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ARTICLEINFO ABSTRACT

Article type: Objective(s): Substrate engineering is one of the attractive fields of changing cell behavior and fate,
Original especially for stem cell (SC) therapies. The SC pool is an essential factor in transplantation outcomes.

L . Here, the objective was to preserve the stemness of the cornea’s limbal epithelial stem cell (LESC)
Article history:

using naturally biomimicking corneal cell topography.

Materials and Methods: A cell-imprinted substrate was prepared using the natural topography of rabbit
cornea’s LESC. The LESC cells were characterized by immunostaining (ABCG2 and Cytokeratin-12),
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Keywords: then re-cultivated on a topography mold (imprinted PDMS), on FLAT PDMS (without any pattern),
Cell-Imprinting and the control group (tissue culture plate). Ultimately, an alkaline burn model was created on a
Cell therapy rabbit’s cornea, and the effectiveness of cell-imprinted molds as implants for healing corneal wounds
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was examined in vivo.

Results: The in vitro results showed that imprinted PDMS kept LESC cells in a state of stemness
with high expression of ANP63 and ABCG2 genes (stemness-associated genes) compared to the
other two groups and low Cytokeratin-3 and -12 expression (as differentiation-related genes). In vivo
studies showed a more significant number of cells and the expression of the ABCG2 gene in the
imprinted PDMS group. In contrast, higher expressions of the ANp63 gene and more stratification
were observed in the control group (no treatment). Histological studies showed that the imprinted
PDMS group had normal morphology with fully organized collagens.

Conclusion: The results of LESC cultured on imprinted PDMS suggested that LESC cell imprinting
could be an excellent substrate for LESC expansion and preserve their stemness for cell therapy.
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Introduction

The corneal epithelium healing process involves
adhesion, proliferation, differentiation, limbal stem cell
(LSC) migration, and restoration of corneal epithelium
integrity. Limbal stem cell deficiency (LSCD) occurs when
these cells are damaged, or their environment is destroyed.
Treatment options range from supportive therapies to
more invasive approaches like transplantation (1). In the
fascinating world of LSCD research, a promising approach
involves utilizing a cell sheet composed of limbal epithelial
stem cells (LESC). This innovative technique shows potential
as an attractive alternative to corneal transplantation (2).
However, it is worth noting that handling this method can

be quite challenging due to the LESC’s slow growth rate and
differentiation to mature epithelial cells, leading to depletion
of the LESC pool, so it is crucial to ensure the preservation
of the LESC pool in such cases (3). Extensive research has
been conducted to address this problem, and one promising
approach is surface engineering, which mimics a cell’s
microenvironment, including topography.

The cellular microenvironment is an intricate milieu of
signals that plays a vital role in the optimal functioning of
cells and tissues. Altering the physical cues and chemical
microenvironments could change LESC’s behavior and
fate (1). The mechanotransduction process and alteration
of LSC phenotype in the corneal epithelium are effectively
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related to the topography of the bottom of the wound area
(4, 5). Different cells’ morphology, adhesion, proliferation,
differentiation, and ultrastructure can all be impacted
by surface topography. These discoveries offer a fresh
approach to cell control and the advancement of tissue
engineering and regenerative medicine (6). Substrates
used in tissue engineering resemble the extracellular
matrix (ECM); besides providing mechanical support, they
possess topographic cues that can guide cells regarding
orientation, migration, and other functions within the
microenvironment . The ability of cells to orient and migrate
determines tissue fate, which can be directly impacted by
topography. In vivo, epithelial cells adhere to the basement
membrane through the ECM, which possesses a 3D
structure resembling wool and consists of pores, fibers,
and pillars (1). Nanoscale topography has been found to
alter the morphology and cytoskeleton of many cell lines,
such as epithelial cells, epitenon cells, macrophages (MQ),
fibroblasts, endothelial cells, and keratinocytes (7-9). Several
techniques have been employed to fabricate topography,
such as photolithography, stereolithography, and soft
lithography utilizing Poly(dimethyl siloxane; PDMS)(10).
PDMS is an interesting substrate frequently utilized for cell-
based research, including cell-cell contact investigations,
because of its low production costs, biocompatibility, and
ease of printing micropatterns (8, 9).

Using manufactured uniform molds instead of the
natural cell imprinting approach for corneal epithelium has
a limiting effect due to their unique and repetitive features.
Natural cell imprinting may be the most crucial aspect of
substrate engineering, even though the response of corneal
LESCs to synthetic topography has been extensively
researched. To our knowledge, no research has been done
on rabbit corneal LESC imprinting. Thus, to engineer the
substrate and influence the preservation of corneal limbus
cells in their stem state, the mold’s effect on cell behavior
with these cell patterns was assessed in this study for the
first time. For this reason, LESCs from New Zealand rabbits’
corneal limbus region were isolated and characterized.
After that, a cell-imprinted mold was created using PDMS.
Studies on the morphology of these molds were conducted.
Ultimately, LESCs were expanded on these molds and
assessed for stemness (ABCG2 and ANP63)(11-13) and
differentiation (cytokeratin 3 and 12) gene expression (14,
15). Next, an investigation was conducted to assess the
efficacy of these molds in promoting wound healing in the
rabbits’ corneal alkali burn model.

Materials and Methods
LESC isolation, culture, and characterizations
Cell isolation and expansion

LESCs were isolated from young New Zealand (NZW)
white rabbits (2-3 months old, male). First, animals
were sacrificed according to the ethical protocol, and the
corneas were separated. Then, the corneas were washed
with PBS (GIBCO) containing 2% antibiotics (Penicillin/
Streptomycin; GIBCO, USA). Then, the rim of the cornea was
dissected to the 2x2 mm blocks and placed on a cell culture
plate, epithelial side down. The KGM™-2 (Keratinocyte
Growth Medium-2 BulletKit™ Lonza, Catalog #: CC-3107)
containing 1% Pen/Strp and 1% fetal bovine serum (FBS;
GIBCO, USA) was added. Tissues were explant cultured
(epithelial side down, the epithelial side was in contact
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with the cell culture plate surface; (16-18)) in a humidified
atmosphere of 5% CO, at 37°C. All procedures were done in
sterile conditions with sterile solutions less than four hours
after cornea dissociation. Culture continued for 21 days till
70-80% confluency, and the medium was replaced every 2-3
days.

Cell characterization

ABCG2 and Cytokeratin (Cyk) 12, the stemness and
differentiation markers, respectively, were selected for
cell characterization. After reaching 70-80% confluency,
cells were washed and fixed using 10% formalin for two
hours. The cells were washed with PBS and air-dried. Next,
permeabilization was done using a permeabilization buffer
(Triton X-100 dissolved 0.1% citrate sodium), blocked by
1% bovine serum albumin (BSA) at room temperature
(RT) for two hours. After washing, the first antibody
was probed: Anti-ABCG2 antibody and Cyk-12 (Santa
Cruz Biotechnology, Inc). After incubation and washing,
secondary antibodies were added: mouse anti-goat IgG
(FITC conjugated; Santa Cruz Biotechnology, Inc) and Goat
Anti-Mouse IgG (H+L; CY3 conjugated; Elabscience®).
The counterstaining was applied by 4»,6-diamidino-2-
phenylindole (DAPIL; Thermo Fisher Scientific). Next, the
analysis was done with an Olympus BX50 Fluorescence
Microscope and an Olympus DP72 camera, and counting
was done using Image ] software v. 1.52a.

Cell imprinting

Imprinting was performed on the cells fixed with
glutaraldehyde 4%. After 30 min of incubation in RT,
washing was done by PBS three times and followed by DW.
PDMS SYLGRADE 184 from Dow Corning was mixed with
a curing agent at 10:1 wt.% and then stirred. The silicon
mold solution was placed in a 45 °C (pre-heated) oven for
45 min. PDMS was poured on the fixed cells and degassed
(imprinted PDMS). The plate was kept in a 37 °C incubator
for 48 hr. The PDMS molds on the plastic surface of the
cell culture plate (with no cells) served as FLAT PDMS.
The molds underwent thorough washing to eliminate any
residual cell debris, essential for examining the topography.
To achieve this, boiling 1M NaOH (1 Molar) was utilized to
remove all remnants from the PDMS three times, ensuring
that only the topographical features were discernible in the
imaging process. As a result, the cells interacted solely with
the topography, devoid of any remaining cellular debris. In
fact, NaOH was applied to eradicate all cellular remnants
from the topographies, followed by vigorous D.W-washing
to eliminate any residual NaOH, and then air-dried.

Imprinted-PDMS surface topography and morphology
Cell-free PDMS substrates were studied under a light
microscope (Olympus, Tokyo, Japan), a scanning electron
microscope (SEM), and an atomic force microscope (AFM).
The SEM FEI ESEM QUANTA 200_EDAX SILICON
DRIFT 2017 (USA) was used for microscopic studies of
the morphology and surface structure of the samples. The
PDMS substrates were covered with a thin layer of gold with
a thickness of about 10 nm using a sputter coater before
microscopic observation. The AFM (Nanosurf Easyscan
2 AFM) was used in non-contact mode at 25 °C, with a
resonance frequency of 190 kHz, to check and compare the
topography of the cell pattern on the PDMS substrates and
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their possible differences. An area of 100 um? of each sample
was scanned and imaged. Image analysis was done with
standard data processing software. Also, the final thickness
of the molds was measured using a digital micrometer
(INSIZE Co., LTD, China).

Water contact angle

The surface hydrophobicity of molds was measured as
the water contact angle (WCA) using a Jikan CAG-20 SE
device. For this purpose, a drop of D.W (4 pl) was placed on
the surface of the molds using a micro-syringe, and images
were taken. Each mold’s average of six different areas was
reported as the surface contact angle.

Limbal stem cell-imprinted substrate interactions
LESCs cultivation on the imprinted substrates

The PDMS substrates were washed with boiling NaOH
IM for 1 hour and then exposed to UV light for four hours.
Finally, the PDMS substrates were placed on the bottom
of the culture plate. Pieces of corneas rim tissue were cut
into small blocks (2x2 mm) and placed on the PDMS
substrate (pre-coated with a small drop of FBS) using the
epithelial side down manner so that the epithelial part of
the cornea was entirely in contact with the topography.
KSFM containing 1% FBS and 1% Pen/Strp was added,
and the plate was transferred to the standard cell culture
incubator. The medium was changed every three days. The
cell-imprinted substrate interactions were studied in three
experimental groups as follows:

A) Cell cultivation on the plastic surface of the cell culture
plate (Ctrl)

B) Cell cultivation on the flat surface of silicon (FLAT
PDMS-+cells)

C) Cell cultivation on the surface mimicking the topography
of corneal LESCs on silicon (imprinted PDMS+-cells)

After 21 days, the cells reached 60-70% confluency. The
LESCs-imprinted substrate interactions were determined
by LESCs-substrate morphology under light microscope,
SEM, cell viability assessment by MTT assay, and stemness
and differentiation-associated gene expression on the
substrates by real-time (RT)-PCR analysis. The cell count
was employed to assess the number of cells attached to the
molds and compared to the control; for this, the average
of 4 fields with 200pm magnification was calculated and
reported.

LESCs-substrate morphology under SEM

After 21 days, the LESCs were fixed overnight with
4% glutaraldehyde at 4 'C. After removing the fixative;
dehydration was done with serial ethanol concentrations
for 2 min /each concentration at RT. After completely
drying, the samples were transferred for analysis by light
microscope and SEM, as described in section 2.3.

Cell viability assay

The MTT test was used to determine the vitality of the
cells cultured on the substrates. The media was switched out
for one that included 0.5 mg/ml of MTT reagent (Sigma-
Aldrich, UK), and the plates were then incubated for four
hours at 37 "C. After that, the MTT solution was replaced
with 200 pl of DMSO, and the optical density was measured
at 570 nm using a microplate reader (Synergy HTX, BioTek,
Winooski, VT, USA). The data were presented as viability
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%, where the cells cultured on a cell culture plate served
as control (100% cell viability). All groups were triplicate
(19). The cell viability percentage was calculated using the
following formula (Eql):

Cell viability (%)=(OD of groups-OD of blank )/(OD of
control - OD of blank)x100 (Eq1)

Gene expression evaluations

The RT-PCR was done to evaluate the effect of induced
topography on the expression of the genes associated with
stemness (ABCG2 and ANP63; (12, 13)) and differentiation
(Cyk-3 and Cyk-12; (5, 15, 20)) of LESCs. The primers were
designed (according to the NCBI Gene database on August
10, 2024) and listed in Table 1. GAPDH was considered the
housekeeping gene (internal control). The study involved
RNA extraction using TRIzol-Chloroform, followed by
the addition of chloroform and centrifugation at 12000
rpm for 15 min at 4 °C. The samples were then stored at
-20 °C overnight. RNA was precipitated and analyzed for
quality the next day using a NanoDrop spectrophotometer
(Nanodrop Technologies; Thermo Fisher Scientific, Inc.,
Wilmington, DE, USA). The SMOBIO kit was used for
complementary DNA (cDNA) synthesis, followed by 25 °C
for 10 min, 47 °C for 60 min, and 85 "C for five minutes at
thermocycler. RT-PCR was performed using SYBR Premix
Ex Taq II master mix (TaKaRa) in a Rotorgene Q (MDX)
24.4.98. The GAPDH reference gene normalized the target
genes, and the run was performed according to the Lotfi et
al. (21) study protocol. The resulting cycle threshold (CT)
was converted into 2*2°T, and the necessary analyses were
performed. The results were reported as relative expression
(fold change).

In vivo implantation and corneal wound healing
evaluations
Rabbit corneal alkaline burn induction and implantation
NZW rabbits (male, three months old, weighing 2.0-2.5
kg) were purchased from the Pasteur Institute of Iran. The
animals were kept and cared for in the animal house of Iran
University of Medical Sciences one week before the surgery.
After anesthesia with ketamine and xylazine, the eyelid
was sterilized with 5% povidone-iodine. Then, a Whatman
filter paper disk (4 mm diameter) was wet with NaOH 1M.
It was applied for 30 sec to induce epithelial alkali burn
injury; tetracaine eye drops were also used. After cleansing
the defect location with normal saline for one minute, the
corneas epithelium was delicately debrided using a surgical

Table 1. The primer’s sequence and specifications used for gene expression
assessment

Animal  Gene name Sequence Tm (°C)

T: 5'-AGAGATGGGCAAGTCCTGGG-3”
Rabbit ANP63 ‘ 60
R: 5"-CATGGGTGTTCTGACGAAAGG-3

F: 5"-CCATAGCAGCAGGTCAGAGT-3"
Rabbit ABCG2 60
R: 5"-AACAGGCCCGAGAAAATCATC-3'

F: 5"-CCGCAGCATGATTACAGCAA-3
Rabbit Cyk-12 60
R: 5'-CAGCCTCATTCTCGAACTTCATTC-3'

F: 5"-CTCCTTCATCGACAAGGTGCG-3'
Rabbit Cyk-3 60
R: 5'-CGCAGGTAATTGATGCGGTTC-3’

F: 5"-AGGTCGGAGTGAACGGATTT-3"
Rabbit GAPDH 60
R: 5'-GCCGTGGGTGGAATCATACT-3"
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scalpel blade to remove the burned and damaged epithelium.
The main damage was the chemical burn. The debridement
(scraping) was done in all experimental groups in vivo.
The epithelial injury was confirmed using fluorescein
staining, followed by the implantation of PDMS substrates
(imprinted PDMS and FLAT PDMS) using nylon suture 8.0.
The alkaline burn, without any intervention, served as the
control group. Betamethasone 0.1% and Chloramphenicol
0.5% were provided as eyedrops four times/day for 21
consecutive days following the procedure. The animals
were sacrificed at day 21 post-implantation, and the corneas
were separated for the following in vivo examinations. All
procedures and surgeries were conducted per pertinent
guidelines and legislation and the Guide for the Care and
Use of Laboratory Animals in sterile conditions.

Histological evaluations of corneal wound healing

Briefly, the corneas were preserved using a 10%
formaldehyde solution, then encased in paraffin and cut into
sections, 4 um in thickness. Following the removal of water
from the samples, the slides were stained with hematoxylin
and eosin (H&E) and Masson’s trichrome (MT). They were
then examined using a light microscope to evaluate the
process of wound healing. For microscopic cell count and
stratification evaluation, 10 fields with 400X magnification
were counted regarding cells and layers.

Gene expression evaluations of corneal wound healing
Following the separation of the corneal tissue, it was
promptly subjected to deep freezing using nitrogen and
maintained at a temperature of -80 ‘C until the start of
the experiment. The tissues were expeditiously relocated
from a temperature of -80 ‘C to the laboratory and
subsequently subjected to crushing and homogenization
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using a homogenizer. Subsequently, 1000 ul of TRIzol
was introduced for each 50-100 mg of tissue, followed by
its re-homogenization by utilizing a vortex for 7-8 min.
Subsequently, RNA was isolated following the procedure
outlined in section 2.4.2. Moreover, cDNA was produced
following the procedure. The study assessed the expression
of ABCG2 and ANP63 genes as stemness indicators and
Cyk-3 and Cyk-12 as cell differentiation markers.

Statistical analysis

The statistical analysis of the results and graphs was
conducted using the GraphPad Prism 8 software. The data
was presented as the meantstandard error of the mean.
T-test and one-way analysis of variance (ANOVA) were
employed for data analysis, followed by a Tukey post hoc
statistical test. The statistical significance of the disparity
between the groups was considered at a significance level of
P<0.05 (*P<0.05, **P<0.01, ***P<0.001. ****P<0.0001). All
experiments were replicated three times.

Results
Study design

Figure 1 represents the schematic study design. In
brief, the cornea of a rabbit was initially isolated, and the
cells of the corneal epithelium were cultivated, expanded,
and characterized. Upon reaching the confluency, the
molds were generated from the cells using PDMS (imprinted
PDMS). The PDMS mold on the cell culture plate without
cellular topography (FLAT PDMS) was considered the
PDMS control group. To study the surface morphology,
these molds were subsequently analyzed using light, SEM,
and AFM microscopes. The WCA of the molds was also
determined. Subsequently, LESC cells were re-cultivated on
the imprinted PDMS, FLAT PDMS, and cell culture plate

A) Mold preparation

Cell isolation
Explant culture & fixation
Cell characterization

POMS preparation PDMS 10:1 curing agent
Baking and degassing \

@r.mlng on cells (cell Imprinting)

2- Differentiation genes: Cyk-3 and 12

|
. T I} . : — .f
5 -3 I, e
iy ° L
- 5’ =9
@Moldwaluation
Morphology: light microscope, SEM and AFM WCA measurement
- - b
3w = o
i 1o & | —_—
= U
Dofined groups B] Cell culture on molds Morphology: light microscope and SEM
1- Control (tissue culture plate) - *
a— =5 E - a
— i -
of cell-mold | | -
2- FLAT PDMS ( J i ! eas on
I—' — MTT assay Gene expression analysis
== = [ 2 1- Stemness-associated genes: ANP63 and
3. Imprinted PDMS ! = ABCG2

['* A
— diav

| C) In vivo studies ‘

3- Housekeeping gene: GAPDH

Gene exprassion analysis

I Alkali burn model implanted using molds. I 1- Stemness-associated genes: ANPE3 and ABCG2

1- Control [without intervention)

genes: Cyk-3 and 12

- 3. i
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2- FLAT PDMS ¢ o ‘.
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Figure 1. A schematic study design

A) Mold preparation. After LESC isolation and characterization, molds were cast and evaluated. B) Cell culture on molds. LESCs were cultured on molds, and morphological
Evaluation, MTT assay, and RT-PCR were performed. C) In vivo studies. The efficacy of molds in rabbits was investigated using an in vivo alkali burn model
AFM: Atomic force microscopy, Cyk: Cytokeratin, H&E: Hematoxylin and Eosin, LESC: Limbal-epithelial stem cell, MT: Masson’s Trichrome, PDMS: Poly (dimethyl siloxane),

SEM: Scanning electron microscopy, WCA: Water contact angle
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D)y,

Figure 2. The LESCs morphology(left) and Immunocytochemistry (ICC) for LESC characterization (right)
A, B, C, D) Light microscope. Scale bar: 5000, 2000, 1000, and 450 pm, respectively. E). ABCG2 staining for LESCs (37.8%) F) Cytokeratin 12 staining for Corneal Epithelial cells
(54%). G) DAPI staining for nucleus determination. H) Merged (Scale bar for ICC characterization: 50pum)

(as the control group). After 21 days, the cultivated cells
were morphologically analyzed, and their gene expression
related to stemness (ANP63, ABCG2) and differentiation
(Cyk-3, 12) were determined by RT-PCR. Lastly, for in vivo
Evaluation, the models were utilized in the alkaline burn
model of rabbit cornea to conduct histological assessments
and analyze the expression of the mentioned genes,
indicating the corneal wound healing capacity of the molds.

In vitro examinations
Morphological  analysis  of
characterization

The LESCs of rabbit corneal tissue were isolated (as an
explant culture) and cultured on the surface of the plate;
then, they were observed under a light microscope. We
observed a variety of cells that, based on their morphology,
were likely a combination of LESCs, Transient Amplifying
Cells (TACs), and mature epithelial cells (Figure 2). While
morphological observations can provide some indications,
itis essential to note that the definitive identification of these
cell types typically requires the use of specific molecular
markers. The LESC had a round, small morphology and
homogeneous pattern (Figure 2A and C), while after the
beginning of the differentiation process of these cells,
it became heterogeneous in terms of size, and finally, the
mature epithelial cells of the cornea had a squamous
morphology (Figure 2B and D). Immunocytochemistry
(ICC) analysis showed that the isolated cells express markers
of LESCs (ABCG2) by 37.8% and markers of differentiated
corneal epithelial cells (Cyk12) by 54%. This data confirmed
that the isolated cells originated from the corneal epithelium
(Figure 2E-H).

isolated cells and the

Morphological analysis of cell-imprinted PDMSs

After reaching confluency, the cells were fixed and
imprinted using PDMS. The molds were washed and
prepared for observation under a light microscope, SEM,
and AFM to evaluate the cell-free PDMS. Figure 3 shows the
footprints of LESCs on the PDMS surface with or without a
pattern (imprinted PDMS and FLAT PDMS, respectively).
Of note, the mean thickness of the final molds was 0.6 mm.

Water contact angle of molds
The molds under investigation were assessed for their
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WCA. The results indicated that the imprinted PDMS group
exhibited a slightly but significantly higher WCA (mean:
118.4°) than the FLAT PDMS group (mean: 114.5°). Figure
4 displays the findings of this investigation.

Morphological analysis of LESCs cultured on PDMS

After sterilization, PDMSs (imprinted and FLAT) were
placed on the bottom of the cell culture plate, and corneal
LESCs were cultured on the molds. After 21 days, the
studied groups were fixed and evaluated with the light
microscope and SEM. The cells in the control group were a
small population of differentiating cells (Figure 5). The cells
cultured on FLAT PDMS were a heterogeneous population
of small cells (representative of LESCs) and larger and
differentiating cells. However, the cells on the imprinted

Macroscopic view

-

Light microscopy

FLAT PDMS

Macroscopic view SEM

AFM 3D

204pm

Imprinted PDMS

.
4:“ -

050 ey

000
Figure 3. Morphological analysis of cell-imprinted PDMS versus FLAT

polydimethylsiloxane (PDMS)
Analysis was done using a light microscope, SEM, and AFM (2D and 3D)
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Figure 4. The hydrophobicity evaluation of groups by water contact angle
measurement

The imprinted PDMS had higher WCA than FLAT PDMS (* P<0.05)

PDMS: Polydimethylsiloxane

PDMS were an almost homogeneous population of round
cells with a high nucleus-to-cytoplasm ratio (N/C), and it
seems that the cell pattern on the PDMS maintained the
stemness shape of the LESCs. In SEM images, the cells were
located close to each other in the imprinted PDMS group,
and a homogeneous population of the cells attached to the
substratum can be clearly seen. Also, the imprinted PDMS’s
cell count and attachment were higher (not assessed
quantitatively) than those in FLAT PDMS. Four fields were
counted at 200 um magnification for each group, and their
average was reported. The results showed that the highest
cell density was in the imprinted PDMS group with 230

Light microscopy

Control

FLAT PDMS + cells

Imprinted PDMS + cells

Figure 5. Morphological analysis of cell-imprinted PDMS, FLAT PDMS,
and control with cells

Analysis was done using a light microscope and SEM. The LESCs were rounder and
more homogenous in imprinted PDMS, and the cellular attachment is more evident
in the imprinted PDMS group (SEM images). The cell attachment was not favorable in
FLAT PDMS as compared to the control and imprinted PDMS. Control was the LESC
cultured on a plastic cell culture plate

PDMS: Polydimethylsiloxane
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Figure 6. MTT assay evaluation of LESC survival on PDMS substrate

The difference in cell survival among cells cultivated on FLAT and imprinted PDMS
was insignificant compared to the control. In this study, the survival of the control
group was considered equal to 100% (n:3, P-value<0.05)

PDMS: Polydimethylsiloxane

cells/ field at 200 um magnification, significantly different
from the control groups (110 cells/field) and the FLAT
PDMS group (95 cells/field).

Viability assessment of cells cultured on PDMS substrates
The MTT test was performed to evaluate the viability
of LESCs cultured on FLAT PDMS and imprinted PDMS
in comparison with the control group (the cells cultured
on the plastic surface of a cell culture plate, with 100%
viability) at 21 days post-isolation (Figure 6). Considering
that the control group had a 100% survival rate, the other
two groups did not significantly affect cell survival (P<0.05).

Evaluation of gene expression of cells cultured on PDMS

After ensuring the quality of the extracted RNA, cDNA
was synthesized. Finally, an RT-PCR test was performed
to analyze the expression of ANP63, ABCG2, and Cyk-
3, 12 genes (Figure 7). According to the gene expression
analysis in different groups after 21 days of isolation, the
ANP63 gene had a much higher expression in the imprinted
PDMS group than in the other two groups (Figure 7A). The
expression of this gene in imprinted PDMS was 1646 times
more than in the control group (P<0.0001); in the FLAT
PDMS group, it was about 1036 times higher than in the
control group (P<0.01). The ABCG2 gene showed a much
higher expression in the imprinted PDMS group than in the
other two groups. The expression of the ABCG2 gene in this
group was 242 times that of the control group (P<0.0001)
(Figure 7A). In the FLAT PDMS group, it was about 17
times that of the control group (P<0.0001).

These results were influenced by two significant factors:
the type of material and the topography. To examine
the impact of natural topography solely on LESC’s gene
expression, we compared the FLAT PDMS group to the
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Figure 7. Evaluation of gene expression in vitro assessment

A) LESC markers (ANP63 and ABCG2) were highly expressed in the imprinted
PDMS group, and epithelial markers (Cyk 3 and 12) were very low in the imprinted
group. B) Comparison between FLAT PDMS and imprinted PDMS showed the high
expression of stemness marker in the imprinted PDMS (****: P<0.0001, ***: P<0.001,
** P<0.01. n=3)

ABCG2: ATP-binding cassette sub-family G member; Cyk: Cytokeratin; LESC:
Limbal-Epithelial Stem cell; PDMS: Polydimethylsiloxane

imprinted PDMS group (Figure 7B). The findings indicated
that the imprinted PDMS group expressed the ANP63 gene
more than 1.5 times more than the FLAT PDMS group,
which indicates the high expression of this gene in the
imprinted PDMS group compared to the other two groups.
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Also, the imprinted PDMS group expressed the ABCG2
gene more than 14 times more than the FLAT PDMS group
(P<0.01), which indicates the high expression of this gene
in the imprinted PDMS group compared to the other two
groups (eftect of topography).

The Cyk-3 gene had a much higher expression in the
FLAT PDMS group than in the other two groups (Figure
7C). The expression of this gene in this group was 3897 times
higher than that of the control group and the imprinted
PDMS group (P<0.01). The expression level of the Cyk-3
gene in the imprinted PDMS group was very low and did
not differ significantly compared to the control group. The
Cyk-12 gene was expressed more in the FLAT PDMS group
than in the other two groups. The expression of this gene in
this group was 5.8 times that of the control group (P<0.01).
Also, the FLAT PDMS group expressed this gene more than
46 times more than the imprinted PDMS group (P<0.001),
which indicates the high expression of this gene in the
FLAT PDMS group compared to the other two groups. The
expression of this gene in the control group was 7.8 times
more than in the imprinted PDMS group (P<0.001).

In vivo results
Macroscopic Evaluation

After epithelial alkali burn injury, fluorescein staining
was done to ensure epithelium damage. After 21 days,
fluorescein staining was performed again. The control group
was healed completely (Figure 8A). However, the FLAT
PDMS group continued to exhibit ulcers in the central
region and also displayed neovascularization in certain
parts of the cornea, which was opaque in the ulcerated
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E) Cell count
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Figure 8. A) Macroscopic evaluation. On the day of the alkali burn and day 21, the control group experienced full healing, the FLAT PDMS groups of eye
showed neovascularization, and the imprinted PDMS group demonstrated improvement, although some ulceration persisted 21 days post-implantation. B)
Corneal histological Evaluation: H&E staining. 21 days after mold implantation, the control and imprinted PDMS groups showed similar morphology (the
layers were more in Ctrl, and the cell count was higher in the imprinted group). FLAT PDMS had inflammatory cells. C) Corneal histological Evaluation: MT
staining. The control and imprinted PDMS had organized collagen in the stroma, although FLAT PDMS stroma was not regularly arranged. D) Stratification
analysis of cornea. The stratification of the cornea was higher in the control group than in the others. E) Cell counts of cornea. The number of cells/fields in

10 areas with 400x magnification

The mean cell number in each field was higher in imprinted PDMS than in the two other groups (****: P<0.0001, **: P<0.01, * P<0.05)
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site. The healing process began at the cornea’s periphery in
the imprinted PDMS group, while a central ulcer remained
and had not fully healed.

Histological assessment of cornea implanted by PDMS
H&E and MT staining

The control group had typical corneal epithelial cells
with flattened superficial layers and cylindrical deeper
ones, as shown in Figure 8B. Cytokeratin strands were blue-
violet and visible in the periphery and cell membrane. The
epithelium exhibited 5 to 6 layers of stratification, with no
signs of inflammation, malignancy, or microorganisms.
With a typical structure, Bowman’s membrane acts as a
barrier between the epithelium and stroma. The collagen
fibril bundles and the regular arrangement of collagen could
be clearly seen in MT staining. Several keratocyte cells were
detected in the stroma (Figure 8C).

On day 21, the FLAT PDMS group’s corneal ulcer (Figure
8B) continued to show irregular epithelial cell arrangement
and hyperplasia. Bowman’s membrane visibility was poor in
the ulcerated region, and inflammatory cells infiltrated the
stroma. Red blood cells lacking nuclei were observed as tiny
spherical cells in the red area, indicating neovascularization.
Inflammatory cells infiltrated the stromal layer, causing
atypical structure and shape in the ulcer area. The central
ulcer region had reduced layers compared to healthy
peripheral parts, and cytokeratin accumulation was
inappropriate. No hydroxyapatite crystals and no indication
of calcific keratopathy were observed. MT staining (Figure
8C) revealed many inflammatory cells and lack of collagen
organization in the stroma, with collagen consistent
in peripheral areas but still a few inflammatory cells.
Confirmatory analyses are needed.

The imprinted PDMS group had a similar morphology
to the control group, consisting of 3-4 layers of squamous
epithelium with flattened upper and cylindrical lower cells
(Figure 8B). Epithelial cells ranged from completely mature
cells with a low N/C to less mature cells with a greater
N/C, which suggests becoming TAC cells. Smaller cells
were more abundant than in the control group. Bowman’s
membrane structure remained intact, but irregular cellular
arrangement was observed in the ulcer region. The stroma
was undergoing organization in the ulcer region while it was
fully structured in other regions. MT staining (Figure 8C)
showed a highly organized collagen matrix with keratocytes
within the stroma. Collagens at the ulcer site in the center
appeared densely packed but organized regularly. The
dots on the slide were caused by artifacts from either the
microscope lens or debris introduced during the staining
procedure.

Stratification

Figure 8D clearly illustrates that the control group
exhibited more layers than the imprinted PDMS group, and
both had created more layers than the FLAT PDMS group
(Figure 8D). The control group had an average of 5 layers,
the imprinted PDMS group had an average of 3.8 layers, and
the FLAT PDMS group had an average of 2.7. All of these
findings were statistically significant. The control group
and imprinted PDMS had similar cell counts (Figure 8E).
However, both groups had significantly higher cell counts
than the FLAT PDMS group. The control group, imprinted
PDMS, and FLAT PDMS had mean cell counts of 79.8, 83.6,
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Table 2. Epithelium stratification evaluation

Groups Mean of cell number/field Mean of layers/field
Control group 79.8 5

FLAT PDMS 65.6 2.7
imprinted PDMS 83.6 3.8

Assessment was done by counting cells and layers of 10 fields with 400X magnification
PDMS: Polydimethylsiloxane

and 65.6 cells/field at a magnification of 400x, respectively.
Based on these findings, stratification was more pronounced
in the control group, and there were statistically significant
variations in the cell count. Both groups exhibited more
stratification than the FLAT PDMS group (Table 2).

Evaluation of gene expression of cornea implanted by PDMS

After 21 days, the cornea was separated and assessed for
gene expression. The results (Figure 9) demonstrated that
the expression of the ANP63 gene in the control group was
higher than in the FLAT PDMS group (0.5 times: P<0.0001)
and 0.36 times compared to the imprinted PDMS group
(Figure 9A; P<0.001).

To assess the impact of topography on gene expression,
the FLAT PDMS group was compared solely to the imprinted
PDMS group (Figure 9B). The comparison revealed that
the imprinted PDMS group exhibited 1.36 times greater
expression of the ANP63 gene than the FLAT PDMS group
(P<0.05).

The expression of the ABCG2 gene in the imprinted
PDMS was 1.6-fold greater than that in the control group
(P<0.01) and 16-fold greater than that in the FLAT PDMS
group (Figure 9A; P<0.0001).

B)

Relative expression (fold change)
Relative expression (fold change)

Q

Relative expression (fold change)

Relative expression (fold change)

Relative expression (fold change)

Figure 9. In vivo evaluation of gene expression following PDMS mold
implantation

A) ANP63 and ABCG2 stemness genes were highly expressed in the control and
imprinted PDMS groups, respectively. B) Comparison between FLAT PDMS and
imprinted PDMS showed the high expression of ANP63 in the imprinted PDMS. C)
Differentiation genes (Cyk 3 and 12) were low in the imprinted group (****: P<0.0001,
**#%: P<0.0001, **: P<0.01, * P<0.05. n=3)

ABCG2: ATP-binding cassette sub-family G member; Cyk: Cytokeratin; LESC:
Limbal-Epithelial Stem cell; PDMS: Polydimethylsiloxane
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As Figure 9C shows, the control group had a greater
expression of Cyk-3 and Cyk-12 than the other two groups
(P<0.05). The findings indicated that the expression of Cyk-
3 in the control group was 1.6 times higher than imprinted
PDMS (P<0.01) and 2.3 times higher than FLAT PDMS
(P<0.001), respectively. On the other hand, the expression
of Cyk-12 in the control group was 3-fold higher than FLAT
PDMS (P<0.0001) and 5-fold higher than imprinted PDMS
(P<0.0001).

Discussion

Substrate engineering can influence cell characteristics
like stemness, migration, proliferation, and alignment,
making it a safer approach than genetic and chemical
modifications. This approach has shown promise in
managing LSCD (22), but preserving LESC stemness and
LESC pool during expansion and cell sheet achievement
is an important and challenging factor (23). So, this study
aimed to design a surface with the natural topography
of LESC cells, which may preserve the stem cell pool.
For this, a cell pattern was initially created using PDMS
from rabbit’s cornea LESC cells to achieve this objective.
Microscopic analysis was then conducted to verify the cell-
imprinting of the natural topography of these cells on the
molds. LESC cells exhibit a short (low height) and elongated
morphology, resulting in a limited visualized topographical
area. Our research team previously conducted a study (9)
where a mold of M1 and M2 macrophages was prepared.
The height of the holes on imprinted molds created by these
cells ranged from 6.9-7.4 ym. In contrast, the topography
created by LESC cells resulted in a hole with a height of
2.4 um. This height difference is attributed to the variation
in cell size between these two studies. SEM study revealed
that cell attachment was greater in the imprinted PDMS
group despite its hydrophobicity. The key aspect of this
scenario is the WCA between FLAT PDMS and imprinted
PDMS. The presence of the natural surface features of the
cells led to an increasingly small but significant degree of
hydrophobicity. The surface hydrophobicity is determined
by two factors: surface chemistry and topography (24-26).
In the past decade, most studies have focused on examining
the behavior of proteins and cells on surfaces with WCA
ranging from 20° to 110°. These studies mostly demonstrate
an enhancement of protein binding and alterations in
their molecular structure when the surface hydrophobicity
increases within this range of WCA (26). Protein binding
representstheinitial phase of cellularadhesion toits substrate.
Two main mechanisms seemed effective for the protein
binding behavior to superhydrophobic surfaces: 1- Surfaces
micro/nanotopography structures result in an enhanced
surface area and the exposure of additional active sites for
protein binding, thereby enhancing protein binding. 2- The
presence of air pockets within the micro/nanostructure of
the surface prevents the penetration and spreading of water
droplets, consequently causing an elevation in the WCA (25,
27, 28). Cha and his colleagues observed an increased cell
adhesion rate on the superhydrophobic polystyrene surface
(29). Nevertheless, in their study, the enhanced cellular
adhesion did not yield a substantial alteration in the rate of
cell proliferation. Furthermore, the attached cells exhibited
a partially restricted shape on the surface and had a reduced
cytoskeleton structure (29). PDMS has been employed as a
cell mold in many research studies, where it has been treated
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with plasma to activate its surface. This activation improved
the adhesion and desired cellular responses in chondrocytes
(30), but plasma treatment has not been utilized in some
cases (9). The LESCs were attached to the mold surface
without plasma treatment in the present investigation. Two
possible factors could be responsible for this attachment: 1)
UV radiation and 2) coating with FBS because it contains
fibronectin (31, 32). Fibronectin acts as a bridge between
the cells and the mold, anchoring the cells to the employed

molds (33).
Surface topography significantly influences cell
development,  proliferation,  differentiation, tissue

regeneration, and cell alignment (1, 34). It promotes wound
closure and healing of the corneal epithelium(35). The
groove-ridge pattern is the most studied topography, with
corneal epithelial cells oriented parallelly and repetitive
micro/nano ridge-groove structures (36). The movement of
cells along grooves is similar to LESCs™ natural movement
(from limbus toward cornea center), maintaining corneal
hemostasis (37). In previous studies, synthetic topographies
have been frequently employed to investigate corneal
epithelium cell behavior (4, 6, 7, 38-41). However, in the
present research, the natural topography of these cells was
prepared and evaluated using the cell imprinting approach.
Since the substrate type was the same between the FLAT and
imprinted groups, it may be concluded that the topography
was the only factor influencing the phenotype of the LESCs.
The topography of a surface can influence the fate of corneal
epithelial cells by modifying the expression of specific genes
related to intercellular junctions (E-cadherin and p-catenin)
and LESC genes (ANp63 and ABCG2)(7) and keeping the
corneal LESCs in a less differentiated state (7). Generally,
the preservation of the LESC pool is the crucial factor that
significantly impacts the success of transplants (3). In this
study, an effort has been made to preserve the cells in a
more stem-like state through cell imprinting of LESCs to
minimize their differentiation. To achieve this objective,
LESCs were cultivated on molds (FLAT and imprinted
PDMS) and compared to the control group (cell culture
plate). The findings revealed that the cells in the imprinted
PDMS group had a significantly elevated expression of
stemness genes (ABCG2 and ANP63) compared to the other
two groups. Conversely, the expression of differentiation
markers (Cyk-3 and 12) was seen to be at its lowest possible
level. Conversely, the FLAT PDMS group exhibited the
highest expression level for differentiation genes (Cyk-3
and 12).

The in vitro gene expression results from the FLAT PDMS
group provide challenging evidence in this context. Not only
did they exhibit high amounts of differentiation genes, but
they also expressed stemness genes higher than the control
group. One possible explanation for this observation is the
softer structure of PDMS than the bottom of the cell culture
plate (42), so it is possible that this issue can have a significant
impact on the results achieved. PDMS can stimulate the
reprogramming of human corneal keratocytes into stem-
like cells without requiring transcription factors due to their
softness (43). On the other hand, the limbus region of the
cornea has a greater degree of softness than its central part.
The researchers also demonstrated the higher expression
of stemness markers, including ANP63 and ABCG2, in
the softer part of the scaffold (5). Topographic cues impact
cells mechanically by deforming the cytoskeleton and
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regulating intracellular tension, leading to changes in the
epigenetic signals, gene expression profiles, and nuclear
structure. These biochemical and mechanical signals can
subsequently modulate cellular responses and influence
physiological activities, such as cell movement, programmed
cell death, growth, and differentiation (44, 45). Also, our
team previously showed that topography could affect MQ
behavior by altering cytokine patterns and gene expression
(9). Wang and colleagues observed a significant increase in
myogenic genes in human mesenchymal stem cells (46, 47)
and tenogenic genes in human tendon cells (48, 49) when
these cells were cultured on PCL with aligned topography,
indicating increased commitment of mesenchymal stem
cells. On the other hand, a study showed that the stemness
markers of embryonic stem cells, Oct-4 and Nanog, were
well preserved on topographic surfaces even without a feeder
layer (50). Another study has shown that mesenchymal stem
cells on surfaces with different topographical landmarks find
different fates and remain undifferentiated within a certain
size of these topographies (51). These studies highlighted
the important role of topographic cues in maintaining the
stemness state of cells, but the underlying mechanisms are
not clearly understood.

The FLAT PDMS group did not exhibit a significant
effect on the survival of LESC cells in vitro and did not
demonstrate cytotoxicity. Nevertheless, this mold failed to
promote wound healing in vivo. In general, the results of
the FLAT group were related to two main factors: 1- PDMS
topography and 2- PDMS softness, which was different from
the bottom of the cell culture plate. One factor contributing
to the increased expression of differentiation genes in
the FLAT PDMS group is the presence of topography in
the imprinted PDMS group. This indicates that when the
substrate material is the same (PDMS), only the presence
of topography can maintain the LESC pool and keep the
expression of differentiation genes at a minimum (imprinted
PDMS vs FLAT PDMS). However, the primary difference
between the FLAT PDMS group and the control group is
solely attributed to the softness of PDMS. This softness
may have the ability to enhance the expression of stemness
genes. This phenomenon may result from asymmetric
divisions(52) in LESCs (as the results showed simultaneous
high expression of both stemness and differentiation genes).
Based on these factors, it may be inferred that topography
alone (imprinted PSMD) can cause symmetrical division
in LESCs, which may explain the upregulation of stemness
genes and the maintenance of the LESC pool.

From a hydrophobicity point of view, the in vitro findings
showed that the topography factor effectively resolved the
issues arising from PDMS (hydrophobicity) and maintained
the LESC pool in a favorable state, even when compared
to the control group. The ABCG2 gene is a member of
the ATP-binding cassette (ABC) efflux transporter family.
It protects LESCs from oxidative damage by facilitating
the transfer of substances. ABCG2 has been identified
as a universal marker for stem cells and is expressed in
the basal cells of limbal epithelial (11, 12). However, it
is believed to play an essential role in maintaining the
LESC pool (due to its transport function) and serves as a
universal marker for LESC identification (53). ABCG2-
positive LESCs can generate holoclones, which serve as an
indicator of the self-renewal property of LESC cells (11).
In contrast to other members of the ABCG family, this
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marker is expressed during the initial stages of early LESCs.
Furthermore, as proliferation occurs, the expression of this
marker diminishes in late LESCs (11). The transcription
factor ANP63, which serves as a reliable indicator of LESCs
(5, 12, 54), is initially present in LESCs, and according to
the multiple roles of this factor, it is expressed during the
proliferation. This factor is also crucial in the processes of
self-renewal, differentiation, and stratification (13, 54).
Studies have shown that human pluripotent stem cells
(hPSCs) differentiated toward corneal fate express both
ABCG?2 and ANp63a, indicating their potential as limbal
stem cell markers. Additionally, ABCG2-positive cells
have demonstrated greater colony-forming efficiency and
stem cell properties (55). So, using ABCG2 and ANP63
as markers can help identify and characterize limbal stem
cells effectively. Based on in vitro assessments, ANP63 and
ABCG2, two crucial elements for maintaining stemness,
were successfully preserved in the imprinted PDMS,
indicating the preservation of the LESC pool.

The alkali burn model in rabbit cornea was designed to
investigate the effects of these molds in a live setting. The
results showed that the control group had more obvious
improvement, whereas the imprinted PDMS group had a
higher cell count and more expression of the ABCG2 gene.
In contrast, the control group demonstrated greater levels
of the ANP63 factor. Within this particular framework,
three key factors clarify the results: 1- Topography, which is
exclusively present in the imprinted PDMS group. 2- The
ANP63 gene, used as a marker for stemness, was found
to be more expressed in the control group. However,
when comparing the imprinted PDMS and FLAT PDMS
groups, the expression was greater in the imprinted PDMS
group than in the FLAT PDMS group. This issue further
demonstrates the effectiveness of topography in preserving
the LESC pool. 3-The phenomenon known as the air-liquid
interface effect: in vitro, the process of air-lifting in the
cultivation of LESCs leads to stratification, an increase in cell
volume, a decrease in the ratio N/C, and a beginning of the
differentiation process, which speeds up the wound healing
(56). Air-lifting promotes the stratification of epithelial
cells and induces their differentiation. However, it does not
impact the production of cytokeratins (56). Stratification
also plays a crucial role in preserving the cornea’s function
as a protective barrier against the external environment (57).
The crucial aspect is that the air-liquid interface influences
the expression of the ANP63 gene, as demonstrated by
Chen’s research (56). Suppression of this significant factor
leads to hypoplasia, reduced epithelialization, stratification,
interference in terminal differentiation, and delays in the
healing process (58, 59). On the other hand, ANP63 is
expressed in a broad range of LESCs, from early LESC to
TAC cells. However, its expression is only downregulated in
mature stratified epithelial cells (11). In this investigation,
the corneas were categorized into three groups: control,
which did not receive any treatment, and implanted groups,
which received grafting with FLAT PDMS and imprinted
PDMS after inducing burns. After a period of 21 days, the
wound in the control group exhibited successful healing,
with the cornea fully restoring its integrity and completing
regeneration. Based on histology examinations, a higher
level of stratification was observed in this group. The
primary reason influencing this phenomenon is the impact
of the air-liquid interface. In the remaining two groups,

925



Manoochehrabadi et al.

the implant itself limited the impact of the air-liquid
interface factor, resulting in reduced stratification and delay
in healing (imprinted and FLAT PDMS). Stratification
is a crucial aspect of wound healing. Initially, stratified
epithelial cells migrate from the surrounding layers to cover
the wound site. Subsequently, the wound area is regenerated
through the division and proliferation of LESCs (57).
However, it appears that the increased expression of
ABCG2 and the greater cell count in the imprinted PDMS
group suggest a potential for complete wound healing
in this group at a longer time point, followed by a more
favorable LESC pool. The in vitro findings have provided
a promising opportunity for developing culture surfaces to
facilitate the growth of LESCs. In the future, these natural
topographical features can be utilized for LESC expansion
and cell sheet production, and LSCD can be transplanted
and treated through the application of cell sheets. In vitro,
the assessment showed that stemness gene expression
is maximized while differentiation gene expression is
minimized because of LESC natural topography. This
characteristic is highly desirable in the development of
LESC:s using explants. The in vivo findings also demonstrate
a notable enhancement and preservation of cells in a more
undifferentiated state; however, the influence of the air-
liquid interface in this area should be further addressed. The
study suggests that the principle of natural topography has
successfully fulfilled the surface engineering requirements.
However, further assessment is needed to optimize the
substrate material, including its hydrophobicity, various
coatings, and Evaluation of the other markers and genes.

Conclusion

Surface engineering can cover the challenges of cultivating
LESCs, including the reduction of the LESC pool and the
process of cell differentiation for corneal cell therapy, a novel
approach to healing LSCD. Here, we aimed to preserve the
stemness of cells by employing direct cell imprinting to
recreate the natural topography of these cells. The findings
from the LESC culture experiment using molds with cell
footprints indicate that these molds effectively maintained
the stemness of the cells, even when compared to the
group without topography (FLAT PDMS) and the control
group (plastic surface of cell culture plate), despite the
hydrophobic nature of the PDMS. Furthermore, the in
vivo findings demonstrated that these molds (imprinted
PDMS) can maintain the LESC reserve during the chemical
burn procedure. The natural topography of these cells
has presented a promising horizon for further exploration
in utilizing these molds for cornea-related issues, such as
LSCD. However, further study is required to examine cell
activities and achieve precise outcomes. Additionally, for
the clinical application of these molds as contact lenses, it is
necessary to establish more controlled settings to optimize
their use.

Acknowledgment

The results presented in this paper were part of a
student thesis. The funding for this study was provided
by a grant from the Iran University of Medical Sciences
(project number 98-3-14-15923), the Iran National Science
Foundation (INSF) (number 98013849), and the Council
for Development of Regenerative Medicine and Stem Cells

926

=MS

Topography effect on limbal stem cell maintenance

Technologies Council for Development of Regenerative
Medicine and Stem Cells Technologies.

Authors’ Contribution

T M performed data processing and collection, conducted
experiments, analyzed and interpreted results, drafted the
manuscript, created visualizations, and provided critical
revision or editing of the article. A SA contributed to study
conception and/or design, supervision, and validation.
A SO was responsible for data collection, conducting
experiments, manuscript preparation, and visualizations.
S HD performed experiments and acquired funding. H
G drafted the manuscript and oversaw the process. E L
managed data processing, conducted experiments, analyzed
results, and prepared the manuscript. S M conducted
experiments and drafted the manuscript. ] M conducted the
experiments and prepared the manuscript. P BM performed
experiment validation and draft manuscript preparation. M
G was responsible for the study’s conception and design,
supervision, funding acquisition, validation, and critical
revision or editing of the article.

Conflicts of Interest
The authors have no conflict of interest to disclose.

Declaration
No AI tools or technologies were utilized in the
preparation of this manuscript.

Ethical Approval

The animal procedures were conducted under the animal
research protocol established by the Ethical Committee for
Animal Research at Iran University of Medical Sciences,
Iran. The study protocols have received approval from the
Ethical Council of Iran University of Medical Sciences
(Ethical Code: IRIUMS.REC 1398.973).

Data Availability
Data will be available upon reasonable request.

References

1. Manoochehrabadi T, Solouki A, Majidi J, Khosravimelal S, Lotfi
E, Lin K, et al. Silk biomaterials for corneal tissue engineering:
From research approaches to therapeutic potentials; A review. Int J
Biol Macromol 2025; 305: 1-24.

2.Singh V, Tiwari A, Kethiri AR, Sangwan VS. Current perspectives
of limbal-derived stem cells and its application in ocular surface
regeneration and limbal stem cell transplantation. Stem Cells
Transl Med 2021; 10: 1121-1128.

3. Shukla S, Shanbhag SS, Tavakkoli E, Varma S, Singh V, Basu S.
Limbal epithelial and mesenchymal stem cell therapy for corneal
regeneration. Curr Eye Res 2020; 45: 265-277.

4. Yanez-Soto B, Liliensiek SJ, Gasiorowski JZ, Murphy CJ, Nealey PE
The influence of substrate topography on the migration of corneal
epithelial wound borders. Biomaterials. 2013; 34: 9244-9251.

5. Gouveia RM, Lepert G, Gupta S, Mohan RR, Paterson C,
Connon CJ. Assessment of corneal substrate biomechanics and its
effect on epithelial stem cell maintenance and differentiation. Nat
Commun 2019; 10: 1-17.

6. Xiong S, Gao H, Qin L, Jia YG, Ren L. Engineering topography:
Effects on corneal cell behavior and integration into corneal tissue
engineering. Bioact Mater 2019; 4: 293-302.

7.Kang KB, Lawrence BD, Gao XR, Guaiquil VH, Liu A, Rosenblatt
MI. The effect of micro-and nanoscale surface topographies on
silk on human corneal limbal epithelial cell differentiation. Sci Rep

Iran ] Basic Med Sci, 2025, Vol. 28, No. 7



Topography effect on limbal stem cell maintenance

2019; 9: 1-8.

8. Haramshahi SMA, Bonakdar S, Moghtadaei M, Kamguyan K,
Thormann E, Tanbakooei S, ef al. Tenocyte-imprinted substrate: A
topography-based inducer for tenogenic differentiation in adipose
tissue-derived mesenchymal stem cells. Biomed Mater 2020; 15:
1-7.

9. Majidi M, Pakzad S, Salimi M, Azadbakht A, Hajighasemlou
S, Amoupour M, et al. Macrophage cell morphology-imprinted
substrates can modulate mesenchymal stem cell behaviors and
macrophage M1/M2 polarization for wound healing applications.
Biotechnol Bioeng 2023; 120: 3638-3654.

10. Nikkhah M, Edalat F Manoucheri S, Khademhosseini A.
Engineering microscale topographies to control the cell-substrate
interface. Biomaterials 2012; 33: 5230-5246.

11. Vattulainen M, Ilmarinen T, Viheriald T, Jokinen V, Skottman
H. Corneal epithelial differentiation of human pluripotent
stem cells generates ABCB5+ and Np63a+ cells with limbal cell
characteristics and high wound healing capacity. Stem Cell Res
Ther 2021; 12: 1-17.

12. Morita M, Fujita N, Takahashi A, Nam ER, Yui S, Chung CS, et
al. Evaluation of ABCG 2 and p63 expression in canine cornea and
cultivated corneal epithelial cells. Vet Ophthalmol 2015; 18: 59-68.
13.BabaK, Sasaki K, Morita M, Tanaka T, Teranishi Y, Ogasawara T,
et al. Cell jamming, stratification and p63 expression in cultivated
human corneal epithelial cell sheets. Sci Rep 2020; 10: 1-8.

14. Shi L, Stachon T, Kdsmann-Kellner B, Seitz B, Szentmary N,
Latta L. Keratin 12 mRNA expression could serve as an early
corneal marker for limbal explant cultures. Cytotechnology 2020;
72:239-245.

15. Kao WW-Y. Keratin expression by corneal and limbal stem
cells during development. Exp Eye Res 2020; 200: 1-8.

16. Kethiri AR, Basu S, Shukla S, Sangwan VS, Singh V. Optimizing
the role of limbal explant size and source in determining the
outcomes of limbal transplantation: An in vitro study. PLoS One
2017;12: 1-17.

17. Utheim TP, Lyberg T, Reeder S. The Culture of Limbal Epithelial
Cells. In: Wright B, Connon C]J, editors. Corneal Regenerative
Medicine: Methods and Protocols. Totowa, NJ: Humana Press;
2013. p. 103-29.

18. Zhou J, Khodakov DA, Ellis AV, Voelcker NH. Surface
modification for PDMS-based microfluidic devices. Electrophoresis
2012; 33: 89-104.

19. Alizadeh S, Samadikuchaksaraei A, Jafari D, Orive G,
Dolatshahi-Pirouz A, Pezeshki-Modaress M, et al. Enhancing
diabetic wound healing through improved angiogenesis: The role
of emulsion-based core-shell micro/nanofibrous scaffold with
sustained CuO nanoparticle delivery. Small 2024; 20: 1-18.

20. Gouveia RM, Vajda E, Wibowo JA, Figueiredo F, Connon CJ.
YAP, ANp63, and B-catenin signaling pathways are involved in the
modulation of corneal epithelial stem cell phenotype induced by
substrate stiffness. Cells 2019; 8: 1-10.

21. Lotfi E, Kholghi A, Golab F, Mohammadi A, Barati M.
Circulating miRNAs and IncRNAs serve as biomarkers for early
colorectal cancer diagnosis. Pathol Res Pract 2024; 255: 1-6.

22. Liu L, He H, Liu J. Advances on non-genetic cell membrane
engineering for biomedical applications. Polymers 2019; 11: 1-26.
23. Fernandez-Buenaga R, Aiello E, Zaher SS, Grixti A, Ahmad S.
Twenty years of limbal epithelial therapy: An update on managing
limbal stem cell deficiency. BMJ Open Ophthalmol 2018; 3: 1-7.
24. Rahvar M, Lakalayeh GA, Nazeri N, Karimi R, Borzouei
H, Ghanbari H. Micro/nanoscale surface engineering to
enhance hemocompatibility and reduce bacterial adhesion for
cardiovascular implants. Mater Chem Phys 2022; 289: 1-14.

25. Rahvar M, Ahmadi Lakalayeh G, Nazeri N, Marouf BT, Shirzad
M, Najafi T. Shabankareh A, et al. Assessment of structural,
biological and drug release properties of electro-sprayed poly
lactic acid-dexamethasone coating for biomedical applications.
Biomed Eng Lett 2021; 11: 393-406.

26.Rahvar M, Manoochehrabadi T, Ahmadi Lakalayeh G, Barzegar
Z, Karimi R, Ghanbari H. Development of a highly hydrophobic

Iran J Basic Med Sci, 2025, Vol. 28, No. 7

N=MS

Manoochehrabadi et al.

micro/nanostructured nanocomposite coating of PLA-PEG-
cloisite 20A nanoclay with excellent hemocompatibility and rapid
endothelialization properties for cardiovascular applications. ACS
Appl Mater Interfaces 2025; 17: 4579-45.

27. Shen L, Zhu J. Heterogeneous surfaces to repel proteins. Adv
Colloid Interface Sci 2016; 228: 40-54.

28. Huang Q, Lin L, Yang Y, Hu R, Vogler EA, Lin C. Role of
trapped air in the formation of cell-and-protein micropatterns
on superhydrophobic/superhydrophilic microtemplated surfaces.
Biomaterials 2012; 33: 8213-8220.

29. Cha K], Park KS, Kang SW, Cha BH, Lee BK, Han IB, et al.
Effect of replicated polymeric substrate with lotus surface structure
on adipose-derived stem cell behaviors. Macromol Biosci 2011; 11:
1357-1363.

30. Mahmoudi M, Bonakdar S, Shokrgozar MA, Aghaverdi H,
Hartmann R, Pick A, et al. Cell-imprinted substrates direct the fate
of stem cells. ACS Nano 2013; 7: 8379-8384.

31. Gao J, Raghunathan VK, Reid B, Wei D, Diaz RC, Russell
P, et al. Biomimetic stochastic topography and electric fields
synergistically enhance directional migration of corneal epithelial
cells in a MMP-3-dependent manner. Acta Biomater 2015; 12: 102-
12.

32. Raghunathan VK, Dreier B, Morgan JT, Tuyen BC, Rose BW,
Reilly CM, et al. Involvement of YAP, TAZ and HSP90 in contact
guidance and intercellular junction formation in corneal epithelial
cells. PloS One 2014; 9: 1-14.

33. Song W, Mano JE Interactions between cells or proteins and
surfaces exhibiting extreme wettabilities. Soft Matter 2013; 9:
2985-2999.

34. Zhang W, Chen J, Backman L], Malm AD, Danielson P. Surface
topography and mechanical strain promote keratocyte phenotype
and extracellular matrix formation in a biomimetic 3D corneal
model. Adv Healthc Mater 2017; 6: 1-11.

35. Raghunathan V, McKee C, Cheung W, Naik R, Nealey PF,
Russell P, et al. Influence of extracellular matrix proteins and
substratum topography on corneal epithelial cell alignment and
migration. Tissue Eng part A 2013; 19: 1713-1722.

36. McHugh K], Saint-Geniez M, Tao SL. Topographical control of
ocular cell types for tissue engineering. ] Biomed Mater Res B Appl
Biomater 2013; 101: 1571-1584.

37. Diehl K, Foley J, Nealey P, Murphy C. Nanoscale topography
modulates corneal epithelial cell migration. ] Biomed Mater Res A
2005; 75: 603-611.

38. Kang KB, Lawrence BD, Gao XR, Luo Y, Zhou Q, Liu A, et al.
Micro-and nanoscale topographies on silk regulate gene expression
of human corneal epithelial cells. Invest Ophthalmol Vis Sci 2017;
58: 6388-6398.

39. Tocce E, Liliensiek S, Broderick A, Jiang Y, Murphy K, Murphy
C, et al. The influence of biomimetic topographical features and
the extracellular matrix peptide RGD on human corneal epithelial
contact guidance. Acta Biomater 2013; 9: 5040-5051.

40. Lawrence BD, Pan Z, Rosenblatt MI. Silk film topography
directs collective epithelial cell migration. PloS One. 2012; 7: 1-12.
41. Lawrence BD, Pan Z, Liu A, Kaplan DL, Rosenblatt MI.
Human corneal limbal epithelial cell response to varying silk film
geometric topography in vitro. Acta Biomater 2012; 8: 3732-3743.

42. Seghir R, Arscott S. Extended PDMS stiffness range for flexible
systems. Sens Actuators A Phys 2015; 230: 33-39.

43. Li S, Ding C, Guo Y, Zhang Y, Wang H, Sun X, et al.
Mechanotransduction regulates reprogramming enhancement in
adherent 3D keratocyte cultures. Front Bioeng Biotechnol 2021;
9:1-15.

44. Wang Z, Wen E, Chong MSK. Surface Modification of Tissue
Engineering Scaffolds. In: Gao C, editor. Polymeric Biomaterials
for Tissue Regeneration: From Surface/Interface Design to 3D
Constructs. Singapore: Springer Nature Singapore; 2023. p. 227-64.
45. Zhang Q, Lin S, Li Q, Zhao D, Cai X. Cellular response to
surface topography and substrate stiffness. Cartilage Regen 2017:
41-57.

46. Wang ZY, Teoh SH, Johana NB, Khoon Chong MS, Teo EY,

927



Manoochehrabadi et al.

Hong MH, et al. Enhancing mesenchymal stem cell response using
uniaxially stretched poly(e-caprolactone) film micropatterns for
vascular tissue engineering application. ] Mater Chem B 2014; 2:
5898-5909.

47. Wang ZY, Teo EY, Chong MS, Zhang QY, Lim J, Zhang ZY, et al.
Biomimetic three-dimensional anisotropic geometries by uniaxial
stretch of poly(e-caprolactone) films for mesenchymal stem cell
proliferation, alignment, and myogenic differentiation. Tissue Eng
Part C Methods 2013; 19: 538-549.

48. Zhu S, Hou J, Liu C, Liu P, Guo T, Lin Z, et al. An engineered
tenogenic patch for the treatment of rotator cuff tear. Mater Des
2022; 224: 1-11.

49. Wang Z, Lee WJ, Koh BTH, Hong M, Wang W, Lim PN, et al.
Functional regeneration of tendons using scaffolds with physical
anisotropy engineered via microarchitectural manipulation. Sci
Adv 2018; 4: 1-12.

50. Li D, Luo C, Zhang C, Li Z, Long M. Differential regulation of
morphology and stemness of mouse embryonic stem cells by substrate
stiffness and topography. Biomaterials 2014; 35: 3945-3955.

51. Oh S, Brammer KS, Li Y], Teng D, Engler AJ, Chien S, et al.
Stem cell fate dictated solely by altered nanotube dimension. Proc
Natl Acad Sci U S A 2009; 106: 2130-2135.

52. Yoon JJ, Ismail S, Sherwin T. Limbal stem cells: Central
concepts of corneal epithelial homeostasis. World J Stem Cells
2014; 6: 391-403.

928

=MS

Topography effect on limbal stem cell maintenance

53. de Paiva CS, Chen Z, Corrales RM, Pflugfelder SC, Li DQ.
ABCG2 transporter identifies a population of clonogenic human
limbal epithelial cells. Stem Cells 2005; 23: 63-73.

54. Li Y, Giovannini S, Wang T, Fang J, Li P, Shao C, et al. p63: A
crucial player in epithelial stemness regulation. Oncogene 2023;
42:3371-3384.

55. Liang SC, Yang CY, Tseng JY, Wang HL, Tung CY, Liu HW, et al.
ABCG?2 localizes to the nucleus and modulates CDH1 expression
in lung cancer cells. Neoplasia 2015; 17: 265-278.

56. Chen LW, Chen YM, Lu CJ, Chen MY, Lin SY, Hu FR, et al.
Effect of air-lifting on the stemness, junctional protein formation,
and cytokeratin expression of in vitro cultivated limbal epithelial
cell sheets. Taiwan ] Ophthalmol 2017; 7: 205-212.

57. Gonzalez-Andrades M, Alonso-Pastor L, Mauris ], Cruzat A,
Dohlman CH, Argiieso P. Establishment of a novel in vitro model
of stratified epithelial wound healing with barrier function. Sci
Rep 2016; 6: 1-9.

58. Tiwari A, Swamynathan S, Campbell G, Jhanji V, Swamynathan
SK. BMP6 regulates corneal epithelial cell stratification by
coordinating their proliferation and differentiation and is
upregulated in pterygium. Invest Ophthalmol Vis Sci 2020; 61: 1-9.
59. Zhang L, Wang YC, Okada Y, Zhang S, Anderson M, Liu CY,
et al. Aberrant expression of a stabilized P-catenin mutant in
keratocytes inhibits mouse corneal epithelial stratification. Sci Rep
2019; 9: 1-9.

Iran ] Basic Med Sci, 2025, Vol. 28, No. 7



	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	_Hlk186288013
	OLE_LINK1
	_GoBack

