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Rationally Designed Synthetic Vectors for Gene Delivery
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Abstract: Vector development is one of the most important challenges facing the successful use of genes for treatment of
diseases. Although chemically produced vectors offer distinct advantages over biological systems such as viruses, there
are still some hurdles that have to be overcome before synthetic gene delivery vectors can be successfully implemented.
This brief review discusses the biological barriers that limit current delivery strategies and reviews currently employed
strategies for plasmid delivery. Nanoparticle-based gene delivery is reviewed along with methods for their characteriza-
tion, physiochemical properties and toxicity. Finally a prospectus is provided for future development of an ideal synthetic

gene delivery vector.

GENE THERAPY

Gene therapy involves the use of exogenous DNA as the
therapeutic agent. Originally it was targeted towards treat-
ment of inheritable single-gene disorders caused due to an
absent or defective gene. However, applications of gene
therapy have expanded to include treatment of acquired and
infectious diseases and exogenously administered genes now
are used in a wide variety of applications including immu-
nomodulation, genetic vaccination and genetic pharmacol-

ogy [1-6].
THE GENE DELIVERY PROCESS

Central to the success of any gene therapy is the efficient
delivery of therapeutic genes to the target cell nucleus. In
order to achieve this, the DNA, after being introduced into
the body has to remain intact while it is carried by the circu-
latory system to the target tissue and the target cell (Fig. 1).

The complexity of delivering exogenous DNA becomes
apparent when we consider the properties of DNA. Plasmid
DNA (which is the workhorse in majority of gene therapy
protocols) is large in terms of both molecular weight and
size, the phosphodiester bond is a ready substrate for degra-
dation by nucleases (which are abundant both in serum and
inside the cell) and at physiological pH, it’s polyanionic na-
ture (due to the phosphate backbone) prevents any spontane-
ous interaction with the negatively charged cell membrane.
Thus, although delivery of naked (uncomplexed) DNA has
met with success under certain scenarios, the majority of
approaches favor the use of gene delivery agents or “vec-
tors”.

NEED FOR NANOPARTICULATE DNA CARRIERS

Based on the properties of DNA mentioned above, it ap-
pears that DNA delivery would be nearly impossible to ac-
complish. However, such a delivery system is already pre-
sent in nature. Indeed, the virus is Nature’s nanoparticle that
has an exceptional ability to deliver exogenous DNA into the
cell nucleus. A major effort in developing gene delivery sys-
tems has focused on the use of modified viruses. In this case,
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the virus has to be gutted and genetically manipulated such
that it cannot replicate, be infectious and does not elicit any
severe immunological response. Viruses used as gene deliv-
ery vectors include retroviruses, adeno-viruses, adeno-
associated viruses, herpes simplex virus, influenza virus and
hepatitis B virus [8-12]. Attempts at designing virus-based
vectors have been very successful considering the complex-
ity of the problem, thanks to the advances in molecular biol-
ogy. Viral constructs possessing high transduction efficien-
cies have been developed and utilized in clinical trials. How-
ever, even presently, there are concerns regarding toxicity.
These concerns have been highlighted recently by a couple
of unfortunate incidents during clinical trials with viral-
based vectors [13, 14]. The recent case of a young boy de-
veloping leukemia after being treated using a retroviral vec-
tor brings forth another concern, which is the possibility of
insertional mutagenesis. Thus, it appears that despite the
excellent transduction properties of viruses, toxicity prob-
lems still plague the field.

NON-VIRAL DNA CARRIERS

The experience with viruses has, of course, allowed us an
insight into the necessary characteristics of a gene delivery
system and has tremendously helped researchers who have
long tried to develop non-biological alternatives to the virus-
based approach. The research has resulted in a host of DNA
carriers (both natural and synthetic) that have been designed
to overcome one or several of the barriers mentioned above.
Most of these carriers formulate DNA into discrete particles
in the nano- to sub-micron size range. This size range is ideal
as it permits efficient uptake into the cell via the process of
endocytocis. Compaction of DNA also reduces its access to
nucleases, which means that the transgene has a better
chance of reaching the cell intact. In addition, many of the
carriers impart an excess positive charge on the surface of
the particles. This promotes interaction between the particles
and cell surface and thereby aids in cellular uptake.

The path from the cell surface to the nucleus is another
barrier to gene delivery. In most cases, cellular uptake of
nanoparticles is via the endocytotic process. In order to reach
the nucleus intact, the DNA nanoparticle has to escape from
the endosome into the cytoplasm, traverse across the cyto-
plasm before it can enter the nucleus. If the nanoparticles
cannot escape into the cytoplasm during the endosome stage,
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Fig. (1). Steps in the gene delivery process.

the DNA will eventually get degraded when the endosome
matures into the lysosome. Thus, escape from endosomes is
one of the major steps for gene delivery using non-biological
nanoparticles. Several different approaches have been used
to improve this step, ranging from using endosomolytic
agents such as chloroquine to using pH-sensitive lipids and
polymers [15-18].

A host of different nanoparticulate carriers have been
used for gene delivery. These include ceramic and metal
nanoparticles, liposomes, polymeric nanoparticles and den-
drimers. The types of application in which the nanoparticles
are used vary. In some cases, the DNA is coated on the
nanoparticle, in other cases, the DNA is entrapped inside the
nanoparticle and yet in other cases, the transfection agent
condenses DNA into a nanoparticle.

CHARACTERIZATION OF NANOPARTICLES FOR
GENE DELIVERY

Nanoparticles for gene delivery are routinely evaluated
on two levels: their physical characteristics (viz., size, sur-
face charge, interaction of carrier with DNA) and their bio-
logical characteristics (for example: toxicity, transfection
potential). Several different techniques including UV absorp-
tion, circular dichroism, isothermal titration, differential
scanning calorimetry and IR spectroscopy have been used to
characterize lipoplexes, polyplexes and secondary structure
of DNA in these complexes. Dynamic light scattering (DLS)
is the most popular method to estimate the mean hydrody-
namic radius of suspended particles and their polydispersity
index. DLS covers a size range from around 30 nanometers
to several um [19-21]. Light scattering methods are more
sensitive as they detect the 90°-scattering, which can be
measured either under steady-state conditions in a fluorime-

ter or dynamically in a designated instrument equipped with
a laser. The latter method, also called quasielastic light scat-
tering or photon correlation spectroscopy (PCS), analyzes
the intensity of the scattered light in the millisecond time
regime through autocorrelation analysis. The Brownian mo-
tion of the particles induces a broadening of the spectrum
that is related to their size and shape [22]. Particle size and
structure of nanoparticles is also commonly evaluated using
electron microscopy. Different methods of EM including
negative-stain EM (for simple particle distribution), freeze-
fracture (for studying membrane topology and geometry)
and cryo-EM (for three-dimensional geometry and DNA
load of vesicles) have been used to study both particle size
and structural characteristics of lipoplexes and polyplexes
[23-25]. Surface charge is conveniently measured using mi-
croelectrophoresis which provides the (-potential. For most
transfection applications, nanoparticles have positive (-
potentials. Extent of DNA condensation is usually evaluated
using agarose gel electophoresis. The free DNA migrates
freely through the gel toward the positive electrode; con-
densed DNA, on the other hand, does not migrate and stays
in the loading well. Dye exclusion is another method to de-
termine the condensing capacity of DNA carriers. DNA con-
densation occurs as the ratio of carrier to DNA increases.
When DNA gets condensed it excludes intercalating dyes
such as ethidium bromide resulting in a lower fluorescence
levels compared to uncomplexed DNA. Thus, as ratio of
carrier to DNA increases, the levels of fluorescence decrease

(Fig. 2).
APPROACHES TO GENE DELIVERY

Gene delivery has been attempted using mechanical/
physical approaches (such as particle bombardment, electro-
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poration and sonoporation) where the DNA-nanoparticle is
introduced directly into the cell either by force or by modu-
lating the permeability of the cell membrane. In the other
non-viral approaches (such as cationic lipid and polymeric
carriers), the nanoparticulate vectors enhance uptake of DNA
usually by promoting endocytocis. The different modes of
delivery can also be used in combination — for example the
particles drawn to the target cell using magnetic force and
the polymeric or lipidic carriers promoting endocytocis.
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Fig. (2). Methods to evaluate extent of DNA-polymer interaction.
A. Agarose gel electrophoresis of polyplexes using different poly-
ethylenimines [7]. B. Ethidium bromide exclusion assay with poly-
plexes using branched PEI 25 kDa.

Particle Bombardment or “Gene Gun” Approach

In this approach, DNA is coated on the surface of metal-
lic particles (most commonly, gold), which are propelled into
the cell using a ballistic device (gene gun). This technique,
first used for delivering genes into plants, is now very popu-
lar in genetic immunization protocols. In the original
method, gunpowder was used to accelerate the DNA-coated
tungsten particles through the plasma membrane; currently
acceleration is achieved by a high-voltage electric spark or
helium discharge. This approach is limited by accessibility to
the target site — the most common application has been gene
delivery to the skin [26]. Moreover, gene expression levels
using the gene gun approach are usually localized and tran-
sient, which limit their use for gene-replacement purposes
[27]. However, this approach has been found to be particu-
larly useful for DNA vaccination [28]. Strong immune re-
sponse has been obtained after epidermal delivery of as little
as 16 ng of DNA, which is 5000 times lower than that re-
quired with intramuscular or intradermal delivery [29]. The
particles are usually 1-1.5 pm in size; however, there have
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been successful DNA vaccination studies using DNA-coated
nanoparticles [30, 31]. Cationic nanoparticles (< 100 nm)
were prepared from oil-in-water (O/W) microemulsion pre-
cursors, comprised of emulsifying wax as the oil phase and
CTAB (cetyltrimethylammonium bromide) as the cationic
surfactant. DNA coated on these nanoparticles was used for
genetic immunization in mice resulting in significant en-
hancements in humoral, Th1l-type, and proliferative immune
responses over ‘naked’ pDNA after both topical and subcu-
taneous administration.

Lipid, Surfactant and Polymer-Based DNA Carriers

The largest group of gene delivery agents is those based
on carriers that condense DNA into nanoparticles and assist
in the endosomal uptake. These carriers are mostly cationic
and interact with the negatively charged phosphate backbone
of DNA. Currently, there are two main classes of chemistry-
based gene delivery agents, one based on the use of cationic
lipid or liposomes (lipofection) and the other based on the
use of cationic polymers (polyfection).

Liposomes and Cationic Lipid-Based Vectors

Liposomes were first proposed as a unique drug delivery
system in the late 1960's by A.D. Bangham. DOTMA (N-[1-
(2, 3-dioleyloxy) propyl]-N,N-trimethylammonium chloride)
(Fig. 4A) was the first synthetic cationic lipid to be used as a
gene delivery vector in 1987 by Felgner et al. [32, 33]. Since
then liposomes and cationic lipid/DNA complexes, also
known as cationic lipoplexes [34], have become a popular
technique in gene delivery.

Chemically cationic lipids are made up of a positively
charged head group linked to a hydrophobic tail via a linker
functional group (Fig. 3).
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Fig. (3). Structural organization of a cationic lipid DNA carrier.

Lipids for gene delivery may be classified on the basis of
their head, hydrophobic tails or linker functional groups (Ta-
bles 1-3). Head groups include quaternary ammonium salt
lipids, lipoamines (primary, secondary, tertiary amines),
combination of both and various other groups. Linkers are
usually ethers or esters, but amides, carbamates and disul-
fides have also been used. Tail groups usually consist of cho-
lesteryl groups or saturated or unsaturated alkyl chains (12 —
18 carbons in length) [35]. DC-Chol was the first cationic
lipid used for clinical trials. Extensive reviews have covered
the various published structures and the different aspects of
structure/activity relationships of cationic lipids [35, 54].
Lipoplexes have been reported to be very heterogeneous not
only in terms of their size and composition but also their
shape. Several techniques have been developed to character-
ize lipoplexes, such as X-ray diffraction and electron micros-
copy (EM). Huang et al. used freeze fracture EM and re-
ported that DNA/DC-Chol/DOPE complexes were com-
posed of tubular spaghetti like or a combination of spaghetti
like and multilamellar meatball-like structures [55]. Recent
X-ray diffraction analyses have revealed DNA and cationic
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Table 1. Classification of Lipids on the Basis of Cationic Head Group
Head Group Examples Ref.
cetyl trimethylammonium bromide (CTAB) [36]
Monovalent N-[1-(2,3-dioleyloxy) propyl]-N,N,N-tri-methylammoniumchloride (DOTMA) [33]
1,2-diacyl-3-trimethylammonium propane (DOTAP) [37]
Quaternary ammonium salts dioctadecylamidoglicylspermin (DOGS or *‘transfectam’”) [38]
DOSPA [39]
Polyvalent
DPPES [40]
(Cs)-Gly Sper®*‘and (C,g),Sper®* [41]
Aminoglycoside and aminoglycoside- Rk :
derived cationic lipids kanachol (3b-[6k-kanamycincarbamoyl] cholesterol) [42]
Pyridinium 1-(1,3-dimyristoyloxyprop-2-yl)-2,4,6-trimethylpyridinium [43, 44]
Table 2. Classification of Lipids on the Basis of Hydrophobic Tail
Hydrophobic Tail Examples Ref.
single-tailed CTAB, OLON, LHON and C14-CO [45, 46]
. . double-tailed DOTMA, DOGS and DOTAP [33,47]
Single/double tailed
Cholesteryl-3p-carboxyamidoethylenedimethylamine (DC-Chol) [48]
Cholesterol
cholesten-5-yloxy-N-(4-((1-imino-D-thiogalactosyl-ethyl)amino)butyl)formamide (Gal-C4-Chol) [49]

lipids to form very well-organized multi-lamellar structures
with DNA sandwiched between the lipid bilayers [56].

Table 3. Classification of Lipids on the Basis of Linker

Linker Functionality Examples Ref.

Esters DOTAP [47]

Ethers DOTMA [33]

Amides DOGS [38]

Glycosidic [50]
Oxyethylene [51,52]

Disulfide QS3, DOGSDSO [53]

The stepwise mechanism for lipoplex entry into a cell via
endocytosis followed by release due to destabilization of the
endosomal membrane was first proposed by Xu et al. [57].
The complexes are generally believed to interact with cells
through a non-specific charge interaction. A net positive
charge ensures efficient binding to negatively charged cell
surfaces. It has been proposed that due to the membranous
structure of lipoplexes the complexes can directly penetrate
the cell membrane through fusion with the membrane or
lipid mediated poration, but it was shown that there is no
correlation between the capability for fusion with the plasma
membrane and transfection efficiency. Endocytosis is be-
lieved to be the common mechanism of uptake of synthetic
cationic lipids by cells [58, 59]. The escape of DNA from the
endosome is thought to depend on the ability of some lipids
to form a fusogenic inverted hexagonal phase [60, 61]. It has
also been proposed that cationic lipids can destabilize lipid

bilayers by promoting the formation of nonbilayer structures
such as the inverted hexagonal (HII) phase [62-64]. An addi-
tional factor that may play an important part in the escape of
the DNA from the endosome is the increase in osmotic pres-
sure in the endosome.

We have shown disulfide linker containing lipids N’, N’,
N’—trimethylaminoethyl-1’-cholesteryl-3, 3’-dithiodipropion-
amide (QS3) (Fig. 4C) and 1,2-dioleoyl-sn-glycero-3-succi-
nyl-2-hydroxyethyl di-sulfide ornithine conjugate (DOGSD
SO) (Fig. 4D) to be more efficient than their non-disulfide
containing counterparts QN3 (N’, N’, N’-trimethylamino-
ethyl-8-cholesteryl-1-suberamide) (Fig. 4C) and DOGSHDO
(1,2-dioleyl-sn-glycero-3-succinyl-1,6- hexanediol ornithine
conjugate) (Fig. 4D). DOGSDSO was shown to be more effi-
cient than DOTAP/DOPE liposomes in three cell lines [65].

Modifications of the cationic lipid hydrophobic tail are
also not uncommon. Single tailed cationic lipids were re-
ported to have low transfection efficiency and high toxicity
[45]. We synthesized a single-tailed cationic lipid-oleoyl
ornithinate (OLON) (Fig. 4E). To decrease cytotoxicity, we
then introduced a potential biodegradable ester bond in the
tail of lipid yielding 6-lauroxyhexyl ornithinate (LHON)
(Fig. 4E). We demonstrated that the cytotoxicity of LHON
was lower than that of 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) (Fig. 4F) or OLON. OLON/DOPE had
more than 10 times the transgene expression than other
liposomes even though the DNA uptake was not necessarily
greater. A greater fraction of DNA was released from DNA/
OLON/DOPE complexes than that from DNA/DOTAP/
DOPE complexes by dextran sulfate and sodium dodecyl
sulfate.
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Fig. (4). Cationic lipids for gene delivery.
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Chemical structure of cationic lipids can greatly influ-
ence the transfection ability of lipoplexes. The transfection
potency of cationic lipids has been found to decrease with
increasing lipid saturation. This is considered to be due to
their enhanced ability to promote non bilayer structure in the
presence of negatively charged cellular phospholipids [66].
Cationic liposomes are often formulated with a helper lipid
e.g. cholesterol, unsaturated phophatidylethanolamines such
as dioleoylphosphatidylethanolamine (DOPE) [67]. The
helper lipids are known to stabilize the liposomal bilayer and
promote fusion. Inverted hexagonal phase can be induced by
the shape of the cationic detergent [68] or of the helper lipid
[69], or by the interaction of the lipoplex with anionic lipids
[66].

It has been observed that levels of gene expression and
the organs showing maximum levels of gene expression dif-
fer depending upon the lipid used. Gene expression in the
liver has been shown to increase significantly when DOTIM:
Cholesterol (1: 1 molar ratio) multilamellar vesicles are in-
jected intravenously. Liu et al showed that all of the internal
organs including lung, liver, spleen, heart and kidney ex-
pressed the transgene upon systemic administration of
1.25mg/kg plasmid DNA complexed with DOTMA-Tween
80 lipid formulation [70]. It was also demonstrated that gene
expression increased in all organs upon increasing the dose
of plasmid DNA from 1.25 mg/kg to 5mg/kg.

Formulation of Liposomes

Multi lamellar vesicles (MLV) are usually prepared by
dissolving the lipids (cationic and helper) in an organic sol-
vent such as chloroform followed by removal of the organic
solvent to yield a lipid layer which when hydrated under
agitation results in a heterogeneous suspension of MLVs.
These MLVs may then be sonicated to produce small
unilamellar vesicles (SUV, 30-60 nm), extruded through a
polycarbonate filter or homogenized to produce large
unilamellar vesicles (LUV, 80-400 nm) [71]. Alternatively
the lipids can be dissolved in ethanol or ether and injected
into an appropriate buffer to form a heterogeneous mixture
of MLV, SUV or LUV depending on the concentration of
lipid. These methods can readily incorporate hydrophobic
and amphiphilic drugs into the liposomes [72, 73]. For in-
corporation of water-soluble compounds liposomes can be
passively charged using reverse phase evaporation (REV),
dehydrated and rehydrated alternately, freeze-dried and re-
hydrated, or hydrated in the presence of a detergent which is
later removed by dialysis or gel filtration [74]. Liposomes
can also be actively loaded by varying the pH and ionic
strength of the system.

It is well known that the concentrations of lipid and
DNA, the ionic strength and temperature of the suspending
medium, the order of addition, and the rate of mixing affect
the resulting lipoplex size and homogeneity.

Since the lipid-DNA assembly is governed by multiva-
lent electrostatic interactions, macroscopic aggregation tends
to be kinetically controlled and irreversible, while thermody-
namic equilibrium can only be locally established at the mi-
croscopic level [75]. It is not surprising that different trans-
fection activities have been reported for any given liposome
composition, depending on the use of MLV, LUV or SUV.

Rao et al.

Formulation Parameters

Several factors can influence the transfection capability
of a nucleic acid/lipid complex. These include size and shape
of the complex, nature of lipids, presence of helper lipids,
targeting agents. Although the relationship between the size
and shape of the lipoplexes, their cell uptake potential and
the chemical structure of the condensation agents is not
clear, size of the transfection reagent /DNA complex has
been reported to influence receptor-mediated endocytosis
(RME), opsonization, circulatory half life, migration through
the endothelial cells, movement after injection into solid
tissues and nuclear entry mechanism [76, 77]. Diffusion
across the nuclear pore complex (diameter: 25-55nm) is a
possibility for particles smaller than 25nm. However, nuclear
entry of particles up to 39nm has been reported, which is
probably dependant on interactions with the nuclear pore
complex [78, 79]. Smaller nanoparticles are taken up by cells
more easily through RME, evade the immune system and
can be targeted to particular tissue types.

Size and shape of the complex can in turn be influenced
by several factors including the number of positive charges,
charge density, polyamine structure, electrostatic interac-
tions, ionic strength of the medium, number of positive
charges of the counterions and DNA-solvent interactions.
Diaminoalkanes with three and five methylene groups have
been reported to be more effective than diamines with two,
four, and six methylene groups [80].

Another school of thought is that the size the lipoplexes
is mainly dependent on the cationic lipid/DNA charge ratio
and not the composition of the lipid or the helper lipid [81].
Xu et al. showed that at neutral N/P ratio large aggregates
(>1 pm) are formed [81]. While at a positive N/P ratio, large
multilamellar vesicles (LMV) (300-700 nm) are more effi-
cient than the small unilamellar vesicles (SUV) (50-200 nm)
[82, 83]. The order in which DNA and lipid are mixed has
also been suggested to influence size of the transfection
complex [81, 84]. Addition of DNA to lipid results in slow
increase in lipoplex size. The opposite order of mixing
shows no change in the complex size until the N/P ratio be-
comes net positive, as a result of which the particle size in-
creases rapidly [84]. Multivalent anions present in the serum
or media can also facilitate fusion of the lipoplexes resulting
in an increase in the size of the lipoplexes.

Surfactants

Several methods have been proposed for the production
of small monodispersed transfection particles [85]. One such
approach for condensing plasmid DNA into a small size is
the use of cationic detergents with sulfhydryl groups, below
their critical micelle concentration (CMC). The higher water
solubility of detergents can result in fast DNA release, which
contributes to lower transfection activity. It has been sug-
gested that the surfactant-DNA complex be stabilized by
dimerization of free sulfhydryl group on the nucleic acid
backbone. This combines the advantages of cationic deter-
gents and lipids [86]. Disulfide groups also allow release of
DNA in the reducing environment inside the cell (Fig. 5A).
One such thiol detergent N-dodecyl-2-mercapto imidazole
(DMI) (Fig. 5B) was synthesized by our group [87]. This
detergent was shown to be able to form a disulfide bond
when oxidized and the presence of polyanions significantly
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Fig. (5). Surfactants for gene delivery. A. Schematic showing mechanism of action of cationic surfactants with reducible bonds. B. N-
dodecyl-2-mercapto imidazole (DMI); C. C14-CO; D. Electron microscopy of monodispersed, virus sized particles formed upon interaction

of DMI with pDNA. E. dodecyl 2-(1'-imidazolyl) propionate.

increased the rate of oxidation. The addition of a reducing
agent disrupted the disulfide bonds initially, but the disulfide
bonds were reformed after a short time period. The CMC
values for DMI was around 1 mM which is 10 times greater
than the CMC value of the ornithine-cysteine based surfac-
tants (C14-CO, Fig. 5C) reported by Behr et al. [88]. Elec-
tron microscopy shows formation of monodispersed, virus
sized particles upon interaction of DMI with plasmid DNA
(Fig. 5D). In addition to directly using surfactants for gene
delivery, we have synthesized and used a pH-sensitive sur-
factant dodecyl 2-(1'-imidazolyl) propionate (DIP) [89] (Fig.
5E) to facilitate AAV-mediated gene-transfer to neurons and
glia cells [90]. Addition of DIP increased maximum trans-
fection efficiencies in glial and neuronal cultures by 2-3-
fold.

Polymer-Mediated Gene Delivery

Various cationic polymers (natural and synthetic) have
been studied as potential DNA carriers (Fig. 6; Table 4).
Early studies were conducted using naturally occurring
polymers such as chitosan and proteins such as histones and
cationized human serum albumin [91]. Other polymers used
include polypeptides such as poly-L-lysine and poly-L-
ornithine, and polyamines such as polyethylenimine (PEI)
and starburst polyamidoamine (PAMAM) dendrimers [92-
96]. Both linear and branched forms of polymers have been
used. Several synthetic copolymers containing hydrophilic

segments (such as polyethylene glycol, PEG or dextran)
have also been evaluated [97-99].

Cationic polymers, like cationic lipids, interact with the
anionic phosphate backbone of DNA and condense the
plasmid into nano-scale particles [100, 101]. The majority of
cationic polymers are polyamines and the ratio of polymer to
DNA is commonly expressed in terms of the concentration
of amines from the polymer and the concentration of phos-
phates from DNA (the N/P ratio). The ratio of polymer to
DNA needed for complete condensation of DNA varies with
the polymer used and also with the molecular weight of the
polymer. In most cases, DNA is completely condensed at
N/P ratios of 2-3 forming polyplexes possessing slightly
negative or close to neutral zeta potentials. However, most
gene delivery protocols use higher N/P ratios (> 5) since that
seems to improve transfection efficiencies. DNA nanoparti-
cle formation and the size of the nanoparticles have also
been shown to be influenced by the structure of isovalent
polyamines [102, 103]. Cobalt hexamine [Co(NH3)63+] an
inorganic cation that is nonreactive to DNA bases condensed
DNA 5-fold more efficiently than  spermidine
[H2N(CH_)sNH(CH3)4sNH;] with the size of the condensates
generally smaller than that formed with spermidine [104].
Polyplexes formed at higher N/P ratios tend to be in the
range of 100 — 200 nm and possess an overall positive sur-
face charge (+ 20 — 40 mV). The excess positive charge on
polyplex surface promotes association with the negatively
charged cell membrane via electrostatic interaction with
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negatively charged heparin sulfate proteoglycan (HSPG)
residues on the cell surface [105-107]. Recently, a model
based on cell entry using syndecans, a class of transmem-
brane HSPGs, as receptors has been proposed. Binding of
polyethylene-based polyplexes to syndecans leads to cluster-
ing of syndecans into cholesterol-rich rafts, which in turn
triggers the internalization of polyplexes via the endocytotic
pathway [108]. HSPGs are ubiquitously expressed on adher-
ent cells — probably the reason for wide variety of cells that
can be transfected using polycations. However, this advan-
tage turns into a liability in vivo where polyplexes interact
non-specifically with anionic components (discussed further
below).
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Fig. (6). Cationic polymers for gene delivery. A. Chitosan; B. poly-
L-lysine; C. branched polyethyleneimine.

Some of the polymers such as polyamidoamine
(PAMAM) dendrimers and PEI possess a large buffering
capacity over a wide range of pH due to a large number of
secondary and tertiary nitrogens. The resulting “proton-
sponge effect” [93, 109, 110] aids in escape of the poly-
plexes from the endosomes to the cytoplasm — a step that is
considered to be one of the major barriers of gene delivery to
the nucleus. These polymers are only partially protonated at
physiological pH; even after binding to DNA, only 1 to 3
nitrogens in PEI are protonated [111]. In the acidic environ-
ment of endosomes, the ability of the polymer to capture
protons leads to osmotic swelling and endosomal disruption.
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Table4. Common Polymers Used in Gene Delivery
Type of polymer Ref.
Natural
Chitosan [91]
Polypeptide
Poly-L-lysine [142, 143]

Polyethylenimines

Branched PEI

Linear PEI

PEI-polyethylene glycol conjugate
Pluronic-cationic polymer conjugates| [119-121]

[93, 94, 96, 100, 122, 123, 144]

Dendrimers
Polyamino
Polyamidoamino

[94, 96, 144]

Polyethylenimine has been found to be a very effective
transfection agent both in vitro and in vivo. In our labora-
tory, we found that transfection efficiency of PEI varies with
cell type, molecular weight and structure of the polymer.
Linear PEI (25 kDa) was compared to branched PEI (25
kDa) and high molecular weight PEI (50-100 kDa). We
found that the branched form of PEI was more efficient at
condensing DNA and results in smaller particles (782 nm for
linear PEI vs 70 nm for branched PEI) at an N/P ratio of 8.
The transfection efficiency was dependant on cell type. Lin-
ear PEIl had the best transfection efficiency in bronchial
epithelial cells 1B3-1. In glial cells, branched PEI (25 kDa)
had higher transfection efficiency than linear PEI and PEI
50-100 kDa. In neuronal cells, the transfection efficiency
was in the order PEI 50-100 < branched PEI < linear PEI.
The higher molecular weight PEI showed high levels of tox-
icity when used at N/P ratios > 5 [7]. Linear PEI, however,
has been found to be an effective transfection agent in vivo.
PEI-mediated transfer of the nerve growth factor (NGF) gene
into rat brain protected septal cholinergic neurons in a rat
fimbria fornix lesion model. PEI transfection was predomi-
nantly in neurons as seen after GFP-gene transfer into the
septum [112].

BIOCOMPATIBILITY AND MODIFICATIONS TO
REDUCE TOXICITY

At the core of every new drug lies the all-important need
to balance its efficacy and safety. Non-viral vectors certainly
enjoy a higher degree of acceptance in terms of safety com-
pared to viral vectors. However, that is not to say that non-
viral vectors are without any toxicity. Toxicity can be attrib-
uted in some cases to the nature of the material used. Acute
toxicity of polycationic carriers is associated with their abil-
ity to nonspecifically bind to negatively charged cell mem-
brane and other biological materials. In addition, toxicity
associated with the lack of biodegradability is a major con-
cern with many synthetic polymer and lipid-based carriers —
a problem particularly when long-term fate of the carrier is
considered. Therefore more biocompatible DNA carriers,
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which can be easily degraded in vivo, would be advanta-
geous. Cationic lipids have been synthesized containing de-
gradable linkers (such as ester, amide and carbamate link-
ages) connecting the hydrophobic and hydrophilic regions in
order to lower toxicity. Although the introduction of the ester
bond can increase biodegradability, it may also decrease the
stability of liposomes in systemic circulation [113]. In our
laboratory, we have synthesized a disulfide linker-containing
cationic lipid (cholesteryl hemidithiodiglycolyl tris(amino-
ethyl) amine; CHDTAEA,; Fig. 4G) that takes advantage of
the high intracellular reductive environment [114]. This can
decrease the toxicity while not sacrificing the stability of
liposomes in aqueous media [114, 115]. Such lipids are se-
lectively stable outside cells, but once internalized can be
reduced by intracellular reductive substances such as glu-
tathione. The reduction of a disulfide linker will result in the
collapse of complexes and enhance the release of DNA from
DNA/liposomes complexes. This enhanced release of DNA
from DNA/liposome complexes is expected to increase
transgene expression. Compared to an analogue (cholesteryl
N-(dimethylaminoethyl) carbamate; DC-Chol) that did not
contain a disulfide linker CHDTAEA resulted in signifi-
cantly lower toxicity in CHO cells and also had more than 2
orders of magnitude higher gene expression compared to
DC-Chol [114].

Biodegradable polymers have also been synthesized us-
ing low molecular weight polymers bound together with bio-
degradable linkers such as ester and disulfide linkages. A
biodegradable ester analog of polylysine, poly[alpha-(4-
aminobutyl)-L-glycolic acid] (PAGA) resulted in lower tox-
icity compared to polylysine, but the ester bond made the
polymer unstable in solution and thus lead to only a 2-fold
increase in transfection efficiency [116]. Use of bioreversible
disulfide bonds instead, provides optimal stability of the
polymer while reducing in vivo toxicity. Biodegradable PEI
and oligolysine polymers have been synthesized containing
disulfide linkages [24, 117]. Several additional examples of
biodegradable polycation gene carriers can be found in the
literature, including for example block-copolymers with
noncationic, hydrophilic polymers. However, several of the
modified polymers show low transfection efficiencies. Re-
cently a biodegradable polymer of a branched network of
amino esters (n-PAE) with transfection efficiencies similar
to PEI 25 kDa but lower cytotoxicity was described [118].
The polymer was designed to possess a buffering capacity
similar to PEI — thus leading to the proton sponge effect in
the endosome. The network structure of the polymer is based
on polycondensation of TRIS molecules N-disubstituted with
methyl acrylate, and terminal amino groups were attached to
the polyester condensate in form of 6-amino hexanoic acid
esters. This structure provides multiple ternary and primary
amines for DNA binding and endosomal buffering. The net-
work structure is also important to control the rate of polyes-
ter degradation. n- PAE displays medium stability, while
linear amino-modified polyester appears to show too fast
hydrolysis rates. Polymers such as n-PAE fulfill the two
main requirements, efficient transfection and low toxicity,
and should be useful in the future. Cationic polymers have
also been used in conjuction with ampiphillic Pluronic®
copolymers, which consist of poly-ethylene oxide (PEO) and
poly-proplylene oxide (PPO) repeats. Conjugation of
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cationic polymers such as polyethylenimine or poly[2-
dimethylamino ethyl methacrylate]] (pDMAEMA) with
Pluronic® copolymers has been shown to improve transfec-
tion efficiencies and decreased toxicity [119-121].

Another approach to reducing toxicity of lipoplexes and
polyplexes is to shield the surface of the nanoparticles with
hydrophylic polymers such as polyethylene glycol (PEG).
This shielding neutralizes the surface charge and also re-
duces non-specific interactions of the nanoparticles with the
cell membrane and other positively charged macromolecules
in vivo. Several groups, including ours, have observed lower
toxicity with “PEGylated” polyplexes [122, 123]. Polyplexes
modified with PEG have reduced non-specific interactions
and improved circulation times in vivo. Under certain condi-
tions addition of a hydrophilic shielding agent could result in
lowered transfection efficiency. This problem can be over-
come by using targeting ligands incorporated into the DNA
nanoparticles.

Targeting of Nanoparticles

Targeting has always been a major part of developing
vectors for gene delivery. In general, it is better that the gene
uptake occurs only in cells that need it, especially so in case
of cancer gene therapy in which cytotoxic or pro-apoptotic
genes are introduced. Targeting can be achieved either pas-
sively through the Enhanced Permeation and Retention
(EPR) effect or actively by functionalizing the vector with
targeting ligand for a particular cellular receptor. In addition
to the above methods, there are other physical methods of
targeting such as magnetofection and photosensitive or heat-
sensitive carriers.

In many cases, the two or more approaches to targeting
can be used in sync. For example, when targeting a distant
tumor, the nanoparticle can preferentially concentrate in the
tumor due to EPR and the targeting ligands can confer a sec-
ond degree of specificity such that the particles are specifi-
cally taken up by cancer cells via a selective receptor and not
by the neighboring healthy cells. There are several examples
of targeted (both passive and active) gene delivery. This
concept was introduced earlier in liposomes and the so-
called “stealth liposomes” have been useful in increasing the
in vivo circulation half-lives of both small molecules and
macromolecules [124-130]. This concept has also been ap-
plied in conjunction with polymeric DNA carriers [131-133].
Shielding ligands can be introduced into the polyplexes at
various stages of polyplex formation. Modifying the cationic
polymer before condensation with DNA offers better control
over the degree of modification and also allows us to charac-
terize the modified polymer. However, pre-modification of
the polymer may interfere with the basic function of the
polymer leading to poor DNA condensation and reduced
transfection efficiencies [111, 134, 135]. Alternatively, PE-
Gylation can be performed subsequent to polyplex forma-
tion. Although this approach circumvents the problem of
interference with DNA condensation, it could be inconven-
ient for routine use [136, 137]. In many cases PEGylation is
used in conjunction with active targeting ligands. This
“shield and target” approach has been used successfully de-
liver DNA to specific sites such as the liver, brain, lung and
tumors.
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Nuclear localization signal
enhances nuclear uptake of
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into nanoparticles
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increases endosomal escape
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increases in vivo circulation
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DNA carrier bio-degradable and

increases DNA release inside the cell

Fig. (7). Artificial virus. The gene delivery vector with multiple functionalities to increase efficacy and improve safety.

THE IDEAL VECTOR

Several years of research have lead to enormous ad-
vances in the design of a gene delivery vector. Both viral and
non-viral constructs have been successful, but both these
systems also have their own disadvantages. In terms of clini-
cal application, the majority of clinical trials currently ap-
proved use viral vectors (http: //www.wiley.co.uk/gene-
therapy/clinical/). Cinical applicability of cationic lipid and
polymer-based nanoparticles is still limited by their low in
vivo transfection efficiencies compared to viral vectors. Tox-
icity at high doses is also a concern. Current research is thus
focused on developing gene delivery non-viral vectors with
optimum safety and efficacy. The gene delivery approach
and the vector(s) used will depend on the application. Com-
plex synthetic gene delivery vectors are now being designed
with each step of the delivery process in mind (Fig. 7).

Today’s DNA carrier is designed to accomplish more
than just condense DNA into nanoparticles [138]. In addition
to condensation, the nanoparticle is imparted with multiple
functionalities that address the various factors affecting the
gene delivery process. The carriers themselves are more bio-
friendly and less toxic. In addition, shielding agents increase
in vivo circulation times and lower toxicity related to non-
specific uptake of the nanoparticles. The shielding also per-
mits passive targeting of the nanoparticles. Active targeting
to a specific site has been attempted by incorporating or-
gan/cell-specific targeting ligands. Once inside the cell, in-
clusion of fusogenic peptides can improve endosomal trans-
fer. Alternatively, the complex can include the so-called cell-
penetrating peptides, which have been observed to facilitate
efficient transfer of macromolecules into the cell cytoplasm
[139, 140]. The endosomal escape step has already been ad-
dressed by including pH-sensitive lipids and polymers. The
nuclear transfer step can be addressed by including nuclear
localization signals in the DNA itself. Finally, an additional

layer of targeting can be achieved by using tissue/ cell-
specific gene promoters [141]. As we understand the gene
delivery process more clearly, so will we be able to improve
the design of DNA nanoparticles.
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