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In this work, we propose a simple, reliable, and versatile strategy to create 3D electroconductive
scaffolds suitable for bone tissue engineering (TE) applications with electrical stimulation (ES). The
proposed scaffolds are made of 3D-extruded poly(e-caprolactone) (PCL), subjected to alkaline
treatment, and of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), anchored to
PCL with one of two different crosslinkers: (3-glycidyloxypropyltrimethoxysilane (GOPS) and divinyl
sulfone (DVS). Both cross-linkers allowed the formation of a homogenous and continuous coating of
PEDOT:PSS to PCL. We show that these PEDOT:PSS coatings are electroconductive (11.3-20.1 S cm™3),
stable (up to 21 days in saline solution), and allow the immobilization of gelatin (Gel) to further improve
bioactivity. In vitro mineralization of the corresponding 3D conductive scaffolds was greatly enhanced
(GOPS(NaOH)-Gel — 3.1 fold, DVS(NaOH)-Gel — 2.0 fold) and cell colonization and proliferation were
the highest for the DVS(NaOH)-Gel scaffold. In silico modelling of ES application in DVS(NaOH)-Gel
scaffolds indicates that the electrical field distribution is homogeneous, which reduces the probability of
formation of faradaic products. Osteogenic differentiation of human bone marrow derived mesenchymal
stem/stromal cells (nBM-MSCs) was performed under ES. Importantly, our results clearly demonstrated a

Received 10th November 2023, synergistic effect of scaffold electroconductivity and ES on the enhancement of MSC osteogenic
Accepted 2nd February 2024 differentiation, particularly on cell-secreted calcium deposition and the upregulation of osteogenic gene
DOI: 10.1039/d3tb02673f markers such as COL I, OC and CACNAIC. These scaffolds hold promise for future clinical applications,

including manufacturing of personalized bone TE grafts for transplantation with enhanced maturation/
rsc.li/materials-b functionality or bioelectronic devices.
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1. Introduction

Bone diseases are both the cause and a side-effect of several
chronic diseases and iatrogenicity that greatly affects the
elderly. Osteoporosis, meaning ‘“porous bone”, is one of such
diseases. It is a global disease whose prevalence and economic
burden will increase with the aging of the world population,
affecting severely diverse geographical areas such as Europe,
the USA and China. Kanis and colleagues’ reported the pre-
valence of osteoporosis in the combined entire population
of the European Union, United Kingdom, and Switzerland
(EU27 + 2) to be 5.6% (32 million individuals). The total cost
of osteoporosis in EU27 + 2, including direct costs (64%),
ongoing costs (33%), and cost of pharmacological intervention
(3%), was around €56.9 Billion in 2019. If such an amount was
directly supported by the EU, it would correspond to approxi-
mately 42% of its 2019 total budget. Osteoporosis ultimately
arises from a predominance of bone resorption over deposition
(loss of bone mass), leading to bone fragility and susceptibility
to fracture.” Diverse pharmacological strategies have been
designed to treat osteoporosis, but these fail in reverting its
progression.>* Moreover, even when considering heathy bone,
the ability to self-regenerate is impaired by critical fracture
sizes, a phenomena seen for example in non-unions, which
represents approximately 5-10% of all acute fractures
reported.” As such, there is a need for new therapeutic
approaches targeting osteoporosis and non-union fractures
with potential long-lasting positive effects on bone tissue
regeneration.

Electrical stimulation (ES) is a powerful tool with potential
therapeutic application in bone diseases.® Fonseca Junior and
colleagues’ reported the benefit of combining ES (10 pA) with
commercial bone grafts to reduce inflammation and improve
vascularization and mineralization in transplanted rats. Leppik
and colleagues® observed, in rats, an enhancement on new
bone formation, increased vascularization and improvement of
the mechanical properties when ES (0.1-0.2 pA) was used
concomitantly with transplanted mesenchymal stem/stromal
cells (MSCs) cultured on B-tricalcium phosphate granules. The
authors also showed that ES (1 Vem™, 1 h day ', and 21 days)
could greatly enhance the osteogenic differentiation of rat
MSCs. In a follow-up study, Oliveira and colleagues® observed
that ES promoted tissue healing over scarring in amputated
rats. This was attributed to ES induced anisotropy of collagen
fibers, and promotion of short-term inflammation and long-
term cell proliferation. Additionally, other in vitro studies
support these observations.'*® Overall, the use of ES
holds high promise for innovative tissue engineering (TE)
strategies targeting the repair of osteoporosis-related non-
union fractures.

Additive manufacturing technologies enable the fabrication
of electroactive constructs with complex architectures both for
TE applications and to be used as soft electronics devices for
man-machine interfaces."*'> 3D-melt extrusion or fused
deposition modeling (FDM) is an additive manufacturing tech-
nique that uses thermoplastics, such as poly(e-caprolactone)
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(PCL), to create scaffolds that structurally and mechanically
mimic the bone tissue.’®*® PCL is an FDA-approved polymer
for biomedical products and a first choice for scaffold devel-
opment for bone TE applications.'® This is due to its biocom-
patibility, advantageous mechanical properties to support bone
tissue and tunable degradation profile.">*® Our group has
previously developed 3D PCL scaffolds with high porosity and
interconnectivity, and capable of supporting MSC growth and
chondrogenic differentiation.>">* These can also be used for
bone repair applications due to their controlled architecture,
high porosity/pore size and ease of functionalization. We and
other groups had also showed the successful inclusion of
bioactive components such as hydroxyapatite,* B-tricalcium
phosphate,* fibrin*® and deposited MSC-derived ECMs>® to
greatly increase their osteogenic potential. However, PCL-
derived scaffolds are not suitable for effectively harnessing ES
to cultured cells and thus require further modifications.

Electroconductive polymers (ECPs) can be used to fabricate
electroactive scaffolds for TE strategies. ECPs present impor-
tant advantages for overall TE applications, including effective
ES of stem cells, design of impedance sensors to monitor cell
health and ES-controlled drug release.””’>° ECPs cannot be
easily printed/extruded in 3D structures due to the absence of
a melting point compatible with the manufacturing process.
Thus, they require advanced processing and specialized addi-
tive manufacturing techniques*>*° and/or the development of
polymer blends with reduced electroconductivity.*'* Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
is an ECP, suitable for the design of TE scaffolds due to its
high stability and biocompatibility.**® For example, Guex and
colleagues®” reported the development of an electroconductive
(6.1 x 107° S cm ™) ice-templated PEDOT:PSS scaffold capable
of supporting MC3T3-E1 cells’ osteogenic differentiation and
the deposition of the mineralized extracellular matrix (ECM).
PEDOT:PSS can also be processed into versatile electroconduc-
tive composites with collagen®® and nanohydroxyapatite/chit-
osan® for bone TE applications. Nevertheless, its inclusion in
composites suitable for 3D-extrusion remains limited.

In our previous work, we studied the performance of
PEDOT:PSS films, cross-linked using (3-glycidyloxypropyl)-
trimethoxysilane (GOPS) and divinyl sulfone (DVS), for neural
applications.*® The chemistry involved in the cross-linking of
PEDOT:PSS with GOPS/DVS involves the formation of ether/
ester bonds with PSS and the respective support substrate (e.g.
glass). We hypothesize that cross-linked PEDOT:PSS can be
used to homogeneously coat 3D-extruded scaffolds made of
polyesters (e.g. PCL), widely used in biomedical applications."®
The presence of free hydroxyl/carbonyl groups, maximized
through alkaline treatment, ensures effective immobilization
of PEDOT:PSS at their surface and the formation of continuous
films. This potential strategy is easy, straightforward and can be
used with scaffolds with diverse architecture without the need
for specialized equipment.

The goal of this work is to create an electroconductive 3D
scaffold suitable for bone tissue engineering and electrical
stimulation using a simple, reliable, and versatile method,
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based on the combination of 2D and 3D materials.*’ The
envisaged scaffold is composed of a 3D-extruded PCL skeleton
and a cross-linked PEDOT:PSS coating. We harnessed the
chemistry of both materials, and later in combination with
gelatin, to create a stable yet bioactive and mechanically robust
scaffold. We used in silico tools to further demonstrate the
advantages of a PEDOT:SS coating on electrical field distribu-
tion in a porous scaffold. Finally, we used the best PCL-
PEDOT:PSS scaffold combination to study its ability to enhance
osteogenic differentiation of MSCs under electrical stimulation.
The design and production strategy employed are highly versa-
tile and easy to implement on similar scaffolds with different
architectures. We believe that this strategy can be used in
future clinical applications, including transplantation of perso-
nalized bone TE constructs with enhanced maturation/func-
tionality or devices for bioelectronic applications.

2. Experimental section

2.1. Materials

Di-potassium hydrogen phosphate trihydrate was supplied
by AppliChem GmbH (Darmstadt, Germany). Medical glue
(silastic®™ medical adhesive silicone type A) was obtained from
Biesterfeld Spezialchemie Ibérica, S.L.U. (Barcelona, Spain).
Alkaline phosphatase (ALP) assay kits were supplied by BioAs-
say Systems (Hayward, CA, USA). Magnesium chloride hexahy-
drate was supplied by Fagron (Rotterdam, The Netherlands).
Hydrochloric acid 37% and sodium hydrogen carbonate were
supplied by Fisher Scientific (Hampton, NH, USA). PEDOT:PSS
dispersion Clevios™ PH 1000 (PEDOT : PSS ratio of 1:2.5, solids
content 1.0-1.3%) was supplied by Heraeus (Hanau, Germany).
Anhydrous calcium chloride was supplied by Honeywell Inter-
national Inc. (Charlotte, NC, USA). PCL flexible filament
(1.75 mm) was supplied by Makerbot (New York City, NY,
USA). qPCR NZYSpeedy green master mix (2x) ROX plus was
supplied by NZYTech (Lisboa, Portugal). RNA extraction kit
RNeasy Mini was supplied by Qiagen (Hilden, Germany). 2-
Phospho-i-ascorbic acid, (3-glycidyloxypropyl)trimethoxysilane
(GOPS), 4,6-diamidino-2-phenylindole dihydrochloride (DAPI),
B-glycerophosphate, calcium colorimetric assay kit, dexametha-
sone, divinyl sulfone (DVS), dodecylbenzenesulfonic acid
(DBSA), anhydrous ethylene glycol (EG), gelatin from porcine
skin (type A, gel strength 300) (Gel), hexamethyldisilazane
(HMDS), paraformaldehyde (PFA) phalloidin-TRITC (2 pg mL™"
in PBS), potassium chloride, sodium chloride, sodium hydroxide,
anhydrous sodium sulfate, SYLGARD®™ 184 silicone elastomer
(poly(dimethylsiloxane)), and xylenol orange solution were sup-
plied by Sigma-Aldrich (St. Louis, MO-IL, USA). Antibiotic-anti-
mycotic (Anti-Anti) mixture, antibodies anti-type I collagen (MA1-
26771), anti-osteopontin (MA5-17180), anti-mouse AlexaFluor 488,
Dulbecco’s phosphate buffer saline (PBS), Dulbecco’s modified
Eagle’s medium (DMEM), MSC-qualified fetal bovine serum (FBS),
Pen-Strep mixture (penicillin 10000 units mL™", streptomycin
10000 pg mL '), High-capacity cDNA reverse transcription kits,
MicroAmp Fast Optical 96-well reaction plates, reazurin
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(AlamarBlue™ cell viability reagent), and Triton-X-100 (Surfact-
Amps™, 10% in water) were supplied by Thermofisher Scientific
(Waltham, MA, USA).

2.2. 3D Extrusion printing of PCL constructs

PCL constructs (films and scaffolds) were designed using the
computer-aided design (CAD) software Autodesk Fusion 360
(version up to 2.0.11415, Autodesk, Inc., San Francisco, CA,
USA). The models designed were exported as STL files by FDM
to a Prusa i3 MK3S commercial 3D printer (Prusa Research,
Praha, Czech Republic). Slicing of the STL files into G-code was
done in PrusaSlicer 2.3.1 (Prusa Research). For 3D printing,
nozzle (brass, 0.25 mm in diameter - Prusa Research) and bed
temperatures were set to 95 °C and 40 °C, respectively. The layer
height was defined as 0.15 mm for all layers, and the default
“Quality” profile was adopted for printing.

The designed PCL film was shaped as a 20 mm x 10 mm X
0.5 mm cuboid. To fill any gaps and ensure a smooth first layer,
the first layer was modified to be printed with a 0.15 mm
extrusion width and using a 1.2 extrusion multiplier.

For the PCL scaffold design, an orthogonal pattern with
aligned fibers was chosen (0-90° rotations between successive
layers). The pore size of the scaffold and fiber diameter were
both specified to have a dimension of 300 um. The overall
scaffold size was 10.5 mm x 10.5 mm x 3 mm. Since each
scaffold layer had a height of 0.30 mm with the defined
printing layer height of 0.15 mm, two printing passages were
necessary to print each scaffold layer.

2.3. PEDOT:PSS coatings of PCL constructs

Following previous work by Moura and colleagues, pristine
PCL constructs (films and scaffolds) were incubated in an
aqueous solution of NaOH (1 M) for 24 hours to improve
hydrophilicity (PCL(NaOH)).

PCL and PCL(NaOH) scaffolds were coated with PEDOT:PSS
to become electroconductive. For this, four different PED-
OT:PSS solutions were prepared for the dip-coating of the
scaffolds:

Solution 1: PEDOT:PSS + EG (1:4, by volume) + DBSA
(0.5 pL mL™") + GOPS (10 uL mL™ "), followed by overnight
agitation.

Solution 2: content of solution 1 + gelatin (2%, by weight
with respect to the PEDOT:PSS volume used), followed by
overnight agitation and 50 °C.

Solution 3: PEDOT:PSS + EG (1:4, by volume) + DBSA
(0.5 uL. mL™") + DVS (30 pL mL '), followed by overnight
agitation.

Solution 4: content of solution 3 + gelatin (2%, by weight
with respect to the PEDOT:PSS volume used), followed by
overnight agitation and 50 °C.

The constructs were submerged in the solutions for 24 hours
under constant agitation. These were then collected and
annealed at &55 °C overnight The chemical formulas of the
main components of our scaffolds are depicted in Fig. 1 The
summary of the procedure is depicted in Fig. 2. A list of all the
samples produced is presented in Table 1.
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Fig. 1 Chemical formulas of the compounds used in the design of PCL-
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2.3.1. Chemical treatment of PCL scaffolds. PCL scaffolds
were also subjected to specific chemical treatments to study the
effect of temperature (50 °C - cross-linking) and different pH
values (2.0 for PEDOT:PSS and 14.0 for the NaOH treatment) on
their properties. The conditions are summarized in Table 1 and
were the following: incubation at 50 °C for 24 h (50 °C),
incubation in 0.05 M H,SO, solution for 24 h (H,SO,), and/or
incubation in 1 M NaOH solution for 24 h (NaOH).

2.3.2. Production of PEDOT:PSS spin-coated films on glass.
PEDOT:PSS spin-coated films were produced (1000 rpm for
12 s, followed by 1500 rpm for 45 s) from solutions 1 (fGOPS),
2 (fGOPS-Gel), 3 (fDVS) and 4 (fDVS-Gel) used for PCL construct
coating. The samples were dried at 125 °C and analyzed without
further processing.

2.4. Morphological and physico-chemical characterization

2.4.1. Scanning electron microscopy (SEM). The surface
morphology of extruded PCL and PCL-PEDOT:PSS constructs
was evaluated using a Hitachi S-2400 SEM (Hitachi, Chiyoda,
Tokyo, Japan) at 20 kV, after coating with a thin layer of gold/
palladium.

\\ /
— A4
X24h X24h X24h
1M NaOH
No alkaline With alkaline
treatment

\ treatment

(c Film/Scaffold coating replicated with 4 distinct PEDOT dispersions: \

L

IPEDOT:PSS(GOPS)

il

lPEDOT:PSS(DVS)

[0
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]
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(
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gss ‘¢ X24h

\.
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\
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Fig. 2 Summary of the protocols used to coat PCL films/scaffolds and respective PEDOT:PSS solutions used (Image created using BioRender.com,

agreement number: OY26H1R3WS).
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Table 1 Summary of the samples produced, composition of the coating solutions, and annealing treatments
PEDOT:PSS solution used for coating
NaOH EG DBSA GOPS DVS Gelatin H,S0, Annealing

Sample code treatment vv (0.5 uL mL ™) (uL mL™Y) (uL mL™) (% mv™) treatment at 50 °C
PCL No X X X X X X No
PCL(NaOH) Yes X X X X X X No
GOPS No 1:4 0.5 10 X X X Yes
GOPS(NaOH) Yes 1:4 0.5 10 X X X Yes
GOPS(NaOH)-Gel Yes 1:4 0.5 10 X 2 X Yes
DVS No 1:4 0.5 X 30 X X Yes
DVS(NaOH) Yes 1:4 0.5 X 30 X X Yes
DVS(NaOH)-Gel Yes 1:4 0.5 X 30 2 X Yes
PCL(50 °C) No X X X X X No Yes
PCL(H,S0,) (50 °C) No X X X X X Yes Yes
PCL(NaOH) (50 °C) Yes X X X X X No Yes
PCL(NaOH) (H,SO,, 50 °C)  Yes X X X X X Yes Yes

2.4.2. Micro-computed tomography (pCT) imaging. pCT 2.4.5. 4-Point probe electroconductivity measurement. The

was performed using a SkyScan 1174v2 (Bruker software version
1.1, Bruker, Billerica, MA, USA) to analyze the internal micro-
structure of the scaffolds. The following scanning parameters
were used: a source voltage of 50 kV, a source current of
800 mA, an image pixel size of 14.01 pm, an exposure time of
4000-6000 ms, a rotation step of 0.5-0.6°, no filter, and frame
averaging on (2).

Image reconstruction was done using NRecon software,
version 1.7.4.6 (Bruker, Billerica, MA, USA). Realistic visualiza-
tions of the scaffolds were achieved using CTVox software
(version 3.3.1., Bruker, Billerica, MA, USA). Porosity, intercon-
nectivity, and the surface area to volume ratio were directly
obtained from the software.

Reconstruction/shape fidelity analysis was performed using
CTAn software (version 1.20.0, Bruker, Billerica, MA, USA). The
pore size and fiber diameter were obtained from two perpendi-
cular directions for the printed scaffolds: one along the printed
layers, and another across the printed layers. Three measure-
ments were made in each direction to obtain the average
dimensions.

2.4.3.
red spectroscopy (ATR-FTIR). The obtained samples were ana-
lyzed by ATR-FTIR using a Spectrum Two FT-IR Spectrometer
(PerkinElmer, Waltham, MA, USA), equipped with a Pike Tech-
nologies MIRacle® ATR accessory. Transmittance spectra were
obtained from 400 to 4000 cm™ " (resolution of 4 cm ™", accu-
mulation of 8 scans) at room temperature and an automatic
baseline correction treatment was applied using the acquisition
software. The obtained spectra were normalized to the max-
imum peak obtained.

2.4.4. Contact angle. Determination of the contact angle of
the PCL and PCL-PEDOT:PSS extruded films was performed
with a Kriiss DSA25B goniometer (Kriiss GmbH, Hamburg,
Germany) using the sessile drop technique (deionized water).
The spreading of the droplet on the extruded films was
assessed by measuring the contact angle of the droplet with
the surface (n = 6). Drop Shape Analysis 4 Software was
employed to take measurements of the left and right angles
every 0.5 s for a total time of 1 min.

Attenuated total reflectance-Fourier-transform infra-

This journal is © The Royal Society of Chemistry 2024

electroconductivity of PCL-PEDOT:PSS extruded films and PED-
OT:PSS spin-coated films was determined using the 4-point
probe technique. Four parallel 50 nm thick gold stripes were
deposited using a thermal evaporation system Edwards Coating
System E 306A (Edwards, Irvine, CA, USA) to improve the
electrical contact between the samples (PCL- and PCL-
PEDOT:PSS extruded films) and the probes of the measure-
ment/sensing equipment. The electroconductivity of three dif-
ferent films (n = 3) was measured by the four-point probe
method, using a current source Keithley DC power source
(Keithley Instruments, Cleveland, OH, USA) and an Agilent
34401A multimeter (Agilent Technologies, Santa Clara, CA,
USA). The thickness of the PEDOT:PSS layer was measured
using a Veeco Dektak 8 Profilometer (Bruker, Billerica,
MS, USA).

2.4.6. UV-Visible (UV/Vis) and near-infrared (NIR) spectro-
scopy. UV/Vis absorption spectra of spin-coated PEDOT:PSS
films were obtained with a V-730 UV-Visible spectrophotometer
(Jasco, Easton, MD, USA) in the 200-1100 nm range (resolution
of 0.2 nm). NIR absorption spectra were obtained using a SPEC
NIR 2.4 spectrometer (Sarspec, Vila Nova de Gaia, Portugal) in
the 900-2400 nm range. The obtained spectra were normalized
to the maximum peak found in the 225-235 nm region.

2.5. Stability assay

The stability of the PCL-PEDOT:PSS films was evaluated in PBS.
Briefly, specimens (20 mm x 10 mm x 0.5 mm, n = 5) were
incubated with sterile PBS (37 °C, 5% CO,) for 1, 7, 14 and
21 days. The collected samples were washed with distilled water
three times and then dried before initial weighting. Next, the
samples were dried at 45 °C for at least 24 h. Film stability was
evaluated through FTIR analysis and electroconductivity mea-
surements (Section 2.4.4.).

2.6. Mechanical properties

The mechanical properties of PCL and PCL-PEDOT:PSS scaf-
folds were evaluated under compression uniaxial testing
(1 mm min~") using a TAXTplusC Texture Analyser (Stable
Micro Systems, Godalming, Surrey, United Kingdom) equipped

J. Mater. Chem. B, 2024,12, 2771-2794 | 2775
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with a 50 kg (~490 N) load cell. For each condition, 5 speci-
mens were tested (n = 5). The obtained data were processed
using Connect software (Stable Micro Systems, Godalming,
Surrey, United Kingdom). The compressive modulus was deter-
mined by calculating the slope of the initial (10-15%) linear
region of the stress—strain curves. The ultimate strength was
calculated from the maximum of the stress-strain curves when
yielding was observed.

2.7. Finite element analysis (FEA) of electrical fields in PCL-
PEDOT:PSS scaffolds

Finite element analysis models of the PCL-PEDOT:PSS scaffolds
were constructed and solved with the AC/DC module of COM-
SOL Multiphysics (version 5.2a, www.comsol.com, Stockholm,
Sweden).

In model 1, the electrical properties of each fiber were
predicted using a single 2D filament model. This procedure
was aimed at understanding the impact on the numerical
predictions when considering (1) a homogeneous thin electro-
conductive coating on an inert filament core or (2) the whole
electroconductive filament.

In model 2, a 3D complete model of one culture well with an
orthogonal scaffold (in permanent contact with both electro-
des) was used to compare the predicted electrical field among
the different coating material options. This is possible since by
construction the electric current that passes through one well is
equal to that through the remaining wells placed in series. The
electrical current (ec) physics interface was selected, consider-
ing a stationary study and applying a floating potential bound-
ary condition at one electrode side surface. The remaining
electrode has a ground reference boundary condition. The
required electric current and potential measurements were
performed with a multimeter (ISO-TECH IDM 73). 3D physics-
controlled meshes were also generated in COMSOL. Whole
model meshes were constructed using tetrahedra, triangles,
edges and vertex with a total of 2.3 million elements. A finite
element mesh study was also performed to guarantee that the
results, (i.e., minimum element quality: 0.03; average element
quality: 0.66; element volume ratio: 9.14 x 10~°), are indepen-
dent of the mesh size. The properties of the materials used in
FEA are described in Table S1 (ESIt). The COMSOL linear
stationary iterative solver was used to compute the solution
for each model.

2.8. Mineralization assay

The in vivo bone bioactivity of the scaffolds was simulated by
incubating the 3D printed scaffolds in simulated body fluid
(SBF). SBF was prepared according to a protocol described by
Kokubo and Takadama®* and the final ionic concentrations
obtained were: Na* (142.0 mM), K* (5.0 mM), Mg>" (1.5 mM),
Ca** (2.5 mM), Cl~ (147.8 mM), HCO; (4.2 mM), HPO,>~
(1.0 mM), and SO, (0.5 mM). Prior to incubation, the scaf-
folds were washed with ethanol (20%, w/v) and distilled water.
Scaffolds were incubated in SBF at 37 °C for 21 days, with SBF
exchanged every 2 days. At the end, scaffolds were then thor-
oughly washed with Mili-Q® water and dried overnight at 45 °C.

2776 | J. Mater. Chem. B, 2024,12, 2771-2794

View Article Online

Journal of Materials Chemistry B

SEM (Section 2.4.1.) was used to evaluate the presence of
minerals on the different experimental groups. Additionally,
the amount of calcium deposited on each scaffold was quanti-
fied using a calcium colorimetric assay (Section 2.13.4).

2.9. Human mesenchymal stem/stromal cell culture

Human bone marrow-derived mesenchymal stem/stromal cells
(hBM-MSCs) used were part of the cell bank available at the
Stem Cell Engineering Research Group (SCERG) from the
Institute for Bioengineering and Biosciences (iBB) at Instituto
Superior Técnico-Universidade de Lisboa. hBM-MSCs were iso-
lated according to protocols previously established at iBB.*?
Bone marrow aspirates (Male 46 years) were obtained from
Centro Clinico da Guarda Nacional Republicana (GNR), Lisboa,
under the framework of ongoing collaboration agreements with
iBB. All human samples were obtained from healthy donors
after written informed consent according to Directive 2004/23/
EC of the European Parliament and of the Council of March 31,
2004, on setting standards of quality and safety for the dona-
tion, procurement, testing, processing, preservation, storage,
and distribution of human tissues and cells (Portuguese Law
22/2007, June 29), with the approval of the Ethics Committee of
the respective clinical institution. Isolated hBM-MSCs were
kept frozen in liquid/vapor nitrogen tanks until further use.
Prior to the in vitro culture assays, the hBM-MSCs were thawed
and expanded on tissue culture flasks (T-75 cm2) using low-
glucose DMEM supplemented with 10% FBS (MSC qualified)
and 1% Anti-Anti. The cells were cultured in an incubator at
37 °C and 5% CO, in a humidified atmosphere and the
medium was fully renewed every 2-3 days. All the experimental
assays were performed using hBM-MSCs between passages
3 and 5.

2.10. Assessment of hBM-MSC proliferation and morphology
using different PCL-PEDOT scaffolds

Before seeding the cells, the different scaffolds were sterilized
by exposure to ultraviolet (UV) radiation (2 h each side of the
scaffold), followed by rinsing three times with a 1% Anti-Anti
solution (in PBS) for 3 h. Afterwards, the scaffolds were incu-
bated with culture media for 1 h at 37 °C and 5% CO,.

The hBM-MSCs were seeded on the scaffolds at a density of
120000 cells per scaffold. The cell-seeded scaffolds were incu-
bated at 37 °C and 5% CO, in a humidified atmosphere for 2 h
without cell culture medium to promote initial cell adhesion.
The cultures were maintained for 7 days under standard
expansion medium (DMEM + 10% FBS (MSC qualified) + 1%
Anti-Anti) in an incubator at 37 °C and 5% CO, and the
medium was replaced every 2-3 days.

The proliferation of hBM-MSCs on the different scaffold
conditions was monitored on days 1, 4 and 7 using the
AlamarBlue™ assay following the manufacturer’s guidelines.
Briefly, a 10% (v/v) AlamarBlue™ solution diluted in cell culture
medium was added to the scaffolds and incubated at 37 °C and
5% CO, in a humidified atmosphere for 3 h. The fluorescence
intensity values were measured in a microplate reader (Infinite
200 Pro; Tecan, Switzerland) at an excitation/emission
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wavelength of 560/590 nm. For each experimental group, the
fluorescence intensity was analyzed for four independent scaf-
folds (n = 4) and acellular scaffolds were used as blank controls.

In order to evaluate the morphology of hBM-MSCs on
the different scaffolds, samples were stained with DAPI
(1.5 pg mL™" in PBS) and Phalloidin-TRITC (2 pg mL™ " in
PBS). The cells were first washed with PBS and fixed with a 4%
PFA solution for 10 min. Afterwards, cells were incubated with
blocking solution (10% goat serum and 0.2% Triton-X-100 in
PBS) for 30 min. Samples were then incubated with Phalloidin-
TRITC for 45 min in the dark. After this, the samples were
washed twice with PBS and counterstained with DAPI for 5 min.
Finally, the samples were washed with PBS and the fluores-
cence staining was imaged using a confocal fluorescence
microscope (Zeiss LSM 710, Germany).

2.11. Electrical stimulation setup design and manufacturing

Custom cell-culture plates were designed in SolidWorks (Das-
sault Systéemes SE, France). The wells were engineered to be
connected in series to guarantee that the same electrical
current magnitude passes through each cell culture well upon
stimulation. The design (online available at figshare - https://
figshare.com/s/3b1bf70b5201f236e5ea) was 3D printed in a
Flashforge Inventor FDM 3D printer (Flashforge 3D printer,
Jinhua, Zhejiang, China) using a C8 composite material fila-
ment (3D4Makers, Haarlem, The Netherlands).** The C8 mate-
rial was printed according to manufacturer’s specifications
with an infill of 100%. Medical grade stainless steel wires
316LVM (1 mm in diameter) (Tegra Medical, Franklin, MA,
USA) were used as electrodes (Fig. S7, ESIt). All the internal
surfaces of the wells, except for the electrodes, were glued and
isolated with PDMS (10:1, by weight ratio of base to curing
agent) and left to dry overnight at 55 °C.

2.12. Osteogenic differentiation of hBM-MSCs on PCL-PEDOT
and PCL scaffolds under ES

Prior to osteogenic induction, hBM-MSCs were seeded onto
PCL-PEDOT (DVS(NaOH)-Gel) and PCL(NaOH) scaffolds at a
density of 200000 cells per scaffold and cultured for 5 days
under standard expansion conditions at 37 °C and 5% CO, to
allow the initial growth and migration of cells throughout
the whole scaffold structure. Afterwards, the medium was
replaced by osteogenic induction medium composed of DMEM
supplemented with 10% FBS (MSC qualified), 10 mM of B-
glycerolphosphate, 10 nM of dexamethasone, 50 pg mL ™" of
ascorbic acid and 1% Anti-Anti and the cultured cell-seeded
scaffolds were kept for additional 21 days with complete
medium renewal every 2-3 days. For the electrical stimulation,
the cell-seeded scaffolds were carefully transferred using sterile
tweezers to the culture-plate device described in Section 2.11
and fresh osteogenic medium was added to the wells to
completely immerse the scaffolds and electrodes. Electrical
stimulation (AC, 1.2 V, period T =2 s, 1 h day ') was applied
daily during a 21-day culture period using an AFG1022 arbitrary
function generator (Tektronix, Oregon, USA) based on previous
studies. Non-stimulated PCL-PEDOT (DVS(NaOH)-Gel) and
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PCL(NaOH) scaffolds were used as controls. Cellular metabolic
activity was assessed at days 1, 7, 14 and 21 using the Alamar-
Blue assay as described in Section 2.10. For each experimental
group, six independent scaffolds were considered in the analy-
sis (n = 6).

2.13. Assessment of MSC osteogenic differentiation and
mineralization

2.13.1. Immunofluorescence analysis and xylenol orange
staining. After 21 days of osteogenic differentiation with and
without electrical stimulation, the samples were first washed
with PBS and fixed in PFA 4% for 10 min. For the immuno-
fluorescence analysis of bone specific proteins osteopontin
(OPN) and type I collagen (COL I), cells were washed with PBS
twice and permeabilized with blocking solution for 30 min at
RT. After this, each sample was incubated overnight at 4 °C with
anti-COL I or anti-OPN, both diluted 1:200 in staining solution
(5% goat serum and 0.1% Triton-X-100 in PBS). Afterwards,
samples were incubated with the secondary antibody goat anti-
mouse AlexaFluor 488 (1:250 in staining solution) for 1.5 h at
room temperature in the dark. Finally, samples were washed
twice with PBS and counterstained with DAPI (1.5 pg mL ™" in
PBS) for 5 min at 37 °C. Samples were visualized using confocal
fluorescence microscopy (Zeiss LSM 710, Germany).

Xylenol orange staining was used to assess the presence of
mineral deposits within the samples after 21 days of osteogenic
differentiation with and without electrical stimulation. Briefly,
previously fixed cell-seeded 3D scaffolds were incubated with
xylenol orange red solution (20 mM) for 1 h at room tempera-
ture. The scaffolds were washed with PBS, counterstained with
DAPI (1.5 pg mL ™" in PBS) for 5 min and washed once again
with PBS. The fluorescence staining was imaged using a con-
focal fluorescence microscope (Zeiss LSM 710, Germany).

2.13.2. SEM. Fixed cells were dehydrated by incubation
(30 min per step) with increasingly concentrated ethanol solu-
tions (20%, 40%, 60%, 80%, and 96%). Cell drying was per-
formed by incubating (30 min per step) the dehydrated cells
with increasing amounts of HMDS added to 96% ethanol (1:2,
1:1, and 2:1). Finally, cells were left in pure HMDS and left to
dry at RT in a fume hood. Cells were then coated with gold/
palladium and imaged using SEM (Section 2.4.1.).

2.13.3. Alkaline phosphatase (ALP) quantification assay.
ALP activity was assessed for hBM-MSCs after 21 days of
osteogenic differentiation on PCL-PEDOT (DVS(NaOH)-Gel)
and PCL(NaOH) scaffolds, without and with ES (n = 3). ALP
activity was quantified using a colorimetric ALP kit (BioAssays
Systems), following the manufacturer’s guidelines. Briefly,
samples were washed with PBS and incubated in a 0.2% Triton
X-100 solution overnight at room temperature. p-Nitrophenyl
solution (10 mM) was added to the lysates, and the obtained
absorbance was measured at 405 nm using a microplate reader
(Infinite 200 Pro; Tecan). The values were collected in dupli-
cates for each sample, averaged and normalized to cell meta-
bolic activity of the respective scaffold sample obtained using
AlamarBlue™ assay.
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2.13.4. Calcium staining and quantification. PCL(NaOH)
and DVS(NaOH)-Gel samples, obtained after 21 days of hBM-
MSC osteogenic differentiation, were washed with PBS and
incubated in a 1 M HCI solution overnight under agitation at
150 rpm. The obtained supernatants were collected, and the
calcium content was quantified using a colorimetric assay kit
following the manufacturer’s instructions. Briefly, 50 pL of
sample and calcium standards were mixed with 90 pL of
chromogenic reagent and 60 pL of calcium assay buffer. The
absorbance was measured at 575 nm (n = 3), with acellular
scaffolds used as blank controls. Calcium standard solutions
(0, 0.4, 0.8, 1.2, 1.6 and 2.0 pg well ') were used to create a
calibration curve, which allows the estimation of the calcium
content in each sample. The obtained calcium content values
were normalized to scaffold mass (mineralization assay) or the
cell metabolic activity of each respective scaffold (MSC
differentiation).

2.13.5. RNA extraction and gene expression analysis by
quantitative real time polymerase chain reaction (qRT-PCR).
Total RNA was extracted using the RNeasy Mini Kit following
the manufacturer guidelines. The scaffolds were first incubated
in lysis buffer under 200 rpm agitation for 1.5 h in ice before
extraction and purification. RNA concentration was determined
using a NanoVue Plus spectrophotometer (GE Healthcare,
Chicago, IL, USA). cDNA was synthesized using a T100™ ther-
mal cycler (BioRad, Hercules, CA USA). qRT-PCR analysis (n = 3)
was performed using a StepOnePlus real-time PCR system
(Applied Biosystems). The primer sequences used in the qRT-
PCR analysis are presented in Table 2. The results obtained
were analyzed using the 27*“ method to determine relative
changes in specific osteogenic marker gene expression com-
pared with the control sample (hBM-MSCs at day 0). Gene
expression was primarily normalized to the housekeeping gene
(Gapdh) and then determined as a fold-change relative to the
baseline expression of the target genes in the control sample.

2.14. Statistical analysis

All data are presented as mean values + standard deviations
(std). Statistical analysis for the physico-chemical characteriza-
tion data was performed using Microsoft Excel. Significant
differences between groups were measured using the ANOVA
test, followed by post hoc analysis and Bonferroni correction.
p < 0.05 was considered statistically significant. For calcium
quantification, ALP activity and qPCR analysis, statistical ana-
lysis of the data was performed using one-way ANOVA, followed
by Tukey’s post hoc test. GraphPad Prism version 7 software was

Table 2 Sequences for the primers used in this study
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used in the analysis and data were considered to be significant
when p-values obtained were less than 0.05 (95% confidence
intervals) (*p < 0.05, **p < 0.01, and **p < 0.001).

3. Results and discussion

PCL and PEDOT:PSS are not compatible polymers due to
their distinct physico-chemical properties and required proces-
sing strategies. PEDOT:PSS and PCL cannot be easily dispersed
in a common solvent, which limits the production of
reliable blend filaments for 3D-extrusion. Another limitation
is that the stability and electroconductivity of PEDOT:PSS are
temperature-dependent,*® which limits its use in 3D-extrusion.
Contrary to other materials, such as graphene, if PEDOT:PSS
was to be physically dispersed in PCL its electroconductivity
would be compromised. This would be due to the absence of
pseudo-doping agents (e.g. DMSO, EG, and methanol)*® and
cross-linkers (e.g. GOPS, DVS, and oxetanes),>>***” which
hampers its electroconductivity and stability in water. Never-
theless, we were successful in optimizing a simple, reliable,
and versatile method to produce electroconductive scaffolds
using 3D-extruded PCL and PEDOT:PSS coatings. This
was done through harnessing the material chemistry of
both PCL, through alkaline treatment, and PEDOT:PSS,
through optimization of the cross-linkers used (GOPS and
DVS), to create both electroconductive and stable bi-layer
composites. Finally, since no direct synthesis was performed
for the coating, as explored in other works in the literature,*®*°
the number of side-products and residues in the final scaffolds
is also lower.

3.1. Coating performance and stability on extruded films

The goal of this work was to produce an electroconductive and
stable 3D-extruded scaffold suitable for bone tissue engineering
applications. Our approach relied on coating a 3D-printed PCL
scaffold with PEDOT:PSS using two different cross-linkers:
GOPS and DVS. These cross-linkers have been widely studied
for the production of water-stable PEDOT:PSS substrates for
diverse electronic applications.*>**>! Due to their cross-linking
chemistry, we envisaged these to be capable of both stabilizing
PEDOT:PSS and anchoring it to the PCL surface following a
preliminary alkaline treatment of PCL. This treatment of PCL
with NaOH(aq) is expected to promote some superficial PCL
hydrolysis, forming carboxylic/hydroxyl groups that could react
with the cross-linking agent. The treatment should improve
the wettability of the PCL surface. The use of GOPS and DVS

Gene Fwd primer sequence Rev primer sequence

GAPDH 5-GGTCACCAGGGCTGCTTTTA-3’ 5'-CCTGGAAGATGGTGATGGGA -3’
RUNX2 5’-AGATGATGACACTGCCACCTCTG-3’ 5-GGGATGAAATGCTTGGGAACT-3’
0OSX 5'-CTGGACATGACACACCCCTAT-3’ 5'-GCTGGATTAAGGGGAGCAAAG-3’
COL1I 5-CATCTCCCCTTCGTTTTTGA-3’ 5'-CCAAATCCGATGTTTCTGCT-3'
oC 5'-TGTGAGCTCAATCCGGCATGT-3’ 5'-CCGATAGGCCTCCTGAAGC-3’
OPN 5-CAGGTCTGCGAAACTTCTTAG-3' 5'-CTCCATTGACTCGAACGACTC-3'
CACNAIC 5'-GTACAAAGACGGGGAGGTTGAC-3’ 5-GTAGTTGTAGATGGGGCCCTTG-3'
2778 | J Mater. Chem. B, 2024,12, 2771-2794 This journal is © The Royal Society of Chemistry 2024
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cross-linkers was necessary to produce a homogeneous
electroconductive coating of PEDOT:PSS. This was due to the
inability of commercial PEDOT:PSS solution to form a contin-
uous film on either PCL and PCL(NaOH). Finally, gelatin was
included in the PEDOT:PSS formulation to increase the bioac-
tivity of the coating obtained. We analyzed the integrity of the
PEDOT:PSS coating on extruded PCL films by evaluating their
contact angle, electroconductivity and stability in PBS for
21 days.

3.1.1. Surface properties. The first step was to analyze the
surface properties of PCL and PEDOT:PSS coated PCL extruded
films through contact angle measurement and FTIR analysis.
Films were used instead of the scaffold in order to minimize the
influence of substrate topography and porosity on the obtained
results.’>>* The results are summarized in Fig. 3(A),(B) and
Table 3. PCL and PCL(NaOH) samples, our controls, yielded
contact angles of 80° and 59°, indicating that alkaline treat-
ment was successful in increasing the hydrophilicity of the
surface in a statistically significant way. When solution 1
(PEDOT:PSS + GOPS) was used for coating, the contact angle
decreased to 57° for the pristine scaffold (GOPS) but remained
constant at 56° for the alkaline-treated scaffold (GOPS(NaOH)).
When gelatin was added to the coating of PCL-NaOH scaffolds
(solution 2), the contact angle further decreased to 18°
(GOPS(NaOH)-Gel), which was statistically different from sam-
ple GOPS(NaOH).

When solution 3 (PEDOT:PSS + DVS) was used for coating,
both PCL and PCL(NaOH) samples, the contact angle decreased
to 49° (DVS) and 46° (DVS(NaOH)), respectively. When gelatin

A ' : c1
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(80£29) (59£2°)

++
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(57£8°)

DVS DVS(NaOH)
(49£4°) (4642°)
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(56£5°)

GOPS(NaOH)-Gel
(1811°)

DVS(NaOH)-Gel
®19)

w
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was added to the coating of PCL-NaOH scaffolds (solution 4),
the contact angle greatly decreased to 7.9° (DVS(NaOH)-Gel).
Such a decrease was statistically significant for the sample
DVS(NaOH).

The FTIR spectra for all samples are depicted in Fig. 3(B)
(and also Fig. S1 (raw materials), ESIT). The spectra of PCL
(spectrum a) and PCL(NaOH) (spectrum b) evidence the char-
acteristic peaks at 2938/2861 cm ™", for asymmetric/symmetric
CH, bands, 1704 cm™', for carbonyl groups, and 800-
1500 cm™ ', for the characteristic fingerprint region.’*>* The
same peaks are visible for samples GOPS (spectrum c),
GOPS(NaOH) (spectrum d), DVS (spectrum f) and DVS(NaOH)
(spectrum g), along with small peaks at 1538 cm ™", for aromatic
rings of PEDOT:PSS.>® The peak centered at 3480 cm ™", for free
OH/NH groups is also visible but it is more intense for samples
GOPS(NaOH)-Gel (spectrum e) and DVS(NaOH)-Gel (spectrum
h). The spectrum of DVS(NaOH)-Gel (spectrum h in Fig. 3(B))
and to a lesser extent the spectrum of GOPS(NaOH)-Gel show
the PCL characteristic peaks in the 800-1500 cm™* spectral
region, but their relative intensity is much lower, suggesting the
presence of a thicker coating layer. Finally, the addition of
gelatin to the PEDOT:PSS coating (spectra e and h) is associated
with a change in the fingerprint region. This is more evident
for sample DVS(NaOH)-Gel, whose respective peaks change in
intensity and shape when compared with those of DVS(NaOH)-
Gel. Such a change is similar to that observed by Sridharan and
colleagues® for coaxial PCL/Gelatin fibers and indicates the
formation of a 2 layer composite consisting of PCL and a
gelatin-coating.
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[ 0vs
[ OVS(NaOH)
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Fig. 3 Characterization of the different PEDOT-based coatings tested on 3D-extruded PCL films (A) Contact angle profiles obtained for the different
combinations tested (mean =+ std, n = 6, * means p < 0.05 compared to PCL). (B) Respective FTIR spectra of the samples: (a) PCL, (b) PCL(NaOH),
(c) GOPS, (d) GOPS(NaOH), (e) GOPS(NaOH)-Gel, (f) DVS, (g) DVS(NaOH), and (h) DVS(NaOH)-Gel. (C) Stability assay results for 21 days for the different
PEDOT-based coatings tested; (C1) electroconductivity changes (n = 5) at different timepoints and (C2) FTIR spectra recorded at day 21 of samples (c’)
GOPS, (d') GOPS(NaOH), (e') GOPS(NaOH)-Gel, (f') DVS, (g') DVS(NaOH), and (h’) DVS(NaOH)-Gel.
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Table 3 Summary of the physico-chemical properties of the different PEDOT:PSS coatings tested in this work (results presented as mean + std, (*)
means p < 0.05 when compared to PCL, (+) means p < 0.05 when compared with PCL(NaOH), (a) means p < 0.05 when compared to GOPS/DVS

samples without gelatin)

GOPS(NaOH)- DVS(NaOH)-
Films PCL PCL(NaOH) GOPS GOPS(NaOH) gel. DVS DVS(NaOH) gel.
Electroconductivity (S cm™") — — 7.2 +3.2 3.0 £2.7 20.1 £ 5.7 8.6 +£4.2 6.1 + 4.0 11.3 £ 3.2

Contact angle (°)

79.9 + 2.0 59.0 + 2.3 (*) 57.2 + 8.0 (*) 55.8 + 4.9 (*) 18.3 £ 0.9 (*)(a) 49.0 + 4.1 (*) 46.4 + 2.1 (*) 7.9 + 0.7 (*)(a)

Scaffolds PCL PCL(NaOH) GOPS

GOPS(NaOH)

GOPS(NaOH)-gel DVS DVS(NaOH) DVS(NaOH)-gel

Young’s modulus (MPa) 8.8+0.2 8.6=£03
Mineralization at day 21 (ng mg™") 0.41 4+ 0.36 0.45 + 0.24 —
Adhesion (%) 10.1 £+ 14 123 £13 —

DVS-based samples had the most hydrophilic coatings. This
is in line with our previous observations for PEDOT:PSS films
spin-coated on glass substrates.*® Samples whose PEDOT:PSS
coating contained gelatin presented the lowest contact angle
values of our study. In a different work, Ghasemi-Mabarakeh
and colleagues®® observed that increasing the gelatin content of
PCL-gelatin electrospun fibers leads to decreased contact
angles. In our work, gelatin is present within the PEDOT:PSS
layer. As such, these results, together with the FTIR spectra,
indicate a successful incorporation of gelatin in the coating of
our samples, which can potentially improve their bioactivity
and promote the adhesion and growth of MSCs.>*®°

3.1.2. Electroconductivity and chemical stability. The elec-
troconductivity of the different PEDOT:PSS coatings produced
was evaluated on 2D films, and not on 3D scaffolds, to facilitate
the necessary measurements. The results are summarized in
Fig. 3(C1) and Table 3. Both GOPS (7.2 S cm ') and DVS (8.6 S
em ') samples had similar electroconductivity values, indicat-
ing the formation of an electroconductive coating at the surface
of pristine PCL films. Samples GOPS(NaOH) (3.0 S cm ') and
DVS(NaOH) (6.1 S cm™ ") were also electroconductive, indicat-
ing that the alkaline treatment of PCL films does not interfere
with the formation of the coating. The obtained electroconduc-
tivity values are higher than physiological values reported
for cancellous/trabecular bone (0.079 S m ).°’ Considering
our final application of ES of cultured cells, we believe that such
a difference might not negatively impact cell health and/or
differentiation.

Electroconductivity slightly increased for samples GOPS
(NaOH)-Gel (20.1 S cm™ ') and DVS(NaOH)-Gel (11.3 S cm™ %),
suggesting a positive effect of gelatin incorporation on electro-
conductivity. Such a phenomenon was not expected, as gelatin
is an insulator. According to Huang and colleagues,®> low-
molecular weight poly(ethylene oxide) has pseudo-doping prop-
erties and is capable of cross-linking PSS through its ether
groups in an acidic environment. We speculate that a similar
phenomenon could have happened between gelatin and PED-
OT:PSS, which can also explain the electrical stability of pre-
viously reported gelatin-PEDOT:PSS scaffolds.® To better
clarify this phenomenon, we studied the corresponding spin-
coated PEDOT:PSS films.

The main results for the obtained spin-coated PEDOT:PSS
films are summarized in Fig. S3 (ESIt). Sample fDVS is the most

2780 | J. Mater. Chem. B, 2024,12, 2771-2794

8.8+ 0.5 8.4 + 0.5
2.66 + 0.32 (¥)(+) 3.08 + 0.21(*)(+) —
21.0 £ 5.5 14.2 £ 2.2

10.2 + 0.1(*)(+) 8.8+ 0.2 9.1+ 0.1 10.6 + 0.0(*)(+)

1.29 + 0.57 1.97 £ 0.63
— 9.8 +23 21.7%5.9

electroconductive (1071 S cm™') among the tested samples
(Fig. S3(A), ESIf). It is statistically different from samples
fDVS-Gel (290 S ecm™'), fGOPS (240 S cm ') and fGOPS-Gel
(67 S em™"). Such a trend was not observed for the PCL-
PEDOT:PSS films. A closer analysis of the thickness of the
spin-coated films (Fig. S3(B), ESIT) reveals dramatic differences.
Samples fGOPS-Gel (46305 A) and fDVS-Gel (14917 A) showed
higher thicknesses when compared with samples fGOPS
(1333 A) and fDVS (869 A). These results suggest that the
amount of immobilized material is higher for samples f{GOPS-
Gel and fDVS-Gel. Finally, we used the UV/Vis (Fig. S3(C), ESIt)
and NIR (Fig. S3(D), ESIt) spectra of the obtained spin-coated
PEDOT:PSS samples to evaluate how gelatin interferes with
PEDOT:PSS. The addition of gelatin does not significantly affect
the characteristic peak at 223 nm, but instead induces the
formation of a smaller peak at 260 nm. Addition of gelatin
negatively interferes with the conduction band, especially in
sample fGOPS-Gel (1100-2300 nm) when compared to fGOPS.
This effect is less pronounced in sample fDVS-Gel (1400-
2300 nm), where the conduction band is slightly less intense
than in fDVS. As such, we conclude that the addition of Gel to
PEDOT:PSS films negatively interferes structurally with PED-
OT:PSS, which affects its electroconductivity, but the use of DVS
as the cross-linker avoids this.

The stability of the different PEDOT:PSS coatings was eval-
uated in vitro and by mimicking the physiological conditions of
pH and osmolarity. The results obtained are shown in
Fig. 3(C1) (electroconductivity changes for 21 days), Fig. 3(C2)
(FTIR of samples at day 21), and Fig. S2 (ESIt) (FTIR of samples
at days 1, 7 and 14). Electroconductivity of the coating was
stable for all samples through the whole duration of the assay,
with no significant statistical differences found among the
samples from different timepoints.

FTIR shows minimal differences regarding the chemistry of
all samples. The exception was sample DVS(NaOH)-Gel, which
displays the most complex spectra of all samples. Its FTIR
spectra at day 1 are completely different from those recorded
for the dry film (Fig. 3(B)), in particular in the region 2000-
800 cm ', Starting at day 1, and for the following 7 and 14 days
(Fig. S2, spectra f, ESIt), a broad peak region appears between
1200 cm ™' and 1600 cm ', which matches the characteristic
fingerprint region of gelatin containing amide peaks. A long
band between 2000 cm ™' and 3600 cm™ " is visible, suggesting

This journal is © The Royal Society of Chemistry 2024
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the co-existence of free amine/hydroxyl and ketone groups at
the superficial region of the sample.*® While these can arise
from the EG additive, as described by Mantione and
colleagues,®® other potential sources are the gelatin or cross-
linked PEDOT:PSS.**®* At day 21 (Fig. 3(C2), spectrum h’) the
long band at 2000-3600 cm ™" becomes less intense, and the
fingerprint peaks of gelatin (800-1500 cm ') are still visible,
and the fingerprint region of PCL (800-1500 cm ') is not
observed, suggesting a potential swelling of the PEDOT:PSS
coating.

The characteristic gelatin peaks at 1200-1650 cm ™" (Fig. S1,
spectrum ¢, ESIf) are visible on the FTIR spectra of both
samples GOPS(NaOH)-Gel and DVS(NaOH)-Gel at both days 0
and 21. These peaks are associated with amide groups,®® which
present reactive spots for GOPS/DVS nucleophilic attack and
consequent amide-to-ester conversion during cross-linking.

The spectra of both samples GOPS(NaOH)-Gel and
DVS(NaOH)-Gel change after 21 days of incubation with PBS.
For sample GOPS(NaOH)-Gel, the fingerprint regions at days 21
(Fig. 3(C2), spectra €', 800-1.400 cm ') 14, 7 and 1 (Fig. S2,
spectra ¢, ESIt) resemble that of GOPS(NaOH) at day 0
(Fig. 3(B), spectra e). Since no changes in electroconductivity
were found for this same sample, we hypothesize that these do
not compromise the PEDOT:PSS coating per se. For sample
DVS(NaOH)-Gel, the fingerprint region changes and new peaks
at 1471 em ™', 1271 em ™' and 995 cm™ " appear. These peaks
partly overlap those of gelatin raw material (Fig. S1, spectrum c,
ESIY). Similar changes are observed for the other timepoints of
the stability assay (Fig. S2, ESIt). While the DVS(NaOH)-Gel
system is chemically complex, making the changes in the
fingerprint region difficult to interpret, we can speculate that
these changes can be attributed to gelatin chain rearrangement
that occurs after water retention. In this case, the obtained
coating is more stable and more efficient at retaining chemi-
cally bonded gelatin, which prevents its lixiviation and allows
the coating to retain its bioactivity. As such, we hypothesize that
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sample DVS(NaOH)-Gel will have a higher bioactivity when
compared with sample GOPS(NaOH)-Gel.

3.2. Coating performance on extruded PCL scaffolds

The data obtained for the PEDOT:PSS-coated PCL films suggest
the formation of an electroconductive, stable (up to 21 days)
and thin coating in all samples tested. The next step of our
work was to produce corresponding 3D PEDOT:PSS-coated PCL
scaffolds that can be used for bone TE applications. We
evaluated the effect of different PEDOT:PSS coatings on critical
properties of the obtained scaffolds, including morphology,
mechanical properties, in vitro mineralization, MSC adhesion
and proliferation, and electrical field distribution.

3.2.1. Morphology and mechanical properties. 3D-
extruded PCL scaffolds were treated and/or coated with the
different PEDOT:PSS solutions already tested. The design was
adapted from our previous work: the orthogonal structure (0-
90° between fibers in two consecutive double-printed layers).®”
A similar design of the scaffold used in this work, including
fiber/pore diameter and porosity, was used in our previous
work for BTE applications.”® In that work, we improved
scaffold bioactivity for bone applications by immobilizing the
decellularized MSC-derived ECM on its surface. Other works
also made use of similar scaffold design for creating electro-
conductive and/or bioactive scaffolds for bone regeneration
strategies.>***°%%° Nevertheless, changing the scaffold design
to a more bone biomimetic structure can be easily achieved by
CAD design methods or through the digitalization of a recon-
structed micro-CT image of bone trabeculae tissue.

The morphology of the obtained PCL and PCL-PEDOT:PSS
coated scaffolds (SEM and MicroCT) is shown in Fig. 4. SEM
images reveal an overall smooth surface in all the obtained
samples. Small cavities can be seen in the higher magnification
images of samples PCL, GOPS(NaOH), GOPS(NaOH)-Gel,
DVS(NaOH) and DVS(NaOH)-Gel, which originate from PCL.>*
They can provide extra surface area for cell adhesion. Other

[ [ oo |

PCL(NaOH)
U] ,: vde;
1P S

SEM

MicroCT

Fig. 4 SEM images of the PCL and PCL-PEDOT:PSS-based scaffolds produced with different combinations of cross-linker (GOPS or DVS) and bioactive

motifs (Gel). Scale bars are depicted in the SEM images.
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imperfections are seen, such as powder deposits (GOPS,
GOPS(NaOH)) and a flat first layer (DVS, DVS(NaOH) and
DVS(NaOH)-Gel), but they are attributed to the sample prepara-
tion process for SEM analysis.

MicroCT images also evidence homogeneous scaffolds with
limited imperfections, independently of the chemical treat-
ments and coating solutions used. The different structural
properties of the scaffolds are summarized in Table 4. All
scaffolds have a pore interconnectivity of around 100%, which
is highly favorable for the diffusion of nutrients, oxygen and
soluble factors, as well as cell migration and proliferation.
Other structural parameters are relatively constant and do not
vary for different samples, including porosity (59%), superficial
area per volume (14.4 mm™ '), pore size (293 um) and fiber
diameter (305 um). This indicates that the scaffold fabrication
process is highly reproducible and that both the alkaline
treatment and PEDOT:PSS coating of the scaffolds do not
greatly affect the scaffolds’ morphological features.

In this work, the average porosity of the scaffolds obtained is
59%, slightly lower than the average porosity found for trabe-
cular bone as described by Renders and colleagues™ (79.3 =+
5.1%) but higher than the value described for cortical bone
porosity by Bousson and colleagues’ (15.88 + 9.87%). We
consider that the value obtained is appropriate for future bone
TE applications, as it allows the growth and osteogenic differ-
entiation of MSCs, with free flow of culture media.?® Poten-
tially, these scaffolds can be used for the regeneration of
trabecular bone or be integrated into cortical bone after appro-
priate cell colonization and ECM deposition.””

The next step in our work was to evaluate the mechanical
properties of the obtained scaffolds under compression, to
mimic the loads naturally exerted in bone tissue in vivo. The
main results, including the obtained stress-strain curves, the
compressive Young’s modulus, and the maximum stress, are
summarized in Fig. 5 and Table 3. The compressive modulus of
PCL (8.8 & 0.2 MPa) and PCL(NaOH) (8.6 + 0.3 MPa) scaffolds
indicates that the chemical treatment with NaOH did not
impair the stiffness of the scaffold. Compared with PCL and
PCL(NaOH) samples, no statistically significant changes in the
compressive modulus occurred for samples GOPS (8.8 =+
0.5 MPa), GOPS(NaOH) (8.4 + 0.5 MPa), DVS (8.8 + 0.2 MPa),
and DVS(NaOH) (9.1 + 0.1 MPa). This indicates that the
presence of a PEDOT:PSS coating does not compromise
the stiffness of the scaffold. The incorporation of gelatin
leads to a statistically significant increase in the compressive
moduli of samples GOPS(NaOH)-Gel (10.2 + 0.1 MPa) and
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DVS(NaOH)-Gel (10.6 + 0.0 MPa). The obtained compressive
modulus is lower than that obtained in our previous works,>?
which we attribute to the use of a different commercially
available PCL filament. Huang and colleagues” tested PCL
scaffolds prepared with different bioinks and found that the
use of organic solvents for preparation (e.g., 2-butoxyethanol)
lead to a decrease in the final scaffold stiffness (10 MPa). The
authors attribute this decrease to the residual solvent that
increases the PCL chain mobility and reduces the crystal-
lization of PCL. However, osteogenic differentiation efficiency
was not compromised in these scaffolds.

The Young’s modulus values obtained for all scaffolds under
compressive testing showed an inferior stiffness when compar-
ing to the range found for cancellous/trabecular bone (50-100
MPa)."” However, these values vary greatly depending on the
bone origin along with the sex (male/female vertebrae - 55.6/
35.1 MPa; male/female tibia — 34.6/23.1 MPa), age and health
conditions of the sample donor.”* The lower value obtained for
the compressive modulus should not be seen as a limitation for
using these scaffolds in bone applications, since bone TE
strategies for defect repair in most demanding regions may
include central rigid supports to guarantee proper load transfer
and surroundings until cell colonization and mineralization
can improve their mechanical properties.””””” The obtained
Young’s modulus for the obtained PCL scaffolds is lower
than the values reported in previous works using similar
scaffolds.”>*>’® However, a study from Olubamiji and
colleagues’ reported compressive modulus within the same
range of the ones obtained in this work for PCL scaffolds with
the same fiber orientation (0-90°), fiber diameter and similar
porosity. These differences can be due to the properties of the
used PCL raw material, including molecular weight and
crystallinity.”>®° It was previously shown that the mechanical
properties could be further finetuned by changing the archi-
tecture of the designed PCL scaffolds.>™”® This shows the
versatility of our developed PCL-PEDOT:PSS scaffolds and its
potential applications in BTE.

The maximum stress of samples GOPS (1.5 £+ 0.4 MPa),
GOPS(NaOH) (1.2 + 0.4 MPa), DVS (1.3 + 0.2 MPa), and
DVS(NaOH) (1.6 + 0.2 MPa) decreased significantly when
compared with those of PCL and PCL(NaOH) samples, which
did not break at 50 N/5 MPa. This suggests that the incorpora-
tion of the PEDOT:PSS coating on PCL scaffolds increases
the fragility of the scaffolds. The incorporation of gelatin
in the PEDOT:PSS coating improved the maximum stress
of samples GOPS(NaOH)-Gel (no break) and DVS(NaOH)-Gel

Table 4 Summary of the different structural properties of the scaffolds (results are presented as the obtained value when n = 1, or as mean =+ std

when n = 3)

Scaffolds PCL PCL(NaOH) GOPS  GOPS(NaOH) GOPS(NaOH)-Gel DVS DVS(NaOH) DVS(NaOH)-Gel
Interconnectivity (%) 99.9 100.0 99.9 100.0 99.9 99.9 100.0 99.9

Porosity (%) 59.1 61.1 59.8 59.9 58.9 57.1 59.5 59.8

Superficial area per volume (mm_l) 14.3 15.2 14.3 14.4 14.8 13.3 13.49 15.3

Pore size (um] 285 4+ 33 287 + 46 308 4+ 42 294 + 27 294 + 28 280 4+ 47 297 + 35 299 + 30

Fiber diameter (um) 311 £ 30 311 £ 50 290 4+ 47 311 + 27 308 4+ 37 315 = 50 304 + 32 292 + 30
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Fig. 5 Mechanical performance of PCL-PEDOT scaffolds and respective
PCL controls under compressive testing: (A) stress—strain curves, (B)
compressive Young's modulus and (C) maximum stress (mean + std, n =
5; (*) means p < 0.05 compared to all samples except GOPS; (**) means
p < 0.05 compared to all samples; (***) means p < 0.05 when compared
to DVS(NaOH)-Gel).

(3.3 £ 0.1 MPa). This is potentially due to the effect of more
favorable mechanical properties of gelatin on the PEDOT:PSS
coating.®

We hypothesized that the changes in the mechanical proper-
ties of PCL-PEDOT:PSS scaffolds could be due to changes in the
materials chemistry due to pH and heat treatment. To under-
stand this, we treated pristine PCL and PCL(NaOH) scaffolds
with an aqueous solution of H,SO, with a pH of 2, to mimic

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

PEDOT:PSS incubation, and/or heated them at 50 °C, to mimic
the drying/cross-linking conditions. The obtained results are
summarized in Fig. S3 (ESIT). Neither of the conditions tested
impaired the stress-strain curves of both PCL and PCL(NaOH)
scaffolds, as neither of the scaffolds broke before 50 N/5 MPa
was reached. What is also remarkable is the statistically sig-
nificant increase in the compressive modulus of the samples.
This leads us to hypothesize that the changes in the mechanical
properties of PCL-PEDOT:PSS scaffolds are mainly caused by
the PEDOT:PSS layer. It is possible that such a drastic change in
the maximum stress of the samples is a consequence of the
cross-linking between PCL and the PEDOT:PSS layer. Due to the
brittleness of PEDOT:PSS, the PEDOT:PSS layer should break
first during the compressive test.*"** The presence of cross-
linking bonds between PEDOT:PSS and PCL, via GOPS or DVS,
can lead to the propagation of cracks to the PCL scaffold,
favoring its mechanical break.

3.2.2. Bioactivity and in vitro performance. The developed
PCL-PEDOT:PSS scaffolds present interesting physico-chemical
and mechanical properties to be used for ES studies to improve
the osteogenic differentiating MSCs. Before we conducted those
experiments, we decided to evaluate the bioactivity and in vitro
performance of the obtained scaffolds. First, we conducted a
mineralization assay using SBF, followed by a proliferation
assay with MSCs.

The suitability of scaffolds for bone TE applications will
depend on their ability to be (bio)mineralized. In mature bone,
hydroxyapatite [(Ca),o(PO4)s(OH),] (HAp) composes 60% of the
tissue vs. 40% of organic components, providing both mechan-
ical and structural support to the body and acting as a calcium
and phosphate ion deposit for the cells. Osteoblasts can
regulate HAp formation through regulation of calcium secre-
tion and phosphate metabolism. HAp is immobilized by type 1
collagen fibrils, the most abundant organic compound in bone
(90%).8%84

The ability of a material to allow the deposition of HAp can
greatly contribute to bone regeneration and allow adequate
osteoblast/osteoclast colonization.*> We investigated the bio-
mineralization of our scaffolds using SBF, a synthetic solution
with the ionic composition and concentration as the human
plasma. SBF has been used to evaluate the biomineralization of
materials suitable for bone repair applications without the
need for living cells. When materials are dipped in SBF, HAp
gradually deposits on their surface. The more HAp is deposited,
the more efficient cell colonization and tissue integration are
expected to be. Fig. 6 summarizes the main results obtained.
HAp deposition was evaluated through quantification of cal-
cium content in the scaffolds tested (Fig. 6(A)) and comple-
mented with SEM visualization of the deposited mineral
crystals (Fig. 6(B)). Both PCL and PCL(NaOH) samples have
small crystals deposited at their surface, and these were
visually more numerous in PCL(NaOH). Both scaffolds had
similar amounts of calcium (0.41 + 0.36 ng mg ' vs. 0.44 +
0.24 ng mg ' respectively), and no statistically significant
difference was found between them. The amount of calcium
was higher for samples GOPS(NaOH) (2.66 + 0.32 ng mg '),
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Fig. 6 Mineralization assay using SBF (A) Quantification of calcium content per different treatments tested (mean + std, (*) means p < 0.05 when
compared to PCL and PCL(NaOH)); (B) SEM images of the different scaffolds after 21 days of incubation in SBF (crystals locations highlighted with arrows).

Scale bars are depicted in the images.

GOPS(NaOH)-Gel (3.08 + 0.21 ng mg™ '), DVS(NaOH) (1.29 =+
0.58 ng mg ') and DVS(NaOH)-Gel (1.97 + 0.63 ng mg ).
Calcium content values for samples GOPS(NaOH) and
GOPS(NaOH)-Gel were the highest among the different
conditions and both were statistically different from those of
pristine PCL and PCL(NaOH). Calcium contents for samples
DVS(NaOH) and DVS(NaOH)-Gel were slightly lower and not
statistically different from those for PCL/PCL(NaOH) samples
and GOPS(NaOH)/GOPS(NaOH)-Gel samples. SEM images
(Fig. 6(B)) revealed the presence of small crystal deposits on
all samples, confirming the presence of HAp deposited on all
the PEDOT:PSS coated samples.

The in vitro mineralization of PCL scaffolds had been
described before. Xie and colleagues” report the mineraliza-
tion of PCL and PCL-poly(dopamine) electrospun fibers in 10x
SBF (SBF ten times more concentrated). PCL alone allowed
mineralization, with crystals being deposited at its surface,
while PCL-poly(dopamine) greatly enhanced mineralization,
with denser and regular crystals being deposited at its surface.
The inclusion of electroconductive polymers and/or other
bioactive cues also favors the mineralization of scaffolds. Park
and colleagues®® reported an enhancement in the mineraliza-
tion of PCL fibers when increasing amounts of poly(thiophene)
nanoparticles are incorporated. Rajzer and colleagues®®
reported successful mineralization of PCL electrospun fibers
in 1x SBF when nano-HAp powder was incorporated, and even
when poly(aniline) was printed on top. Overall, these observa-
tions support our observations of successful mineralization of

2784 | J Mater. Chem. B, 2024, 12, 2771-2794

both PCL/PCL(NaOH) samples and the enhancement observed
when PEDOT:PSS coating was applied.

The differences in the calcium content between
GOPS(NaOH) and DVS(NaOH) samples can be explained by
differences in the surface properties of the PEDOT:PSS coatings
obtained. Both GOPS and DVS react with PSS, via the formation
of sulfonate esters (R-O-SO,-R’), to create insoluble moieties
that anchor PEDOT chains. PEDOT:PSS films cross-linked with
GOPS, which already possesses silicate (Si-O-CHj) groups, will
also possess siloxane (Si-O-Si) groups at their surface.’® Silox-
ane groups are also present on bioglass, a material that greatly
promotes mineralization of scaffolds.’” PEDOT:PSS films cross-
linked with DVS are predicted to have sulfonyl (R-SO,-R’) and
ether (R-O-R’) groups, after cross-linking with both PSS and
EG.’"®® Calcium sulfate, a similar compound enriched in
sulfur-based functional groups, has inferior in vivo perfor-
mance for scaffold mineralization when compared with stan-
dard HAp.*® We hypothesize that siloxane and silicate groups
from GOPS are more effective in adsorbing calcium than the
sulfonyl/ether groups from DVS, which explains the different
calcium contents in samples GOPS(NaOH) and DVS(NaOH).

The addition of gelatin to the PEDOT:PSS coating further
enhances the calcium content of the coatings. Gelatin is mainly
composed of denatured type 1 collagen, the main component of
the bone ECM. Collagen promotes tissue mineralization
through a combined mechanism of calcium absorption, poten-
tially promoted by charged aminoacids, and mineral entrap-
ment between fibrils. While the 3D structure of collagen is lost

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tb02673f

Open Access Article. Published on 06 February 2024. Downloaded on 4/1/2026 12:25:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

in gelatin, it is possible that the same charged aminoacids can
serve as HAp nucleation sites and promote mineralization. This
can explain the observed improvements in calcium content
(Fig. 6(A)) and deposited minerals (Fig. 6(B)) observed for both
samples GOPS(NaOH)-Gel and DVS(NaOH)-Gel.

Overall, the four combinations of PCL-PEDOT:PSS scaffolds
tested allowed successful biomineralization. The results sug-
gest (1) a positive influence of the PEDOT:PSS coating on HAp
deposition, (2) a PEDOT:PSS coating cross-linked with GOPS
promotes higher calcium deposition than the PEDOT:PSS coat-
ing cross-linked with DVS, and (3) the addition of gelatin
slightly increases calcium deposition on the scaffolds.

The final step of our in vitro performance studies was to
conduct a proliferation assay with MSCs. The main results are
summarized in Fig. 7 and Table 3. The obtained metabolic
activity is associated with the cell number, and changes in its
value can be correlated with changes in cell number. The values
obtained at day 1 were used to estimate cell adhesion (Table 3).
The ANOVA test suggested statistically significant differences in
adhesion between samples, but we could not find such differ-
ences after our post hoc analysis. The highest values of cell
adhesion were observed for DVS(NaOH)-Gel (21.7 + 5.9),
GOPS(NaOH) (21.0 + 5.5) and GOPS(NaOH)-Gel (14.2 + 2.2).
A constant increase in metabolic activity (Fig. 7(A)) was
observed for all samples, except GOPS(NaOH)-Gel. At day 7,

A ‘
2.0%10%+ = PCL
[ PCL(NaOH) I
3 =3 GOPS(NaOH)
s 1.5%x10%4 [ GOPS(NaOH)-Gel T
; Bl DVS(NaOH)
£ [ DVS(NaOH)-Gel
2
S 1.0x10%4
L
°
s
% 5.0%x10°4
=
0- ! -
Day 1 Day 4 Day 7
Fig. 7 (A) Metabolic activity of MSCs cultured for 7 days on different

scaffolds (mean + std, n = 4) and respective DAPI/Phalloidin staining at day
7 for the different scaffolds tested: (B1) PCL, (B2) PCL(NaOH), (C1)
GOPS(NaOH), (C2) GOPS(NaOH)-Gel, (D1) DVS(NaOH) and (D2)
DVS(NaOH)-Gel. Dashed lines represent the location of the filaments.
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the cell metabolic activity was the highest for DVS(NaOH)-Gel,
followed by PCL(NaOH), PCL and GOPS(NaOH). The obtained
cells at day 7 were visualized using DAPI-Phalloidin staining.
Both PCL and PCL(NaOH) (Fig. 7(B1) and (B2) respectively)
allowed a homogeneous colonization of the scaffold by the
MSCs. Samples GOPS(NaOH) and DVS(NaOH) (Fig. 7(C1)
and (D1) respectively) show scaffold colonization by MSCs,
but they form clumps instead and make less contact with the
PEDOT:PSS coating. For samples GOPS(NaOH)-Gel and
DVS(NaOH)-Gel (Fig. 7(C2) and (D2) respectively), cell spread-
ing and colonization on the scaffolds is improved.

Our results suggest the incorporation of gelatin in samples
cross-linked with DVS favored cell adhesion, proliferation, and
scaffold colonization. This was expected since gelatin has been
used in the design of scaffolds suitable for bone TE
applications.?*™®? The obtained positive cell and mineralization
assay outcomes justify our choice of continuing further ES
studies with sample DVS(NaOH)-Gel.

3.2.3. Electrical field simulation using FEA. In a previous
work, we showed that the geometry and electroconductivity of a
scaffold greatly influence the spatial distribution of an electri-
cal field (EF) when ES is applied.?® In this section, we simulated
the EF distribution on all coating combinations tested to better
understand the influence of the PEDOT:PSS coating on the
obtained EF. The electroconductivities of the materials used for
the simulations are summarized in Table S1 (ESIY).

The first step was to determine a simpler modelling configu-
ration that better describes the behavior of the filaments used
to manufacture our scaffolds (Fig. S5, ESIt). Two configurations
were envisaged: (a) the presence of a thin electroconductive
PEDOT:PSS layer on top of an insulating material or (b) con-
sidering the whole filament to have the same electroconductiv-
ity as the PEDOT:PSS layer. The single 2D filament model
reveals no predictable differences in the surrounding medium
electrical field. Based on these results, the filament fibers that
compose the orthogonal scaffold at the single well 3D model
were parameterized as a single material loaded with each
coating’s electrical properties (configuration b).

The next step was to evaluate the influence of the PED-
OT:PSS coatings on electrical field (EF) distribution around the
whole scaffold. To do this, we measured, experimentally, the
consequences of the application of a defined stimulation pro-
tocol (1.2 V) to osteogenic medium and using the same 6-well
plate direct coupled stimulation setup for the electrical stimu-
lation studies. We measured a peak of electric current of
0.067 A, followed by a sudden current drop that stabilizes
around 0.001 A. With these currents, the model of a single well
was computed to find the predicted EF of each coating mate-
rial, and the results are shown in Table 5 and Fig. S6 (ESIt). We
observed minimal changes on EF volumetric distribution when
we compared the influence of the different coatings tested in
our study (Fig. S5, ESIT). As such, we focused our analysis on
the comparison between PCL (insulating) and DVS(NaOH)-Gel
(electroconductive) samples.

Fig. 8 and Table 5 summarize the obtained results on the
distribution of the applied electrical field on PCL and
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Table 5 Simulated electrical field (EF) values in V m™ for each of the coatings tested for 2 stimulation values: peak-value (1.2 V or 0.067 A) (ionic

conductivity of the osteogenic media simulated was 0.01741 S cm™)

Scaffolds PCL/PCL(NaOH)  GOPS GOPS(NaOH)  GOPS(NaOH)-Gel.  DVS DVS(NaOH)  DVS(NaOH)-Gel.
0.067 A  EF (average) 312.45 34352 74.40 13.004 2914 39.96 22.56

EF (maximum)  1648.50 304.25 550.77 138.57 269.52  338.40 220.73

EF (minimum) 0.63 0.08 0.81 0.038 0.08 0.25 0.04

Vim

350

DVS (NaOH) / Gelatin

Fig. 8 Main results for the FEA of PCL and DVS(NaOH)-Gelatin. (A) Side-view of the scaffold area analyzed. (B) Predicted electrical fields around the
volume analyzed and (C) the middle transversal area of the scaffold. (D) Predictive electrical field distribution model.

DVS(NaOH)-Gel samples. We observed higher field amplitudes
(EF (maximum) — EF (minimum)) on the PCL sample, inde-
pendently of the simulated current. A visual analysis to the
obtained heat map of PCL (Fig. 8(B)) shows that this arises
from heterogeneous electrical field distribution throughout
the scaffold. We hypothesize that this is caused by scaffold
geometry that creates natural obstacles that oppose liquid flow
and charge dispersion. In sample DVS(NaOH)-Gel, such a
phenomenon is not observed unless a finer scale is used
(Fig. 8(C)).

Our results demonstrate that the presence of the PEDOT:PSS
coating can ease charge movement throughout the whole
scaffold and generate a more homogeneous EF when external
ES is applied (Fig. 8(D)). We expect that this will allow a more
homogeneous stimulation of cultured cells and avoid the
formation of faradaic products, such as radical oxygen species
(ROS), due to high intensity electrical fields. ROS formation is
possible when a high EF (10 V em ™) is used for ES and can
have beneficial effects on cardiac cell differentiation® and even
lung cancer cell treatment.”® Similar or even higher EF values
are observed for our pristine PCL sample, increasing the
potential of ROS formation with ES. For bone TE strategies,
ROS formation has mixed effects on bone health. Some studies
claim that ROS formation should ideally be minimized due to

2786 | J Mater. Chem. B, 2024,12, 2771-2794

its negative impact on osteoblast viability and differentiation,
and enhancement of osteoclast differentiation and activity.”®°”

3.3. Electrical stimulation of MSCs during osteogenic
differentiation

Our FEA results indicate that PCL-PEDOT:PSS scaffolds show
clear advantages over pristine PCL scaffolds regarding EF
distribution. Sample DVS(NaOH)-Gel shows chemical stability
of the electroconductive coating for up to 21 days, favorable
mechanical properties, and in vitro mineralization profile, and
allows high MSC adhesion and colonization of the scaffold. As
such, we decided to use sample DVS(NaOH)-Gel to perform ES
studies during the osteogenic differentiation of MSCs. To
assess the combined effect of the ES and conductive scaffolds,
ES was also performed on PCL(NaOH) scaffolds as non-
stimulated scaffolds (DVS(NaOH)-Gel and PCL(NaOH)) were
also used as controls.

The metabolic activity of MSCs cultured under osteogenic
induction conditions in DVS(NaOH)-Gel and PCL(NaOH) scaf-
folds with(ESTIM)/without(NO STIM) ES was monitored for
21 days (Fig. 9(A)). For all the conditions, the metabolic activity
increased overtime throughout the 21 days of osteogenic differ-
entiation. A lower cell metabolic activity was observed for the
conductive DVS(NaOH)-Gel scaffolds in comparison to the non-

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Evaluation of the osteogenic differentiation of MSCs cultured on PCL(NaOH) and DVS(NaOH)-Gel scaffolds without (No STIM) or with electrical
stimulation (ESTIM) for 21 days. (A) Metabolic activity was evaluated throughout the 21 days of culture (n = 6). (B) After 21 days of osteogenic
differentiation, cells were stained for different bone-specific markers (Osteopontin — OPN, and Collagen | — COL 1) and counter-stained with DAPI.
Xylenol Orange (XylO) fluorescence staining was performed to assess calcium deposits and SEM images for whole cell morphology. (C) Quantification of
ALP activity. (D) Quantification of calcium content, normalized to cell metabolic activity at day 21 (n = 3, * means p < 0.05, ** means p < 0.01 and
*** means p < 0.001).

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024,12, 2771-2794 | 2787


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tb02673f

Open Access Article. Published on 06 February 2024. Downloaded on 4/1/2026 12:25:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

conductive PCL(NaOH) scaffolds. A similar trend was observed
by Abedi and colleagues,’® which reported lower cell metabolic
activities in conductive chitosan/polyvinyl alcohol/MWCNTS
in comparison to the chitosan/polyvinyl alcohol counterparts.
For both scaffold conditions, ESTIM leads to a decrease in
the metabolic activity of MSCs, which is concordant with
results from previous ES studies performed by other authors
using dental pulp stem cells”® and BM-MSCs cultured on 3D
collagen type I scaffolds.’® In our previous study about the
development of ECM-decorated scaffolds for bone TE, we
observed lower cell metabolic activities during MSC osteogenic
differentiation, and this did not affect the cells’ osteogenic
potential.>® Moreover, application of ES has been shown to
slow down neural cell proliferation while improving their
differentiation.'!

The main focus of this work was to develop 3D extruded
conductive scaffolds and combine them with ES to promote the
osteogenic differentiation of MSCs envisaging bone TE applica-
tions. At the end of the ES experiment, samples for the four
different experimental conditions were obtained and evaluated
towards production of bone ECM proteins and minerals
(Fig. 9(B)-(D)), and also expression of bone-specific marker
genes (Fig. 10).

Runx2

-
o

View Article Online

Journal of Materials Chemistry B

3.3.1. Immunofluorescence analysis of bone-specific pro-
teins. The main results for the morphological and immu-
nofluorescence analysis of hBM-MSCs after osteogenic differ-
entiation are summarized in Fig. 9(B). These include the
staining of bone-specific proteins OPN and COL I (first 2 rows),
xylenol orange staining (third row) to assess mineral deposition
and complementary SEM images (fourth row) allowing the
observation of cell morphology and distribution throughout
the scaffolds. Our results evidence a clearly enhanced OPN
expression in DVS(NaOH)-Gel scaffolds both without and with
ES. The OPN staining in sample DVS(NaOH)-Gel (ESTIM)
appears to be more intense than in sample DVS(NaOH)-Gel
(No STIM). Such a trend was not observed for PCL(NaOH)
scaffolds (ESTIM vs. No STIM). For COL I, we observed positive
staining for all scaffolds tested, but the highest intensity was
observed in both samples DVS(NaOH)-Gel regardless of the
application of ES. Overall, these results suggest a positive effect
of scaffold electroconductivity on MSC osteogenic differentia-
tion. The increased fluorescence intensity of COL I suggests
that the conductive DVS(NaOH)-Gel scaffolds support collagen
production by MSCs for both No STIM and ESTIM conditions,
which is concordant with the results reported by Hardy and
colleagues using 3D conductive silk foam-based scaffolds."*?

a A
N o

e 2
w

Relative gene expression
b
Relative gene expression

=
o

I hBMSC (Day 0)
B PCL (NaOH) No STIM

PCL (NaOH) ESTIM

mm DVS(NaOH)-Gel No STIM

DVS(NaOH)-Gel ESTIM

Cacnaic

Relative gene expression
Relative gene expression

60; **

50
40
30
20
10;

Relative gene expression
Relative gene expression

=4
o

0

Fig. 10 Gene expression analysis by RT-gPCR after 21 days of MSC osteogenic differentiation on PCL(NaOH) and DVS(NaOH)-Gel scaffolds without (No
STIM) or with electrical stimulation (ESTIM). Expressions of Runx2, Osx, Col I, Cacnalc, Oc and Opn were normalized to the endogenous gene Gapdg
and calculated as a fold-change relative to the baseline expression of the control sample (MSCs before cell seeding at day 0). Results are presented as
mean + SD (n = 3, * means p < 0.05, ** means p < 0.01 and *** means p < 0.001).
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The increased fluorescence intensity of OPN in samples
DVS(NaOH)-Gel, especially for sample ESTIM, suggests that
there is a synergy between ES and the conductive substrate to
promote OPN expression. The presence of OPN indicates a more
mature MSC osteogenic differentiation state, and the highest
fluorescence intensity of OPN observed in DVS(NaOH)-Gel sug-
gests an enhancement in MSC differentiation.

Xylenol orange staining images evidenced a more intense
presence of mineral deposits in the conductive DVS(NaOH)-Gel
scaffolds when compared to PCL(NaOH) scaffolds. When ES
was applied, both scaffold types showed a much more intense
and well-distributed mineral deposition, suggesting an impor-
tant role of ES in the enhancement of tissue mineralization by
differentiating MSCs. This is in agreement with what was
observed in a recent study by Dixon & Gomulion,'® which
showed an improved mineralization (assessed by xylenol
orange staining) after culturing MC3T3-E1 pre-osteoblasts in
conductive PLA scaffolds exposed to ES when compared to non-
conductive PLA scaffolds both with and without ES.

Overall, our immunostaining and xylenol orange staining
results suggest that our electroconductive scaffold DVS(NaOH)-
Gel provides a better support for MSC osteogenic differentia-
tion. When ES is applied, the presence of terminal differentia-
tion marker OPN and calcium deposition increase. To further
confirm these results, quantitative assays were performed.

3.3.2. ALP activity and calcium deposition. ALP activity was
evaluated, and the results are summarized in Fig. 9(C). The
obtained results suggest a positive role of ES in promoting the
ALP activity for both scaffolds, but the observed differences were
not statistically significant. Similar (non-significant) enhancing
effects of ES in ALP activity have been described in previous
studies.'®>'* During MSC’s osteogenic differentiation, ALP activ-
ity is enhanced as an early marker of osteogenesis,'®* reaching a
peak around days 15-16."°>'% Thus, at day 21 of osteogenic
differentiation, we may observe a more mature osteoblast stage
and thus the ALP levels will decrease. This observation is in
accordance with previous studies reporting decreased ALP activ-
ities at day 21 in comparison to earlier time points."””'*® More-
over, during the initial phases of the osteogenesis process, the
mechanisms that regulate the ALP activity are highly complex
comprising several interlaced signaling pathways (e.g. Wnt, FGF,
and BMP2), the details of which are still poorly understood.'®

The results from the calcium quantification assay performed
after 21 days of osteogenic differentiation under the four
different experimental conditions are presented in Fig. 9(D).
Our results evidence the positive effect of ES on the calcium
production by MSCs in both scaffold types; however, such an
effect was only statistically significant when the cells were cul-
tured on conductive scaffolds. This positive role of ES on MSC-
based mineralization has been suggested to occur through the
activation of the calcium-calmodulin pathway and by the upregu-
lation of bone morphogenetic proteins (BMPs) and transforming
growth factor-B (TGF-B) expression.®*°

The DVS(NaOH)-Gel scaffolds presented significantly higher
calcium amounts than the PCL(NaOH) counterparts (No STIM -
1.54 fold), even when ES was applied (ESTIM - 2.46 fold). These

This journal is © The Royal Society of Chemistry 2024
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observations are concordant with the results from xylenol
orange staining (Fig. 9(B)) and other studies in the literature

that report an enhancement in calcium production
when secreting-cells are cultured on electroconductive
substrates.'9>103111

Notably, combining DVS(NaOH)-Gel with ES resulted in
significantly higher calcium deposition (2.29 fold increase vs.
DVS(NaOH)-Gel No STIM and 2.46 fold increase vs. PCL(NaOH)
ESTIM). This synergistic effect between conductive scaffolds
and ES in promoting calcium production by MSCs is supported
by previous work in the literature. Chen and colleagues'*?
reported an increase of calcium deposition by human
adipose-derived stem cells on PEDOT:PSS/MWNT substrates
after the application of ES (AC, 0.2 V, 0.01 Hz, total stimulation
of 1-14 days, after chemical induction). Moreover, they
observed a concomitant enhancement in osteogenic differen-
tiation after two weeks of culture.

3.3.3. Osteogenic marker gene expression. qRT-PCR analy-
sis was performed to assess bone-specific gene expression by
cells after 21 days of osteogenic differentiation in 3D-extruded
PCL(NaOH) and DVS(NaOH)-Gel scaffolds with and without ES
(Fig. 10). RUNX2 expression was the highest in DVS(NaOH)-Gel
No STIM, followed by DVS(NaOH)-Gel ESTIM. For samples
PCL(NaOH) ESTIM and No STIM, RUNX2 expression decreased
when compared with the control cells. OSX expressions in
DVS(NaOH)-Gel scaffolds both with and without ES were
significantly higher in comparison to those of both
PCL(NaOH) ESTIM and No STIM, and control cells, but were
not significantly different between them. OPN gene expression
was upregulated under all experimental conditions, but no
significant differences were observed as a result of the use of
conductive scaffolds or ES exposure. Finally, we observed a
statistically significant upregulation of genes COL I, CACNA1C
and OC for sample DVS(NaOH)-Gel ESTIM, when compared to
all other samples in this study, including non-stimulated
DVS(NaOH)-Gel scaffolds. For sample DVS(NaOH)-Gel No
STIM, there was a statistically significant upregulation of
COL I vs. PCL(NaOH) No STIM, OC vs. PCL(NaOH) STIM, and
CACNA1C vs. PCL(NaOH) ESTIM, but always lower when com-
pared to that in DVS(NaOH)-Gel ESTIM. Finally, for sample
PCL(NaOH) ESTIM, when compared to PCL(NaOH) No STIM,
no major changes on RUNX2, OSX, COL I and CACNA1C were
observed, whereas OC and OPN were downregulated. These
data support our previous observations of synergy between
scaffold electroconductivity and ES on enhancing the osteo-
genic differentiation of hBM-MSCs.

The initial steps of MSC’s osteogenic commitment are
regulated by the expression of transcription factors such as
RUNX2, followed by OSX in a more advanced stage."'* ES
has been reported to activate different signaling pathways
(e.g. BMP/Smad, calcium-calmodulin or MAPK pathways) that
enhance the expression of osteogenic genes RUNX2 and OSX.™**
Our results showed upregulation of RUNX2 and OSX expression
when the cells were differentiated in conductive DVS(NaOH)-
Gel scaffolds, regardless of exposure to ES. These results
suggest a predominant effect of the scaffold electroconductivity
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in promoting the expression or the early osteogenic marker
genes RUNX2 and OSX. Nalesso and colleagues''® reported
similar observations using 3D printed PCL/Graphene scaffolds.
OPN gene upregulation observed for all experimental groups
suggests a mature state of the bone ECM secreted by differ-
entiating hBM-MSCs. However, the effects of ES on OPN gene
expression were opposite for non-conductive (downregulation
in PCL(NaOH) STIM) and conductive scaffolds (upregulation
(albeit non-significant) on DVS(NaOH)-Gel ESTIM). OPN has
been associated with the regulation of several bone physiolo-
gical processes such as collagen organization, calcification and
angiogenesis. OPN has also been described as a regulator of the
nucleation of calcium phosphate during mineralization, which
might arise from its negatively charged motifs (e.g. aspartic acid
residues) that have a high affinity to calcium adsorption.'*®

Intracellular calcium oscillations have also been shown to
regulate ES-mediated MSC osteogenesis, since calcium ions are
well-described second messengers involved in several cellular
processes. As a response to membrane depolarization caused by
ES, calcium ion channels, such as voltage-gated calcium channels
(VGCC), can mediate the influx of calcium ions, which in turn
might activate ERK1/2, one of the main effectors of the MAPK
pathway."** The calcium ions inside the cell can also bind to the
protein calmodulin, initiating the calcium-calmodulin signaling
cascade. This pathway might be involved in the activation of the
transcription factor Osx, which is known to regulate the expression
of several osteogenic marker genes including ALP, OC and OPN.""

Our results identified clearly a synergistic effect of conduc-
tive scaffolds and ES in enhancing the osteogenic differentia-
tion of hBM-MSCs, as demonstrated by the significant
upregulation of CACNA1C, COL I and OC marker genes. In
accordance with our results, Liu and colleagues''® also reported
that combining ES with conductive 3D-printed poly(propylene
fumarate) scaffolds coated with CNTs significantly enhanced
osteogenic gene expression in MC3T3 pre-osteoblasts. CAC-
NA1C gene encodes for a subunit of L-type VGCC, which have
been shown to play a role in the signaling cascade (e.g,
promote RUNX2 and OSX expression) regulating human MSC
osteogenic differentiation and calcium deposition."*® In fact, a
previous study by S. Camarero-Espinosa and colleagues'°
showed that blocking L-VGCC lead to the downregulation
of bone-specific gene (COL I, RUNX2, and OC) expression,
impairing hBM-MSC ostegenic differentiation. COL I and OC
upregulation has been associated with enhanced bone
mineralization."*”*** Thus, the significant upregulation of
COL I and OC gene expressions resulting from the combination
of conductive scaffolds and ES is in accordance with the higher
calcium contents (mineralization) observed before (Fig. 9(D)).
Our results demonstrate the combined effect of conductive
materials and ES as a strategy to enhance the osteogenic
differentiation potential of hBM-MSCs towards improved bone
TE strategies.

3.4. Final considerations and future directions

We demonstrate here an easy, reliable, and versatile method for
the production of electroconductive 3D scaffolds of PEDOT:PSS

2790 | J Mater. Chem. B, 2024,12, 2771-2794

View Article Online

Journal of Materials Chemistry B

and PCL. The scaffold architecture used here is an orthogonal
pattern, already studied in previous works of our group.>>>¢12
This facilitated our analysis and allowed us to focus on the
materials chemistry of our system and its in vitro performance.
There are other possible methods to produce 3D-structured
PEDOT:PSS scaffolds, including ice-templating®” and extrusion
of concentrated PEDOT:PSS solutions."”> Our method is compa-
tible with scaffolds produced with advanced additive manufac-
turing techniques, which allow a more precise fine-tuning
of size, architecture, and porosity. Moreover, it requires a
single annealing step for PEDOT:PSS and at a relatively low
temperature.

The chemistry used for the production of the PCL-
PEDOT:PSS scaffolds is simple to implement and versatile in
its applications. For example, other polyesters widely used in
3D-extrusion (e.g. poly(lactic acid), poly(glycolic acid), poly(vinyl
alcohol)) have similar chemical groups to PCL." As such, we
also hypothesize that our method is versatile enough to be used
with other support polymers.

Gelatin immobilization was not essential for our scaffold
design, as PEDOT:PSS can support cell adhesion and
growth.>”* However, we observed slight improvements in
calcium deposition and cell spreading as a consequence
(Fig. 6 and 7), which we decided to harness for our final design.
Overall, the different cross-linkers used in the PEDOT:PSS
coating can be used to immobilize other bioactive cues, includ-
ing inorganic (e.g. hydroxyapatite, bioglass) or organic ones (e.g.
extracellular matrix or other proteinaceous components). Con-
sidering these scaffolds can be used as implants for different
areas of the bone tissue (e.g. cortical bone, cancellous/trabecu-
lar bone, bone marrow, and growth plate), we believe such
versatility will allow fine-tuning the biochemical properties of
the applied PEDOT:PSS coating to specific tissue requirements
and/or cell niches.

Biodegradation is an important factor to consider when
designing scaffolds for bone tissue engineering. PCL is
reported to slowly degrade under physiological conditions,
which can be accelerated by the presence of cells and/or
enzymes (e.g. lipase).”>'® PEDOT:PSS cannot biodegrade
under physiological conditions. However, due to its physico-
chemical properties, it can intimately interact with cells and be
integrated into newly formed tissue without inducing inflam-
mation and the formation of scar tissue.">*"*® We hypothesize
that the PEDOT:PSS coating might slightly delay the degrada-
tion profile of PCL. Moreover, the inclusion of gelatin within
the coating might facilitate substrate remodeling and help
enzymes penetrate inside the PCL skeleton. Such a phenom-
enon will need to be evaluated using appropriate in vivo models
to better understand the degradation kinetics of our scaffolds
after implantation.

Since cancellous/trabecular bone is highly vascularized,
future studies should also aim at understanding the neovascu-
larization potential of our scaffolds. This is of particular inter-
est for future application in therapeutics, as ES is described to
also enhance tissue vascularization.'®” Future studies, whether
in vitro (co-culture of hBM-MSCs and endothelial cells) or

This journal is © The Royal Society of Chemistry 2024
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in vivo (histological analysis after implantation), should be
performed to study a potential synergy between ES and our
scaffolds.

ES of hBM-MSCs undergoing osteogenic differentiation on
conductive scaffolds greatly enhanced the deposition of cell-
secreted calcium and improved the differentiation profile. This
is in accordance with current literature.**® Nevertheless, few ES
studies for BTE applications were conducted in combination
with support electroconductive materials.'®'** PEDOT:PSS and
other electroconductive materials possess delocalized charges
that can promote ion adsorption and induce mineral deposi-
tion, and therefore can be advantageous for BTE applications.
We found that both ES and PEDOT:PSS based scaffolds can
synergically improve cell-secreted calcium deposition while
accelerating osteogenic differentiation (upregulation of COL I,
OC and CACNAIC genes, accompanied by an increase in the
expression of proteins OPN and COL I). Our results underlay
the positive effect of combining electroconductive support
materials and ES towards more efficient BTE strategies. These
can potentially be used for studying the effect of ES as a
therapeutic option to treat non-union fractures or to revert
the progression of bone diseases, e.g. osteoporosis.

4. Conclusions

In this work, we successfully developed a method for producing
electroconductive and stable PCL-PEDOT:PSS scaffolds for
bone tissue engineering under ES. We were successful in
anchoring different PEDOT:PSS coatings to alkaline-treated
3D-extruded PCL scaffolds. The obtained scaffolds were stable,
had appropriate mechanical properties and facilitated in vitro
calcium deposition. hBM-MSC adhesion and proliferation were
further improved with the immobilization of gelatin within the
PEDOT:PSS coating. The combination of ES with our 3D-
extruded scaffolds improved the osteogenic differentiation of
hBM-MSCs. This was shown through higher expression of
COL I, OC and CACNAIC, and calcium deposition. We believe
that this simple, reliable and versatile strategy can be employed
in the future for the production of electroconductive scaffolds
for bone tissue engineering without the need for complex
equipment.
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