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1. Introduction

Gene therapy is the treatment or prevention of
disease by transfer of genetic materials, either RNA or
DNA, into specific human tissues or cells, to replace
defective genes, substitute missing genes, silence
unwanted gene expression, or introduce new cellular
biofunctions (Bhavsar and Amiji, 2007).

During the last decades the advanced molecular
biology and biotechnology techniques have greatly
enhanced the understanding of the genetics of
pathogenesis and led to identification of numerous
disease-causing genes.Exploration of gene therapy has
extended drastically beyond hereditary conditions, as
hemophilia (Walsh, 2003), human [ _thalassaemia
(Cavazzana-Calvo et al., 2010), and cystic fibrosis
(Mitomo et al., 2010) to a broad spectrum of acquired
diseases, including cancer (Kerr, 2003; McNeish et
al., 2004), neurodegenerative disorders (Tuszynski,
2002 and Burton et al, 2003), cardiovascular
conditions (Nabel, 1999), immunodeficiencies (Kohn,
2010).

The first step of gene therapy involves gene
delivery—that is, the presentation of the therapeutic
genetic material in the interior of a living cell and its
subsequent expression. However, the complexities of
thebiological system present numerous obstacles to
successful gene delivery. In many cases, systemic
administration of gene medicines is needed as many
disease sites are not easy to access otherwise. Under
these circumstances, gene medicines had to penetrate
through a series of extracellular barriers (opsonins,
phagocytes, extracellular matrices, and degradative
enzymes) and intracellular barriers (lack of proper
recognition characteristics necessary to direct
intracellular transport, degradation within lysosomal
compartments, release from transport vesicles and
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nuclear uptake) which can prevent gene delivery,
transcription, and translation (Kabanov, 1999,
Nishikawa and Huang, 2001,Wong, 2007). Therefore
the gene therapy is onlypossible with an efficient
carrier for protection and transportation (Liu et al.,
2010).

Many practices involved direct injection of
naked DNA, through the use of electrical impulses
(electroporation), or bombardment with gold particles
(gene gun),to force them across cellular membranes
(Nishikawa and Huang, 2001). These direct methods
has been proofed to be very inefficient and severely
limited to tissues that are easily accessible to direct
injection such as eye, muscle, skin and tumors (Shi ef
al., 2002 and Walther et al., 2003).

Development of a stable and efficient delivery
system has been considered as a major challenge for
gene therapy. Ideally the optimal delivery strategy
aims to improve the stability of genes after their
administration into the body, improve gene
pharmacokinetics and biodistribution, deliver genes
specifically to the desired tissue site, reduce off-target
effects, facilitate the cellular uptake of genes within
target cells, and promote efficient intracellular
trafficking (Zhu et al., 1993). The ultimate vector for
systemic gene therapy must be safe and well tolerated
upon systemic administration, must have appropriate
pharmacokinetic attributes to ensure delivery to
disease sites, must deliver intact DNA to target tissue
and mediate transfection of that tissue, It must be non-
immunogenic and stable upon manufacture so that
large batches can be prepared with uniform
reproducible specifications (Medina-Kauwe et al.,
2003). In the next section we will be discussing some
of the most used gene delivery vectors.
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Two major systems of gene delivery have been
developed, viral and non-viral.

Viral vectors are known as biological systems
derived from naturally evolved viruses capable of
transferring their genetic materials into the host cells
and have been proofed as very effective in achieving
high efficiency for both gene delivery and
expression.They mediate efficient gene transfer
through their favorable cell uptake and intracellular
trafficking machineries.

Viruses can be transformed into gene delivery
vehicles by removing part of the virus genome and
replacing it with a therapeuticgene, hence eliminate
their toxicity and maintain their high capacity for gene
transfer (Liu, 2010).

High transduction efficiency and DNA
packaging capability has been always considered as
critically important advantages of viral vectors. This
exclusive level of control over DNA packaging
process does not usually exist for non-viral vectors
which rely on an uncontrolled vector/DNA self-
assembly process to package DNA into condensed
particles. While viruses reproducibly package a single
DNA chain at their core, non-viral vectors tend to
form particles with multiple chains of DNA in each
particle (Brenda, 2010) .

Retrovirus, adenovirus, herpes simplex virus and
vaccinia virus are the most commonly used types in
gene therapy (Young et al., 2006). Various factors has
been reported to control the choice of the virus which
used as a gene therapy carrier these factors include;
thetarget cells, disease conditions, and for successful
expression, sufficient amounts of the gene should be
delivered without producing any substantial toxicity
(Kay et al, 2001). Different viruses have also been
reported to represent differential activity based on cell
division, Some viruses can infect both dividing and
non-dividing cells (e.g., neurons), whereas others are
effective only in dividing cells.

For decades viral vectors have been considered
as the most effective, easiest and highly successful
methods for transfer of a gene of interest into the cells
(Tomanin and Scarpa, 2004). Interestingly severe fatal
adverse events including acute immune response and
insertion mutagenesis have occurred during gene
therapy clinical trials raising serious safety concerns
about the use of viral vectors (Thomas, 2003 and
Woods et al., 2006). Moreover, the viral vector have
limited size capacity, cause weakness of cell targeting,
and have high cost which limited their clinical
application and boosted efforts to search for non-viral
options (Mansouri ef al., 2004).

Due to the peeved problems encountered with
the viral vectors the research focus has shifted towards
the development of safer non-viral gene delivery
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vectors. In most cases, these vectors are relatively
simple to synthesize and are to a great extent devoid
of the health risks that are associated with their viral
counterparts. The advantages associated with these
kinds of vectors include theuse of synthetic or highly
purified components,their large-scale manufacture,
their low immunogenic response, well defined
physicochemicalproperties with high degree of
molecular diversity, versatility formanipulating their
physicochemical properties, and the capacity to carry
large inserts. However, non-viral vectors for
clinicalapplications, has suffered from problems
including toxicity, low gene transfer efficiency, and
instability (Al-Dosariand Gao, 2009, Mao et al,
2010,Tros de Ilarduya et al., 2010).

The non-viral transfection systems are mainly of
a cationic nature; bind electrostatically to DNA and
condensing the genetic material into nanometer-scale
complexes (a few tens to several hundred nanometers
in diameter) whichprotectthe genes and allow them to
enter cells.Theyareusually composed of cationic
peptides, cationic  polymers,cationic lipids, or
combination of some of them (Tokunaga et al., 2004;
del Pozo-Rodriguez et al., 2009). Because of their
permanent cationic charge, these non viral victors
interact with negatively charged DNA through
electrostatic interactions leading to polyplexes or

lipoplexes.
Cationic polymers condense DNA into compact
structures by electrostatic interactions between

anionic phosphate groups of nucleic acids and cationic
groups of polycations under physiologic conditions(at
physiological ~ pH). The resulting cationic
polymer/DNA complexes, or polyplexes, capable of
gene transfer into the targeted cells (Zhanga et al.,
2003).Cationic polymer are completely soluble in
water (Elouahabi and Ruysschaert, 2005) they have
the obvious advantage of compressing DNA
molecules to a relatively small size, which can be
crucial for gene transfer, as small particle size may be
favorable for improving transfection efficiency
(Gershon et al., 1993; Ruponen et al., 1999). These
polyplexes condensed DNA can be taken up by cells
through adsorptive endocytosis due to their positive
charged character; leading to considerable expression
of exogenous genes (Persiani and Shen, 1989; Weiss
et al., 2006). Modifications to these polymers such as
molecular weight, geometry (linear vs. branched) and
the possibility of covalent binding of targeting
moieties for gene expression mediated through
specific receptors (Gao and Huang, 1996, Somia and
Verma, 2000, Liu and Yao, 2002) opens the way to
extensive structure/function relationship studies.

The efficacy of cationic polymers for gene
delivery is considered less than ideal, because of the
low transfection efficiency and undesirable toxicity.
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Various modifications have been explored to improve
the gene delivery efficacy (Park ef al., 2006; Jeong et
al, 2007). Among these modifications, the
conjugation of hydrophobic segments to the
polycations which displayed promising results. The
hydrophobic moieties could enhance the complex—
plasma membrane interactions, and facilitate the
endocytosis as the polyplexes must traverse through a
hydrophobic lipid-based  plasma  membrane
(Alshamsan et al., 2009). Hydrophobic interactions
play an important role in the gene delivery process,
and the introduction of hydrophobic chains can affect
not only the interaction with the plasma membrane,
but interactions at most steps during the whole gene
delivery process (Liva et al., 2010). The addition of
polycations, i.e. polyl-lysine and protamine, as co-
polymer is reported to markedlyenhance the
transfection efficiency of several types ofcationic
liposome by 2-28-fold in a number of celllines in
vitro (Gao and Huang, 1996) and in vivo (Li and
Huang, 1997).

The major problems with these polymers are
their toxicity due to cationic charges and
nonbiodegradable properties, or immunogenicity as
polymers based on amino acids such as polyl-lysines
(Vanderkerken et al., 2000; Gao et al., 2009;).

The toxicity of cationic polymers is a result of
the quantity of polymer required to achieve the
optimal +/— charge ratio for the polyplex. In many
instances, such as with polyethylenimine, the charge
ratio that provides optimal efficiency is very near that
which induces severe toxicity. Also the high ionic
strength of many cationic polymers that condense
DNA cannot withstand the stringent conditions of
delivery, therefore it is essential to use polymers that
bind tightly, but reversibly, to the DNA (Chollet et al.,
2004). Polymer length/molecular weight has also been
found to influence the toxicity of the polyplexes (Ahn,
2004; Kramer, 2004).

Common polycations include polylysine,
polyamines such as polyethylenimine, histone
proteins, polyarginine and cationic dendrimers.

Polyethylenimine (PEI), is a cationic polyamine
first introduced by Boussif et al.(1999) and shown to
have one of the highest transfection efficiencies of all
cationic polymers based on favorable characteristics
of DNA protection, cell binding and uptake, ability to
act as a “proton sponge”, which promotes release
from endosomal compartments and release from the
carrier (Zhang et al., 2004).

Polyethyleneimine (PEI), formed either as a
linear or branched polymer and the transfection
efficiency is influenced by its geometry (Godbey et
al., 1999). Linear PEI (22 kDa) has a higher
transfection efficiency than branched PEI of a similar
MW, and has increased efficacy in non-dividing cells
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(Wightman ef al., 2001; Wiseman et al., 2003; Itaka et
al., 2004). However, the transfection efficiency of
branched PEI can be increased at low MWby
decreasing the degree of branching Figure 1(Fischer et
al., 1999). The transfection efficiency of polyplexes
formed with both PEI and PLL increases with
increasingmolecular weight (MW), but high MW also
increases toxicity, limiting effectiveness both in vitro
and in vivo (Godbey et al., 1999).
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Figure 1: Polyethylenimine structure

Poly L-lysine (PLL):8

PLL polymers are one of the first cationic
polymers employed for gene transfer (Wu and Wu,
1997). The poly(l-lysine) is synthesized by
polymerization of the N-carboxy-anhydride of lysine,
fractionated andcharacterized in terms of the average
degree ofpolymerization and average molecular
weight. As a linear polypeptides with repeating lysine
unit; they possess a biodegradable nature which is
very useful for in vivo applications.However,when
PLL polyplexes entered into the circulatory system,
they were rapidly bound to plasma proteins and
cleared from the circulation, which cause lower
transfection efficiency (Ward et al, 2001).The
inadequate escape of the complexes from endosomes
or the inefficient release of DNA from the complexes
results also in low transfection.

PLL has poor transfection ability when applied
alone or without modifications (Pouton et al., 1998;
Brown et al., 2000). One popular modification that
can increase both the transfection ability and the
circulation half-life of these vectors is coating with
PEG. Another efficient strategy involves the addition
of both PEG and a targeting ligand to PLL to optimize
transfection (Brown ef al.,, 2000). Interducinghistidine
residues to the backbone of PLL was found to
improve the endosome escape property (Midoux and
Monsigny,1999).Conjugating PLL with chitosan or
lipids such as palmitic, myristicand stearic acids have
also been reported to be able to increase the
transfection efficiency of PLL (Yu et al, 2007;
Abbasi et al., 2008).

Cationic polysaccharides are considered to be the
most attractivecandidates for gene delivary. They are
natural, non-toxic, biocompatible, andbiodegradable



Life Science Journal 2013;10(4)

http://www.lifesciencesite.com

materials and can be modified easily to improve
physicochemical properties (Schepetkin & Quinn,
2006; Li, Ma, & Liu, 2007; Dergunova et al., 2009).
The two typical classes are chitosan derivatives and
cationic polymers based on dextran-spermine (D-
SPM).

Figure 2: Poly L-lysine Structure.

Chitosan is a linear amino-polysaccharide
composed of 1-4 linked N-acetyl-D-glucosamine and
D-glucosamine subunits (Fig. 2), obtained by
deacetylation of chitin (a polysaccharide found in the
exoskeleton of crustaceans and insects (Romoren et
al., 2002; Hejazi et al.,2003). Mumper et al., 1995 was
the first to propose the using of chitosan as a vector.
The cationic polyelectrolyte nature of chitosan
provides a strong electrostatic interaction with
negatively charged DNA forming stable, small (20—
500 nm) particles, depending on  the
molecularweightand the degree of deacetylation, Fang
et al., 2001 and protects the DNA from nuclease
degradation (Cui and Mumper, 2001).

Chitosan is potentially safe and non-toxic;
biodegradable and biocompatible both in experimental
animals (Rao and Sharma, 1997) and humans (Aspden
et al.,,1997). Chitosancan be degraded into H20 and
CO2 in the body, which ensures its biosafety. It is
biocompatibil to the human body and does not elicit
stimulation of the mucosa and the
derma,Themucoadhesive  property of chitosan
potentially permits a sustained interaction between the
macromolecule being “delivered” and the membrane
epithelia,promoting more efficient uptake (Takeuchi
et al.,1996). It has also the ability to open intercellular
tight junctions and facilitatingits transport into the
cells (Illum, 2001).

Chitosan/DNA complexes appeared to have
ability to overcome three major obstacles for
transfection, i.e. cell uptake, endosomal release and
nuclear localization (Ishii et al., 2001).

The role of chitosan charge density is well
established. It is accepted that the high charge density
of chitosan at pHs below its pKa results beneficial for
polyplex preparation, and also that its low charge
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density at pH 7.4 contributes to a low polyplex
cytotoxicity and facilitates the intracellular release of
DNA from the complex after its endocytotic cellular
uptake (Strand et al,, 2010). By contrast, the role of
chitosan valence on transfection efficiency is
contradictory, several studies promote the use of high
molecular weight chitosans (Huang et al., 2005), some
other publications report that lower
molecularweightchitosans are superior for gene
transfer (Koping-Hoggard et al., 2003; Lavertu et
al.,2006).

However, chitosan shows two  major
disadvantages: one is poor solubility because the
amino groups on chitosan are only partially
protonized at physiological pH 7.4. The other is low
transfection efficiency. Many techniques have been
tried to overcome thesedisadvantages including
quaternization of NH2 groups (Thanou et al.,2002),
linking or conjugating cell-specific ligands as PEG,
deoxycholic acid or urocanic acid (Park et al., 2001;
Kim et al.,2001; Kim et al.,2003; Kimet et al.,2004)
to the polysaccharide backbone through NH2 groups
or hydroxyl groups.
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Figure 3:Chemical Structure of chitosan

Dendrimers are synthetic macromolecules with a
tree-like structure firstintroduced by Tomalia et al.
(1985) and Newkome et al., 1985. They are spherical,
highly branched polymershaving a hierarchical, three-
dimensional  structure. Dendrimersposses three
distinguishable architectural components; an interior
core, a central point from which monomers will
ramify, interior layer (generations) ) composed
ofrepeating units radially attached to the interior core,
and exterior(terminal functionality) attached to
outermost interior generation. The higher generation
dendrimers, due to their globularstructure, occupy a
smaller hydrodynamic volume compared tothe
corresponding linear polymers (Jain and Gupta, 2008).
The currently used dendrimers are polyamines,
polyamides or polyesters, but the most commonly
encountered is polyamidoamine (PAMAM) because
of'its high transfection efficiency.

Dendrimers bear primary amine groups on their
surface and tertiary amine groups inside. The primary
amine groups participate in DNA binding, compact it
into nanoscale particles and promote its cellular
uptake, while the buried tertiary amino groups act as a
proto-sponge inendosomes and enhance the release of
DNA into the cytoplasm. The most important
advantages of dendrimers are conjugation of a large
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number of different molecules on the dendrimer
surface (Ward and Baker, 2008).

Thesize and diameter of dendrimers have an
influence on their transfectionefficiency. The
transfection efficiency obtained with high generation
dendrimers is clearly superior to low generation
dendrimers (Kukowska-Latallo et al., 1996). Partially
degraded PAMAM dendrimers are reported to have
more flexible structures than intact dendrimers and
therefore to interact more efficiently with DNA (Tang
et al., 1996). A fragmentation step consisting of
hydrolytic cleavage of the amine bonds is needed to
enhance the transfection efficiency (Tang et al., 1996;
Tang and Szoka, 1997; Dennig and Duncan, 2002;
Ding et al., 2002).

The toxicity of dendrimersisthe major concern
for their medical use.Generally, in Vvivo
dendrimerstoxicity isrelated to various factors
including the chemical structure, surface charge,
generation and dose of dendrimers (Aillobn et al.,
2009). Surface modification with PEG or replacement
with low generationdendrimers have been reported to
be able to improve the biocompatibilityof these
biomaterials (Jevprasesphant et al., 2003; Russ et al.,
2008).

Polyamidoamine (PAMAM) dendrimers are a
form of symmetric hyper branched polymer applied to
polyplex formation (Haensler and Szoka, 2003; Fu et
al., 2007). The size and charge of PAMAM is
dependent on the generation created. Generation six
has been reported as the most efficient at transfection
(Felgner et al., 1987). PAMAM has relatively low
toxicity to cells when compared to other compounds
as PLL (Felgner et al., 1987). No cytotoxicty effects
was reported when PAMAM polyplexes where used
to transfect cells on a PLGA film. PAMAM
dendrimer can be manufactured in a partially
degraded form and are reported to be 50-fold more
efficient at gene transfer than normal non-degraded
PAMAM (Felgner et al., 1987).

Internal cavities (space for

First generation -
S molecular cargo)

lap 't -
Second generation Cote

. . Interior branching
Third generation

Surface groups
Figure 4: General structure of dendrimers
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The first non-viral vectors as gene carriers was
the use of lipid - based vectors byFelgner et al. in the
late 1980s and since then these vesicles have been
considered one of the most promising methods for non

- viral gene delivery. Cationic liposome-DNA
complexes (lipoplexes) form spontaneously because
of electrostatic interactions between thepositively
charged liposomes and the negatively charged DNA,
producing physically stableformulations suitable to
transfect relatively high amounts of plasmid DNA to
cells in culture (Felgner et al., 1987).

Cationic lipids used for gene therapy are
composed of three basic domains: a positive charged
head group; for the binding of nucleic acid phosphate
groups, a hydrophobic chain, and a linker which joins
the polar and non-polar regions.

The polar and hydrophobic domains of cationic
lipids can effect both transfection and toxicity levels.
(Gascn and Pedraz, 2008).The most common types of
chain lengths are C8:0 to C18:1 as shown figure 5.
The use of mono-unsaturated fatty acid chains have
resulted in higher transfection, possibly because of
theirinfluence on enhancing membrane fluidity (Floch
et al., 2000).

Hydrophobic chain Linker

0
/
\/W\/ﬁ/\/\/\/lbo\ I,
-
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Linker

Hydrophobic chain

Figure 5: Schematic representation of DOTAP, a
commonly used cationic lipid forgene delivery.

The size and charge of the cationic headgroup
are generally more important for transfection
efficiency than those of the alkyl chains (Horobin and
Weissig, 2005). The different types of headgroups can
be categorized as; quaternary ammonium, primary,
secondary or tertiary amines, guanidinium,
heterocyclics, amino acids and peptides. The head
group of cationic lipids is generally associated with
amine groups with different degrees of substitution,
but others like amidine, guanidinium or pyridinium
groups havebeen also reported (Vigneron et al., 1996;
Zhang et al., 1997; Elouahabi et al, 1997; van der
Woude et al., 1997).

Many varieties of synthetic cationic lipids have
been developed and are commercially available. They
can be classified into various subgroups according to
their basic structural characteristics; monovalent
aliphatic lipids characterized by a single amine
function in their head group, including DOTAP and
DC- Chol, a multivalent headgroup whose polar head
groups contain several amine functions such as the
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spermine group, e.g. dioctadecylamidoglycylspermine
(DOGS) and cationic cholesterol derivatives, e.gbis-
guanidium-tren-cholesterol (BGTC).

Four main conformations of lipoplexeshas been
reported; a multilamellarstructure( Fig.6 ), with DNA
monolayers sandwiched between cationicmembranes,
(Lasic et al., 1997; Radler et al., 1997, Salditt et al.,
1997; Battersby et al., 1998; Dias et al., 2002), an
inverted hexagonalstructure (the inverted
“honeycomb” phase) with DNA encapsulated within
cationic lipidmonolayer tubes (Koltover ef al., 1998),
The ‘‘beads on a string’” model where positively
charged vesicles attach to the extended DNA
molecule (Felgner ef al., 1987; Gershon et al., 1993;
Ruozi et al., 2007; Sternberg et al., 1994), and a final
one where DNA is collapse and attach in the form of a
globule into the outer surface of positively charged
vesicles (Miguel et al., 2003).

Some studies have suggested that there is direct
correlation between structure and transfection
efficiency. Zuhorn et al. (2005) have shown that
formation of the hexagonal phase in lipoplexes
following interaction with anionic lipids is important
for the translocation of nucleic acids across
endosomes into the cytoplasm. However Caracciolo et
al. (2003) have demonstrated
thatDOTAP/DOPE/cholesterol  liposomes with a
multilayer structure facilitate a more than 4-fold
increase in transgene expression in OVCAR-3 and
SK-OV-3 cells, compared with DC-Chol/DOPE
liposomes (3:2 molar ratio), that are known to self-
assemble into a columnar inverted hexagonal phase
(HII). By contrast, DC-Chol/DOPE complexes
transfect human tracheal epithelial cells more
efficiently than other cationic lipid-DNA complexes
(Colosimo et al., 1999). It should be noted that the
interaction of the lipoplexes with cellular membrane
lipids may result in a different structural organization
than the original structure. Thus, lipoplex-mediated
gene transfer depends not only on the formulations of
the cationic liposome and their original structure, but
also on their interaction with cells and the resulting
structures.

DNA

Figure 6: Schematic representation of lamellar or

inverted hexagonal phase structure in the formation of
lipid/DNA complex (lipoplex).
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lipoplex protects the DNA from degradation
(Uyechi-O' ef al., 2003), facilitate penetration via the
negatively-charged cell membrane as they can fuse
with the plasma membranes of cells, facilitate the
transfer of complexes into the cytoplasm via
endocytosis (Zelphati and Szoka, 1996; Xu and
Szoka, 1996), destabilize the endosomal membrane
and they facilitate the release of plasmid DNA into the
cytoplasm, thus bypass the lysosomal degradation
pathway (Patil et al., 2005, Gardlik et al., 2005). They
are biodegradable and do not elicit cellular immune
response but are less efficient than viral vectors,
exhibit  significant variability in transfection
efficiency, usually quickly silenced and have limited
use in vivo due to their inherent toxicity (Conwell and
Huang, 2005).

The toxicity of lipoplexes has been a major
limitation for their use in vivo gene delivery systems.
The excessive positive charges, facilitating the
electrostatic interactions with negatively charged
DNA, also promote cytotoxicity. The toxicity of
cationic lipids is mainly determined by theircationic
nature, which is determined by the structure of its
hydrophilic group. It is closely associated with the
charge ratio between the cationic lipid species and the
nucleic acids, as well as the dose of lipoplexes
administered (Conwell and Huang, 2005; Dass, 2002).
Higher charge ratios are generally more toxic to a
variety of cell types,The quaternary amine headgroup
is more toxicthan tertiary one. The import of a
heterocyclic ring as thesubstitution of the liner amine
headgroup, such as pyridiniumand guanidine, can
spread the positive charge of the cationic head, and
significantly decreased the toxicity.

Neutral lipids are often a component for cationic
liposome formulations in which they play an assistant
role. Three neutral lipids often incorporated into
formulations are dioleoylphosphatidyl-ethanolamine
(DOPE), dioleoylphosphatidylcholine (DOPC) and
cholesterol. The usage of neutral lipids allowsto
decrease toxicity and attain higher transfection levels
in vivo (Hong et al., 1997; Lasic, 1997). For instance,
DOPE can facilitate membrane fusion and aid the
destabilization of the plasma lemma or endosome.

Most of the linker bonds in the synthesizedlipids
are ecther, ester or amide bond. Although compounds
with ether linker render better transfection efficiency,
they are toostable to be biodegraded thus cause
toxicity. Cationic lipids withester bonds such as
DOTAP in the linker zone are morebiodegradable and
associated with less cytotoxicity in culturedcells
(Freedland et al., 1996; Leventis and Silvius, 1990),
but those with ester or amide linkers are liable
todecompose in the circulation.

Although lipid - based vectors do not trigger a
cellular immune response, however these vectors may
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be recognized as foreign and initiate the production of
cytokines such as tumor necrosis factor - @ (TNF -

a ), interferon - Y (INF - v), interleukin - 6 (IL -

6), and IL - 12. It havebeen shown that the sequential
injection of liposome and plasmid DNA can
significantly reduce the inflammatory response
induced by systemic gene delivery (Tan ef al., 2001).
Liu et al. (2002b) described the preparation of a non-
immunostimulatory lipid - based vector which
contains lipid, DNA and an inflammatory suppressor
molecule that specifically inhibits the production of
the cytokine, NF - & B. Thus, the addition of an
immune suppressor molecule within the lipoplex can
significantly reduce the toxicity associated with lipid
- based non - viral vectors.

For development of more effective and safer
lipoplex systems useful in vivo transfection significant
advances have been made. Lipoplexes have been
modified to contain ligands that are recognized by the
target cells (e.g., folate and transferrin) (Dauty 2002
and Zuber 2003). In addition short chain fragments of
antibodies as transferrin antibodies have also been
used to target tumor cells (Xu et al, 2002). Both
systems showed an increased affinity for binding
tumor tissues in vitro and in vivo (Dauty et al., 2002,
Xu et al, 2002 and Zuber et al, 2003). The
attachment of polyethylene glycol (PEG) to the
vectors prior to delivery (i.e., PEGylation) promote
the stabilization in the bloodstream and enhance the
binding of lipoplexes to the target cells as compared
to unmodified lipoplexes (Zuber et al., 2003; Yu et
al., 2004).

To achieve successful transgene expression, a
series of extracellular and intracellular transport
barriers as DNA  protection, internalization,
intracellular trafficking and nuclear transport need to
be overcome by delivery vectors (Fig 7 ). Viral
vectors have already showed their great success in
addressing each challenge. Non-viral vectors,
however lack one or several of the necessary
functions. Understanding the barriers encountered by
delivery vectors is a prerequisite to design more
efficient carriers for gene therapy.

Complexation of nucleic acids with non-viral
vectors aims to neutralize the negatively charged
phosphate backbone of DNA to prevent charge
repulsion against the anionic cell surface, reduce their
sizes to appropriate scales for cellular internalization
(i.e., nanometersfor receptor-mediated endocytosis;
micrometers for macropinocytosis or phagocytosis);
and toprotect the DNA from pH and both extracellar
and intracellular nuclease degradation (Abdelhady et
al., 2003; Lechardeur et al, 1999; Schaffer and
Lauffenburger, 1998) Three main packaging methods
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are reported: electrostatic interaction, encapsulation,
and adsorption (Wong et al., 2007).
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Fig. 7. Barriers to gene delivery: (I) package
therapeutic genes; (II) Bindingto plasma membrane
and entry into the cell (IIT) escape the endo-lysosomal
pathway; (IV) effective DNA/vector release; (V)
traffic through the cytoplasm and intothe nucleus;
(VI) enable gene expression; and (VII) remain
biocompatible

Complexation of DNA mediated by electrostatic
interactions between the negatively charged phosphate
backbone of DNA and cationic molecules leads to
charge neutralization and a compaction of the
nucleotide fragment. Cationic polymers typically
interact with DNA in anstronger manner which leads
to formation of complexes containing multiple DNA
molecules. It has been shown that the size of the
complex formed varies significantly depending on the
type of cationic structure used and preparation
conditions including concentration of DNA, pH, type
of buffer, and N/P ratio (Meredith et al., 2009).
Additionally, the size of polymer-DNA complexes has
been correlated with the molecular weight of the
polymer e.g. high molecular weight polylysine (224
kDa) form DNA complexes with diameters ranging
from 100 to 300 nm, while low molecular weight
polylysine ([14 kDa) form complexes with diameters
between 20-30 nm (Wolfert and Seymour, 1996). The
morphology of DNA complexes formed with cationic
polymers is independent of the polymer used. For
example, complexes derived from DNA and
polylysine, polyethylenimine, or various dendrimers
form toroidal structures of similar diameters (Tang
and Szoka, 1997).

In systemic non-viral gene delivery, the complex
usually has to be injected into the blood stream and
enter into the circulation before reaching the cells of
interest. Complexation of nucleic acids with non-viral
vectorsimparts a positive charge which is important
for both cellular-binding and internalizationhowever it
cause instability of the cationic complex as positively
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charged complexesinteract withnegatively charged
blood components (e.g., serum proteinsas serum
albumin, lipoproteins ;HDL and LDL)promoting their
aggregation and blood clearance (Tros de Ilarduya et
al., 2010). Additionally, the physiological salt
concentration of serum (150 mM) often promotes
aggregation ofthe cationic complexes, which
potentially could lead to vascularblockage (Ogris et
al., 1999). Cationicpolyplexes canalsoactivate the
complement system,becomerecognizedand cleared by
the reticuloendothelial system (Zhang et al, 2005,
(Muzykantov and Torchilin, 2003). The induction of
any one of these events can lead to premature
elimination of the polyplex preventing delivery of the
genetic cargo to its final destination.

The in-vivo gene delivery can be improved by
reducing salt/serum effects. The incorporation of a
hydrophilic moieties particularly poly(ethylene
glycol) (PEG) into the vector creating a hydrophilic
shell that effectively increase the solubility, masks the
cationic charges, reduces aggregation, and minimizes
interactions with serum proteins and other serum
components resulting in prolonged circulation time
(Medina-Kauwe ef al., 2005).

Internalization of the cationic carriers, from the
exterior of the cell through plasma membrane is
considered the most critical limiting step for an
efficient DNA transfection. They pass through various
active cell uptake mechanisms such as endocytosis,
pinocytosis, or phagocytosis (El Ouahabi ef al., 1999).
Transfection of nonviral DNA complexes based on
whether or not the complex is conjugated to targeting
ligands.

Studies of electron and fluorescence microscopy
have shown that lipoplexes and polyplexes can be
detected in intracellular vesicles beneath the cell
membrane, suggesting that they enter cells by
endocytosis and will thus be directed toward the
endolysosomal compartment (Merdan et al, 2002;
Zhou et al., 1994; Mislick et al., 1996).

The predominant way of entry of cationic gene
delivery systems seems to be by non-specific
adsorptive endocytosis followed by the -clathrin-
coated pit mechanism, because negatively charged
glycoproteins, proteoglycans and glycerophosphates,
present on the cell membrane, are able to interact with
the positively charged systems (Mounkes et al., 1998;
Rejman et al., 2004). Using specific inhibitors of
different endocytosis pathways, Rejman et al., 2004
conclude that lipoplex (DOTAP/DNA) uptake can be
proceeded only by clathrin-mediated.
endocytosis,whilepolyplexes (PEI/DNA) can be taken
up by two mechanisms, one involving caveolae and
the other clathrin-coated pits. However, the
internalization pathway seems to be dependent on the
system used and the cells to transfect (Zuhorn et al.,
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2002; Simoes et al., 2000; Prabha et al., 2002). It has
been shown that the size of the complex affects
cellular uptake in various cell lines. These suggest that
optimal size for gene transfer of non-targeting cationic
vector-DNA complexes is between 70 and 90 nm (Xu
et al., 2007; Xu et al., 2007; Schatzlein et al., 2003).

Numerous polyplexes have been designed to
gain cellular entry via receptor-mediated endocytosis.
The ability to bind a particular cell type with
highspecificity is especially significant in a systemic
deliveryin which appropriate biodistribution and
tissue targeting are essential (Wong et al, 2007).
Vector systems attached with highly specific cell
ligands that bind the cell-surface receptors present in
the target cells but absent in any other cell, promote
delivery to specificcells and tissues, as in most
diseased conditions the therapeutic genes must be
delivered to a certain cell type.Thesetargating ligands
include endogenous ligands as transferrin and RGD
peptide, carbohydrates as galactose, mannose, lactose,
antibodies as anti CD3 and antiEGF, cell penetrating
peptide as HIV Tat and polyarginine sequences,
biomolecules, and antibodies (Gao et al., 2005;
Mellman, 2007).

Carrier systems containing a specific targeting

moiety could enter cells via both adsorptive
endocytosis and receptor-mediated endocytosis
(Akinc et al., 2005). The optimal size for targeting
cationic vector-DNA complexes found to be
between54-60 nm (Akinc et al., 2005).

Upon being taken up via endocytosis,
macromolecules captured within the endosomes

usually transform into digestive lysosomes unless
some escape mechanisms are used to intercept this
maturation process.

A “proton-spong’ mechanism has been attributed
to the endosomal escape of polyplexes based on
cationic polymers with amino groups for gene
delivary. Weak amine compounds such as chloroquine
and cationic polymers polyethyleneimines and
partially  degraded  polyamidoaminedendrimers)
absorb protons and slow down the acidification
process that is essential for endosome-lysosome
transition (Xu et al., 1996). Consequently, the influx
of chloride counter ions builds up osmotic pressure
inside the endosomes causing osmotic swelling and
eventual endosomolysis and release of its contents
into the cytosol.

In cationic lipid-based vectors, for local
endosomal membrane destabilization, the electrostatic
interactions between the cationic lipids and the
endosomal membrane induce the displacement of
anionic lipids from the cytoplasm-facing monolayer of
the endosomal membrane, by way called flip-flop
mechanism. The formation of a neutral ion pair
between anionic lipids present in the endosomal
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membrane and the cationic lipids of the vector will
thencause subsequent decomplexation of the DNA
and finally its release into the cytoplasm (Hafez et al.,
2001). Additionally, non-cationic helper lipids such as
neutral DOPE facilitate membrane fusion and help
destabilize the endosomal membrane (Ellens et al.,
1986; Gao and Huang, 1995; Li ef al., 2004).

For polyester-based carriers such as poly(lactic-
co-glycolic acid), the breakdown products by
hydrolysis can also build up the osmotic pressure
inside the endosome which leads to the release of the
contents trapped therein. Several attempts have been
used to increase the rate of endosome release. The
incorporation of membrane-destabilizing peptides,
such as synthetic N-terminal peptides of Rhinovirus
VP-1 or influenza virus HA-2, into the cationic
complex can mediate endosomal release. Under acidic
conditions, these peptides arrange to form an
amphipathic a-helical structure that induce membrane
interaction and disruption leading to subsequent
release of the endosomal contents into the cytosol
(Curiel et al., 1991). The co-delivery of inactivated
viral particles or recombinant viralcapsule proteins
that possess endosomolyticactivities (Kloeckner et al.,
2004), and the use of photochemically generated free
radicals to cause membrane damage (Dauty et al.,
2005) were also reported.

Once DNA molecules in their free form or as
DNA/ carrier vector complexesreleased into the
cytoplasm, they must traffic through the cytoplasm
and enter the nucleuswhere transcription takes place.
Diffusion of large molecules is limited in the
cytoplasm because of the presence of the highly dense
cytoskeleton. The mobility of large molecules, such as
pDNA, is extremely low in the cytoplasm, making
them an easy target for cytoplasmic nucleases (Lukacs
et al., 2000).The mobility of DNA/ carrier vector
complexes depends on the size and spherical structure
of the molecule (circular plasmid DNA >linear DNA
D) (Mao et al., 2010). Small DNA fragments <250 bp
with an extended linear length of approximately 85nm
able to diffuse widely in the cytoplasm, whilst
plasmid DNA >2 kb is unable to diffuse freely from
the site of injection (Lukacs et al., 2000; Shimizu et
al., 2005).

Large molecules are transported along
microtubule (MT) components of the cytoskeleton
towards the nucleus. MTs are long, hollow cylinders
made of tubulin that extend from the vicinity of the
plasma membrane to the MT organizing centre
(MTOC), a structure that is typically in close
proximity to the nucleus (Cavistonand and Holzbaur,
2006). Most MT transport towards the MTOC is
catalyzed by the molecular motor dynein, whereas
molecules may be moved away from the MTOC along
MTs by the motor kinesin.
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Non-viral vectors can be trafficked in MT-
dependent fashion, although the mechanism(s) are
poorly understood.The primary mode of transport
appears to be mediated by the natural endocytic
mechanism of the cell (Soldati and Schliwa, 2006).
Whilst still within endosomes, both liposome and PEI
vector/DNA  complexes appear to be rapidly
transported through the cell along MTs dependent on
the action of dynein (Hasegawa ef al, 2001; Suh et
al., 2003; Kulkarni et al., 2005). Although it has been
reported that the endosomal trafficking of PEI/DNA
complexes is directed towards the perinuclear region
(Suh et al, 2003), over a longer time course, the
movement appears to be a back-and-forth motion
about their starting positions (Kulkarni et al., 2005,
2006), most likely as a result of switching between
dyneinorkinesin directed transport (Kural et al,
2005); this ultimately ends when the complex exits the
endosome (Lakadamyali et al., 2003).

Naked plasmid DNA in the cytoplasm may be
trafficked along MTs through the action of adaptor
proteins that bind both the DNA and dynein (Vaughan
and Dean 2006). The identity of the adaptor proteins
and mechanism whereby DNA is linked to dynein is
unknown, as is whether this MT trafficking is specific
to certain DNA sequences. It is known that viruses use
specific protein sequences for interaction with dynein
to promotetransport to the nucleus (Dohner et al,
2005; Radtke et al., 2006). The attachment of dynein-
association sequences directly to non-viral vectors or
DNA can enhance cytoplasmic transport to the
perinuclear region.

In order to minimize residence time within the
cytosol and promote transport toward and into the
nucleus, researchers have recruited natural
endogenous cytosolic factors to facilitate the shuttling
of either polyplexes or DNA itself.

The nuclear envelope (NE) represents the final
barrier for the entry of DNA in order to permit
transcription of the therapeutic gene. Nuclear import
of pDNA may be more challenging for transfection of
non-dividing cells. Non-dividing cells showed a 90%
lower expression level compared to actively dividing
cells (Fasbender ef al., 1997). During cell division, the
NE is temporarily disassembled and DNA-vector
complexes can be sequestered within the daughter cell
nuclei (Vaughan and Dean, 2006).This is the basis of
the ease with which conventional non-viral vectors
transfect rapidly dividing immortalized cell lines, but
show only poor transfection rates in non-dividing cells
(Fasbender et al., 1997).

This double-membrane nuclear envelope is
interrupted by large protein structures called nuclear
pore complexes (NPC) which regulate transport
through nuclear envelope. Proteins less than 40 kDa in
MW or 9 nm in diameter or nucleic acids of up
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to[1300 bp,can passively diffuse through NPC
channels, but larger macromolecules cannot pass
through freely (Bastos ef al., 1995). Proteins greater in
size are trafficked into the nucleus in an ATP-
dependent process triggered by reorganization of short
peptide sequences known as the nuclear localization
sequence( NLS). The NLS is a major player that
shuttles protein—plasmid complexes through the
nuclear pore (Cartier and Reszka, 2002). Cytosolic
proteins destined for the nucleus contain NLS, that are
recognized by import proteins which direct their
subsequent transport into the nucleus.

Identification of the NLSs, such as SV40 from
the larger tumor antigen Simian virus 40 and M9 from
nuclear ribonucleoprotein, enabled design of first
generation of nuclear targeting non-viral vectors
(Cartier and Reszka, 2002). Over the past few years, a
wide range of potential NLS sequences,which may be
applied to delivery systems were identified (Jans et
al., 1998).

NLSs as a short, cationic peptide sequences, can
directly interact and condense DNA without the need
for a polycation condensing agent (Kichler et al,
2000) or can be attached to a polymer vector that is
subsequently complexed with its DNA cargo (Moffatt
et al., 2006; Talsma et al., 2006).

The ability of NLSs to enhance cytosolic
trafficking and nuclear uptake may be limited by the
size and type of DNA used (i.e., linear, plasmid), the
method of NLS incorporation (i.e., covalent
conjugation to DNA, electrostatic complexation with
DNA, or conjugation to a polymer vector), type of
NLS peptide employed, the number of NLSs
incorporated, and the type of polymer vector used
(e.g., liposomes, PEI) (Bergen et al., 2005). Covalent
conjugations may reduce transcription activity of
pDNA because of the chemical modifications. To
overcome such problem, a peptide nucleic acid (PNA)
has been proposed as a bi-functional linker to tether
NLS to pDNA. The SV40 NLS-PNA-pDNA tertiary
complex can mediated nuclear import of pDNA both
in vitro and in vivo without the influence on
transcription activity of the nucleic acid (Branden et
al., 2001., 1999).

Because of the potential immune response
associated with the use of an exogenous NLS,
numerous efforts were made to modify plasmid DNA
so that it can be recognized by cellular factors as a
nuclear import substrate. Modifications include
addition of specific DNA sequences recognized by
transcription factors (Bremner et al., 2004). A DNA
targeting sequence (DTS), which is able to associate
with cytoplasmic transcription factors that contain the
endogenous NLS, is attached to a DNA vector for
active nuclear import of DNA (Lam and Dean, 2010;
Miller and Dean, 2009). The DTS leads to the
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formation of a tertiary complex DNA-DTS-
transcription factor and nuclear import of pDNA.

The DNA dissociation from its vector is
important for efficient gene expression (Honore et al.,
2005; Schaffer et al., 2000).

It was found that the lipoplexes released The
DNA during endosomal release, thus deliveringonly
naked DNA to the cytosol which results in poor gene
expression compared with injection of naked DNA
(Sun et al., 2005). In contrast the DNA isreleased
from the polyplexes in the nucleus (Cheng et al,
2006).

The DNA-loaded nanoparticles coupled with
microtubule-directed  transport mechanism  was
reported to be disintegrated in nucleus (Li and Huang,
2006; Aris and Villaverde, 2004). So,the gene
expression can be enhanced if dissociation occurs
within the nucleus to minimize the residence time of
unprotected DNA within the cytosol (Pollard et al.,
2004). Several strategies have been developed to
effect the intracellular release of DNA, by
incorporating thermo responsive properties or
hydrolytically degradable or reducible linkages within
the polymeric vector.

The long term expression of exogenous genes is
achieved through transgenic insertion into the host
genome while transient short term expression results
from episomal transgene, as in most cases, where
DNA molecules stays in the nucleus without
integration into the host genome by incorporating a
transposon sequencewithin the delivery system either
on the same plasmid as the transgene or on a separate
plasmid with the transgenic plasmid, chromosomal
insertion may be induced resulting in longer transgene
expression (Belur et al., 2003; Hamlet et al., 2006;
Huang et al., 2006; Ohlfest et al., 2004; Keravala et
al., 2006). Several transposon systems for gene
therapy applications have been studied; the Sleeping
Beauty (SB) transposon (Belur et al., 2003; Huang et
al., 2006; Ohlfest et al., 2004; Keravala et al., 2006).
Tol2 (Hamlet et al., 2006) Piggybac (Ohlfest et al.,
2004) and Himar 1 (Keravala et al., 2006; Wu et al.,
2006)).

The wuse of transposon-mediated genome
integration may lead to random insertion into the host
genome which can result inunwanted side effects.
Sitespecific integration to the host genome have been
developed with the use ofintegrase enzymes derived

from bacteriophages (e.g., fC31 integrase) and
engineered hybrid systems composed of a
transposable element and a DNA sequence

recognition element (e.g. DNA binding domain).
These systems provide a certain degree of site
specificity through their ability to recognize and dock
the transgenic plasmid to a known genome locus after
which transgene insertion occurs. To regulate
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transcription of the transgene,efforts have been
focused on introducing transcription-regulating
promoters upstream of the therapeutic gene sequence
eg Mammalian and viral promoters and stimuli-
responsive promoter (Izsvak and Ivics, 2004; Al-
Dosari et al., 2000) .

Cationic polymers are efficient gene delivery
vectors in vitro conditions, but these carriers may fail
in vivo because they can not overcome the multiple
barriers to  successful gene transfer and
frequently,only low transfection efficiencies and poor
in vivo stabilities were achieved. As a consequence,
very few nonviral vectors have so far reached clinical
trials.

Cationic polymers can condense DNA efficiently
and are more stable (Zhang et al., 2004), while
cationic  lipid-based  liposomes  have  better
biocompatibility and are quite effective for the
delivery of DNA into the cytosol through endosomal
pathway but the entry of the DNA into the nucleus is
very inefficient (Hideyoshi et al., 2001). Polycation
liposomes i.e. a ternary complex of cationic
liposomes, cationic polymer and DNA; PCLs are the
second generation of non-viral gene delivery vectors
that can improve gene transfer compared to the first
generation of non-viral gene delivery vectors
represented by lipoplexes and polyplexes. They
combined the advantages of both cationic polymers
and cationic lipids and can be prepared by condensing
DNA with a polycation such as poly-L-lysine or
polyethylenimine and entrapping this polyplex within
anionic or neutral liposomes. This method of
packaging DNA would increase the DNA loading,
showed a lower cytotoxicity and a higher transfection
efficiency which are favorable for the in vivo
application of gene delivery systems (Chen et al.,
2007).

Garcia et al (2007) developed a lipopolyplexby
combining PEI and DOTAP/Chol liposomes
(lipopolyplex at three different lipid/DNA molar
ratios). They found that these vectors were highly
effective in protecting DNA from attack by DNAse I.
Transfection activity was maximal by using a
lipid/DNA molar ratio of 17/1. These complexes
showed high efficiency in gene delivery of DNA to
liver cancer cells.On the other hand, complexes
formed with linear PEI (22 kDa) were more effective
than lipopolyplexes containing branched PEI (800 or
25 kDa). Thesignificant advantages conferred by these
complexesinclude small particle size to improve
transfection efficiency in vivo, decreased cytotoxicity,
efficient transfection of livercancer cells in the
presence of 60% of serum, and stabilityof the
complexes which indicated that they are much more
efficient than conventional lipoplexes and polyplexes.
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Chen et al (2009) synthesized a polycation
liposomes (PCLs) from PEI (Mw = 800)-cholesterol
(PEI 800-Cho) and dioleoylphosphatidylethanolamine
(DOPE) was incorporated to increase the transfection
activity of PCLs.They reported that PEI 800-
Chol/DOPE liposomes significantly enhanced the
growth inhibition effects of antisense
oligodeoxynucleotides (ASODN) against tumor cells,
suggesting that it would be a promising vector for
ASODN delivery and improved antisense therapy.

In another Study, cationic liposomes.
(pDNA/PEI/DOTMA  lipopolyplexes)  containing
polyethylenimine (PEI) lipopolyplexes with N-[1-
(2,3-dioleyloxy)propyl]-N,N,N-trimethlylammonium
chloride (DOTMA) and pDNA with different charge
ratio of the complex to pDNA, was investigated for in
vitro and in vivo gene delivery. After intravenous
injection of the lipopolyplexes into mice, high-gene
expression in the liver, spleen, and lung was observed
Theselipopolyplexes showed little cytotoxicity. Thus,
theseresults confirm the usefulness of PEI
lipopolyplex with DOTMA and pDNAinvitroand in
vivo gene delivery (Matsumoto et al., 2008).

Alipopolyplexes containing N-lauroylsarcosine
(LS) as a hybrid vector for pulmonary gene delivery
via the systemic route.Lipopolyplexes were composed
of polyethylenimine (PED), N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethlylammonium
chloride (DOTMA), LS, and plasmid DNA (pDNA).
The addition of LS decreased the high zeta potential
and showed little aggregation with erythrocytes and
low cytotoxicity. After intravenous injection of the
complexes into mice, the lipopolyplexes showed
extremely high transgene efficiency in the lung. These
results suggest that lipopolyplexes containing LS are
safe and useful gene delivery vectors with lung
directivity (Kurosaki et al., 2009}.

Multicomponent nonviralvectors, incorporating
more than one type of carrier molecule, andmore
closely imitating viruses in their assembly and cell
targetingproperties, have been investigated and have
been shownto have enhanced transfection properties
(Demeneix et al., 2004; Miller, 2003; Kostarelos and
Miller, 2005). Several groupshave reported the use of
ternary  lipid-peptide-DNA  lipopolyplexvectors
incorporating receptor-targeting moieties (Hart et al.,
1998; Tagawa et al., 2002) by coatingthe surface of
these complexes with polymeric poly(ethyleneglycol)
(PEG) units prevents  aggregation, lowers
residualtoxicity, and prolongs the circulation time
(Lasic, and Needham, 1995; Allen, 1994; Wheeler et
al.,1999).

A pegylatedimmuno-lipopolyplexes (PILP) was
developed by combining PEI/DNA complexes,
anionic liposomes and strands of polyethylene glycol
(PEG) was incorporated on the surface of the
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lipopolyplexestopromote  stabilization  in  the
bloodstream. The tips of the PEGstrands are
conjugated with a targeting monoclonal antibody
(MAD). The pattern of gene expression in vivo is
determined by the receptor specificity of the targeting
MAD (Palmer et al., 2003).These complexes showed
high efficiency in gene delivery to liver cancer cells
with no significant cytotoxicity. The significant
advantages conferred by these complexes include (i)
small and stable particle sizes to improve transfection
efficiency, reproducibility of transfection efficacy,
decreased cytotoxicity, and efficient transfection of
liver cancer cells in vitro and in vivo. They concluded
that the PILP are promising gene delivery systems
which may be used to target the liver cancer.the
strategy for developing pegylatedimmuno-
lipopolyplexes is a combination of the strengths of
conventional polyplexes and liposomes, as well as
pegylation technology and monoclonal antibody
targeting technology, which results in a more stable
and efficient gene delivery system with minimal

cytoxicity (Zhang et al., 2003).
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Figure 8: Polycation liposomes.

Regardless of the great improvement of the
transfection efficiency for non-viral vectors, in most
cases, non-viral systems still can not reach the high
transfection efficiency as viral vectors, nor long-term
transfection. To optimize the transfection efficiency,
several other transfection methods, as 3D systems;
scaffold mediated gene delivery, were developed.
Scaffold mediated gene delivery enables localized and
sustained DNA deliveryandprovide a long-term
expressionin target sites, especially in those cases in
which the transgenic expression must be prolonged
and localized. DNA delivered from the scaffold is
principally taken up by the surrounding cells at the
implant site, therefore limiting unwanted exposure to
other cells (Yurong et al., 2010). The degradation rate
of the scaffold material can be designed so that the
required release rate is achieved (Jang et al., 2005;
Scherer et al., 2002). The entrapment of DNA into 3D
scaffolds protects the DNA against extracellular
denaturation or degradation by nucleases or proteases
(Holladay et al., 2009).

Different sizes (from the macro to the nano
scale) (Roy et al., 2003; Saul et al., 2007; Capan et al.,
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1999) and structures (films, pellets, sponges,
hydrogels and spheres) (Kang et al., 2008; Berry et
al., 2002)) for scaffolds used in gene delivery have
been developed and investigated depending on the
targeted clinical application. These variations allows
the scaffold to be uniquely designed for each required
purpose regarding degradation rate, pore size and
mechanical stiffness (Lei and Segura, 2009).

Two different polymeric materials are utilized;
natural  polymeric scaffoldsas; collagen and
hyaluronan and synthetic polymeric scaffoldsas;
poly(lactideco- glycolide) (PLG/PLGA) and poly(l-
lactic acid) (PLA).DNA can be incorporated in the
polymer either in the naked or condensed state
(O’Brien et al., 2005).The highest transgene
expression and the longest sustained release in vitro
and in vivo were exhibited by the scaffold with
encapsulated polyplexes (Chen and Mooney, 2003;
Hosseinkhani et al., 2008; Hosseinkhani et al., 2006).

The main principle in scaffold design is to mimic
the natural environment; therefore natural materials
are an obvious choice for scaffold fabricationto mimic
the natural environment. The advantages of these
materials over synthetic polymeric systems usually
include, good cellular adhesion,lower toxicity during
degradation and lower immune response on
implantation (Hosseinkhani et al., 2006). However
natural polymeric scaffolds have poor mechanical
properties and a fast degradation rate, so the natural
polymer can be crosslinked to improve their
properties (Pietrzak et al., 2008).

Collagen and atelocollagen; a denatured form of
collagen in which antigenic epitopes have been
removed, are the most widely used natural material.
Naked plasmid can be encapsulated by absorption
from an aqueous solution onto preformed collagen
sponges to form a ‘gene activated matrix’ (GAM)
capable of DNA delivery in vivo (Yu et al., 2006;
Fang et al., 1996). Attempts to improve GAMs
include the use of condensing agents to protect the
DNA encapsulated into collagen scaffolds. DNA has
been condensed with PLL or PEI, followed by
absorption onto collagen sponges, or condensed by
cross-linking PLL to collagen sponges and then
adsorbing DNA (Yurong et al, 2010). PLL
condensation increased DNA incorporation and
reduced the release rate of DNA from the scaffold
(Bonadio et al., 1999). Hybrid collagen—hyaluronic
acid hydrogels, and collagen—glycosylaminoglycan
scaffolds have demonstrated enhanced activity over
GAMSs (Ochiya et al., 1999; Ochiya et al., 2001).

Hyaluronic acid (HA) or hyaluronan which is a
major component of the extracellular matrix,is used as
a scaffolding biomaterial due to its low
immunogenicity,  biodegradability = and  good
viscoelasticity (Malafaya ef al., 2007; Yong-Hong et
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al., 2005). Collagen has been mixed with HA to alter
the scaffold characteristics (O’Brien et al., 2005).
Segura et al. have examined the HA-collagen
hydrogels for gene delivery applications and reported
that approximately 50% of polyplexes were released
from the scaffold after 48 h in conditioned media and
transfection only occurred in cells in direct contact
with the hydrogel. Spatial control of gene expression
could play an important role where directional
specificity is required (O’Brien et al., 2005).

In another gene delivery study, crosslinked-
collagen sponges were loaded with polyplexes and
tested in transfection studies, using ten different cell
types (Hosseinkhani et al., 2008). These scaffolds
were found to release 25% of the polyplexesby day 7.
High levels of gene expression were recorded
throughout a 3-week period which may be an
indication of the cells infiltrating the scaffold and
reaching the encapsulated polyplexes. This study
showed that the scaffold delivery method sustain
expression significantly longer than a non-scaffold
method and each gene delivery system must be
optimized for the specific target as some targets may
be easier to transfect than others (Kim B-S et al,
1998).

Synthetic materials have many advantages which
make them suitable candidates for gene delivery
scaffolds. They can be produced in bulk with a high
quality of batch reproducibility, can be fabricated with
specific  controlled mechanical and chemical
characteristics as degradation rates, mechanical
stiffness, strength and surface functional groups,
which can all be precisely designed for the scaffold
application. Synthetic polymeric scaffolds suffer from
some drawbacks as their lack of innate cell binding
sites, toxicity and immunogenicity in vivo (Silva et
al., 2004).

Poly(lactic-co-glycolic  acid) (PLGA); the
biodegradable synthetic copolymer is the most
investigated synthetic material used in gene delivery
scaffolds. PLGA films have been tested as polyplex
reservoirs (Chumakova et al., 2008). Approximately
10-30% of polyplexes were retained on the film after
incubation in the polyplex soak. These polyplexes
successfully transfected cells on the film and also
detached from the scaffold and transfected cells at the
bottom of the well, with no cytotoxicity effects in
vitro (De Rosa et al., 2003). Different types of PLGA
were tested, the use of a high molecular weight
hydrophobic PLGA increased the encapsulation
efficiency to approximately 46% and the release
profiles changed too. The macro, micro and nano
scale PLGA-based systems have been investigated in
vivo (Silva et al., 2004). Capan et al. 1999 have
reported on microspheres that had an approximate
30% encapsulation efficiency for the polyplexes. The
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microspheres were shown to protect the DNA in the
polyplex from enzymatic degradation in vitro (Capan
et al., 1999).

A final strategy for substrate mediated gene
delivery is attempting to incorporate a blend of natural
and synthetic polymers. There has been limited
research performed on this design principle in relation
to polyplex gene delivery. One example is
collagen/polyglycolide (collagen/PGA) scaffold (Lei
et al., 2009).

Many variables can affect the efficiency of DNA
incorporation in the scaffold. Increasing the polymer
MW or the use of polymers at high concentration
allows for longer retention of DNA in the scaffold,
and can increase the duration of release by affecting
the microsphere morphology through the creation of
more dense polymer networks or increasing particle
wall thickness (Luo et al., 1999; Tinsley-Brown et al.,
2000). Encapsulation of plasmid DNA in
macroporous polymer scaffolds may provide efficient
delivery and expression of the plasmid without
compromising DNA bioactivity (Wang et al., 1999).
This approach is based on the providing both a
sustained release of DNA and allowing cells to
migrate into the delivery vehicle which lead to
multiple opportunities for transfection and a high level
of expression for a controlled period of time. The
mechanism by which porous polymeric scaffolds
increase transfection efficiency may also relate to the
presentation of a large surface area from which to
deliver DNA to cells in vivo. By maintaining an
available pool of DNA on a surface, without allowing
for polyplex aggregation, transfection efficiency may
not only be increased, but may also be sustained for
longer periods of time (Jang and Shea, 2003).

The physical and mechanical properties of
scaffold materials can affect the ability of cells to
endocytose plasmid DNA and express the encoded
genes (Genes et al., 2004; Kong et al., 2005). The
effect of material stiffness on gene delivery has been
investigated by monitoring the transfection efficiency
of PEI-DNA polyplexes on cells adhered to hydrogels
with varying elastic modulus. Increasing stiffness led
to an increase in polyplex uptake, decondensation, and
delivery to the cell nucleus, which was accompanied
by an increase in cell proliferation (Tseng et al.,
1999). Proliferating cells are believed to be easier to
transfect due to the disruption of the nuclear
membrane that occurs during cell division and
enhancing cell proliferation may be broadly useful for
enhancing gene transfection (Escriou et al., 2001)

Localizing polyplexes at the cell surface has also
been shown to influence transfection efficiency. PEI-
DNA polyplexes can be complexed with silica
nanoparticles that concentrate polyplexes to the cell
surface, without increasing the concentration of DNA
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in the media, and the transfection efficiency was
significantly increased (Luo ef al., 2000).
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