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Purpose: Antiangiogenic drugs usually have short-acting efficacy and poor treatment
compliance. The purpose of this study was to determine whether mesoporous silica nanoparticles
(MSNs) could be utilized as a nanodrug delivery system for improving antiangiogenic therapy.
Materials and methods: MSN-encapsulated bevacizumab nanoparticles were prepared by
the nanocasting strategy and characterized by Fourier transform infrared, transmission electron
microscopy, and Brunauer—Emmett—Teller method. Encapsulation efficiency and drug loading
efficiency of MSN-encapsulated bevacizumab nanoparticles were calculated. The pharmacoki-
netics, cytotoxicity, and tissue toxicity were evaluated in vitro and in vivo. The antiangiogenic
effects of MSN-bevacizumab nanoparticles were evaluated in vitro and in vivo.

Results: MSN encapsulation could prolong the residency of bevacizumab in vitreous/aqueous
humor and maintain the long-lasting drug concentration. MSN-encapsulated bevacizumab
nanoparticles did not show any obvious cytotoxicity and tissue toxicity. MSN-encapsulated
bevacizumab nanoparticles were more effective than bevacizumab in suppressing vascular
endothelial growth factor-induced endothelial cell proliferation, migration, and tube formation
in vitro. MSN-encapsulated bevacizumab nanoparticles showed sustained inhibitory effects on
corneal neovascularization and retinal neovascularization in vivo.

Conclusion: This study provides a novel strategy of encapsulating bevacizumab to protect and
deliver it, which could increase the time between administration and formulation shelf-life. MSN-
encapsulated bevacizumab is a promising drug delivery alternative of antiangiogenic therapy.
Keywords: mesoporous silica nanoparticle, bevacizumab, ocular angiogenesis, antiangiogenic
therapy

Introduction

Angiogenesis is the process through which new blood vessels form from the
pre-existing vessels. It plays important roles in several physiological and pathological
processes, including embryonic development, wound healing, tumor growth, ischemic,
inflammatory, infectious, and immune disorders.!? Angiogenesis is usually controlled
by the balance of proangiogenic factors (such as vascular endothelial growth factor
[VEGF], basic fibroblast growth factor, platelet-derived growth factor) and antiangio-
genic factors (such as angiostatin, angiopoietin-2, and endostatin).? Currently, VEGF
is usually recognized as the prominent cytokine during the angiogenic cascade. Many
anti-VEGF drugs have been developed, such as bevacizumab, pegaptanib, ranibizumab,
and aflibercept.**

Bevacizumab (Avastin®; Genentech, Inc., South San Francisco, CA, USA) is a
recombinant humanized monoclonal anti-VEGF antibody. Bevacizumab binds to
VEGF that keeps VEGF away from VEGF receptor, thereby preventing the forma-
tion of new blood vessels. It has been used for treating colon cancer, lung cancer,
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glioblastoma, renal cell carcinoma, and ocular vascular dis-
eases.®” However, bevacizumab may lead to rare but serious
neurologic disorders, such as headache, confusion, fainting,
and vision problems.®’ Moreover, bevacizumab usually has a
short half-life in vivo, and repetitive injections are required
to maintain drug efficiency.!’ Therefore, a novel strategy
for bevacizumab administration should be developed for
improving antiangiogenic therapy.

The advent of nanotechnology has revolutionized the
way of drug administration.'' The application of mesoporous
silica nanoparticles (MSNs) in drug delivery has attracted
much attention due to the favorable chemical property,
thermal stability, satisfying biocompatibility, and improved
bioavailability.'”> MSNs are solid materials, which contain
a great number of mesopores. The mesoporous structure
of silica facilitates effective drug loading and subsequent
controlled release.’> MSNs have been widely used in sev-
eral biomedical fields, such as drug delivery, diagnosis,
biosensing, and cellular uptake. In this study, we determined
whether MSNs could be used as a drug delivery system for
antiangiogenic therapy.

The retina and its clinical disorders provide an important
system to investigate the mechanism of angiogenic cascade.'
VEGEF is responsible for ocular neovascular pathology."
Currently, bevacizumab has been approved for treating
neovascular ocular diseases, including diabetic retinopathy,
retinopathy of prematurity, and neovascular glaucoma.'
However, the cost and frequent intravitreal injection leads
to poor patient compliance and ocular side effects such as
endophthalmitis, increased intraocular pressure, hemorrhage,
corneal epithelial defect, and retinal detachment.!” Thus, it is
required to develop a novel drug delivery method to improve
the efficacy and safety of bevacizumab. In this study, beva-
cizumab was encapsulated into MSN nanoparticles, and the
profiling of bevacizumab release from MSN-bevacizumab
nanoparticles and the long-acting efficacy for antiangiogenic
activity in vitro and in vivo were determined.

Materials and methods

Chemicals

Tetraethyl orthosilicate (TEOS), cetyltrimethylam-
monium chloride (CTAC), triethanolamine (TEA),
3-aminopropyltriethoxysilane (3-aminopropyl) triethoxysi-
lane (APTES), and mPEG-succinimidyl carboxymethyl
ester (MPEG-NHS, MW5K) were purchased from Sigma-
Aldrich St Louis, MO, USA. Bevacizumab (Avastin) was
the product of Genentech Inc. Cyclohexane, anhydrous

ethanol, isopropanol, and ammonium nitrate (NH,NO,) were
purchased from Shanghai Chemical Corp. (Shanghai, China).
All other chemicals used were of analytical grade and used
without further purification.

Preparation and characterization of MSN-

encapsulated bevacizumab nanoparticles
Synthesis of MSNs

The uniform MSNs were synthesized by the soft template
method as previously reported.'® In brief, CTAC (1.5 g) and
TEA (0.045 g) were dissolved in 15 mL deionized water in
a 50 mL round bottom flask and stirred gently at 65°C in an
oil bath for 1 hour. Then, 1 mL TEOS dispersed in 4 mL
cyclohexane was carefully added to CTAC-TEA mixture
and then stirred for additional 24 hours with continuous
mechanical stirring (150 rpm). MSNs were collected by
centrifugation at 4,000 rpm, washed by ethanol and deion-
ized water to remove the residual reactants, extracted with
0.6 wt % NH,NO, ethanol solution at 60°C for 12 hours to
remove CTAC and TEA, followed by washing with anhy-
drous ethanol for three times. The extracted MSN products
were lyophilized to obtain nanoparticle powder.

Surface modification of MSNs

Surface modification of MSNs consisted of two steps: —NH, -
modification and PEG-modification. The ~NH,-modification of
MSNs was performed according to a simple surface alkylation
process.'? In brief, 12 mg MSNs was dispersed in 30 mL anhy-
drous ethanol with 20 uLL APTES and then stirred at 70°C for
3 hours. The -NH_-modified MSNs (MSN-NH,) were obtained
by centrifugation at 4,000 rpm, washed with anhydrous alcohol,
dried at 110°C for 3 hours, and vacuum dried for 24 hours. The
MSN-NH, products were dispersed in 3 mL 2-(N-morpholino)
ethanesulfonic acid (MES) buffer, and then 0.5 mg mPEG-NHS
dissolved in 1 mL MES buffer was added. The mixture disper-
sion was stirred at room temperature for 2 hours. PEG-modified
MSNs (MSN-PEG-NH,) were collected by centrifugation at
4,000 rpm and washed with deionized water to remove the
unreacted mPEG-NHS.* The MSN-PEG-NH, products were
lyophilized to obtain the final nanocarriers.

Preparation of MSN-encapsulated bevacizumab
nanoparticles

MSN-encapsulated bevacizumab nanoparticles were
prepared by encapsulating bevacizumab into the surface-
functionalized MSNSs via the nanocasting strategy. Briefly,
surface-functionalized MSNs (10 mg) were mixed with
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bevacizumab solution (10 mL, 1 mg/mL) under stirring
(500 rpm) for 6 hours. Then, MSN-encapsulated bevaci-
zumab nanoparticles were collected by centrifugation.

Characterization of MSN-encapsulated bevacizumab
nanoparticles
The morphology, particle size, and particle size distribution
of MSN's were observed by transmission electron microscopy
(200 kV; JEOL 2011 microscope; JEOL, Tokyo, Japan).
Zeta potential of nanoparticles was detected in deionized
water by the Zetasizer (Malvern Instruments, Malvern,
UK). The Brunauer—-Emmett—Teller method was used to
calculate the specific surface areas using adsorption data in
arelative pressure (P/P0) ranging from 0.04 to 0.1. The Bar-
rett—Joyner—Halenda method was used to calculate the pore
size distribution and pore volume, which was derived from
the adsorption branches of the isotherms. Fourier transform
infrared (FTIR) was used to confirm the surface modifications
of MSNs by —NH, and Polyethylene glycol (PEG) groups
and drug loading, respectively. FTIR measurements were
performed on a Nicolet 6700 spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) using KBr disk at a resolu-
tion of 4 cm™' in the frequency interval of 500-4,000 cm™".
Encapsulation efficiency and drug loading efficiency
were calculated by the following equations. BEV indicates
bevacizumab.

Encapsulation efficiency (%)

_ Amount of BEV encapsulated
Total BEV added

x 100 (1)

Drug-loading efficiency (%)
_ Amount of BEV encapsulated N
Total weight of MSNs

100 (2)

Amount of BEV encapsulated
= Total BEV added — Free BEV in supernatant

Pharmacokinetic study of bevacizumab
release from MSN-encapsulated
bevacizumab nanoparticles

MSN-bevacizumab (containing 0.01 mg bevacizumab) and
bevacizumab (0.01 mg, control group) were injected to the
vitreous of C57B/L mice, respectively. About 6 hours and
1,3,7,21, 30, and 45 days after injection, the animals were
sacrificed (n=6). The amount of bevacizumab in the vitreous
and aqueous humor was determined by ELISA.

The maximum concentration of bevacizumab (C_ )
and the time required to reach the maximum concentration
(t,,) were obtained from the bevacizumab concentration vs
time curves. The rate constant (K) was calculated by log-
linear regression of the last data points (terminal portion) of
bevacizumab concentration vs time curve. The half-life of
bevacizumab was calculated using the following equation:
t,,=0.693/K. The total body clearance (CL) was calculated as:
CL =dose/area under the curve (AUC). The mean residence
time (MRT) was calculated as: MRT = area under the first
moment concentration-time curve, /AUC, _. The area under
the bevacizumab concentration vs time curve was calculated

by trapezoidal rule.

In vitro release of bevacizumab from
MSN-encapsulated bevacizumab

nanoparticles

To determine the in vitro release of bevacizumab,
bevacizumab-MSN or MSN-encapsulated bevacizumab
nanoparticles (containing 1 mg bevacizumab) were filled
into a dialysis bag (6 mm [MD10], molecular weight 300 kD)
and 40 uL of PBS was added to disperse the powders to
reduce error due to the delay of mass exchange and pen-
etration. The dialysis bag with samples was distributed in
5 mL PBS (containing 0.1% sodium azide) and was placed
in an incubator water bath at 37°C with rotational shaking
at 45 rpm. At specific time intervals (3 and 9 hours and 1,
2,4,7, 14, 21, and 28 days), 0.5 mL of leaching liquor was
withdrawn, and then 0.5 mL of fresh PBS was added to the
solution to keep the sink condition. The same amount of
pure bevacizumab powder (1 mg) was also subjected to the
above-mentioned steps. The withdrawn media were stored
at —20°C and concentrated by freeze drying and dissolv-
ing till analysis of the amount of released bevacizumab.
The bevacizumab in the release media was quantified by
measuring the absorbance of bevacizumab at 269 nm using
a spectrophotometer (NanoDrop 2000 Spectrophotometer;
Thermo Fisher Scientific). The drug release curves of
bevacizumab, bevacizumab-MSN, and MSN-encapsulated
bevacizumab nanoparticles in terms of cumulative amount
were then plotted against time.

Alkaline burn-induced corneal

neovascularization (CNV) model
Eight-week-old male C57BL/6J mice were anesthetized
with ketamine (80 mg/kg) and xylazine (4 mg/kg), and 0.5%
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proparacaine hydrochloride was used for topical anesthesia.
Corneal center was touched with a 3 mm diameter filter paper
(soaked with 1 mol/L NaOH) for 30 seconds and irrigated
with sterile saline solution. Subconjunctival injection of
bevacizumab was performed immediately after alkaline burn
using a 33-gauge needle under an operating microscope. The
length of CNV was analyzed by Imagel.

Oxygen-induced retinopathy (OIR)

model

The newborn mice at postnatal day 7 (P7) and their nursing
mothers were exposed to 75% oxygen in a hyperoxic cham-
ber for 5 days until P12 and then returned to normoxia (21%
oxygen) for 5 days. Bevacizumab or MSN-encapsulated
bevacizumab nanoparticles were injected into the vitreous
at P13. Pups were euthanized at P17 and their retinas were
dissected for Isolectin B4 (IB4) staining.

IB4 staining

The eyes of OIR pups were collected and fixed in 4% parafor-
maldehyde for 30 minutes at room temperature. The retinas
were carefully dissected, flat-mounted, and permeabilized
with 0.1% Triton X-100 (cat. no A110694; Sangon Biotech).
The retinas were blocked with 5% BSA (cat. no B2064;
Sigma-Aldrich) for 30 minutes and then incubated with the
fluorescence antibody-conjugated 1B4 at 4°C overnight.
Retinal neovascularization was observed using a fluorescence
microscope (Olympus 1X-73).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were pur-
chased from the ScienCell Research Laboratories (Carlsbad,
CA, USA). They were maintained in an incubator at 37°C
with 95% humidity and 5% CO,. The culture medium was
composed of DMEM/F-12 (1:1) medium, 1% endothelial cell
growth supplement, 5% fetal bovine serum (FBS; Thermo
Fisher Scientific), and 1% penicillin/streptomycin solution.
Passage 4—6 cells were used for cell phenotype evaluation.

MTT assay

HUVECs were cultured in 96-well plates at a density of
1x10* cells per well. After the required treatment, they were
washed with PBS for three times and then incubated with
MTT (0.5 mg/mL) for 3 hours. Dimethyl sulfoxide solution
was used to dissolve formazan crystals. MTT absorbance
was detected at 570 nm wavelength by a microplate reader
(Molecular Devices).

Cell proliferation assay

Cell proliferation was detected by Ki67 staining. After the
required treatment, HUVECs were fixed in 4% formaldehyde
for 15 minutes, permeabilized with 0.1% Triton X-100 for
15 minutes, and blocked with 5% BSA for 30 minutes. These
cells were incubated with Ki67 antibody (1:200; Abcam) at
4°C overnight and then stained with the fluorescent second-
ary antibody. Cells were stained with Hoechst 33342 to
show nuclei and observed using a fluorescence microscope
(Olympus [X-73).

Cell migration assay

Cell migration was detected by Transwell migration assay.
Briefly, HUVECs were seeded into 24-well Transwell inserts
(8 mm diameter, 0.4 um pore size polycarbonate filters;
Corning Costar Corporation) at a density of 1x10°/insert
and cultured in the complete media to allow cell migration.
The migrated cells on the bottom surface were fixed with 4%
formaldehyde and stained with 0.5% crystal violet (Beyotime
Biotechnology) for 30 minutes. The non-invaded cells were
removed using a cotton swab. The number of migrated cells
was counted using a bright-field microscope.

Tube formation assay

A layer of 50 pL growth factor-reduced Matrigel (cat. no
356234; BD Biosciences) was made on the bottom of 96-well
plates. After the required treatment, HUVECs were seeded on
the top of the Matrigel at a density of 1x10* cells/well. The
plates were incubated at 37°C in 5% CO, and 95% humidity
for 6 hours. The tube-like structures were observed using a
bright-field microscope.

Statistical analysis

All data are presented as mean + standard error of the mean.
Student’s -test was used to detect significant difference
between two groups. One-way ANOVA with Bonferroni’s
comparison test was used for multiple comparisons. P<<0.05
was considered statistically significant.

Ethics statement

The animals were housed according to the Guide of the Care
and Use of Laboratory Animals (published by the National
Institutes of Health). Animal experiments were approved by
the Animal Care and Use Committee of Nanjing Medical
University and performed according to the guidelines of the
Statement for the Use of Animals in Ophthalmic and Vision
Research established by the Association for Research in
Vision and Ophthalmology.
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Results

Preparation and characterization of MSN-
encapsulated bevacizumab nanoparticles
MSNs were prepared by the soft template method. MSNs were
discrete spheres and had a narrow particle size distribution with
an average diameter of 140218 nm (Figure 1A). The nanopar-
ticles had plenty of regular and center-radial pore channels.

Nitrogen adsorption—desorption plot showed that MSNs were
the type IV isotherms characterized by ordered mesoporous
materials (Figure 1B). Nitrogen adsorption measurements
revealed that the average pore size of MSNs was 9.8 nm
(Figure 1C).

MSNs were then functionally modified with -NH, and
PEG groups. The success of surface functionalization was
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Figure | Preparation and characterization of BEV@ MSN-PEG-NH,.
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Notes: (A) TEM image and particle size distribution of MSNs. (B, C) Nitrogen adsorption—desorption isotherms of MSNs measured by BET method (B) and pore size
distribution curves of MSNs calculated from the adsorption branches by BJH method (C). (D-H) Zeta potential, particle size, average pore size, pore volume, and surface
area of MSN, MSN-NH,, and MSN-PEG-NH, were measured or observed by the Zetasizer, TEM, BJH method, and BET method, respectively. (I) The characterization of PEG,
MSN, and MSN-PEG-NH, was performed by FITR spectrum. (J) The loading of BEV into MSN-PEG-NH, was confirmed by FTIR spectrum.

Abbreviations: BET, Brunauer-Emmett—Teller; BEV, bevacizumab; BEV@ MSN-PEG-NH,, MSN-encapsulated bevacizumab nanoparticles; BJH, Barrett—Joyner—Halenda;
FTIR, Fourier transform infrared; MSN, mesoporous silica nanoparticle; TEM, transmission electron microscopy.
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confirmed by zeta potential measurement and infrared spec-
troscopy. The zeta potential of MSNs was —22.612.3 mV. After
the functionalization of MSNs with APTES, the surface had
a charge reversal from negative to positive (+24.313.9 mV)
due to the full dominance of protonated —~NH,* group on the
surface. PEG modification led to decreased zeta potential
to +6.9+1.7mV (Figure 1D). NH, and PEG modification led
to a slight increase in the particle size of MSNs (Figure 1E),
but a slight decrease in average pore size (Figure 1F), pore
volume (Figure 1G), and surface area (Figure 1H).

Infrared spectroscopy showed the features of PEG, MSN,
and MSN-PEG-NH, (Figure 1I). The black curve indicated
the characteristic peaks of MSNs, including two weak bands
at 798 cm™! (Si—O stretching of Si—O—Si groups) and 960 cm™
(Si—O stretching of Si—OH groups) and a broad peak in the
region of 1,050-1,200 cm™ (highest point at 1,085 cm™,
Si—O-Si bending). After the modification of MSNs by —~NH,
and PEG (red curve), some new peaks appeared, including
a peak at 1,720 cm™ (the bending vibrations of C=0 group
in -NHCO-) and three characteristic peaks at 1,095 ¢cm™
(=C-O—C stretching), 1,455 cm™ (—~CH, bending), and 2,875
cm™ (—CH, stretching), which correspond to the PEG chain
(blue curve). The peak at 1,566 cm™' responded to —NH
stretching vibration of NH, in APTES. It should be noted that
the peak at 1,734 cm™ in the PEG spectrum was the finger-
print of N-succinimidyl ester in the mPEG-NHS. The peak
at 3,365 cm™ could be assigned to —NH stretching combined
with the peak —OH from water. Comparing with the curves
of MSNs and MSN-PEG-NH,, the characteristic peaks at
1,720 cm™ (-NHCO-), 1,095 cm™ (C—O—C), and 2,875 cm™"
(~=CH,) demonstrated that PEG was chemically grafted to the
MSN surface through the reaction of -NHS and NH..

After surface modification by —NH, and PEG, beva-
cizumab was loaded into MSN-PEG-NH, to obtain
MSN-encapsulated bevacizumab nanoparticles. As shown
in Figure 1J, the blue curve in FTIR spectrum character-
ized bevacizumab, which had three characteristic peaks:
2,929 cm™! (=CH stretch), 1,645 cm™ (Amide I), and
1,545 cm™ (Amide IT). After bevacizumab loading, the above
three peaks were found in the spectrum of MSN-encapsulated
bevacizumab nanoparticles (red curve), which confirm that
bevacizumab was uploaded into MSN-PEG-NH,,. In addition,
apeak at 1,625 cm™ (bending vibration of H,O) and a broad
band at 3,000-4,000 cm™! (stretching vibration of OH) could
be found in all spectra, which show the presence of condensed
atmospheric moisture in all samples.

We also calculated the Encapsulation efficiency (%)
(EE%) and Loading efficiency (%) (LE%) of bevacizumab-
MSN and MSN-encapsulated bevacizumab nanoparticles.

According to the above Equations 1 and 2, EE% for
bevacizumab-MSN and MSN-encapsulated bevacizumab
nanoparticles was 70.4% and 79.2%, respectively. LE% for
bevacizumab-MSN and MSN-encapsulated bevacizumab
nanoparticles was 72.1% and 85.3%, respectively.

In vitro and in vivo release of
bevacizumab from MSN-encapsulated

bevacizumab nanoparticles

We investigated the release profile of bevacizumab from
bevacizumab-MSN and MSN-encapsulated bevacizumab
nanoparticles in vitro. Bevacizumab experienced an initial
burst release, sustained release, and a slow release from
bevacizumab-MSN and MSN-encapsulated bevacizumab
nanoparticles. More than 35% of bevacizumab was released
from bevacizumab-MSN in the first 3 hours, and about 35%
of bevacizumab was released in the next 24 hours, followed
by a slow release up to 7 days. By contrast, the release
of bevacizumab from MSN-encapsulated bevacizumab
nanoparticles was much slower. More than 35% of beva-
cizumab was released in the first 2 days, but with a burst
release in the first 1-10 hours. About 35% of bevacizumab
was released in the next 5 days (sustained release) with a
subsequent slow release up to 28 days (Figure 2).

We investigated the in vivo release of bevacizumab. The
amount of free bevacizumab in the vitreous and aqueous
humor were plotted against the time after intravitreal injec-
tion of MSN-encapsulated bevacizumab nanoparticles. We
calculated the pharmacokinetic parameters of bevacizumab

100 4 N Sm— i

S 1

@ 804

©

°

® 604

[}

2

T 40

=)

£ —=— BEV

3 201 —— BEV@ MSN
I —e— BEV@ MSN-PEG-NH,

O L) L) L) L) L)

0 7 14 21 28

Time (days)

Figure 2 In vitro release of BEV from MSN-encapsulated bevacizumab nanoparticles.
Notes: BEV-MSN or BEV@ MSN-PEG-NH, (containing | mg bevacizumab) was
filled into the dialysis bag and distributed in PBS. At the specific time intervals
(3and 9 hours and |, 2, 4, 7, 14, 21, and 28 days), about 0.5 mL leaching liquor was
collected to detect BEV concentration. BEV release curve (in terms of cumulative
amount of bevacizumab) was plotted against time.

Abbreviations: BEV, bevacizumab; BEV@ MSN-PEG-NH,, MSN-encapsulated
bevacizumab nanoparticles; MSN, mesoporous silica nanoparticle.
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Table | Pharmacokinetic parameters in the vitreous and aqueous humor after intravitreal injection of MSN-encapsulated bevacizumab
nanoparticles and bevacizumab

Pharmacokinetic MSN-bevacizumab Bevacizumab

parameters Vitreous humor Aqueous humor Vitreous humor Aqueous humor
C. . (ug/mL)* 67.92+15.68 6.28+1.85 154.69+19.83 7.73+1.75

t . (days)® 7.5 7 0.18 0.96

AUC, _ (ug/mL day') 963.34155.82 175.29+21.04 561.43£19.07 63.39+10.38
AUMC, _ (ug/mL day?) 12,443.74+33.23 16,19.32+197.53 2,656.39+298.32 497.18+97.48
MRT (days) 12.9213.63 9.26+0.97 4.7410.84 7.78+0.96

Cl (mL/day) 1.65+0.84 9.24+2.36 1.85+0.36 12.01£3.27

t,, (days)® 8.76+0.32 8.63+0.95 5.31+0.84 4.93+0.77

Notes: *Maximum concentration. "Time to attain C, . ‘Half-life.

Abbreviations: AUC, area under the concentration—time curve; AUMC, area under the first moment concentration—time curve; Cl, clearance; MRT, mean residence time;

MSN, mesoporous silica nanoparticle.

in the vitreous and aqueous humor by the non-compartmental
method (Table 1). Maximum bevacizumab concentration
(C,,.) was observed about 7 days after injection of MSN-
encapsulated bevacizumab nanoparticles in the vitreous and
aqueous humor. By contrast, C___was detected immediately
after bevacizumab injection. The MRT in the injected group
of MSN-encapsulated bevacizumab nanoparticles was sig-
nificantly greater than that in bevacizumab-injected group
both in vitreous and aqueous humor. Accordingly, the half-
life of MSN-encapsulated bevacizumab nanoparticles was
significantly greater than that of bevacizumab.

In vivo and in vitro toxicity assessment
of MSN-encapsulated bevacizumab

nanoparticles

The mouse retinas received an intravitreal injection of bevaci-
zumab, MSN, MSN-encapsulated bevacizumab nanoparticles,
or PBS (Ctrl) for 30 days. H&E staining revealed that there was
no significant change in the histological structure of retinas or
choroids among different groups. No necrosis, hemorrhage,
leukocytic infiltration, or granulation tissue formation was
observed in different groups (Figure 3A). Dark-adapted elec-
troretinography (ERG) results revealed that the amplitudes of
a-wave and b-wave increased as the light intensity increased.
However, we did not detect significant difference in the ampli-
tude of a-wave or b-wave among different groups at a certain
light intensity (Figure 3B and C). Collectively, both histologic
and ERG experiments suggest that MSN-encapsulated bevaci-
zumab nanoparticles have no tissue toxicity in vivo.

We next investigated whether MSN-encapsulated beva-
cizumab nanoparticles had endothelial cell toxicity. MTT
assays showed that MSNs did not show any cytotoxic effect
on endothelial cell viability at the tested concentrations
(Figure 3D). Bevacizumab did not show any cytotoxic effects
on endothelial cell viability, except in extremely high concen-
trations (1 and 10 mg/mL; Figure 3E). HUVECs were then

incubated with or without MSN-encapsulated bevacizumab
nanoparticles for 24, 48, and 72 hours. We also did not detect
any cytotoxic effect at the tested time points (Figure 3F).
Taken together, the above-mentioned evidence suggests that
MSN, bevacizumab, or MSN-encapsulated bevacizumab
nanoparticles have no cytotoxicity on endothelial cells.

MSN-encapsulated bevacizumab
nanoparticles inhibit VEGF-mediated

endothelial angiogenic function in vitro
VEGEF controls endothelial angiogenic function during vascu-
lar growth. It is a key regulator of endothelial cell functions,
such as proliferation, migration, and tube formation.! We
thus determined whether MSN-encapsulated bevacizumab
nanoparticles affected VEGF-mediated endothelial angiogenic
functions in vitro. MTT assays showed that MSN-encapsulated
bevacizumab nanoparticles or bevacizumab administration
significantly inhibited VEGF-mediated increase in endothelial
cell viability. MSN-encapsulated bevacizumab nanoparticles
were more effective than bevacizumab in inhibiting cell
viability (Figure 4A). Ki67 staining showed that MSN-
encapsulated bevacizumab nanoparticles had greater efficiency
than bevacizumab in inhibiting endothelial cell proliferation,
especially after 48 hours of culture (Figure 4B). Matrigel tube
formation and Transwell migration assays showed that MSN-
encapsulated bevacizumab nanoparticles were more effective
than bevacizumab in inhibiting VEGF-mediated tube forma-
tion and migration ability of endothelial cells, especially after
48 or 72 hours of culture (Figure 4C and D).

Subconjunctival injection of MSN-
encapsulated bevacizumab nanoparticles
inhibits CNV in vivo

Both VEGF and the VEGF receptors are present in higher
concentrations than in normal corneas with CNV.??
Subconjunctival injection of bevacizumab significantly
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Figure 3 In vivo and in vitro toxicity assessment of MSN-encapsulated bevacizumab nanoparticles.

Notes: (A) The retinas of C57BL/6) mice received an intravitreal injection of bevacizumab, MSN-PEG-NH2, MSN-encapsulated bevacizumab nanoparticles, or PBS (Ctrl) for
30 days. H&E staining was conducted to detect histologic structure of retina (n=5; scale bar, 100 um). (B, C) Dark-adapted ERG was conducted 30 days after the intravitreal
injection of bevacizumab, MSN, MSN-encapsulated bevacizumab nanoparticles, or PBS (Ctrl). Stimulus flashes were used from —2.92 to 0.98 log cd-s/m2. Amplitudes of a- and
b-waves in the different experimental groups are shown (n=5). (D) HUVECs were incubated with different concentrations of MSN-PEG-NH, nanoparticles for 48 hours. MTT
assays were conducted to detect cell viability (n=4). (E) HUVECs were incubated with different concentrations of bevacizumab for 48 hours. MTT assays were conducted
to detect cell viability (n=4). (F) HUVECs were incubated with MSN-encapsulated bevacizumab nanoparticles (I or 10 pg/mL) for 24, 48, or 72 hours. MTT assays were
conducted to detect cell viability (n=4). *Significant difference compared with Ctrl group.

Abbreviations: ERG, electroretinography; HUVECs, human umbilical vein endothelial cells; MSN, mesoporous silica nanoparticle.

inhibited CNV in vivo. We then determined the effects of
subconjunctival injection of MSN-encapsulated bevacizumab
on CNV. We did not observe obvious corneal epithelial side
effects, such as corneal epithelial defect, corneal ulcer, and
conjunctival necrosis, in alkali-injured mouse corneas. The
area of neovascularization decreased 2, 10, or 14 days after
treatment with MSN-encapsulated bevacizumab nanopar-
ticles or bevacizumab. CNV was almost completely absent
in MSN-encapsulated bevacizumab group after 14 days of
treatment. MSN-encapsulated bevacizumab nanoparticles
could enhance the inhibitory effects of bevacizumab on CNV,

especially at 14 days after alkali injury, as shown by decreased
vascular length (Figure 5A). The representative CNV images
are shown at 14 days after alkali injury (Figure 5B).

Intravitreal injection of MSN-encapsulated
bevacizumab nanoparticles inhibits retinal
neovascularization in vivo

Ischemia-induced proliferative retinal neovascularization is
usually associated with increased VEGF expression.”> We
determined whether MSN-encapsulated bevacizumab could
enhance the anti-VEGF effects of bevacizumab on retinal
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Figure 4 MSN-encapsulated bevacizumab nanoparticles inhibit VEGF-mediated endothelial angiogenic functions in vitro.

Notes: (A) HUVECs were cultured in the serum-starved condition for | hour and treated with VEGF (10 ng/mL) for the indicated times. They were also incubated with
MSN-PEG-NH,, bevacizumab (I pg/mL), or MSN-encapsulated bevacizumab nanoparticles (I pg/mL). Cell viability was detected by MTT assays (n=4). (B) Cell proliferation
was detected by Kié7 staining (n=4). A representative image along with the quantitative result is shown. Scale bar, 20 um. (C) HUVECs were seeded on the Matrigel matrix.
The tube-like structures were observed after 24 or 48 hours of cell culture. A representative image along with the quantitative result is shown (n=4). Scale bar, 50 um.
(D) Transwell assays were conducted to detect HUVEC migration (n=4). A representative image along with the quantitative result is shown. Scale bar, 100 um. *P<<0.05; *P<<0.05.
Abbreviations: HUVECs, human umbilical vein endothelial cells; MSN, mesoporous silica nanoparticle; VEGF, vascular endothelial growth factor.

neovascularization in vivo. Retinal neovascularization was  bevacizumab injection significantly attenuated the area of
induced in C57BL/6 mice by exposing 7-day-old mice to 75%  retinal neovascularization (Figure 6A). Moreover, the area of
oxygen for 5 days, followed by exposure for 5 days to room  retinal neovascularization in the group injected with MSN-
air. Compared with PBS-injected group or MSN nanopar-  encapsulated bevacizumab nanoparticles was significantly
ticle-injected group, MSN-encapsulated bevacizumab and  smaller than that in bevacizumab-injected group (Figure 6B).
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Figure 5 MSN-encapsulated bevacizumab nanoparticles enhance the inhibitory effect of bevacizumab on corneal neovascularization.

Notes: (A) The corneas of male C57BL/6 mice were soaked with NaOH (0.1 M) on the central regions for 30 seconds to induce corneal neovascularization. They received
subconjunctival injection of MSN-encapsulated bevacizumab nanoparticles, MSN-PEG-NH,, or bevacizumab after alkali injury. The relative change of new vessel length was
determined 2, 7, or 14 days after alkali injury. *Significant difference compared with alkali group. “Significant difference between alkali + bevacizumab and alkali + MSN-
encapsulated bevacizumab group. (B) A representative image of corneal neovascularization is shown at 14 days after alkali injury.

Abbreviation: MSN, mesoporous silica nanoparticle.

Discussion

Bevacizumab is a humanized recombinant antibody against
VEGEF. It can block VEGF and its receptors, thus inhibiting
the formation of new blood vessels and reducing vascular per-
meability. Several laboratory and clinical studies have sup-
ported the safety and efficacy of intravitreal bevacizumab.®’
However, anti-VEGF strategy for neovascular diseases
is usually limited by the short half-life of bevacizumab.
In this study, we provide a novel drug delivery system in
which bevacizumab was encapsulated within MSN nanopar-
ticles. MSN-encapsulated bevacizumab nanoparticles could
increase the time between administration and formulation
shelf-life and showed sustained inhibitory effects on corneal
and retinal neovascularization.

MSNs are composed of a honeycomb-like porous
structure that can encapsulate a great number of bioactive
molecules.?* Previous studies have revealed that MSNs are
capable of carrying imaging agents such as fluorescein,
Texas Red, and rhodamine B. MSN carrier system has been
used for controlled release of drugs such as vancomycin,
ibuprofen, erythromycin, and alendronate.?*?¢ In this study,
we showed that MSN encapsulation could prolong the
residency of bevacizumab in vitreous and aqueous humor
and maintain long-lasting drug concentration. We speculate

that the unique properties such as surface area, large pore
volume, and good chemical and thermal stability make
MSNs suitable for drug delivery and release.”” Moreover,
MSNs or MSN-encapsulated bevacizumab nanoparticles
have no toxicity effects on endothelial cell function in vitro
and mouse retina function in vivo. MSNs could also be
efficiently internalized by animal cells.?* We envision that
MSNs could serve as a drug carrier for controlled release of
bevacizumab in the endothelial cells, which would in turn
improve the antiangiogenic effects of bevacizumab. This
study also expands the scope of MSNs for biotechnological
and biomedical applications.

After bevacizumab is encapsulated into MSN nanoparti-
cles, the primary concern is whether MSN-encapsulated bev-
acizumab nanoparticles still have the bioactivity. Abnormal
endothelial cell proliferation, migration, and tube formation
usually occurs in angiogenic cascade.”” MSN-encapsulated
bevacizumab nanoparticles are more effective than bevaci-
zumab in suppressing HUVEC proliferation, migration, and
tube formation, providing the evidence that the bioactivity of
bevacizumab is well kept after MSN encapsulation. More-
over, MSN-encapsulated bevacizumab nanoparticles show
long-acting antiangiogenic effects on endothelial cells due
to the sustained release of bevacizumab. We thus conclude
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Figure 6 MSN emulsification enhances the inhibitory effect of bevacizumab on retinal neovascularization.

Notes: (A, B) Neonatal mice and their nursing mothers were kept in room air from birth through P7 to ensue normal vascular development. At P7, the pups with nursing
mothers were subjected to 75% oxygen for 5 days. At P12, the pups received an intravitreal injection of MSN-encapsulated bevacizumab, MSN-PEG-NH,, bevacizumab,
or PBS. Retinal whole mount was stained with Isolectin B4 and observed by a fluorescent microscope. At P17, retinal neovascularization was observed and quantified.

All neovascular tufts were highlighted in white. Scale bar: 500 um. *P<<0.05; *P<<0.05.

Abbreviation: MSN, mesoporous silica nanoparticle.

that the bioactivity of MSN-encapsulated bevacizumab
nanoparticles on antiangiogenic effects is perfectly preserved
and greatly improved.

Regardless of the source, CNV is a major complication in
transplant rejection, infection, and injury. The treatments for
CNV mainly include photodynamic therapy, photocoagula-
tion, corticosteroids, and nonsteroidal anti-inflammatory eye
drops.’*3! Subconjunctival bevacizumab was found to be a
promising method for suppressing CNV. However, CNV is
far from complete due to the reason that the dosage and dura-
tion of bevacizumab treatment are insufficient to antagonize
VEGEF activity.?? In previous studies, nanomedicine had
been used for treating ocular surface diseases by providing
much safer, less-invasive, and cheaper treatment options.>
Natamycin-encapsulated licithan/chitosan nanoparticles pro-
long ocular exposure to the drug and decrease the clearance,
compared to commercially available suspensions.** Silica
nanoparticles are shown as a novel antiangiogenic agent for
inhibiting CNV following chemical burn.*> We found that
subconjunctival injection of MSN-encapsulated bevacizumab
nanoparticles almost completely inhibited CNV. Bevaci-
zumab is continuously released from MSN-encapsulated

bevacizumab nanoparticles in a controlled manner, which
might continuously antagonize VEGF activity. MSN nano-
carriers can also interact with the unique chemical composi-
tion of the cornea, allowing for longer residence and greater
resistance to ocular clearance.

Ischemia-induced proliferative angiogenesis is a com-
mon pathological process in several retinal diseases such
as retinopathy of prematurity and proliferative diabetic reti-
nopathy.* We found that MSN-encapsulated bevacizumab
nanoparticles could produce long-lasting drug concentrations
in the vitreous and aqueous humor. MSN-bevacizumab obvi-
ously inhibits oxygen-induced retinal angiogenesis. The area
of neovessel formation in MSN-encapsulated bevacizumab
nanoparticle-injected group was obviously smaller than that
in bevacizumab-injected group. Thus, MSN encapsulation
is also a promising drug delivery system for intraocular
neovascular diseases.

Conclusion

This study provides a novel strategy to obtain MSN-
encapsulated bevacizumab nanoparticles to protect and
deliver bevacizumab. MSN encapsulation could prolong
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the residency of bevacizumab in vitreous/aqueous humor
and maintain the long-lasting drug concentration. MSN-
encapsulated bevacizumab nanoparticles have no obvious
cytotoxicity in vitro and tissue toxicity in vivo. MSN-
encapsulated bevacizumab nanoparticles are more effective
than bevacizumab in suppressing VEGF-induced endothelial
cell proliferation, migration, and tube formation in vitro.
MSN-encapsulated bevacizumab nanoparticles show sus-
tained inhibitory effects on CNV and retinal neovasculariza-
tion in vivo. MSN-encapsulated bevacizumab nanoparticles
enhance the efficiency of bevacizumab for treating neovascu-
lar diseases. MSNs would become a promising drug delivery
system for improving antiangiogenic therapy.
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