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ABSTRACT: Intrinsically conducting polymers (ICPs) are widely used to fabricate biomaterials; their application in neural tissue
engineering, however, is severely limited because of their hydrophobicity and insu cient mechanical properties. For these reasons,
soft conductive polymer hydrogels (CPHSs) are recently developed, resulting in a water-based system with tissue-like mechanical,
biological, and electrical properties. The strategy of incorporating ICPs as a conductive component into CPHs is recently explored
by synthesizing the hydrogel around ICP chains, thus forming a semi-interpenetrating polymer network (semi-IPN). In this work, a
novel conductive semi-IPN hydrogel is designed and synthesized. The hybrid hydrogel is based on a poly(N-isopropylacrylamide-co-
N-isopropylmethacrylamide) hydrogel where polythiophene is introduced as an ICP to provide the system with good electrical
properties. The fabrication of the hybrid hydrogel in an aqueous medium is made possible by modifying and synthesizing the
monomers of polythiophene to ensure water solubility. The morphological, chemical, thermal, electrical, electrochemical, and
mechanical properties of semi-IPNs were fully investigated. Additionally, the biological response of neural progenitor cells and
mesenchymal stem cells in contact with the conductive semi-IPN was evaluated in terms of neural di erentiation and proliferation.
Lastly, the potential of the hydrogel solution as a 3D printing ink was evaluated through the 3D laser printing method. The
presented results revealed that the proposed 3D printable conductive semi-IPN system is a good candidate as a sca old for neural
tissue applications.

A —

1. INTRODUCTION properties:* the neural tissue is intrinsically soft (1 10 kPa
for brain slices),*® while the Young’s Modulus of ICP materials is
several orders of magnitude higher than that of neural
tissues.”"*® Upon implantation, the sti er properties of ICP
materials might trigger injury-response mechanisms in the brain
tissue, leading to sca old encapsulation and subsequent

Intrinsically conducting polymers (ICPs) have been attracting
much attention due to their interesting electronic, mechanical,
thermal, optical, and chemical properties that make possible a
broad range of applications, including organic electronics,
photovoltaics, sensors, catasly;sis, and batteries." * More recently,
a few biocompatible ICPs” * were proposed for promoting the ———
conduction of electrical signals in physiologic environments.®* Received: ~ April 22, 2021 2|
This application plays a pivotal role in biological processes, Revised:  June 10, 2021
including neural communication and neural tissue repair.'*** Published: June 21, 2021
While ICPs have been widely used to fabricate biomate-
rials,** ** their application in neural tissue engineering is
severely limited because of ICPs’ insu cient mechanical
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isolation from living tissues."® Researchers’ e orts to reduce the
Young's Modulus of conductive biomaterials from GPa to kPa
resulted in the development of a class of soft conducting
materials called conductive polymer hydrogels (CPHs).?°

To address such challenges, CPHSs were designed to have the
bene cial synergistic characteristics of hydrogel structures and
conductive polymers, resulting in a system with outstanding
adhesion, porosity, and electrical properties.* 2 Additionally,
CPHs have suitable physical and biological properties, including
tissue-like mechanical features, high water content, and
biocompatibility.* For these reasons, CPHs are considered
promising biomaterials for the fabrication of next generation
sca olds for neural tissue engineering.”®> *’

CPHs have been easily synthesized by combining a hydrogel
precursor with conductive nano llers (e.g., graphene oxide,?
carbon nanotubes,?® and nanoparticles™), even though a high

ller concentration is required to form an electrically conductive
network. The drastic mismatch between the nano ller sti ness
and the polymer weakens the composite hydrogel mechanical
properties, resulting in a brittle and physically unstable
composite.** Furthermore, the introduction of carbonaceous
nano llers into neural biomaterials is questionable because of
possible cytotoxic e ects.***

Another approach is to incorporate ICPs as a conductive
component into CPHs, basically via two strategies: (i)
polymerization of ICP monomers within the hydrogel matrix**
and (ii) embedding ICP chains during the hydrogel polymer-
ization process.*® In the rst case, the nal CPH has poor and
inhomogeneous electrical properties and weak mechanical
characteristics, while the second method leads to a relatively
low hydrogel conductivity.*

Recently, a novel method to integrate ICPs successfully into
the hydrogel matrix was developed by synthesizing the hydrogel
surrounding ICP chains, thus forming a semi-interpenetrating
polymer network (semi-IPN).*"*® Compared to other CPHs,
semi-1PNs exhibit a high chemical and mechanical stability with
outstanding biocompatibility and electrical and electrochemical
properties.”*** Moreover, this approach has several advantages,
such as the use of already puri ed ICPs with an optimized
regiochemical structure, the possibility to fabricate complex
three-dimensional (3D) structures (e.g. using 3D printing), and
its easy, low-cost preparation.***? The fabrication of conductive
semi-IPN, however, entails some signi cantdi culties related to
ICP hydrophobicity and low solubility in water.**** Poly-
thiophenes (PTs) appear particularly suitable for addressing
such issues because one can easily modify the repeating units by
attaching ionic pendant groups to the exible side chains and
synthesize water-soluble ICPs with su cient electronic proper-
ties.45’46

On the other hand, with regard to the hydrogel component,
poly(N-isopropylacrylamide) (PNIPAm) hydrogel has been
successfully used for biomedical applications.*”*® Its advan-
tages, such as its mechanical properties similar to those of living
tissue, biocompatibility, high porosity, and high water content
have shown that the PNIPAmM hydrogel matrix is a great option
for synthesizing and creating 3D structures with complex
architectures made of CPHs.*? **

In light of this, we designed, synthesized, fabricated, and
characterized a novel conductive semi-IPN hydrogel. Speci -
cally, our hybrid hydrogel is based on a poly(N-isopropylacry-
lamide-co-N-isopropylmethacrylamide) (P(NIPAm-co-NIP-
MAm)) hydrogel, to which sodium poly[6-(3-thienyl)-
hexanesulfonate] (P3HT6S) was added as an ICP component
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to provide the system with good electrical properties. The
morphological, chemical, electrical, and mechanical properties
of the semi-IPN were fully characterized. Lastly, the biological
responses of neural progenitor cells (NPCs) and human
Wharton’s jelly-derived mesenchymal stem cells (hWJ-MSCs)
in contact with the conductive semi-IPN were investigated. The
developed hybrid hydrogel was demonstrated to be exploitable
as a UV-curable ink for light exposure-based printing, thus
opening exciting perspectives for the fabrication of 3D
biomaterials with complex geometries and tailored physical
properties.

2. MATERIALS AND METHODS

2.1. Materials. All materials were purchased from Sigma-Aldrich
unless speci ed. Disodium phosphate and sodium chloride (NaCl)
were obtained from POCh (Polish Chemicals Co., Gliwice, Poland).
The double-distilled water used throughout the study had a resistance
greater than 18 M -cm (Milli Q Water, 182 M cm %, Millipore,
Bedford, MA, USA). Before use, monomers and the cross-linking agent
were puri ed by repeated recrystallization from hexane and methanol,
respectively, and dried in a vacuum. Only analytical grade chemicals
were used.

2.2. Synthesis of Sodium Poly[6-(3-thienyl)-
hexanesulfonate]. P3HT6S (HT dyads: 95%, Mn: 29200 g/mol;
PDI: 1.28; DPn: 118) was prepared following the procedure described
by Lanzi et al.>* Brie y, 0.438 g (1.79 mmol) of regioregular poly[3-(6-
bromohexyl)thiophene] was added to 40 mL of anhydrous
tetrahydrofuran (THF) with 0.250 g (1.98 mmol) of sodium sul te
(Na,SO3). The mixture was re uxed for 72 h under stirring. After
solvent evaporation at reduced pressure, the obtained polymer was
poured into a glass Gooch  Iter crucible (G3) and washed several times
with a solution of hydrochloric acid in methanol (10% v/v), resulting in
0.331 g (1.34 mmol) of P3HT6S (75% yield).

2.3. Preparation of P(NIPAm-co-NIPMAmM)/P3HT6S Hydro-
gels. P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogels were prepared by
radical polymerization, covalently cross-linking NIPAm and NIPMAm
monomers in the presence of UV light. Brie y, 2.04 mg of P3HT6S
were added to 1.0 mL of a tetrahydrofuran/water (5:95) mixture. The
solution was placed in a sealed vial and positioned in a silicon oil bath at
50 °C. P3HT6S was subjected to constant stirring until complete
dissolution. The solution was cooled down to room temperature, where
the reddish solution remained clear and in liquid state. Then, N-
isopropylacrylamide (NIPAm, monomer, 46.25 mg, 0.409 mmol, 92.5
wt % of the nal polymer composition), N-isopropylmethacrylamide
(NIPMAmM, monomer, 1.25 mg, 0.010 mmol, 2.5 wt % of the nal
polymer composition), N,N -methylenebis(acrylamide) (BIS, cross-
linking agent, 2.5 mg, 0.016 mmol, 5.0 wt % of the nal polymer
composition), and 2-hydroxy-4 -(2-hydroxyethoxy)-2-methylpropio-
phenone (Irgacure 2959, photoinitiator, 10 mg, 0.044 mmol) were
dissolved in the previously prepared P3HT6S solution (1.0 mL). The
precursor hydrogel solution was made of 5 wt % polymer components
(including monomers and the initiator cross-linking agent) in distilled
water. After being stirred for 24 h, the precursor solution was purged
with argon gas for 30 min to remove oxygen and tetrahydrofuran traces.
The polymer mix was photo-cross-linked, exposing the solution to UV
irradiation at a distance of 20 cm from the light source for 1 min ( max
= 365 nm, light intensity of 225 mW/cm?, Dymax 5000-EC Series UV
curing ood lamp). During the polymerization process, the temperature
was kept below 20 °C by using an iced water bath to control the
hydrogel synthesis and avoid network heterogeneity at the molecular
level. Lastly, di erent hydrogels were prepared by varying the
concentration of P3HT6S to fabricate a reference material without
including the polythiophene derivative and to optimize CPH
concentration. For this purpose, an optimized amount of P3HT6S
was added to the P(NIPAm-co-NIPMAm) hydrogel precursor
solution. Sample codes and detailed recipes used in this work are
shown in Table S1.

2.4. Morphological Evaluation of P(NIPAm-co-NIPMAm)/
P3HT6S Hydrogel. The hydrogel porous structure was examined by
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means of eld emission scanning electron microscopy (FE-SEM, FEI
Nova NanoSEM 450) operating at 10 kV. Fully swollen hydrogels were
frozen in liquid nitrogen and then freeze-dried. Subsequently, samples
were longitudinally cut to expose their cross section. The synthesized
structures were then coated with a thin layer of gold (5 nm thick) and
imaged using FE-SEM. Ten FE-SEM images per sample were collected
to quantitatively investigate the morphological features of hydrogel
structures by using National Institutes of Health ImageJ software. The
pore aspect ratio and wall thickness were quanti ed using the line tool,
while the void area of FE-SEM micrographs was calculated to evaluate
the porosity of the material.

2.5. Physical Chemical Characterization of P(NIPAm-co-
NIPMAmM)/P3HT6S Hydrogels. 2.5.1. Photoinitiator Release. The
cross-linked P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/
P3HT6S hydrogels were immersed in water to remove any unreacted
material. At each time point, the water storage medium was subjected to
UV vis spectroscopy for the detection of photoinitiator and monomer
residues. The water was changed, and the UV vis analysis was repeated
until no peak corresponding to the impurities was detected.

2.5.2. Nuclear Magnetic Resonance. *H and **C nuclear magnetic
resonances (NMRs) of the P3HT6ES polymer, as well as of the soluble
fraction of P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/
P3HT6S hydrogels in D,O, were recorded at room temperature on a
Varian Mercury 400 spectrometer at 400 MHz. Chemical shifts were
expressed in  (ppm) and referred to TMS.

2.5.3. X-ray Di raction. Wide-angle X-ray scattering measurements
were obtained using a Bruker D8 Discover di ractometer in re ection
mode (CuKa radiation, | /4 1.5418 A). Two theta scans were assessed
by placing and xing P(NIPAm-co-NIPMAm) and P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogels in the center of a goniometric circle,
while source and detector were moving symmetrically. Scans were
conducted inthe 3 34° angular range and analyzed by Origin software.
P(NIPAmM-co-NIPMAmM) and P(NIPAmM-co-NIPMAmM)/P3HT6S hy-
drogels were tested in both hydrated and dry states.

2.5.4. Gel Permeation Chromatography. The molecular weights of
the P3HT6S polymer and soluble fraction of P(NIPAm-co-NIPMAmM)
and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels were determined by
gel permeation chromatography (GPC). THF solutions were applied to
a Linear Instruments UVIS-200 apparatus operating at 254 nm and
equipped with a Phenomenex mixed bed column5 MXL type. The
GPC calibration curve was recorded using monodisperse polystyrene
standards.

Di erential scanning calorimetry (DSC) was used to determine the
characteristic temperatures of the P(NIPAm-co-NIPMAm) and
P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels. DSC measurements
were obtained using a Perkin Elmer PYRIS-1 instrument. The analysis
of hydrated samples was performed in a heating mode starting from 20
to 50 °C following a rate of 2 °/min, with an isothermal stop for 1 min.
DSC analysis of freeze-dried samples was performed in the 0 250 °C
range with a rate of 10 °/min.

Thermogravimetric analysis (TGA) was performed using a Q5000
(TA Instruments) instrument under a nitrogen atmosphere.
Thermogravimetric measurements were carried out in the temperature
range of 20 700 °C to analyze the P3HT6S polymer as well as
P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAmM)/P3HT6S hy-
drogels having a mass of about 2.7 3.7 mg. TGA data were analyzed
using TA Universal Analysis software. All measurements were
performed at a constant heating rate of 20 °C/min.

2.5.5. Swelling Pro le. A swelling test was performed to evaluate the
water absorption capacity of the hydrogels. Dry samples of P(NIPAm-
co-NIPMAm) and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels were
placed and incubated in an aqueous medium for up to 15 h at room
temperature. At each time point, samples were gently dried with a
KIMTECH wipe and weighed with a high-precision scale.

The swelling ratio was calculated using the following formula:

wf  wd
= 100
wd @

where Wf is the nal weight, while Wd is the initial dry weight.

swelling ratio % =

3086

2.5.6. Nanomechanical Property Assessment. Atomic force
microscope (AFM) nanoindentation analysis was performed to
quantify the Young's Modulus of the fully hydrated P(NIPAm-co-
NIPMAmM) and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels. Me-
chanical properties were measured using AFM (Ntegra, NT-MDT) ina
closed liquid cell to avoid hydrogel dehydrogenation and sample
contamination. A pre-calibrated CSG01 (NT-MDT) cantilever with a
nominal tip radius of 6 nm and a spring constant of 0.039 N/m was
used. Selected hydrogels were tested by performing at least 50
nanoindentations from 10 di erent surface areas per sample. The
Young's moduli were calculated by tting the Hertz model to the
acquired loading curve data.

2.5.7. Electrical Impedance Test. The electrical properties of the
synthesized hydrogel samples were evaluated by means of impedance
measurements using a Keysight E4990A impedance analyzer (Keysight
Technologies). P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIP-
MAmM)/P3HT6S hydrogels were individually located between two
conductive glass slides (indium tin oxide coated, ITO, Sigma, 15 25

/5q) connected with the impendence analyzer. Impedance values
were detected between 1 Hz and 10 kHz range of frequency.
Measurements were repeated on 10 di erent samples for each hydrogel
condition.

2.6. Electrochemical Measurements. 2.6.1. Samples and Setup
Preparation. P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/
P3HT6S hydrogels were directly polymerized on glassy carbon
electrodes (GCEs) with the help of custom-designed Te on caps
(Figure S1a). A three-electrode arrangement was used. It consisted of
an A%/A?CI (KCI sat.) reference electrode (potential of 0.197 V vs
NHE®3® ), a platinum sheet as a counter electrode, and a 3 mm-
diameter GCE from BASi (West Lafayette, USA). The GCE was
mechanically polished with 1.0, 0.3, and 0.05 m alumina powder
(Struers, Krakow, Poland) using a polishing cloth (Buehler, Illinois,
USA). After polishing, it was rinsed with MilliQ water and sonicated in
pure ethanol for 1 min. Prior to modi cation, the electrodes were kept
in ice, while the hydrogel solution was carefully deoxygenated with
argon. P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/
P3HT6S hydrogel precursors were placed on the electrode surface
and polymerized under UV lamp irradiation. The polymer-covered
electrodes were washed several times with MilliQ water to remove any
unreacted material and/or initiator traces. The initiator removal was
con rmed by following the disappearance of the initiator related band
at approximately 280 nm in the UV spectrum of the water in contact
with the Im-covered electrodes.>

2.6.2. Electrochemical Tests. Cyclic voltammetry (CV) and
di erential pulse voltammetry (DPV) experiments were conducted
using an Autolab potentiostat (Metrohm Autolab, B.V., Utrecht, The
Netherlands). A 0.1 M phosphate-bu er saline solution at pH 7.4
(PBS) modi ed with 0.1 M NaCl was used as the electrolyte solution in
all electrochemical experiments (Figure S1b). It was not possible to
measure the prepared hydrogels in acetonitrile (as reported by Lanzi et
al.*®) due to the dehydration and degradation of the hydrogel networks
in this solvent (Figure S1c). Chemical doping was performed by
holding the hydrogel-modi ed electrodes in a 0.1 M perchloric acid
(HCIO,) solution for 24 h. The electrodes were then washed in a PBS
bu er solution. Electrochemical measurements were obtained using 5
mM potassium ferricyanide (Ks;[Fe(CN)g], FCN) in PBS. Electro-
chemical doping was performed by exposing the hydrogel-modi ed
electrodes to +2 V potential in a PBS solution. This value of potential
was chosen because CV literature data report an oxidation peak around
+1.5 V for thin P3HT6S Ims.>® Thus, considering the hydrogel
coating’s millimetric thickness, the electrochemical doping was set at +2
V versus Ag/AgCl (KCI sat.) for 60 s; the potential scanning was
applied between +2 V.and 2V (1 or 50 cycles doping). Electrodes
were tested in a PBS solution containing 5 mM FCN.

All electrochemical tests were conducted at 25 °C.

2.7. Mesenchymal Stem Cell Culture. 2.7.1. Isolation and
Culture of Human Wharton’s Jelly-Derived Mesenchymal Stem
Cells. Human umbilical cords (n = 3) were obtained aseptically from
uncomplicated full-term pregnancies delivered by a planned cesarean
section. Cells were isolated using the explant isolation method, as
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described elsewhere, with minor modi cations.>”*® This protocol was
approved by the Ethics Committee of the University of Warmia and
Mazury in Olsztyn and all participants gave written informed consent
before their inclusion in this study. The umbilical cords were immersed
in a sterile vessel containing a 0.01 M phosphate-bu ered saline (PBS,
pH 7.2) supplemented with 1% penicillin streptomycin (P/S,
10000:10000; Sigma Aldrich) and then transferred to the laboratory
for further cell isolation. After removing cord blood, amniotic
membrane, umbilical arteries, veins, and vessels, the remaining tissue
was aseptically stored in sterile PBS to wash away any contaminating
blood. The cords were cut into small pieces (1 2 cm in length). The
tissue pieces were transferred to 60 x 15 mm Petri dishes containing
Dulbecco’s Modi ed Eagle Medium/Nutrient Mixture F-12 (DMEM/
F-12, GlutaMAX) supplemented with 1% penicillin streptomycin
(PS) and 10% fetal bovine serum (FBS, Sigma Aldrich) and incubated
at 37 °Cinahumidi ed atmosphere containing 5% CO,. Explants were
left undisturbed for 14 days to enable cell migration. Afterward, cells
were passaged when necessary.

Subsequently, hWJ-MSCs were detached and seeded on P(NIPAmM-
c0-NIPMAm) and P(NIPAm-co-NIPMAm)/P3HT6S hydrogels that
had been previously placed in a 24-well plate and sterilized under UV
light for 30 min. The cell seeding density was 1 x 10° cells/cm?. As a
control condition, the same cell density was seeded on tissue culture
plates (TCP). Samples were incubated and cultured at 37 °C and 5%
CO,. The medium was changed every 3 days.

2.7.2. Cell Viability. To assess the biocompatibility of P(NIPAmM-co-
NIPMAm) and P(NIPAm-co-NIPMAm)/P3HT6S hydrogels, samples
were subjected to a colorimetric MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay. Cell metabolic activity was
measured by means of dehydrogenase enzymes, which reduce MTT
yellow salt (3-(4,5-dimethylthiazolyl-2) 2,5-diphenyltetrazolium bro-
mide) to NADP and NADPH. In detail, 50 mL of MTT solution (5
mg/mL in PBS) was added to each well. To dissolve the formazan
crystals, 500 mL of MTT solubilization solution was added after a 2 h
incubation. Lastly, the absorbance at 570 mm was measured by UV vis
spectroscopy (Thermo Scienti ¢ Multiscan FC). An increased or
decreased cell number was recorded in the presence of a concomitant
change in the amount of formazan formed, thus indicating the degree of
cytotoxicity caused by the tested material. The cell viability of hWJ-
MSCs cultured on P(NIPAm-co-NIPMAm) and P(NIPAm-co-
NIPMAmM)/P3HT6ES hydrogels was investigated on the cultures for
up to 7 days, with a middle time point set at day 3. Viability results were
normalized to TCP control as relative percentages.

2.7.3. Immunocytochemical Assay. In order to further investigate
the viability of the cells cultured on the P(NIPAmM-co-NIPMAm)/
P3HT6S hydrogel, cell immunocytochemical analysis was conducted
on day 7 of culture. The expression of protease enzymes (i.e. caspases 3
and 8), which play a crucial role in cell apoptosis, and the expression of a
cellular proliferation marker (i.e. Ki67) were evaluated. In detail,
samples in 24-well culture plates were rinsed in 0.1 M PBS and xed
with 4% bu ered paraformaldehyde (pH 7.4) for 10 min. Then, hWi-
MSCs were permeabilized with 0.025% Triton X-100 (Sigma-Aldrich)
and incubated with a blocking mixture containing 10% normal goat
serum (Invitrogen) in PBS for 60 min at room temperature with the aim
of reducing non-speci ¢ background staining. Afterward, hWJ-MSCs
were washed with PBS (3 % 5 min) and incubated overnight in a humid
chamber at 4 °C in a solution of primary antibodies for caspase 3,
caspase 8, and Ki67. Subsequently, hWJ-MSCs were rewashed in PBS
(3 x 5min) and incubated in a solution of secondary antibodies (Alexa
Fluor 488 or Alexa Fluor 555, Jackson Immuno Research Labs) for 1 h,
in the dark, at room temperature. The working dilution of primary and
secondary antibodies was 1:500. After incubation, hWJ-MSCs were
rewashed in PBS (3 x 5 min) and then mounted using a mounting
medium with DAPI (Santa Cruz Biotechnology, Dallas, Texas, USA).
Samples were imaged using a confocal microscope (Olympus BX51).

2.8. Neural Progenitor Cell Culture. 2.8.1. Neural Progenitor
Cell Isolation and Culture. NPCs of postnatal-day-4 C57BL6 mice
were isolated from the sub-ventricular zone (SVZ) and cultured
according to Fiorelli et al>® Brie y, postnatal-day-4 mice were
anesthetized in ice and, after brain extraction, the rostral Sub-
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Ventricular Zone was micro-dissected. The tissue was digested in
TripleX (Invitrogen) at 37 °C in the presence of 0.01% DNAsel and
manually triturated with re-polished glass Pasteur pipettes of
decreasing diameters. Single-cell suspensions were then Itered through
a40 m cell strainer (BD Falcon). Subsequently, 10 x 10* viable cells
were plated in 2 cm Petri dishes in non-attachment conditions and
cultured in 2 mL of DMEM/F12 medium supplemented with N2
(Gibco), 20 ng/mL of epidermal growth factor (EGF, Peprotech), 20
ng/mL of broblast growth factor 2 (FGF2, Peprotech), and antibiotic/
antimycotic. Progenitor cells formed oating neurospheres after 7 days.
Passaging was then performed at a density of 50 cells/ L every 4 7
days.

P(NIPAmM-co-NIPMAm) and P(NIPAm-co-NIPMAmM)/P3HT6S
hydrogels were prepared in 1 cm-wide 4-well Petri dishes (Greiner
bio-one) and sterilized under UV light for 30 min.

Hydrogels were additionally coated with 0.01% polylysine for 12 h at
room temperature and 0.001% laminin for 2 h at 37 °C.

Neurospheres were manually selected when their mean diameter
reached 150 +/ 50 m, seeded on the hydrogel surfaces, and cultured
in a Neurobasal A medium supplemented with B27 (Gibco), Glutamax
0.5 mM, and antibiotics/antimycotic. Upon attachment onto the
substrates, NPCs migrated radially and di erentiated into mixed
neural/glial cultures. The di erentiation medium was refreshed every
second day.

2.8.2. Immuno uorescent Staining and Imaging. Cells were xed
in 4% paraformaldehyde at 3 and 10 d.v.i. before performing
immuno uorescence assays. After thorough washing in 0.1 M
phosphate bu er at pH 7.4 (PB), non-speci ¢ epitopes were blocked
in PB modi ed with 0.4% Triton-X and 10% inactivated goat serum
(Gibco) for 30 min at room temperature. Primary antibodies (chicken
Anti-Map2 (Synaptic Systems) diluted 1:1000 and mouse anti-GFAP
(Millipore, clone GA5) diluted 1:500) were diluted in PB-0.4% Triton-
Xwith 2% goat serum and applied onto the cells overnight at 4 °C. After
washing, samples were incubated for 2 h at 4 °C in a secondary antibody
solution including goat anti-mouse Alexa 568 and goat anti-chicken
Alexa 488 (Jackson) diluted 1:2000 in PB-0.4% Triton-X with 2% goat
serum. Nuclear counterstaining was performed with DAPI diluted
1:500. Coverslips were mounted using Mowiol.

Immuno uorescence assays were imaged using a Leica SPE laser
scanning microscope with 20x objective. For quanti cation, in three
independent experiments, images from at least four elds per sample
were selected. Images were analyzed using ImageJ. Both the manual
quanti cation of the number of cells/type and the morphological
analysis of MAP2+ neurons, including dendritic length and complexity
of rami cation (i.e., number of nodes), were performed in blind.

2.9. Light-Based Stereolithographic Semi-IPN Hydrogel 3D
Printing. 2.9.1. 3D Laser Printing of the P(NIPAmM-co-NIPMAm)/
P3HT6S Hydrogel. 2,4,6-Trimethylbenzoyl-diphenyl phosphine oxide
(Omnirad TPO, IGM resins) photoinitiator was added to the precursor
solution (5% wt of the nal polymer composition). Such composition
allows a good printability of the thiophene-doped ink, notwithstanding
the residual absorption of P3HT6S at the printing wavelength.*® The
experimental system used for laser printing includes a UV laser source
with an emission wavelength of 405 nm and a maximum power of 1 mW
(measured at the sample position). The laser is coupled with an
inverted microscope and focused on the sample with a 20x objective
(numerical aperture, NA = 0.75), which can be translated axially
(parallel to the laser propagation axis) with a sub-micrometric
resolution. The laser spot was scanned in the sample plane by a
galvanometer mirror with a typical scanning speed in the range of 0.1 1
of mms L. To prevent the signi cant evaporation of water during the
printing process, the (NIPAm-co-NIPMAmM)/P3HT6S hydrogel
precursor was loaded into a cell with an area of 1 x 1 cm?and a 5
mm thickness. The cell was created by placing a polydimethylsiloxane
(PDMS, Dow Corning) slab with a central hole in conformal contact
with a glass substrate, in order to de ne the vertical walls (PDMS) and
cell-substrate (glass). After loading the precursor solution, the cell was
sealed with a glass coverslip over the PDMS slab. The PDMS slab was
created using a mixture of base and curing agents with a 10:1 ratio,
which was polymerized at room temperature.
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Figure 1. Production and morphological properties of P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels. (a) Schematic
representation of P(NIPAm-co-NIPMAm)/P3HT6S hydrogel fabrication. The P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel was developed by mixing
P3HT6S, NIPAmM, and NIPMAm in the presence of a cross-linker (BIS) and photoinitiator (Irgacure). Subsequently, the hydrogel precursor solution
was degassed and exposed to UV light in a cold environment to form the cross-linked P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel. (b, ¢) Images of
P(NIPAm-co-NIPMAm) hydrogels with increasing P3HT6S concentrations: (b) macroscopic images. Scale bar: 10 mm; (c) FE-SEM images. Scale
bars: 20 m. (d f) Morphological characteristics of P(NIPAm-co-NIPMAm) hydrogels with increasing P3HT6S concentrations: pore aspect ratio
(d), porosity (e) and wall thickness (f), showing the similar morphology of the di erent hydrogel conditions tested.

2.9.2. Morphological Characteristics of Hydrogel Printed
Structures. The printed P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogel
structures were subjected to microscopic imaging using an upright
microscope (BX51, Olympus) with a Tungsten lamp as the illumination
source. In addition, samples were imaged by confocal microscopy,
measuring the maps of the incident laser intensity transmitted by the
printed objects. This analysis was conducted using an inverted
microscope equipped with a confocal laser scanning head (FV1000,
Olympus). Samples were excited by a diode laser (emission wavelength
405 nm), which was focused onto the sample surface with a 10x
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objective with NA = 0.4. The intensity of the laser transmitted by the

sample was measured by a photomultiplier.
2.10. Statistical Analysis. Measurements were performed in

triplicate, unless speci ed. Data are expressed as mean values +

standard deviation. A one-way ANOVA test was conducted, and

signi cant di erences were reported when p  0.05. More speci cally,

statistically signi cant values are shownas*p  0.05,**p  0.01, ***p
0.001, and ****p  0.0001.
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Figure 2. Chemical characteristics of the developed materials. (a) NMR graph of the soluble fraction of the P(NIPAm-co-NIPMAm) hydrogel,
illustrating the characteristic peaks of each component: *H NMR (D,0, ppm): 3.87 (1H, bm), 2.02 (1H, bm), 1.53 (2H, bm), 1.11 (6H, bm). (b)
NMR graph of the soluble fraction of the P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel, illustrating the characteristic peaks of each component: *H

NMR (D20, ppm):

7.01 (s), 3.90 (bm), 3.48 (m), 2.79 (m), 2.02 (bm), 1.84 (m), 1.73 (m), 1.54 (bm), 1.43 (m), 1.05 (m). (c) XRD curves of

P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/P3HT6S hydrogels, showing the characteristic amorphous di raction peak. (d) GPC curves
of the soluble fraction of P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/P3HTES hydrogels, showing the presence of a second peak for the

composite hydrogel.

3. RESULTS AND DISCUSSION

For the design of sca olds for neural tissue engineering, it is of
crucial importance to develop a soft conducting material capable
of promoting neural signaling and tissue repair while ensuring
the matching of brain mechanical properties.®*%*

In this work, we propose a soft conductive polymer hydrogel
made of polyacrylamide with the addition of polythiophene, in
order to provide the system with good electrical properties. To
achieve this formulation, polythiophene was synthesized by
introducing ionic pendant groups into exible side chains, thus
obtaining a water-soluble P3HT6S (Figure S2). After dissolving
P3HT6S in water, NIPAm-co-NIPMAmM components were
added, forming the hydrogel precursor solution. The nal
platform was developed by synthesizing the P(NIPAm-co-
NIPMAmM) hydrogel interpenetrated with P3HT6S chains by
the exposure to UV light in a cold environment, resulting in a
semi-IPN (Figure 1a). Keeping the temperature below 20 °C
during the fabrication process is crucial to avoid exceeding the
lower critical solution temperature (LCST) of the PNIPAmM-
based system, thus avoiding polymer network deformations and
inhomogeneity.

In this study, several P(NIPAm-co-NIPMAmM)/P3HT6S
hybrid hydrogels were fabricated using di erent P3HT6S
concentrations to evaluate the e ect of P3HT6S addition into
the P(NIPAm-co-NIPMAm) hydrogel network (Tables S1 and
S2). Concentrations of P3HT6S greater than 2% were also
tested (Figure S3). However, in the case of high concentrations,
the P3HT®6S solubility in the hydrogel precursor solution was
not optimal and aggregation phenomena were observed; thus,
the P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogel with 2% of
P3HT6S proved to be the highest P3HT6S-concentrated
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homogeneous hydrogel achievable. The incremental addition
of P3HT6S caused visible color changes. Indeed, the brownish
color of P3HT6S caused darker red shades in the hydrogel in
proportion to the P3HTG6S concentration, thus obtaining
di erent colored hydrogel structures ranging from transparent
to red (Figure 1b).

The morphology of P(NIPAmM-co-NIPMAm) hydrogel
formulations with increasing concentrations of P3HT6S was
investigated by FE-SEM (Figure 1c) to verify that the P3HT6S-
modi ed P(NIPAm-co-NIPMAmM) hydrogel maintained the
suitable properties of the pristine P(NIPAm-co-NIPMAmM)
hydrogel for tissue engineering purposes. The analysis of FE-
SEM images showed that the addition of P3HT6S did not
negatively a ect the morphological characteristics of hydrogels
in terms of the pore aspect ratio (Figure 1d), porosity (Figure
1e), and wall thickness (Figure 1f), which did not appear
signi cantly di erent for all the P3HT6S concentrations tested.
All samples had an open porosity of around 85%, showing pores
with a polygonal shape. For these reasons, no adverse e ects in
terms of physical or structural properties related to the addition
of up to 2% P3HT6S into the P(NIPAm-co-NIPMAm) hydrogel
formulation are expected.

Since the incremental addition of P3HT6S evidenced no
structural or morphological changes, the highest P3HT6S-
concentrated P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel
(2%) was selected for further tests.

The chemical characteristics of P(NIPAm-co-NIPMAmM) and
P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogels were thoroughly
studied.

!4 NMR of the soluble fraction of the P(NIPAm-co-
NIPMAm) hydrogel (Figure 2a), recorded in D,O, showed
two signals at 2.02 and 1.53 ppm, which can be attributed to the
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Figure 3. Physical characteristics of P(NIPAm-co-NIPMAm) and P(NIPAm-co-NIPMAm)/P3HT6S hydrogels. (a) DSC curves of hydrated samples,
showing the shift in LCST of the P(NIPAm-co-NIPMAm)/P3HT6S hydrogel. (b) TGA curves showing the thermal stability of the tested hydrogels.
(c) Swelling ratio showing the lower ability of P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogel to swell in an aqueous medium. (d) Mechanical
characteristics, showing the higher properties of the P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel in terms of Young's Modulus. (e, f) Hydrogel
electrical properties: impedance curves (e) and values at biomedically signi cant frequencies (f), highlighting the lower impedance values of the
P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel at relevant biomedical frequencies. Signi cant di erences are reported when p  0.05, *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001.

methinic and methylenic protons, respectively, of the main
chain. Moreover, two other signals at 3.87 and 1.11 ppm were
recorded due to the methinic and methylic protons, respectively,
of the side chain. The sharp peak at 4.80 ppm is related to the
solvent. The recorded signals are poorly resolved. This can be
attributed to the copolymer’s relatively high molecular weight
and the hydrogel’s cross-linked structure that tends to form a
rather viscous solution in the NMR probe. The NMR spectrum
of the soluble fraction of the P(NIPAmM-co-NIPMAmM)/P3HT6S
hydrogel physical blend showed both hydrogel and P3HT6S
signals (Figure 2b). In particular, the signals of the latter can be
found at 7.01 (H,-thiophene), 3.48 ( CH,SO; ), 2.79
( CH,Th), 1.84 ( CH,CH,SO; ), 1.73
( CH,CH,CH,SO; ), and 1.43 ppm ( CH, ). The
observed resonances are in good agreement with those recorded
for P3HT6S (Figure S4a).
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Moreover, the X-ray di ractograms (XRD) of P(NIPAm-co-
NIPMAm) and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels
were analyzed. A typical amorphous di raction peak was
observed for both samples, indicating the presence of
amorphous phases in polymer hydrogels (Figure 2c).

Furthermore, GPC was performed to evaluate the molecular
weights of the soluble fraction of P(NIPAm-co-NIPMAm) and
P(NIPAm-co-NIPMAm)/P3HT6S hydrogels (Figure 2d). A

rst peak was detectedat 9600 g/mol for the soluble fraction of
P(NIPAm-co-NIPMAmM) hydrogel with an Mw/Mn of 1.29. On
the other hand, the soluble fraction of the P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogel also showed a second peak at

28,700 and an Mw/Mn of 1.28, which may be attributed to the
P3HT6S component, as reported in the GPC curve of the
pristine P3HT6S polymer (Figure S4b).

LCST values of P(NIPAmM-co-NIPMAm) and P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogels were evaluated by DSC to
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Figure 4. Cyclic voltammogram of hydrogel-modi ed GCEs. (a) Comparison of di erential pulse voltammograms showing the initial potential

dependence on the reduction peak. DPV conditions: initial potential +1 V (blue line), +1.5 V (green line), +2 V (pink line), end potential

15V. (b)

CV of the P(NIPAm-co-NIPMAm) hydrogel vs P(NIPAm-co-NIPMAmM)/P3HT6S hydrogel showing the shifting of the reduction peak to more
negative potentials in the presence of P3HT6S. (¢, d) Comparison of the chemically doped (dash line) and undoped (solid line) P(NIPAm-co-
NIPMAM) (c¢) and P(NIPAm-co-NIPMAmM)/P3HTG6S (d) hydrogels. (e, f) Comparison of electrochemically doped (dash line) and undoped (solid
line) P(NIPAm-co-NIPMAm) (e) and P(NIPAm-co-NIPMAm)/P3HT6S (f) hydrogels, showing an e ective doping in the case of 50 cycles of
sweeping potential between 2 and + 2 V in the presence of P3HT6S. Scan rate, 0.1 V/s.

determine the e ects of P3HT6S addition on the thermal
properties of the hybrid material. Data presented in Figure 3a
show increased LCST values in the presence of P3HT6S from
36.5 to 38 °C for P(NIPAmM-co-NIPMAm) and P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogels, respectively. This is most
probably due to the presence of a second polymer with di erent
thermal properties.®> The glass transition temperature was
measured to be around 157 °C without a signi cant di erence
between the tested hydrogel compositions (Figure S5a).
Furthermore, TGA showed that P(NIPAmM-co-NIPMAmM)
and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels degraded
during the heating process up to 700 °C (Figure 3b). In the
rst part of the heating process (to approximately 150 °C), most
of the sample water content evaporated. In the 250 500 °C
temperature range, the degradation step was observed: 90% of
the sample mass was degraded in both P(NIPAm-co-NIPMAmM)
and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels. An excellent
thermal stability was reported for each hydrogel condition.
Moreover, the swelling properties of P(NIPAm-co-NIPMAm)
and P(NIPAm-co-NIPMAmM)/P3HT6S hydrogels were eval-
uated by incubating the samples in an aqueous solution and
assessing the water absorption. The results shown in Figure 3¢
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evidence that both P(NIPAm-co-NIPMAm) and P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogels swelled remarkably (up to

2000%) due to their intrinsic water absorption ability.
However, P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogels swelled
less than P(NIPAm-co-NIPMAm) hydrogel. This is probably
duetothedi erent polarity of the tested conditions, which led to
a lower water-absorbing capacity of the hybrid hydrogel.

Additionally, the mechanical properties of the samples were
also evaluated by means of nanoindentation. The data showed
signi cantly higher mechanical properties of the P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogel compared to the P(NIPAm-co-
NIPMAmM) hydrogel in terms of Young's Modulus (Figure 3d).
Values of 4.6 +/ 0.3 kPa were detected for the P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogel, which can well match the
mechanical properties of the brain slice (1 10 kPa), thus
permitting an optimal mechanical integration of the material
into the brain tissue.'®

Furthermore, electrical tests were performed on P(NIPAm-
co-NIPMAm) and P(NIPAm-co-NIPMAm)/P3HT6S hydro-
gels to evaluate the e ect of P3HT6S addition on the electrical
properties of the nal materials. Results demonstrate the
signi cantly lower electrical impedance of P(NIPAm-co-
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Figure 5. In vitro cell studies on P(NIPAm-co-NIPMAm) and
P(NIPAmM-co-NIPMAmM)/P3HT6ES hydrogels. (a ¢) hwil-MSC cul-
ture: (a) scheme of cell isolation from human umbilical cord. Created
with BioRender.com; (b) high cell viability was detected for both
hydrogel conditions at each time point tested. Data are normalized to
control condition (TCP, red line) and expressed as relative
percentages; (c) confocal images of Casp3, Casp8, and Ki67 (green)
expressed by hWJ-MSCs cultured on the P(NIPAm-co-NIPMAm)/
P3HT6S hydrogel showing the absence of apoptosis markers (i.e.
Casp3 and Casp8), while illustrating the presence of the Ki67
proliferation marker (green). DAPI nuclear stain (blue). Scale bars:
10 m. (d,e) NPC culture: (d) scheme of cell isolation from mice SVZ.
Created with BioRender.com; (&) confocal images of neurospheres
cultured on the hydrogel substrates at 3 and 10 d.v.i, showing the
maturation of Map2-positive neurons (green) and GFAP-positive
astrocytes (red) during the culture time. DAPI nuclear staining (blue).
Scale bars: 100 m.

NIPMAmM)/P3HT6S hydrogels, as revealed by lower values of
impedance measured at the most relevant frequencies from the
biomedical point of view (i.e., 10 Hz) (Figure 3e,f). The higher
electrical properties of the hybrid hydrogel are related to the
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presence of the P3HT6S conductive polymer and promoted by
the e cient integration of P3HT6S into the P(NIPAm-co-
NIPMAmM) hydrogel network. The improved electrical proper-
ties of the P(NIPAmM-co-NIPMAm)/P3HT6S hydrogel make it
a promising candidate for neural tissue engineering applications,
potentially promoting the conduction of neural electrical signals
in physiological environments.

The cross-linked P(NIPAmM-co-NIPMAm) and P(NIPAm-co-
NIPMAmM)/P3HT6S hydrogels were washed several times by
immersion in water to remove any unreacted material. Figure
S5b shows that both tested materials successfully released
around 100% photoinitiator within 2 h of incubation in an
aqueous medium, thus preventing the presence of toxic
molecules.

Afterward, the electrochemical properties of P(NIPAmM-co-
NIPMAmM) and P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogels
were investigated by CV and DPV.>* In scans between +2 and

2V, apeak at approximately 0.7V was detected (Figure S5c).
This peak may be attributed to O,, in case the solution was not
deoxygenated (Figure 4a). The current peak did not increase
when the bu er solution was purged with dioxygen, and
therefore it was attributed to the reduction of a product formed
at positive potentials greater than +1.5 V. Indeed, if the hydrogel
was not overoxidized above +1.5 V, the peak disappeared
(Figure 4a). On the other hand, another peak appeared at
approximately 0.5V, and its height depended on the value of
the initial potential. If a strongly positive initial potential was
selected (approximately + 2 V), the reduction peak at
approximately 0.5 V appeared to be well developed. This
was again attributed to the reduction of hydrogel precursor
overoxidation products (Figure 4b). Moreover, the presence of
P3HT6S leads to a shift in this product reduction toward
negative potentials (Figure 4b). Conversely, choosing +1 V as
the initial potential leads to a completely at voltammetric curve
(Figure 4a). In other words, the scanning potential in the range
of +1to 1.4 Vdidnota ect hydrogel-modi ed GCEs, and no
redox signals appeared in the voltammogram. However, the
hydrogel Im was not conductive under such conditions.

In order to improve the conductivity of the hydrogel Im, two
doping methods were tested: (i) chemical doping by immersion
in HCIO, solution and (ii) electrochemical doping by exposure
to highly positive potentials. The rst approach relies on doping
hydrogel-modi ed electrodes by the exposure to an HCIO,
solution.®® The doping e ect was monitored inan FCN solution
by recording the cyclic voltammogram and determining the
reduction and oxidation peaks potentials. The peak couple
appeared at approximately 250 mV versus Ag/AgCl (KCl sat.).
Results reported in Figure 4c,d make it possible to visualize the
barely visible peaks in both HCIO,-doped and undoped systems.
In the HCIO,-doped system, the background current has a large
capacitive component. This may be considered interesting for
supercapacitor applications but not very convenient from the
viewpoint of determination of low concentrations of analytes.
For this reason, chemical doping using HCIO, does not appear
very promising in the case of P(NIPAm-co-NIPMAm) and
P(NIPAmM-co-NIPMAmM)/P3HT6S hydrogel-modi ed electro-
des. Furthermore, degradation phenomena related to HCIO,
exposure may limit the application of this doping method to the
targeted materials.

In the second approach, electrochemical doping was
performed by rst applying a + 2 V constant potential and
then applying cyclic potential scans between 2 and + 2 V.>°
Figure 4e,f shows the characteristic FCN peaks at approximately

https://doi.org/10.1021/acs.biomac.1c00524
Biomacromolecules 2021, 22, 3084 3098


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00524/suppl_file/bm1c00524_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00524/suppl_file/bm1c00524_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00524/suppl_file/bm1c00524_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00524?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00524?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00524?fig=fig5&ref=pdf
http://BioRender.com
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00524?fig=fig5&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00524?rel=cite-as&ref=PDF&jav=VoR



















