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ARTICLE INFO ABSTRACT
Keywords: This study investigates the effect of electroactivity and electrical charge distribution on the
poly(vinylidene fluoride) biological response of human bone marrow stem cells (hBMSCs) cultured in monolayer on flat

Electroactive cell substrates
Human bone marrow mesenchymal cells
Multipotency markers

poly(vinylidene fluoride), PVDF, substrates. Differences in cell behaviour, including proliferation,
expression of multipotency markers CD90, CD105 and CD73, and expression of genes charac-
teristic of different mesenchymal lineages, were observed both during expansion in basal medium
before reaching confluence and in confluent cultures in osteogenic induction medium. The
crystallisation of PVDF in the electrically neutral a-phase or in the electroactive phase f, both
unpoled and poled, has been found to have an important influence on the biological response. In
addition, the presence of a permanent positive or negative surface electrical charge distribution in
phase p substrates has also shown a significant effect on cell behaviour.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent progenitor cells. They were first isolated from bone marrow by Friedenstein et al.,
who described them as adherent cells with fibroblastic morphology. They have the capacity of self-renewal and also the ability to
differentiate to various cell types, including the chondrogenic, osteogenic, adipogenic and myogenic lineages [1,2]. MSCs can be
obtained from bone marrow, adipose tissue, umbilical cord, and dental tissue [3,4]. Bone marrow mesenchymal stem cells (hBMSCs)
are the most well-known and characterised source of adult stem cells. They have been used in bone regeneration research and are being
validated in therapy clinical trials [4]. Adipose-derived mesenchymal stem cells (hASCs) are an alternative source of MSCs used in
many studies [5]. In vivo studies have reported that MSCs derived from bone marrow induces more bone formation than MSCs from
adipose tissue [6,7], which corroborate the suggestion that osteogenic progenitor predominantly populate bone marrow, whereas
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adipose tissue is mainly populated by adipogenic progenitors [8]. However, there is still controversy regarding the osteogenic capacity
of adipose-derived MSCs compared to BMSCs [9].

CD105, CD90 and CD73 antigens are characteristic of the multipotency of hBMSCs; one of the conditions for their identification is
that more than 95% of the hBMSCs population express these markers and that they lack hematopoietic antigens such as CD34, CD45,
CD19, HLA-DR [10]. Decreased expression of one or more of these markers is associated with the commitment of hBMSCs to a
particular lineage, and it is observed in vitro cultures early in the onset of differentiation [11-13].

When cultured on specific flat supports, in particular on tissue culture polystyrene (TCPS), MSCs can be expanded to high numbers
while maintaining their multipotentiality, i.e. their capacity for osteogenic, chondrogenic and adipogenic differentiation [10]. This
differentiation to each of the mentioned lineages can be induced by chemical means in specific configurations: osteogenic differen-
tiation is induced with culture media containing dexamethasone, ascorbic acid, and in particular, growth factors of the morphogenetic
protein family, such as Bone Morphogenetic Protein 2 (BMP2) [14]; chondrogenic differentiation is obtained in 3D configurations with
high cell density and with culture media containing growth factors such as Transforming Growth Factor beta (TFG-p1, TFG-p3) and
others; adipogenic differentiation is obtained by incubating the culture with dexamethasone, 3-isobutyl-1-methyl-xanthine (IBMX),
insulin and indomethacin; in addition to these, triiodothyronine (T3), Asc-2-P and basic Fibroblast Growth Factor (bFGF-2) are also
used [14].

However, it has been shown that specific physical characteristics of the substrate to which the cells adhere and proliferate are
inducers of their loss of multipotentiality, committing the cells to a particular lineage. Among these factors, nano- or micro-topography
has been highlighted. Thus, it has been shown that certain nanopatterning induces osteogenic differentiation [15,16]: on nanofiber
supports, fibre order (random or aligned) determines adhesion, cell morphology and maintenance of phenotype or osteogenic dif-
ferentiation [17,18]; substrate porosity is also determinant for the induction of differentiation [19], independently of chemical sig-
nalling. Substrate stiffness is also a determining factor in the fate of MSCs [20]. Further, physical stimulation can induce osteogenic or
chondrogenic differentiation [21,22]. Surface electrical charge is among these physical factors, and it has been shown that a surface
charge density affects the adhesion of MSCs to the substrate, spreading, and their proliferation and osteogenic differentiation [23-25].
To use mesenchymal stem cells (MSCs) for osteoregeneration therapies, it is necessary to develop efficient protocols for directing their
differentiation into the osteogenic lineage in vitro. Besides, directing osteogenic differentiation of MSCs cells in vitro will provide
models that are more amenable to molecular characterisation and genetic manipulation.

Poly(vinylidene fluoride), PVDF, is a semi-crystalline polymer, biocompatible, non-toxic and biostable polymer with great po-
tential for tissue engineering due to its intrinsic piezoelectric properties [26]. Considering the piezoelectric properties of the bone
tissue, PVDF substrates have been studied to prepare scaffolds which induce osteogenic differentiation of MSCs [27,28]. Abazari et at.
prepared hybrid nanofibers based on PVDF/collagen/platelet-rich plasma nanofibers [29] and PVDF/PCL/basic fibroblast growth
factor (bFGF) [30] to investigate their potential to stimulate osteogenic differentiation of induced pluripotent stem cells (iPSCs). Both
systems demonstrated their osteoinductivity potential to be used as bone bio-implants for bone tissue engineering.

PVDF has the ability to crystallise in different orderings, showing at least 5 crystalline phases o, B, v, § and ¢, being f§ phase the one
showing the highest piezoelectric coefficient [31,32]. It has been shown that flat PVDF substrates in electroactive f-phase and
polarised with positive or negative electrical surface charge adsorbed more fibronectin and exposed cell adhesion sequences more
effectively than uncharged substrates, either in B-phase or a-phase. This fact affected the proliferation of MC3T3-E1 preosteoblasts
[33]. The surface electric charge on electroactive PVDF supports significantly favoured the proliferation and osteogenic differentiation
of hASCs [34].

The effect of PVDF substrate topography on cell response has been studied on non-electroactive a-phase PVDF supports on which
microspheres, also of PVDF, were deposited by electro spraying. These microspheres, a few microns in diameter, crystallise in -phase.
It was seen how microtopography affected the morphology adopted by the cells on the support and the maintenance of their multi-
potency in expansion medium [35].

This study investigates the biological response of hBMSCs cultured on PVDF flat substrates with different crystallisation (a- and
B-phase) and positive and negative charge surface density. We hypothesise that the piezoelectric properties and the electrical charge
surface could drive hBMSCs from pluripotency to lineage commitment, focusing on osteogenesis. The maintenance of multipotency
markers was analysed by flow cytometry, while the expression of characteristic genes osteogenic, chondrogenic and adipogenic dif-
ferentiation was analysed by RT-qPCR. Alkaline phosphatase activity, as an osteogenic marker, was also assessed. Our objective was to
investigate whether the different substrates induced spontaneous differentiation towards the osteogenic lineage (both with basal or
osteogenic medium) or, on the contrary, the substrate properties compromised the cells towards other lineages, decreasing their
capacity for osteogenic differentiation.

2. Materials and methods
2.1. Culture substrates

Poled and unpoled PVDF flat commercial substrates (films) crystallised in p phase with a thickness of 2.8 pm were supplied by
Measurements Specialties, Inc. (Fairfield, NJ, USA). The poled B-PVDF films provided by that company were obtained using a static
electrical potential (positive or negative) of several kV and used as received. Its degree of crystallinity is 55% and the fraction of
B-phase crystals is above 95% [36,37]. Films of PVDF crystallised in a-phase, with 2.8 pm thickness, were also obtained from Mea-
surements Specialties, Inc. The substrates were designed as ALPHA (PVDF crystallised in a-phase), BETA (unpoled PVDF crystallised in
B phase), BETA (+) (positive poled PVDF crystallised in § phase), and BETA (—) (negative poled PVDF crystallised in p phase).
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All the cell substrates were sterilised with ultraviolet (UV) light overnight, followed by three consecutive washing for 10 min with
Dulbecco’s Phosphate-Buffered Saline (DPBS) (Thermo Fisher, Waltham, MA, USA).

2.2. Fibronectin adsorption

Fibronectin (FN) from human plasma (Sigma-Aldrich, St. Louis, MO, USA) was adsorbed onto the PVDF samples. The films were
immersed in a 20 pg/mL FN solution for 1 h under constant shaking. After protein adsorption, the samples were rinsed in saline so-
lution to eliminate the non-adsorbed protein.

2.3. Obtention and characterisation of primary hBMSCs

Primary hBMSCs were obtained from bone marrow (BM) aspirates from patients with suspected, but finally, no alterations present,
of hematological disease. Informed consent was obtained from the patients, following the established protocols of the Hospital Uni-
versitario y Politécnico La Fe (Valencia, Spain). hBMSCs from a young donor (<35 years old, male) were used in this study.

First, a pre-separation of the mononuclear cells was performed by density gradient (Ficoll-Hypaque system). Briefly, the BM
samples were diluted in Dulbecco’s Modified Eagle’s Medium (DMEM) with ethylenediaminetetraacetic acid (EDTA) or heparin in a
ratio 1:2 and the mixture was centrifuged at 1000xg for 30 min. The hBMSC-enriched cell population above the Ficoll layer was
collected and washed thrice in DMEM by centrifugation at 400xg for 10 min. Finally, the cells were seeded (density: 1.8 x 10° cell/
cm?) and cultured at 37 °C and 5% CO2 with DMEM supplemented with 10% FBS, 100 U/mL penicillin-streptomycin (P/S, Invitrogen)
and 2.5 mg/L amphotericin B (Sigma Aldrich). The culture medium was changed after 24-48 h, and non-adherent cells were removed.
When the cells reached 85% confluence, they were trypsinised, centrifuged at 400xg for 5 min and, after discarding the supernatant,
seeded again at a density of 3500-4000 cells/cm?. After four passages, the cells were cryopreserved in liquid N.

The characterisation of hBMSCs was carried out by analysing the morphology of adhered cells to plastic, the specific surface antigen
expression by flow cytometry, and their potential for multipotent differentiation [10]. It has been shown that hBMSC differentiated to
osteoblasts, adipocytes and chondroblasts using in vitro tissue culture-differentiating conditions [38], as shown in the Supporting
Information (Supplementary Materials and Methods).

2.4. Cell culture on the flat PVDF substrates (5 days)

Isolated hBMSCs (passage 5) were seeded onto the flat PVDF films (ALPHA, BETA, BETA (+), BETA (—)) and cultured with basal
medium (DMEM containing 1 g/L glucose supplemented with 0.5% amphotericin B, 1% P/S, 10% FBS) at 37 °C, 5% CO». The culture
medium was refreshed every two days. Cells seeded in tissue culture polystyrene supports (TCPS) were used as controls.

2.4.1. Phenotype assessment by flow cytometry

After 5 days of culture (PVDF substrates with diameter 11 mm, density of 1-10* cells/cm? p24-well plate, five biological triplicates),
cells were lysed and collected for the analysis of the cellular immunophenotype. The cells were resuspended in 1 mL of medium, split
into three aliquots differentially labelled and centrifugated at 300xg for 10 min. After removing the supernatant, cells were resus-
pended in 80 pL of DPBS, and 20 pL of FcR Blocking Reagent (Miltenyi Biotec) was added to block unspecific binding. Anti-human
monoclonal antibodies conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin chlorophyll-cyanin protein
(PerCP-Cy5.5), and alophycocianin (APC) were used: CD90-FITC!, CD105-PE!, HLA-DR-PerCP-Cy5.5%, and CD73-APC! (*Miltenyi
Biotec, 2Becton Dickinson). The samples were processed using a FacsCanto-II™ flow cytometer, and 10000 events/sample were ac-
quired. The marker expression percentages were obtained by FACSDiva 8.0.1 software (Becton Dickinson). Unstained hBMSCs were
used as control. The analysis with the flow cytometer was performed in duplicate.

2.4.2. Cell viability

A MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay was carried out to
quantify viable cells in proliferation after 3 and 5 days of cell culture (basal medium, cell density: 10* cells/cm?) on previously
sterilised flat PVDF supports (diameter: 11 mm) placed into p24-well plates (in triplicate). At every time point, the culture medium was
replaced by DMEM without phenol red (Thermo Fisher) with 5:1 proportion of MTS (Promega) and left incubating for 3 h at 37 °C in
the dark to allow MTS metabolisation. Then, 1 mL of supernatant was collected, and the absorbance was measured at 490 nm. A
solution of MTS and DMEM without phenol red was used as reference (blank), and the supernatant (1 mL) of cells cultured in TCPS was
considered the positive control. A calibration curve was performed to determine the number of viable cells. Data were expressed as
triplicate samples’ mean =+ standard deviation (SD).

2.4.3. Cell morphology

Cell morphology was assessed by hematoxylin—-eosin staining after 3 days of culture in p48-well plate (cell substrates diameter: 6
mm, 10* cells/cm?, basal medium). The cells were fixed with a formaldehyde fixing solution to preserve the cell structure. Then, cells
were stained with Mayer’s hematoxylin (Sigma-Aldrich) for 15 min and washed with distilled water for 15 min. After that, the samples
were submerged in Eosin Y (Sigma-Aldrich) for 2 min, washed with mQ water and mounted in a microscope slide with a mounting
medium. After drying for 24 h, the samples were observed using a Leica DMD108 digital microscope. Each condition was studied with
five biological replicates.
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2.4.4. Gene expression analysis (RT-qPCR)

The expression of characteristic genes related to osteogenic differentiation (collagen type 1 (COL1A1), and Runx-related tran-
scription factor 2 (RUNX2), adipogenic differentiation (lipoprotein lipase (LPL) and chondrogenic differentiation (SRY-related high-
mobility-group box 9 (SOX9) was analysed by RT-qPCR after 5 days of culture (cell substrates diameter: 6 mm, p24-well plates, 10*
cells/cm?, basal medium). Total RNA was extracted by a Quick RNA Miniprep kit (ZYMO Research) and quantified by the Nano-
DropTM spectrophotometer (Thermo Scientific) at 260 nm. Then, it was reversed transcribed to cDNA (Maxima First Strand cDNA
Synthesis Kit with Thermolabile dsDNase (ThermoFisher). The relative expression of the genes) was measured by RT-qPCR (ViiATM 7
Real-Time PCR System, Applied Biosystems). TagMan assays (Universal Master Mix II from Applied Biosystems, Life Technologies) for
COL1A1 (Hs00164004_m1), SOX9 (Hs01001343_g1), RUNX2 (Hs01047973_m1) and LPL (Hs00173425_m1) were used, with GAPDH
(Hs03929097_g1) as the housekeeping gene. Each condition was studied with three biological replicates.

The q-PCR results were obtained from the relative quantification of gene expression, calculated by the comparative 24 method.
The samples were normalised to the Cr value of the housekeeping gene (GAPDH): ACt = Cr(sample)—C(GAPDH). Ct control values
were those obtained: AACT = ACt(experiments)—ACt{control). Relative mRNA expression was obtained according to the following
expression (Equation (1)):

Fold change = 222¢7 (€D)

2.5. Osteogenic differentiation on flat PVDF substrates

Isolated hBMSCs (passage 5) were seeded at a density of 1 .10* cells/cm? onto the flat PVDF films (ALPHA, BETA, BETA (+), BETA
(—)) with 11 mm of diameter and cultured with basal medium (p24-well plate) at 37 °C and 5% CO,, for 5 days until they reached 100%
confluence. Then, the osteogenic medium [DMEM containing 1 g/L glucose supplemented with 0.5% amphotericin B, 1% P/S, 10%
FBS, 10 mM of p-Glycerophosphate disodium salt hydrate (Sigma Aldrich), 10 nM of dexamethasone-water soluble (Sigma Aldrich)
and 50 pM of 1-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma Aldrich)] was added, and cells were cultured for 28
days. In a parallel culture, hBMSCs were cultured in basal medium (without osteogenic supplements) on the same materials for 28
additional days after reaching 100% confluence. The culture medium was refreshed every 3 days. Cells seeded in TCPS were used as
controls. Each condition was studied with three biological replicates.

2.5.1. Flow cytometry study
After 28 days of culture in osteogenic medium or basal medium after confluence, cells were lysed and collected. The surface
markers CD105, CD90, CD73 and HLA-DR were analysed by flow cytometry using the protocol described in Section 2.4.1.

2.5.2. Analysis of alkaline phosphatase (ALP) activity

After 7 and 14 days of culture (both in osteogenic medium and basal medium after confluence), the cells were lysed and collected.
The level of ALP present on each sample was determined in cell lysates by a SensoLyte® pNPP Alkaline Phosphatase Assay Kit
(ANASPECQ), and the total protein of the lysate was determined using a Micro BCA™ Protein Assay Kit (Thermo Scientific). The ALP
activity was obtained as the ratio between ALP and total protein. Each condition was studied with three biological replicates.

2.5.3. Gene expression analysis (RT-qPCR)

The expression of characteristic genes related to osteogenic differentiation COL1A1 (Hs00164004_m1), RUNX2 (Hs01047973_m1)
and integrin-binding sialoprotein (IBSP) (Hs00173720_m1) was analysed after 28 days of cell culture (both in osteogenic medium and
basal medium after confluence) by RT-qPCR using the protocol described in section 2.4.4, with GAPDH (Hs03929097 _g1) as the
housekeeping gene.

2.6. Statistical analysis

The results were expressed as the mean + SD. All quantitative data were analysed using GraphPad Prism (v6.00, La Jolla, CA, USA).
The results were analysed statistically using a one-way ANOVA test and Tukey’s multiple comparisons test. Differences were
considered significant when p < 0.05.

3. Results and discussion
3.1. Characterisation of primary hBMSCs

The hBMSCs cultured in TCPS wells adhered to the plastic, showing a homogeneous fibroblastoid morphology (Supplementary
Fig. S1). Regarding the immunophenotypic markers, the experimental flow cytometry results (Supplementary Fig. S2) revealed that
the cells expressed CD105, CD90 and CD73 antigens, which are characteristic of the hBMSCs. One of the conditions for their iden-
tification is that more than 95% of the hBMSCs population express these markers and that lack hematopoietic antigens such as CD34,
CD45, CD19 or HLA-DR. It can be observed in Supplementary Fig. S2 that the expression of HLA-DR is negative except for a small
percentage of hMSCs (1.9 % HLA-DR+), which could be explained as an effect of cell activation. The capacity of adipogenic, osteogenic
and chondrogenic differentiation was demonstrated with oil red O, alizarin red S and safranin O staining, respectively (Supplementary
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Fig. §3). The oil red O staining showed the formation of lipid vacuoles inside the labelled cells when cultured in adipogenic medium.
On the other hand, osteogenic medium caused a change in the growth pattern and distribution of the cultured cells, which resulted in
the formation of cell nodules that showed signs of mineralisation after staining with alizarin red. Finally, the three-dimensional pellet
culture of the cell populations cultured in chondrogenic medium caused a change in cell morphology from a fusiform to a rounded
shape. Safranin O staining revealed the presence of proteoglycans.

3.2. Non-confluent cell growth in basal medium

The hBMSCs adhered and proliferated, reaching confluence after 6 days of culture in basal medium. Therefore, in the first stage,
viability, proliferation, multipotency marker expression and gene expression at day 5 (before reaching confluence), a time-point that
represents a behavioural change in the cellular response, was characterised. Hematoxylin and eosin staining (Fig. 1A) revealed that the
cells adhered to all PVDF substrates. hBMSCs adhered to unpoled BETA substrates showed a round morphology, while on BETA (+)
substrates, cells showed more homogeneity in shape and size. More elongated shape was observed in hBMSCs cultures on ALPHA and
BETA (—) substrates, although BETA (—) substrates showed higher cell spreading with elongated filopodia. The viability measured in
the MTS assay showed that the numbers of viable cells in the BETA (+) samples were significantly lower than those found in the other
PVDF supports. No significant differences were found among ALPHA, BETA and BETA (—) substrates and TCPS control after 5 days of
culture (Fig. 1B).

Flow cytometry assay after 5 days of culture (Fig. 2) revealed that the cells cultured on the PVDF sample crystallised in the non-
polar a-phase, PVDF (ALPHA), as well as on the TCPS control, maintained the expression of the three markers CD105, CD90 and CD73,
unaltered with respect to those of the cells initially seeded on the supports (Supplementary Fig. 2S). Nevertheless, the behaviour of the
cells seeded onto the supports in polarised or non-polarised polar p-phase samples changed significantly. When analysing cell
behaviour, it is interesting to note the differences among the different supports of electroactive p-phase crystallised PVDF. While
a-phase crystallisation leads to an ordering of the polymer chains that make them electrically neutral, -phase crystallisation in all-
trans conformation causes each chain to have a net permanent dipole moment [32,39]. The surface remains, on average, neutral
because the crystals appearing in the vicinity of the surface are randomly oriented, and the sum of their charges would be zero if
measured in macroscopic dimensions [40]. However, locally, in dimensions comparable to crystal sizes, which may be on the order of a
micron or a few microns, there is a net charge that depends on the orientation of that specific crystal, and the cells can sense those local
electric fields. That is, the difference in terms of the physical characteristics of ALPHA and BETA substrates lies in the presence of those
electric charges at the local level in the p-phase. It has been reported that there are also differences in topography (the shape of the
crystalline spherulites, the crystal sizes and the surface roughness are different in one phase and the other) [41,42]. In poled samples,
the crystalline regions are oriented in such a way that the permanent dipolar moments are aligned with each other. Thus, a positive or
negative charge distribution is generated depending on the orientation of the electric field [40].

It is interesting to note that, in both unpoled BETA and poled BETA (+) supports, the distribution bells of the CD105 and CD90
markers (Fig. 2A) widen with respect to those before cell seeding (Supplementary Fig. S2), which can be interpreted in the sense of a
greater heterogeneity in the cell population. Even in the case of BETA (+), the distribution shows a clear heterogeneous pattern,
indicating the separation of two populations with different expression of the multipotency markers. Moreover, the distributions are
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Fig. 1. A) Hematoxylin-eosin staining after 3 days of culture on PVDF films (ALPHA, BETA, BETA (+) and BETA (-)). Scale bar: 100 ym. B)
hBMSCs proliferation (cells/mL) after 3 and 5 days of culture with basal medium on PVDF films: ALPHA, BETA, BETA (+) and BETA (-). Cells
cultured on TCPS were used as control. Results are expressed as mean + SD (n = 3). (*) p < 0.05, (**) p < 0.01, (***) p < 0.001).
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Fig. 2. Immunophenotypic analysis by flow cytometry after 5 days of culture on TCPS and PVDF films ALPHA, BETA, BETA (+) and BETA with
basal medium. A) Histograms of hBMSCs showing the expression of surface proteins CD90, CD105, CD73 and HLA-DR surface markers. B) Per-
centage of expression of surface proteins (—). Number of events acquired: 10%.

shifted to the left. The fraction of positive cells with respect to each marker are included in Fig. 2B. It is evidenced that while in ALPHA
and the TCPS control support more than 90% of the cells maintain positive labelling to CD105, CD90 and CD73, the percentage of
positive CD90 cells drops until below 55% and 70% in BETA and BETA (+), respectively. The expression of positive CD105 cells shows
a minor decrease, until 90 and 85% in BETA and BETA (+) substrates, respectively. The case of the poled BETA (—) substrate is
somewhat intermediate; while the percentage of CD105+ and CD73" is above 95%, that of CD90" has dropped to 73%, while the
distribution bells are narrower than in BETA and BETA (+) substrates, indicating a more homogeneous cell population.

It has been reported [12] that in the initial stages of differentiation of cord blood-derived MSCs in osteogenic or adipogenic me-
dium, there is a marked decrease in the expression of CD105 and CD90 markers, while that of CD73 remains above 95%. However, it
was also found that the drop in the CD90 marker occurred only in the adipogenic differentiation [13]. Regarding chondrogenic dif-
ferentiation, a drop in the three mentioned markers has been observed [43]. The decrease in CD105 and CD90 was also found after the
first day of inducing chondrogenic differentiation [44].

The expression of four genes characteristic of osteogenic (COL1A1, RUNX2) [45,46], chondrogenic (SOX9) and adipogenic (LPL)
differentiation was evaluated using RT-qPCR. RUNX2 is an early marker of osteogenic differentiation [45]. During osteogenic
development, COL1A1 gene expression was observed 2 days after induction of osteogenic differentiation [47,48]. Finally, SOX9 is a
transcription factor that controls chondrocyte-specific gene expression, which expression was detected early during chondrogenic
differentiation [49]. Expression of LPL gene was observed at culture times of one week during adipogenic differentiation [50].

Cells expanded in TCPS for 5 days in basal medium, shown in Fig. 3, only express significant differences with respect to the hBMSCs
expression before cell seeding (DAY 0) in terms of the COL1A1 gene marker, as expected (Fig. 3A). The a-phase PVDF support (ALPHA
substrate) induced overexpression of RUNX2 with respect to the control, with differences that were also significant with respect to the
expression at DAY 0 (Fig. 3B). The expression of SOX9 did not differ from that of the control (TCPS) but was slightly higher than at DAY
0 (Fig. 3C), while the mean value of LPL was higher than at DAY 0, despite the higher uncertainty of this result (Fig. 3D). In contrast,
the electroactive p-phase clearly supports the induction of a lower expression of the four markers, except for SOX9 and COL1A1
expression in BETA (+) substrates, which was significantly higher than for the cells cultured on BETA and BETA (—) substrates, but
with no significant difference with the TCPS (control). The mean value of RUNX2 expression was also higher in BETA (+) than in the
other PVDF substrates in f§ phase, but the differences were not statistically significant. The lower proliferation found in BETA (+)
substrates could also be related to the cells’ higher commitment to the chondrogenic lineage.

3.3. Confluent cell cultures in basal and osteogenic medium

When culture was continued in basal medium for 28 additional days after confluence, hBMSCs spontaneously differentiated,
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Fig. 3. Gene expression analysis (RT-qPCR) of COL1A1, LPL, SOX9 and RUNX2 after 5 days of culture on PVDF films (ALPHA, BETA, BETA (+) and
BETA (—)) with basal medium. DAY 0: Gene expression of hBMSCs before seeding. Data presented as average + SD (n = 3). (*) p < 0.05, (**) p <
0.01, (***) p < 0.001).

resulting in widening and displacement of the distribution bells of multipotency markers in flow cytometry (Fig. 4A). The quantifi-
cation of this shift is shown in Fig. 4B. Compared to the expression of markers before cell seeding (Supplementary Fig. 25), the
expression of CD90" and CD105+ drops considerably in BETA and BETA (+) supports; the expression of CD73™ also decreased,
although more moderately. In the case of ALPHA and BETA (—) supports and in TCPS control, CD90" and CD105+ markers clearly also
diminished, although to a lesser extent. These changes have been identified as indicative of MSCs differentiation into their different
lineages [13,43,44].

ALP activity is considered an initial marker of osteogenic differentiation of MSCs [51]. In this study, the absence of alkaline
phosphatase expression after 7 and 14 days of culture with basal medium indicates that osteogenic differentiation was residual (Fig. 5).
The most significant indication of the role of the substrate in osteogenic differentiation was the expression of ALP in hBMSCs cultured
with osteogenic medium after confluence. Although 7 days after introducing the osteogenic culture medium, there were no significant
differences among the different PVDF supports (Fig. 5A), as the culture progressed (14 days), the expression of ALP in BETA (-)
substrates was significantly higher than the rest of the PVDF supports, albeit it still fell below the expression in TCPS (Fig. 5B). These
results are in line with those obtained by Parssinen et a [42]. with hASCs cultured with basal or osteogenic medium on flat substrates
prepared with a-PVDF, unpoled p-PVDF and poled -PVDF. After 15 days of culture, ALP activity was very low when hASCs were
cultured in basal medium. However, hACS cultured with osteogenic medium showed differences between substrates, with greater ALP
activity on poled rather than unpoled PVDF substrates, although no significant differences were found between positive and negative
poled B-PVDF. It is well known that the response of each cell lineage to electrical charge stimulation is unique [52]. However, the
influence of different charge types on biomaterials on osteogenesis and their interdependent mechanisms have not been clearly defined
yet. The higher ALP activity shown in this study by hBMSCs cultured on negatively charged p-PVDF substrates (BETA (—)) suggests that
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Fig. 4. Immunophenotypic analysis by flow cytometry. Immunophenotypic analysis by flow cytometry. (A) Histograms of hBMSCs showing the
expression for CD90, CD105, CD73 and HLA-DR surface markers after 28 days of culture (after 100% confluence) on PVDF films (ALPHA, BETA,
BETA (—), BETA (+) with basal medium and percentage of expression of stained hBMSCs surface markers (B). (C) Histograms of hBMSCs showing
the expression for CD90, CD105, CD73 and HLA-DR surface markers after 28 days of culture on PVDF films (ALPHA, BETA, BETA (+), BETA (-))
\Lvith osteogenic medium and percentage of expression of stained hBMSCs surface markers (D). Number of events acquired (B and D): 10*.
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Fig. 5. Alkaline phosphatase (ALP) activity of hBMSCS at 7 days (A) and 14 days (B) of culture (after confluence) on PVDF films (ALPHA, BETA,
BETA (+) and BETA (-)) with basal medium (BM) and osteogenic medium (OM). DAY 0: ALP activity of hBMSCs before seeding. Data presented as
average + SD (n = 3). (*) p < 0.05, (**) p < 0.01, (***) p < 0.001).

MSCs from bone marrow have a greater predisposition to osteogenic differentiation on this type of substrates (when cultured with
osteogenic medium) than mesenchymal cells from adipose tissue.

In osteogenic medium, after 28 days of culture, the differences in cellular response in the different substrates became smaller
(Fig. 4C). As expected, the expression of the multipotency antigens CD90 and CD105 (Fig. 4D) fell in all substrates with respect to the
expression before cell seeding (Supplementary Fig. S2), although with differences depending on the crystalline phase and the polarity
of the substrate. CD73 expression is maintained in all the substrates, except in the unpoled BETA, which shows a significant drop in
CD73. Gene expression (measured by RT-qPCR) of COL1A1, RUNX2, and IBSP, osteogenic specific markers, are shown in Fig. 6. ALPHA
and poled BETA (—) supports showed higher expression of COL1A1 compared to unpoled BETA and poled BETA (+) substrates
(Fig. 6A). However, there were no significant differences in the expression of RUNX2 among the different substrates, although there
were with respect to DAY 0 (Fig. 6B). The expression of the bone sialoprotein gene IBSP (Fig. 6C) was also measured, as it mediates cell
attachment to hydroxyapatite in bone tissue and is an early mineralisation marker in osteogenic differentiation [53,54]. There were no
significant differences in IBSP expression between the PVDF substrates, with values still below its expression in the TCPS control.

How the cell adheres to the substrate is crucial for its subsequent proliferation and differentiation. A detailed study of spreading and
focal adhesions of hASCs showed that a negatively charged surface density on the substrate increases cell adhesion (higher adhesion
area and number of adhesions per cell) [34]. Zhou et al. 2016 also found this increased adhesion in negatively poled PVDF coatings on
titanium surfaces prepared via the tape-casting method [55]. They explained this fact by the increased adhesion of fibronectin to the
substrate. The positive charges of the adsorbed FN layer would overcompensate the negative surface charges, exhibiting a cationic
surface character that would electrostatically attract the cell membranes. The effect is the same as that which allows the production of
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Fig. 6. Gene expression analysis (RT-qPCR) after 28 days of culture on PVDF films (ALPHA, BETA, BETA (+) and BETA (—)) with osteogenic
medium. A) COL1A1, B) RUNX2 and C) IBSP. Data presented as average + SD (n = 3). (*) p < 0.05, (**) p < 0.01, (***) p < 0.001).
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polyelectrolyte multilayers by the layer-by-layer method. Ribeiro et al. [33] found that the amount of adhesion sequences exposed by
the adsorbed FN layer on the substrate surface was higher on polarised electroactive PVDF than on non-polarised or crystallised in
phase B, however, no statistically significant differences were found between the positively or negatively charged surface. It has been
reported that cell shape plays an important role in lineage commitment. hMSCs allowed to adhere, latten and spread underwent
osteogenesis, while those with a round morphology differentiated into adipocytes [56,57]. Our results suggest that BETA (—) sub-
strates, and, to a lesser extent, ALPHA substrates, in which adhered hBMSCs showed an elongated morphology, could induce an early
commitment towards osteogenic differentiation. In addition, we found that positive charge density significantly slows down cell
proliferation, which agrees with previous studies [55,58]. Nevertheless, proliferation in the unpoled f surface was the same order as in
BETA (—) substrates.

Taken as a whole, it appears that the presence of a net positive electric charge density on the substrate induces a loss of multi-
potency of the hBMSCs in basal medium, decreasing at the same time their proliferative capacity and compromising their subsequent
differentiation to bone lineage cells when cultured in osteogenic differentiation medium. These effects can also be transferred to the
crystallised support in -phase but not polarised, as negative and positive charges will appear on the surface at a local level. On the
contrary, negative charge density favours osteogenic differentiation, as indicated by the higher expression of ALP. At this point, the
present results agree with those reported by Zhou et al. on different negatively charged polarised PVDF films on Ti surfaces [55]. The
results are also consistent with those reported by Geng et al. [59], where they used a simplified model for a single-factor study based on
graphene quantum dots (GQD) to analyse the effect of surface charge on osteogenic differentiation. Their study demonstrated that
negative GQD significantly enhanced osteogenic differentiation of hBMSCs.

As stated previously, PVDF is biocompatible. However, it is a non-biodegradable polymer, which can lead to long-term accumu-
lation in the body and cause adverse effects, such as inflammation and immune responses [60], limiting its use in vivo as a cell delivery
vehicle. To overcome this disadvantage, we plan to use the PVDF cell substrates to condition the mesenchymal cells in vitro, inducing
their commitment toward osteogenic differentiation and subsequently implant them in the bone defect using a biodegradable
biomaterial, such as polylactic acid, polycaprolactone or hydrogels, as a vehicle to in vivo delivery of the primed cells.

Finally, the limitations of the present study should be highlighted. The study was conducted in a two-dimensional environment (flat
substrates), far from the three-dimensional biological environment of in vivo systems. In addition, it should be taken into account that
the study has been carried out based on the intrinsic piezoelectric and surface charge properties of the biomaterials used as cell
substrates, without any type of external stimulation.

Future work will be focused on analysing cellular behaviour in three-dimensional environments, such as micro/nanofibers based on
the same materials. Furthermore, incorporating electro-mechanical stimulation would allow for obtaining greater information about
the behaviour of mesenchymal cells and their influence on adhesion, proliferation and the induction of osteogenic differentiation.

4. Conclusions

Substantial differences have been found in the biological response of human bone marrow mesenchymal stem cells, hBMSCs,
cultured on crystallised a-phase. ALPHA, or in the electroactive p-phase PVDF substrates, BETA. Furthermore, significant differences
have also been found between electroactive substrates non-polarised, BETA, or polarised with positive BETA (+) or negative, BETA (—)
charge distribution. In basal medium, during the first days of expansion before reaching confluence, the a-phase substrates, like the
TCPS control, maintain the expression of the multipotency markers. However, in the f-phase substrates there is a marked loss of the
CD105 marker and in the non-polarised or positively charged substrates (BETA and BETA (+) also in CD90. In addition, the prolif-
eration capacity of the hBMSCs on BETA (+) substrates is inferior to the rest of the substrates. The p-phase substrates, however, show a
lower expression of genes characteristic of early differentiation. When cultured in osteogenic medium, CD90 and CD105 markers drop,
as expected, in all substrates, while CD73 expression is maintained. In the negatively charged p-substrate BETA (—), ALP expression
increases. This finding can correlate with a superior degree of osteogenic induction when contrasted with unpoled BETA and positively
charged substrates BETA (+). These results suggest that osteogenic differentiation of hBMSCs is supported by negatively charged,
electroactive polarised substrates. Conversely, non-polarised or positively polarised substrates appear to induce an early commitment
of hBMSCs that renders osteogenic induction by chemical means ineffective. However, some challenges still need to be addressed to
fully evaluate the potential of poled BETA (—) substrates to induce osteogenesis of hBMSCs. One of the main challenges is to investigate
the effect of electro-mechanical stimulation, as well as optimize the parameters (frequency and amplitude) to direct osteogenic dif-
ferentiation. Another challenge is developing and assessing three-dimensional scaffolds based on these materials. Despite these
challenges, the use of cell substrates with a specific distribution of surface electrical charge able to induce osteogenic lineage
commitment of MSCs, such as those investigated in this study, holds great promise for developing new therapies for bone-related
diseases.
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