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Abstract: Mechanotransduction is a molecular process by which cells translate physical stimuli
exerted by the external environment into biochemical pathways to orchestrate the cellular shape
and function. Even with the advancements in the field, the molecular events leading to the signal
cascade are still unclear. The current biotechnology of tissue engineering offers the opportunity
to study in vitro the effect of the physical stimuli exerted by biomaterial on stem cells and the
mechanotransduction pathway involved in the process. Here, we cultured multipotent human
mesenchymal/stromal cells (hMSCs) isolated from bone marrow (hBM-MSCs) and adipose tissue
(hASCs) on films of poly(butylene 1,4-cyclohexane dicarboxylate) (PBCE) and a PBCE-based copoly-
mer containing 50 mol% of butylene diglycolate co-units (BDG50), to intentionally tune the surface
hydrophilicity and the stiffness (PBCE = 560 Mpa; BDG50 = 94 MPa). We demonstrated the activated
distinctive mechanotransduction pathways, resulting in the acquisition of an elongated shape in
hBM-MSCs on the BDG50 film and in maintaining the canonical morphology on the PBCE film.
Notably, hASCs acquired a new, elongated morphology on both the PBCE and BDG50 films. We
found that these events were mainly due to the differences in the expression of Cofilin1, Vimentin,
Filamin A, and Talin, which established highly sensitive machinery by which, rather than hASCs,
hBM-MSCs distinguished PBCE from BDG50 films.

Keywords: poly(butylene 1,4-cyclohexane dicarboxylate); copolymerization; mechanical response;
cytoskeleton architecture; cell shape; mechanotransduction pathway; hard tissue

1. Introduction

Mechanical forces are now acknowledged as a crucial regulator of lifeforms and func-
tions in all aspects of biology [1,2] due to the capability of cells to be sensitive to physical
stimuli of different magnitudes at micro- or nanoscale levels and to convert them into
biochemical responses [1–3]. These molecular pathways, known as mechanosensing and
mechanotransduction, are critical for cellular physiology, tissue development, and the
maintenance of cell homeostasis and function [4–8]. Both processes involve specific classes
of “mechanosensor” proteins that sense external mechanical forces (mechanosensing) and
respond by activating intracellular signal pathways (mechanotransduction), resulting in
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gene expression regulation and, in turn, the control of cellular function(s) [1,2]. At the same
time, cells may respond to the above outside-in signaling triggering mechanotransduction
pathways in response to specific internal stresses that transmit outside the cells (inside-out
signaling) and modify the extracellular matrix, generating a dynamic cross-talk [1,2,4,9].
Thus, understanding the molecular basis of such pathways is critical in elucidating the
molecular mechanisms governing cellular functions in physiology and pathology [9–14].
Plasma membrane proteins (e.g., ion channels, integrins, cadherins) and intracellular
proteins (e.g., focal adhesion complexes, cytoskeleton components, nucleoskeleton compo-
nents, soluble proteins) are organized in molecular complexes that are spatially juxtaposed
to act as players for the mechanosensing and/or mechanotransduction pathways [6,15].
However, how the pathway(s) is (are) activated by one or more physical cues and the pro-
tein(s) involved in propagating the signal cascade are still unclear. Therefore, an effort has
been made to shed light on how physical stimuli control stem cells’ shapes and functions
and to identify the “mechanosensor” proteins involved in these processes.

In this context, designed biomaterials with specific chemical–physical properties are
the gold standard in generating suitable ex vivo cell supports, capable of recapitulating the
cell microenvironment, and are therefore appropriate to explore the mechanosensing and
mechanotransduction pathways [16,17]. Nowadays, biomaterials with designed properties
(e.g., surface properties (hydrophylicity/hydrophobicity, micro/nanotopography, unpat-
terned/patterned microstructures, roughness, ligand availability), mechanical properties
(stiffness, elasticity), and electrical properties) have been demonstrated to be capable of
modulating the cell shape and function (e.g., migration, proliferation, and differentiation)
due to the activation of specific mechanotransduction pathways [14,17–33].

In this work, we have generated a biohybrid system (cells cultured on biomaterials) to
study, at a molecular level, the mechanotransduction pathway(s) elicited by biomaterials
on multipotent progenitor cells. Understanding these mechanisms is necessary for the
development of effective tissue engineering platforms for soft and hard tissues.

We chose mesenchymal/stromal cells (MSCs) as cell sources based on their transla-
tional applications with biomaterials and tissue engineering [34–39]. MSCs consist of a
heterogeneous cell population of stromal cells, comprising multipotent adult stem cells
and progenitor cells, that can be isolated from several mesenchymal tissues, such as bone
marrow (hBM-MSCs) and adipose tissue (hASCs). Both cells can be easily isolated and
cultured in vitro with standardized procedures [34–36]. Moreover, they have multipotential
properties toward several differentiation lineages and can migrate toward injured sites in
response to environmental signals, promoting tissue regeneration through the release of
paracrine factors [37,38,40].

We used films of poly(butylene trans-1,4-cyclohexanedicarboxylate) homopolymer
(PBCE) to elucidate the mechanotransduction pathway(s) activated by the film properties on
hBM-MSCs and hASCs [35,39]. PBCE’s properties can be tuned either by the introduction of
increasing amounts of different co-units [41–43], such as butylene diglycolate one (BDGx),
or by the processing procedure used to generate the polymer films [25].

For instance, the production by a solvent casting procedure of PBCE homopolymer
films and PBCE copolymers films containing BDG10 or BDG30 resulted in films with
unpatterned microstructures and hydrophilicity that induced a drastic cell shape change,
the activation of neuronal markers, and the induction of the neuronal-like differentiation of
hBM-MSCs. These effects were absent in hBM-MSCs seeded on homopolymer PBCE films
produced with the compression molding procedure [25].

In this work, we used films obtained by the compression molding procedure. We syn-
thesized the P(BCE50BDG50) (BDG50) copolymer by introducing 50 mol% of BDG co-units
into the PBCE homopolymer. The introduction of a flexible BDG co-unit along the PBCE
macromolecular chain altered the chemical structure, thereby modifying the hydrophilicity
and stiffness of the surface film. The BDG50 film exhibited higher hydrophilicity and
reduced stiffness compared to the PBCE film. However, in both films, the stiffness was in
the order of MPa; thus, they mimicked the levels of stiffness in hard tissue [44–46].
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Multipotent mesenchymal/stromal cells were cultured on PBCE and BDG50 films, and
both systems were used to study the expression of mechanotransducer proteins involved
in the mechanotransduction pathway.

Here, we uncovered a specific mechanotransduction pathway elicited by the stiffness
and hydrophilicity properties of PBCE and BDG50 films in multipotent cell types that resulted
(i) in the maintenance of the hBM-MSCs’ behavior on the PBCE homopolymer film, and (ii) in
the remodeling of the cytoskeleton architecture and cell shape change in hBM-MSCs on the
BDG50 copolymer film and in hASCs on both the PBCE and BDG50 films.

2. Materials and Methods
2.1. Materials and PBCE and BDG50 Polymer Synthesis

Trans-1,4-cyclohexanedicarboxylic acid (CHDA; Fluorochem, Hadfield, Derbyshire,
UK), diglycolic acid (DGA; Merck KGaA, Darmstadt, Germany), 1,4-butanediol (BD; Merck
KGaA, Darmstadt, Germany), and titanium IV butoxide (TBT; Merck KGaA, Darmstadt,
Germany) were all used as purchased.

Poly(butylene trans-1,4-cyclohexanedicarboxylate) (PBCE) and poly(butylene trans-1,4-
cyclohexane dicarboxylate/diglycolate) random copolymer (BDG50), containing 50 mol%
of butylene diglycolate co-units, were synthesized by two-step polycondensation in the
melt, according to our previous studies [25]. A schematic representation of the synthetic
procedure is reported in the scheme in Figure 1. The presence of an equimolar amount
of BDG moieties, containing ether oxygen atoms, allowed us to enhance both the surface
hydrophilicity and the flexibility of the final material, maintaining at the same time a
suitable amount of the crystalline phase, the key requirement for the processing of the
sample in the form of a film, as described below. After the synthesis, both polymers were
purified by dissolution in chloroform and further precipitation in methanol.
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2.2. Production of PBCE and BDG50 Polymer Films

Free-standing films of PBCE and BDG50 were prepared by compression molding
(Carver C12 laboratory press). The purified polymers were placed between two Teflon
sheets and heated at a temperature 40 ◦C higher than the melting point of the materials.
After complete melting, a pressure of 5 ton/m2 was applied for 2 min. Then, the films were
ballistically cooled to room temperature in the press.

2.3. PBCE and BDG50 Polymer Film Characterization

Both films were characterized from chemical, thermal, wettability, and mechanical
points of view. In detail, proton nuclear magnetic resonance (1H-NMR, Varian Inova
400-MHz, Varian Associates, Palo Alto, CA, USA) was used to confirm the chemical struc-
ture and, in the case of the copolymer, the effective chemical composition. The molecular
weight (Mn) and polydispersity index (Ð) were evaluated by means of gel permeation chro-
matography (GPC, HPLC 1100 apparatus equipped with a PLgel 5-mm MiniMIX-C column
and an RI detector). The surface wettability was investigated by static water contact angle
(WCA) measurements (optical contact angle and surface tension meter CaAM 101, KSV
Instruments Ltd., Helsinki, Finland) carried out on flat film surfaces. Regarding thermal
characterization, the thermal stability was measured by thermogravimetric analysis (TGA,
PerkinElmer TGA4000, Shelton, CT, USA), carried out under a nitrogen flow, at a heating
rate of 10 ◦C/min, in the temperature range 40–800 ◦C. The main thermal transitions were
determined by differential scanning calorimetry (DSC, Perkin Elmer DSC6, Shelton, CT,
USA) under a nitrogen flow, using the following conditions: heating at 20 ◦C/min from
−60 ◦C to 180 ◦C (I scan), holding for 3 min, quenching to −60 ◦C (100 ◦C/min), and
heating again to 180 ◦C at 20 ◦C/min (II scan). Mechanical characterization was performed
through stress–strain measurements (Instron 5966), carried out on polymeric film stripes:
each specimen (gauge length of 2 cm) was stretched at a constant rate of 10 mm/min until
break, and the values of Young’s modulus (E), stress at break (σB), and elongation at break
(εB) were calculated from the obtained stress–strain curves.

2.4. Human Adult Mesenchymal/Stromal Multipotent Cells’ Isolation and In Vitro Culture

Adult mesenchymal/stromal multipotent cells were available in our laboratory for
research activity only [30,47,48]. Both cell types were isolated from waste samples; thus,
hBM-MSCs were collected from bone marrow thanks to the washout of the femur medullary
cavities of adult donor subjects undergoing primary total hip replacement. hASCs were
collected from biopsy adipose tissue during aesthetic intervention. In both cases, the
technique of isolating human adult mesenchymal/stromal multipotent cells was sporadic
and not part of a specific project, and all treatments were carried out with the agreement of
donors (60 years old) and in compliance with the Helsinki Declaration.

hBM-MSCs were isolated from the mononuclear cells from bone marrow using Lym-
pholyte (Cedarlane Laboratories Limited, Hornby, ON, Canada), containing the hetero-
geneous mesenchymal stromal population, and were seeded in culture flasks in growth
medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) (Euroclone S.p.A., Pero
(MI), Italy), containing heat-inactivated fetal bovine serum (FBS) 10%, 2 mM L-glutamine,
and 1% penicillin–streptomycin (Euroclone S.p.A., Pero (MI), Italy) in a humidified atmo-
sphere and at 5% CO2. The non-adherent cells were removed after 5 to 7 days, and fresh
medium was introduced to the flasks every three days. A fibroblast-like colony began to
form after 15 days.

For hASC isolation, adipose tissue was incubated for 40 min at 37 ◦C and 5% CO2, with
0.075% collagenase from Clostridium (Sigma Aldrich, St. Louis, MO, USA) for tissue diges-
tion, prepared in PBS containing 0.5% bovine serum albumin (BSA). The digestate was cen-
trifuged twice and the cell pellet was then re-suspended in a growth medium, RPMI-1640
(Euroclone S.p.A., Pero (MI), Italy), supplemented with 10% FBS, 1% L-glutamine, and
1% penicillin–streptomycin, plated in tissue culture flasks (TCP), and incubated at 37 ◦C,
5% CO2.
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Human adult mesenchymal/stromal multipotent cells expressing human anti-CD44,
-CD73, -CD90, and -CD105 were used, as well as anti-CD45, -CD34, human leukocyte
antigen (HLA)-ABC, CD (BD Biosciences). The FlowJo software (Tree Star, Ashland, OR,
USA) was employed to analyze the data, and cells were electrically gated based on their
light-scattering characteristics to distinguish between cell debris and cells. The negative
control was composed of isotype-matched non-specific antibodies [30,47,48]. Moreover,
both hBM-MSCs and ASCs were able to differentiate toward osteogenic, adipogenic, and
neural lineage [17,23–25,30,39,47,48].

2.5. Culture of hBM-MSCs and hASCs on Polymer Films

Each film was cut into a 1 cm2 square before being sterilized for 30 s in 70% ethanol,
washed with sterile PBS, and then deposited on multi-well plates. After drying, a suspen-
sion of human adult mesenchymal/stromal multipotent cells was sown drop by drop onto
sterile films. The growth culture medium was gradually added to each film after 45 min.
Cells plated on films were incubated at 37 ◦C and 5% CO2 in a humidified environment
following the canonical culture conditions. The medium was replaced every three days,
and cell cultures were examined for cell viability, morphology, and mechanotransduction
molecular pathway activation.

2.6. Adhesion of hBM-MSCs and hASCS on PBCE and BDG50 Films

First, 3 × 103 cells were seeded on PBCE and BDG50 films and on CTR (glass coverslip
(GC)). The time-course adhesion of both cell types on the polymer films and CTR was
evaluated at the time of seeding (t = 0 min), as well as after t = 45 min and t = 2.5 h of
cell seeding. Images were captured with a Canon digital camera (PowerShot G10, Canon,
Tokyo, Japan) and a brightfield microscope (Eclipse-TE2000-S, Nikon, Tokyo, Japan). The
cell adhesion on PBCE and BDG50 was tested also at day 3 by staining with Phalloidin
and Vinculin. Fluorescence images were captured with a fluorescence microscope (Eclipse-
TE2000-S, Nikon, Tokyo, Japan) equipped with an F-ViewII FireWire camera (Soft Imaging
System, Olympus, Münster, Germany).

2.7. Viability Assay

At different time intervals (3, 7, 14, and 21 days), 3 × 103 cells seeded on PBCE and
BDG50 (1 cm2 square) were evaluated to assess their vitality. In tests, the same number
of cells was seeded on tissue culture polystyrene (TCP) as an internal control. According
to the recommendations provided by the manufacturer, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA) was added to
cell–film cultures to test the viability of cells. Experiments were carried out using cells
seeded on TCP as an internal control. Interference effects of polymer films without cells on
the MTT assay were also considered. A microtiter plate reader (ELISA reader, DV990BV6,
GDV, Roma, Italy) was used to measure the absorbance of the samples at 589 nm, with a
reference wavelength of 650 nm.

2.8. Cell Proliferation

Cell proliferation was evaluated by seeding 3 × 103 cells on PBCE and on BGD50
films (1 cm2 square) at different time points (3, 7, 14, and 21 days). As an internal control,
experiments were performed by seeding the same number of cells on TCP.

The proliferation assay was performed using the InvitrogenTM Countess™ Automated
Cell Counter (Thermo Fisher, Invitrogen™, Grand Island, NY, USA) and the procedure was
performed according to the manufacturer’s recommendation for adherent cells. The use of
Trypan Blue Solution, 0.4% (Invitrogen™, Grand Island, NY, USA), was recommended in
the method.
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2.9. Immunofluorescence

Immunofluorescence was carried out as previously described [17,25,28,49]. In brief,
cells seeded on PBCE and BDG50 squares, as well as on the glass coverslip (GC), as a
negative control, were washed twice with PBS, fixed for 20 min in 4% paraformaldehyde,
washed twice with PBS, and then permeabilized (PBS + 3% FBS, 0.5% Triton X-100) and
blocked (PBS + 3% FBS, 0.05% Triton X-100) for 1 h at room temperature. Samples were
either treated overnight at 4 ◦C with the primary human antibody anti-β-Tubulin (1:200,
Elabscience, Houston, Texas, USA) for the staining of microtubules, anti-Vimentin (1:200,
Cell Signaling Technology, Danvers, MA, USA) for the staining of intermediate filaments,
and anti-Vinculin (1:150, Abcam, Cambridge, UK) for the staining of focal adhesion spots,
or for 20 min at room temperature with Phalloidin (Alexa Fluor 488 Phalloidin, Invitrogen,
Grand Island, NY, USA) for F-Actin staining. In case of microtubules, Vimentin, and
Vinculin, after washes with PBS, samples were incubated with secondary antibodies,
namely donkey anti-mouse Alexa Fluor 594-nm conjugated (Invitrogen, Grand Island, NY,
USA) or donkey anti-rabbit Alexa Fluor 594-nm conjugated (Invitrogen, Grand Island,
NY, USA), for 1 h at 37 ◦C. Samples were mounted and nuclei were counterstained with
Vectashield with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) after being washed
with PBS. Images were acquired using fluorescence microscopy (Eclipse-TE2000-S, Nikon,
Tokyo, Japan) equipped with an F-ViewII FireWire camera (Soft Imaging System, Olympus,
Münster, Germany). Interference from a fluorescence microscope for PBCE and BDG50
without cells was evaluated.

2.10. Computational Imaging Analysis

Cyto-morphometric descriptors, i.e., the cellular shape index (CSI), eccentricity, round-
ness, solidity, spread area, and spread index, were measured on 100 digital images of
hASCs and hBM-MSCs on CTR, PBCE, and BDG50 stained with Phalloidin-GREEN and
β-Tubulin-RED. The nuclear area, nuclear shape index, and nuclear roundness were mea-
sured on 100 digital images of hASCs and hBM-MSCs on CTR, PBCE, and BDG50 stained
with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). The analysis was performed
using Fiji (Fiji Life-Line, v. 2015, U.S. National Institutes of Health, Bethesda, Maryland,
USA) as previously reported [2,50,51].

2.11. Cell Extracts

Cells were detached from films and TPC after 7 days of culture by incubation with
trypsin. After being cleaned in PBS, cell pellets were re-suspended in 10 mM sodium
phosphate buffer, pH 6.0, adding 0.1% (v/v) Nonidet NP40 detergent (Sigma-Aldrich, St.
Louis, MO, USA) [52]. Three rounds of sonication were performed on the cell lysates. The
procedures were performed at 4 ◦C. Protein concentrations were determined using the
Bradford assay with BSA as the standard [28,49,53].

2.12. Western Blotting

Protein extracts (35µg for each sample) of TCP, PBCE, and BDG50 were separated by
SDS-PAGE and Western blotting, and then immunodetected with the primary antibodies
(listed in Table 1) and one of the following secondary antibodies: anti-mouse IgG, HRP-
linked antibody (Cell Signaling Technology, Danvers, MA, USA) anti-rabbit IgG, HRP-
linked antibody (Cell Signaling Technology, Danvers, MA, USA), and rabbit anti-goat
IgG antibody, HRP-conjugated (Sigma Aldrich, St. Louis, MI, USA). The immunostaining
procedures were carried out using the ECLTM Detection System (GE Healthcare, Fairfield,
CT, USA).
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Table 1. List of primary antibodies.

Antibody Dilution Source Company

Talin 1:1000 RABBIT Cell Signaling Technology, Danvers, MA, USA
Paxillin 1:1000 RABBIT Cell Signaling Technology, Danvers, MA, USA
Vinculin 1:1000 RABBIT Abcam, Cambridge, UK

FAK 1:200 RABBIT Santa Cruz Biotechnology, CA, USA
B-Catenin 1:200 RABBIT Elabscience, Houston, TX, USA
Vimentin 1:1000 RABBIT Cell Signaling Technology, Danvers, MA, USA

Myosin IIA 1:1000 RABBIT Santa Cruz Biotechnology, CA, USA
Filamin A 1:500 MOUSE Santa Cruz Biotechnology, CA, USA
Cofilin1 1:200 RABBIT Santa Cruz Biotechnology, CA, USA

Lamin A/C 1:1000 MOUSE Cell Signaling Technology, Danvers, MA, USA
Lamin B 1:200 GOAT Santa Cruz Biotechnology, CA, USA

YAP 1:1000 MOUSE Cell Signaling Technology, Danvers, MA, USA
TAZ 1:1000 RABBIT Cell Signaling Technology, Danvers, MA, USA
Actin 1:200 RABBIT Sigma Aldrich, St. Louis, MI, USA

Densitometry analyses were conducted using the Fiji software (Fiji Life-Line, v. 2015,
National Institutes of Health, Bethesda, MD, USA). Relative band intensities were normal-
ized to Actin as an internal reference. Results are expressed as the mean ± SD of three
independent experiments.

2.13. Venn Diagram Analysis

VennPlex version 1.0.0.2 [54] was utilized in the creation of Venn diagrams. VennPlex
offers the capability to determine specific factors that are upregulated, downregulated, or
contra-regulated (regulated in the opposite direction) in relation to their corresponding
control groups. The datasets utilized to generate the diagrams were obtained by converting
protein expression levels into log2-fold change values relative to the control cell system.

2.14. Statistical Analysis

Data analyses were reported as the mean ± SD and median with interquartile range
(GraphPad 8.0 Software, San Diego, CA, USA). Parametric (one-way ANOVA) or non-
parametric tests (Kruskal–Wallis) followed by post-tests were used according to datasets.
p ≤ 0.05 was considered statistically significant. The statistical test used is indicated in the
legend of each figure.

3. Results

In this work, we studied the mechanotransduction pathways activated by PBCE
homopolymer and BDG50 copolymer films on hBM-MSCs and hASCs. The workflow,
illustrated in Figure 2, started with the polymers’ ad hoc design and synthesis, followed by
the production and characterization of the PBCE and BDG50 films, and then the in vitro
culture of both hBM-MSCs and hASCs on the polymer films (Step 1). Then, it continued
with the evaluation of the suitability of PBCE and BDG50 films for the long-term culture of
hBM-MSCs and hASCs (Step 2) and the investigation of the effects of PBCE and BDG50 on
the mechanotransduction pathways in hBM-MSCs and hASCs (Step 3). Immunofluores-
cence, computational imaging analysis, and Western blotting were performed to study the
protein expression involved in the mechanotransduction pathway.
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Figure 2. Experimental plan. Step 1 illustrates the types of human adult mesenchymal/stromal
multipotent cells used for the study, and the films: PBCE and BDG50 polymer-produced films.
Step 2 shows the interactions of hBM-MSCs and hASCs with PBCE and BDG50 films and their
culture for 21 days. In Step 3, the mechanotransducer proteins investigated are listed.

3.1. PBCE and BDG50 Film Characterization

According to our previous study, the chemical structures of PBCE and BDG50 were
confirmed by 1H-NMR [25]. The chemical composition of the BDG50 sample was also
calculated, resulting in a very close-to-feed one. The molecular weights were high and
comparable (50,300 and 47,500 Da, respectively) with polydispersity indexes of 1.7 and
1.5, respectively. All these results indicate good control over the polycondensation process.
The materials were then compression-molded into films (Figure 3a) with a thickness of
approximately 150 µm and characterized from the solid-state point of view.

The prepared films differed in their hydrophilicity. Copolymerization was responsible
for an increase in surface wettability (lower hydrophobicity), due to the presence of ether
oxygen atoms. Thus, the water contact angle (WCA) values immediately after drop depo-
sition were 100◦ for PBCE and 91◦ for BDG50, and after 120 s, the evolution of the drop
shape in BDG50 gave a WCA value of approximately 77◦, whereas the PBCE WCA was
unchanged (Figure 3b).

Copolymerization did not remarkably affect the thermal stability. In fact, the onset
temperature (Tonset) was above 350 ◦C in both cases, although slightly lower for the copoly-
mer (366 vs. 395 ◦C for PBCE) due to the presence of ether oxygen atoms, which are more
prone to thermo-oxidative processes, in agreement with previous results [25].

Differential scanning calorimetry (DSC) revealed that both films were semicrystalline
(the calorimetric traces of both polymer films showed a melting endothermic peak) with
a glass transition step associated with the sample’s amorphous portion below room tem-
perature. Both the copolymer melting enthalpy (∆Hm) and melting temperature Tm were
lower with respect to PBCE: Tm decreased from 165 ◦C to 84 ◦C, while the melting enthalpy
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shifted from 29 J/g to 20 J/g. Such results are a consequence of the decreased crystallization
capability of BCE moieties (lower ∆Hm) in the copolymer, together with the formation of
crystals with a lower degree of perfection (lower Tm), due to PBCE’s chemical modification
through copolymerization. Lastly, the glass transition temperature (Tg), measured after
rapid cooling from the molten state, decreased from 15 ◦C for PBCE to −20 ◦C for BDG50,
indicating that, in both samples, the amorphous phase was rubbery but was more mobile
in the copolymer [25].
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Figure 3. (a) Schematic representation of the realization of films by compression molding; (b) different
WCA and (c) different mechanical behavior of PBCE and BDG50 films.

Mechanical characterization, performed via stress–strain measurements, revealed
different behavior for the two materials (Figure 3c). Once again, the insertion of ether
oxygen atoms along the PBCE main chain allowed us to modify significantly, and in
a controlled way, the homopolymer’s mechanical performance. In detail, the Young’s
modulus decreased by more than five times (EPBCE = 560 MPa; EBDG50 = 94 MPa) with
copolymerization, whereas the elongation at break increased from only 40% for PBCE to
almost 500% for BDG50. Lastly, the stress at break decreased due to copolymerization,
shifting from a value of 27 MPa for the homopolymer to 6 MPa for the copolymer [25].

The overall data indicated that the BDG50 copolymer film was more hydrophilic and
flexible (reduced stiffness) than the PBCE homopolymer film.

3.2. PBCE and BDG50 Are Suitable for the Long-Term Culture of hBM-MSCs and hASCs

First, we assessed the adhesion of hBM-MSCs and hASCS on the PBCE and BDG50
films. Representative images revealed the time-course adhesion of both cell types on
the polymer films and control system (CTR) at the time of seeding (t = 0 min), and after
t = 45 min and t = 2.5 h of cell seeding, when the majority of both cell types had adhered to
the film surfaces and to the CTR (Figure 4a). The cell adhesion on PBCE and BDG50 was
comparable to the related counterpart on the CTR, as revealed in the culture at day 3 by the
representative brightfield images, Phalloidin staining, and the high magnification of the
Vinculin focal adhesion spot immunostaining [55] (Figure 4b,c).
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(21 days (D)) by seeding multipotent cells on polymer films in the growth culture medium 
and assessed the cell proliferation, viability, and morphology (Figures 5 and 6). As the 
experimental control (CTR), human adult mesenchymal/stromal multipotent cells were 
seeded on tissue culture polystyrene or on glass coverslips in the growth culture medium 
(Figures 5a and 6a). Cultures were monitored at different time points (D3, D7, D14, D21). 

Figure 4. hBM-MSC and hASC adhesion on CTR, PBCE, and BDG50 films. (a) Representative
brightfield images of hBM-MSC and hASC adhesion at t = 0 (after seeding), after 45 min (t = 45 min),
and after 2.5 h (t = 2.5 h) on PBCE and BDG50 films and CTR system, obtained with the microscope
Eclipse-TE2000-S (Nikon) equipped with a Nikon digital sight DS-L1 (NIKON, Tokyo, Japan). Scale
bar = 100 µm. (b) Representative fluorescence images of F-Actin (GREEN) in hBM-MSCs and hASCs
on PBCE and BDG50 films and CTR system at D3, and relative brightfield images, obtained with the
fluorescence microscope Eclipse-TE2000-S (Nikon, Tokyo, Japan) equipped with an F-ViewII FireWire
camera (Soft Imaging System, Olympus, Münster, Germany). Scale bar = 20 µm. (c) Representative
fluorescence images of Vinculin of hBM-MSCs and hASCs on PBCE and BDG50 films and CTR system
at D3, and relatively high-magnification digital images, obtained with a fluorescence microscope
(Eclipse-TE2000-S, Nikon, Tokyo, Japan) equipped with an F-ViewII FireWire camera (Soft Imaging
System, Olympus, Münster, Germany). Scale bar = 20 µm.

Next, we determined whether the PBCE and BDG50 films were suitable for the culture
of both hBM-MSCs and hASCs. We performed long-term culture investigations (21 days
(D)) by seeding multipotent cells on polymer films in the growth culture medium and
assessed the cell proliferation, viability, and morphology (Figures 5 and 6). As the ex-
perimental control (CTR), human adult mesenchymal/stromal multipotent cells were
seeded on tissue culture polystyrene or on glass coverslips in the growth culture medium
(Figures 5a and 6a). Cultures were monitored at different time points (D3, D7, D14, D21).
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Scale bar = 20µm. (f) Computational imaging analysis of hBM-MSCs on PBCE, BDG50, and CTR: 
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Figure 5. Culture of hBM-MSCs on PBCE and BDG50 films. (a) Schematic representation of the
long-term culture of hBM-MSCs on PBCE and BDG50 films, and in the control conditions (CTR).
(b) Cell proliferation and (c) cell viability on PBCE, BDDG50 films, and CTR at different time points
(D3, D7, D14, and D21). (d) hBM-MSCs’ morphology during the time in culture. Representative
images of F-Actin (GREEN), microtubules (RED), and nuclei (BLUE) on PBCE, BD50, and CTR. Scale
bar = 100 µm. (e) Representative images of Vimentin (RED) and nuclei (BLUE) on PBCE, BD50,
and CTR. Scale bar = 20µm. (f) Computational imaging analysis of hBM-MSCs on PBCE, BDG50,
and CTR: eccentricity, cell shape index (CSI), roundness, solidity, spread area, and spread index.
Results are expressed as mean ± SD of three independent experiments in (b,c); represented as box
and whiskers (min to max) in (e) with Kruskal–Wallis test and Dunn’s multiple comparison test.
* p < 0.05, ** p < 0.01, **** p < 0.0001, ns: not significant.

We found a comparable cell proliferation rate for hBM-MSCs and hASCs cultured on
PBCE and BDG50 films and on the CTR system (Figures 5b and 6b). We also found a similar
dehydrogenase activity curve in both cell types on the PBCE and BDG50 polymer films with
respect to the control system, indicating the absence of cell cytotoxicity (Figures 5c and 6c).
Moreover, all cell–polymer cultures were free of pyknotic signs (Figures 5d and 6d, repre-
sentative images). Both hBM-MSCs and hASCs grew adherent to the PBCE and BDG50
films and to the CTR (Figures 4, 5d and 6d).
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These results demonstrate the biocompatibility of PBCE and BDG50 for both hBM-
MSC and hASC cultures.
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PBCE and BDG50 films and on the CTR system (Figures 5b and 6b). We also found a 
similar dehydrogenase activity curve in both cell types on the PBCE and BDG50 polymer 
films with respect to the control system, indicating the absence of cell cytotoxicity (Figures 
5c and 6c). Moreover, all cell–polymer cultures were free of pyknotic signs (Figures 5d 
and 6d, representative images). Both hBM-MSCs and hASCs grew adherent to the PBCE 
and BDG50 films and to the CTR (Figures 4, 5d, and 6d). 

These results demonstrate the biocompatibility of PBCE and BDG50 for both hBM-
MSC and hASC cultures. 

Figure 6. Culture of hASCs on PBCE and BDG50 films. (a) Schematic representation of the
long-term culture of hBM-MSCs on PBCE and BDG50 films, and in the control conditions (CTR).
(b) Cell proliferation and (c) cell viability on PBCE, BDDG50, and CTR at different time points
(D3, D7, D14, and D21). (d) hASCs’ morphology during the time in culture. Representative
images of F-Actin (GREEN), microtubules (RED), and nuclei (BLUE) on PBCE, BD50, and CTR.
Scale bar = 100 µm. (e) Representative images of Vimentin (RED) and nuclei (BLUE) on PBCE, BD50,
and CTR. Scale bar = 20 µm. (f) Computational imaging analysis of hASCs on PBCE, BDG50, and
CTR: eccentricity, cell shape index (CSI), roundness, solidity, spread area, and spread index. Results
are expressed as mean ± SD of three independent experiments in (b,c); represented as box and
whiskers (min to max) in (e) with Kruskal–Wallis test and Dunn’s multiple comparison test. * p < 0.05,
*** p < 0.001, **** p < 0.0001.

The cell morphology was analyzed by evaluating the architecture of the cytoskeleton
via the immunostaining of F-Actin fibers, microtubules, and the intermediate filaments of
Vimentin (Figures 5d,e and 6d,e) [56,57].

hBM-MSCs on PBCE maintained the canonical mesenchymal fibroblast-like mor-
phology, as in the control system (Figure 5d,e). However, when cultured on the BDG50
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film, hBM-MSCs showed a thin, elongated shape, as revealed by F-Actin, microtubule
(Figure 5d,e, representative images), and Vimentin organization (Figure 5e, representative
images at D7).

The cells’ morphology was observed to be different after day 3 of the culture and was
maintained throughout the culture period (D21; Figure 5d).

The computational cyto-morphometric analysis validated these results (Figure 5f). We
found that the descriptors of eccentricity, cell scape index (CSI), roundness, solidity, spread
area, and spread index (calculated as the mean value for time points 3, 7, 14, and 21 days)
followed a similar trend in hBM-MSCs on PBCE and CTR compared to cells on BDG50,
where all indicators were different (Figure 5f). Herein, the eccentricity, roundness, and
spread index were consistently increased, whereas the CSI, solidity, and spread area were
decreased, compared to the PBCE and CTR cultures, where the levels of the indicators were
comparable (Figure 5f).

In comparison to hBM-MSCs, hASCs demonstrated changes in cell shape on both
PBCE and BDG50 films (Figure 6d,e, representative images). The cytoskeleton architecture
of hASCs on both polymer films reorganized and was significantly elongated, compared to
the mesenchymal fibroblast-like shape of the control cells (Figure 6d,e). The new cell shape
was evident at D3 and was maintained over time in the culture (Figure 6e).

Again, these results were confirmed by the computational cyto-morphometric anal-
ysis, which, however, revealed an interesting mirroring trend (Figure 6f). All indicators
(eccentricity, CSI, roundness, solidity, cell spread area, and spread index) were comparable
among hASCs cultured on PBCE and BDG50, whereas both were different toward cells
cultured on the CTR (Figure 6f). In detail, compared to the CTR cultures, in the PBCE and
BDG50 cultures, the eccentricity, roundness, and spread index increased, whereas the CSI,
solidity, and spread area decreased (Figure 6f).

3.2.1. hBM-MSCs and hASCs Respond Differently to the Chemical and Physical Properties
of PBCE and BDG50

To shed light on the distinct responses of hBM-MSCs and hASCs to the PBCE and
BDG50 films, we assessed the expression of proteins involved in the mechanotransduction
process (Figures 1 and 7–9). As previously mentioned, mechanotransduction involves a
group of mechanotransducer proteins that can convert physical stimuli into biochemical
signals. In this study, we focused on the expression of key proteins in the canonical
mechanotransduction pathway, namely the focal adhesion (FA) complex, (Vinculin, Paxillin,
Talin, FAK, and β-Catenin [2,58–60]); the Actin-linking proteins (Filamin A, Myosin IIA,
and Cofilin1) necessary for the dynamicity of the actin microfilaments (F-Actin) [1,2,61];
and the nuclear lamins (Lamin A, Lamin B, Lamin C), which transmit the cytoskeleton
signaling to the DNA [62–64].

Finally, we investigated the expression of the transcription factors YAP and TAZ,
known for their roles as key mechanotransducers capable of transferring cytoskeletal stress
to the nuclei and regulating cell function [65–67].

All data reported in Figures 7–9 refer to the expression of the abovementioned proteins
at D7, the time point at which the difference in both human adult mesenchymal/stromal
multipotent cell shapes was clearly shown, and the cell number was sufficient for the
experiments (Figure 7a,b). All histograms in the figures reflect densitometric analyses (mean
of three different experiments) of related Western blotting experiments (for representative
bands and densitometric analysis of the expression of every individual protein obtained by
Western blotting, see Supplementary Figures S1–S4 and S6–S8).
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Compared to control cells, in hBM-MSCs cultured on PBCE and BDG50, we found a 
significant increase in the expression of Vinculin (2.7- and 2.5-fold increase, respectively) 
and Paxillin (12- and 16-fold, respectively), whereas the expression of Talin was only 
slightly detectable (Figure S1). The expression of FAK, a protein involved in the assembly 
and maturation of the FA complex [68], was increased in cells on PBCE (66% > CTR) and 
to a greater extent on BDG50 (79% > CTR) (Figure S1). The expression of β-Catenin, a 
protein whose interaction with Vinculin responds to mechanical tension [69], was reduced 
in PBCE (46% < CTR) and BDG50 (85% < CTR) cultures (Figure S3a). 

Figure 7. Expression of proteins involved in mechanotransduction mechanism in hBM-MSCs
(a,c,e,g) and hASCs (b,d,f,h) after 7 days of culture on films of PBCE and BDG50 and CTR.
(a,b) Schematic representation of the experimental plan of hBM-MSCs and hASCs on TCP (CTR),
PBCE, and BDG50 films. (c,d) FA protein expression profile in hBM-MSCs (c) and hASCs (d).
Western blotting bands, densitometric analysis, and relative statistical analysis are reported in
Supplementary Figures S1 and S3. (e,f) Densitometric analysis of Actin-linking proteins Myosin IIA,
Filamin A, and Cofilin1 in hBM-MSCs (e) and hASCs (f). Western blotting bands are reported in
Supplementary Figure S4a. (g,h) Expression of Lamin A, Lamin C, and Lamin B in hBM-MSCs (g)
and hASCs (h). Western blotting bands, densitometric analysis, and relative statistical analysis are
reported in Supplementary Figure S6. All results are expressed as mean ± SD of three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Focal adhesion complex. The expression of each FA protein (Figures S1 and S2) gave
rise to a specific FA complex composition profile in the hBM-MSC and hASC systems
(Figure 7c,d).

Compared to control cells, in hBM-MSCs cultured on PBCE and BDG50, we found a
significant increase in the expression of Vinculin (2.7- and 2.5-fold increase, respectively)
and Paxillin (12- and 16-fold, respectively), whereas the expression of Talin was only slightly
detectable (Figure S1). The expression of FAK, a protein involved in the assembly and
maturation of the FA complex [68], was increased in cells on PBCE (66% > CTR) and to a
greater extent on BDG50 (79% > CTR) (Figure S1). The expression of β-Catenin, a protein
whose interaction with Vinculin responds to mechanical tension [69], was reduced in PBCE
(46% < CTR) and BDG50 (85% < CTR) cultures (Figure S3a).
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Figure 8. Mechanotransducer transcription factors. (a,b) Densitometric analysis of mechanotrans-
ducer transcription factors YAP and TAZ in hBM-MSCs (a) and in hASCs (b) on PBCE, BDG50, and
CTR systems. (c) YAP/TAZ ratio in hBM-MSCs and hASCs on PBCE, BDG50, and CTR systems.
Relative bands are reported in Supplementary Figure S7. Results are expressed as mean ± SD of
three independent experiments. ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant.
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font), down− (underlined font), and contra−regulated (red font) are indicated in a box shown next
to each diagram. (c,d) Profile expression of (c) contra−regulated proteins in PBCE vs. CTR and
(d) down−regulated Talin and contra−regulated proteins in BDG50 vs. CTR.

Similarly, in hASCs cultured on PBCE and BDG50, Vinculin and Paxillin expression
was increased compared to control cells (Vinculin: 2.3 and 1.4-fold increase, PBCE; Paxillin:
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3.2-fold and 2.4-fold increase, BDG50), while Talin expression was slightly increased on
PBCE (8%) and reduced on BDG50 (82%) (Figure S2). FAK expression significantly increased
on PBCE (2.9-fold > CTR) and to a lesser extent on BDG50 (1.4-fold > CTR) (Figure S2).
β-Catenin expression was reduced in both PBCE (<31%) and BDG50 (<49%) cultures
compared to control cells (Figure S3b).

Collectively, the Vinculin, Paxillin, Talin, and FAK proteins generated an expression
profile that, starting from the expression of the Vinculin protein, known as the organizer
of the mature FA complex [24,70], led to plots that were similar between hBM-MSCs and
hASCs cultured on PBCE and on BDG50 (Figure 7c,d) and distinct compared to the related
CTR culture counterparts (Figure 7c,d).

Actin-linking protein. The polymer films also influenced the expression of the Actin-
linking proteins in both cell types (Figures 7e,f and S4a,b). In the hBM-MSC system, the
Myosin IIA expression was higher in cells on PBCE (2.6-fold increase) and to a lesser extent
on BDG50 (1.8-fold increase) than in the control group (CTR). In contrast, Filamin A levels
were reduced in hBM-MSCs on PBCE (17% < CTR), while they slightly increased on BDG50
(11% > CTR); Cofilin1 increased 2.4-fold on BDG50 compared to CTR, and to a lesser extent
on PBCE (24% > CTR) (Figures 7e and S4a).

In hASCs, the expression of Myosin IIA was significantly higher in the PBCE and
BDG50 cultures (3.4- and 3.3-fold increase, respectively) when compared to the CTR cul-
ture. The expression of Filamin A was slightly increased in PBCE (26% > CTR) and
highly reduced in hASCs on BDG50 (45% < CTR) (Figures 7f and S4b); the expression of
Cofilin1 dropped in the PBCE (<60%) and BDG50 cultures (<62%) compared to the CTR
(Figures 7d S4b).

These findings confirm the role of Filamin A and Cofilin1 as key proteins with variable
expression across systems (Figures 7e,f and S4a,b).

Nucleoskeleton. No significant differences were observed in the measures of the nu-
clear shape index (NSI), nuclear roundness, and nuclear spread area between hBM-MSCs
on PBCE, BDG50, and CTR (Figure S5), although all indicators showed a wide range of val-
ues on BDG50 (Figure S5a). These results diverged in hASCs, where the above descriptors
showed a similar trend on PBCE and BDG50 compared to CTR (Figure S5b).

We further explored the effects of films on the hBM-MSCs’ and hASCs’ nucleoskeletons
by evaluating the expression of nuclear Lamins A, C, and B (Figures 7g,h and S6a,b).

In hBM-MSCs, Lamin A expression decreased on the BDG50 (68%) and PBCE (24%)
films compared to CTR, while Lamin C expression remained unchanged and Lamin B
expression increased slightly (15%) on BDG50 films compared to their expression in PBCE
and CTR cultures (Figure S6a). In hASCs, Lamin A and C expression was significantly
lower on PBCE (64% and 41%, respectively, compared to the CTR) and BDG50 (49% and
42%, respectively, compared to the CTR) (Figure S6b), whereas Lamin B expression was
higher on PBCE (3.4-fold) and BDG50 (3.7-fold) compared to the CTR (Figure S6b).

Plotting together the expression of lamins, we observed that (i) Lamins A, C, and B had
a similar trend of expression in CTR cells (Figure 7g,h); (ii) the lamins’ expression on PBCE
was similar in hBM-MSCs, while, in hASCs, Lamin B was higher than Lamins A and C; in
hBM-MSCs cultured on BDG50, Lamins C and B were higher compared to Lamin A, with
differing expression profiles compared to hASCs, where Lamin B was greatly increased
compared to Lamins A and C (Figure 7g,h).

Together, the results shown in Figures 7 and S1–S4 and S6 highlight the differences in
the expression of the overall mechanotransducer proteins in hASCs cultured on PBCE and
BDG50 films compared to their hBM-MSC counterparts, thereby confirming the morpho-
logical differences between hBM-MSCs and hASCs cultured on polymer films (Figures 5
and 6).

Effect of PBCE and BDG50 on YAP and TAZ. The analysis of the expression of the
transcription factors YAP and TAZ in the polymer film cultures revealed the impact of the
mechanical properties on the cell behavior Figures 8 and S7a,b). YAP expression showed a
significant increase in all cell–film cultures compared to the CTR (approximately 20-fold
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on BDG50 and 12-fold on PBCE for hBM-MSCs, and approximately 9-fold on PBCE and
BDG50 for hASCs) (Figures 8a,b and S7a,b). On the other hand, TAZ expression varied in
hBM-MSCs on both films and in hASCs only on PBCE compared to the CTR. Specifically,
TAZ levels decreased in hBM-MSCs on PBCE and BDG50 by approximately 60% less than
for the CTR, while they significantly increased in hASCs on PBCE by 82% compared to the
CTR and BDG50 (Figures 8a,b and S7a,b). Plotting together YAP and TAZ, we observed
an increase in the YAP/TAZ ratio in hBM-MSCs and hASCs seeded on PBCE and BDG50
compared to the CTR (Figure 8c). Interestingly, on PBCE and BDG50, hBM-MSCs had
a higher YAP/TAZ ratio than hASCs, whereas the trend was the opposite in their CTR
counterparts (Figure 8c).

3.2.2. hBM-MSCs and hASCs Respond to PBCE and BDG50 by Activating Distinct
Mechanotransduction Pathways

We used VennPlex, a computational analysis tool, to create a Venn diagram that
grouped the mechanotransducer proteins analyzed in hBM-MSCs and hASCs cultured on
PBCE and BDG50. This enabled us to identify the most relevant putative proteins in the
mechanotransduction pathway(s) in BDG50 and PBCE cultures (Figure 9).

When comparing PBCE_hBM-MSCs and PBCE_hASCs, we found that five proteins
were commonly upregulated (Vinculin, Paxillin, FAK, Myosin IIA, YAP/TAZ), three were
downregulated (Lamin A, Lamin C, β-Catenin), and four were contra-regulated (Talin, Fil-
amin A, Cofilin1, and Vimentin (see expression in Figure S8)) between systems (Figure 9a).
Similarly, when comparing BDG50_hBM-MSCs and BDG50_hASCs, we identified six com-
monly upregulated proteins (Vinculin, Paxillin, FAK, Myosin IIA, Lamin B, YAP/TAZ), four
downregulated proteins (Talin, β-Catenin, Lamin A, Lamin C), and three contra-regulated
proteins (Filamin A, Cofilin1, Vimentin) (Figure 9b). Among the contra-regulated proteins,
Cofilin1 and Vimentin were downregulated in hASCs and upregulated in hBM-MSCs in
both films (Figure 9c,d). Filamin A was downregulated in hBM-MSCs and upregulated
in hASCs on PBCE, and vice versa on BDG50 (Figure 9c,d). Talin was downregulated
in h-BM-MSCs and upregulated in hASCs on PBCE, whereas it was downregulated in
BDG50_hBM-MSCs and BDG50_hASCs (Figure 9c,d).

When correlating all the data in Figure 9, we uncovered that (i) the upregulated pro-
teins (Vinculin, Paxillin, FAK, Myosin IIA, and YAP/TAZ) and the downregulated Lamins
A and C were common to all groups investigated, proving that the BCE main moiety elicits
this mechanotransduction pathway; (ii) the proteins Filamin A, Cofilin1, and Vimentin were
contra-regulated in all groups, indicating that these proteins respond differently to the poly-
mer based on the cell type; (iii) the protein Talin was contra-regulated in PBCE_hBM-MSCs–
PBCE_hASCs and downregulated in BDG50_hBM-MSCs–BDG50_hASCs, suggesting that
this protein responded differently to the different polymer film characteristics.

4. Discussion

In this work, we demonstrated that the BDG50 copolymer-based film triggered the
reorganization of the cytoskeleton architecture and the acquisition of a new morphology
in hBM-MSCs, which was drastically elongated and thinned out, compared to cells on
the PBCE homopolymer-based film, where mesenchymal/stromal cells maintained the
canonical mesenchymal fibroblast-like shape. These findings diverged from those showing
a similar effect of PBCE and BDG50 films on hASCs, where the cells were elongated
similarly to hBM-MSCs on the BDG50 film. The different cellular behaviors appeared early
at D3 and were validated by the measurements of the computational cyto-morphometric
descriptors, which further highlighted two clusters consisting of BDG50_hBM-MSCs versus
PBCE_hBM-MSCs and control_hBM-MSCs (one side), and PBCE_hASCs–BDG50_hASCs
versus control_hASCs (on the other side). We demonstrated that these results were the
consequences of the specific mechanotransduction pathway(s) elicited by the properties of
the PBCE and BDG50 films in both multipotent cell types.
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The overall results validated the established notion that biomaterial properties can in-
fluence human adult mesenchymal/stromal multipotent cells’ fate (proliferation, morphol-
ogy, cytoskeleton architecture, adhesion, differentiation [2,4,17,18,24,25,27–31,48,71,72]),
but they primarily shed light on the mechanotransduction biochemical pathways that
orchestrate the cellular behavior on both films.

Over the last few decades, it has been established that biomaterials possess some
characteristics (e.g., surface micro/nanotopography, roughness/smoothness, hydrophilic-
ity/hydrophobicity, stiffness, electricity) that enable them to mimic the cell microenvironment,
which is a complex, geometric, organized structure consisting of fibrous proteins, polysaccha-
rides, and soluble molecules, named the extracellular matrix (ECM) [4,11,24,30,72–74]. The
ECM functions as a scaffold that provides mechanical support and drives biological signaling
in cells and tissues, thus regulating cell homeostasis and phenotypes [75]. In this context,
various material properties, such as stiffness, topology, surface chemistry, and particularly
mechanical properties, are being explored to control the multiple signaling cascades involved
in stem cell fate [18,24,25,30,33].

In this work, BDG50 films had higher hydrophilicity and reduced stiffness compared
to PBCE, due to the incorporation of BDG co-units within the PBCE main chain.

Several authors correlated positively the increase in the hydrophilicity of the biomate-
rial surface and the increase in the cell proliferation rate and cellular adhesion [72,76,77],
whereas variations in stiffness were associated with changes in cell morphology and cell
spreading [78,79].

In our system, the difference in hydrophilicity between PBCE and BDG50 had no
effect on cell proliferation, as demonstrated by the growth curves of the hBM-MSCs and
hASCs on the films and their CTR counterparts. No alterations were observed also in
the adhesion of hBM-MSCs and hASCs on both polymer films compared to the related
CTRs. Supporting these findings are the comparable FA expression profiles between
PBCE_hBM-MSCs and BDG50_hBM-MSCs, and PBCE_hASCs and BDG50_hASCs, as well
as the expression of FAK, a protein sensitive to hydrophilicity, and Paxillin, a protein also
sensitive to hydrophilicity and a putative substrate for FAK [80,81], which were always
upregulated in all systems. Thus, the differences in the hydrophilicity of the two polymeric
films may not have been directly involved in the observed cell shape changes.

The impact of the different stiffness values of the PBCE and BDG50 films on hBM-
MSCs and hASCs was more pronounced.

It is well known that physiological tissues have different stiffness levels, with elastic
moduli ranging from 0.5 to 1.5 kPa for soft tissue [44], such as fat or bone marrow, and
increased values for hard tissue, such as bone. The latter is the stiffest tissue, where
the elastic modulus ranges from 15 to 151 MPa, 17–20 GPa (longitudinal axis cortical
bone) [44,45] and 6 to 13 GPa (transverse axis) [46].

In our system, the inclusion of the BDG unit into the PBCE film drastically decreased
the elastic modulus from 560 MPa (PBCE) to 94 MPa (BDG50). In this regard, both films
recapitulated the stiffness of hard tissue and therefore represent a good model to investigate
the correlation between the expression of cell mechanotransduction and a high stiffness grade.

We observed a different effect of the film stiffness on the morphology and spreading
area of the mesenchymal/stromal multipotent cells. hBM-MSCs only on the BDG50 film
showed a changed morphology, reduced spread area, and increased spread index and
roundness. The latter is considered the most sensitive cyto-morphometric descriptor
of the energy interchange associated with morphological changes because of the cell–
substrate interactions [79]. The above indicators and cell morphology were comparable in
hBM-MSCs on PBCE and TCP or GC (elastic modulus ranging from 106 to 107 MPa and
69.74 ± 1.49 GPa, respectively) [82,83], indicating that these cells might be insensitive to
these high stiffness levels.

Conversely, the hASCs showed a changed shape, reduced spread area, and increased
spread index and roundness on both PBCE and BDG50 films, suggesting that these cells
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were similarly sensitive to both stiffness grades, 560MPa (PBCE) and 94MPa (BDG50),
compared to the CTR.

The different responses of hBM-MSCs and hASCs might be dependent on the onto-
genetic origin of both multipotent cell types, since hBM-MSCs reside in the bone marrow
whereas hASCs reside in soft tissue; therefore, the former are more sensitive to the stiffness
variations in both films compared to the latter [34–38,40,84].

Of note, our results on the different expression of the mechanotransduction proteins
between cell–film systems might help to explain the different responses of hBM-MSCs and
hASCs to PBCE and BDG50.

We followed the cell mechanotransduction pathway, beginning with (i) Vinculin, Talin,
Paxillin, and FAK (focal adhesion complex), which are essential for cell interactions with
the polymer film surface [1,2], and β-Catenin, which reacts to mechanical tension and
interacts with Vinculin [69]; (ii) the dynamics of the cytoskeleton architecture (microtubules,
F-Actin, and Vimentin) and the Actin-linking proteins (Cofilin1, FilaminA, and Myosin
IIA), which gather the signals generated at the cell–film interface by the FA complex; and
(iii) the nuclear lamins that transmit signals to the nucleus [1,2,85–91]. The latter, which
acts as a mechanosensing machine, opens the nuclear pore complexes, allowing protein
shuttling, including that of the mechanotransducer transcription factors YAP and TAZ [92].

The overall expression of the mechanotransducer proteins in PBCE_hBM-MSCs vs.
PBCE_hASCs, and BDG50_hBM-MSCs vs. BDG50_hASCs, generated a map, in which the
Vinculin, Paxillin, FAK, Myosin IIA, and YAP/TAZ proteins were always upregulated,
while Lamin A, Lamin C, and β-Catenin were always downregulated, whereas the Filamin
A, Cofilin1, and Vimentin proteins were contra-regulated between the two systems and
Talin was downregulated in BDG50_hBM-MSCs and BDG50_hASCs, and contra-regulated
in PBCE_hBM-MSCs and PBCE_hASCs.

The common upregulation and downregulation of the abovementioned proteins
indicated that they were responsive to the BCE moieties present in both the homopolymer
and copolymer films and might not have been directly involved in the different responses
of cells on PBCE and BDG50, although their modulated expression was necessary for the
transmission of the signals of the films to the cells.

The contra-regulated proteins are responsive to mechanical cues and interact directly
or indirectly with F-Actin. Filamin A is a homodimer protein that guides the remodeling of
F-Actin microfilaments, thus playing a role in determining cell shape and movement [93,94].
The protein is sensitive to mechanical cues, including stiffness variations, and also acts
as a scaffold for signal transduction (e.g., binding with tyrosine kinase, phosphatases,
GTPase) and FA proteins. Cofilin1 plays a central role in promoting the severing of F-Actin
microfilaments, causing the depolymerization of F-Actin into G-Actin, and therefore is a
key regulator of its dynamics [95]. Vimentin, a type III intermediate filament, is highly
expressed in mesenchymal cells and has an essential role in maintaining cell integrity
and stability even under mechanical stress, due to its mechanical properties (e.g., flexi-
bility/stiffness) [96]. Moreover, it cooperates with F-Actin fibers in the maintenance of
the cell shape. The focal adhesion protein Talin may act as a scaffold for the cells for the
measurement of the extracellular rigidity, through binding with Vinculin and the F-Actin
stress fibers [97,98]. Some authors have demonstrated that the absence of Talin impacts the
capability of cells to determine whether they are on a soft or rigid substrate [97,98].

Collectively, our results demonstrated that the similar shape observed in hBM-MSCs
on BDG50 and in hASCs on PBCE and BDG50 polymer films may be mainly attributed to
the effects of the differences in film stiffness on the expression of Cofilin1, Vimentin, Filamin
A, and Talin. Thus, we uncovered a tight, sensitive mechanism that allows hBM-MSCs to
distinguish between PBCE and BDG50 compared to hASCs.

In conclusion, our study provides an innovative in vitro model to study the interac-
tions of multipotential cells with highly stiff polymer films, which might mimic the stiffness
of physiological hard tissue and therefore might be helpful in exploring the development
of tissue engineering approaches for tissues such as bone. Mainly, our study emphasizes
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the cell-specific mechanotransduction response on films with different stiffness levels, thus
providing new insights for the development of more effective biomaterials for biomedi-
cal applications or for innovative basic research on human adult mesenchymal/stromal
multipotent cell biology.
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