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Abstract: Neovascularization (NV) of the cornea can disrupt visual function, causing ocular
diseases, including blindness. Therefore, treatment of corneal NV has a high public health
impact. Epigalloccatechin-3-gallate (EGCG), presenting antiangiogenesis effects, was chosen
as an inhibitor to treat human vascular endothelial cells for corneal NV treatment. An arginine—
glycine—aspartic acid (RGD) peptide—hyaluronic acid (HA)-conjugated complex coating on the
gelatin/EGCQG self-assembly nanoparticles (GEH-RGD NPs) was synthesized for targeting the
o, B, integrin on human umbilical vein endothelial cells (HUVECs) in this study, and a corneal NV
mouse model was used to evaluate the therapeutic effect of this nanomedicine used as eyedrops.
HA-RGD conjugation via COOH and amine groups was confirmed by 'H-nuclear magnetic
resonance and Fourier-transform infrared spectroscopy. The average diameter of GEH-RGD
NPs was 168.87+22.5 nm with positive charge (19.7+2 mV), with an EGCG-loading efficiency
up to 95%. Images of GEH-RGD NPs acquired from transmission electron microscopy showed
a spherical shape and shell structure of about 200 nm. A slow-release pattern was observed in
the nanoformulation at about 30% after 30 hours. Surface plasmon resonance confirmed that
GEH-RGD NPs specifically bound to the integrin o, 3,. In vitro cell-viability assay showed that
GEH-RGD efficiently inhibited HUVEC proliferation at low EGCG concentrations (20 pg/mL)
when compared with EGCG or non-RGD-modified NPs. Furthermore, GEH-RGD NPs signifi-
cantly inhibited HUVEC migration down to 58%, lasting for 24 hours. In the corneal NV mouse
model, fewer and thinner vessels were observed in the alkali-burned cornea after treatment with
GEH-RGD NP eyedrops. Overall, this study indicates that GEH-RGD NPs were successfully
developed and synthesized as an inhibitor of vascular endothelial cells with specific targeting
capacity. Moreover, they can be used in eyedrops to inhibit angiogenesis in corneal NV mice.
Keywords: RGD peptide, epigallocatechin gallate (EGCG), hyaluronic acid (HA), vascular
endothelial cells, antiangiogenesis, corneal neovascularization

Introduction

Corneal neovascularization (NV), the formation of new vessels in the cornea, results
from a variety of ocular diseases. Most of these pathologies are associated with hypoxia,
inflammation, and/or limbic barrier function.! In Taiwan, myopia is the most common
eye disorder, diagnosed in 86% of the young population.? Most subjects with myopia
wear contact lenses, usually causing corneal hypoxia. In general, patients who sustain
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a traumatic eye injury (physical insult, infectious disease,
or inflammation) are also at risk of developing corneal NV,
which can have detrimental effects on the patient’s vision.!
Corneal NV may eventually result in blindness.? From these
data, one can consider that a large population is at risk of
developing corneal NV. Antiangiogenic therapy using VEGF
antibody for treating corneal NV has been developed, and
demonstrates great promise for treatment of this condition
via subconjunctival or intraocular injection.** However, an
ideal therapeutic strategy, which improves outcomes in a
less invasive manner, thereby reducing risk, and providing
long-term inhibition of angiogenesis in a lesion-targeted
manner, is urgently needed.

The main objective in ocular therapeutics is to provide
and maintain an adequate concentration of the drug at the
site of action. However, ocular drug delivery faces numerous
obstacles that impede adequate drug delivery and efficacy.
Ways to deliver drugs to different regions are topical eye-
drops, intravitreal injections, and intraocular implants.’$
Eyedrops represent a noninvasive approach, and most ocular
diseases are treated with topical application of eyedrops.
The major deficiencies of eyedrops include poor ocular
drug bioavailability, nasolacrimal duct drainage, and poor
penetration to the posterior segments of the eye.® Because
of these issues, suspension eyedrops are quickly cleared:
90% of the drug is cleared within 2 minutes, and only
5% of the administered dose permeates into the cornea.’
Nanotechnology has found a place in the medical field by
providing new and more efficient ways to deliver treatment.
Nanoparticles (NPs), especially biodegradable ones, have
also found applications in ophthalmology, by providing safer,
less invasive, cheaper treatment options, and by effectively
increasing drug concentration in the eyes.®!° The use of NPs
to treat ocular diseases allows targeted delivery, controlled
release, and enhanced pharmacokinetics, finally improving
the therapeutic efficacy of drugs in the eye.

The major active component of green tea, (—)-
epigallocatechin-3-gallate (EGCG), has been studied as an
antiangiogenesis agent.'"'> EGCG can inhibit angiogenesis
by inhibiting the growth of endothelial cells and significantly
reducing VEGF-induced corneal NV." Green tea can also
inhibit inflammation and angiogenesis.'*!* Overall, EGCG
could be a bifunctional antiangiogenic and anti-inflammatory
agent for ocular NV treatment. During vascular remodel-
ing and angiogenesis, several integrins are expressed on
endothelial cells, and integrin o 3, is involved in ocular
angiogenesis.'® Synthetic arginine—glycine—aspartic acid
(RGD) peptides can bind to o B, integrin to mediate cellular

uptake and block o B.-integrin function to reduce blood flow
in the vascular area.!” Therefore, RGD peptides have been
chosen as targeting moieties that could be combined with NPs
to treat vascular endothelial cells in the cornea NV.

In this study, we mixed gelatin biopolymer with EGCG
(antiangiogenic agent) to form NPs, and performed surface
decoration using hyaluronic acid (HA) with RGD-peptide
conjugation, achieving specific targeting to vascular endothe-
lial cells. Thereafter, this nanomedicine was used as eye-
drops to evaluate its efficacy for corneal NV treatment in a
mouse model.

Materials and methods

Reagent and chemicals

Gelatin type A (derived from porcine skin, bloom 110, bloom
300), EGCG (=95%), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), potassium persulfate (K,S,0,), sodium acetate
(NaAc), 2,2’-azino-bis(3-cthylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), D,0O, heparin, Cell Counting
Kit (CCK)-8, and live/dead-cell double-staining kit were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Sodium
hyaluronate (1%) was obtained from Maxigen Biotech
Inc (Taipei, Taiwan). Human integrin o 3, and a octyl-B-
D-glucopyranoside formulation were bought from EMD
Millipore (Billerica, MA, USA). Amicon Ultra-4 centrifugal
filter unit and endothelial cell growth supplement (ECGS)
were purchased from Merck Millipore (Billerica, MA, USA).
H-Gly-Arg-Asp-Ser-Pro-Lys-OH (GRGDSPK) was pur-
chased from MDBio Inc (Qingdao, China). Fluorescent dye
(5-[and-6]-carboxytetramethylrhodamine, succinimidyl ester
[TAMRA-SE]) mixed isomers and penicillin—streptomycin—
neomycin were acquired from Thermo Fisher Scientific
(Waltham, MA, USA). A Vivaspin™ 500 ultrafiltration
device (30 kDa) was purchased from Sartorius AG (Géttingen,
Germany). Spectra/Por® membrane dialysis products
(molecular weight 3,500) were obtained from Spectrum
Laboratories Inc (Rancho Dominguez, CA, USA). Human
umbilical vein endothelial cells (HUVECs) were pur-
chased from the Bioresource Collection and Research
Center (Hsinchu, Taiwan). Medium 199, phosphate-
buffered saline (PBS), and 0.25% (w/v) trypsin—1 mM
ethylenediaminetetraacetic acid were purchased from
Thermo Fisher Scientific. Fetal bovine serum (FBS) was
obtained from GE Healthcare (Little Chalfont, UK). A topi-
cal anesthesia solution (0.5% Alcaine®) was bought from
Alcon (Hiinenberg, Switzerland). Grafco® silver nitrate
applicators were purchased from Medline Industries Inc
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(Mundelein, IL, USA). All other reagent-grade chemicals
were from Sigma-Aldrich.

Preparation of gelatin~EGCG NPs with

HA-RGD on their surface
Synthesis of RGD-HA conjugates
Synthesis was performed according to a previously described
protocol, with slight modifications.!® Two milliliters of HA
(5 mg/mL)was added to | mL of EDC/NHS solution (38 mg/mL)

and mixed at room temperature for 1 hour. GRGDSK peptide
(I mL)in 0.1 M NaHCO, (10 mg/mL) solution was then added
for conjugation and kept at 4°C for 72 hours for further reaction
under stirring. Nonreacting residues were removed by centrifu-
gation using the Vivaspin ultrafiltration device, the solution
was freeze-dried, and a white HA-RGD floccule was obtained.
The reaction procedure is shown in Figure 1A. 'H-nuclear
magnetic resonance (NMR) spectra were recorded in D,O at
25°C on a 500 MHz NMR spectrometer (Avance DRX 500;
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Figure | Schematic representations.

Notes: (A) HA-RGD peptide-conjugation reaction; (B) step for variant NP preparation with/without RGD modification. First, gelatin-EGCG self-assembling NPs were
prepared (GE), followed by surface decoration with HA or HA-RGD (GEH and GEH-RGD, respectively).

Abbreviations: HA, hyaluronic acid; RGD, arginine—glycine—aspartic acid; NP, nanoparticle; EGCG, epigallocatechin-3-gallate; EDC, |-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; GRGDSPK, H-Gly-Arg-Asp-Ser-Pro-Lys-OH. NH-RGDSPK, RGDSPK peptide conjugated with HA via amide bond

formation.
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Bruker Corporation, Billerica, MA, USA), and the reaction
via the carboxyl group was confirmed by Fourier-transform
infrared spectroscopy (FT-IR; Jasco 4200; Jasco Inc, Easton,
MD, USA). Pure HA and RGD powders were used to identify
the appropriate wave numbers for analysis.

Gelatin~-EGCG NPs synthesized and HA-RGD
coating on the surface

Gelatin (type A, B110) and EGCG were the raw materi-
als used for NP preparation. The synthesis was performed
using a previously described process, with slight modifica-
tions.! Equal volumes of gelatin and EGCG solution (both
0.44 w/v%) were mixed gently to form the self-assembly NPs
under stirring, named GE thereafter. NPs were then prepared,
and 100 uL of HA or HA-RGD were separately added into the
GE suspension (final HA concentration 0.25 w/v%). GE with
HA coating on the surface is referred to as “GEH” hereafter
and “GEH-RGD?” is the abbreviation for GE with HA-RGD
modifications on the surface. A schematic representation of
the preparation process is shown in Figure 1B.

Characterization of NPs

Size, charge, and morphology of NPs

The particle size of NPs with/without RGD covering was
determined by dynamic light scattering (DLS; ZS90 Plus;
Malvern Instruments, Malvern, UK) at 25°C with scattering
light at 90° 180” for each measurement. These NP suspen-
sions were diluted to ensure that the LS signal was within
the sensitivity range. The {-potential of the diluted suspen-
sion was measured using the automatic mode to confirm the
surface charge of particles according to parameters of dielec-
tric constant, refractive index, and viscosity of water. The
structure/morphology of NPs was observed under transmis-
sion electron microscopy (TEM; HT-7700; Hitachi, Tokyo,
Japan). The encapsulation efficiency of EGCG was deter-
mined by reacting with cation radicals of ABTS (ABTS*).2
In vitro drug-release measurements were then carried out:
1 mg/mL of concentrated NP suspension from 5 mL NPs
with fluorescent dye conjugation (TAMRA) was placed in
a dialysis membrane (Spectra/Por dialysis membrane), then
soaked into 40 mL of PBS at pH 4 and incubated in a shaker
operated at 120 rpm at 37°C. For the free dye test, the same
concentration of TAMRA was dissolved in water, then added
to the dialysis bag for soaking in acidic PBS. At determined
time intervals, 1 mL of PBS was removed and replaced by
1 mL of fresh PBS to maintain the total PBS volume. The
amount of fluorescence released in the PBS solution was
determined by a microplate reader, including fluorescence
intensity (Varioskan Flash spectral scanning multimode

reader; Thermo Fisher Scientific) under the fluorescence
mode. The total amount of dye released was calculated as the
accumulated release rate. The TAMRA-conjugation protocol
is described as the following that 2 mg/mL NP solution was
suspended in 0.1 M sodium bicarbonate buffer (pH4), then
50 uL TAMRA dye was added to 0.5 mL NP solution. The
conjugation reacted at room temperature for 1 hour. After
that, unconjugated dye was removed by centrifugation with
centrifugal filter device (molecular weight cutoff 10,000).
The TAMRA concentration grafted on NPs was also quanti-
fied by a microplate reader, including fluorescence intensity
(Thermo Fisher Scientific).

RGD-modified NPs targeting o B, integrin

The integrin o 3, is a well-known marker of angiogenic
blood vessels. The binding ability of GRGDSPK peptide
with integrin for guiding NPs to vascular vessels was deter-
mined by using the ProteOn™ XPR36 protein-interaction
array system (Bio-Rad Laboratories, Hercules, CA, USA),
which combines surface plasmon resonance (SPR) opti-
cal biosensing with advanced optics. Integrin moieties of
o, B, were cross-linked to the flexible dextran matrix of the
ProteOn sensor chip using the EDC/NHS coupling method
by injecting the following reagents at a flow rate of 5 uL/min:
0.05 M NHS-0.2 M EDC mixture, o B, (15 pg/mL in
10 mM NaAc, pH 5), and 1 M ethanolamine-HCI (pH 8.5).%!
Non-cross-linked ligands were removed by washing with
buffer. Experiments were carried out at room temperature
using three different NP samples: GE, GEH, and GEH-RGD.
A solution of NPs at a concentration of 10 pg/mL was flown
over the o, B, surfaces (as well as a control surface with no
immobilized ligand) at 10 uL/min for 10 minutes, and the
surfaces were then washed with buffer between injections to
bring the resonance units (RU) values to baseline.

In vitro evaluation

HUVEC culture and cytotoxicity evaluation of NPs
HUVECs were cultured in M199 medium with 10% FBS/
penicillin—streptomycin—neomycin addition, supplemented
with ECGS (30 ug/mL), and heparin (25 U/mL). Cells
were subcultured at a ratio of 1:3 seeding on a gelatin
(type A, B300, 1%) precoated dish, as recommended by the
Bioresource Collection and Research Center. To evaluate the
possible cytotoxic concentration, EGCG solution and various
NP formulations (GE, GEH, and GEH-RGD) were added into
the culture medium at an EGCG concentration ranging from
0.02 to 500 pg/mL. Cell viability was examined by using the
CCK-8 kit with WST-8 (2-[2-methoxy-4-nitrophenyl]-3-
[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H-tetrazolium)
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reduction assay. A total of 5x10° cells in 100 uL medium
was seeded in 96-well plates and cultured overnight. Cells
were rinsed twice with PBS, and 100 uL of culture medium
was added. NP suspensions (100 puL) at different concentra-
tions (diluted in culture medium) were applied to the cells
and incubated for 1 and 3 days at 37°C. Cell viability was
determined by addition of WST-8 reagent as indicated by
the manufacturer. Cells cultured with culture medium only
were used as controls. After 4 hours of incubation, the color
of a small aliquot (100 puL) of the solution was quantitatively
assessed by using a microplate reader at 450 nm (Multi-
skan GO microplate spectrophotometer; Thermo Fisher
Scientific). The percentage of viable cells was calculated
by comparison to control cells, cultured with medium only.
Cells were stained with a live/dead stain kit to observe cell
viability. Images were acquired using an inverted fluores-
cence microscope (Olympus, IX81, Tokyo, Japan).

Cellular uptake of variant form of GE based NPs

For the uptake test, HUVECs were seeded in a 96-well plate
overnight and then treated with GE, GEH, or GEH-RGD NPs at
an EGCG concentration of 100 pug/mL for 2 hours. These NPs
were loaded with TAMRA dye (0.5 pg/mL) for observation.
The same concentration of TAMRA-dye solution was used
to allow comparison. After incubation with NPs, cells were
washed twice with PBS and fixed by 10% formaldehyde solu-
tion. Afterward, 0.1% Triton X-100 was added for 5 minutes,
then washed by 2% FBS twice. The nucleus was stained
with 4’,6-diamidino-2-phenylindole (300 nM), followed by
several washes with PBS. Cell samples were examined by an
ImageXpress Micro XL wide-field high-content screen system
(Molecular Devices, Sunnyvale, CA, USA) and analyzed
using the MetaXpress 5 software. Within these images, NPs
were defined by the minimum (0.3 pm) and maximum (3 pum)
width. Nuclei were also defined by the minimum (3 pm) and
maximum (15 pm) width. The number of particles/cell was
counted as total number of particles/nucleus.

HUVEC-migration assay

Vascular endothelial cells must migrate to form new ves-
sels, therefore the migration capacity of HUVEC after
treated by chemicals was examined. Briefly, HUVECs
(2x10° cells/well) were seeded into a 24-well plate with
0.1% gelatin pre-coating and incubated with complete
medium at 37°C and 5% CO, overnight. A line of the cell
layer was scrapped by using a 200 pL tip, followed by three
washes with PBS. Fresh medium containing different EGCG
formulations, EGCG solution, GE, GEH, and GEH-RGD
with the same EGCG concentration (20 pg/mL) was added

to the cells. Three selected views along the scraped line in
each well were photographed using an inverted microscope
(BM-1A; Sage Vision, Taipei, Taiwan). Cells incubated with
fresh medium were used as control. After 3, 6, and 24 hours
of incubation, images were captured at 40x magnification.
The average scraped area in each well was measured, and the
change in area for each experimental condition was compared
with that of the control. Migration rate was normalized by
comparison to the initial gap distance in each group.

Therapeutic evaluation in a corneal NV
mouse model

C57BL/6J black mice aged 814 weeks were used in this study.
The experimental procedure was approved by the Institutional
Animal Care and Use Committee of Taipei Medical Univer-
sity (approval LAC-101-0289). Sixty mice were used in this
study for two repeat animal tests, and mice numbers in each
group (normal, PBS, EGCG, GEH, and GEH-RGD) were six.
Briefly, the mice were anesthetized to immobilize them before
examination. Next, topical administration of 0.5% Alcaine for
local anesthesia was performed, followed by pressing the tip
ofan applicator containing silver nitrate/potassium (Grafco) to
the center of the cornea steadily for 8 seconds.?? The excess of
nitrate was eliminated by washing with 5 mL of saline solution.
A burned cornea causing opacity on the eye was observed.
The saline was carefully wiped dry. Each mouse only suffered
one burnt-eye treatment. The EGCG, GEH, or GEH-RGD NP
solution diluted in PBS at a final EGCG concentration of 30
png/mL was applied on the mouse ocular surface as eyedrops
twice daily (11:00 am and 4:30 pm) for 7 days. The burn-
stimulus response and severity of NV were then assessed in
anesthetized mice by observation under a handheld portable
slit lamp (SL-17; Kowa Co Ltd, Nagoya, Japan).

Statistical analysis

All data are expressed as mean + standard deviation from two to
three independent experiments. Statistical differences between
groups were tested by Student’s 7-test or one-way analysis
of variance using SPSS 17.0 (SPSS Inc, Chicago, IL, USA).
P-values of 0.05 were considered statistically significant.

Results

Characterization of RGD peptide-HA
conjugate

As shown in Figure 1A, the GRGDSPK peptide was conju-
gated with HA by the coupling reaction between the carboxyl
groups of HA and amine groups of the RGD peptide using
EDC/NHS. HA-RGD conjugation was used to modify the NP
surface (Figure 1B) to form targetable carriers recognizing
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vascular endothelial cells by binding with integrin o, 3,
expressed on their surface. The FT-IR spectra of HA, RGD
peptide, HA/RGD mixture, and conjugated form (HA-RGD)
are shown in Figure 2A. The HA/RGD mixture presented an
additional FT-IR pattern compared to its individual pattern.

A

A A
1,720 A

1,411

1,563

[ )
1,680

However, the HA-RGD conjugate presented more changes
in the carbonyl region, affecting the relative ratio between
amides and carboxylates when the RGD peptide was grafted
to HA. The relative decrease of the carboxylate-associated
peaks (protonated carboxylic acids at 1,720 cm™', asymmetric
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Figure 2 (A) FT-IR patterns of HA, RGD peptide, their mixture, and the conjugated product (HA-RGD); (B) 'H-NMR spectra of HA and HA-RGD conjugates.
Note: The arrows indicate the acetamido moiety of the N-acetyl-D-glucosamine residue of HA and proline in GRGDSPK.
Abbreviations: FT-IR, Fourier-transform infrared; HA, hyaluronic acid; RGD, arginine—glycine—aspartic acid; NMR, nuclear magnetic resonance; GRGDSPK, H-Gly-Arg-

Asp-Ser-Pro-Lys-OH.
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stretching band at 1,617 cm™, and symmetric stretching band
at 1,411 cm™) and the relative increase of the amide ones
(eg, amide I at 1,680 cm™) were recorded in the HA-RGD
conjugate (Figure 2A). The 'H-NMR spectrum of HA-RGD
in D,O is shown in Figure 2B. The acetamido moiety of
the N-acetyl-D-glucosamine residue of HA (Figure 2B)
was located at 6=1.9 ppm, as previously described.'$??
Fingerprints of HA skeletal signals at 6=3.4-3.9 ppm were
observed, and 2.075 ppm for CH, and anomeric resonance at
4.4-4.6 ppm* were also detected. The magnification of the
bracket in Figure 2B represents the skeletal signal of HA in
the HA-RGD pattern, which can also be traced. In particular,
the peaks at 0=1.99, 3.41, and 4.12 ppm corresponded to the
ring structure of proline,” confirming the conjugation of RGD
with HA (Figure 2B).

Characterization of HA-RGD-modified
NPs with EGCG encapsulation

Figure 1B shows a schematic for the preparation of GE NPs as
the raw NPs. Their surfaces were then decorated with HA or
HA-RGD, shown as GEH and GEH-RGD, respectively. The
particle sizes of GE, GEH, and GEH-RGD were 118.77+21.06,
303.73+50.38, and 168.87+22.5 nm, respectively (Table 1).
The GE presented a positive surface, with a {-potential value
at 23.742.1 mV. The {-potential of GE with additional HA
became more negative. In this study, 0.25% (wt/v) HA was
used for GEH preparation. The average {-potentials of GEH
and GEH-RGD were opposite. The average {-potential of GEH
was —11.330.4 mV and that of GEH-RGD was 19.7+2 mV.
All NPs with low polydispersity-index value (Table 1) pre-
sented as monodispersed colloidal systems with narrow size
distribution (Figure 3A). The EGCG-encapsulation rates of
these three nanoformulations were all higher than 95% using
a free radical reduction method (ABTS, Table 1). GEH-RGD
presented as round particles with a spherical structure, as
assessed by TEM examination (Figure 3B), and its size was
around 200 nm, which was comparable to the DLS result.
The TEM images of GE and GEH showed that they presented
similar structures (data not shown).

Table | Characterization of nanoparticle variants

Particle C-potential EGCG PDI

size (nm) (mV) ER (%)
GE 118.77421.06  23.7+2.1 98.030.47  0.15+0.02
GEH 303.73+50.38  —11.3+0.4 97.46+0.28  0.18+0.02
GEH-RGD  168.87422.50  19.742.0 97.1330.55  0.25+0.03

Note: Values represent mean =* standard deviation (n=6).

Abbreviations: EGCG, epigallocatechin-3-gallate; ER, encapsulation rate; PDI,
polydispersity index; GE, gelatin~-EGCG; GEH, GE-hyaluronic acid; RGD, arginine—
glycine—aspartic acid.

Forthe drug-release assay, ared fluorescent dye (TAMRA)
was used and the fluorescence intensity detected. PBS with
an adjusted pH value of 4 was chosen to mimic the acidic
environment in lysosomes. The amount of dye release from
the TAMRA solution (free dye) indicated a quick release
up to 86%+2.14% from the beginning to 5 hours later
(Figure 3C). NP groups (GE, GEH, and GEH-RGD) exhib-
ited very slow release of TAMRA dye after even 5 hours.
Only about 6.18%12.43% cumulated release was recorded in
the GEH-RGD group, and the release was sustained thereaf-
ter, lasting up to 30 hours and accumulating to 29.14%+3%
(Figure 3C).

GEH-RGD recognizes o f3, integrin via
the RGD conjugate

Integrin recognition of the NPs was examined to determine
the binding ability of the RGD peptide to the o f3,-grafted
sensor chip. Results from the SPR are shown in Figure 4.
In each case, the amount of protein bound is represented as
the difference in signal between the initial baseline signal
(buffer flow) and the final signal when the buffer was rein-
troduced. As shown in Figure 4A, GEH-RGD bound to o, 3,
on the chip quickly, and the signal was stronger than that
of GE. It appeared that a higher amount of GEH-RGD was
trapped on the o, B,-grafted sensor chip. Figure 4B shows that
GEH-RGD also presented a higher SPR signal than GEH.
Although GE or GEH NPs had no RGD peptide on their
surface, the change in SPR signal may have resulted from
the adsorption of NPs on the chip surface. Positive particles
(GE) showed stronger attraction to integrin than negative
particles (GEH). Overall, GEH-RGD presented the strongest
RU value recorded from the o f3,-grafted sensor chip.

HUVECs respond to GEH-RGD NPs

in vitro

HUVEC viability significantly inhibited by GEH-RGD
The cell viability of HUVECs was tested by incubation with
various NP formulations at different EGCG concentrations,
including medium only as the control group. When cells
were cultured at high EGCG concentrations (200 pg/mL),
cell viability was significantly decreased in all groups at
days 1 and 3 (<10%, Figure 5A). After 1 day’s treatment,
the GEH-RGD group showed the highest reduction in cell
viability — 82.17%x7.82% at an EGCG concentration of
20 pug/mL — lasting until day 3, with a decrease in cell
viability to 64.22%+6.2%. A similar tendency was also
observed with a lower EGCG concentration (2 ng/mL).
Compared to other groups (EGCG solution, GE, and
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GEH), GEH-RGD effectively reduced cell viability at a
lower EGCG concentration at days 1 and 3. The images
of HUVECS labeled using the live/dead stain are shown in
Figure 5B. The live cells emitted green fluorescence and
the dead cells red fluorescence. A large percentage of live
cells presented with green spots in the control group at
days 1 and 3. All cells were damaged and died (many red

spots, but no green stains) in cultures treated with a high
EGCG concentration (200 pg/mL), regardless of whether
the drug was free or conjugated to any of the three NPs,
as shown in Figure 5B. At low EGCG concentration (20
png/mL), the viability of cells treated with the EGCG solu-
tion, GE, and GEH was high, but that of cells treated with
GEH-RGD was low, due to the efficacy of GEH-RGD in
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Figure 4 SPR analysis of the binding affinity of NPs with the integrin o, 3,, grafted on a chip.
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Abbreviations: SPR, surface plasmon resonance; NPs, nanoparticles; GEH, gelatin—epigallocatechin-3-gallate-hyaluronic acid; RGD, arginine—glycine—aspartic acid; GE,

gelatin—-EGCG; EGCG, epigallocatechin-3-gallate.

targeting these cells (Figure 5B). These results indicate
that compared with other formulations, GEH-RGD was
more toxic to HUVEC cells, causing a reduction in cell
viability even when using the same EGCG concentra-
tion (20 ug/mL). No significant difference was observed
between the GE and GEH groups in terms of cell viability.
Therefore, only GEH and GEH-RGD, which present a
similar chemical composition on their surface, were tested
in experiments thereafter.

GEH-RGD NPs observed in HUVECs

The distribution of NPs with fluorescence (TAMRA) label-
ing was examined via the ImageXpress imaging system after
2 hours of incubation with HUVECs. As shown in Figure 6A,
almost no red spots were observed in cells in the TAMRA
group (dye solution). Cells treated with GEH-RGD NPs
displayed more red spots in the cytoplasm and membrane,
indicating that the enhanced uptake of targeted NPs (GEH-
RGD) by HUVECs was mediated by a specific RGD-o, B,
interplay. From the image-quantification results, in the free
dye (TAMRA) solution (245 particles/100 cells), a very low
fluorescence signal was detected as the control group was
tested (Figure 6B). In the GEH group, 22+5 particles/100 cells
were counted (Figure 6B), while 5129 particles/100 cells were
counted in the GEH-RGD group. The GEH-RGD-treated
cells presented about twice the number of NPs than cells
from the GEH group after 2 hours of culture. This finding
is consistent with the SPR assay, indicating that GEH-RGD
with the GRGDSPK peptide modified on its surface can target
o, B, on vascular endothelial cells.

GEH-RGD NPs effectively inhibited HUVEC migration
To determine whether EGCG in different formulations was
capable of influencing the migration of HUVECs, cells were
treated with different formulations of EGCG (20 ng/mL) in
a 2-D migration assay. Gaps of about 500 um were created
on the HUVEC layer in all groups (Figure 7A). HUVECs
obviously migrated in the control group after 6 hours, the
gap between the two edges was closed, and the edge line was
no longer detectable after 24 hours, as shown in Figure 7A.
The migration rate was not significantly different between
the different EGCG groups after 6 hours of treatment, but
was significantly lower than the control group. After 24 hours
of coculture with NPs, differences in the gap closure were
observed between groups. The GEH-RGD-treated cells
showed the widest length (208.6+18.4 um), with very low
cell migration compared with control, EGCG, and GEH NPs
(Figure 7A). The migration rate was calculated by comparing
with the initial gap distance, and its shown as percentage in
Figure 7B. The migration rate in the GEH-RGD-treated cells
was 58.6%17.92%, while the migration rates in the control,
EGCG, and GEH groups were 88%1t4.27%, 72.8%12.8%,
and 82.4%12.15%, respectively. GEH-RGD NPs strongly
inhibited HUVEC migration for up to 24 hours.

Antiangiogenic effect of GEH-RGD NPs
used as eyedrops in a corneal NV mouse

model

The visual grading on the last day of treatment allowed
us to observe the appearance and severity of the corneal
NV in mice. When new vessels grow, they can reach the
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Notes: (A) Cell viability of HUVECs treated with various NP formulations at different EGCG concentrations; (B) live/dead cells identified by fluorescence (scale bars
100 pum) of HUVECsS cultured in medium (control), EGCG, GE, GEH, and GEH-RGD NPs at an EGCG concentration of 200 pg/mL or 20 pg/mL at day |. Results expressed

as mean + standard deviation (n=6); *P<0.05.

Abbreviations: HUVECs, human umbilical vein endothelial cells; NP, nanoparticle; EGCG, epigallocatechin-3-gallate; GE, gelatin-EGCG; GEH, GE-hyaluronic acid; RGD,

arginine—glycine—aspartic acid; BF, bright field; L/D, live/dead.

burn scar, appearing as a white patch. PBS-treated animals
were used as negative controls. For the in vivo study,
the EGCG concentration was 30 pug/mL to increase the
drug bioavailability on the ocular surface, because the
drug was delivered as eyedrops. A prevention effect was
observed by regression of pathological NV on the dam-
aged cornea on the seventh day. High-density vessels
surrounding the entire eyeball were observed in the PBS
and EGCG groups (Figure 8). In contrast, lower vessel
density and thinner newly grown vessels were observed
in the GEH and GEH-RGD groups. A clearer cornea and
even a cornea with no vessel were detected in mice treated

with GEH-RGD. This tendency showed that the targetable
NPs (GEH-RGD) were more effective in preventing and
inhibiting the development of the pathological vessels in
the cornea (Figure 8).

Discussion

NV is a complex process that includes the activation, pro-
liferation, and migration of endothelial cells, the disruption
of the vascular basal membrane, the formation of vascular
tubes and networks, and the formation of connections.?
Cornea or conjunctiva injection of anti-VEGF antibody
therapy (eg, bevacizumab) is the main approach to treat
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Abbreviations: TAMRA, carboxytetramethylrhodamine; GEH, gelatin—epigallocatechin-3-gallate-hyaluronic acid; RGD, arginine—glycine—aspartic acid; HUVECs, human

umbilical vein endothelial cells; NPs, nanoparticles.

corneal NV. It is an invasive and painful treatment for
patients. Besides, studies indicate that angiogenesis is
redundantly regulated and carried out with/without the
direct involvement of the VEGF pathway.?’*® Corneal
NV can result from infection, inflammation, and trauma.
Anti-VEGF antibody therapy works only on the developed
vascular system. It has no beneficial effect on inflammation
or other factors causing corneal angiogenesis. Therefore,
a drug with antiangiogenic and anti-inflammatory effects
is needed to treat corneal NV. As such, chemicals with a
broad pattern for angiogenesis inhibition should be consid-
ered. The antiangiogenic and anti-inflammatory activities
of EGCG have been widely demonstrated in vitro and in
vivo.!21329:30 Therefore, EGCG is a good candidate for
topical treatment to limit inflammation and vessel growth
in corneal NV.

Eyedrops present an advantageous route for delivery of
medications to the ocular surface, because they are noninvasive
and produce minimal adverse effects compared to systemic
administration.®!° However, the topical application of EGCG
may present some limitations, because the corneal epithelium
forms a barrier to drug penetration. Therefore, a high concen-
tration of EGCG is required to increase the bioavailability of

the drug on the eyes. High concentrations of EGCG could
cause erythema of the ocular surface, due to its acidic nature
(about pH 4) and the associated production of H,O,, which
injures corneal cells.?® These limitations can be easily solved
by encapsulation of EGCG in a drug carrier. Encapsulation in
ananocarrier could also protect EGCG from oxidation during
transportation. Li and Gu showed that EGCG—ovalbumin—
dextran conjugate NPs significantly enhanced the permeability
of EGCG on Caco?2 cell monolayers, colon epithelium with
tight junction similar to the corneal epithelium, compared
with EGCG solution,’' suggesting that these NPs improved
the absorption of EGCG in cells.

Many ocular diseases are treated with topical applica-
tion of eyedrops. The major disadvantages of this dosage
include tear screening, nasolacrimal duct drainage, and
cornea barriers, reducing the drug bioavailability in the
eyes. Different studies have shown the potential of NPs for
either gene or drug delivery for ophthalmic application.'®32-3
Application of NPs for corneal NV is becoming more

3637 Curcumin, the yellow extract from Curcuma

popular.
longa, presents anti-inflammatory and antiangiogenic activi-
ties. It has been loaded in methoxypolyethylene glycol-poly-

e-caprolactone NPs delivered to corneal NV rats as eyedrops,
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showing enhanced retention of curcumin in the cornea and
significant improvement in prevention of corneal NV over free
curcumin.*® Our previous study showed that cationic gelatin
NPs (GNPs) can be attracted to rabbit cornea and retained in
the cornea for a longer time.>® Therefore, GNPs with positive
charge are promising as vehicles for ocular drug delivery.
In this study, RGD peptides with GRGDSPK sequence
were conjugated to HA to recognize the o B, integrin on
HUVECs. Because HA presents many carboxyl groups on
the side chain, it is easy to conjugate NH,-RGD onto HA by
EDC chemistry (Figure 1A). GE was synthesized accord-
ing to a self-assembling method (Figure 1B). The HA-RGD
"H-NMR pattern was similar to that reported previously.'s

NPs with surface decoration with targetable RGD ligand
(GEH-RGD) were successfully prepared to increase the
recognition of vascular endothelial cells.

To characterize these NPs, {-potential and size of the
HA- or HA-RGD-coated GE were measured to monitor
the coating process. As shown in Table 1, {-potential of the
GE NPs presented a positive value at 23.7 mV, indicating
that the particles were covered with an excess of positively
charged gelatin molecules. The positive charges on GE NPs
decreased with the addition of HA. When HA was added
(0.25% w/v) to form GEH, {-potentials reached —11.3 mV
(Table 1). This indicates that HA was deposited onto the GE
NPs, leading to the formation of GEH ternary complexes.
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Figure 8 GEH-RGD NPs used as eyedrops prevent corneal NV formation.

EGCG

Notes: The ocular images show angiogenesis in the PBS group. Vessel reduction was observed in corneas treated with free EGCG and EGCG NPs, especially when treated

with GEH-RGD (EGCG 30 pg/mL twice daily).

Abbreviations: GEH, gelatin—epigallocatechin-3-gallate—hyaluronic acid; RGD, arginine—glycine—aspartic acid; NPs, nanoparticles; NV, neovascularization; PBS, phosphate-

buffered saline; EGCG, epigallocatechin-3-gallate.

The HA addition resulted in a negatively charged surface,
as previously shown.!® Size increased with the addition of
HA, because more and more HA molecules were coated on
GE NPs (GE 118.77£21.06 nm vs GEH 303.73+£50.38 nm).
However, the {-potential of the GEH-RGD became posi-
tive (19.7+2 mV) and its size smaller (168.87+22.5 nm).
The gelatin concentration for prepared GE-based NPs was
0.44 w/v%. This is a low concentration, and all the prepared
NPs were stored in water (not as dried powder). Besides,
comparing the size acquired from TEM results (in a dry con-
dition, its size is about 195 nm) and DLS results (hydration
condition, size 168.87122.5 nm), there was no obvious size
difference between dry and water-content conditions, so we
think there was no obvious swelling in GE-based NPs.

The side chain of GRGDSPK presents more amide groups.
Therefore, NH," resulted in the positive charge of HA-RGD.
GEH-RGD particles presented a positive {-potential.
RGDSPK peptide interacts with HA, altering the spatial orga-
nization of the HA network, each HA chain is decorated by
several peptides, turning it into a branched molecule, enabling
complexation between the charged arginine or aspartic acid
on RGD and the oppositely charged HA backbone or pep-
tides in a neighboring molecule, eventually creating new

entanglements between the domains.** Therefore, the elec-
trical attraction between HA and RGD resulted in a dense
HA-RGD structure lining on the surface, presenting smaller
particle size compared with a loose of HA molecules on its
surface. Overall, GEH-RGD particles were successfully
synthesized in round spheres with narrow size distribution
(Figure 3A and B). Release of free dye (TAMRA) in solution
was very fast (Figure 3C), which was otherwise slow from
NPs (GE, GEH, and GEH-RGD), indicating a controllable
system with constant release.’!

The role of receptor-mediated endocytosis is to internal-
ize ligands following proteolytic degradation in acidic pH of
the endosomal/lysosomal compartments. After uptake, NPs
can be shipped to primary endosomes and then transported
to secondary endosomes, which then fuse with lysosomes.*’
Lysosomes are a strong digestion system, and are the key
clearance mechanism of NP elimination. The ability of NPs
to escape endolysosomes depends on the surface charge of the
NPs.*! For the release test in this study, fivefold-concentrated
NPs (GE, GEH, and GEH-RGD) were used for getting high-
enough concentration after being released into PBS for quan-
tification. These concentrated NPs were precipitated in PBS
at pH 7 (data not shown), and became a noncolloidal solution,
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and the release pattern at pH 7 cannot reflect the real behavior
of the colloidal solution. However, these NPs were still well
suspended in PBS at pH 4. Therefore, we showed the release
pattern of GE-based NPs tested in PBS at pH 4, which fits
the colloidal condition and also mimics the acidic environ-
ment in lysosomes. A similar released pattern was revealed
by EGCG-ovalbumin—dextran conjugate NPs treated in
simulated gastric fluid at pH 4.** The size and surface charge
of protein-based NPs depend on pH conditions. Weakened
repulsion among the NPs causes particle precipitation when
the pH is around the isoelectric point of the selected pro-
teins.* Therefore, it is important to learn changes in particle
size and {-potential under different pH conditions. At pH 4,
about 6.18%12.43% of TAMRA from GEH-RGD diffused
across the dialysis membrane after 5 hours, whereas about
30% of TAMRA released from precipitated GEH-RGD at
pH 7, which was faster than that at pH 4 (data not shown).
This result is consistent with a previous report on gelatin—
dextran—tea polyphenol self-assembled NPs, a pH-dependent
assembly of NPs, in which larger particles were formed at
higher pH, due to the weak interaction between gelatin and
tea polyphenol.*® Upon internalization, NPs can either be
delivered into the endo-/lysosome for release of bioactive
compounds by degradation or escape the endo-/lysosome to
reach the basolateral side by exocytosis. Therefore, a higher
intracellular release rate of GE, GEH, or GEH-RGD can
be predicted. The sustained release of TAMRA from GE,
GEH, and GEH-RGD might be higher in the cytoplasm due
to enzymatic degradation for future drug release.

During vascular remodeling and angiogenesis, several
integrins are expressed on endothelial cells to potentiate
cell invasion and proliferation. Integrin o3, is involved
in ocular angiogenesis.!® VEGF, antibody blocking, and
immunoconjugate drug therapy targeting integrin o B, inhibit
NV in corneal/choroidal NV.'#45 The corneal epithelium
and stroma express o.,f3, as well as o, ,3,, while the normal
epidermis and corneal epithelium lack o3, and o 3,.**
Therefore, integrin o, B, heterodimers on vascular endothelial
cells could be recognized by GEH-RGD from the interac-
tion of RGD on the particles. The whole uptake process
of NPs by cells involves two steps: surface binding on the
cell membrane and internalization.*® SPR was performed to
detect the interaction between the sensor surface with the
receptor and targeting ligand in samples. Figure 4 shows
representative sensorgrams of the binding of GE, GEH, or
GEH-RGD to integrin o, B, on the sensor chip. Both GE and
GEH-RGD NPs possess positive charge on their surface
(23.7 vs 19.7 mV), causing a stronger SPR signal. The GEH

NPs, with negative charge (—11.3 mV), show a lower signal
in RU. Therefore, the surface charge of NPs also plays an
important role in o, 3, binding. As such, it is not reasonable
to ignore or subtract the GE-o 3, signal in current SPR work.
GE was modified into GEH and GEH-RGD NPs through
coating HA and HA-RGD on the surface. The RU value of
GE was set as the base to calculate the relative binding affin-
ity. The binding affinity of GEH and GEH-RGD was about
0.5-fold and 1.5-fold that of GE, respectively. The result
means that HA treatment can reduce binding affinity to o 3,
due to the opposite surface charge, but HA-RGD treatment
(GEH-RGD) will increase affinity to 1.5-fold that of GE, due
to the RGD-o 3, interaction. It was noticed that the affinity-
increasing effect from GEH to GEH-RGD was threefold the
contribution of the synergistic effect of surface charge and
RGD-o 3, interactions. The RGD—doxorubicin (DOX)-
dendritic poly(L-lysine) (DGL)-GNP delivery system was
developed by Guo et al, and their SPR results also showed
that the binding proportion of RGD-DOX-DGL-GNP was
significantly higher than that of DOX-DGL-GNP (non-RGD
grafted NPs).* According to the specific targeting capacity
of GEH-RGD to recognize o f3,, it can be easily taken up by
HUVEC:S (Figure 5), decreasing cell viability to 60% at low
EGCG concentrations (Figure 6, EGCG 20 pg/mL, day 3),
and then effectively inhibiting HUVEC migration, lasting
for a longer period than free EGCG, due to the slow release
of EGCG from GEH-RGD (Figure 7).

In this study, GEH-RGD NPs were used as eyedrops
and applied twice daily for 7 days in a mouse model of
corneal NV. The drug inhibited vascular ingrowth from the
limbic to the central cornea (Figure 8), a tendency similar to
a previous report showing that double dosing of curcumin
NPs can prevent corneal NV.* The vessel number and size
obviously decreased when compared with those in mice
treated with free EGCG solution. Although the design for
GEH-RGD is to target vascular endothelial cells, in vitro
targeting was confirmed via HUVEC cells, though in an
animal study this is really a very dynamic and complicated
condition on the ocular surface. We speculate that electrical
attraction might be the first factor to influence NP adhesion on
the surface, then the RGD ligand can help the adhesion of NPs
at the damaged area of the extracellular matrix with integrin
receptors or some area with o, 3, receptors to facilitate bind-
ing, causing a high number of particles on the surface. This
strong interaction can be attributed to the electrical attrac-
tion between GEH-RGD with positive charge and cornea/
conjunctiva possessing negative charge (Table 1). With the
longer retention time, GEH-RGD causes higher accumulation
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of NPs on the eye, allowing time to search for vascular recep-
tors on vessels for binding. Further studies are warranted to
identify the mechanism underlying the inhibitory effects of
GEH-RGD NPs used as eyedrops in corneal NV.

Conclusion

The protocol used to conjugate HA with GRGSPK peptide
on GE NPs was developed to prepare antiangiogenic peptide
therapeutics for the treatment of corneal NV. The RGD-HA
conjugate was successfully synthesized by amide-bond for-
mation between the carboxyl groups of HA and N-terminal
amine groups of RGD peptides using EDC/NHS as a cou-
pling reagent. The HA-RGD coating on the GEH-RGD
was fabricated to target the o B3, integrin on HUVECs. The
average diameter of GEH-RGD was 168.87422.5 nm, with
an EGCG-loading efficiency up to 95%. A slow release pat-
tern was observed in these NPs, including GEH-RGD. SPR
examination confirmed that GEH-RGD specifically bound
to o, B, immobilized on the chip. In vitro cell-viability assay
showed that GEH-RGD efficiently targeted and accumulated
in HUVECs. HUVEC viability was reduced to 60% at an
EGCG concentration of 20 pug/mL on day 3 of treatment.
Furthermore, GEH-RGD NPs significantly inhibited the
HUVEC-migration rate to 58% after 24 hours. Mice with
corneal NV treated by eyedrops with GEH-RGD NPs showed
less vessel formation in cornea after 7 days treatment. Over-
all, GEH-RGD NPs were successfully developed as a novel
vascular endothelial cell inhibitor. Additionally, GEH-RGD
NPs can be used as eyedrop for the treatment of corneal NV
in the near future.
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