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kL chain gene in mature B cells [25]. NF-xB has recently
proved to be a ubiquitous factor associated with wound
healing through the factor’s ability to stimulate transcription

Figure 8. IKKB-siRNA inhibits the expression of /KKf on both the
mRNA and protein level. A: mRNA transcription of /KKf in HTFs
assessed by real-time RT-PCR 24 h after 5-100 nM IKKB-siRNA
was transfected. The normalized /KKf mRNA level of non-
transfected HTFs is taken as 1.0 (the asterisk indicates a p<0.05,
mean+SD, n=3). B: Protein levels of IKK} demonstrated by western
blot. C-N: Confocal laser scanning microscopy images shows the
intracellular distribution of NF-kB in HTFs. Green fluorescence
indicates the intracellular distribution of phosphated NF-«xB, and
blue fluorescence represents the DAPI counterstained cell nuclei.
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of various genes involved in the activation of inflammation
and cell proliferation [26,27]. Thus, we thought the NF-xB
pathway may be an essential factor in the regulation of the
proliferation of HTFs after glaucoma filtration surgery. NF-
«B is bonded with an inhibitor protein, IkB, which sequesters
NF-xB in an inactive form in the cytoplasm. A specific [xkB
kinase, IKK, is a protein complex that contains three subunits,
and studies indicate that IKKP is indispensable for the
activation of NF-kB [28]. IKK phosphorylates IxkB and
initiates the inhibitor’s conjugation to ubiquitin and
subsequent degradation by proteasomes. In turn, NF-kB is
activated through release from IkB and translocates into the
nuclei [29]. RNAi is commonly used as a powerful tool in
biological and biomedical research [30] and has been used
experimentally to prevent ocular neovascularization and
inflammation [31,32]. Researchers in our group have
successfully inhibited the proliferation of HTFs through
specifically downregulating the expression of /KKf using a
commercial transfection reagent, Lipofectamine™ 2000
(Invitrogen, Carlsbad, CA), as a siRNA-delivering vector.
However, this cationic liposome compound cannot be used
for in vivo investigation in humans [33].

Therefore, another objective of our study was to design
and synthesize new compounds that are non-toxic, non-
immunogenic, degradable, and efficient for delivering siRNA
into HTFs. Among non-viral nucleotide carriers currently
under investigation, PEI is one kind of synthetic polymer with
a high cationic charge density and a protonable amino group
in every third position. PEI can condense and compact DNA
into complexes, and the strong proton capacity of PEI allows
it to deliver plasmid DNA and oligonucleotides into
mammalian cells, both in vitro and in vivo [34]. However,
despite having effective delivery capacity, high molecular

Figure 9. The inhibition effect of blocking NF-kB pathway on the
proliferation of HTFs through RNAi. Data are presented as the
percentage of viable cells compared with the untreated (control) cells
(mean + SD, n=6). An asterisk indicates that p<0.05.
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weight PEI can not be degraded by body fluids and its high
cationic charge density also makes PEI toxic to cells [35].
Therefore, the current trend is toward using modified low
molecular weight PEI as a nucleotide delivery reagent, which
combines high biocompatibility and reduced cytotoxicity
[36,37]. PEG, a nonionic hydrophilic polyether, has been
widely investigated as a synthesizing graft copolymer with
PEI The nonionic PEG chains can serve as a hydrophilic shell,
which makes the new copolymer more soluble and stable, and
reduces its non-specific interaction with proteins in
physiologic fluids [38,39]. One drawback of these copolymers
for in vivo application is their lack of transfection efficiency.
Chitosan is the name given to a group of linear cationic
polymers of glucosamine and N-acetylglucosamine that are
derived from the natural biopolymer, chitin, by alkaline
deacetylation. Chitosan has been investigated as a food
additive or a wound dressing, and it has been recently
considered to be a good candidate for gene delivery because
of its reported biocompatibility and biodegradability and its
relatively non-toxic nature [40].

In light of these results, we speculated that a novel
cationic copolymer combined with PEI, PEG, and CS could
be synthesized as a vehicle for delivering siRNA into
mammalian cells effectively and safely. In our research, we
found that after the grafting reaction, characteristic absorption
of PET and mPEG appeared at 2.5—3.3 ppm and 3.5 ppm in the
"H NMR spectrum of the copolymer, respectively. CS proton
absorption signals (H-2, H-3, 4, 5, 6, 6°, 2.8—3.8 ppm) also
overlapped the PEI and mPEG proton signals (Figure 2). All
of'the data above prove that the designed CS-g-(PEI-6-mPEG)
copolymer was successfully obtained. The molecular weight
of CS-g-(PEI-b-mPEG) was 2.95x10%, which was relatively
larger than some reported PEI-a/t~-PEG copolymers [41] but
smaller than generally used PEI [37].

As indicated in previous reports, the size and shape of
nanoparticles play an important role in the delivery process
and greatly influence distribution in the body [42]. It has been
reported that the nano-size of particles is a key prerequisite
for cell uptake [43]. Similar to plasmid DNA and
oligonucleotides, siRNAs are taken up by cells through
endocytosis. Therefore, suitable particle size has an important
influence on the delivering capacity of a siRNA vector. We
investigated the diameter of the CS-g-(PEI-b-mPEG)/siRNA
complexes at five different N/P charge ratios and observed
that the complexes represented particles with nanometer size
(about 200 nm), which were much less than that of 25 kDa
PEI. Furthermore, particle size tended to decrease as the N/P
charge ratios of the CS-g-(PEI-b-mPEG)/siRNA complexes
increased, indicating that the CS-g-(PEI-b-mPEG) copolymer
can condense siRNA into a more compact structure, mainly
owing to the net electrostatic repulsive forces between
complexes.

The surface charge of the CS-g-(PEI-b-mPEG)/siRNA
complexes is also a major factor influencing transfection
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efficiency. After the compaction between cationic
copolymers and siRNA, the negative charge of siRNA is
neutralized and the newly assembled nanoparticles may retain
a partial positive surface charge to help siRNA pass through
the cell membrane and escape the endolysosomes. However,
the excessive positive charge of PEI homopolymers may
subsequently lead to hyperpermeability of the membrane,
resulting in cell death [44]. The density of the surface charge
is reflected by measured zeta potential values, and as we have
shown, an initial negative value of zeta potential (—2.4 mV)
was detected when the complexes formed at an N/P ratio of
1, which means that siRNA could not be completely
compacted under this condition. Then, the positive surface
charge of the complexes exhibited an increasing trend
corresponding to the rising N/P ratio, indicating that more and
more siRNAs were compacted with CS-g-(PEI-»-mPEG) and
the negative charge was neutralized. But the zeta potential of
the CS-g-(PEI-b-mPEG)/siRNA complexes at each N/P ratio
that we measured was still lower than that of the 25 kDa PEI/
siRNA complexes. The reason for this result is probably
consistent with the reason Petersen et al. [8] regarding
copolymer-based DNA complexes, which was that the
shielding effect of neutral components on the PEI part of the
copolymer produces a relatively low zeta potential.

Condensation ability is one requirement for a siRNA
carrier. An optimal binding degree between CS-g-(PEI-b-
mPEG) and siRNA can achieve more efficient delivering
capacity. If the complexes are formed efficiently, all siRNAs
are bound to the copolymers to form nanoparticles. Hence, the
complexes become relatively large and remain immobile in
the loading well with no bands of free siRNA apparent. We
observed that the migration of siRNA was retarded to different
degrees in accordance with the increasing N/P ratio. Complete
retardation occurs at an N/P ratio of 10, which means the CS-
g-(PEI-b-mPEG)/siRNA complexes are completely formed.
The complete complexes of 600 kDa PEI and siRNA cannot
be found even at an N/P ratio of 50 (data not shown), which
indicates that the condensation ability of CS-g-(PEI-b-mPEQG)
is better than low molecular weight PEI. It was also detected
that the band of siRNA at an N/P ratio of 20 demonstrated
much lower fluorescence intensity than that of the band at the
N/P ratio of 10. This decrease in fluorescence was also
observed by other experiments executed on DNA bands [8,
45]. The reason for this phenomenon is that the measured
fluorescence is attributed to the intercalated ethidium bromide
in siRNA. When the condensation degree between siRNA and
the cationic copolymer gradually increases, ethidium bromide
cannot intercalate with siRNA anymore. Therefore, the
fluorescence intensity of the bands decreases accordingly
[39].

The main hindrance to the use of RNAI as a therapeutic
tool for human diseases is that the unprotected dsSRNA or
siRNA will be rapidly degraded by either nucleases in serum
or the endosomal compartment of cells. The enzymatic
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degradation of siRNA is accompanied by a rapid decline in
biological activity and therapeutic efficiency. Therefore, the
potential of this technology as a clinical therapy method
depends largely on the improvement of siRNA vectors’
protection ability against enzymatic degradation. We found
that after incubation in 10% FBS for 24 h, 64% of siRNA was
protected from degradation at the N/P ratio of 20 whereas only
0.7% naked siRNA remained intact. We attributed these
results to two factors. First, PEG not only has the reported
ability to stabilize the structure of nanospheres, but PEG can
also protect siRNA from being attacked by nucleases [46,
47]. Second, it has been reported that chitosan can effectively
protect DNA from nuclease degradation [48]. The CS-g-(PEI-
b-mPEG) we have synthesized has both PEG and CS elements
and can provide efficient protection for siRNA against
enzymatic degradation.

Low toxicity is also a major requirement for an siRNA
delivery system. The cytotoxicity of cationic copolymers is
mainly caused by the aggregation of nanoparticles on the cell
membrane, impairing its normal function. In addition, the
excessive positive surface charge of nanoparticles may also
interfere with critical intracellular processes of cells [44]. It
has been shown that chitosan salts and chitosan derivatives
are less toxic than PEI [49]. However, no data have been
reported regarding the cytotoxic analysis of a synthetic
cationic copolymer on human Tenon’s capsule fibroblasts.
Therefore, we explored the influence of different
concentrations of CS-g-(PEI-b-mPEG) and 25 kDa PEI on the
cell viability of HTFs. CS-g-(PEI-b-mPEG) showed much
less cytotoxicity than 25 kDa PEI, which is consistent with
what had been obtained by Kim et al. [18] in tests of HeLa
and HepG2 cells. The cell viabilities of the HTFs decreased
drastically as the concentrations of 25 kDa PEI increased
whereas the pure CS-g-(PEI-b-mPEG) copolymer did not
exhibit significant cytotoxicity at any determined
concentration. We hypothesize that the relatively low
cytotoxicity of CS-g-(PEI-b-mPEG) could be explained from
two aspects. First, the copolymer can be degraded into CS,
PEG, and low molecular weight PEI units in cells, all of which
can be easily eliminated by excretion pathways, thus making
this copolymer relatively less toxic than 25 kDa PEI. Second,
PEG reduces toxicity by substituting the amino groups of PEI,
which are the main toxic moieties of the copolymer [50].
Furthermore, after compacting with siRNA, both the CS-g-
(PEI-b-mPEG)/siRNA and 25 kDa PEI/siRNA complexes
showed much lower cytotoxicity, which is due to the
neutralization effect of the negative charge of siRNA on the
positive charge of the pure polymers.

The transfection efficiency of the CS-g-(PEI-b-mPEG)/
siRNA complexes was assessed at various N/P ratios in HeLa
cells and HTFs. This is mainly because the N/P ratio is directly
related to the size, surface charge, compaction degree, and
serum-resistant capacity of the CS-g-(PEI-b-mPEG)/siRNA
complexes, all of which can affect delivery efficiency. At the
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N/P ratio of 20, CS-g-(PEI-b-mPEG) outperformed the
highest transfection rate in both HeLa cells and HTFs, which
can be explained by the appropriate particle size and surface
charge as well as the excellent stability of the CS-g-(PEI-b-
mPEG)/siRNA complexes. The transfection rate was a little
lower than that of 25 kDa PEI at the same N/P ratio partly
because of the shielding effect of mPEG on the positive charge
of PEI. We also found that both CS-g-(PEI-b-mPEG) and
25 kDa PEI showed a lower transfection rate in HTFs than in
HelLa cells, which may be attributed to a cell line dependency
of the cationic polymer’s delivery ability [51]. From our
results, we can conclude that PEI with low molecular weight
grafted onto CS avoids the cytotoxicity of high molecular
weight PEI. Meanwhile, mPEG improves the stability of CS-
g-(PEI-b-mPEG)/siRNA complexes, and as a result, the CS-
g-(PEI-b-mPEG)/siRNA nanoparticles can offer a substantial
gene silencing effect with minimal side effects. Moreover,
many factors governing the transfection efficiency of cationic
copolymers need to be investigated in future studies such as
the presence of serum and the pH value of solution [52], and
ligands will be conjugated to the copolymers to achieve
receptor-mediated endocytosis and potentially to target cells
or tissues.

A special siRNA targeting IKKf gene was successfully
compacted with CS-g-(PEI-b-mPEG) and effectively
delivered into HTFs. Subsequently, both the mRNA and
protein levels of IKKf were suppressed, and the activation of
NF-kB was inhibited in turn. Finally, IKKB-siRNA-mediated
blocking of the NF-«xB pathway resulted in repression of the
proliferation of HTFs, and cells transfected with IKKB-
siRNA showed growth inhibition up to 42%. All of these
findings suggest that blocking the signaling pathway of NF-
«B could be an effective way to manipulate the scar formation
process by downregulating the proliferation of HTFs. This
novel method based on nanotechnology and RNAi could
represent a remarkable anti-scarring therapeutic approach for
glaucoma filtration surgery. Follow-up studies will focus on
the in vivo application of CS-g-(PEI->-mPEG)/IKKB-siRNA
complexes.

We have reported on the synthesis and characterization
of a novel cationic copolymer, CS-g-(PEI-b-mPEG). We
found it to have powerful siRNA binding and protection
ability, relatively high transfection efficiency, and low
cytotoxicity, making CS-g-(PEI-b-mPEG) a suitable delivery
vector for transfecting siRNA into cells. We observed that
siRNA targeting IKKf was successfully transfected into
human Tenon’s capsule fibroblasts in vitro, and RNAi
processes against the expression of /KKf can subsequently
inhibit the activation of NF-kB and in turn, the proliferation
of HTFs. Our results indicate the potential for a safe and
effective strategy for preventing scar formation after
glaucoma filtration surgery.
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