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Background: Ocular vascular diseases are the major causes of visual impairment, which are characterized by retinal vascular
dysfunction and robust inflammatory responses. Traditional anti-angiogenic or anti-inflammatory drugs still have limitations due to the
short-acting effects. To improve the anti-angiogenic or anti-inflammatory efficiency, a dual-drug nanocomposite formulation was
proposed for combined anti-angiogenic and anti-inflammatory treatment of ocular vascular diseases.

Methods: : CBC-MCC@hMSN(SM) complex nanoformulation was prepared by integrating conbercept (CBC, an anti-angiogenic
drug) and MCC950 (MCC, an inhibitor of inflammation) into the surface-modified hollow mesoporous silica nanoparticles
(hMSN(SM)). CBC-MCC@hMSN(SM) complex nanoformulation was then characterized by Fourier transform infrared spectroscopy,
transmission electron microscopy, zeta potentials, and nitrogen adsorption-desorption measurement. CBC and MCC release profile,
cytotoxicity, tissue toxicity, anti-angiogenic effects, and anti-inflammatory effects of CBC-MCC@hMSN(SM) were estimated using
the in vitro and in vivo experiments.

Results: CBC-MCC@hMSN(SM) complex had no obvious cytotoxicity and tissue toxicity and did not cause a detectable ocular
inflammatory responses. CBC-MCC@hMSN(SM) complex was more effective than free CBC or MCC in suppressing endothelial
angiogenic effects and inflammatory responses in vitro. A single intraocular injection of CBC-MCC@hMSN(SM) complex potently
suppressed diabetes-induced retinal vascular dysfunction, choroidal neovascularization, and inflammatory responses for up to 6
months.

Conclusion: : Combined CBC and MCC nanoformulation provides a promising strategy for sustained suppression of pathological
angiogenesis and inflammatory responses to improve the treatment outcomes of ocular vascular diseases.

Keywords: combined nanocomposite formulation, mesoporous silica nanoparticle, anti-angiogenesis, anti-inflammation, ocular
vascular disease

Introduction

Pathological angiogenesis is recognized as the major cause of vision impairment and eventual blindness in the world,
including corneal neovascularization, choroidal neovascularization (CNV), and diabetic retinopathy (DR).! Pathological
factors, such as hyperglycemia, oxidative stress, and hypoxia, can disrupt the normal vasculature and cause vascular
dysfunction.”* Vascular dysfunction further leads to the activation of inflammatory cells, contributing to the inflamma-
tory cell filtration and inflammation cascades.* Angiogenesis and inflammation is interconnected with each other and pro-
inflammatory factors usually have pro-angiogenic effects and vice versa.” Pathological angiogenesis and inflammatory

responses have been involved in the pathogenesis of ocular vascular diseases.®
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Currently, drug treatments for pathological angiogenesis are mainly dependent on the inhibitors targeting vascular
endothelial growth factor (VEGF) signaling, such as bevacizumab, lucentis, aflibercept, and conbercept (CBC). These
drugs are often short-acting and required for repetitive intraocular injection to maintain the therapeutic efficiency.’
However, repetitive injections of anti-VEGF drugs are very expensive and have several side effects on normal vessels,
which may lower the patient compliance and cause the poor adherence to anti-VEGF treatment.® Anti-inflammatory
treatment is achieved by the application of corticosteroids, such as prednisolone and dexamethasone, which are hourly
administered by the topical eye drops to inhibit ocular inflammation.” However, it is often followed by the gradual
decrease of the medication and cessation of therapy due to the rapid elimination and short-acting time.'® Given the
angiogenesis-inflammation interconnection and short-acting effects of current ant-angiogenic/anti-inflammatory drugs, it
is better to use drug combinations for combined anti-angiogenic and anti-inflammatory treatment and develop a novel
drug delivery system to improve the drug bioavailability and the duration of drug action.'':'?

Conbercept (CBC) is a recombinant fusion protein, which has been approved as a decoy receptor for VEGF and
placental growth factor for treating ocular vascular diseases, such as neovascular age-related macular degeneration,
diabetic macular edema, and retinopathy of prematurity (ROP)."*™'> MCC950 (MCC) is a specific small molecule
inhibitor of the canonical and non-canonical activation of NLRP3 inflammasome, which shows the great potentials for
treating inflammatory diseases.'® CBC (143 kDa) is a big molecule drug, while MCC (426 Da) is a small molecule drug.
Small molecule drugs are easily consumed or metabolized away by ocular circulation and have short short-acting time."”
Thus, it is necessary to design a novel drug delivery system for sustained release of CBC and MCC and enhance their
bioavailability and duration of drug action.

Several nanocarriers have been used for the delivery of ocular drugs.'®'® Among these nanocarriers, mesoporous
silica nanoparticles (MSNs) have attracted great attentions due to the distinctive properties, such as high specific surface
areas, large pore volumes, well-defined pore structures, and tunable pore sizes,”’>* especially the good biodegradability
and reliable biocompatibility.”*** MSNs have been used to deliver the small molecular drugs (nitric oxide donor,
pilocarpine) to treat ocular hypertension and the macromolecular drug (bevacizumab) to improve the anti-angiogenic
efficiency.?> 2" In this study, we designed a novel MSN nanoparticle with the rambutan-like rough surfaces and the well-
interconnected nanopores for the co-delivery of CBC (a macromolecule drug) and MCC (a small molecule drug). We also
determined the anti-angiogenic and anti-inflammatory efficacy of CBC-MCC@hMSN(SM) complex nanoformulation in
the treatment of ocular vascular diseases.

Materials and Methods
Synthesis of hMSN(SM) Nanocarrier

hMSNs were synthesized via a co-condensation process of resorcinol, formaldehyde, and silica species.”® Briefly,
resorcinol (0.15 g) and formaldehyde (37%, 0.21 mL) were added to the mixture composed of ammonia aqueous
solution (28%, 3.0 mL), deionized water (10 mL), and anhydrous ethanol (70 mL). The mixture was vigorously stirred
for 6 h at room temperature. After the addition of different volume of TEOS (0.7, 1.2, or 1.6 mL), the mixture was stirred
for 8 min before the addition of resorcinol (0.40 g) and formaldehyde (37%, 0.56 mL). The mixture was then stirred for 2
h at room temperature. The synthesized products were collected by centrifugation, ethanol washing, and dried at 50 °C.
Finally, hMSNs were harvested after the calcination at 550 °C for 5 h in the air.

Surface functionalization of hMSNs consisted of -NH,-modification and PEG-modification.”> Briefly, 30 mg of
hMSNs was dispersed in 25 mL of anhydrous ethanol plus 50 uL of APTES. Then, the mixture was stirred at 70 °C for 3
h. The products were collected by centrifugation and washed with anhydrous alcohol. The products were dried at 110 °C
for 3 h, followed by vacuum dry for 24 h to obtain NH,-modified hMSNs (hMSN-NH,). Then, hMSN-NH, products
were dispersed in 10 mL of MES buffer. Then, another 5 mL of MES buffer with 5 mg of mPEG-NHS was added. The
mixture was stirred at room temperature for 3 h. PEG-modified hMSNs (hMSN-NH,-PEG) were collected by centrifuga-
tion and washed with deionized water to remove the unreacted mPEG-NHS. hMSN-NH,-PEG products were lyophilized
to obtain the functionally modified hMSNs, abbreviated as hMSN(SM) (SM: surface-modified). hMSN(SM) was
sterilized by UV irradiation for 20 min and used for nanocomposite formulations.
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Preparation and Characterization of CBC-MCC@hMSN(SM) Complex

Nanoformulation

MCC and CBC were in sequence loaded into hMSN(SM) via the nanocasting strategy to obtain MCC@hMSN(SM),
CBC@hMSN(SM), or CBC-MCC@hMSN(SM) complex.?’ Briefly, MCC and hMSN(SM) were dissolved in deionized
water. After stirring at 300 rpm for 2 h, MCC@hMSN(SM) was collected via centrifugation at 12, 000 rpm, washed 3
times by deionized water, and then dispersed in deionized water again. CBC was mixed with the above dispersion. After

stirring at 300 rpm for 6 h at 4 °C, the samples were collected by centrifugation at 12, 000 rpm and washed away CBC.
These samples were dispersed in normal saline again, collected by freeze drying, and stored under —20 °C. At the
washing step, the supernatants were collected and the amounts of MCC and CBC in the supernatant were determined by
LC-MS/MS and ELISA assays, respectively. Encapsulation efficiency and drug loading efficiency were calculated as
shown below.?

Encapsulation Efficiency (%) = Amount of encapsulated drug/Amount of total drug x 100%

Loading Efficiency (%) = Amount of encapsulated drug/Total weight of hMSN(SM) x 100%

Amount of encapsulated drug = Total drug — Free drug in the supernatant.

The morphology, particle size, and particle size distribution of hMSN and hMSN(SM) nanocarriers were character-
ized by TEM (JEOL 2011 Microscope). The zeta potentials of hMSN and hMSN(SM) nanocarriers were measured in
deionized water on Zetasizer Malvern Instrument (Malvern). Nitrogen adsorption-desorption measurements were con-
ducted on a Micrometrics Tristar 3000 analyzer at 77 K. The specific surface areas were calculated using the Brunauer-
Emmett-Teller (BET) model in the relative pressure (P/Py) ranging from 0.04 to 0.1. The pore size distribution and pore
volume were calculated using the Barrett-Joyner-Halenda (BJH) model. Total pore volumes (V) were calculated based on
the adsorbed N, amount at the P/Py of 0.995. The surface-modification of hMSNs by -NH, and -PEG groups were
characterized using the FTIR on a Nicolet 6700 spectrometer (Thermo fisher) via KBr disc at a resolution of 4 cm™ ' in
the frequency interval of 500-4000 cm™'. The surface roughness was defined as D,/D,, in which D, represented the
diameter calculated from hMSN shadow area, while D, was the diameter calculated from hMSN shadow perimeter.
hMSN shadow area and hMSN shadow perimeter were obtained by measuring hMSN nanoparticles based on TEM
images using Image J software.

In vitro Release Study of CBC and MCC from CBC-MCC@hMSN(SM) Complex

Formulation

To determine the release profiles of CBC and MCC from CBC-MCC@hMSN(SM) complex formulation in vitro, the
freshly prepared MCC@hMSN(SM) (1 mg MCC), CBC@hMSN(SM) (2 mg CBC), or CBC-MCC@hMSN(SM) (2 mg
CBC and 1 mg MCC) complex were filled into the dialysis bags (cut-off MW 300 kDa). The dialysis bags with the
samples were distributed in 20 mL of PBS and placed in the incubator water bath at 37 °C. At the specific time intervals
(3,6,9, 18,26 h,and 2, 4, 6, 10, 16, and 28 d), 3 mL of leaching liquor was withdrawn and 3 mL of fresh PBS was added
to the solution to keep the sink condition. The withdrawn mediums were stored at =20 °C and concentrated by freeze
drying and dissolving. The concentration of MCC was detected by LC-MS/MS and the concentration of CBC was
detected by ELISA assays. The details of LC-MS/MS and ELISA assays were shown in the Supplementary Information.
The cumulative release curves of MCC@hMSN(SM), CBC@hMSN(SM) and CBC-MCC@hMSN(SM) complex were
plotted against time.

Detection of Cytotoxicity by MTT Assay

Human retinal vascular endothelial cells (HRVECs) were purchased from Cell Systems Corporation (UK). Rhesus
macaque choroid-retinal endothelial cell line (RF/6A cell) was purchased from the American Tissue Culture
Collection (USA). They were cultured in DMEM/F12 (1:1) medium supplemented with 10% of FBS in 5% CO, at
37°C. HRVECs (n = 4) or RF/6A cells (n = 4) were incubated with different concentrations (0.1, 1, 10, 100 and 1000 pg/
mL) of hMSN(SM) nanocarrier for the indicated time points. These cells were washed with PBS for 3 times and
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incubated with MTT (0.5 mg/mL) for 3 h. Dimethyl sulfoxide solution was used to dissolve formazan crystals. MTT
absorbance was determined by a microplate reader (FliterMax F5, Molecular Devices, USA).*

Cell Proliferation Assay

Cell proliferation was determined by Ki67 staining.>> HRVECs were cultured in 24-well plates at a density of 5x10* cells
per well, and then treated with VEGF without or with hMSN(SM), CBC, MCC, CBC@hMSN(SM), MCC@hMSN(SM),
or CBC-MCC@hMSN(SM) complex for the indicated time points. After the required treatment, they were fixed in 4%
formaldehyde for 15 min, blocked with 5% BSA for 30 min, incubated with Ki67 antibody (1:200, Abcam) at 4 °C
overnight, and incubated with the fluorescent secondary antibody (1:500, Abcam) for 3 h at room temperature. Finally,
they were stained with DAPI (1:1500, Abcam) to show nuclei and photographed under a fluorescence microscope (IX-
73, Olympus, Japan).

Cell Migration Assay

Cell migration was determined using the transwell chamber (24-well, 8.0-um pore membranes, Corning).>' Briefly,
HRVECs (5x10* per well) were seeded onto the upper chamber in 100 pL of serum-free medium. About 500 pL of
complete medium was added to the lower chamber as the chemoattractant. After the required treatment, HRVECs were
cultured for 12 h at 37 °C. The migrated cells were fixed with methyl alcohol for 15 min and stained with 0.5% crystal
violet for 30 min. These non-migrated cells were removed using a cotton swab. The number of migrated cells was
counted under a microscope (IX-73, Olympus, Japan).

Tube Formation Assay

Tube formation ability was determined by incubating HRVECs with different complex nanoformulations.”> After the
required treatments, HRVECs were digested by 3% trypsin and re-suspended in DMEM medium. Each well of 24-well
plate was coated with 50 pL of the growth factor-reduced Matrigel followed by the incubation for 30 min at 37 °C to
allow gelation. HRVECs were seeded onto the Matrigel (2x10° cells per well). The tube-like networks were observed
under a microscope (IX-73, Olympus, Japan).

LPS-Induced Inflammatory Response in HRVECs

Lipopolysaccharide (LPS) was used to induce the inflammatory response.*> HRVECs were seeded onto a 24-well
plate and incubated for 24 h to allow cell attachment. Then, they were stimulated with LPS (100 ng/mL). After the
required treatments, the expression levels of ICAM-1, MCP-1, VEGF, and IL-6 were detected by qRT-PCRs and
ELISA assays.

Animal Experiment

All animal experiments adhered to the guidelines of ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Animal Care and Use Committee of the authors’ institute. C57BL/6J mice (68
weeks old, male) were obtained from Qinglongshan Experimental Animal Center (Nanjing, China) and kept under
a pathogen-free condition with alternating 12/12 h light-dark cycle, ensuring free access to standard normal diet and
water.

Estimation the Biosafety of hMSN(SM) Nanocarrier in vivo

The biosafety of hMSN(SM) nanocarrier was determined by intravitreal injections of 1 pL of different concentrations of
hMSN(SM) (1, 10, and 100 pg/mL) nanocarrier into the eyes of C57BL/6J mice. Retinal histological structures and
retinal apoptosis were detected by H&E staining and TUNEL staining. The expression changes of ICAM-1, MCP-1,
VEGF, and IL-6 levels were detected by ELISA assays.>
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In vivo Release Study of CBC and MCC from CBC-MCC@hMSN(SM) Complex

Formulation

In vivo release of MCC and CBC from CBC-MCC@hMSN(SM) complex was studies through an intravitreal injection of
1 pL of CBC-MCC@hMSN(SM) (CBC: 10 mg/mL, MCC: 5 mg/mL) or an equivalent amount of free MCC or CBC into
the eyes of C57BL/6J mice. At day 0 and day 30 after injection, C57BL/6J mice were executed and the retinas were
dissected out from the enucleated eyes. The remaining MCC amount in the retina was detected by LC-MS/MS method.

The remaining CBC amount in the retina was detected by ELISA assays.>*?

Laser-Induced Experimental CNV Model

The experimental CNV model was induced by laser photocoagulation with the rupture of Bruch’s membrane.*® The
pupils of C57BL/6] mice were dilated using the tropicamide phenylephrine eye drops (Santen, China). Laser photo-
coagulation (647 nm; 50 mm spot size; 0.05 s duration; 250 mW) was conducted to burn the retinas at the 3, 6, 9, and 12
o’clock positions. The laser spots were created with ~2—3 disk diameters from optic nerve head. The sign of Bruch’s
membrane rupture was the formation of bubbling at the site of laser photocoagulation. After Bruch’s membrane rupture
and treated with hMSN(SM), MCC, MCC@hMSN(SM), CBC, CBC@hMSN(SM), or CBC-MCC@hMSN(SM) com-
plex, Isolectin-B4 staining was conducted to detect neovascular areas of RPE/choroid flat mounts.

Streptozocin-Induced Diabetic Model

Diabetic model was induced in C57BL/6J mice (6—8 weeks old, male) by an intraperitoneal injection of streptozocin
(STZ, 75 mg/kg).*" The control group received an intraperitoneal injection of vehicle (citrate buffer). The blood glucose
level was measured at 48 h after STZ injection and monitored weekly thereafter. Diabetes mellitus was confirmed by the
fasting blood glucose level more than 250 mg/dl.

Evans Blue Staining

Retinal vessel permeability was determined using Evans blue assay.’’ Briefly, Evans blue (30 mg/kg) was injected
through a jugular vein catheter after deep anesthesia. Two hours later, about 0.1 mL of blood sample was collected. The
eyes were enucleated and the retinas were dissected out. Evans blue was extracted from the retinas and then incubated in
0.3 mLof formamide overnight at 70 °C. The blood samples and extraction solutions were collected by centrifugal
separation at 12, 000 g for 15 min at 4 °C. The sample solutions were filtered through a 30,000-molecular weight filter
and Evans blue signaling was detected at 620 nm and 720 nm. The concentration of Evans blue in the supernatants was
calculated from the standard curve of Evans blue and normalized to dry retinal weight and time-averaged concentration
of Evans blue in the plasma.

PAS/Hematoxylin Staining

PAS (Periodic Acid-Schiff)/hematoxylin staining was used to detect the structure changes of retinal vessels.’” The retinas
were fixed in 4% paraformaldehyde, dissected out from the eyecups, and digested in 3% trypsin for 2-3 h at 37 °C.
Retinal vessels were separated from other retinal neuronal cells by gentle shaking under a dissection microscope. The
vessels were mounted on a slide, allowed to dry, and stained with PAS/hematoxylin (Glycogen PAS Stain Kit). After
staining and washing in water, retinal vessels were dehydrated and mounted using the Permount mounting media (Sigma,
St. Louis, MO, USA). Retinal vasculature was observed under a microscope (DP80, Olympus, Japan). Acellular
capillaries were counted from the images for each retina and expressed as the number of acellular vessels per mm?>.

Statistics

All measurements were taken from the distinct samples (n) and data were presented as mean + SD. Statistical
significance was determined by Student’s ¢-test for two groups and one-way ANOVA followed by the post hoc
Bonferroni test for multiple groups if the data were normally and equally distributed. The nonparametric Mann—
Whitney U-test or Kruskal-Wallis test followed by the post hoc Bonferroni test was used to compare abnormal
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distribution data. The value of P < 0.05 was considered statistically significant. OriginPro 9.0 (OriginLab Corporation,
USA) and GraphPad Prism 8 (GraphPad, San Diego, CA, USA) were used for statistical analysis.

Results
Characterization of CBC-MCC@hMSN(SM) Complex Formulation

The hMSNs with the rambutan-like rough surfaces and hollow cavities interconnected with a plenty of mesoporous were
synthesized via the sol-gel chemistry technique. hMSNs had discrete spheres with the average diameter of 250 + 10 nm.
The magnified images and the outlines of hMSNs showed that they had the rambutan-like rough surfaces (Figure SIA
and Figure 1A). The surface roughness of hMSNs (D,/D,) gradually increased from 2.1 £ 0.3 t0 2.2 £ 0.3, and to 3.2 +
0.4 with the increase of TEOS volume from 0.7 vol% to 1.2 vol%, and to 1.6 vol% (Figure S1B). Previous studies have
reported that the nanoparticles with nanoscale surface roughness can effectively enhance the binding and adhesion of
biomolecules.*®>° We thus selected hMSN-A16 with the greatest rambutan-like roughness as the candidate nanocarrier.

A hMSN hMSN(SM)

MCC@hMSN(SM) CBC@hMSN(SM) CBC-MCC@hMSN(SM)

B C
—8—hMSN —A— hMSN(SM) —&— MCC@hMSN(SM) 100- _ _ &
200- —~— CBC@hMSN(SM) —@— CBC-MCC@hMSN(SM)
— 03
o = % 80-
E £ S~
L 1504 2 o2/ oS 60
£ s 2 O 60- 9
5 = = @ @ 40
2 a T O 3
S 400{ 8" 25 s
18 2 20
3 3 g O 40 - &
2 © 0.0 . - S8 0
S 25 10 20 €2 0 10 20 30 40 50
2 50 Pore size (nm) © © 20 J€ ——MCC in MCC@hMSN(SM) Time (h)
K —e— CBC in CBC@hMSN(SM)
,,,,,,,, —=—MCC in CBC-MCC@hMSN(SM)
o [etsbebels 04 —e—CBC in CBC-MCC@hMSN(SM)
0.0 0.2 0.4 0.6 0.8 1.0 0 7 14 21 28
Relative Pressure (P/Pg) Time (days)

Figure | Characterization of CBC-MCC@hMSN(SM) complex formulation. (A) TEM images of hMSN, hMSN(SM), MCC@hMSN(SM), CBC@hMSN(SM), and CBC-MCC
@hMSN(SM) complex formulations and their magnified TEM images. (B) Nitrogen adsorption-desorption isotherms of hMSN, hMSN(SM), MCC@hMSN(SM),
CBC@hMSN(SM), and CBC-MCC@hMSN(SM) complex formulations. The adsorbed volume against relative pressure plot was used to calculate the specific surface
area in the relative pressure (P/P0) ranging from 0.04 to 0.] by BET model, the pore size distribution and pore volume by BJH model, and the total pore volumes (Vt) based
on the adsorbed N, amount at the P/P0 of 0.995. The pore size against dV/dlog plot was used to determine the effects of CBC or MCC loading on the pore size distribution.
(C) In vitro cumulative release curves of MCC or CBC from MCC@hMSN(SM), CBC@hMSN(SM), and CBC-MCC@hMSN(SM) complex formulations. The results were
shown as mean + SD (n = 4).
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The nitrogen adsorption-desorption isotherms revealed that hMSNs with rough surfaces had a rather narrow average
pore size, large pore volume, and high surface area. After increasing TEOS volume from 0.7 vol%, 1.2 vol% to 1.6 vol%,
hMSNs had a decreased average pore size from 15.2, 13.4 to 11.3 nm (Figure S1C), increased pore volume from 0.31,
0.38 to 0.44 cm’/g, and increased specific surface area from 108.7, 126.1 to 135.0 m?/g.

The hMSNs with larger pore volumes and higher specific surface areas were suitable for filling and absorbing small
molecule drugs (such as MCC) on the pore walls via relatively large mesoporous channels.***' Thus, hMSN with TEOS
volume of 1.6% was selected for loading of CBC and MCC owing to the greatest surface roughness (3.2), largest pore
volume (0.44 cm®/g), and highest surface area (135.0 m?/g). Although hMSN (1.6%) had the smallest average pore size
(11.3 nm), it was enough to efficiently incorporate CBC, which is a kind of IgG protein with a hydrodynamic radius of
<10.7 nm.*?

To promote the loading of MCC and CBC, we modified the surface of hMSNs with -NH; and PEG groups. As shown
in Figure S2, the FTIR curve of hMSN(SM) had the new peaks at 1460 cm ' (bending vibration of -CH,), 1734 cm '
(bending vibration of -C=0), and 2875 cm ' (stretching vibration of -CH,). The hMSNs experienced a charge reversal
from negative (—24.5 mV) to positive (+26.0 mV), and then to negative (—21.6 mV) due to the conversion of surface
functional groups from -Si-O-H to -NH;", and then to PEG group.

After CBC and MCC were loaded into hMSN(SM), an increased average grayscale measured from the TEM images
was observed (Figure 1A). The zeta potentials changed from —21.6 mV for hAMSN(SM), to —2.2, —10.9 and —12.3 mV for
MCC@hMSN(SM), CBC@hMSN(SM) or CBC/MCC@hMSN(SM) complex, respectively (Figure S3). As shown in
Figure 1B, the surface roughness (D,/D,) gradually decreased from 2.5 for hMSN(SM), to 2.4 for MCC@hMSN(SM), to
2.0 for CBC@hMSN(SM) and 1.9 for CBC/MCC@hMSN(SM). Compared with hMSN(SM) nanocarrier (pore size:11.3
nm; pore volume: 0.44 cm’/g, BET surface area: 79.1 m?/g; surface roughness: 2.5, and particle size: 257.4 nm),
MCC@hMSN(SM) complex had a decreased pore size (7.4 nm), pore volume (0.12 cm’/g), and BET surface area
(33.9 mz/g), a similar surface roughness (2.4), but a increased particle size (288.0 nm). When CBC was loaded into
hMSN(SM), CBC@hMSN(SM) had a decreased surface roughness (2.0), pore volume (0.16 cm3/g), and BET surface
area (31.4 m?/g) but an increased particle size (302.4 nm). After MCC and CBC were loaded into hMSN(SM)
nanocarrier, CBC-MCC@hMSN(SM) complex had the smallest surface roughness (1.9), pore size (7.1 nm), pore volume
(0.07 cm®/g), and BET surface area (18.4 m?/g), but the largest particle size (338.2 nm). The encapsulation efficiency and
drug loading efficiency of CBC and MCC is shown in Table 1.

The release profiles of MCC and CBC from MCC@hMSN(SM), CBC@hMSN(SM), and CBC-MCC@hMSN(SM)
complex formulations were also determined in vitro. Both MCC and CBC experienced a burst release stage (<3 h),
a sustained release stage (from 3 h-24 h), and a slow release stage (24 h-28 d) from MCC@hMSN(SM),
CBC@hMSN(SM), and CBC-MCC@hMSN(SM) complex. The release rate of MCC or CBC from CBC-MCC
@hMSN(SM) complex was significantly lower than that of MCC or CBC from MCC@hMSN(SM) complex or
CBC@hMSN(SM) complex after the burst release stage (Figure 1C).

hMSN(SM) Nanocarrier Has No Obvious Cytotoxicity and Tissue Toxicity

HRVECs and RF/6A cells were used to investigate the cytotoxicity of hMSN(SM). MTT assays showed that
hMSN(SM) nanocarrier did not cause an obvious toxicity on HRVECs or RF/6A cells at the tested concentrations
and the tested time points (Figure 2A-D). For tissue toxicity assays, the retinas were collected for

Table | Encapsulation Efficiency and Drug Loading Efficiency of MCC and CBC

Encapsulation Efficiency | Drug Loading Efficiency

MCC CBC MCC CBC
MCC@hMSN(SM) 912 +£22% |/ 228+ 19% |/
CBC@hMSN(SM) / 826+ 1.6% |/ 41.3 £ 1.2%
CBC-MCC@hMSN(SM) | 862 + 1.6% | 785+ 1.5% | 21.6 + 1.8% | 39.3 +2.3%
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Figure 2 hMSN(SM) nanocarrier has no obvious cytotoxicity and tissue toxicity. (A—D) Relative cell viability of HRVECs or RF/6A cells incubated with PBS (Ctrl), or 0.1, I,
10, 100, and 1000 ug/mL of hMSN(SM) for 24 h or incubated with | pg/mL and 10 pg/mL of hAMSN(SM) for 24 h, 48 h, and 72 h. MTT assays were conducted to detect cell
viability (n = 4; One-way ANOVA test). (E and F) H&E staining and quantitative analysis was conducted to detect the change of retinal thickness after intravitreal injection of
I pg/mL, 10 pg/mlL, 100 ug/mL of hMSN(SM) or left untreated (Ctrl) for 30 days (n = 5; Kruskal-Wallis test). (G and H) TUNEL staining and ELISA assays of the retinas of
C57BL/6) mice after an intravitreal injection of | pg/mL, 10 ug/mL, 100 pg/mL hMSN(SM) or left untreated (Ctrl) for 30 days. TUNEL staining was conducted to detect
retinal apoptosis ((G), n = 5). ELISA assays were conducted to detect the expression change of ICAM-1, MCP-1, VEGF, and IL-6 ((H), n = 5, Mann—Whitney U-test).
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histopathological analysis after 30-day injection of hMSN(SM) nanocarrier. H&E staining showed that injection of
hMSN(SM) nanocarrier did not disrupt the normal structures of retinal vessels (Figure 2E). The thickness of
retinal layers did not show significant difference among the different groups (Figure 2F). TUNEL assays showed
that injection of hMSN(SM) nanocarrier did not induce a detectable apoptosis of retinal cells (Figure 2G). ELISA
assays showed that injection of hMSN(SM) nanocarrier did not alter the expression of ICAM-1, MCP-1, and IL-6
levels, suggesting that no significant inflammatory responses were observed in the retinas following the injection
of hMSN(SM) nanocarrier. Moreover, the expression of VEGF level was not altered following the injection of
hMSN(SM) nanocarrier (Figure 2H). Taken together, the above-mentioned results suggest that hMSN(SM)
nanocarrier has no obvious cytotoxicity and tissue toxicity.

CBC-MCC@hMSN(SM) Complex Formulation Suppresses Angiogenic Effects and

Inflammatory Responses in Endothelial Cells

VEGEF is a critical driver of endothelial angiogenic activities during vascular dysfunction.”> HRVECs were treated
with VEGF to build endothelial angiogenic model in vitro. MTT assays showed that compared with Ctrl group or
hMSN(SM) group, administration of MCC, MCC@hMSN(SM), CBC, CBC@hMSN(SM), or CBC-MCC
@hMSN(SM) significantly decreased the viability of endothelial cells. Notably, CBC-MCC@hMSN(SM) complex
had the greatest inhibitory efficiency on endothelial viability among all treated groups (Figure 3A). CBC-MCC
@hMSN(SM) complex had the greater inhibitory efficiency on cell proliferation as shown by decreased Ki67
staining than hMSN(SM), MCC, MCC@hMSN(SM), CBC, or CBC@hMSN, especially after 72 h culture
(Figure 3B). Transwell assays and Matrigel tube formation assays showed that CBC-MCC@hMSN(SM) complex
was more effective than the other 6 groups in inhibiting endothelial cell migration and tube formation (Figure 3C
and D).

HRVECs were treated with LPS to build the inflammatory model in vitro. qRT-PCR and ELISA assays were
conducted to detect the expression change of the angiogenic factor and inflammatory factors at the mRNA levels
and protein levels. The results showed that administration of CBC@hMSN(SM) and CBC exerted an inhibitory
effects on the expression of the angiogenic factor, VEGF. MCC@hMSN(SM) and MCC demonstrated an obvious
inhibitory effect on the expression of the inflammatory factors, including ICAM-1, MCP-1, and IL-6 at the mRNA
and protein levels (Figure 4). Notably, CBC-MCC@hMSN(SM) exhibited the greatest inhibitory effects on LPS-
induced angiogenic effect and inflammatory responses as shown by the lowest expression of VEGF, ICAM-1,
MCP-1, and IL-6.

CBC-MCC@hMSN(SM) Complex Formulation Suppresses CNV Formation and

CNV-Related Inflammatory Responses

CBC-MCC@hMSN(SM) or an equivalent dose of free MCC or CBC were injected into the eyes of C57BL/6J mice to
investigate the release profiles of MCC and CBC. In C57BL/6J mice, the amounts of MCC and CBC in the retinas at day
0 (injection date) were set as 100%. There were still about 73% of the initial CBC and 50% of the initial MCC still
remained in the retinas at day 30 after the injection of CBC-MCC@hMSN(SM). By contrast, there were only 14% of the
initial CBC and only 8% of the initial MCC remained in the retinas at day 30 after the injection of free CBC or MCC
(Figure 5A and B).

Laser-induced CNV model was used to determine the anti-angiogenic and anti-inflammatory effects of CBC-
MCC@hMSN(SM) complex. Isolectin-B4 staining showed that the administration of MCC, MCC@hMSN(SM),
CBC, CBC@hMSN(SM), or CBC-MCC@hMSN(SM) could reduce the neovascular regions of RPE/choroid flat
mounts at day 14 and day 21 following laser injury compared with Ctrl group or hMSN(SM)-treated group. Notably,
the administration of CBC-MCC@hMSN(SM) complex had the optimal inhibitory effects on CNV formation
(Figure 5C). The expression levels of ICAM-1, MCP-1, VEGF, and IL-6 were also detected in RPE/choroid flat
mounts. qRT-PCR assays and ELISA assays showed that compared with Ctrl group or hMSN(SM) group, the
administration of MCC, CBC, MCC@hMSN(SM), CBC@hMSN(SM), or CBC-MCC@hMSN(SM) reduced the
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Figure 3 CBC-MCC@hMSN(SM) complex formulation suppresses angiogenic effects in endothelial cells (A) The viability of HRVECs incubated with VEGF (10 ng/mL)
without or with hMSN(SM) (5 pg/mL), CBC (10 pg/mL), MCC (5 pg/mL), CBC@hMSN(SM) (CBC: 10 pg/mL), MCC@hMSN(SM) (MCC: 5 pg/mL), or CBC-MCC
@hMSN(SM) (CBC: 10 pg/mL, MCC: 5 pg/mL) for 24 h, 48 h, and 72 h. Cell viability was detected by MTT assays (n = 4, One-way ANOVA followed by Bonferroni test). (B—
D) Representative images and quantitative results of cell proliferation (B), cell migration (C), and tube formation (D) of HRVECs treated as shown in Figure 3A for 72 h (n =
4, One-way ANOVA followed by Bonferroni test). VEGF-treated HRVECs were taken as the control group (Ctrl). *P < 0.05 vs Ctrl; #P < 0.05 vs CBC-MCC@hMSN(SM).
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Figure 4 CBC-MCC@hMSN(SM) complex formulation suppresses LPS-induced inflammatory responses in endothelial cells. (A—H) HRVECs were cultured in the serum-
starved condition for | h, and then incubated with LPS (100 ng/mL) without or with hMSN(SM) (5 ug/mL), CBC solution (10 pg/mL), MCC solution (5 pg/mL),
CBC@hMSN(SM) (CBC: 10 pg/mL), MCC@hMSN(SM) (MCC: 5 pg/mL), or CBC-MCC@hMSN(SM) (MCC: 5 pg/mL, CBC: 10 pg/mL) for 24 h, 48 h, and 72 h. qRT-
PCR and ELISA assays were conducted to detect the expression of VEGF, ICAM-|, MCP-1, and IL-6 (n = 4, One-way ANOVA followed by Bonferroni test). *P < 0.05 vs Ctrl;
#P < 0.05 vs CBC-MCC@hMSN(SM).

expression of ICAM-1, MCP-1, VEGF, and IL-6 levels in the RPE/choroid flat mounts at the mRNA and protein
levels. The administration of CBC-MCC@hMSN(SM) had the greatest inhibitory effects on CNV-related inflam-
matory response (Figure 5D-K).

CBC-MCC@hMSN(SM) Complex Formulation Suppresses Diabetes-Induced Retinal

Vascular Dysfunction and Inflammatory Responses

Diabetic retinopathy (DR) is another ocular vascular disease that causes visual impairment and blindness. Its pathogenesis is
associated with retinal vascular dysfunction and inflammatory responses.>' Evans blue assays showed that long-term diabetes
led to increased retinal vascular permeability. The administration of MCC, MCC@hMSN(SM), CBC, CBC@hMSN(SM), or
CBC-MCC@hMSN(SM) could significantly alleviate diabetes-induced retinal vascular permeability. Notably, CBC-MCC
@hMSN(SM) showed the best therapeutic effects on retinal vascular permeability (Figure 6A). The number of acellular
capillaries was quantified to evaluate retinal vascular lesions. Trypsin digestion assays showed that long-term diabetes led to
increased number of retinal acellular capillaries. The administration of MCC, MCC@hMSN(SM), CBC, CBC@hMSN(SM),
or CBC-MCC@hMSN(SM) could decrease the number of retinal acellular capillaries. CBC-MCC@hMSN(SM) group had
the fewest acellular capillaries among different experimental groups (Figure 6B). qRT-PCR and ELISA assays showed that
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Figure 5 CBC-MCC@hMSN(SM) complex formulation suppresses CNV formation and CNV-related inflammatory responses. (A and B) Percentage of the retaining MCC
(a) and CBC (B) in the retinas of C57BL/6] mice at day 0 and 30 after intravitreal injections of | pL of CBC-MCC@hMSN(SM) complex (MCC: 5 mg/mL, CBC: 10 mg/mL) or
an equivalent dose of MCC or CBC solution (n = 5). The amounts of MCC or CBC in the retinas at day O (injection date) were set as 100%. (C) Representative images of
RPE/choroid complexes stained by Isolectin-B4 at day 21 after laser injury and the change of neovascular regions (n = 5) at day 14 and 21 after laser injury. (D—K) mRNA and
protein expression levels of ICAM-1, MCP-1, VEGF, and IL-6 in RPE/choroid complexes detected by qRT-PCR and ELISA assays (n = 5). Kruskal-Wallis test; *P < 0.05 vs Ctrl;
#P < 0.05 vs CBC-MCC@hMSN(SM).

the administration of MCC, MCC@hMSN(SM), CBC, CBC@hMSN(SM), or CBC-MCC@hMSN(SM) could reduce the
expression of [CAM-1, MCP-1, VEGF, and IL-6 at the mRNA or protein levels. CBC-MCC@hMSN(SM) group showed the
best inhibitory effects on diabetes-induced expression of inflammatory factors and angiogenic factor (Figure 6C-J).
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Figure 6 CBC-MCC@hMSN(SM) complex formulation suppresses diabetes-induced retinal vascular dysfunction and inflammatory responses (A) Representative images of flat-
mounted retinas stained by Evans blue at month 6 and relative change of retinal vascular permeability at month 3 and 6 (n = 5) in diabetic C57BL/6] mice after intravitreal injections of |
pL of PBS (Ctrl), h(MSN(SM) (5 mg/mL), MCC (5 mg/mL), MCC@hMSN(SM) (MCC: 5 mg/mL), CBC (10 mg/mL), CBC@hMSN(SM) (CBC: 10 mg/mL), or CBC-MCC@hMSN(SM)
(MCC: 5 mg/mL, CBC: 10 mg/mL). (B) Retinal trypsin digestion was conducted to detect the number of acellular retinal capillaries (red arrows). Acellular capillaries were stained with
PAS (Periodic Acid-Schiff)/hematoxylin and quantified in 30 random fields per retina and averaged (n = 5). (C-J) The expression levels of ICAM- I, MCP-1, VEGF, and IL-6 in the retinas
were detected by qRT-PCR and ELISA assays (n = 5). Kruskal-Wallis test; *P < 0.05 vs Ctrl; P < 0.05 vs CBC-MCC@hMSN(SM).
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Discussion

Pathological angiogenesis and inflammatory responses are interconnected in the pathogenesis of ocular vascular
diseases.* Current treatments require frequent intraocular injections of anti-VEGF drugs or topical treatment with anti-
inflammatory drugs.”> Herein, we provide a dual-drug nanocomposite formulation system, which could synergistically
load CBC and MCC for anti-angiogenic and anti-inflammatory treatment. In this system, CBC or MCC are gradually
released from CBC-MCC@hMSN(SM) complex. CBC or MCC is required to overcome the restriction of functional
groups and charged groups to enter the mesoporous channels of hMSN nanocarrier. Functional groups and complicated
mesoporous channels is beneficial for the sustained release of CBC or MCC from CBC-MCC@hMSN(SM) complex.

Mesoporous silica nanoparticles have emerged as the promising drug delivery systems due to the following proper-
ties, including high surface area, large pore size, good biocompatibility, and biodegradability.>>** Zhang et al used the
spherical mesoporous silica nanoparticles for improved oral absorption of Telmisartan (TEL). TEL loading within the
pores of MSNs led to improved dissolution rate and bioavailability compared with pure drug powder.*> Lu et al used
a fluorescent mesoporous silica nanoparticle (FMSN) for the delivery of Camptothecin (CPT), an anti-cancer drug.
Incorporation of CPT into pores of FMSNs enhanced the solubility of CPT and improved its anti-tumor efficacy.**
Thomas et al used the magnetic actuation of mechanized nanoparticles to achieve the noninvasive remote-controlled drug
release for breast cancer treatment.*> We also used other MSN carriers to deliver nitric oxide donor or bevacizumab for
the treatment of ocular diseases.*>* Conbercept (CBC, 143 kDa) a big molecule drug, while MCC950 (MCC, 426 Da) is
a small molecule drug. We thus required a MSN carrier for simultaneous delivery for CBC and MCC. However, the
above-mentioned solid and conventional MSN types are not suitable for the co-delivery of CBC and MCC because the
loading capacity and drug release dynamics are difficult to adjust in a wide range. In this study, the newly designed
hMSN(SM) nanocarrier meets the requirement for the co-delivery of CBC and MCC. The rough surfaces electrostatically
adsorb the big molecule drug (CBC), while the well-interconnected nanopores can encapsulate the small molecular
weight drug (MCC).

The dual combination of anti-angiogenic and anti-inflammatory treatment is a promising method for treating ocular
vascular disease. However, synergistic drug administration is difficult because the anti-angiogenic and anti-inflammatory
drugs usually have different physical and chemical properties. Considering this problem, CBC and MCC are in sequence
loaded into the h(MSN(SM) system. If CBC was loaded firstly, the mesoporous channels of hMSN(SM) might be partially
blocked, which could affect the load efficiency of MCC. MCC and CBC are bounded by a mass of pore channels,
aminopropyl groups, and PEG chains by steric hindrance, electrostatic interaction and hydrogen bond interaction.
Moreover, MCC and CBC could be continually released from CBC-MCC@hMSN(SM), which is far longer than
intravitreal injection of free MCC or CBC.

When CBC and MCC is incorporated into hMSN(SM) nanocarrier, the primary concern is whether CBC-MCC
@hMSN(SM) has good biocompatibility and bioactivity.”® The eye is a relatively closed tissue and topical administration
is often used. When CBC-MCC@hMSN(SM) is injected into the vitreous, only a small percentage of drug enters the
systemic circulation. The entered drugs also experience metabolism, degradation, and absorbance by phagocytes. The
remaining drug or silica nanoparticle becomes even less. Long-term silica exposure has the risk of developing serious
silica-related disease, such as silicosis.***’ In this study, we delivered mesoporous silica nanoparticles by intravitreal
injection, which is an approach for topical medication. Silicosis is usually caused by the inhalation exposure of
crystalline silica.*® Thus, there is no need to be worried about the occurrence of silicosis caused by hMSN(SM).
Previous study has reported that short-term oral administration of mesoporous silica does not induce local or systemic
toxicity in mice.*® Bioactivity assays reveal that CBC-MCC@hMSN(SM) complex is more effective than free CBC or
MCC in suppressing endothelial angiogenic effects and inflammatory responses. CBC or MCC is sustainably released
from CBC-MCC@hMSN(SM). The anti-angiogenic and anti-inflammatory activities of CBC-MCC@hMSN(SM) are
perfectly preserved and greatly improved.

Another important concern is whether CBC-MCC@hMSN(SM) can be cleared from the eye. Previous studies have
reported that MSN nanoparticles are gradually degraded into silicic acid and other soluble substances in the eye. Small

molecules silicic acid and other soluble substances within eyeball could be cleared through both retinal-choroid-sclera
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(RCS) pathways and anterior outflow pathways.*” Another important evidence also suggests the bio-safety of silicon
material in ophthalmology. Silicone oil has been used as the long-term tamponade agent for the treatment of retinal
diseases.”® MCC experiences the hydroxylation on the 1, 2, 3, 5, 6, 7-hexahydro-s-indacene moiety to form the major
metabolite. These hydrophobic small molecules within eyeball are cleared through both retinal-choroid-sclera and
anterior outflow pathways.’' The degraded components of CBC are the degraded proteins, which are predominantly
cleared through the aqueous outflow pathways, including the trabecular meshwork of the chamber angle and the
uveoscleral pathway.’>> Thus, the biological safety of CBC-MCC@hMSN(SM) is guaranteed and trustworthy during
the clinical applications.

Conclusion

In summary, the new synthesized MSN nanoparticles, hMSN(SM), have good biocompatibility and are suitable for the
simultaneous delivery of a macromolecule drug (CBC) and a small molecule drug (MCC). CBC-MCC@hMSN(SM)
complex nanoformulation can enhance the anti-angiogenic and anti-inflammatory efficiency in the treatment of ocular
vascular diseases. Thus, this nanocomposite formulation system provides a promising strategy for the sustained
suppression of ocular angiogenesis and inflammatory responses, which would improve the treatment outcomes for ocular
vascular diseases. However, we did not explore the pharmacokinetic of CBC-MCC@hMSN(SM) complex in depth,
which is the focus of our future research.
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