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A B S T R A C T

Cellulose acetate (CA) is an attractive and sustainable biopolymer for biomedical applications due to its 
biocompatibility, tunable physicochemical properties, and compatibility with microfabrication. Mechanical 
stimuli such as topographical cues are known to profoundly influence stem cell behavior, yet their employment 
in cellulose acetate systems remains underexplored. In this study, we present a reproducible soft-lithography 
approach to engineer CA scaffolds with well-defined microstructured topographies and controlled surface 
roughness. The interfacial characteristics of the resulting biointerfaces were assessed using atomic force mi
croscopy. Mesenchymal stem cells cultured on these microstructured platforms exhibited enhanced adhesion, 
cytoskeletal organization, and focal adhesion formation compared with flat CA controls. Notably, surfaces with 
intermediate roughness modulated the nuclear translocation of the mechanosensitive regulator TAZ, relative to 
flat and high roughness surfaces, in a topography dependent manner, suggesting activation of adhesive and 
cytoskeletal signaling pathways. Under osteogenic conditions, these biointerfaces further supported elevated 
alkaline phosphatase activity and osteopontin expression, indicative of enhanced early osteogenic commitment. 
Overall, this work demonstrates that microstructured CA biointerfaces act as instructive platforms that modulate 
mesenchymal stem cell response through topography-mediated mechanical cues, highlighting their potential as 
sustainable platforms for bone tissue engineering applications.

1. Introduction

Bone disorders, caused by injury, tumor resection, ageing, or diseases 
like osteoporosis and arthritis, pose significant health and economic 
challenges worldwide [1,2]. Treatment costs are high, compounded by 
long healing times. While bone possesses a remarkable regenerative 
capacity, large or complex defects often fail to heal properly [1,3,4]. 
Current therapeutic options, including autografts and allografts, are 
limited by donor site morbidity, immune rejection, and risks of disease 
transmission [4]. Consequently, Bone Tissue Engineering (BTE) has 
emerged as a promising alternative, aiming to enhance the innate 

regenerative potential through engineered scaffolds and cell-based 
therapies. Therefore, research in BTE focuses on stem cells, such as 
mesenchymal stem cells (MSCs), and how to influence their response 
through environmental cues [2].

Cells are mechanosensitive, responding to diverse physical stimuli, 
such as substrate topography, stiffness, and shear stress. They can 
convert physical stimuli into biochemical signals through mechano
transduction, where cytoskeletal-mediated forces, exerted by the prop
erties of the adhering substrates, are transmitted into the nucleus, 
inducing functional changes [5,6]. Micro- and nano-scale surface fea
tures guide stem cells’ adhesion, migration, differentiation, and specific 
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gene expression, emphasizing the importance of mimicking the extra
cellular matrix (ECM) environment in scaffold design. Despite signifi
cant advances, the detailed mechanisms underlying these responses 
remain unclear [3,7,8].

Substrate properties, such as stiffness and roughness, may regulate 
MSCs’ response through mechanosensitive signalling pathways [9–11]. 
Mechanical forces are transmitted through the cytoskeleton, notably 
through actin stress fibers, ultimately affecting cell shape and function 
[12,13]. Cell shape influences differentiation [14], with cytoskeletal 
remodelling influencing key transcriptional regulators like YAP/TAZ 
[15]. YAP/TAZ are key regulators of MSCs’ mechanotransduction, 
driving anti-apoptosis, proliferation, gene expression and differentiation 
[16,17]. Several osteogenic genes (e.g., Runx2, ALP) appear to interact 
with YAP/TAZ, indicating the association of mechanotransduction to 
bone formation [9,18–21].

Surface topography significantly affects cell morphology, spreading, 
and orientation through contact guidance, wherein cells orient along 
topographical features [14,22]. Cells can sense such surface patterns 
ranging from 10 nm to 100 μm with various structures, such as gratings, 
wrinkles, pillars, spikes and particles, capable of modulating cell 
behavior. Topographical characteristics have been reported to regulate 
MSCs’ osteogenic differentiation [6,23–28]. Surface topography pro
motes integrin activation, focal adhesion (FA) formation (e.g., Vinculin, 
Paxillin) and cytoskeletal alignment, providing structural support and 
function [6,29]. Integrins are involved in cell-matrix adhesion through 
FAs, linking the ECM to the cytoskeleton, mediating cell adhesion, 
migration and signaling [30,31], while force-sensitive proteins regulate 
actomyosin contractility, during FA maturation, influencing down
stream cellular functions [32]. Recent reviews have further highlighted 
the central role of scaffold material properties and microtopographical 
cues in regulating stem cell fate and osteogenic outcomes in BTE 
[33–35].

Soft lithography is a widely used non-photolithographic technique, 
based on self-assembly and replica molding, for creating high-resolution 
micro- and nano-structures. It appears as a non-toxic, effective, inex
pensive, and high-throughput method [36–38]. Although an initial 
master fabrication step (e.g., photolithography, e-beam lithography) is 
required, it is performed only once [38]. Soft lithography typically in
volves an elastomeric poly(dimethylsiloxane) (PDMS) stamp for trans
ferring patterns with feature sizes ranging from 30 to 100 μm [36,37].

Among natural polymers, cellulose stands out for its abundance, eco- 
friendliness, and excellent mechanical properties. Cellulose acetate (CA) 
is the most valuable cellulose derivative due to its biocompatibility, 
biodegradability, low cost, and excellent mechanical and chemical sta
bility. CA exists as cellulose triacetate and diacetate, depending on the 
degree of acetate substitution, and is typically soluble in organic sol
vents like acetone and dioxane [39–41]. CA has gained significant 
attention in biomedicine, particularly for applications in drug delivery, 
tissue engineering, and sutures, due to its favorable properties [42]. 
However, although mechanical stimuli such as topographical cues pro
foundly influence stem cell responses, their employment in cellulose 
acetate systems remains underexplored.

Biomaterials substrates with well-defined topographies offer a 
promising strategy to modulate cellular responses by inducing specific 
biochemical signals according to therapeutic needs [27,43]. This study 
aims to explore the influence of micropatterned CA biointerfaces on 
MSCs’ response and early osteogenic commitment. Microstructured CA 
replicas with low and high roughness features were fabricated via soft 
lithography, and their effects on MSCs adhesion, proliferation, interfa
cial mechanics (via focal adhesions and TAZ localization), and 
early-to-middle osteogenic differentiation were investigated. The ad
vantages of soft lithography were leveraged to fabricate polymeric 
micropatterned surfaces in a repeatable manner, and their morpholog
ical, physicochemical and mechanical characteristics were assessed. We 
hypothesized that CA microtopographies modulate MSC behavior by 
altering interfacial mechanics at the cell–material interface, thereby 

regulating focal adhesion maturation and YAP/TAZ-dependent mecha
notransduction. Specifically, we anticipated that LR would provide 
optimal mechanical cues for early osteogenic commitment. Overall, this 
work aims to elucidate how microstructured CA biointerfaces regulate 
MSC mechanotransduction and osteogenic signaling, supporting the 
development of sustainable polymeric scaffolds for BTE applications.

2. Materials and methods

2.1. Preparation of the scaffolds

2.1.1. Fabrication of laser micro-structured substrates and PDMS negative 
molds

Silicon substrates and the PDMS (SYLGARD 184, Dow Corning, 
Midland, MI, USA) negative molds were fabricated as reported previ
ously [44–47] and they were used for the reproduction of the initial Si 
morphologies by producing CA scaffolds. The ultra-fast laser-fabricated 
Si substrate is characterized as the “master” substrate. An adequate 
number of PDMS negative molds were produced for flat, low (LR) and 
high roughness (HR) topographies, with an overall spike area of 0.5 cm2 

(Supplementary Fig. 1(A)).

2.1.2. Fabrication of CA replicas via soft lithography
Using the PDMS negative mold (negative spikes morphology), CA 

replicas were produced, as they reproduce the surface topography of the 
original Si masters. Polymeric solutions of 8 % (w/w), 10 % (w/w), 15 % 
(w/w), 30 % (w/w) and 40 % (w/w) CA (Mn~30,000 g/mol, Sigma- 
Aldrich, Saint Louis, MO, USA) (acetyl content: 39.3–40.3 wt%, corre
sponding to cellulose diacetate) in acetone (≥99.5 %, Honeywell, 
Charlotte, NC, USA) were carefully prepared by heating the mixture at 
50 ◦C for 20 min. Then, the solutions were stirred (700–800 rpm for 
40 min at 50 ◦C). A droplet (60 μL/PDMS mold) of CA solution was 
poured on each PDMS negative mold. The deposited CA droplet was 
allowed to rest for 2 min and then a 13 mm diameter glass coverslip 
(VWR, Avantor Inc., Radnor, PA, USA) was gently placed on top of the 
droplet, without applying external pressure. This step facilitated 
handling and enabled easier peeling of the replicas after complete dry
ing. Following the evaporation of the solvent, the CA-coated PDMS mold 
was heated on a heating plate at 50 ◦C for 3 h. Then, the CA replicas 
were peeled from the PDMS negative mold (Supplementary Fig. 1(B)). 
Throughout the manuscript, the term “CA replicas” is used when refer
ring to the fabricated substrates/replicas in the context of material 
preparation and physicochemical characterization, while the term “CA 
biointerfaces” is used when referring to the same substrates in the 
context of cell–material interactions and biological studies.

2.2. Characterization of CA replicas

2.2.1. Scanning electron microscopy
CA replicas were analyzed by Scanning Electron Microscopy (SEM). 

The samples were sputter-coated with a 15 nm film of Au (BAL-TEC SCD 
050) (Balzers, Liechtenstein) before SEM examination. The SEM used for 
the acquisition of the images was the JEOL JSM-6390 LV or JSM- 
IT700HR (JEOL Ltd., Tokyo, Japan). SEM images were analyzed using 
ImageJ software (version 2.16.0/1.54p, National Institutes of Health, 
Bethesda, MD, USA) to calculate CA replica feature height and width, 
based on measurements from multiple regions per sample 
(Supplementary Table 1).

2.2.2. In vitro degradation and swelling assay
Freshly prepared CA replicas were fully dried (as described in 2.1.2.) 

and weighed to obtain the initial weight (W₀). The samples were then 
immersed in phosphate-buffered saline (PBS, pH 7.4) (Sigma-Aldrich, 
Saint Louis, MO, USA) at 37 ◦C. At predetermined time intervals, sam
ples were removed, dried, and weighed (Wt). Independent samples were 
used for each time point to minimize handling. The time intervals 
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examined were t = 0, 2, 7, 14, 21 and 40 days. The weight loss of the 
scaffolds was calculated according to Eq. (1): 

Weight loss (%) =
W0 − Wt

W0
× 100 (1) 

For the swelling assay, the dried scaffolds were first weighed (initial 
weight, W0) and then immersed in PBS (pH 7.4) at 37 ◦C. The swelling 
kinetics were investigated by the gravimetric method. At predetermined 
time intervals, the samples were removed from PBS, wiped dry with 
filter paper on the surface, and weighed. The time intervals examined 
were t = 20, 50, 80, 100, 120, 160, 220, 300 and 380 min. The swelling 
ratio at time t was calculated using the Eq. (2): 

Swelling ratio (%) =
Wt − W0

W0
× 100 (2) 

Both degradation and swelling assays were performed in triplicate 
(n = 3).

2.2.3. Wettability
The wettability of the flat and patterned CA replicas was evaluated 

using an optical contact angle system (OCA 15EC, DataPhysics In
struments GmbH, Filderstadt, Germany) with the sessile drop method. A 
4 μL droplet of distilled–deionized water was gently deposited onto each 
surface using a micro-syringe, and images were recorded using the in
tegrated CCD camera. Contact angles were automatically calculated 
using the instrument’s software (SCA-20).

2.2.4. UV-Vis spectroscopy
The optical properties of the flat and patterned CA substrates were 

characterized using a Horiba Duetta™ (Horiba, Ltd., Kyoto, Japan) UV- 
Vis Spectrophotometer. Prior to analysis, each scaffold was carefully 
secured in the spectrophotometer's sample holder. Absorbance and 
transmittance spectra were collected across a wavelength range of 
250–1000 nm, with a 2 nm step size. The acquired data were analyzed 
using OriginPro 2016 Data Analysis and Graphing Software (OriginLab 
Corporation, Northampton, MA, USA).

2.2.5. Fourier transform infrared (FT-IR) analysis
The chemical composition of the flat and patterned CA replicas were 

analyzed using FT-IR spectroscopy and characteristic peaks corre
sponding to CA were identified to confirm the composition of the sam
ples; FT-IR (absorbance) experiments were carried out with a Bruker 
Vertex 70 v FT-IR vacuum spectrometer (Bruker Optics GmbH, Ettlin
gen, Germany) equipped with a A225/Q Platinum Attenuated Total 
Reflectance (ATR) unit with single reflection diamond crystal through 
total reflection measurements, in a spectral range of 3200–350 cm− 1. A 
broad band KBr beamsplitter and a room temperature broad band tri
glycine sulfate (DTGS) detector were used, while interferograms were 
collected at 4 cm− 1 resolution (8 scans), apodized with a Blackman- 
Harris function, and Fourier transformed with two levels of zero filling 
to yield spectra encoded at 2 cm− 1 intervals. Before scanning the sam
ples, a background diamond crystal was recorded, and each sample 
spectrum was obtained by automatic subtraction of it. Spectral acqui
sition and baseline correction were performed using the OPUS 8.9 
software package (Bruker Optics GmbH, Ettlingen, Germany). Addi
tional data processing and plotting were carried out using OriginPro 
2016 Data Analysis and Graphing Software (OriginLab Corporation, 
Northampton, MA, USA).

2.2.6. Atomic force microscopy
2D topographic and phase images and force distance curves were 

obtained with a Dimension Icon Atomic Force Microscope (AFM) in
strument equipped with a Nanoscope controller V (both Bruker, Bill
erica, MA, USA) in peak force mode [48]. Scan ranges varied from 50 µm 
to 0.5 µm at typical, adjusted scan rates of 0.2–1 Hz and image resolu
tion of 256 × 256 pixels up to 512 × 512 pixels. RTESPA-300 etched 

silicon probes with a reflective Al coating, and a nominal resonance 
frequency of 300 kHz were used. The cantilever stiffness was calibrated 
on a sapphire reference sample, and a deflection sensitivity of 
86.5 nm/V and a spring constant of 20.75 N/m were obtained. The tip 
radius was determined on a rough Ti sample to be 16.5 nm, corre
sponding to a penetration depth of 6 nm. The software NanoScope 
Analysis 3.00 (Bruker, Billerica, MA, USA) was used for the AFM data 
analysis. A plane fit algorithm was applied to the topographic height 
images to correct for any possible macroscopic sample tilts. Parts of the 
images, largely from the rough surfaces, were masked to consider only 
areas relevant for the plane surface. The retraction part of the force 
curves was fitted by including the adhesion force based on the Derja
guin, Muller, and Toporov (DMT) model, assuming a spherical indenter 
for small indentations and tip–sample adhesion [49–51]. The adhesion 
force was manually adjusted to the minimum of the force curve, and fit 
boundaries were set to 90 % and 0 % to reliably obtain the reduced 
Young's modulus and the R2 for the quality of fit for each of the samples. 
For statistics, at least 3 force curves were analyzed, and the resulting 
reduced Young's modulus was averaged to obtain the mean value for the 
given sample.

2.3. Cell studies

2.3.1. Cell cultures
Mouse bone marrow MSCs (C57BL/6, Cyagen, Santa Clara, CA, USA) 

were used for all experiments. Cells were cultured in Dulbecco’s modi
fied Eagle’s medium (DMEM) low glucose (1000 mg/L glucose; Gibco™, 
Waltham, MA, USA), supplemented with 10 % fetal bovine serum (FBS; 
Gibco™, Waltham, MA, USA) and 1 % penicillin/streptomycin (PS; 
Gibco™, Waltham, MA, USA). Cultures were maintained at 37 ◦C in a 
humidified 5 % CO₂ incubator, with medium changes every 3–4 days. 
MSCs between passages 5–10 were used. CA replicas were UV-sterilized 
(λ = 254 nm, 30 min) in a cell culture hood and placed in sterile 24- or 
48-well plates (Corning Inc., New York, NY, USA). A cell suspension of 
30,000 cells/mL was seeded onto the scaffolds for short-term (1, 3 days) 
and long-term (8, 15, 22 days) studies. Tissue culture plastic (TCP) 
coverslips (polystyrene, Corning Inc., New York, NY, USA) were used as 
controls.

2.3.2. Scanning electron microscopic analysis of MSCs on the CA scaffolds
MSCs cultured on the patterned CA replicas were examined by 

scanning electron microscopy (SEM) using a JEOL JSM-6390 LV or JSM- 
IT700HR (JEOL Ltd., Tokyo, Japan). After culture termination, samples 
were rinsed twice with 0.1 M sodium cacodylate buffer (SCB; Sigma- 
Aldrich, Saint Louis, MO, USA), pH 7.4) for 5 min at 4 ◦C and fixed in 
2.5 % glutaraldehyde (Sigma-Aldrich, Saint Louis, MO, USA) / 2.5 % 
paraformaldehyde (PFA; Sigma-Aldrich, Saint Louis, MO, USA) in SCB 
for 30 min at 4 ◦C. Samples were then washed twice with SCB and 
dehydrated through a graded ethanol series (30 %, 50 %, 70 %, 90 %, 
100 %), 10 min each at 4 ◦C. Following dehydration, samples were 
immersed in HMDS (Sigma-Aldrich, Saint Louis, MO, USA)/ethanol 
(Sigma-Aldrich, Saint Louis, MO, USA) (50:50) for 30 min and 20 min, 
and finally in 100 % HMDS for 20 min twice, then left to dry overnight. 
Prior to imaging, samples were sputter-coated with a 15 nm gold layer 
(Baltec SCD 050, BAL-TEC AG, Liechtenstein).

2.3.3. Live/dead assay
Cell viability was assessed using the LIVE/DEAD™ Viability/Cyto

toxicity Assay Kit (L3224, Thermo Scientific, Waltham, MA, USA). MSCs 
(30,000 cells/mL) were seeded onto the CA replicas and incubated for 
24 h under standard culture conditions. After medium removal, samples 
were washed twice with PBS. A working Live/Dead solution was pre
pared by adding 20 μL of 2 mM ethidium homodimer-1 (EthD-1) to 
10 mL PBS (final concentration 4 μM), followed by the addition of 5 μL 
of 4 mM calcein-AM stock (final concentration 2 μM). A volume of 
500 μL of this solution was added to each sample and incubated for 
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45 min at room temperature. Samples were then washed once with PBS, 
and fluorescence images were acquired using a Carl Zeiss (ZEISS, 
Oberkochen, Germany) fluorescence microscope, with a 10x objective 
lens.

2.3.4. Osteogenic differentiation
To induce osteogenic differentiation, 24 h after MSCs seeding, the 

standard culture medium was replaced with the osteogenic medium. The 
osteogenic medium (OSTEO) consisted of DMEM - high glucose 
(4500 mg/L glucose) (Gibco™, Waltham, MA, USA), 10 % FBS, 1 % 
penicillin/streptomycin (PS), 0.1 mM dexamethasone (Sigma-Aldrich, 
Saint Louis, MO, USA), 0.17 mM L-ascorbic acid and 10 mM β-glycer
ophosphate (Sigma-Aldrich, Saint Louis, MO, USA). The OSTEO medium 
was renewed every three days, and the differentiation was assessed at 
1 + 7 days, 1 + 14 and 1 + 21 days. For comparison purposes, samples 
without OSTEO medium were also studied at time points 8, 15 and 22 
days.

2.3.5. Immunocytochemical assay
For immunocytochemistry, samples were washed twice with PBS 

(pH 7.4) and fixed with 4 % paraformaldehyde (PFA) for 15 min at room 
temperature. After two additional PBS washes, cells were permeabilized 
with 0.1 % Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA) for 
5 min, washed again, and blocked with 2 % bovine serum albumin 
(BSA) (Sigma-Aldrich, Saint Louis, MO, USA) in PBS for 30 min. Cells 
were then incubated with the primary antibodies (Table 1) overnight at 
4 ◦C. The following day, samples were washed and incubated with the 
corresponding secondary antibodies (Table 1) and phalloidin for 2 h, 
followed by nuclear staining with 4’,6-diamidino-2-phenylindole 
(DAPI) (Invitrogen™, Waltham, MA, USA). Imaging was performed 
using a Leica SP8 laser scanning confocal microscope (Leica Micro
systems, Wetzlar, Germany).

2.4. Image analysis

Image processing was performed using ImageJ software (version 
2.16.0/1.54p, National Institutes of Health, Bethesda, MD, USA) [52]
and CellProfiler 4.2.8 software (Broad Institute, Cambridge, MA, USA). 
CellProfiler was used to characterize the cell morphological parameters: 
nuclear aspect ratio and nuclear to cytoplasmic protein intensities. 
Different image processing pipelines were generated to load 2- or 
3-channel immunofluorescent images for each analysis. This was fol
lowed by automated detection of cell nuclei, cell and nuclear aspect 
ratio and nuclear to cytoplasmic ratios of the protein TAZ [53–55]. 
Wherever applicable, mean fluorescence intensity was evaluated across 
multiple independent samples and multiple fields of view per condition, 
using identical acquisition and analysis parameters, to ensure consis
tency and reproducibility of the observed trends. Cell proliferation was 
assessed by automated nuclear counting from fluorescence images using 
ImageJ, based on DAPI-stained nuclei, across multiple fields of view per 
sample.

2.5. Statistical analysis

The data were subjected to one-way ANOVA followed by post hoc 
Tukey HSD for multiple comparisons between pairs of means with the 
software GraphPad Prism 8.0.2 (Dotmatics, United Kingdom). The sta
tistically significant difference between experimental results was indi
cated by *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. The 
error bars denote the standard deviation of the mean. Unless otherwise 
specified, all experiments were performed with a minimum of three 
independent replicates.

3. Results & discussion

3.1. Scaffold fabrication, physicochemical and surface-mechanical 
characterization

Fabrication of CA replicas. Five different concentrations of CA in 
acetone (8 % (w/w), 10 % (w/w), 15 % (w/w), 30 % (w/w) and 40 % 
(w/w)) were prepared to find out which CA concentration was ideal. The 
produced CA solutions were then cast on the PDMS negative molds to 
form patterned substrates. From now on, the 8 %, 10 %, 15 %, 30 % and 
40 % CA replicas will be called 8CA, 10CA, 15CA, 30CA and 40CA 
replicas, respectively.

Due to the low polymer content in 8CA replicas, the resulting sur
faces were very fragile and were torn when they were peeled from the 
PDMS negative mold (Supplementary Fig. 2(A)). At higher CA concen
trations, the replicas exhibited holes caused by rapid solvent evapora
tion (Supplementary Figs. 2 (C) and (E)). Moreover, CA solutions above 
20 %-30 % became difficult to handle due to high viscosity, while the 
produced replicas were excessively thick and non-uniform (thick central 
region: ~3 mm and thinner edges: ~1 mm). The best results were ob
tained using 10CA and 15CA solutions. SEM images (Supplementary 
Fig. 3) showed that both sample types were intact, defect-free surfaces of 
optimal thickness. While 8CA, 30CA, and 40CA replicas were well 
replicated (Supplementary Figs. 2(B), (D), (F)), they were not ideal due 
to fragility, difficult handling and significant loss of surface area 
(Supplementary Figs. 2(A), (C), (E)).

10CA provided optimal surface integrity and topographical fidelity 
without defects or excessive thickness. Therefore, this concentration was 
used for subsequent scaffold fabrication and biological evaluation. 
Although low concentrations of CA are optimal for soft lithography, 
Daskalakis et al. [56] demonstrated that a concentration of approxi
mately 30 % CA is ideal for 3D bioprinting. These findings highlight the 
versatility of CA across different fabrication techniques.

Structural characterization of CA replicas. As shown in Fig. 1(A), 
the flat samples exhibited smooth surfaces with no spikes, while the LR 
and HR topographies were distinguished by spike height, with HR bio
interfaces (Fig. 1(C)) displaying sharper and more defined peaks. In 
addition, no significant differences were observed between the three CA 
samples and their original Si masters [44–47].

The geometrical characteristics of the Si masters were previously 
measured [44–47]. In these studies, poly(lactide-co-glycolide) (PLGA) 
was used to fabricate patterned surfaces via soft lithography, using the 
same PDMS negative molds. It was found that the spikes of LR topog
raphies had a height of 3.06 ± 0.40 μm and a width of 2.93 ± 0.30 μm, 
whereas the spikes of HR topographies had a height of 10.55 ± 1.10 μm 
and a width of 4.68 ± 0.41 μm [43,44]. In the case of CA biointerfaces, 
the spikes of LR topographies had a height of 2.43 ± 0.19 μm and a 
width of 1.70 ± 0.23 μm, whereas the spikes of HR topographies had a 
height of 9.19 ± 0.66 μm and a width of 5.03 ± 0.8 μm (Supplementary 
Table 1). Similar measurements exist for PCL biointerfaces (unpublished 
data). Although minor variations in spike dimensions were noted be
tween polymeric materials and Si masters, they fell within the standard 
deviation range. This suggests that soft lithography offers high replica
tion fidelity, accurately transferring micropatterned topographies on 
biodegradable polymers.

Table 1 
Antibodies used for this investigation. All antibodies were diluted in 1 % BSA in 
PBS 1x solution, at the respective concentrations.

First Antibody Second Antibody
Paxillin (rabbit) (Abcam, UK) (1:400) Goat anti-rabbit 555 (Biotium Inc., 

Fremont, CA, USA) (1:600)
Osteopontin (rabbit) (Abcam, UK) (1:500) Goat anti-rabbit IgG 647 (Biotium Inc., 

Fremont, CA, USA) (1:500)
TAZ (rabbit) (Cell Signaling Technology, 

Danvers, MA, USA) (1:300)
Goat anti-rabbit IgG 647 (Biotium Inc., 
Fremont, CA, USA) (1:500)

ALP (rabbit) (Abcam, UK) (1:400) Goat anti-rabbit 555 (Biotium Inc., 
Fremont, CA, USA) (1:600)

Phalloidins
Actin Phalloidin 568 (Biotium Inc., Fremont, CA, USA) (1:500) or 680 (Biotium Inc., 

Fremont, CA, USA) (1:800) or TRITC 532 (Millipore, Burlington, MA, USA) (1:1000)

E. Kanakousaki et al.                                                                                                                                                                                                                          Materials Today Communications 51 (2026) 114808 

4 



Fig. 1. SEM images (A–C), tilted view, scale bar: 10 μm, and SEM images (D–F), top view, scale bar: 5 μm, of CA replicas with: A, D) Flat, B, E) Low Roughness and 
C, F) High Roughness topography. Images of water droplets (4 μL) on: G–I) CA replicas. J) UV-Visible light absorbance, K) transmittance spectra and L) ATR FT-IR 
measurements of CA replicas. SEM images (tilted view, scale bar: 5 μm) of the M) Flat, N) Low & O) High Roughness CA replicas, after 40 days of immersion in PBS, 
at 37 ◦C. P) Mass loss (%) & Q) Swelling ratio (%) of the CA replicas. The data were subjected to ANOVA with post hoc Tukey HSD test for multiple comparisons 
between the groups (*p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001), n = 3. The error bars denote the standard deviation of the mean.
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Wettability and Spectroscopic analysis. CA is generally less hydro
philic than cellulose, due to the substitution of a hydroxyl (-OH) group 
with acetyl groups. Nevertheless, CA films were generally hydrophilic as 
reported in literature, for solution-cast [57] or spin-coated thin CA films 
[58,59]. To assess how both the biomaterial and surface roughness in
fluence wettability, the water contact angle of CA replicas was measured 
(Fig. 1(G–I)).

The flat CA replicas exhibited contact angles in the range of 56.6◦ ±

0.6◦, indicating a hydrophilic surface. The contact angle of LR topog
raphies had values (81.8◦ ± 6.5◦) below 90◦ and therefore they were 
considered as hydrophilic. Finally, the measurements obtained for the 
HR topographies (96.8◦ ± 7.3◦), suggested hydrophobic surfaces. These 
results indicated a decrease in the hydrophilicity from flat to HR rep
licas, which was attributed to increased surface roughness.

Surface wettability is an important factor that can affect cell adhe
sion [60,61], as it reflects the surface free energy, which is defined by 
interactions at the solid-liquid interface, such as van der Waals forces, 
electrostatic interactions, and hydrogen bonding. This means that the 
lower the surface’s free energy, the more hydrophobic it is, and thus 
fewer intermolecular forces are created in the solid - liquid interface [62, 
63].

While hydrophilic surfaces generally improve cell adhesion, recent 
studies suggested that rough, hydrophobic surfaces can also promote 
cell attachment [60]. Padial-Molina et al. demonstrated that osteoblast 
adhesion increased on rough, hydrophobic surfaces [64], and Kocijan 
et al., found enhanced osteoblast growth on rough, low-hydrophilicity 
coatings [65]. Surface wettability is dynamically mediated by proteins 
during cell adhesion. Proteins may denature by conformational changes 
during protein adsorption to adjust the surface to the cell’s requirements 
and to compatibilize. While the wettability sensed by the cells may 
dynamically change, the wettability of the surface may remain constant 
[66–68].

Furthermore, UV-Vis spectroscopy was performed on various sam
ples across a wavelength range of 250–1000 nm (Fig. 1(J, K)), showing 
behavior consistent with cellulose-based films [69]. The spectra 
revealed distinct optical properties among the three samples. The Flat 
sample exhibited minimal light absorption with an absorbance below 
0.2, corresponding to a high transmittance of 70–80 %. Conversely, the 
LR and HR replicas displayed significantly higher absorbance of 
approximately 0.8 and 0.9, respectively, resulting in markedly reduced 
transmittance of approximately 15 % and 10 %. These findings indi
cated that the Flat sample was highly transparent, while the LR and HR 
replicas exhibited increased opacity due to their denser spike structure.

Fig. 1(L) depicts typical ATR FT-IR measurements, in absorption 
mode, in a spectral range of 3200 – 350 cm− 1 for CA powder (green 
curve) and a typical flat CA replica. Both CA samples exhibit well 
distinguished weak absorption peaks centered at around 2949 cm− 1 

attributed to the asymmetric stretching mode of CH2 [νas CH2)], 
2895 cm− 1 attributed to the symmetric CH2 stretching [νs (CH2)] and a 
strong one centered at around 1735 cm− 1 which is attributed to the 
carbonyl stretching mode [ν (C––O)] and a weak one at 1635 cm− 1 due 
to deformational vibrations of OH-groups of bound water [δ(OH)] [70, 
71].

The band at 1436 cm− 1 is assigned to the bending mode of CH2 
[δ(CH2)], while the band at 1371 cm− 1 corresponds to the CH defor
mation vibration of CH2 [w(CH2)] [72–74]. The strong band at 
1226 cm− 1 corresponds to the asymmetric stretching of O-C-O [νas 
(O-C-O)] [71–73], while the weak peak at 1145 cm− 1 band and the 
strong band at 1039 cm− 1 corresponds to the asymmetric C-O-C 
stretching mode from the pyranose ring [νas (C-O-C)] [71–73,75], while 
the weak one at ~900 cm− 1 corresponds to the C-O-C, C-C-O, and C-C-H 
deformation modes and stretching vibrations of the C-5 and C-6 atoms 
[ν(C–O–C, C–C–O) & δ(C–C–H) (C-5/C-6)] [71,74]. Finally, the bands at 
600 cm− 1 and 460 cm− 1 correspond to C-C-O [δip (C-C-O)] and O-C-O 
[δip (O-C-O)] in plane deformation vibrations [76], respectively, while 
the one at ~412 cm− 1 could be attributed to interactions between 

hydroxyl groups (-OH) on adjacent glucose units in the cellulose chain, 
contributing to hydrogen bonding and overall stability of the polymer 
(O–H⋯O) [77].

AFM based topography and mechanical analysis. The AFM analysis 
provided critical information about the mechanical properties of the 
Flat, LR, and HR replicas. The AFM scans, depicted in a 3D view from the 
height sensor (Fig. 2(A–C)), along with corresponding 2D images of the 
height sensor and reduced modulus, revealed distinct differences in 
morphology and stiffness. The corrected (Hertzian fit model) force 
curves presented in Fig. 2(D) and Supplementary Fig. 4, showed that flat 
replicas had a higher reduced modulus (4300 MPa) compared to LR 
(950 MPa), and HR replicas (530 MPa) (Fig. 2(E), (F)). The differences 
in mechanical properties at the top of the spikes could be attributed to 
the soft lithography fabrication technique and the polymer's response to 
topographical features. The reduced modulus at the peaks of both low 
and high roughness replicas likely resulted from localized variations in 
polymer density and stress distribution during fabrication and inden
tation. The primary difference between LR and HR replica spikes was 
due to the varying depths of the PDMS mold. In LR replicas, the material 
filled the mold's shallow spikes (3.59 ± 0.35 μm), whereas HR replicas 
required more material to fill the deeper spikes (13.06 ± 1.32 μm), 
resulting in less uniform spikes, especially at the top. This AFM analysis 
showed how micro-patterned topographical features affect the me
chanical behavior of CA replicas, emphasizing their potential to guide 
cellular responses.

Degradation & Swelling properties of the replicas. Scaffolds degrade 
in vivo through mass loss and shape changes, promoting cell infiltration 
and controlled drug release [78,79]. Scaffold degradation is influenced 
by biochemical, physical, geometrical, and mechanical factors, and thus, 
timely degradation of implanted biomaterials is crucial for successful 
tissue regeneration. Typically, the degradation occurs in two ways: bulk 
degradation and surface erosion. The degradation process is usually a 
combination of these two methods [80,81].

As shown in Fig. 1(P), all replicas exhibited minimal weight loss over 
time. The Flat replicas had the slowest weight loss than the replicas with 
microtopographies. Although hydrophobic, the HR topographies had a 
relatively higher percentage of mass loss. This slight difference could be 
attributed to the greater surface area of the spikes of the HR replicas, in 
contact with PBS. Furthermore, the SEM images (Fig. 1(M–O)) of the 
samples after 40 days of immersion suggested the existence of small 
holes on the spikes of HR samples, while the Flat and LR replicas 
remained intact.

Various factors, including the material’s physicochemical properties 
and the presence of hydrophilic groups, influence the swelling rate of 
scaffolds [82]. In the case of CA replicas, the swelling results are pre
sented in Fig. 1(Q). Although all replicas had similar swelling ratios 
(50–60 %) after 6 h in PBS, LR and HR replicas swelled at a faster rate 
than the Flat ones. These findings highlighted the impact of scaffold 
topography on degradation and water absorption.

3.2. MSCs adhesion, spreading and proliferation on CA biointerfaces

CA is widely used in drug delivery systems and other biomedical 
applications due to its biodegradability, non-toxicity, chemical and 
mechanical persistence, biocompatibility, thermal stability, and suitable 
cost [39,83]. Although considered biocompatible, the cytotoxicity was 
assessed. Live/Dead viability assay (Supplementary Fig. 5) showed 
similar cell proliferation across samples, including controls, with only a 
few dead cells (red). The samples also had the expected number of dead 
cells (red). However, in flat topographies, only a few live cells (green) 
were apparent (Supplementary Fig. 5(B)).

The morphology and adhesion behavior of MSCs cultured on CA 
biointerfaces and TCP discs were initially evaluated by SEM after 1 and 3 
days of culture (Fig. 3(A–H)). At day 1, distinct differences in cell 
morphology were observed across the surfaces. Cells cultured on TCP 
control samples appeared well-spread and flattened, as expected. In 
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contrast, only a few cells adhered to flat surfaces (Fig. 3(B)), consistent 
with the low viability seen in the Live/Dead assay (Supplementary 
Fig. 5). On Flat and LR topographies (Fig. 3(B, C)), cells displayed 
diverse morphologies, including long spindle-shaped, tripolar-shaped 
and “star”-like forms. Some dendrite-like and rounded cells could also be 
detected on the LR samples. On HR topographies (Fig. 3(D)), most cells 
were long, spindle-shaped and aligned along the spikes.

After 3 days (Fig. 3(E–H)), the number of attached cells increased 
across all surfaces, though flat surfaces still showed reduced attachment. 
Nevertheless, cells on flat topographies demonstrated improved adhe
sion, appearing more flattened with distinct lamellipodia and pro
jections of filopodia, adopting oblong shapes, i.e., cells with narrow 
bodies and wide lamellipodia on the edges, whereas tripolar, rounded 
and “star”-like cells could also be seen. On the control, cells formed a 
“film”-like surface, as expected. Although cells on the LR samples were 
elongated after 1 day of culture, on day 3, they appeared more rounded, 
while oblong, “star”-like, dendrite-like and tripolar cells were still pre
sent. In addition, the rounded cells seemed to pull the spikes of the 
topography with their distinct filopodia. Cells on HR topographies 
retained their spindle shape and orientation throughout the 3 days of 
culture.

These observations indicate that MSCs are responsive to surface 
topography, adjusting their shape and orientation in response to the 
physical cues provided by the scaffolds. Simitzi et al. [46] proved that 
micropatterned silicon substrates promote the outgrowth and orienta
tion of neurons and Schwann cells, while Lee et al. [84] demonstrated 
that micropatterned hydrogels increase MSCs’ elongation and cyto
skeletal tension, enhancing Runx2 expression. Abagnale et al. [85]
concluded that micro-ridges induced alignment and elongation of MSCs’ 
cytoskeleton, promoting osteogenesis. Furthermore, Pan et al. [9]
proved that elongated MSCs on hierarchical structures differentiated 

into osteocytes. McBeath et al. [86] proved that the shape of human 
MSCs regulated their commitment to osteoblasts or adipocytes. Hence, 
spreading hMSCs have been shown to become osteocytes, whereas 
round cells evolved into adipocytes. Although HR biointerfaces exhibi
ted elongated cell morphologies, and according to the literature, they 
are prone to differentiate into osteocytes, cell fate cannot be predicted 
based on cell shape alone. To further assess cell adhesion, immunoflu
orescence staining for paxillin, a focal adhesion (FA) protein [87], was 
performed (Fig. 3(I–N), Supplementary Fig. 6).

Confocal microscopy confirmed the morphological trends observed 
in SEM, showing fewer adherent cells on Flat samples and more exten
sive cell spreading on patterned topographies. On Flat and LR bio
interfaces, cells exhibited diverse morphologies, like long spindle- 
shaped, tripolar-shaped and “star”-like. In contrast, HR topographies 
had perfectly aligned long spindle-shaped, further confirmed by direc
tionality histograms (Fig. 4(C)). Additionally, since changes in cell 
morphology influence the nuclear shape [88,89] the higher nuclear 
aspect ratio of MSCs on HR biointerfaces (Fig. 3(O)), corresponded to 
uniformly aligned and long spindle-shaped cells through the high 
roughness spikes.

After 1 day (Fig. 3(I–N)), Paxillin was mostly observed as dot-like 
spots, while by day 3, more mature, dash-like FAs formed at stress 
fiber ends (Supplementary Fig. 6) [90]. Paxillin expression was more 
intense on HR topographies, as shown by quantification of mean fluo
rescence intensity (Fig. 3(P)), with HR samples showing higher Paxillin 
levels than controls after both 1 and 3 days.

After 3 days of culture, confocal images (Supplementary Fig. 6) 
confirmed that in Flat topographies, the cells did not adhere as well, as 
in the replicas, while they formed aggregates. MSCs sense the ECM ri
gidity through FAs. Therefore, the ECM surfaces modulate the spatial 
distribution, localization, size and maturation states of FAs, which 

Fig. 2. Schematic figure of the analysis of AFM measurements. A) 3D tilted view of the height sensor measurements of the flat CA replica. B) 3D tilted view of the 
height sensor measurements of the LR CA replica. C) 3D tilted view of the height sensor measurements of the HR CA replica. D) Force curves comparison of CA 
replicas indicating different force and separation between Flat, LR, and HR replicas. E) Average reduced modulus of the CA replicas, indicating that the reduced 
modulus is significantly reduced as soon as the topography changes from flat to rough (e.g., spikes). Comparison between LR and HR replicas indicated that the 
higher the roughness, the lower the reduced modulus. F) Average stiffness of the CA flat, LR, and HR replicas. For Flat replicas, measurements were focused on the 
center of the sample, while for LR and HR replicas, measurements were focused on the top of the spike.
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Fig. 3. SEM images (tilted view, scale bar: 20 μm) of MSCs cultured for 1 (A–D) and 3 (E–H) days on TCP control (A, E) and CA biointerfaces (B–D, F–H) with Flat, 
Low and High Roughness topography. Confocal microscope images (20× or 40× magnification, scale bar: 50 or 100 μm) of MSCs cultured for 1 day on CA bio
interfaces (I–N), with Flat, Low and High Roughness topography. ( : staining of cell nucleus with DAPI, : Paxillin staining for focal adhesions). O) 
Nuclear aspect ratio of the MSCs after 1 and 3 days, and P) the Mean Fluorescence intensity of Paxillin after 1 and 3 days of culture. The data were subjected to 
ANOVA with post hoc Tukey HSD test for multiple comparisons between the groups (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The error bars denote 
the standard deviation of the mean.
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transduce integrin-mediated signals to remodel the cytoskeleton and 
program gene expression for specific biological outcomes, including cell 
shape, survival, growth, migration and differentiation [32]. After 1 day, 
all samples expressed immature FAs. This changed on day 3, where 
mature FAs were obvious. More specifically, the LR topography expe
rienced very good cell attachment.

Finally, MSCs proliferation was quantified after 1 and 3 days of 
culture (Fig. 4(D)). Flat biointerfaces supported the lowest cell prolif
eration, after both 1 and 3 days, while LR bionterfaces showed the 
highest proliferation. HR samples exhibited an intermediate level of 
proliferation capacity. An increase in cell proliferation was seen across 
all samples after 3 days of culture. Together, these data suggest that 
while LR topographies promote robust cell attachment and proliferation, 
HR topographies support strong adhesion and alignment, potentially 
leading cells toward osteocyte-like differentiation.

3.3. Mechanoresponse of MSCs on microtopographies

The cellular localization of YAP/TAZ can be used as an indicator of 
cellular response to a specific substrate. YAP/TAZ are imported into the 
cell nuclei when cultured on a large surface area, a stiff matrix or in the 
presence of mechanical forces [17,91,92]. However, YAP/TAZ are 
translocated into the cytoplasm when cells are cultured on soft matrices 
or at high cellular densities [93,94]. To investigate the mechanosensi
tive response of MSCs to replicas topography, the subcellular localiza
tion of TAZ in MSCs, under standard and osteogenic conditions, was 
examined. Representative immunofluorescence images are shown in 
Supplementary Figs. 7, 8, and quantitative analysis is presented in Fig. 5
(A, B).

In summary, flattened cells on control, Flat and LR topographies 

expressed nuclear TAZ, while TAZ in long spindle-shaped cells of HR 
samples, shuttled in the cytoplasm. The nuclear to cytoplasmic TAZ ratio 
(Fig. 5(A, B)) showed consistent values in control samples, with a slight 
increase under osteogenic conditions, likely due to osteogenesis. The 
increased nuclear-to-cytoplasmic ratio after 8 days in standard media 
was attributed to material stiffness as proved by AFM measurements, 
especially on flat samples. These values were significantly decreased 
over time, possibly due to higher cell density, which was proposed from 
the literature to translocate TAZ into the cytoplasm. With OSTEO me
dium, nuclear TAZ localization increased across all samples. In osteo
genic conditions, the nuclear-to-cytoplasmic ratio of the Flat was 
increased after 15 days. On LR biointerfaces, a constant augmentation of 
nuclear TAZ was observed throughout the timepoints. To conclude, it 
seemed that the LR topographies, as well as the material itself (Flat 
sample) favor the nuclear localization of TAZ, which could be an indi
cator of enhanced osteogenesis, while HR samples had reduced nuclear 
TAZ, reflecting their long spindle-shaped cell morphology.

Hou et al. [95] demonstrated that nuclear YAP accumulation in
creases with substrate roughness up to an intermediate level, then de
creases at higher roughness, with intermediate roughness showing the 
highest osteogenesis. Yang et al. [96] found that hydroxyapatite sub
strates with ~1.09μm roughness promoted strong osteogenic differen
tiation of MSCs and elevated YAP/TAZ expression. The current research 
aligns with the literature, indicating that the intermediate roughness of 
LR biointerfaces induces the nuclear translocation of TAZ and poten
tially osteogenesis, though further validation is needed.

3.4. Osteogenic differentiation of MSCs on microtopographies

To evaluate the osteogenic potential of the CA biointerfaces, MSCs 

Fig. 4. Directionality histograms (A–C) of the cells’ direction on the Flat, Low and High Roughness biointerfaces. The histograms were generated using the Cell
Profiler software, where the “Direction (◦)” reports the center of the Gaussian. D) MSCs proliferation on CA biointerfaces of all topographies after 1 and 3 days of cell 
seeding. The data were subjected to ANOVA with post hoc Tukey HSD test for multiple comparisons between the groups (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001). The error bars denote the standard deviation of the mean.
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were cultured on Flat, LR, and HR biointerfaces under both standard and 
osteogenic (OSTEO) conditions. The expression of key osteogenic mar
kers—osteopontin (OPN), associated with mid-to-late stages [97], and 
alkaline phosphatase (ALP), an early-stage marker [98,99]—was 
assessed via immunofluorescence at 8, 15, and/or 22 days (Figs. 5(C), 
6). OPN is crucial for bone remodeling and responds to mechanical stress 
[100,101], while ALP supports matrix mineralization by regulating 
inorganic phosphates and pyrophosphate [98,102].

Osteopontin Expression. After 8 days, all surfaces supported OPN 
expression, with relatively uniform staining across conditions (Fig. 5(C), 
Supplementary Figs. 9(A), 10). At day 15, MSCs cultured in standard 
medium showed increased OPN levels on all CA biointerfaces, particu
larly on LR topographies (Fig. 5(C), Supplementary Fig. 11), while 

expression in OSTEO controls decreased slightly (Fig. 5(C), Supple
mentary Fig. 12). Notably, OPN expression remained elevated on LR 
samples even in the absence of osteogenic supplements, suggesting that 
intermediate topography alone can stimulate osteogenic signaling 
(Supplementary Fig. 9(B)). By day 22, OPN expression remained 
increased on the standard control (Fig. 5(C), Supplementary Figs. 9(B), 
13), whereas expression in OSTEO-treated groups plateaued or declined 
(Fig. 5(C), Supplementary Fig. 14). OPN levels remained increased in 
the standard Flat sample, while in the standard LR biointerfaces, OPN 
expression was slightly decreased, suggesting a temporal regulation of 
topography-induced signaling (Supplementary Fig. 9(B)). Morphologi
cally, cells on LR biointerfaces transitioned to rounded and enlarged 
forms resembling osteoblast-like phenotypes, consistent with enhanced 

Fig. 5. Quantification of the Nuclear/Cytoplasmic TAZ, when MSCs are cultured on control and CA biointerfaces of Flat, Low and High Roughness topography, for 8 
and 15 days with A) standard culture medium and B) osteogenic medium. The data were subjected to ANOVA with post hoc Tukey HSD test for multiple comparisons 
between the groups (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The error bars denote the standard deviation of the mean. C) Confocal microscope 
images (20x magnification, scale bar: 100 μm) of MSCs on TCP coverslips, Flat, Low and High Roughness CA biointerfaces, cultured for 8, 15 and 22 days in both 
standard and osteogenic culture medium. ( : staining of cell nucleus with DAPI, : Osteopontin expression staining).

Fig. 6. A) Confocal microscope images (20× magnification, scale bar: 100 μm) of MSCs on TCP control coverslips and CA biointerfaces of Flat, Low and High 
Roughness, cultured for 8 and 15 days in both standard and osteogenic culture medium. ( : staining of cell nucleus with DAPI, : Alkaline phosphatase 
expression staining). B) Mean Fluorescence intensity of ALP after 8 and 15 days of culture. The data were subjected to ANOVA with post hoc Tukey HSD test for 
multiple comparisons between the groups (*p ≤ 0.05, ****p ≤ 0.0001). The error bars denote the standard deviation of the mean.
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OPN expression. In contrast, HR biointerfaces continued to support 
elongated, aligned cells with dendrite-like projections, reminiscent of 
osteocyte morphology, though with stable or slightly lower OPN levels. 
Overall, OPN expression followed a topography- and time-dependent 
pattern, with LR biointerfaces possibly supporting earlier and more 
pronounced osteogenic commitment compared to Flat and HR topog
raphies. For clarity, the main trends of OPN expression across topogra
phies and timepoints are summarized in Table 2.

Alkaline Phosphatase Expression. ALP expression was evaluated 
after 8 and 15 days. After 8 days (Fig. 6 and Supplementary Fig. 15), the 
highest ALP expression was noted in MSCs on LR biointerfaces, where 
staining localized to both the nucleus and cytoplasm. HR biointerfaces 
also supported strong ALP expression, primarily in the cytoplasm of 
elongated cells. Less ALP-positive cells were found on flat surfaces.

At 15 days (Fig. 6 and Supplementary Fig. 16), ALP levels decreased 
in all samples, in agreement with known ALP temporal dynam
ics—peaking early and tapering as cells progress toward matrix miner
alization. As aforementioned, ALP is an early osteogenic marker, with 
the highest peak after 15 days of culture, as also reported by Park et al. 
[103] and Hanna et al. [104]. In our case, the expression of ALP, on flat 
and HR bionterfaces, seemed to be higher at 8 days and slightly 
decreased after 15 days. Therefore, we suggest the synergistic effect of 
stiffness and topography in inducing early MSCs osteogenesis, with LR 

topography presenting the most interesting results. The LR presented 
higher ALP expression compared to all tested biointerfaces, both at 8 
and 15 days (Fig. 6(B)). Interestingly, a correlation between cell 
morphology and ALP localization emerged. Rounded and enlarged cells 
on LR biointerfaces exhibited both nuclear and cytoplasmic ALP stain
ing, whereas elongated cells on HR biointerfaces primarily showed 
cytoplasmic expression.

The overall physicochemical, surface-mechanical and biological re
sults of this study are summarized in Table 2. Taken together, these 
results indicate that LR micro-topographies provide optimal mechan
ical–topographical cues for early osteogenic commitment, likely 
through enhanced cell spreading, increased focal adhesion maturation, 
and sustained TAZ nuclear localization, indicating active mechano
transductive signaling. Meanwhile, HR surfaces characterized by lower 
interfacial stiffness and strong contact-guidance alignment, appear to 
bias MSCs toward osteocyte-like phenotypes. Flat CA biointerfaces 
supported limited adhesion and osteogenic activity, consistent with 
their high stiffness but lack of topographical cues.

These findings highlight that osteogenic commitment on CA bio
interfaces arises from a synergistic interplay between local stiffness and 
microstructure, and they suggest that LR biointerfaces create an optimal 
biomechanical microenvironment capable of promoting bone-related 
differentiation even in the absence of exogenous osteoinductive 

Table 2 
Summary of the physicochemical, surface-mechanical and biological characteristics of CA bionterfaces in standard and OSTEO medium. Arrows represent semi- 
quantitative trends derived from image-based analysis: (* = low; ** = medium, *** = high; 8 D = 8 days, in light grey color; 15 D = 15 days, in medium grey 
color; 22 D = 22 days, in dark grey color).
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factors. In this context, recent biomaterial-based strategies, including 
advanced scaffold systems, cell-free extracellular matrix–inspired ap
proaches, and engineered instructive microenvironments, have also 
demonstrated the potential of robust biomaterial platforms to enhance 
bone regeneration [105–109].

4. Conclusion

The interplay between scaffold topography and mechanical proper
ties plays a pivotal role in directing stem cell response in bone tissue 
engineering (BTE). This study demonstrated that mesenchymal stem 
cells (MSCs) respond sensitively to the interfacial mechanics of cellulose 
acetate (CA) microstructured biointerfaces, with these physical cues 
modulating adhesion, cytoskeletal organization and early osteogenic 
commitment. Atomic force microscopy revealed a clear coupling be
tween surface roughness and local stiffness, as increasing topographical 
height reduced the reduced modulus at the spike apex.

While high roughness (HR) biointerfaces supported aligned, elon
gated cell morphologies, their lower stiffness correlated with diminished 
nuclear localization of the mechanosensitive regulator TAZ, indicating 
attenuated mechanotransductive activity. In contrast, low roughness 
(LR) biointerfaces provided an optimal combination of microstructure 
and interfacial stiffness, promoting focal adhesion maturation, 
enhanced nuclear TAZ localization, and upregulated expression of early- 
to-middle osteogenic markers such as ALP and OPN.

These findings reinforce that both topography and stiffness are key 
regulators of MSCs fate, likely acting through mechanosensitive path
ways involving TAZ. Notably, LR biointerfaces induced osteogenic 
commitment even in the absence of biochemical inducers, supporting 
their potential as cell-instructive biointerfaces. This work establishes a 
mechanistic link between microstructure-mediated interfacial me
chanics and MSCs osteogenic commitment, highlighting CA as a sus
tainable platform for designing biointerfaces with tailored 
mechanical–topographical cues. Fluorescence-based evaluation of 
osteogenic markers was employed to examine spatiotemporal correla
tion between osteogenic signaling, cell morphology, and TAZ-mediated 
mechanotransduction across topographies, timepoints and culture con
ditions. However, extended biochemical (e.g., p-NPP, Alizarin Red 
assay) and molecular analyses (e.g., RT-PCR) are required to fully vali
date the osteogenic phenotype. Future work exploring downstream 
osteogenic regulators (e.g., RUNX2, Osterix, Sclerostin) will further 
clarify how these physical signals guide cell fate and will support the 
rational development of next-generation scaffolds for clinical BTE 
applications.

From a translational point of view, the potential of CA micro
structured replicas to promote osteogenic commitment through physical 
cues is particularly relevant for BTE applications. Such biointerfaces 
could reduce the use of exogenous osteoinductive factors, simplifying 
scaffold design. Importantly, CA is compatible with scalable 
manufacturing approaches, including 3D printing techniques, which 
could be combined to generate hierarchical 3D scaffolds with micro
topographical features. Given the biocompatibility, processability, and 
scalability of CA, these biointerfaces represent promising candidates for 
future implantable platforms in bone repair.
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