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Abstract

Osteochondral tissue (OCT) related diseases, particularly osteoarthritis, are among the most
prevalent in the adult population worldwide. However, no satisfactory clinical therapies have been
developed so far to address this issue. Osteochondral tissue engineering (OCTE) strategies involving
the fabrication of OCT-mimicking scaffold structures, capable of temporarily replacing damaged tissue
and promoting its regeneration, are currently under development. While the electrical properties of
the OCT (dielectric and piezoelectric properties) have been extensively reported in different studies,
they keep being neglected in the design of novel OCT scaffolds, which tend to focus primarily on the
tissue’s main mechanical properties. The aim of the thesis project was, therefore, to bridge this gap
in the literature by developing two types of nanofibers via electrospinning – PAN/PEDOT:PSS and
PDVF-TrFE-based composite fibers – capable of not only emulating the native tissue’s fibrous nature
but also its electroconductivity and piezoelectricity. Given the complex structural, compositional, and
electrical gradients present within the OCT, the scaffolds were optimized to replicate solely the bone
region of the OCT. The resulting nanofibers were modified through different post-processing techniques
to improve their electrical properties and were functionalized with apatite-like structures to mimic
the inorganic phase of bone extracellular matrix (ECM). The biological performance and osteogenic
potential of the fibers were assessed by seeding the scaffolds with hBM-MSCs. In summary, novel
biocompatible piezoelectric and electroconductive nanofibers, capable of mimicking the OCT’s main
electrical, structural, and compositional properties, were successfully fabricated in this thesis project.
These fibers could potentially be integrated in an OCT hierarchical scaffold.
Keywords: Electrospinning, Osteochondral Tissue Engineering, Polyacrylonitrile, PEDOT:PSS,
PVDF-TrFE, Hydroxyapatite

1. Introduction

The osteochondral tissue (OCT) is a complex bio-
logical structure placed at the end of long bones
and comprised by both articular cartilage (AC)
and subchondral bone (SB) – two specialized forms
of connective tissue with very distinct anatom-
ical, mechanical, physicochemical and biological
properties.[1] Given its heterogenous constitution,
this load-bearing tissue is characterized by multi-
ple continuous gradients present within its struc-
ture that shift between its cartilaginous and osseous
layers.[1] Among the different properties of the in-
terfacial OCT, its electrical properties have been
extensively described in the literature since the 70s:
while the AC layer’s electrical properties are mostly
associated with the presence of negatively charged
glycosaminoglycans (GAGs) in cartilage extracel-
lular matrix (ECM) (e.g. hyaluronan) as well as
the presence of type II collagen fibers, which are
responsible for the layer’s piezoelectricity, the SB

layers of the OCT are characterized by their dielec-
tric and piezoelectric properties that stem from the
presence of hydroxyapatite (HA) and type I colla-
gen (the bone tissue is less conductive but more
piezoelectric than AC).[1, 2] These electrical prop-
erties have major effects on cell behavior and func-
tion, being, in part, involved in neo tissue formation
mechanisms.[3]

OCT related lesions (OCLs), defined as acute
or chronic defects of the AC and SB layers of the
OCT, are among the most common diseases in the
adult population worldwide.[4] Osteoarthritis, one
of the most frequent causes of OCLs, character-
ized by the degeneration of AC and SB motivated
by the wear of the joints over time, was predicted
to affect a total of 303 million people globally as
of 2017 and its social-economic burden on western
countries was estimated to be between 1 − 2, 5%
of the gross-domestic product.[5, 6] Current pro-
jections point to an increase in OA global preva-
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lence in the coming years (35% by 2030) due to
the ageing of the population in developed countries,
increased life expectancy and increase of risk fac-
tors (e.g. obesity).[5] Even though several clinical
treatments have been developed to try to address
this issue (e.g. microfractures, allografts) they have
been mostly met with poor long term results, lack of
reproducibility and frequently damaging outcomes
(e.g. infection, graft vs host disease).[4]

Osteochondral tissue engineering (OCTE) strate-
gies involving the development of biocompatible
and biodegradable scaffolds capable of temporarily
replacing damaged OCT and providing an adequate
3D environment capable of supporting cell growth,
matrix production and tissue regeneration, have
been reported in numerous studies: most of them
describe the development of biphasic or multipha-
sic scaffolds, in which two or more biomaterials are
used to recreate the different cartilage and bone lay-
ers of the OCT.[7] Most scaffold based OCTE stud-
ies have focused on replicating the main mechanical
properties of the OCT, with the electrical proper-
ties of the interfacial tissue being overlooked for the
most part, despite their reported potential.[3]

The aim of this thesis project was therefore to
design and optimize novel bioactive electroconduc-
tive and piezoelectric fibrous scaffolds, generated
through electrospinning, to mimic the main elec-
trical, structural, and compositional features of
the OCT’s fibrous ECM. Considering the transi-
tional quality of these properties within the OCT,
the focus was placed solely on developing scaffolds
which could replace the SB layer of the OCT and
the nanofibers were functionalized accordingly by
adding apatite-like structures to mimic the inor-
ganic phase of bone ECM. Another important goal
of this study was to assess whether these scaffolds
were capable of promoting the proliferation and dif-
ferentiation of seeded human bone marrow mes-
enchymal stem cells (hBM-MSCs) towards the os-
teogenic lineage.

Poly(3,4-ethylenedioxythiophene):Poly(styrene
sulfonate) (PEDOT:PSS), a water dispersible
micellular like conductive polymer, was selected as
the conductive component of the electroconductive
nanofibers because of its good conductivity coupled
with its great processability and biocompatibility
that set it apart from other biomaterials, even
if, similarly to other conductive materials, it was
plagued by its non-biodegradability.[8] Given the
lower conductivity of PEDOT:PSS compared with
the non-doped PEDOT (due to a non-conductive
PSS shell), two second doping strategies were tri-
aled to improve the conductivity of the nanofibers:
a polar solvent treatment (Dimethyl Sulfoxide
(DMSO) and Cyrene) and a strong acid treat-
ment (sulfuric acid).[9] Since a carrier polymer

was required to perform electrospinning of PE-
DOT:PSS (because of its low molecular weight
and solid content) and taking into account that
most synthetic and natural polymers used in tissue
engineering (TE) (e.g. PCL, collagen) were not
capable of maintaining their fibrous structure after
being exposed to sulfuric acid, polyacrylonitrile
(PAN) was used. By adapting the stabilization
procedure of PAN used to produce carbon fibers,
important shifts to the original chemical structure
of the PAN-based nanofibers – cyclization, dehy-
drogenation, cross-linking – were introduced and
highly stable PAN/PEDOT:PSS fibrous scaffolds
were generated.[10]

Poly(vinylidene fluoride-co-tetrafluoroethylene)
(PVDF-TrFE) was in turn selected as the main
piezoelectric component of the piezoelectric fibers
because of its high piezoelectric coefficient (com-
pared with the other piezoelectric polymers), cou-
pled with its excellent biocompatibility, easiness of
processing, flexibility, and high physical and chemi-
cal resistance. This biomaterial was also character-
ized by its non-biodegradability: while biodegrad-
able piezoelectric polymer choices were available
(e.g. PLLA, PHB), they were plagued by low
piezoelectric coefficient values. PVDF-TrFE poling
strategies were trialed to improve the fibers’ β phase
content – regions with parallel polar fluorine groups
– and therefore improve their piezoelectricity.[11]

2. Materials and Methods
2.1. Materials

The piezoelectric and electroconductive nanofibers
were prepared using different synthetic poly-
mers: PAN (MW 200,000 Da) was acquired
from Polysciences; PEDOT:PSS (Clevios PH 1000;
solid content 1-1,3%) was purchased from Her-
aeus; and PVDF-TrFE (70/30, mol%/mol%)
(Piezotech FC30) was acquired from Arkema.
The following solvents were also acquired: N,N-
Dimethylformamide (DMF) was purchased from
Carlo Erba Reagents, acetone was acquired from
Fisher Scientific, and DMSO and cyrene were
acquired from Sigma-Aldrich. Synthetic HA
nanopowder (MW 502,31 Da; <200 nm particle
size) was purchased from Sigma-Aldrich.

2.2. PAN/PEDOT:PSS Nanofibers

2.2.1 Preparation of Electrospinning Cast-
ing Solutions

Doped PEDOT:PSS solutions were prepared by
adapting the protocol described by Lu et al
(2019).[12] Both DMSO and cyrene were trialed as
potential doping agents of PEDOT:PSS. The re-
sulting annealed doped PEDOT:PSS pellets were
grinded into a powder which was, in turn, dispersed
in DMF:DMSO (9:1) and DMF:Cyrene (9:1). So-
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lutions with different PEDOT:PSS concentrations
were produced: 1%, 2%, 3% and 5% (w/v). The
resulting solutions were agitated for at least 5 days
until a homogenous texture was obtained. These
solutions were then heated in a hot plate, for 3
hours, at 85°C and were ultrasonicated in multi-
ple 15-minute cycles. Before electrospinning, PAN
was added at a fixed concentration of 10% (w/v)
and the mixtures were heated in a hot plate for ap-
proximately 20 minutes at 85°C until homogenous
PAN/PEDOT:PSS solutions were obtained.

2.2.2 Electrospinning Setup and Parame-
ters

A vertical electrospinning setup was used to pro-
duce the electroconductive nanofibers. This setup
was constituted by a high voltage power supply
(Model PS/EL40P01; Glassman High Voltage, Inc),
a mechanical syringe pump (Model KDS Legato
210; KDScientific), a static flat copper collector, a
metallic spinneret (MECC, Ogori), a stainless steel
needle (Monoject Blunt Cannula; Covidien) and a
polytetrafluoroethylene (PTFE) tube.
The following operational conditions were used

to produce the PAN and PAN/PEDOT:PSS
nanofibers: Voltage - 20 kV; Working Distance
- 25 cm; Flow Rate - 1 mL/h; Needle - 21G (0,8
mm). Extrinsic parameters were registered each
time before electrospinning was performed: temper-
ature and relative humidity varied between 20-25°C
and 35-55%, respectively.

2.2.3 Fiber Post-Processing: Heat and Sul-
furic Acid Treatment (HAT)

The resulting electrospun PAN/PEDOT:PSS fibers
were doped with sulfuric acid. First, the fibers were
placed in an oven at 210°C for 24 hours. After cool-
ing, the fibers were collected from the aluminum
foil and positioned in glass plates. The fibers were
then immersed in sulfuric acid (95-97%; Honeywell
Fluka) for 30 minutes. Afterwards, the acid was
removed from the glass plates, which were placed
in hot plates at 130°C for 30 minutes. During this
process, empty glass plates were positioned on top
of the glass plates containing the fibers. Several
washes with distilled water were then performed to
remove the acid and residues from the fibers. The
fibers were dried in the oven at 37°C over-night.

2.2.4 Mineralization of Post-Processed
PAN/PEDOT:PSS Fibers

After being heat treated and doped with acid
(HAT), the PAN/PEDOT:PSS fibers were also min-
eralized. Two different mineralization strategies
were considered. One of the strategies, adapted

from Yang et al (2018), involved the immersion of
the electroconductive fibers in a phosphate buffered
saline solution (Gibco DPBS; Thermo Fisher Scien-
tific) supplemented with 100 mg/L of calcium chlo-
ride pellets (MW 110,98 Da; Honeywell Fluka).[13]
The second mineralization technique involved the
immersion of the fibers in simulated body fluid
(SBF). The preparation of the SBF solution was
performed as described by Kokubo et al (2006).[14]
The PAN/PEDOT:PSS fibers were mineralized in
SBF according to the procedure described by Si et
al (2016).[15]

2.3. PVDF-TrFE Nanofibers

2.3.1 Preparation of Electrospinning Cast-
ing Solutions

PVDF-TrFE solutions were prepared by dissolv-
ing PVDF-TrFE powder at multiple concentrations
– 13%, 17% and 20% (w/v) – in DMF:Acetone
(3:2). Cyrene:Acetone (3:2) and cyrene were also
used: these solvents were combined with PVDF-
TrFE at 13% and 20% (w/v) concentrations. The
piezoelectric solutions were agitated in a rocking
platform for a few hours until they were com-
pletely homogenous. Composite PVDF-TrFE/HA
solutions were produced by blending different
amounts of HA nanopowder (wt% = mHA/(mHA+
mPV DF−TrFE) × 100) with DMF:Acetone (3:2).
These solutions were ultrasonicated for 15 minutes
and agitated in a rocking platform over-night, after
which PVDF-TrFE was added in different concen-
trations: PVDF-TrFE 13% and 20% (w/v) were
combined with 5% (wt%) HA , while PVDF-TrFE
17% (w/v) was combined with 1%, 3%, 5% and
10% (wt%) HA . The PVDF-TrFE/HA solutions
were agitated over-night in the rocking platform and
were ultrasonicated for 15 minutes before electro-
spinning.

2.3.2 Electrospinning Setup and Parame-
ters

The same electrospinning setup that was described
previously was used for producing the piezoelectric
nanofibers. The temperature and humidity were
monitored each time before electrospinning was per-
formed: their values varied between 20-25°C and 35-
55%, respectively. Two different stainless steel nee-
dles, 21G and 23G, with internal diameters of 0,8
mm and 0,6 mm, respectively, were trialed. The fol-
lowing operational conditions were used to produce
the PVDF-TrFE and PVDF-TrFE/HA nanofibers:
Voltage - 20 kV; Working Distance - 17 cm;
Flow Rate - 1 mL/h; Needle - 21G/23G.
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2.3.3 Fiber Post-Processing: Annealing

After being electrospun, the PVDF-TrFE (17%,
w/v) nanofibers with and without HA (10%, wt%)
were annealed according to two different method-
ologies: one of the procedures (P1) was adapted
from Lam et al (2019) and the second proce-
dure (P2), was adapted from Satthiyaraju et al
(2019).[16, 17]

2.4. Characterization Techniques
2.4.1 Scanning Electron Microscopy (SEM)

The structural characterization of the scaffolds was
performed using a field emission gun SEM (FEG-
SEM) (Model JSM-7001F; JEOL). Prior to imag-
ing, the samples were mounted on a holder us-
ing carbon tape and were coated with a 30 nm
gold/palladium (60:40) layer (Model E5100 Sputter
Coater; Polaron/Quorum Technologies). The aver-
age fiber diameter of the different fibrous non-woven
mats was computed using the ImageJ software. It
should be noted that the SEM analysis of a small
number of samples was performed using a different
SEM equipment (Model S2400; Hitachi).

2.4.2 Relative β-Phase Content Estimation

The relative β-phase fraction (F(β)) of as-spun and
annealed 17% (w/v) PVDF-TrFE fibers with and
without HA was computed by the quantitative com-
parison of the absorbance values registered at 765
cm−1 (Aα) and 850 cm−1 (Aβ) in the ATR-FTIR
spectra, which are attributed to the non-polar α-
phase and the polar β-phase of PVDF-TrFE, re-
spectively. The following equation was used:

F (β) =
Aβ

(
Kβ

Kα
)Aα +Aβ

(1)

Where Kβ and Kα are the absorption coefficients
at the respective wavenumbers with values given as
7, 7 × 104 cm2/mol for 850 cm−1 and 6, 1 × 104

cm2/mol for 765 cm−1.

2.4.3 Contact Angle

The contact angle of the electroconductive and
piezoelectric nanofibers was quantified by a
DSA25B goniometer (Kruss) using the sessile drop
method with distilled water. For each experimental
group, the contact angle was measured in 8 inde-
pendent fiber samples (n = 8).

2.4.4 Mechanical Properties

The mechanical properties of the as-spun and
annealed 17% (w/v) PVDF-TrFE and PVDF-
TrFE/HA electrospun scaffolds were tested under
uniaxial tensile testing at room temperature using

a mechanical tester (Model UV-200-01; Cell Scale)
with a 10 N load cell and a strain rate of 3 mm/min.
Prior to testing, specimens from each experimen-
tal group were cut into rectangular strips and their
thickness, width and length was measured. Exper-
imental data was collected and processed using the
UniVert software. Stress-strain curves were plotted
and used to compute the Young’s modulus, ulti-
mate tensile strength (UTS) and ultimate elonga-
tion of the scaffolds. For each experimental group,
mechanical properties were measured on five sam-
ples (n = 5).

2.4.5 Four-Point Probe Electroconductiv-
ity Measurements

Four 50 nm thick gold stripes were deposited on the
surface of PAN/PEDOT:PSS fibers using a ther-
mal evaporator (Model E306A; Edwards). The
electroconductivity was measured using the 4-point
probe method using a current source Keithley DC
power source (Keithley Instruments) and a multi-
meter (Model 34401A; Agilent Technologies). Ex-
perimental data was collected and processed using
the LabVIEW 7.1 software. The obtained ∆V and I
values were used to plot I/V curves, from which the
conductivity of the scaffolds was assessed. For each
experimental group, one electroconductivity mea-
surement was performed (n = 1).

2.5. In Vitro Cell Culture Studies

2.5.1 Scaffold Processing

HAT treated PAN fibers, and mineralized HAT
treated and HAT treated PAN/PEDOT:PSS fibers
with 1% (w/v) DMSO-doped PEDOT:PSS (pro-
duced from DMF:DMSO (9:1) based casting solu-
tions), as well as PVDF-TrFE (17%, w/v) fibers
with and without HA (1%, 3%, 5% and 10%, wt%)
were fixed on glass coverslips with biocompatible
adhesive silicone glue (Silastic Medical Adhesive Sil-
icone, Type A; Dow Corning). The fibers were left
approximately 24 hours to properly adhere.

2.5.2 MSC Culture

hBM-MSCs were acquired from Lonza (Basel,
Switzerland). Prior to cell seeding, the MSCs were
thawed and expanded on tissue culture flasks (Fal-
con T-Flasks; Corning). The T-flasks were kept in
an incubator at 37°C and 5% CO2 in a humidi-
fied atmosphere and the cell culture medium - low
glucose Dulbecco’s Modified Eagle Medium (Gibco
DMEM; Thermo Fisher Scientific) supplemented
with 10% (v/v) fetal bovine serum (Gibco FBS;
Thermo Fisher Scientific) and 1% (v/v) antibiotic-
antimycotic (Gibco Anti-Anti Solution; Thermo
Fisher Scientific) - was exchanged every 3 to 4 days.
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2.5.3 Scaffold Seeding. MSC Proliferation

Before seeding the scaffolds were sterilized by
UV light exposure over-night, after which they
were placed in ultralow cell attachment well plates
(Corning) and washed with DPBS and 1% (v/v)
anti-anti solution. The fibers were incubated in
culture medium for 1 hour at 37°C. The exper-
imental assay was performed using cells in pas-
sage 4-6 for the electroconductive and piezoelec-
tric nanofibers. The hBM-MSCs were seeded in
the PAN and PAN/PEDOT:PSS fibers at a den-
sity of 100.000 cells per scaffold, while the PVDF-
TrFE and PVDF-TrFE/HA fibers were seeded at
a density of 60.000 cells per scaffold. The cell
seeded scaffolds were incubated for 2 hours with-
out cell culture medium. Osteogenic medium com-
prised by DMEM supplemented with 10% (v/v)
FBS, 10 mM of β-glycerolphosphate (BGP; Sigma
Aldrich), 10 nM of dexamethasone (Sigma Aldrich),
50 µg/mL of ascorbic acid (Sigma Aldrich) and 1%
(v/v) anti-anti solution, was added to all piezoelec-
tric nanofibers, while a MSC qualified medium sup-
plemented with 10% (v/v) FBS and 1% (v/v) anti-
anti solution, was added to the electroconductive
scaffolds. The cell culture was conducted during a
7-day and 21-day period for the electroconductive
and piezoelectric fibers, respectively, at 37°C and
5% CO2 in a humidified atmosphere. The cell me-
dia was exchanged every 3 to 4 days.

2.5.4 Evaluation of the Biological Perfor-
mance and Osteogenic Potential

MSC Proliferation Assay. MSC Staining.
The proliferation of hBM-MSCs on the surface
of the electroconductive and piezoelectric fibrous
scaffolds was evaluated using an AlamarBlue as-
say (AlamarBlue Cell Viability Reagent; Thermo
Fisher Scientific). This assay was applied to elec-
troconductive scaffolds collected on days 1 and 7
and piezoelectric scaffolds collected on days 3, 7, 14
and 21. A 10% (v/v) AlamarBlue solution diluted
in cell culture media was added to the scaffolds
and incubated for 3 hours. Fluorescence intensity
was measured in a microplate reader (Infinite 200
Pro; Tecan) at an excitation/emission wavelength of
560/590 nm. The cells were also stained with DAPI
and rhodamine phalloidin after 7 and 21 days of
culture for the electroconductive and piezoelectric
scaffolds, respectively. The cells were washed with
DPBS and fixed with a 4% (v/v) paraformaldehyde
(PFA; Sigma Aldrich) solution for 20 minutes, af-
ter which they were permeabilized in 0,1% (v/v)
Triton X-100 (Sigma-Aldrich) for 10 minutes. Af-
ter permeabilization, the cells were incubated in the
dark with Phalloidin-TRITC (2 µg/mL in DPBS)
(Sigma-Aldrich) for 45 minutes. The cells were then

washed twice with DPBS and were counterstained
with DAPI (1,5 µg/mL in DPBS) (Sigma-Aldrich)
for 5 minutes, after which they were washed with
DPBS. The fluorescence staining was imaged using
an inverted fluorescence confocal microscope (TCS
SP8 STED 3x; Leica).
Assessment of MSCs’ Osteogenic Differenti-
ation
ALP/Von Kossa Staining ALP/Von Kossa
staining was performed on PVDF-TrFE based fibers
after 21 days of culture. After being washed with
DPBS and fixed with 2% (v/v) PFA for 15 min-
utes, the hBM-MSCs were first stained for ALP
by being washed in miliQ water, after which the
piezoelectric scaffolds were incubated in the dark in
a solution comprised by 0,1 M TRIS-HCl contain-
ing Fast Violet Solution and Naphthol AS MX-P04
(Sigma Aldrich) for 45 minutes. The cells were then
washed three times with DPBS and kept in miliQ
water while being observed under the microscope.
Von Kossa staining was performed afterwards on
the same fibrous scaffolds by washing the cells with
DPBS and incubating them in a 2,5% (v/v) sil-
ver nitrate solution (Sigma Aldrich) for 30 minutes.
The scaffolds were washed three times with DPBS
and once again kept in miliQ water while being ob-
served under the microscope.
ALP Activity Assay ALP activity was quantified
using a colorimetric ALP kit (BioAssays Systems)
after 14 and 21 days of osteogenic differentiation.
The manufacturer’s guidelines were followed. The
absorbance was measured on a microplate reader at
405 nm. The values were normalized to the number
of MSCs present on the surface of each scaffold.
Calcium Content Assay The levels of calcium
present in the piezoelectric electrospun scaffolds
after 21 days of osteogenic differentiation were
assessed using a calcium colorimetric assay kit
(Sigma-Aldrich). First, the samples were washed
with DPBS and were incubated in a 0,5 M HCl solu-
tion over-night at 4°C. Afterwards, the supernatant
was collected and used for calcium determination
following the manufacturer’s instructions. The ab-
sorbance was measured on a microplate reader at
575 nm. The values were normalized to the num-
ber of MSCs present on the surface of each scaffold.
For each condition, acellular scaffolds were used as
blank controls.

2.6. Statistical Analysis
Results are presented as mean values ± standard
deviation (SD). All experiments were conducted in
triplicates (n = 3), unless specified otherwise. Sta-
tistical analysis of the data was performed using
one-way ANOVA with the GraphPad Prism 5 soft-
ware. Data was considered statistically significant
when p-values obtained were less than 0,05 (95%
confidence intervals, *p<0,05).
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3. Results and Discussion
3.1. PAN/PEDOT:PSS Nanofibers
Novel electroconductive PEDOT:PSS-based fibrous
scaffolds were developed in this thesis project
through the systematic optimization of the compo-
sition of the electroconductive electrospinning cast-
ing solutions, in order to obtain random nanofi-
brous mats with the highest conductivity. Sev-
eral post-processing modifications of the electro-
conductive nanofibers were performed, including a
heat and sulfuric acid treatment (HAT), to improve
their conductivity. Different mineralization strate-
gies were also trialed.

3.1.1 Process Optimization

Firstly, in order to assess whether cyrene could
be used as a “green” alternative to DMSO, due
to its similar solvation properties, low toxicity
and polar aprotic nature, cyrene was used to
substitute DMSO in two different time points of
the PAN/PEDOT:PSS casting solution prepara-
tion protocol: (1) as an additive to perform dry
annealing of PEDOT:PSS (doping) or (2) as a
part of the binary solvent system DMF:Cyrene
(9:1) (substitute to DMF:DMSO (9:1)).[18] On one
hand, both PAN-based casting solutions comprised
by DMF:DMSO (9:1) and DMF:Cyrene (9:1) were
found to be electrospinnable and, therefore, the two
binary solvent systems were further used to pro-
duce PAN/PEDOT:PSS nanofibers. On the other
hand, we were not capable of producing pristine
PEDOT:PSS pellets by dry annealing the polymer
with cyrene: cyrene doped PEDOT:PSS was dis-
carded and DMSO doped PEDOT:PSS was used to
fabricate PAN/PEDOT:PSS fibers.
Different amounts of DMSO doped PEDOT:PSS

pellets (1%, 2%, 3% and 5%, w/v) were dispersed
in DMF:DMSO (9:1) and DMF:Cyrene (9:1) to
study the effect of the concentration of the con-
ductive polymer on the overall conductivity of
the PAN/PEDOT:PSS fibers (a fixed concentra-
tion of 10% (w/v) PAN was used). The solutions
with 5% (w/v) PEDOT:PSS, and the DMF:Cyrene
(9:1) based solutions with 2% and 3% (w/v) PE-
DOT:PSS were found to be non-electrospinnable
because of their significant viscosity and hetero-
geneity (non dispersed PEDOT:PSS fragments), re-
spectively. All other conditions were able to pro-
duce fibers and their main physicochemical features
were analyzed (figure 1 A).
The as-spun PAN/PEDOT:PSS scaffolds were

subjected to a PAN stabilization heat treatment
to develop fibrous structures resistant to the sub-
sequent sulfuric acid treatment used to further im-
prove their conductivity. As intended, the applied
HAT procedure was able to generate conductive
scaffolds which maintained their fibrous architec-

ture. The physicochemical and biological properties
of these scaffolds were also also analyzed (figure 1).

As a proof of concept for the production of
bioactive and electroconductive PAN/PEDOT:PSS
nanofibers appropriate for mimicking the bone re-
gion of the OCT, HAT treated PAN/PEDOT:PSS
fibers comprised by 3% (w/v) PEDOT:PSS
and electrospun from casting solutions with
DMF:DMSO (9:1) were mineralized using two dis-
tinct mineralization strategies. While apatite-like
structures were formed with both strategies and
mineralization was confirmed by energy dispersive
x-ray analysis (EDS) in both cases, SBF (saline
solution with almost identical ionic composition
to the blood plasma) mineralization was selected
as the most appropriate functionalization strategy
since more significant mineral accumulation was ob-
served, and because the mineralization procedure
and mineral coating were found to more accurately
mimic the physiologic inorganic phase of bone tissue
ECM and the in vivo mineralization process itself.

3.1.2 Physicochemical and Biological Char-
acterization

As seen in figure 1 (A), the addition of PEDOT:PSS
was found to, overall, generate as-spun fibers with
increased average diameter (compared with PAN
fibers). The increase in PEDOT:PSS concentra-
tion was met with an increase in average fiber di-
ameter: the opposite effect was reported by Abedi
et al (2019), and is likely associated with the
non-conductivity of the PAN/PEDOT:PSS solu-
tions due to the large amount of non-conductive
PAN.[19] DMF:Cyrene (9:1) based casting solutions
originated PAN/PEDOT:PSS fibers with larger
diameters compared with those produced with
DMF:DMSO (9:1) which is potentially related with
the increased viscosity of cyrene. A differential ef-
fect of HAT treatment on fiber size was reported for
both solvent systems: the fibers electrospun from
DMF:DMSO (9:1) casting solutions had a slight
increase in fiber diameter, while those electrospun
from DMF:Cyrene (9:1) had a significant decrease
in diameter.

The presence of PEDOT:PSS on the composi-
tion of the as-spun and HAT treated fibers was
confirmed by EDS analysis through the identifica-
tion of oxygen and sulfur. Attenuated Total Re-
flectance Fourier-Transform Infrared (ATR-FTIR)
analysis of the as-spun fibers enabled the detection
of PAN and PEDOT:PSS. Important shifts in the
ATR-FTIR spectra of the PAN/PEDOT:PSS fibers
were observed with HAT treatment: significant PSS
(non-conductive polymer) loss was reported, while
important modifications to the pristine PAN chem-
ical structure occurred, including cyclization and
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Figure 1: Main results obtained for the electroconductive PAN/PEDOT:PSS fibers. Physicochemi-
cal characterization of the fibers (A): SEM images of the different as-spun (top) and HAT treated
(bottom) PAN/PEDOT:PSS fibers comprised by 1% (a), 2% (c) and 3% (d) (w/v) DMSO doped PE-
DOT:PSS (DMF:DMSO (9:1)), and PAN/PEDOT:PSS fibers comprised by 1% (b) (w/v) DMSO doped
PEDOT:PSS (DMF:Cyrene (9:1)). The magnification of each SEM image is presented on the bottom
of each corresponding image. SEM image of SBF mineralized HAT treated PAN/PEDOT:PSS fibers
(e) comprised by 1% (w/v) DMSO doped PAN/PEDOT:PSS (DMF:DMSO (9:1)) (yellow arrows iden-
tify some of the mineral aggregates present on the surface of the fibers). Biological performance of
the fibers (B): cell proliferation assay (top) and DAPI/Phalloidin immunofluorescence staining (bottom)
of hBM-MSCs cultured on HAT treated PAN fibers, and mineralized HAT treated and HAT treated
PAN/PEDOT:PSS electroconductive scaffolds for 7 days. DAPI stains cell nuclei blue, while phalloidin
stains actin-rich cytoskeleton red. Scale bar: 100 µm.

Table 1: Summary of conductivity measurements of
HAT treated PAN/PEDOT:PSS fibers.

loss of nitrile groups. These changes were in line
with those reported in the literature for stabilized
PAN fibers and sulfuric acid doped PEDOT:PSS
films.[20, 21]

Significant changes to the mechanical proper-
ties of the PAN/PEDOT:PSS fibers were observed
with HAT treatment. In fact, while as-spun PAN
and PAN/PEDOT:PSS fibers were found to be re-
sistant to deformation, to a certain extent, the
HAT treated fibers displayed a very brittle behav-
ior which hindered the analysis of their mechan-
ical properties under tensile testing: similar re-
sults were reported elsewhere.[22, 23] The addi-
tion of PEDOT:PSS to the PAN casting solutions
was found to largely improve the wettability of the
fibers, confirming the significant hydrophilic con-
tribution of PSS to the structure of naturally hy-
drophobic PAN fibers (95,15±13,12°). Both HAT
treatment and SBF mineralization of the electro-
conductive fibers were found to not negatively im-
pact their hydrophilicity.

Through the four-point probe technique the
conductivities of the PEDOT:PSS based fibers

were measured. While all as-spun fibers and
HAT treated PAN fibers were found to be non-
conductive, most HAT treated PAN/PEDOT:PSS
fibers were conductive (table 1): the HAT treated
PAN/PEDOT:PSS fibers with 1% (w/v) PE-
DOT:PSS electrospun from DMF:DMSO (9:1)
based fibers yielded the largest conductivity. These
conductivity values were lower than expected
(compared with other sulfuric acid doped PE-
DOT:PSS structures) but were in line with values
reported in the literature for PEDOT:PSS-based
electrospun fibers in this range of PEDOT:PSS
concentrations.[19, 21, 22] These results appear to
suggest that not only the addition of PEDOT:PSS,
but also HAT treatment are essential conditions for
producing conductive PAN based fibers. It should
be noted that some samples of each experimental
condition were found to be non-conductive after
HAT treatment suggesting that the process itself
is not highly reproducible. While most studies re-
ported increased conductivity with increased PE-
DOT:PSS presence, we obtained the highest con-
ductivity for the fibers with the lowest PEDOT:PSS
concentration: this could be related with problems
with the HAT process that have already been men-
tioned or with a potential loss of PEDOT:PSS dur-
ing the water washes.[19] The PAN/PEDOT:PSS
fibers which yielded the highest conductivity (with
1% (w/v) PEDOT:PSS) were mineralized with SBF
for further biological characterization: successful
mineralization was confirmed by SEM and EDS
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analysis, and suggests that these fibers could be
mineralized in an in vivo setting.[14]

As seen in figure 1 (B), metabolic activity in-
crease was observed for all HAT treated PAN and
PAN/PEDOT:PSS fiber conditions, demonstrating
their biocompatibility, with a more more moder-
ate increase being reported for the HAT treated
PAN and PAN/PEDOT:PSS fibers after 7 days in
cell culture (fold increase of 1,77 and 1,18, respec-
tively), and a notorious increase being registered
for the mineralized fibers (fold increase of 13). The
presence of hBM-MSCs on the surface of the fibers
was confirmed through DAPI-Phalloidin staining:
high density of cells was observed for all fiber con-
ditions, particularly for the mineralized fibers. The
cells were spread across the entire scaffold surface
and randomly aligned.

3.2. PVDF-TrFE Nanofibers
Novel bioactive PVDF-TrFE-based fibrous scaf-
folds were developed in this thesis project through
the systematic optimization of the composition
of the piezoelectric solutions to be electrospun
and the electrospinning operational conditions.
Post-processing modifications of the piezoelectric
nanofibers were also performed.

3.2.1 Process Optimization

Cyrene was trialed as a potential environmen-
tally friendly alternative to DMF: cyrene and
Cyrene:Acetone (3:2) were used to produce PVDF-
TrFE nanofibers (13%, 17% and 20% (w/v)) (sub-
stitute to DMF:Acetone (3:2)). Since fibrous scaf-
folds were only produced with DMF:Acetone (3:2)
and all cyrene based solutions were found to be
non electrospinnable, DMF:Acetone (3:2) was used
for further fiber production optimization. Given
that the average diameter of collagen fibrils, that
the fibers are supposed to emulate, can range from
10-500 nm, PVDF-TrFE concentration was fixed
at 17% (w/v) for additional characterization.[24]
Different amounts of HA were added to the 17%
(w/v) PVDF-TrFE solutions (1%, 3%, 5% and 10%,
wt%) to assess its impact in the physicochemical
and biological properties of the resulting piezoelec-
tric fibers. Different needles were trialed (21G and
23G): the 21G needle was selected for further fiber
production and characterization since the fibers
generated had a more homogenous distribution of
HA nanoparticles along the fiber structure.

3.2.2 Physicochemical and Biological Char-
acterization

As shown in figure 2 (A) ((a)-(e)), the addition
of HA to the PVDF-TrFE casting solutions led to
slight increases in fiber diameter although no linear

trend between both variables was registered, which
is in line with what was reported by Tandon et al
(2019).[25]

EDS analysis enabled the confirmation of the
presence of PVDF-TrFE and HA as part of the com-
position of the as-spun fibers through the detection
of fluor, and calcium and phosphate, respectively.
The presence of the piezoelectric polymer and the
bioceramic was also verified by ATR-FTIR analy-
sis, where PVDF-TrFE β phase related IR peaks
were identified, therefore establishing the piezoelec-
tric nature of the fibers. By applying equation 1
- F(β) - the relative β phase content of the dif-
ferent experimental conditions was computed: the
addition of HA was found to slightly increase the
β phase content of the fibers and thus have a posi-
tive influence over the scaffold’s piezoelectricity (fig-
ure 2 (A) (J)). The opposite effect was reported by
Tandon et al (2019), which may be attributed to
differences in the chemical structure of PVDF and
PVDF-TrFE.[25] In order to further improve the
piezoelectricity of the scaffolds, two annealing pro-
cedures were trialed. Fiber morphology was not
heavily impacted by these treatments and, as ex-
pected, statistically significant increases in relative
β phase content of the fibers were observed with
similar results obtained for both P1 and P2 (figure
2 (A) (J)).[17]

The analysis of the mechanical properties of the
as-spun and annealed PVDF-TrFE and PVDF-
TrFE/HA fibers under tensile testing, led us to con-
clude that the incorporation of HA nanoparticles
did not result in drastic changes to the mechanical
properties of the fibers, apart from a slight decrease
in Young’s modulus and increase in ultimate elon-
gation (figure 2 (A) (f)-(h)). The annealed fibers,
however, displayed a stiffer and more brittle pro-
file: a moderate increase in Young’s modulus and
significant decrease in ultimate elongation were reg-
istered after heat treatment (figure 2 (A) (f)-(h)).
For this reason, despite their contribution to the
piezoelectricity of the scaffolds, the annealing pro-
cedures were discarded.

All PVDF-TrFE based fibrous scaffolds were
found to be hydrophobic (105°-125°). Even though
the addition of HA contributed to a slight increase
in the wettability of the fibers, no linear trend was
observed between the two variables (figure 2 (A)
(I)).

As shown in figure 2 (B), hBM-MSCs were able
to adhere and proliferate on the surface of all piezo-
electric scaffolds (biocompatible), despite their hy-
drophobicity. As expected, cell proliferation was
more significant in the scaffolds containing HA, par-
ticularly those with 3% and 5% (wt%) HA (figure 2
(B) (a)). Interestingly, the fibers with 10% (wt%)
HA yielded the worst performance among the func-
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Figure 2: Main results obtained for the piezoelectric PVDF-TrFE based fibers. Physicochemical charac-
terization of the fibers (A): SEM images of as-spun PVDF-TrFE (17%) (w/v) fibers without HA (a) and
with 1% (b), 3% (c), 5% (d) and 10% (e) (wt%) HA. The magnification of each SEM image is presented on
the bottom of each corresponding image. Yellow arrows identify some HA aggregates present on the sur-
face of the fibers. Mechanical properties of the as-spun and annealed PVDF-TrFE and PVDF-TrFE/HA
piezoelectric scaffolds obtained after tensile testing: elastic modulus (f), UTS (g) and ultimate elonga-
tion (h). Contact angle (I) of the as-spun PVDF-TrFE and PVDFTrFE/HA fibers. Estimated relative β
phase content (%) (J) of as-spun and annealed PVDF-TrFE and functionalized PVDF-TrFE/HA fibers.
Biological performance of the fibers (B): cell proliferation assay (a), MSC ALP activity (b) and calcium
content (c), and DAPI/Phalloidin immunofluorescence staining (left, top) and ALP/Von Kossa staining
(left, bottom) of hBM-MSCs cultured on PVDF-TrFE and PVDF-TrFE/HA scaffolds. DAPI stains cell
nuclei blue, while phalloidin stains actin-rich cytoskeleton red. ALP staining stains ALP molecules red,
while Von Kossa stains calcium deposits black. Scale bar: 100 µm.

tionalized fibers. A high density of cells could be ob-
served on the surface of all scaffolds through DAPI-
Phalloiding staining. The cells were distributed
across the entire scaffold surface and randomly ori-
ented. The commitment of the hBM-MSCs towards
the osteogenic lineage was confirmed for all exper-
imental groups with the detection of calcium de-
posits, confirming cell derived mineralization, and
ALP production, an important precursor in bone
ECM formation. As expected, the MSCs seeded
on the HA filled PVDF-TrFE fibers had the most
significant ALP activity and calcium deposition,
likely due to their improved bioactivity and due
to biological cues provided by the HA nanoparti-
cles (figure 2 (B) (b) and (c)). ALP/Von Kossa
staining confirmed calcium accumulation and ALP
production for all experimental conditions, there-
fore corroborating the differentiation of MSCs into
pre-osteoblasts (figure 2 (B)). Overall, the PVDF-
TrFE fibers with 5% (wt%) HA exhibited the best
biological and osteogenic performance among the
piezoelectric scaffolds.

4. Conclusions

In summary, both electroconductive and piezoelec-
tric fibrous scaffolds were successfully fabricated in
this thesis project. The generated fibers were capa-
ble of mimicking some of the electrical and struc-
tural features of the bone region of the OCT. By

incorporating apatite-like structures on the fibers,
we were also able to recapitulate some crucial com-
positional properties of the SB’s ECM, and improve
the bioactivity and wettability of the scaffolds with-
out negatively affecting their mechanical properties
and, in the case of the PVDF-TrFE/HA fibers, en-
hancing their piezoelectricity. The resulting func-
tionalized electroconductive and piezoelectric fibers
exhibited enhanced biocompatibility, which trans-
lated to augmented MSC proliferation. The HA
filled piezoelectric scaffolds in particular were also
found to improve osteogenic potential with more
significant MSC ALP activity and calcium accumu-
lation being registered.

Future work on these fibers could involve the de-
velopment of biodegradable PAN and PVDF-TrFE,
which has already been reported in the literature,
to improve their potential in TE applications.[26]
These fibers could also be integrated in a multipha-
sic scaffold for mimicking the OCT.
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