 
of size 200 to 270 nm were observed, in which PLGA-BPEI 
(25 kDa) showed larger zeta potential and particle size 
than PLGA-BPEI (1.8 kDa). Further, the size of PLGA-
BPEI-(25 kDa)/pDNA complexes gradually increased from 
135 nm to 463 nm during an incubation time of 120 min. 
Transfection studies in HEK293 cells exhibited a six to 
sevenfold increase with PLGA-BPEI NPs as compared 
with those without PEI at day 2, but with signifi cantly 
higher cytotoxicity. 26  Intracellular tracking studies revealed 
PLGA-BPEI nanoparticle localization in the nucleus, while 
nanoparticles without PEI were seen in the cytoplasm. 
Additionally, pDNA release from pDNA-encapsulated PLGA 
nanoparticles was relatively faster than from PLGA-BPEI 
nanoparticles, but lower gene transfection was observed 
because of the lack of active transport of the released pDNA 
to the nucleus. 26  

 The differentiation capability of human MSC cells, using 
the SOX trio genes as targets, was evaluated after modifi cation 
with biodegradable PLGA nanoparticles. 27  The sizes of the 
PLGA nanoparticles were ∼60, 72, and 92 nm, with SOX5, 
6, and 9 genes fused to green fl uorescence protein (GFP), 
yellow fl uorescence protein (YFP), or red fl uorescence 
protein (RFP), respectively.  In vitro  transfection studies 
done in MSC cells using SOX trio complexed with PEI-
modifi ed PLGA nanoparticles led to a dramatic increase in 
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chondrogenesis. For the PEI/GFP and PEI/SOX5, 6, and 
9 genes complexed with PLGA nanoparticles, the expression 
of GFP as a reporter gene and SOX9 genes with PLGA 
nanoparticles showed 80% and 83% of gene transfection 
ratios into hMSCs 2 days after transfection, respectively. 27  

 Shau et al. compared a one- step nanoparticle preparation 
process of PLGA pre- modifi ed with PEI with those prepared 
in a two- step process (preformed PLGA nanoparticles 
subsequently coated with PEI). 28  The nanoparticles were 
prepared by emulsifi cation of PLGA/ethyl acetate in an 
aqueous solution of PVA and PEI. Physico-chemical studies 
showed that the PLGA/PEI nanoparticles were spherical and 
non- porous with a size of ∼200 nm and positive zeta potential. 
Also, the zeta potential of the nanoparticles from the one- 
step procedure was markedly higher than that from the 
two- step process, which was ascribed to the conjugation of 
PEI to PLGA via aminolysis. The PLGA/PEI nanoparticles 
complexed with DNA possessed signifi cantly lower 
cytotoxicity and a higher transfection activity than PEI 
polyplexes. 28   

   15.5  Other modifi cations to 
PLGA nanoparticles 

 The surface of PLGA nanoparticles has been manipulated 
with various ligands to improve upon the gene delivery 
effi ciency. The modifi cations consist of either imparting 
cationic charge or improving the targetability of PLGA 
nanoparticles. To develop a liver- targeted gene delivery 
system, asialofetuin (AF), a glycoprotein with triantennary 
galactose terminal sugar chains, was complexed with PLGA/
DOTAP nanoparticles prepared by the solvent evaporation 
method, with DNA either encapsulated or adsorbed onto 
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nanoparticles. 29  The size of the nanoparticles ranged 
from ∼425 to 671 nm, with unimodal size distribution 
(polydispersity index < 0.25) and positive zeta potential 
along with DNA loading effi ciency of up to 99%. Targeted 
nanoparticles loaded with genes encoding for luciferase and 
interleukin-12 (IL-12) resulted in increased transfection 
effi ciencies in HepG2 cells as compared with free DNA and 
with plain (non- targeted) systems, even in the presence of 
60% FBS. Furthermore,  in vivo  studies suggested that the 
presence of the targeting ligand increases transfection 
effi ciency by 20-fold in the liver as compared with the lung. 29  

 Novel bioadhesive PLGA nanoparticles were designed for 
effi cient gene delivery to lung cancer cells using a bioadhesive 
agent and stabilizer, Carbopol 940 and Pluronic F68, with 
Pluronic F127-stabilized PLGA nanoparticles as control. 30  
The size of the nanoparticles decreased from 198 to 126 nm 
when the concentration of Carbopol 940 was increased from 
0.005 to 0.02% (w/v), but increased with further increase in 
the concentration of Carbopol from 0.02 to 0.1%. All the 
obtained nanoparticles showed negative surface charge, 
similar spherical morphology, a relatively narrow particle 
size distribution, and lower cytotoxicity to A549 cells in 
comparison with Lipofectamine 2000. The nanoparticles 
showed higher transfection effi ciency in A549 cells as 
compared with Pluronic- stabilized nanoparticles or naked 
DNA, similar to that of Lipofectamine 2000. 30  

 Fay et al. developed PLGA nanoparticles to encapsulate 
DNA, using a combination of salting out and emulsion–
evaporation processes. 31  Highly monodispersed nanoparticles 
of size ∼240 nm were produced, which entrapped DNA 
in both supercoiled and open circular form. Further, to 
promote endosomal escape of the nanoparticles, the cationic 
charged surfactants cetyl trimethylammonium bromide 
(CTAB) and dimethyldidodecylammonium bromide (DMAB) 
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were introduced, which led to an increase in zeta potential. 
Introduction of positive charge reduced the cell viability, 
while, at the same positive zeta potential, the DMAB-coated 
nanoparticles induced signifi cantly less cytotoxicity than 
those with CTAB. Furthermore, intracellular tracking studies 
revealed enhanced endolysosomal escape of DMAB-coated 
nanoparticles, followed by localization in the cytosol. Also, 
DMAB-coated PLGA nanoparticles loaded with a GFP 
reporter plasmid exhibited signifi cant improvements in 
transfection effi ciencies (up to 20%) in comparison to non- 
modifi ed particles, highlighting their functional usefulness. 31  

 The surface of PLGA nanospheres was modifi ed with 
polysorbate 80 (P80) in order to improve the cellular uptake 
and transfection effi ciency. 32  The size of PLGA nanospheres 
ranged from 250 to 300 nm, depending on the type of surface 
modifi er used, i.e. chitosan or P80. The cellular uptake of 
P80-PLGA nanospheres in A549 cells was much higher than 
that of unmodifi ed and chitosan- modifi ed PLGA nanospheres. 
Also, the luciferase gene expression level obtained with P80-
PLGA nanospheres was signifi cantly higher than that of 
unmodifi ed and chitosan- modifi ed PLGA nanospheres. 
Further, the uptake of unmodifi ed and chitosan- modifi ed 
nanospheres was mediated, predominantly, by clathrin- 
mediated endocytosis, while the pathway for P80-PLGA 
nanospheres could not be determined. 32  

 In order to enhance incorporation effi ciency and improve 
release kinetics of pDNA from PLGA nanoparticles, a facile 
method for the fabrication of calcium phosphate- embedded 
PLGA nanoparticles was developed. 33  The nanoparticles 
were observed to be spherical with size of ∼200 nm and an 
entrapment effi ciency of ∼95.7%. The surface area 
measurement studies revealed that the nanoparticles were 
mesoporous in nature, with specifi c surface area of 57.5 m 2 /g 
and an average pore size of 96.5 Å. Further, the nanoparticles 
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exhibited 22.4% transfection in HEK 293 cells, which was 
considerably higher than that of both the pDNA-loaded 
PLGA nanoparticles and the calcium phosphate- pDNA-
embedded PLGA microparticles. 33  

 Poly(beta- amino esters) (PBAEs) have the ability to form 
hybrid particles with other polymers, which allows the 
production of solid, stable, and storable particles. Hybrid 
PBAE/PLGA nanoparticles were synthesized and optimized 
for uptake by and transfection of cystic fi brosis- affected 
bronchiolar epithelial cells (CFBE41o- cells). 34  Effi cient 
cellular internalization and transfection (COS-7 and 
CFBE41o-) were observed with the nanoparticles containing 
PBAE as compared with those without PBAE, and they also 
exhibited higher cytotoxicity. The toxicity of the nanoparticles 
was circumvented by coating the surface with the CPPs 
mTAT, bPrPp and MPG via a PEGylated phospholipid linker 
(DSPE-PEG2000). Further, the nanoparticles modifi ed with 
bPrPp and MPG coating resulted in 3–4.5-fold more pDNA 
loading than unmodifi ed particles and approximately an 
order of magnitude improvement on transfection effi ciency 
in CFBE41o- cells. 34   

   15.6  Conclusions 

 PLGA nanoparticles can improve the therapeutic effi cacy of 
gene delivery due to sustained and controlled release of the 
encapsulated DNA over a period of days to several weeks 
compared with natural polymers. Further, PLGA has been 
approved by the US FDA and the European Medicine Agency 
in drug delivery systems for parenteral administration. 
However, thorough understanding of pharmacokinetics, 
biodistribution, toxicity, and effi cacy of gene delivery is still 
required before widespread use of PLGA nanoparticles in 
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clinical trials. Nevertheless, gene delivery employing PLGA 
or PLGA-based nanoparticles is a potential area for 
biomedical research.   
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 Metallic and inorganic 
nanoparticles  

   DOI:  10.1533/9781908818645.331 

  Abstract:  Noble metal based nanoparticles exhibit exciting 
optical, catalytic, and magnetic properties. Gold 
nanoparticles have emerged as one of the delivery systems 
with most potential for effi cient transport and release of 
pharmaceuticals into diverse cell types. The gold core is 
essentially inert, non- toxic, and biocompatible, which 
makes it an ideal material for vector design. Gold 
nanoparticles can be coupled to DNA either covalently or 
by non- covalent interactions. Silica with well defi ned 
physico-chemical properties such as chemical structures 
and surface properties are known to be biocompatible. 
Furthermore, the silanol surface chemistry of silica 
nanoparticles provides ease of modifi cation and 
functionalization for enhanced nucleic acids delivery.  

   Key words:    gold nanoparticles, thiol, covalent conjugation, 
non- covalent conjugation, mesoporous silica nanoparticles, 
silanol groups.   
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    16.1  Introduction 

 Targeted and programmed delivery of therapeutic molecules 
to specifi c physiological targets is a key challenge for 
molecular and macromolecular therapeutics. During the past 
few decades several nanocarriers, including liposomes, 
polymeric nanoparticles, polymer micelles, dendrimers, 
metal nanoparticles, and silica nanoparticles, have been used 
as promising gene delivery vectors. Noble metal- based 
nanoparticles exhibit fascinating optical, catalytic, and 
magnetic properties that are distinct from their bulk 
counterparts. Gold nanoparticles have emerged as one of the 
delivery systems with most potential for effi cient transport 
and release of pharmaceuticals into diverse cell types. Silicas 
with well- defi ned physico-chemical properties, such as 
chemical structures and surface properties, are known to be 
biocompatible. Among inorganic nanoparticles, silica 
nanoparticles are often the material of choice for biological 
applications.  

   16.2  Gold nanoparticles 

 AuNPs exhibit several desirable physico-chemical properties 
that make them preferred candidates for gene delivery 
applications. The gold core is essentially inert, non- toxic, 
and biocompatible, which makes it an ideal material for 
vector design. 1  AuNPs can be easily synthesized with 
controlled dispersity in a wide range of sizes (1–150 nm). 2  
Size and size distribution play a key role in nanoparticle- 
mediated gene delivery. Also, size and properties of AuNPs 
can be manipulated to match the size of biomolecules such as 
proteins and DNA, facilitating their integration into 
biological systems. Moreover, the high surface area- to-
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volume ratio of nanoparticles provides high loading of 
functionalities, including targeting and therapeutic moieties. 3  
For instance, AuNPs 2 nm in diameter can accommodate 
~100 ligands via covalent conjugation. 4  Finally, the versatility 
of modulating and multivalent surface structures of AuNPs 
allows incorporation of diverse therapeutic drugs or 
biomacromolecules by covalent or non- covalent conjugation 
on the surface of nanoparticles. 5,6  A variety of functional 
monolayers can be created on the surface of AuNPs to 
facilitate payload release strategies using internal or external 
stimuli such as glutathione, pH, heat, and light. AuNPs are 
not restricted to being vectors of only small molecules, but 
can effi ciently deliver large biomolecules. Size and 
functionality modulation capabilities make them a useful 
system for effi cient recognition and delivery of biomolecules. 

   16.2.1  Synthesis of gold nanoparticles 

 Sincere efforts have been dedicated towards fabrication of 
AuNPs with controlled size and monodispersity. AuNPs with 
varying sizes have been prepared by the reduction of gold 
salts in the presence of appropriate stabilizing agents that 
prevent particle agglomeration. Some of the commonly used 
synthetic methods for AuNPs are summarized in  Table 16.1 . 
Several studies report synthesis of AuNP-based delivery 
systems bearing functional moieties, which are usually 
conjugated with thiol- linkers, in their monolayers. Schiffrin 
et al. developed a one- pot synthesis approach for rapid and 
scalable preparation of a wide variety of monolayer- protected 
clusters (MPCs) ( Figure 16.1 ). 7  This strategy comprises 
reduction of AuCl 4  

−  salts with NaBH 4  in the presence of the 
desired thiol capping ligand or ligands. Further, the size of 
the core particles can be varied from 1.5 nm to ~6 nm by 
tweaking the thiol–gold stoichiometry. 
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  Commonly used synthetic methods for 
preparation of AuNPs  

 Table 16.1 

  Formation of MPCs using the Schiffrin reaction 
and mixed MPCs using the Murray’s place- 
exchange reaction    

 Figure 16.1 

  Core size    Synthetic methods    Capping 
agents  

  References  

 1–2 nm  Reduction of AuCl(PPh 3 ) 
with diborane or sodium 
borohydride 

 Phosphine  Schmid 8  

 1.5–5 nm  Biphasic reduction of 
HAuCl 4  by sodium 
borohydride in the 
presence of thiol capping 
agents 

 Alkanethiol  Brust et al., 7  
Templeton 
et al. 9  

 10–150 nm  Reduction of HAuCl 4  with 
sodium citrate in water 

 Citrate  Grabar et al., 10  
Frens, 11  Turkevich 
et al. 12  

    16.2.2  Gold nanoparticles for gene delivery 
via non- covalent conjugation of DNA 

 In one of the initial studies, mixed monolayer protected gold 
clusters (MMPCs) functionalized with tetraalkylammonium 
ligands were fabricated with a size of 6–10 nm, which can 
interact with the DNA backbone via charge complementarity. 13  
The stoichiometry of the DNA–AuNP complexation 
process suggested that four nanoparticles could bind to 
each DNA strand, two on each “side” of the DNA strand. 
Further, the interactions of DNA-AuNPs completely inhibited 

�� �� �� �� ��



Metallic and inorganic nanoparticles

Published by Woodhead Publishing Limited, 2013

335

transcription by T7 RNA polymerase  in vitro . Furthermore, 
these nanoparticles effi ciently transfected HEK 293 cells 
with pDNA coding for  β -galactosidase gene. 14  The 
transfection effi ciency was dependent on the ratio of DNA to 
nanoparticle during the incubation period, the number of 
charged substituents in the monolayer core, and the 
hydrophobic packing surrounding these amines. The 
nanoparticle/DNA complexes prepared at w/w ratios of 30 
were observed to be most effective in promoting transfection 
in the presence of 10% serum and 100  μ M chloroquine. 14  In 
another study, cationic trimethylammonium- functionalized 
AuNPs also complexed with DNA through electrostatic 
interactions, resulting in complete inhibition of DNA 
transcription of T7 RNA polymerase. 15  The intracellular 
concentrations of glutathione promoted release of 
DNA from the nanoparticle, resulting in effi cient 
transcription. Additionally, the nanoparticle- bound DNA 
was effi ciently protected from DNAse I digestion and in a 
physical sonication assay. 16  However, the AuNP-bound DNA 
was found to show enhanced cleavage upon exposure to 
chemically induced radicals.   

 Positively charged AuNPs, of size 1.4 nm with 
approximately six primary amine groups, complexed with 
pDNA encoding for murine interleukin-2 (pVAXmIL-2), 
were employed to enhance both gene delivery and transfection 
effi ciency. 17  The cellular delivery to C2C12 cells was 
enhanced 6.3-fold with AuNP/DNA complexes as compared 
with PEI(25 kDa)/DNA complexes. Further, the AuNP/DNA 
exhibited 3.2- and 2.1-fold higher murine IL-2 protein 
expression than that observed with PEI(25 kDa)/DNA and 
PEI(2 kDa)/DNA complexes, respectively. Furthermore, 
following intramuscular administration, AuNP/DNA 
complexes showed expression levels more than four orders 
of magnitude higher as compared with naked DNA. 17  
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 Thomas et al. covalently conjugated BPEI (MW 2 kDa) to 
AuNPs to prepare  in vitro  transfection vectors into monkey 
kidney (COS-7) cells in the presence of serum. 18  The 
transfection effi ciencies were found to be dependent on 
the PEI/gold molar ratio in the conjugates; at optimal ratio 
the conjugates were ~12 times more potent than the 
unmodifi ed polycation. Further, the transfection effi ciency 
was increased twofold by addition of amphiphilic N-dodecyl-
PEI during complex formation with DNA. Also, unmodifi ed 
PEI transfected just 4% of the cells, while PEI-AuNPs 
transfected 25%, and the PEI-AuNPsI/dodecyl-PEI ternary 
complex transfected 50% of the cells. Furthermore, the 
intracellular traffi cking of the nanoparticle/DNA complexes 
led to their presence in the nucleus <1 h after transfection. 18  
Later, Wang et al. prepared effi cient DNA binders by 
conjugation of  β -CD to the surface of oligo(ethylenediamino)-
modifi ed AuNPs. 19  The nanoparticle/DNA complexes 
effectively transfected human breast cancer cells (MCF-7) 
and the level of gene expression was dependent on the w/w 
ratio between nanoparticles and DNA. 

 To improve the effi ciency of reverse transfection in MSC 
cells, AuNPs (~20 nm) were coupled with commercially 
available Jet-PEI. 20  The AuNPs-PEI/DNA conjugates showed 
more than a 2.5-fold increase in transfection effi ciency as 
compared with control PEI/DNA complexes without AuNPs. 
PEI (800 Da) conjugated with AuNPs completely retarded 
pDNA at N/P ratios above 4 in electrophoresis on agarose 
gel, and also provided effective protection of DNA against 
DNase. 21  AuNPs-PEI with higher PEI grafting density 
resulted in more compact and smaller complexes with 
plasmid DNA, as compared with those with lower grafting 
density. In the absence of serum, AuNPs-PEI transfected 
pGL-3 to COS-7 cells three to fourfold more effi ciently than 
unmodifi ed PEI800. Further, the transfection effi ciency of 
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AuNPs-PEI remained unaltered with addition of serum in 
media, while that of PEI (25 kDa) decreased markedly. The 
transfection effi ciency of AuNPs-PEI was ~60-fold that of 
PEI (25 kDa) in 10% serum medium and exhibited only mild 
toxicity. 21  

 In order to gain insight into the infl uence of particle 
size on cell transfection, two different sizes of Au-PEI 
nanoparticles of ~6 and 70 nm were complexed with 
pDNA carrying reporter or suicide genes to prepare 
Au-PEI/DNA complexes, and transfection effi cacy was 
investigated in human osteosarcoma Saos-2 cells. Results 
revealed effi cient transfection with complexes derived from 
~6 nm Au-PEI nanoparticles as compared with ~70 nm 
Au-PEI nanoparticles. Further investigation showed the 
presence of large aggregates of ~70 nm nanoparticles in 
endocytic vesicles of cells, while smaller nanoparticles showed 
lower agglomeration and effective endosomal escape. 22  
Colocalization studies have given evidence of presence of 
DNA inside the cell nucleus after 2 h of transfection with 
~6 nm Au-PEI nanoparticles, and it remained present in the 
sub- cellular compartment for up to 3 days. 22  

 Zhou et al. covalently coupled low MW chitosan (MW 
6 kDa) to AuNPs by reduction of HAuCl 4 –chitosan mixtures 
with sodium borohydride, and investigated  in vitro  and  in 
vivo  potency of the resulting chitosan-AuNP conjugates as 
pDNA delivery vectors. 23  The chitosan-AuNPs/DNA 
complexes appeared by AFM as multi- domain structures of 
irregular shape with size of ~250–450 nm.  In vitro  
transfection experiments performed in RAW264.7 cells 
exhibited relatively high transfection effi ciencies for 
chitosan-AuNPs/DNA complexes as compared with 
chitosan only, which could be attributed to the stability of 
the complexes in 10% serum. Further, intramuscular 
immunization in BALB/c mice with the chitosan-AuNPs/
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DNA complexes induced an enhanced serum antibody 
response, ten times more potent than with naked DNA 
vaccine. Furthermore, chitosan-AuNPs/DNA complexes 
induced potent cytotoxic T lymphocyte responses at a low 
dose, in contrast to naked DNA. 23  

 Han et al. fabricated cationic AuNPs with a photoactive 
 o -nitrobenzyl ester linkage and a quaternary ammonium salt 
as endgroup, which allowed temporal and spatial release of 
DNA by light. 24  After complexation of the nanoparticles 
with DNA, near-UV irradiation (>350 nm) was used to 
cleave the nitrobenzyl linkage, resulting in formation of a 
negatively charged carboxylate group and release of 
positively charged alkyl amine.  In vitro  studies using a T7 
RNA polymerase assay demonstrated that DNA transcription 
was restored upon UV irradiation. Further, uptake studies in 
cell culture showed effi cient internalization of nanoparticle/
DNA complexes. Release of FITC-labeled DNA upon 
irradiation was established by observation of bright 
fl uorescence inside the cells. 24   

   16.2.3  Gold nanoparticles for gene 
delivery via covalent linkage of DNA 

 DNA can be easily modifi ed with thiols (-SH) for covalent 
conjugation onto the surface of AuNPs. Rosi et al. conjugated 
ODNs to AuNPs by modifi cation of ODNs via thiol linkers. 
The ODN-nanoparticles with high negative charge were 
signifi cantly internalized by a mouse endothelial cell line 
(C166 cells). 25  These complexes were stable against enzymatic 
digestion and showed up to 99% internalization in C166 
cells. Antisense effi cacy of ODN-nanoparticle complexes 
was demonstrated using EGFP-expressing C166, resulting in 
reduction of fl uorescence intensity in cells. 25  Further, the 
mechanistic studies of cellular uptake of ODN-nanoparticles 
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exhibited that the endocytosis process was initiated by 
adsorption of several serum proteins onto the nanoparticle 
surface. 26    

   16.3  Mesoporous silica nanoparticles 

 Silica- based nanoparticles have been investigated as nucleic 
acid delivery vectors due to their inherent biocompatibility 
and low toxicity. Moreover, the silanol surface chemistry of 
silica nanoparticles provides ease of modifi cation and 
functionalization for enhanced nucleic acid delivery. 
Typically, MSNs possess an average particle diameter 
~100 nm, surface area ~900 m 2 /g, pore sizes ~2 nm, pore 
volumes ~0.9 cm 3 /g, abundant surface silanol groups 
(~30 mol%), and a hexagonal porous channel structure. 
Properties of MSN that have rendered them suitable for drug 
and gene delivery application include:

   ■    Tunable particle size:  the particle size of MSN can be 
modulated between 50 and 300 nm, which facilitates 
cellular endocytosis without any signifi cant cytotoxicity.  

  ■    High stability:  MSN is highly resistant to heat, pH, 
mechanical stress, and hydrolysis- induced degradations as 
compared with other polymer- based vectors.  

  ■    Uniform and tunable pore size:  MSNs have a very narrow 
pore size distribution, and pore diameter can be tuned 
between 2 and 6 nm.  

  ■    High surface area and large pore volume:  MSNs possess 
high surface area (>900 m 2 /g) and pore volume 
(>0.9 cm 3 /g), which allows high loadings of drug molecules.  

  ■    Two functional surfaces:  MSNs have an internal surface 
(i.e. cylindrical pores) and an external surface (i.e. exterior 
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particle surface). This characteristic allows the selective 
functionalization of the internal and/or external surfaces 
of MSN with different moieties.     

   16.4  MSN for gene delivery 

 Several advantageous properties of MSNs (including a 
narrow pore size distribution that can effi ciently entrap DNA 
and allow release at target sites, and ease of surface 
functionalization to optimize plasmid adsorption and release 
characteristics) have made them potential candidates for 
gene delivery. Various studies have reported adsorption of 
plasmids into and onto MSNs, and evaluated them under 
 in vitro  conditions. However, the loading of DNA into the 
mesopores of MSNs is simple, and several studies report 
only adsorption of DNA to the outer surface of the 
cationically modifi ed MSNs. 

 In one of the initial studies, second- generation (G2) 
PAMAM dendrimers were covalently attached to the surface 
of a MCM-41-type MSN of size 250 nm with average pore 
diameter of 2.7 nm. 27  MSNs complexed with a pDNA 
(pEGFP-C1) coding for an enhanced green fl uorescence 
protein effi ciently condensed DNA and protected against 
DNAse degradation. Transfection studies in HeLa cells 
revealed ~35% transfected cells with MSN, while only ~15, 
10 and 16% transfection was seen with PolyFect, SuperFect, 
and Metafectene, respectively. Further, internalization studies 
exhibited endocytosis of a large number of MSN/DNA 
complexes followed by localization in sub- cellular organelles 
such as mitochondria and Golgi. 27  

 Suwalski et al. reported the ability of amino- and carboxyl- 
modifi ed MSN to deliver gene  in vivo  in rat Achilles tendons. 28  
Luciferase gene expression was observed for at least 2 weeks 
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in tendons injected with MSN/pDNA encoding the luciferase 
reporter gene, while it was undetectable with naked DNA. 
Interestingly, after weekly administration of MSN/pDNA 
formulation for 1.5 months, rats showed no signs of 
infl ammation or necrosis in tendon, kidney, heart, and liver. 
Further, the tendons treated with MSN/platelet- derived 
growth factor (PDGF) gene healed signifi cantly faster than 
untreated tendons and those treated with pPDGF alone. 28  

 To evaluate the capability of porous MSN with large pores 
that can accommodate large pDNAs by providing more 
inner space and allow better protection against nucleases, 
MSNs of size 250 nm with almost ten times the usual pore 
size (mean pore size 23 nm) were synthesized. 29  TEM and 
confocal microscopy studies revealed endocytosis of a large 
number of MSNs by HeLa cells on exposure to 80  μ g/ml of 
MSN. Further, the size of the MSNs increased after incubation 
with DNA from 905 to 1223 nm and from 543 to 1071 nm 
for small- pore MSN and large- pore MSN, respectively. Also, 
the DNA loading capacity of large- pore MSNs was always 
higher than that of lower- pore size MSNs. Cell viability 
assays revealed that MSNs did not induce noticeable cell 
death in HeLa cells even at high concentration (640  μ g/ml). 
Although the transfection effi ciency of Lipofectamine 2000 
was 3.5-fold higher than that of MSNs, it was also associated 
with higher cell death. 29  

 Gao et al. adsorbed up to about 150  μ g/g MSN of fi refl y 
luciferase plasmid DNA (5256 base- pairs) in PBS buffer. 30  
The surface amino groups allowed an attractive interaction 
with the negatively charged DNA. The adsorbed plasmid 
was protected against enzymatic degradation, although the 
exact location of the plasmid, inside the mesopores and on 
the outer particle surface, remained unclear. Kim et al. 
reported complexation of amine- functionalized MSNs with 
bone morphogenetic protein-2 (BMP2) pDNA to study their 
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transfection effi ciency in MSC cells. 31  Signifi cant intracellular 
uptake of the MSN/DNA complex occurred, with a 
transfection effi ciency of ~68%. Furthermore, over 66% of 
the transfected cells produced BMP2 protein. The osteogenic 
differentiation of the transfected MSC cells was demonstrated 
by the expression of bone- related genes and proteins, 
including bone sialoprotein, osteopontin, and osteocalcin. 31  

 Yu et al. investigated the acute toxicity of silica nanoparticles 
by systematically varying geometry, porosity, and surface 
characteristics by intravenous administration in immune- 
competent mice. 32  The toxicity was observed to be mainly 
infl uenced by nanoparticle porosity and surface 
characteristics, such that maximum tolerated dose (MTD) 
increased in the following order: mesoporous SiO 2  (aspect 
ratio 1, 2, 8) at 30–65 mg/kg < amine- modifi ed mesoporous 
SiO 2  (aspect ratio 1, 2, 8) at 100–150 mg/kg < unmodifi ed 
or amine- modifi ed nonporous SiO 2  at 450 mg/kg. The 
adverse reactions above MTDs were primarily caused by 
the mechanical obstruction of the vasculature by SiO 2 , which 
led to congestion in multiple vital organs and subsequent 
organ failure. 32   

   16.5  Polycation- modifi ed MSN for 
gene delivery 

 For successful application of large- pore MSNs in gene 
delivery, surface modifi cation of the silica is required in order 
to generate suffi cient binding affi nity for the negatively 
charged DNA. Various techniques have been developed for 
incorporation of positively charged functional groups onto 
silica nanoparticles, either through non- covalent interactions 
or by covalent bonding. Li et al. used electrostatic interactions 
to complex PLL with silica nanoparticles and employed this 
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system for pDNA delivery. 33  The complexes effi ciently 
condensed DNA, provided protection against enzymatic 
degradation, and consequently delivered AS-ODNs 
selectively into cells. 34  However, simple adsorption of PLL 
could not be used to uniformly modify silica particles larger 
than 60 nm, possibly due to the unfavorable surface energy 
of large silica particles. 33  Lunn et al. used surface- initiated 
polymerization of  N -carboxyanhydrides (NCAs) to graft 
peptide (PLL and poly- l-alanine) onto the surface of amine- 
functionalized mesoporous silica materials (MCM-41, SBA-
15, and KIT-6). 35  However, this functionalization procedure 
resulted in signifi cant reduction of the porosity of the silica 
particles and pore blockage at high peptide loading. 
Consequently, the loading capacity of the particles was 
dramatically decreased. 

 Hartono et al. synthesized large- pore MSNs of size 100–
200 nm with cage- like pores organized in a cubic 
mesostructure; the size of the cavities was ~28 nm, with an 
entrance size of 13.4 nm. 36  PLL-functionalized nanoparticles 
exhibited a strong ability to deliver oligo DNA-Cy3 (a model 
for siRNA) to HeLa cells. Furthermore, PLL-functionalized 
nanoparticles were proven to be superior as gene carriers 
compared with amino- functionalized nanoparticles and the 
native nanoparticles. Moreover, the PLL-modifi ed silica 
nanoparticles also exhibited a high biocompatibility, with 
low cytotoxicity observed up to 100  μ g/ml. 36  Bhattarai et al .  
modifi ed the surface of MSNs with PEG and poly(2-
(dimethylamino)ethylmethacrylate) (PDMAEMA) or poly 
(2-(diethylamino)ethylmethacrylate) (PDEAEMA) to form 
nanoparticles of size 56.7 nm and with 2–3 nm pore sizes by 
TEM. 37  Transfection studies done in B16F10 cells showed 
that polycation- modifi ed MSNs are able to simultaneously 
deliver chloroquine with DNA, and the co- delivery leads to 
a signifi cantly increased transfection. 
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 In order to reduce cytotoxicity and enhance transfection 
effi ciency through receptor- mediated endocytosis, 
mannosylated PEI was coupled to the surface of MSN. 38  The 
size of the MSN/DNA complexes decreased from 130 to 
60 nm, with an increase in weight ratio of 5 to 20. At a 
weight ratio of 20 the MSNs were spherical in shape with 
little aggregation and showed unimodal size distribution. 
Further, cell viabilities associated with treatment with MSN/
DNA complexes were found to be higher than 80% up to a 
weight ratio of 20 in HeLa and Raw 264.7 macrophage cells. 
Also, MSN/DNA complexes showed enhanced transfection 
effi ciency through receptor- mediated endocytosis via 
mannose receptors. 38   

   16.6  Conclusions 

 Gold and mesoporous silica nanoparticles have emerged as 
promising vectors for gene delivery that provide a useful 
complement to more traditional delivery vehicles. The 
combination of low inherent toxicity, high surface area and 
tunable stability provides them with unique attributes that 
should enable new delivery strategies. However, there is a 
need to engineer nanoparticles with surface- optimized 
properties, such as bioavailability and non- immunogenicity, 
before advancement towards clinical applications.   
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