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Abstract

Gene therapy holds promise for the treatment of many inherited and acquired diseases of the eye.
Successful ocular to targeted cells with minimal toxicity. A major gene therapy interventions
depend on challenge is to overcome both intracellular and extracellular barriers associated with
ocular gene delivery. Numerous viral and nonviral vectors were explored to improve transfection
efficiency. Among nonviral delivery systems, polymeric vectors have gained significant attention
in recent years owing to their nontoxic and non-immunogenic nature. Polyplexes or nanoparticles
can be prepared by interaction of cationic polymers with DNA, which facilitate cellular uptake,
endolysosomal escape and nuclear entry through active mechanisms. Chemical modification of
these polymers allows for the generation of flexible delivery vectors with desirable properties. In
this article several synthetic and natural polymeric systems utilized for ocular gene delivery are
discussed.

The eye is an immune-privileged organ and amenable to gene therapy. It is readily
accessible for therapeutic administration, along with measurement of therapeutic response.
Ocular gene therapy has potential for the treatment of many acquired and inherited diseases
of the eye. Successful gene therapy interventions depend on efficient gene transfer to
targeted cells to provide stable and prolonged gene expression with minimal toxicity. A
major challenge is to address both intracellular and extracellular barriers associated with
ocular gene delivery [1]. Over the last decade numerous viral and nonviral delivery systems
were introduced to improve gene transfer to various ocular tissues. Viral vectors such as
adenovirus, recombinant adeno-associated virus, lentivirus and retrovirus have been
evaluated in ocular cell lines and animal models [2,3]. Viral vectors improve cellular uptake,
intracellular trafficking and provide higher gene expression over a longer period.
Recombinant adeno-associated virus-based delivery of RPE65 cDNA to dogs by subretinal
injection restored retinal function and provided stable long-term gene expression for more
than 3 years. This result was further translated into clinical trials in humans [4-6]. However,
viral vectors generally suffer from safety issues such as muta-genesis and toxicity [7]. It
often requires repeated administration leading to immunogenicity and acute inflammatory
responses that depend on the type of viral vectors utilized for the treatment. In addition, the
process entails high production costs [7-10]. These limitations have prompted a need to
develop a nonviral delivery system that has high biosafety and low cytotoxicity. Nonviral
delivery approaches involve administration of naked DNA and other physicochemical
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methods to deliver nucleic acids to ocular tissues. Physical methods such as gene gun,
electroporation, iontophoresis, microinjections and ultrasound-mediated gene delivery can
be promising strategies for local gene transfer. However, the invasive nature of such
approaches reduces patient compliance for effective therapy [11]. For example, the gene gun
method requires bombardment of plasmid DNA (pDNA)-coated gold or tungsten particles
with high-voltage electric discharge for successful gene transfer, which can transiently
destabilize or damage local ocular tissues [12]. Approaches based on utilization of nonviral
vectors are comparatively less invasive and do not exhibit antigen-specific immune and
inflammatory responses after ocular administration [12]. Chemical methods mainly involve
the use of cationic lipids or polymers to prepare delivery vectors. These cationic carriers
condense DNA via electrostatic interactions to form lipoplexes or polyplexes. While the
transfection efficiency of cationic nonviral vectors is still low compared with viral vectors,
various modifications are possible to improve efficacy of these carriers.

In this article we have described various ocular barriers that hinder the gene transfer process.
Moreover, we have summarized the applications of polymeric vectors in ocular gene
delivery.

Barriers for ocular gene therapy

Nucleic acids are high molecular weight (MW), negatively charged hydrophilic molecules.
For topical gene delivery, precorneal tear clearance due to blinking and lacrimal drainage is
a major barrier [13]. The presence of extracellular endo-nucleases in the tear film can cleave
polynucleotides on the ocular surface [14]. In addition, systemic absorption of topically
applied drugs via conjunctival and nasal blood capillaries decreases the ocular
bioavailability of nucleic acids [15]. Various barriers present at the anterior and posterior
segments of the eye that restrict the entry of naked DNA or viral and nonviral vectors are
summarized in the following sections (Figures 1 & 2).

Barriers to corneal gene therapy

Since 1994, numerous studies have been conducted in several animal models to evaluate
corneal gene therapy for corneal graft rejection [16], anterior and stromal dystrophies [17],
corneal neovascularization [18], herpes simplex Keratitis [19] and corneal scarring [20].

The cornea is an avascular and transparent tissue that reflects light and protects the eye from
external pathogens. The adult human cornea is approximately 0.5-0.7 mm thick. The cornea
is a good target tissue to evaluate gene therapy potential owing to its easy accessibility,
immune-privileged nature and relatively simple histological structure [21]. Outcome of
corneal gene therapy can be easily monitored in live animals with fluorescent gene markers.
In addition, ex vivo nucleic acid delivery to the cornea offers several advantages as it can be
preserved for several weeks in an ex vivo culture [3]. However, several anatomical and
physiological barriers hinder the success of corneal gene therapy. The cornea primarily
consists of five layers: a stratified epithelium, Bowman’s membrane, thick collagenous
stroma, Descemet’s membrane and a monolayer of endothelium (Figure 2A). The outermost
corneal epithelium is composed of six to seven layers of stratified epithelial cells with tight
junctions between cells [22]. These tight junctions act as a barrier for the transport of polar
macromolecules through a paracellular route [23]. Kamata et al. failed to transfect the
cornea by administering an eye drop solution of an adenoviral vector expressing Escherichia
coli B-galactosidase (AxCALacZ) in the mouse model. The tight junction of epithelial and
Bowman’s membrane restricted the adenoviral invasion [24]. Permeation of drug molecules
via a paracellular pathway mainly depends on intercellular pore size. Small molecules can
diffuse readily relative to macromolecules. Physiological pH pores of corneal epithelium are
negatively charged, which influences permeation of both positively and negatively charged
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molecules [25]. Moreover, epithelial tight junctions restrict the delivery of genes into the
stroma. Various penetration-enhancing agents such as ethylenediaminetetraacetic acid
(EDTA), capable of opening the tight junctions, have been investigated for corneal epithelial
gene delivery [26]. An attempt to deliver genes to the stroma, using polymeric micelles
containing eye drops required pretreatment of the cornea with EDTA in mice and rabbit
models [27]. In addition, various nano-carriers such as nanoparticles and micelles have been
evaluated for corneal gene delivery [27,28].

The stroma is composed of extracellular matrix and keratocyes. It consists of 90% water and
mainly provides thickness to the cornea. The stroma does not hinder the transport of
hydrophilic small and large molecules. Gene delivery to the stroma has been achieved by
intrastromal injection. Sometimes electroporation and ultrasound alone or in combination
with injection is required for successful stromal gene delivery [29].

The corneal endothelium is the innermost monolayer and is approximately 5 um thick. It is a
leaky barrier positioned between the stroma and aqueous humor. Owing to its inaccessibility
from the ocular surface, gene delivery to the endothelium requires direct injection into the
anterior chamber. Numerous viral and nonviral vectors were investigated for corneal
endothelial gene delivery, but a successful noninvasive approach has not yet been reported
[30,31]. An adenovirus-mediated gene-transfer study by Kamata et al. suggested that
endothelium or Descemet’s membrane can restrict gene expression in the stroma and cornea
[24]. The investigators reported that gene expression was restricted to endothelial cells after
the injection of an adenoviral vector into the anterior chamber of a mouse eye.

Conjunctiva is a thin mucous membrane that covers the inner surface of the eyelids
(palpebral conjunctiva), anterior sclera (bulbar conjunctiva) and is folded at the fornix
(fornix conjunctiva). The conjunctival epithelium is two to three layers thick. It possesses a
20-times larger surface area with higher pore density and more paracellular space in
comparison to the cornea. Due to poor corneal permeation, large hydrophilic molecules such
as proteins, peptides and nucleic acids prefer a noncorneal route (via conjunctiva) to enter
intraocular tissues. However, apical surface of conjunctival epithelial cells restricts the entry
of macromolecules. In addition, bulbar conjunctiva prevents the entry of topically applied
drugs to the inner region of the eye via a noncorneal route. A highly vascularized layer
under the conjunctival epithelium, termed substantia propria, is mainly responsible for
systemic drug clearance [22,25].

Barriers to retinal gene therapy

Over the last decade, progress has been made on gene therapy of chronic posterior segment
diseases such as age-related macular degeneration, retinitis pigmentosa, cytomegalovirus
retinitis and proliferative vitreoretinopathy. Retinal diseases mainly affect the retinal
pigment epithelium (RPE), neural retina, photoreceptor cells and microvasculature of the
retina or choroid. Desirable levels of nucleic acids cannot be achieved in the retinal tissues
by topical application owing to permeation barriers described in the previous section. After
systemic administration a small fraction of the administered dose can reach the posterior
segment because of blood—ocular barriers. In addition, systemic administration requires very
high doses of polynucleotides, which may lead to several adverse effects in nontargeted
tissues [32]. Intravitreal and subretinal injections are necessary for retinal gene delivery as
they provide direct access of DNA or viral/nonviral vectors to the retinal tissues. However,
due to short intravitreal half-lives, repeated administration of DNA or siRNA is required to
maintain stable gene expression [33,34]. Repeated injections are associated with high risks
of endo-phthalmitis, retinal detachment and lens damage [25]. Subretinal injection of viral
vectors packaged with DNA has shown encouraging results in animal models [4,35], but this
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administration route is not always preferred owing to its invasive nature. Therefore, nonviral
vector-mediated gene delivery through intravitreal injection may be effective in producing
stable gene expression in retinal tissues. However, comprehensive understanding of various
posterior segment barriers is required for the development of nonviral vectors. The nature of
these barriers is discussed in the following sections.

Vitreous as a barrier

Vitreous is a transparent gel-like material composed of two major structural components:
collagen (300 pug/ml) and hyaluronan (65-400 ug/ml). 3D networks of collagen fibrils are
crosslinked with proteoglycan filaments containing negatively charged glycosaminoglycans
(GAGQG). The collagen interfibrillar space is filled with a dense network of negatively charged
hyaluronan, chondroitin and heparan sulfate proteoglycans [36]. This complex network may
immobilize nonviral vectors. In addition, negatively charged GAG and other proteoglycans
can bind to positively charged nanocarriers. Ex vivo studies performed by Pitkanen et al. and
Peeters et al. confirmed with cationic vectors that vitreous can act as a barrier for gene
delivery [37,38]. Pitkanen et al. reported the blockage of gene expression in the RPE cells
due to immobilization of cationic nanocarriers (polyplexes and cationic liposome) in the
proteoglycan matrix or interactions with the negatively charged GAG [37]. Peeters et al.
observed the aggregation of cationic lipoplexes in the vitreous due to a reduction in the zeta
potential of nanocarriers through interactions with GAG. These nanocarriers, upon
destabilization, become immobilized in vitreous gel that can obstruct intracellular trafficking
and/or cellular uptake [38]. Moreover, movement of naked DNA can be hindered by
vitreous structure [34]. Size and charge are the two major factors that limit the movement of
gene carriers in the vitreous. Apart from vitreous, extracellular GAG, which is present in
different parts of the retina, can also alter the trafficking of lipo- and polyplexes [39].

Blood-retinal barrier

The retina is comprised of two main layers: RPE and neural retina. The blood-retinal barrier
(BRB) is composed of retinal endothelial cells (inner-BRB) and RPE (outer-BRB). RPE is
the outermost monolayer of the retina between the neural retina and choroid, which
regulates the entry of solutes from choriocapillaris into the retina. Tight junctions encircle
each RPE cell and prevent the permeation of molecules from systemic circulation to the
retina as well as from vitreous into systemic circulation. Inner-BRB restricts the paracellular
transport of hydrophilic molecules and large proteins by forming intercellular tight
junctions. Neural retina is a soft multilayered tissue composed of different cell types.
Among these layers, the internal- and external-limiting membranes and the
interphotoreceptor matrix, rich in GAG, offer significant resistance. Studies performed by
Pitké&nen et al. suggested that the neural retina can also act as a barrier for transport of
cationic vectors to the RPE following intravitreal injection [39]. The investigators measured
ex vivo permeability of cationic polymeric carriers (polyethylenimine [PEI]-DNA and poly
L-lysine [PLL]-DNA complexes), liposomal carriers (1,2-dioleyl-3-trimethylammonium-
propane DNA complexes) and macromolecules (FITC-Dextran) of various molecular size
across the neural retina into the RPE cells in the bovine eye model. The results revealed that
the effect of positive charge is more pronounced than size of the molecule for regulating
permeation through the neural retina [39].

Blood—aqueous barrier

The blood—aqueous barrier (BAB) is an anterior segment barrier formed by endothelial cells
of the iris and nonpigmented cells of the ciliary epithelium. BAB regulates nonspecific entry
of foreign substances from blood circulation to the aqueous humor. However, the BAB is
less effective than the BRB, primarily due to the leaky nature of the ciliary epithelium.
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Polymeric vectors in ocular gene delivery

Synthetic and natural polymer-mediated gene delivery has gained attention in recent years.
Large-scale production and chemical modification of polymeric vectors is feasible.
Polymeric vectors are very effective where low therapeutic levels of nucleic acids are
required over a short duration. The choice of delivery vectors is often based on the disease
type, administration route and targeted tissue [40,41]. For effective gene delivery, polymer-
based vectors must fulfill various criteria while overcoming different ocular barriers.
Delivery vectors should provide optimum stability of the gene construct and deliver genetic
cargo to the targeted cells. In this regard, cationic polymers can easily interact with DNA to
form polyplexes or condense large-size DNA to form nanoparticles. These vectors avoid
DNA degradation by limiting exposure to various enzymes. Small-sized, positively charged
polymeric carriers facilitate cell binding, internalization, endolysosomal escape and nuclear
entry through active mechanisms [12,42]. Cellular uptake of various polymer—-DNA
complexes mainly occurs by phagocytosis, pinocytosis and adsorptive- or receptor-mediated
endocytosis. Surface modification of polymers with a targeting moiety can further enhance
receptor-mediated endocytosis and nuclear entry [43,44]. Commonly investigated polymers
for ocular gene delivery include PLL, chitosan, PEI, polylactide and polylactic-co-glycolic
acid. The chemical structures of these polymers are shown in Figure 3. Development of in
vivo delivery carriers that can overcome major ocular barriers and efficiently reach the
targeted tissue is always challenging. Various in vivo polymeric gene delivery carriers
evaluated in the last decade are summarized in Table 1.

Poly L-lysine

Poly L-lysine is one of the most widely studied polymers in gene delivery. It is a
biodegradable and biocompatible liner polymer with primary e-amino groups that remain
positively charged at physiological pH. PLL can interact and condense DNA to form
polymer—-DNA complexes called polyplexes [45]. PLL can condense with DNA to form
small particles with a charge balance that facilitates cellular entry. Moreover, PLL serves as
a nuclear import signal that facilitate the entry of pDNA into the nucleus and protects DNA
degradation in the nucleus [43,46]. Studies by Garcia-Valenzuela et al. reported transfection
of pDNA-carrying reporter genes to the retinal ganglionic cells [47]. This report compared
gene transfection efficiency of the plasmid solution and PLL-DNA complex after
administration at the intact axon terminal in the adult Wistar rat. PLL-DNA complexes were
condensed to form 20 nm compact structures, which demonstrated higher transfection levels
of extrinsic DNA for a longer duration compared with a plasmid solution [47].

Studies carried out by Mannisto et al. suggested that the gene transfer capacity of PLL-
DNA complexes depends upon various physicochemical properties of polymers, such as
MW and shape [48]. A linear PLL of high MW (20 kDa) can bind efficiently to DNA in
comparison to low MW PLL (2.9 kDa) and branched PLL G3 (third generation; 1 kDa).
Similarly, high-MW PLL-DNA complexes demonstrated higher in vitro transfection
efficiency into the RPE cells. The orientation of amines in branched PLL is less favorable
for DNA binding whereas linear PLL (20 kDa), with higher lysine residues in the structure,
provide flexibility for DNA condensation. In addition, investigators observed that both liner
PLL (20 kDa) and branched PLL (93.4 kDa) with a lower polymer:DNA charge ratio (+/-)
of 2:1 condensed to form spherical complexes of sizes ranging from 20 nm to 2 um in
diameter. Complexes of linear and branched PLL with a charge ratio of 2:1-4:1 showed
positive zeta-potentials, which indicate complete binding of positively charged amine groups
of PLL to the phosphate groups of DNA. However, due to poor condensation in the case of
PLL G3, pDNA was rendered at the surface that had provided a negative charge and formed
toroidal- and rod-shaped complexes [48]. It is clear from these observations that
physicochemical properties of PLL determine DNA binding efficiency. PLL has lower
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transfection efficiency than PEI because of poor endosomal escape and inadequate
dissociation of DNA from the PLA-DNA complexes [49-51]. PLL complexes show
aggregation and rapid binding with red blood cells and plasma proteins [52]. Cotransfection
of cationic PLL with endosomolytic agents can improve transfection efficacy. One approach
for increasing transfection efficiency and circulation time of PLL vectors is to conjugate or
coat them with polyethylene glycol (PEG). Several other approaches, such as introduction of
histidine residues in the backbone of PLL and conjugation of the targeting moiety, are
attempting to improve efficiency of these carriers [51,53].

Pegylation of PLL molecules enhanced stabilization of complexes and also raised in vitro
transfection efficiency in RPE cells [48]. PEG could sterically stabilize the carriers, which
results in smaller sized complexes with a narrow particle size distribution. Pegylation in
general does not change the DNA binding capacity of PLL; however, total amount of PEG
in the carrier can change DNA condensation [48]. Two probable mechanisms for enhanced
transfection efficiency of pegylated PLL are: an increase in endosomal leakage that results
in rapid release of DNA or PLL-DNA complexes from the endosomes; and an increase in
diffusion of complexes within the cytoplasm. Moreover, pegylation may enhance cellular
uptake by inducing fusion of nanocarriers with membrane phospholipids [54]. Farjo et al.
prepared neutral DNA nanoparticles of 25 nm in size with a PEG-conjugated 30mer lysine
peptide [55]. Trifluoroacetate and acetate were utilized to condense DNA through a counter-
ion effect. To evaluate cell-specific transfection efficiency, nanoparticles were administered
by intravitreal and subretinal injections to adult wild-type mice. Substantial expression of
encapsulated EGFP was observed in the lens, retina, sclera, choroid and RPE after
intravitreal injection. Fluorescence microscopic examination revealed the presence of EGFP
in the retinal ganglionic cells, cornea and trabecular meshwork. Trifluoroacetate—GFP
nanoparticles were transported to the inner plexiform layer, probably due to their ellipsoidal
shape. Subretinal injection of nanoparticles produced higher EGFP expression in the
photoreceptor cell population, retina, sclera, choroid, RPE and inner nuclear layer relative to
intravitreal injection. Injection of naked pDNA via both routes generated minimal
expression in ocular cells. PEG-lysine nanoparticles containing compacted DNA can safely
transfer genes in various ocular tissues without causing cellular infiltration or inflammation
[55]. Another study demonstrated the therapeutic application of PEG-lysine nano-particles
in the treatment of hereditary ocular disease [56]. All these findings suggest therapeutic
applications of PLL polymers and modified PLL nanoparticles in ocular gene therapy.

Chitosan is a natural polycationic polymer obtained by deacetylation of chitin. Several
reports summarized the unique properties of chitosan for ocular drug delivery [57,58]. Each
deacetylated subunit of chitosan backbone carries a primary amine group that is positively
charged in an acidic medium. In a neutral or alkaline medium, chitosan binds to DNA via
hydrophobic- and hydrogen-bonding interactions. Chitosan complexes can be designed to
deliver therapeutic macromolecules such as proteins, DNA and siRNA [59]. High-charge
density, biodegradability and relatively low cytotoxicity render chitosan a promising vector
for gene delivery [60]. Chitosan could enhance the penetration of molecules by modulating
the tight junctions of the corneal epithelial cells in a reversible manner. It was reported by
various researchers that chitosan alters the paracellular and transcellular pathway without
disrupting the cellular integrity [61,62]. However, poor solubility and inefficient endosomal
escape due to low buffering capacity can reduce its transfection efficiency relative to
dendrimers, PEI and other lipoidal carriers [63]. Chitosan can form a self-assembling
complex with DNA in the size range of 150-500 nm. The size of the complex depends on
the MW of polymer and the chitosan:DNA ratio [64].
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Transfection efficiency of a chitosan-based vector depends on various parameters such as
MW, degree of deacetylation (DD), pH of the transfection medium and stoichiometry of the
chitosan—-DNA complex [65-67]. Optimum combination of MW and DD in chitosan
regulates the gene transfer capacity of chitosan—-DNA nanoparticles [60,68]. In a particular
study, Huang et al. prepared chitosan-DNA nanoparticles with different MW of chitosan
(213, 98, 48, 17 and 10 kDa) and various DD (88, 61 and 46%) [60]. The investigators
obtained maximum DNA loading in nanoparticles at a chitosan:DNA ratio of 6:1,
irrespective of MW and DD. This study reported that chitosan with MW of 10 kD and 88%
DD, and MW of 213 kD and 46% DD showed poor capacity to condense DNA and
exhibited lower nanoparticles uptake by A549 cells. By contrast, highest condensation, cell
uptake and gene expression were observed with chitosan of MW 213 kD with 88% DD. The
report suggested that high-MW chitosan carrying a higher density of amino groups can form
more compact nanoparticles, which in turn result in a slower release of DNA from the
chitosan matrix [60].

Chitosan displays excellent physicochemical properties such as film-forming capacity and
mucoadhesive binding that are complimentary in topical drug delivery. However, chitosan
complexes have not been explored much for ocular gene delivery. One assumption is that
chitosan forms complexes with nucleic acids by simple electrostatic interaction that can be
overcome by other anionic ligands naturally present in the body, such as GAGs and heparin,
which can result in premature release of therapeutic genes [69]. Furthermore, direct injection
of chitosan in the ocular tissues can induce immune responses [70]. Chitosan nanoparticles
can partly overcome these shortcomings and can be explored for delivery of genes on the
ocular surface [71]. Chitosan nanoparticles can be advantageous for gene delivery as the
particle preparation method avoids use of organic solvent and sonication that prevents
decontamination of nucleic acids [72]. Gene transfer ability of these nanocarriers was
significantly improved by chemical modification of chitosan or addition of new material in
the composition of nanocarriers.

Fuente et al. proposed new nanocarriers comprised of chitosan and hyaluronic acid (HA) for
ocular gene therapy [28]. HA is a normal constituent of the ocular tissues and can be utilized
for the treatment of corneal diseases owing to its mucoadhesive nature [28,73]. In addition,
HA can target the CD44 receptors expressed on the ocular surfaces [74]. de la Fuente et al.
evaluated in vitro cellular uptake, cytotoxicity and transfection efficiency of model pDNA
encapsulated HA—chitosan nanoparticles in normal human conjunctival (IOBA-NHC) and
human corneal epithelial cell lines [75]. Cytotoxicity results revealed that cell viability was
inversely proportional to the concentration of HA in nanoparticles. Transfection efficiencies
of nanoparticles depended on the MW of chitosan used for nano-particle preparation.
Presence of an additional mucin layer on the surface of IOBA-NHC cell line acted as a
barrier for nanoparticle uptake that resulted in low transfection levels in comparison to the
human corneal epithelial cell-line [75].

Moreover, this study evaluated interactions and transfection efficiency of nanoparticles on
the cornea and conjunctiva after topical application to a rabbit eye [28]. The results
confirmed nanoparticle localization into corneal and conjunctival cells by confocal
microscopy. The investigators suggested that nanoparticles might have crossed the epithelia
by a transcellular pathway due to interaction of HA and chitosan with CD44 receptors on the
ocular surface. HA tend to degrade inside the cell by hyaluronidases and other enzymes
whereas chitosan remains stable for longer periods of time. Possibly due to this reason,
intracellular nanoparticle assimilation and gradual degradation was noticed. Moreover,
model plasmid-loaded HA—chitosan nanoparticles achieved transfection levels in the cornea
and the conjunctiva for up to 7 days [28].
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Polyethylenimine is a cationic polymer with high charge density. It exists in branched and
linear forms that are commonly synthesized utilizing an aziridine monomer. Synthesis of
branched polymer is performed by acid catalyzed polymerization of aziridine whereas linear
PEI is synthesized by either polymerization of aziridine at a lower temperature or by
hydrolysis of poly-(2-propyl-2-oxazoline) under acidic conditions [76]. PEI of different MW
contains primary, secondary and tertiary amino groups in a 1:2:1 ratio and possess a strong
buffering effect due to pH-dependent protonation of amino groups. A change in pH from 7
to 5 raises the protonation of amino groups from 20 to 45% [77]. PEI has been widely
explored by numerous investigators as a gene-delivery vector. The proton-sponge effect of
PEI is responsible for efficient gene transfer, which evades lysosomal degradation by
rupture of endosomal vesicle prior to fusion. This mechanism was confirmed with the
observation that the concentration of chloride ions increase in the polyplexes containing an
endocytotic vesicle, which leads to lysis of the endosome. Another investigation confirms
this hypothesis by utilizing an N-quaternized derivative of PEI that demonstrated twofold
lower transfection efficiency relative to PEI. The researchers attributed lower transfection
efficiency to reduced binding affinity of highly charged N-quaternized PEI with DNA in
comparison to PEI [78].

Transfection efficiency of branched PEI depends upon MW, charge density and degree of
branching [79,80]. In addition, experimental conditions also regulate the gene-transfer
process. High-MW branched PEI exhibited superior transfection efficiency in comparison to
lower MW derivatives. However, branched PEI suffers from the limitation of reduced cell
viability are therefore, low MW (5-48 kDa) branched PEI are preferred. Other factors, such
as N:P ratio and particle size, also influence gene delivery. A higher N:P ratio in general
improves cellular uptake due to the presence of more positively charged amino groups [81].
Linear PEI in the presence of salt forms large particles in the nanometer to micrometer
range. It was reported that transfection efficiency of linear PEI was higher in comparison to
branched PEI [82]. Urtti et al. evaluated the role of cell cycle on PEI- or PLL-mediated gene
transfer in human RPE cell line (D407) [49]. PEI and PLL exhibited different transfection
efficiency in synchronized cells. PEI is well known for its excellent buffering capacity
whereas PLL has poor buffering capacity in the endosomal pH range. Despite this fact the
investigators observed a less-pronounced difference in expression levels between PLL- and
PEI-mediated gene transfer at G1 phase in comparison to other phases of the cell cycle. It
was hypothesized that changes in cytoplasm or endocytotic vesicle may be responsible for
differential transfection. Polyplexes-mediated gene transfer was believed to be independent
of mitotic activity owing to its inherent nuclear uptake capability. However, these studies
suggest cell-cycle dependent uptake and transfection of PEI-DNA or PLL-DNA complexes
[49]. Successful retinal delivery of PEI-DNA complexes depends upon circumvention of the
vitreous and neural retina [37,39]. Most of the intravitreally administered cationic
polyplexes do not reach the RPE due to poor permeation through the vitreous and neural
retina. Positively charged PEI has limited mobility in the vitreous. It was reported that PEI
of 25 kDa complexed with DNA demonstrated significant decrease in cellular uptake by
RPE in the presence of neural retina [39]. These results suggest that the cationic charge of
PEI limits its delivery to RPE. However, the effect of PEI MW was not elucidated in these
studies.

Reinisalo et al. studied the freeze—dried complex of PEI-DNA for transfection of well-
differentiated retinoblastoma-derived WERI-RDb1 cell [83]. The researchers performed
reverse transfection with PEI of a MW of 25,000 (PEI-25) and 75,000 (PEI-75). It was
reported that the freeze—dried PEI-DNA complex retained biological activity even after
several months of storage and promoted cell adhesion. PEI of different MWs displayed
variable effects in the presence of PLL/laminin as a substrate. For example, PEI-75
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demonstrated enhanced transfection efficiency in the presence of substrate, although gene-
transfer capability of PEI-25 was reduced. This study reported higher transfection efficiency
with high MW PEI. However, earlier reverse transfection studies were performed with
surface-modified low-MW PEI. It was observed that air-dried complexes of DNA-PEI
exhibited low reporter activity after 1 day, in contrast to freeze—dried complexes. Authors
suggested that PEI could be utilized for the detection of weak promoters and for reverse
transfection of postmitotic retinal cells, which are difficult to transfect.

In another investigation by Santos et al., well-defined structures of ODN-PEI complexes in
the form of spheroid nanoparticles were examined for TGB-2 downregulation activity [84].
ODN-PEI complexes produced aggregation in water due to predominant electrostatic
interactions, whereas in HEPES buffer saline smaller size particles were observed. The
authors attributed higher transfection of ODN-PEI complexes prepared in HEPES buffer
saline to size and morphology of the complexes. In vitro uptake in rat muller glial cells
demonstrated 40% down-regulation of TGB-2 mMRNA and 47% reduction in protein
expression. It was suggested that dissociation of ODN-PEI complexes is important for
efficient gene transfection. Studies performed for 72 h demonstrated downregulation,
whereas at 24 h no gene expression was observed due to slower dissociation of ODN-PEI
complexes. Intravitreal injection of ODN-PEI complexes in rats showed gene transfection in
superficial and inner retinal layers [84]. These findings suggest the effects of preparation
medium on the size and morphology of ODN-PEI complexes, which ultimately determine
the transfection efficiency of the polymeric vectors [84].

A dehydrated complex of PEI with plasmid expressing basic FGF was evaluated in the
treatment of corneal angiogenesis. Researchers reported that corneal neovascularization was
dose dependent after application of dehydrated complexes of PEI in rats [85]. Earlier
investigation by Nguyen et al. demonstrated that transferrin-conjugated PEI were effective
for in vitro transfection of GFP in the corneal endothelial cells isolated from New Zealand
White rabbits. However, they did not observe similar GFP expression in the ex vivo culture
[86]. In another investigation, adult human retinal ganglion cells were successfully
transfected with GFP utilizing a DNA-PEI complex [87]. It was reported that a decade-old,
fully differentiated human retinal neuron can be easily transfected with PEI [87]. White et
al. performed PEI-mediated gene transfection in Y79 retinoblastoma cells utilizing an
adenofection technique [88]. In this method, PEI was utilized to couple pDNA with
adenovirus. Researchers reported that PEI-mediated adenofection promoted adherence of
cells and higher promoter activity in retinal cells relative to nonretinal cells [88]. Fatta et al.
evaluated the effect of PEI on oligonucleotide encapsulation inside the polymeric
microspheres [89]. They observed increased encapsulation efficiency from 67 to 83% upon
increasing N:P from 15 to 45. In addition, increased porosity of the microspheres was
observed. The burst release was lowered at an N:P ratio of 15. Investigators reported
enhanced nuclear localization of oligonucleotides following microencapsulation of the PEI
complex [89].

Polyglycolic acid, polylactic acid & copolymers poly(lactide-co-glycolide)

Synthetic polyesters such as polyglycolic acid (PGA), polylactic acid (PLA), and their
copolymers (poly(lactide-co-glycolide) [PLGA]) are widely explored for the delivery of
small molecules. These polymers exhibit bulk erosion. The degradation rate of these
polymers depends upon MW and lactide:glycolide ratio in the copolymer. Drug release rate
can be modulated by changing the degradation rate of polymeric carriers [90]. The
degradation products, lactic acid and glycolic acid, are eliminated from the body via the
Krebs cycle in the form of water and carbon dioxide [91]. Various in vitro [92,93] and in
vivo [94,95] studies demonstrated the biocompatible nature of PLA or PLGA nanocarriers in
ocular tissues. Nanoparticles prepared with low MW PLGA/PLA exhibited higher loading
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and better transfection efficiency of pDNA in comparison with high-MW PLGA/PLA [96].
Plasmid encapsulation mainly occurred through ionic interaction and depended upon the
surface charge of the polymeric carriers. In addition, in vitro release of nanoparticles showed
continuous delivery of pDNA for up to 2 weeks without any modification of the functional
activity of the plasmid [96]. Studies done by Panyam et al. suggested that PLGA
nanoparticles can rapidly escape from the endolysosomal compartment through the reversal
of surface charge in the acidic environment [97]. Bejjani et al. reported the internalization of
PLGA nanoparticles encapsulated with GFP plasmid or red nuclear fluorescent protein
plasmid into RPE cells after intravitreal injection in rats [98]. In vivo expression levels of
plasmid protein in RPE cells were higher than in vitro expression possibly due to the intense
phagocytosis and non-diving nature of the RPE cells. The expression of proteins were
detected on the fourth day after the single intravitreal injection and sustained for 14 days.
However, there are several drawbacks associated with the use of hydrophobic polymer-
based nanocarriers in gene delivery. As a result of the hydrophobic surface, PLGA-PLA
nano-particles are prone to serum protein binding. Entrapment of hydrophilic DNA into the
hydrophobic PLGA/PLA polymer is often difficult. Moreover, slower release of DNA from
the nano-particles does not provide therapeutic levels at the target sites [91,99].
Modification or conjugation of PLA or PLGA with PEG improved the efficacy of
nanocarriers. Potential use of PEG-PLA nano-particles for the gene delivery was suggested
by many investigators [91,100]. PEG conjugation can improve the hydrophilicity of PLA
nanoparticles that increases the affinity of polymer with DNA and results in higher nucleic
acids loading inside the particles. In addition, PEG may provide a favorable
microenvironment for the protein or gene molecules enabling long-term storage [91].
Conjugation of nuclear localization signal peptide on the surface of PLGA nanospheres was
also reported to enhance in vitro transfection efficiency [101]. Rafat et al. reported sustained
delivery of transactivator of transcription-enhanced green fluorescent fusion protein (Tat-
EGFP) to the photoreceptor layer of the retina for at least 2 months after single subretinal
injection of PEG-PLA microparticles to the rats [102]. Tat-EGFP-encapsulated
microparticles exhibited a typical biphasic in vitro release profile. Results from these studies
suggest that nanocarriers prepared from biodegradable polymers such as PLA or PLGA are
promising for the delivery of genes to various ocular tissues. However, so far, only a few
reports are available regarding the applications of polyester-based nanocarriers for ocular
gene therapy. Recently, Zhang et al. evaluated PLGA nanoparticles encapsulating sShRNA-
expressing pDNA to downregulate the expression of the HIF-1a gene in the posterior
segment of rat eyes in the treatment of choroidal neovascularization [103]. The investigators
reported that pshHIF-1a containing nanoparticles were able to silence the expression of
HIF-1a at the third day after single intravitreal injection. PLGA nanoparticles released
pDNA in a sustained manner and did not exhibit any toxic effect to the RPE cells and
photoreceptors.

In recent years, different non-ionic block copolymers have been explored for non-invasive
topical gene delivery formulating micellar eye drops. Micelle carriers composed of
poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide) (PEO-PPO-PEO) are
known for their stability against various enzymes and ability to avoid blood—serum
interaction. Liaw et al. evaluated PEO-PPO-PEO polymeric micelles for in vivo gene
transfer to mouse and rabbit eyes [26]. Micelles containing cytomegalovirus LacZ plasmid
were administered topically three times a day and after 2-3 days intense levels of -
galactosidase expression were detected in the conjunctiva, choroid sclera, iris and tendon of
the lateral rectus muscles, whereas low levels of expression were detected in other ocular
tissues such as cornea, anterior chamber, vitreous body and RPE. The presence of reporter
gene was detected for up to 5 days in the conjunctiva, sclera and iris. The polymeric
micelles were biocompatible with the ocular tissues, which did not exhibit any evidence of
cellular inflammation, toxicity and cytological disruption in the experimental eyes.
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Furthermore, in order to enhance transfection efficiency, ocular tissues were treated with
EDTA and cytochalasin B before the application of plasmid-containing micelles.
Pretreatment with EDTA and cytochalasin B enhanced the transfection levels in the
conjunctiva and sclera of the nude mouse and iris of the rabbit eye by opening the tight
junctions of the cornea and improving the paracellular transport of polymeric micelles [26].
In another study, PEO-PPO-PEO polymeric micelles in conjunction with cornea-specific
promoters (keratin 12 [K12] and keratocan [Kera3.2]) were evaluated for in vivo corneal and
stromal gene delivery in nude mice and rabbits [27]. The polymeric micelles were stable
against in vitro DNase | treatment. Lac Z expression was limited to the cornea after topical
administrations of pK12-Lac Z-containing polymeric micelles. Lac Z expression in stroma
was significantly enhanced in both animal species after administration of pKera3.2-Lac Z-
containing polymeric micelles after pretreatment of cornea with EDTA. Arginine—glycine—
aspartic acid (RGD) peptide is a known endocytotic inhibitor and pretreatment with RGD
peptide decreased the B-galactosidase activity, which suggested that internalization of
micelles may be regulated by endocytosis [27]. Other biodegradable block copolymers such
as PLGA-PEG-PLGA [104], PEG-PLGA-PEG [105] were also studied to improve gene
transfection in various other tissues [100,106]. However, their role in ocular gene delivery is
yet to be explored.

Future perspective

In the last decade, development of nonviral methods for ocular gene delivery has made
significant progress in animal models. Among nonviral approaches, polymeric vector-based
approaches hold enormous future potential. However, several issues such as efficient gene
transfer, reproducibility and stable gene expression need to be addressed before translation
of polymeric vectors into clinical therapy. Future studies are required for better
understanding of ocular barriers that regulate the transfection kinetics and intracellular
distribution of polyplexes. These findings will also assist in development of polymeric
vectors utilizing non-ionic and block copolymers. Furthermore, novel strategies involving
encapsulation of polyplexes could overcome the shortcoming of cellular toxicity associated
with the use of a high concentration of cationic polymers. In addition, issues regarding short
intravitreal half-life and transient gene expression could be addressed with
nanoencapsulation strategies. The design of new polymers with improved chemistry might
be helpful in enhancing gene transfer to the targeted site. Moreover, cell-targeting
approaches could avoid potential adverse effects. All these approaches are anticipated to
improve ocular gene therapy, and better understanding of the structure—activity relationship
of synthetic polymers with transfection efficiency will enable future translation of these
vectors to clinical trials.

Key Terms

Lipoplexes or Complexes of cationic lipid and cationic polymers with the DNA are

polyplexes called lipoplexes and polyplexes respectively. These complexes
facilitate the cellular entry of DNA molecule and protect it from
degradation

Transfection The effectiveness of non-viral delivery systems to transfer gene to the

efficiency eukaryote cell

Pegylation Covalent conjugation of polyethylene glycol (PEG) to a drug, protein

or polymeric carrier, which reduces the immunogenicity, increases
the circulation time and provide hydrophilicity to a hydrophobic
carrier or drug molecule
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EGFP A mutant of green fluorescent protein with relatively higher
brightness

N:P ratio Ratio of moles of amine groups of cationic polymers to the phosphate
groups of DNA, which influences the transfection efficiency and
cytotoxicity of polyplexes

Adenofection Complexation of adenovirus with plasmid DNA mediated by
polyethylenimine
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Executive summary
Barriers for ocular gene therapy

» Anatomical and physiological barriers present at anterior and posterior segments
of the eye restrict gene transfer to various ocular tissues.

»  Polymeric vectors such as polyplexes, nanoparticles and micelles were
successful to some extent in overcoming the ocular barriers.

Polymeric vectors in ocular gene delivery
»  Polymeric carriers are biocompatible, biodegradable and nonimmunogenic.

»  Polymers such as poly L-lysine, polyethylenimine, poly(lactide-co-glycolide)
and chitosan exhibit negligible cytotoxicity to the ocular tissues. Therefore, with
their repeated administration is possible to achieve sustained levels of gene
expression.

»  Cationic polymers by electrostatic interaction spontaneously form nanosized
complexes with nucleic acids, such a simple chemistry is suitable for
overcoming drawbacks associated with large-scale production of viral vectors.
Compacted DNA nanoparticles are effective in delivering genes to various
ocular tissues.

»  Although polymeric vectors have their own limitations, transfection capabilities
of these vectors are not comparable to viral vectors, chemical modifications
such as pegylation and conjugation of the targeting moiety are always possible
to enhance efficacy by delivering the nucleic acids to the targeted ocular cells
and tissues.
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Polymers utilized in ocular gene delivery.
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