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Suppression of VEGF by Reversible-PEGylated Histidylated

Polylysine in Cancer Therapy

Xiaojun Cai, Haiyan Zhu, Haiqing Dong, Yongyong Li,* Jiansheng Su, and Donglu Shi*

A reversible-PEGylated polylysine is designed and developed for efficient
delivery of siRNA. In this unique structure, the &-amino groups of disulfide
linked poly(ethylene glycol) (PEG) and polylysine (mPEG-SS-PLL) are partially
replaced by histidine groups, in order to develop the histidylated reversible-
PEGylated polylysine (mPEG-SS-PLH), for enhanced endosome escape ability.
The transfection efficacy of mPEG-SS-PLH is found to closely correlate with
histidine substitution. Its maximum transfection efficiencies are determined,
respectively, to be 75%, 42%, and 24%, against 293T, MCF-7, and PC-3 cells.
These data indicate that the transfection efficiencies can equal or even out-
weigh PEI-25k in the corresponding cells (80%, 38.5%, and 20%). The in vivo
circulation and biodistribution of the polyplexes are monitored by fluorescent
imaging. The in vivo gene transfection is carried out by intravenous injection
of pEGFP to BALB/c mice using the xenograft models. The in vivo experi-
mental results show effective inhibition of tumor growth by mPEG-SS-PLH/
siRNA-VEGF, indicating its high potential for clinical applications.

1. Introduction

Clinical success of cancer interventions relies on the develop-
ment of safe and efficient vehicles for gene transferring to
target tissues."” Among various gene vectors, the nonviral
vectors based on polycations have attracted great interests for
their straight forward production routes, structural adaptability,
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large gene-carrying capacity, and safety.>=!
A vast variety of polycations such as poly-
ethylenimine,®® dendrimers,1*12 and
polylysinel’*% have been explored as gene
vehicles with an appreciable success. How-
ever, gene therapy based on non-viral vector
remains great challenges especially in
delivering genes from a solution to the cell
nucleus. The obstacles for gene delivery
include extracellular (gene packaging,
serum stability, cell-specific targeting) and
intracellular barriers (endosome escape,
efficient unpacking, transport through the
cytoplasm and nuclear localization).[16-2%]
Hence, innovative approaches that address
these critical issues of nonviral vectors are
needed to offer viable therapeutic options
in the future.

Polylysine is a conventional non-viral
vector well known for its appreciable
gene loading capacity. However, it’s
lacking of stability and capability of endosome escape has
posted some limitations in the biomedical applications.?1-23!
Recently, we have developed a reversible PEGylated polylysine
that can efficiently pack gene and keep intact extracellularly
while triggering the poly(ethylene glycol) (PEG) detachment
according to the intracellular glutathione (GSH) level.24-26l
The key structural factor of this system relies on the disulfide
link between the two blocks of PEG and polylysine. The redox-
responsive property of the disulfide bond allows the selective
detachment of PEG, facilitating the intracellular release and
transfer of payload gene. The unique polylysine vector has been
found to enhance the serum stability and gene transfection
efficiency.

The present study aims at efficient delivery of siRNA-
VEGF by reversible PEGylated polylysine for in vitro and in
vivo cancer therapy. Small interfering RNA-vascular endothe-
lial growth factor (siRNA-VEGF) has been widely used to sup-
press VEGF expression for inhibition of tumor growth and
metastasis in cancer treatments.””-?’l The e-amino groups of
disulfide linked mPEG-SS-PLL are partially replaced by his-
tidyl residues in order to construct the histidylated reversible-
PEGylated polylysine (mPEG-SS-PLH) for enhancement of the
endosome escape ability.?*33 Lacking of amino groups, with a
pKa = 5-7 for PLL, can lead to reduced “proton sponge effect”
for endosomolysis and subsequent release of pDNA.[1>343] Pre-
vious reports have shown that incorporation of histidyl residues
into PLLP3 or PEG-PLLPY can increase transfection efficiency.
However, without reversible-PEGylation, these carriers were
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Scheme 1. Schematic illustration of reversible-PEGylated histidylated polyplex formation, subsequently intracellular dePEGylation, histidine-mediated

endosomal escape, and in vivo cancer therapy.

found to exhibit lower gene transfection efficiency due to
reduced cellular uptake.?*]

In this study, we report the synthesis and characterization of
the histidylated polylysine with reversible-PEGylated cap at one
end of polylysine. The basic design is the combination of PEG-
detachable polylysine (mPEG-SS-PLL) and histidylated polyly-
sine, as shown in Scheme 1. The system is tailored to the key
requirements of genetic delivery in vitro and
in vivo. The reversible PEGylation allows the
protection of the catiomer/pDNA complexes
and selective PEG detachment essential to

advantage of the modifiable primary amines of PLL. The length
of the mPEG-SS-PLL blocks was also optimized for high pack-
aging ability.

The synthesis route of the multifaceted catiomer is illus-
trated in Figure 1. Procedurally, mPEG-SS-PzLL52 is prepared
by ring-opening polymerization of e-benzyloxycarbonyl-i-
lysine N-carboxyanhydride (zLL-NCA) using mPEG-SS-NH,

""PEG\n/\)L /\/s\s/\/N{TI)\ 'l'sz

cell internalization.?*?5] The histidylated R o R \
polylysine exhibits a high buffering capacity R=\/\’N‘n’°\/© =8 e _b> mpEG_ss_p LLs,
favorable for endosome escape, which is a o] o
critical step towards cell nucleus. The unique o mPEG\n/\)L s N i,

. . PEG < NH AN g
structure of the catiomer enables efficient Y\)Lu/\’s s 1 s 52

. . . . o
gene transfection in siRNA-VEGF delivery MPEG-SS-NH, — MPEG-SS-PLLg,
in vivo.
(B) o (Boc)Hls(Boc)-OH
2. Results and Discussion mPEG\n/\)LN/\/S\S/\/N l’ 0
o B Water DMSO

2.1. Synthesis of Histidylated Redox-Sensitive mPEG-SS-PLLs, RT4h gg‘,\ Water/TFA
Catiomer mPEG-SS-PLH 2-propanol
The redox-sensitive catiomer mPEG-SS-
PLL was chosen as the scaffold catiomer mPEG\n/\/U\N/\/S\S/\,N ‘l’
with selectively detachable PEGylation. The 2
ultimate gene transfection efficiency by
mPEG-SS-PLL is, however, moderate due to mPEG-SS-PLH NH, N'\

limited buffering capacity of PLL. To maxi-
mize selective PEG detachment in siRNA-
VEGF delivery, the histidine groups, known

O

for high endosome escape ability, were incor-
porated into the scaffold catiomer mPEG-
SS-PLL. This was accomplished by taking
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Figure 1. Synthetic scheme of histidylated redox-sensitive catiomer mPEG-SS-PLH, a) zLL/
triphosgene = 2.4:1, mol/mol, THF, 50 °C, 4 h; b) zLL-NCA/mPEG-SS-NH; = 60:1, mol/mol,
DMF, RT, 3 d; ) mPEG-SS-PzLL52, TFA, HBr/HAc, 0 °C, 1 h. B) mPEG-SS-PLL52 is substituted
with &-benzyloxycarbonyl-L-histidine.
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Table 1. Molecular weight characteristics of the mPEG-SS-PLH copolymer.

Catiomer Substitution I\7ln(1H NMR) Mn(cpc) PDI (GPC)
degree of histidine
[%]
mPEG-SS-PLL52 0 8800 8600 1.064
mPEG-SS-PLH15 29 10 800 10 500 1.144
mPEG-SS-PLH30 58 12 900 12 400 1.099
mPEG-SS-PLH44 85 14 800 14 300 1.013

as initiator. After deprotection, the amino groups in mPEG-
SS-PLL52 are first neutralized with 10% p-toluence solfonic
acid in water, followed by a freeze-drying process to give the
p-toluenesulfonate salt of mPEG-SS-PLL, which is soluble
in DMSO. The histidylation is performed in the presence of
e-benzyloxycarbonyl-i-histidine, DIEA, and BOP in DMSO to
afford mPEG-SS-PLH with histidyl residues. Histidyl group is
functionally important in mediating vesicular escape, identified
as the “proton sponge” mechanism. The number of histidyl
residues on one mPEG-SS-PLL52 molecule is optimized by
varying the feed ratio of &-benzyloxycarbonyl-r-histidine to
mPEG-SS-PLL52, from 15:1 to 45:1.

Successful synthesis of mPEG-SS-PLL52 and histidylated
redox-sensitive catiomer mPEG-SS-PLH with different his-
tidine substitutions is demonstrated by 'H NMR spectrum
and gel permeation chromatographic (GPC) analysis, respec-
tively, as shown in Figure S1 (Supporting Information) and
Table 1 (Supporting Information). It is worth noting that this
novel vector exhibits negligible cytotoxicity in all tested cells
(Figure S2, Supporting Information), a characteristic favorable
for in vivo gene therapy.

2.2. Buffering Capacity

Optimal gene transfection requires transfer of the genetic pay-
load into the nucleus. Following cellular internalization, escape
from endosomal vesicles represents a major limitation for gene
delivery systems. The proton sponge effect has been reported
to be a key factor in swelling of the endocytic vesicles, escaping
into the cytosol, and therefore affecting the overall gene trans-
fection efficiency.3®37] Our previous works have shown lim-
ited buffering capacity of mPEG-SS-PLL, primarily for lacking
of secondary and tertiary amines,?* which greatly impede the
transgene expression. To overcome this critical barrier, revers-
ible-PEGylated histidylated polylysine was developed, with his-
tidyl residues in the structure acting as the proton sponges, in
order to enhance the release of payload gene into cytoplasm.
The buffering capacity of mPEG-SS-PLH was evaluated
using the conventional acid-base titration method. The results
from these titration experiments are summarized in Figure 2.
Consistent with previous findings,””) mPEG-SS-PLL52 exhibits
a limited buffering capacity attributable to its uniform compo-
sition of primary amines. However, after incorporation of his-
tidyl residues, a remarkable increase in buffering capacity of
mPEG-SS-PLH catiomer is observed, possibly associated with
the intrinsic proton sponge effect of imidazole heterocycle of
histidine in the endolysosomal acidic pH range of 4-6.138-40)

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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—@®— mPEG-SS-PLL52
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Figure 2. Buffering capacity of catiomers. Polymer solutions (200 mg L")
are adjusted to pH 10 using 0.1 m NaOH. Subsequently, aliquots of
0.1 m HCl are added, and solution pH is recorded. Representative plots
are shown for different histidylated redox-sensitive catiomer mPEG-SS-
PLH and bPEI-25k.

addition, the buffering capacity of mPEG-SS-PLH catiomers
has a slight increase with increasing histidine substitution.
These results indicate that histidylation can efficiently increase
the buffering capacity of mPEG-SS-PLL, facilitating genetic
payload release into cytoplasm.

2.3. DNA Binding Ability of mPEG-SS-PLH

Electrostatic interactions between negatively charged DNA and
positively charged polymers facilitate the formation of par-
tially or completely neutralized association polyplexes. As a
consequence, successful condensation of DNA with catiomers
results in retardation or complete loss of oriented migration of
DNA within an electric field. The results in Figure 3 show that
DNA migration is efficiently inhibited by the mPEG-SS-PLL52/
pDNA complexes at a weight ratio >0.5 (Panel A), indicating
effective DNA condensation. This finding is consistent with the
previous report that polycations with a high pKa value (>9.0),
such as PLL, form stable polyplexes even at the lower N/P ratio.
In contrast, polycations with lower pKa values generally have a
weak affinity to DNA, and polyplexes is easily dissociated under
the physiological conditions.*!l Histidine with a pKa (=6.0) is
not electrically charged at pH 7.4,*% leading to reduced DNA
condensation ability of histidylated polycations. As expected,
mPEG-SS-PLH exhibits a weaker DNA condensation ability
compared to mPEG-SS-PLL52. mPEG-SS-PLH15 (the number
in the compound notation represents substitution of histi-
dine) reaches complete condensation of pDNA at the weight
ratio >1 (Panel D). Furthermore, a notable decrease in DNA
binding ability was observed at higher histidine substitution
(Panels B,C). For example, mPEG-SS-PLH30 reaches complete
retardation of pDNA at a weight ratio 22, while that of PEG-
SS-PLH44 >4. Therefore, histidylation is accordingly optimized
by structural design, synthesis, and processing for buffering
capacity and DNA condensation.

Adv. Healthcare Mater. 2014, 3, 1818-1827
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Figure 3. DNA complexation with histidylated redox-sensitive catiomer
mPEG-SS-PLH. Agarose gel retardation is performed as outlined in the
Experimental Section using mixtures of A) mPEG-SS-PLL52; B) mPEG-
SS-PLH44; C) mPEG-SS-PLH30; and D) mPEG-SS-PLH15 with pDNA
prepared at weight ratios ranging from 0:1 to 4:1. Representative gels are
visualized at A =254 nm.

2.4. Complexes of pDNA with mPEG-SS-PLH Catiomers

The particle size and surface charge of catiomer/pDNA poly-
plexes are known to strongly influence cytotoxicity, cellular
uptake, intracellular trafficking, release of genetic payload,
and subsequent transfection efficiency.*3] The morphometric
analysis of mPEG-SS-PLH/pDNA complexes was performed
by transmission electron microscopy (TEM) and dynamic light
scattering (DLS).

Figure S3A (Supporting Information) insert shows TEM
images of the spherical aggregates with diameters of 60 +
10 nm. The dynamic hydration diameter of 180 nm is deter-
mined by DLS (Figure S3A, Supporting Information), which is
believed to be within the optimum size range associated with
efficient cellular uptake.*Yl The apparent discrepancy in size
characteristics between the two methods, namely TEM and
DLS, is due to evaporation of water required for TEM sample
preparation. In addition, the particle sizes of all catiomer/
PDNA complexes have a similar tendency with the increasing
weight ratios. As shown in Figure S3B (Supporting Informa-
tion), the particle size decreases with increasing weight ratios,

Adv. Healthcare Mater. 2014, 3, 1818-1827
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and the average particle size is less than 220 nm at the weight
ratio 22:1. In parallel, the zeta potential of these complexes
significantly increases from —30 to +20 mV when catiomer/
PDNA weight ratio is increased from 0.15:1 to 4:1 (Figure S3C,
Supporting Information). The dramatic shift in zeta potential
indicates gradual neutralization of negative charge of polymer-
associated pDNA. The neutralization appears at a weight ratio
of 2:1. These results are consistent with previous eletrophoretic
mobility data shown in Figure 3D. Further increase in catiomer
content leads to an excess of positively charged amine groups
on the surfaces of the polyplexes. Eventually, charge—charge
repulsion limits particle formation to a mean diameter less
than 220 nm and zeta potential of +20 mV. It should be noted
that throughout the entire weight ratio range tested, the mPEG-
SS-PLH/pDNA polyplexes always maintain a lower zeta poten-
tial compared to that of mPEG-SS-PLL52/pDNA, primarily
owing to the neutral histidyl residues at pH 7.4. In general, the
optimum particle size and zeta potential of catiomer/pDNA
complexes can facilitate the effective internalization into the
desired targeted cells.

2.5. Transfection Efficiency of mPEG-SS-PLH Polyplexes

In vitro transfection experiments were performed on 293T,
MCF-7, and PC-3 cells using EGFP as reported gene, and bPEI-
25k at its optimal weight ratio 1.3:1 as the control. The cati-
omer/pEGFP weight ratio in the range of 1:1 to 5:1 was used
for flow cytometry assay, which is higher than that at complete
DNA retardation. The weight ratios ranging from 1:1 to 7:1
were used for fluorescence intensity analysis.

The high densities of fluorescent cells visible under the
microscope after transfection in mPEG-SS-PLL52-, mPEG-
SS-PLH-, and PEI-based polyplexes demonstrate successful
delivery of pEGFP into the nucleus of 293T, MCF-7, and PC-3
cells (Figure S4, Supporting Information). However, the trans-
fection efficiency of these polyplexes varies among different cell
types. A higher transfection activity is observed in the 293T cell
line. Figure S4 (Supporting Information) also shows the key
role of histidine substitution in gene transfer ability of mPEG-
SS-PLL52 and mPEG-SS-PLL15. The latter was substituted with
15 histidyl residues, identified as mPEG-SS-PLH15. It exhibits
remarkable enhancement in transfection efficiency. However,
mPEG-SS-PLL52 substituted with 44 histidyl residues, identi-
fied as mPEG-SS-PLH44, experiences a significant reduction
in transfection efficiency. The possible reason is ascribed to
the increased histidine substitution for reduced DNA binding
ability and stability.

A similar tendency of EGFP-expression profiles is observed
in the flow cytometry results (Figure 4), where gene transfection
efficiency exhibits a cell-type dependence and a higher transfec-
tion activity is observed in the 293T cell line. For example, the
calculated transfection efficiencies of viable cells in MCF-7 and
PC-3 cells are between 22%-28% and 8%-17%, respectively,
for the mPEG-SS-PLL52-based polyplexes. In contrast, those
of viable cells in 293T are in the range of 40%-55% for the
same polyplexes. Furthermore, the gene expression increases
with increasing catiomer/pDNA weight ratio and gradu-
ally approaches saturation. It should be noted that the excess
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Figure 4. Transfection efficiency of histidylated redox-sensitive catiomer mPEG-SS-PLH-based/pDNA polyplexes. 293T, MCF-7, and PC-3 cells are incu-
bated for 4 h with mPEG-SS-PLL52/pEGFP, mPEG-PLH44/pEGFP, mPEG-SS-PLH30/pEGFP, and mPEG-SS-PLH15/pEGFP complexes at weight ratios
ranging from 1:1 to 5:1. PEI/pEGFP is used as control. Viable pEGFP-expressing cells are quantified after transfection for 44 h using flow cytometry
and normalized to viable control cells (B). Data are shown as mean £+ SD (n = 3).

cationic polymer limits pDNA release from the polyplexes, due
to increased stability of the associated polyplexes.[*’! A higher
zeta potential can also decrease the gene transfer ability due to
cytotoxicity or activation of some unknown deleterious cellular
response.

The flow cytometry experimental results indicate an impor-
tant relationship between histidine substitution and the gene
transfection profiles. The transfection activities of mPEG-SS-
PLL52 in 293T cells are 1.8- and 2.2-fold lower when substi-
tuted, respectively, with 30 histidyl and 44 histidyl residues. In
contrast, that of mPEG-SS-PLL52 in 293T cells is about 1.4-fold
higher when substituted with 15 histidyl residues. The highest
transfection efficiencies of mPEG-SS-PLH15 in 293T, MCE-7,
and PC-3 cells are 75%, 42%, and 24%, respectively. These are
even higher than those of bPEI-25k (38.5% and 20%) in MCF-7
and PC-3 cells. The redox-sensitive catiomer mPEG-SS-PLL,
with optimal histidine substitution, is therefore capable of
extremely high transfection efficacies in vitro.

EGFP expression was further quantified spectrofluorometri-
cally at an excitation wavelength of 488 nm and emission of
509 nm. As shown in Figure S5 (Supporting Information),
there is a similar trend that gene transfection experiences cell

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

type and weight ratio dependencies. The gene transfection pro-
files of mPEG-SS-PLL52 are found to be improved =1.3-fold in
all three cell lines when substituted with 15 histidyl residues.
Those are of =1.4- and =1.5-fold lower when substituted with
30 histidyl and 44 histidyl residues, respectively. Importantly,
mPEG-SS-PLH15 also exhibits the maximum gene expression
in all three cell lines, greater than that of bPEI-25k.

To achieve high stability of gene vectors in serum is a
major goal in the design of the reversible PEGylation, which is
essential to in vivo circulation.l**#’] In this study, the effects of
serum on the stability of the mPEG-SS-PLH/pDNA polyplexes
were assessed in the absence and presence of 10% serum.
As shown in Figure 5, the transfection activities of mPEG-
SS-PLL52, mPEG-SS-PLH44, mPEG-SS-PLH30, and mPEG-
SS-PLH15 are slightly affected by serum. This is possibly
due to the PEG-shielding effect and incorporation of histidyl
residues. However, the transfection efficiencies of bPEI-25k are
=~2.8-, =2.4-, and =2.3-fold lower in the presence of 10% serum
for 293T, MCEF-7, and PC-3 cell lines, respectively. Reduction in
transfection efficiency of bPEI-25k/pDNA polyplexes is likely
attributed to its instability in serum for their high surface
charges.[*8]

Adv. Healthcare Mater. 2014, 3, 1818-1827
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Figure 5. Effects of serum on transfection efficiency of histidylated redox-sensitive catiomer mPEG-SS-PLH-based/pDNA polyplexes. 293T, MCF-7, and
PC-3 cells are incubated for 4 h with mPEG-SS-PLL52/pEGFP, mPEG-PLH44/pEGFP, mPEG-SS-PLH30/pEGFP, and mPEG-SS-PLH15/pEGFP com-
plexes, each at its optimal weight ratio. PEI/pEGFP is used as control. Fluorescent intensity of GFP fluorophore in the cell lysate is measured using
spectrofluorometer, and the results are expressed in terms of arb unit/mg total cellular protein. Data are shown as mean + SD (n = 3).

2.6. Observation of Intracellular DNA Transport

To visualize intracellular DNA transport, aided by the histi-
dylated redox-sensitive catiomer mPEG-SS-PLH, Cy3-labeled
EGFP was prepared following a protocol published previ-
ously.® The fluorescently labeled EGFP is traceable under
biological conditions. Before observation by confocal laser
scanning microscopy, MCF-7 cells were first incubated for 4 h
with mPEG-SS-PLH and the PEI-based complexes fabricated
at each optimal catiomer/pDNA weight ratio. The cells were
counterstained with DAPI for cell nuclei and Lysotracker Green
for acidic organelles. Confocal images show that Cy3-labeled
pDNA signal (Figure 6, panel 1) can be detected in all cells after
4 h of treatment. In particular, co-localization of polyplexes in
endosome is observed in yellow from the overlap of green and
red images (Figure 6, Panel 4). As shown in Figure 6, Panel A4,
most of the nuclear fluorescent signal is mainly localized in the
perinuclear area, in contrast to the DPAIT signal in the nucleus.
The Cy3-labeled pDNA signal is observed from the nucleus
of MCF-7 cells for mPEG-SS-PLH44/pDNA and mPEG-SS-
PLH15/pDNA complexes (Figure 6, Panels B4,C4). These
results indicate efficient endosome escape of mPEG-SS-PLH-
based polyplexes due to histidyl residues, which is responsible
for the increased nuclear transport efficiency.

Adv. Healthcare Mater. 2014, 3, 1818-1827
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2.7. Biological Efficiency of mPEG-SS-PLH Polyplexes
in HeLa Cells

In vivo gene transfection and in vivo antitumor effect experi-
ments were conducted in tumor-bearing mice. In order to
determine the optimal weight ratio for in vivo experiments, the
fluorescence intensity analysis was performed in Hela cells
using pEGFP as the reporter gene in absence or presence of
10% FBS. As shown in Figure S6A (Supporting Information),
the high density of fluorescent cells visible under the micro-
scope, after transfection with mPEG-SS-PLH15/pEGFP poly-
plexes, indicates successful delivery of pEGFP into the nucleus
of Hela cells. More importantly, the presence of serum has a
negligible effect on the biological efficiency of mPEG-SS-PLH
vector. At its optimal weight ratio of 2:1, there is only 13%
reduction in fluorescent intensity, as shown in Figure S6B,
which is acceptable for in vivo gene delivery.

siRNA technology®! has been a powerful tool in treatment
of various gene-related diseases including infectious and can-
cers.[25951 Moreover, siRNA targeting VEGF can specifically
suppress VEGF expression in many different types of cancer
cells.l??=>5] However, an effective delivery system is essential to
a significant RNAI effect. In vitro transfection has shown that
mPEG-SS-PLH1S5 is capable of efficient delivery of pEGFP into
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results are consistent with the transfection
experiments.

The in vitro therapy, mediated by mPEG-
SS-PLH15/siRNA-VEGF and mPEG-SS-
PLL52/siRNA-VEGF, was investigated in
Hela cells by MTT assay. mPEG-SS-PLH15
and mPEG-SS-PLL52, with a concentra-
tion in the range from 4 to 60 pug mL7,
were used for comparison. As shown in
Figure 7II, no significant decrease of cell
viability is observed in cells treated with pure
mPEG-SS-PLH15 and mPEG-SS-PLL52. The
cell viability is found to be more than 90%
even at the highest vector concentration of
60 pg mL™. However, for cells treated with
mPEG-SS-PLL52/siRNA-VEGF and mPEG-
SS-PLH15/siRNA-VEGF, the cell viability
decreases gradually with the increasing
concentration of siRNA-VEGF. Only 26%
cell viability is detected for cells treated
with mPEG-SS-PLH15/siRNA-VEGF at the
highest siRNA-VEGF concentration of 30 pg
mL~L. These results suggest the key role of
siRNA-VEGEF in the treatment of Hela cells,
and its significant inhibition effects on the
proliferation of Hela cells.

Merged

Figure 6. Confocal microscopy images of intracellular trafficking of histidylated redox-sensitive
catiomer mPEG-SS-PLH-based polyplexes. MCF-7 cells are incubated for 4 h with mPEG-SS-

PLL52/pEGFP (Panel A), mPEG-SS-PLH44/pEGFP (Panel B), and mPEG-SS-PLH15/pEGFP
(Panel C) polyplexes fabricated at each optimum weight ratio. PEI/pEGFP (1.3:1, w/w) is used

as control (D).

the nucleus of 293T, MCF-7, and PC-3 cells. This type of vector
was utilized in this study to deliver siRNA-VEGF for in vitro
and in vivo cancer therapy.

The VEGF expression inhibition activity of mPEG-SS-
PLH15/siRNA-VEGF complexes was characterized by using
western blot assay. As shown in Figure 71, VEGF expression is
distinctly suppressed in the mPEG-SS-PLH15 group. For the
mPEG-SS-PLL52 group, the inhibition effect is also detected,
but not as pronounced as in the mPEG-SS-PLH15 group. These

0

VEGF

Actin

A: control

B: mPEG-SS-PLH15/siRNA (negative control)
C: mPEG-SS-PLH15/siRNA

D: mPEG-SS-PLL52/siRNA

Cell Viability (%)

2.8. Biodistribution of mPEG-SS-PLH15
in Tumor-Bearing Mice

Biodistribution of mPEG-SS-PLH15 in tumor-bearing mice is
shown in Figure 8. The time dependence shows rapid transport
of catiomer in the tumor-bearing mice after intravenous injec-
tion without obvious aggregation in the localized regions. Shortly
after injection, the catiomer is found in main tissues including
the tumor. These observations indicate the biological stability
of the catiomer. Liver, spleen, and kidney are also the primary
organs in which strong fluorescence signals are detected in vivo
after tail-vein injection of BODIPY-labeled mPEG-SS-PLH15.

(“) [ mPEG-SS-PLL52
120 [ mPEG-SS-PLL52/siRNA
I mPEG-SS-PLH15
I mPEG-SS-PLH15/siRNA

0 2 4 10 20 30
siRNA-VEGF Concentration pg/mL

Figure 7. Western blot analysis (1) in HeLa cells by control (A), mPEG-SS-PLH15/scrambled siRNA (negative control) (B), mPEG-SS-PLH15/siRNA—

VEGF (C), and mPEG-SS-PLL52/siRNA-VEGF (D).

Cell viabilities after transfected by mPEG-SS-PLL52, mPEG-SS-PLL52/siRNA-VEGF, mPEG-SS-

PLH15, and mPEG-SS-PLH15/siRNA-VEGF in HeLa cells for 48 h (1l). Data are shown as mean £ SD (n =5).
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Figure 8. In vivo distribution in mice with subcutaneous xenograft at A) 30 min, B) 1 h, C) 2 h, and D) 3 h after intravenous injection of 200 yg BODIPY-
labeled mMPEG-SS-PLH15. The image of isolated organs at 3 h with E) BODIPY-labeled mPEG-SS-PLH15. Li, Sp, Ki, Lu, and Tu indicate liver, spleen,
kidney, lung, and tumor, respectively. The fluorescence signal intensity is measured for excised organs (F) and in vivo tumor (G). The excitation and
emission wavelengths of BODIPY dye are 650/665 nm, respectively.

2.9. In Vivo Gene Expression in Tumor-Bearing Mice The tumor suppression effect is found to be highly
dependent on the vector/DNA formulations.’® As shown in
Seven days after intravenous administration of polyplexes,  Figure 10I, upon intravenous administration, at the maximum
GFP expression in sections of important organs and xenograft  experimental period, different xenograft tumor sizes are
is observed as shown in Figure 9. GFP expression is found in  found as follows: 287 mm? in the PBS group, 178 mm? in the
liver, spleen, kidney, lung, and tumor of the mice, treated with  mPEG-SS-PLL52/siRNA-VEGF group, and 102 mm? in the
the mPEG-SS-PLH15 vector. The fluores-
cence intensities in liver, spleen, and kidney Liver Spleen Kidney Lung Tumor

are found to be much stronger than those in (1) (E1)
other organs. This behavior is possibly asso-
ciated with the reticuloendothelial system
(RES) or mononuclear phagocyte system
(MPS). Relatively high fluorescence intensity
is also observed in tumor.
(B2) ) ()]
The therapeutic efficacy of mPEG-SS-PLH15/ . . .

2.10. In Vivo Antitumor Effect
siRNA-VEGF and mPEG-SS-PLL52/siRNA-

c3
VEGF was further evaluated by monitoring Vg
tumor growth in an animal model via intra-
venous and intratumoral injection. A dose of
20 pg of siRNA-VEGF was intravenously and
intratumorally administered in mice every ;

2 d. The two control groups were, respectively, ) ) ) ) i
. . Figure 9. Confocal microscopy images of transfected sections of A) liver, B) spleen, C) kidney,
injected with 150 pL of PBS or mPEG-SS- . L

L. D) lung, and E) tumor after intravenous injection of mPEG-SS-PLH15/pEGFP complexes
P'LH15 containing 20 pg scr'ambled control (green, 2:1, dose: 100 pg pEGFP per mice) 7 d. Row 1 and Row 2 show the images of the fluo-
siRNA. The tumor volume is measured at rescent and bright field, respectively. Images of Row 3 are merged images of Row 1 and Row 2.
regular intervals. Images are captured at 20x.
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Figure 10. 1) Tumor volume and II) tumor weight of Hela xenograft nude mice after intravenous and intratumoral treatment with different vector/
siRNA-VEGF complexes. I1I) Photograph and IV) VEGF expression of tumors in Hela xenograft nude mice after intravenous and intratumoral treat-
ment with different vector/siRNA-VEGF complexes. V) Mice weight of Hela xenograft nude mice after intravenous and intratumoral treatment with
different vector/siRNA-VEGF complexes. PBS and mPEG-SS-PLH15 loaded with scrambled sequence are served as negative controls.

mPEG-SS-PLH15/siRNA-VEGF group. The tumor growth is
effectively suppressed as shown in this figure. High therapeutic
efficacy is also observed via intratumoral administration. For
example, at the maximum experimental period, the xenograft
tumor sizes are: 120 mm? in the mPEG-SS-PLL52/siRNA—
VEGF group, 78 mm? in the mPEG-SS-PLH15/siRNA-VEGF
group, and 299 mm? in the scrambled siRNA group.

Figure 10II shows the inhibitory effect exerted by siRNA-
VEGF infection in terms of tumor weight. Compared with
the control group, tumor weight is significantly lower. On
the last day of experiment, the tumor weights for the groups
intravenously injected with mPEG-SS-PLL52/siRNA-VEGF
and mPEG-SS-PLH15/siRNA-VEGF have been, respectively,
reduced to 50% and 26%. Intratumoral administration has
resulted in tumor reduction of 30% and 18%, respectively, for
the groups injected with mPEG-SS-PLL52/siRNA-VEGF and
mPEG-SS-PLH15/siRNA-VEGF.

Hela tumors were photographed ex vivo. A representative
tumor from each group is shown in Figure 10III. The mPEG-
SS-PLH15 group shows dramatic inhibiting effect via both
intravenous and intratumoral injections, as expected from neo-
vascularization. mPEG-SS-PLH15/siRNA-VEGF exhibits the
most pronounced effect on microvessel suppression compared
to the PBS and scrambled siRNA group. The mPEG-SS-PLL52

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

group also exhibits sufficient microvessel suppression via intra-
tumoral injection. These results are consistent with the in vivo
VEGF expression levels as shown in Figure 10IV. As can be
seen in this figure, VEGF expression is well suppressed by the
mPEG-SS-PLH15 group via both intravenous and intratumoral
injection. VEGF expression is also detected in the mPEG-SS-
PLL52 group, but intratumoral injection results in stronger
inhibition effect compared to the intravenous injection route.

No significant difference in body weight is observed between
the mice treated with mPEG-SS-PLL52, mPEG-SS-PLH15, and
the control group for the experimental period indicated, as
shown in Figure 10V.

3. Conclusions

In this study, a gene delivery vector, namely the reversible-
PEGylated histidylated polylysine, has been designed according
to the specific gene delivery requirements and successfully
developed for cancer therapy. The reversible-PEGylation allows
the protection of the catiomer/pDNA complexes and selective
PEG detachment, which is essential to cell internalization.
Histidylation has significantly enhanced the biological efficacy
of mPEG-SS-PLL catiomer due to effective endosomal escape.

Adv. Healthcare Mater. 2014, 3, 1818-1827
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The experimental results show effective inhibition of cancer
cell proliferation in vitro and tumor growth in vivo by mPEG-
SS-PLH. The delivery system developed in this study shows
promise for clinical applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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