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ABSTRACT

Fibroblasts are essential for maintaining tissue structure by producing the extracellular matrix (ECM) and
collagen fibers. Their potential in regenerative medicine and personalized therapy has recently attracted
attention, particularly for reprogramming into neuronal cells. Despite ongoing methodological advances aimed
at fully exploiting the potential of fibroblasts, variability in their responses, driven by donor-specific factors such
as species and age, remains poorly understood.

In this study, we investigate fibroblasts differentiation in vitro, focusing on how biomaterial surfaces can guide
cell growth, proliferation, and morphology through mechanical cues. We compare fibroblasts from two species
(rodent and human) and, within the human donor group, across two distinct age ranges. By combining con-
ventional morphological and cytoskeletal analyses with advanced three-dimensional (3D) label-free imaging
techniques such as optical diffraction tomography (ODT), we characterize the morphological transformations of
these cells cultured on two biomaterial surfaces, silk fibroin (SF) and Zinc-Aluminum hydrotalcite (HTlc), by
measuring cell dry mass and projected area. Our findings provide insights into how substrate characteristics
shape fibroblast morphology and introduce an effective strategy to identify substrates that preferentially promote
neuron-like morphological shapes, an important feature for inducing neuronal reprogramming.

1. Introduction

abundance, accessibility, and high proliferative capacity, they have
attracted considerable interest in regenerative medicine and personal-

Fibroblasts are connective tissue cells responsible for synthesizing ized therapies. The limited regenerative capacity of the central nervous
the extracellular matrix (ECM) and collagen fibers [1], thereby system (CNS) following injury or disease remains a major challenge. To
providing structural support to tissues and organs. Owing to their overcome this limitation, direct reprogramming of fibroblasts into CNS-
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specific neurons has emerged as a promising strategy for both cell
replacement therapies and the development of physiologically relevant
in vitro brain models [2-5]. This approach offers several advantages
over traditional methods: i) reduced risks of cell rejection; ii) greater
efficiency compared with techniques involving viral vectors or direct
neuron transplantation; and iii) higher rates of neuron conversion and
maturation compared to approaches that rely on injecting reprogram-
ming growth factors [6].

Typically, fibroblasts exhibit a flat, spindle-shaped morphology [7],
while neurons are highly polarized cells characterized by elongated
processes (neurites), axons and dendrites. The elongation of fibroblasts
during reprogramming reflects an early morphological transition asso-
ciated with the loss of fibroblast identity and the acquisition of neuron-
like features [2-8]. Although elongation alone is not sufficient to induce
neuronal conversion, it often represents a preparatory step that sensi-
tizes cells to transcription factors and small molecules driving full
reprogramming. This structural transition involves extensive cytoskel-
etal and nuclear remodeling, which in turn modulates gene expression
programs essential for establishing neuronal identity. In particular, the
observed elongation is associated with actin cytoskeleton reorganization
and activation of mechanosensitive signaling pathways known to
regulate transcriptional activity [9].

Moreover, fibroblasts naturally express certain Transient Receptor
Potential (TRP) channels, which are also widely found in neurons and
play key roles in calcium homeostasis as well as mechanical and sensory
transduction. This shared feature is particularly intriguing in the context
of cellular reprogramming and offers a promising avenue for investi-
gating sensory functions in induced neuronal systems [10-12].

Therefore, the development of faster, safer, and more efficient stra-
tegies to support neuronal reprogramming from fibroblasts is crucial for
advancing novel approaches to study and treat neurological disorders
[13-15].

In recent years, substrate topography at both micro- and nanoscale
has emerged as a key biophysical cue capable of modulating cell
morphology, including fibroblasts [16-18], and biomimetic hierarchical
topographies have recently been shown to guide neuronal behavior,
such as neurite outgrowth and alignment, using bioinspired anisotropic
structures combined to conductive properties to promote directional
growth and neural regeneration. [19-22]

In this context, exploiting the topographical cues of biomaterials to
support fibroblast adhesion and proliferation, while promoting neuron-
like morphological changes (e.g., projection elongation), may offer an
effective tool for enhancing neuronal reprogramming outcomes [22,23].

Here, we investigated how fibroblasts morphological and structural
responses to different biomaterial surfaces vary across species and age,
two underexplored factors that may modulate cellular mechanosensitive
through intrinsic differences in membrane composition, cytoskeletal
organization, and mechanical properties. Our approach focused on
guiding and controlling fibroblasts growth, adhesion and cytoskeletal
organization by interfacing the cells with two different biomaterial
substrates: silk fibroin (SF) and zinc aluminum hydrotalcite (ZnAl-HTlc)
clays, both largely investigated for tissue-engineering. SF is particularly
attractive due to its excellent biocompatibility, tunable mechanical
properties and ability to form soft, nanostructured surfaces that mimic
the elasticity of native ECM [24]. Previous studies have shown that SF
hydrogels can integrate into brain tissue without inducing inflammation
[22-26], while thin-film scaffolds based on methacrylate SF (FBMA)
support neural cell survival and differentiation in models of neuro-
degeneration and brain injury [24]. Moreover, the influence of pro-
cessing methods on the chemo-physical properties of SF film and their
interaction with neural cells has been investigated, highlighting the
potential use of SF interfaces in biocompatible electronic or photonic
devices for advanced biomedical applications [26-30]. In contrast, HTlc
clays provide a stiffer, more rigid substrate with well-defined nanoscale
features and high mechanical resistance, ideal for probing fibroblast
mechanosensitive. HTlc are biocompatible, do not trigger gliotic
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responses and have been shown to promote astrocyte differentiation via
F-actin fiber alignment, positioning them as promising nanoscale in-
terfaces for neural applications [31]. The topography and stiffness of SF
and HTlc, both biocompatible, enable a comparative analysis of how
fibroblasts perceive and respond to mechanical cues, crucial for
designing substrates to support cell reprogramming and tissue
regeneration.

As illustrated in Fig. 1, three types of fibroblast cultures were used in
each experiment: rodent-derived fibroblasts (NIH-3 T3, hereafter
referred to as MF) and primary human fibroblasts obtained from young
(YHF) and elderly donors (EHF). The inclusion of aged human cells is
particularly relevant, as fibroblasts retain age-associated epigenetic
signatures, making them well suited for modeling late-onset neurode-
generative diseases such as Parkinson's and Alzheimer's [32]. To
investigate the fibroblasts response to the SF and HTlc, we first assessed
cell viability and cytoskeletal organization. We then performed a
quantitative analysis of morphological changes across the three different
groups, by measuring cell dry mass and projected area, and then eval-
uating the shape elongation in the three different group of fibroblasts.
These parameters were extracted using label-free optical diffraction
tomography (ODT) [33,34], an advanced imaging technique particu-
larly well-suited for studying live-cell morphology in three dimensions
(3D) [31,33-40]. ODT enables the non-invasive reconstruction of the
refractive index (RI) distribution within biological samples, yielding
high-resolution 3D images of cells without the need for labeling
[36-38]. This technique offers precise quantification of cellular features
such as volume, mass, and shape, revealing morphological changes
associated with cell growth, mechanosensitive and early differentiation
events, information that conventional 2D imaging techniques often miss
[32,41-48].

In this study, we apply ODT technique to study the cell-material
interface in a novel context, providing new data on how nanoscale
surface features influence fibroblasts morphology. To our knowledge,
this is the first detailed evaluation of fibroblasts morphological adap-
tation to biomaterial surfaces using ODT. Although this study does not
directly address reprogramming, the parameters measured—cell mass
and projected area, serve as key early, non-invasive indicators of cell
state transitions, providing a foundation for future investigations into
biomaterial-guided reprogramming.

2. Materials and methods
2.1. Fibroin substrate fabrication

Regenerated silk fibroin (SF) aqueous solutions were prepared from
white cocoons of Bombyx mori silkworms (provided by CREA-API,
Padua) following the protocol described in previous studies [49], with
subsequent optimizations carried out at ISOF-CNR, Bologna. Briefly, the
cocoons were degummed by autoclaving in water at 120 °C for 1 h. The
resulting SF fibers were thoroughly rinsed with distilled water, dried,
and then dissolved in a 9.3 M lithium bromide (LiBr) solution at 60 °C
for 6 h. The obtained solution was dialyzed against distilled water for 48
h using cellulose acetate dialysis membranes (molecular weight cut-off:
12-14 kDa) and then centrifuged to remove any insoluble residues. The
final regenerated SF solution, with a concentration of approximately 6
wt/vol%, was stored at 4 °C until use. For the preparation of silk fibroin
(SF)-based films, 3 mL of a 5% aqueous fibroin solution were mixed with
20% glycerol (by weight relative to the protein). Glycerol was added to
induce water insolubility of the protein, 70 pL of this mixture was sub-
sequently deposited onto 19mm diameter glass coverslips, to ensure
reproducibility and uniform film thickness [49,50].

2.2. HTlIc substrate fabrication

Colloidal aqueous dispersion of ZnAl-HTlc nanoparticles having the
formula [Zng72Alp.28(OH)21Brg2s 0.69 HaO were prepared by the
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Fig. 1. Visual summary of the study.

Schematic overview of the study. Mouse and human (young and elderly) fibroblasts were extracted and cultured on fibroin, HTlc, and glass coverslip (used as control,
CTRL). Fluorescent and confocal microscopy, ODT were performed to capture and quantify fibroblasts morphological parameters.

double-microemulsion technique as described [31], with a concentra-
tion of [1 mg/mL]. Then, HTlc films were prepared by drop casting the
HTlc colloidal dispersion on 19mm diameter glass coverslips and suc-
cessively drying for 4 h in a sterile hood [31]. In this manuscript, the
ZnAl-HTlc films will be referred to simply as HTlc.

2.3. Atomic Force Microscopy

The biomaterial surface was analyzed through Atomic Force Micro-
scopy (AFM). Topographical images were acquired using an NT-MDT
Solver scanning probe microscope operating in tapping mode, with
samples maintained in air. Scans were performed at an oscillation
amplitude of 50-60 nm, corresponding to 65% of the free amplitude at
fo. Image resolution was set to 512 x 512 pixels. The standard deviation
of the average roughness was calculated from two independent 10 x 10
pm scans on three samples for each experimental condition.

2.4. Fibroblasts cell culture

The NIH-3 T3 cell line is one of the most widely used fibroblast cell
models. In this study, it is referred to as mouse fibroblasts (MFs). Human
dermal fibroblast (HDF) cultures, including both young and elderly
human fibroblasts (YHFs and EHFs, respectively), were obtained at
Bellaria Hospital (Bologna, Italy). Cells were derived from minimally
invasive dermal skin biopsies of healthy donors provided by the Uni-
versity of Bologna, a procedure that resulted in only a small residual
scar. They were subsequently transferred as small tissue fragments into
50 mL Falcon tubes and then placed in 36 mm Petri dishes containing
500 pL of medium. The tissue was then shredded into approximately 1
mm pieces using two scalpels and transferred to flasks together with the
medium (DMEM - Dulbecco's Modified Eagle's Medium-, 10% FBS - fetal
bovine serum, 1% penicillin-streptomycin, and 1% r-glutamine),

ensuring complete coverage. The flasks were then placed into the
incubator at 37 °C maintaining 95% humidified air and 5% CO2. Once
fibroblasts had migrated out of the skin explants, the culture medium
was replaced twice weekly to ensure an adequate supply of fresh nu-
trients. After approximately one month, primary human fibroblast cul-
tures were established. When the cells reached ~90% confluence in the
flask, they were passaged using 5 min trypsin-mediated detachment
(Gibco-BRL), followed by 960 rpm for 5 min centrifugation and
reseeding into new flasks. For experimental use, cells were plated onto
the desired substrates upon reaching confluence in culture. Cekk con-
centration was determined using a Biirker chamber. The pellet obtained
after centrifugation was resuspended in culture medium, and the
required volume of cell suspension, corresponding to the target seeding
density, was then plated onto the designated substrates. As a control,
cells were seeded onto 15 mm glass coverslips.

2.5. Viability assay by fluorescein diacetate assay and Alamar Blue assay

The biocompatibility on CTRL, HTlc and SF films were analyzed by
means of Fluorescein Diacetate assay (FDA), as described previously
[31]. Cells were FDA-stained at room temperature (RT) for 5 min at 3
days in vitro (DIV). Fifteen different fields of about 0.6 x 0.6 mm were
captured for each sample, using a Nikon ECLIPSE 80i microscope,
equipped with appropriate fluorescence filters and a Nis-elements F300
CCD camera at lower and higher seeding density. Quantitative analysis
was carried out by counting all the live (green) cells using Imagej soft-
ware, discerning FDA-positive cells plated on CTRL, HTlc and SF sub-
strates. Data is reported as mean + SE of the N. of cells/area in
histograms. Moreover, cell diameters were measured by using ImageJ
software and data of cell diameters (um) are reported as mean + SE in
histograms.

Cell viability was also quantitative evaluated using the Alamar Blue
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assay (resazurin-based assay) and evaluated at two time points (6 and 10
DIV) the culture medium was replaced with fresh medium containing
10% (v/v) Alamar Blue reagent (Thermo Fisher Scientific, USA). Cells
were incubated each time before the measurement for 4 h at 37 °C
protected from light. The reduction of resazurin to the fluorescent
resorufin product was quantified using a microplate reader (Varioskan,
Thermo Fisher Scientific, USA) by measuring fluorescence (excitation
560 nm, emission 590 nm). All experiments were performed in at least
three independent biological replicates, with each condition analyzed in
technical triplicate.

2.6. Scanning electron microscopy

The morphology of the NHT-3 T3 cells and human fibroblasts was
verified by a field emission scanning electron microscope (FESEM-ZEISS
SIGMA 300) at an accelerating voltage of 5 kV. To observe the cells
body, plated on the different substrates (CTRL, HTlc and SF), they were
fixed with 2.5% glutaraldehyde at 4 °C, for 1 h. Each sample was then
rinsed three times in PBS for 5 min before being stained 1 h in 1%
Osmium Tetra-Oxide (0sO4) at RT; three further rinsing with distilled
water were then performed. Then, the samples were sequentially
dehydrated in 50%, 75%, 95%, and 99% ethanol. Dried specimens were
coated with an evaporated gold (10 nm thickness) before analysis with
the FESEM.

2.7. Structural cytoskeleton analysis by phalloidin staining confocal
imaging and evaluation of TRPV1 expression

Cultured mouse and human fibroblasts plated on CTRL, HTlc and SF
substrates were fixed in 4% paraformaldehyde (PFA), washed in
(phosphate buffered saline) PBS, and permeabilized with 0.3% Triton X-
100 in PBS. After blocking with 1% BSA in PBS, cells were incubated
with Phalloidin-Rhodamine (Sigma-Aldrich, Milan, Italy) to label F-
actin cytoskeleton filaments. Coverslips were mounted on slides, using a
mounting medium (Thermofisher) and examined with a Nikon TE 2000
inverted confocal microscope equipped with 20x and 60x oil-objectives
and 400 nm diode, 488 nm Ar* and 543 nm He—Ne lasers as exciting
sources. Fluorescent images of stained cells were also captured with
Nikon Eclipse 80i fluorescent microscope and microscope Fluo-Spin up
(Crisel Instruments) equipped with 20x and 40x objectives.

To evaluate the expression of TRPV1 for each sample, cells were
washed twice with phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde for 15 min at room temperature (RT). After fixation,
cells were permeabilized with 5% bovine serum albumin (BSA) in 0.1%
Triton X-100 in PBS to prevent non-specific antibody binding. Cells were
incubated overnight at 4 °C with a primary antibody against TRPV1
(Abcam), dilution (1:400) prepared in blocking solution. After three
washes with PBS, samples were incubated with the appropriate
fluorophore-conjugated secondary antibody (Cy3 anti-TRPV1) for 2 h.
Nuclei were counterstained with mounting solution containing DAPI (1
pg/mL). Samples were examined by fluorescence microscope. Images
were acquired under identical exposure and acquisition settings for all
experimental groups. For the analysis and evaluation of results, at least
10 randomly selected fields per sample were imaged.

2.8. Optical diffraction tomography (ODT) and sample preparation

MF, YHF, and EHF cells seeded on CTRL, HTlc, and SF films were
fixed with 4% PFA, washed with PBS, and imaged using both 3D
refractive index (RI) tomography and 2D maximum intensity projection
(MIP) after acquisition with both HT-2 (Schaefer SEE srl, Italy; Tomo-
cube, Republic of Korea) and the HT-X1 system (JHU, Tomocube, Re-
public of Korea) after 5 DIV from the plating. Image acquisition
techniques were developed to accurately delineate cells boundaries and
to capture fine processes of cells body. Data were visualized using
Maximum Intensity Projection (MIP) images that displays 3D data in 2D,
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showing only the brightest, highest-density structures from a series of
volumetric images by projecting the maximum intensity value along
each ray into a single 2D image.

These systems are comprised of i) a motorized stage, a 60x, 1.2 NA
water-immersion objective, a 532 nm laser, and a dynamic micro mirror
device, that measures the 3D refractive indexes ii) a 40x, 0.95 NA air
objective and a 450 nm LED light source.

2.9. Morphological analysis of ODT images

Segmentation of individual fibroblasts was performed manually on
2D MIP images using ImageJ. Following segmentation, approximately
40 fibroblasts were obtained per sample type. These 2D segmented
masks were then applied to the corresponding 3D RI tomogram stacks to
reconstruct single-cell 3D RI tomograms, isolating one cell per field of
view [43,44,49-51]. In contrast, the original 3D RI tomograms typically
contained multiple cells.

Quantitative analyses were performed on single-cell 3D RI tomo-
grams using MATLAB. Cell area was calculated by counting the number
of non-zero pixels within the segmentation masks. Cell dry mass was
determined by applying refractive index thresholds and computing the
surface integral of the optical path difference, using the specific
refractive index increment [44]. The aspect ratio was obtained by fitting
an ellipse to each cell and calculating the ratio between the major and
minor axes.

2.10. Solutions and chemicals

All salts and chemicals employed for the investigations were of the
highest purity grade (Sigma Aldrich). For viability FDA experiments and
ODT Imaging, the standard bath saline was (mM): 140 NaCl, 4 KCl, 2
MgCl2, 2 CaCl2, 10 Hepes, 5 glucose, pH 7.4 with NaOH and osmolarity
adjusted to 315 mOsm with mannitol.

2.11. Statistical analysis

Statistical Analysis is reported as the mean average + standard error
(S.E.). Each experiment was performed, at least in triplicate three times,
on different batches of cells, plated on both CTRL and HTlc and SF
substrates. The analyses and statistics were performed with Origin Micro
Cal Ver 6.0. Data were compared by one-way ANOVA with Bonferroni
post-test or student's t-test. * p < 0.05, **p < 0.01, ***p < 0.001 inde-
pendent t-test.

3. Results and discussion

We explored the potential of biomaterials substrates to promote the
development of neuron-like morphological features from fibroblasts of
different species and age groups. The effects of organic (SF) and inor-
ganic (HTIc) biomaterials on cell viability, adhesion, and morphological
differentiation were evaluated.

3.1. SF and HTlc substrates fabrication and characterization

Fig. 2 shows, respectively, the two tested biomaterials: SF (Fig. 2A)
film and HTLc (Fig. 2B) film deposited on 1) glass coverslips by drop-
casting solutions containing proteins derived from silk Bombyx mori
[52] and 2) colloidal aqueous dispersion of ZnAl-HTlc nanoparticles
[31]. The films are both optically transparent, a fundamental prereq-
uisite for ODT measurements. Atomic force microscope (AFM) images
(right panels of Fig. 2A and B) highlight a pronounced morphological
contrast between the two coatings: SF exhibits a smooth surface (RMS
roughness ~ 5 nm), while HTlc is considerably rougher (RMS roughness
~ 125 nm). This nearly two-orders-of-magnitude difference in rough-
ness, together with the intrinsically different mechanical nature of the
two materials, provides a robust platform to compare two markedly
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nm

420

210
nm

HTlc film

Schematic representation of the SF and HTLc film synthesis and surface characterization. A) Silk Bombyx mori (left panel), a photograph of the free-standing SF film,
and the corresponding AFM image of its surface (right panel). B) ZnAl-HTlc structure (left panel), the drop-cast ZnAl-HTIc film and the related AFM image of its
surface (right panel). The SF film exhibits a smooth and homogeneous surface with low roughness, whereas the HTlc film shows markedly higher surface roughness

with aggregated nanostructures.

different classes of biomaterials and to evaluate how interfacial physical
cues, topography and mechanics, guide fibroblast adhesion, growth,
proliferation and morphology.

3.2. Cell biocompatibility, growth and proliferation on SF and HTlc
substrates

Building on previous studies demonstrating that SF and HTlc pro-
mote cell growth and network dynamics [31,52], we evaluated their
biocompatibility and capacity to support fibroblast adhesion, growth,
and proliferation. Experiments were conducted using both mouse and
human fibroblasts, including cells derived from healthy young and
elderly donors. Results were systematically compared with those ob-
tained on standard glass coverslip substrates, used as the control con-
dition (CTRL).

Cell viability was assessed after 3 DIV using the fluorescein diacetate
(FDA) assay. Live cells were visualized by fluorescence and confocal
microscopy (Nikon Eclipse 80i, 20 x —50x objectives), allowing both
viability evaluation and morphological analysis (Fig. 3L-T and Fig. S1).

Scanning electron microscopy (SEM; Fig. 3A-I and Fig. S2) further
complemented the imaging analyses, providing high-resolution insights
into cell-substrate interactions. As shown in Fig. 3, all fibroblast types
exhibited effective adhesion and proliferation on both SF and HTlc
substrates, comparable to the control condition (CTRL). Notably, mouse
fibroblasts (MFs), despite displaying a smaller and more rounded
morphology, showed robust viability, proliferation, and spreading on
both substrates. These observations were further supported by low-
density imaging (Fig. S1A, D, G), which highlighted enhanced cell
adhesion on SF and HTlc compared with the CTRL. YHFs also adhered
and proliferated efficiently on both substrates; however, they exhibited
a distinct morphological response. In particular, YHFs displayed a
significantly increased elongation on SF and HTlc relative to the CTRL
(Fig. 3 P, S). This effect was particularly evident in lower-magnification
images (Fig. S2 E, H), suggesting that substrate properties modulate
cellular elongation in YHF. SEM imaging (Fig. 3A-I) provides detailed

visualization of cytoplasmic extensions and spatial organization of the
cells on biomaterial surface. These findings align with ongoing research
into the development of fibroin-based materials, including peptide-
functionalized SF hydrogels, aimed at promoting tissue regeneration,
such as the possible applications in brain repair [53,54].

In contrast, EHFs showed limited elongation of cell body on the SF
surface, compare to YHFs (Fig. 3 T and Fig. S1I), with only a modest
increase in adhesion on HTlc surface compared to CTRL (Fig. 3 Q and
Fig. S1C, F) and a notable elongation, indicating that HTlc may enhance
cellular responsiveness even in aged cells, despite their reduced prolif-
erative capacity.

Numerical analysis was performed and reported as histograms in
Fig. 3U-Y. Fig. 3U, V show the number of cells per area, while Fig. 3X, Y
show the measurements of cell diameters. Both density and average
diameter revealed differences in cell behavior depending on substrate
chemistry and surface topography. Fibroblasts from both mouse and
human cultured on HTlc showed similar spreading, with the effect being
more pronounced in both YHFs and EHFs (dark gray and light gray bars,
Fig. 3U, V). Conversely, the number of MFs adhering to SF was com-
parable to CTRL (Fig. 3U), whereas EHFs showed a significant lower
density compared to both CTRL and HTlc (dark gray and light gray bars,
Fig. 3U, V). These findings indicate that HTlc robustly supports fibro-
blast adhesion and proliferation. In contrast, while SF remains
biocompatible, it elicits a more variable cellular response, particularly in
aging cells, likely due to differences in interfacial cues arising from its
free-standing film preparation. As demonstrated by AFM in Fig. 2, HTlc
show a surface with high roughness with the presence of larger features,
peaks and depressions that create a complex surface that can signifi-
cantly enhance biological adhesion, by providing more physical
anchoring sites and expanding the effective surface area, available for
biomolecular attachment. This type of topography can facilitate the
formation of focal adhesion points for cells or improve protein adsorp-
tion through enhanced mechanical interlocking and local energy mini-
mum. In contrast, SF surface is characterized by a lower roughness and
highly uniform topography that may reduce the ability of biomolecules
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Fig. 3. SEM on the substrates.
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SEM images of MF (A, D, G), YHF (B, E, H) and EHF (C, F, I) cultured on CTRL (A-C), HTlc (D-F) and SF (G-I) substrates. Scale bars, 100 um. Note the presence of
elongated morphology of human fibroblasts compared to the flatter and small structure of mouse cell bodies. Moreover, YHFs and EHFs show elongated branches on
HTlc (E, F) that follow the rod like structure of the substrate itself. Impressive is the higher cell number of YHFs on HTlc (E) compared to CTRL (B) and SF (H).
Fluorescent green images on the right panel of low density seeding of MF (L, O, R), YHF (M, P, S) and EHF (N, Q, T) stained with FDA for glass CTRL (L-N), HTlc (O-Q)
and SF (R-T). Scale bars, 40 um. Histograms (U, X) reporting the analysis of the number of cells/area and cell diameter measurements on MFs (X) and both YHFs and
EHFs (V, Y). Data are presented as mean + SE. Statistical significance was calculated via one-way analysis of variance (ANOVA) with Bonferroni post-test. P values

are reported in the graph when P < 0.05.

U
60- .
EECTRL
EEHTIc
- 50 - B FIBROIN
o
© 404
e
0
D 30
o
Y
o 20
o
Z
104
0-
X
500 .
o~ EECTRL
= 400+ B HTIc
3 I FIBROIN
N
w
5 300-
9
[
g 200 i
-c
T 1001
(@)
0-

MFs

\"/
60 Z
EECTRL
504 *ok ok ESHTIc
B FIBROIN
©
)
©
by ]
0
©
o
§—
o
o
Z
YHFs EHFs
Y
500- .
s EECTRL
= 400- EmHTIc
= I FIBROIN
sﬂ_a 300-
£
k5 200+
©
T 100
(@]
0-

YHFs

EHFs

Fig. 3. (continued).

to mechanically interact and promote cells adhesion.

In addition, cell body diameters were measured to evaluate
morphological adaptation and differentiation, particularly cell elonga-
tion in response to different substrate chemistry and topography
(Fig. 3X, Y). In MFs, the average cell diameter significantly decreased on
HTlc compared to CTRL, while no significant change was observed on SF
(Fig. 3X). On the other hand, YHFs exhibited a significant reduction in
cell diameter on both HTlc and SF, indicating enhanced morphological
plasticity on these substrates. This reduction in diameter aligns with the
increased cell body elongation, driven by the substrate properties of
HTlc and SF compared to CTRL (Fig. 3Y). Conversely, EHFs showed little
change in diameter on HTlc compared to CTRL, whereas a significant
increase on SF compared to both HTlc and CTRL, suggesting a distinct
response of aging cells to SF surfaces. Data were analyzed using one-way
ANOVA with Bonferroni's test. A significance threshold of p < 0.05 was
applied, and all results are reported as mean + standard error of the
mean (SEM).

To evaluate the ability of the different substrates to support cell
survival over longer time, cell metabolic activity was assessed by Alamar
Blue assay (Fig. S3) at 6 and 10 DIV in MFs, YHFs and EHFs cultured on
CTRL, HTlc, and fibroin substrates. All substrates are alive and prolif-
erate, confirming the substrates overall cytocompatibility at longer time.
As expected, MFs displayed a markedly higher proliferative capacity
than both human fibroblast populations, with a substantial increase in
metabolic activity between 6 and 10 DIV, particularly on CTRL and HTlc

substrates. YHFs showed a moderate increase in proliferation over time,
whereas EHFs exhibited the lowest metabolic activity, consistent with
their reduced proliferative potential associated with donor age. Notably,
cells cultured on Fibroin, generally exhibited lower proliferation rates
compared with Control and HTlc conditions, suggesting that this sub-
strate may limit fibroblast expansion while still maintaining cell
viability. However, especially at 10 DIV EHFs maintain a modest
viability on fibroin compare to HTlc, confirming what SEM and fluo-
rescent microcopy revealed already a 3 DIV.

3.3. Morphological characterization using phalloidin staining

Actin filaments are central to a range of cellular processes, including
migration, adhesion and mechanotransduction and their architecture
reflects the cell ability to sense and adapt to substrate cues. To investi-
gate cytoskeletal organization in response to substrate topography, fi-
broblasts cultured on CTRL, HTlc and SF substrates were stained using
rhodamine phalloidin (Fig. 4), which specifically binds filamentous
actin (F-actin, red). Hoechst (blue) was used to label cell nuclei, (Fig. 4A-
F). We note that the identification of nuclei for the cells cultured on SF
was occasionally hindered due to substrate autofluorescence (Fig. 4G-I).
This dual staining approach therefore enabled the visualization of actin
cytoskeleton remodeling and associated morphological rearrangements
under the different culture conditions.

Confocal images in Fig. 4, showing the phalloidin staining at 4 DIV,
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Confocal micrographs (A-I) representing different MF (A, D, G), YHF (B, E, H), and EHF (C, F, I) stained for actin (red) and DAPI (blue) grown on CTRL (A-C), HTlc (D-

F) and SF (G-I) substrates. Scale bars, 100 pm.

revealed striking differences among substrates. Both mouse and human
fibroblasts displayed sparse distribution, typical of fibroblasts in vitro on
CTRL (Fig. 4A-C). Consistent with the FDA assay data (Fig. 3), mouse
fibroblasts (Fig. 4A) exhibited smaller cell bodies compared with the
flatter, spindle- or star-shaped morphology observed in human cells
(Fig. 4B, C). This finding is consistent with well-known intra-species
differences in cytoskeletal and spreading organization.

On HTlc substrates (Fig. 4D-F), both murine and human fibroblasts
formed dense cellular clusters characterized by pronounced elongations
and numerous protrusive structures, indicative of active cytoskeletal
remodeling and potential intercellular networking. These protrusions
likely reflect enhanced cell-cell interactions promoted by the increased
surface roughness of HTlc, which may foster cell network dynamics.
Such behavior is commonly associated with strengthened cell adhesion
and mechanotransduction processes [55].

Age-related alterations in cytoskeletal architecture were also
evident. Fibroblasts from EHFs (Fig. 4C, F, I) displayed less pronounced
actin filament organization and reduced elongation, relative to those
from younger donors (Fig. 4B, E, H), when cultured on biomaterial
substrates. These differences may reflect age-associated changes in
cellular stiffness or reduced mechanosensitive. Indeed, aging has been
linked to the accumulation of stress fibers, impaired actin turnover, and
decreased responsiveness to topographical cues, all of which can affect
cell morphology and function [3,4,7].

Interestingly, cells cultured on SF exhibited substrate-specific actin
architectures distinct from both CTRL and HTlc. Across all fibroblast

types, actin filaments on SF appeared less organized into stress fibers
and more diffusely distributed (Fig. 4G-I). This suggests a more mod-
erate spreading behavior and potentially a distinct mode of cytoskeletal
engagement with the substrate. Unlike the prominent, directionally
aligned stress fibers observed on HTlc, actin structures on SF were more
concentrated in specific areas, aligned in unidirectional bundles [56].

Taken together, these findings demonstrate that HTlc elicited the
strongest cytoskeletal remodeling and network formation.

To further explore whether the substrate-dependent changes in
cytoskeletal organization were associated with the modulation of
mechanosensitive pathways, TRPV1 expression was evaluated by
immunofluorescence in MFs, YHFs and EHFs cultured on CTRL, HTlc,
and SF substrates (Fig. 5). TRPV1 is a non-selective cation channel
traditionally associated with sensory neurons and nociceptive signaling,
but accumulating evidence indicates that it is also expressed in fibro-
blasts, where it participates in calcium homeostasis, mechano-
transduction, inflammatory responses, and extracellular matrix
remodeling [10-12]. Data show fibroblasts cultured on HTlc (Fig. 5 D-F)
and, more prominently, on SF substrates exhibited a more elongated and
polarized morphology, characterized by thin cellular extensions and
spindle-like profiles, mirroring the cytoskeletal rearrangements
observed by phalloidin staining (Fig. 5 G-I). Under these conditions,
TRPV1 labeling appeared to be increased relative to CTRL cultures,
particularly in MF (Fig. 5A) and YHFs (Fig. 5B), whereas EHFs (Fig. 5C)
displayed a more heterogeneous staining pattern with less evident
enhancement.
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In conclusion, the apparent association between substrate-induced
morphological adaptation and increased TRPV1 expression suggests
that this channel may contribute to fibroblast sensing of extracellular
physical cues in a species- and age-dependent manner and support the
emerging concept that fibroblasts share with sensory neurons conserved
molecular mechanisms of environmental sensing.

3.4. Optical Diffraction Tomography (ODT) to reveal differentiated cells
properties

To quantify the morphological changes induced by the different
substrates across various fibroblast types, we performed ODT observa-
tions of MFs, YHFs and EHFs cultured on CTRL, HTIc and SF substrates.
ODT provided high-resolution, label-free 3D RI maps of individual cells;
representative maximum intensity projection (MIP) images are shown in
Fig. 6. On all substrates, cells exhibited visible differences in shape and
RI distribution, in agreement with those qualitatively observed in the
SEM, FDA and phalloidin analyses describes in previous sections. On
CTRL substrate (Fig. 6A-C), fibroblasts are more spread, while on HTIc
(Fig. 6D-F) and SF (Fig. 6G-I) substrates cells are more elongated or
anisotropic.

These visual trends were most evident in the YHFs, though vari-
ability was observed across all cell types and substrates. The RI mapping
highlighted potential differences in cellular organization, which were
further examined through quantitative analysis in Fig. 7. Fig. 7A-C
shows ODT-based quantification of fibroblast dry mass, cell area, and

YHFs
CTRL C

HTlc

FIBROIN |

Fig. 5. TRPV1 immunofluorescence.
TRPV1 immunofluorescence in MF and HF cultured on different substrates. Representative immunofluorescence images of TRPV1 expression in mouse fibroblasts
(MFs; A, D, G, green +GFAP)), young human fibroblasts (YHFs; B, E, H), and elderly human fibroblasts (EHFs; C, F, I) cultured under control conditions (CTRL; A-C)
or on HTlc (D-F) and fibroin (G-I) substrates. Scale bars: 100 pm.
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aspect ratio across the different cell types and substrates. Fig. 7A shows
that cell dry mass was comparable for YHFs and EHFs across all sub-
strates, ranging between approximately 200 and 400 pg. In contrast,
MFs exhibited a mean dry mass of ~200 pg when cultured on CTRL and
SF substrates, with a modest increase to ~300 pg when cultured on
HTlc. Since substrate stiffness is known to influence cell behaviors like
migration, adhesion, and proliferation, these effects may indirectly
affect cell dry mass [57-59]. Changes in cell dry mass can also reflect
alterations in cell metabolism and viability [60].

Fig. 7B quantifies cell area. Both YHFs and EHFs exhibited the largest
area when cultured on CTRL compared to HTlc and SF substrates, and
relative to MFs. Notably, YHFs on CTRL displayed the largest cell area,
significantly surpassing all other conditions. Cell area decreased on HTlc
and was smallest on SF, regardless of fibroblast type. These data indicate
increased cell body elongation, consistent with fluorescent microscopy
observation (Fig. 6). This trend was observed across MFs, YHFs and
EHFs, although EHFs generally showed smaller cell areas compared to
YHFs.

Fig. 7C measures the aspect ratio, reflecting cell elongation. YHFs
and EHFs cultured on HTlc demonstrate the highest aspect ratio, indi-
cating the most pronounced elongation, followed by SF and glass. MFs
exhibit the lowest aspect ratio on all substrates compared to YHFs and
EHFs. These results highlight the role of substrate properties in dictating
cell shape, with glass (CTRL) favoring spread out morphologies, while
SF inducing more compact, rounded shapes, and HTlc promoting elon-
gated morphology. Noteworthy, the dry mass of all cells is comparable
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Refractive Index

1.33

Fig. 6. ODT.

1.40

ODT images of MF (A, D, and G), YHF (B, E, and H) and EHF (C, F, and I) cultured on CTRL (A-C), HTlc (D-F), and SF (G-I). Scale bar: 50 pm. Legend indicates RI
value range. CTRL (A-C) promoted maximal adhesion, spreading, and cytoskeletal organization, as shown by the uniform RI distribution. Fibroblasts cultured on HTlc
(D-F) and SF (G-I) appeared to have an elongated morphology, with more emphasis on the latter. The RI mapping provides critical insights into how substrate
properties influence cellular morphology and can be used to quantify those morphological parameters.

throughout the groups, but the cell area differs significantly, indicating
that the fibroblasts on HTlc and SF are denser than the ones on glass.
Overall, our results indicate that human fibroblasts, both YHFs and
EHFs, exhibit a more pronounced responsiveness to surface cues
compared to MFs, which showed limited qualitative and quantitative
changes. Among the biomaterials analyzed, HTLc substrates were the
most effective in promoting fibroblast elongation, a morphological
feature commonly associated with neuron-like cellular architecture. As
expected, EHFs displayed reduced proliferative capacity and lower
plasticity compared to YHFs; nevertheless, our findings demonstrate
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that fibroblasts derived from elderly donors can still be guided toward
neuron-like morphological features through appropriate substrate
design. This observation is particularly relevant for disease modeling
approaches targeting late-onset neurodegenerative conditions, where
patient-derived cells from aged individuals represent a critical and
clinically meaningful resource. In this context, the quantitative assess-
ment enabled by ODT allowed these substrate- and age-dependent
morphological differences to be objectively evaluated through param-
eters such as cell dry mass, area, and aspect ratio, providing a robust and
unbiased framework to evaluate fibroblasts remodeling.
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Fig. 7. Quantification of ODT data.

Quantification of morphological parameters (A) Cell dry mass, (B) Cell area,
and (C) aspect ratio, for mouse (MF), young human fibroblasts (YHF), and
elderly human fibroblasts (EHF), cultured on different substrates (CTRL, HTlc,
and SF). (*p < 0.01, **p < 0.001, ***p < 0.0001).

4. Summary and perspectives

Here, we investigated whether the behavior and morphological
remodeling of three different types of fibroblasts could be modulated
using two distinct interfaces: SF, an organic, soft and relatively smooth
substrate that partially mimics the elasticity of native ECM; HTlc, an
inorganic, stiffer and rougher substrate that provides stronger topo-
graphical and mechanical cues. Our results show that these substrates
significantly affect fibroblast adhesion, proliferation, shape and cyto-
skeletal organization. HTlc promoted good adhesion and proliferation,
while fostering marked cell elongation extensive protrusions and F-actin
fiber alignment, suggesting enhanced cell-substrate and cell-cell in-
teractions driven by its rough surface. This mechanosensitive response
was age-dependent, being more evident in young rather than elderly
human fibroblasts. SF also supported fibroblast shape remodeling, pro-
moting elongation and cytoskeletal reorganization, although its effects
were generally less pronounced than those observed on HTlc.
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Table 1 provides an overview of the results obtained across all sub-
strates, as described in detail in the previous section.

In this context, our study represents an important step toward
translational application of cell conversion strategies by combining
biomaterials commonly used for tissue repair and regeneration with
label-free 3D optical imaging to investigate fibroblast morphological
remodeling. To our knowledge, this is the first study to quantitatively
assess species- and age-dependent fibroblast morphology on bio-
materials using ODT through parameters such as cell dry mass, projected
area and aspect ratio. These descriptors provide non-invasive indicators
of cellular organization and may help identify early morphological sig-
natures associated with cell-state transitions.

Future developments should aim to integrate biomaterial-derived
mechanical cues, with biochemical reprogramming strategies
including transcription factors, small molecules or growth-factor-based
protocols, to determine whether substrate-induced morphological
remodeling can enhance conversion efficiency and neuronal maturation.
Furthermore, the development 3D biomaterial scaffolds with controlled
stiffness and nanoscale topography will be crucial to better mimic the
evolving mechanical environment of the nervous system and to optimize
reprogramming efficiency by recapitulating the complexity of the in
vivo microenvironment.

A key challenge will be to establish a direct link between early
morphological changes, such as elongation, cytoskeletal alignment and
dry-mass redistribution, and the functional acquisition of neuronal or
glial phenotypes. Addressing this limitation will require combining
ODT-based morphological analysis with molecular markers of neuronal
identity, transcriptomic profiling, and electrophysiological measure-
ments to validate functional maturation.

Moreover, the integration of label-free techniques such as ODT with
machine-learning approaches could further enable the identification of
predictive morphological signatures, allowing early selection of
responsive cells. In a translational perspective, these strategies may be
particularly relevant for patient-derived fibroblasts from aged donors,
which are essential for modeling late-onset neurological disorders.
Overall, combining engineered biomaterials, quantitative label-free
imaging and reprogramming protocols may provide a powerful frame-
work for advancing personalized regenerative medicine and disease
modeling in the nervous system.

5. Conclusion

In conclusion, this study demonstrates that biomaterial interfaces
with finely tuned mechanical and topographical properties can

Table 1
Comparison of the effect of the different substrates on different
properties of fibroblast cells.

Murine fibroblast Glass Silk Hydrotalcite
(MFs) CTRL Fibroin HTle

SF
Cells/area
Diameter +++ - -
Elongation - + +
Cytoskeleton reorganization - + ++
Human fibroblast Silk Hydrotalcite
(YHFs) Fibroin HTlc

SE
Cells/area + +++
Diameter +++ + -
Elongation + ++ +++
Cytoskeleton reorganization +
Human fibroblast Silk Hydrotalcite
(EHFs) Fibroin HTlc

SF
Cells/area +
Diameter + + +++
Elongation + + ++

- + +

| Cytoskeleton reorganization
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modulate fibroblast morphology and cytoskeletal organization in a
species- and age-dependent manner. By integrating well defined organic
and inorganic substrates with quantitative, label-free ODT, we establish
a powerful platform to capture early, mechanosensitive morphological
signatures that precede functional cell-state transitions. Importantly,
our results highlight surface roughness and stiffness as critical design
parameters capable of directing cell elongation, protrusive activity, and
cytoskeletal alignment, features to identify cellular plasticity. These
findings provide a rational basis for the design of advanced biomaterial
systems aimed at enhancing cell reprogramming and promising frame-
work for advancing personalized regenerative medicine and
biomaterial-based disease models.
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