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The patterning of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) hydrogels with excellent
electrical property and spatial resolution is a challenge for bioelectronic applications. However, most PEDOT:PSS
hydrogels are fabricated by conventional manufacturing processes such as photolithography, inkjet printing, and
screen printing with complex fabrication steps or low spatial resolution. Moreover, the additives used for fabricating
PEDOT:PSS hydrogels are mostly cytotoxic, thus requiring days of detoxification. Here, we developed a previously
unexplored ultrafast and biocompatible digital patterning process for PEDOT:PSS hydrogel via phase separation
induced by a laser. We enhanced the electrical properties and aqueous stability of PEDOT:PSS by selective laser
scanning, which allowed the transformation of PEDOT:PSS into water-stable hydrogels. PEDOT:PSS hydrogels
showed high electrical conductivity of 670 S/cm with 6-pm resolution in water. Furthermore, electrochemical
properties were maintained even after 6 months in a physiological environment. We further demonstrated stable
neural signal recording and stimulation with hydrogel electrodes fabricated by laser.

INTRODUCTION

Engineering conductive hydrogels with excellent electrical properties
and aqueous stability is important for developing electrode materials
that are of broad interest to research fields such as bioelectronics
(1), e-skin (2), and energy devices (3). In bioelectronics, achieving
tissue-like mechanical properties and retaining their electrical con-
ductivity under strain in physiological environments are crucial for
electrode materials to interface with elastic soft tissue in a long-term
operation (4, 5).

Hydrogels fabricated by conducting polymers [e.g., polypyrrole,
polyaniline, and poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS)] are promising electrode materials (1) owing
to superior softness, stretchability, and electrochemical stability to
metal (Au and Pt) (6, 7) and oxide materials (IrOx and RuO) (6) in
physiological environments. In particular, conductive hydrogels
consisting of PEDOT:PSS have attracted the most attention due
to their unique electrical and ionic dual conductivity and excellent
biocompatibility. However, PEDOT:PSS is disadvantageous for long-
term operation in contact with biological tissues as it suffers from a
relatively high Young’s modulus (1 to 2 GPa), low stretchability
(~2% strain) (8) due to the brittle PEDOT-rich domain, and water
instability due to the hydrophilic PSS-rich domain. To transform
PEDOT:PSS into water-stable soft hydrogels, phase separation
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methods that properly redistribute the networks between the con-
ductive and hydrophobic PEDOT-rich domain and the soft and
hydrophilic PSS-rich domain have been developed (4, 9-17). For
phase separation, sulfuric acid or ionic liquids with strong ionic
strength were usually introduced to break the ionic bond between
positively charged PEDOT (PEDOT") and negatively charged PSS
(PSS™) and rearrange the networks between them (4, 9-14). Subsequent
dry annealing was able to physically interconnect the PEDOT-rich
domain that made the PEDOT:PSS hydrogel stable in aqueous en-
vironments. However, the additives were harmful to living tissues,
thus requiring posttreatment of washing with water for several days
before usage (4, 9, 11-14). For phase separation, a strong electric field
was also applied with several hours of thermal annealing in a state
where the ionic bond between PEDOT" and PSS~ was weakened by
additives (15-17). Even after tedious and lengthy postprocesses, the
hydrogels in previous studies had a low electrical conductivity of
less than 200 S/cm when fully swollen in the electrolyte.

Despite the promising properties of PEDOT:PSS hydrogels,
patterning them with a high spatial resolution is another major
challenge for bioelectronic applications. Various printing methods
[e.g., inkjet printing, screen printing, and three-dimensional (3D)
printing] (13, 14, 18, 19) were developed by mixing additives into
PEDOT:PSS aqueous solution that can induce phase separation
for transformation into hydrogels. However, most of the studies
showed low spatial resolutions of over 100 um and required a long
detoxification process to remove cytotoxic additives. Processes to
change the physical properties of PEDOT:PSS by irradiating a light
source have also been attempted (4, 20, 21). The incorporation of a
photo—cross-linkable monomer has been tried, but a nonconductive
monomer could reduce the conductivity of PEDOT:PSS hydrogel
(4, 20). Supplying infrared photons to selectively remove PSS shell
for conductivity enhancement has been introduced (21); however,
it could not induce physical aggregation of PEDOT-rich domain,
which cannot assure aqueous stability in physiological environments.
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Here, we developed a novel biocompatible and ultrafast digital
patterning process to fabricate water-stable PEDOT:PSS hydrogels
via the laser-induced phase separation of PEDOT:PSS (LIPSP). We
took advantage of the unique characteristics of a continuous-wave
laser (22), which can provide a strong electric field and photothermal
energy in an ultrafast time scale to induce the phase separation of
PEDOT:PSS. To intensify the interaction between PEDOT:PSS and
the laser, plasmonic gold nanoparticles (AuNPs) (23) were added,
and the degree of phase separation according to the AuNP concen-
tration was investigated. Through the LIPSP, electrical conductivity
and aqueous stability were greatly enhanced owing to the expanded
and connected PEDOT-rich domains. The laser-treated PEDOT:PSS
was immersed in water so that only the scanned parts remained as
water-stable PEDOT:PSS hydrogels, and the rest was washed out.
The electrical conductivity of the resulting PEDOT:PSS hydrogels
was up to 670 S/cm in the swollen state in the deionized (DI) water
with 6-um spatial resolution. With different volume fractions of
AuNP inks to the optimum electrical conductivity, PEDOT:PSS
hydrogel also achieved maximum water contents of 39% with a
conductivity of 560 S/cm. The excellent aqueous stability of the
laser-treated PEDOT:PSS hydrogel allowed the electrochemical prop-
erties to be maintained even after immersion in phosphate-buffered
saline (PBS) for 6 months. The LIPSP was completely sterile and did
not require toxic additives, eliminating the need for a multiday
detoxification process. Excellent in vitro and in vivo biocompatibility
was confirmed by testing the samples immediately after the laser
process without a postcleaning process. To demonstrate the poten-
tial of our laser process for bioelectronic fabrication, representative
bioelectronic applications were performed. Neural probes with high
spatial resolution stably recorded neural signals from a brain slice of
mice. Also, a highly conductive electrode array was able to stimulate
the sciatic nerve of mice with low voltage.

RESULTS

Laser-induced phase separation of conducting polymer
PEDOT:PSS shows a phase distribution where the conducting
PEDOT is in the core and the insulating PSS is in the shell (24). The
PSS shell surrounding the PEDOT core not only blocks charge flow
but also contributes to the fragmentation of PEDOT:PSS in the
presence of moisture due to its hydrophilic properties (25). A key
strategy to transform PEDOT:PSS into water-stable hydrogels is to
redesign the phase distribution of PEDOT:PSS. Phase separation is a
unique approach to fabricate PEDOT:PSS hydrogels by appropriately
controlling the arrangement and crystallization of the PEDOT-rich
domain and PSS-rich domain (4, 9-17). Specifically, a strong inter-
connection between the conductive and hydrophobic PEDOT-rich
domains can provide excellent electrical conductivity and aqueous
stability. We developed a novel ultrafast digital patterning process
to fabricate highly conductive PEDOT:PSS hydrogels (670 S/cm in
the swollen state) via the LIPSP without an additional postchemical
removal process (Fig. 1). Considering the enhanced properties of
PEDOT:PSS hydrogels attributed to the phase separation of
PEDOT:PSS through dry annealing processes (13, 14) and strong
electric field (15-17) reported in previous studies, we hypothesized
that a laser can give both photothermal energy and electric field to
PEDOT:PSS simultaneously (22). The photothermal energy would
locally make the PEDOT and PSS two-phase system unstable, and
then the strong electric field was able to separate the PEDOT and
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PSS. Then, since PEDOT:PSS was rapidly cooled down to room tem-
perature after laser scanning, the phase distribution of PEDOT:PSS
was fixed in a separated state (Fig. 1A). AuNP inks using ethanol as
a solvent were blended with PEDOT:PSS to enhance laser absorp-
tion (23), allowing PEDOT and PSS to be separated and recrystal-
lized through rapid temperature elevation and an amplified electric
field (Fig. 1B and fig. S1). Selective phase separation by the laser was
confirmed with atomic force microscopy (AFM) phase image anal-
ysis (Fig. 1C and fig. S2). In comparison with the small PEDOT-rich
domain (bright color) covered by the PSS-rich domain (dark color)
before laser irradiation (Fig. 1C, i), the PEDOT-rich domain was
greatly expanded and connected after the LIPSP (Fig. 1C, ii). The
strong network between the PEDOT-rich domains could form a
stable mechanical connection in water, and the expanded PEDOT
domain could increase the pathway for rapid charge flow (13). To
fabricate micropatterned PEDOT:PSS hydrogels, PEDOT:PSS and
AuNP composite inks were coated onto a substrate through a solu-
tion process such as spin coating and drop casting, followed by drying
at room temperature (Fig. 1D, i). Phase separation was selectively
induced by high-speed laser scanning (Fig. 1D, ii, and movie S1). In
this case, only the parts scanned by the laser became highly conduc-
tive, and the water stability was greatly increased. After immersing
the sample in water and waiting for 5 min, only the laser processed
region remained, and the rest were dissolved in water to form fine
patterns (Fig. 1D, iii, and movie S2). The micropatterned PEDOT:PSS
hydrogels demonstrated excellent electrical conductivity, which can
turn on the light-emitting diodes (LEDs) under wet conditions
(Fig. 1E). Furthermore, owing to the high stability in aqueous envi-
ronments, the pattern resolution and electrical properties remained
intact even after several swelling and drying cycles (Fig. 1F and figs. S3
and $4). To confirm that the micropatterned material was PEDOT:PSS
hydrogel, the sample was lyophilized, and its porous characteristics
were examined by scanning electron microscopy (SEM) (Fig. 1G).

Phase separation analysis of conducting polymer

We investigated the effect of the AuNP ink volume fraction in
PEDOT:PSS on the phase separation of the resulting laser-treated
PEDOT:PSS. AuNP inks [0.1 weight % (wt %) in ethanol, polyvinyl
pyrrolidone (PVP)-stabilized, diameter = 40 to 60 nm] were blended
with PEDOT:PSS solution (1.1 wt % in water) at 1 to 20 volume %
(denoted as PA 1 to PA 20) of the final PEDOT:PSS and AuNP
composite (PA) inks and dried on a substrate. A higher AuNP
volume fraction enhanced the absorption of laser and increased the
thermal and electric field effects, as shown in decreasing optimum
laser power as we increased the volume fraction of AuNP inks (fig. S5).
To verify the marked increase of electrical conductivity by the inter-
action of PEDOT:PSS and the laser, bulk thermal annealing was
compared (fig. S6). The mere addition of AuNPs also improved
electrical conductivity; however, the effect was un-noticeable since
the sheet resistance of bulk thermal annealing was far higher than
the laser-treated PEDOT:PSS (fig. S7). Under optimal laser condi-
tions, the electrical conductivity and aqueous stability of PEDOT:PSS
were increased with increasing laser power; however, under high-
power conditions, PEDOT:PSS became carbonized, and its conduc-
tivity started to decrease (Fig. 2A and figs. S5C and S8). For PA 10,
combined with the effect of AuNPs, fast laser scanning can achieve
the highest electrical conductivity from 1 S/cm in dried pure
PEDOT:PSS to 670 S/cm in the fully swollen hydrogel (Fig. 2B). The
results showed the high electrical conductivity of micropatterned
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Fig. 1. Laser-induced phase separation of conducting polymer. (A) Schematic illustration of the LIPSP. (B) Photothermal effect induced by interactions between the
laser and plasmonic AuNPs (top) and ablation of excessive surface PSS and phase separation (bottom). (C) Atomic force microscopy (AFM) phase image of the LIPSP (top,
inside green dotted area = laser-scanned area) with magnified phase images of the (i) nontreated region and (ii) laser-scanned region (bright color = PEDOT-rich domain;
dark color = PSS-rich domain). (D) Fabrication steps for the micropatterning of PEDOT:PSS hydrogels via the LIPSP. (E) Micropatterned PEDOT:PSS hydrogel circuit turning
on three LEDs in the hydrated state. (F) Cyclic swelling and drying for aqueous stability testing. (G) SEM image of laser-treated PEDOT:PSS hydrogels.

PEDOT:PSS hydrogels with a high pattern resolution of 6 um, which
is similar to that of photolithography (4) involving multiple com-
plex processes (Fig. 2C and table S1). The phase separation of
PEDOT:PSS in depth direction was also explored to estimate the
processibility of LIPSP for thick PEDOT:PSS treatment (Supple-
mentary Text and fig. S9). The laser intensity at the surface of
10-pum thickness of PEDOT:PSS was enough to induce the phase
separation of PEDOT:PSS. Then, we demonstrated that LIPSP was
able to uniformly induce the phase separation of PEDOT:PSS in
both thin (~500 nm) and thick (~10 pm) PEDOT:PSS films through
experiments. In addition, the novel manufacturing process could fab-
ricate conductive hydrogel-based bioelectronics at a fast processing
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speed compared with other processes, as it does not require lengthy
postchemical removing steps (table S2). However, when an exces-
sive amount of AuNPs inks was added, the relative amount of
PEDOT:PSS contents became insufficient to form a stable conducting
network between the PEDOT-rich domains. In detail, in AuNP inks,
PVP stabilizer was used for nanoparticle dispersion. As the volume
fraction of AuNP inks was overloaded to PEDOT:PSS hydrogels,
the electrical conductivity started to decrease since PVP is an elec-
trical insulator, as observed in the case of PA 20 (Fig. 2B). The PVP
contents in PEDOT:PSS hydrogels were characterized by perform-
ing Fourier transform infrared (FT-IR) spectroscopy (fig. S10).
We further investigated the degree of phase separation of PA 10
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deconvolution of Raman spectral data was performed between 1380 and 1480 cm

- demonstrating a transformation from the benzoid (1436 cm™ ) to quinoid (1410 cm™)

structure through the LIPSP. Values in (A) and (B) represent the mean, and the error bar represent the SD (n=5).

compared with pure PEDOT:PSS samples by varying the laser pa-
rameters. X-ray photoelectron spectroscopy (XPS) analysis revealed
two peaks between 167 and 162 eV, which indicated the S(2p) peaks
of sulfur atoms in the PEDOT chain (blue line), and the S(2p) peaks
of the PSS chain could be found in the range of 171 to 166 eV (gray
line) (Fig. 2D) (25, 26). The relative peak intensity ratio of PEDOT
to PSS was calculated by integrating the areas under each peak based
on XPS fitting data (Fig. 2D, i and ii). There was no notable change
in the ratio by simply adding AuNPs; however, it was gradually
increased as the laser power was increased (Fig. 2D, iii, and fig.

Won et al., Sci. Adv. 8, eabo3209 (2022) 8 June 2022

S11). The ratio of pure PEDOT:PSS without laser treatment [pure
PEDOT (0 mW)] was 0.56, whereas that of PA 10 treated with a
laser power of 100 mW was 1.31, which explains the enhancement
of electrical conductivity and aqueous stability owing to expanded
and connected PEDOT-rich domains. We also performed Raman
spectroscopy to investigate the molecular state of the PEDOT-rich
domain (Fig. 2E). The chemical structure of the PEDOT crystallite
is composed of a benzoid structure (1436 cm™) with low electrical
conductivity and a quinoid structure (1410 cm™") with high electrical
conductivity (26, 27). The transition from the benzoid to quinoid
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structure indicated a conformation change in the PEDOT morphol-
ogy from a coiled structure to an extended coil or linear structure,
which may be referred to as the secondary doping effect (27).
We confirmed the doping effect of the LIPSP through the red shift
(from 1433 to 1429 cm™!) of the C, = Cg stretching vibration of
thiophene rings between 1380 and 1470 cm™" (Fig. 2E, i and ii, and
fig. S11). The relative peak intensity ratio of the quinoid to benzoid
structure was also calculated by integrating the areas under each
curve based on Raman spectroscopy fitting data (Fig. 2E, i and ii).
In addition to the secondary doping effect of ethanol in AuNP
inks (28) [increased from pure PEDOT (0 mW) = 1.05 to PA 10
(0 mW) = 1.45], fast laser scanning had an additional doping effect,
which we define as the tertiary laser doping effect [PA 10 (100 mW) =
1.71] (Fig. 2E, iii).

Characterization of PEDOT:PSS hydrogel under strain

inan aqueous environment

Owing to enhanced aqueous stability with the LIPSP, we performed
tensile tests of free-standing PEDOT:PSS hydrogels under DI water
(Fig. 3A). Dried PEDOT:PSS on a substrate with low adhesion (13)
[e.g., polydimethylsiloxane (PDMS) and glass] was irradiated in the
form of dog bone shape through the LIPSP, leaving only the scanned
part as a free-standing hydrogel in the water (fig. S12). We measured
Young’s modulus of thin PEDOT:PSS hydrogel films using this
technique as opposed to nanoindentation, which measures local
mechanical properties with high uncertainty (29). The stress-strain
curve revealed the synergetic effects of AuNP inks and the laser for
softening PEDOT:PSS hydrogels by appropriately redistributing
the networks between the PEDOT-rich and soft PSS-rich domains.
In addition, increasing the AuNP concentration demonstrated the
auxiliary effect of adding the PVP stabilizer as interpenetrating
polymer networks, which made the composite softer and better to
be stretched. PA 20 could achieve an elongation of 20% (fig. S13)
and Young’s modulus of 57 MPa, which indicated sufficient softness
compared with metal electrodes (30) (Ea, = 67 GPa, elongation = 2%,
tensile tested on water surface), thus minimizing mechanical mis-
match when in contact with biological tissues (31) (Eissues under
1 MPa) for a long period. The swelling ratio and water contents were
also shown to demonstrate the swelling behavior of PEDOT:PSS
hydrogels under physiological environments (Supplementary Text
and figs. S14 and S15). PEDOT:PSS hydrogels showed obvious
anisotropic swelling behavior; thus, the swelling ratio and water
contents were calculated by measuring the thickness change of
PEDOT:PSS micropattern. As the volume fraction of AuNP inks
increased, the swelling was enlarged because of the increase in phase
separation and hydrophilic PVP contents. Ensuring stable electrical
properties under strain is essential for hydrogel-based bioelectronic
devices that interface with biological tissues undergoing mechanical
deformation. We investigated the resistance change of fully hydrated
laser-treated PEDOT:PSS hydrogels under strain by varying the
volume fraction of AuNP inks (Fig. 3B). Electrical stability under
mechanical deformation was improved with increasing AuNP con-
centrations; however, in the case of PVP overload (PA 20), the elec-
trical interconnection between the PEDOT-rich domains became
unstable due to the unnecessary and excessive PVP contents, which
are electrical insulators. The tensile test was repeated on the most
electrically stable sample (PA 10), and the resistance remained stable
even after 5000 cycles at 15% strain (Fig. 3B, inset graph). We further
characterized the electrochemical properties of the PEDOT:PSS
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hydrogels through electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) (Fig. 3C and fig. S16). The impedance
(Z) and charge storage capacity (CSC) were measured in PBS, which
demonstrated stability up to 30% strain. Excellent electrical and
electrochemical properties under mechanical deformation would
ensure the stable operation of bioelectronic devices in dynamic
environments.

Long-term stability of PEDOT:PSS hydrogel in an

aqueous environment

Maintaining the mechanical and electrical properties of PEDOT:PSS
hydrogels in an aqueous environment is crucial for the long-term
operation of bioelectronic devices (4, 5). We investigated the stability
of PEDOT:PSS hydrogels in physiological environments (PBS). The
CSC, which is the performance indicator of bioelectronics where
the electrodes can store the electric charges, was maintained with no
substantial change even after 1000 repeated CV cycles (average CSC
of 32.13 mC cm 2, CSC cycle 1000/CSC cycle 1 = 1.08) (Fig. 3D).
The charge injection capacity, which is a performance indicator of
electrode for electrical neural stimulation, was also characterized. It
showed a high charge injection capacity of 16.17 mC cm 2 and sta-
bility after 10,000 cycles of pulses (fig. S17). Furthermore, EIS and
CV were performed after incubating the PA 10 sample in vials for
6 months (Fig. 3, E and F). The results showed that the electrochemical
properties were well maintained (CSC/CSCy = 1.14, Z/Zy = 1.74),
making it highly suitable for long-term bioelectronic operation.

Biocompatibility of PEDOT:PSS hydrogel

In addition to the excellent electrical properties and aqueous stability
of laser-treated PEDOT:PSS hydrogels, biocompatibility is essential
for bioelectronic applications. For newly developed bioelectronic
materials, various evaluation tests are required to ensure safety (32).
FT-IR spectroscopy was performed to characterize the ethanol residue
from AuNP inks. It showed the complete disappearance of ethanol
after just drying the PEDOT:PSS and AuNP composite inks at room
temperature (fig. S18). We further investigated the “acute” cell tox-
icity of PEDOT:PSS hydrogels through in vitro experiments. PA 10
samples were compared with PEDOT:PSS hydrogel samples pre-
pared by blending 1 wt % of (3-glycidyloxypropyl)trimethoxysilane
(GOPS) and 13 volume % of dimethyl sulfoxide (DMSO), which are
additives used for PEDOT:PSS hydrogel fabrication (7, 13, 14).
Before use in bioelectronic applications, several days of cleaning
processes were required to remove these additives due to their cyto-
toxicity (4, 7, 13, 14). In contrast, PA 10 has an advantage in that it
does not require additional cleaning steps owing to the aseptic nature
of the laser process. To confirm this, all samples were detoxified for
1 hour after each annealing procedure and immediately used for
toxicity evaluation. When observing the borderline area in contact
with the sample, the cell density and shapes of PA 10 group were
similar to the control group. On the other hand, in the GOPS (1 wt %)
and DMSO (13 volume %) group, the cells changed to a round
shape or fell from the bottom (Fig. 4A, first row). A live/dead cell
assay was also performed, and the density of live cells with green
fluorescence was similar between the control and PA 10 groups;
however, a higher number of dead cells with red fluorescence and
surviving cells with a round shape were observed in the GOPS and
DMSO groups (Fig. 4A, second row). The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed
to measure cell viability, which showed that viability was notably
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Fig. 3. Characterization of PEDOT:PSS hydrogel in an aqueous environment. (A) Tensile testing of laser-treated PEDOT:PSS hydrogels in water (inset image), stress-strain
curves of PEDOT:PSS hydrogels according to the AuNP volume fraction (main graph), and Young’s modulus of PEDOT:PSS hydrogels (inset graph). (B) Electrical resistance
of PEDOT:PSS hydrogels under strain according to the AuNP volume fraction (inset shows the cyclic stretching test under 15% strain with 5000 stretching cycles for the
PA 10 sample). (C) Electrochemical properties of the PA 10 sample under strain [working electrode =PA 10, counter electrode =Pt plate, and reference electrode = Ag/
AgCl (3 MKCI)]. (D) CV cyclic test of the PA 10 sample. (E and F) Long-term stability characterization of PEDOT:PSS hydrogels in PBS for 6 months (CV and EIS). Values in (A)
and (C) represent the mean, and the error bar represents the SD (n=3).
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Fig. 4. Biocompatibility and behavior analysis of PEDOT:PSS hydrogel. (A) Microscopic images of L929 cells at 24 hours seeded on PEDOT:PSS hydrogels. Bright-field
microscopy images (first row) and fluorescent microscopy images of live/dead staining (second row). (B) MTT assay quantification of cell viability at 24 hours. **P < 0.01
and ***P <0.001 (n =3, unpaired, two-tailed Student's t test, compared with control). (C) Cross-sectional slices of the sciatic nerve implanted with the control, PA 10, and
rigid electrodes. H&E staining (first row), fluorescent images immunochemically labeled by the biomarker neurofilament (NF) and 4',6-diamidino-2-phenylindole (DAPI)
(second row), fluorescent images immunochemically labeled by the inflammatory biomarker ED1 and DAPI (third row), and magnified images of fluorescent images
immunochemically labeled by ED1 and DAPI (fourth row). (D) Histogram showing the normalized fluorescence intensity of NF and ED1 for the control, PA 10, and rigid
groups. **P < 0.01 (n =4, unpaired, two-tailed Student’s t test, compared with control). (E) Hindlimb stick diagram and comparison of kinematic features during walking
after implantation with the control, PA 10, and rigid electrodes.

decreased by 20.2% for the GOPS group and 31.6% for the DMSO
group compared with the control group (Fig. 4B).

Narrowing the mechanical mismatch between bioelectronic ma-
terials and biological tissues is crucial for chronic neuromodulation
(4, 5, 32). It has been reported that rigid implants induce fibrotic
and inflammatory reactions in surrounding tissues (4, 32) and can
even cause nerve damage in growing animals (5). We evaluated
the in vivo responses of electrode implantation by comparing soft

Won et al., Sci. Adv. 8, eabo3209 (2022) 8 June 2022

PEDOT:PSS hydrogel-based electrodes fabricated on soft styrene-
butadiene-styrene (SBS) substrate with rigid conventional cuff elec-
trodes fabricated by Au thin film on stiff polyethylene terephthalate
(PET) substrate. The electrodes were implanted in mice, and changes
in the tissues were analyzed after 4 weeks. No significant difference
was observed in neurofilament staining, which indicated minimal
nerve damage for all samples (Fig. 4C, first and second rows). How-
ever, when the level of inflammation was analyzed using the ED1
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biomarker, the inflammatory signal around the nerve bundle was Last, hindlimb kinematic analysis was performed to analyze gait
increased for the rigid electrode (Fig. 4C, third and fourth rows). As  behavior after 4 weeks of implantation. The control and PA 10 elec-
shown in the graph of the normalized inflammatory signal, the signal  trodes showed normal gait and movement of the joints based on the
of the PA 10 electrode was comparable to that of the control and  trajectories of the end points. However, in animals implanted with
was significantly lower than that of the rigid electrode (Fig. 4D). the rigid electrode, the trajectory was notably changed, and the
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Fig. 5. Bioelectronic applications. (A) (i) Schematic illustration of the neural recording device based on the PA 10 electrodes and interconnections. (i) Optical image of
the experimental setup for the neural recording of the hippocampus (CA3) of a mouse brain slice (inset image shows the magnified view of three PA 10 electrodes and
the hippocampus of the mouse brain). (iii) Extracellular action potential from CA3 of mouse brain slice. (B) In situ LFP recording depending on the mouse state. (C) LFP
signal data without and with bicuculline (predose and postdose). (D) Fourier-transformed (F-T) LFP signal data. (E) Schematic illustration of the experiment for neural
stimulation of the sciatic nerve of mice. (F) Electrochemical properties of stimulation devices (inset shows the real image of stimulation devices). (G) Leg movement angle
measurement with increasing stimulation frequency and 1 V of amplitude. (H) Leg movement angle measurement with increasing stimulation amplitude and 10 Hz of
frequency. (I) Optical images of leg movement under neural stimulation for devices made using the PA 10 and rigid Au electrodes. (i) Periodic leg movement was ob-
served with the PA 10 electrode at 1 V and 10 Hz; (ii) no response was observed with the rigid Au electrode at 1V and 10 Hz. Values in (F) to (H) represent the mean, and
the error bar represents the SD (n = 3).
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stride length was reduced (Fig. 4E and movie S3). These results are
consistent with typical findings for sciatic nerve injuries or inflam-
matory responses (33, 34). Together, PEDOT:PSS hydrogels fabri-
cated by the LIPSP, which showed low cytotoxicity and mechanical
mismatch, might be an excellent bio-interfacing electronic material.

Bioelectronic applications
To verify the potential of the LIPSP as a means of bioelectronic
device production, neural signal recording and neural stimulation
were performed. The neural signal recording device was fabricated
with three PA 10 electrodes (ground, reference, and recording elec-
trodes with 33-um line width and 10-um pitch) sandwiched by the
thermoplastic polyurethane (TPU) substrate and PDMS insulation
layer (Fig. 5A, i, and fig. S19). The hippocampus (CA3) of the brain
slice, which can exhibit distinct neural signals (35) of the mouse,
was gently placed on the recording device (Fig. 54, ii). We first re-
corded the extracellular action potential of mouse brain slice, which
is the electrical potential that requires a high resolution of micro-
electrode array for a high signal-to-noise ratio (36, 37). It showed
stable recordings of continuous spikes of action potential showing
enough potential for future bioelectronic fabrications (Fig. 54, iii).
Furthermore, we recorded the in situ local field potential (LFP),
which is the electrical field potential of the extracellular space in the
brain tissue (38). Excellent electrical properties and fine spatial reso-
lution could allow the stable spatiotemporal recording of LFP sig-
nals depending on the state of the mouse brain. An excitatory drug
(39, 40) (bicuculline, 20 pM) was treated to the brain slice to induce
a change in the mouse state (Fig. 5B). The amplitude of the LFP
signal in the normal state (predose) was about 0.16 mV; however,
the amplitude after dosing with bicuculline (postdose) was signifi-
cantly amplified (over 0.4 mV) owing to the excitation of the mouse
brain (Fig. 5C). The Fourier-transformed neural signal also showed
a marked change in the graph profile after dosing with bicuculline,
with a strong signal under a frequency of 12.5 Hz, followed by a steep
decline in the range of 17.5 to 33.8 Hz. The peak in the high-frequency
range also shifted to a lower frequency from 153 to 130 Hz (Fig. 5D).
For the stimulation of the sciatic nerve of mice, we designed
cuff-type stimulation devices using laser-treated soft PEDOT:PSS
hydrogels (PA 10 electrode) and rigid type electrodes (Fig. 5E and
figs. S19 and S20). Both devices consisted of one ground electrode
and two stimulating electrodes passivated by an insulating polymer
(0.25-mm? exposed area for both devices). In comparison with the
rigid type Au electrode, the PA 10 electrode demonstrated superior
electrochemical properties, which is appropriate for low-voltage
neural stimulation and can prevent undesired damage to nerve tissues
(Fig. 5F) (4). The softness of the hydrogel device also had the advantage
of conformal contact to the nerve tissue, which was able to deliver
efficient charge transfer. The leg movement angle of mice was ob-
served by applying biphasic sinusoidal voltage pulses on the sciatic
nerve with varying frequencies and amplitudes. Owing to the low
impedance of PEDOT:PSS hydrogels, the movement angle started
to increase constantly from a very low frequency (>5 Hz); however,
it started to increase at a high frequency (>40 Hz) for rigid Au elec-
trodes (Fig. 5G). The leg started to move backward for both devices
when a high stimulation frequency was applied. The threshold voltage
at 10 Hz for leg movement was around 0.4 V for the PA 10 elec-
trode; however, it was around 2.0 V for the Au electrode, which
can potentially damage nerve tissues (Fig. 5H). Periodic leg move-
ment was observed for the stimulation device made using the PA 10
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electrode with stimulation of the sciatic nerve at 1 V and 10 Hz;
however, there was no response for the device made using the rigid
Au electrode under the same stimulation conditions (Fig. 5 and
movie S4).

DISCUSSION

We present a strategy for the micropatterning of high-performance
PEDOT:PSS hydrogels through a laser-induced phase separation process.
The developed hydrogels showed high electrical properties with a fine
pattern resolution and maintained their electrical and electrochemical
properties for an extended period in a physiological environment.
The material properties of PEDOT:PSS hydrogels can be tuned by
controlling the AuNP concentration and laser parameters. This process is
promising for various engineering fields that require electrode materials
with excellent aqueous stability in electrolytes and high electrical
properties, such as bioelectronics, energy devices, and e-skin devices.

MATERIALS AND METHODS

Material preparation

PEDOT:PSS aqueous solution (1.0 to 1.3 wt % solid content, Clevios
PH 1000; Heraeus Electronic Materials) was blended with AuNP
solution (0.1 wt % PVP-stabilized AuNPs dispersed in ethanol,
diameter: 40 to 60 nm; Ditto Technology) at 1 to 20 volume % in the
final ink. After stirring for 1 hour at room temperature, the final ink
was coated on substrates such as SBS, TPU, and PDMS through
solution processes such as spin coating or bar coating and dried at
room temperature.

Laser-induced phase separation of PEDOT:PSS

The laser scanning system consisted of a continuous-wave 532-nm
laser (Sprout-G-5W; Lighthouse Photonics), f-theta telecentric lens
(f= 103 mm), and Galvano-mirror (hurrySCAN II; Scanlab), which
was used for laser processing to induce selective phase separation.
The optimized conditions in this study were 100 mW of laser power
and a scanning speed of 300 mm/s for PA 10 (10 volume % AuNPs
in the final ink). After laser treatment, the samples were immersed
in water for 5 min to wash out nontreated regions.

Microscopy

Phase and topography images were taken using an atomic force mi-
croscope (NX 10; Park Systems). SEM images were obtained using
a field-emission scanning electron microscope (SUPRA 55VP; Carl
Zeiss) after lyophilization using a freeze dryer (Bondiro; IIShinBioBase).
Optical microscopy images were taken using an optical microscope
(BX53M; Olympus).

Material characterization

XPS analysis was conducted using Electron Spectroscopy for Chemical
Analysis II (AXIS SUPRA; Kratos). The chemical structure of
PEDOT:PSS was analyzed by Raman spectroscopy (inVia Raman
microscope; Renishaw), and the absorbance was measured using an
ultraviolet-visible (UV-Vis) spectrophotometer (V-770; JASCO).

Mechanical characterization

Young’s modulus and the elongation until failure were measured
by a laboratory-made pseudo-free-standing tensile testing system
consisting of a load cell (LTS-50GA and 10GA; KYOWA), a linear
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stage (M-111.1 DG; PI), a charge-coupled device camera (F-145Bs
IRF; Marlin), and a water batch. The thickness of PEDOT:PSS
hydrogels in the dried state and hydrated state was measured using the
noncontact 3D surface profiler (NANO View-E1000; Nanosystem).

Electrical characterization

The sheet resistance (R) of PEDOT:PSS hydrogels in the dried state
and hydrated state was measured using a four-point probe (2400;
Keithley). Using the thickness (¢) data acquired earlier, the electrical
conductivity (o) was calculated with the following equation

c=1/(R-t)

For electrical resistance change measurement under strain,
PEDOT:PSS hydrogels with dimensions of 10 mm x 10 mm (10 mm
in length and 10 mm in width) were fabricated on a stretchable SBS
substrate. A laboratory-made automated cyclic motion controller
was used for stretching cycles.

Electrochemical characterization

CV and EIS were conducted using a potentiostat (VersaSTAT 3;
Princeton Applied Research). A platinum plate electrode was used
as the counter electrode, and a Ag/AgCl (3 M KCl) electrode was
used as the reference electrode. All samples were soaked in PBS for
1 hour before measurements. The cyclic voltammogram was recorded
(versus Ag/AgCl reference electrode from —0.6 to 0.6 V). The fre-
quency of EIS ranged between 1 and 10 kHz with a potential bias of
10 mV. For electrochemical measurements under strain, all PEDOT:PSS
hydrogels were clamped in a laboratory-made stretch station and
stretched up to 30% during CV and EIS. The charge injection capacity
was performed by exerting cathodal first, biphasic, charge-balanced
current pulse through chronoamperometry (0.6 V versus Ag/AgCl
for 10 ms and 0.6 V versus Ag/AgCl for 10 ms) using an electro-
chemical workstation (VersaSTAT 3; Princeton Applied Research).

Stability characterization in a physiological environment
Aqueous stability in a physiological environment was tested by
storing the PEDOT:PSS hydrogels in vials with PBS for 6 months.
CV and EIS were performed after 6 months of storage.

Mouse husbandry

Twelve-five-week-old ICR mice were purchased from OrientBio
(Seongnam, South Korea) and randomly divided into three group
(four mice per group). All experiments involving mice were per-
formed with the approval of Konkuk University Institutional Animal
Care and Use Committee (KU21150). All animals were maintained
in a 12-hour light/12-hour dark cycle at 23° + 1°C and 50 + 10%
relative humidity with free access to food and water.

In vitro biocompatibility

1929 mouse fibroblast cells (KCLB, Seoul, South Korea) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (11885-084;
Thermo Fisher Scientific, MA, USA) containing 10% fetal bovine
serum (F2442; Sigma-Aldrich, MO, USA) and Anti-Anti (15240-062;
Thermo Fisher Scientific) at 37°C with 5% CO,. PEDOT:PSS hydro-
gels with 1 wt % GOPS and 13 volume % DMSO additives were
prepared by coating them on a TPU substrate with 1 hour of thermal
annealing on a hot plate (130°C). All samples were detoxified with
water for 1 hour after the annealing procedure and immediately
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used for in vitro toxicity evaluation. After cutting the hydrogels to a size
corresponding to 10% of the surface of the cell culture plate and attach-
ing it to the bottom, cells were seeded at a density of 50,000 cells/cm®
into a six-well culture plate (3516; Costar, MA, USA).

After 24 hours of incubation, bright-field images were obtained
using the Nikon Eclipse TS100 microscope (Nikon, Japan) to ana-
lyze cell morphology changes. In addition, live and dead assay was
performed using the LIVE/DEAD Viability/Cytotoxicity Kit (L3224;
Invitrogen, CA, USA). In brief, 4 uM ethidium homodimer-1 and
2 uM calcein were added for 1 hour, and live (green) or dead (red)
cells were observed under a Nikon Eclipse Ti fluorescence micro-
scope (Nikon Instruments Inc., NY, USA). For cell viability quanti-
fication, the cells (three wells for each sample) were incubated for
1 hour at 37°C with MTT (M6494, Thermo Fisher Scientific) solution
diluted to 0.5 mg/ml using PBS. After incubation, MTT solution was
removed, and DMSO was used to dissolve MTT formazan. The ab-
sorbance was read at an optical density (OD) at 540 nm using the
Epoch Microplate Spectrometer (BioTek Instruments Inc., VT, USA)
and normalized to the control (unpaired, two-tailed Student’s ¢ test).

Histological analysis immunostaining

All four mice were used to analyze the effect of chronic implantation.
Four weeks after implantation, the mice were euthanized with CO, gas.
The left thighs containing electrodes were sampled and fixed with 4%
paraformaldehyde for 24 hours. Samples were sequentially transferred
to a 15 and 30% sucrose solution overnight, followed by transfer to
Optimal Cutting Temperature compound (OCT) (Sakura Finetek, CA,
USA) and freezing at —70°C. The frozen samples were sectioned into
10-pum slices using the Microm HM525 NX Cryostat (Thermo Fisher
Scientific, MA, USA). Slices were washed with distilled water and stained
with hematoxylin and eosin (H&E) for histological analysis.

For immunofluorescence staining, the cryosectioned samples were
fixed using absolute ethanol at —20°C for 10 min, washed with PBS,
and preincubated for 30 min using a blocking reagent (1% bovine
serum albumin). Subsequently, anti-neurofilament (801601; Bio-
Legend, CA, USA) and anti-ED1 (ab125212; Abcam, MA, USA)
were used as primary antibodies and incubated at 4°C overnight,
followed by incubation with secondary antibodies for 2 hours. After
washing with PBS, nuclei were stained using Vectashield mounting
medium with 4',6-diamidino-2-phenylindole (DAPI; Vector Labo-
ratories, CA, USA), and the samples were photographed and merged
using a Nikon Eclipse Ti fluorescence microscope (Nikon Instru-
ments Inc.) and NIS-Elements software (Nikon). The fluorescence
intensity was measured using Image] software (National Institutes
of Health, Bethesda, MD, USA) and normalized with the mean value
of the control (unpaired, two-tailed Student’s t test).

Neural signal recording

Mice were euthanized with CO, for neural recording. Brain slices
(400 pm thick) containing the hippocampus were prepared using
the Leica VT 1000M vibratome (Leica, Nussloch, Germany) with
ice-cold artificial cerebrospinal fluid (CSF) (1.25 mM NaH,POy,
26 mM NaHCOs3, 125 mM NaCl, 2.5 mM KCl, 10 mM glucose, 2 mM
CaCl, and 1 mM MgCl,) bubbled with 95% O,/5% CO, mixed gas.
After dissection, brain slices were recovered in a 35°C water bath for
45 min. The CA3 region of the brain hippocampus was placed at the
center of PA 10 electrodes and gently pressed for better contact. Then,
the three electrodes of the recording device were connected to a ground
pin, reference pin, and recording terminal of the laboratory-made
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signal reading circuit, respectively. For neuronal excitation, 20 pM
bicuculline was added. To prevent surrounding electromagnetic waves
from affecting the accuracy of LFP recordings, the whole setup was
placed in a Faraday cage.

Electrical stimulation and implantation of PA 10

All procedures involving electrode implantation and stimulation
of the mouse sciatic nerve were performed with the approval of
Konkuk University Institutional Animal Care and Use Committee
(KU21150). Surgical procedures were conducted according to pre-
vious methods with some modifications. Mice were anesthetized
with 2% isoflurane in balanced oxygen. Under sterile conditions, a
2-cm skin incision was made on the left thigh, and the sciatic nerve
was exposed by separating the femoral muscles. Autoclaved 45° angled
forceps were inserted below for sciatic nerve elevation, and stimula-
tion devices made using PA 10 electrodes or rigid Au electrodes
were placed under the nerve. The devices were wrapped around the
sciatic nerve and slightly pulled for better contact at the interface.
For the leg movement experiment, the sciatic nerve was stimulated
with biphasic sinusoidal voltage pulses from a function waveform
generator (DG1022; RIGOL Technologies). The movement of the
ankle joint in response to the stimulation was measured for each
device with increasing amplitude or frequency. After stimulation,
the muscles and skin were closed with surgical sutures. The animals
were observed for 2 hours after recovery and returned to their own
cages. To examine the effects of chronic implantation, the animals
were kept for 4 weeks after surgery. For behavior analysis, a stick
diagram of the hindlimb was plotted on the basis of a video, which
shows the mice walking along a 5 cm-by-40 cm track.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo3209

View/request a protocol for this paper from Bio-protocol.
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