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Dry eye disease (DED), a complex ocular surface disease with a high prevalence rate, is associated with
corneal injury, excess oxidative stress and inflammation. Current therapeutic strategies, including artificial
tears and anti-inflammatory agents, are unable to address all the deleterious factors or to achieve a clini-
cal cure due to their temporary or side effects. Here, we prepared a multiple-functional eyedrop based on
the deposition of gold nanoparticles (AuNPs) reduced by ascorbic acid (AA) onto the exosomal phospholi-
pid membrane of mesenchymal stem cell (mExo)-derived exosomes in situ (MExo@AA). The therapeutic
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value of mExo@AA for DED was demonstrated in a mouse DED model. Combining the benefits of mExo
and AA, mExo@AA effectively improves corneal epithelium recovery and anti-inflammation capacity,
decreases corneal reactive oxygen species, and restores tear secretion without adverse effects. Thus, this
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1. Introduction

Dry eye disease (DED) is a multifactorial disease of tears and
the ocular surface that results in symptoms of discomfort,
visual disturbance, and tear film instability with potential
damage to the ocular surface." Large-scale epidemiological
studies have shown that DED affects 5% to more than 50% of
the general population.” In China, up to 31% of the population
aged 5 to 89 suffers from DED symptoms (approximately
371 million people).” In addition to diabetes and hyperten-
sion, DED is a chronic disease, with the potential risks of
ocular infection and surface damage, such as corneal abrasion
or ulceration in severe cases. This can lead to a reduction in
the vision-related quality of life and interfere with daily activi-
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study suggests that mExo@AA is effective and safe as a therapeutic agent for the treatment of DED.

ties.* Current treatments, including artificial tears for mild
DED or the combination of glucocorticoids and immunosup-
pressants for moderate to severe DED, can temporarily relieve
ocular surface symptoms and control ocular surface inflam-
mation. However, these strategies cannot bring about a radical
cure and/or cause side effects.> Therefore, there is an urgent
need to develop a novel strategy for the treatment of DED.

The mechanism of DED is associated with several pro-
cesses, such as ocular surface damage and inflammation.
Recently, mesenchymal stem cell-derived exosomes (mExo)
have received growing attention due to their repair promoting
and anti-inflammatory effects.®*® Certain proteins and
microRNAs carried by mExo have so far been proposed as key
mediators of these effects, such as transmembrane enzymes
CD73,” Wnt 4,"° miR-204,"" and miR-182."* Additionally, mExo
have been applied in the field of ophthalmology to promote
corneal wound healing,"® inhibit neovascularization, and regu-
late autoimmune uveitis."* In particular, mExo have shown
considerable promise as a treatment for DED, and several
mechanisms of their therapeutic action have been studied. For
example, Gong C. et al. demonstrated that exosomes derived
from mouse adipose-derived mesenchymal stem cells alleviate
a benzalkonium chloride-induced mouse dry eye model via
inhibiting NLRP3 inflaimmasomes.”® Liu and collaborators
reported that mExo provided substantial relief on refractory
plant-versus-host disease-associated DED through the acti-
vation of the IL-6/IL-6R/Stat3 pathway and also induced differ-
entiation of inflammatory M1 macrophages to immunosup-
pressive M2 macrophages.'"

This journal is © The Royal Society of Chemistry 2023
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However, owing to the complexity of the etiology of DED, its
treatment within a short period of time based on the pro-repair
and anti-inflammatory functions of mExo is still challenging.
Excessive production of reactive oxygen species (ROS) also con-
stitutes an important contributor to DED."'®"” Several ROS sca-
vengers, like cerium oxide and mitochondrial quinones, have
been employed to scavenge ROS for the treatment of DED."'®"°
As an excellent antioxidant ingredient in human tears, ascorbic
acid (AA) can effectively maintain the free radical balance in the
human body by scavenging ROS or generating stable com-
pounds when reacting with ROS, and show substantial biosaf-
ety.”® AA has protective benefits in the treatment of corneal dis-
eases, such as UV irradiation,®® chemical corneal burns,*?
corneal neovascularization,® and inflammation,>* as well as
enhancing repair of the corneal epithelium in clinical prac-
tice.?® Therefore, the combination of mExo and AA offers the
possibility to effectively overcome the limitations associated
with monotherapies and employ multiple therapeutic strategies.

In this study, we report on the creation and use of an
advanced eyedrop composed of AA-coupled mExo (mExo@AA)
towards the treatment of DED. mExo@AA was prepared based
on the deposition of gold nanoparticles (AuNPs) reduced by
AA onto the exosomal phospholipid membrane in situ. In vitro
and in vivo results demonstrated that mExo@AA alleviated
DED through multi-faceted effects, including repairing ocular
surface damage, scavenging ROS, and reducing inflammation.
Moreover, assessments of its cell toxicity and tissue biocom-
patibility after topical application confirmed its safety. This
study provides new information to develop next-generation
therapeutic agents towards DED.

2. Results and discussion

2.1.
patients with dry eye disease

Association between inflammation and excessive ROS in

Several recent studies have reported the upregulation of inflam-
matory cytokines and excessive ROS in DED animal models,"®"”
providing direct evidence to support the comorbidity of ROS
and inflammation. We collected these samples from patients
with DED (n = 12) and from control subjects (z = 12) and quanti-
fied the inflammatory cytokines and ROS level (Fig. 1a). As
shown in Fig. 1b, in patients with DED, the levels of IL-6, IL-1p
and ROS expression were up-regulated 3.5, 2.8 and 1.3 times
higher than those of healthy controls, respectively. These results
show that inflammation and ROS in dry eye patients have a
higher overexpression than those in healthy individuals. Current
treatments can only temporarily relieve ocular surface symptoms
and control ocular surface inflammation in a single aspect of
the disease, failing to produce a radical cure. Therefore, it is
necessary to construct a new strategy that synergistically achieves
ocular surface repair, anti-inflammation, and ROS clearance.

2.2. Preparation and characterization of mExo and mExo@AA

mExo can be loaded with AA, a small water-soluble molecule,
using several processes, including sonication, co-incubation,
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Fig. 1 (a) Schematic for the collection of human tears and conjunctival

cells, and subsequent assays for inflammatory cytokines and ROS in the
control and DED groups. (b) ELISA measurement of pro-inflammatory
cytokines IL-6 and IL-1p in human tears and ROS in conjunctival cells.
**p < 0.01, *p < 0.05, n.s. means not significant, and analyzed using
one-way ANOVA.

and electroporation. However, the procedures are complex and
show a low loading efficiency and damage to the morphology
of mExo. A novel and convenient surface-modification strategy
is needed to overcome these issues. In the production of
AuNPs, AA is a better stabilizer than NaBH, due to its mild
reducing property and greater ligand characteristics. Previous
studies have shown that AA acts as a reducing and protective
reagent in the synthesis of AuNPs.?®

In this study (Fig. 2a), Au®" was used to deposit AA on the
surface of mExo using DSPE-PEG-SH as a handle, with AA
used as a reducing agent and a protective agent to reduce the
AuNPs. AA loaded on the mExo formed mExo@AA in order to
ameliorate DED through multiple effects, including repairing
ocular surface damage, scavenging ROS, and reducing inflam-
mation (Fig. 2b).

The mExo isolated in this study exhibited a typical saucer-
shaped morphology, with an average diameter of approxi-
mately 150 nm (Fig. 2c, left). After the reaction (1:1 ratio of
NaBH, : AA), 10 nm AA-protective AuNPs were formed and de-
posited uniformly over the mExo surface without changing
their morphology (Fig. 2c, right). Fig. 2d shows the size and
zeta potential of mExo and mExo@AA. Compared with unmo-
dified exosomes, the hydrodynamic diameter of mExo@AA was
almost unchanged, indicating that the grafting of AA did not
influence the size and distribution of the mExo (Fig S17).
Moreover, the mean size of mExo@AA was 100-150 nm, which
is favorable for the accumulation of mExo@AA in cells. After
AA loading, the zeta potential was slightly higher, further con-
firming that the mExo were modified with AA-protective
AuNPs. Both the mExo and mEXo@AA were positive for exoso-
mal marker proteins ALIX, f-actin, and TSG 101, while they
were negative for GM130, a protein found in the Golgi appar-
atus and present in cell lysates®” (Fig. 2e), confirming that AA
loading did not influence the molecular features of mExo and
no contaminating cellular debris was present in the prepa-
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Fig. 2 (a) Schematic showing the steps in the synthesis of mExo@AA.

(b) mExo@AA eyedrops alleviate DED by (1) repairing ocular surface
damage, (2) scavenging ROS, and (3) reducing inflammation. (c) TEM
images of mExo (left) and mExo@AA (right) stained with uranyl acetate.
(d) Particle size (left) and zeta potential (right) of mExo and mExo@AA.
(e) Western blot images of mExo and mExo@AA; ALIX, p-actin and TSG
101 are markers for exosomes, while GM130 is negative. (f) FTIR spectra
of AA and Au@AA; 1754 cm™ is the characteristic peak of C=0O and
1143 cm™ is the characteristic peak of OH. (g) UV-Vis absorption
spectra and images (top right) of mExo and mExo@AA.

ration of mExo and mExo@AA. Finally, mExo@AA showed
reasonable stability without detectable changes in the particle
size or zeta potential after storage in PBS at —80 °C (Fig. S21).

To demonstrate more simply and clearly that Au can be
used as a connecting agent for AA and mExo, we first showed
that AA could be used as a reducing and protective agent for
Au using FTIR spectroscopy, and then that Au could be
loaded on mExo using UV-Vis spectroscopy. The absorption
bands at 1754 cm " and 1143 cm™ " in the FTIR spectra of
both AA and Au@AA are attributable to C=0 and OH
vibrations, respectively, which are characteristic of AA, indi-
cating that AA was successfully loaded on the AuNPs as a pro-
tective agent (Fig. 2f).”® Meanwhile, the ratio of C—0/OH
increased from 0.75 to 1.03, indicating that some AA had
been oxidized, detailed data are shown in Table 1. Overall,
the FTIR spectrum illustrated that AA acted as both a redu-
cing and a protective agent. As shown in Fig. 2g, the UV-Vis
spectrum of mExo@AA has a characteristic absorption peak
corresponding to AuNPs at 520 nm, indicating that the
AuNPs were successfully incorporated onto the mExo.
Therefore, these results indicate that AA was successfully
loaded on the surface of mExo based on the AuNPs function-
ing as a handle.
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Table 1 Calculated and experimental vibrational band positions of AA

C=0 OH Ratio of C=0/OH
Band position (cm™) 1754 1143 —
Integral region (cm™)  1735-1768  1128-1175 —
AA 3118 4179 0.75
Au@AA 1778 1732 1.03
2.3. AA loading and ROS scavenging capacities of mExo@AA

We investigated the influence of the NaBH,: AA ratio on the
loading capacity of AA. As shown in Fig. 3a, with an increase in
the AA content, the color of mExo@AA changed from orange
to red and finally to blue, which was related to the size of the
AuNPs. When the AA content was low, the reducing agent was
mainly NaBH,, which exhibited a strong reduction ability,
resulting in smaller AuNPs. With more AA content, the redu-
cing strength of NaBH, was decreased, resulting in the for-
mation of larger AuNPs. The loading efficacy of AA increased
gradually to about 509 nM mg ™" with a 1:1 ratio of NaBH, to
AA, but decreased as the ratio continued to increase (Fig. 3b).
Because an excessive AA content resulted in poor reduction
ability, the generation of larger AuNPs with smaller specific
surfaces led to a lower AA loading capacity, and the particle
size of AuNPs in N;,:A, was ~5 nm and that in N,:A;, was
~30 nm (Fig. S371), which supports this explanation. Therefore,
in the following experiments, we chose NaBH, : AA at a ratio of
1:1 as the reducing agent.

In general, the ROS scavenging ability of mEXo@AA was
closely related to the loading efficacy of AA. Fig. 3¢ shows that
the ROS scavenging efficiency of mExo@AA first increased and
then decreased at a given concentration of mExo@AA (10 pg
mL™"), which was consistent with the AA content of
mExo@AA. The ROS scavenging capacity of mExo@AA was also
affected by its concentration, increasing from 40% to about
80% as the concentration increased from 0.01 to 0.5 mg mL ™",
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Fig. 3 (a) Images, (b) AA loading capacity, and (c) ROS scavenging

efficiency at different ratios of NaBH, : AA (10:0, 4:1, 3:2, 1:1, 2:3,
1:4, and 0:10, respectively). (d) ROS scavenging efficiency at different
mExo@AA concentrations.
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with a maximum scavenging capacity evident at 0.5 mg mL ™
(Fig. 3d). The complex could not achieve a high ROS scaven-
ging efficiency of AA, but its efficiency was greatly improved
compared with mExo (Fig. S41).

2.4. Effect of mExo@AA on corneal repair and ROS
scavenging in vitro

Prior to investigating the corneal repair effect and ROS
removal capacity of mExo@AA, we assessed the uptake of
mExo@AA by HCECs. As shown in Fig. 4a, DiD-labelled
mExo@AA with red fluorescence was mostly localized around
the perinuclear region (blue fluorescence) after incubation
with HECEs for 12 h. To explore the corneal repair effect of
mMEXo@AA in vitro, the scratch assay on a monolayer of HCECs
was performed using equivalent amounts of mExo, AA, and
saline as controls. We observed that re-epithelialization in
monolayers treated with mExo@AA was significantly acceler-
ated, with 70.90 + 4.18% of the wound area closed, compared
with the outcomes corresponding to saline (11.67 + 7.35%),
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Fig. 4 (a) CLSM images of intracellular internalization of mExo@AA in
HCECs (green: FITC-labelled cell membrane, red: DiD-labelled

mExo@AA, blue: DAPI-labelled cell nucleus). (b) Scratch assay and (d)
quantitative closure ratio of HCECs treated with saline, mExo, AA and
mExo@AA. (c) Representative CLSM images and (e) quantitative analysis
of ROS scavenging in HCECs treated with saline, mExo, AA and
mExo@AA. The upper and lower panels show bright field and CLSM
images, respectively. Error bars represent the standard deviation (n = 3).
(f) Viability of HCECs treated with different concentrations of mExo@AA.
****p < 0.0001, ***p < 0.001, n.s. means not significant, and analyzed
using one-way ANOVA.
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mExo (55.63 + 7.52%), and AA (31.23 * 6.46%) treatments
(Fig. 4b and d). These results indicated the excellent re-epithe-
lialization properties of mExo@AA, attributed to the well-
known migration promoting properties of mExo and AA,
especially mExo.?°

Apart from the need for corneal repair, ROS scavenging is
also a necessity due to the susceptibility to oxidative stress of
the anterior segment of the eye, which produces excess
unstable ROS that leads to cellular damage in DED.*" In this
study, we explored the intracellular ROS scavenging efficacy of
mEx0o@AA in H,0,-treated HCECs. As shown in Fig. 4c, the
saline and mExo groups showed obvious green fluorescence
(labelled with the DCF probe), indicating a higher ROS content
in HCECs. In contrast, the green fluorescence intensity was
minimal following the treatment with AA or mEXxo@AA, indi-
cating their excellent intracellular ROS scavenging efficacy. The
corresponding statistical analysis is presented in Fig. 4e,
which quantitatively shows a similar tendency as indicated by
the CLSM images. Furthermore, mExo@AA showed excellent
biocompatibility even at a high concentration of 1000 pg mL™"
on HCECs, as demonstrated by the CCK-8 assay (Fig. 4f). The
above results indicated that mExo@AA had abilities of pro-
wound healing, ROS scavenging and biocompatibility.

2.5. Anti-inflammatory effect of mExo@AA in vitro

Macrophage-mediated inflammatory response, which can
result in epithelial cell injuries and/or degeneration, is found
to play a crucial role in DED.** Previous studies have shown
that mExo can modulate the macrophage immunophenotype
by promoting the differentiation of macrophages into particu-
lar phenotypes,’™*® and the effects of AA on the immune
response in ocular diseases have also been investigated in a
few studies.>*** In the current study, LPS-induced mouse per-
itoneal macrophages were cultured under the different treat-
ments to evaluate the effects of mExo@AA on macrophages.
Specifically, the drugs used in the treatments were added to
the macrophages at 12 h after LPS stimulation, instead of the
beginning of the culturing process. As shown in Fig. 5, macro-
phages cultured with mExo showed increased expression of
CD 206, which is associated with M2 inflammation-resolving
macrophage immunophenotypes. Furthermore, AA increased
the percentage of M2 cells, which can reduce inflammation by
removing the ROS involved in the deterioration of ocular
surface cells,*® and flow cytometry results indicated that the
mEX0@AA treatment resulted in a greater increase in the per-
centage of M2 cells (56.72%) than mExo (45.58%, p = 0.005)
and AA (34.93%, p < 0.0001) treatments due to the synergistic
effects of mExo and AA (Fig. 5). We also investigated the effect
of mEXo@AA treatment on the expression of inflammation
mediators linked to the inflammation of DED. As shown in
Fig. 5¢, mExo, AA, and mExo@AA all significantly reduced the
pro-inflammatory cytokines IL-6 and IL-1f in the supernatant.
Notably, although mExo@AA was the most efficient in redu-
cing the inflammatory factors, it did not vary significantly with
the mExo group, which may be related to the low overall con-
centrations of the inflammatory factors in the supernatant.

Nanoscale, 2023,15,1890-1899 | 1893
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Fig. 5 (a) and (b) Flow cytometry showing CD 206 expression in LPS-
induced macrophages treated with saline, mExo (1 mg mL™), AA (509
nM mL™Y), and mExo@AA (1 mg mL™2). The error bar represents standard
deviations (n = 3). (c) ELISA measurement of the inflammatory cytokines
IL-6 and IL-1p in the supernatant. ****p < 0.0001, ***p < 0.001, **p <
0.01, *p < 0.05, n.s. means not significant, analyzed using one-way
ANOVA.

These observations indicate that mEXo@AA can enhance the
polarization of M2 macrophages, and thus reduce inflammation.

2.6. mExo@AA suppresses DED in BAC-induced mice

To examine whether mExo@AA can be used as an effective
therapy for DED, the BAC-induced dry eye mouse model was
chosen, because it had the essential clinical features of DED
and is also stable and suitable for the evaluation of the treat-
ment response.”” Fig. 6a shows the process for establishing
the BAC-induced DED model and subsequent treatments
using different drugs. At 7 days after treatment, the evaluation
of eye surface damage via fluorescein staining was performed
under a slit lamp. The corneal surface would appear green
under cobalt blue light if there was a wound. As shown in
Fig. 6b and e, the cornea of mice in the control group (healthy
eyes) exhibited a clear and deep profile, with almost no green
dots visible. After inducing DED using BAC and treatment with
saline, the cornea showed a diffused green dot staining profile
in four areas, indicating severe corneal injury. The mExo@AA-
treated DED mice exhibited less fluorescein staining compared
with the BAC mice in the mExo and AA treatment groups (p <
0.01 and p < 0.0001, respectively).

The overproduction of ROS results in ocular surface inflam-
mation and tear film hyperosmolarity, eventually causing
DED.*' Therefore, scavenging excessive ROS is necessary to
repair DED. The ROS scavenging efficacy of mEXo@AA in vivo
was measured using a DHE probe via fluorescence microscopy.
As shown in Fig. 6c, compared with the saline-treated group,
both the control (healthy eyes) and mExo@AA-treated groups
showed negligible florescence, indicating the high ROS scaven-
ging efficacy of mExo@AA. Notably, unlike in vitro ROS scaven-
ging experiments, the AA and mExo groups still showed a high
ROS fluorescence signal, indicating that DED could not be
completely reversed after monotherapy with AA or mExo for 7
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Fig. 6 (a) Establishment schematic of BAC-induced DED mice. (b)
Representative images of the corneal wound area stained with sodium
fluorescein and (e) mean staining score of the eye surface in each group
after treatment with saline, mExo (1 mg mL™), AA (509 nM mL™), and
mExo@AA (1 mg mL™). (c) Fluorescence images (DHE was used as the
probe of ROS) and (f) quantitative statistics of the fluorescence intensity
showing ROS scavenging efficiency. (d) Representative immunofluores-
cence staining images and (g) quantitative analysis of CD 206 fluor-
escence after the treatments (saline, mExo (1 mg mL™), AA (509 nM
mL™Y), and mExo@AA (1 mg mL™)) of injured murine cornea. Error bars
represent the standard deviation (n = 6). (h) Schematic for the collection
of mouse tears. (i) ELISA measurement of inflammatory cytokines IL-6
and IL-1B in murine tears. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05, n.s. means not significant, analyzed using one-way ANOVA.

days. These observations demonstrated that only the combined
treatment of mExo and AA could completely scavenge ROS
levels in vivo. Corresponding statistical analyses performed
using GraphPad Prism 5.0 software showed the same tendency
as the CLSM images (Fig. 6f).

We next investigated the effects of saline, mExo, AA, and
mEx0@AA on the macrophage immunophenotype in the BAC-
induced DED model. Consistent with the LPS-induced macro-
phage immunophenotype observed in vitro, histologic studies
demonstrated significantly greater CD206 counts (a marker of

This journal is © The Royal Society of Chemistry 2023
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M2 cells) in the corneas of mExo@AA-treated mice than in
those treated with mExo (p = 0.0059) or AA (p < 0.0001) alone
(Fig. 6d and g); the negative expression of CD 206 in the
control group implied low inflammation in healthy eyes. We
collected the mouse tears and measured the inflammation
mediators (Fig. 6h), finding that the pro-inflammatory cyto-
kines IL-6 and IL-1p showed the same tendency as CD 206
(Fig. 6i). mExo@AA-induced M2 macrophage polarization may
therefore have suppressed inflammatory responses and
enhanced subsequent reparative activities, thus slowing DED
progression. In summary, both the in vitro and in vivo experi-
ments showed that mExo were superior in corneal pro-repair
and anti-inflammation, while AA was better in scavenging
ROS. The combination of mExo and AA (mExo@AA) showed
superior efficacy to either component alone in alleviating DED
in BAC-induced mice by accelerating corneal repair, scavenging
ROS and promoting anti-inflammation ability.

The ocular surface of patients with DED suffers from exten-
sive inflammatory destruction, resulting in defects in the epi-
thelium, stromal swelling, and decreased tear volume.
Histological analysis revealed that, in contrast to the treatment
of DED mice with saline, mExo, or AA, the mExo@AA treat-
ment minimized corneal damage, increased the thickness of
the central cornea, and restored the stromal layer such that it
became well-organized (Fig. 7a, b, and c). The level of tear
secretion was measured using the cotton thread method. The
administration of mExo@AA eyedrops significantly increased
tear secretion, compared with mExo or AA alone, with a wet
length of about 6 mm in 30 s, almost reaching the baseline
observed in normal mouse eyes (Fig. 7d and e). These obser-
vations indicated the superior alleviating efficacy in the BAC-
induced DED of mExo@AA. Finally, slices of the major organs
of the mExo@AA-treated mice were subjected to hematoxylin

Control

a Epknljsuu!n e s -

mExo

Stroma _100bm _

o

Thickness of epithelium (um)

Wet cotton thread (mm)
[

Fig. 7 (a) Corneal sections based on H&E staining after the different
treatments (saline, mExo (1 mg mL™Y), AA (509 nM mL™Y), and mExo@AA
(1 mg mL™Y). Thicknesses of (b) epithelium and (c) stroma layers based
on measurements performed using Graphpad. (d) Representative images
corresponding to the cotton thread measurement of mice after treat-
ment with saline, mExo, AA, and mExo@AA. (e) Cotton thread test
showing a significant increase in the tear volume in BAC-induced mice
treated with mExo@AA compared with the tear volumes corresponding
to mice treated with saline, mExo, and AA. Error bars represent the stan-
dard deviation (n = 6). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05, n.s. means no significance, analyzed by one-way ANOVA.
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and eosin staining (Fig. S51). The results revealed that these
mice showed negligible pathological changes at 7 days after
treatment, demonstrating the desirable biocompatibility of the
mMEXO@AA composite.

3. Experimental

3.1. Materials

Gold chloride trihydrate (HAuCl,-4H,0), AA and hydrogen per-
oxide solution (30 wt%) were purchased from Sinopharm
Chemical Reagent Beijing Co., Ltd (China). Sodium boro-
hydride was purchased from Tianjin Jinke Fine Chemical
Research Institute (Tianjin, China). Thiol-terminated 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)
(DSPE-PEG-SH, M,, 2000) was obtained from Shanghai ZZBIO
Co., Ltd (Shanghai, China). A BCA Protein Assay Kit was pro-
vided by Thermo Fisher Scientific. 1,1'-Dioctadecyl-3,3,3',3"-tetra-
methylindodicarbocyanine,4-chlorobenzenesulfonate salt (DiD)
was purchased from Beijing FANBO biochemicals Co., Ltd.
Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from HyClone. Fetal bovine serum was purchased from Gibco,
and penicillin-streptomycin was purchased from Corning Life
Sciences. Anti-p actin rabbit monoclonal antibody, anti-TSG 101,
anti-GM130 and anti-ALIX were purchased from BD Biosciences.

3.2. Cell culture and mExo extraction

Mouse MSC cells were provided by Procell Life Science &
Technology Co., Ltd and cultured in DMEM containing 10%
exosome-free FBS, penicillin (100 U mL™") and streptomycin
(100 mg mL™"). The cells were incubated at 37 °C in a cell incu-
bator with 5% CO, and expanded in three to five passages for
usage. Exosomes were prepared and purified according to a
previous study.*® The culture supernatant was collected fol-
lowed by a gradient centrifugation at 4 °C, including 300g for
10 min, 2000g for 20 min, 10 000g for 30 min and 100 000g for
1 h. The pellet was washed twice with phosphate-buffered
saline (PBS) and the prepared exosomes were stored at —80 °C.

3.3. Fabrication of mExo@AA

DSPE-PEG-SH was dispersed in ethanol at a concentration of
10 mg mL™". 10 pL of DSPE-PEG-SH solution was added to
native mExo (1 mL, 0.2 mg mL~") under gentle rotation at 4 °C
for 20 min. Then, HAuCl, solution (50 pL, 1%) was added to
the mixture and incubated at 37 °C for 40 min. Subsequently,
the residual DSPE-PEG-SH and HAuCl, were removed by ultra-
centrifugation at 100 000g for 30 min and mExo-Au®* was
resuspended in 2 mL of 0.01 M PBS solution. NaBH, (53 uM
mL™") and AA (57 pM mL™") solutions were prepared. After
that, 100 pL with different proportions of these two solutions
(10:0,2:1,3:2,1:1,2:3,1:4 and 0:10, v/v) were added to
initiate a reduction reaction and gently stirred for 5 min. The
residual NaBH, and AA were removed by ultracentrifugation at
100 000g for 30 min and AA-loaded mExo (mExo@AA) was
resuspended in 2 mL of 0.01 M PBS solution. Finally,
mEXo@AA was obtained and stored at —80 °C.

Nanoscale, 2023,15,1890-1899 | 1895


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05178h

Open Access Article. Published on 16 December 2022. Downloaded on 1/11/2026 5:30:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3.4. Characterization of mExo and mExo@AA

10 pL of purified mExo and mExo@AA were dropped onto a
carbon-coated copper grid and stained with 2% uranyl acetate
for 2 min. The morphology was observed using a transmission
electron microscope (TEM, HT7000, Hitachi, Japan) at 100 kV.
NTA (Zetaview, Particle Metrix, Germany) was used to test their
diameters and zeta potentials. The representative markers
(B-actin, TSG 101, and ALIX) and the negative marker (GM130)
of exosomes were analyzed by western blot. The absorbance and
characteristic peaks were recorded using UV-Vis (Cary 5000,
Varian) and FTIR (NICOLET iS 50, Theromo) spectrometers.

3.5. Loading capacity of AA

After the completion of the reduction reaction, the residual
NaBH, and AA were removed by centrifugation at 100 000g for
30 min. The concentrations of AA in the supernatant and solu-
tion before the reaction were measured using the Ascorbic
Acid Assay Kit (Beijing Solarbio Science & Technology Co.,
Ltd). The loading capacity of AA was calculated using the fol-
lowing equation.

Loading capacity = (¢, — €a)/Cmexo (DM mg ™)

where ¢, and c, are the concentrations of AA before and after
the reaction and ¢,y iS the concentration of mExo. nM mg’1
is the amount of AA on the surface of 1 mg of mExo.

3.6. Uptake of mExo@AA by human cultured corneal
endothelial cells (HCECs)

The mExo@AA solution was stained with DiD for 1 h at 37 °C.
The excess dye was removed using exosome spin columns
(Thermo Fisher). HCECs were incubated with mExo@AA for
12 h, followed by fixation and imaging.

3.7. Invitro scratch wound assay

HCECs were seeded into 24-well plates with a density of 5 x
10° per cell and cultured overnight. Then the cell monolayer
was scratched using a sterile 10 pL pipette tip and washed
twice with PBS to remove the floating cells. After that, fresh
medium containing different drugs, including saline, mExo
(1 mg mL™"), AA (509 nM mL™", consistent with the concen-
tration of AA in mExo@AA at 1 mg mL™") and mExo@AA (1 mg
mL "), but without a growth factor, was added and co-incu-
bated for 12 h. The cytoskeleton was dyed with FITC-phalloidin
and confocal laser scanning microscopy (CLSM) (Leica,
Germany) was used to capture the scratch area picture. The
wound area was measured using Image] software.

3.8. Invitro intracellular ROS scavenging

HCECs were seeded into 12-well plates with a density of 10*
per well and cultured for 12 h at 37 °C with 5% CO,. After that,
the cells were treated with saline, mExo (1 mg mL™"), AA (509
nM mL™') and mExo@AA (1 mg mL™') and incubation was
continued for 12 h. After treating with H,0, (400 pM) for
10 min, a 2'-7'dichlorofluorescein diacetate (DCFH-DA) probe
was added and incubated for 0.5 h at 37 °C in the dark. All the
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concentration in the above description was the final concen-
tration in the solution. For comparison, the group without any
treatment was defined as the negative control group.
Fluorescence microscopy images were observed using a CLSM
(Leica, Germany). For quantitative results, the fluorescence
intensity was measured using Image]J software.

3.9. Cytotoxicity study

HCECs were plated in 96-well plates with a density of 10* and
incubated for 12 h. Then the medium was placed with 100 pL
of DMEM containing different concentrations of mExo@AA (0,
10, 100, 500, and 1000 pg mL™"). After culturing for 24 h, the
cell viability was measured using a CCK-8 kit (Solarbio,
China).

3.10. Mice and dry eye models

C57BL/6] male mice (6 to 8 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd and
used for establishing dry eye models. Benzalkonium chloride
(BAC) (Sigma-Aldrich, St Louis, MO, USA) was used as a drug
to induce a dry eye model. Specifically, 5 pL of 0.2% BAC solu-
tion was dropped into the mice’s right eyes twice daily for 7
days. These mice were randomly assigned to different treat-
ment groups with 5 pL of eyedrop per eye, including saline,
mExo (1 mg mL™"), AA (509 nM mL™") and mExo@AA (1 mg
mL™") and lasted for 7 days, twice a day. Besides, the healthy
eye without any eyedrop treatment was used as the control

group.

3.11. Murine ocular surface examination

Pentobarbital (0.05 mg per g body weight) was injected into
the intraperitoneal region. After waiting for 5 min, the cotton
thread test (Zone-Quick, Showa Yakuhin Kako, Tokyo, Japan)
was performed to measure the tear quantity. The thread was
held with a rectangular tweezer and put in the lateral canthus
for 30 s. The cotton turned red after coming in contact with
tears and the wetting length was measured in millimeters
immediately. Wound closure was monitored after 7 days of
treatment using fluorescein staining and photographed using
a slit lamp microscope (Slit Lamp BX900; Haag-Streit, USA).
The corneal epithelial damage area was divided into four
parts, graded from 0 to 4 in each part.* Briefly, a grade of 0-4
was assigned to each quadrant: 0, absent; 1) slightly punctate
staining <30 spots; 2) punctate staining >30 spots, but not
diffuse; 3) severe diffuse staining but no positive plaque; and
4) positive fluorescein plaque-staining score. Six right eyes per
group were examined and the average value was used for ana-
lysis. The total scores of four parts were summed as the final
fluorescence score.

3.12. Invivo ROS scavenging

Dihydroethidium (DHE) was used as the probe to stain the
ROS in the cornea. The fresh cornea was frozen with liquid
nitrogen for 1 min and stored at —20 °C. Cryosections were
washed with PBS three times and incubated with DCFH-DA at

This journal is © The Royal Society of Chemistry 2023
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37 °C for 30 min. Then the section was photographed using a
CLSM (Leica, Germany).

3.13. Histological evaluation

After euthanasia, the eyes from different groups were collected
and fixed in an FAS eyeball fixator (Wuhan Servicebio
Technology Co., Ltd). The specimens were embedded in
paraffin after dehydration, cross-sectioned and stained with
hematoxylin and eosin according to the standard protocol.
The morphologies of the cornea were observed using a micro-
scope (EVOS FLc). The thicknesses of epithelium and stroma
were measured using Nano Measure software.

3.14. Anti-inflammation effects of mExo@AA

In this study, the anti-inflammation of mExo@AA was
improved in vitro and in vivo. The anti-inflammation effect
in vitro was assessed by comparing the M2 rates after treat-
ment. Mouse peritoneal macrophages were isolated as
described previously and seeded in 6-well plates.*® After cultur-
ing for 24 h, the medium was changed to DMEM containing
lipopolysaccharide (LPS, 1 pg mL™") and co-incubated for 6 h
to induce inflammation. After that, the culture media were
removed. The cells were washed twice with PBS and re-incu-
bated with fresh media containing saline, mExo (1 mg mL™"),
AA (509 nM mL™") and mExo@AA (1 mg mL™") for 24 h. The
cells were harvested and washed with PBS containing 1% FBS
and 1% Hepes and stained with F4/80-Cy5.5 and CD206-FITC
antibodies for 30 min at room temperature. Flow cytometry
(Becton-Dickinson FACSCalibur) was used to analyze macro-
phage polarization states.

In order to observe the anti-inflammation in mouse eyes,
the mice were euthanized after 7 days of the therapy. The
cornea was frozen with liquid nitrogen for 1 min and stored at
—20 °C. After the cryosections, the samples were blocked with
0.5% Triton X-100/5% bovine serum albumin for 2 h at room
temperature. The samples were incubated with primary anti-
bodies (anti-CD206, Abcam) overnight at 4 °C and then with
secondary antibodies (anti-rabbit IgG Alexa Fluor 555) for 1 h.
Fluorescence microscopy images were obtained using a con-
focal microscope (Leica, Germany).

3.15. Measurement of tear fluid samples on the human or
murine ocular surface

Tear samples were collected by flushing the ocular surface
with saline solution and then using a microcapillary tube.
More specifically, a 60 uL drop of saline for humans or a 10 pL
drop of silane for mice was added to the ocular surface for 10 s,
followed by capillary collection. Compared with direct collec-
tion using a microcapillary tube, this method is convenient
and fast, does not irritate the eye surface, and avoids the pro-
duction of excessive, ineffective tears. The tear fluid samples
obtained from healthy eyes were used as a control. The tear
fluid samples were rapidly frozen at —80 °C until assayed. The
concentrations of cytokines interleukin-6 (IL-6) and IL-1f in
the samples were measured using an ELISA kit (Beijing
Solarbio Science & Technology).
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3.16. Measurement of cellular reactive oxygen on the human
ocular surface

The 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA;
Beijing Solarbio Science & Technology) assay kit was used to
measure cellular ROS production according to the manufac-
turer’s protocol. In detail, a semicircular piece of cellulose
acetate filter paper (d = 5 mm; Whatman) was applied to the
lower nasal bulbar conjunctiva adjacent to the corneal limbus
under topical anesthesia with 0.5% proparacaine hydro-
chloride. After 10 s, the paper was quickly placed into a tube
containing 190 pL of DMEM. The cells were incubated in the
dark with 10 pmol L™ of DCFH-DA for 20 min at 37 °C. The
DCEF fluorescence intensity was then measured at an excitation
wavelength of 488 nm and an emission wavelength of 525 nm.

3.17. Statistical analysis

The data were presented as the means + SEM. The data were
collected with GraphPad Prism 5.0 software (La Jolla, CA, USA)
and analyzed by using one-way analysis of variance (ANOVA) to
determine the p value (****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05).

3.18. Study approval

The collection and measurement of tear and cell samples were
approved by the Ethics Committee of Beijing Chaoyang
Hospital (approval ID: 2021-S-626-1). The mouse experiments
were reviewed and approved by the Animal Ethics Committee
of the Institute of Process Engineering (approval ID:
IPEAECA2021103). This study was performed in strict accord-
ance with the Regulations for the Care and Use of Laboratory
Animals and Guideline for Ethical Review of Animal (China,
GB/T 35892-2018).

4. Conclusions

In this study, we developed a new eyedrop (mExo@AA) that
combines the dominant corneal repair and anti-inflammation
functions of mExo, and the ROS scavenging ability of AA, and
investigated its efficacy as a potential therapeutic agent for
DED. Characterization of the mExo@AA product showed that
AA was successfully loaded onto the mExo with a maximum
loading efficacy of about 509 nM mg™". Further experiments
indicated that mExo@AA showed good biosafety even at a high
concentration of 1 mg mL™'. Additionally, the in vitro and
in vivo experiments indicated that mExo@AA had a superior
capacity to promote corneal cell growth, scavenge ROS, and
inhibit inflammation compared to either of its components
alone. Thus, we provide convincing evidence that mExo@AA
can potentially be used as an effective therapeutic agent for
DED. Notably, mExo@AA not only ameliorated DED symp-
toms, but also reversed DED-associated pathological changes
at both the cellular and tissue levels. In conclusion, mExo@AA
is presented as a potential new class of drugs for the treatment
of DED, but due to the complexity of DED, the detailed mecha-
nism of action of mExo@AA on DED remains to be explored.
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