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ARTICLE INFO ABSTRACT

Keywords: The damage of corneal epithelium may lead to the formation of irreversible corneal opacities and even blindness.
miRNA 24-3p The migration rate of corneal epithelial cells directly affects corneal repair. Here, we explored ocu-microRNA 24-
Exosome

3p (miRNA 24-3p) that can promote rabbit corneal epithelial cells migration and cornea repair. Exosomes, an
excellent transport carrier, were exacted from adipose derived mesenchymal stem cells for loading with miRNA
24-3p to prepare miRNA 24-3p-rich exosomes (Exos-miRNA 24-3p). It can accelerate corneal epithelial migration
in vitro and in vivo. For application in cornea alkali burns, we further modified hyaluronic acid with di(ethylene
glycol) monomethyl ether methacrylate (DEGMA) to obtain a thermosensitive hydrogel, also reported a ther-
mosensitive DEGMA-modified hyaluronic acid hydrogel (THH) for the controlled release of Exos-miRNA 24-3p. It
formed a highly uniform and clear thin layer on the ocular surface to resist clearance from blinking and extended
the drug-ocular-epithelium contact time. The use of THH-3/Exos-miRNA 24-3p for 28 days after alkali burn
injury accelerated corneal epithelial defect healing and epithelial maturation. It also reduced corneal stromal
fibrosis and macrophage activation. MiRNA 24-3p-rich exosomes functionalized DEGMA-modified hyaluronic
acid hydrogel as a multilevel delivery strategy has a potential use for cell-free therapy of corneal epithelial
regeneration.

Corneal epithelium
Cell migration
Thermosensitive hydrogel

surrounding corneal epithelial cells secrete various cytokines, chemo-
kines, and growth factors [3], activate fibroblasts to differentiate into
myofibroblasts, and cause corneal opacity and blindness [4]. The com-

1. Introduction

Corneal epithelium acts as a mechanical barrier to maintain corneal
homeostasis. In daily life, corneal epithelium damage under mechanical
force, ocular trauma, and chemical injury can often lead to the formation
of irreversible corneal opacities and even blindness [1,2]. Once the
corneal epithelium and basement membrane are destroyed, the
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mon clinical treatments for the healing of corneal epithelium include
antibiotics, hormones, wearing contact lenses, amniotic membrane
covering, and transplantation. [5-8] The drug treatment exhibits certain
effects, but it has tolerance and side effects [9-12], such as injury of
retina and optic nerve. Therefore, a therapeutic strategy that allows
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rapid corneal epithelium wound healing is urgently required.
In tissue regeneration, exosomes with a diameter of 30-200 nm

Abbreviations

TEM Transmission Electron Microscopy
NanoFCM Nanoparticle Flow Cytometry

NTA Nanoparticle Tracking Analysis

WB Western Blot

HSP 70 70 Kilodalton Heat Shock Proteins

CDC42 Cell Division Control Protein 42 Homolog
FRS2 Fibroblast Growth Factor Receptor Substrate 2
CTGF Connective Tissue Growth Factor

EGFR Epidermal Growth Factor Receptor

MMP9  Matrix Metallopeptidase 9

qRT-PCR Real-Time Quantitative Reverse Transcription PCR
MiRNA NC MicroRNA Negative Control

CK3 Cytokeratin 3

Z0-1 Zonula Occludens-1

a-SMA  Alpha Smooth Muscle Actin
MAPK  Mitogen-activated Protein Kinase

secretion by mesenchymal stem cells (MSCs) have attracted extensive
attention. They contain proteins, lipids and RNAs [13] and have become
increasingly important medium for intercellular communication [14].
Many functions of exosomes are mediated by its encapsulated micro-
RNAs (miRNAs). MiRNAs are small non-coding RNAs that can result in
gene silencing. In transportation system, miRNAs cannot directly enter
cells, so it must rely on transport carriers to enter target cells. Scholars
have done a lot of research on micro/nano structure carriers and used
them to transport nucleic acid, such as tetrahedral framework nucleic
acids [15-17] and exosomes. Exosomes as a natural material have
biosafety and absent of immunogenicity [18,19]. It are the most po-
tential transportation carrier at present, and have been commercialized
by many biological companies [20,21].

Corneal epithelium in all exposed epithelial surfaces has an innate
protective mechanism that hinders efficient drug delivery to the eye,
which should be considered in corneal epithelial therapy [22-25].
Through traditional eye drop administration, only a small part of the
effective ingredients is usually absorbed but most of them are cleaned by
the blinking of the eyelids frequently before flowing into the nasola-
crimal duct [25]. Increasing the frequency of eye-drop doses per day can
improve local dosage, but it results in potential risks of ocular surface
irritation and systemic side effects (such as metabolic disorder), while
patient compliance to the treatment regimen decreases [26,27]. There-
fore, approaches towards more efficient, longer-lasting, and safer topical
ocular exosome delivery should be developed.

In the present study, we investigated adipose derived mesenchymal
stem cells (ADSCs)-derived exosomes (Exos) and miRNA 24-3p effects
on the biological properties of corneal epithelial cells. Cooperating with
the advantages of Exos (anti-inflammatory, cell proliferation and
migration) and miRNAs 24-3p (cell migration), we prepared miRNA 24-
3p-modified exosomes (Exos-miRNA 24-3p) for corneal epithelial
wound repair. Furthermore, based on the complexity and severity of
corneal alkali burn, we designed and developed a thermosensitive hy-
aluronic acid hydrogel modified with di(ethylene glycol) monomethyl
ether methacrylate (DEGMA) delivered miRNA 24-3p-rich exosomes
(Exos-miRNA 24-3p) for corneal epithelial defect healing. We evaluated
the efficacy of this delivery system in an animal model of alkali burns.
The delivery system provided a promising therapeutic strategy for
corneal epithelial healing and treatment of ocular surface diseases.

641

Bioactive Materials 25 (2023) 640-656

2. Materials and methods
See Supporting Information.
3. Results
3.1. Identification of ADSCs-derived exosomes

ADSCs extracted from rabbit groin were identified by morphological
observation and marker proteins (Fig. S1). To identify the quality of
Exos, we analysed the morphology, particle size, concentration and
marker proteins of Exos by TEM, NanoFCM, NTA and WB, respectively
(Fig. 1). The obtained Exos showed a saucer shape and small vesicles
with depression in the middle, which are consistent with previous results
(Fig. 1a). The result of aggregated distribution may be caused by high-
density or insufficient resuspension during sample preparation. The
marker proteins (CD 9, CD 81 and Flotillin 1) of Exos were over
expressed, while for that of ADSCs, CD 81 was not expressed, and CD 9
and Flotillin-1 had a low expression for the identification of extracellular
vesicles, as shown in Fig. 1b. HSP 70 was highly expressed in ADSCs, but
not in Exos. The size distribution of Exos was tested using NTA and
NanoFCM (Fig. 1c and d). The size distribution (40-150 nm; mean =
72.41 nm) of Exos measured by NanoFCM was smaller than that of NTA
(30-200 nm; mean = 125 nm) and was in good agreement with the
results of TEM. In addition, the concentration of Exos tested by
NanoFCM was 100-1000 times higher than that tested by NTA. In the
present work, the concentration unit for Exos was pg/mL (1 pg ~ 5.1 x
10° particles). Therefore, NanoFCM is suitable as an instrument to detect
the size distribution and concentration of Exos. After co-culture of Exos
with rabbit corneal epithelial cells (RCECs) for 24 h, Exos successfully
entered RCECs, indicating that Exos were easily endocytosed or
internalised by RCECs (Fig. le).

3.2. Biological functions of ADSCs-derived exosomes

After proving that Exos easily entered RCECs, the biological function
of Exos on RCECs were studied by treatment with different concentra-
tions of Exos. As shown in Fig. 2a and b, cell migration increased with
the increase of Exos concentration at 12 or 24 h. At 24 h, Exos with a
concentration of 20 pg/mL mediated the complete closure of cell wound
caused by the migration of RCECs, and this observation was significantly
different from those of other groups (p < 0.001). The effect of Exos on
the proliferation of RCECs was also studied (Fig. 2c). On the first day, all
experimental groups had no difference on RCEC proliferation compared
with the control group (p > 0.05). On the third day, Exos with a con-
centration of 20 pg/mL had a significant effect on RCEC proliferation
compared with the control group (p < 0.05). On the fifth day, the cell
proliferation increased with the increase of Exos concentration, and
significant differences were observed between the experimental groups
and control group (p < 0.05), and it showed an obvious growth trend.
Cell chemotaxis also represents a kind of cell migration ability. Different
concentrations of Exos were added to the lower chamber of Transwell to
induce RCECs in the upper chamber to pass through (Fig. 2d and e). The
same as the results of cell migration, the cell chemotaxis became more
obvious with the increase of Exos concentration. The number of cells
induced to pass through the chamber was significantly higher than that
in the control group (only medium, Exos free) when the concentration of
Exos was 10 or 20 pg/mL (p < 0.001), as indicated in Fig. 2e. The effect
of different concentrations of Exos on vinculin expression from RCECs
was also studied (Fig. 2f and g). The expression of vinculin gradually
increased with the increase of Exos concentration from the results in
Fig. 2g. The expression ratios of vinculin were more than 95% when the
concentrations of Exos was more than 20 pg/mL. Significant differences
were observed between the 10 or 20 pg/mL group and the control group
(p < 0.01). Finally, the regulatory effect of different concentrations of
Exos on migration-related genes was studied by qRT-PCR (Fig. 2h). In



X. Sun et al.

b ADSCs

4.5 (125, 4.15)

Concentration ( particles / mL)

400 600 800
Diameter / nm

@

KPH67

RCECs+PBS

RCECs+Exos

1000

Bioactive Materials 25 (2023) 640-656

Exos

* CD 81

— - lotillin 1
HSP 70

S s GAPDH
@y — (-Actin

(j 160

140 4 Median: 78.25 nm
Mean: 81..71 nm

Events

40 60 80 100 120 140 160
Size (nm)

180 200

Merge

Fig. 1. Identification of Exos. (a) Representative TEM image of Exos. Scale bar: 50 nm. (b) Presence of marker proteins of Exos (CD9, CD 81, Flotillin 1 and HSP 70).
(c and d) Size distribution of Exos. c is the result of NTA; d is the result of NanoFCM. (e) Uptake of Exos by RCECs. The concentration of Exos is 20 pg/mL. Scale bar:

10 pm.

the expression of CDC42 gene, the expression of gene was slightly up-
regulated with the increase of Exos concentration, but significant dif-
ferences were observed (p < 0.01). In the FRS2 and CTGF gene, the
upregulation of gene was not affected by the concentration of Exos, but
they were different from control group. More importantly, the expres-
sion of EGFR and MMP9 gene was significantly up-regulated with the
increase of Exos concentration. Therefore, the following work focuses on
the study of EGFR and MMP9 proteins.

3.3. RCEC proliferation and migration by MiRNA 24-3p

MiRNA 24-3p has been reported to regulate cancer cell migration
[28-30]. The majority of cancer cells are epithelial in origin, beginning
in a tissue that lines the inner or outer surfaces of the body. Thus, we
hypothesized that miRNA 24-3p has the same migration effect on
corneal epithelial cells. The hypothesis that miRNA 24-3p also can
regulate corneal epithelial cell migration was verified in Fig. 3. It was
observed that miRNA 24-3p was overexpressed in ADSCs but not or low
expressed in Exos and RCECs through the small-RNA sequencing of
ADSCs, RCECs and Exos (Fig. 3a). To verify the regulatory effect of
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Fig. 2. Biological functions of Exos. (a) The cell wound models in vitro by the ibidi Culture-Insert 2 well. (b) Quantitative evaluation of the cell wound by ImageJ. (c)
Cell proliferation of different concentrations of Exos on RCECs by CCK-8. (d) Chemotaxis of RCECs by Transwell assay. Scale bar: 100 pm. (e) Cell number passing
through Transwell on cell chemotaxis test. (f) Expression of vinculin with different concentrations of Exos on RCECs. Scale bar: 100 pm. (g) Semiquantitative
evaluation of the expression of vinculin using ImageJ. (h) Expression of cell migration-related genes, including FRS2, CDC42, CTGF, EGFR and MMP9, on day 1. (i)
Concentration of exosomes indicated by columns of different colours in the figures. *p < 0.05, **p < 0.01 and ***p < 0.001 for control.
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Fig. 3. RCEC proliferation and migration by miRNA 24-3p. (a) The level of expression via normalization after small-RNA sequencing of RCECs, ADSCs and Exos (n =
3). **p < 0.01 and ***p < 0.001. (b) Cell proliferation of miRNA 24-3p on RCECs using CCK-8 (n = 3). (¢) In vitro wound experiment of miRNA 24-3p. The cell wound
models in vitro were established using the ibidi Culture-Insert 2 Well. The original images were thresholded using ImageJ for easy observation. (d) Effect of miRNA
24-3p on chemotaxis of RCECs by Transwell. Scale bar: 100 pm. (e) Quantitative evaluation of the cell wound using ImageJ. (f) Cell number passing through
Transwell in an environment with miRNA 24-3. (g) Expression of FRS2, CDC42, CTGF, EGFR and MMP9 1 day after transfection. *p < 0.05, **p < 0.01 and ***p <
0.001 for control; #p < 0.05, ##p < 0.01 and ###p < 0.001 for miRNA NC (e, g and f).
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miRNA 24-3p on biological functions of RCECs, we performed cell
proliferation (Fig. 3b), cell wound healing (Fig. 3c and e), cell chemo-
taxis (Fig. 3d and f) and qRT-PCR (Fig. 3g) tests. After miRNA trans-
fection by lipofectamine RNAIMAX (a commercialized transfection
reagent), cell proliferation, cell chemotaxis and cell migration were
significantly reduced compared with control group (native RCECs),
indicating that the transfection reagent has certain cytotoxicity, which
has been previously observed [31,32]. In cell proliferation test (Fig. 3b),
miRNA 24-3p have no cell proliferation effect, and no difference (p >
0.05) was observed between miRNA 24-3p and the negative control
(miRNA NC, a disordered miRNA) group on days 2 and 4. Based on
Fig. 3c—f, miRNA 24-3p could significantly promote cell migration and
cell chemotaxis, and a significant difference was observed with miRNA
NC (p < 0.001). Similarly, qRT-PCR test was used to verify the expres-
sion of migration-related genes (Fig. 3g). MiRNA NC had a false-positive
expression in the expression of all migration-related genes compared
with the control group. Notably, the expression of all migration-related
genes in miRNA 24-3p group was significantly up-regulated compared
with miRNA NC (p < 0.05). Based on the comprehensive analysis of the
results of cell wound healing, cell chemotaxis and the expression of
migration-related genes, miRNA 24-3p was a promising functional
miRNA for promoting RCEC migration.

3.4. In vivo corneal epithelial healing treated with Exos-miRNA 24-3p

Exosomes can be used as an effective carrier for the synthetic miRNA
24-3p mimics/agomir. To solve the problem of the synthetic miRNA 24-
3p mimics/agomir (e.g., difficulty in entering cells, easy degradation
and short half-life), we used electroporation to transfer miRNA 24-3p
mimics/agomir into the Exos to obtain Exos-miRNA 24-3p (Fig. S2).
After the above preparations, the Exos-miRNA 24-3p was used for in vivo
animal models of corneal epithelial defect to verify its effects (Fig. 4).
The rabbit corneal epithelial defect models through physical trauma
were successfully established and intervened with Exos-miRNA 24-3p by
conjunctive injection (Fig. 4a). Reepithelialization was labeled with
fluorescein sodium (Fig. 4c). According to wound healing in the first 3
days, wound trace was marked with different colours (Fig. 4d) and
analysed quantitatively (Fig. 4b). On post-operative day 1, all groups
had closure progress, but the control group (blank control group) had
faster closure and was different from the PBS group (negative control
group), Exos or Exos-miRNA NC (p < 0.05). Furthermore, the Exos-
miRNA 24-3p group had fast closure, but no difference was observed
with the control group (p > 0.05). On post-operative day 2, the wound
healing rate of the PBS group was the slowest compared with the other
groups (p < 0.05). The wound healing rate of the Exos-miRNA 24-3p
group reached 94.26% and was the fastest in all groups. On post-
operative day 3, only Exos-miRNA 24-3p group completed re-
epithelization, while the other groups were not completely re-
epithelised, and the re-epithelised cells were unhealthy and widely
distributed in the diffusion. In PBS group, the remaining 2.3% were not
re-epithelialized. The Exos, Exos-miRNA NC and Exos-miRNA 24-3p
group showed a faster closing speed, especially the Exos-miRNA 24-3p
group compared with the PBS group.

Corneal tissues were analysed by HE staining to observe the devel-
opment of corneal epithelium (Fig. 4e and f). At 7 days after the injection
of Exos-miRNA 24-3p under conjunctiva, the regenerated epithelial cells
of the control and PBS group showed an irregular cell structure and
obvious epithelial hypertrophy compared with native cornea. Especially
in the PBS group, no mature basal columnar cells were observed. The
Exos, Exos-miRNA NC and Exos-miRNA 24-3p group had epithelial
structures similar to native cornea, with basal, wing and superficial cells.
In comparison with the corneal epithelial thickness of native cornea
(27.5 + 3.83 pum), only the Exos-miRNA NC and Exos-miRNA 24-3p
group had no difference (p > 0.05), but the thickness of Exos-miRNA
24-3p group was the closest (28.2 + 3.45 pm, Fig. 4g). On post-
operative day 12 (Fig. 4h), the control group had obvious recovery. Its
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epithelial hypertrophy disappeared, but the epithelium remained un-
healthy and loose between cells. The epithelial cells in the PBS group
were in the same state as those on day 7 without an epithelial cell
structure and with cell hypertrophy. In the Exos, Exos-miRNA NC and
Exos-miRNA 24-3p group, compared with the condition in day 7, the
epithelial cell structure was clearer, and the cells were more mature and
stable. Moreover, the number of layers and thickness of corneal
epithelium in the Exos group, Exos-miRNA NC and Exos-miRNA 24-3p
were the same as those in native cornea. In summary, the engineered
exosomes, Exos-miRNA 24-3p, have more advantages in promoting
corneal epithelial wound closure.

3.5. Immunofiuorescence and immunohistochemistry analysis after Exos-
miRNA 24-3p treatment

To further analyse the corneal epithelial defect models treated with
Exos-miRNA 24-3p, we detected the expression of CK3 and ZO-1 pro-
teins in RCECs by immunofluorescence (Fig. 5). On day 7, the control
and experimental groups had lower expression of CK3 in corneal
epithelium than the native cornea (Fig. 5a and b). However, the
expression of CK3 in Exos-miRNA NC and Exos-miRNA 24-3p group was
significantly up-regulated compared with the PBS or control group, and
significant differences were observed (p < 0.001). Interestingly, CK3
was highly expressed in corneal stroma after physical trauma, which was
the most obvious in PBS and control group. In all groups, the CK3 pro-
teins that infiltrated into corneal stroma in Exos-miRNA 24-3p group
were the least and the closest to native cornea. In addition, all groups
expressed ZO-1 proteins, especially the Exos-miRNA 24-3p group, which
formed an obvious tight junction (such as ZO-1) on the epithelial sur-
face. Among all groups, the expression of ZO-1 proteins in Exos and
Exos-miRNA NC group was higher than that in the PBS and control
group (p < 0.05), but the Exos-miRNA 24-3p group was the closest to
native cornea. On day 12, all groups progressed to varying degrees
(Fig. 5c and d), and the area of CK3 proteins that infiltrated into corneal
stroma remarkably decreased. CK3 proteins that infiltrated into corneal
stroma in Exos-miRNA 24-3p group were the least and more similar to
native cornea. CK3 proteins that infiltrated into corneal stroma in PBS,
Exos, Exos-miRNA NC group and control group were highly expressed.
In addition, the PBS and control group expressed the least CK3 protein in
corneal epithelium, and significant differences were observed (p <
0.001). The Exos-miRNA 24-3p group had the highest expression of CK3,
and no significant differences were observed between the Exos-miRNA
24-3p and native cornea group (p > 0.05). In the expression of ZO-1
proteins, expression was observed on the surface of corneal epithelial
layer. The positive ZO-1 proteins of Exos and Exos-miRNA NC group
were significantly higher than that of the PBS and control group (p <
0.01), in which Exos-miRNA 24-3p group was the highest and most
similar to native cornea.

According to the qRT-PCR results of migration-related genes, the
corresponding proteins were selected for further analysis. EGFR and
MMP9 were labeled and analysed by immunohistochemistry (Fig. 5). In
EGFR expression, PBS group had the least expression, followed by
control group, Exos and Exos-miRNA NC group, and the expression of
Exos-miRNA 24-3p group was the most similar to that of native cornea
on day 7. Significant differences in the control, PBS, Exos and Exos-
miRNA NC group were obtained with the native cornea group (p <
0.05). All groups had high expression of EGFR, and no differences were
observed on day 12 (p > 0.05). In MMP9 expression, all groups
expressed MMP9 and came close to the native cornea, and no significant
differences were observed on days 7 and 12.

3.6. Preparation and characterisation of thermosensitive hydrogel
In the present work, we designed and developed a thermosensitive

hydrogel for exosomes delivery. Firstly, we modified hyaluronic acid
with methacrylic anhydride (HAMA). The double bond on HAMA was
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then grafted with temperature-sensitive DEGMA to obtain thermo-
sensitive DEGMA-modified hyaluronic acid (referred to as HD, Fig. 6a).
The successful synthesis of HD was confirmed by 'H NMR (Fig. 6b). The
double bond characteristic peak a and b of HAMA appeared at 5.5-6.5
ppm, while the double bond characteristic peak of HD disappeared at
this position, indicating that the double bond of HD was completely
reacted. The synthetic HD had the characteristic peak d of DEGMA at
4.22 ppm, the terminal methyl characteristic peak f of DEGMA at 3-3.5
ppm, the characteristic peaks e of other methylene on the side chain
between 3.5 and 4 ppm, and the hydrogen on DEGMA skeleton chain of
approximately 1 ppm. These results provide sufficient evidence for the
successful preparation of HD.

HD was dissolved in PBS or pure water with different concentrations
(1, 3 and 5 wt%) when it formed thermosensitive DEGMA-modified
hyaluronic acid hydrogel (THH) at 37 °C and named as THH-1, THH-3
and THH-5. THH-3 was dripped on the ocular surface of a rabbit and
blinked instantly, then OCT was used for THH-3 imaging (Fig. 6¢). THH-
3 was distributed evenly on the ocular surface and had high trans-
parency, implying that it can be used as a controlled release system for
ocular surface without affecting visual lines. THH with different con-
centrations was also tested at 37 °C (Fig. 6d). All groups were in a sol
state at 4 °C, and the sol to-gel transition could be achieved when the
concentration was greater than 3 wt% at 37 °C. After injecting THH sol
into PBS at 37 °C, THH was injectable, and the stability of THH was
improved with the increase of HD concentration (Fig. 6e). The dissolu-
tion of THH-1 in PBS was mainly caused by its failure to form glue. The
internal structure of THH with different concentrations was measured by
SEM at 4 and 37 °C (Fig. 6f). The pore size decreased with increasing
THH concentration. It had smaller pore and more networks at 37 °C than
at 4 °C mainly because of the hydrophilic-hydrophobic interaction of
DEGMA side chain. Interestingly, all groups showed a tubular structure,
and no network connection was observed between the tubes at 4 °C.
However, an obvious network was observed between tubes, and it
increased with increasing THH concentration at 37 °C. The results were
attributed to the principle of ice crystal formation. Moreover, the per-
formance of THH was analysed by temperature, frequency and strain
scanning by a rheometer (Fig. 6g). The results of temperature scanning
showed that THH-1 could not be changed to gel with temperature (G’ <
G"); THH-3 could change from sol to gel at 37 °C (G’ = G”), and THH-5
could change from sol to gel at 31 °C (G’ = G"). The results of frequency
scanning showed that under a constant temperature of 37 °C and strain
of 1%, THH-1 and THH-3 undergo shear thinning when the angular
frequency was greater than 10 rad/s, whereas THH-5 did not undergo
shear thinning in the range of 0.1-100 rad/s. The results of strain
scanning showed that under constant temperature of 37 °C and angular
frequency of 10 rad/s, THH-1 was in the sol state, and THH-3 and THH-5
underwent shear thinning when the strain was greater than 316%.
Ophthalmic hydrogels should have the ability to change sol-gel with
temperature and shear thinning properties. To verify the biosafety of
THH-3, we dripped THH-3 onto the ocular surface and observed it by HE
and Masson staining (Fig. S3). THH-3 had excellent safety, and no in-
flammatory factors were produced. The same goblet cells were observed
in the experimental group and normal conjunctival tissue. Therefore,
THH-3 is an ideal ophthalmic hydrogel material.

3.7. Evaluation of THH-3/Exos-miRNA 24-3p treatment in alkali burn
animal model

To improve the bioavailability of Exos-miRNA 24-3p and the safety
of Exos-miRNA 24-3p delivery methods, we subjected Exos-miRNA 24-
3p to controlled release by THH-3 in the ocular surface. Before the an-
imal studies, the release method or model of Exos-miRNA 24-3p-FAM in
THH-3 was shown in Fig. 7a. The Exos-miRNA 24-3p-FAM released from
THH-3 passed through the Transwell into the RCECs in the lower
chamber. The fluorescence expression of FAM labeled miRNA 24-3p
mimics (miRNA 24-3p-FAM) and Exos-miRNA 24-3p-FAM released
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from THH-3 was observed through confocal microscopy in RCECs within
7 days (Fig. 7b). After co-incubation in day 1, the synthetic miRNA 24-
3p-FAM was not expressed in RCECs. However, the fluorescence
expression of Exos-miRNA 24-3p-FAM was found in RCECs. In addition,
when the cells were observed on days 2, 4 and 7, the fluorescence of
Exos-miRNA 24-3p-FAM was always expressed in the cells (Fig. S4).

In the present study, another animal model of corneal epithelial
defect, namely, the alkali burn, was established, and the alkali burnt
corneas in vivo were treated with THH3, Exos-miRNA 24-3p and THH-3/
Exos-miRNA 24-3p (Fig. 7c). The treatment was administered as follows:
once a day for the first 7 days, once every 3 days for 7-14 days and once
per 7 days for 14-28 days (Fig. 7d). Corneal defects established by alkali
burn were intervened with THH-3/Exos-miRNA 24-3p and observed
with a slit lamp for 28 days (Fig. 7e and f). The macroscopic results
showed the dynamic change process of alkali burn pathology. Firstly,
the cornea became gradually transparent after epithelial healing in the
first 7 days. Thereafter, the cornea gradually became turbid and formed
edema, which was alleviated under the continuous intervention of THH-
3/Exos-miRNA 24-3p. Fluorescein sodium staining (Fig. 7g) showed that
the cornea epithelium could fall off under NaOH. THH-3/Exos-miRNA
24-3p treatment could substantially accelerate the healing of epithelial
cells. Based on the calculation of the area of wound closure on day 1
(Fig. 7h), the cornea treated with THH-3/Exos-miRNA 24-3p could
reach more than 85%, while that in PBS group was only 70%, and a
significant difference was observed (p < 0.001). In comparison with the
PBS group, Exos-miRNA 24-3p and THH-3/Exos-miRNA 24-3p group
could accelerate corneal epithelial healing, especially THH-3/Exos-
miRNA 24-3p, and a significant difference was observed (p < 0.001);
for the THH-3 group, it had no effect on corneal epithelial healing.
Overall, Exos-miRNA 24-3p has an excellent effect on accelerating
corneal epithelial healing, but the use of THH-3 as a controlled release
system of Exos-miRNA 24-3p is more effective.

3.8. Post-operative observation by In vivo confocal microscopy, OCT and
HE staining

In vivo confocal microscopy was used to observe the transparent
corneal tissue after repair, including corneal epithelium, corneal stroma
and corneal endothelium (Fig. 8a). All groups had normal corneal
epithelium and endothelial cells after repair, but the corneal stroma
treated with PBS was turbid. OCT was used to observe the internal
changes of cornea after treatment with THH-3/Exos-miRNA 24-3p
(Fig. 8a). In comparison with native cornea (405 pm), the corneal
thickness increased significantly in the PBS group (1045 pm), THH-3
(875 pm), Exos-miRNA 24-3p (791 pm) and THH-3/Exos-miRNA 24-
3p (765 pm) mainly because of corneal edema and fibrosis. In terms of
the scope of post-operative corneal edema, the alkali burnt cornea
treated with THH-3/Exos-miRNA 24-3p (3826 pm) was significantly
smaller than that in the PBS group (4524 pm). Overall, both THH-3 and
Exos-miRNA 24-3p can inhibit further corneal edema, no synergistic
effect was observed between them.

To further observe the alkali burned corneal tissues after THH-3/
Exos-miRNA 24-3p treatment, we used HE staining to analyse the in-
ternal structure of cornea (Fig. 8b) and carried out quantitative analysis
(Fig. 8c and d). On day 7, both Exos-miRNA 24-3p and THH-3/Exos-
miRNA 24-3p group had healthy and complete epithelial layer, and no
difference was observed in the thickness and number of layers (p >
0.05). The PBS and THH-3 group had thinner epithelial layer, significant
differences were observed in the thickness and number of layers
compared with native cornea (p < 0.05). Except for PBS group and THH-
3, the thickness and number of layers of epithelium in Exos-miRNA 24-
3p and THH-3/Exos-miRNA 24-3p group increased significantly and
were similar to those of the epithelium of native cornea. In addition to
epithelial differences, corneal stroma also differed. The corneal stroma
was irregular and had many large cavities caused by tissue edema, and
the fibroblasts/corneal stromal cells were activated in PBS group and
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THH-3. This phenomenon prompted the differentiated corneal stromal
cells to secrete type I collagen, resulting in corneal scar formation. On
day 28, the cornea treated with Exos-miRNA 24-3p and THH-3/Exos-
miRNA 24-3p continued to maintain healthy epithelial tissue, and the
thickness and number of layers of epithelium were similar to those of
native cornea. The PBS group also maintained a pathological corneal
epithelium with only two layers of cells and spherical basal cells.
Interestingly, the cornea treated with THH-3 recovered the normal
corneal thickness, but the morphology of corneal epithelial cells was
poor, and the cells had no tight junction. In comparison with native
cornea, Exos-miRNA 24-3p group had healthy corneal epithelium, but
the thickness was different (p < 0.05). Differences were observed among
THH-3, Exos-miRNA 24-3p and THH-3/Exos-miRNA 24-3p group
compared with the PBS group (p < 0.05). Edema was caused by
inflammation in the corneal stroma of PBS group.

3.9. Immunofluorescence analysis after THH-3/Exos-miRNA 24-3p
treatment

To confirm whether cornea tissue has been successfully repaired, we
used immunofluorescence of CK3 and ZO-1 proteins to evaluate the
molecular level of corneal epithelial repair (Fig. 9). All groups
completed corneal re-epithelization and had different degrees of CK3
and ZO-1 expression in corneal epithelial tissue at 7 days after operation
(Fig. 9a and b). The PBS and THH-3 group showed low expression of
CK3. In all groups, no difference in CK3 expression was observed be-
tween THH-3/Exos-miRNA 24-3p group and natural cornea (p > 0.05).
Z0-1 had a low expression in the PBS, THH-3 and Exos-miRNA 24-3p
group, and significant differences were observed with native cornea
(p < 0.001). Zo-1 expression was higher in the THH-3/Exos-miRNA 24-
3p group compared with PBS group (p < 0.001), showing an excellent
corneal epithelial repair effect of THH-3/Exos-miRNA 24-3p in the first
7 days. On day 28 after the operation (Fig. 9c and d), the PBS and THH-3
group still had low expression of CK3, and significant differences were
observed with native cornea (p < 0.001), indicating that corneal
epithelial cells are immature. ZO-1 was highly expressed in all groups
except PBS group and similar to native cornea (p > 0.05).

EGFR and MMP9 could regulate the migration of corneal epithelial
cells, resulting in corneal epithelial wound healing. Accordingly, EGFR
and MMP?9 in corneal epithelium were detected by immunofluorescence
(Fig. 9). On day 7 after the operation (Fig. 9a and b), EGFR and MMP9
were not expressed in the PBS group. The THH-3 group expressed MMP9
but not EGFR, and MMP9 expression was low in the THH-3, Exos-miRNA
24-3p and THH-3/Exos-miRNA 24-3p group. Importantly, EGFR
expression was higher in the Exos-miRNA 24-3p and THH-3/Exos-
miRNA 24-3p group compared with the PBS and THH-3 group (p <
0.001), which was similar to that in native cornea group. On day 28 after
the operation (Fig. 9c and d), only PBS group had low expression of
EGFR, while other groups had high expression of EGFR and MMP9, but
they had significant differences with native cornea (p < 0.05). Inter-
estingly, within 28 days after alkali burn, the corneal stroma had low
MMP9 expression, indicating alkali burn can continuously produce
inflammation to the corneal stroma. By contrast, the PBS group had high
expression of MMP9, while the THH-3/Exos-miRNA 24-3p group had
the lowest expression. Therefore, THH-3/Exos-miRNA 24-3p can inhibit
the further production of inflammation.

a-SMA can be used to identify corneal fibrosis, and CD163 can be
used to label M2 macrophages. On day 7 after the operation (Fig. 9a and
b), a-SMA and CD163 were highly expressed in the PBS group, followed
by the THH-3 and Exos-miRNA 24-3p group but the lowest in the THH-
3/Exos-miRNA 24-3p group. The a-SMA and positive CD163 expression
of Exos-miRNA 24-3p and THH-3/Exos-miRNA 24-3p group was
significantly different from that of the PBS group (p < 0.001). On day 28
after the operation (Fig. 9c and d), a-SMA expression was higher in the
PBS, THH-3 and Exos-miRNA 24-3p compared with native cornea (p <
0.001) but not in the THH-3/Exos-miRNA 24-3p group (p > 0.05),
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indicating that THH-3/Exos-miRNA 24-3p can inhibit corneal fibrosis.
CD163 expression was downregulated compared with condition 7 days
after operation, but low M2 macrophage expression was still observed in
all groups, suggesting that all corneas are in the repair stage, and the
inflammation is relieved.

4. Discussion

A series of pathological problems after corneal epithelial defect can
be addressed by accelerating the healing of corneal epithelium. The
healing of corneal epithelial is a complex and coordinated physiological
process, and it involves cell migration, proliferation, adhesion and dif-
ferentiation with cell layer stratification [33]. The growth factor/cyto-
kine and extracellular matrix signal-mediated interactions at the wound
site can re-establish epithelial integrity and restore corneal homeostasis
[34]. Several techniques and materials are currently available for
treatment of corneal epithelial defect, and many of these methods
involve complex procedures and use techniques or materials with poor
biocompatibility, safety and effectiveness. Ideally, any newly developed
techniques and materials should be easily applied in a clinical setting,
readily corneal epithelial healing, even corneal stromal repair. More-
over, these methods should reduce the frequency of eye medication and
have the effect of continuous administration.

In previous studies, some researchers used corneal mesenchymal
stromal cell or mesenchymal stem cells derived from human bone
marrow or exosomes derived from corneal epithelial cell for the treat-
ment of corneal wound healing [35-37], showing ideal repair effect, but
the mechanism in which exosomes participate in corneal wound healing
remains still unclear. Among the various MSC sources, bone-derived
MSCs (BMSCs) and ADSCs are the two most commonly used in pre-
clinical and clinical tissue regeneration applications. While, umbilical
cord-derived MSCs have also been widely employed in research and
clinical trials. Their use in many applications is limited since they are not
practical for autologous administration in adults. ADSCs are an attrac-
tive alternative as they are higher in frequency, more easily obtained
and cause less donor site morbidity [38]. Furthermore, ADSCs display a
higher proliferation rate than BMSCs in vitro and show a greater ability
to maintain their stem cell characteristics, including self-renewal, pro-
liferation, and differentiation potential, after repeated passaging [39].
Thus, we choose ADSCs as our material source. Scholars agree that the
role of stem cells is achieved via its paracrine. In addition to endowing
the same functions as ADSCs, Exos are an outstanding transport carrier,
which can enter target cells by endocytosis.

MiRNA 24-3p, which belongs to the miRNA 24 family, plays a sig-
nificant role in cancer initiation and progression [40]. The majority of
cancer cells are epithelial in origin, beginning in a tissue that lines the
inner or outer surfaces of the body. Thus, we hypothesized that miRNA
24-3p has the same migration effect on corneal epithelial cells. In the cell
migration experiment, miRNA 24-3p mimics showed excellent effects in
cell chemotaxis, cell wound healing and the expression of
migration-related genes, which might be due to the similarity of source
between cancer cells and epithelioid cells. However, miRNA 24-3p acts
in different pathways, so it does not mean that miRNA 24-3p can
regulate all epithelioid cells. FGF signalling, which is involved in the
control of cell proliferation, differentiation, migration, survival and
polarity, is transduced through FGF receptors (FGFR) [41]. A key
component of FGF signalling is the docking protein called FGFR sub-
strate 2 (FRS2) which undergoes phosphorylation on tyrosine residues
upon FGF stimulation [42,43]. CDC42, which is also known as cell di-
vision cycle protein, is a GTP-binding protein belonging to the Rho
family of small GTPases. The expression of CDC42 has been linked to eye
development and photoreceptor morphogenesis [44,45]. CDC42 is an
important regulator of corneal epithelial wound repair [46]. CDC42 may
interact with receptor tyrosine kinase-activated signalling cascades that
participate in cell migration and cell-cycle progression [47]. CTGF is
expressed in the native cornea, lens, iris and retina and is expressed
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immediately after epithelial injury [48,49]. CTGF loss impairs efficient
re-epithelialization of corneal wounds [50]. In the present study, miRNA
24-3p promoted the up-regulation of FRS2, CDC42, CTGF, EGFR and
MMP9, mainly because miRNA 24-3p regulated the phosphorylation of
tyrosine residues and the signal cascade activated by receptor tyrosine
kinase in cell cycle process. Exos with low or no expression of miRNA
24-3p meet the conditions for loading miRNA 24-3p. Thus, we engi-
neered the Exos via miRNA 24-3p to capacitate it an excellent migration
ability for corneal epithelial healing. We successfully constructed a
rabbit corneal epithelial defect model and treated it with Exos-miRNA
24-3p by subconjunctival administration. The results also confirmed
the excellent migration ability of Exos-miRNA 24-3p. After trauma, the
surrounding cells will secrete many factors and recruited granulocytes
or macrophages for tissue repair [51,52]. Trauma may cause damage to
the basement membrane and anterior elastic layer, allowing the secreted
factors to easily enter the corneal stroma, which contains a large amount
of keratin, including CK3. The expression of CK3 in corneal stroma will
affect the corneal microenvironment. Exos-miRNA 24-3p could accel-
erate corneal epithelial wound healing, so only a small amount of CK3
entered the corneal stroma. Considering the limitation of antibody, we
only selected EGFR and MMP9 for in vivo analysis. EGFR signalling is
critical during embryogenesis, particularly in epithelial development,
and the disruption of EGFR gene results in epithelial immaturity and
perinatal death [53]. EGFR signalling also functions during
wound-healing responses by accelerating wound re-epithelialization,
thus inducing cell migration, proliferation and angiogenesis [54].
Interestingly, positive EGFR proteins were significantly less in untreated
and PBS injected under conjunctiva on day 7 after operation. Therefore,
the regenerated corneal epithelial cells in both groups were immature
epithelial cells. The activated MMP9 regulated corneal epithelial cell
migration by cleaving the ectodomain of p4 integrin between corneal
epithelial cells and basement membrane [55]. In the expression of
MMP9, no differences were observed among all groups, because MMP9
was mainly involved in epithelial migration during wound healing.

Subconjunctival administration must be carried out under local
anaesthesia, resulting in brings risks to the treatment of corneal diseases
[56]. It not only has high technical requirements for doctors, but also
may damage the conjunctiva [57]. On topical application, the hydrogel,
an ideal drug delivery system, may form a highly uniform and clear thin
layer that conforms to the ocular surface and resists clearance from
blinking, thus increasing the intraocular absorption of hydrophilic and
hydrophobic drugs and extending the drug-ocular—epithelium contact
time [25]. We modified sodium hyaluronate for eyes to induce it thermal
sensitivity and thus form a highly uniform and clear thin layer on the
ocular surface under body temperature. THH-3 was injectable, stable,
and easy to operate. Most importantly, THH-3, as a controlled release
system, can solve the problems of the instability and short retention time
of Exos in ocular surface and improve the utilization efficiency of miRNA
24-3p.

Chemical alkali burn is one of the most common ophthalmic emer-
gencies. It is a serious ocular trauma with long course, difficult vision
recovery and severe sequelae [57]. It is difficult to treat with a single
drug. In the present study, the THH-3 was used to control the slow
release of Exos-miRNA 24-3p, achieving a better healing effect. Under
low-to-no expression EGFR or MMP9, corneal epithelial migration will
be affected, resulting in corneal epithelial abscission or lesions. Based on
the experimental results, the expression of EGFR and MMP9 in corneal
alkali burn diseases treated with THH-3/Exos-miRNA 24-3p remained
similar to that in native cornea from day 7 to day 28.
THH-3/Exos-miRNA 24-3p maintained the steady-state environment of
corneal epithelial cell renewal. Therefore, the adaptive hydrogel, as a
controlled release system, is very important for tissue repair.

5. Conclusion

In conclusion, we explored the optimal concentration of exosomes
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derived from ADSCs with biological function. There exosomes could
promote the proliferation and migration of RCECs, regulate the vinculin
expression and the up-regulation of migration-related genes. Subse-
quently, we hypothesized that miRNA 24-3p could regulate corneal
epithelial cell migration, and fully verified its accelerating cell migration
ability in vivo and in vitro. The ocular bioavailability and convenience of
Exos-miRNA 24-3p were increased via developing a controlled release
system with biocompatibility, stability and temperature sensitivity to
slow release Exos-miRNA 24-3p. THH-3/Exos-miRNA 24-3p effectively
promoted the migration and maturation of RCECs and regulated corneal
microenvironment, including fibrosis inhibition and inflammatory re-
action reduction. These processes remarkably enhanced the repair of
alkali-burnt corneal tissue in vivo. This study provided a promising
miRNA-based delivery strategy for the efficient and adaptative treat-
ment of patients suffering from corneal alkali burn and an important
theoretical basis for the development of cell-free therapy. Most impor-
tantly, this method follows the ‘from nature to nature’ principle.
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