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Abstract

Controlling the in vitro behavior of mesenchymal stem cells (MSCs) remains a major challenge in
regenerative medicine. In this study, we sought to develop an advanced biomimetic culture substrate by
integrating complementary physical and biological cues. Fibroblast-imprinted polydimethylsiloxane
(PDMS) substrates were fabricated to provide a pseudo—three-dimensional (pseudo3D) topographical
cue and subsequently coated with a polydopamine (PDA) layer and fibroblast-derived cell membrane
(CM) fragments. Compared with the uncoated or single layer—coated imprinted substrates, the
combined CM-PDA coating markedly enhanced the surface hydrophilicity and coating stability. MSCs
cultured on CM-PDA-imprinted (CM—PDA-IMP) substrates demonstrated superior cellular performance,
including high viability (> 95%), increased proliferation, and enhanced cell spreading over a 72-hour
culture period, as confirmed by MTT and live/dead assays. Collectively, these results indicate that the
integration of PDA-mediated surface adhesion and native biomimetic membrane coatings with cell
shape-imprinted topographies creates a favorable microenvironment that effectively supports MSC
survival and proliferation by recapitulating key features of the native cellular niche.

1. Introduction

Stem cells are highly responsive to their surrounding environment, making them valuable for
regenerative medicine as well as for studying biological processes such as drug screening and
cytotoxicity assessment. Their unique capacity for self-renewal and differentiation is determined not only
by their intrinsic genetic makeup but also by a complex set of external cues derived from the
surrounding niche.[1] However, maintaining and directing stem cell behavior in vitro remains a major
challenge. In addition to their native in vivo environment, stem cells lose many of the biochemical and
biophysical signals that regulate their fate.[2] In particular, interactions with neighboring cells and the
extracellular matrix (ECM) play crucial roles in controlling cell behavior, including adhesion, growth,
proliferation, and differentiation.[2, 3] Therefore, various strategies have been developed to mimic the
native cellular niche and provide key regulatory signals such as growth factors, intercellular
communication, and ECM-mediated interactions.[1] Among these cues, the physicochemical properties
of the culture substrate are especially important. Mesenchymal stem cells (MSCs) can sense and
respond to substrate composition, topography, roughness, and mechanical stiffness, which in turn
regulate essential biological functions, including gene expression and lineage commitment.[4, 5] Indeed,
a previous study has shown that stem cell behavior varies significantly when cells are cultured on
hydrogel substrates with different stiffness values.[4] Thus, engineering the physical features of culture
surfaces has emerged as an effective approach for modulating cell morphology, function, and fate.[6, 7]

Although three-dimensional (3D) culture systems can better mimic native tissue architecture, their
practical limitations have encouraged the development of alternative strategies based on surface
engineering. In particular, the modification of substrate topography has attracted attention for creating
more favorable environments for stem cell growth. However, identifying the most appropriate surface
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pattern for a given cell type remains challenging because of the wide diversity of possible topographies.

[8]

Feeder-layer systems represent another established strategy for supporting stem cell culture in vitro. In
these systems, differentiated cells provide a supportive matrix for stem cell attachment and growth
while also supplying soluble factors and biomechanical cues, such as topographical features and
substrate stiffness.[9, 10] Despite their effectiveness, feeder layers have several limitations, including the
risk of feeder-cell carryover, poor reproducibility, and possible contamination with animal-derived
pathogens.[1, 10] To overcome these issues, cell-free systems such as Matrigel, which contains a
mixture of ECM proteins, have been widely used for stem cell culture. Matrigel has important drawbacks,
including high cost, batch-to-batch variability, and potential biosafety concerns.[10]

In addition to biochemical interactions, the presence of neighboring cells in the environment also
impacts cell shape and behavior through the regulation of the cytoskeleton and membrane-mediated
interactions.[1, 11] The fluid nature of the cell membrane allows membrane proteins to reorganize
dynamically according to cellular needs and establish functional interactions with adjacent cells.[12]
Therefore, the complete elimination of cell-derived structural and membrane-associated cues may
reduce the physiological relevance of in vitro culture systems, increase the doubling time and reduce the
size of colonies.[10] In agreement with this concept, Joddar et al. demonstrated that fixed feeder cells
can serve as a cost-effective alternative to live feeder layers for large-scale cultivation of human induced
pluripotent stem cells by preserving structural features while eliminating biological activity.[10] Similarly,
we have previously shown that culturing cells on "pseudo3D" substrates can promote the adoption of
more natural cell morphology.[11]

Based on these considerations, the present study aimed to develop a biomimetic culture substrate for
MSCs by combining topographical and membrane-derived biological cues. Fibroblast-imprinted
substrates were designed to preserve the cellular morphology and provide a bioinspired surface
topography capable of generating mechanical signals. These substrates were further coated with
fibroblast-derived cell membranes to facilitate interactions with stem cell receptors and deliver
biologically relevant surface cues. We then investigated the effects of this biomimetic bed on MSC
adhesion, proliferation, and viability in vitro.

2. Results and discussion

In the complex in vivo microenvironment, cells are continuously exposed to a wide range of biochemical
and mechanical signals. Like biochemical cues, physical signals can also trigger diverse cellular
responses. Previous studies have demonstrated that matrix-derived mechanical signals, such as surface
topography, can strongly impact cellular behaviors such as growth, proliferation, differentiation, motility,
migration, and gene expression through their effects on cytoskeletal organization and nuclear
architecture.[11, 13] McNamara et al. emphasized the importance of cell surface topography and shape
in maintaining the cellular architecture and mechanical signal transduction.[14] Surface topography also
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plays a central role in cell adhesion and cytoskeletal reorganization, which in turn affects intracellular
tension and the responsiveness of mechanosensitive ion channels. These changes can alter cellular
metabolism, intracellular signaling pathways, and ultimately gene expression patterns.[15] The present
study was designed to fabricate and evaluate fibroblast-imprinted biomimetic substrates as pseudo3D
culture platforms for MSCs. The substrates were functionalized with PDA to improve surface wettability
and cell membrane attachment, followed by coating with fibroblast-derived cell membrane fragments to
provide bioactive interfacial cues. Their physicochemical properties and effects on MSC morphology,
viability, and proliferation were then investigated.

2.1 Preparation of biomimetic beds (pseudo3D substrates)

2.1.1 Cell imprinting

Cell imprinting is intended to reproduce cell-like topographical cues on the substrate surface, which may
influence subsequent stem cell behavior through contact guidance and mechanosensitive interactions.
[16] To this end, fibroblasts were selected as template cells because of their well-defined spindle-shaped
morphology with an average size of approximately 18 um, ease of culture, and relevance as stromal cells
that naturally contribute structural and biochemical support within tissue microenvironments.[17, 18]

These cells were cultured on standard polystyrene culture plates according to standard cell culture
conditions until they reached 70-80% confluency before imprinting.

PDMS was chosen as the molding polymer for cell imprinting because of its favorable properties,
including biocompatibility, optical transparency, flexibility, ease of handling, and ability to reproduce
micro- and nanoscale features.[19] In addition, its density is close to that of cell culture medium, which
minimizes mechanical compression of the cells during molding.[20] After curing, the polymeric mold
was gently removed from the plate surface and cleaned with a sodium hydroxide solution to eliminate
residual cellular material and chemical contaminants. Optical microscopy revealed clear and well-
defined cell-like patterns on the polymer surface, confirming successful transfer of the fibroblast
morphology to the PDMS substrate (Fig. 1).

The high fidelity of the imprints, characterized by distinct cellular voids and negligible residual debris,
confirms the efficient transfer of the biological interface to the elastomeric mold. This finding indicates
that the observed patterns represent the morphological and topographical footprint of the cells at the
micro- and nanoscale rather than artifactual cellular material. [22] These findings are consistent with
established principles of soft lithography, where substrate compliance facilitates high-resolution
replication of nanoscale membrane features. [23] Our results corroborate prior evidence that cell-
mediated imprinting effectively reproduces complex geometries on biocompatible elastomers [24, 25],
extending our previous work on cell-imprinted ‘pseudo3D’ substrates. [11]

2.1.2 Cell membrane coating of imprints
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The use of cell membrane fragments was intended to provide biologically relevant surface-associated
cues, including membrane proteins and lipid components, that may better mimic aspects of the native
cellular microenvironment than purely synthetic coatings.[26] PDMS is widely used for the fabrication of
patterned biomaterials because of its stability and compatibility; however, its intrinsic hydrophobicity can
hinder cell adhesion and surface biofunctionalization.[27, 28] Various methods, including PEG coating
[29], ECM protein coating [30], and plasma treatment [31], have been employed to increase the
hydrophilicity of PDMS. Nevertheless, these approaches often face challenges such as instability,
hydrophobic recovery, or procedural complexity. PDA offers an attractive alternative because dopamine
can undergo self-polymerization under alkaline conditions to form a stable and biocompatible nanoscale
coating. This layer improves surface energy, wettability, and cellular interactions. [32]

As shown in Fig. 2, the unmodified imprinted PDMS substrate (IMP) was initially smooth and
hydrophobic. After PDA coating, the surface became darker, rougher, and more hydrophilic. These
changes are consistent with the known physicochemical characteristics of PDA and are important
because they can substantially affect subsequent membrane attachment and cell-surface interactions.
[33]

The ATR-FTIR spectrum of IMP (Fig. 2.b) showed characteristic PDMS absorption bands at 789 cm™'
assigned to the Si—C stretching vibration, 1011 cm™ " attributed to the Si—0—Si symmetric stretching
vibration, 1257 cm™ ! corresponding to CH; deformation in Si—CH,, and 2963 cm™ ! associated with

asymmetric CH4 stretching of the side chains.[34] In the PDA-IMP spectrum, an additional peak at 1614

cm™ ! was observed, which can be attributed to N—H bending of amide groups, supporting successful

deposition of the PDA layer.[35, 36]

PDA is known to improve cell adhesion by enhancing surface wettability and promoting protein
adsorption, thereby facilitating cell attachment.[37] Recent studies have also shown that PDA coatings
can improve cell behavior on various substrates.[38, 39] However, given the potential influence of the
PDA concentration on the stability of subsequent cell membrane coatings [40, 41], optimization of the
PDA concentration is crucial for developing a reliable surface modification strategy for stable MSC
culture. To address this issue, IMP substrates were coated with dopamine at concentrations ranging
from 0 to 10 mg/mL for 24 h, and subsequent cell membrane adhesion was assessed via fluorescence
microscopy following eosin staining (Fig. 3). These fluorescence findings indicate relative membrane
retention on the substrate after washing, although they do not by themselves establish the structural
organization or functional integrity of the coated membrane layer. We observed increased membrane
adhesion with increasing PDA concentration up to 5 mg/mL, after which adhesion decreased. This
finding strongly suggests that PDA promoted membrane retention on the IMP surface but that this effect
strongly depended on the coating concentration. At PDA concentrations below 5 mg/mL, surface
hydrophilicity was likely insufficient to support stable membrane retention on the IMP surface.
Conversely, PDA concentrations above 5 mg/mL may have rendered the surface excessively hydrophilic,
thereby reducing the adsorption of membrane-associated components. Among the concentrations
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tested, 5 mg/mL PDA produced the highest CM coating efficiency. The improved membrane retention
may be attributed to the presence of PDA amine- and catechol-containing functional groups, which can
enhance interfacial interactions and modulate surface wettability. [42] The PDA coating of PDMS has
also previously been reported to support MSC adhesion and maintenance of multipotency, making it a
useful strategy for mechanobiological studies.[43]

2.1.3 Surface topography

Surface roughness can influence protein adsorption, focal adhesion formation, and cell spreading,
thereby affecting how cells interact with engineered substrates. [44] AFM was utilized to analyze the
roughness and topographical characteristics of the modified imprint substrates. The unmodified IMP
substrate exhibited a relatively smooth morphology (Fig. 4.a), with a root mean square roughness (Rq) of
13.57 £4.22 nm (Table 1), and showed no apparent irregularities. After PDA coating, the surface
roughness markedly increased to 87.45 + 28.32 nm, likely due to the aggregation of PDA during
polymerization [45] and the formation of PDA nanoparticles on the PDMS surface through a self-
assembly process. [46] After subsequent coating with cell membrane fragments, the Rq of CM-PDA-IMP
decreased to 29.29 + 14.36 nm, indicating partial smoothing of the PDA-coated surface by the
membrane layer. The increase in roughness observed for CM-IMP relative to bare IMP also suggests
successful deposition of the membrane-derived material on the patterned surface, although the effect
was less pronounced than that produced by the PDA coating.

Roughness parameters of differer;lth)tl)I:ollted substrates measured by AFM
Roughness Parameter IMP CM-IMP PDA-IMP CM-PDA-IMP
Arithmetic roughness 1.82+0.44 12.13+0.35 18.26 £ 1.41 1.746 £ 0.1
(Ra, nm)

MS roughness 13.57+4.22 34.77+11.36 87.45128.32 29.29+14.36
(Rq, nm)
Maximum height 21.84+4.17 58.04+28.317 174.24+31.53 81.56+25.95
(Rz, nm)

2.1.4 Surface wettability

Because initial cell attachment is strongly influenced by interfacial wettability and protein adsorption,
these changes in contact angle are likely related to the improved MSC viability and growth observed on
the modified substrates.[47] Surface wettability plays a crucial role in cell-material interactions.[43, 48]
Surface modification strategies that increase hydrophilicity often improve biological interactions;[49]
however, excessive hydrophilicity may impair initial attachment and delay cell spreading.[50] Research
has shown that highly hydrophilic surfaces may impair the initial adsorption of proteins required for cell
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attachment. Because protein adsorption mediates integrin-dependent cell adhesion [50, 51], appropriate
tuning of hydrophilicity is essential for ensuring the effective attachment of CM fragments and because
protein adsorption mediates integrin-dependent cell adhesion. [50]

The surface hydrophilicity of the IMP, CM-IMP, PDA-IMP, and CM-PDA-IMP substrates was evaluated via
water droplet contact angle measurements (Fig. 4.c and d). Compared with the bare IMP, CM-IMP, PDA-
IMP, and CM-PDA-IMP all presented reduced contact angles (8),. which CM-PDA-IMP presented the
lowest contact angle (; 6 =107.5+0.28, 94.27 + 0.85°, 88.53 + 1.05°, and 6 = 59.11 + 1.68° respectively).
These findings indicate that the combined PDA and CM coating was more effective than either
modification alone in improving surface wettability. Previous studies have shown that unmodified
hydrophobic IMP surfaces can induce the rupture of CM vesicles and the formation of a monolayer,
whereas hydrophilic surfaces are more favorable for bilayer membrane formation. On hydrophobic
PDMS, vesicle rupture and fusion are driven by interfacial energy differences between the substrate and
the vesicle suspension, resulting in the formation of a lipid monolayer. Thus, the increased hydrophilicity
of PDA-modified substrates may also contribute to improved membrane organization and retention on
the patterned surface [52, 53]. Importantly, a lower contact angle alone does not necessarily predict
superior biological performance; rather, an appropriate balance between hydrophilicity, surface
chemistry, and biological functionality is needed.[52, 53]

2.2 Investigating the effects of biomimetic beds on
mesenchymal stem cells

Because MSCs are highly sensitive to both topographical and biochemical microenvironmental cues,
they represent an appropriate model for evaluating the biological performance of engineered biomimetic
substrates.[54] After fabrication and surface modification, the substrates (CM-IMP and CM-PDA-IMP)
were placed in 12-well culture plates with the patterned surface facing up to serve as a biomimetic bed
for MSC culture.

2.2.1 MSC morphology

After 24 hours of culture on the biomimetic beds, the MSCs were fixed and examined via fluorescence
microscopy and SEM (Fig. 5). The cells grown on standard culture plates appeared more elongated and
spread, whereas the cells cultured on biomimetic beds showed reduced flattening and elongation and
adopted a more three-dimensional morphology. This observation is consistent with previous research.
[11] The less flattened morphology observed on the imprinted substrates may indicate reduced
adaptation to conventional two-dimensional spreading and a closer approximation of cell behavior in
structured microenvironments.

For the CM-PDA-IMP substrate, interpretation of the cell morphology via SEM was more difficult because
drying-induced cracking of the PDA-containing coating interfered with visualization of the intact cell
outlines. Therefore, while the substrate appeared supportive of cell growth, detailed morphological

Page 7/23



assessment of this surface by SEM was limited, and complementary imaging approaches would be
useful in future studies.

2.2.2 Cell viability

The biocompatibility of the PDA and CM coatings was first assessed via the MTT assay. The viability of
the MSCs cultured on CM-PDA-IMP was greater than 95%, which was comparable to that observed on
standard tissue culture plates, whereas the viability of the cells cultured on the IMP substrate was lower
(Fig. 6.a). CM coating alone did not markedly increase cell viability. These findings suggest that
combined PDA and CM modification provided a more favorable microenvironment for MSC survival than
the imprinted substrate alone. PDA likely improved surface wettability and promoted initial attachment,
whereas the membrane coating may have provided biologically relevant interfacial cues that supported
cell survival. Similar observations have been reported in a study by Hung et al. [55], in which dopamine-
coated PDMS surfaces resulted in only limited improvement in MSC viability (less than 2%) compared
with unmodified PDMS, indicating that PDA alone may not be sufficient and may perform better when
combined with additional bioactive surface components. The improved performance of CM-PDA-IMP
may therefore be attributed to the complementary roles of its two components: PDA enhances the
physicochemical suitability of the surface, whereas the cell membrane layer contributes biomimetic
biological signals that more closely resemble the native stem cell microenvironment.

To further investigate the effects of different substrates on MSC viability and growth, live/dead staining
was performed. Dead cells were identified by PI staining and red fluorescence, whereas live cells were
stained with AQ, and emitted green fluorescence (Fig. 6.b). Microscopic examination during the first 24 h
of culture revealed that the MSCs proliferated on CM-PDA-IMP, with predominantly green fluorescent
cells and no obvious evidence of cytotoxicity. In addition, a greater number of cells were observed on
CM-PDA-IMP than on the other tested substrates. After 72 h, the cell density on CM-PDA-IMP remained
greater than that on CM-IMP and standard plates. Therefore, the live/dead results indicated that the
biomimetic substrate did not induce notable cytotoxicity and was supportive of MSC attachment and
proliferation.

The lower cell density observed on CM-IMP may reflect less favorable surface properties in the absence
of PDA, whereas the CM-PDA-coated substrate provided a more supportive interface for cell spreading
and expansion. These observations are in agreement with previous reports showing lower cell density on
unmodified PDMS than on PDA-coated substrates. [28, 46] The enhanced survival and proliferation of
MSCs on CM-PDA-IMP are likely due to the combined effects of the PDA layer and the membrane
coating. The PDA coating improved the interfacial wettability and supported protein adsorption and early
cell adhesion. PDA has also been shown to directly reduce oxidative stress and downregulate
senescence-associated genes. [56] Moreover, the cell membrane layer provides biologically relevant
surface cues that may facilitate cell-surface interactions in a more biomimetic manner. [57] Together,
these features appear to create a more favorable culture environment for MSC expansion over the 72-h
period.
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3.2.4 Cell cycle analysis

In cell cycle analysis, DNA-binding fluorochromes generate fluorescence signals proportional to the
cellular DNA content, allowing discrimination of cells in the GO/G1, S, and G2/M phases. [58] Compared
with cells cultured on standard tissue culture plates, those cultured on the biomimetic substrate
presented an increased proportion of cells in S phase together with a reduced G1 duration (Fig. 7). An
increased proportion of cells in S phase generally reflects greater entry into DNA synthesis and is
commonly interpreted as an indicator of active cell cycle progression. [59] This finding suggests that the
biomimetic bed promoted cell cycle transitions and supported a more proliferative cellular state. The
shortened G1 phase implies a more rapid transition to DNA synthesis, which is consistent with the higher
cell density and viability observed in the MTT and live/dead assays.

Taken together, these results indicate that the biomimetic substrate provided a more supportive
microenvironment for MSC expansion than did conventional culture surfaces. By integrating
topographical, physicochemical, and biological cues, the substrate may better mimic aspects of the
native ECM niche and thereby mitigate the “culture shock” often associated with standard two-
dimensional culture conditions.

Despite the promising outcomes observed in this study, several limitations should be acknowledged.
First, the stability of the bio-functionalized substrates was evaluated within a 72 h window; future
research should explore the long-term durability and mechanical integrity of the coating under extended
culture conditions. Second, while a PDA concentration of 5 mg/mL was identified as optimal, the dose-
dependent effects of the cell membrane fragment density on MSC attachment and viability warrant
further systematic investigation. Furthermore, this study focused primarily on morphological and
metabolic viability; comprehensive genetic and proteomic characterization—such as the expression of
stemness markers or lineage-specific genes—is necessary to fully elucidate the influence of this
biomimetic platform on MSC phenotype maintenance.

3. Conclusion

This study describes the development and validation of a biomimetic substrate designed to better
regulate the in vitro microenvironment of MSCs. By integrating topographical, chemical, and biological
cues, a pseudo3D culture platform was created that improved MSC adhesion, viability, and proliferation.
The substrate was fabricated through a multistep process in which PDMS was first imprinted with an
NIH/3T3 fibroblast morphology to reproduce cell-like topographical features. This imprint substrate was
then coated with PDA to reduce the hydrophobicity of the PDMS and provide a favorable interface for
subsequent biofunctionalization. Among the tested conditions, a PDA concentration of 5 mg/mL
enabled the most effective attachment of fibroblast-derived cell membrane fragments, yielding the CM-
PDA-IMP substrate.
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MSCs cultured on this biomimetic substrate exhibited a more 3D-like morphology and high viability (>
95% in the MTT assay) and improved growth over 72 h with minimal cytotoxicity. These findings suggest
that the combined use of PDA and a cell membrane coating created a more supportive and biomimetic
interface than either unmodified or singly modified substrates.

In recent years, increasing evidence of how cells sense and respond to substrate properties has enabled
more rational design of culture platforms that regulate the cellular phenotype and function.[4, 15, 60] In
this context, the present findings further support the view that conventional two-dimensional monolayer
systems do not adequately reproduce the complexity of native three-dimensional biological
environments.[61] Therefore, the combination of cell imprinting, PDA functionalization, and cell
membrane coating represents a promising approach for the development of advanced stem cell culture
platforms, with potential applications in MSC expansion, in vitro microenvironment engineering, and
regenerative medicine.

4. Methods
4.1 Materials

Paraformaldehyde, acridine orange (AO), propidium iodide (PI), and phenylmethanesulfonylfluoride
(PMSF) were purchased from Sigma—Aldrich, USA. Bradford reagent and ethanol were obtained from
Merck, Germany. Polydimethylsiloxane (PDMS; Sylgard® silicone elastomer) was purchased from Dow
Corning, USA. The NIH/3T3 cell line was obtained from the Iran Pasteur Institute. Cell culture media,
including Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS), were from
Shellmax, Iran. Human umbilical cord mesenchymal stem cells (hUCMSCs) were provided by the Center
for Nanotechnology in Drug Delivery (SUMS).

4.2 Preparation of biomimetic beds (pseudo3D substrates)

4.2.1 Cultivation of template cells

NIH/3T3 mouse normal fibroblasts were utilized as template cells to generate imprints reflecting
fibroblast morphology and topography. The cells were cultured in DMEM in 12-well plates for 24 h under
standard culture conditions until they reached approximately 70-80% confluency.

4.2.2 Cell imprinting

PDMS was used to mold the template cells. [4] After the culture medium was removed, the cells were
washed with phosphate-buffered saline )PBS( and fixed with 4% paraformaldehyde (PFA) to preserve the
cellular morphology and membrane structure. [15] PDMS and the curing agent were mixed at a 10:1
weight ratio and poured onto the fixed cells at room temperature until the surface of each well was fully
covered with an approximate polymer thickness of 1 mm. The plates were kept at room temperature to
allow trapped air bubbles formed during mixing and pouring to escape. They were then transferred to an
incubator at 37°C to speed up and complete the curing process. After overnight curing, the cell-imprinted
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PDMS substrates were detached from the plate surface. To remove cell debris and chemical residues,
the molds were immersed in 1 M NaOH for at least 1 hour and then thoroughly washed with deionized
water until a neutral pH was reached. The cell imprints were examined via optical microscopy and
atomic force microscopy (AFM) (see section 2.1.5).

4.2.3 Cell membrane isolation

NIH/3T3 fibroblasts cultured in cell culture plates were collected and centrifuged at 700 g for 5 min. The
cells were washed with precooled PBS at 4°C, pH 7.4, and centrifuged at 600 g for 5 minutes. The cell
pellets were subsequently resuspended in hypotonic lysis buffer (20 mM Tris-HCI buffer, pH 7.4; 2 mM
MgCl,; 10 mM KCI; and 1 mM EDTA-free PMSF (protease inhibitor)). The cell suspension was incubated
on ice for 15 minutes, followed by repeated rapid freeze—thaw cycles to disrupt the cells. The cell nuclei
were removed via centrifugation at 700 g for 10 minutes at 4°C. The resulting supernatant was further
centrifuged at 22,000 g for 30 minutes to isolate CMs. [62] The protein content of the isolated CMs was
quantified via the Bradford dye-binding assay.

4.2.4 Coating PDMS imprints with the cell membrane

To increase the hydrophilicity of the PDMS surface and facilitate cell membrane attachment, the
imprinted substrates were precoated with a thin PDA layer. Briefly, imprinted PDMS substrates (IMPs)
were immersed in dopamine hydrochloride solutions at different concentrations (0.2, 0.5, and 1% w/v in
10 mM Tris-HCI buffer, pH 8.5) for 24 h. Then, the PDA-coated IMP (PDA-IMP) was rinsed twice with
deionized water to remove unbound PDA. [28]

For the cell membrane coating used to prepare the biomimetic bed, IMP and PDA-IMP substrates were
immersed in fusogenic buffer composed of 20 mM HEPES buffer, 150 mM NaCl, and 2 mM CacCl,,

adjusted to pH 7.5. [63] Cell membrane fragments (CM) were added to the buffer at a final concentration
of 250 pg/mL and incubated overnight at 37°C in a humidified atmosphere containing 5% CO.,.

4.2.5 Characterization of biomimetic beds

ATR-FTIR spectroscopy (Tensor Il, Bruker, Germany) was performed to confirm PDA deposition on the
imprinted PDMS surface. The absorbance spectra were recorded over the range of 400-4000 cm~".

The presence of the CM coating was verified via fluorescence microscopy. The CM-IMP and CM-PDA-
IMP substrates were fixed with 4% paraformaldehyde for 15 minutes, washed, and stained with 1% eosin
for 5 minutes. The samples were subsequently observed under a fluorescence microscope equipped
with a green filter set, with excitation/emission wavelengths of approximately 525/546 nm.

The surface topography and roughness of the IMP, CM-IMP, PDA-IMP, and CM-PDA-IMP substrates were
analyzed via atomic force microscopy (AFM; Standard, Ara Research, Iran) in tapping mode.

Water contact angle measurements were performed via a CAG-10 dynamic contact angle analyzer to
assess changes in surface hydrophilicity following PDA and CM coating. Measurements were performed
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using multiple water droplets, and the results were averaged (n = 3).
4.3 MSC culture on biomimetic beds

To evalute the effects of biomimetic beds on MSC morphology, survival, and proliferation, MSCs were
cultured on IMP, CM-IMP, and CM-PDA-IMP substrates. Standard polystyrene culture plates were used as
controls.

4.3.1 Assessment of cell morphology

Cell morphology on various substrates was examined using scanning electron microscopy (SEM,;
TESCAN-Vega3, TESCAN) at an accelerating voltage of 20 kV. After removing the culture medium, cells
were rinsed with PBS and fixed with 4% paraformaldehyde solution to preserve cellular morphology. After
20 minutes, paraformaldehyde was removed, and the samples were washed with deionized water. Cells
were dehydrated using a graded ethanol series (30%, 50%, 70%, 90%, and 96%) for 10 minutes at each
concentration. [64] Before imaging, the samples were coated with a thin layer of gold.

4.3.2 MTT assay

The biocompatibility and cytotoxicity of the biomimetic beds toward MSCs were evaluated via the MTT
assay. The substrates were placed at the bottom of the wells of 12-well cell culture plates, and the MSCs
were seeded at a density of 6x10° cells/well and incubated at 37°C in a humidified atmosphere
containing 5% CO,. The cells were then washed with PBS, treated with MTT reagent (0.5 mg/ml), and
incubated at 37°C for 4 h. The medium was then removed, and the resulting formazan crystals were
dissolved in DMSO. The absorbance was measured at 570 nm with a reference wavelength of 650 nm
via a microplate reader. Cell viability was determined via absorbance measurements, with values
compared to those of cells cultured on standard tissue culture plates (SPL®) used as the control group.

4.3.3 Live/Dead assay

MSCs were cultured on biomimetic beds and control plates for 3 days to assess viability and
proliferation. The cells were seeded at a density of 6x10° cells/well on each substrate and incubated at
37°C with 5% CO,. After incubation, the cells were washed with PBS and stained with 5 pg/mL acridine
orange (AO) and 5 pg/mL propidium iodide (PI) for 5 minutes. The cells were then washed with PBS,
fixed with 4% paraformaldehyde, and examined under a fluorescence microscope (Carl Zeiss, Jena,
Germany).

2.2.4 Cell cycle assessment

The DNA content of Pl-stained cells was assessed by flow cytometry to quantify the percentage of cells
in the G1, S, and G2/M phases. [65, 66] Approximately 2x1 0° MSCs were seeded onto both standard
plates and biomimetic substrates and cultured for 72 hours. Following incubation, the cells were
harvested, and the resulting pellets were gently resuspended in 500 pL of PBS to obtain uniform single-
cell suspensions. For fixation, each cell suspension was transferred into 4.5 mL of ice-cold 70% ethanol
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and stored at 4°C for at least 2 hours. The cells were subsequently centrifuged to remove the ethanol,
resuspended in 5 mL of PBS, and centrifuged again. The final cell pellet was then incubated in 1T mL of PI
staining solution supplemented with 0.1% v/v Triton X-100 and 100 pg/ml DNase-free RNase A for 15
minutes at 37°C in the dark before flow cytometry. Prior to data acquisition, microscopic examination
was conducted to ensure the absence of cell aggregation. Subsequently, cell cycle analysis was
performed via a FACSCalibur™ flow cytometer (Becton-Dickinson, USA), and the resulting data were
analyzed via FlowJo software. The duration of the G1 phase was calculated via the following equation:

Equation (1) TG, = ;;A( In(fG1+1)

where TC is the cell cycle length, or a doubling time of approximately 40 hours in the study, and where
fc1 is the fraction of cells in the G; phase.

2.2.4 Image processing

Microscopic image processing was performed using ImagedJ (version 1.54g). To improve visual clarity,
contrast was adjusted globally across the entire images. Furthermore, the cell boundary in the CM-PDA-
IMP SEM panel was manually outlined to specifically delineate the region of interest. No other data
manipulations were performed.
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Figures

Figure 1

Light microscopy image of the NIH/3T3 fibroblast cell imprint (cell void) (a) and NIH/3T3 fibroblast cell
morphology (reprinted with permission from Esposito et al.) [21] (b) (for better resolution, images were
taken at a lower cell confluency).
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Figure 2

a) PDMS substrate before (top) and after coating with PDA (bottom); b) ATR-FTIR spectra of the PDMS
imprint (IMP) and PDA-coated PDMS imprint (PDA-IMP).
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Figure 3
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Effect of dopamine (DA) concentration during PDA coating on subsequent cell membrane (CM)
attachment to the PDA-IMP substrate. Green fluorescence shows cell mebrane patches on PDA-IMP.
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Figure 4

AFM micrographs of various imprint substrates (a); MS surface roughness analysis (b); representative
images of water droplet formation on various imprint substrates for wettability analysis (c); and
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quantification of water droplet contact angles (d). (IMP: imprint, CM-IMP: cell membrane-coated imprint,
PDA-IMP: polydopamine-coated imprint, CM-PDA-IMP: cell membrane-polydopamine-coated imprint)

Control (plate) CM-IMP CM-PDA-IMP

Fluorescent
micrographs

o 2 b
SEM HV: 20.0 kV WO 14.58 men
View flald: 224 pm Dot: SE
SEM MAG: 839 x | Date{m/dry): 061624

50 pm

Figure 5

Morphological assessment of MSCs cultured on different substrates. Representative fluorescence
images (upper panel) and SEM micrographs (lower panel) of MSCs cultured on control polystyrene
plates, CM-IMP, and CM-PDA-IMP substrates. The CM-PDA-IMP surface displays characteristic drying-
induced microcracking due to specimen preparation, which partially obscured cellular morphology and
introduced deformation artifacts. To improve visual clarity, the cell boundary in the last SEM panel was
manually outlined.
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Figure 6

Quantitative analysis of MSC viability via the MTT assay (a) and cytotoxicity analysis via live/dead
staining of MSCs cultured on different substrates (b). (IMP: imprint, CM-IMP: cell membrane-coated
imprint, PDA-IMP: polydopamine-coated imprint, CM-PDA-IMP: cell membrane-polydopamine-coated
imprint)
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Figure 7

Percentages of MSC populations in different cell cycle phases (a) and G1 durations (h) (b) in MSCs
cultured on standard plates and cell membrane-polydopamine-coated-imprinted substrates (CM-PDA-
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