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Abstract
Viral vectors, liposomes, and synthetic polymeric vectors are the most widely used 
gene carriers in gene therapy. But some unique properties, such as biodegradability, 
biocompatibility, and low toxicity of natural polymers advance them to use as nonviral 
vectors in gene therapy. Among the natural polymers, chitosan and their derivatives 
are the strong candidates as nonviral vectors in gene therapy due to their reduced 
cytotoxicity, biodegradability, excellent biocompatibility, and low immunogenicity 
character. It has been successful in oral and nasal delivery due to its mucoadhesive 
property. Apart from chitosan, gelatin, collagen, arginine, and alginate are also used as 
gene carriers. The natural polymers can be tailored through ligand conjugation, cross-
linking and many other modifi cations with its reactive sites and used for a wide range 
of clinical applications. Due to the gene carrier ability of natural polymers, they can 
play an important role in the fi eld of regenerative medicines. This chapter highlights 
the present and past research on natural polymers as nonviral vectors in gene therapy.

Keywords: Gene therapy, natural polymers, nonviral vectors, biocompatibility, 
cytotoxicity

20.1 Introduction

In the present day, the modern clinical treatment tends to shift towards  tailored 
treatments that include higher specifi city and minimum side effects. The next 
generations of therapeutics, such as proteins and nucleic acids, have been 
considered to fulfi ll the needs of modern treatment. Due to the poor bioavail-
ability, rapid clearance in vivo, cytotoxicity and higher manufacturing cost, 
recombinant protein drugs have been limited in their clinical applications [1]. 
Recently, gene therapy has been recognized as an alternative pathway to over-
come the drawbacks of protein therapy. Over the past two decades, gene ther-
apy has gained signifi cant attention as a potential method for treating genetic 
disorders, such as cystic fi brosis [2], severe combined immunodefi ciency [3], 
Parkinson’s disease [4], hemophilia [5], muscular dystrophy [6–8], cardiovas-
cular diseases [9], neurological diseases [10–12], wound healing [13], as well 
as cancer [14–16]. The basic concept of gene therapy is the transfer of genetic 
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material into specifi c cells of a patient to correct or replace defective genes 
responsible for genetic disease development [17]. As most of the genetic mate-
rials (nucleic acids) are susceptible to enzymatic digestion by nucleases during 
the intracellular transfer, appropriate carriers are required for effi ciently deliv-
ering nucleic acids to the specifi c cells to get maximum therapeutic effects.

In general, there are two types of carriers or vectors in gene therapy, such 
as (i) viral vectors and (ii) non-viral vectors. Initially, researchers concentrated 
on viral vectors including retroviruses, adenoviruses and adeno-associated 
viruses, because the viral vectors exhibited higher transfection effi ciency of 
both DNA and RNA to numerous cell lines [18]. However, some drawbacks of 
viral vectors, including higher toxicity, lack of specifi city towards target cells, 
risk of potential immunogenicity (safety concerns), higher production cost, 
and chromosomal insertion of viral genome, limits its clinical applications 
[19]. In addition, an immune reaction against adenovirus occurred in a patient 
at Pennsylvania University in 1999 [20, 21]. As a result, the researchers show 
much more interest towards the nonviral vectors. Although nonviral vectors 
exhibit signifi cantly reduced transfection effi ciency due to hindrance of numer-
ous extra- and intracellular obstacles (Figure 20.1), biocompatibility, lower 
toxicity, simpler large scale production with low cost, and low host immuno-
genicity make them much more attractive in gene therapy [22]. Cationic lipids, 
polymers, dendrimers and peptides are considered as nonviral vectors in gene 
therapy for their potential of compacting DNA for systemic delivery.

+

+ + +

(a) (b)

H+

H+

(c)

Endosome

Cell membrane

Proteins

f Nucleus

e

(d)

Lysosome

-

-+

+
+ +

+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

-

-

-

-

Figure 20.1 Barriers to gene delivery – Design requirements for gene delivery systems 
include the ability to (a) package therapeutic genes; (b) gain entry into cells; (c) escape the 
endo-lysosomal pathway; (d) effect DNA/vector release; (e) traffi c through the cytoplasm and 
into the nucleus; (f) enable gene expression; and remain biocompatible.
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There is increasing attention towards the nonviral vectors for the applica-
tion in a broad variety of gene mediated therapy for humans. In the pharma-
ceutical industry, chemical vectors are more attractive as alternatives to viral 
vectors due to compound stability and easy chemical modifi cation. To get spe-
cifi c therapeutic action, the nonviral vectors need to be designed in such a way 
that they must be able to partially or totally fulfi ll a number of predetermined 
biological criteria, such as (i) they must be able to transfer DNA molecules and 
to protect DNA from digestion by nucleases, (ii) they should target a specifi c 
cell type, (iii) they should have no or minimum toxicity in vivo and avoid excit-
ing the immune system, (iv) they should be able to achieve sustained expres-
sion over a defi ned period of time (depending on therapeutic application), and 
(v) they must not renovate the target cell.

It is reported that cationic phospholipids and cationic polymers are the two 
major types of nonviral vectors in gene therapy. They can easily form com-
plexes (lipoplexes and polyplexes) with the negatively charged DNA due to 
the presence of their permanent cationic charge. There is limited success of 
liposomal approach by cationic phospholipids, although they have several 
advantages, like low immunogenicity and ease of preparation over the viral 
vectors [23]. But, cationic lipids also have some disadvantages, including toxi-
city and relatively low transfection effi ciency compared to viral vectors [24]. 
On the other hand, the cationic polymers form more stable complexes with 
DNA than those of cationic lipids [25]. The gene delivery effi ciency of cationic 
polymers is found to be relatively low compared to the viral vectors [26].

This chapter will discuss the current status of the use of natural polymers as 
nonviral vectors for gene delivery. Although synthetic polymers are the major 
gene delivery systems, natural polymers have the distinct advantages, includ-
ing the intrinsic property of environmental responsiveness via degradation 
and remodeling by cell-secreted enzymes over the synthetic polymers. Natural 
polymers can readily be incorporated in vivo because they are nontoxic at high 
concentration and biocompatible.

20.2 Cationic Polymers

Cationic polymers used as nonviral vectors in gene therapy can be classifi ed 
in two groups, (i) natural polymers, including chitosan, gelatin, collagen, 
arginine, alginate, and (ii) synthetic polymers, such as polyethyleneimine 
(PEI), dendrimers, poly(L-lysine) (PLL) and polyphosphoester [27–29]. The 
cationic polymers can easily be associated with negatively charged DNA by 
electrostatic interaction due to the presence of protonable amine residues 
in its structures. The effective diameter and zeta potential of the complexes 
largely depend on the ratio of amines in the cationic polymers to phosphate 
groups on the plasmid, often referred to as the N/P ratio [30]. The advantage 
of the cationic polymers over the cationic lipids is that they do not contain a 
hydrophobic moiety and are completely soluble in water [31]. Compared with 
cationic liposomes, they can form relatively small complexes with DNA [32, 33]. 
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This factor is more important for gene transfer because small particle size may 
be more favorable for improving transfection effi ciency. It is also found that 
high molecular weight polymers tend to form more stable and small complexes 
compared to low molecular weight polymers, although the transfection 
effi ciency can be increased with low molecular weight polymers, likely due 
to a lowered cytotoxycity and the increased ability of the dissociation of the 
plasmid from the cationic polymers [34, 35]. Therefore, there is enough scope 
to improve the transfection effi ciency and target specifi city of these polymers 
through chemical modifi cations, such as change in molecular weight, geometry 
(linear vs. branched) and ligand attachment [36, 31]. The most commonly used 
cationic polymers in gene therapy are PEI, PLL, polyamidoamine (PAMAM) 
dendrimer, chitosan, polyphosphoesters, gelatin, etc.

20.3  Natural Polymers as Nonviral Vectors 
in Gene Therapy

20.3.1 Chitosan

Natural cationic polymers have several advantages, including nontoxicity, 
 biodegradability, biocompatibility, and low immunogenicity over the synthetic 
cationic polymers. Chitosan and their derivatives are the strong candidate 
among the other natural polymers used as nonviral vectors in gene therapy due 
to their reduced cytotoxicity, biodegradability, excellent biocompatibility, and 
low immunogenicity character. In addition to this, chitosan and their deriva-
tives can effectively be complexed with the negatively charged DNA due to its 
positive character, and can also protect the DNA from nuclease degradation 
[37–40]. Chitosan has other added advantages such as there is no necessity 
of sonication and organic solvents during the complex formation with DNA, 
therefore lowering possible damage of DNA during complexation. It is also 
found that DNA-loaded chitosan microparticles remain stable during storage 
[41]. Chitosan has mucoadhesive property which permits a sustained interac-
tion between the “delivered” macromolecule and the membrane epithelia for 
more effi cient uptake [42–44], and it also has the ability to open intercellular 
tight junctions which facilitate its transport into the cells [45]. 

Chitosan is a naturally occurring linear binary cationic polysaccha-
ride consisting of 2-acetamido-2-deoxy-D-glucopyranose (acetylated unit) 
and 2-amino-2-deoxy-D-glucopyranose (deacetylated unit) units linked by 
a β (1→4) glycosidic bond at varying ratios and of varying chain lengths. It 
is obtained by the deacetylation of chitin, which is obtained from crab and 
shrimp shells by chemical processing (Scheme 20.1). Chitosan is a weak base 
due to the pKa value of the D-glucosamine unit of about 6.2–7.0. So, it is insol-
uble at neutral and alkaline pH values. But, it is soluble in acidic medium 
because the amine groups of the chitosan become positively charged leading 
to the polysaccharide having a high charge density [46]. The transportation 
of drugs across the cell membrane is excellently enhanced by chitosan due 
to its cationic polyelectrolyte nature, which provides a strong electrostatic 
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Scheme 20.1 Preparation of chitin and chitosan.

interaction with negatively charged mucosal surfaces of mucus as well as 
other macromolecules like DNA [46, 47]. Chitosan is not only used for gene 
delivery but also it is used as a delivery tool for nasal, ocular, and peroral 
drug delivery [48].

Self-assembled polymeric and oligomeric chitosan/DNA complex is formed 
by mixing chitosan with plasmid DNA was fi rst reported by Mumper et al. in 
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1995 [49]. They found that sizes of the complexes (150–500 nm) were largely 
depended on the molecular weight of the chitosan (108–540 kDa). Other 
authors also reported that the sizes of the complexes not only depended on 
the molecular weight of chitosan but also on the ratio of chitosan and DNA 
[50, 51]. Erbacher et al. [52] showed that a comparatively large complex of chi-
tosan/DNA formed (ranging from 1–5 µm) at a N/P ratio [as the number of 
polymer nitrogen (N) per DNA phosphate (P)] with a zetapotential close to 
0 mV, indicating full retardation of plasmid DNA and aggregation of complexes 
that occurred due to neutral complex charge. Mao et al. [53] prepared chito-
san/DNA nanoparticles by a complex coacervation method by using sodium 
sulphate as desolvating agent and got particle sizes ranging from 200–500 nm. 
In a recent study, they showed that there were several parameters that could 
infl uence the particle size of the chitosan/DNA complexes [54]. They found 
that the concentration of sodium sulphate (ranging from 2.5–25 mM) did not 
have any effect on the particle size, but the particle size depended strongly on 
the N/P ratio. They obtained particle sizes ranging from 150–250 nm at N/P 
ratios between 3 and 8 during the preparation of particles at a temperature of 
55°C and a pH of 5.5. They also observed that the size of the plasmids (ranging 
from 5.1–11.9 kb) had no effect on the particle sizes of the complexes.

Due to the cationic nature of chitosan, it can bind with negatively charged 
DNA by electrostatic interaction, which can be determined by competitive 
binding tests using ethidium bromide (EtBr) as a DNA stain [54]. As chitosan 
is added to a solution of EtBr-stained DNA, cationic chitosan binds with DNA 
which causes a decrease in fl uorescence, determined by confocal laser scanning 
microscopy [55]. There are various methods for the determination of the extent 
of DNA complexation or encapsulation into chitosan nanoparticles, such as gel 
electrophoresis [54], Pico Green assay [55], and photoelectric methods. 

Transfection effi ciency of chitosan/DNA complexes depends on several fac-
tors, such as molecular weight of chitosan, stoichiometry of chitosan/DNA 
complex, serum concentration and pH of the transfection medium [56, 57]. The 
mechanism of transfection with respect to the properties of the polymer is still 
not clear. In a study, MacLaughlin et al. [50] worked with chitosan of molecular 
weight ranges from 7–540 kDa and obtained the highest expression level of 
the pGL3-Luc gene with the 540 kDa chitosan in the presence of serum, but in 
absence of serum, the result was better with the 102 kDa chitosan (Figure 20.2). 
However, they were unable to provide a convincing explanation of the rela-
tion between the molecular weight of chitosan and gene expression. There is 
another important structural parameter, degree of deacetylation (DDA) of chi-
tosan, which also has an important role in the gene expression. Various poly-
mers’ properties, like charge density (associated with the number of primary 
amine groups), solubility, crystallinity, and degradation rate [58–62]. Kiang 
et al. [63] showed that the chitosan with lower DDA can effi ciently bind the 
DNA with higher N/P ratios. But in vitro gene expression into different cells 
(HEK 293, SW 756, and HeLa) was observed to decrease (Figure 20.3). The 
decrease in gene expression with lower DDA of chitosan is due to the instability 
of  chitosan/DNA complexes by serum protein interactions. In another study, 
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Ishii et al. [64] explained the transfection mechanism of chitosan/DNA com-
plexes in relation to cell uptake. They used fl uorescein isothiocyanate-labeled 
plasmid DNA and Texas Red-labeled chitosan. They found that the transfec-
tion of chitosan/DNA complexes was higher with the molecular weight of 
chitosan at 40 or 84 kDa and N/P ratio at 5 (Figure 20.4). The transfection 

6.0 × 108

4.0 × 108

2.0 × 108

1.5 × 106

No serum

10% serum

1.0 × 106

5.0 × 105

540
0.0

230 102 92 86 74 49 32

Chitosan molecular weight (kDa)

L
u

ci
fe

ra
se

 R
L

U
/m

g
 p

ro
te

in

24 7 Plasmid Lf

Figure 20.2 Transfection of COS-1 cells with complexes made at a 1:2 (-/+) ratio in the 
presence and absence of fetal bovine serum. The transfection levels were compared with the 
transfection achieved using 2.5 µg plasmid/Lipofectamine (Lf) (1:6 w/w). Source: From 
Ref. [50].

Figure 20.3 In vitro luciferase expression in all cell types tested with high molecular 
weight (390 kDa) chitosan–DNA nanoparticles. Gene expression was measured 3 days after 
transfection. Mean ± S.D. shown. Source: From Ref. [53].

1E + 12
HEK 293

SW 756

HeLa

1E + 11

1E + 10

1E + 09

1E + 08

1E + 07

1E + 06

1E + 05

1E + 04
Blank Chitosan

90%

L
u

ci
fe

ra
se

 e
xp

re
ss

io
n

(R
L

U
/m

g
 p

ro
te

in
*m

in
)

Chitosan
70%

Chitosan
62%

Lipofectamine
2000



582 Biopolymers: Biomedical and Environmental Application

medium contained 10% serum and the pH of the medium was 7. To explain 
the transfection mechanism, they investigated three different processes, such 
as (i) cell uptake, (ii) release from endosomes, and (iii) nuclear transport. They 
stated that during the transfection, the chitosan/DNA complexes condensed 
to form large aggregates, which then absorbed to the cell surface. After that, 
the complexes were endocytosed and released from endosomes. Then, they 
were released due to the swelling of lysosomes along with the swelling of the 
chitosan/DNA complex, causing the rupture of the endosome. Finally, the chi-
tosan/DNA complexes were found to be accumulated in the nucleus.

However, low solubility, non-specifi city, and low transfection effi ciency of 
chitosan limited its clinical trials. Hence, chemical modifi cation of chitosan 
became necessary to overcome its drawbacks for the clinical trials.

20.3.1.1 Modifi ed Chitosans for Gene Therapy

20.3.1.1.1 Alkylated Chitosan
Like other polycations/DNA complexes, chitosan also forms complexes with 
DNA by electrostatic interaction, but the interaction is strong enough to resist 
DNA unpacking within the cell. Okano et al. [65], Sato et al. [66], and Kabanov 
et al. [67] reported that the transfection effi ciency of chitosan could considerably 
increase by the incorporation of hydrophobic moieties into the chain backbone 
of chitosan. Liu et al. [68] investigated chitosan and alkylated chitosan vectors 
for gene transfection and the effects of hydrophobicity of the side alkyl chain on 
transfection activity. They prepared four types of alkylated chitosans having 4, 
8, 12, and 16 carbon atoms in the alkyl chains. The transfection effi ciency of chi-
tosan and alkylated chitosans was observed in C2C12 cell lines in the presence of 
fetal bovine serum (FBS). Although the size of the alkylated chitosan/DNA com-
plexes was larger, the transfection effi ciency of alkylated chitosan was increased 
many-fold compared to that of chitosan and DNA alone (Figure 20.5). They 
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Figure 20.4 E¡ect of various gene transfer reagents on luciferase activity (a) and cell uptake 
(b) for SOJ cells. Transfection using plasmid/cationic polymer complexes at N/P = 5 was made 
in the presence of 10% FBS at a plasmid concentration of 1 µg/ml. Source: From Ref. [64].
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were reported that the alkylated chitosan/DNA complexes transfected into the 
cell mainly via endocytosis because the destabilization of the membrane grew 
due to the increase in hydrophobicity of chitosan derivatives, which facilitated 
DNA entry into the cell. The incorporation of hydrophobic alkyl groups into the 
chitosan chain backbone not only increased the transfection effi ciency but also 
increased the unpacking of DNA in the nucleus.

20.3.1.1.2 Quaternization of Oligomeric Chitosan
Thanou et al. [69] reported another technique to improve the transfection effi -
ciency of chitosan by quaternization of oligomeric chitosan. They prepared 
quaternized chitosan oligomers and observed their transfection effi ciency into 
COS-1 cells and Caco-2 cells. They synthesized N-trimethylated chitosan oligo-
mers (TMO) by reductive methylation and the synthesized derivatives showed 
excellent solubility in water at different pH values. The TMOs formed smaller 
complexes with DNA at both 2:100 and 2:10 DNA/oligomers ratio compared 
to unmodifi ed chitosan oligomers. They tested with TMO-40 (40% degree of 
quaternization) and TMO-50 (50% degree of quaternization) to observe the 
transfection effi ciency into COS-1 and Caco-2 cells. They found that the trans-
fection effi ciencies of TMO-50 increased 5-fold (complexes with 1:6 ratio of 
DNA:oligomer) to 52-fold (complexes with 1:14 ratio of DNA:oligomer ) com-
pared to that of DNA alone (control group). But, TMO-40 showed higher trans-
fection effi ciencies ranging from 26-fold (ratio of DNA:oligomer was 1:6) to 
131-fold (ratio of DNA:oligomer was 1:14) (Figure 20.6). They also found that 
the transfection effi ciencies of quaternized oligomers was substantially lower 
in Caco-2 cells compared to the levels observed in COS-1 cells (Figure 20.7).

20.3.1.1.3 Urocanic Acid-modifi ed Chitosan
In another study, Kim et al. [70] synthesized urocanic acid  modifi ed chito-
san (UAC) to enhance the transfection effi ciency. They prepared UAC by 
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conjugation of urocanic acid to chitosan using 1-ethyl-3-(3-dimethylamino-
propyl)- carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS) 
mediated condensation (Scheme 20.2). They prepared UAC/DNA complexes 
by the mixing of three types of UAC, such as (i) UAC20 (20% degree of substi-
tution of chitosan by urocanic acid), (ii) UAC50 (50% degree of substitution), 
and (iii) UAC70 (70% degree of substitution). It was found that all the deriva-
tives complexed effectively with DNA at a higher N/P ratio (Figure 20.8). They 
obtained UAC/DNA complexes with an average diameter under 100 nm at all 
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Figure 20.7 Transfection effi ciencies in Caco-2 cells obtained with chitosan oligomer, 
trimethylated chitosan oligomers and DOTAP at different weight/weight ratios. 
Source: From Ref. [69].
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charge ratios, while the amounts of aggregated complexes over 100 nm were 
negligible. The transfection of various UAC/DNA complexes was carried out 
into the 293T cells with different N/P ratios of the complexes. It was found that 
the transfection effi ciency increases many folds with increasing the N/P ratios 
of the complexes compared to that of DNA alone (Figure 20.9). The transfection 
effi ciency of UAC20 was almost the same as that of DNA alone below the N/P 
ratio of 5. This indicates that the proton sponge effect is ineffi cient due to the 
lack of UA in chitosan at below the N/P ratio of 5. They also transfected the 
UAC/DNA complexes into other cell lines, like HeLa cells (human cervix epi-
thelial carcinoma cells), MCF-7 cells (breast adenocarcinoma cells), and NCTC 
3749 cells (macrophase cell lines). They observed slightly enhanced transfection 
effi ciency in the NCTC 3749 cell lines, but the enhanced transfection effi ciency 
was not observed for the HeLa and MCF-7 cell lines, indicating the cell depen-
dency of transfection. Corsi et al. [71] and Leong et al. [72] have also reported on 
the cell dependency of transfection.

20.3.1.1.4 Ethylenediaminetetraacetic Acid (EDTA) Conjugated Chitosan
Loretz et al. [73] prepared chitosan-EDTA conjugate (CE) as a promising non-
viral vector for gene transfer. They synthesized chitosan-EDTA conjugates by 
reaction of acidic chitosan solution with EDTA [with different weight ratios 
ranging from 1:40–1:10 of chitosan:EDTA] in the presence of EDC [1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide]. For the nanoparticle formation of CE 
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Figure 20.8 Analysis of complex formation of UAC/DNA (pEGFP N1: 4.7 kb) at the various 
charge ratios by agarose gel electrophoresis using 1% agarose in Tris-acetate running buffer. 
Panel (a): UAC15; panel (b) UAC50; panel (c): UAC70. Lane 1: plasmid DNA alone (0.2 µg) and 
lanes 2 through 8: DNA (0.2 µg) with progressively increasing proportions of UAC. Source: 
From Ref. [70].

106

Chitosan

UAC 20 UAC 70

UAC 50

105

104

R
L

U
/m

g
 p

ro
te

in

103

Naked
DNA

1 3 5 10 20

Charge ratio (N/P)
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with DNA, a weight ratio 1:12 instead of 1:2.5 of chitosan:EDTA was used. 
The size of the CE/DNA complexes were of nanoscaled size in the range of 
27–88 nm. They transfected the CE/DNA nanoparticles against Caco-2 cells 
and the transfection effi ciency of the nanoparticles was calculated from beta-
galactosidase assay. The transfection effi ciency was calculated by subtraction 
of the measured background activity of untransfected cells from the measured 
beta-galactosidase activity. From their study, it was found that CE/DNA com-
plexes showed a considerably higher level of gene expression compared to 
that of chitosan and DNA alone, although, Caco-2 cell line is comparatively 
hard to transfect.

20.3.1.1.5 Deoxycholic Acid-modifi ed Chitosan
To improve the transfection effi ciency of chitosan, Kim et al. [74] modifi ed 
the chitosan with deoxycholic acid. To prepare the deoxycholic acid modi-
fi ed chitosan (DAMC), fi rstly they depolymerized the chitosan into differ-
ent molecular weights, such as 5 kDa, 25 kDA, 40 kDa, and 200 kDa, and the 
depolymerized chitosan was then hydrophobically modifi ed with deoxycho-
lic acid. After that, they prepared DAMC self-aggregates by sonication. The 
sizes of the DAMC self-aggregates were from 132 nm–300 nm. They found 
that the DAMC self-aggregates were fairly complexed with DNA. This was 
confi rmed from the gradual decreasing of electrophoretic mobility of DNA on 
the agarose gel with increasing molecular weight of DMAC at the same N/P 
ratio (Figure 20.10). They studied the transfection effi ciency of DAMC self-
aggregates on COS-1 cell lines. From their study, it was found that the transfec-
tion effi ciency for DMAC40k was the highest to deliver DNA into COS-1 cells, 
whereas DAMC5k self-aggregates showed the lowest effi ciency in absence of 
serum (Figure 20.11). On the other hand, DAMC200k self-aggregates showed 
the highest transfection effi ciency into the COS-1 cell lines compared to that 
of other self-aggregates as well as naked DNA in the presence of 80% serum. 
In the absence of serum, DAMC200k self-aggregates showed comparatively 
lower transfection effi ciency than DAMC40k self-aggregates because they 
could form complexes with DNA so strongly that they would not release the 
DNA easily into the cells. In the presence of serum, the abundant proteins 
of serum inhibit the complex formation by weakening the ionic interaction 

1 2 3 4 5 6

Figure 20.10 Electrophoresis of DAMC self-aggregate/DNA complexes on an agarose gel. 
Lane 1, DNA molecular weight marker; lane 2, DNA only; lane 3, DAMC5k/DNA complex; 
lane 4, DAMC25k/DNA complex; lane 5, DAMC40k/DNA complex; lane 6, DAMC150k/DNA 
complex at the charge ratio (±) of 4/1. Source: From Ref. [74].



588 Biopolymers: Biomedical and Environmental Application

between DAMC self-aggregates and DNA, resulting in an increase in the trans-
fection effi ciency of DAMC200k self-aggregates.

In another study, S. Y. Chae et al. [75] prepared deoxycholic acid modifi ed 
chitosan oligosaccharide (COS) as effective gene carrier. They used chitosan 
oligosaccharide to improve the solubility of chitosan, to reduce toxicity, and 
to increase the DNA unpacking after cellular uptake of polymer/DNA com-
plexes. They synthesized the conjugates by coupling reaction of NHS-ester of 
deoxycholic acid and chitosan oligosaccharide as shown in Scheme 20.3. The 
sizes of the chitosan oligosaccharide deoxycholic acid conjugate (COSD)/DNA 
complexes were reported in the range of 80–200 nm. It was also found that 
COS/DNA and COSD/DNA complexes showed no toxicity effect on the cells, 
and the relative cell viabilities were maintained around 100% (Figure 20.12). 
They studied the transfection effi ciency of COSD into HEK 293 cells using 
pEGFP-N1 plasmid encoding green fl uorescence protein (GFP). They found 
that the transfection effi ciency of COSD/DNA complexes increased manyfold 
compared to that of naked DNA, PLL, and COS3 (molecular weight 1-3 kDa). 
The transfection effi ciency of COS3D25 (25% degree of substitution by deoxy-
cholic acid) increased more than 1000 times than that of COS3 with carrier/
DNA weight ratio of 30, and they also found that the transfection effi ciency 
decreased with an increasing degree of substitution (Figure 20.13).

20.3.1.1.6 Galactosylated Chitosan
To improve the transfection effi ciency and cell specifi city, Gao et al. [76] depo-
lymerized the high molecular weight chitosan (HMWC) into low molecular 
weight chitosan (LMWC), and then it was modifi ed with galactose group. They 
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depolymerized the HMWC with hydrochloric acid. Then, the obtained LMWC 
was coupled with lactobionic acid (LA) in the presence of EDC (Scheme 20.4). 
Chitosan/DNA complexes were prepared by coacervation process. The sizes 
of LMWC/DNA complexes were approximately 220 nm, whereas the sizes 
of galactosylated LMWC (gal-LMWC)/DNA complexes were around 350 nm. 
They examined the transfection effi ciency of gal-LMWC into HepG2 cells. It 
was found that the β-galactosidase activity increases with an increase in the 
N/P ratio. But, the β-galactosidase activity reached maxima at N/P ratio of 5.6, 
beyond which it declined (Figure 20.14). At N/P ratio of 5.6, the gal-LMWC 
was complexed completely with DNA and entered into the cell through 
 receptor-mediated endocytosis pathway. Above a N/P ratio of 5.6, the activity 
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decreased. There were many free gal-LMWC, which combined with receptors 
on the cell surface competitively and inhibited the coupling of gal-LMWC/
DNA complexes with the receptors. This caused a reduction in the transfection 
effi ciency of the complexes by inhibiting the endocytosis process. From this 
study, it was also found that the transfection effi ciency of gal-LMWC/DNA 
complex was almost the same as that of naked DNA in the HeLa cells with-
out asialoglycoprotein receptor (ASGR) on the cell membrane surface. But, the 
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gal-LMWC/DNA complex had the capability to transfect selectively the HeLa 
cell lines with ASGR.

20.3.2 Gelatin

Gelatin has been widely used as a carrier of protein because of its ability in low-
ering protein degradation capacity [77, 78]. Gelatin has extensively been used 
in industrial, pharmaceutical, and medical applications because the physico-
chemical nature of gelatin can easily be changed by chemical modifi cation. For 
example, positively charged cationic gelatin can readily be prepared by intro-
ducing amine residues to the carboxyl groups of gelatin. Therefore, researchers 
are stimulated by these advantages of gelatin to develop a new gene delivery 
system using cationized gelatin hydrogel as a carrier. 

Gelatin is obtained by thermal denaturation of collagen, which is also iso-
lated from animal skin and bones. In its structural unit, it contains many gly-
cine units, proline and 4-hydroxyproline residues. 

Gelatin shows excellent controlled biodegradation of local delivery agent and 
it can also protect plasmid DNA from rapid degradation by nucleases [79–81]. 
Gelatin derivatives, obtained by chemical introduction of different amine com-
pounds, such as ethylenediamine (Ed), spermidine (Sd), and spermine (Sm) are 
also used as plasmid DNA carrier. Among the amine derivatives of gelatin, the 
Sm derivative is the most effective gene carrier due to its superior buffering 
ability compared to the Ed and Sd derivatives [82].

Hosseinkhani et al. [82] prepared amine derivatives of gelatin with differ-
ent extents of amine contents. They synthesized gelatin-amine derivatives 
by introduction of Ed, Sd, and Sm into the carboxyl groups of gelatin with 
the help of the conventional EDC method [82]. They observed that the amine 
derivatives of gelatin were complexed effectively with DNA compared to that 
of gelatin alone, and they also obtained smaller particle (below 150 nm) with 
amine derivatives compared to gelatin. They transfected the gelatin deriva-
tives into rat gastric mucosal (RGM)-1 cells by applying each with ultrasound 
irradiation. From their study, it was found that the transfection effi ciency was 
signifi cantly increased by the gelatin derivative compared to that of DNA alone 
and gelatin. Sm derivative complex showed higher transfection effi ciency than 
that of the corresponding other complexes. It was also observed that ultra-
sound irradiation increased the transfection effi ciency of every complex, but 
the enhancement was saturated at the complex to DNA ratio of 5.0.

Recently S. Kommareddy and M. Amiji [83] studied the potential of engi-
neered gelatin-based nanoparticulate vectors for systemic delivery of thera-
peutic genes to human solid tumor xenografts in vivo. In this study, they 
synthesized thiolated gelatin by covalent modifi cation of the epsilon-amino 
groups gelatin with 2-iminothiolane to enhance the intracellular delivery 
potential of the gelatin. They also modifi ed the surface of both gelatin and 
thiolated gelatin nanoparticles by reacting with methoxy-poly(ethylene gly-
col) (PEG)-succinimidyl glutarate to prolong in vivo circulation time, enabling 
the medication to stay in the body for up to 15 hours. This had been only 
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three hours with unmodifi ed nanoparticles. The modifi cation of the gelatin 
with PEG also enhanced tumor uptake and retention of the nanoparticles after 
administration. They obtained highest levels of protein (sFlt-1 or soluble recep-
tor for an angiogenic factor, that cut off blood supply to the tumor) expres-
sion with PEG-modifi ed gelatin nanoparticles in vitro in MDA-MB-435 human 
breast adenocarcinoma cell line.

In another study, Wang et al. [84] prepared gelatin-siloxane nanoparticles 
(GS NPs) and then coupled them with HIV-1 Tat peptide with the GS surface 
via sulfhydryl groups to achieve effi cient gene transfection and expression. 
They synthesized the Tat peptide decorated gelatin-siloxane nanoparticles (TG 
NPs) in three steps. Firstly, gelatin-siloxane nanoparticles were prepared by 
a two-step sol-gel procedure, secondly, sulfhydryl (-SH) groups were intro-
duced on the GS NPs, and fi nally SH-GS NPs were coupled with synthetic 
Tat peptide. They observed that TG NPs were nontoxic at concentrations 
<300 µg ml−1 towards the HeLa cells. They studied the cellular uptake of fl u-
orescein iso-thiocyanate (FITC)-labeled TG NPs into HeLa cells. They found 
more TG NPs in the intracellular region than GS NPs, which demonstrated 
that the cellular uptake of nanoparticles might be promoted by Tat peptide. 
They also observed that the cellular uptake of FITC-labeled TG NPs was 
increased with an increase in incubation temperature from 4°C–37°C, which 
indicated that the cellular uptake of TG NPs occurred through an internaliza-
tion endocytosis mechanism, because the endocytosis is an energy dependent 
process. The transfection effi ciency of TG/DNA nanocomplexes were exam-
ined in HeLa cells by using pSV β-galactosidase assay. It was found that the 
transfection effi ciency increased about 1.3 fold with TG/DNA (100:1 g g−1) and 
Tat/GS (1.58 µmol g−1) compared to the commercially available gene carrier 
Lipofectamine. But, the transfection effi ciency of TG/DNA <50:1 (g g−1) was 
limited due to the formation of large complex (>0.8 µm). They also investigated 
the effect of serum on the transfection effi ciency of the TG/DNA nanocom-
plexes and found that the transfection effi ciency of TG/DNA nanocomplexes 
was dramatically decreased in the presence of serum.

20.3.3 Alginate

Alginate is a naturally occurring linear polysaccharide that is abundantly 
produced by brown algae, and by bacterial species of Pseudomonas [85] and 
Azotobacter [86]. It is composed of unbranched β-1,4 linked D-mannuronic acid 
(M) and variable amounts of its C5-epimer, L-guluronic acid (G). Many divalent 
cations, like Ca2+, Ba2+, Sr2+, and more, with the exception of Mg2+ are used to 
form alginate hydrogel. The hydrogel forming character of alginate makes it a 
very attractive choice as a matrix for the encapsulation of biological, including 
drug-containing liposomes and cells. Alginate encapsulated liposomes have 
been studied for protein delivery [87–89] and genetically engineered fi broblasts 
have been encapsulated in alginate for therapeutic applications [90, 91].

It is reported that polyethylenimine (PEI) is an effi cient gene delivery 
vehicle due to its better stability, easy handling, and lower cost compared to 
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cationic liposomes [92]. Although it can condense DNA effectively and exhi-
bits endosomolytic activity at acidic endosomal pHs, which makes it effi cient 
nonviral vectors, the transfection effi ciency of PEI is low in the presence of 
serum [93, 94]. To improve the serum stability and lower toxicity with higher 
transfection effi ciency of PEI, negatively charged sodium alginate was used 
to coat the positively charged PEI/DNA complex [95, 96]. It has also been 
reported that the trans-gene expression can be enhanced by encapsulating 
the DNA with alginate and the immune response can also be mitigated by the 
alginate delivery system [96].

Jiang et al. [97] prepared a novel nonviral system, DNA/PEI/Alginate (DPA) 
polyplex for the delivery of DNA, and they observed the delivery both in vitro 
and in vivo. To prepare this novel nonviral delivery system, they fi rst pre-
pared DNA/PEI (DP) complex and then the DP complex was coated by algi-
nate (Scheme 20.5). They also coated the DP complex with poly(methacrylic 
acid) (PMA) and poly(acrylic acid) to compare with alginate coated DP com-
plex. They carried out the in vitro gene transfection tests by using C3 cells and 
the in vivo gene transfection tests were carried out in a six week old female 
C57/BL6 mouse. They observed that the particle size of the DPA complex 
decreased slightly and then increased by increasing the alginate content, and 
the zeta potential decreased due to the negative charge of the alginate. They 
also noticed that the cytotoxicity of the complex markedly decreased by the 
alginate coating. It was found that the luciferase gene transfection effi ciency 
in C3 cells increased 10–30 fold with the DPA complex compared to that of DP 
complex in the presence of 50 vol% serum. Molecular weight of alginate also 
affected the luciferase gene transfection and it was shown that low molecu-
lar weight alginate had highest gene transfection effi ciency. To investigate in 
vivo gene transfection, they fi rstly produced C3 cell-induced model tumor into 
C57/BL6 mice and then either DP or DPA polyplex with a weight ratio of algi-
nate to DNA of 0.15 was injected into the model tumor. It was found that DPA 
polyplex showed approximately a 7-fold higher luciferase gene expression 
compared to that of DP complex (Figure 20.15).

20.3.4 Arginine

In recent times, it is known that peptides such as Tat (48-60), Antp (43-58), 
and VP22 (267-300), containing highly basic amino acids (arginine and lysine), 
have been widely used as cellular delivery vectors [98–100]. It is also known 
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that peptides composed of only arginine residues are able to translocate effi -
ciently through the cell membrane [101].

Arginine is an α-amino acid and is one of the twenty most common natural 
amino acids [102]. The side chain of arginine consists of a 3-carbon aliphatic 
straight chain with a complex guanidinium group at the end (Figure 20.16). 
It is synthesized mainly from citrulline. Citrulline can also be obtained from 
many sources such as from arginine via nitric oxide synthase (NOS), from orni-
thine via catabolism of prolone or glutamine/glutamate, and from asymmetric 
dimethylarginine.
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Choi et al. [103] observed the gene delivery mechanism of the arginine pep-
tide system. They investigated the effect of the arginine/DNA complex size 
on the transfection effi ciency. They synthesized arginine peptides (R15) by 
solid phase peptide synthesis using standard 9-fl uorenylmethyloxyccarbonyl 
(FOMC) chemistry. They used rhodamine labeled DNA and FITC tagged pep-
tides to investigate the structure of arginine peptide/DNA complexes. They 
found that the size of the complexes increased with an increase in the incuba-
tion time in serum free medium. The mean diameter of the complexes was 
400 nm at the time of immediate formation of complexes. But after 1hr of incu-
bation, the size of complexes increased to approximately 6 µm. Large sized 
complexes of up to 26 µm were obtained after 2hr incubation. Previous stud-
ies [104–106] reported that the formation of larger structure with higher incu-
bation time was probably due to the aggregation of small complexes. They 
observed the cellular uptake and transfection effi ciency of arginine peptide/
DNA complexes on the 293T cells. It was found that there was no relationship 
between the complex size and the cellular distribution of the complex. The 
large complexes, 6 µm and 26 µm, showed a similar degree of cellular uptake 
as that of 400 nm sized complex. The FACS (fl uorescence-activated cell sorting) 
analysis showed that small-sized complex (400 nm) had only 20% higher cel-
lular uptake compared to the large complexes.

They also investigated the localization of arginine peptide/DNA complexes 
in the nucleus. Earlier studies showed that there was a major barrier in nuclear 
transportation for nonviral gene transfer [107, 108]. They used double labeled 
complexes with rhodamine and FITC for the determination of the nuclear 
transport of arginine peptide/DNA complexes. They observed the fl uores-
cence predominantly on the extracellular surface after 1hr incubation and after 
2hr incubation, the fl uorescence was found in the cytoplasm, which indicated 
the entry of the complexes into the cells. After 6hr incubation, they observed 
the fl uorescence in a perinuclear location and fi nally, the fl uorescence was 
observed within the nucleus after 12hr incubation. From this observation, they 
concluded that the arginine peptide/DNA complexes were transferred into 
the cell nucleus without the dissociation of the arginine peptide.

Rossenberg et al. [109] prepared arginine containing oligopeptide stable 
polyplex as nonviral gene delivery vector. They designed a series of peptide 
analogs in which arginine moieties increased by partial replacing of lysine resi-
dues. The stability of polyplex was enhanced by increasing the cationic charge 
of the arginine peptide. They found that arginine-containing peptides (GM102 
and GM202) complexed effectively with DNA at a peptide to DNA charge ratio 
of 1.5 and formed comparatively smaller complex of approximately 20 nm in 
size. They observed the transfection effi ciency of the various polyplexes into 
HepG2 cells. The transfection effi ciency increased by 5-fold with the arginine 
containing peptides/DNA complexes as compared to naked DNA.

20.3.5 Collagen

For many years, collagen has been used in medical applications, like 
resorbable surgical sutures [110], hemostatic agents [111], and wound 
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 dressings [112], due to its excellent biocompatibility [113] and many unique 
characteristics [114].

Collagen is the main protein of connective tissue in animals and is fi brous in 
nature. It connects and supports other bodily tissues, such as skin, bone, ten-
dons, muscles, and cartilage. It also supports the internal organs and is even 
present in teeth. In fact, it makes up about one third of the total amount of 
proteins in the body. Collagen is composed of three helical polypeptide chains 
with a rod-like structure and has a molecular weight of about 300,000 and a 
length of 300 nm. Atelocollagen may be obtained from collagen by removing 
the non-helical telopeptides attached to both ends of the collagen molecule, 
with pepsin treatment (Scheme 20.6). In the past years, atelocollagen gel has 
been widely used for the repair of skin depressions in plastic surgery and for 
subcutaneous injection [115]. Currently, atelocollagen is being investigated for 
a wide range of drug and gene delivery methods [116].

Collagen can be used as a carrier in the delivery of gene vectors and pDNA 
due to some of its outstanding properties, such as (i) it remains in liquid form 
at a low temperature and (ii) it exhibits a plasticity nature i.e. it becomes 
fi brous and then solid due to body temperature when it is implanted in the 
body. Therefore, gene vector and pDNA can be easily mixed with collagen 
to form collagen/pDNA or gene vector complex due to the above proper-
ties. Collagen turns into fi brous form from the liquid state after administra-
tion into the body, and then it forms a matrix structure which protects the 
gene vector or pDNA from immunological reaction and enzymatic attack 
(Scheme 20.7). Instead of the liquid form, gene vector or pDNA can also 
be transferred with collagen by means of beads, sponges, membranes, 
Minipellets, and various other forms.

Honma et al. [117] developed a novel technology for transfer of gene medi-
cines including pDNA expression constructs, antisense ODNs and virus 
vectors in mammalian cells by atelocollagen mediated gene carrier. They pre-
pared nanosized particles of atelocollagen/genetic material complexes and 
then the nanoparticles were precoated on a micro-well plate on which the 
cells were seeded. The size of the nanosized particles of atelocollagen/pDNA 
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Scheme 20.6 Schematic of collagen molecule. Source: From Ref. [116].
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(8:10 ratio µg/ml) was in the range of 100–200 nm and showed maximal trans-
fection effi ciency in the 293 cells. They also studied the transfection effi ciency 
of atelocollagen/oligodeoxynucleotide (ODN) complex into the NEC8 cells 
(human testicular tumor cells). They observed that the growth of tumor cells 
was inhibited by the ODN complexes, although it was in a ODN-dose depen-
dent manner.

In another report, Wang et al. [118] prepared methylated collagen (MC) as 
gene carrier. MC was prepared by methylation of the carboxyl groups of col-
lagen. Due to increased positive charge of MC compared to collagen, MC eas-
ily formed complexes with negatively charged DNA at neutral pH and also 
improved the stability of the complexes at the physiological conditions. MC 
condensed DNA more effectively even at pH 7.4 and charge density of the 
complex was also higher than the native collagen at pH 3. The cytotoxicity 
of MC was lower than two widely used polymeric carriers, such as PLL and 
PEI. The transfection effi ciency of MC/DNA complex against HEK293 cells 
increased about 18.9-fold compared with native collagen/DNA complex at a 
weight ratio of 5. This occurred due to the improved stability of DNA by MC. 
The transfection effi ciency of the MC/DNA complexes decreased with increas-
ing the weight ratio of MC/DNA. But, the transfection effi ciency of MC/DNA 
complex further increased at higher weight ratios of 10 and 15 in the presence 
of chloroquine in the transfection medium. The same results were obtained 
for native collagen/DNA complexes, although the gene expression levels 
were much lower than MC/DNA complexes. The in vivo study resulted in 
higher luciferase expression (3.8-fold) by the native collagen/DNA complexes 
compared to that of naked DNA or MC/DNA complexes. The dissimilarity 
between the in vitro and in vivo results is yet unclear.
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Scheme 20.7 Conception of collagen-mediated gene delivery. Source: From Ref. [116].
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20.4 Conclusions

The application of gene therapy towards genetic diseases holds great promise. 
Although the preferred vectors in the fi eld of gene therapy are viral vectors 
and synthetic polymeric vectors, natural polymers have unique and intrin-
sic properties that favour them to serve as a gene carrier. Natural polymers 
are generally nontoxic even in large doses because they are mucoadhesive, 
biocompatible, and biodegradable [119]. Chitosan is a naturally occurring 
linear binary cationic polysaccharide that is generally derived from shellfi sh. 
Chitosan has been successfully used as a nasal, ocular, and peroral drug deliv-
ery system that prolongs contact time as well as improves drug absorption [48]. 
Apart from this, chitosan also has been used as an oral and nasal gene delivery 
for vaccinations [120–122]. It was found that low transfection effi ciency, low 
solubility, and the non-specifi city of chitosan limits its use in clinical trials. 
Chemical modifi cations improved these drawbacks however. Although gela-
tin, alginate, arginine, and collagen systems show limited gene transfer suc-
cess in vivo, modifi ed forms of these systems have shown a capacity for the 
extended release of genes. Appropriate modifi cations of the natural forms of 
these polymers can make them targeted gene delivery systems to specifi c cell 
types, and can also improve their transfection effi ciency, as well as extend their 
residence time once delivered in vivo. From the current research, it was found 
that the mechanism of intracellular escape and transfection by natural poly-
mers occurs in different ways than that of synthetic polymers, including cell 
surface level, endosome release level, nuclear transport level, and any other 
potential rate-limiting steps [123–126]. The transfection effi ciency of polymeric 
gene carrier can be improved by modifying some factors, such as the molecu-
lar weight of polymer, charge density of the polymer, overall surface charge of 
gene/polymeric vector, surface ligands as well as enhancement of availability 
near the cell surface [127–131]. Therefore, natural polymers can be effi ciently 
used as nonviral vectors in gene therapy.
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