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Abstract: Herein, we present poly(butylene 1,4-cyclohexanedicarboxylate) (PBCE) films characterized
by an unpatterned microstructure and a specific hydrophobicity, capable of boosting a drastic
cytoskeleton architecture remodeling, culminating with the neuronal-like differentiation of human
bone marrow-mesenchymal stem cells (hBM-MSCs). We have used two different filming procedures
to prepare the films, solvent casting (PBCE) and compression-moulding (PBCE*). PBCE film had a
rough and porous surface with spherulite-like aggregations (Ø = 10–20 µm) and was characterized by a
water contact angle = 100◦. PBCE* showed a smooth and continuous surface without voids and visible
spherulite-like aggregations and was more hydrophobic (WCA = 110◦). Both surface characteristics were
modulated through the copolymerization of different amounts of ether-oxygen-containing co-units
into PBCE chemical structure. We showed that only the surface characteristics of PBCE-solvent-casted
films steered hBM-MSCs toward a neuronal-like differentiation. hBM-MSCs lost their canonical
mesenchymal morphology, acquired a neuronal polarized shape with a long cell protrusion (≥150 µm),
expressed neuron-specific class III β-tubulin and microtubule-associated protein 2 neuronal markers,
while nestin, a marker of uncommitted stem cells, was drastically silenced. These events were
observed as early as 2-days after cell seeding. Of note, the phenomenon was totally absent on
PBCE* film, as hBM-MSCs maintained the mesenchymal shape and behavior and did not express
neuronal/glial markers.

Keywords: stem cell-biomaterial interaction; stem cell commitment; compression moulding; solvent-
casting; surface property; wettability; microstructure
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1. Introduction

The success of tissue engineering approaches depends on the cross-talk established between
stem cells and the biomaterial’s surface [1,2]. Here, the chemico-physical cues of biomaterials act as
biochemical signaling that stem cells perceive and transduce in biological functions such as adhesion,
proliferation, shape, and differentiation [3–7]. At the same time, stem cells act on biomaterials recreating
their microenvironment [3]. This interplay recapitulates the dynamic physiological cross-talk between
stem cells and the extracellular matrix (ECM), by which the ECM orchestrates the cell shape and
functioning by its inherent topographical/chemical/physical characteristics, while stem cells change
the ECM molecular composition and remodel its architecture [8,9]. In accordance with the cell
tensegrity theory, ECM chemico-physical cues generate a circuit of signals that are collected by cell
membrane proteins (e.g., integrins, focal adhesion proteins) and propagated (mechanotransduced)
across the cytoskeleton fibers to the chromatin where a specific cell function is activated [10–17].
Similarly, biomaterials may be able to recapitulate the abovementioned mechanotransduction process
dictating a specific stem cell fate decision [5–7,17]. It has been shown that the chemical composition,
the microstructure of biomaterials (film or scaffold) and, mainly, their surface characteristics play a key
role in these molecular events [18–23]. Specifically, the role of the topographical patterned surface has
been associated with the induction of stem cell differentiation [24–27], the stiffness was correlated with
the effect of physical forces on steering the stem cells’ fate [7,10,12,14,21,28,29], while surface wettability
(different hydrophobicity/hydrophilicity ratio) modulates the cell-biomaterial interactions [22,30–33].
Generally, the surface properties work in synergy, therefore the biological effect is the result of the
combination of two or more characteristics (e.g., patterned/unpatterned micro/nanostructure with
smooth/rough morphology, stiffness, elasticity, and wettability) [3,18–23]. Therefore, there is a great
need to elucidate these molecular events from the perspective of developing innovative and effective
biomaterials for specific biomedical applications.

Within this framework, for several years now we have been developing new biomaterials acting
on their chemical structure (through different strategies, such as copolymer, blend, nanocomposite),
type (films, scaffold) and surface properties (flat, nanostructured, and nanopatterned films) [34–41],
to investigate the mechanotransduction events that are activated at the molecular interface between
stem cells and biomaterials [3,17,21,22,42–44]. In particular, we are interested in studying the effects of
these molecular interactions on the architecture of the cells’ cytoskeleton, and in understanding how
changes of the cell tensegrity influence the stem cells’ fate [14,17].

In this work, we have focused our attention on a cycloaliphatic polyester, poly(butylene
1,4-cyclohexanedicarboxylate) (PBCE), and on two of its random copolyesters containing ether-linkages,
which were utilized to prepare films employing different processing techniques. The effect of surface
chemico-physical cues on the fate of adult human bone marrow-mesenchymal stem cells (hBM-MSCs)
have been deeply investigated. We took advantage of the peculiarity of this polymer to generate
films with different surface characteristics in terms of microstructure and hydrophobicity degree
based on the processing technique used: solvent casting (PBCE) and compression-moulding (PBCE*).
Moreover, in solvent casted films, both surface characteristics were further finely modulated by
the introduction of increasing amounts of butylene diglycolate (BDG) co-units in PBCE backbone
through copolymerization [37,45]. Two random copolymers with different compositions have been
prepared, i.e., BDG10 and BDG30, containing 10 and 30 mol% BDG, respectively. To establish more
properly the correlation between surface characteristics and stem cells, the study was conducted by
culturing the biohybrid system in growth culture medium without additional bioactive molecules and,
for comparison, in growth culture medium fetal bovine serum (FBS)-free.

We have chosen hBM-MSCs for this study due to the relatively easy isolation procedure from the
bone marrow and the well-established protocols for their in-vitro expansion and differentiation [46–49].
Moreover, the multipotential properties of hBM-MSCs to give rise to non-hematopoietic cell lineages,
such as fibroblast-, osteogenic-, adipogenic-, chondrogenic- and neural-lineages [46–49], together with
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their immunomodulatory activity [50,51], make these stem cells suitable for regenerative medicine
applications [46,47,52] and stem cell basic research [46–49].

We have demonstrated that the tailored combination of unpatterned microstructure and hydrophobicity
degree of solvent-casted PBCE steer the hBM-MSCs fate toward the neuronal-like differentiation.

2. Results

2.1. PBCE* and PBCE, BDG10, BDG30 Polymer Films Characterization

The chemical structure of PBCE, BDG10, and BDG30 polymers was confirmed by 1H-NMR,
as previously reported [37]. The as-synthesized polymers were used to produce films by solvent
casting and, in the case of the homopolymer, to also prepare compression-moulded films (PBCE*).
All the obtained films are opaque and light-yellow colored, most probably due to a minimal amount of
residual catalyst employed in the polymer synthesis (Figure 1aI,dI,gI,jI).
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Figure 1. PBCE*, PBCE, BDG10 and BDG30 polymer films. Representative FESEM images of PBCE* (a–c),
PBCE (d–f), BDG10 (g–i) and BDG30 (j–l) surface. The insets show optical photographs (aI,dI,gI,jI) and
water contact angle images (cI,fI,iI,lI). Scale bar: (a,d,g,j): 10 µm; (b,e,h,k): 2 µm; (c,f,i,l): 200 nm.

All films differ in the surface morphology (Figure 1a–l). PBCE shows a microporous structure
with many visible voids on the entire area and spherulite-like aggregations (diameter from 10 to 20 µm)
(Figure 1d–f). On the other hand, a reduction of the pore size was observed by the introduction of BDG
co-units. In particular, the BDG10 surface is characterized by spherulites partially combined resulting
in irregular voids (Figure 1g–i), while the BDG30 surface is composed of small aggregates without
visible voids, therefore resulting in more compact and smoother than the other two films (Figure 1j–l).
PBCE* has markedly different surface morphology than PBCE, its surface being, indeed, free of voids
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and visible spherulite-like aggregations, and thus resulting the most compact and smooth among all
the prepared films (Figure 1a–c).

The prepared films also differ for the surface wettability characteristics. In fact, by copolymerization
we achieved an increase of the surface wettability (lower hydrophobicity), as evidenced by the lowering
of WCA values with the increment of highly electronegative ether-oxygen atom content (PBCE and
BDG30 display WCA = 100◦ and WCA = 86◦ respectively, Figure 1fI,lI, Table 1). In the case of PBCE*
film, an opposite effect was achieved: a reduction of the surface wettability, higher hydrophobicity,
and higher WCA (110◦) (Figure 1cI,fI,iI,lI, Table 1). The different wettability of the films was also
confirmed by the levels of adsorbed proteins (purified BSA, FBS2%, FBS10%) that increased with the
reduction of the WCA in the order PBCE* <<< PBCE < BDG10 < BDG30 (Figure S1a–c).

Table 1. Thermal, and wettability properties of the PBCE-based films. Thermal, X-Ray Diffraction (XRD)
and Wettability properties of PBCE*, PBCE, BDG10 and BDG30 polymer films. Thermal properties
were analyzed by DSC: melting temperatures (Tm) and enthalpies (∆Hm) were calculated from the first
and second heating scans, while glass transition temperature (Tg) and the specific heat increment (∆Cp)
were calculated from the second heating scan. Wettability was analyzed by water contact angle (WCA)
measurements by using sessile drop method in air. PBCE* measurements were from References n.22
and n.23.

DSC
XRD WCA

I SCAN II SCAN

Polymers Tm
(◦C)

∆Hm
(Jg−1)

Tg
(◦C)

∆Cp
(Jg−1 ◦C−1)

∆Hm
(Jg−1)

Tm
(◦C)

Xc
(%) (◦)

PBCE* 166 ± 1 33 ± 1 12 ± 1 0.065 ± 0.002 31 ± 1 167 ± 1 42 ± 3 110 ± 2
PBCE 167 ± 1 45 ± 1 15 ± 1 0.082 ± 0.002 31 ± 1 167 ± 1 52 ± 3 100 ± 1

P(BCE90BDG10) 155 ± 1 37 ± 1 −2 ± 1 0.091 ± 0.002 29 ± 1 155 ± 1 45 ± 1 95 ± 2
P(BCE70BDG30) 120 ± 1 27 ± 1 −17 ± 1 0.263 ± 0.002 21 ± 1 120 ± 1 42 ± 1 86 ± 1

Thermal analyses revealed that all films are semicrystalline, with a glass transition step and a
melting endotherm peak being evident in the calorimetric traces. We have recorded a reduction of both
melting enthalpy (∆Hm) and temperature (Tm) with the increase of the BDG content: Tm shifts from
167 ◦C (PBCE) to 120 ◦C (BDG30), while melting enthalpy decreases from 45 Jg−1 for PBCE to 27 Jg−1

for BDG30 (Table 1). The glass transition temperature (Tg), measured after quenching, decreases from
15 ◦C for PBCE to −17 ◦C for BDG30. DSC results were confirmed by X-ray diffraction (XRD), as we
have observed a decrease in the crystallinity degree (Xc) with the increase of BDG mol% (Table 1).
PBCE* showed a decreased amount of crystallinity with respect to PBCE (42% and 52%, respectively),
as expected based on the known effect of solvent-induced crystallization (Table 1).

The overall data indicated that PBCE*, PBCE, BDG10, and BDG30 films differed for surface
microstructure and wettability due to the difference in crystal dimension and crystallinity degree.
These characteristics make them a suitable platform for the study of the effect of surface property on
stem cells.

2.2. Culture of hBM-MSCs on PBCE* and PBCE, BDG10, BDG30 Polymer Films

First, we established if PBCE*, PBCE, BDG10, and BDG30 films were suitable for hBM-MSCs
culture. We conducted long-term culture studies (28 days [D]) by seeding stem cells on polymer
films in a growth culture medium and evaluated the cell proliferation, viability, adhesion, and shape
(Figures 2 and 3; Figures S2 and S3). As a reference control, hBM-MSCs were seeded on TCP (canonical
culture conditions) and GC (for immunofluorescences and morphometric analysis).
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Figure 2. PBCE, BDG10 and BDG30 polymer films, but not PBCE*, change the hBM-MSC shape.
(a) Growth curves of cell proliferation on polymer films, TCP and GC. (b) XTT viability assay showed
the absence of cytotoxicity in cells on polymer films, TCP and GC. (c) Percentage of live cells on polymer
films, TCP and GC at each time point of culture. The results in a,b,c, are expressed as mean ± SD
of three independent experiments, p < 0.05. (d) Representative fluorescence images of hBM-MSC
nuclei (DAPI, blue) and F-actin (FITC-phalloidin, green) revealed the stem cell canonical fibroblast-like
morphology on TCP and GC and the change of the cell shape only on PBCE-films. Scale bar 50 µm.
(e) Representative fluorescence images of hBM-MSCs vinculin (red) and F-actin (FITC-phalloidin,
green) showed the focal adhesion spots on CTR (TCP/GC) and polymer films. Scale bar 10 µm.

2.2.1. Stem Cells Proliferation and Viability

As previously reported [42] hBM-MSCs adhered to the surface of GC, had a canonical fibroblast-like
mesenchymal stem cell morphology and displayed a growth rate and viability comparable to stem
cells on TCP (Figure 2a–c,d, CTR [TCP, GC]).

No significant differences were observed in the proliferation rate and cell viability of hBM-MSCs
cultured on PBCE* film compared to CTR cultures (Figure 2a–c). In contrast, hBM-MSCs cultured
on solvent casted PBCE, BDG10 and BDG30 polymer films (from now PBCE-films) had a lower
proliferation rate and reached a plateau phase on D14, whereas hBM-MSCs continued to grow on
PBCE* and TCP/GC (Figure 2a). No signs of cytotoxicity were observed in all cultures as demonstrated
by the similar curves of the mitochondrial dehydrogenase activity in hBM-MSCs on polymer films and
TCP/GC (Figure 2b) and by the comparable viable cells percentage in all systems (Figure 2c).
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Figure 3. Quantitative morphometric measures of hBM-MSCs on polymer films. Measurements were
carried out as described in the methods section at D2 and at D14. (a,b) cell shape index (CSI); (c,d) aspect
ratio (AR); (e,f) cell length (CL); (g,h) nuclear shape index (NSI). (i) Comparison of the cell length (CL)
between stem cells grown on film- and CTR-cultures on D2 in the presence (+) and absence (−) of
FBS. Red circles: outliers. The results are expressed as the mean of three independent experiments,
** p < 0.01.

2.2.2. Stem Cells Shape and Adhesion

We performed a time-course analysis (days: 2, 7, 14, 28) of hBM-MSCs shape on each biomaterial
by monitoring the cytoskeleton architecture using F-actin staining (Figure 2d, phalloidin, green).
Over time in culture, control stem cells maintained the classical fibroblast-like morphology with the
F-actin stress fibers arranged as bundles crossing the cytoplasm in multiple directions along the cell
diameter (Figure 2d, CTR) and ending with vinculin spots, thus indicating canonical focal adhesion
organization (Figure 2e, CTR).
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hBM-MSCs cultured on PBCE* film maintained the fibroblast-like morphology, with nuclei almost
round and the F-actin fibers arranged as in CTR cultures (Figure 2d, PBCE*). The presence of Vinculin
spots at the ends of F-actin fibers indicated the presence of focal adhesion plaque as in CTR cells
(Figure 2e).

hBM-MSCs cultured on PBCE-films lost the fibroblast-like morphology. The phenomenon was rapid
on each material, with some differences among films (Figure 2d). On D2 after seeding, stem cells on PBCE
had a heterogeneous shape with the majority of cells that retained the mesenchymal morphology while
the others (~43% of total cells; Figure S2) acquired a pretty elongated and polarized form consisting of
an enlargement of the cell body on one side of the cells and one long narrow protrusion on the opposite
side (Figure 2d; Figure S3, high magnification images). The number of polarized elongated cells became
more homogeneous at D7 and meanwhile, the length of the cells increased (Figure 2d; Figure S2).
This scenario was maintained at D14 and D28 (Figure S2). hBM-MSCs on BDG10 and BDG30 acquired
the elongated and polarized shape as on PBCE (Figure 2d; Figure S3, high magnification images),
but the phenomenon was faster. In fact, on D2, the percentage of elongated and polarized stem cells
was higher on BDG10 (~65% of total cells) and BDG30 (~60% of total cells) with respect to PBCE
(Figure S2). This difference disappeared at D7 when almost 70–80% of the cells acquired the new
morphology on all PBCE-films (Figure 2d; Figure S2). Changes in cell shape correlated with nuclear
positioning since nuclei moved from the basal cytoplasm to the neck of the cell body enlargement
(Figure S4). Of note, the morphological changes did not interfere with cell adhesion on the PBCE-films
surface as F-actin microfilaments ended with vinculin adhesion spots as in CTR culture (Figure 2e).
Finally, polarized and elongated stem cells displayed a random orientation on PBCE-films over time in
culture (D2–D28), as shown by the similar Feret angle values at each time point (Figure S5).

2.2.3. Quantitative Morphometric Measurements

To properly correlate the effect of PBCE-films on stem cells, we measured the cell shape index (CSI),
nuclear shape index (NSI), cell aspect ratio (AR), and cell length (CL) descriptors. The measurements
were performed by using the phalloidin-images of cells on all films. Quantifications were performed at
D2 because it is the time point in which we observed differences in terms of heterogeneous/homogeneous
population of elongated and polarized cells among films (Figure S2; Figure 3), and at D14 when cells
morphology on all PBCE-films became homogeneous (Figure S2; Figure 3). All determinations were
carried out also in PBCE*- and CTR-cultures (Figure 3).

The CSI is a measure of the cell spreading area [14,17]. No variations of CSI in PBCE* cultures
with respect to the CTR were observed at both time points (Figure 3a,b). In contrast, we quantified a
significant CSI reduction in hBM-MSCs cultured on PBCE-films (Figure 3a,b). In fact, with respect to
CTR, at D2 the CSI was slightly reduced in stem cells on PBCE (11%), and much more in stem cells on
BDG10 (55%) and on BDG30 (69%) (Figure 3a). This gap was balanced at D14 as the CSI reduction was
similar in all PBCE-films (PBCE~63%; BDG10~64%; BDG30~68%) (Figure 3b).

The AR descriptor, wich is a measure of the ratio of cell major axis/minor axis, was similar in
PBCE* and CTR cultures, whereas it was significantly increased in cells on the other films (Figure 3c,d).
Compared to CTR, the increase was in the order BDG10 > BDG30 > PBCE, corresponding to 104%
(D2) and 171% (D14) on PBCE, 248% (D2) and 350% (D14) on BDG10, and 144% (D2) and 226% (D14)
on BDG30 (Figure 3c,d). We also detected a sharp increase in the length of stem cell major axis (CL)
on PBCE-films compared to CTR (Figure 3e,f). The highest elongation of stem cells was on BDG10
(D2: 352%; D14: 355%) compared to BDG30 (D2: 331%; D14: 340%) and PBCE (D2: 297%; D14: 337%)
(Figure 3e,f). On D14 stem cells on PBCE-films were slightly longer than at D2 (Figure 3e,f). No CL
difference was observed in hBM-MSCs on PBCE* with respect to CTR (Figure 3e,f).

We found a significant reduction of NSI in hBM-MSCs on PBCE-films compared to CTR, both at D2
and at D14, while no variation was observed on PBCE* (Figure 3g,h). The stretching of the nuclei might
be the consequence of cell polarization and elongation together with the spatial nuclear positioning
inside the cells (Figure 3g,h; Figure S4a). We observed a comparable nuclear displacement along
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the cell protrusion direction in all polymer-cultures at both D2 and D14 on PBCE-films (Figure S4a).
Collectively, data presented in this section demonstrated that (i) PBCE-films caused a drastic change
of the shape of hBM-MSCs; (ii) the inclusion of BDG-units into PBCE accelerated the phenomenon;
(iii) hBM-MSCs cultured on PBCE* maintained mesenchymal morphology and behavior. We suggest
that these effects are the consequence of the different films’ surface microstructure and wettability,
which in turn are dependent on the film preparation.

2.3. Elongation and Polarization of hBM-MSCs on PBCE-Films Are the Consequence of Coordinate Action of
F-Actin Fibers and Microtubules

To investigate how the hBM-MSCs morphological changes on PBCE-films occur, we cultured
stem cells on PBCE*, PBCE, BDG10, and BDG30 in a growth culture medium in the absence of FBS.
These culture conditions excluded the potential influence of FBS proteins adsorbed to films surface on
the stem cell fate [21,23]. The analyses were conducted at D2 because it was the shortest time point at
which differences were noticed among polymers cultures. Experiments in the presence of FBS were
also conducted. For comparison, the analyses were also performed on PBCE* and on CTR systems in
the presence/absence of FBS.

2.3.1. Culture of hBM-MSCs on Polymer Films in the Absence of FBS

No stem cell elongation (Figure 3i), nor polarization or other morphological changes were detected
on PBCE* or in CTR systems in the absence of FBS (Figure S6). Indeed, only a very small number of
cells were found to adhere to the PBCE* surface in these culture conditions, and already at D2 cells
were almost detached from the film surface (Figure S6). On the contrary, even in the absence of FBS
stem cells are elongated and polarized (cell body enlargement on one pole of the cells and emission of
the cell protrusion on the opposite side) on PBCE-films (Figures 3i and 4a,d,g, Figure S6).
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Figure 4. Coordinate nucleation of F-actin and Microtubules drives the hBM-MSCs’ shape on PBCE,
BDG10 and BDG30. (a,d,g) Representative fluorescence images of hBM-MSC in proliferation medium
in the absence of FBS (F-actin [FITC-phalloidin, green], Microtubules [human anti-tubulin antibody,
red], and nuclei [DAPI, blue]). Due to the length of the cells, the images include 2/3 microscope frames.
Elaboration of selected details ((b,c,bI,cI); (e,f,eI,fI); (h,i,hI,iI)) revealed the coordinate action of F-actin
and tubulin in building the new cytoskeleton architecture of the cell as a consequence of the seeding on
polymer films.

The CL was higher in cells on PBCE rather than on the other PBCE-films (order: PBCE > BDG10
> BDG30), contrasting the same measures obtained in parallel experiments in the presence of FBS
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(order: PBCE < BDG30 < BDG10) (Figure 3i). The displacement of nuclei was similar in stem cells on
PBCE-films cultured without FBS and was also comparable with that measured in the presence of FBS
at D2 (Figure S4a,b).

2.3.2. Coordinated Action of F-Actin Fibers and Microtubules Generates the New Cell Shape

Next, we examined the architecture of the cytoskeleton fibers in cells on PBCE-films, cultured
without FBS through the images’ computational analysis of F-actin filaments and microtubules (MTs)
molecular organization (Figure 4). The whole-cell morphology was similar among PBCE-films with
some differences in the cell edges (Figure 4). The latter are the regions where the cytoskeleton fibers
grow and branch out, therefore, we focused the attention on the description of the terming ends. Details
of the edges conformation in cells on PBCE showed the F-actin fibers arranged in parallel orientation
in the cell body enlargement and set out in veil/bundles lamellipodia with branched spinet filopodia in
the cell protrusion (Figure 4b,c). Both structures served as a guide for MTs bundles, that retraced the
F-actin microfilament organization (Figure 4bI,cI). Edges magnification in BDG10-cell cultures revealed
F-actin fibers organized parallelly and ventrally with several networks in the cell body enlargement
culminating with lamellipodia, and showed parallel oriented microfilaments that ended with a thin
branched filopodium in the cell protrusion (Figure 4e,f). Again, the microfilaments acted as a guide for
the MTs bundles that mirrored the F-actin architecture (Figure 4eI,fI). Finally, the edges in BDG30-cell
cultures had F-actin fibers parallelly and ventrally orientated in the cell body enlargement that ended
with short branched filopodia and a veil/bundles lamellipodium in the cell protrusion (Figure 4h,i).
Yet the microfilaments served as a guide for MTs bundles but, in several cases, we observed small
branches that did not overlap the F-actin in the terminal side of cells protrusion (Figure 4hI,iI). Of note,
the results in Figure 4 are also representative of the cytoskeleton architecture in cells on polymer films
in the presence of FBS on D2.

2.3.3. Interaction of hBM-MSCs with PBCE, BDG10 and BDG30 Polymer Films

Representative FESEM images confirmed the elongated and polarized cell shape on solvent
casted films (Figure 5a,e,i) and highlighted the different interactions of stem cells with the surface
microstructure of each film (Figure 5b–d,f–h,j–l). Specifically, we observed that hBM-MSCs interacted
with: (i) PBCE surface by extending thin, spaced and slight filopodia (Figure 5b–d); (ii) BDG10 surface
by developing clumps of short filopodia (Figure 5f–h); (iii) BDG30 surface by spreading short and
broad lamellipodia (Figure 5j–l).

Overall, the results suggest that the new cell morphology is the consequence of the simultaneous
and coordinated response of the F-actin microfilaments and MTs to the PBCE-films, and point out that
the surface microstructure and wettability of polymer matrix are critical in inducing the stem cell shape
change, as shown by the higher stem cell elongation and cell protrusion length on PBCE compared to
BDG10 and BDG30 in the absence of FBS.

2.4. Is the Long Protrusion a Sign of Neuronal-Like Progenitor Cell Transitions of hBM-MSCs on
Polymer Films?

Finally, we explored if the change of stem cell shape on polymer films matched with a peculiar
stem cell lineage commitment and differentiation. We have documented that stem cells polarized and
extended one long cell protrusion on all PBCE-films (Figures 2–5). This cell morphology mimics the
neuronal cell shape. Therefore, we analyzed the expression of several neuronal markers associated
with the stages of (i) very early neural progenitor stem cells (nestin), (ii) late neuronal precursor
(neuron-specific class III β-tubulin [TUJ1]) and (iii) mature neuron (microtubule-associated protein
2 [MAP2] and [TUJ1]) [53]. We also analyzed the expression of the glial fibrillary acidic protein
(GFAP; astrocytes) and chondroitin sulfate proteoglycan 4 (NG2; oligodendrocytes) glial markers [53].
Experiments were conducted by seeding hBM-MSCs on PBCE, BDG10, BDG30 in proliferation medium
in the presence/absence of FBS on D2 and in the presence of FBS on D7 and D14 (Figures 6–8; Figures
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S7 and S8). Comparative experiments were performed in stem cells seeded on PBCE* and CTR
(Figures 6 and 7; Figures S8 and S9).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 10 of 23 
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Figure 5. Interaction of hBM-MSCs with the surface of PBCE, BDG10 and BDG30. FESEM representative
images at different magnifications ((a,e,i): 10 µm; (b,f,j): 2 µm; (c,g,k): 1 µm; (d,h,l): 200 nm) revealed
the interaction of hBM-MSCs on polymer films surfaces.
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Figure 6. Expression of nestin in hBM-MSCs grown on PBCE*, PBCE, BDG10 and BDG30. Representative
fluorescence images revealed the expression of nestin in stem cells in (a) CTR cells, PBCE-, BDG10- and
BDG30-polymer cultures at D2 (in the presence (+) and absence (−) of FBS), at D7 and D14 (in the presence



Int. J. Mol. Sci. 2020, 21, 9274 11 of 23

(+) of FBS); (b) cells on PBCE* at D2 (in the presence (+) and absence (−) of FBS), at D7 and D14 (in the
presence (+) of FBS). Nuclei (DAPI, blue), and nestin (human anti-nestin antibody, red). Scale bar 50
µm. (c) quantitative analysis of nestin expression in hBM-MSCs on PBCE*, PBCE, BDG10 and BDG30 a
CTR at each time point. Data are expressed as mean ± SD, * p < 0.05, *** p < 0.005. For each experiment,
an average of 100 cells for each culture condition was considered.
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(a) Representative fluorescence images of hBM-MSC nuclei (DAPI, blue), TUJ1 (human anti-TJU1 antibody,
green), and MAP2 (human anti-MAP2 antibody, red), revealed the absence of TUJ1 and MAP2 in cells
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on CTR cultures, both in FBS presence (+) and absence (−). TUJ1 expression in stem cells on PBCE,
on BDG10 and on BDG30 at different time points (D2-D14 in the presence (+) FBS and at D2 and in the
absence (−) of FBS). MAP2 expression in stem cells on PBCE, on BDG10 and on BDG30 at different time
points [D2-D14 in the presence (+) FBS and at D2 in the absence (−) of FBS]. Scale bar 50 µm. Due to
the length of the cells, the images include two microscope frames. The CTR images are representative
of all time points analyzed (D2-D14). See also Figure S7 in supporting file for visual images in gray
levels. Fluorescent interference of polymer films without cells was evaluated. (b,c) Quantitative IF of
the expression of TUJ1 (b) and MAP2 (c) in hBM-MSCs grown on PBCE, BDG10, BDG30, PBCE* and in
control condition at each time in culture. Data are expressed as mean ± SD, **** p < 0.0001. For each
experiment, an average of 100 cells for each culture condition was considered.
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3. Discussion 

Figure 8. Quantitative measurements of the cell protrusion on PBCE, BDG10 and BDG30. (a) Comparison
of the cell protrusion length between stem cells grown on PBCE-films and CTR cultures on D2 in
proliferation medium in the presence (+) and absence (−) of FBS. (b) Measurement of cell protrusion
length in stem cells grown on polymer films on D14 in proliferation medium in the presence of
FBS. Red circles: outliers. The results are expressed as the mean of three independent experiments,
** p < 0.01.

2.4.1. Nestin Is Downregulated in hBM-MSCs Seeded on PBCE, BDG10 and BDG30

hBM-MSCs on CTR system expressed the nestin marker in the presence/absence of FBS and for
the whole culturing time at comparable levels as showed in the representative immunofluorescence
images (Figure 6a,b) and by quantitative analyses (Figure 6c). These results agreed with previously
published reports that considered the expression of nestin a marker of undifferentiated mesenchymal
stem cells [54–57]. We found a time-dependent expression of nestin in cells on PBCE-films as showed
in Figure 6a (representative immunofluorescence images) and by quantitative analyses in Figure 6c.
We found a comparable expression of nestin in cells on PBCE-films with respect to stem cells on
CTR at D2, both in the presence/absence of FBS (Figure 6a,c, D2+FBS/D2-FBS), while the expression
of the marker was strongly reduced at D7 and became almost undetectable at D14 (Figure 6a,c,
D7+FBS/D14+FBS). Conversely, hBM-MSCs on PBCE* expressed nestin at each time point analyzed,
although the level was slightly decreased with respect to control cells at D7, and then was maintained
constant at D14 (Figure 6b,c). The low level of nestin expression at D2-FBS was due to the adverse
effect of PBCE* on stem cell viability in this culture condition (Figure S6).

2.4.2. hBM-MSCs Seeded on PBCE, BDG10, BDG30 Express TUJ1 and MAP2

Cells expressed the neuronal marker TUJ1 on PBCE-films in the presence of FBS at D2. The TUJ1
staining recapitulated the elongate cell shape, highlighting both the cell body enlargement and the cell
protrusion (Figure 7a,b; TUJ1 D2 + FBS; Figure S7). The TUJ1 expression persisted on D7 and D14
in culture with FBS on PBCE-films (Figure 7a,b; TUJ1, D7, D14; Figure S7). Of note, TUJ1 was also
expressed in all PBCE-films at D2 in the absence of FBS (Figure 7a,b; TUJ1; D2-FBS), while no expression
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was observed in cells on PBCE* (Figure 7b, Figure S9) and CTR (Figure 7a,b). The quantification of the
TUJ1 expression confirmed the high expression of this marker at D2 with its stabilization at D7 and
D14 (Figure 7b), and highlighted the high expression of TUJ1 in cells on all PBCE-films at D2 also in
the absence of FBS (Figure 7b).

Cells also expressed the neuronal marker MAP2 in the presence of FBS at D2 and the expression
persisted over time in cultures on PBCE-films (Figure 7a,c; D2 + FBS; D7, D14; Figure S7). The signal
was also observed in the absence of FBS on D2 in all PBCE-films (Figure 7a,c; D2-FBS). Yet, no MAP2
expression was observed in cells on PBCE* (Figure 7c, Figure S9) and CTR (Figure 7a,c).

As above, the quantification of the MAP2 expression confirmed its high expression at D2 and
its steady expression on PBCE-films at D7 and D14 (Figure 7c). The analysis also indicated the high
expression of MAP2 in cells on all PBCE-films at D2 in the absence of FBS (Figure 7c).

Finally, we monitored the expression of the glial markers (Figure S8). No expression of GFAP and
NG2 was detected in all PBCE-films cultures at D2 in the presence/absence of FBS, as well as at D7 and
D14 in the growth culture medium (Figure S8).

Of note, no GFAP+ or NG2+ cells were detected in PBCE*-cultures (Figure S9) nor in CTR over the
culture time and in both experimental conditions (Figure S8).

2.4.3. Stem Cells Protrusion Measurements

The measurements of the cell protrusion length supported the neuronal-like differentiation of
hBM-MSCs on PBCE-films (Figure 8). The analysis was performed at D2 in the presence/absence of
FBS and on D14 in the presence of FBS.

The length of the cell protrusion followed the CL order (Figure 8; Figure 3e,f,i). Thus, on D2 in
the presence of FBS, the protrusion length ranged from 41 µm to 116 µm on PBCE, from 45 µm to 110
µm on BDG10 and from 33 µm to 102 µm on BDG30, whereas in the absence of FBS, it ranged from
69 µm to 195 µm on PBCE, from 41 µm to 170 µm on BDG10, and from 51 µm to 143 µm on BDG30
(Figure 8a). These data indicated that the length of cell protrusion at D2, in polymer cultures without
FBS was always higher than those measured in the presence of FBS (Figure 8a). Finally, on D14, the cell
protrusion length was higher than that at D2 in the presence of FBS and the length was almost above
80 µm on all substrates, reaching 100–150 µm (Figure 8b).

Overall, results suggested that hBM-MSCs on PBCE-films were induced toward a neuronal-like
phenotype, while the differentiation process was absent on PBCE*.

3. Discussion

In this work, we have demonstrated that hBM-MSCs cultured on PBCE-films in the growth
culture medium is induced toward a neuronal-like phenotype. The phenomenon was frightfully fast,
since at D2 of culture on PBCE-films hBM-MSCs lost the canonical mesenchymal morphology, lengthen
significantly, and acquired a polarized shape with an enlargement of the cell body on one side and the
extension of one long cell protrusion on the opposite side. This morphology mirrored the canonical
neuron shape and was supported by the expression of TUJ1 and MAP2 neuronal markers. Of note, on
PBCE* film the phenomenon was not observed as hBM-MSCs maintained the stem cell mesenchymal
shape and behavior and did not express neuronal or other neural markers.

These findings were specific for hBM-MSCs as human fibroblasts maintained their canonical
features in long-time culture (27 days) on neat PBCE, BDG10 and BDG30 polymer films, as reported in
our previous work [58].

We interpreted these results as the consequence of the cross-talk between hBM-MSCs and the
surface microstructure and wettability of the above-mentioned films.

PBCE and PBCE* are the same polymeric matrix which, however, based on the processing
technique adopted (solvent casting and compression-moulding, respectively), produce films with
different surface microstructure characteristics and wettability. It’s well known that the solvent casting
procedure facilitates the polymer crystallization process with a consequent increase in the amount
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of crystalline phase, which is responsible for the roughness of the film surface. That explains why
PBCE film is characterized by a rough microstructure surface while, on the contrary, PBCE* film has a
smooth one. Moreover, it has to be taken into account that both PBCE and PBCE-based copolymers
crystallize according to a spherulitic morphology, as usually happens in polyesters [37,45]. Spherulite
dimensions are related to the crystal perfection degree, which can be finely tuned, together with
the amount of developed crystalline phase, by copolymerization. Specifically, the increase in the
amount of co-units introduced along the macromolecular chain corresponds to a lower and less
perfect crystalline phase, which results in a smoother surface. Therefore, only the PBCE surface
characteristics, roughness/voids microstructures and increased wettability (WCA = 100◦) rather than
smoothness/compact microstructure and low wettability (WCA = 110◦) of PBCE* were able to trigger
the induction of the neuronal-like commitment, indicating that the stem cells discriminate between
these different surface characteristics and respond accordingly by activating the neuronal differentiation
program. These findings were confirmed and enhanced by the stem cell neuronal-like differentiation
observed in BDG10 and BDG30 films. It’s worth noting that by copolymerization, we were able to act
simultaneously on surface morphology and wettability, this latter tunable by changing the amount
of ether-oxygen atoms along the polymer chains (i.e., the higher the BDG co-units content, the more
hydrophilic the film surface). Specifically, the introduction of ether linkages along the PBCE backbone
led to (i) a reduction of the degree of crystallinity and, in turn, the surface irregularities, according to the
trend BDG30 < BDG10 < PBCE and (ii) a concomitant and progressive increase of surface wettability,
i.e., BDG30 > BDG10 > PBCE. The best performance in terms of the highest number of elongated and
polarized cells and expression of neuronal markers on D2, was observed on BDG10 (order: BDG10 >

BDG30 > PBCE) suggesting that in this film the best combination of microstructure characteristics and
wettability degree was obtained. Interestingly, in parallel experiments, the effectiveness of PBCE-films
surface microstructure and wettability on inducing neuronal-like commitment at D2 was highlighted
in FBS-free medium culture conditions. In this case, the best performance was observed on PBCE
film, further confirming that neat PBCE film had the properties for steering the stem cell toward the
neuronal fate.

Thus, the first sign of the neuronal-like commitment was observed at D2 of stem cells
culture on PBCE-films and consisted in the acquisition of a new shape with cells highly elongated
(~3-4 fold-increase with respect to CTR and PBCE*) and polarized with a cell body enlargement on one
side and with an extension of one cell protrusion on the opposite side. The new cell shape is obtained
by the new architecture of the cytoskeleton fibers, both F-actin and microtubules, that are induced to
increase the polymerization and remodeling activities in a coordinate manner as a consequence of
the cellular response to the films surface characteristics. This is a clear example of the cell tensegrity
mechanism [10,11,14], as stem cells adapted their cytoskeleton to the new surface where the cells
were seeded [10,11,14]. The correlation between cell shape, cellular phenotype, and behavior have
been intensively investigated [59]. However, only in the past decade, the biomolecular correlation
has been demonstrated [17,29,59–61]. Thus, it is now accepted that the cell shape may be informative
of the cell functions and phenotype likewise molecular signaling [14,15,60]. Therefore, the control of
cell shape through material engineering represents an efficient alternative strategy to modulate cell
functions. In PBCE-films, the cytoskeleton architecture depicted the cell neuronal-like morphology
and this agreed with the expression of the neural lineage markers [53,62–65] nestin (early neural
progenitor), TUJ1 (neuronal precursor and mature neuron), MAP2 (mature neuron), and the absence
of expression of GFAP (astrocytes) and NG2 (oligodendrocytes) markers. Of note, the expression of
nestin has been documented in hBM-MSCs and is considered as a marker of undifferentiated stem
cells [54,55,57]. We found comparable expression markers in hBM-MSCs on PBCE-films, as cells were
nestin+TUJ1+MAP2+GFAP-NG2- at D2 and nestinlowTUJ1+MAP2+GFAP-NG2- at D7 and D14. On the
contrary, stem cells were nestin+TUJ1-MAP2-GFAP-NG2- at D2/D7/D14 on PBCE*, and therefore closer
to the stem cell behavior observed in the control system. Indeed, the level of nestin was slightly lower
in stem cells on PBCE* compared to the control. We interpreted this result as a confirmation of the
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effect of the PBCE molecule on stem cells, and as well as of the ineffectiveness of PBCE* to trigger the
differentiation program as a consequence of the diverse film characteristics with respect to the other
PBCE-films. The simultaneous expression of TUJ1 and MAP2 and the absence of expression of the
GFAP and NG2 glial markers indicated that hBM-MSCs were steered toward a neuronal-like phenotype
on PBCE-films. The phenotype transition was observed at D2, but the concomitant expression of
the early neuronal progenitor marker, together with that of precursor and mature neuron markers
indicated that, at this stage, the neuronal commitment had just begun. Likewise, the reduction of the
expression of nestin and the sustained expression of TUJ1 and MAP2 at D7 showed that the neural
commitment is driven to the neuronal-like phenotype. Noteworthy, even in FBS-free growth medium,
stem cells were nestin+TUJ1+MAP2+GFAP-NG2- at D2 on all PBCE-films, further confirming that the
microstructure and wettability of the materials trigger the neuronal-like commitment.

Many reports have demonstrated the differentiation of hBM-MSCs towards neural lineage either
in in-vitro culture [66–68] or on biomaterials [42,69–71]. For instance, hBM-MSCs seeded on the
hydrophobic diphenylamino-s-triazine-bridged p-phenylene-coated surface were steered toward
neurosphere-like cellular aggregates and then induced to differentiate into neural cells in the presence
of neural medium [69]. More recently, a three-dimensional nanostructured microarchitecture efficiently
induced hBM-MSCs to align and to acquire neurogenic differentiation (over 85% of hMSCs express
MAP2), after 7 days of culture in the growth culture medium [70]. Interestingly, in the published
works, the MSC neuronal differentiation has been obtained in films/scaffold with a patterned surface,
mainly with channel topographies [42,69,70,72,73], therefore in this regard, our results are new as they
demonstrated the neuronal differentiation in unpatterned surface polymer films.

Furthermore, to the best of our knowledge, the neuronal-like commitment of hBM-MSCs after
only 2 days of culture in the growth medium, even in the absence of FBS, has never been observed so
far. The high neuronal induction efficiency of PBCE-films is confirmed by the expression of MAP2+ and
TUJ1+ markers and by the concomitant immediate down-regulation of nestin markers. We suggest that
stem cells feel the unpatterned microstructure and wettability characteristics of the polymer surface
and respond with a reorganization of the cytoskeletal components, which result in cell reprogramming
toward the neuronal lineage. However, further experiments are needed to show the functional activity
of generated neuronal-like cells.

Finally, the high efficiency of this platform suggests that it might be useful for establishing cell
models for the evaluation of treatment for neurodegenerative diseases with hBM-MSCs as candidates
based on the multipotency characteristic of these cells on generating non-hemopoietic stem cells
(including neural cells) also in vivo transplantation application.

4. Materials and Methods

4.1. PBCE-Based Polymer Synthesis

Poly(butylene 1,4-cyclohexanedicarboxylate) and two poly(butylene 1,4-cyclohexane dicarboxylate
/diglycolate) random copolymers, containing 10 mol% (BDG10) and 30 mol% (BDG30) of butylene
diglycolate co-units, respectively, were synthesized by bulk two step melt polycondensation,
as previously reported [37]. These molar compositions have been chosen to reduce the surface
hydrophobicity of the film thanks to the presence of ether-oxygen atom containing co-units (BDG)
yet maintaining a sufficiently high crystal fraction and perfection to guarantee mechanical stability of
polymer film.

4.2. PBCE-Based Polymer Preparation

Solvent Casting processing. Free standing films of poly(butylene 1,4-cyclohexanedicarboxylate)
(PBCE), BDG10 and BDG30 (about 90 µm thick) have been obtained by solvent casting in chloroform
(CHCl3) (polymer/solvent ratio was chosen as 5% wt/v). After complete polymer dissolution, the mixture
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was cast onto a glass Petri substrate and air dried at room temperature (RT) for 24 h and additional
48 h in vacuum.

Compression Moulding processing. Poly(butylene 1,4-cyclohexanedicarboxylate) homopolymer
films (200 µm thick) were also developed by compression moulding (namely PBCE*). The polymeric
powders were placed between thin Teflon plates (0.3 mm thick), with an appropriate spacer, and heated
at T = Tm + 40 ◦C for 2 min under a pressure of 2 ton/m2. Finally, hot-pressed films were cooled down
to room temperature [37].

4.3. PBCE-Based Polymer Films Characterization

All films were characterized in terms of surface, morphological and thermal features. The surface
microstructure was evaluated by field emission scanning electron microscopy (FESEM, Supra 25 Zeiss,
Baden-Württemberg, Germany). Samples were gold coated with an Agar automatic sputter coater and
then analyzed.

Water contact angle (WCA) was assessed by the sessile drop method in air using a KSV CAM101
instrument (KSV Instruments Ltd., Helsinki, Finland).

To determine the thermal transitions a DSC7 calorimeter (Perkin Elmer, Waltham, MA, USA) was
used under the following conditions: heating at 20 ◦C min−1 from −120 ◦C to 40 ◦C above fusion
temperature (I scan), holding for 3 min, quenching to −80 ◦C (100 ◦C min-1) and heating to 40 ◦C above
the melting point at 20 ◦C min−1 (II scan). X-ray diffraction (XRD) patterns of polymeric films were
carried out by using an X’PertPro diffractometer (PANalytical, Malvern, UK) equipped with a fast-solid
state X’Celerator detector and a copper target (λ = 0.15418 nm). Data were acquired at each 0.10◦ step
for 100 s in the 5–60◦ 2θ interval.

4.4. Protein Adsorption Assay

Protein adsorption assessments were performed according to our protocol [42] by transferring
2 mg/mL of bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA), 2% fetal bovine
serum (FBS, Euroclone S.p.A, Pero (MI), Italy) and 10% FBS on each polymer film (1 cm2 square) and
control experiments were carried out by incubating 1 cm2 square of PBCE, BDG10 and BDG30 with
H20d. Proteins were incubated for 30 min and 24 h at 37 ◦C. After three washing steps in sterile
water, total protein content was measured by the Bradford method [74]. Absorbance (595 nm) was
measured using a microtiter plate reader (ELISA reader, DV990BV6, GDV, Roma, Italy). Each sample
was analyzed in three independent experiments and run in triplicate.

4.5. Human Adult Bone Marrow-Mesenchymal Stem Cells Isolation and In Vitro Culture

hBM-MSCs were isolated and cultured as previously described [17,21,42,43]. Briefly, hBM-MSCs
were isolated from the waste samples from surgery consisting of bone marrow extracted throughout
washouts of the femurs’ medullary cavities of adult donor subjects undergoing primary total hip
replacement. The procedure of isolation of stem cells is occasional and is not part of a specific project.
All procedures were done after the consent of donors (60-year-old) and were in accordance with the
Declaration of Helsinki.

Donor subjects gave informed consent and the institutional ethical committee approved the procedures.
After density gradient on Lympholyte (Cedarlane Laboratories Limited, Hornby, ON, Canada),
mononuclear cells were isolated from the bone marrow and were seeded in culture flasks in growth
medium consisting of RPMI-1640 (Euroclone, Milano, Italy) medium containing FBS 10%, 2 mM
L-glutamine, and 1% penicillin–streptomycin (Euroclone) in a humidified atmosphere and 5% CO2

at 37 ◦C. After 5 to 7 days, the non-adherent cells were removed, and fresh medium was added to
the flasks. After 15 days, a fibroblast-like colony started to grow. The medium was changed every
three days [17,21,42,43]. The mesenchymal phenotype of hBM-MSCs was analyzed by flow cytometry
FACScan (BD Biosciences, San Jose, CA, USA ) as previously described [21]. The human anti-CD44,
-CD45, -CD73, -CD90, -CD105, human leukocyte antigen (HLA)-ABC (BD Biosciences) were used.
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Data analyses were performed with the FlowJo software (Tree Star, Ashland, OR, USA). Cells were
electronically gated according to light-scattering properties to discriminate cell debris. Isotype-matched
nonspecific antibodies were used as the negative control.

4.6. Culture of Human Adult Bone Marrow-Mesenchymal Stem Cells on PBCE*, PBCE, BDG10, BDG30 Films

PBCE*, PBCE, BDG10 and BDG30 films were cut in 1 cm2 squares, sterilized by three immersions
in 70% ethanol for 30 s and 5 rinses in PBS and then were deposited in a 24-well plate. The stem cell
suspension was seeded dropwise on sterilized films. After 45 min the growth culture medium was
gently added to each film snippet. Stem cell-PBCE* and -PBCE and -BDG10 and –BDG30 cultures
were incubated under the canonical condition at 37 ◦C in a humidified atmosphere with 5% CO2.
The medium was changed every three days. As the internal control, experiments were performed
seeding the same number of stem cells on tissue culture polystyrene (TCP) and glass coverslip (GC).
Cultures were performed at different time points (from day 0 to day 28) and evaluated for viability,
morphology, cyto-morphometry, adhesion, cell-film interaction and differentiation. Some experiments
were performed seeding stem cells on polymer films in the culture medium without FBS and analyzed
on day 2.

4.7. Stem Cells Growth and Viability Assay

Stem cell growth and viability [17,21,42,43] were evaluated seeding 3 × 103 cells on PBCE*, PBCE,
BGD10 and BDG30 (1 cm2 square) at different time points 2, 4, 7, 14, 21, 28 days. As the internal control,
experiments were performed seeding the same number of stem cells on TCP and GC.

Stem cell growth was evaluated with the Trypan Blue Solution, 0.4% (Invitrogen™, Grand Island,
NY, USA ) according to the manufacture’s recommendation for adherent cells. At each time point,
stem cells were counted with the hemocytometer by using the Countess™ Automated Cell Counter.

Stem cell viability was performed incubating cell-film cultures with XTT (2,3-bis [2-methoxy
-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxyanilide inner salt) (Sigma-Aldrich) according to the
manufacturer’s recommendation. As the internal control, experiments were conducted seeding stem
cells on TCP and GC. Interference effects of PBCE, BGD10 and BDG30 squares without cells on XTT
assay were also considered. The absorbance of the samples was measured using a microtiter plate
reader (ELISA reader, DV990BV6, GDV, Roma, Italy) at 450 nm with a reference wavelength of 650 nm.

4.8. Immunofluorescences

Immunostaining was performed as previously described [17,21,42,43,75]. Briefly, stem cells on
PBCE*, PBCE, BGD10 and BDG30 squares, and on TCP and GC were rinsed twice with PBS, fixed in 4%
paraformaldehyde for 20 min, washed twice with PBS, and permeabilized and blocked (PBS + 3% FBS,
0.3% Triton X-100) for 1 h at RT. Samples were incubated with phalloidin (Alexa-fluor-488 phalloidin,
Invitrogen) for 20 min at RT, or overnight at 4 ◦C with the primary human antibodies: anti-MAP2
(Abnova, Taipei, Taiwan), anti-GFAP, anti-NG2 (Millipore, Billerica, MA, USA), anti-TJU1, anti-nestin,
and anti-βTubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). In the latter cases, after 3 washing
with PBS, the staining with Alexa-Fluor 488-nm or Alexa-Fluor 594-nm conjugated secondary antibodies
(Invitrogen) for 1 h at room temperature was performed. After being washed with PBS, samples
were mounted and nuclei were counterstained with Vectashield with DAPI (Vector Laboratories Inc.,
Burlingame, CA, USA). Images were acquired using fluorescence microscopy (Eclipse-TE2000-S, Nikon,
Tokyo, Japan) equipped with the F-ViewII FireWire camera (Soft Imaging System, Olympus, Münster,
Germany). Images were elaborated as described below. Interference of PBCE*, PBCE, BDG10 and
BDG30 squares without cells to a fluorescence microscope (Eclipse-TE2000-S) was evaluated.

4.9. Image Analysis and Computational Quantitative Cyto-Morphometric Measures

Fluorescent stained images were used to calculate the parameters and morphometric descriptors
by Fiji software (Fiji Life-Line version, 30 May 2017), as previously described [14]. Images were
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acquired using a fluorescence microscope (Eclipse-TE2000-S, Nikon) equipped with the F-ViewII
FireWire camera (Soft Imaging System, Olympus).

For the morphometric descriptors analysis, eight different areas were photographed (20X
magnification, x20 Plan Fluo NA 0.5) and a total of 100 nuclei and cells were analyzed, for each
polymer film. The area, the perimeter, the major and minor axis of nuclei and cells were measured to
quantify the variation of the nuclear shape index (NSI), the cell shape index (CSI), the aspect ratio (AR),
the cell length (CL), Feret angle and the nuclear positioning. The nuclear positioning is reported as the
ratio of the maximum cell length and the maximum cell length protrusion (measured as maximum
length from the nucleus).

The coordinate nucleation of F-actin and microtubules in fluorescent images was evaluated
using two different Fiji filters on each channel. First, the 8bit images were duplicated and the “north
shadow” filter was applied to one. The “convolve” filter and the corresponding color were applied
to the duplicated image. The final image is the result of two merged elaborated images (north
shadow+convolve colored).

4.10. Fluorescence Intensity Quantification

Fluorescence intensity quantification was performed with a custom-made Matlab image analysis
code. For each substrate, 100 stained cells were acquired and evaluated. Image enhancement
operations were performed on each image before quantification: i) correct non-uniform illumination
and ii) background subtraction. First, to correct shading distortion, a Gaussian smoothing filter was
applied (imflatfield function implemented in MatLab). Second, to create a background image to be
subtracted from the original image, an opening morphological operation was performed on each image,
using a disk of 20-pixel diameter (imopen function implemented in Matlab). Finally, each image was
thresholded, cells were masked and region properties (integrated density and area) of the masked
region of interest (ROI) were calculated.

A fluorescence intensity projection of the cells was then performed on each grayscale image and
measured from the relationship:

CTCF = cFID−
( Ac

MAb
∗MFB

)
where CTCF = corrected total cell fluorescence, cFID = cell fluorescence integrated density, Ac =

area of masked cell, MAb = mean area of background (mean of five different ROI) and MFB = mean
fluorescence of background (mean of five different ROI).

4.11. Field Emission Scanning Electron Microscopy of BM-MSCs on Polymer Films

Stem cell-film interaction was evaluated by FESEM at each time of culture as above. hBM-MSC
PBCE, BDG10 and BDG30 squares were rinsed twice with PBS and fixed in 2.5% glutaraldehyde for
30 min at RT then dehydrated by adding progressively more concentrated ethanol (5–100% v/v) every
5 min and finally dried by the critical point machine (CPD, Emitech K850, Quorum Technologies,
Lewes, UK). Once dried, the samples were gold sputter-coated before examination by FESEM (Supra
25 Zeiss) at an accelerating voltage of 5 kV.

4.12. Statistical Analysis

Data analysis was reported as mean ± SD, median and range of intervals (boxplot) and percentage.
A post-hoc comparison test was carried out using the one-way ANOVA and Dunn’s Multiple
Comparison Test (GraphPad 4.0 Software, San Diego, CA, USA). The p < 0.05 was considered
statistically significant. Pearson’s bivariate correlation test was evaluated by R—Statistical Computing
(https://cran.r-project.org). The p < 0.05 was considered statistically significant.

https://cran.r-project.org
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5. Conclusions

Collectively, our results provide an innovative polymeric platform, realized with an aliphatic-ring
containing polyester (PBCE) processed by the simple solvent cast, whose surface microstructure
revealed suitable to drive a surprisingly fast hBM-MSCs fate toward a neuronal-like phenotype in the
culture medium, even in the absence of FBS.
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