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ARTICLE INFO ABSTRACT

Keywords: Many tissues and cells are influenced by mechano-electric stimulation, thus the application of piezoelectric
Piemdec‘tric. materials has recently received considerable attention in tissue engineering. This report investigated electrospun
Electrospinning fiber meshes based on poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)] as instructive biomaterials
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for osteogenic differentiation of human mesenchymal stromal cells (hMSCs). The influence played by methyl
ethyl ketone (MEK), used as a solvent in place of dimethylformamide (DMF)/acetone mixture, and the effect of
rotating velocity of the electrospinning collector on fiber morphology, mechanical and piezoelectric properties
were studied. The solvent had noticeable effects on morphology and piezoelectric properties of electrospun fi-
bers, with MEK outperforming DMF/acetone. By increasing the collector velocity up to 4000 rpm, the fiber
diameter reduced and the mutual alignment of the fibers increased, corresponding to enhanced mechanical
properties and piezo-active f-phase content. However, as a consequence of the diverse mechanical properties of
random and aligned fibrous architectures, which ultimately affected the piezoelectric properties, randomly-
oriented fibers exhibited higher remnant piezoelectric properties (Vo and ds; piezoelectric coefficient) than
aligned ones. On these scaffolds, hMSCs showed an excellent capability of early osteogenic differentiation,
leading to high calcium production. Fiber surface topology, fiber mesh morphology and remnant piezoelectric
properties played a determinant role on hMSC osteogenic commitment.

1. Introduction organs and tissues which cannot self-regenerate by developing biolog-
ical substitutes [1]. Scaffolds are critically important components for
Tissue engineering presents a brilliant approach to restore faulty tissue engineering, as they play a relevant role in tissue growth and
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regeneration across a three dimensional (3D) space [2]. Together with
3D architecture and mechanics, (bio)electricity is another important
feature of a number of body tissues: among others, bone [3], muscles
and inner ear sensory organs [4], remarkably show a sort of piezoelectric
behavior, wherein an electrical charge can be ultimately induced or
activated by a mechanical stress. Bone is a piezoelectric tissue with
piezoelectric constants similar to those of quartz, primarily by virtue of
collagen type I, the main component of the organic extracellular matrix
(ECM) [5]. For these reasons, it is proposed that the piezoelectric effect
plays an important physiological role in bone growth, remodeling and
fracture healing [3]. Indeed, it has been evidenced that when the bone is
mechanically stressed, electrical signals are produced, which in turn
promote tissue growth and remodeling; however, the underlying bio-
logical mechanism is still a subject of investigation. Where the
bioelectricity driven by mechanical forces has a pivotal role, the appli-
cation of piezoelectric materials in tissue engineering is invoked to
support tissue function [4,6,7].

Among piezoelectric materials, piezopolymers are highly suitable for
tissue engineering, thanks to their biocompatibility, flexibility, pro-
cessability and good piezoelectric response [8]. Since piezoelectric
polymers are potentially able to generate transient surface charges
under mechanical deformation, they can provide electrical stimulation
to cells and promote tissue formation [9]. Polyvinylidene fluoride
(PVDF) and its copolymers, such as PVDF-trifluoro ethylene [P(VDF-
TrFE)], are among the best performing piezopolymers. Thanks to the
chemical strength of the C-F bond, PVDF-based (co)polymers behave as
biostable and bioinert materials also in the human body; as a conse-
quence, they are FDA-approved and can also find application in tissue
engineering owing to other distinctive properties, nicely combined with
their bioinert character [6]. Piezoelectricity in these compounds origi-
nates from oriented molecular dipoles formed by a combination of
mechanical deformation and electrical poling of the crystallographic
phase § [10]. Indeed, the B-phase, which has fully trans-planar zig-zag
conformation, is mostly responsible for the obtained piezoelectric
response due to its polar structure with oriented hydrogen and fluoride
unit cells along with the carbon backbone. In particular, P(VDF-TrFE) is
a multifunctional copolymer of PVDF, in which the -phase is promoted,
and therefore the piezoelectricity, with respect to its homopolymer.
Moreover, due to their largely thermoplastic behavior, PVDF and P
(VDF-TrFE) can be readily processed into solids, films, textiles, and
coatings.

Electrospinning is a straightforward and versatile method for fabri-
cating ultrafine fibers from polymer solutions, able to inherently provide
both mechanical stretching and electrical poling for transforming some
non-polar a-phase into polar p-phase crystals of VDF-based polymers
[11-14]. The abovementioned properties feed the considerable interest
of tissue engineers and biomaterials scientists towards biocompatible
and piezoelectric electrospun fibers enabling electrical stimulation at
the cellular level and ultimately promoting tissue function [5,15].
Indeed, the fibrous structure of electrospun meshes (i.e., fibers with
diameter range in the order of tens of nanometers to few microns) can
mimic ECM fibers, while their piezoelectric character could be highly
advantageous for bone regeneration and stimulation [2].

Although operationally simple, the electrospinning process is based
on various working parameters, whose influence on the properties of P
(VDF-TrFE) fibers has not been completely unveiled yet. The electro-
spinning parameters can be broadly related to the following: (a) solution
(e.g., polymer concentration, type of solvent, viscosity, surface tension,
conductivity), (b) process (e.g., voltage, flow rate, collector type and
velocity, tip-to-collector distance), and (c) environment (e.g., humidity,
temperature) [16], all concurring to influence the conversion of polymer
solutions into fibers. Desired fibers can be produced with controllable
diameters, composition and morphology only if such parameters are
successfully mastered [17-19].

A number of studies have reported on the fabrication of PVDF and P
(VDF-TrFE) fibers via electrospinning under selected conditions for
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different applications [20-26]. Several works have focused on the
fabrication of randomly oriented fibers and subsequent thermo-
mechanical treatments, such as hot pressing or annealing, aiming at
improving the final piezoelectric properties [27-29]. A few studies have
also investigated the effect of electrospinning parameters on these
properties in the resulting fibers [11,30,31]; however, an in-depth un-
derstanding of this relation is still underway. In particular, the
comprehension of the simultaneous effect of solvent type and collector
velocity on morphology, mechanical and piezoelectric properties of
electrospun P(VDF-TrFE) fiber meshes is still challenging. The used
solvent is a key factor contributing to the intrinsic properties of the
electrospinning solution [32], which might critically affect fiber for-
mation. Volatility, conductivity, boiling point and dipole moment of the
solvent are all important factors for achieving uniform and defect-less
polymer filaments [33]. Furthermore, the solvent and the environ-
mental conditions play a crucial role in the fabrication of fibers with
internal or surface porosity. On the other hand, collector velocity is
relevant in affecting mechanical stretching on the fibers and therefore
their size, morphology, alignment and mechanical properties. Accord-
ingly, we hypothesized that such parameters would ultimately affect the
piezoelectric outcome, which is strongly dependent on fiber structure
and alignment, thus influencing the biological response in bone forming
cells.

This study aimed at the fabrication and characterization of optimal P
(VDF-TrFE) ultrafine fiber scaffolds for bone tissue engineering. The
effect of solvent type and collector velocity on morphology and piezo-
electric properties of electrospun fiber meshes were investigated
through a number of techniques, encompassing morphological (i.e.,
scanning electron microscopy, atomic force microscopy, gravimetric
porosity), physico-chemical (i.e., Fourier-transform infrared spectros-
copy, differential scanning calorimetry, X-ray diffraction), mechanical
(i.e., tensile and dynamic mechanical) and piezoelectric (i.e., direct and
converse piezoelectric coefficients, output voltage) analyses, the latter
via different methods. Therefore, the optimal scaffolds produced as
random and aligned fiber meshes were tested in vitro with human
mesenchymal stromal cells (hMSCs) and the early-stage bone ECM
production was evaluated. This research explores the effect of remnant
piezoelectricity, namely charged surface of piezoelectric materials in
rest conditions, on the osteogenic differentiation of hMSCs, which has
not been taken into consideration until now.

The successful mastering of electrospinning parameters for PVDF-
based nonwovens would enable the fabrication and industrial upscal-
ing of smart micro/nano-structured piezoelectric materials for cellular
stimulation.

2. Materials and methods
2.1. Materials

P(VDF-TrFE) powder (70:30 %mol) was purchased from Piezotech
Arkema (Pierre-Benite, France), Methyl ethyl ketone (MEK; code
109708) was bought from Merck (Darmstadt, Germany), Dime-
thylformamide (DMF; code 444926) was supplied by Actu-all Chemicals
(Oss, Netherlands). Glacial acetic acid (code 1.00063), acetone (code
32201), absolute ethanol, low-glucose Dulbecco’s Modified Eagle Me-
dium (DMEM), L-glutamine, penicillin/streptomycin, heat-inactivated
fetal bovine serum (FBS), gelatin (type B, from bovine skin) and
TriReagent were obtained from Sigma-Aldrich (Milan, Italy). Lympho-
prep was purchased from GE healthcare (Hatfield, UK). Phosphate
Buffered Saline (PBS, 1 x ) was bought from Gibco, Thermo Fisher
Scientific (Waltham, MA, USA). Fluconazole was supplied from Frese-
nius Kabi (Verona, Italy). Osteogenic differentiation medium (hMSC
differentiation bulletkit osteogenic) was supplied by Lonza (Basel,
Switzerland). AlamarBlue® and 4',6-diamidino-2-phenylindole (DAPI)
were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Neutral buffered formalin was obtained from Bio-Optica (Milan, Italy).
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Arsenazo III was supplied by Diagnostic Chemicals, Oxford, CT, USA.
iScript ¢cDNA Synthesis Kit and SsoAdvanced Universal SYBR Green
Supermix were purchased from Bio-Rad (Hercules, CA, USA).

2.2. Production of electrospun fiber meshes

P(VDF-TrFE) was dissolved in DMF/acetone (1:1 v/v) or MEK at a
polymer/solvent concentration of 20 % (w/v) and stirred at 300 revo-
lutions per minute (rpm) for 12 h at room temperature (RT). Each
polymer solution was loaded into a 10 mL glass syringe, fitted with a
blunt tip stainless steel needle (21G x 3/4") and placed into a syringe
pump (NE-300, New Era Pump Systems, Inc., NY, USA). The ground
terminal of high voltage supply (S1600079 Linari High Voltage, Linari
Engineering s.r.l., Pisa, Italy) was connected to the metal needle, while
the positive terminal was connected to the collector; a 35 kV potential
was then applied. A static collector made of a plastic plate covered with
an aluminum foil, or a cylindrical collector (diameter 8 cm, Linari En-
gineering s.r.1.), were placed at a distance of 15 cm from the tip of the
needle. The polymer solution was injected from the needle in the pres-
ence of the electric field at a constant flow rate of 0.016 mL/min. The
production of random-to-aligned electrospun fiber meshes was per-
formed by collecting the polymeric jet on the static or rotating collector
with collector velocities of 500 rpm, 2500 rpm and 4000 rpm. All the
fabrication steps were performed at RT with relative humidity (RH) of
about 46% if not differently specified. The fiber meshes were kept in an
oven at 60 °C overnight to remove possible solvent traces.

2.3. Morphological characterization

The morphology of the fiber meshes was evaluated by scanning
electron microscopy (SEM) using an FEI FEG-Quanta 450 instrument
(Field Electron and Ion Company, Hillsboro, OR, USA). The samples
were sputtered with gold (Gold Edwards SP150B, UK) before analysis.
Image-J software (version 1.46 r; http://imagej.nih.gov) was used to
determine the average diameter of 100 fibers obtained from SEM im-
ages. The fiber surface topography was also analyzed with atomic force
microscopy (AFM) in tapping mode, using a Veeco Instruments Multi-
mode atomic force microscope equipped with a Nanoscope IIla
controller (Veeco Instruments Inc., NY, USA). Non-contact mode silicon
cantilevers were used (BudgetSensors Tap300, 300 kHz nominal reso-
nant frequency, and 40 N-m~! nominal spring constant).

The gravimetric porosity of the scaffolds was estimated as:

Porosity (%) = <1 7%) x 100 ¢))
M

- =— 2

Pscaffold v (2)

where M is the mass, and V the volume of the fabricated scaffolds,
measured with a pycnometer (Duran, Germany), while p,q, is the den-
sity of the unprocessed material.

ImageJ analysis was applied to SEM micrographs (n = 3) taken at
40,000 x to evaluate size and size distribution of the nanopores at the
fiber surface, by considering the equivalent diameter of a circle of the
measured nanopore area. In brief, the micrographs were changed to
binary colors representing the fibers in white and the void in black,
which allowed pore size in the range of 5-550 nm to be detected (n =
30). Therefore, the eccentricity of the nanopores was evaluated as
follows:

2 2
e = M 3)
a

Where a and b are the semi-major and semi-minor axis of the ellipes,
respectively, and e is the eccentricity. The effect of DMF/acetone on
fiber morphology is detailed in Supplementary Note 1.
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2.4. Crystalline phase evaluation

The relative fraction of p-phase, F(B), was determined by FTIR
spectroscopy. The FTIR spectra of electrospun fibers were recorded with
a Perkin Elmer Spectrum GX spectrometer using a polarized wire grid
(Perkin Elmer, MA, USA). For anisotropic meshes obtained using the
rotating collector, the beam directed orthogonally to the specimen
surface was polarized alternatively parallel or orthogonal to the longi-
tudinal axis of the fibers, which allowed the influence of collector ve-
locity on the P(VDF-TrFE) crystalline phase content to be evaluated. All
the spectra were collected in the mid-IR region (4000-650 cm 1) using
16 scans. The relative fraction of p-phase was calculated as:

__ X A
X;+ X, 1.264;+ A,

F(p) @

where Ay and Ag correspond to absorption band intensities at 530 em™?

and 840 cm™! for a- and B- phases, respectively [34] (Supplementary
Note 2).

XRD was also used to assess the amount of piezoelectric crystalline
B-phase in the samples. XRD patterns were recorded on P(VDF-TrFE)
fiber meshes (Siemens D500 Krystalloflex 810, Munich, Germany)
using Cu Ka radiation (A = 1.5406 A) in reflection mode at a scanning
rate of 0.03° s~! with 26 ranging in 0°-40° and a temperature of 25 °C.

DSC (TA Q200, New Castle, USA) was used to determine the Curie
temperature (T.), melting temperature (Tm) and crystalline content of
electrospun fiber meshes. At the Curie temperature of ferroelectric
materials such as P(VDF-TrFE), a ferroelectric to paraelectric state
transformation takes place [35,36]. DSC experiments were performed
by applying a heat-cool-heat temperature variation in the range from
—70 °C to + 250 °C with heating rate 10 °Cemin~! and cooling rate
5 °Cemin ", respectively. The crystallinity of samples was then calcu-
lated using the following relation:

Hs
X.(%) == x 100 5)
Hy
where Hgs is the measured heat of fusion to obtain the melting of the
sample and Hy is the heat of fusion for 100 % crystalline P(VDF-TrFE)
(45 Jog’l) [37] (Supplementary Note 2).

2.5. Mechanical properties

The scaffolds were characterized by a mechanical tester INSTRON
5500R) equipped with MERLIN software (INSTRON, MA, USA). The
load cell had a maximum capacity of 100 N, the crosshead speed was 5
mmemin 1 whereas the length (2 cm) of the electrospun fiber sample
was determined as the gap between the parallel sides of a paper frame,
which was cut before starting the tests. An approximate cross-section
area of each mesh was measured using a thickness gauge. Dynamic
mechanical analysis (DMA) was carried out on a Gabo Eplexor® 100 N
(Gabo Qualimeter® Testanlagen GmbH, Ahlden, Germany). A strip (~2
cm x 1 em) was cut from the fiber mesh. A constant static stress and 1 %
dynamic strain were applied in tensile mode. The tests were performed
in the frequency range 5-100 Hz. Randomly selected scaffolds were
tested and the results of three replicates (n = 3) were reported as mean
and standard deviation.

2.6. Piezoelectric properties

Piezoelectric coefficients were measured, direct and converse, the
latter in both longitudinal and transverse directions. In the first method
(here named “pulsed direct piezo-tester”), fiber meshes, about 10 x 20
mm? area, were sandwiched between two aluminum foils and electric
connections established by copper wires and silver paint. A thin film of
polydimethylsiloxane was positioned on the top of each device to avoid

sliding of the upper electrode and improve stability during electrical
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characterization. A normal force was dynamically applied by an
electromagnetically-driven piston (surface area 31.5 mm?, applied
pressure about 1.2 kPa) on the top of the upper electrode at a frequency
of about 0.5 Hz. The output voltage (Vo) and current data were
measured with a precision source-measure unit (Keysight B2911A)
acquisition system. The input impedance during voltage measurements
was set at 200 MQ.

Piezoelectric transduction was also measured, according to our
previous studies, using a home-designed set-up able to measure the
converse, transverse piezoelectric coefficient d3; (here named “converse
ds; piezo-tester”) [4]. Briefly, a mesh strip with rectangular size about
20 x 5 mm? (x x y) was fixed by Teflon clamps to a holder, connected to
a harmonic steel cantilever spring, and to a micro-translator to allow for
sample pre-tension. An AC electric potential is applied in the transverse
direction (z) through a pair of metal slabs, faced to the strip surface (xy),
thus forming a capacitor. In this way, the transverse electric field pro-
duces a longitudinal stress (along x) in the sample, with a magnitude
proportional to the ds; piezoelectric coefficient. The AC potential was
chosen to match the resonant frequency of the steel cantilever, typically
about 150 Hz, thus allowing the piezoelectric signal to be amplified by a
typical factor of 20-30. An optical lever method was used to detect the
bending of the cantilever, i.e., with a laser beam reflected by a mirror
attached on the cantilever edge, and deflection detected by a four-
quadrant split photodiode. The coefficient d3; was then calculated as:

nSS Voul,RMS

lc Qsim

where 1 is the spacing between capacitor electrodes (1.5 mm), l¢ is
the electrode size along x axis (6.5 mm), Vo, rms is the vibration
amplitude output, and

dy =27 x 10*

(6)

sx:tzd—%(a‘d—l) 7)

is the effective dielectric constant experienced by our capacitor,
where ¢4 is the dielectric constant of P(VDF-TrFE), derived from the
literature, and 74 the strip thickness normalized by its porosity. Qsin, is a
factor relating the output of our measurement to the piezoelectric
stimulation. It depends on the tensile spring constant k; of the specimen
and on the geometrical and physical parameters of our set-up; it is
calculated using a mechanical model of the cantilever resonator,
implemented in Mathematica software. Finally, the direct piezoelectric
coefficient g3; was obtained as:

831 Py ®
in which the dielectric constant of vacuum, ¢y, is 8.85.107 2 F-m~.
Converse, longitudinal piezoelectric coefficient (ds3) and output voltage
(Vour) of the samples were also measured by a YE2730A ds3 meter and a
cyclic direct PiezoTester, respectively (Supplementary Method S1).

2.7. Biological evaluation

Human MSCs were isolated from bone marrow aspirate residues of
healthy adult patients undergoing routine total hip replacement surgery,
after written consent, treated anonymously and in accordance with the
principles expressed by Declaration of Helsinki. The local Ethics Com-
mittee of Area Vasta Nord Ovest (CEAVNO), Pisa, did not request any
approval for this study, since it used completely anonymous surgical
waste material. The successful hMSC isolation was performed according
to well-established protocols [38]. Herein, the aspirate was diluted 1:3
(v/v) in sterile saline and layered on Lymphoprep as a density gradient.
After centrifugation at 400 g for 25 min, the mononuclear cell layer was
collected and cultured in low-glucose DMEM with 2 mM L-glutamine,
100 IU/mL penicillin, 100 mg/mL streptomycin and 10 % heat-
inactivated FBS. After 48-72 h non-adherent cells were discarded, and
fresh medium was added until 70-80 % confluence was reached. At this
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time, the adherent layers were trypsinized and seeded at low density
(2000-3000 cells/cmz) for further expansion.

The scaffolds fabricated with DMF/acetone and MEK at 500 rpm and
4000 rpm (size 1 x 1 cmz) were sterilized in absolute ethanol for 24 h,
then rinsed with three washes of 15 min with (PBS, 1 x ) containing 100
x penicillin/streptomycin and 100 x fluconazole. The cells used in this
study were from passages 1-2. For each scaffold, 100,000 cells were
resuspended in 20 uL of sterile-filtered 2 % (w/v) aqueous solution of
gelatin, seeded on the top of the scaffold and incubated for 30 min at
37 °C in 24 well plates. Subsequently, 1 mL of cell culture medium was
added to each well. The next day, in part of the samples, the cell culture
medium was changed to osteogenic differentiation medium, which was
replaced every 3 days. Osteodifferentiated and undifferentiated hMSC/
scaffold cultures were carried out for 1 week (n = 3) for gene expression
analysis.

The metabolic activity of the cells grown on the scaffolds was
monitored in time using alamarBlue® assay. Data were acquired ac-
cording to the manufacturer’s instructions and expressed as the per-
centage of reduced alamarBlue® (%AB,.q). Briefly, samples (n = 3) and
negative controls (n = 3) were incubated for 3 h at 37 °C with the ala-
marBlue® dye diluted in culture media. At each time-point, i.e., 3 and 7
days, 100 pL of supernatant from sample or control was loaded into 96-
well plates; then, excess supernatant was removed from the cultures and
replaced with fresh culture media. The absorbance (1) of supernatants
was measured with a spectrophotometer (Victor 3; PerkinElmer, Wal-
tham, MA, USA) under double-wavelength reading (570 nm and 600
nm). Finally, %AB;q was calculated by correlating the absorbance
values and the molar extinction coefficients of the dye at the selected
wavelengths, following the protocol provided by the manufacturer.

For gene expression analysis, total RNA was isolated from the
osteodifferentiated hMSC/scaffold samples using TriReagent according
to the manufacturer’s protocol. The synthesis reaction of cDNA was
performed with iScript cDNA Synthesis Kit starting from 50 ng of RNA in
a total volume of 20 pl. The synthesis program included an initial in-
cubation at 25 °C for 5 min, followed by incubation at 46 °C for 20 min.
Reaction was inactivated heating at 95 °C for 1 min. To determine the
expression of the selected genes, quantitative RT-PCR (qPCR) was per-
formed on an CFX Connect Real Time System (Bio-Rad). In 20 pl final
volumes, 2 x SsoAdvanced Universal SYBR Green Supermix, 400 nM
primer and 5 ng total cDNA were used. The thermal protocol was applied
with 1 cycle at 95 °C for 3 min for enzyme activation, followed by 40
cycles at 95 °C for 10 s and 60 °C for 30 s. Each assay included a “no
template” sample and all tests were carried out in duplicate. Samples
were analyzed by the 2-AACt method, as described by Livak and
Schmittgen [39]. The relative expression of the target genes, namely,
Runt-Related Transcription Factor 2 (RUNX2), Alkaline Phosphatase
(ALPL), Osteopontin (OPN) and Osteocalcin (OCN), was normalized to
the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the
selected housekeeping gene, in the same cDNA. Primers were designed
with Beacon Designer Software v.8.0 (Premier Biosoft International,
Palo Alto, CA, USA) with a junction primer strategy. The primer se-
quences of the investigated genes are reported in Table 1.

The scaffolds produced with MEK at 500 rpm and 4000 rpm (n = 8)
were chosen to assess differentiation at a longer time-point, i.e., 14 days
(i.e., 1 day in regular medium followed byl3 days in osteogenic

Table 1

Primer sequences used for gene expression analysis via QqRT-PCR.
Gene Forward Reverse
name
GAPDH CCCTTCATTGACCTCAACTACATG TGGGATTTCCATTGATGACAAGC
RUNX2 GCCAAAAGGGTCATCATCTCTG CATGCCAGTGAGCTTCCCGT
OPN GCCGAGGTGATAGTGTGGTT TGAGGTGATGTCCTCGTCTG
OCN CTGTATCAATGGCTGGGAGCCCC TGGTCAGCCAACTCGTCACAGTC
ALPL GAGTATGAGAGTGACGAGAA AGTGGGAGTGCTTGTATC
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medium).

At the endpoint, the cell/scaffold constructs were washed twice with
1 x PBS and then fixed in 1 % (w/v) neutral buffered formalin for 10 min
at 4 °C. The samples were subsequently rinsed with 1 x PBS and incu-
bated with Osteoimage kit in order to detect mineralized matrix pro-
duction. Samples were then counterstained with 10 ug/mL DAPIin 1 x
PBS for 10 min at RT, to detect cell nuclei and washed in 1 x PBS. The
specimens were observed by an inverted fluorescence microscope
equipped with a digital camera (Nikon Eclipse Ti, Amsterdam, The
Netherlands).

The calcium content in construct lysates (n = 6) was quantified using
a colorimetric endpoint assay based on Arsenazo III. This assay measures
the amount of blue/purple-colored Ca-Arsenazo’" complex, formed
when Arsenazo III binds to free Ca in an acid solution. The samples were
incubated 1 N acetic acid overnight under shaking to allow calcium
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deposits to get efficiently into solution. The microplate was incubated
for 10 min at RT before reading the absorbance at 650 nm in a plate
reader (Victor 3; PerkinElmer).

For SEM analysis, fixed constructs were dehydrated in 70 % ethanol
for 30 min and in absolute ethanol for 60 min; subsequently, they were
incubated in a vacuum oven at 37 °C overnight, mounted on aluminum
stubs, sputter-coated with gold (Sputter coater Emitech K550, Quorum
Technologies Ltd, UK) and inspected using an FEI FEG-Quanta 450
system (Hillsboro).

2.8. Statistical analysis

Statistical analysis was carried out via GraphPadPrism software
(version 6.0), using one-way ANOVA for parametric data was used.
Analysis of multiple comparisons was performed with Tukey’s aHonest

Fig. 1. SEM images of P(VDF-TrFE) fibers produced by electrospinning using MEK; Concentration: 20 wt%, voltage: 35 kV, tip-collector distance: 15 cm, flow rate:
0.016 mL-min 2, collector velocity: 0 rpm (a), 500 rpm (b), 2500 rpm (c) and 4000 rpm (d). Different magnifications are shown in columns (1) and (2).
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Significant Difference (HSD) test sa post-hoc test. Student t-test for
paired data was used to compare the same samples’ outputs over
different time-points. Probability (p) values < 0.05 were considered as
statistically significant.

3. Results
3.1. Scaffold morphological and physico-chemical characterization

The main goal of this research was the production of piezoelectric
fibers with the desirable morphology and piezoelectricity to mimic the
fibrillar and functional structure of collagen. At the first step of the
study, the effect of the used solvent on morphology and piezoelectric
properties of electrospun fibers produced at different collector velocities
was investigated. The use of DMF/acetone led to the formation of fibers
with undesirable morphological structure at all collector velocities
investigated (Supplementary Fig. S1 and Supplementary Note 1),
whereas the use of MEK gave rise to continuous ultrafine fibers provided
with surface porosity in all production conditions (Fig. 1). The effect of
RH on surface porosity of fiber meshes produced using MEK as a solvent
is shown in Supplementary Fig. S2. Noticeably, decreasing RH to 26 %
led to the formation of fibers with a completely smooth surface.

The rotating collector used in a velocity range of 0-500 rpm resulted
in truly isotropic (random) fibers. Moreover, the higher velocity the
better thickness uniformity along the width. Increased collector velocity
from 2500 rpm to 4000 rpm led to the obtainment of evident anisotropic
fibrous structures. Intermediate velocity regions (1000-2000 rpm) still
had a non-oriented arrangement (data not-shown). The best fiber
alignment was observed by using the highest collector velocity (4000
rpm). The collector velocity had a significant effect (p value < 0.05) on
fiber diameter (Table 2). Increasing collector speed up to 4000 rpm
reduced the fiber diameter from 2.4 + 0.6 ym to 1.3 + 0.2 pm.

Scanning probe microscopy was employed to image at the nanoscale
surfaces and structure of P(VDF-TrFE) fiber meshes (Fig. 2). To this aim,
a fiber mesh produced by MEK was removed from the aluminum sub-
strate used for fiber deposition, with the remaining filaments adhering
effectively and then successfully imaged by AFM. Such fibers showed
cylindrical symmetry, rough structure and regular surface porosity.
Pores showed an oval shape with main dimensions in the order of few
hundreds of nanometers and depth about hundred of nanometers (Fig. 2
b). Instead, electrospun meshes produced by the mixture of DMF/
acetone were sticky, non-porous and could not be easily removed from
the aluminum substrate to obtain isolated fibers suitable for AFM
analysis (Supplementary Fig. S1 e). In addition, MEK produced fibers in
reduced RH conditions had a non-porous surface (Supplementary Fig. S2
a).

The nano size distribution was evaluated on high magnification SEM
micrographs. It highlighted that about or more than half (48-61 %)
nanopores had an equivalent diameter size lower than 50 nm. The dis-
tribution of these pore sizes did not show to be related to the collector
velocity. Rather, the eccentricity of the nanopores averagely (p = n.s.)
increased with increasing the collector speed, reaching 0.971 + 0.021 in
the samples collected at 4000 rpm. The piezoelectric effect measured by
the YE2730A ds3 meter resulted higher for nanofibers produced using
MEK as a solvent, for all collector velocities investigated (Supplemen-
tary Table S1). According to the morphology and the preliminary
piezoelectric outcomes, fibers produced with MEK were selected for
further studies. To compare the biological response of osteogenic cells,
the best fiber scaffold types produced with MEK, in terms of morphology

Table 2
The effect of collector velocity on the diameter of fibers produced with MEK as a
solvent.

Collector velocity (rpm) 0 500 2500 4000

Fiber diameter (um) 2.4+ 0.6 1.9+ 0.5 1.4+0.2 1.3+0.2
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Fig. 2. Topographic analysis of P(VDF-TrFE) fiber surface produced with MEK:
(a) AFM topography of single fibers, (b) AFM zoomed-in image of the fiber
surface, (¢) SEM zoomed-in micrograph of Fig. 1 d-2. Bar graphs showing: (d)
nanopore size distribution according to equivalent diameter classes of 50 nm,
and (e) eccentricity of the nanopore ellipsoid shape with increasing collector
velocity (p = n.s.).

and piezoelectric properties, within the random and aligned types were
chosen, namely, those obtained at 500 rpm and 4000 rpm, respectively,
for an in-depth investigation. The porosity of the selected random (i.e.,
500 rpm) and aligned (i.e., 4000 rpm) fiber meshes resulted 94 % + 2 %
and 85 % =+ 2 %, respectively. The results of polarized FTIR on these
scaffolds are reported in Fig. 3. It showed that there was not noticeable
difference in the spectra of randomly oriented fiber mesh (i.e., 500 rpm)
by using different incident beam polarizations, whereas aligned fibers (i.
e., 4000 rpm) exhibited an increase in the intensity of bands associated
with chain orientation (1076 cm ™! and 1400 cm™!) for light polarized
along their longitudinal axis.

Increasing the collector velocity also led to an increase in the in-
tensities of the crystalline bands representing f-phase (846, 884, 1124,
1181, 1285 and 1431 cm’l) [37,38] (Supplementary Fig. S3 a). XRD
and DSC results corroborated FTIR outcomes in terms of p-phase content
and crystallinity (Supplementary Fig. S3 b,c, Supplementary Table S2,
and Supplementary Note 2).

3.2. Scaffold mechanical characterization

The force-strain curves of fibers produced at collector velocities of
4000 rpm and 500 rpm are presented in Fig. 4 a, b. Results highlighted
the significance of the alignment and role of straightened fibers on the
mechanical properties of the meshes. In particular, the 4000 rpm fiber
sample presented a nonlinear behavior described by a neo-Hookean
model [41]:

G:G(/lzf%>+Yo ©)

A=1+0d 10)

where o is stress, G is shear modulus of the sample, d is strain and Y is
yield. Fitting of the nonlinear region of the stress-strain curve provided
a value of G = 1.94 MPa and Y, = 4.55 MPa (Fig. 4 c). The force-strain
curve of 500 rpm fiber meshes could not be compared to the previous
one, since the sample underwent gradual fraying during pulling;
therefore, the effective area gradually decreased while increasing strain,
with consequent loss of proportionality between applied force and
stress. A similar trend of results produced with DMF/acetone (Supple-
mentary Fig. S4).

Further investigation of the mechanical behavior was performed by
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Fig. 3. FTIR spectra measured under different incident beam polarizations for: (a) randomly oriented (500 rpm), and (b) aligned (4000 rpm) fiber meshes. Light was

polarized parallel and perpendicular to the main axis of the fiber.

DMA at RT in the frequency range of (5-100 Hz) and constant stress. The
outcomes were presented in the form of storage modulus ) (Fig.5a, b)
and tand (Fig. 5 c, d), the latter being the ratio between the loss and
storage moduli in a viscoelastic material, which provides a measure of
damping. Under these working conditions, aligned electrospun fiber
meshes exhibited higher storage modulus (120-140 MPa, increasing
with frequency), compared to randomly oriented fibers (20-30 MPa).
Tand was found to be about 0.1-0.2 over the applied frequency range.

The storage modulus at 100 Hz was also measured to obtain reliable
values of the sample dynamic spring constant (kjoonz) to be used in
mechanical modeling for the “converse d3; piezo-tester”. Such values
resulted about 2-3 times higher than the static ones applicable with this
piezo-tester (Table 3), thus, providing a significant correction to the
resulting piezoelectric coefficients.

3.3. Scaffold piezoelectric characterization

Piezoelectric properties of electrospun fibers produced with MEK at
collector velocities of 500 rpm and 4000 rpm were evaluated by means
of two custom-made piezo-testers. Representative plots of the measured
voltage and current signals, obtained by periodic compression by the

“pulsed direct piezo-tester”, are reported in Fig. 6 a,b. The plots show
typical, periodic alternating negative and positive output peaks, corre-
sponding to the application and release of the pressure pulse, with some
uneven behavior in the positive and negative peaks, possibly associated
to asymmetric compressive and recovery deformations of strained fibers
during mechanical cycling. In the voltage profiles, a signal is caused by
the compressive deformation of the sandwiched sheet of fibers and the
opposite signal is recorded during the recovery deformation of the
strained fibers while the piston recedes. Under such compressive cycles,
fibers in random configuration were found to generate peak-to-peak
voltages up to 4.2 V, corresponding to 110 nA currents, whereas fibers
in aligned meshes were found to generate up to 3.1 V, corresponding to
42 nA currents. Finally, measurements of the converse piezoelectric
coefficient d3; were also performed by “converse d3; piezo-tester”,
which took into the piezoelectric coefficient calculation the mechanical
properties of the mesh. After equilibration under a load of 1 N for at least
12 h, the output of the piezo gauge was detected, and is shown in Fig. 6
(c), as a function of time after successive application of a DC potential of
0V, +150 V, 0V, —150 V, 0 V. The first part of the trace showed the
spontaneous (i.e., remnant) piezoelectric effect, after which a positive
potential of 150 V was applied, that increased the piezoelectric effect.
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Experimental and computed stress—strain curve for fibers produced at 4000 rpm.
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Table 3

Converse (d3;) and direct (g31) piezoelectric coefficients of electrospun fibers produced by MEK. Specimen static spring constants, ks, were measured in situ by the same
setup, while dynamic k was derived from DMA measurements. Normalization factors Qg are carried out by a simplified analytical model of the mechanical response of

the gauge.
£ fa Staticks  Dynamic kioonz Qsim  Vour (mVgms) dz; (pm-v™") g31 (meV-N"1)
Collector (um) (N-m™Y) (N-m™Y (remnant - poled + 150 V — (remnant —poled + 150 V (remnant - poled + 150 V —
velocity poled -150 V) —poled -150 V) poled -150 V)
(rpm)
1.1+04- 36 +£13 - 0.34 £0.12 -
500 11.5 44 1800 4000 5.3 1.7+ 0.4 - —-55+12- 0.52 £ 0.11 -
3.5+ 04 115+ 13 1.08 £ 0.12
0.24 £ 0.14 - 5+£3- 0.05 £ 0.03 -
4000 11.5 44 3300 10,000 7.2 —0.89 + 0.18 - 0.87 £ 0.19 —-19+4- —0.18 £+ 0.04 -
19+ 4 0.18 + 0.04

Inversion of the DC potential led to a similar maximum piezoelectric
effect with opposite phase, as expected. Corresponding values of
converse piezoelectric coefficient, d3;, derived by Eq. (5), as well as of
the direct coefficient, g31, derived by Eq. (8), are reported in Table 3.

Minimum and maximum values are reported as “remnant” and
“poled”, respectively. The remnant ds; of fibers in random and aligned
fiber meshes were 36 + 13 pmeV ! and 5 -+ 3 pmeV ™, respectively. The
amount of poled (+150 V) d3; of random and aligned fiber meshes was
—55+ 12 pmeV ! and —19 + 4 pmeV %, respectively, while the amount
of poled (—150 V) d3; ones was 115 + 13 pmeV ! and 19 + 4 pmeV !,
respectively. Positive control measurements on a commercial uniaxially
stressed PVDF film (Goodfellow) provided d3; = 51 pmoV’l, and
negative control on a PTFE film provided d3; = 1.65 pmoV’l, showed a
sensible accuracy improvement of the ds; piezo-tester by better
modeling of our gauge compared to previous works [4].

3.4. Scaffold biological characterization
Undifferentiated and osteodifferentiated hMSCs, were cultured on

both random (i.e., 500 rpm) and aligned (i.e., 4000 rpm) fiber scaffolds
for 7 days. The metabolic activity monitored over the culture time, as

obtained with the AlamarBlue® test, is reported in Fig. 7.

In both undifferentiated and osteodifferentiated hMSC groups, the
reduction percentage of the dye (% AB.q) at the culture endpoint was
significantly higher in random (p < 0.001 and p < 0.01, respectively)
than in aligned fiber scaffolds. A difference in hMSC metabolic activity
was indeed visible soon at day 1 between random and aligned fibers,
independently of cell differentiation (p < 0.001), whereas slight or no
significance was found at day 1 in intra-material group comparisons (p
< 0.5 within aligned and p = n.s. within random). At each time point, in
each mesh type and differentiation group, the hMSCs were able to in-
crease their metabolic activity with statistical significance, except for
the undifferentiated hMSCs cultured on aligned fibers between day 4
and day 7. The highest metabolic activity among all the time points and
groups was recorded in hMSCs osteodifferentiated on the random fiber
scaffolds (45.24 % + 6.12 %, p < 0.001). In the samples collected at 500
rpm and 4000 rpm osteodifferentiated for 6 days, the metabolic activity
was similar by using both MEK and DMF/acetone (Supplementary
Fig. S5a). A gene expression analysis, conducted on those samples pre-
liminarly highlighted an increased expression in the samples collected at
500 rpm, although in most cases without statistical significance, of the
osteogenic genes OPN (p < 0.001), RUNX2 (p < 0.001) and OCN (p =n.
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s.), as well as as well as ALPL (p = n.s.) and OCN (p = n.s.), with respect
to those detected in the 4000 rpm counterparts (Supplementary
Fig. S5b). The osteodifferentiation was performed on hMSCs cultured on
MEK for 14 days, i.e., 13 days in osteodifferentiating conditions. At the
timepoint, the samples were fixed, stained with DAPI and Osteoimage
and observed under a fluorescence microscope.

Representative micrographs are displayed in Fig. 8. Cell nuclei were
imaged in all the scaffolds, with abundance in the random meshes both
for undifferentiated and osteodifferentiated hMSCs (Fig. 8 a,b), although
many nuclei were also imaged in aligned meshes both for
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undifferentiated and osteodifferentiated hMSCs (Fig. 8 c,d), thus
corroborating the metabolic activity results. The fluorescence staining
confirmed that early osteogenesis occurred in the osteodifferentiated
samples (Fig. 8 b,d), but the production of mineral matrix was more
pronounced and defined in the random meshes (Fig. 8 b) than in the
aligned counterparts (Fig. 8 d), as additionally corroborated via quan-
titative findings (Fig. 8 f).

All the fixed samples were post-treated for SEM imaging in order to
assess cell morphology and fiber mesh colonization (Fig. 9). SEM anal-
ysis showed cells adhered to the fibers in all the culture conditions. In
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the aligned fiber meshes, the undifferentiated hMSCs maintained a
spindle shape morphology (Fig. 9 c¢), whereas, in the random fiber
meshes, they displayed a cuboidal morphology typical of osteoblasts.
Synthesis of mineral matrix deposition was clearly observed only in
osteodifferentiated hMSCs on random fiber meshes, in which the oste-
oblastic morphology was well evident (Fig. 9 b). In the aligned samples,
the osteoinduced hMSCs displayed a flat morphology without evident
production of mineral matrix (Fig. 9 d).

4. Discussion

This study addresses hMSC osteodifferentiation on piezoelectric P
(VDF-Tr-FE) electrospun fibers, by investigating the effects of different
sovents, i.e., DMF/acetone and MEK, and different fiber configurations,
i.e., random and uniaxially aligned. In particular, the samples were not
subjected to mechanical forces during cell culture; thus, interesting re-
sults were obtained by the materials entitled with remnant piezo-
electricy, namely, the randomly oriented ones. These findings may
disclose novel routes for stimulating bone formation when the applica-
tion of mechanical loads is not yet possible or insufficient, such us in
bedridden and oteoporotic patients. Usually, many factors concur to an
efficient cell-biomaterial interaction.

Along with topography, also mechanical and electrical properties of
biomaterials employed as substrates for cell culture can provide cues
that can be sensed by cells, thus enabling signals which will in turn
define cell fate [42,43]. This is particularly evident when stem cells and
materials with submicrometric features (namely, approaching subcel-
lular features) are used, as the signals provided by the substrate can
promote cell differentiation [43,44]. There is considerable interest in
biomaterial-aided bone regeneration and repair in many orthopedic
defects. Indeed, despite a large number of bone substitutes is available,
the optimal clinical outcome is often challenging. New generation bone
biomaterials are thus requested to act not only as mere mechanical and
physical replacements, but they are expected to recapitulate the com-
plex set of physiologic events involved in the biology of bone healing
and formation [45]. Among others, the intriguing role exerted by
collagen-driven bioelectricity on bone forming cells is not completely
assessed [5]. Piezoelectric polymers can be processed into fibrous
structures at a length scale which mimics the piezoelectric behavior of
collagen fibrils and fibers of native ECM. So far, a limited number of
studies face this salient topic, which have reported on the
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electromechanical effect of diverse PVDF-based 2D and 3D fibrous
scaffolds and microspheres on bone formation by adipose-derived and
bone marrow-derived hMSCs, and mainly focused on the application of
dynamic loads, therefore releasing electrical output by mechanical in-
puts of diverse entities, e.g., vibrational and compressive [27,46,47]. In
such a fragmented scenario, our research aims to better understand the
role exerted by morphology and electric charge generation in piezo-
electric electrospun scaffolds, so as to concur to developing effective
therapies for bone repair and augmentation. Indeed, no real conclusion
has been achieved on the best fibrous morphology, either random or
aligned, for bone regeneration. It is a fact that many studies report on the
best piezoelectric properties in aligned PVDF fibers [22,48], whereas,
other biological studies on bone cells report on complex and diversified
outcomes using non-electrically active random and aligned fiber scaf-
folds [49,50]. It has also to be considered that the optimal architectural
features requested by neural cells, usually aligned fibers to have uniaxial
morphological and electrical guidance [51], may not be as optimal for
other cell types, including osteoblasts [49]. Indeed, bone ECM does
retain a hierarchical structure, enabled by mechanically-driven orien-
tations, which however develops through multiple steps, including
remodeling. In addition, the combinational effect of fiber morphology
and electric properties of biomaterials on bone regeneration is still
unveiled.

In this study, fibrous piezoelectric P(VDF-TrFE) scaffolds were
evaluated as substrates for early osteogenic differentiation of bone
marrow-derived hMSCs without the application of any mechanical
force, in order to assess the effect of scaffold morphology and the
concomitant piezoelectric properties in rest mechanical conditions. This
is important to determine the initial effect of the microenvironment,
since, for example, bone fractures are usually treated in unloaded con-
ditions in the first healing period [45]. Singularly, the type of scaffold
morphology and the level of piezoelectric activity can indeed influence
cell behavior at early stages (e.g., cell adhesion, cell growth and in turn,
cell differentiation) [27,36]. However, the substrate morphology can
also affect mechanical and piezoelectrical properties. To better under-
stand the interplay between these properties, as they strongly depend on
the fabrication parameters, the effect of solvent type and rotating ve-
locity of the electrospinning collector on morphology, mechanical and
piezoelectric properties of P(VDF-TrFE) fibrous meshes was investigated
to select the optimally ECM-biomimetic substrate for in vitro culture of
hMSCs. The obtained results demonstrated a significant effect of solvent
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Fig. 9. SEM images of hMSCs cultured on (a, b) randomly oriented (i.e., 500 rpm), and (c, d) aligned (i.e., 4000 rpm) P(VDF-TrFE) scaffolds; (a, ¢) undifferentiated,
and (b, d) osteodifferentiated hMSCs; 1000 x magnification, scale bar is 100 pm.

type and collector velocity on morphology and level of piezoelectric
activity of electrospun fiber meshes. In our operational conditions, using
DMF/acetone as a solvent mixture for P(VDF-TrFE) gave rise to overall
melted fibrous meshes (with the static collector), up to smooth contin-
uous fiber meshes still linked to each other by molten joint points (with
the rotating collector). Differently, using MEK as a solvent in the same
RH and temperature conditions, led to the formation of continuous ul-
trafine fibers provided with surface nanoporosity. Surface porosity can
greatly enhance the surface area in ultrafine fiber meshes at a smaller
length scale, thus providing additional cues for cell adhesion [52]. The
formation of sticky structures and joints in fibers produced via DMEF/
acetone (1:1 v/v) can be related to the incomplete solvent evaporation in
the jet traveling between the spinning tip and the surface collector due
to the lower relative evaporation rate of this solvent mixture, which
amounts to 3.16 [n-butyl acetate (nBuAc) = 1] [53].

Differently, using MEK as a solvent enabled higher relative evapo-
ration rate of 4 (nBuAc = 1) with respect to DMF/acetone (1:1 v/v).
Together with the environmental conditions (i.e., temperature, RH and
pressure), an efficient solvent evaporation depends on the flight time of
the fluid fiber before being collected, which also depends on the needle-
to-collector distance and the interaction between the solvent(s) and the
electric field. Higher electrical conductivity of polymeric solutions can
also give rise to enhanced stretching during the electrospinning process
and therefore the creation of uniform fibrous structures [54]. Among the
many parameters that ultimately influence the fiber formation during
the electrospinning process, thermodynamic and electrical properties of
polymer solutions, namely, evaporation rate, boiling point, surface
tension and dielectric constants, varied in our study by changing the
solvent(s). However, polymer molecular weight, flow rate, working
distance and environmental conditions were kept constant. Most
importantly, applied voltage and polymer solution concentration, which
are considered key factors impacting fiber size and morphology, were
consistent between the DMF/acetone and MEK groups [55]. We can thus
hypothesize that, in our working conditions, the thermodynamic and
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electrical properties of MEK altogether contributed to the formation of
continuous and joint-free fibers. Our morphological investigation also
indicated that the microstructure of electrospun fibers produced at the
same RH, regardless of random or aligned orientation, varied from
smooth to porous surfaces by changing solvent from DMF/acetone to
MEK. Trapped MEK with moisture due to ambient RH (46 %) led to the
formation of surface nanoporosity, which is desirable in bone tissue
engineering for new ECM deposition, including mineralization [56]. The
effect of humidity was demonstrated by reducing RH to 26 %, at which
smooth fibers were obtained by using MEK. Further confirmation of
surface texture of the fibers was obtained by AFM, highlighting the cy-
lindrical geometry (average diameter of 2.4 4+ 0.6 um and 1.3 + 0.2 ym
for random and aligned fibers, respectively) and surface porosity of
electrospun fibers produced by MEK at RH of 46 %, whereas DMF/
acetone fibers appeared as smooth. These aspects are highly important;
in fact, surface topography tailoring cell attachment and growth into
fully functioning units has become a key research focus in tissue engi-
neering [40]. The size of fiber nanopores was not affected by the col-
lector speed. The nanopores had ellipsoid shapes and about half of the
pores had equivalent diameter lower than 50 nm. Unlike nanopore size,
eccentricity was increased by the rotating velocity. We thus showed that
it was possible to develop nanoporous fiber surfaces by controlling the
solvent used and the electrospinning humidity, finally obtaining nano-
pores with homogeneous size and highly eccentric elliptic shape. In
addition, by modifying the scaffold surface structure, the ability of cells
and proteins to adhere can be finely tuned. In addition to enhancing the
alignment in the fiber arrays, the collector rotation at high velocity (>
2500 rpm) enabled the formation of denser electrospun fibers with
uniform morphology and lower inter-fiber spacing (porosity = 85 % =+ 2
%) in comparison to the randomly oriented fibers (porosity = 94 % + 2
%) [57]. Also in this case, mesh porosity is an important factor in bone
tissue engineering; typically, 90 % porosity allows a suitable microen-
vironment for osteoblast maturation [58]. A preliminary evaluation of
piezoelectric coefficient dss of the fiber meshes produced at different



B. Azimi et al.

collector velocities using the abovementioned solvent types was per-
formed using a commercial equipment (YE2730A ds3 meter) and
allowed the identification of two main factors: (1) ds3 increased with
collector velocity in both groups, (2) the highest values were found using
MEK. Basing on morphological and piezoelectric findings, MEK-
produced scaffolds were thus selected for an extensive investigation.
SEM results showed a considerable alignment in fiber mesh produced at
4000 rpm. The consequence of this arrangement is that overlapping of
fibers is forced, thus reducing inter-fiber porosity, increasing volumetric
density and eventually enhancing the mechanical properties of the fiber
meshes. FTIR, XRD and DSC analyses showed that the highest collector
velocities also caused the electrospun fibers being effectively stretched
to form highly oriented B-phase crystallites with a slight increase in the
degree of total crystallinity.

Weber et al. have stated that electrospinning enhances crystallinity,
Xc (%) and the amount of the polar p-phase crystallites, if compared to
the unprocessed P(VDF-TrFE) powder [36]. During electrospinning, two
relevant forces are applied to the polymeric solution: a shear force when
it flows through a needle, and a Columbic force when the high electric
field elongates and accelerates the jet. Using a rotating collector adds a
mechanical pulling force. The abovementioned three forces may cause
alignment in polymer chains and/or stretching them in the spinning
direction, thus they are invoked to induce the polar p-phase formation
through the gauche conformation change to the straighter all-trans
conformation [59]. At high collector velocities, the p-phase may
significantly be favored by the mechanical force exerted by the rotating
collector. DSC results supported the conclusion that for the highest
collector velocity used in our study (i.e., 4000 rpm), orientation and
packing of the polymer chains were facilitated, as also shown by the
increase of Curie transition enthalpy of p-phase (Fp) Supplementary Note
2.

Studying the resulting mechanical behavior of fibrous meshes is also
highly important for evaluating the concurrent effect on the piezoelec-
tric properties, as well as their possible applications in tissue engineer-
ing [60]. On a microscopic scale, the scaffold should be rigid enough to
support cell adhesion and spreading. Simultaneously, on a macroscopic
scale, the scaffold must have mechanical properties suitable for the
target tissue. Even though the mechanical properties of porous polymers
cannot match those of bone, fibrous meshes can be potentially incor-
porated inside matrices to create bio-synthetic composites, thus repli-
cating the structure of bone, in which collagen fibers are incorporated
within a mineral (e.g., ceramic) matrix [56]. In our work, we have
evaluated the mechanical properties of random and aligned fiber
meshes. In isotropic meshes, mechanical testing basically takes into
account the fiber—fiber contact points, since it is difficult to have fibers
going from one grip of the tensile tester all the way to the other, which
instead predominantly occurs in the case of aligned fibers. Therefore,
normalization of the specimen section by material density was not
considered reliable in this comparative study. As such, the cross-section
area of each fiber ribbon was estimated. Accordingly, the results of the
tensile tests were finally reported as apparent Young’s moduli and
apparent tensile strengths. The structural properties of electrospun fi-
bers, including fiber diameter, molecular alignment level of the poly-
meric chain within a fiber and degree of alignment of fibers, all have an
important effect on tensile properties. The mechanical behavior of fiber
meshes is also closely linked to their crystalline morphology, which
leads to different behaviors at the amorphous-crystalline interfacial re-
gions [61]. The arrangement of the polymer chains, including align-
ment, affects the ability of fiber meshes to resist deformation (i.e., tensile
strength) [62,63]. By using a simple dynamical mechanical stretching
process on P(VDF-TrFE) fibers obtained under low rotation speed, Ma
et al. have enabled the formation of large-scale highly oriented elec-
trospun fibers with enhanced mechanical and piezoelectric properties
[64]. In our study, aligned P(VDF-TrFE) fibers showed a relevantly
higher tensile strength than random ones. Good fitting of the Neo-
Hookean model with the stress-strain curve of our aligned fibers
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indicated that a larger external stress is required to unfold polymer
chains within the fibers, in comparison with randomly oriented fiber
meshes.

Randomly oriented fiber meshes showed a larger elongation than
that of aligned fibers. Kumar et al. have concluded that introducing some
degree of orderliness in a fiber mesh not only increased the strength of
the material, but also affected its extensibility through the higher
apparent Young’s modulus [62]. Such a behavior may be due to the
instantaneous participation of a large number of fibers during tensile
testing. On the other hand, when the fibers are oriented in the stretching
direction, their uniaxial architecture helps the tensile force to distribute
equally across the sample [4]. In good agreement with the above results,
our results of DMA showed that aligned fibers had higher storage
modulus than that of the randomly oriented fibers. Under these working
conditions, P(VDF-TrFE) fiber strips had moderately viscoelastic
behavior. Over the applied frequency range, tand of electrospun fibers
was obtained in the range 0.1-0.2, thus supporting the fact that these
fibers had no predominant viscous effects at RT. Analogously to the P
(VDF-TrFE) fiber produced using MEK as a solvent, the mechanical
findings of the fibers produced with DMF/acetone as a solvent system,
underscored the pivotal role of alignment degree. Once more, the 4000
rpm fiber specimen exhibited a nonlinear behavior, fitting well with a
neo-Hookean model. The application of this model to the nonlinear
segment of the stress—strain curve yielded values of G = 1.30 MPa and
Y, = 0.34 MPa.

Diverse methods based on different geometries and excitation
mechanisms were used to investigate the piezoelectric properties of the
samples, including dss, d3; and generated voltage Vo, for samples
produced with the two different solvent types and as a function of col-
lector velocity. Due to the complex structure of the fibrous meshes,
which affects the piezoelectric behavior of the samples, no trivial rela-
tion is generally expected among the different piezoelectric coefficients.
Mechanical properties of fiber meshes, such as material stiffness, have
significant effects on the overall charge separation, and therefore the
piezoelectric performance [50]. To consider the effect of mechanical
properties of the 500 rpm and 4000 rpm produced fiber meshes on
piezoelectric coefficient measurement, the converse ds; piezo-tester was
used with the ability to measure converse piezoelectric coefficient of
pristine samples, in absence of any mechanical stimulation that could
induce poling in the material, as well as during a temporary poling
induced by an external electric field. The minimum value reported
indicated a spontaneous (or remnant) piezoelectric effect, obtained after
equilibration of the fiber mesh. Such an equilibration was necessary to
obtain repeatable results, since any mechanical stress applied to the
sample, as for instance during sample fixing to the piezo-tester gauge
and pre-tensioning, had the tendency to cause some mechanically
induced poling, and therefore piezoelectric activity, that nevertheless
was observed to decay with a characteristic time of about 10 min.
Moreover, several hours were needed to reach the situation in which
deformation of the sample had enough small rates to allow measure-
ments in constant stress conditions to be performed.

Remnant polarization is a peculiar characteristic of ferroelectric
materials, which exhibit a residual non-zero polarization value even in
the absence of external electric fields. The direction of remnant polari-
zation can be reversed by the application of a strong electric field
exceeding the so-called coercive field. Small values of remnant polari-
zation in ferroelectric PVDF copolymers can be explained in terms of the
disordered arrangement of their ferroelectric p-phase crystallites within
the as-produced material, which tends to cancel out global polarization
by a greater extent. Remnant polarization and piezoelectric coefficients
can be increased by applying specific poling procedures, involving me-
chanical strain and/or strong electric fields during thermal annealing
[27]. The simultaneous application of a DC potential tended to increase
the piezoelectric effect because of a temporary poling effect, probably
favoring the orientation of ferroelectric crystallites, or even the fibers
themselves, along the electric field direction. By removing the DC
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potential, the remnant piezoelectric effect was recovered. Such an effect
was also found previously in similar systems [4].

Values of both remnant and poled piezoelectric effect resulted higher
in the randomly-oriented than in the aligned fiber meshes, probably due
to the possibility of fibers spun at low collector velocity to be aligned by
the external electric field, which became the dominant force with
respect to mechanical stretching, during both electrospinning and ds;
measurement.

As noted by other studies, the level of piezoelectricity can influence
cell growth and in turn MSC osteogenic differentiation, ultimately
affecting mineralization and osteogenic gene expression under dynamic
culture conditions [27,65]. In our biological analysis using bone
marrow-derived hMSCs, the in vitro studies at 7 days showed that in rest
mechanical conditions, cell viability (measured in terms of metabolic
activity) was better in 500 rpm samples, including undifferentiated and
osteodifferentiated hMSCs. The preferential capability of supporting
hMSC adhesion by random fibers was shown soon on day 1, and
consequently affected the growth timeline. In our samples, the structural
organization of the fibers changed along with mesh porosity and slightly
with fiber diameter; however, due to the low pore size of the meshes (in
the order of few tens of ym) if compared to the hMSC size (in the order of
100 um) and to thin thickness of the meshes used for cell cultures (about
300 pm), this phenomenon is not expected to deal with any oxygen
limitations as sometimes observed in 3D scaffold culture [66].
Conversely, inter-spatial organization of fibers was the most evident and
crucial factor when comparing random versus aligned fiber meshes. The
random organization of fibrous non-piezoelectric polymeric scaffolds,
both electrospun (sub-to-few um size fibers) and dry-wet spun (hundred
um size fibers) has interestingly shown to affect hMSC osteodiffer-
entiation by increasing alkaline phosphatase (ALP) activity, an early
osteogenic marker [49,67]. However, in those non-piezoelectric mate-
rials such findings were not related to evidence of improved minerali-
zation. In the work of Lyu and coworkers, in fact, the highest
mineralization was finally found on aligned fiber meshes, which were
proposed for periosteum regeneration [49]. Recently, another study has
reported an enhanced proliferation by pre-ostoblasts (rat MC3T3-E1
cells) on perfectly aligned P(VFD-TrFE) fiber membranes under sinu-
soidal dynamic stimulation, as a remarkable example of bone cell
sensitivity to piezoelectric properties [65]. We investigated the expres-
sion of the osteogenic lineage genes, such as RUNX2, ALPL, OPN and
OCN, in hMSCs osteoinduced for 6 days, upon culture on P(VDF-TrFE)
scaffolds produced using either MEK or DMF/acetone. The obtained
outcomes were suggestive of an increased gene upregulation in the 500
rpm samples with respect to the 4000 rpm counterparts [68]. The in-
fluence played by architectural and electric features on stem cell fate is
still unclear and deserves extensive investigation. In our outcomes,
randomly oriented electrospun fiber meshes better promoted osteogenic
differentiation of hMSCs after 13 days, in comparison to aligned fiber
meshes, as confirmed by morphological imaging showing cuboid cells
within abundant calcium matrix and by quantitative data, indicating
145 =+ 48 pg Ca%* production per sample by osteodifferentiated hMSCs
cultured on random scaffolds. Due to the fibrous net and the larger inter-
fiber spaces of random fiber meshes, as confirmed by porosity values,
hMSCs could have found a proper 3D cellular organization, thus facili-
tating their morphological change from spindle- into cuboid-like mor-
photype, as an additional driving force for osteogenic commitment.
Other factors, such as higher cell density found at the end-point, could
have promoted the osteodifferentiation signaling cascade. In addition, it
is important to stress that the random P(VDF-TrFE) scaffolds assayed in
this study retained residual piezoelectricity in static conditions, which
could have determined, concomitantly with morphology, an enhanced
osteogenic differentiation responsiveness of hMSCs in terms of calcium
matrix deposition. Nevertheless, it is reasonable and in line with bone
biology that at later osteogenic stages (e.g., pre-osteoblasts) and/or in
presence of mechanical stimulation, aligned piezoelectric fibrous
structures could better mimic and promote bone formation as they are
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more representative of mature bone collagen fibers [68].

These in vitro findings suggested that the combination of morpho-
logical traits and piezoelectric activity in P(VDF-TrFE) scaffolds may
promote the osteodifferentiation of hMSCs in a controlled manner by
acting at the early stages of bone formation in unloaded conditions,
which could be useful for the development of orthopedic therapies in
difficult bone defects, which require patients’ immobilization for certain
periods.

As also previously reported [5], a number of mechanisms of electric
nature have been proposed to be responsible for cell stimulation.
Piezoelectricity was the first mechanism to be put forward since the
assessment of dry bone piezoresponse. However, hydrated bone showed
remarkably different behaviors, entailing the presence of other mecha-
nisms, as for instance the possible semiconductivity arising at the
apatite/collagen interface, or the action of streaming potentials, due to
flow of ion-containing interstitial fluids due to pressure. Additionally,
changes in electric potential of the extracellular environment could
affect cell response due to the related perturbation of the trans-
membrane potential. Electrospun, porous nanofibers exhibiting piezo-
electricity have a twofold function, namely, promoting cell adhesion to
their porous structure as well as in the interspaces among the fibers
comprising the mesh, as well as producing surface charge, located in
close contact with the cell membrane, due to deformation related to cell
development, by mimicking the behavior of bone tissue. A positive
feedback mechanism could be envisaged for P(VDF-TrFE) and ferro-
electric nanostructures in general, where remnant electric charges pre-
sent at the surface of ferroelectric ultrafine fibers could provide
electrical cues for cell growth, while the cell movements could produce
further electrical polarization of the fibers due to their piezoelectric
yield. Randomly oriented fibers could thus be more effective than
aligned ones, for their higher mobility and possibility to be deformed by
the pressure exerted due to cell growth, because of the lesser constrained
structure, compared to that of aligned fibers, which can be deformed
with limited degrees of freedom.

Even though not fully elucidative up to now, several evidences have
highlighted the prominent role of electric signals in stem cell osteo-
differentiation. It is highly expected that the application of piezoelec-
tric biomaterials can guide bone tissue regenerative processes led by
stem cells in a biomimetic fashion, considering the additional abilities of
piezoelectric materials to improve vascular and neural functions
[69-71].

5. Conclusion

The underlying idea of using piezoelectric scaffolds for bone tissue
engineering relies on the fabrication of synthetic microenvironments,
which offer physiologic-like stimuli to the cells, such as electric signals,
as occur in the native tissue. The electrospinning method was used to
produce thin meshes of P(VDF-TrFE) fibers. The effect of two types of
solvents and different collector velocities on the morphology, mechan-
ical and piezoelectric properties of electrospun fibers was investigated.
MEK was finally selected to produce optimal scaffolds, provided with
surface nanoporosity. Increasing collector velocity up to 4000 rpm
reduced fiber diameter and porosity, whereas it improved fiber align-
ment, mechanical properties and piezoactive -phase of the scaffolds.
The electrospun fiber meshes displayed an elastic behavior with mod-
erate viscous dissipations up to 100 Hz frequency. Interestingly,
increased remnant piezoelectricity was assessed in the scaffolds pro-
duced at 500 rpm, namely in the form of randomly aligned fibrous
meshes (i.e., produced at 500 collector velocity), with respect to the
uniaxially aligned ones (i.e., produced at 4000 rpm collector velocity).
Finally, in vitro tests performed using hMSCs in static culture conditions
confirmed the good cytocompatibility of P(VDF-TtFE) fibrous scaffolds
and specifically showed a significantly higher osteogenic differentiation
in the random fiber meshes if compared to the aligned counterpart. We
hypothesize that a concomitant effect of scaffold morphology (including
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porosity and isotropic architecture) affecting preliminary steps like cell
adhesion and morphology, together with residual piezoelectricity, could
have promoted the early osteogenic differentiation cascade in hMSCs.
Therefore, such substrates are promising for hMSC growth and osteo-
genic differentiation in the early stages of bone formation, with inter-
esting potential for bone tissue engineering applications.
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In the supporting information: morphological and piezoelectric data
about acetone/DMF-produced fibers, the effect of RH on MEK-produced
fibers, and P(VDF-TrFE) crystallinity of MEK-produced fibers via FTIR,
XRD, DSC analyses, mechanical properties of DMF/acetone fibers,
metabolic activity and gene expression analysis of DMF/acetone and
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MEK fibers cultured with osteodifferentiated hMSCs are reported. Sup-
plementary data to this article can be found online at https://doi.org/10
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