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Abstract
● AIM: To evaluate the feasibility of mesenchymal stem 
cells (MSCs) to differentiate into corneal epithelial cells 
after being seeded on the decellularized small incision 
lenticule extraction (SMILE)-derived lenticules.
● METHODS: The fresh lenticules procured from patients 
undergoing SMILE for the correction of myopia were 
decellularized. The MSCs were subsequently cultivated 
on those denuded lenticules. The MSCs without lenticules 
were used as a control. The proliferation activity of the MSCs 
after seeding 24h was quantitatively determined with the 
Cell Counting Kit-8 (CCK-8) assay. Immunofluorescence 
staining and quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) were used to assess the marker 
expression in differentiated MSCs. 
● RESULTS: The data showed that both fresh and 
decellularized lenticules could significantly promote 
the proliferation of MSCs, compared to that in control 
(P=0.02 for fresh lenticules, P=0.001 for decellularize ones, 
respectively). The MSCs seeded on both lenticules were 
positive for cytokeratin 3 (CK3) staining. The expression of 
CK3 increased 5-fold in MSCs seeded on fresh lenticules and 
18-fold on decellularized ones, compared to that in control. 
There was a significant difference in the expression of CK3 
in MSCs seeded on fresh and decellularized lenticules 
(P<0.001). The expression of CK8 and CK18 was similar in 
pure MSCs and MSCs seeded on fresh lenticules (P>0.05), 
while the expression of these markers was decreased in 
MSCs seeded on decellularized ones.
● CONCLUSION: These results suggest that the 
decellularized lenticules might be more suitable for MSCs 
to differentiate into corneal epithelial cells, which offers 

the prospect of a novel therapeutic modality of SMILE-
derived lenticules in regenerative corneal engineering. 
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INTRODUCTION

V arious infectious diseases as well as trauma often 
lead to corneal opacification and vision impairment[1]. 

However, there is a severe shortage of donor corneas worldwide. 
Comparatively, scarcity of allografting donor tissue has spurred 
the continued advancement in corneal tissue engineering. 
During development, constructing appropriate biomaterial 
scaffolds and seeding them with cells has become a main 
focus[2]. Ideally, these scaffolds allow cell survival and 
differentiation[3-5]. Previous studies have documented that 
biological and synthetic materials such as amniotic membrane, 
fibrin, electrospun nanofibres and plastic compression could 
serve as scaffolds for epithelial cell expansion[6-8]. Furthermore, 
the nanofibrous scaffolds have been shown to promote limbal 
stem cells to differentiate into mature corneal epithelial cells[6]. 
However, such scaffolds have limited clinical applications 
due to limited tissue availability, progressive biodegradability, 
exogenous contamination and potential graft rejection. 
Whereas decellularized corneal scaffolds, originated from 
endogenous ocular tissue, have gained widespread attention as 
a substitute for fabricating biomaterial substrates by preserving 
the native corneal structure[9-10]. 
Although human corneal stroma is the most appropriate 
scaffolding for cornea tissue-engineering, its source is scarce. 
With the advent of a new generation of refractive surgery, 
the femtosecond laser has gained favorable reception[11]. 
Until now, over 500 000 small incision lenticule extraction 
(SMILE) procedures have been performed worldwide[12]. 
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Thus, an ample amount of lenticule tissue is available for other 
clinical scenarios. Intrastromal lenticule removal from the 
SMILE procedure for myopic correction and its implantation 
in allogeneic subjects with hypermetropia and keratoconus has 
been investigated with encouraging preliminary results[13-16]. 
Recently, Yam et al[17] have reported that decellularized human 
stromal refractive lenticules could promote corneal stromal 
fibroblast growth in vitro. Additionally, SMILE-derived 
lenticules have been used to treat corneal microperforation 
and lamellar corneal defects[18-19]. Similarly, Yin et al[20] used 
SMILE-derived decellularized lenticules with fibrin glue as 
a scaffold for rabbit cornea implant, and found that the grafts 
presented re-epithelialization. Hence, decellularized lenticule 
scaffolds possess great therapeutic potential in generating 
corneal tissue for transplantation.
Mesenchymal stem cells (MSCs) are adult nonhematopoietic 
precursor cells that reside primarily in the bone marrow. 
These cells can be extensively expanded in vitro and are able 
to differentiate into multiple lineages such as bone, cartilage, 
and adipose[21-22]. The pluripotent nature of MSCs makes 
them ideal alternative sources for tissue engineering and 
regenerative medicine. Studies have revealed that MSCs are 
capable of differentiating into corneal epithelial-like cells and 
expressing cytokeratin 3 (CK3), a marker of mature corneal 
epithelium[23-24]. Moreover, MSCs derived from embryonic 
stem cells (ESCs) have been shown robust proliferation and 
multipotent differentiation[25]. Recently, Alio del Barrio et 
al[26] reported that human adipose-derived MSCs seeded on 
acellular human corneal matrix sheets could differentiate 
into functional keratocytes. Consequently, in this study, we 
investigated whether MSCs derived from human ESCs after 
being seeded on the decellularized SMILE-derived lenticules 
can differentiate into corneal epithelial cells. 
SUBJECTS AND METHODS
Ethical Approval  Permission to use human corneal tissue 
was granted by the Ethics Committee of Xiangya Hospital 
(No.201512539). Patients provided the written informed 
consent in accordance with the Declaration of Helsinki. 
Culture and Characterization of Mesenchymal Stem Cells 
from Embryonic Stem Cells  The purchased H1 human 
ESCs (WA01, Wicell, USA) were cultured on matrigel-coated 
plates with daily change of mTeSR1 medium (Stem Cell 
Technologies, Canada) for several passages. These cells were 
subsequently trypsinized, harvested, and expanded in 25 cm2 
flasks (Corning, USA), in low-glucose Dulbecco’s modified 
eagle’s medium (L-DMEM; Gibco, USA) supplemented with 
10% fetal bovine serum (FBS; Gibco, USA) and 100 U/mL 
penicillin-streptomycin (Gibco, USA) at a concentration of 
5×106 cells per millilitre. Cells were maintained at 37℃ in a 
humidified 5% CO2 incubator. Medium was changed every 

3d. The culture was continually passaged when reaching 
about 90% confluence to generate MSCs with fibroblast-like 
morphology.
For the analysis of cell surface markers, human ESC-derived 
MSCs at passage 3 were evaluated using flow cytometry. These 
cells were harvested in single-cell suspension, and then stained 
with monoclonal antibodies conjugated with fluorescein 
isothiocyanate (FITC) or phycoerythrin (PE): CD45-PE, 
CD34-FITC, CD73-PE, and CD105-PE (all four antibodies 
from eBioscience, USA). At least 10 000 events were acquired 
using the FC500MCL flow cytometer (Beckman Coulter, Brea, 
CA, USA).
Removal of Small Incision Lenticule Extraction-Derived 
Lenticules  Ten myopic patients (20 eyes, 3 males and 7 
females) who underwent the SMILE procedure using the 
VisuMax femtosecond laser (Carl Zeiss Meditec, Jena, 
Germany) on the same day were enrolled in this study. The 
patients had a mean age of 22.4±3.7y (range: 18 to 29y), 
with a mean spherical equivalent refraction of -5.48±1.17 
diopter (D). The single same surgeon (Wen D) performed 
all the operations. In brief, the femtosecond laser created 
an intrastromal lenticule by photoablative incisions, both 
anterior and posterior interfaces were then dissected with a flap 
separator. Finally, the lenticule was extracted manually through 
a 2-mm incision. Parameters during the SMILE procedure 
were as follows: repetition rate 500 kHz, pulse energy 120 nJ, 
lenticule side-cut angle 90 degrees, lenticule diameter 6.0 mm, 
lenticule thickness 80 to 120 μm. 
Decellularization of Small Incision Lenticule Extraction-
Derived Lenticules  The extracted stromal lenticules 
were divided into two groups of 10 lenticules each. One 
group was set aside in McCarey-Kaufman medium storage 
(fresh lenticules in MSCs-A group), and the other group 
was decellularized according to the previous protocol 
(decellularized lenticules in MSCs-B group)[27]. Briefly, the 
acellular lenticules were prepared in the process of enzymatic 
digestion, freezing and thawing and lyophilization, and their 
histological structure were observed. The samples were 
digested with 0.25% trypsin (Gibco, USA) on an orbital shaker 
(500 rpm) at 37℃ for 30min. Later, the sheets were thoroughly 
washed with three-fold-distilled water with continuous shaking 
at room temperature. The sheets were frozen in liquid nitrogen 
of -196℃ for 15min and then thawed quickly at 37℃. The 
procedures of freezing and thawing were repeated four times. 
To remove DNA, the sheets were treated with DNAase (Roche, 
Switzerland) at 37℃ for 1h, followed by 3 washes with three-
fold-distilled water for 30min with continuous shaking at 
room temperature. Subsequently, the sheets were pre-frozen 
in a -80℃ refrigerator for 4h, and then dried in vacuum in a 
lyophilizer for 16h. Finally, the lyophilized acellular lenticules 
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were sealed into a sterile plastic envelope, sterilized by 
Cobalt-60 and then preserved for later use. The cell removal 
was verified by 4’,6-diamidino-2-phenylindole (DAPI, Sigma) 
staining of serial sections of the sheets.
MSCs Seeded on Small Incision Lenticule Extraction-
Derived Lenticules  The MSCs at passage 5 were harvested 
and resuspended with L-DMEM containing 10% FBS, 100 IU/mL 
penicillin-streptomycin, and then incubated with 0.4% 
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 
perchlorate (DiI, Beyotime, China) at 37℃ with 5% CO2 

for 20min, to fluorescently label cellular membranes. The 
lenticules in MSCs-A and MSCs-B groups were soaked in 
L-DMEM supplemented with 10% FBS at 37℃ for 48h to 
recover their tenacity before seeding. These lenticules were 
subsequently washed twice with phosphate buffered saline 
(PBS) by centrifugation at 200×g for 5min, and then a 250 μL 
suspension of MSCs was gently seeded on the surface, in the 
48-well plate (Corning, USA) with a concentration of 3×104 
cells per well. MSCs without lenticules were cultured as a control 
for comparative study. Culture medium was changed every 2d. 
All cultures were incubated at 37℃ in 5% CO2 atmosphere.
Cell Proliferation Analysis  Within 24h after being seeded, 
most DiI labeled MSCs attached on the lenticules in MSCs-A 
and MSCs-B groups started to spread. Cell proliferation was 
assessed using the Cell Counting Kit-8 (CCK-8; Dojindo, 
Japan) according to the manufacture’s protocol. Briefly, 25 μL 
of CCK-8 solution was added to each well of three groups 
(MSCs, MSCs-A, and MSCs-B groups) and incubated for 4h 
at 37℃, and in 5% CO2 atmosphere, after which the optical 
density (OD) at 450 nm was measured by a microplate reader. 
The wells without allocating cells served as the control group.
Immunofluorescence  For immunofluorescent staining, the 
spreading MSCs on the surface of lenticules in MSCs-A and 
MSCs-B groups at day 10 were harvested and then fixed with 
4% paraformaldehyde for 15min at room temperature, washed 
twice, then permeabilized with 0.5% Triton X-100 in PBS 
for 5min. Subsequently, the cells were incubated with the 
primary antibody (CK3, 1:1000, Abcam, UK) containing 1% 
bovine serum albumin (BSA) at 1h at room temperature. After 
washing three times with PBS to remove unbound antibody, 
the secondary antibody (goat anti-mouse Alexa Fluor 488, 
1:1000, Invitrogen, USA) was applied for detection at room 
temperature for 2h on an orbital shaker. Later, the cells were 

thoroughly washed with PBS, and finally, DAPI was used for 
nuclear staining. The cells were examined by using a confocal 
fluorescence microscope (Zeiss, Germany).
Analysis of mRNA Expression by Quantitative Reverse 
Transcription Polymerase Chain Reaction  To further 
assess corneal epithelial marker expression, mRNA levels of 
CK3, CK8, and CK18 were selected to compare. By day 10 
after initial seeding, total RNA was isolated from MSCs in 
each group (MSCs, MSCs-A, and MSCs-B) using TRIZOL 
(Invitrogen, USA) following the manufacturer’s protocol. 
About 1 μg of total RNA was reverse-transcribed in a 10 μL 
reaction solution to prepare cDNA. For quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) analysis, 
the SYBR Green Master Mix (TaKaRa, Japan) was used with 
cDNA samples and primers to determine the target mRNA 
transcripts. The sequences of the primers were listed in Table 1. The 
relative target gene mRNA expression levels were analyzed 
using the formula 2-ΔΔCt in reference to the expression level of 
glyceraldehype-3-phosphate dehydrogenase (GAPDH) gene. 
All assays were performed in triplicate for each primer set. 
Statistical Analysis  Analysis of variance (ANOVA) with 
Bonferroni’s correction was used for comparisons between 
multiple groups. Analyses were done using SPSS software 
(IBM Corp., Armonk, NY, USA) and GraphPad Prism software 
(GraphPad, Inc., San Diego, CA, USA) was used. Data are 
presented as the mean±SEM of at least three experiments. P< 
0.05 were considered statistically significant. 
RESULTS
Characterization of Mesenchymal Stem Cells from Human 
Embryonic Stem Cells  The human ESCs exhibited a uniform 
undifferentiated phenotype as spheres in suspension when 
cultured on matrigel-coated plates (Figure 1A). While the 
human ESC-derived MSCs were cultured using the plastic 
adherence method, most of cells presented a characteristic 
spindle shape with a fibroblast-like morphology after 3 
subculture passages (Figure 1B). To further assess the 
phenotype of the cells, cell surface markers CD34, CD45, 
CD105, and CD73 were analyzed by flow cytometry. As 
shown in Figure 1, greater than or equal to 95% of the MSCs 
derived from human ESCs at passage 3 were positive for 
CD105 and CD73, which are the MSC-associated specific 
markers, and were negative for CD34 and CD45, which are the 
hematopoietic markers.

Table 1 List of primer sequences for qRT-PCR

Gene Forward primer Reverse primer

GAPDH GCCAAGGTCATCCATGACAAC GTCCACCACCCTGTTGCTGTA
CK3 GGCAGAGATCGAGGGTGTC GTCATCCTTCGCCTGCTGTAG

CK8 ATCAGCTCCTCGAGCTTCTC TCCAGGAACCGTACCTTGTC
CK18 TCAGCAGATTGAGGAGAGCA TCTGACTCAAGGTGCAGCAG
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Structure of Decellularized Lenticules  The removal of 
cells was confirmed by staining with DAPI for nucleic acid. 
Many keratocyte nuclei were observed in the fresh lenticule 
(Figure 2A). When compared to control lenticules, no cellular 
nuclei were shown in the decellularized lenticule (Figure 
2B). Furthermore, the arrangement of the collagens in the 
decellularized lenticule was meshy and slightly loosened. 
Hence, the decellularization protocol carried out in this study 
completely removed the cells and retained the overall tissue 
matrix structure.
Mesenchymal Stem Cells Proliferation after Seeding on 
Lenticules  As regards cell proliferation, the CCK-8 assay 
(Figure 3) showed that the proliferation capacity of MSCs-A 
and MSCs-B groups were significantly higher than that in the 
control group (P=0.02 for MSCs-A, P=0.001 for MSCs-B, 

Figure 1 Characterization of human ESC-derived MSCs  A-B: Human ESCs grew as a uniform undifferentiated colony and MSCs 
differentiated into the adherent cell population with a fibroblastoid, spindle-shaped morphology (scale bar=200 μm); C-F: Flow cytometry 
analysis of human ESC-derived MSCs at passage 3. The data showed that 99.84% cells were negative for CD34, 99.8% cells were negative for 
CD45, 97% cells were positive for CD105, and 95% cells were positive for CD73.

Figure 2 Histological changes of decellularized lenticule  A: Fluorescence image of a fresh lenticule stained with DAPI; B: Fluorescence 
image of a decellularized lenticule stained with DAPI, an absence of cellular nuclei and empty cell space were found inside the lenticule. The 
scale bar is 50 μm.

Figure 3 Comparison of the proliferative activity of MSCs seeded 
on lenticules in MSCs-A and MSCs-B at 24h  Cell proliferation was 
analyzed using CCK-8. OD: Optical density. The data represent the 
mean±SEM from three experiments (aP<0.05, bP<0.01, cP<0.001).

Differentiation of mesenchymal stem cells
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respectively). There was no significant difference between 
MSCs-A and MSCs-B groups (P=0.083). These results 
suggested that both fresh and decellularized lenticules play an 
important role in promoting MSCs cell proliferation.
Immunofluorescent Staining of Differentiated Mesenchymal 
Stem Cells  To confirm these differentiated MSCs cells, 
we used DAPI for nuclear staining (Figure 4A), DiI labeled 
the seeded MSCs membranes (Figure 4B). In addition, 
the expression of CK3 (Figure 4C) was investigated with 
immunofluorescent staining at day 10 after cellular seeding. 
Double immunostaining (orange) for CK3 (green) and DiI 
(red) revealed that MSCs differentiated into corneal epithelial 
cells. As illustrated in Figure 4E-4F, positive CK3 staining 
was detected both in MSCs-A and MSCs-B groups. The result 
showed that both fresh and decellularized lenticules might be 
suitable for MSCs to differentiate into corneal epithelial cells.
Quantitative Reverse Transcription Polymerase Chain 
Reaction Analysis of Differentiated Mesenchymal Stem 
Cells  To further determine the extent of differentiation, qRT-
PCR was used to evaluate the total population of differentiated 
MSCs (Figure 5A-5C). The expression of different types of 

cytokeratin in the samples was evaluated. At the mRNA level, 
CK3 expression increased 5-fold in MSCs-A group and 18-fold 
in MSCs-B group compared with that in MSCs group. There 
was a significant difference in the expression of CK3 between 
MSCs-A and MSCs-B groups (P<0.001). Both CK8 and CK18 
were preferentially expressed in MSCs-A and MSCs groups 
(P>0.05). In contrast, the MSCs-B group exhibited a weaker 
expression of CK8 (P=0.001) and CK18 (P=0.077). 
DISCUSSION
The majority of previous research has comprehensively 
investigated xenogeneic cellular corneal scaffolds in animal 
models[28-31], as they are not limited by donor availability. 
Presently, few studies employ the human fresh corneal 
scaffolding to facilitate tissue regeneration. Nevertheless, 
xenogeneic materials may possess more immunological and 
regulatory barriers compared to human tissue. In this study, 
we have discovered MSCs seeded on human SMILE-derived 
lenticules could differentiate into corneal epithelial cells for 
the first time. As sufficient SMILE-derived surplus lenticules 
are readily available, this may open a way to new corneal 
substitute for reconstructing ocular surfaces. 

Figure 4 Confocal microscopic images of immunofluorescence at day 10 after seeding MSCs  A: DAPI labeled cell nuclei; B: DiI labeled 
cellular membranes; C: CK3 labeled corneal epithelial cells; D: Merge: triple staining of CK3 (green), Dil (red), and DAPI (blue); E: CK3 
expression was detected in the MSCs-A group; F: CK3 expression was detected in the MSCs-B group, the scale bar is 100 and 50 μm.

Figure 5 Expression of CK3, CK8, and CK18 in the seeded cells in each sample  The expression level was normalized against GAPDH 
expression. The data represent the mean±SEM from three experiments (aP<0.05, bP<0.01, cP<0.001).
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The application of MSCs in tissue engineering relies primarily 
on an appropriate scaffold to support their proliferation and 
differentiation[32]. The decellularized cornea scaffolds have 
been considered to pose great therapeutic potential due to 
the native matrix ultrastructure, good porosity, regenerative 
capacity and long-term biocompatibility[9,33-34]. The commonly 
used decellularization methods consist of the removal of 
cellular components as well as antigen materials and the 
preservation of corneal extracellular matrix structure[35]. It is 
worth stressing that most of the decellularization methods 
retain small amounts of cellular materials, while physical or 
chemical methods combined with enzymatic agents allow an 
optimal decellularized scaffold[36]. 
In the present study, freeze-thaw cycles and lyophilization 
were employed in combination with liquid nitrogen to 
repopulate seeding cells by increasing the porosity of the 
decellularized lenticules. In fact, porosity is relevant to the 
biological properties of seeding cells, such as proliferation, 
differentiation, adherence, and migration, as previously 
described[34]. In this study, the MSCs cultured with lenticules 
proliferated more than those in control, but no significant 
difference was observed in cell proliferation between fresh 
and decellularized lenticules. Possible factors may account 
for these differences. On the one hand, MSCs are profoundly 
influenced by microenvironmental factors such as the 
extracellular matrix, cell-cell interactions, and the intrinsic 
biological cues within the structure of the lenticules. Zhang 
et al[37] reported that MSCs seeded on the acellular corneal 
matrix could express growth factors, epidermal growth factor 
and transforming growth factor-beta1, which improved cellular 
growth. On the other hand, the decellularization methods used 
in this study disrupted some ultrastructure of the extracellular 
matrix, which may interfere with proliferation. Meanwhile 
the keratocytes remaining in the fresh lenticules may prevent 
MSCs from adhering and migrating. Additionally, the seeding 
density played a vital role in controlling cell proliferation. 
Hwang et al[38] demonstrated that a density of 2×104 cells per cm2 
was required for MSCs to maintain relatively high proliferation 
capacity and multilineage differentiation potential. In our study, 
a seeding density of 1×104 and 3×104 cells per well were 
analyzed for cell proliferation. The results showed that the 
latter one improved cellular proliferation (data not shown).
Previous studies have specifically reported corneal epithelial-
like cells generation from MSCs[23,39-40]. Cytokeratins form 
filaments that are responsible for the integrity of the epithelial 
cell structure, and their patterns of expression depend on the 
epithelial cell type[41-43]. Thus, these proteins could be used 
as differentiation markers. For example, CK3 is a specific 
marker for terminally differentiated corneal epithelial cells 
and absent in the basal layers of the limbal epithelium, while 

CK8 is highly expressed in the limbus, and has been identified 
as a limbal marker in the adult cornea epithelium[44-45]. In 
addition, CK18 is widely expressed in simple epithelia such 
as conjunctiva and limbal epithelia[46]. Our immunofluorescent 
staining analysis revealed that MSCs seeded on both fresh and 
decellularized lenticules were positive for CK3, a marker for 
epithelial cells. However, the qRT-PCR results further showed 
that the expression of CK3 was significantly different between 
these lenticules. Furthermore, some differences were observed 
between the expression profiles of CK8 and CK18, which were 
evenly expressed in the fresh lenticules, but barely expressed 
in the decellularized ones. Thus, these differences indicated 
that the decellularized SMILE-derived lenticules were superior 
to the fresh ones for MSCs to differentiate into the pure 
terminally corneal epithelial cells. 
There are several limitations in the present study. Firstly, 
the study lacks lone term results, although MSCs had been 
induced into corneal epithelial cells. It is unknown how this 
differentiation reprogramming was precisely processed. For 
instance, what is the key switch that controls this process? 
What is the key transcription signal that regulate this process? 
Further studies are needed to answer these questions. Secondly, 
since the scaffolds support growth of seeding and corneal cells, 
the mechanical strength and biodegradability of decellularized 
SMILE-derived lenticules have yet to be evaluated. Finally, 
stromal-epithelial interactions occurred in a co-culture system 
deserve further investigation in future studies.  
In summary, the present study decellularized the SMILE-
derived lenticules to generate a scaffold, and then seeded 
them with MSCs, and eventually the scaffold facilitated 
MSCs to repopulate the corneal epithelial cells. To the best of 
our knowledge, this is the first study to investigate SMILE-
derived lenticules scaffolding for MSCs differentiation, which 
provides a significantly promising source for constructing a 
tissue-engineered cornea for transplantation. Based on the 
preliminary study, continuous molecular analysis will be 
exploited to treat injuries and diseases. 
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