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Conductive hydrogels represent a promising class of novel materials to interface the human body with
electronics; however, there is still a high demand for hydrogels that would truly meet the conductivity
requirements for efficient signal transmission between the tissues and the device. To address this
demand, herein we report the preparation of a novel pure conductive hydrogel based on PEDOT:DBSA
at room temperature; thus, we offer an efficient alternative to the commonly used PEDOT:PSS, whose
biocompatibility was proven to be limited. With thorough characterization, this work also contributes
towards a better understanding of the relationship between the hydrogel structure and electrical
properties. The mechanical strength of the novel hydrogel network is tuneable and can be easily tailored
to the needs of a given application. Together with an exceptionally low value of Young's modulus, this

Received 30th September 2024, material provides mechanical properties matching those of soft tissues. Biocompatibility tests confirmed

Accepted 8th January 2025 excellent compatibility with murine endothelial cells. The total conductivity of the hydrogel is sufficient
for cell-targeted bioelectronic applications, such as cell stimulation; moreover, low impedance was

determined at 1 Hz, suggesting that the PEDOT:DBSA hydrogel might offer a truly functional interface
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Introduction

Organic conducting materials have emerged as an alternative to
commonly used inorganic materials in a broad range of prac-
tical applications (e.g. low-cost photovoltaics, flexible touch
displays, and OLEDs)."> Moreover, due to their unique proper-
ties, these materials stand out especially in the field of bioelec-
tronics. In contrast to rigid inorganic conducting materials, the
mechanical properties of organic semiconductors (OSCs) can
be tailored to form soft and stretchable films, making them
perfect material candidates for applications such as wearable
medical devices.® Together with the unique ability of some of
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between a biological tissue and an electronic device.

these materials to conduct both ions and electrons, these
materials show the potential to form an interface truly match-
ing those of cells and biological tissue.*

Over the last few decades, thin films of OSCs have been used
as active layers responsible for communication between tissue
and the bioelectronic device. However, the mechanical and
physical properties of thin films significantly differ from those
of biological tissue, which causes issues at the device-tissue
interface, such as inflammatory responses and scar tissue
formation, that could lead to deficient signal transmission
and reduced device efficacy.”” While biological tissues are
generally considered soft, dynamic environments rich in water
with a rather low Young’s modulus (0.1 kPa to 1 MPa),*’
thin films are dry and relatively rigid structures exhibiting a
few orders of magnitude higher Young’s modulus (from MPa
to GPa).” "

In contrast, the hydrogels show mechanical and structural
properties similar to those of biological tissues, which perfectly
match the environment of living cells.">'* Recently, material
engineering strategies have been applied to prepare hydrogels
with both tissue-like properties and mixed ionic-electronic
conductivity of organic semiconductors. Most of these strate-
gies utilized commonly used nature-derived or synthetic non-
conductive hydrogels (e.g. gelatine or alginate), as the hydrogel
matrices interpenetrated with the conducting polymers.'>™®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, these structures suffer the trade-off between electrical
and mechanical properties as they usually contain only units of
percent of the conductive material, whose electrical properties
are hindered by the insulating matrix.'® Such hydrogels thus
generally show low conductivity. Moreover, doping the hydro-
gels with a higher amount of conductive polymer negatively
affects the mechanical properties of the hydrogel matrix.'® The
discovery of hydrogels purely based on OSCs with tissue-like
properties and mixed ionic-electronic conductivity made a
breakthrough by allowing the fabrication of highly efficient,
easily processed, and tuneable bioelectronic devices and soft
robotics, recently reviewed in the literature.”>*" Thus, these
revolutionary hydrogel structures became the main point of
interest in the field of bioelectronics, attracting the attention of
many scientific groups that introduced various preparation
procedures. Yao et al. fabricated a hydrogel with electrical
conductivity reaching 880 S m~" by mixing PEDOT:PSS with
0.1 M sulfuric acid at elevated temperature (90 °C) with sub-
sequent concentrated sulfuric acid treatment.”* Lu et al
reported a hydrogel prepared by mixing PEDOT:PSS with a
volatile DMSO. Subsequent controlled dry annealing at 130 °C
and rehydration led to the formation of a hydrogel that exhib-
ited a conductivity of 4 x 10°> S m~'.'* Goestenkors et al.
studied the properties of PEDOT:PSS hydrogels crosslinked
with an ionic liquid, formed after heating the mixture at
60 °C for 15.5 hours, which exhibited excellent cytocompat-
ibility and moderate conductivity up to 127 S m~".>* However,
all of these techniques required relatively high temperatures,
which do not allow the formation of hydrogels in the presence
of living cells. Wang et al. prepared an ultra-high conductivity
pure hydrogel by doping PEDOT:PSS with metal halides, reaching
54.7 x 10° S m™'. However, the hydrogel possesses increased
elasticity modulus (10-20 MPa) and inadequate biocompatibility.**
Moreover, Zhang et al.>® made a remarkable finding when they
showed a method of spontaneous gelation of injectable hydrogels
at room temperature simply by mixing the PEDOT:PSS suspension
with 4-dodecylbenzenesulfonic acid (DBSA) without any other
treatment. All of the above-mentioned hydrogels are based on
PEDOT:PSS. Although this material is considered to be a gold
standard in the field of organic bioelectronics, it was proven
that the biocompatibility of this material in the form of a thin
film is only limited. This biocompatibility issue is attributed to
the presence of the acidic PSS moiety that prevents proper cell
adhesion and therefore natural contact of living cells with
the material.">***” This problem limits the potential use of
PEDOT:PSS in bioelectronic applications.

Since pure conductive hydrogels are new structures, a deeper
understanding is necessary prior to their implementation into
bioelectronic systems. However, there are still some challenges
that have to be solved to reliably study their properties and
potential in bioelectronic applications. One of these challenges
is instability that is caused by water evaporation from the
hydrogels exposed to air. This causes a gradual change in the
hydrogel structure and its properties, which makes measure-
ment of its electrical properties especially very challenging.
This is usually solved by using various electrolytes as a
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medium, using high humidity chambers to prevent air expo-
sure, or simply by characterizing the hydrogels in the dehy-
drated state.'*>>2® However, the electrical properties of the
swollen hydrogels were shown to be different from those
of dried materials (xerogels). Lu et al. reported that the elec-
trical conductivity of the pure PEDOT:PSS xerogel was about
5 x 10* S m~ ', while the conductivity of the swollen hydrogel
dropped significantly, to less than 5 x 10° S m~*.** In addition,
high humidity can cause corrosion of the measuring equip-
ment in the chamber and the use of excessive aqueous media
could cause disruption of the hydrogel network.

Herein, we address the recent challenges of pure conductive
hydrogels and present the preparation of a novel, pure PED-
OT:DBSA hydrogel. DBSA has already been used as an additive
of organic semiconductors showing positive effect on thin film
formation, promotion of the film conductivity,***° and as a
counterion for polypyrrole, showing excellent biocompatibility
of the resulting material.>"***> In our previous study, we showed
that PEDOT:DBSA thin films exhibit improved properties com-
pared to PEDOT:PSS. This novel material stands out mainly
thanks to its significantly improved biocompatibility and long-
term stability under aqueous conditions. For hydrogel formation,
we utilized a previously published technique as we added another
DBSA into our PEDOT:DBSA solution, which resulted in a sponta-
neous sol-gel transition. The addition of DBSA changes the ionic
strength in the solution and thus promotes weak interactions
between the PEDOT chains, forming a hydrogel network.>>** The
novel PEDOT:DBSA hydrogel was characterized in detail using
PEDOT:PSS as a reference. The detailed analysis of the two
hydrogels offers a unique insight into the relationship between
the structure and the properties of these interesting structures. In
addition, this study provides a knowledge base for the implemen-
tation of pure conductive hydrogels in bioelectronic devices. More-
over, in order to address the issue of hydrogel instability, we
designed a closed plastic cell, which enables probe measurement
under stable experimental conditions.

Experimental section

Materials

PEDOT:DBSA (COC) was synthesised as previously reported.**
PEDOT:PSS polymer dispersion was purchased from Ossila (M122,
PH 1000). DBSA was purchased from Sigma-Aldrich, 44198.

Preparation of the PEDOT:DBSA and PEDOT:PSS hydrogels

The PEDOT:PSS hydrogel was prepared as previously reported,*
using PEDOT:PSS doped with 3, 5, 8 or 10 v/v% of the secondary
dopant, DBSA. The PEDOT:DBSA hydrogel was prepared by
doping the suspension of the polymer composite with 3, 5, 8 or
10 v/v% of DBSA (Fig. 1). The mixture of the polymer dispersion
and DBSA was agitated until homogenized. After microgel for-
mation, these microgels were separated from excessive media in a
centrifuge (Eppendorf MiniSpin®, 12 000 rpm/5 min). The gela-
tion of both hydrogels occurred at room temperature, without the
need for any additional treatments. The rheology measurement

Mater. Adv,, 2025, 6,1278-1287 | 1279
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PEDOT:DBSA PEDOT:DBSA Formation of Hydrogel
solution + DBSA microgels
| 12000 rpm
— At N 5 min
"~ PEDOT chain  © DBSA molecule ¢ » DBSA micelle

Fig. 1 Proposed formation of the PEDOT:DBSA hydrogel. The addition of
DBSA promotes hydrophobic interactions between the PEDOT chains,
resulting in the formation of microgels, which are not connected in the
whole sample volume.

revealed that the minimal concentration of DBSA added, which
led to the induction of the sol-gel transition in the PEDOT:DBSA
solution, is 5 v/v%, see Fig. S1, ESL.} Therefore, this concentration
was used in the rest of the study. Hydrogels doped with 5 v/v% of
the secondary dopant dehydrate at room temperature after 7 and
9 days for PEDOT:DBSA and PEDOT:PSS, respectively.

Biocompatibility testing

To maintain the transparency of the samples, we studied the
biocompatibility of both materials in the form of thin films of
rehydrated hydrogels. The PEDOT:DBSA xerogel reabsorbed
approximately 3% of its original weight during 72 hours after
placing the xerogel in the high humidity chamber (humidity
>95%). Polymer dispersions and secondary dopant mixtures
(5 v/v%) were prepared as described above. The glass cover
slides were pretreated by sonication in NaOH and IPA bath for
10 minutes; then, they were rinsed in distilled water and in IPA,
and finally air-dried. The mixtures of PEDOT:DBSA and the
secondary dopant in liquid form were spin-coated (Laurell, WS-
650MZ-8NPPB, 1800 rpm/45 s) on the prepared glass slides
after the formation of the microgels. The mixture of PEDOT:PSS
and the secondary dopant was spin-coated on the glass slides
immediately after these two components were mixed, while the
mixture remained liquid. Gelation occurred after spin-coating.
Both materials were annealed on a hot plate (Harry Gestigkeit
PZ 72, 140 °C, 1 hour) to stabilize them on the glass substrate.
This treatment led to the formation of xerogels that were
immersed in PBS (1 hour) to remove both the excessive sec-
ondary dopant and the excessive PSS molecules. After this, the
samples were shortly immersed in IPA to avoid any possible
contamination and air-dried.

Mouse pancreatic endothelial cells (MS1, ATCC #CRL-2279)
were maintained in high-glucose Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum, 1% r-
glutamine, 1% sodium pyruvate and 1% penicillin-streptomy-
cin (further referred to as the cell culture medium; all compo-
nents from Gibco-Invitrogen). The xerogels were fixed in a
24-well plate using 1% agarose (VWR, cat. no. 438795A) and
rehydrated in the cell culture medium. Cells were plated in a
24-well plate onto rehydrated hydrogels (80 000 cells per well).
After 48 hours, the following assays were performed: (i) fluor-
escein diacetate/propidium iodide (FDA and PI) staining;
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(i) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazolium
bromide (MTT) reduction; and (iii) lactate dehydrogenase
(LDH) release.

Cell culture medium was replaced with a staining solution
(200 pL per well) containing FDA (Sigma-Aldrich, cat. no. F-
7378) and PI (Sigma-Aldrich, cat. no. 81845) at final concentra-
tions FDA 0.002 mg mL~" and PI 0.02 mg mL™", respectively.
The staining was carried out in the dark for 5 minutes. After
incubation, the staining solution was removed and the cells
were washed and observed in PBS (400 pL per well) using
a fluorescence microscope (AxioObserver Z1, Carl Zeiss AG,
Germany). The culture medium was replaced with a fresh one
to which MTT solution (Sigma-Aldrich, cat. no. 13,503-8) was
added at a final concentration of 0.125 mg mL™". After incuba-
tion at 37 °C in a 5% CO, atmosphere, for 4 hours the medium
was aspirated and cells were extracted with 300 uL of 10%
Triton X-100 (Sigma-Aldrich, cat. NoT8787) in 0.01M HCI per
well on a shaker for 15-20 minutes. The extracts were clarified
by centrifugation (5000g, 5 min, RT) and the absorbance was
measured at 570 nm (Sunrise, Tecan, Switzerland). The cyto-
toxicity assay was carried out using an LDH kit (Roche, cat. no.
04744934001) according to the manufacturer’s instructions. All
samples were processed in three independent replicates, each
including four parallels per experimental variant. The bar
graphs show the mean values and standard deviation (SD; error
bars). Outliers were excluded using the Grubbs test. ANOVA
with Tukey’s post hoc HSD test was used to compare the data.
All analyses were performed with GraphPad software (Graph-
Pad Software, Inc., USA).

Rheological characterization

The measurement was performed on a DHR2 rheometer (TA
Instruments) using steel plate-plate geometry (8 mm diameter,
sandblasted, measuring gap 300 um) at a constant temperature
of 25 °C. The sample dimensions are strictly given by this
geometry (300 pm in height x 8 mm in diameter). The
viscoelastic properties of hydrogels were studied using small-
amplitude oscillation shear measurements. The strain sweep
test was performed at a constant frequency of oscillation (1 Hz)
in the strain range of 0.1-10 000% on a logarithmic scale with
6 points per decade. Before each measurement, the condition-
ing step (3 min at 25 °C) to relax the sample and temper it to
temperature was included during the experiment. Experiments
were performed in triplicate using fresh samples for each
measurement.

The swelling ratio was determined for hydrogels doped with
5 and 8 v/v% of the secondary dopant (DBSA). The hydrogels
were dried at 60 °C for 24 hours and swelled in distilled water
for 72 hours. The swelling ratio g was calculated as the ratio of
the water weight absorbed by the hydrogel during swelling mg
to the weight of the initial hydrogel my: g = (ms/m;) x 100%.

Scanning electron microscopy

The PEDOT:DBSA and PEDOT:PSS hydrogels (both doped with
5 v/v% of DBSA) were prepared in a cylindrical vessel, then cryo-
fixated in liquid nitrogen with subsequent lyophilisation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(SP VirTis Advantage Pro, SP Scientific). The freeze-dried sam-
ples were carefully torn and the sections were gold coated in a
sputtering device (Polaron SC7640 sputter coater). The SEM
analysis was carried out using a scanning electron microscope
ZEISS EVO LS 10 in the mode of secondary electrons (SE),
accelerating voltage 5 kV, magnifications 100x, 500x, 1000x
and 2000x.

Electrical characterization

For electrical characterization, the hydrogel samples were
sealed inside a plastic cell with a channel of 2 mm x 2 mm
cross-section (see Fig. S3, ESIt). Galvanically gold-plated tung-
sten needles were used as electrodes and inserted through wax-
sealed cell openings into the hydrogel by an MPS150 probe
station performed using Metrohm pAUTOLAB III/FRA2 (5 mm
distance between the working electrode (approximately 4 mm?>
active area) and the counter electrode, and 0.5 mm between the
quasi reference and working gold electrodes) in the frequency
range 0.1 Hz-100 kHz, zero direct current bias. The impedance
signal amplitude was 100 mV. The pH of the dispersion sol
environments was characterized by a Metrohm 914 pH/con-
ductometer, being 1.4 and 1.36 for PEDOT:DBSA and PED-
OT:PSS, respectively. The water content in hydrogels doped
with 5 v/v% of DBSA was estimated gravimetrically as 89% in
the case of PEDOT:DBSA and 94% in PEDOT:PSS. The total
conductivity is equal to d/(R;-S), where R; is the total resistivity,
S is the surface of the working electrode (3.9 x 10~® m?) and
d is the distance between the working electrode and the
auxiliary electrode (5 x 107> m).

Results and discussion

Biocompatibility

The compatibility of hydrogels with living cells is one of the
fundamental conditions for the use of these materials in
regenerative medicine and bioelectronics, in general. Thus,
the biocompatibility of the PEDOT:DBSA and the PEDOT:PSS
hydrogels toward murine endothelial cells (MS1) was investi-
gated. First, the viability of the cell culture was qualitatively
assessed by means of live/dead cell staining; see Fig. 2A.
Microscopic observation of stained cells indicated very high
cell viability in MS1 cell culture grown on the PEDOT:PSS and
the PEDOT:DBSA hydrogels compared to the control (glass
cover slide). Indeed, the quantitative determination of relative
cell culture viability using the MTT assay supported such
observation; see Fig. 2B: the data did not show any significant
difference between the hydrogels and the control. Furthermore,
the LDH assay, which determines cytotoxicity (i.e., the level of
damage to the plasma membrane within a cell population) was
used in parallel (Fig. 2C). The PEDOT:DBSA hydrogel induced
the same level of cytotoxicity as the control. However, with the
PEDOT:PSS hydrogel we observed a slight, however, statistically
significant, increase in cytotoxicity compared to the control and
to the PEDOT:DBSA. Overall, the data indicate a very high level
of biocompatibility of both types of hydrogels, which is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Biocompatibility assays of the PEDOT:DBSA and the PEDOT:PSS
based hydrogels using murine endothelial cells (MS1 line): (A) qualitative
assessment of MS1 viability by FDA/PI (live/dead cell) staining. (B) Relative
cell culture viability determined by the MTT assay. The viability of the
control cell culture represents 100%. (C) Relative cytotoxicity determined
by the LDH assay. 100% indicates the maximal extent of cell death on a
particular substrate. Data represent mean + standard deviation (N = 3).
Indication of statistically significant difference: **p < 0.01, ***p < 0.001.

comparable to that of standard control. However, as PEDOT:
DBSA exhibits lower cytotoxicity, it represents a better interface
to biological tissues than the PEDOT:PSS hydrogel.

Rheological properties

The strain sweep (amplitude) test was used to study the
relationship between the mechanical properties and the com-
position of the prepared hydrogels. The dependences of the
storage (G') and loss (G”) modulus on the applied strain
(obtained for the individual samples) are depicted in Fig. 3.
The minimum concentration of the secondary dopant within
the PEDOT:DBSA for gelation to occur was determined as
5 v/v%, see Fig. S1, ESL.{ For the PEDOT:PSS, the minimum
concentration of the secondary dopant was determined as 3 v/
v%, which is in agreement with the literature.>

Mater. Adv., 2025, 6,1278-1287 | 1281
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Fig. 3 Strain sweep test of the PEDOT:DBSA and the PEDOT:PSS doped with (A) and (C), 5 v/v% of DBSA; (B) and (D), 10 v/v% of DBSA. G’ and G” show
the values of the measured storage and loss modulus, respectively. For better clarity, the dashed line marks the value of viscoelastic moduli of 100 and

1000 Pa.

The lower values of both G’ and G’ moduli in the PEDOT:
DBSA hydrogels (Fig. 3A) indicate a lower mechanical strength
of these structures. The position of the end of the linear
viscoelastic region (LVO) (the end of a region, where G’ and G”
are linear) indicates the strength of the newly emerging hydrogel
bonds. A similar position of the LVO end with respect to the x-axis
for both samples (regardless of the DBSA concentration) suggests
that both hydrogels are formed by bonds of the same electrostatic
nature. With increasing DBSA concentration, a higher value of
both G’ and G” moduli was observed (see Fig. 3B and D); a similar
trend was detected in both materials.

The observed results indicate a similar mechanism of hydro-
gel formation for both materials as they contain bonds of
the same electrostatic nature. However, in the case of PED-
OT:DBSA, this mechanism leads to the formation of microgels
that are mechanically pressed together during centrifugation,
but there is no physical bond between these microgels. This
corresponds to the lower mechanical strength of this type of
hydrogel as lower moduli indicate less nodes in hydrogel
structure and therefore the lower level of crosslinking density.*®
We hypothesize that these differences in hydrogel crosslinking
and thus in their mechanical strength are caused by the structural
dissimilarities of PEDOT counterions. While the DBSA counterion
is a single molecule, PSS forms long chains that can intertwine
and thus increase the total number of physical bonds. This
contributes to the formation of the hydrogel network in the whole
bulk and to the higher mechanical strength of the resulting 3D
network.

Since the increase of added DBSA leads to the improved
mechanical strength of hydrogels, it suggests that the higher

1282 | Mater. Adv., 2025, 6,1278-1287

amount of the secondary dopant further weakens the inter-
action between PEDOT chains and primary dopant, PSS or
DBSA in PEDOT:PSS or PEDOT:DBSA, respectively. As a result,
the hydrophobic interactions and n-n stacking between the
PEDOT chains are strengthened, and become physically more
intertwined, resulting in a denser hydrogel structure that is also
mechanically stronger and more rigid. This significant increase
in the values of both moduli at higher dopant concentrations
(10 v/v%) indicates that only a simple adjustment during the
preparatory process can result in the production of a hydrogel
with completely different viscoelastic behaviour. Hence, it is
possible to use this simple yet effective procedure to tailor the
crosslinking degree of the gel network exactly to the needs
of the required application. The swelling ratio for hydrogels
doped with 5 v/v% of the secondary dopant was determined as
(15.6 + 1.4)% and (20 + 2)% for PEDOT:DBSA and PEDOT:PSS,
respectively. At a higher secondary dopant content (8 v/v%), the
swelling ratio increased slightly in both hydrogels on (25 + 4)%
in PEDOT:DBSA and (28 £ 4)% in PEDOT:PSS. Usually, the
higher degree of crosslinking results in a lower swelling
ability.®® The increase in the swelling ratio in the investigated
hydrogels may be caused by an increased amount of free
sulfonate groups from dopant molecules, as manipulation of
the sulfonate groups in the hydrogel can increase its swelling
ability.*”

Young’s modulus

Young’s modulus (the ability of a material to resist mechanical
stress) is one of the key features of a material that interfaces
biological tissues. Young’s modulus was determined using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Young's modulus measured for the PEDOT:DBSA and the PED-
OT:PSS hydrogels (mean + S.D.) with different secondary dopant content

Material Dopant content (v/v%) Young’s modulus (kPa)
PEDOT:DBSA 5 1.5 £ 0.2

10 1.2+ 0.1
PEDOT:PSS 5 1.49 £+ 0.08

10 1.6 £ 0.1

dynamic mechanical analysis to obtain a result that would
correspond to the properties of the bulk material. For the
PEDOT:DBSA and PEDOT:PSS hydrogels doped with 5 v/v% of
the secondary dopant, it was determined as (1.5 & 0.2) kPa and
(1.49 £ 0.08) kPa, respectively, see Table 1. For the PEDOT:PSS
hydrogel, we observed that the higher the amount of the
secondary dopant in the material, the higher the Young’s
modulus and the higher the ability to withstand mechanical
stress. Interestingly, we did not observe this tendency with the
PEDOT:DBSA hydrogel, where Young’s modulus of the hydrogel
doped with 10 v/v% of the dopant decreased in comparison
with the PEDOT:DBSA doped with 5 v/v% of the dopant. The
strain sweep test proved that, at higher dopant concentrations,
a denser hydrogel network is formed; it is more resistant
to mechanical stress. Thus, we expected higher Young’s moduli
at higher dopant concentrations. We hypothesise that when
PEDOT:DBSA is doped with 10 v/v% of DBSA, most of the
polymer chains are saturated and cannot bind more of the
dopant. Consequently, if stress occurs, excessive dopant mole-
cules can be pushed to the surface of the gel, where they act as a
lubricant and interfere with the measurement.

The values of Young’s moduli determined for both hydrogels
are within the range given for the most of the soft tissues
(0.1-100 kPa),**® and therefore represent a significant improve-
ment of mechanical properties of the investigated materials
compared to those of commonly used thin films with Young’s
modulus in the range of 100 MPa-10 GPa.*>*® Young’s moduli
of both hydrogels are similar to Young’s modulus of the brain
(1.4-3.7 kPa*®), thus its use could be especially advantageous
when stimulating these sensitive areas.

Morphology of the hydrogels

The internal structure of the lyophilized xerogels was analysed
by scanning electron microscopy (SEM); it is shown in Fig. 4.
The PEDOT:PSS xerogel demonstrates smooth morphology
(Fig. 4D-F), resembling connected fibres. Holes and cavities
in the range of tens of micrometres are clearly visible at lower
magnifications (Fig. 4E and F). The PEDOT:DBSA xerogel
(Fig. 4A-C) shows a much rougher structure, which seems to
comprise many smaller consistent parts of various sizes sepa-
rated by cavities, reminding of a sponge, clearly arranged in one
direction.

The differences observed in the hydrogels studied support
the results of the rheological characterization. The hydrogel
structure of PEDOT:PSS consists of a network of connected
hydrophobic PEDOT chains, but the whole structure can be
supported by physically intervened long PSS chains, forming a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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more interconnected, mechanically stronger morphology.
On the other hand, in the PEDOT:DBSA hydrogel, the additional
supporting network molecules are missing because the DBSA
molecules are not polymerized. Thus, the morphology is a result
of centrifugation of the microgels.

Several studies have already shown that rough morphology
on a micron scale was proven to have a positive effect on cell
adhesion of many cell types, including endothelial cells.*'™*?
Hence, the experiment shows that PEDOT:DBSA possesses a
promising morphology (and, as previous analyses showed, also
mechanical properties) for cell adhesion and proliferation.

Electrical properties

Impedance spectroscopy (IS) was used to envision processes
occurring within prepared hydrogels, as this technique takes
into account electron transfer as well as capacitance effects;
moreover, the materials can be investigated under biologically
relevant low frequencies."®** Therefore, IS was used to char-
acterize electronic and ionic conductivity of the hydrogels and
to study their impedance as a function of frequency.

The IS was performed using the PEDOT:DBSA and PED-
OT:PSS hydrogels (both with 5 v/v% of secondary dopant) as
“gel/solid” electrolyte. The hydrogel was sealed inside a mea-
suring cell with electronically conducting electrodes on its two
sides, see Fig. S3, ESL.{

The mixed ionic-electronic conductivity of PEDOT-based
composites was determined in previous studies.*> The complex
impedance plots of our PEDOT hydrogels remind two semicir-
cles, as shown in Fig. 5A and B. The first real-axis intercept was
measuring the cell serial resistance, the second one the total
resistance R;, which equalled to a parallel combination of R;
(ionic) and R, (electronic) — RiR./(R; + R.). The total conductivity
equals d/(R;-S). Hydrogels doped with 5 v/v% of the secondary
dopant exhibited a total conductivity up to 36 S m~" (with an
average value of 22 + 10 Sm™ ") and 724 S m ™" (with an average
value of 523 &+ 217 S m™!) for PEDOT:DBSA and PEDOT:PSS,
respectively see Fig. S5, ESI.1 The total conductivity was further
determined at an enhanced secondary dopant concentration
(8%). Both hydrogels exhibited increased conductivity up to
99 S m~' for PEDOT:DBSA (with an average value of 65 =+
28 Sm ') and 1327 Sm ' for PEDOT:PSS (with an average value
of 888 + 411 Sm™ ).

Since low frequency stimulation is common in regenerative
medicine and tissue engineering (~0.1-10 Hz),’® the impe-
dance of PEDOT:DBSA and PEDOT:PSS at 1 Hz was evaluated,
being 0.17 Q@ m and 0.01 Q m, respectively. Both prepared
hydrogels showed low impedance at 1 Hz, compared to PED-
OT:PSS in a typical interpenetrating network with a non-
conductive hydrogel matrix, with impedance at least 2 orders
of magnitude higher (measured in a similar experimental
setup.'®

The conductivity measurement revealed a prevailing ionic
conductivity (2 times higher than the electronic one) in the
PEDOT:DBSA hydrogel. In the PEDOT:PSS hydrogel, electrical
conductivity prevailed (6 times as high as the ionic one).
The prevailing ionic conductivity in the case of the novel
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Fig. 4 Cross-section of lyophilized xerogels of PEDOT:DBSA (A)—(C) and of PEDOT:PSS (D)-(F), both doped with 5 v/v% of DBSA. Both samples are shown
in three magnifications, so that the wider surroundings (100x; (A) and (D)) can be seen, as well as the details of the structure ((C) 2000x; (F) 1000x).

. . 0,
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Fig. 5 Complex impedance plots of (A) — the PEDOT:DBSA and (B) — the PEDOT:PSS hydrogel measured and fitted with the inserted equivalent circuit at
zero DC bias. R stands for serial contact resistance; R; stands for ionic resistance; and R, for electronic resistance. The total resistance of the hydrogels
was determined as Ry = RiRo/(Re + R)).
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Table 2 The comparison of selected material properties of pure PEDOT:DBSA hydrogel and recently published pure hydrogels based on PEDOT (2-6)

and selected IPN hydrogels based on PEDOT (7-10)

Young’s Conductivity
Entry Components modulus (kPa) (Sem™) Biocompatibility Intended application Ref.
14 PEDOT:DBSA, DBSA 1.5+ 0.2 Upto1l Good with MS1 line Cell-targeted bioelectronic —
applications
2 PEDOT:PSS, DBSA ~1 ~0.1 Good with C2C12 line  Hydrogel-fiber based OECT 25
3 PEDOT:PSS, DMSO ~2 x 10 40 N/A Bioelectronic devices and applications 14
4 PEDOT:PSS, sulphuric acid N/A 8.8 N/A Electrocatalysis, sensors, actuators 22
5 PEDOT:PSS, metal halides 10*-20* Up to 547 Harmful to the tissues Thermotherapy, flexible electronics 24
6 PEDOT:PSS, ionic liquids Up to 4.13 + 1.63  Up to 1.27 & 0.75 Good with NHDF cells Biointerfacing of bioelectronic devices 23
7 PEDOT:PSS, GelMA 7.6 +2.3-10.3 £ 2.7 N/A Good with C2C12 line  On-skin electrodes, neural probes 15
8 PAA/PEDOT:PSS ~10 Up to 0.0183 Good with HSF cells Body-conformable electronics 53
9 PEDOT:PSS, silk 24-128 Up to 0.0521 Good with NIH3T3 cells Flexible electronics 54
fibroin, PVA/PAM
10 PEDOT:PSS, PVA ~460 ~10 Low cytotoxicity Stretchable bioelectronics 55

% This work.

PEDOT:DBSA hydrogel might be related to the lower cross-
linking density in the hydrogel network compared to that of the
PEDOT:PSS, which might allow for smooth movement of ions
across the hydrogel structure. The improved total conductivity
at higher secondary dopant concentrations (8 v/v%) in both
materials is related to the higher crosslinking density in the
hydrogel structures, as confirmed by rheological testing and
reported for pure hydrogels in the literature.>® In more cross-
linked structures, PEDOT chains are in the closer proximity,
leading to the conductivity enhancement.”” Although the total
conductivity of the PEDOT:DBSA hydrogel is lower compared to
some of the other pure hydrogels based on PEDOT (see Table 2)
it is similar®® or more than 4 orders of magnitude higher
than the conductivity of materials successfully used for cell
stimulation®®™" and is higher than conductivity of the cere-
brospinal fluid (1.54 S m™ "), which represents the human tissue
with the highest conductivity.’* Therefore, we assume that this
novel hydrogel offers an electrical microenvironment suitable
for cell stimulation.

Conclusions

In summary, we prepared a conductive hydrogel based on
the novel material PEDOT:DBSA, where DBSA serves as both
a counterion for PEDOT and an efficient secondary dopant
inducing the gelation process without the need for elevated
temperatures. We studied its properties in detail together with
those of the PEDOT:PSS hydrogel, which served as a reference
prepared in the same manner.

It was shown that the different structure of counterions in
the studied materials significantly affects the resulting proper-
ties of formed hydrogels. The PEDOT:DBSA hydrogel showed
better biocompatibility compared to the PEDOT:PSS counter-
part since the LDH assay revealed a higher cytotoxic effect of
the latter mentioned. The rheological characterization showed
that the hydrogel network of the PEDOT:DBSA possesses lower
crosslinking density than that of PEDOT:PSS. The above might
be due to the fact that in the PEDOT:DBSA, the counterion
molecules (DBSA) are not connected in the same way as in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

PEDOT:PSS; therefore, they do not provide additional mechan-
ical support to the hydrogel. In both materials, the mechanical
strength can be easily tailored by adjusting the amount of the
secondary dopant inducing the gelation. This is an important
feature especially for the field of bioelectronics regenerative
medicine, where finding a material with properties closely
matching the viscoelastic behaviour of a given tissue is a key
step to forming a matching electronic-tissue interface. The
Young’s modulus of PEDOT:DBSA and that of PEDOT:PSS
hydrogels is in the range of the modulus of soft biological
tissues, which indicates a suitable softness of both materials to
interface living cells. Impedance spectroscopy disclosed suita-
ble mixed ionic-electronic conductivity of both hydrogels for
cell-targeted bioelectronic applications. The total conductivity
can be improved by manipulating the concentration of the
secondary dopant while maintaining the soft mechanical prop-
erties, crucial for interfacing biological tissues. Both hydrogels
show a low impedance at a frequency of 1 Hz, which is an
important factor in increasing the signal-to-noise ratio between
the material and the tissue.

To summarize, a new pure hydrogel based on PEDOT:DBSA
was prepared in a facile way; it possesses tunable mechanical
and electrical properties and excellent biocompatibility.
We believe that the application of this new hydrogel material
might give rise to the implementation of more efficient bioelec-
tronic devices with better applicability in cell-targeted bioelectronic
applications and stimulation of a wide range of cell types.
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