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1. Introduction

Molecular imprinting as a simple way for the
long-term maintenance of the stemness and
proliferation potential of adipose-derived stem
cells: an in vitro studyf
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9 and Shahin Bonakdar*®
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Cells are smart creatures that respond to every signal after isolation and in vitro culture. Adipose-derived
stem cells (ADSCs) gradually lose their characteristic spindle shape, multi-lineage differentiation
potential, and self-renewal ability, and enter replicative senescence after in vitro expansion. This loss of
cellular function is a serious impediment to clinical applications that require huge numbers of cells.
It has been proven that substrates with cell imprints can be applied for stem cells’ differentiation into
desired cells or to re-culture any cell type while maintaining its ordinary activity. This study
demonstrated the application of cell-imprinted substrates as a novel method in the long-term expansion
of ADSCs while maintaining their stemness. Here we used molecular imprinting of stem cells as a
physical signal to maintain stem cells’ stemness. First, ADSCs were isolated and cultured on the tissue
culture plate. Then, cells were fixed, and stem cell-imprinted substrates were fabricated using PDMS.
Afterward, ADSCs were cultured on these substrates and subjected to osteogenic and adipogenic
differentiation signals. The results were compared with ADSCs cultured on a polystyrene tissue culture
plate and non-patterned PDMS. Morphology analysis with optical and fluorescence microscopy and SEM
images illustrated that ADSCs seeded on imprinted substrates kept ADSC morphology. Alizarin Red S and
Oil Red O staining, flow cytometry, and gPCR results showed that ADSC-imprinted substrates could
reduce the differentiation of stem cells in vitro even if the differentiating stimulations were applied. Also,
cell cycle analysis revealed that ADSCs could maintain their proliferation potential. So this method can
maintain stem cells’ stemness for a long time and reduce the unwanted stem cell differentiation that
occurs in conventional cell culture on tissue culture plates.

cell, such as muscle, red blood, or brain cells. So, stem cells in
many tissues serve as a regeneration system to renew damaged

In recent years the application of adult and embryonic stem
cells has received special attention in cell therapy and tissue
engineering; in many cases, it is impossible to obtain a suitable
cell substitute for adult tissues from the patient’s adult cells to
repair damaged tissues." When a stem cell divides in the human
body, it may not change its nature or differentiate into a specific
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cells. Chemical, mechanical, electrical, and surface factors can
affect stem cell fate. Despite the conditions causing differentiation
into desirable cells, the conditions under which proliferation
occurs without differentiation are also necessary. Many researchers
have been interested in mesenchymal stem cells (MSCs) to over-
come the constraints of employing adult cells in regenerative
medicine by considering self-renewal capacity, multi-lineage differ-
entiation potential, and immunosuppressive ability. So, because of
their unique characteristics, such as availability, differentiation
potential, immune cell evasion, and easy in vitro proliferation,
MSCs are a promising cell type for regenerative medicine and stem
cell therapy.* Also, the advantages of using allogeneic instead of
autologous cells are essential factors to be considered in cell
transplantation methods that can be achieved using MSCs.>”
Intravenous injection of MSCs requires minimal effective
dosages of about 70-190 million cells per patient per dose, and
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around 100 million cells are necessary to treat a person weighing
70 kg. However, on the one hand, clinical trials are hampered
by the deficient availability of MSCs in isolated samples. For
example, MSCs make up just 0.001-0.01% of nucleated cells
aspirated from bone marrow.®° Therefore, extensive in vitro
passaging is needed to expand freshly homogenous MSC popu-
lations before clinical applications.” On the other hand, isolated
adult stem cells may inadvertently differentiate into undesirable
cell lineages during in vitro continuously culturing in conven-
tional tissue culture plates (TCP),” leading to the loss of their
normal phenotype."® Indeed, biochemical and biophysical cues
in the surrounding environment influence cell proliferation and
differentiation,"" and regulate the MSCs’ differentiation ability
into a specific lineage.*

The in vivo microenvironment provides numerous regulating
stimuli not available in conventional cell culture methods.'?
In native tissues, cells do not live alone and continually sense
and interact with the extracellular matrix (ECM)."® The ECM
supports most cellular functions chemically, mechanically, and
physically,’®'* and can determine the fate of stem cells."®
For large-scale clinical stem cell applications requiring large
numbers of stem cells, loss or alteration of cell function is a
significant barrier.” Although many studies have been performed
to mimic the ECM, preparation of an acceptable artificial ECM is
not facile."

Because complex topographical niches, such as ECM shape,
govern cell activities in vivo, the topographic surfaces at the
micro and nanoscale can regulate stem cell fate.'” Previous
studies have shown that stem cells can sense changes in
nanoscale topographical features, highlighting the role of
nanostructured biomaterials’ surface free energy in regulating
cell fate.'® For example, for osteogenic differentiation of stem
cells, Shi et al. made micropatterned PDA-coated parafilms with
varied groove widths providing topographic cues for cell control
on PDA-coated parafilms.'® These results support the hypo-
thesis that besides the mechanosensing characteristics such as
rigidity or elasticity, cells recognize the topography of their
substrates, and surface topography affects stem cell differentia-
tion and fate.”*>°

Adipose tissue can be obtained from by-products of certain
processes, such as esthetic surgery, which was previously consi-
dered as biological waste. Thus, using adipose-derived mesen-
chymal stem cells (ADSCs) avoids many ethical problems
associated with bone marrow-derived stem cells.”” In vitro
expansion of ADSCs changes their characteristic spindle shape,
self-renewal ability, and multi-lineage differentiation potential
causing their replicative senescence.’ For clinical applications,
strategies that allow the generation of large numbers of ADSCs
parallel to the long-term maintenance of their stemness are
required.”®

The importance of culture substrate properties, such as
substrate nanostructures, topography, and stiffness on cell fate,
has been evaluated in various studies.?** The most often used
substrates for in vitro cell culture are tissue culture plates that
increase the likelihood of osteogenic differentiation because
of the substrate rigidity.>® So, in stem cell-based regenerative
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medicine, suitable cell culture platforms providing well-defined
biophysical and biochemical properties are needed to mimic
the in vivo microenvironments,'? and simulate identical cell
proliferation and differentiation conditions.*® Nonetheless,
designing a substrate that will give the required biological cues
to drive cells still is challenging.?”

One of the fundamental areas in regenerative medicine is
the responsiveness of stem cells to topographical cues, including
micro- and nanoscaled patterns influencing cell fate. Although
patterns are frequently employed to enhance cell functions, their
mechanisms are not known completely. Furthermore, the con-
cerns of chemical cues, such as growth factors’ expensiveness,
their short half-life in vivo, and the possibility of harmful effects
from overdosing, have been solved in topographical patterns.®’

Molecular recognition is essential in most biological pro-
cesses because it allows selective and intelligent distinguishing
of individual molecules in complex surroundings.*® Molecular
imprinting is a synthetic method that creates biomimetic
materials for protein recognition.’® Molecularly imprinted
polymers (MIPs) have been proven to promote cell adhesion
and proliferation, are stable in various chemical and physio-
logical conditions and can be used multiple times.’® MIPs
are a popular alternative to natural molecular recognition
elements,*®"! and can mimic the antigen-binding properties of
antibodies.?® Surface imprinting is one of the leading fabrica-
tion strategies of MIPs, including different approaches such as
soft lithography. In soft lithography, an elastomeric stamp is
made by casting a pre-polymer solution, typically polydimethyl-
siloxane (PDMS) with a relatively low elastic modulus, onto the
template. After polymerization and stamp production, specific
geometries can be made from nanoscale (30 nm) to micro-scale
(100 pum).**?7

PDMS has been employed in the imprinting procedure
because of its simplicity of fabrication, gas permeability, optical
transparency, and low chemical reactivity.*> Also, against
conventional TCP, PDMS has many other advantages such as
nontoxicity, adjustable physico-mechanical properties, easy
moldability, precision at micro-scale and nanoscale, and low
manufacturing costs, which make it desirable as a cell culture
substrate.’> As a substrate to study cell behavior, PDMS
provides a better understanding of cell behavior toward
stretching,*® stiffness,’* mechanical stimulation,”® and topo-
graphy.46’49

However, the surface hydrophobicity of PDMS has a negative
effect on cell adhesion and, consequently, normal cell beha-
viors and functions.'® Additionally, because cells and especially
stem cells do not intrinsically attach to any surface, some
surface modifications are mandatory for PDMS to improve cell
attachment and spreading.’® So, many approaches have tried to
alter the PDMS surface somehow to overcome its limitations,>>>
which can be done by plasma treatment, ECM protein coating,
or other molecular coatings. Despite better cell adhesion and
spreading acquired via these modifications, they are not prac-
tical for all cell lines, can be influenced by variable conditions,
and cannot ensure the expected demand for the qualified cell
source for human therapeutic use.'?
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Some studies have focused on using cellular patterns as
biophysical stimulating factors to direct cellular functions in a
specific direction. For the first time, Mahmoudi et al. prepared
a cell-imprinted substrate by PDMS casting and polymerization
on mature chondrocytes to induce chondrogenic differentia-
tion in rabbit adipose tissue-derived mesenchymal stem cells.*’
Furthermore, chondrocyte spherical shape-imprinted sub-
strates were used to induce differentiation, redifferentiation,
and transdifferentiation. It was discovered that a chondrocyte
template might successfully shift MSC and semifibroblast
spindle morphology toward spherical morphology. By mani-
pulating the cellular shape, any cells with chondrogenic differ-
entiation potential could be differentiated into chondrocytes.*’
In other studies, osteogenic,® keratinogenic,*® neurogenic,>*>°
and tenogenic® differentiation of stem cells was achieved by
the imprinting method. Also, the imprinting approach for
induced pluripotent stem cells can improve cardiomyogenic
differentiation efficiency.”® Cell imprinting can also reduce
or eliminate the requirement for lengthy patient sample
analysis.®® Overall, molecular and cellular imprinting may be
a promising way to manipulate cell phenotypes and functions
without any chemical cues.

Rather than stem cell differentiation studied in previous
reports, this study reveals a novel role of cell-imprinted sub-
strates for maintaining stemness and proliferation potential of
ADSCs during their in vitro long-term culture for future clinical
and tissue engineering applications. Based on published
findings of the positive effects of nanotopographies on cell
fate, we concluded and expected that the patterns of stem cells
could influence cellular behaviors better. Thus we developed
ADSC-patterned and non-patterned PDMS substrates and cultured
ADSCs on them. Then, we evaluated the effect of the ADSC pattern
on maintaining stemness and decreasing osteogenic and adipo-
genic differentiation for a long time. We hope that our observa-
tions encourage other researchers to perform new studies to
understand stemness maintenance better.

2. Experimental
2.1. ADSC isolation

The experiments were carried out at the Pasteur Institute of
Iran and were approved by the institute’s ethics committee
(code: IR.PIL.LREC.1399.005). After signing the consent forms by
all patients, adipose tissue was obtained from healthy indivi-
duals having a cesarean delivery and preserved at room tem-
perature in DMEM (GIBCO, Scotland) containing 10% (v/v) fetal
bovine serum (FBS, GIBCO, Scotland), 100 U mL ™" penicillin
(Sigma-Aldrich, USA), and 100 pg mL~" streptomycin (Sigma-
Aldrich, USA) (complete culture medium).

Based on Iran National Cell Bank’s protocols and previously
published studies, harvested adipose tissue was rinsed three
times with DMEM containing an antibiotic/antimycotic solution
(1%, Invitrogen, USA). Then connective tissues and blood
vessels were separated, the adipose fragments were washed
with phosphate-buffered saline (PBS) solution supplemented by
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antibiotic/antimycotic agents (1%, Invitrogen, USA), and trea-
ted with collagenase type I (0.02 mg mL™ ', GIBCO, USA) for
45 minutes at 37 °C. After centrifuging the homogenate at
2000 rpm for five minutes, the deposited cell pellet was
suspended and cultured in DMEM supplemented with 10%
FBS and 1% Pen/Strep under common cell culture conditions
(37 °C, 5% CO,, in a humidified atmosphere).>*”*°

2.2. ADSC characterization

The isolated ADSCs were characterized by flow cytometry with
positive and negative CD markers. Additionally, the ADSCs were
cultured in osteogenic and adipogenic mediums. Alizarin Red S
and Oil Red O were used to stain the fixed cells after 21 days
to confirm the osteogenic and adipogenic differentiation
potential, respectively.®® The detailed procedures are as below.

2.2.1. Flow cytometry. Cluster of differentiation (CD) mar-
kers are widely used for recognizing and determining cell types,
including ADSCs. Flow cytometry was used to look for specific
surface markers in ADSCs in this study. After collecting ADSCs
by trypsinization at the first passage, the ADSCs were washed
with PBS and incubated for 30 minutes in a non-specific
blocking solution containing 1% (w/v) bovine serum albumin.
After centrifugation and removal of the blocking solution, the
ADSCs were treated with fluorescently conjugated mouse anti-
human antibodies for 45 minutes, and the expression of the
surface markers CD34, CD45, CD105 (BD Biosciences, USA),
and CD90 (BioLegend, USA) was evaluated using a BD FACS
Calibur flow cytometer (BD bioscience, San Jose, CA, USA) and
FlowJo software. CD34 and CD45 are hematopoietic stem cell
markers that are not expected to be expressed by MSCs, while
the rest are MSC-specific surface markers.>®'

2.2.2. Alizarin Red S and Oil Red O staining. Freshly
isolated ADSCs were seeded on a tissue culture plate and
propagated for 24 hours under common cell culture conditions.
To evaluate the osteogenic potential, the ADSCs were cultured
in an osteogenic differentiation medium containing high-
glucose DMEM supplemented with 10% FBS, 10 mM beta-
glycerol-phosphate, 0.1 uM dexamethasone, 50 ug mL ™" ascorbic
acid, 3.72 mg mL~' sodium bicarbonate, and 1% penicillin/
streptomycin/fungizone. Also, the ADSCs were cultured in an
adipogenic differentiation medium containing high-glucose
DMEM supplemented with 10% FBS, 60 uM 3-isobutyl-1-
methylxanthine (IBMX), 3.72 mg mL™ ' sodium bicarbonate,
1 uM dexamethasone, 0.5 mM indomethacin, 10 pL mL™*!
insulin, and 1% penicillin/streptomycin/fungizone to evaluate
their adipogenic potential.” Every three days, the differentiating
mediums were exchanged with fresh medium. After 21 days,
the cells were rinsed with PBS three times, fixed with 4%
paraformaldehyde (Merck, USA), and stained with Alizarin
Red S or Oil Red O (Sigma-Aldrich, USA), and morphological
transformations were then evaluated by optical microscopy
(BEL photonics, Italy).

2.3. Developing cell-imprinted substrates

Freshly isolated ADSCs at a density of 3 x 10° cells per well were
seeded in the 6-well tissue culture plate and incubated for one

This journal is © The Royal Society of Chemistry 2022
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week. After reaching 90% confluence, the cells were fixed with
4% glutaraldehyde solution for 24 hours and washed with PBS
three times. The PDMS casting procedure was performed by
pouring the prepared elastomer solution onto the fixed ADSCs
and kept at 37 °C for 48 hours. PDMS-based substrate platforms
were fabricated by blending PDMS (Sylgard 184 Silicon Elasto-
mer Kit, Dow Corning) with different curing agent weight ratios
(curing agent/base polymer = 1:10, 1:20, 1:30, 1:40, and
1:50). Then the mold was peeled off from the tissue culture
plate and rinsed thoroughly with 1 M NaOH solution for 30
minutes to eliminate any residual cell debris and existing
chemicals from the imprinted substrates.>**>*3>9

2.4. Surface characterization of PDMS substrates

Scanning Electron Microscopy (SEM, Philips XL30, Netherlands)
images of the substrates were evaluated based on previously
published protocols.>>

2.5. ADSC culture on the cell-imprinted substrates

ADSCs were proliferated on the cell-imprinted PDMS, non-
patterned PDMS, and tissue culture plate (TCP) as the control,
which were called ADSC;, ADSCp, and ADSCr, respectively. The
cells (at a density of 4 x 10" cells per sample) were seeded onto
the fabricated PDMS-based culture platforms placed in the
6-well plates and tissue culture plates as well. Fresh DMEM
supplemented with 10% FBS was added, and exchanged every
three days, and the cells were passaged every seven days.
Finally, appropriate analyses were carried out considering
suitably designed intervals.

2.5.1. Adhesion characterization of cultured ADSCs. After
seven days, the adhesion of ADSCs on the imprinted PDMS
substrate, non-patterned PDMS, and TCP were evaluated by
optical and scanning electron microscopy. Briefly, the super-
natant culture medium was discarded slowly, the substrates
were rinsed with PBS three times, and the cells were fixed with
4% glutaraldehyde. After two hours, the fixing solution was
removed, and gradually increasing ethanol concentrations
of 60%, 70%, 80%, 90%, 95%, and 100% were added for
15 minutes each for dehydration. Then the samples were dried
at room temperature in an exhaust hood for 30 minutes, and
gold-coated, and SEM images were taken using a Philips XL30
(Netherlands) scanning electron microscope.

2.5.2. Cell proliferation assay. For quantitatively evaluating
the proliferation of ADSCs, the Alamar Blue assay was carried
out after 1, 3, 7, and 14 days of cell culturing on the PDMS-
based substrates and TCP. The cells were seeded at 15 000 cells
per mL onto the fabricated PDMS-based culture platforms
placed in the 24-well plates and TCP for the mentioned time
points. The culture medium was removed slowly, and the cells
were rinsed gently with PBS to avoid cell detachment, and
treated for four hours with a 9:1 (v/v) dilution of Alamar Blue
in FBS-free DMEM. After incubation, three 150 pL replicates
of Alamar Blue-containing solutions were pipetted into a blank
96-well plate, and optical densities at 560 nm excitation
and 590 nm emission were read by an ELx808 ELISA reader
(BioTek, USA).
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2.5.3. Lineage adaptation. To investigate the effect of cell-
imprinting on the prevention of or delay in differentiation, the
ADSCs seeded on PDMS-based substrates and TCP were sub-
jected to differentiating and non-differentiating conditions.
The ADSCs at passage 3 were seeded and cultured on cell-
imprinted PDMS, non-patterned PDMS, and TCP for 24 hours
under common culture conditions. Then supernatant mediums
were removed slowly every three days and replaced with com-
plete culture medium, osteogenic medium, and adipogenic
medium for up to 21 days. The treated ADSCs were fixed with
4% paraformaldehyde and stained with Alizarin Red S and Oil
Red O to evaluate their osteogenic and adipogenic differentiation
potential.

2.5.4. Flow cytometry. Flow cytometry was used to deter-
mine the specific surface markers of ADSCs and confirm the
positive effect of cell imprinting on long-term maintenance of
stemness. ADSCs were cultured on the cell-imprinted PDMS,
non-patterned PDMS, and tissue culture plate in complete
culture medium after eight passages (eight weeks) and adipo-
genic medium after three weeks. The expression of surface
markers CD105 and CD90 were analyzed by flow cytometry.

2.5.5. ADSC propagation. The ADSCs (at passage 4) were
subcultured every seven days up to 21 days on the surfaces of
TCP and PDMS-based substrates (5 x 10 cells per sample),
collected at the end of passages 5, 6, and 7, and counted using a
trypan blue exclusion method to determine the proliferative
capability of in vitro aging ADSCs. Then the cell population
doubling time (CPDT) was calculated as follows:

CPDT = (1 — t;) X log{Z X {log(%)} 1} (1)

where N; and N; are the cell numbers at initial seeding (day 0)
and at a specific time point ¢, respectively.’

2.5.6. Cell cycle analysis. ADSCs cultured on the cell-
imprinted PDMS, non-patterned PDMS, and tissue culture plate
were passaged every seven days, and cell cycle analyses were
carried out after eight weeks (at passage 8). ADSCs were mono-
dispersed by trypsinization and rinsed with PBS. After adding
70% ethanol as a fixative and putting it in the refrigerator for
two hours, the samples were centrifuged, the supernatant was
discarded, and cells were washed with PBS. After removing PBS,
1 mL of Propidium Iodide (PI) master mix (40 pL of PI + 10 puL of
RNase (DNase free) + 950 pL of PBS) was added to the cells,
incubated for 30 minutes and analyzed by flow cytometry.

2.5.7. Morphological characterization. Morphological dif-
ferences between ADSCs cultured on the cell-imprinted PDMS,
non-patterned PDMS, and TCP after eight weeks (at passage 8)
were observed by optical and fluorescence microscopy. For
optical imaging by BEL INV2 (BEL Engineering, Italy), the cells
were washed with PBS and fixed with 4% glutaraldehyde for
four hours at 4 °C. For fluorescence imaging by a TCM400
fluorescence microscope (LABOMED, The Netherlands), the
ADSCs were washed with PBS, fixed with 4% paraformaldehyde
at room temperature for 30 minutes, and labeled with Dil
(Sigma-Aldrich, USA) for 15 minutes at 37 °C in darkness.

J. Mater. Chem. B, 2022, 10, 6816-6830 | 6819


https://doi.org/10.1039/d2tb00279e

Published on 16 June 2022. Downloaded on 3/17/2026 1:25:41 PM.

Journal of Materials Chemistry B

2.5.8. Gene expression profiling. After eight weeks, total
RNA was extracted from the ADSCs cultured on the cell-
imprinted and non-patterned PDMS as well as TCP using Total
RNA Kit (Yekta Tajhiz Azma, Iran) according to the manufac-
turer’s instructions. Genomic DNA was removed during RNA
extraction using DNase I (TaKaRa, Japan). The content and
integrity of extracted total RNA were determined by detecting
the maximum absorbance at 260 and 280 nm using a Nano-
Drop One spectrophotometer (Thermofisher, USA). After the
synthesis of complementary DNA (cDNA) using One-Step RT-
PCR Kit (TaKaRa, Japan), the StepOne equipment (Applied
Biosystems, USA) was used to perform the quantitative poly-
merase chain reaction (qPCR). Each qPCR reaction included
20 pL of mixture solution consisting of 4.5 pL of cDNA, 3.5 pL of
sterilized deionized water, 1 nM concentration of each primer
(Table 1), and 10 pL of SYBR PCR Master Mix (Takara, Japan).
These conditions were used in the cycling: 95 °C for 10 minutes
as the holding time (one cycle), denaturation at 95 °C for
30 seconds, followed by annealing/extension at 60 °C for one
minute (40 cycles). Finally, the fold change of gene expression
was analyzed using REST 2009 software (QIAGEN, Germany) at
the significance level of 0.05.

2.5.9. Multipotency evaluation after long-term cell cultur-
ing. To assess the effects of the cell-imprinted platform on the
multi-lineage differentiation ability, the ADSCs were cultured
on a tissue culture plate, non-patterned PDMS, and ADSC-
imprinted PDMS for eight passages (eight weeks). Then the
ADSCs were trypsinized, cultured in a 24-well plate at a density
of 5 x 10* cells per well, and treated with osteogenic and
adipogenic mediums for 21 days. Confluent cells were fixed
with 4% paraformaldehyde, and stained with Alizarin Red
S and Oil Red O, and morphological transformation was
represented by optical microscopy (BEL INV2, BEL Engineering,
Italy).

2.6. Statistical analysis

All results are presented as mean =+ standard deviation. For
statistical comparisons between multiple groups, one-way
ANOVA on Ranks followed by Tukey’s post hoc test was done
at the significance level of 0.05.

Table 1 Primer sequences used in real-time PCR

Primer Sequence (5" —3’)
GAPDH Forward GAGTCCACTGGCGTCTTCA
Reverse TCTTGAGGCTGTTGTCATACTTC
Collagen I Forward CGATGGCTGCACGAGTCA
Reverse GGTTCAGTTTGGGTTGCTTGTC
PPRy Forward ACGAAGACATTCCATTCACAAG
Reverse CTCCACAGACACGACATTCAAT
Osteocalcin Forward CAGCGAGGTAGTGAAGAGACC
Reverse TCTGGAGTTTATTTGGGAGCAG
CD34 Forward GCCCAGATCAGCTCCTAACCC
Reverse GATCCCTGCTCAACCCCT
CD105 Forward GCATCCTTCGTGGAGCTACC
Reverse GAGGAGTGGTCTGGATCGG
CD90 Forward ATGAAGGTCCTCTACTTATCCGC
Reverse GCACTGTGACGTTCTGGGA
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3. Results and discussion
3.1. ADSC characterization

Fig. 1A-D show the characterization of stem cells by flow cyto-
metry with positive and negative CD markers. Flow cytometry
analysis revealed that the ADSCs at the first passage could
express the MSC-specific markers (CD105 and CD90) well, and
the expressions of the hematopoietic markers (CD45 and CD34)
were at a low level.>*> Fig. 1E and F show the Alizarin Red S and
Oil Red O staining after 21-days of culturing in osteogenic and
adipogenic mediums. These results confirmed the capability of
the ADSCs for differentiating into osteoblast- and adipocyte-
like cells demonstrated by deposited calcium compound
(Fig. 1E) and lipid droplets (Fig. 1F), respectively.®® After isola-
tion, to reach the appropriate confluence in a short time, the
ADSCs were counted and transferred to culture plates in the
desired number to maintain the cells in ideal conditions,
less affected by growth and proliferation conditions in tissue
culture plates. After culturing for one week in a tissue culture
plate, the ADSCs were fixed with 4% glutaraldehyde before
pouring PDMS on them. This fixation maintains the cell
morphology during the cell-imprinting process.

3.2. Characterization of ADSC-imprinted substrates

Fig. 2 shows the SEM images of imprinted PDMS substrates
from different surfaces, including air (PDMS with no imprint),
TCP, and ADSCs. SEM evaluations of the cell-imprinted PDMS
substrates showed that the imprinting process was performed
well, and ADSCs’ topography was transferred to the PDMS
substrate.

To gain the topography of ADSCs precisely, PDMS must flow
slowly during the molding and curing processes, which is
dependent on the curing agent/PDMS ratio. It has been shown
that there is a relationship between substrate stiffness and
stem cell potency. A soft substrate retains the proliferative and
differentiating potential of mesenchymal stem cells during
long-term expansion.”®* Overall, mixtures of different curing
agent/PDMS ratios (1:10, 1:20, 1:30, 1:40, and 1:50) were
evaluated to adjust the surface stiffness and better molding.
A ratio of 1:30 was chosen in this study because it could
perform the cell-imprinting process well and could be easily
peeled from the plate surface after curing. Diluted mixtures
(1:40 and 1:50 ratios) were not appropriate for the cell-
imprinting process because they could not be peeled easily
after curing and were torn.

Also, washing the surface of the cell-imprinted substrate
with 1 M NaOH removes cell debris and proteins after mold
casting, eliminates the effect of these residues on cell fate, and
restricts the results and observations to the cellular imprinted
template. The X-ray photoelectron spectroscopy (XPS) elemen-
tal analysis of the surface of cell-imprinted PDMS substrate
confirmed the absence of detectable nitrogen atoms after
chemical treatment by NaOH, proving the absence of detectable
protein on the surface.>

According to the Mahmoudi et al. study in which high-
resolution AFM analysis was performed for cell-imprinted

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Characterization of freshly isolated adipose-derived stem cells (ADSCs) by flow cytometry with negative and positive CD markers (a: CD34, b:
CD45, c: CD90, and d: CD105). The dotted black lines are attributed to isotype controls. (e) Alizarin Red S staining of calcium depositions after osteogenic
differentiation of ADSCs. (f) Oil Red O staining of adipogenic differentiation of ADSCs as evidenced by the formation of lipid droplets.
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Fig. 2 Scanning electron micrographs of tissue culture polystyrene plate (TCP)-imprinted PDMS, PDMS with no imprint (air surface), and ADSC-

imprinted PDMS.

replicas of different cells, the PDMS-based imprinting method
assures a high-quality mold surface by replicating a surface
roughness of less than 2 nm.*’ Also, Kamgouyan and coworkers
fabricated substrates with the imprinted patterns of five
spindle-like cell types and compared their nanotopography.
They analyzed the substrates by AFM, obtained roughness
profiles at the nanoscale, and confirmed the difference between
the nanotopographies of the cellular imprints.®® These findings
can guarantee the usage of the PDMS imprinting method to

This journal is © The Royal Society of Chemistry 2022

copy and save the molecular pattern of the cell membrane
precisely for future clinical regulation of cell behaviors.
Studies have shown that surface-specific nanotopograpies
can affect the cell fate.'”** Cells respond to nanoscale surface
features by actin- and fibril-based filopodia, by which cells
explore the surface and understand it. Although the morphol-
ogy of ADSCs at the micro-scale is similar to some primary cells
such as osteoblasts, microscopic characteristics cannot solely
stimulate the cells to exhibit a specific behavior.>® Since cell-
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imprinted substrates can mimic the nanoscale properties, cell
templates are promising for cell culture applications.

3.3. Evaluation of adhesion and morphology of ADSCs

3.3.1. Effect of ADSC-imprinted substrates on the adhesion
and proliferation of mesenchymal stem cells. Focal adhesion
has been considered the starting point of cell-substrate
interactions,®® and plays a crucial role in subsequent cellular
functions such as cell growth, proliferation, migration, and
differentiation.®” Physical and chemical cues such as topo-
graphy, stiffness, and material properties can control adhesion
and alter biochemical signaling.®® Also, the tension between
the substrate and cell membrane caused by adhesion can be
effective in processes such as viability, proliferation, and differ-
entiation of stem cells. Accordingly, the effect of ADSC patterns
on cell adhesion and proliferation was investigated after seven
days. ADSCs had high attachment and elongation on the TCP
surface (Fig. 3), which could be due to the stiffness of TCP®®
(3 GPa®®) and better adhesion conditions. ADSCs on non-
patterned PDMS (ADSCp sample) had poor adhesion and sphe-
rical shape in aggregated colonies because of the inherent
hydrophobicity of PDMS and its low stiffness. However, ADSCs
cultured on the cell-imprinted PDMS surface (ADSC; sample)
had an expected spindle shape for these cells. Despite the
inherent hydrophobicity and low stiffness of the PDMS surface,
ADSC; had better cell adhesion compared to ADSCp, which
could be attributed to the presence of irregular nanotopo-
graphies; because the cells grew randomly after isolation and
before the fixation stage, creating an irregular ADSC-specific
pattern was inevitable.

Fig. 4 shows the effect of surface characteristics on cell
proliferation after 1, 3, 7, and 14 days for ADSCs cultured on
TCP (ADSCry), non-patterned PDMS (ADSCp), and cell-imprinted
PDMS (ADSC;). Over time, it was found that the number of cells
attached to the surface increased significantly in each group,
such that the proliferation percentage for ADSCr, ADSCp, and
ADSC; increased by 141.4, 122.5, and 149.9%, respectively, after
14 days. Although a high proliferation percent on TCP was
expected because of its favorable surface characteristics for cell
adhesion and proliferation, the presence of the ADSC template
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Fig. 4 Effect of cell adhesion on the proliferation of ADSCs cultured on
the tissue culture plate, non-patterned PDMS, and ADSC-imprinted PDMS.
ADSC stands for adipose-derived stem cell. Data show the means +
standard deviation. Different days in each sample were compared statis-
tically by one-way ANOVA (a: p < 0.0001 day3-, day7-, dayl4-dayl; b:
p < 0.0001 day7-, dayl4-day3; c: p < 0.05 day7-dayl4; d: p < 0.0001
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in the ADSC; sample could largely eliminate the negative effect
of the surface hydrophobicity of PDMS, causing a significant
increase in the proliferation percent by 12.3% compared to
ADSCp (p < 0.001). Moderate proliferation on the surface of
PDMS with an ADSC membrane pattern reflects a moderate
adhesion state that can provide an ADSC mechanism for self-
renewal, differentiation suppression, and long-term in vitro
culture. Adhesion strength to culture substrate determines
the cell fate, such that stronger adhesion leads the stem cell
to hard tissue phenotypes and weaker adhesion causes differ-
entiation into soft tissues. So, creating a moderate surface
stiffness associated with physical anchoring sites through
cell-specific patterns can provide suitable cell adhesion and
proliferation.

3.3.2. The effect of ADSC-imprinted substrates on cell
morphology after long-term culture. After eight weeks, the mor-
phologies of ADSCs cultured on TCP (ADSCy sample), non-
patterned PDMS (ADSCp sample), and cell-imprinted PDMS
(ADSC; sample) were evaluated by optical and fluorescence

ADSC-imprinted PDMS

50 pm
—

N

Fig. 3 Scanning electron micrographs of ADSCs cultured on TCP, non-patterned PDMS, and ADSC-imprinted substrate. ADSC stands for adipose-

derived stem cell.
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Fig. 5 Fluorescent (stained with Dil) and optical microscopic images of ADSCs cultured on different substrates (scale bar = 20 um). ADSC stands for

adipose-derive stem cell.

microscopy (Fig. 5). It can be observed that ADSCy, having
different polygonalized phenotypes and shapes, could spread
and elongate on TCP. The ADSCp sample showed poor adhesion
and aggregation, which was one of the main problems of using
PDMS in stem cell culture. Because PDMS substrates had a lower
cell, ADSCs were agglomerated and formed star-like shapes.
On the contrary, the ADSC; sample could save the original
spindle-like morphology, which could be attributed to the
mimicry of cell shape at the micro- and nanoscale by maintain-
ing the shape and position of the nucleus and cytoskeleton.

3.4. Cell population doubling time and cell cycle evaluation

Isolated ADSCs were subcultured every seven days up to 21 days
on the surface of TCP (ADSCy sample), non-patterned PDMS
(ADSCp sample), and ADSC-imprinted PDMS substrate (ADSC;
sample) and counted at the end of each time point (passages 5,
6, and 7) to calculate cell population doubling time (CPDT).
At passage 5, the CPDT of ADSCp and ADSC; was significantly
lower than that of ADSCy by 24.2 and 28.5%, respectively
(Fig. 6A). Despite similar reduction trends in CPDTs of ADSCp
and ADSC; at passage 6, the presence of the ADSC pattern had a
more significant effect on CPDT reduction (p < 0.01, 109%)
compared to ADSCp (29.7%). Although CPDT of ADSC; did not
change at passage 6 and significantly decreased at passage 7
(p < 0.05), CPDTs of ADSCt and ADSCp increased significantly
at passage 6 (p < 0.0001 and p < 0.01 for ADSCy and ADSCp,
respectively), and decreased significantly at passage 7 for
ADSCp (p < 0.001). At passage 7, the CPDTs of ADSCp and
ADSC; were significantly lower than that of ADSCr by 45 and
61.2%, respectively. Despite the non-significant difference
between the CPDTs of PDMS-based substrates, the presence
of an ADSC pattern caused 30% in the CPDT compared to non-
patterned PDMS (ADSCp sample).

Evaluation of the cell cycle at passage 8 showed that the
number of ADSCs for the ADSC; sample in the S and G2/M

This journal is © The Royal Society of Chemistry 2022

phases increased more significantly than those of ADSCr and
ADSCp samples (102.5 and 119.9% in the S phase, 96.6 and
118.9% in the G2/M phase) (Fig. 6B and Fig. S1, ESIf).
In addition, a decreased G1 phase in the ADSC; sample compared
to ADSCy and ADSCp samples (by 310 and 132%, respectively) was
parallel to the decrease in doubling time and proved the preven-
tion of ADSC differentiation.

Mesenchymal stem cells are in the stationary phase in tissue
homeostatic conditions to protect against DNA damage. These
cells are thought to become a functional phenotype for respond-
ing to tissue demands by producing rapidly proliferating progeni-
tor cells before entering the area needing regeneration.®® When
mesenchymal stem cells are isolated from their native microen-
vironment in vitro, they enter an active form whose imprinted
patterns save the features of that form at the micro- and nano-
scale. So, the cell population rate increases, and the G1 phase
decreases.

3.5. Effect of ADSC-imprinted substrates on ADSC stemness

3.5.1. Differentiation behavior of ADSCs cultured in adipo-
genic and osteogenic differentiating mediums. ADSCs were
cultured in osteogenic, adipogenic, and complete cell culture
mediums on the tissue culture plate (ADSC; sample), non-
patterned PDMS (ADSCp sample), and ADSC-imprinted PDMS
(ADSC; sample) for 21 days. Then cells were stained with
Alizarin Red S and Oil Red O to assess osteogenic and adipo-
genic differentiation (Fig. 7).

ADSCr cultured in the osteogenic and adipogenic medium
was differentiated into osteocyte- and adipocyte-like cells indi-
cated by calcium precipitation and lipid droplet formation,
respectively. Also, a little calcium precipitation was observed
for ADSC cultured in DMEM, which could be because of the
TCP stiffness effect on stem cells.

ADSCp cultured in differentiating mediums showed osteogenic
and adipogenic differentiation. However, ADSCp in adipogenic
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Fig. 6 (a) Cell population doubling time at various passages. Data show the means + standard deviation. Different groups at each passage were
compared statistically by one-way ANOVA (a: p < 0.01 compared to tissue culture plate, b: p < 0.0001 compared to tissue culture plate, c: p < 0.01
compared to non-patterned pdmes). (b) Cell cycle phases in ADSCs cultured in different conditions. ADSC+: ADSC on the tissue culture plate, ADSCp:
ADSC on non-patterned PDMS, ADSC,;: ADSC on ADSC-imprinted PDMS. ADSC stands for adipose-derive stem cell (*p < 0.05, **p < 0.01,

*** p < 0.001, ****p < 0.0001).
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Fig. 7 ADSCs cultured on different substrates under adipogenic, osteogenic, and normal culture mediums, stained with Oil Red O and Alizarin Red S
after 21 days. ADSC stands for adipose-derived stem cell (scale bar = 10 um).

medium had spherical morphology due to the hydrophobicity and
weak surface adhesion of non-patterned PDMS. By culturing in
DMEM, calcium precipitation increased for ADSCp, which might
be because of the pressure between cellular aggregates and
changes in gene expression.

However, the staining of ADSC; cultured in osteogenic and
adipogenic medium revealed that ADSCs received the least
differentiating effects from the mediums, resulting in low

6824 | J Mater. Chem. B, 2022, 10, 6816-6830

calcium deposition and rare lipid droplets. Furthermore, ADSC;
could maintain its spindle-shaped morphology compared to
ADSCp, which had spherical morphology. Since it has been
reported that the surface topography of a culture substrate can
even maintain stem cells’ stemness,®® ADSC-specific surface
topography can significantly reduce the influence of the differ-
entiating mediums and maintain the stemness of stem cells for
a long time.
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3.5.2. Evaluation of specific surface markers after long-
term cell culture. To evaluate long-term maintenance of
stemness, ADSCs were cultured in DMEM for eight weeks on
a tissue culture plate (ADSCy), non-patterned PDMS (ADSCp),
and ADSC-imprinted PDMS (ADSC;). Analyzing specific surface
markers (Fig. 8 and Fig. S2 and S3, ESIt) confirmed unchanged
CD90 expression for all substrates. However, the expression of
the CD105 marker in ADSC; was more than those of ADSCy and
ADSCep.

To better understand the effect of ADSC-imprinting on ADSC
fate, the cells were cultured in the adipogenic differentiating
medium for 21 days. As can be seen in Fig. 8, the expression of
CD105 marker ADSC; increased compared to the other two
groups, though CD90 expression did not show a significant
difference between all groups.

3.5.3. Gene expression analysis after long-term cell culture.
Expression of specific surface markers (CD105, CD90, and
CD34) and genes involved in osteogenesis (Col1A1 and OCN)
and adipogenesis (PPRy) pathways were analyzed by qPCR after
eight weeks for ADSCs cultured on a tissue culture plate
(ADSCry), non-patterned PDMS (ADSCp), and ADSC-imprinted
PDMS (ADSC;). Contrary to the nearly constant expression of
the CD90 marker confirmed by flow cytometry (Fig. 8), qPCR
results (Fig. 9) showed that CD90 and CD105 expressions for
ADSCp and ADSC; were significantly higher than that of ADSCr
(p < 0.05, ~19 and 28 times, respectively). Despite the non-
significant reduction in expression of the CD105 marker in
ADSC; (~18%) compared to ADSCyp, the presence of the ADSC
template in ADSC; could improve its CD90 expression signifi-
cantly (p < 0.05) by 43%.

Although expressions of CD34 (as a negative marker for
ADSC) in ADSC; and particularly in ADSCp were significantly
higher than that of ADSCr, the fold change of CD34 for ADSCy
was 2.36 times greater than ADSCr only. Furthermore, the
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Fig. 8 Flow cytometry results for CD105 and CD90 markers of ADSCs
cultured on different substrates for 8 weeks in DMEM and 21 days in
adipogenic medium. ADSCt: ADSC on the tissue culture plate, ADSCp:
ADSC on non-patterned PDMS, ADSC;: ADSC on ADSC-imprinted PDMS.
ADSC stands for adipose-derived stem cell.
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Fig. 9 Real time-PCR (QPCR) results of ADSCs cultured on different
substrates after 8 passages for different markers. Data show the means +
standard deviation. Different groups were compared statistically by one-way
ANOVA (a: p < 0.05 compared to tissue culture plate, b: p < 0.05 compared
to non-patterned PDMS).

influence of the ADSC template (ADSC; sample) on CD34
downregulation by ~87% was significant (p < 0.05) compared
to ADSCp, proving the more positive effect of the ADSC template
on stemness maintenance.

The PPRy analysis demonstrated significant upregulation in
ADSCp and ADSC; compared to ADSCr, which was inevitable
due to the effect of lower surface stiffness on adipogenic
differentiation. Also, the lower strength of cell adhesion can
promote the expression of adipocyte-specific genes.®® Although
ADSCp and ADSC; had similar surface stiffness because of the
same chemical composition and fabrication process, the
presence of an ADSC-specific template in the ADSC; sample
could decrease PPRy expression by ~53.7% supporting the
exact application of ADSC-imprinting to produce a better cell
culture substrate. Various studies have shown that increasing
the expression of CD90 reduces the ability of stem cells to
differentiate into adipose cells.”””" Therefore, the presence of
an ADSC-specific pattern could protect ADSCs against adipo-
genesis, thereby maintaining stemness long-term.

Analysis of specific genes involved in the osteogenesis path-
way showed that Col1A1 underwent significant downregulation
in ADSC; compared to ADSCy and ADSCp (by ~85% for both
samples), confirming the positive effect of the ADSC template
on protecting ADSCs against osteogenic differentiation. Although
the OCN gene was significantly upregulated in ADSCp and ADSC;
compared to ADSCr, the positive presence of the ADSC template
caused a ~20% decrease in OCN level compared to ADSCp.

The qPCR results were truly conformed to Alizarin Red S and
Oil Red O staining of ADSCs cultured on different substrates under
osteogenic and adipogenic conditions (Fig. 7). Despite higher
cytoplasmic expression of some osteogenic and adipogenic genes
in PDMS-based substrates, other results demonstrating mor-
phological or functional characteristics (microscopic imaging,
staining, and flow cytometry) confirmed that PDMS-based
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Fig. 10 Multipotential ability of ADSCs cultured on different substrates for eight weeks, exposed to adipogenic and osteogenic mediums, stained with
Oil Red O and Alizarin Red S after 21 days. ADSC stands for adipose-derived stem cell.

substrates, particularly ADSC-imprinted ones, did not follow
differentiation pathways, and the ADSC-specific pattern had a
noteworthy influence on long-term stemness maintenance.

3.5.4. Multipotency evaluation after long-term cell cultur-
ing. To confirm the differentiation capacity of ADSCs cultured
on different substrates for eight weeks, they were exposed to
adipogenic and osteogenic mediums for 21 days and stained by
Alizarin Red S and Oil Red O. Fig. 10 shows that three ADSC
populations obtained from TCP (ADSCy sample), non-patterned
PDMS (ADSCp sample), and ADSC-imprinted PDMS (ADSC;
sample) had adipogenic and osteogenic potential. However,
adipogenesis in ADSCp was seemingly higher than in ADSC;,
which might be attributed to higher PPRy expression due to a
lower strength of cell adhesion; it might be deduced that ADSCp
began to follow the adipogenesis pathway resulting in better
adipogenic differentiation. Nevertheless, the ADSC; was quite
successful in adipogenic differentiation and was able to pro-
duce many lipid droplets. In the case of osteogenesis, all
samples were successful and could form calcium deposits on
almost the entire surface of the plate.

Examination of several commercial TCPs has shown that
their surface topography is different (ranged 1-7 nm), resulting
in various protein adsorption and population doubling.”? Also,
spontaneous differentiation of MSCs by culturing them on
common TCP causes rapid diminution resulting in a hetero-
geneous population of predominantly fibroblastic phenotype.”
Although the differentiation potential of TCP and ADSC-
imprinted PDMS has similarities to some extent, it is probable
that using commercial TCPs in each clinical center and the
possibility of changes in laboratory equipment may cause
heterogeneous consequences for clinical therapies. So, creating
a culture substrate having cell-specific, cell-friendly, and maybe

6826 | J Mater. Chem. B, 2022, 10, 6816-6830

reproducible patterns can increase success in cell-based studies
and therapies.

4. Conclusions

The application of stem cells to heal various diseases has
received more attention in the last few decades. To control
the differentiation of stem cells and form a homogeneous
population in vitro, biomaterial-cell interactions and making
a substrate that can control cellular functions without using
chemical agents have become an interesting topic recently.
However, the produced substrate should have features such
as easy fabrication, cheapness, large-scale production, easy
use for different users, and availability of raw materials and
equipment.

Although common tissue culture plates (TCPs) can be used
for many stem cell applications, it is expected that using
commercial TCPs may cause heterogeneous consequences for
clinical therapies throughout the world because of their variety
of surface topography. So, creating a culture substrate with a
cell-friendly pattern can ensure success in cell-based studies
and therapies. Cell-imprinted substrates can also be autoclaved
for multiple usages, which reduces costs and creates appro-
priate maintenance conditions for in vitro cell culture.

In this study, we discussed a novel approach to making a
suitable culture substrate for the long-term expansion of stem
cells. We isolated adipose-derived stem cells (ADSCs), developed
a PDMS-based substrate having an ADSC-specific pattern and
performed some evaluations to analyze the capability of the
ADSC-imprinted PDMS substrate to delay cell differentiation and
maintain stemness after long-term cell culture. In comparison to
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common TCP and non-patterned PDMS, ADSC-imprinted PDMS
had better cell attachment and the highest proliferation percentage
due to the presence of ADSC patterns. It could capture the ADSCs’
topography well and stimulate cultured ADSCs to present their
original spindle-like morphology compared to other substrates. The
presence of an ADSC-specific pattern significantly decreased the
cell population doubling time compared to TCP and influenced
phases of the cell cycle, resulting in more rapid cell division.
Furthermore, the ADSC-specific pattern could largely prevent the
differentiation of ADSCs cultured on the substrate, confirming
the positive effect of specific surface topography on stemness
maintenance. After long-term cell culturing, ADSC-specific surface
markers were highly expressed on the cell membrane underlying
stemness preservation. It can be concluded that biomimetic ADSC-
imprinted substrates delay stem cell differentiation in vitro while
maintaining their proliferative potential even when differentiating
stimulations are used.
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