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Background: Drug therapy for eye diseases has been limited by multiple protective mechanisms of the eye, which can be improved
using well-designed drug delivery systems. Mesoporous silica nanoparticles (MSNs) had been used in many studies as carriers of
therapeutic agents for ocular diseases treatment. However, no studies have focused on ocular biosafety. Considering that MSNs
containing tetrasulfur bonds have unique advantages and have drawn increasing attention in drug delivery systems, it is necessary to
explore the ocular biosafety of tetrasulfur bonds before their widespread application as ophthalmic drug carriers.

Methods: In this study, hollow mesoporous silica nanoparticles (HMSNs) with different tetrasulfur bond contents were prepared and
characterized. The ocular biosafety of HMSN-E was evaluated in vitro on the three selected ocular cell lines, including corneal
epithelial cells, lens epithelial cells and retinal endothelial cells (HREC), and in vivo by using topical eye drops and intravitreal
injections.

Results: In cellular experiments, HMSNs caused obvious S content-dependent cytotoxic effect. HMSNs with the highest tetrasulfur
bond content (HMSN-E), showed the highest cytotoxicity among all the HMSNs, and HREC was the most vulnerable cell to HMSN-
E. It was shown that HMSN-E could react with intracellular GSH to generate H,S and decrease intracellular GSH concentration.
Treatment of HREC with HMSN-E increased intracellular ROS, decreased mitochondrial membrane potential, and induced cell cycle
arrest at the G1/S checkpoint, finally caused apoptosis and necrosis of HREC. Topical eye drops of HMSN-E could cause corneal
damage. The intravitreal injection of HMSN-E could induce inflammation in the vitreum and ganglion cell layers, resulting in vitreous
opacities and retinal abnormalities.

Conclusion: The incorporation of tetrasulfur bonds into HMSN can have toxic effects on ocular tissues. Therefore, when mesoporous
silica nanocarriers are designed for ophthalmic pharmaceuticals, the ocular toxicity of the tetrasulfur bonds should be considered.
Keywords: ophthalmic safety, hollow mesoporous silica nanoparticles, ophthalmic drug delivery, tetrasulfur bond

Introduction

The eye is a highly complex, isolated, and sophisticated sensory organ of the human body. Anatomically, there are
multiple protective mechanisms in the eye, such as the ear, turnover, reflex blinking, and nasolacrimal drainage.'™
However, vision is still easily impaired in various diseases.*”’ Although drug therapy is the main treatment for most eye
diseases, the multiple protective mechanisms of the eye pose a significant limitation for therapeutic drugs to reach the
intended site and maintain an effective drug concentration.®® Fortunately, the development of nanotechnology has
resulted in significant progress and breakthroughs in ocular drug delivery.”2° Nano-drug delivery systems have various
advantages, such as sustained and controlled drug release, enhanced transcorneal permeability, long drug residence time,

and drug targeting, which may reduce dosing frequency and improve patient compliance.”'** Although many drug
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nanocarriers have been investigated for the treatment of anterior and posterior ocular diseases and display differential
advantages, they also face many limitations, such as instability of the carrier system, low loading capacity, and high
cost. > %

Mesoporous silica nanoparticles (MSNs) have become promising nanosystems because of their unique properties in
drug delivery systems, such as 1) large pore volume and high surface area, 2) high loading capacity, 3) adjustable
morphology, 4) easily modifiable surface, 5) good biocompatibility and biodegradability, and 6) high stability under
physiological conditions. Various MSN-based nanosystems had been designed as carriers of therapeutic agents, including
small drug molecules, proteins, and nucleic acids, to treat various diseases, including ocular diseases.?* ! For example,
carboplatin, pilocarpine, topotecan, sodium nitroprusside, and bevacizumab have been encapsulated into MSNs for the
treatment of ocular diseases.*> >’ Although MSNs have gained increasing interest in ocular drug delivery systems, limited
ocular biosafety research poses potential concerns for their clinical application.>*>*%7 Silica is “generally recognized as
safe” by the Food and Drug Administration (FDA) and is currently used as an excipient in some medications. Recently,
silica nanoparticles have been approved by the FDA for cancer treatment in several clinical trials for treating cancer.*®*°
Many studies have shown that silica nanoparticles can undergo rapid degradation under physiological conditions to
generate non-toxic silicates, and their biosafety has been proven to be safe within an appropriate dosage range.>** The
incorporation of disulfide or tetrasulfur bonds into the structure of MSNs can endow carriers with GSH-responsive
degradability.**>* In addition, the biosafety and biocompatibility of MSNs in vivo have been evaluated via various routes
of administration, including intravenous, oral gavage, and intraperitoneal administration.*’ However, no studies have
focused on the influence of MSNs on ocular tissues. Anatomically, the eye is an isolated and specialized organ in human
body as compared with other organs, which necessitates the evaluation of ocular safety of MSNs. Among MSNs, hollow
mesoporous silica nanoparticles (HMSNs) possess an internal hollow structure that can provide greater encapsulation
capacity than other MSNs and a controllable shell structure that can endow the carriers with a more flexible functional
design. HMSNs have always been a focus in drug delivery system.’*>® Therefore, this study focused on the ocular
biosafety of HMSNSs.

Recently, many drug delivery systems that can generate hydrogen sulfide (H,S) have been developed to achieve
synergistic effects with other therapeutic modalities.”” >’ It was reported that the incorporation of tetrasulfur bonds into
MSNs could not only endow the carriers with GSH-responsive degradability but also form a GSH-induced H,
S nanogenerator, which could lead to cytotoxicity on tumor cells. H,S is a gasotransmitter that regulates several
pathophysiological processes.®*®! High H,S concentrations can induce tumor cell death via various mechanisms,®*%
suggesting that high H,S concentrations might exert potential toxicity on normal tissue cells. Therefore, in this study,
HMSNs with different tetrasulfur bond contents were prepared and characterized. The effects of HMSNs on three types
of ocular cells were investigated to evaluate the potential toxic effects of HMSNSs. Finally, the effect of HMSNs on
mouse eyes was evaluated using intravitreal injections and topical eye drops. This study provides a significant biosafety

reference for the application of HMSNs in ophthalmology.

Materials and Methods

Materials

Glutathione (reduced, 98%), MTT (298.0%), Na,CO5; (=99.5%), DMSO (=99.9%), anhydrous ethanol (99.5%),
tetracthyl orthosilicate (TEOS, 98%), bis[3-(triethoxysilyl)propyl] tetrasulfide (BTESPT, 90%), triethylamine (99%),
cetyltrimethylammonium bromide (CTAB) (99%), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, 98%), and aqueous
ammonia (AR, 25-28%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Washington
State Probe-1 (WSP-1, H,S probe) was purchased from MKBio (Shanghai, China). Fetal bovine serum (FBS) was
purchased from Shanghai Zhonggiao Xinzhou Biotechnology Co. Ltd. Trypsin and all KITs used in this study were
purchased from Shanghai Biyuntian Biotechnology Co. Ltd. The TNF-a Immunohistochemical reagent kit was
purchased from Sangon Biotech Co. Ltd.(Shanghai, China). All other chemicals and solvents used were of analytical
grade.
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Cell Culture
Human corneal epithelial cells (HCE-T), lens epithelial cells (HLEC) and retinal endothelial cells (HREC) were
purchased from the ATCC. The cells were cultured in DMEM supplemented with 10% FBS and 100 U/mL penicillin.

Methods

Synthesis of HMSNs

HMSNs were prepared based on the Stéber method with some modification.®**> To prepare Stober-based silica
nanoparticles as the hard template, 60 mL anhydrous ethanol, 5 mL ddH,O and 2 mL ammonia water were mixed by
magnetic stirring for 10 min in a PTFE Beaker. Subsequently, 2.4 mL TEOS was added and the reaction lasted for 2
h under continuous magnetic stirring. The silica nanoparticles were collected by centrifugation (12000 rpm for 10 min)
and resuspended in 100 mL of ddH,O. Subsequently, 5 g of CTAB and 0.5 mL triethanolamine solution (0.2 mg/mL)
were added and dissolved under continuous magnetic stirring at 80 °C. And then 1.44 mL mixture of TEOS and BTESPT
was added, and the reaction was continued for 6 h under continuous magnetic stirring at 80 °C. After the reaction was
complete, the organic-inorganic hybrid silica was collected by centrifugation (12000 rpm for 10 min) and subsequently
resuspended in 200 mL of ddH,O. The suspension was magnetically stirred at 60 °C for 60 min. Subsequently, 8 g Na,
CO; was added to the suspension and allowed to react for 60 min. Finally, HMSNs were obtained by centrifugation
(12000 rpm for 10 min). The etched HMSNs were washed with DI water and then were resuspended in 500 mL of an
HCl/ethanol solution (10:90, v/v) to remove CTAB. HMSNs with different S contents were prepared by adjusting the
volume ratio of BTESPT in the 1.44 mL mixture of TEOS and BTESPT (0% for HMSN-A, 25% for HMSN-B, 50% for
HMSN-C, 75% for HMSN-D and 100% for HMSN-E, respectively).

Characterization of HMSNs

The morphologies and hollow mesoporous structures of the samples were determined using scanning electron micro-
scopy (SEM, JEOL, Kyoto, Japan, JSM7800F) and TEM (JEOL, Kyoto, Japan, 2100F, 200KV). The specific surface area
and pore size distribution were determined using linear regression with the BET model and the Barrett-Joyner—Halenda
(BJH) method via specific surface area and porosity analyzer (Micromeritics, USA, ASAP2460). The S content of the
HMSNs was analyzed using an organic element analyzer (Elementar, Vario EL Cube).

H,S-Generation from the Reaction of HMSNs with GSH

In the in vitro studies, 5 mg of HMSNs were suspended in 1.5 mL of buffer solution (pH 4) containing 10 mM GSH in
2 mL of EP. After ultrasonic mixing, pieces of lead nitrate test strips were cut off to cover the EP openings, and scotch
tape was used to fix the test strip onto the EP openings. At the determined time, pieces of the lead nitrate test strip were
carefully uncovered. The blackness was analyzed using a handheld colorimeter (LS171, Shenzhen Linshang
Technology Co., Ltd). Washington State Probe-1 (WSP-1, H,S probe) was used to detect the intracellular generation of
H,S in HREC. HREC (5% 10* cells per well) were first seeded into 6-well culture plates and then cultured for 18
h. Next, the medium was discarded, and the cells were washed once with PBS. The cells were stained with 0.05 mL
WSP-1(25 uM) for 30 min, followed by the addition of 0.15 mL new cell culture medium containing HMSN-E. After
incubation for 24 h, the cells were washed with PBS for 3 times, and detached by trypsinization. Cells were collected
by centrifugation and washed twice with PBS. Finally, the green fluorescence of approximately20000cells was
measured by flow cytometry.

The Cytotoxicity of HMSN Evaluated by MTT Assay

Three different types of cell lines in ocular tissues, HCE-T, HLEC, and HREC, were selected to evaluate the biosafety of
HMSNss at the cellular level. Briefly, cells were seeded in 96-well plates (8 x 10° cells/well). After 24 h of incubation, the
cells were treated with culture medium containing HMSNs. After further incubation for 48 h, 50 uL of MTT solution
(1 mg/mL) was added to each well, and the cells were incubated for 4 h. After carefully removing the supernatant,
DMSO (150 pL) was added to each well. The plates were shaken on a shaking table for 30 min. Finally, the ODs4¢q, of
each well was measured using a microplate reader (Multiskan GO, Thermo Scientific, USA).
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The Depletion of GSH by HMSNs

HMSNSs (5 mg) was resuspended in 1.5 mL of 10 mM GSH solution (pH =4) to react for 24 h. After the solutions were
centrifuged (12000 rpm for 10 min), 0.05 mL supernatant was collected using a pipette and added to 2 mL EP. And then,
1.4 mL NaHCO; (0.1M) and 0.1mL DTNB (10 mM) were subsequently added to the EP and immediately sealed. After
shaking for 30 min, the absorbance of each solution was measured at 412 nm. The absorption of the control group
without HMSNs was set at ODy. The absorption of the other groups was set as OD,. The GSH depletion rate (%) was
calculated as follows:

The depletion rate of GSH (%) = (ODy—ODy)*100%/ODy

Apoptosis and Necrosis of Cells

An Annexin V-FITC apoptosis detection kit (Beyotime, China) was used to analyze cell apoptosis and necrosis. HREC
were seeded into 6-well plates (5 x 10* cells/well) and incubated for 18 h. The cells were treated with 2.5 mL fresh
culture medium containing HMSN-E. After incubation for 24 h, the cells were washed with PBS for 3 times, and
detached by trypsinization. Cells were collected by centrifugation and washed twice with PBS. Finally, the cells were
double stained with Annexin V and propidium iodide (PI). Finally, the prepared cells (approximately20000cells) were
collected and analyzed using flow cytometry.

Cell Cycle Distribution

The Cell Cycle and Apoptosis Analysis Kit (Beyotime, China) was used to investigate cell cycle distribution. Briefly, HREC
were seeded in 6-well plates (5 x 10* cells/well) and incubated for 18 h. The cells were then treated with 2.5 mL fresh culture
medium containing HMSN-E and incubated for another 24 h. The cells were detached by trypsinization and washed twice with
PBS. After being collected by centrifugation and washed once with PBS, the cells were treated according to the manufac-
turer’s instructions. The prepared cells (approximately20000cells) were collected and analyzed using flow cytometry.

Intracellular ROS Assay

A ROS Assay Kit (Beyotime, China) was used to detect changes in intracellular ROS levels. HREC were seeded into 6-well
plates (5 x 10* cells/well) and incubated for 18 h. The cells were then treated with 2.5 mL fresh culture medium containing
HMSN-E and incubated for another 24 h. The cells were detached by trypsinization, washed twice with PBS, and resuspended
in serum-free medium containing 10 gmol/L. DCF-DA. After incubation for 20 min in an incubator, DCF fluorescence
intensity was detected using flow cytometry at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.

Detection of MMP

Changes of cellular mitochondrial membrane potential (MMP) were investigated by flow cytometry using an MMP assay kit
with the JC-1 dye (Beyotime, China). HREC were seeded in a 6-well plate (5 % 10* cells/well) and incubated for 18 h. The cells
were treated with 2.5 mL fresh culture medium containing HMSN-E and incubated for another 24 h. The cells were detached
by trypsinization, washed twice with PBS, collected by centrifugation, and stained with JC-1 according to the manufacturer’s
instructions. Finally, the prepared cells (approximately20000cells) were collected and analyzed using flow cytometry.

The Ocular Biosafety of HMSN in vivo

Female mice (6—8 weeks old) were randomly divided into four groups for topical eye drop administration (n=3), and five
groups for intravitreal injection (n=3). All the animals had free access to food and water. For topical eye drops, 0.1 mL
HMSN-E (50, 100, and 200 pg/mL) suspended in PBS was applied to one eye. PBS was used as a control. Eye drops
were administered four times daily for 2 weeks. For intravitreal injections, 50 pL HMSN-E (5, 10, and 20 pg/mL) was
injected into the vitreous. The PBS group was injected with 50 pL of PBS, and the control group was not injected. The
mice were anesthetized after one week. For topical eye drops, pictures of mouse eyes were recorded using a slit-lamp
microscope after staining the cornea with fluorescein. For intravitreal injections, pictures of the mouse eyes were
recorded using a slit-lamp microscope. The eyeballs were carefully removed using surgical forceps and scalpels, washed
with PBS, and fixed in 4% polyformaldehyde at 4 °C for 3 days. The fixed eyeballs were immersed into a gradient
concentration of alcohol for dehydration and then processed for paraffin sectioning and routine histology with
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hematoxylin and eosin (HE) staining and immunohistochemical staining. The tissues were microscopically observed
using a microscopy imaging system (AxioScope.Al, Oberkochen, Germany).

Results and Discussion
Synthesis and Characterization of HMSNs

In this study, Stober-based silica nanoparticles were prepared as hard templates by hydrolysis and condensation of silicon
alkoxides. Silica nanoparticle cores were coated with mesoporous organic-inorganic hybrid organosilica by hydrolysis
and condensation of a mixture of TOES and BTESPT with CTAB as a directing agent. The silica cores were selectively
removed using Na,COj; at 80 °C to obtain the HMSNs.

The change of volume ratio of BTESPT to TEOS can lead to different tetrasulfur bond contents in the HMSNs, which
can be observed from the S content in the HMSN (Table 1). HMSN-D and HMSNN-E, with high S content (13.947% and
15.58%, respectively), displayed irregular spherical shapes (Figure 1). In previous studies, various organosilica pre-
cursors were used to incorporate organic groups into the shell of HMSNs to increase the degradation of HMSNSs.
Excessive organic groups in the HMNSs could increase the flexibility of the shell layer and affect its morphology.®®°® In
this study, the excessive incorporation of tetrasulfur bonds deformed the HMSNs into a bowl-like shape, similar to
previously reported deformable hollow periodic mesoporous organosilica nanocapsules.®®

Table 1 shows that the BET surface area and pore volume initially increased and then decreased with increasing
S content. HMSN-C had the highest values. It has been reported that the embedment of organic groups in HMNSs could
result in the expansion of the shell layer, which might lead to an increase in the BET surface area and pore volume.
However, the deformation of the round morphology into an irregular bowl-like morphology could result in a decrease in
the BET surface area and pore volumes.’®®® In this study, the HMSNs remained spherical when the S content was
increased from 0 to 10.873%. Therefore, the increased S content resulted in increased BET surface area and pore volume.
When the S content reached 13.947% and 15.58%, the deformed bowl-like shape reduced the BET surface area and pore
volume, respectively. However, the deformed bowl-like shape did not influence their capacity to load drug molecules
because HMSNs with a flexible shell layer might recover their spherical shape when dispersed in organic or aqueous
solvents.®’ In contrast, the average pore size increased with increasing S content. As the organosilica precursor content
increased, the length of the organic chains (-Si-C-C-C-S-S-S-S-C-C-C-Si-) in the silica shells increased, which might
have increased the average mesoporous pore size. Moreover, the hydrophobic organosilica precursors might serve as an
oil phase to enter the CTAB micelles and enlarge them, leading to an increase in the average mesoporous pore size.

The Reaction of HMSN with GSH

Tetrasulfur bonds incorporated into MSNs could endow MSNs with GSH-responsive degradability.**>* In this study,
DTNB was used to detect the reaction between tetrasulfur bonds and GSH in vitro. As shown in Figure 2A, when
HMSNs with different S contents were incubated with GSH for 36 h, GSH depletion increased when the S content in the
HMSNSs increased. It could be inferred that the tetrasulfur bond in the HMSNs reacted with GSH.

Results from the lead acetate test strip assay showed that HMSNs containing tetrasulfur bonds could lead to the test
strip turning black (Figure 2B and C), which indicated that the reaction of the tetrasulfur bond with GSH resulted in the
generation of H,S. A colorimeter device was used to detect the black intensity of test strip, which showed that the black

Table | The Content of S, Surface Area, Pore Volume and Average Pore Size

S Contents | BET Surface Area (m?g) | BET Pore Volume(cm?/g) | Average Pore Size
HMSN-A 0 423.3994 0.456370 5.0243
HMSN-B 6.616% 546.3719 0.809568 8.6141
HMSN-C 10.873% 567.3634 0.980262 8.5560
HMSN-D 13.947% 384.5626 0.875331 9.4963
HMSN-E 15.58% 388.3738 0.951507 10.5556
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Figure | The images of TEM and SEM for HMSNs. (a—e) TEM for HMSN-A (a), HMSN-B (b), HMSN-C (c), HMSN-D (d) and HMSN-E (e), respectively (Scale bar = 200
nm). (A-E) SEM for HMSN-A (A), HMSN-B (B), HMSN-C (C), HMSN-D (D) and HMSN-E (E), respectively (Scale bar = 100 nm).
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Figure 2 The reaction of GSH with HMSN in vitro. (A) the depletion of GSH detected by Ellman agents. (B) H,S-generation detected by lead nitrate test strip from the
reaction of GSH with HMSN-E for different times. (C) H,S-generation detected by lead nitrate test strip from the reaction of GSH with HMSNs containing different
tetrasulfide groups.

intensity increased with the elevation of the S content and the reaction time of HMSN-E with GSH. Therefore, the
generation of H,S is a tetrasulfur content- and reaction-time dependent process.

The Cytotoxicity of HMSN by MTT Assay

The MTT assay showed that HMSN-E exerted a dose-dependent inhibitory effect on the survival rate of the three cell
lines and exerted a maximum toxic effect on HREC (Figure 3A). When the HMSNSs contents were fixed at 200 pg/mL,
the cytotoxicity of the HMSNs was positively correlated with S content (Figure 3B). HMSN-A without tetrasulfur bonds
showed almost no toxicity toward HREC. It can be inferred that the tetrasulfur bonds might be involved in the toxic
effect of HMSNs on HREC. In subsequent studies, HREC (the most vulnerable cells) and HMSN-E (with the highest
tetrasulfur content) were selected to investigate the toxic mechanism of HMSN containing tetrasulfide.

The Mechanism for the HMSN-E Induced Cytotoxicity

The intracellular GSH content is ~100—1000 times more than the extracellular GSH content.®” MSNs with tetrasulfur
bonds were prepared to serve as a H,S-generator nanocarriers for tumor treatment. Tetrasulfur bonds can react with GSH
to result in the degradation of HMSNss and the consumption of intracellular GSH and simultaneously release H,S, which
can induce cell apoptosis at high concentration.®®®! In this study, it was proved that HMSN-E could react with GSH to
generate H,S in vitro. Herein, a WSP-1 (H,S probe) was used to detect intracellular generation of H,S in HREC. As
shown in Figure 4A and B, after incubation with different concentrations of HMSN-E, HREC exhibited a stronger green
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Figure 3 The effect of HMSNs on the survival rate of selected cell lines. (A) The survival rate of HCE-T, HLEC and HREC incubated with different concentrations of

HMSN-E for 48 h, measured by MTT assay (All samples were run in triplicate). (B) The survival rate of HREC incubated with 0.2 mg/mL HMSNs with different
S concentrations for 48 h, measured by MTT assay (All samples were run in triplicate).
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Figure 4 The effect of HMSN-E on the cellular GSH and ROS. (A) Flow cytometric analysis of HREC stained with WSP-1 and treated by HMSN-E. (B) fluorescence
intensity for WSP-1 in HREC treated by HMSN-E analyzed flow cytometric analysis. (C) the influence of HMSN-E on intracellular GSH analyzed by DTNB method. (D)
intracellular ROS in HREC treated by HMSN-E analyzed flow cytometric analysis.(E) fluorescence intensity for DCF in HREC treated by HMSN-E analyzed flow cytometric
analysis. (P-values < 0.05 were considered statistically significant, denoted as *P < 0.05; **P < 0.01).

fluorescence than the control group. The fluorescence intensity increased with increasing HMSN-E concentration,
indicating that HMSN-E could induce the generation of H,S in HREC.

The reaction of tetrasulfur groups with GSH could result in the consumption of intracellular GSH, which might
disrupt the intricate redox balance in cells and cause an increase in intracellular ROS.”® As shown in Figure 4C,
intracellular GSH levels decreased as the concentration of HMSN-E increased, indicating that HMSN-E led to the
consumption of intracellular GSH. Therefore, intracellular ROS levels in HREC were expected to be elevated by HMSN-
E. To verify this hypothesis, DCFH-DA was used to detect the change of intracellular ROS levels. As shown in
Figure 4D and E, the intracellular ROS levels in HREC were influenced by HMSN-E. After incubation of HREC with
HMSN-E for 24 h, the intracellular ROS in HREC increased with an increase in HMSN-E concentration, indicating that
HMSN-E could induce the elevation of intracellular ROS in HREC.
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The generation of H,S at high concentrations in tumor cells has been explored as a potential method for cancer
treatment. Many H,S donors, including H,S-generator nanocarriers, have been proven to have antitumor effects via the
induction of acidosis, blockade of survival pathways, and disturbance of cell cycles.®*”"-”* H,S has been reported to
disrupt normal mitochondrial function, and its donors can reduce mitochondrial membrane potential (MMP).”** To
investigate the influence of HMSN-E on mitochondrial function in HREC, MMP changes were analyzed by flow
cytometry using JC-1 probes. The JC-1 probe emits red fluorescence in normal mitochondria with high MMP and
converts to green fluorescence when the MMP decreases. A decrease in MMP can be easily observed by detecting the
transition of JC-1 from red to green. As shown in Figure SA-D, HMSN-E clearly changed the fluorescence of JC-1
compared with that in the control groups. An increase in the HMSN-E concentration led to a decrease in red fluorescence
and an increase in green fluorescence. It could be inferred that HMSN-E decreased the MMP in HREC.

The cell cycle-mediating processes were also one of the targets for H,S. Some H,S donors can induce cell arrest at
the G1/S, S-G2/M, and G2/M checkpoints in different cell types.72 As shown in Figure SE-H, the proportion of HREC in
G1 increased as the HMSN-E concentration increased. Therefore, it could be inferred that HMSN-E, as a H,S nano-
generator, could induce cell arrest at the G1/S checkpoint in HREC, which is in agreement with the effect of the H,
S donor GYY4137 on the cell cycle of HCC cells.”

Although there is a complicated interplay among elevated intracellular ROS, decreased cellular MMP, and arrested
cell cycle, these three factors have been widely reported to induce cell apoptosis via intricate pathways.”®’® As expected,
HMSN-E remarkably affected the apoptosis and necrosis of HREC as compared with the control group (Figure 5I-L).
After incubation of HREC with HMSN-E for 24 h, the proportion of apoptotic and necrotic cells increased from 15.09%
to 31.80% when the HMSN-E concentration was increased from 12.5 to 50 pg/mL. It could be concluded that HMSN-E

could obviously induce cell apoptosis and necrosis.
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Figure 5 The mechanism for the toxic effect of HMSN-E on HREC analyzed by flow cytometric. (A—D) The influence of HMSN-E on the MMP of HREC. (E-H) the
influence of HMSN-E on the cell cycle distribution of HREC. (I-L) the influence of HMSN-E on the cell apoptosis and necrosis for HREC.
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Evaluation of the Ocular Toxicity of HMSN in vivo

For topical eye drops, HMSN-E dispersed in normal saline at different concentrations (50, 100, and 200 pg/mL) was
dripped into the mouse ocular conjunctival sac qid for 2 weeks. After the cornea was stained with fluorescein, images of
the mouse eyes were recorded using a slit-lamp microscope. As shown in Figure 6A, when the mice were treated with 50
pg/mL HMSN-E, the eyeball presented similar dye staining to the control group and showed nearly no green
fluorescence, indicating that a low concentration of HMSN-E was safe for ocular corneal tissue. However, green
fluorescence was observed when the HMSN-E concentration reached 100 pg/mL, and the fluorescence intensity
increased with increasing HMSN-E concentration, which indicated that high concentrations of HMSN-E (>100 pg/
mL) could lead to corneal damage.

After the mice were treated via intravitreal injection with different concentrations of HMSN-E (5, 10, and 20 pg/mL),
images of the eyes after mydriasis were recorded using a slit lamp microscope. As shown in Figure 6B, PBS treatment
led to nearly no change compared with the control group. However, when the mice were treated with HMSN-E, the
opacity of the mouse lenses gradually worsened as the concentration of HMSN-E increased, indicating that HMSN-E
caused damage to the mouse lens, thereby causing cataracts.

To further investigate the effect of HMSN-E on eye tissues, eye tissues were collected and embedded in paraffin to
prepare eyeball sections. The eyeball slices were stained with hematoxylin and eosin (H&E) to analyze the toxic effects
of HMSN-E on retinal tissues. As shown in Figure 7A, the layers of the retina in the PBS-treated group and the control
group were well-aligned and had clear boundaries, which suggested that intravitreal injection with PBS showed no effect
on the mouse retina. In the HMSN-E-treated groups, the arrangement of mouse ganglion cells became increasingly
irregular as the concentration of HMSN-E was increased. Abnormal vascular proliferation in the ganglion cell layers and
retinal neovascularization induced by inflammation in the ganglion cell layer were observed in the groups treated with
high concentrations of HMSN-E (10 and 20 pg/mL). Therefore, it can be inferred that ganglion cell layers were subjected
to HMSN-E disturbance. However, the arrangement of cell layers in the inner plexiform layer, inner core layer, outer
plexiform layer, and outer nuclear layer remained relatively regular in all groups, which indicated that these sections
could not be affected by HMSN-E. Inflammation of the eyeball was evaluated by detecting tumor necrosis factor-o
(TNF-a)) expression using immunohistochemical staining. There was no obvious expression of TNF-a in the PBS group
compared with that in the control group (Figure 7B). In the HMSN-E-treated groups, the expression of TNF-a in the
vitreous cavity and retinal ganglion fiber layer increased as the concentration of HMSN-E increased.
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Figure 6 The effect of HMSN-E on eyeball tissue recorded via a slit lamp microscope. (A) the pictures of mouse eye corneas which were treated with HMSN-E (50, 100 and
200 pg/mL) and stained with fluorescein via topical eye drops recorded via a slit lamp microscope. (B) the pictures of mouse eyes which were treated with HMSN-E (PBS, 5,
10 and 20 pg/mL) via intravitreal injection recorded via a slit lamp microscope.
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Figure 7 In vivo evaluation of ocular biosafety of HMSN-E. (A) H&E staining of retina tissue in each group (The red arrows pointing to the layers of retinal ganglion cells).
(B) immunohistochemical staining of retina tissue in each group (The red arrows pointing to brown areas where TNF-a was immunohistochemically stained).

In the retina, the ganglion layers are closest to the vitreum as compared with other layers. Therefore, when HMSN-E was
injected into the vitreum, the ganglion layers were most easily exposed to HMSN-E and subjected to HMSN-E-induced
damage. As shown in the MTT assay, HMSN-E exerted cytotoxicity on HREC, which might induce inflammation in the
ganglion cell layer, thereby resulting in abnormal vascular proliferation and retinal neovascularization.

As shown in the MTT assay, HMSNs caused obvious tetrasulfur content-dependent cytotoxic effects on the three
selected cell lines. HCE-T, HLEC, and HREC originate from the cornea, lens, and retinal vessels, respectively, indicating
that these tissues may also be influenced by HMSN-E. Therefore, a possible mechanism for the ocular toxicity induced
by HMSN-E was proposed (Scheme 1). When HCE-T, HLEC, and HREC were treated with HMSN-E, intracellular GSH
reacted with HMSN-E, resulting in the consumption of intracellular GSH and generation of H,S, which might further
lead to the elevation of intracellular ROS, decrease in cellular MMP, and cell cycle arrest at the G1/S checkpoint,
subsequently inducing cell apoptosis and necrosis. Cell death of HCE-T, HLEC, and HREC may cause damage to the
cornea, lens, and retinal vessels, respectively, such as corneal damage, lens opacity, and retinal abnormality.
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Scheme | A possible mechanism for HMSN-E-induced cytotoxicity.
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Conclusion

In this study, HMSNs with different tetrasulfur bond contents were successfully prepared. Morphology, mesoporous pore
size, BET surface area, and BET pore volume were all affected by the tetrasulfur bond content. The incorporation of
tetrasulfur bonds made HMSNs vulnerable to GSH. The reaction of GSH with HMSNs containing tetrasulfur bonds
could lead to the depletion of GSH and generation of H,S. HMSNs caused obvious S-content-dependent cytotoxic effects
on the three selected cell lines. HMSN-E, which had the highest tetrasulfur bond content, exhibited the highest
cytotoxicity. HREC are most vulnerable to the toxicity of HMSNs. HMSN-E reacted with intracellular GSH to generate
H,S and decrease intracellular GSH concentrations. In addition, treatment of HREC with HMSN-E led to the elevation of
intracellular ROS, a decrease in cellular MMP, and cell cycle arrest at the G1/S checkpoint, finally causing apoptosis and
necrosis of HREC. The ocular biosafety of HMSN-E in vivo showed that topical eye drops of HMSN-E could lead to
corneal damage and intravitreal injection of HMSN-E could induce inflammation in the vitreous and ganglion cell layers,
thereby resulting in lens opacities and retinal abnormalities. In summary, the incorporation of tetrasulfur bonds into
HMSN can have toxic effects on ocular tissues. Therefore, when mesoporous silica nanocarriers are designed for
ophthalmic pharmaceuticals, the ocular toxicity of the tetrasulfur bonds should be considered. If the tetrasulfur bond is
embedded into a drug delivery system as a synergistic therapeutic agent with other drugs to treat ocular tumors, it is
necessary to improve the targeting ability of the carrier to avoid or reduce the toxic side effects.
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