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Abstract

Tissue engineering (TE) continues to be widely explored as a potential solution to meet critical clinical needs for diseased tissue
replacement and tissue regeneration. In this study, we developed a poly(2-hydroxyethyl methacrylate-co-methacrylic acid)
(pHEMA-co-MAA) based hydrogel loaded with newly synthesized conductive poly(3,4-ethylene-dioxythiophene) (PEDOT)
and polypyrrole (PPy) nanoparticles (NPs), and subsequently processed these hydrogels into tissue engineered constructs
via three-dimensional (3D) printing. The presence of the NPs was critical as they altered the rheological properties during
printing. However, all samples exhibited suitable shear thinning properties, allowing for the development of an optimized
processing window for 3D printing. Samples were 3D printed into pre-determined disk-shaped configurations of 2 and 10 mm
in height and diameter, respectively. We observed that the NPs disrupted the gel crosslinking efficiencies, leading to shorter
degradation times and compressive mechanical properties ranging between 450 and 550 kPa. The conductivity of the printed
hydrogels increased along with the NP concentration to (5.1040.37)x 10~ S/cm. In vitro studies with cortical astrocyte cell
cultures demonstrated that exposure to the pHEMA-co-MAA NP hydrogels yielded high cellular viability and proliferation
rates. Finally, hydrogel antimicrobial studies with staphylococcus epidermidis bacteria revealed that the developed hydrogels
affected bacterial growth. Taken together, these materials show promise for various TE strategies.
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Introduction

Transplantation is the traditional treatment approach in the
case of partial or complete loss of the functionality of one or
more organs, offering critically ill patients an improvement
in the quality of life. However, this method also displays sub-
stantial problems, notably in difficulty in procuring suitable
donors and the risk of immunorejection [1].

Such issues have opened new horizons for regenerative
medicine, with tissue engineering (TE) strategies showing
potential. Appropriate material selection is central to TE,
as materials interact with biological systems to influence,
replace, or restore the missing function [2], e.g., by mim-
icking the extracellular matrix (ECM) of the native tissue
to provide cell growth and proliferation support, ultimately
resulting in tissue regeneration.

Among the suitable materials for biomimetic matrix
development that replicate the complex micro-geometry and
three-dimensionality of the in vivo extracellular environ-
ment, hydrogels are taking on an ever-increasing role [3].
Hydrogels are three-dimensional (3D) hydrophilic networks
of water-soluble polymers, which can be transformed into
insoluble compounds upon photopolymerization. Hydrogels
were first applied in the medical field upon the introduc-
tion of photopolymerized poly(hydroxyethyl methacrylate)
(pHEMA) hydrophilic matrices [4]. pHEMA exhibits lim-
ited oxygen transmission due to its low water content of
approximately 38% [5]. To increase their water content,
hydrogels are often supplemented with methacrylic acid
(MAA) or N-vinyl pyrrolidone (NVP), generating etafilcon
A and nesofilcon A, respectively. The most prominent appli-
cations of pHEMA-based materials are their use in contact
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lenses [6], drug delivery applications [2], and implantation
strategies due to their lack of toxicity and high degradation
resistance [7].

Several factors make 3D printing (or additive manufactur-
ing) one of the most common scaffold-producing methods
for TE applications [8—11]. Their most important advantage
is the precision of the instrumentation, allowing to develop
intricate and complex geometries for customized organ and
tissue production. In addition, 3D printing enables large-
scale production allowing for faster turnover and response to
clinical needs, lower energy consumption and costs (hence
lower prices), and reduced carbon emissions, thereby repre-
senting an ecologically more sustainable approach [12].

The material features of a suitable 3D printing candidate
depend on specific applications. For example, in permanent
bone implants, certain hardness and impact resistance are
required. In drug delivery applications, the material must
degrade in a specific manner, and in the case of skin applica-
tions, material flexibility and toughness are pivotal.

When examining cells and tissues in situ, another consid-
erable characteristic is electrical stimulation, which allows
tissues to promote and control growth as well as remodel and
absorb proteins [7, 13, 14]. For example, electrically active
materials reportedly enhanced neurite extension in vitro and
the growth directionality of cells could also be controlled
[15]. Furthermore, the application of a current mimicking the
native electrophysiological environment in cell cultures has
been used in TE investigations combined with electroconduc-
tive scaffolds [16]. Element supplementation, such as that of
carbon nanotubes (CNTs) [17, 18], carbon nanofibers (CNFs)
[19], or conductive polymers [20, 21], could raise biomaterial
scaffold conductivity. However, major drawbacks of using
carbon additives or conductive polymers could arise from low
conductivity under neutral pH, insolubility in water, and poor
biofunctionality or biocompatibility, factors which severely
limit their successful use in in vivo applications [22-26].

In this study, we prepared the 3D printed and electro-
conductive pHEMA-co-MAA hydrogel-based scaffold pro-
totypes laden with two conductive nanoparticle (NP) types,
poly(3,4-ethylene-dioxythiophene) (PEDOT) and polypyr-
role (PPy), previously synthesized by our research group
[7, 20, 27]. The advantage of these NPs over commercially
available conductive polymers, such as PEDOT:poly(styrene
sulfonate) (PEDOT:PSS), arises from the lack of reliance
on additives with poor biofunctionality/biocompatibility to
induce conductivity [23, 28]. In addition, the NP synthesis
method could easily be altered to change NP surface func-
tionalization by modifying the surfactant used during the
synthesis, e.g., by utilizing hyaluronic acid to target specific
cell interactions.

We produced the pHEMA-co-MAA NP hydrogels via
in situ monomer mixture photopolymerization during 3D
printing. To determine how the material structure/property
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influenced the processing/function relationships of these
biomaterials, we fully characterized them chemically, struc-
turally, morphologically, and rheologically, and assessed
them as bioinks in 3D printing trials. Furthermore, we per-
formed cell viability and antimicrobial assessments in vitro.
Taken together, the hydrogel system we developed in this
study exhibits promising potential for antimicrobial applica-
tions (e.g., patches for wound healing assessment), biological
sensor production, and peripheral nerve repair.

Materials and methods
Materials

Hydroxyethyl methacrylate (HEMA), methacrylic acid,
Iragcure 2959, 3,4-ethylenedioxythiophene (EDOT), pyr-
role, poly(diallyldimethylammonium chloride) (PDAD-
MAC) solution, iron(Ill) p-toluenesulfonate hexahydrate
(Fe-Tos), and 30% (mass fraction) hydrogen peroxide
(H20,) were purchased from Sigma-Aldrich, Ireland.

For cell culture experiments, we used DI TNCI1 cells, an
SV40 immortalized rat astrocyte cell line, purchased from
LCG (ATCC-CRL-2005), to study how the hydrogels and
NPs could affect cell viability. We used Dulbecco’s mod-
ified minimal essential medium (DMEM) (Sigma Aldrich
D6546) supplemented with 10% fetal bovine serum (Sigma
Aldrich F7524), 4 mmol/L L-Glutamine (Sigma Aldrich
G7513), 2 mmol/L sodium pyruvate (Sigma Aldrich S8636),
100 U/mL penicillin, and 100 pg/mL streptomycin (Sigma
Aldrich P4333) to culture the cells at 37 °C in an atmosphere
of 5% CO,.

Upon reaching confluency, we detached the cells using a
0.25% trypsin—-EDTA solution (Sigma Aldrich T4049) and
resuspended them in a DI TNCI cell culture medium at a
concentration of 1x 10° cells/mL. All experiments were con-
ducted using cell passages of 23-24.

For antimicrobial testing, tryptic soy broth (TSB) and
Staphylococcus epidermidis bacteria DSM 28319 were pur-
chased from Sigma Aldrich (Ireland) and DSM (Germany),
respectively.

Nanoparticle synthesis

We synthesized the NPs by chemical oxidation polymeriza-
tion in mini-emulsion (Fig. 1) as described previously [7,
20, 27, 29]. Briefly, 0.037 mol/L of pyrrole/EDOT monomer
was added into an aqueous PDADMAC (surfactant) solution.
The solution was stirred and subsequently ultrasonicated for
10 min, while cooling it in an ice-water bath to obtain a
mini-emulsion. We supplemented the mini-emulsion with
0.056 mol/L of Fe-Tos solution in deionized (DI) water in
a dropwise manner under constant stirring at 45 °C, then
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Fig. 1 Schematic of nanoparticle synthesis. PDADMAC: poly(diallyldimethylammonium chloride); PEDOT: poly(3,4-ethylene-dioxythiophene);
PPy: polypyrrole; EDOT: 3,4-ethylenedioxythiophene; Fe-Tos: iron(IIl) p-toluenesulfonate hexahydrate

added 0.001 mol/L of H>O, to the reaction and incubated it
overnight. Finally, we purified the NPs by centrifugation at
8500 r/min for 20 min three times, with a final redispersion
in 40 mL of DI water.

pPHEMA-co- MAA NP sample preparation

To prepare the pHEMA-co-MAA NP solutions, we first
added 3% (mass fraction) MAA to HEMA under continuous
stirring for 5 min, followed by supplementing the monomer
mix with 1% (mass fraction) Iragcure 2959. NPs were then
dispersed in an adequate volume of the mixture (Table 1).
We mixed the monomer-NP solutions until complete NP dis-
persion with no visible residues. The solutions were covered
with foil and stored far from direct light.

3D-printed pHEMA-co-MAA NP solution in situ
photopolymerization

The pHEMA-co-MAA NP samples were in situ photopoly-
merized, converting 3D printed layers of the monomer
solutions laden with NPs to hydrogels using an Anysubic
Photon S, aliquid—crystal display (LCD)-based stereolithog-
raphy (SLA) 3D printer with an ultraviolet (UV) light of
wavelength of 405 nm. We created cylinder models 2 mm
in height and 10 mm in diameter using the Chitubox soft-
ware (China, 2014). The printing was done by slicing the 3D
model with a printing speed of approximately 20 mm/h. The
exposure time of the samples to the NPs was 70 s for each
layer.

pPHEMA-co-MAA NP sample characterization

UV-Vis spectrophotometry was performed with the Carry
4000 UV-Vis spectrophotometer. The absorbance of the NPs
was analyzed with wavelengths from 300 to 800 nm.

Rheological tests were conducted with a hybrid rheometer
(TA Instruments, USA), with a UV light lamp to replicate
photopolymerization in the 3D printer. Briefly, disposable 25
mm aluminum rheological plates were used for the analysis
with a measurement gap of 550 wm. The pHEMA-co-MAA
NP samples were tested using the following regimes: (1)
frequency sweeps of 0.1-100 rad/s at a constant strain of
2%; (2) UV light wavelength of 365 nm at 350 wW/em?,
with frequency sweep of 10 rad/s at the determined constant
strain of 5%.

Compression tests were conducted on the NP hydrogels
using an in-house compression test facility equipped with
a 1-kN load cell at a compression rate of 1 mm/s between
parallel plates. Young’s moduli of samples were calculated
as the linear region slope of a normalized stress vs. strain
graph.

Resistivity measurements were conducted with an Ohm
meter using the two-probe method. Conductivity of the sam-
ples was then calculated by means of Pouillet’s law as
follows:

o=—, )

where o, [, A, and R label the conductivity, sample length,
cross-section area, and resistance, respectively.
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Table 1 pHEMA-co-MAA

conductive hydrogel composition ~ Sample name

HEMA/MAA/Iragcure 2959 (mL)

NP concentration (mg/mL)

PEDOT NPs PPy NPs
0.25x% 40 1.95 1.72
0.33x 30 2.57 2.27
0.5x 20 3.90 3.44
1x 10 7.80 6.88

pHEMA-co-MAA: poly(2-hydroxyethyl methacrylate-co-methacrylic acid); HEMA: hydroxyethyl methacry-
late; MAA: methacrylic acid; NP: nanoparticle; PEDOT: poly(3,4-ethylene-dioxythiophene); PPy: polypyr-

role

Swelling tests were conducted by initially drying the sam-
ples for five days under vacuum at 80 °C, with the dry mass
of the prepared samples recorded. At time =0 s the samples
were immersed in DI water and placed inside an incubator
at 37 °C for 96 h. The wet mass of the samples was then
recorded at specified time points, with the swelling degree
calculated as follows:

Ws — Wy
s= (22— « 100%, )
Wa

where Wy and Wy represent the hydrogel swollen mass and
dried mass measured at the beginning of the test, respectively.

Fourier transform infrared spectroscopy (FTIR) spectra
of the printed pHEMA-co-MAA NP-laden hydrogels were
analyzed with a spectrum 100 FTIR (PerkinElmer, USA) in
the range of 650-4000 cm™~! for 10 scans.

Morphological analysis was conducted via scanning elec-
tron microscope (SEM) (Hitachi TM-1000) tabletop micro-
scope. Prior to analysis, samples were lyophilised at —50
°C with no drastic change in their shape or size and were
subsequently sputtered with gold.

pHEMA-co-MAA NP-laden hydrogel
cytocompatibility assessment in vitro

To assess the biological responses to the pHEMA-co-MAA
NP-laden hydrogels, three tests were conducted on astrocyte
cell cultures (Fig. 2). For all biological tests, the DI TNC1
cell cultures were seeded at a density of 5x10° cells/well
in 24-well plates and allowed to attach overnight, followed
by supplementation with 1 mL of NP hydrogel-treated cell
culture media.

LIVE/DEAD staining of the astrocytes was conducted
after 96 h by means of Calcein AM and propidium iodine.
Morphological assessment of the cells was also conducted
after 96 h in culture. The cells were first fixed with 4%
paraformaldehyde (PFA), stained with 4°,6-diamidino-2-
phenylindole (DAPI) (1:2000, D9542-10MG) and phalloidin
(1:400), and imaged using an ImageXpress confocal micro-
scope for fluorescence imaging (Molecular Devices, USA).
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The cell viability was then quantitatively analyzed using
ImageJ. Moreover, pHEMA-co-MAA NP samples were
tested for potential cytotoxicity by means of the Alamar Blue
proliferation assay. Alamar Blue was added to the wells at
10% of the well volume and incubated for 5 h. Measure-
ment of the cell fluorescent emission was carried out using
SynergyMx (BioTek, UK) at a wavelength of 545/590 nm,
following the manufacturer’s protocol.

PHEMA-CO-MAA NP sample antimicrobial
assessment

pHEMA-co-MAA NP samples were tested for potential
antimicrobial properties by the direct contact assay method as
previously described [30] with modifications. Briefly, we cul-
tured S. epidermidis DSM 28319 (DSM, Germany) in TSB
until reaching a concentration of 8 x 107 bacterial cells/mL,
calculated by serial dilution and enumeration. pHEMA-co-
MAA NP samples were 3D-printed as described above,
sterilized with UV light, washed with 25% ethanol thrice,
and subsequently inoculated with 20 L of bacterial suspen-
sion (1.6x10° cells) in triplicates. Samples were incubated
at 30 °C for 24 h, followed by 2 mL of 10% TSB medium
supplementation. The samples were incubated in a rotating
incubator (Innova42, Brunswick Scientific, USA) at 30 °C
for 72 h at 30 r/min to assess cell viability and growth inhibi-
tion upon direct contact with the pHEMA-co-MAA NP-laden
hydrogels. Measurement of the bacterial optical density (OD)
from the planktonic phase was taken by means of microtiter
plate reading at 600 nm using an Eon plate reader (BioTek,
UK). The optical density of the background of the growth
media was subtracted from the individual sample readings.

Statistical analysis

To highlight the significant difference between the popula-
tions, the chosen statistical analysis was a two tailed unpaired
t-test with a p-value of <0.05 considered as statistically sig-
nificant (*p<0.05). A Gaussian distribution of the data was
assumed, and a parametric ¢-test was considered. Moreover,
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Fig.2 Schematic of pHEMA-co-MAA NP hydrogel biocompatibility testing in vitro using the indirect contact assay. pHEMA-co-MAA: poly(2-

hydroxyethyl methacrylate-co-methacrylic acid); NP: nanoparticle; DAPI: 4’,6-diamidino-2-phenylindole

we assumed identical standard deviations for both popula-
tions and that Welch’s correction was not necessary. For
the cellular analysis, experiments were conducted in trip-
licates, with the data presented as mean-+standard deviation.
To determine the statistical significance, one-way analysis of
variance (ANOVA) was employed with the p-value of <0.05
considered as statistically significant (“p<0.05). A two-way
ANOVA was employed for the Alamar Blue cytocompatibil-
ity analysis and the antimicrobial analysis, with the p-value
of <0.05 considered as statistically significant (“p<0.05).

Results and discussion

pHEMA-co-MAA NP-laden hydrogel UV-Vis
assessment

The UV-Vis characterization of the PEDOT and PPy NPs
yielded a higher absorbance measurement for the PPy NP
than for the PEDOT NP solution (0.4£0.04 and 0.3+0.07,
respectively). This implies that the PPy solution is less trans-
parent than the PEDOT solution, thus enabling higher UV
transmission in the PEDOT samples, resulting in more tightly
crosslinked hydrogel networks (Fig. 3).

pHEMA-co-MAA NP-laden hydrogel rheological
assessment

Rheological analysis of the NP-laden pHEMA-co-MAA
monomer mix conversion to a hydrogel under UV light
was assessed to determine its suitability for printing and
to determine a 3D printing processing window. The storage
moduli and the loss moduli of the NP-laden pHEMA-co-
MAA monomer mix were studied over a constant angular

velocity when subjected to UV light (Figs. 4a and 4b). We
observed that both the storage and loss moduli increased with
increasing UV exposure, with the loss modulus overtaking
the storage modulus, indicating the crosslinking onset. The
lower the concentration of the NPs, the more evident this
phenomenon is. This was particularly apparent in the case of
the 1 x PEDOT sample, which displayed no increase in either
moduli during the observation period. This is potentially due
to the presence of the blue/black NPs across the narrow pas-
sage between the rheometer plates which block the UV light
transmission into the hydrogel matrix, as further indicated by
the UV-Vis study. Figure 4c shows the rheological analysis
of the NP-laden pHEMA-co-MAA monomer mix conver-
sion into a hydrogel under UV light, monitored in terms of
complex viscosity changes, which highlights that the PEDOT
0.25x and 1 x samples (with the lowest and highest NP con-
centrations, respectively) exhibited complex viscosities of
2356.8 and 0.09 Pa-s, respectively. We also observed the same
trend for monomers laden with PPy NPs with the PPy 0.25x
and 1x samples displaying complex viscosities of 822.1
and 0.05 Pa-s, respectively. Therefore, the PEDOT 1 x, PPy
0.5x, and PPy 1 x viscosities remained constant during the 2
h observation period, implying impeded crosslinking, poten-
tially due to insufficient UV transmission into the samples
within the rheological assessment setup. The control (with-
out NPs) reached the highest complex viscosity (17,073.7
Pa-s) after 2 h of direct exposure, implying undisrupted gela-
tion (i.e., crosslinking).

pHEMA-co-MAA NP-laden hydrogel 3D printing

Table 2 summarizes the examples of 3D printed pHEMA-co-
MAA NP-laden hydrogels. The printed shapes for the control
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Fig.3 a PEDOT and PPy NP a)

UV-Vis analyses; *p<0.05 (n=3,
mean=£SD). b Comparison
between representative PEDOT
and PPy pHEMA-co-MAA NP
sample transparencies against
natural light. PEDOT: poly(3,4-
ethylene-dioxythiophene); PPy:
polypyrrole; NP: nanoparticle;
UV-Vis: ultraviolet—visible; SD:
standard deviation;
pHEMA-co-MAA:
poly(2-hydroxyethyl
methacrylate-co-methacrylic
acid)
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Fig.4 a, b pHEMA-co-MAA NP hydrogel storage and loss mod-
uli when subjected to UV light. ¢ pHEMA-co-MAA NP hydrogel
viscosities when subjected to UV light. pHEMA-co-MAA: poly

and PEDOT/PPy NP samples were consistent with the Chi-
tubox model. The control required less exposure time than
the pHEMA-co-MAA NP-laden hydrogels (25 s vs. 70 s) due
to the unrestricted gelation. The printing variances between
the two NP-laden hydrogels were attributed to their differ-
ent transparencies (Fig. 3a). UV light could penetrate the
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Time (s)

(2-hydroxyethyl methacrylate-co-methacrylic acid); NP: nanoparti-
cle; UV: ultraviolet; PEDOT: poly(3,4-ethylene-dioxythiophene); PPy:
polypyrrole

PEDOT solution more easily than the PPy solution, allowing
for more efficient crosslinking of printed hydrogels, which
was also observed during the rheological analysis (Fig. 4).
Higher NP concentrations yielded poorer print quality, with
the PPy 1x sample being unsuitable for printing. Lower NP
concentrations provided better print fidelity.
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Fig.5 a Young’s moduli and b conductivities of the pHEMA-co-
MAA NP samples; “p<0.05 (n=3, mean+SD). ¢ Swelling profiles
of pHEMA-co-MAA PEDOT NP samples (left) and pHEMA-co-
MAA PPy NP samples (right) over a 96 h observation period.

pHEMA-co-MAA NP-laden hydrogel mechanical
properties

Analysis of the mechanical properties of the pHEMA-co-
MAA NP-laden hydrogel (Fig. 5) showed that the Young’s
moduli remained between (478.1£9.9) and (526.4+30.3)
kPa with increasing NP concentrations, except for the PPy
0.5x hydrogel (Fig. 5a). The PEDOT and PPy samples did
not display significant differences in terms of mechanical
performance, (e.g., PEDOT 0.25x and PPy 0.25x exhib-
ited Young’s moduli of (493.0+£13.2) and (526.41+30.3) kPa,
respectively). However, PPy 0.5x yielded a significantly
lower value ((333.1%11.1) kPa), consistent with the rheolog-
ical test (Fig. 4). PPy NPs seemed to block UV rays, thereby
lowering the crosslinking efficiency and Young’s modulus.
In comparison, pHEMA has also been previously com-
bined with pyrrole for cryogel development, yielding a
Young’s modulus of (1.454+0.21) MPa [31]. Moreover,
pHEMA was combined with 1%—-6% (mass fraction) mul-
tiwalled CNT for nerve conduit development to repair
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pHEMA-co-MAA: poly(2-hydroxyethyl methacrylate-co-methacrylic
acid); NP: nanoparticle; SD: standard deviation; PEDOT: poly(3,4-
ethylene-dioxythiophene); PPy: polypyrrole

peripheral nerve injury, resulting in a Young’s modulus of
(0.4140.05) MPa [32]. The Young’s modulus values pre-
sented in this study are similar to those in the human nervous
tissue (approximately 200-500 kPa) [7], pathological human
heart (beyond 100 kPa) [33], and kidney tissue (approxi-
mately 200 kPa) [34], highlighting their potential to be used
for mechanically biomimetic TE approaches.

pHEMA-co-MAA NP-laden hydrogel conductive
properties

Overall, the results of the electrical conductivity analysis
indicated that NP supplementation increased hydrogel sys-
tem conductivities (Fig. 5b). The electroconductivity values
of the printed samples with NPs remained below (4.540.3) x
10~7 and (5.10£0.37)x 10~ S/cm for the PEDOT and PPy
NP samples, respectively, while that of the control was
(3.840.1)x 1077 S/cm. Although the conductivity increase
in this study could be considered modest, the concentration
of the added NPs remained small compared to the overall
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Table 2 pHEMA-co-MAA NP samples printed with an Anycubic Pho-
ton S 3D printer. The control and all the samples with the NPs were
exposed for 25 s and 70 s per layer, respectively

Sample Surface Lateral Dimensions
(mm)
Control h =217
d =10.04
PEDOT 0.25x h=2.20
d=10.23
PEDOT 0.33x h=2117
d =10.28
PEDOT 0.5x h=22
A d =10.19
PEDOT 1 x ' h=22
d =10.07
PPy 0.25x h =226
d=9.62
g N |
PPy 0.33x h =236
d=10.0
PPy 0.5x h=1287
d =9.80
PPy 1x h=N/A
‘ d =N/A

pHEMA-co-MAA: poly(2-hydroxyethyl methacrylate-co-methacrylic
acid); NP: nanoparticle; 3D: three-dimensional; PEDOT: poly(3,4-
ethylene-dioxythiophene); PPy: polypyrrole; N/A: not available

hydrogel system concentration, especially as percolation has
not been reached at these NP concentrations [7]. Further-
more, pHEMA has been previously combined with graphene
oxide and gelatin for bone tissue engineering, resulting in a
conductivity of 1.55x 107> S/cm for 0.75% (mass fraction)
graphene oxide concentration [35]. Increasing the conduc-
tivity of materials reportedly influences cell growth and
proliferation positively, especially in the case of cells of
a conductive nature, such as neurons or cardiac cells [15,
16].

@ Springer

pHEMA-co-MAA NP-laden hydrogels swelling
properties

The pHEMA-co-MAA NP-laden hydrogel swelling profiles
indicated that all samples swelled over 50% after 15 min
of immersion in DI water, though samples with lower NP
concentrations kept swelling after 30 min of immersion
(Fig. 5¢c). Concerning the PEDOT NP-laden samples, we
observed increased swelling degrees from (56.443.8)% to
(67.941.5)% for the 0.25 x sample, while that of the 1 x sam-
ple decreased from (64.01+1.3)% to (54.3+7.0)% within the
same 15-min observation period. The trend remained similar
in the PPy NP samples, with the PPy 0.25 x sample increasing
in swelling degree from (64.3£2.6)% to (75.0+3.5)% and the
0.5 x sample decreasing from (70.2£3.7)% to (65.1£9.0)%.
This could be potentially attributed to the presence of
hydrophobic NPs, which inhibited water entry [7]. The con-
trol followed the behavior of low-NP-concentration samples,
with a swelling degree increasing from (69.3+1.2)% to
(70.6%3.5)%, yielding the highest swelling degree. After
30 min, the swelling degree of all samples exhibited the
same behavior with a progressively decreasing percentage
value. Sample swelling was initially rapid, but then slowly
decreased upon reaching about 70% of swelling degree,
with equilibrium in the swelling degree established after 96
h.

pHEMA-co-MAA NP-laden hydrogel chemical
analysis

The FTIR spectra of the pHEMA-co-MAA NP-laden hydro-
gel samples (Fig. 6a) show the most important bands
of the pHEMA-co-MAA hydrogel as follows: from 3330
to 2872 cm~! indicates the O-H stretching; the peak in
1715 cm™! corresponds to the C=0O bond; from 1440
to 1330 cm™! there is O-H bending; the wavelength at
1031 cm™! represents the C—O stretching, and the peak at
911 cm~! is representative of the double bond C=C [36,
37].

As the NP concentrations remained low compared to the
overall pHEMA-co-MAA solution concentration, all peaks
in the FTIR spectra could be assigned to the pHEMA-co-
MAA hydrogel. The FTIR bands for all samples were equal
to those of the control with no NPs. The FTIR spectra of the
isolated NPs are presented in Fig. 6b, where PEDOT NPs
presented the following peaks: peak at 1315 cm™! corre-
sponds to the S=O vibration; 1181 em~!, 1124 em™! and
1076 cm™! peaks correspond to the C—O—C bond vibration;
the wavelength at 1030 cm~! refers to O-S—O signal and
finally the peaks at 965 cm~ !, 915 cm™! and 830 cm™! 7,
27, 38] correspond to the C—S bond of the thiophene.

The PPy NPs presented the following peaks: the wave-
length at 1545 cm™! corresponds to the C=C bond; 1470
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Fig.6 FTIR analysis of apHEMA-co-MAA NP samples and b PEDOT
and PPy NPs. ¢, d SEM images of the control (left) and a sample with
NPs (right): sample ¢ surfaces and d cross-sections. Scale bar: 50 pm.

cm™~! represents a single bond C—C ring stretching; the peaks
at 1300 and 1160 cm™! refer to in-plain vibrations of C-H;
the peak at 1030 cm ™! corresponds to the plane vibration of
C-H and N-H and finally, the wavelength at 900 cm™! is
indicative of the deformation vibration of out-plane C-H in
the pyrrole ring [20, 39, 40].

50 ym

pHEMA-co-MAA: poly(2-hydroxyethyl methacrylate-co-methacrylic
acid); NP: nanoparticle; PEDOT: poly(3,4-ethylene-dioxythiophene);
PPy: polypyrrole; SEM: scanning electron microscope

pHEMA-co-MAA NP-laden hydrogel morphological
properties

SEM analysis was performed on lyophilised samples to
observe the hydrogels’ morphological features, with the
results shown in Figs. 6¢ and 6d. The surface and cross-
sectional images indicate a similar surface pattern with a
relatively smooth and flat surface and a lack of porosity,
caused by the printing of block constructs. The lack of poros-
ity could be easily altered by changing the printing designs
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to allow for the desired porosity in accordance with particu-
lar TE needs of 100-500 pwm [41], especially when printing
with digital light processing (DLP) methods at printing res-
olutions as low as 50 wm [42].

pHEMA-co-MAA NP-laden hydrogel
cytocompatibility assessment in vitro

Visualization of the astrocytes cultured in the presence of
pHEMA-co-MAA NP-laden hydrogel media over a 96 h
period was conducted by means of LIVE/DEAD staining,
with live cells stained green and dead cells stained red
(Fig. 7). We observed high-level cell viability in all tested
groups. Furthermore, we detected typical spindle-like mor-
phology of the astrocytes with the cells extending to form
clusters, indicating that the presence of the hydrogels did not
alter healthy cell growth and behavior of the cells. Among
all pHEMA-co-MAA NP-laden hydrogel groups, the per-
centage of live cells was higher than 70%, with the highest
values achieved in the PEDOT 1x and PPy 0.25x samples
with viabilities of (82.5£1.8)% and (91.9+4.3)%, respec-
tively (Fig. 8a). Decreasing PEDOT NP concentration also
decreased the cell viability (e.g., in the PEDOT 0.25x group,
the cell viability was (72.748.0)%). In contrast, increasing
PPy NP concentrations reduced cell viability, with the PPy
0.5x sample yielding cell viability of (71.4£2.1)%. Taken
together, the presence of both the PEDOT and PPy NPs
positively influenced cell viability compared to the pHEMA-
co-MAA hydrogel control with no NPs, which yielded the
lowest viability of all the tested samples at (69.2+2.6)%.
One-way ANOVA analysis indicated statistical differences
between the samples.

Cellular distribution and morphology were also assessed
by means of DAPI/Phalloidin staining, as shown in Fig. 7.
We cultured the astrocytes in the presence of the pHEMA-
co-MAA NP-laden hydrogel media over 96 h, followed by
fixation and subsequent DAPI/phalloidin staining to visual-
ize the nuclei and F-actin, respectively. Overall, we observed
a similar cellular distribution and morphology of cells to
those observed in the LIVE/DEAD analysis, with the cells
growing outward from the centered clusters. Quantification
of the number of cells using the nuclear staining (Fig. 8b)
detected higher viability in the pHEMA-co-MAA NP-laden
hydrogel samples than in the pHEMA-co-MAA-only group
(e.g., (2282.54£752.7) cells in the PEDOT 0.33x group vs.
(1763.75£509.6) cells in the pHEMA-co-MAA-only group).
One-way ANOVA indicated no statistical difference between
the samples.

Next, using the Alamar Blue proliferation assay, we inves-
tigated astrocyte proliferation upon exposure to the pHEMA-
co-MAA NP-laden hydrogels. To ensure the absence of
cytotoxic leachables from the hydrogels, the indirect contact
method was utilized as pHEMA-co-MAA possesses no cell
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attachment sites. The hydrogels themselves and their con-
stituent NPs are reportedly biocompatible [7, 20, 27]. Using
the indirect contact method, we cultured the astrocytes in the
presence of pHEMA-co-MAA NP-laden hydrogel-treated
cell culture media and measured the cellular fluorescence
outputs over a 120 h period (Fig. 8c). Overall, the prolif-
erative ability of the cells increased in all tested samples
during the observation, with the PEDOT 0.5 x sample yield-
ing the highest value of (70.4£2.7)% at 24 h, though the
PEDOT 1x sample displayed a similar proliferation rate of
(68.5+£4.1)%. When examining the PPy group, the PPy 0.5 x
group had the highest proliferation rate of (65.2+4.7)%. In
general, decreasing NP concentrations reduced the cell pro-
liferative capacity both in the case of PEDOT and PPy (e.g.
the PEDOT 0.33x sample resulted in proliferation rate of
(60.2£2.6)%). The same trend can also be observed at 72 and
120 h. The pHEMA-co-MAA hydrogels without NPs exhib-
ited lower proliferation rates than heavily NP-laden samples
(e.g., (64.8+12.0)% at 24 h). In summary, NP supplementa-
tion into the pHEMA-co-MAA hydrogels positively affected
cell proliferation and viability. Two-way ANOVA confirmed
statistical differences between the sample sets.

pHEMA-co-MAA NP-laden hydrogel antimicrobial
assessment

Finally, we assessed the potential antimicrobial properties of
the pHEMA-co-MAA NP-laden hydrogels by OD measure-
ments of S. epidermis, a common skin commensal bacterial
strain. We seeded the bacteria onto the pHEMA-co-MAA
NP-laden hydrogels and cultured them for 72 h. In general,
both the PEDOT and PPy NP supplementation influenced
S. epidermis bacterial growth, especially at higher NP con-
centrations. During the initial 48 h, the OD was below
0.02 for all samples, indicating no exponential bacterial
growth in the planktonic phase. When examining the sam-
ples at 72 h, bacterial growth was observed. Compared to
the pHEMA-co-MAA control with no NPs (OD=0.2+0.06),
the PEDOT 1x and PPy 0.5x samples exhibited ODs of
0.13£0.04 and 0.1940.06, respectively. ANOVA analysis
indicated statistical differences between the samples at 72
h. In all groups, the OD values remained below 0.3 at 72 h.
Materials with measured OD values above 0.2 are generally
considered to possess biofilm-forming abilities [43—46]. This
could indicate that the presence of pHEMA-co-MAA NP-
laden hydrogels does not favor bacterial growth during the
planktonic phase of the initial 48 h of incubation, potentially
indicating the antimicrobial properties of these materials.
Further evaluations should fully support this statement.
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using ImageJ from Fig. 7; *p<0.05 (n=3, mean+SD). ¢ Alamar Blue
proliferation assay-based cytotoxicity assessment in astrocytes cul-
tured for 120 h in pHEMA-co-MAA NP hydrogel-treated media.
d OD measurement of S. epidermis bacteria cultured on the surface of

Conclusions

In this study, we successfully incorporated PEDOT and
PPy NPs into a pHEMA-co-MAA hydrogel system and
performed 3D printing with in situ photopolymerization.
Blue/black NP supplementation affected UV penetration
capacities and thereby affected hydrogel crosslinking, with
longer curing times required for crosslinking samples with
higher NP concentrations. This was particularly observed
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role; HEMA: hydroxyethyl methacrylate; DAPI: 4°,6-diamidino-2-
phenylindole

for PPy NPs with a higher UV absorbance than PEDOT
NPs. The physicochemical characterization demonstrated
that the pHEMA-co-MAA NP-laden hydrogels possessed
excellent mechanical properties between 450 and 550 kPa,
with swelling profiles reaching an equilibrium within 30 min.
Conductive NP incorporation increased the hydrogel electri-
cal conductivity to (5.10£0.37)x10~7 S/cm. Prior to UV
light exposure, the pHEMA-co-MAA NP-laden hydrogels
exhibited shear thinning behavior, rendering them ideal for
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printing applications. In vitro biocompatibility studies indi-
cated that NP supplementation into the pHEMA-co-MAA
hydrogel system favors cell growth and viability. Our antimi-
crobial studies implied that the pHEMA-co-MAA NP-laden
hydrogel system influenced S. epidermis bacterial growth in
the initial 48 h. In summary, the newly synthesized pHEMA-
co-MAA NP-laden hydrogels presented in this study hold
promising potential for various electroactive TE strategies.
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