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Abstract

Bone is a highly dynamic tissue that undergoes continuous mechanical forces throughout life.
Mechanical stimuli applied on scaffolds resembling a part of the human bone tissue could have major
effect on osteogenesis. However, the precise conditions governing this process remain largely
unexplored. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is a piezoelectric
material that responds to mechanical stimulation, producing an electrical signal that promotes the
osteogenic differentiation of pre-osteoblastic cells by opening voltage-gated calcium channels. The aim
of this study was to examine the biological behavior of mouse calvaria osteoblastic precursor cells
(MC3T3-E1) when seeded onto lyophilized piezoelectric PEDOT:PSS-containing scaffolds applying
uniaxial compression. Two different concentrations of PEDOT:PSS (0.15% w/v and 0.10% w/v) were
combined with a 5% w/v poly(vinyl alcohol) (PVA) and 5% w/v gelatin, casted into wells, freeze dried
and crosslinked with 2% v/v (3-glycidyloxypropyl)trimethoxysilane (GOPS) and 0.025% w/v
glutaraldehyde. The scaffolds were physicochemically characterized by Fourier transform infrared
spectroscopy (FTIR), measurement of elastic modulus, swelling ratio, degradation rate. Scaffolds
seeded with pre-osteoblastic cells were subjected to uniaxial compression with a frequency of 1 Hz
and a strain of 10% for 1 h daily for 21 days, and their osteogenic response was compared to that of a
non-mechanically stimulated culture, the static one. The loading parameters were selected to
resemble the in vivo loading situation. Cell viability and morphology of the MC3T3-E1 pre-osteoblasts
seeded on the PEDOT:PSS/PVA/gelatin scaffolds were determined. The alkaline phosphatase (ALP)
activity, the collagen and calcium production were assessed to validate the effect of the piezoelectric
scaffolds in presence (dynamic culture) and in absence (static culture) of the mechanical stimuli
towards the osteogenic differentiation process of the pre-osteoblasts. PEDOT:PSS/PVA/gelatin
scaffolds presented favorable mechanical properties for bone tissue engineering. Their elastic modulus
ranged between 1 and 5 MPa. The degradation rates indicate a mass loss up to 15% after 21 days. The
cell viability indicates an increase of cell number over time, while scanning electron microscopy (SEM)
images display well-spread cells morphology. The ALP activity at days 3 and 7 is higher in the dynamic
culture compared to the static one. Increased ALP activity and profound collagen and calcium secretion
further validate osteogenic response. Moreover, energy dispersive spectroscopy (EDS) analysis
revealed the presence of calcium phosphate in the extracellular matrix after 21 days. Our results
indicate that the PEDOT:PSS/PVA/gelatin scaffolds support the adhesion, proliferation, and osteogenic
differentiation of the pre-osteoblastic cells under mechanical stimulation, thus favoring bone and
other load-bearing tissue engineering with amplified matrix production. Furthermore, the
development of a comprehensive 3D mechano-active model, establishes an innovative platform for
studying osteogenesis under conditions closely resembling the body natural state. This approach not
only contributes to advancing in vitro evaluation methods but also significantly reduces the need for
in vivo experimentation.

Keywords: Dynamic vs. static culture, gelatin, mechanical stimulation, PEDOT:PSS scaffolds,
piezoelectric material, poly(vinyl alcohol)



MepiAnyn

To 00T0 €lval €vag Suvaplkog LoTOG TTou udlotatal cUVEXELG TILEOELG KaTd Tn Sldpkela TNG {wrg Tou
avBpwrou. Tplobidotata (3A) KPLWUOTA TIOU ETLOEXOVTOL KNXOVLKEG TILECELG EMAYOVIAG TNV
ooteoyéveon Ba pmopoucav va CUUPBAAOUV CNUAVTIKA OTN KNXAVLKA TOU OOTitn Lotol yla tnv
avayévvnor tou. To moAu(3,4-atBuievblofuBelodévio) couldovikd moAuatupévio (PEDOT:PSS) sivat
€va TILE(ONAEKTPLKO UALKO TIOU QVTOTIOKPLVETOL OE HNXAVLKG peBiopata mapdyoviag Eva NAEKTPLKO
ONUa TIOU ETIAYEL TNV OCTEOYEVECN OVOLyovTaG TIG TAOEOEAEYXOUEVEC aAVTAlEC aoPeotiou OTIg
KUTTOPIKEG MEUPpaveg. ITnv mapovoa HeAETn egetaloupe TN BloAoylky ocupmepldpopd Tpo-
ooteoBAaoctikwv Kuttdpwv MC3T3-E1 ndvw o€ Kpluwpata mou meplExouv PEDOT:PSS, peta amo
edapuoyry pnxavikng Stéyeponc. Ao cuykevtpwoelc PEDOT:PSS (0.15% w/v kat 0.10% w/v)
opoyevorolnonkayv pe usatikd awwpnuo 5% w/v moAuBvulikng aAkooAng (PVA) kat 5% w/v (ehativng
(gel), kat Stactavpwdnkav péow 2%v/v (3-yAukidulofu)nporulo-tpipebolu-cilaviou kat 0.025% v/v
yAoutapaAdelidng. E€etdotnKav oL GUGLKOXNULKEG LOLOTNTEC TWV SELYUATWY OMWC N EAACTLKOTNTA KOl
0 pubudc amodopnonc. Ikplwpato ota omola evamotédBnkav TPo-00TeoPAACTIKA  KUTTAPQ,
untoPBANONKav oe UNXOVLKA SLEyePON HLaG wpag pe ouxvotnta 1 Hz kot mapapopdwon 10% yua 21
NUEPEG KAl TOL QMOTEAEOUATA CUYKPIONKAV pe aUTA ULoG TApAAANANG otatikng KaAAlépyelag. Ot
TAPAUETPOL ETUAEXONKAV LE KPLTAPLO TNV PUCLOAOYIK) KATAOTOON TOU OpyaviopoU. MeAetnBnke n
Buwoluotnta, o TOAAATAACLOOUOC Kal N popdoloyla Twv Kuttdpwv. EmumAfov e€etdotnke n
Sladoporointik  Suvaplk Twv Tpo-ooteofAactwy. Ta Tpwta otadld TNG OCTEOYEVEDSNC
alohoyndnkav péow tng SpaoTIKOTNTAS TNG AAKAALKAS dwodatdong. Emiong, £ylve moootikomolnon
TOU €KKplvOpevou amd to KUTtapa koAAayovou kot acPBectiou, Seikteg mou onuatodotouv tov
OXNUATIOUO EEWKUTTAPLOCG UATPAG TOU 00TOU. TO HETPO EAACTIKOTNTOG TWV LKPLWHUATWY KUUAVONKe
petall 1-5 MPa, evw o puBuoc anodouncn g Toug urtoAoyiotnke o€ 15% HeTd amo 21 nUEPES, LOOVIKA
XOPOKTNPLOTIKA ylo. €DAPHOYEC OTNV UNXOVIKN 0oTitn Lotol. Mapatnpndnke KaAf KUTTAPLKN
MPOOKOAANGCN Kal avgnon tou KuttaplkoU ToAAamAaclacuol PE tnv mapodo tou xpovou. H
SpaACTIKOTNTA TNG OAKAAKAG Pwodatdong ATAV ONUOVILKA UPnAdTEPN OTA LKPLWHMOTA TIOU
umoBANBnkav oe pnxavikn Oléyepon (Suvapikn KaAALEpyela), Ot OUYKPLON ME TNV OTATIKA
KaAALEpyela. EmumAéov, otnv Suvaplkn KaAAlEpyela mapatnpnbnke evacBEoTwon HE OXNUATIONO
udpotuarnartitn petd amd 21 pépec. H mopamdvw PEAETN UTMOSEIKVUEL OTL N OVATTUEN NXAVLKA
€ValoONTWY IKPLWHATWY CUUBAAAEL ONUOVTIKA OTNV avayEévvnon ooTitn LoTou. Ta KPLWLOTO TIoU
avarttéape arnd PEDOT:PSS/PVA/gel umootnpilouv tnv mpookoAAnon, tov moAAamAactacpud Kot tnv
ooteoyevh Sladopormoinon Twv mpo-ooteofAocTwy UTO pnxaviky Sléyepaon, mpocopolaloviag thv
duolohoyikr] SUVOULK KATAOTOON TWV OOTWV. Ta MOpAmAvw omotedéopato kKablotouv Ta
OUYKEKPLUEVA LKPLWLOTO UTIOOXOUEVO yla €POPUOYEC OTN UNXOVIKA 00TiTn LoTol n GAAWV TUMWV
lotwv pe TelonAekTplkEég 8L0TNTEG. Emiong, n  avamtuén evog oAlotikoU povtédou  3A
TOCOEAEYXOUEVWY KPLWHATWY UE TIpo-ooteoPAdOTEC ot Suvaplk KoAALEpyelo amoteAsl éva
MPWTOTOPLAKO cUoTNUA HEAETNG Kot afloAdynong tTng OOoTEOYEVEONC Ot SUVAULIKEG OUVORKEC
TAPOUOLEG HE TIC UCLOAOYIKEG Tou opyaviopol. Auth n Suvatdtnta cupBaliel otnv €N
KOLWVOTOUWYV in vitro peBodwv afloAdynong e TO ONUAVTIKO MAEOVEKTNHA TNG HElWONG TwV in vivo
TEPAPATWV.

NE€eg KAEWOLA: Auvaplky kot otatik kaAAépyesia, pnxavikn Oiéyepon, lehativn, PEDOT:PSS
Kplwpata, melonAektpilkd VAKS, PVA



Chapter 1. Introduction

Bone disorders pose significant concerns due to the rising median age within our population. There is
a high prevalence of large-scale bone defects, such as non-healing fractures, bone tumors, and
craniofacial surgery, which inflict substantial physical and psychological discomfort on patients.
Extensive research efforts have focused on regenerating existing bone or replacing lost bone using
complex biomaterials and tissue engineering techniques [1, 2]. Initially, these biomaterials were
selected based on their biomechanical properties for structural restoration [3, 4]. Later, bioactive and
bioresorbable scaffolds were engineered to promote tissue growth [5, 6]. Presently, innovative
scaffolds are being designed to induce bone formation and vascularization [7-9]. However, achieving
optimal tissue growth and regeneration remains a considerable obstacle. In recent years, the use of
stimuli-responsive biomaterials in bone tissue engineering has emerged as a promising approach to
address these challenges. These biomaterials can trigger specific responses through external stimuli,
such as mechanical forces, leading to enhanced tissue regeneration [10, 11]. Piezoelectric materials
have gained attention for their potential in generating electrical signals in response to mechanical
stimulation, thereby promoting osteogenic differentiation [12, 13].

Bone tissue is characterized by its dynamic nature and constant exposure to mechanical forces
throughout life, exhibiting high responsiveness to such stimuli [14]. Scaffolds have played a vital role
in major advancements in bone tissue engineering. Conductive materials have shown potential in
supporting osteogenesis in vitro and bone regeneration in vivo [15]. In this context, scaffolds
incorporating poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) serve as intriguing
substrates for promoting osteogenic differentiation [16]. PEDOT:PSS, a piezoelectric material,
possesses the unique property of generating electrical signals in response to mechanical stimulation
[17]. This electrical signal has been shown to facilitate the opening of voltage-gated calcium channels,
thereby playing a crucial role in promoting the osteogenic differentiation of pre-osteoblastic cells.
Moreover, it has been found that the presence of PEDOT:PSS could potentially enhance the mechanical
properties of the scaffold making it more adequate for bone tissue engineering applications [18, 19].

Gelatin is a natural polymer derived from collagen and major component of the extracellular
matrix (ECM) in bone tissue standing out for its biocompatibility. Its inherent ability to mimic the
biochemical and mechanical cues of native bone facilitates enhanced cell-scaffold interactions
ensuring minimal immune response after implantation. Moreover, gelatin exhibits excellent
biodegradability, allowing for gradual scaffold degradation, coinciding with new tissue formation [20-
22]. Poly(vinyl alcohol) (PVA) is a synthetic polymer widely known for its excellent biocompatibility,
hydrophilicity, and biodegradability, making it an ideal candidate for bone tissue engineering
applications. PVA scaffolds can be tailored to possess tunable mechanical properties and porosity,
enabling the provision of adequate mechanical support and nutrient transport for cell growth and
tissue development. Furthermore, PVA has been shown to enhance cellular attachment and
proliferation, facilitating a conducive environment for osteogenic differentiation and mineralization,
which are crucial for the formation of functional bone tissue [23]. Combining gelatin and PVA into
polymeric matrices provides a synergistic effect, incorporating the advantages of both polymers. These
matrices offer enhanced mechanical strength, improved biocompatibility, and a biomimetic
environment for bone regeneration. The gelatin-PVA co-polymer matrices provide a favorable
platform for cell attachment, proliferation, and osteogenic differentiation [24]. The incorporation of
PEDOT:PSS was motivated by its ability to convert mechanical stimuli into electrical signals [25], which
have been shown to activate voltage-gated calcium channels of the cell membrane [26], a known
regulator of osteogenic differentiation [27]. By combining these three components, we aimed to create
multifunctional scaffolds that not only provide structural support and biocompatibility through PVA
and gelatin but also harnesses the piezoelectric properties of PEDOT:PSS to potentially enhance
osteogenic differentiation under mechanical stimulation.

By investigating the cellular responses of mouse calvaria osteoblastic precursor cell line
(MC3T3-E1) cultured on lyophilized piezoelectric PEDOT:PSS/PVA/gelatin scaffolds under osteogenic



conditions and mechanical stimulation, we aimed to evaluate the suitability of these scaffolds for bone
tissue engineering applications. The parameters were selected to resemble the in vivo loading situation
[28]. Understanding the biological behavior and osteogenic potential of MC3T3-E1 on such scaffolds
will provide insights into the capabilities of PEDOT:PSS-based scaffolds in promoting osteogenesis and
contribute to the development of advanced strategies for bone tissue regeneration and repair.

Previous studies have demonstrated cell adhesion and viability on porous, freeze-dried
PEDOT:PSS scaffolds using human mesenchymal stem cells or cardiomyoblasts [29]. However, a
comprehensive examination of the effect of mechanically stimulated piezoelectric PEDOT:PSS-
containing scaffolds to assess osteogenic differentiation remains limited. Our study seeks to fill this
gap by focusing on the cell-biomaterial interactions and the osteoinductive potential of such three-
dimensional (3D) scaffolds subjected to mechanical stimulation. Evidence of increased osteogenic
differentiation potential is exhibited through the assessment of osteogenic markers such as alkaline
phosphatase activity, collagen and calcium production, matrix mineralization, and hydroxyapatite (HA)
formation. These findings underscore the versatility of PEDOT:PSS as a scaffold material for bone tissue
engineering. By investigating the relationship between mechanical forces and osteogenic
differentiation, our research aims to contribute to the expanding field of bone tissue engineering and
lay the groundwork for innovative approaches in healthcare.
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Chapter 2. Materials and methods

2.1. Preparation of porous scaffolds comprising poly(vinyl alcohol), gelatin and a

piezoelectric polymer, poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)

Two different scaffold compositions were prepared: (i) PEDOT:PSS/PVA/Gelatin and (ii)PVA/Gelatin as
control. PEDOT:PSS-containing scaffolds were prepared from a stock 1.3% w/v PEDOT:PSS dispersion.
The exact composition of the two polymers in the dispersion was 0.5% w/v PEDOT and 0.8% w/v PSS
diluted in water. Two different concentrations of PEDOT:PSS were employed, 0.1% and 0.15% w/v,
while keeping the PVA/Gelatin concentration constant at 5% w/v each. The concentration of 0.15%
w/v was selected as it was the highest value that did not affect the biocompatibility of the scaffold. A
lower concentration (0.1% w/v) was included in the study as a comparison to the 0.15% w/v
composition, aiming to conclude the significance of PEDOT:PSS’s integration to the final scaffolds
based on their biological and mechanical attributes. PVA/Gelatin blends were prepared following an
established protocol of our research group (unpublished data). For the solution, 0.15% w/v PEDOT:PSS,
20 ml deionized water was measured and poured into a vial with a magnet. Then the vial was
autoclaved at 100 °C for 15 min to sterilize. Simultaneously, 1 gr of PVA was exposed to ultraviolet (UV)
radiation for 15 min to sterilize and then added to the vial. The solution was kept under stirring for 3
h at 100 °C. After that, 1 g of gelatin was added to the mix, after being exposed to UV radiation for
sterilization, as well. The solution was kept under stirring at 70 °C for another hour until the gelatin
was completely dissolved. 2.4 ml PEDOT:PSS was then measured in the hood, and exposed to UV
radiation for 15 min. While the PVA/gelatin solution was stirring, 2.4 ml of the solution was extracted
and 2.4 ml PEDOT:PSS was added. The final solution was kept under stirring for 3 h at 70 °C. For the
solution of 0.1% w/v PEDOT:PSS, the same procedure was followed with the respective concentration
of PEDOT:PSS. For the control scaffold a solution of 5% w/v PVA and 5% w/v Gelatin was prepared
without the addition of PEDOT:PSS. The final solutions were casted into each well of a 96 well-plate
and four freezing/thawing cycles were provided [30] with the last cycle being the freezing. According
to the literature, subjecting conductive polymers to repeated freeze-thaw cycles has the potential to
reshape the polymer’s microstructure, leading in a substantial enhancement of the mechanical and
electrochemical properties of the final product [31]. The length of each cycle was 24 h. The freezing
temperature was equal to -20 °C and the thawing temperature was equal to room temperature (RT).
After four cycles hydrogels were freeze-dried for 45 min at -40 °C. By the time the freeze-drying process
came to an end, the lyophilized samples were taken under the hood and half of each concentration
was crosslinked.The crosslinker consisted of 2% v/v (3-glycidyloxypropyl) trimethoxysilane (GOPS) [17]
and 0.025% v/v glutaraldehyde [32], each diluted in 10 ml phosphate buffer saline (PBS). After 15 min,
the first crosslinker (GOPS) was extracted and the scaffolds were rinsed twice with PBS. Then the
second crosslinker was added and after 15 min was extracted. The scaffolds were thoroughly rinsed
with PBS in order to remove any unbound residues of crosslinker that might be cytotoxic during the
biological evaluation. The fabrication protocol is displayed in Figure 1.
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Figure 1. Schematic on the synthesis of scaffolds. The scale bar represents 500 um.

2.2. Physicochemical and mechanical characterization of the scaffolds

2.2.1. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis of the different blend scaffold compositions, as well as their basic components
PEDOT:PSS, Gelatin and PVA in solid state was recorded in transmittance mode using a Nicolet 6700
optical spectrometer. For each spectrum, 32 scans were collected in the range of 4000-500 cm™. The
spectral data were collected and the numerical values were transferred to GraphPad Prism 8 for
graphical representation.

2.2.2. Determination of the degradation rate

Degradation rates determine the duration in which cells can substitute the artificial scaffold's synthetic
extracellular matrix with their naturally generated matrix. In vitro degradation of the different scaffolds
was assessed by immersing them in PBS and then letting them incubate at 37 °C and 5% CO.. Firstly,
the scaffolds were weighed at day 0 and then allowed to incubate. The scaffolds were removed from
the medium on day 4 and subsequently on days 7, 14, 21, and 28, slightly drained with a paper towel
and their weight was measured by means of precision balance. Measurements were taken in seven
replicates (n=7) of each scaffold type. The degradation rate was expressed as a percentage of weight
loss in the biomaterial by the following formula:

weightgqy o — weightygy i

Degradation rate : +100%

weight gy o
Where weight at day 0 is the initial weight of the scaffolds and weight at day i is the weight of
the scaffolds at the respective days, starting with day 4.

2.2.3. Liquid uptake measurement

Water absorption is a critical attribute of materials, as it enables the uptake of nutrients from the
immediate environment, vital for ensuring cell viability. Swelling of polymer materials is described as
the process of penetration of solvent molecules into a polymer matrix causing a change in the volume
[33]. The swelling capabilities of scaffolds were evaluated by letting them soak in the presence of PBS
for approximately 15 min at RT. Then scaffolds were removed from the buffer, slightly drained with a
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paper towel, and weighed by means of precision balance. Then the scaffolds were freeze-dried for 24
h to dry completely and weighed again. The liquid uptake ability was expressed as a percentage of
weight increase in the biomaterial (n=7), by the following formula:

weight,,e, — weightg,, . 100%
weight,,q; 0

Swelling ratio :

Where weight wet is the weight of the wet scaffolds and weight dry is the weight of the dry
scaffolds.

2.2.4. Pore size and porosity quantification

The evaluation of % porosity was calculated via SEM images using ImageJ and through the liquid
displacement method (Archimedes’ principal). The liquid displacement method was conducted with
water, which can penetrate the scaffold pores without any unwanted changes in size [34, 35]. The
scaffolds were freeze-dried and then immersed in a pre-determined volume of water (V1) The scaffolds
remained in the solvent until no air bubbles emerged, indicating that the solvent had infuse the pores
of the scaffold. The volume of the water and the solvent-saturated scaffolds was recorded as V..
Finally, the solvent-saturated scaffolds were removed and the residual volume of water was assessed
(Vs). The porosity of the scaffolds was subsequently calculated using the following equation:

Pos="2""3 0 100%
V,—V;

2.2.5. Electrical conductivity

The electrical conductivity was measured with the electromagnetic induction method, where the
induction current generated by two coils immersed in the solution was evaluated. Electrical
conductivity of PEDOT:PSS was measured using a Thermo Scientific™ Orion™ Versa Star Pro™
Conductivity Benchtop. Two different PEDOT:PSS-containing suspensions (0.1% w/v and 0.15% w/v
PEDOT:PSS) were prepared alongside with the control composition of PVA/Gel, utilized as a
comparative reference. The conductivity measurements were performed at room temperature. Prior
to each measurement, the instrument was calibrated with double distilled water, a standard
conductivity solution to guarantee accuracy. Seven different measurements were taken for each
solution to ensure the reliability of the results (n=7). The collected data were transferred to GraphPad
Prism 8 for graphical representation.

2.2.6. Mechanical characterization of the scaffolds

The effect of PEDOT:PSS incorporation into PVA/Gel on the hydrogels’ mechanical properties was
evaluated by uniaxial compression tests. The mechanical compression tests were performed by using
a mechanical test system, (UniVert, CellScale, Waterloo, Canada) equipped with a 50 N sensor at RT.
Cylindrical hydrogel samples with a diameter of 1 cm and approximately 2 cm high were employed.
The measurements were performed in six replicates (n=6) from each scaffold composition and
crosslinking method. Compression loading was performed at a 15 mm/sec deformation speed of up to
100% strain. The Young’s modulus of the samples was determined as the slope in the linear elastic
deformation region of the stress—strain graph. Therefore Young modulus at 60-95% strain [26] was
calculated using the following formula:

F-L
A+ AL

Where F stands for the uniaxial force applied to the surface of the scaffolds, A is the surface,
AL is the height of the scaffolds after the force application and L is the initial height.

Young Modulus:
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2.3. Evaluation of cytotoxicity and cell adhesion of cell-laden scaffolds

2.3.1. Cell culture maintenance

The MC3T3-E1 cells was used as a model system for the in vitro investigation of the viability and
proliferation in the presence of the PEDOT:PSS/PVA/Gelatin scaffolds and PVA/Gelatin control
scaffolds. The cells were cultured in alpha-MEM™ (PAN-Biotech, Germany) medium supplemented
with 10% fetal bovine serum (FBS) (PAN-Biotech, Germany), 2 mM I-glutamine (PAN-Biotech,
Germany), 100 ug/mL penicillin/streptomycin (PAN-Biotech, Germany), and 2.5 ug/mL amphotericin
(fungizone) (Gibco, Thermo Fisher Scientific, UK), in a humidified incubator at 37 °C and 5% CO; (Heal
Force, China). After reaching 80-90% confluence, the cells were harvested using trypsin/EDTA (Gibco,
Thermo Fisher Scientific, UK). 5 x 103 cells were used for viability and proliferation assays,
respectively, and were seeded onto the scaffolds. The medium was changed every three days. All
experiments were carried out using cell passages from 6 to 8.

2.3.2. Cell viability evaluation by metabolic assay PrestoBlue™

The viability was determined by means of the resazurin-based PrestoBlue™ assay. When added to cells,
the PrestoBlue™ reagent is modified by the reducing environment of the living cells. More specifically,
the reagent is reduced from resazurin to resorufin which is red in color and highly fluorescent,
therefore it can be measured photometrically. Conversion is proportional to the number of
metabolically active cells. At each experimental time point (days 1, 3, and 7) in the cell culture, 10 pL
of PrestoBlue™ reagent diluted in alpha-MEM™ at a ratio of 1:10 were added to each well and
incubated at 37 °C for 60 min. The volume of 100 uL of the supernatants was transferred to a 96-well
plate, and the absorbance was measured at 570 and 600 nm in a spectrophotometer (Synergy HTX
Multi-Mode Microplate Reader, BioTek, Bad Friedrichshall, Germany). All samples were rinsed with
PBS, and a fresh culture medium was added. The metabolic activity of living cells was correlated with
cell numbers by means of a calibration curve. All samples were analyzed in eight replicates (n=8).

2.3.3. Cell adhesion and morphology

The surface morphology of the hydrogels as well as the adhesion and morphology of the MC3T3-E1
cells loaded onto them were observed by means of SEM (JEOL JSM-6390LV). Seeded scaffolds with
5 x 103 pre-osteoblastic MC3T3-E1 cells per sample, were cultivated in an incubator at 37 °C and 5%
CO, for 7 days. On days 1,3 and 7 of the experimental procedure, samples were removed from the
incubator and were rinsed twice with PBS, fixed with 4% v/v paraformaldehyde (PFA) for 30 min, and
dehydrated in increasing ethanol concentrations (30-100% v/v). The scaffolds were finally dried using
Hexamethyl disilazane (HMDS) and left overnight to dry. After that the samples were sputter-coated
with a 20 nm thick layer of Au (Baltec SCD 050) and observed under SEM (JEOL JSM-6390LV), at an
accelerating voltage of 15kV.

2.4. Osteogenic response of MC3T3-E1 pre-osteoblastic cells under mechanical
stimulation

2.4.1. Cell seeding of scaffolds prior mechanical stimulation

For the mechanical stimulation experiment, prior to seeding, all lyophilized scaffolds underwent
sterilization through a 30 min exposure to UV radiation at a wavelength of 265 nm. Subsequently, the
cells were seeded onto sterilized scaffolds at a density of 4 X 10* cells per scaffold and allowed to
incubate for 1 h before additional culture medium was added, to facilitate the cell seeding process.
After the initial cell attachment period, the medium was replaced with osteogenic medium, consisting
of alpha-MEM™ supplemented with 10 nM dexamethasone (Sigma, USA), 10 mM B-glycerophosphate
(Sigma, USA), and 50 pg/ml L-ascorbic acid 2-phosphate (Sigma, USA). The cell-loaded scaffolds were
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cultured in this osteogenic medium for a specific duration and conditions to induce osteogenic
differentiation.

2.4.2. Mechanical stimulation protocol

The experiment was performed according to a procedure described in a recently published report of
our research group [36]. Briefly, each cell-seeded scaffold was subjected to mechanical force using a
MechanoCulture TX (MCTX) bioreactor equipped with uniaxial cyclic compression (CellScale, Waterloo,
Canada), a device that mimics the dynamic situation of the human body. The cell-loaded scaffolds
underwent confined uniaxial compression, where the initial cell loading surface of the scaffolds was
rotated by 90 degrees for mechanical stimulation as shown in Figure 2. Scaffolds were exposed to
mechanical stimulation on their side, mimicking the direction of mechanical forces applied to bone and
assuring that the cells cultured within the scaffolds experience compression forces during mechanical
stimulation on their entire surface. The compression was applied at a frequency of 1 Hz and with a
strain equivalent to 10% of the scaffold side (resulting in a displacement of 500 um). Each compression
cycle lasted for 1 hour and was performed daily, for a total duration of 21 days. The application of
mechanical stress started the day after the addition of the osteogenic media, which was referred to as
day 1 of the experiment. In order to compare the effects of dynamic (D) and static (S) conditions and
further investigate the influence of mechanical stimulation on cell viability and differentiation, control
static cultures were maintained under the same culture conditions without any mechanical
stimulation.
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Figure 2. Schematic view of the experimental set up.

2.4.3. Cell viability of cell-laden scaffolds (constructs) via Live/Dead assay

Cell viability was assessed using a Live/Dead assay (Biotium, USA). This assay uses two fluorescent dyes,
calcein AM (cal AM) and ethidium homodimer (EthD-1), to stain live and dead cells simultaneously.
Briefly, the scaffolds of all compositions (n=3) after 3 and 7 days of culture were washed twice with
PBS and then incubated in a working solution with 2 uM calcein acetoxymethylester (calcein AM) (494
nm excitation, 517 nm emission) and 4 uM ethidium homodimer Il (EthD-IIl) (532 nm excitation, 625
nm emission) at room temperature for 30 min. Then, they were washed again with PBS, stored in
culture medium, and imaged using a Confocal Laser Scanning Microscope (Leica TCS SP8). Cells were
characterized as live when they fluoresced green after staining with calcein-AM and dead when they
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fluoresced red after staining with EthD-IIl. Cells were imaged using a 1 um step (z-axis) and adjusted
to incorporate 100 um height of the construct.

2.4.4. Determination of alkaline phosphatase (ALP) activity

Alkaline phosphatase, an enzyme that is prominent mainly at early osteogenic stages, was observed
by confocal laser microscopy following staining. Live ALP stain generates a soluble phosphorylated
molecule inside the cell that in presence of ALP yields a non-toxic green fluorescent product [37]. At
predetermined time points, the cell-loaded scaffolds were subjected to ALP staining to assess
osteogenic differentiation. The scaffolds were thoroughly washed with PBS and incubated with ALP
staining (Thermofisher, Alkaline Phosphatase Live Stain) solution for 1 h at 37 °C. Following staining,
the scaffolds were rinsed with PBS and observed under a confocal microscope. Confocal images were
acquired on days 3, 7, and 18 to visualize the distribution and intensity of ALP staining within the cell
layer on the various scaffold compositions and conditions.

2.4.5. Calcium secretion measurements

Calcium secretion of the cell seeded scaffolds was determined by the O-cresol phthalein complexone
(CPC) method (BIOLABO, Les Hautes Rives, French) [34]. In alkaline solution CPC reacts with calcium to
form a dark-red colored complex. The absorbance measurements are proportional to the amount of
calcium in the specimen. Calcium mineralization is one of the pivotal regulators for the formation of
the ECM and is considered to be a late marker of osteogenesis. Briefly, supernatants were collected,
and 10 pL from each were mixed with 100 pL of calcium buffer and 100 pL of calcium dye containing
78 umol/L CPC. Absorbance of the mixture was measured using a spectrophotometer (Synergy HTX
Multi-Mode Microplate Reader, BioTek, Winooski, USA) at 550 nm. Absorbance values were correlated
to calcium concentration by using a calibration curve. All samples were analyzed in quadruplicates
(n=4).

2.4.6. Quantification of secreted collagen by cells within the constructs

Collagen type | is the most abundant component of the organic extracellular matrix of bone tissue and
therefore its secretion and accumulation are a principal marker of the bone formation process [38].
The quantification of collagen secretion in the culture supernatants was performed using a
standardized protocol of our research group that is based on the Sirius Red (PSP) staining method after
4,6,8,11,13,15,18 and 21 days in culture [39]. The PSR staining method relies on the elongated, anionic
structure of the Sirius red dye molecule-binding parallel to cationic collagen fibers [40]. Briefly, at
predetermined time points 25 pL of culture medium were diluted in 75 pL of ultrapure deionized water,
mixed with 1 mL 0.1% w/v Sirius Red (Sigma, St. Louis, MO, USA) dye in 0.5 M acetic acid and finally
incubated for 30 min at room temperature. After the centrifugation of samples at 15,000 g for 20 min
at 4 °C, the scaffolds were washed with 0.5 M acetic acid to remove the non-bound dye. After the final
centrifugation, 1 mL of a 0.5 M NaOH solution was added to extract the collagen bound dye complex
and measured in a spectrophotometer (Synergy HTX Multi-Mode Microplate Reader, BioTek,
Winooski, USA). 200 uL of each solution were transferred to a 96-well plate and the measurements
were taken at 530 nm. The absorbance values were correlated to pg/mL of collagen by using a
calibration curve. All samples were analyzed in quadruplicates (n=4).

2.4.7. Energy dispersive spectroscopy (EDS) analysis

Scanning electron microscopy (SEM) was employed to visualize the calcium and phosphorus
biomineralization within the scaffold. For the preparation of the samples a well-established protocol
of our research group was followed [41]. Briefly, the samples were rinsed twice with PBS, fixed with
4% v/v PFA for 30 min, and dehydrated in increasing ethanol concentrations (30-100% v/v). Afterward,
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the samples were dried using HMDS and left overnight to dry. Followingly the samples were sputter-
coated with a 20 nm thick layer of Au (Baltec SCD 050) and observed under SEM (JEOL JSM-6390LV),
at an accelerating voltage of 15 kV. EDS analysis was performed to determine the elemental
composition of the biomineralized regions observed through SEM imaging. The EDS detector
integrated within the SEM system collected X-ray spectra emitted by the samples upon electron beam
interaction. The acquired spectra were analyzed to identify the presence and relative abundance of
calcium and phosphorus, enabling quantitative and visualized assessment of biomineralization. The
SEM images allowed the observation of the spatial distribution of calcium and phosphorus
biomineralization onto the scaffold surface. The EDS analysis provided quantitative information on the
elemental composition, allowing the determination of calcium and phosphorus ratios in the
biomineralized regions.

2.4.8. X-ray diffraction (XRD) analysis

XRD was employed to evaluate the HA composition in the scaffold. To perform this analysis, the
scaffolds were first freeze-dried for 24 h for water removal and consequently avoiding excess
background noise on the final graph. XRD analysis was performed by the triple axis in a high-resolution
X-ray diffractometer (HR-XRD) BEDE D1 with Cu Ka radiation (A=1.5460 A), operating at 45 kV and 40
mA, for an angle step of 0.0241° and 26 range from 20 to 60°. The instrument was equipped with a
suitable X-ray source and a detector capable of capturing diffracted X-rays. The samples were exposed
to X-rays, and the resulting diffraction patterns were recorded. The obtained XRD patterns were
analyzed using GraphPad Prism version 8 software to determine the composition of HA in the scaffold.
The diffraction peaks were compared with those of the HA standard to confirm the presence of
characteristic HA peaks. The positions and intensities of the peaks were used to identify the HA
crystallographic phases and assess the degree of crystallinity. The accuracy and reliability of the XRD
analysis were ensured by performing two replicates (n=2) of the measurements. Control, and
background subtraction, were conducted to account for any instrumental artifacts or background
noise that any residue of humidity in the scaffolds could have created.

2.5. Statistical analysis

Statistical analysis was performed for the Young’s modulus, % swelling ratio, % mass loss, electrical
conductivity cell viability, calcium and collagen secretion assessment using the two-way ANOVA
Dunnett’s multi-comparison test in GraphPad Prism version 8 software (GraphPad Software, San
Diego, CA, USA). P-values indicate statistically significant differences. Single symbols (*) or (#) show
statistically significant differences with p<0.05, two symbols (**) or (##) designate p<0.01, three
symbols (***) or (###) indicate p<0.001, four symbols (****) or (####) indicate p<0.0001 and five
symbols (*****) or (#####) are for p<0.00001.
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Chapter 3. Results

3.1. Physicochemical and mechanical characterization of scaffolds

3.1.1. Scaffolds’ morphology at macroscopic and microscopic view

The bioengineered scaffolds compositions as well as concentrations and crosslinking method are
displayed in Table 1. All scaffolds were fabricated through lyophilization and had a diameter of
approximately 5 £ 0.05 mm and a height of 14 £ 0.05 mm. They all resemble sponge-like structures
with different shades of black depending on their consistency (Fig. 1). Crosslinked scaffolds, as well as
scaffolds containing higher concentrations of PEDOT:PSS appear to be darker than the others. Control
PVA/Gelatin scaffolds were white. Pores are detectable on all scaffolds macroscopically.

Table 1. Acronyms of the various scaffold compositions. PEDOT:PSS is the acronym for poly(3,4-
ethylene dioxythiophene):poly(styrene sulfonate), PVA is the acronym for poly(vinyl alcohol), and
GOPS is the acronym for (3-glycidyloxypropyl)trimethoxysilane

Scaffold acronyms Composition
PVA-Gel 5% w/v PVA and 5% w/v gelatin, without PEDOT:PSS, serves as control
PVA-Gel C 5% w/v PVA and 5% w/v gelatin, without PEDOT:PSS, crosslinked with

GOPS and 0.025% w/v glutaraldehyde, serves as control

PEDOT_0.1 0.10% w/v PEDOT:PSS, 5% w/v PVA and 5% w/v gelatin

PEDOT_0.1_C 0.10% w/v PEDOT:PSS, 5% w/v PVA and 5% w/v gelatin, crosslinked
with 2% v/v GOPS and 0.025% w/v glutaraldehyde

PEDOT_0.15 0.15% w/v PEDOT:PSS, 5% w/v PVA and 5% w/v gelatin

PEDOT_0.15_C 0.15% w/v PEDOT:PSS, 5% w/v PVA and 5% w/v gelatin, crosslinked

with 2% v/v GOPS and 0.025% w/v glutaraldehyde

3.1.2. FTIR spectra analysis

FTIR spectra are a useful tool to identify the presence of certain functional groups in a molecule as
each specific chemical bond often has a unique energy absorption band. To better understand the
bond formation and to detect the crosslinked structure and intermolecular interactions, we acquired
the FTIR spectra of all scaffold types as well as their basic components in the range of 4000 cm™ to 500
cm™ wavelengths. The results are presented in the Figure 3. For pure gelatin we observed prominent
bands corresponding to amide A, amide B, amide I, amide Il and amide Il regions [42]. The amide A
band arises between 3200-3500 cm™® where the stretching vibrations of N-H bonds can be found. At
the same region O-H bonds are present. Also, a peak around 3100 cm™ is related to the asymmetric
stretching of C-H bonds, associated with amide B. Moreover, there is an intense peak at 1600-1700
cm® which indicates the presence of C=0 bonds, attributed to amide I. The amide Il band typically
observed at 1500-1600 cm™ arises a peak attributed to the combination of N-H bending and C-N
stretching vibrations. Finally, regarding the amide lIl, a peak at 1200-1300 cm™ corresponds to the
deformation of N-H bonds and the bending of C-N bonds [34]. Pure PVA exhibits a broad peak between
3200-3500 cm™, indicating the stretching vibrations of -OH hydroxyl groups. Nearby a peak at 2850—
3000 cm™* due to C-H alkyl stretching, can be found. The carbonyl group C=0 stretching vibrations occur
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around at 1750 cm™. Furthermore, a peak at 1450 cm™and 1350 cm™ associated with the C-H and O-
H bending respectively. In addition, a peak at 1100 cm™ is observed attributed to the C-O deformation
[43, 44]. Pure PEDOT: PSS had a prominent band at 3200-3500 cm, indicating the stretching vibrations
of -OH hydroxyl groups of PSS. C-C and C=C stretching of the aromatic rings of PSS are represented by
the spikes at around 1650 cm™, whereas the peak at 1190 cm™ reveals a symmetric stretching of the
PSS S=0 band. Also, a peak at 1090 represents the C-O-C stretching vibration band of PEDOT ring.
Finally, mild peaks were seen at 1200 cm™ and 960 cm™ corresponding to the stretching vibration of
SO4H group of PSS and to the C-S bonds in the thiophane ring of PEDOT [45, 46]. Similar peaks are
evident in all types of PEDOT:PSS-containing scaffolds with small changes in the spectrums of
PVA/Gelatin control scaffolds. All crosslinked PEDOT:PSS-containing scaffolds have the characteristic
deep peak of pure PEDOT:PSS at 3200-3500 cm’?, validating the crosslinking between PVA-Gelatin
matrix and PEDOT:PSS. On the other side, the non-crosslinked scaffolds appear to have a milder peak
at the same region, confirming that the binding of the PEDOT:PSS was weaker. As for the control
PVA/Gelatin scaffolds, most of the peaks of their basic components are present, verifying a well-
established bonding between those groups and the different charged groups of Gelatin (positive) [47]
and PVA (negative) [48]. No significant differences between crosslinked and non-crosslinked control
scaffolds are observed.
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Figure 3. FTIR spectra of the different scaffold types and their basic components, PVA, gelatin,
PEDOT:PSS. ‘C’ designates crosslinked scaffolds.

3.1.3. Degradation analysis

Degradation rates for the various scaffold compositions after 4, 7, 14, 21 and 28 were observed and
are demonstrated in Figure 4. PVA-Gel and PVA-Gel _C scaffolds possessed the higher degradation
rates. PEDOT_0.1 had significantly lower degradation values compared to the corresponding PVA-Gel
control scaffolds, for all time points. The same pattern is documented for the PEDOT_0.15 scaffolds as
well. Conversely, for the crosslinked scaffolds, PEDOT_0.1_C had significantly lower values than the
corresponding control PVA-Gel_C scaffold at all time points. Similar tendency is being recorded for the
PEDOT_0.15_C. In general, PEDOT:PSS-containing scaffolds had maintained their initial weight and
integrity for longer period of time in culture conditions. Therefore, preserving mechanical integrity
through controlled degradation is particular important in load-bearing areas such as the human
cartilage where the scaffold needs to withstand mechanical forces during the healing process [49].
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Figure 4. Degradation rates of the different scaffold compositions on days 4,7,14,21 and 28. The
presence of PEDOT:PSS led to a significant reduction of degradation rates from 70.0 + 5.1% to 50.0 £
5.5%. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, denotes a statistically significant difference
compared to the corresponding control scaffold.)

3.1.4. Swelling ratios

The scaffolds absorbed the maximum amount of PBS in 15 min. After 24 h freeze-drying, their weight
was measured. Both crosslinked and non-crosslinked scaffolds possessed the ability to swell. Liquid
uptake is exhibited in Figure 5. PEDOT_0.15_C scaffold had a slightly better ability to absorb (88.0
2.4%) PBS in comparison with the PEDOT_0.15 scaffold (82.0 £+ 7.1%). Significant differences had the
PEDOT_0.15_C (88.0 = 2.4%) compared with the respective control PVA-Gel_C (63.0 = 7.5%) as well as
the PEDOT_0.15 (82.0 + 7.1%) with the PVA-Gel (49.0 + 8.0%).
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Figure 5. Swelling ratios of the lyophilized scaffolds after 3 h immersion in PBS. The presence of
PEDOT:PSS led to a significant increase in swelling ratio from 49.0 + 8.0% to 88 + 2.4%. (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, denotes a statistically significant difference compared to the
corresponding control scaffold.)
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3.1.5. Porosity of scaffolds

Porosity of all scaffolds is demonstrated through SEM images at three different magnifications, 50 x,
200 x and 1000 x (Fig. 6A) Porosity was quantified via the SEM images using Imagel (Fig 6B) and through
the liquid displacement method using water as shown in Figure 6C. PEDOT:PSS-containing scaffolds
demonstrated higher porosity levels in comparison with the control scaffolds. More specifically,
PEDOT_0.15_C has the greatest value of 57 + 1.6% porosity exceeding the value of PEDOT_0.15 (54 +
2.0%). The same pattern is applied on the PEDOT_0.1 scaffolds with the crosslinked one slightly
exceeding the non-crosslinked. PVA-Gel control scaffolds proved to have fewer pores overall with an
average % porosity of 12 + 3.4%, whereas the addition of PEDOT:PSS presents a tendency to
significantly increase porosity. Furthermore PEDOT_0.15_Cand PEDOT_0.1_C exhibited the most well-
defined pores compared to the other types.

(A) Pvacel PVA-Gel_C PEDOT_0.1 PEDOT_0.1_C PEDOT_0.15 PEDOT 0.15_C

Figure 6. The porosity of all scaffold compositions is depicted via SEM in three magnifications (50x first
panel, 200x second panel and 1000x third panel) (A). PEDOT_0.15_C indicates the most well-defined
pores. The scale bar represents 500 um, 100 um, 10 um respectively. Evaluation of % porosity
calculated via SEM images using Imagel) (B) and through the liquid displacement method (C).
Crosslinked scaffolds present higher porosity values than the non-crosslinked with the exception of
the PVA-Gel (control) scaffolds, which exhibit fewer pores. Each bar represents the mean * SD of seven
replicates. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, denotes a statistically significant
difference compared to the corresponding control scaffold.)

21



3.1.6. Electrical conductivity

The electrical conductivity is shown in Figure 7. It can be observed that the PEDOT:PSS-containing
samples demonstrated significantly higher conductivity values compared to the PVA/Gel control
composition (621 + 10 Ms/cm). This suggests that the incorporation of PEDOT:PSS into the scaffold
material substantially enhanced its electrical conductivity. PEDOT_0.15 exhibits the highest
conductivity (1047 = 24 uS/cm), however, when comparing PEDOT_0.1 (1015 + 4 pS/cm) and
PEDOT_0.15, no statistically significant differences between them are evident.
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Figure 7. Evaluation of the electrical conductivity of the three compositions. The presence of
PEDOT:PSS led to a significant increase in electrical conductivity. Each bar represents the mean £ SD of
seven replicates. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, denotes a statistically significant
difference compared to the PVA-Gel control sample).

3.1.7. Evaluation of the scaffolds’ mechanical properties

The elastic modulus was measured at range of 65-95% strain [26], at a velocity of 15 + 0.05 mm/sec.
The scaffolds were measured when hydrated in order to provide an approximation of the pressure that
the materials can withstand in a liquid environment such as the human body. In Figure 8 the results
are presented. The mechanical tests indicated than the Young modulus of the PEDOT _0.15 C (3.4 +
0.9 MPa) scaffold was significantly greater compared to PVA-Gel_C control scaffold (1.7 £ 0.5 MPa)
while the PEDOT_0.1_C had comparable values with the control. Moreover, for the non-crosslinked
scaffolds PEDOT_0.1 (2.4 = 0.2 MPa) as well as PEDOT_0.15 (2.7 + 0.2 MPa) had significantly higher
values than the PVA-Gel scaffold. Of note, scaffolds maintained good structural integrity throughout
21 days in culture media, confirming scaffold stability under physiological conditions. No major
swelling or morphological changes were observed (data not shown).
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Figure 8. Evaluation of elastic modulus of the scaffolds at 60-95% strain, at a 15 + 0.05 mm/sec velocity.
PEDOT:PSS/PVA/Gelatin scaffolds presented favorable mechanical properties for bone tissue
engineering. Their elastic modulus ranged between 1 and 5 MPa.

3.2. Evaluation of cell adhesion, morphology, viability and proliferation within scaffolds

3.2.1. Viability and proliferation of pre-osteoblastic cells within the scaffolds

The cell viability and proliferation of the pre-osteoblastic cells in the different hydrogels was
qguantitatively assessed after 1, 3 and 7 days in the culture. The corresponding graph is depicted in
Figure 9A, 9B. All hydrogel types formed a gradual rate of increase in cell numbers over an incubation
period of 7 days. At day 3 most samples exhibit a statistically significant increase in cell population,
compared to the control, indicating an upregulated proliferation potential of MC3T3-E1 cells on the
hydrogels. PEDOT_0.1 had similar absorbance values on day 3 and 7, while PEDOT_0.15 exhibits
significant increase at day 7. PEDOT_0.1_C appears to have the lowest signals out of all different types,
while PEDOT_0.15_C exhibits high absorbance values on day 3 and 7 but still lower than the
PEDOT_0.15. This may be attributed to the crosslinking procedure. Overall, the pre-osteoblastic cell
proliferation and growth within the biomaterial, validated that all scaffold compositions have excellent
biocompatibility. The results from the cell viability assessment are in line with the findings from the
SEM analysis, which are indicative of the cell adhesion and proliferation capabilities of pre-osteoblastic
cells when loaded onto the scaffolds.
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Figure 9. Cytotoxicity assessment on days 1, 3 and 7 expressed as absorbance values (A). % Cell viability
(B). All scaffolds exhibit great biocompatibility, with the PEDOT_0.15 slightly exceeding the other
compositions. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, denotes a statistically significant
difference compared to the PVA-Gel_C control scaffold at the corresponding time point).
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3.2.2. Cell adhesion and morphology of pre-osteoblastic cells within the scaffolds
Representative SEM images (Fig. 10) display the adhesion of pre-osteoblastic cells within the various
scaffold compositions after 1 day in culture. All SEM images are taken at 1000 x magnification and the
scale bar represent 10 um. Cells represent their characteristic elongated morphology on all PEDOT:PSS-
containing hydrogels and protrusions for cell—cell interactions that are expected to promote tissue
formation. Cell infiltration within the pores of the hydrogels was observed. Specifically, PEDOT_0.1 and
PEDOT_0.15 present the most well adhered and elongated cells, followed by the PEDOT_0.15_C
scaffold. PVA-Gel-C scaffolds appear to have fewer adhered cells, not as elongated as the other PEDO-
containing scaffolds. Similar images are those of PEDOT_0.1_C, with well spread cells but not as many
as the other scaffold compositions. Unseeded scaffolds images are also shown for comparison
purposes as they served as a reference point to highlight the presence and distribution of cells. With
this approach, it was possible to distinguish the cells from the biomaterial and have a better view of
the cell morphology.

PVA-Gel_C PEDOT_0.1

Day 0
Unseeded
scaffolds

Day 1

Figure 10. Representative SEM images showing the morphology of pre-osteoblastic cells seeded onto
the different scaffold compositions after 1 day in culture. Unseeded scaffolds images are shown in the
upper panel for comparison purposes. The white arrows point to the adhered cells. The scale bar
represents 10 um.

3.3. Osteogenic response of MC3T3-E1 pre-osteoblastic cells on the piezoelectric
scaffolds under mechanical stimulation

3.3.1. Morphology of pre-osteoblastic cells within the constructs

The morphology of pre-osteoblastic cells onto the different type of scaffolds was visualized using SEM
on days 7 and 14 of the experiment. All SEM images are taken at 1000 x magnification and the scale
bar represent 10 um and are shown in Figure 11. The acronyms of each composition and the
experimental conditions are displayed in Table 2. Cells adhered well to the scaffold’s surface and
exhibited their distinct elongated morphology with an increasing proliferation rate up to day 14. More
specifically, for the dynamic condition, at day 7, all scaffolds appear to have an extended cell
proliferation and adhesion. PEDOT_0.15_D and PEDOT_0.15_C_D presents well spread cells with some
cells already formed pseudopodia. At day 14, cell adhesion and cytoskeletal organization were found
to be enhanced on the biomaterial, indicating a favorable cellular response. Cells have covered most
of the scaffolds’ surfaces, revealing a dense cell sheet formed by fully spread-out pre-osteoblasts. This
observation is verifying the excellent biocompatibility of the scaffolds.

Table 2. Acronyms of the various scaffold compositions and the experimental conditions static (S) and
dynamic (D). Non-crosslinked PVA-Gel scaffolds were not stable in culture conditions and consequently
not employed in the experiments. (D) indicates the conditions performed using a mechanical
stimulation protocol as described in section 2.4.2.
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Scaffold acronym Experimental condition (static/dynamic)

PVA-Gel_S -
PVA-Gel_D -
PVA-Gel_C_S PVA-Gel_C under static culture condition
PVA-Gel C D PVA-Gel_C under dynamic condition
PEDOT_0.1_S PEDOT_0.1 under static culture condition
PEDOT_0.1_D PEDOT_0.1 under dynamic condition
PEDOT 0.1 C_S PEDOT_0.1 under static culture condition
PEDOT_0.1. C D PEDOT_0.1 under dynamic condition
PEDOT 0.15_S PEDOT_0.15 under static culture condition
PEDOT _0.15 D PEDOT_0.15 under dynamic condition
PEDOT 0.15 C S PEDOT_0.15 under static culture condition
PEDOT 0.15 C D PEDOT_0.15 under dynamic condition
PVA-Gel_C PEDOT_0.1 PEDOT_0.1_C PEDOT_0.15 PEDOT_0.15_C

)

Figure 11. Representative SEM images showing the morphology of pre-osteoblastic cells seeded onto
the different scaffold compositions after 7 and 14 days. The scale bar represents 10 um

3.3.2. Live/Dead assay

In order to investigate the viability of the seeded MC3T3-E1, scaffolds were cultured for 7 days. On day
3, live and dead cells were simultaneously stained with calcein AM and EthD-1 which showed the
images of live (stained green) and dead (stained red) cells (Fig. 12). Images reveal that for all five
concentrations and over the whole culture period, majority of the cells survived the protocol and
cultivation process. Specifically, cells that survived in the dynamic culture seems to be significantly
higher compared to the static one.
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PVA-Gel C PEDOT 0.1  PEDOT 0.1 C  PEDOT 0.15  PEDOT 0.15 C

Figure 12. Cytotoxicity assessment on day 3 via confocal scanning microscopy. Live cells are shown in
green and dead cells are shown in red. The scale bar represents 500 um.

3.3.3. Determination of the alkaline phosphatase activity

ALP is commonly used as an early marker for osteogenic differentiation and can be assessed through
various methods including biochemical assays and staining techniques. In this study it was evaluated
through a staining protocol and visualized via confocal microscopy. Corresponsive images of the ALP
expression are evident in Figure 13. Three pre-determined time points were examined: day 3 day 7
and day 18. At day 3 PEDOT_0.15_C_D displayed significantly higher ALP activity levels compared to
the others compositions, followed by PEDOT_0.1_C_D. The same trend is being observed in the
subsequent time points, albeit with a less highlighted effect as the ALP is an early marker and it
expressed more, in primitive time points. All dynamic culture conditions were superior compared to
the static control at this particular time points. In conclusion, the incorporation of PEDOT:PSS into
PVA/Gelatin matrix was proved to be vital for the osteogenic differentiation, with the scaffolds
containing higher PEDOT:PSS concentrations showing the highest values. Especially, crosslinked
scaffolds that formed stronger bonds between the materials and have successfully integrated
PEDOT:PSS into the matrix demonstrated higher levels of ALP activity. These findings highlight the
influence of PEDOT:PSS as a piezoelectric material that responds to mechanical stimulation by
producing electrical signals, thereby triggering the opening of voltage-gated calcium channels and
inducing osteogenic differentiation [17].
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PVA-Gel_C PEDOT_0.1 PEDOT_0.1_C PEDOT_0.15 PEDOT_0.15_C

== )

Figure 13. ALP activity on days 3, 7 and 18 observed by confocal laser scanning microscopy following
live staining (green). The scale bar represents 500 um.
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Dynamic
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Day 7

Dynamic

Static

Day 18

Dynamic

3.3.4. Calcium secretion measurement

Calcium deposition is a marker that signifies bone formation and its presence indicates the shaping of
bone-like structures. With the quantification of calcium concentration in the culture medium, level of
osteoblastic activity and mineralization is evaluated [50]. Calcium levels for the different scaffolds are
presented in Figure 14A. The results indicate that there is a consistent and steady increase in calcium
concentration over time in all scaffolds, implying continuous differentiation of pre-osteoblasts into
mature osteoblasts until day 21. Notably, the scaffolds subjected to mechanical stimulation exhibited
higher values, suggesting that mechanical stimulation enhances the differentiation potential.
Particularly, the compositions with the greater values were PEDOT_0.15_D, PEDOT_0.15_C D and
PEDOT_0.1_D. Both the activity of ALP and the production of calcium support this finding, signifying
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that the PEDOT:PSS-containing scaffolds subjected to mechanical stimulation have a greater
differentiation capacity compared to the non-stimulated ones. It is worth noting that mechanical
stimulation does not negatively impact the osteogenic potential but rather further promotes it.

3.3.5. Collagen secretion quantification

Collagen type | is a vital constituent and the most abundant organic component of bone tissue that
serves a structural role in the ECM formation [51]. Collagen concentration was quantified in the
supernatants as a middle marker of osteogenesis. Cell supernatants were collected after
4,6,8,11,13,15,18, and 21 days of the experiment. The evaluation of collagen concentration (Fig. 14B)
revealed a universal increase. The scaffolds depicted comparable collagen levels production under
both dynamic and static culture conditions. Collagen level secreted by pre-osteoblasts on the various
types of scaffolds, demonstrated a threefold increase from day 7 to day 14. A slight decrease in the
rate of collagen production was observed after 13 days in culture, especially for the static condition.
By day 21, all mechanical stimulated scaffolds indicated higher levels of collagen concentration
compared to the static equivalent, with PEDOT_0.15_C_D retaining the highest values.
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Figure 14. Levels of calcium on days 7, 14, and 21, depicted by graph bars (A). Levels of collagen on
days 7, 14, and 21, described by graph bars (B). S’ designates static culture, ‘D’ dynamic culture (under
mechanical stimulation), and ‘C’ crosslinked. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, denotes
a statistically significant difference between static and dynamic culture at the corresponding time
point.)

3.3.6. Energy dispersive spectroscopy (EDS) analysis of biomineralization

EDS analysis was carried out for all different scaffold compositions and time points using a SEM (JEOL
JSM-6390LV), in order to determine the existence of the element’s composition on the surface of the
hydrogels. Previously, SEM images were obtained showing the biomineralization on the surface of the
scaffolds. Remarkably, the EDS analysis revealed the presence of significant calcium and phosphorous
deposition for various scaffolds. Specifically, as shown in Figure 15A at day 7 only PEDOT_0.15__C D
demonstrated evidence of calcium deposition. At day 14 in dynamic culture three of the five scaffolds
exhibited calcium deposition, PEDOT_0.1_C_D, PEDOT_0.15 D and PEDOT _0.15_C_D. These results
are in line with the previous examined osteogenic markers, highlighting the key role of PEDOT:PSS as
a component that promotes osteogenesis. At day 21, calcium deposition is presented onto all scaffolds.
Regarding phosphorous, biomineralization is being observed in all scaffolds at day 21 in contrast with
day 14 that phosphorous is presents only in PEDOT_0.1_C D and PEDOT _0.15_C_D (Fig. 15B). The
identification of these elements is highly indicative of biomineralization, a fundamental process for the
formation of mineralized tissues such as bone. The presence of calcium and phosphorous suggests the
potential creation of HA, a major component of natural bone. In that notice, Ca/P ratios were
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evaluated via EDS analysis, revealing that PEDOT_0.15_C_D had very similar ratio with HA 1.68,
followed by PEDOT_0.15_D with a ratio of 1.26 (Fig. 16A).

(A) PVA-Gel_C PEDOT_0.1 PEDOT_0.1_C PEDOT_0.15 PEDOT_0.15_C

Static

Dynamic

(B) PVA-Gel_C PEDOT_0.1 PEDOT_0.1_C PEDOT_0.15 PEDOT_0.15_C

Static

Day 21

Dynamic

Figure 15. Determination of the calcium and phosphorous mineralization through atomic-resolution
mapping and EDS analysis. Calcium is shown in yellow (A) and phosphorous in blue dots (B).
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3.3.7. X-ray diffraction (XRD) analysis of biomineralization

For the determination of crystalline structure of the scaffold, XRD analysis was conducted (Fig. 16B).
For each sample a corresponding SEM image was obtained in order to visualize the formatted crystals
structures (Data not shown). The results of the XRD analysis revealed the presence of prominent peaks
corresponding to potential formation of biomineralized matrix. Specifically, PEDOT_0.15_C_D and
PEDOT_0.15_D were removed from culture at day 21 and further investigated through XRD analysis.
PVA-Gel_C was included as control scaffold. The scaffolds that were chosen were the ones with the
most promising EDS results. Their Ca/P ratios align closely with the values of calcium phosphate
derivatives and pure HA, suggesting the likelihood of biomineralization due to osteogenesis. PVA-
Gel_C_D does not seem to have any sharp peaks, except a small one at approximately 31° 20 angle.
Moreover, the shape of the crystals match with that of calcium phosphate. For PEDOT_0.15_D, the
most prominent peaks are being observed at approximately 31°, 40°, and 46° 26 angles. These peaks
in combination with the respective Ca/P ratio (Fig. 16A) can be translated as potential formation of
calcium phosphate derivatives such as amorphous calcium phosphate (ACP) or octacalcium phosphate
(OCP). Ca/P ratios of ACP and OCP range between 1.2 and 1.33 respectively [52] [53] [54] and crystal
structure resembles aligned rods in a cohesive arrangement [55], similar with the results for
PEDOT _0.15_D. The production of those derivatives is highlighting the ongoing biomineralization
process by differentiated pre-osteoblasts. PEDOT_0.15_C_D appear to have sharp peaks at around 31
°, and 46 ° 20 angles. Those peaks reflect on (211) and (222) crystallographic planes of HA phase
respectively, and are used as reference markers for the identification of hydroxyapatite [56, 57]. The
comparison of the Ca/P ratio of PEDOT_0.15_C_D with the established Ca/P ratio of HA (1.67) [58] in
combination with XRD analysis, significantly strengthen the evidence supporting the hypothesis of HA
formation on the scaffold by mature osteoblasts. Overall, the examination underscores the scaffolds’
capacity to support differentiation, highlighting their suitability for promoting bone tissue
regeneration.

(A) Sample acronym Ca/P ratio
PVA-Gel_C_D i
PEDOT _0.15_D 1.26

PEDOT_0.15_C_D 1.68
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Figure 16. Biomineralization of hydroxyapatite evidenced via Ca/P ratios of the three different

scaffolds calculated by EDS analysis (A) and XRD analysis (B). ‘S’ designates static culture, ‘D’ dynamic
culture (under mechanical stimulation), ‘C’ crosslinked.

Y
o
=1
Y
o
=
B
o
=3

» 300

@
=1
=3
1
w
a
a
1

‘M’.-‘Lm, J N
/ Vet oy
Lty

‘J‘mv.

Day 21

=
o
o
1
=l
=3
1

100

Intensity (a.u.)
T
kS
€
Intensity (a.u)
T
Intensity (a.u)
]
T

o

5]
o

30



Chapter 4. Discussion

Tissue engineering employs a lot of biomaterials, aiming to engineer cell friendly platforms that
support tissue formation. For this purpose, both natural and synthetic biopolymers have been
employed, often combined with inorganic components to further reinforce the structural stability and
the biological responses. The main objective of this study was the development of a novel scaffold
composed of gelatin, a natural polymer, poly(vinyl alcohol) (PVA), a synthetic polymer, and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), a piezoelectric polymer with potential
osteogenic differentiation capabilities. The incorporation of PEDOT:PSS was motivated by its unique
ability to convert mechanical stimuli into electrical signals [25], which have been shown to activate
voltage-gated calcium channels of the cell membrane [26], a known regulator of osteogenic
differentiation [27]. By combining these three components, we aimed to create a multifunctional
dynamic scaffold that not only provides structural support and biocompatibility through PVA and
gelatin but also harnesses the piezoelectric properties of PEDOT:PSS to potentially enhance osteogenic
differentiation under mechanical stimulation.

Mimicking the piezoelectric nature of bone tissue, piezoelectric materials have been found to
enhance tissue formation through an electrically active microenvironment without needing an
external power source. These materials act as mechanoelectrical transducers, generating an electric
field in response to a small mechanical vibration [59]. The grafts incorporating such materials can
directly influence the osteoblasts or chondroblasts while improving cell adhesion and proliferation,
producing ECM for repairing damaged tissue sites. The mechanotransduction pathway involves
mechanoreceptors such as stretch-activated Ca®* channels, cadherins, a5B1 integrin and interleukin-4
(IL-4) loop [60]. Figure 17 depicts the mechanotransduction pathways and other pathway activations
in response to electrical and mechanical stimulations. Upon exposure to mechanical stimuli, the
piezoelectric smart grafts, due to their molecular asymmetry, are being polarized generating electric
signals, that activate the voltage-gated Ca%* channel. An increased intracellular Ca?* concentration
further activates calmodulin (calcium-modulated protein), activating the next calcineurin (calcium and
calmodulin-dependent serine/threonine protein phosphatase). The activated calcineurin
dephosphorylates the NF-AT, causing it to move to the nucleus and act as a transcription factor with
other associated proteins[61],[59]. The interaction of intracellular calcium channels and the increase
of total Ca?* concentration through connexin, could be one of the mechanisms of osteogenic
differentiation of MSCs induced by piezoelectric grafts [62, 63]. Consequently, mechanotransduction
pathways could potentially play a pivotal role in bone development and maintenance [25]. The initial
hypothesis of the present study was the activation of these mechanotransduction pathways through
the mechanical stimulation of PEDOT:PSS-based piezoelectric scaffolds.
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Figure 17. The mechanotransduction pathways involve Ca%" signal-activated pathways and other
miscellaneous pathway activation in response to electrical and mechanical stimulation.

To this end, we fabricated and physicochemical characterized PEDOT:PSS-based piezoelectric
scaffolds that were then subjected to uniaxial compression by means of MechanoCulture bioreactor.
We selected concentrations of 0.1% w/v and 0.15% w/v for the incorporation of PEDOT:PSS into our
scaffold fabrication process based on the existing literature and the specific requirements of our study.
Prior studies used concentrations from 0.1% w/v to 0.3% PEDOT:PSS [64]. It is well-documented that
PEDOT:PSS, when used at concentrations exceeding 0.2%, can exhibit cytotoxic effects on cells [65].
This cytotoxicity poses a significant risk to the viability and health of the cells within our scaffolds,
which is a critical concern when developing tissue engineering platforms. Conversely, concentrations
below 0.1% w/v have been shown to lack the desired piezoelectric effect on cells, which is a key
property we aim to harness for our study. Therefore, the selection of 0.1% w/v and 0.15% w/v
PEDOT:PSS concentrations strikes a balance between avoiding cytotoxicity and ensuring the effective
promotion of piezoelectric interactions with cells, making them ideal for our scaffold fabrication. By
incorporating both concentrations, we aimed to gain deeper insights into the precise dosage required
to optimize osteogenesis, ensuring that our scaffold design is not only cytocompatible but also
maximally effective in promoting bone tissue formation.

Biological evaluation of the cell proliferation and osteogenic potential of pre-osteoblastic cells,
which were loaded onto them, was conducted. The dynamic conditions were selected based on a
previous study, using 1 Hz frequency, a cyclic strain of 10% for a duration of 1 h every second day [36],
which resemble the physiological applied forces during human body movement [28]. Scaffolds were
exposed to mechanical stimulation on their side, mimicking the direction of mechanical forces applied
to bone and assuring that the cells cultured within the scaffolds experienced significant levels of strain
during mechanical stimulation. Two different concentrations of PEDOT:PSS-containing scaffolds were
produced. PVA-Gel_C control scaffolds were mainly employed to determine whether the lack of
PEDOT:PSS affect the osteogenic differentiation potential of pre-osteoblasts. Glutaraldehyde was used
as crosslinkers to covalently bind the free amino groups of gelatin with the hydroxyl groups of PVA
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forming a matrix. GOPS was employed to bind PEDOT:PSS with the rest of the matrix. As it is evident
from the biological evaluation, the 2% v/v GOPS and the 0.025% v/v glutaraldehyde did not negatively
affect the cell growth and differentiation potential. Similar concentrations of the those crosslinkers
have been reported in literature [17, 32] Lyophilization was utilized in the fabrication of the scaffolds,
enabling the formation of both larger and smaller pores through the process of water sublimation. This
resulted in the 3D structures possessing a favorable setting for supplying nutrients, facilitating cell
infiltration, and promoting growth. Moreover, lyophilization served the purpose of an additional
crosslinking method, inducing notable enhancements in the flexibility and porosity of the scaffolds.

The FTIR spectra provide the information of the hydrogel formation from the initiators as well
as the crosslinking [66]. FTIR was performed to check for successful bonding of PEDOT:PSS with the
PVA-Gelatin matrix, as well as successful attachment of the GOPS and glutaraldehyde molecules. The
peak correlating with the formation of the C=C in PEDOT is seen at about 1510 cm™ indicating the
successful attachment of GOPS to the interpenetrating polymer network of PEDOT:PSS [67]. As for the
possible crosslinking reaction mechanism between PEDOT:PSS and GOPS, it is reported in the literature
that the SO5™ groups of the excess PSS reacts with the epoxy ring of GOPS [68] The FTIR spectra analysis
of the scaffolds depicted similar characteristic peaks with those of their base constituents. These
characteristic peaks were consistent across all PEDOT:PSS-containing scaffolds, confirming successful
integration. Crosslinked scaffolds displayed a prominent peak, indicating effective crosslinking
between the matrix and PEDOT:PSS. Conversely, non-crosslinked scaffolds showed weaker binding of
PEDOT:PSS. Control scaffolds demonstrated stability and interactions between Gelatin's positive
charges [47] and PVA's negative charges [48]. In the case of gelatin, the glutaraldehyde reacts with
each NH; functional group of adjacent lysine residues, while for PVA the glutaraldehyde reacts with
two adjacent hydroxyl groups, forming acetal bridges [69].

The degradation rates of different scaffold compositions were evaluated at intervals of 4, 7,
14, 21, and 28 days. PVA_Gel scaffolds demonstrated the highest degradation rates, which can be
ascribed to the fact that the gelatin component, in incubation conditions, exists in a liquid state.
Consequently, during the degradation experiment at 37°C in the incubator, the gelatin part of the
scaffolds dissolved. Furthermore, the level of crosslinking appears to be insufficient, as a similar
pattern is observed in the case of PVA_Gel C scaffolds. On the other hand, PEDOT:PSS-containing
scaffolds appear to have significantly lower degradation rates. This could be attributed to the presence
of the conductive polymer PEDOT:PSS. According to existing literature, when subjected to freezing-
thawing cycles, PEDOT:PSS undergoes reshaping. This means that structural alternations or changes
within the PEDOT:PSS polymer could occur. These changes can involve the rearrangement of the
molecular structure and the formation of new bonds, which contribute to improved integrity over time
and enhanced mechanical properties [31]. Generally, PEDOT:PSS-containing scaffolds retained initial
weight and integrity over 21 days in culture without noticeable swelling or morphological changes,
which holds particular significance for load-bearing areas like human cartilage, where mechanical
resilience during the healing process is vital [49].

Swelling behavior affects the scaffolds’ 3D structure and mechanical strength. When scaffolds
swell, their pore size increase, which can enhance cell attachment and migration but can adversely
affect their mechanical properties [70]. Both crosslinked and non-crosslinked scaffolds showed
swelling capability. PEDOT_0.15_C demonstrated improved absorption compared to PEDOT_0.15.
Significant differences were observed between PEDOT_0.15_C and its control PVA-Gel_C, as well as
PEDOT_0.15 and PVA-Gel

Natural bone has internal pores, known as voids, with their volume referred to as porosity.
Porous scaffolds facilitate cell penetration and migration [71]. Porosity determines permeability,
allowing for nutrient and oxygen exchange, waste removal, and the ingrowth of bone tissue and blood
vessels [72]. Smaller pores can limit vascular invasion, favoring chondrogenesis, while larger pores can
promote osteogenesis due to higher oxygen levels [73]. Porosity of the scaffolds was illustrated using
SEM images and quantified through both the liquid displacement method using ethanol and SEM
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images analyzed with Imagel. Notably, PEDOT:PSS-containing scaffolds exhibited elevated porosity
compared to control scaffolds. Specifically, PEDOT_0.15_C showcased the highest porosity as well as
the most well-defined pores, surpassing PEDOT_0.15 with fewer and more elongated pores. This trend
extended to PEDOT_0.1 scaffolds, with the crosslinked variant slightly exceeding the non-crosslinked.
The PVA-Gel control scaffold exhibited the lowest porosity. In general, the porosity of our scaffolds
does not exceed 60%, which differs from the typical porosity levels reported in the literature, usually
falling within the range of 80-85% for gelatin containing scaffolds [34, 35]. This variance can be
attributed to the elevated PVA concentration within the scaffolds, resulting in increased rigidity. As
previous studies have shown, higher PVA concentrations tend to reduce porosity [74]. In our research,
5% PVA concentration was chosen, which yielded a scaffold porosity of 60%. However, our choice of
using this specific PVA percentage was driven by the exceptional mechanical properties it imparts to
the scaffolds. This aspect is of utmost importance for the primary goal of our study, which is to subject
the scaffolds to mechanical stimulation. Therefore, our aim was to develop scaffolds with high
elasticity to withstand the mechanical loads applied to them.

The electrical conductivity of the three different compositions was evaluated. It is noteworthy
that the addition of PEDOT:PSS led to a substantial increase in the electrical conductivity when
compared to the control, aligning with the existing literature suggesting that increasing PEDOT:PSS
concentration within a specific range, results in heightened electrical conductivity levels [64, 65]. The
comparative analysis between PEDOT 0.1 and PEDOT_0.15 samples did not reveal any statistically
significant differences in conductivity. However, it is intriguing to observe that PEDOT_0.15 exhibited
the highest values among the tested samples, underscoring its potential to enhance the scaffolds
conductivity.

In the context of mechanical characterization, PEDOT_0.15_C scaffold exhibited superior
elasticity compared to the PVA-Gel_C control scaffold, while PEDOT 0.1 _C closely mirrored the
control. Similarly, non-crosslinked scaffolds, PEDOT_0.1 and PEDOT_0.15, displayed notably higher
moduli than the PVA-Gel control scaffold. Previous studies have indicated that PVA/Gelatin hydrogels
typically exhibit a Young modulus of approximately 40-300 kPa [24, 75, 76]. In the present study,
PEDOT:PSS/PVA/Gelatin scaffolds exceeded the reported values. Scaffolds fully recovered to their
initial height after the compression test, without any visible damage. This exceptional performance
holds significant promise for their application in bone tissue engineering.

Overall, the physicochemical analysis of the scaffolds underscores the pivotal role of
crosslinking in enhancing scaffold integrity and promoting material interactions. These findings,
coupled with the notably high Young's modulus values, shed light on the profound impact of
PEDOT:PSS incorporation and crosslinking on scaffold rigidity, offering promising prospects for their
utilization in tissue engineering endeavors. Moreover, the controlled degradation exhibited by
PEDOT:PSS-enhanced scaffolds, along with their favorable swelling ratios, highlights their potential to
withstand the mechanical demands of tissue regeneration. Additionally, the elevated porosity
observed in PEDOT:PSS-containing scaffolds further accentuates the advantages of PEDOT:PSS
integration, facilitating cellular infiltration, nutrient transport, and seamless tissue integration.
Collectively, these results endorse the potential of these scaffolds as versatile and robust platforms for
advancing various tissue engineering applications.

PEDOT:PSS-containing hydrogels show optimal cell adhesion and elongation while control
scaffolds have linear proliferation. Networks of interconnected cells seem to have been formatted. Cell
viability and proliferation demonstrate increasing cell numbers in all hydrogel types. Day 3 shows
significant growth compared to the control, especially in PEDOT_0.15 at day 7. The increase of
PEDOT:PSS concentration proves to have an important effect on the cell number, which is in line with
other reports on cell viability of PEDOT:PSS-containing scaffolds [17, 29].

Early healing phase is particularly sensitive to mechanical signals and lay the foundations for
the entire repair process. In fact, it has been shown that allowing limited interfragmentary movement
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in the initial phase can enhance fracture healing in sheep models [77]. The movement of the impact
fracture of axial fracture is reported as the main loading system for animal bone marrow models with
an external fixator [78]. The compression of axial fracture that occurs as a result of weight bearing in
experimental bone healing studies is between 10% and 33% [79, 80] and 2% and 20% respectively [81,
82], in the fracture gaps for sheep and rat bone marrow. According to reported in vivo data and to
previous studies investigating the effects of mechanical loading on cell differentiation, 5 and 10% of
strain regimes were chosen [83-86]. In order to mimic the load pattern in human movement, sinusoidal
compression at 1 Hz frequency was applied by means of a bioreactor. Overall, the load parameters
used in this study are selected to represent the mechanical environment in the early fracture gap,
more specifically the dynamic environment that occurs in vivo.

The morphology as well as the osteogenic differentiation potential of pre-osteoblasts seeded
on the scaffolds, during the mechanical stimulation experiment, were examined. SEM images display
the morphology of pre-osteoblasts onto the scaffolds and highlight strong cell adhesion, characterized
by elongated morphology and increasing proliferation up to day 14. Notably, dynamic conditions foster
substantial cell proliferation and adhesion by day 7 across all scaffold types. PEDOT_0.15_D and
PEDOT _0.15_C_D exhibit well-spread cells, some with pseudopodia by day 7. By day 14, cells display
heightened adhesion and cytoskeletal organization on the biomaterial, indicating a favorable
response. The extensive cell coverage on scaffold surfaces, forming dense cell sheets of fully spread
pre-osteoblasts, underscores exceptional scaffold biocompatibility and capacity to support cell growth
and interaction.

ALP is an enzyme that is widely distributed in different tissues and is particularly associated
with bone formation, where it is involved in mineralization processes. The main role of this enzyme is
to detach phosphate groups off different molecules and consequently inducing the formation of HA
crystals, a fundamental component of extracellular matrix of bone tissue [87]. Alkaline phosphatase
(ALP), was assessed through live staining and confocal microscopy. PEDOT_0.15_C_D exhibits higher
ALP activity at day 3, followed by PEDOT 0.1 _C D, a trend continuing with less intensity in the
following time points, due to ALP's early marker nature. Dynamic conditions consistently outperform
static ones. The incorporation of PEDOT:PSS into the PVA/Gelatin matrix emerges as pivotal for
osteogenic differentiation, particularly in crosslinked scaffolds that successfully integrate PEDOT;PSS,
showcasing its piezoelectric influence triggering osteogenic differentiation. The above findings are in
line with the existing literature, which supports that PEDOT:PSS serves as a osteogenic differentiation
stimulus for the pre-osteoblastic cells [17] [88].

Calcium deposition, a bone formation indicator, is more pronounced under mechanical
stimulation, especially in PEDOT_0.15_D, PEDOT_0.15_C_D, and PEDOT_0.1_D. Collagen type |, a
structural bone tissue component, displays steady increase in both dynamic and static cultures.
Mechanically stimulated scaffolds maintain higher collagen levels by day 21, especially
PEDOT_0.15_C_D.

EDS uncovered significant calcium and phosphorus deposition across diverse scaffolds.
Particularly, at day 7, calcium deposition was evident in PEDOT_0.15_C_D, and by day 14, three
dynamic culture scaffolds, including PEDOT_0.1_C_D, PEDOT_0.15_D, and PEDOT_0.15 _C D,
exhibited calcium deposition, corroborating the previously assessed osteogenic markers and
highlighting PEDOT:PSS’s osteogenic role. By day 21, calcium deposition was widespread across all
scaffolds. Furthermore, phosphorus biomineralization emerged in all scaffolds by day 21, compared to
its presence only in PEDOT_0.1_C D and PEDOT_0.15_C D at day 14. Similar results are evident in
previous studies that show the important role of PEDOT:PSS in biomineralization, [17],[89] a
fundamental process for bone tissue formation, potentially involving hydroxyapatite, a major bone
component. Ca/P ratios, assessed via EDS analysis, revealed similarities between PEDOT_0.15_C_Dand
hydroxyapatite, followed by PEDOT_0.15_D. X-ray diffraction (XRD) analysis, identified prominent
peaks suggesting biomineralized matrix formation. Particularly, PEDOT_0.15_C_D and PEDOT_0.15_D,
exhibited peaks reminiscent of calcium phosphate derivatives. For PEDOT_0.15_C_D, sharp peaks at
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characteristic hydroxyapatite angles were identified. This close correlation of, XRD, and Ca/P ratios
strongly supports the hydroxyapatite hypothesis. Collectively, this examination accentuates the
scaffolds' potential to drive osteogenic differentiation, affirming their suitability for facilitating bone
tissue regeneration.

Chapter 5. Conclusion

In summary, our study underscores the pivotal role of mechanically sensitive scaffolds in advancing
osteogenic tissue regeneration. The outcomes of this investigation spotlight the significant potential
of the PEDOT:PSS/PVA/Gelatin scaffolds, which intricately support pre-osteoblast adhesion,
proliferation, and osteogenic differentiation under simulated mechanical stimulation akin to the
natural dynamics of bone tissue. Notably, scaffolds featuring the PEDOT_0.15_C composition, under
mechanical stimulation conditions, exhibited statistically remarkable enhancement in osteogenic
differentiation, evident through the detection of hydroxyapatite on scaffolds after 21 days. These
scaffolds hold promise for applications in bone tissue engineering and other mechanically-loaded
tissues. Furthermore, our pioneering development of a holistic 3D tension-controlled scaffold model,
combined with dynamic culture of pre-osteoblasts, establishes an innovative platform for studying
osteogenesis under conditions closely resembling the body's natural state. This approach not only
contributes to advancing in vitro evaluation methods but also significantly reduces the need for in vivo
experimentation. Moreover, our findings validate our initial hypothesis regarding the activation of
mechanotransduction pathways through the mechanical stimulation of PEDOT:PSS-based piezoelectric
scaffolds. This not only positions these smart biomaterials as potential future bone implants but also
underscores their role as a comprehensive model for observing and studying osteogenesis in depth.
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