Thermo-reversible gelation of self-assembled conducting polymer colloids
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ABSTRACT

Electrically conductive hydrogels based on conducting polymers have found increased use in
bioelectronics due to their low moduli that mimic biological tissues, their ability to transport both
ionic and electronic charges, and their ease of processing in various form factors via printing or
injection. Current approaches towards conductive hydrogels, however, rely on covalent and
therefore irreversible crosslinking mechanisms. Here, we report a thermo-responsive conducting
polymer (TR-CP) that undergoes a fully reversible non-covalent crosslinking at 35 °C within less
than a minute to form conductive hydrogels. The TR-CP is based on a block polyelectrolyte
complex, that self-assembles into well-defined colloidal particles in water which undergo an
isovolumetric sol-gel transition just below physiological temperature. The hydrogels have tunable
mechanical properties in the 20 to 200 Pa range, are stable at various pH and salt conditions, self-
healing, injectable, and biocompatible in vitro and in vivo. We demonstrate that the TR-CPs can
be used to fabricate sensitive, conformal and reusable electrodes for surface electromyography.
This unique material provides exciting opportunities for stimuli-responsive and adaptive

bioelectronics.
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INTRODUCTION

Conducting polymers such as polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) are versatile materials across bioelectronic
applications. They have gained significant attention for their relative softness compared with
inorganic materials, ability to transport both electronic and ionic charges, and ease of fabrication
via solution processing.! Particularly, their deployment as scaffolds and hydrogels has enabled
unique interpenetration and integration with biological systems,>* through the formation of
electrically-conductive materials with properties typically only achievable in insulating polymers.
These conductive hydrogels can have mechanical properties mimicking soft tissues, injectability,
or adhesiveness, which makes them useful in soft electrodes for electromyography®, wearable
electrical stimulators,  cardiac monitoring,” in vivo nerve stimulation,® and neural recording.®**
The most common approaches to preparing these functional conductive hydrogels are (1) blending
a conductive polymer with a non-conductive crosslinked hydrogel with the properties of interest,*2
(2) blending a conductive polymer with a hydrogel precursor then crosslinking the blend,**4 or
(3) oxidatively polymerizing the conducting polymer in the hydrogel or its precursor solution.*®
While effective, all these approaches rely on covalent crosslinkers leading to the lack of
reversibility in the gelation process. Recently, Pappa and coworkers reported an example of
crosslinker-free gelation using a mixture of chitosan, gelatin, and PEDOT:PSS.'® However, these
blends are liquid at physiological temperature which limits their applicability in in vivo and in
vitro bioelectronics.

Here, we achieved a reversible sol-gel transition in conductive polymers just below physiological
temperature (35 °C) through a fundamentally different approach that does not rely on covalent
crosslinkers nor composite blends. The key molecular design was the synthesis of a thermo-
responsive block copolymer of PSS with poly(N-isopropylacrylamide) (PSS-b-PNIPAM) that was
then used as a matrix to prepare PEDOT:PSS-b-PNIPAM polyelectrolyte complexes (Fig. 1a).
Due to the block copolymer structure, these intrinsically thermo-responsive conducting polymers
(TR-CP) showed self-assembly of well-defined and stable colloidal particles in water, that rapidly
(< 1min) and reversibly formed a conductive hydrogel network above 35 °C. The TR-CP gels have
good conductivity (~ 10 mS cm™) and are cytocompatible in vitro and in vivo as prepared or in
composites. We show that the TR-CP are self-healing and injectable and demonstrate their utility

as reusable electrodes for surface electromyography (s-EMG). Due to their stimuli-responsive
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properties, tolerance to a range of pH and salt concentrations, and cytocompatibility, the TR-CP
could be transformative for further bioelectronic applications such as adaptive, patternable,

injectable and thermally degradable electrodes, scaffolds, and actuators.
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Fig. 1: Design and rheological properties of the thermo-responsive conductive polymers (TR-CP). a.
Chemical structure of PEDOT:PSS-b-PNIPAM. b. Picture of the sol-gel transition in the TR-CP
PEDOT:PSSgs-b-PNIPAMas at 35 °C (3.6 wt% in water). c. Variation in storage (G”) and loss (G”) moduli
upon heating from 20 °C to 50 °C (5 °C/min). d. Change in storage (G”) and loss (G”’) moduli as a function
of time, at a constant temperature of 37 °C. e. Reversibility of the gelation and cycling stability over 10
heat-cool cycles from 20 °C to 50 °C on the rheometer.

Design, synthesis, and rheological properties of the TR-CP

To obtain TR-CP, we chose PEDOT:PSS as the conductive component because it is water-
dispersible, oxygen stable, displays high conductivity in the solid state, and is readily used and
studied in bioelectronics.!” For the thermo-responsive component, PNIPAM was chosen because
of its lower critical solution temperature (LCST) close to body temperature (32-35 °C).*8 To
promote the phase separation of hydrophobic and hydrophilic domains and facilitate PNIPAM
inter-chain interactions above the LCST to form gels, we synthesized (Schemes S1-S2) and
characterized (Fig. S1-S2) block copolymers of PSS with PNIPAM with varying molecular
weights and block ratio (Table 1) by reversible addition-fragmentation chain transfer (RAFT)

polymerization (SI, Section 3.1). These block copolymers were then used as templates to
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synthesize PEDOT:PSS-b-PNIPAM (SI Scheme S3, Fig. 1a) by oxidative polymerization of
EDOT in water.

The phase change of these TR-CPs upon heating was monitored visually and by variable-
temperature rheology (Fig. S3). We observed that the TR-CP with a mass ratio of PSS:PNIPAM
of 1:2.3 (PEDOT:PSSge-b-PNIPAMa4so, Table 1, Entry 4) formed a gel at Tges = 35 °C (Fig. 1b —
c) as estimated from the crossover point between the storage (G”) and loss (G”) moduli. The sol-
gel transition was found to be isovolumetric (Fig. S4a) and very rapid, with a gelation time of only
41s at 37 °C (Fig. 1d and Supplementary Video 1). The storage modulus reached a plateau of 20
Pa at 37 °C, indicating the formation of a stable gel (Fig. 1c). The gel was also stable over a wide
range of frequencies at 37 °C from 0.1 rad s to 20 rad s* (Fig. S4b). To establish the reversibility
of the sol-gel transition, a subsequent cooling ramp was performed. We observed that on cooling
below the LCST, the storage and loss moduli returned to their original values in the solution state,
with a slight hysteresis (Fig. S4c). Such hysteresis is observed commonly in other non-conductive
thermo-responsive gels and can be eliminated by equilibration.®?° We established that the TR-CP
retained its reversible sol-gel transition under multiple thermal cycling events as seen over ten
heat-cool cycles in the rheometer (Fig. 1e and Fig. S4d). It was found that G of the gel (50 °C)
remained unchanged throughout the experiment. The storage modulus of the liquid increased
slightly from 0.2 Pato 0.4 Pa, likely caused by dehydration at prolonged exposure to temperatures
above 40 °C. Anecdotally, we have performed more than these 10 thermal cycles in sealed vials

without losing the reversible sol-gel transition.

Table 1. Synthesis of PSS-b-PNIPAM and thermo-responsive behavior of PEDOT:PSS-b-PNIPAM (TR-CP)

M M pb Thermo-
-h- n b n .
poly (kg mol1) (kg molY) PNIPAM 370
Theo.? Meas.” Theo.2  Meas.p
1 PSSes-b-PNIPAM1s 197 126 136 341 19.6 1.31 1:0.73 Increase in
viscosity
2 PSS176-b-PNIPAM2s 364 327 129 667 46.1 1.41 1:0.83 Increase in
viscosity
3 PSS176-b-PNIPAMsss 364 327 129 923 61.4 1.44 1:1.53 Weak gel
4 PSSes-b-PNIPAMase 199 145 127  69.6 41.2 1.20 1:2.3 Stable gel

aDetermined by 'H NMR in D20 from monomer conversion. ® Determined by gel permeation chromatography in DMF/water buffer
90:10 calibrated against PSSNa standards using a refractive index detector. © Molar ratio of PSS:PEDOT was held constant at 3.5:1.
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Importantly, the TR-CP can be lyophilized and re-dispersed in aqueous solutions, including
aqueous buffers of varying pH, PBS, or cell media, without affecting its reversible sol-gel
transition. We re-dispersed the TR-CP in water at pH 7, and on changing the concentration from
3.6 wt% to 5.6 wt%, a negligible increase in Tgel was observed to 36 °C (Fig. S5a). However, the
gelation time at 37 °C decreased to 23 s, and the storage modulus increased by an order of
magnitude to 200 Pa (Fig S5b), highlighting the possibility to control gelation time and gel
stiffness simply by changing the TR-CP concentration in water. TR-CP gels at both concentrations
were stable for at least 15 min at 37 °C (Fig. S5c¢), and for several months in a closed vial at room
temperature. The quick gelation time, tunable storage modulus and good stability under shear are
all desirable for bioelectronics, particularly to interface with soft tissues.

To trigger a thermo-reversible gelation, we found that covalent functionalization of PEDOT:PSS
with PNIPAM was necessary, as a control experiment showed that blending PEDOT:PSS with
PNIPAM, as has been done in solid films,?! resulted in only the precipitation of PNIPAM without
gelation of PEDOT:PSS. We also found that the block copolymer structure is essential for the sol-
gel transition. A random copolymer of PSS with PNIPAM (Scheme S4) used to prepare
PEDOT:PSS-co-PNIPAM (Scheme S5), with identical mass ratios of all components as in the TR-
CP, only displayed a slight increase in viscosity on heating. These control experiments highlight

the need for a controlled block copolymer architecture to achieve the desired reversible gelation.

Electronic properties of the TR-CP

The electronic properties of TR-CP were investigated above and below the LCST using
electrochemical impedance spectroscopy (EIS) (Fig. S6a). For the PEDOT:PSSgs-b-PNIPAMaao
TR-CP, upon increasing temperature, the Bode plot showed a decrease in the impedance
magnitude indicative of an increase in conductivity upon gelation (Fig. S6b). To confirm this
result, a modified Debye circuit model (Fig.2c), commonly used for PEDOT:PSS-based
hydrogels??2* was used to extract the electronic (Re) and ionic (Ri) resistances (Fig. S6¢). R; for
the liquid (86.8 Q) and gel (121.7 Q) were found to be similar. However, Re decreased from 41.1
kQ (liquid) to 22.5 kQ (gel) on increasing temperature (Table S1). Next, we studied the effect of
the PEDOT loading on the electronic properties of the TR-CP (Fig. 2a-c) to optimize for low
impedance. The PSS:PEDOT molar ratio was changed to 3.5:1, 2.2:1 or 1.75:1 by changing the
loading of EDOT during the oxidative polymerization. PSS:PEDOT = 3.5:1 was chosen as the
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lower limit, as decreasing the loading of EDOT further only resulted in a slight increase in viscosity
above the LCST, not gelation. At ratios higher than 1.75:1, the dispersions were not homogeneous
at room temperature. We found that the 3.5:1 ratio showed the lowest impedance (Fig. 2a). From
the equivalent circuit model (Fig. 2c), the ionic (o;) and electronic conductivity (og,) were
calculated to be 34 mS cm™ and 0.05 mS cm™, respectively (Fig. 2b). The TR-CP gel was
incorporated into an electric circuit by depositing a liquid drop on a glass slide heated to 37 °C,

demonstrating its ability to close a simple LED circuit upon gelation (Fig 2d).
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Fig. 2: Electronic properties of the PEDOT:PSSgs-b-PNIPAM.4 TR-CP. a. Bode plot obtained by EIS
showing the effect of PEDOT loading on the impedance of the gels (3.6 wt% in DI water). b. Nyquist plot
of the TR-CP with PSS:PNIPAM:PEDQT ratio of 3.5:16:1. c. Equivalent circuit model used to fit the EIS
data and obtain ionic (Ri) and electronic (R.) resistance. R is the charge transfer resistance, Cq is a constant
phase element and Qui is a double-layer capacitor. d. Photograph showing an LED circuit completed with
a TR-CP gel (PSS:PNIPAM:PEDOT ratio of 3.5:16:1, 3.6 wt% in DI water). e. Effect of TR-CP
concentration in PBS (pH = 4) on the impedance magnitude. The TR-CP was lyophilized and re-dispersed
at given concentrations in PBS. f. Nyquist plot for the TR-CP at 5.6 wt% in PBS (pH = 4) which showed
the highest conductivity. g. Change in resistance (2-point probe DC measurements) as a function of
temperature of the TR-CP (5.6 wt% in PBS, pH = 4) for a sample volume of 0.4 cm?®,
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Lastly, we varied the concentration of the TR-CP thereby optimized with a PSS:PNIPAM:PEDOT
ratio of 3.5:16:1, by reconstituting the lyophilized TR-CP in a phosphate-buffered saline (PBS)
solution at different concentrations(Fig. 2e). As the concentration was increased from 3.6 wt% to
5.6 Wt%, the 2-point probe DC conductivity increased from 2.1 mS cm™ to 7.1 mS cm™. At
7.6 wt%, at which concentration the solution was very viscous and heterogeneous, the conductivity
decreased to 5.5 mS cm™. The Nyquist plots for 3.6 wt% (Fig. S7a) and 5.6 wt% (Fig. 2f)
displayed a smooth semi-circle, indicating good dispersion and homogeneity of the gel, while that
of the 7.6 wt% TR-CP had irregular signals (Fig. S7b), further confirming that the gel was
heterogenous leading to poor contact with the electrode. The fitting values of all circuit elements
are tabulated in Table S2 and calculated electronic and ionic conductivities are reported in
Table S3. The highest conductivity recorded was for 5.6 wt% TR-CP (PSS:PNIPAM:PEDOT
ratio of 3.5:16:1) in PBS: o; = 200 mS cm™ and o, = 14 mS cm™! from EIS (Fig. 2f) and ¢ =
10.4 mS cm from 2-point probe, which is on par with other previously reported conductive
hydrogels and sufficient for bioelectronic interfaces.'®?3% Finally, the reversibility of the
electronic properties of this TR-CP formulation was evaluated by repetitively (10x) cycling the
temperature between 50 °C (gel) and 20 °C (solution) while monitoring the electrical resistance.

The gel displayed stable resistance values in both states upon multiple temperature cycles
(Fig. 29).

Microstructure and gelation mechanism

To characterize the microstructure and mechanism of gelation, microscopy and x-ray scattering
techniques were employed. To elucidate the nanoscale structure of the TR-CP and what prompts
it to form a porous network, we performed cryogenic transmission electron microscopy (cryo-EM)
(SI Section 3.4). The samples were vitrified at two different temperatures, 25 °C and 45 °C, and
two different concentrations, 1.8 wt% (no gelation observed, Fig. S8) and 3.6 wt% (gelation
observed; Fig. 3a-d). For samples vitrified below the LCST (Fig. 3a, 3c, Fig. S9a), the TR-CP at
both concentrations exhibited structures with two different length scales: small spherical/ovoid
particles with a radius of 4.7 £ 0.6 nm, sometimes assembled in a flexible chain—reminiscent of
filomicelles—over 20 nm, and rod-like lamellar fringes predominantly outside these nanoparticles
with close to 1.6 nm spacing (Fig. S10, S11a, S11b). These lamellar fringes are likely associated

with a semi-crystalline PEDOT phase. The small size of these particles in solution likely explains
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the excellent colloidal stability of the dispersion and their ability to be lyophilized and redispersed.
For samples vitrified at 45 °C (above the LCST), cryo-EM showed significantly different
structures depending on concentration. In the 1.8 wt% sample, we observed the formation of
isolated spherical structures spaced about 50 nm apart (Fig. S9b and S11c), while the 3.6 wt%
samples showed the aggregation of the spherical particles leading to a bi-continuous phase with a
mesh size of about 50 nm (Fig. 3b, 3d, and S11d). In addition, cryo-EM micrographs of 1.8 wt%
samples vitrified at 45 °C also showed the presence of lamellar fringes with ~1.6 nm spacing and
small particles (~5 nm) in these samples (Fig. S12). These results show that although increasing
the temperature caused the aggregation of the TR-CP colloids in both samples, only the 3.6 wt%
samples met the criteria needed for gel formation. This observation is consistent with the visual

inspection of the TR-CP and rheology, identifying 3.6 wt% as the lower limit of concentration for

gel formation.
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Fig. 3: Characterlzmg the mlcrostructure and gelation mechanism of the PEDOT:PSSgs-b-PNIPAMas TR-
CP (PSS:PEDOT molar ratio = 3.5:1). a, c. Cryo-EM images of 3.6 wt% TR-CP liquid below LCST, inset:
lamellar fringes outside the colloidal particles. b, d. Cryo-EM images of 3.6 wt% TR-CP above LCST. e.
Temperature-dependent small angle x-ray scattering (SAXS) of 3.6 wt% TR-CP in solution in water. f.
Schematic of the self-assembled TR-CP colloids and proposed mechanism of gelation. Created using
Biorender.com.
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To confirm our observations from microscopy, small-angle X-ray scattering (SAXS) at 20 °C and
40 °C in solution was used to study the colloidal particle self-assembly, gel structure, and gelation
mechanism (Fig. 3e, Sl Section 3.5). Guinier-Porod model fitting?® revealed that the TR-CP
colloids in solution below the LCST are disk-shaped with a radius of around 5 nm and a disk
thickness of 3.3-3.6 nm, consistent with the size of the spherical/ovoid nanoparticles seen by cryo-
EM (Fig. S13, Table S4). As temperature increased above gelation, both the disk radius and
thickness of these aggregates slightly increased. The intermediate q feature for single aggregate
was slightly suppressed, while a strong structure factor peak S(q) appeared in low g range (centered
at 0.102 nm™). These features indicate that after gelation, the particles aggregated to form large,
ordered structures with a center-to-center distance of ~60 nm, in line with the cryo-EM results at
45 °C.

Based on these experiments, the following mechanisms for the formation of the particles and the
gelation are proposed (Fig. 3f). During the oxidative polymerization of EDOT in the presence of
PSS-b-PNIPAM (below the LCST), PEDOT" chains grow and complex with the PSS~ block. This
polyelectrolyte complex is likely more hydrophobic than PNIPAM which results in the formation
of spherical/ovoid particles with a PEDOT:PSS core and PNIPAM shell. The presence of PNIPAM
in the shell is consistent with results from the surface elemental analysis by X-ray photoelectron
spectroscopy (XPS), showing that the ratio of N:S is always higher (6.34 + 0.36) than the
theoretical N:S ratio of 4.5:1 (Fig. S14). In some cases, these disk-spheres are assembled in worm-
like chains, likely through the polymerization of longer PEDOT chains within the core of the
colloidal particles that forced the fusion of the spherical/ovoid particles. Occurrences of lamellar
fringes outside the disk-spheres were seen on the cryo-EM, implying that some PEDOT also
polymerized outside the shell and was electrostatically bound to the colloidal particles. Post-
synthesis and above the LCST at a concentration of 3.6 wt%, the colloidal particles aggregate into
a bi-continuous network while generally maintaining (or perhaps slightly increasing) their overall
size, which leads to gelation. This aggregation can be attributed to inter-molecular hydrogen
bonding of the PNIPAM domains above the LCST while the PEDOT:PSS core remained
unchanged, consistent with results from Raman spectroscopy (SI Section 3.7, Fig. S15, Table S5).
Overall, the block copolymer architecture of the PSS-b-PNIPAM was essential to achieving
reversible gelation. It drove the self-assembly to colloids with the PNIPAM largely located at the

surface, which ensured that the thermo-responsive PNIPAM was available for intermolecular
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hydrogen bonding above its LCST leading to the formation of a colloidal network via non-covalent

crosslinking.

In vitro and in vivo cytocompatibility of TR-CP and TR-CP/alginate composites

Biocompatibility is an important property of materials intended for bioelectronic and tissue
engineering applications. The cytocompatibility of the TR-CP was assessed using the modified
ISO 10993-5 protocol (SI Section 3.8, 3.9).23 In addition to the pristine TR-CP, we also studied
the cytocompatibility of TR-CP/alginate composites as a permanently crosslinked network would
allow for more control in experiments (no need to constantly maintain T > LCST) and would allow
for reliable gel identification in the in vivo studies. For these studies, we adjusted the TR-CP to a
neutral pH. Characterization of the rheological (Fig. S5a-c) and electronic properties (Fig. S16,
Tables S6-S7) show that the TR-CP behaves similarly under this pH and retains its sol-gel
transition when reconstituted in cell media (Fig. S17).

To assess the in vitro cytotoxicity by indirect contact, alamarBlue™ assays were performed on
extracts from the 3.6 wt% TR-CP gels (pH =7, reconstituted in sterile cell media). L929 fibroblasts
were cultured in the extracts and incubated for either 2 days or 7 days. Percent viability was
calculated with respect to a sterilized cell culture media control. The day 1-5 extracts from the TR-
CP all supported L929 fibroblasts well with high viability for both the 2-day (> 84%, Fig. S18a)
and 7-day cultures (> 89%, Fig. S18b).

Next, a direct contact in vitro assay was performed (Fig. 4a — c) by suspending L929 fibroblasts
in a media-reconstituted TR-CP dispersion before gelling. Collagen was used as a control and
ethanol-treated collagen was used as a positive control. We saw high cell viability (> 95%, Fig.
4a) in the TR-CP gel (Fig. S19a). The control displayed larger cell spreading (Fig. 4b), potentially
due to the stable gelation and structural integrity of the collagen, whereas cell culture in the pure
3.6% TR-CP resulted in less cell adhesion and spreading due to fluctuations in temperature during
cell staining procedures (Fig. 4c). In preparation for in vivo studies, he TR-CPs were then
incorporated into alginate precursor and subsequently chemically crosslinked, to form a
permanently crosslinked TR-CP/alginate composite (Fig. 4d —f, Fig. S20). Direct contact viability
was tested for TR-CP/alginate with two loadings of TR-CP in the composite (3.6 wt% and 5.6
wt%). Alginate treated with ethanol was used as a positive control (Fig. S19b). At both
concentrations, no significant difference in cell viability was observed (Fig. 4d) between the
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control alginate gel (Fig. 4e) and TR-CP/alginate gels (> 95%, Fig. 4f and Fig. S19). The positive
cell outcomes of the TR-CP are consistent with prior reports of PEDOT:PSS composites
containing PNIPAM,?” and confirm the high in vitro cytocompatibility of the TR-CP. The
rheological and electronic properties of TR-CP/alginate are summarized in Fig. S21 - S22. The

samples and their controls for cytocompatibility are listed in Table S8.
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Fig. 4: Direct cytocompatibility assays with L929 fibroblast cells using fluorescence imaging with live/dead
stains. Live cells fluoresce green (calcein-AM) while nuclei from dead cells fluoresce red (ethidium
homodimer-1). a. Live cell % for 3.6 wt% TR-CP in PBS (pH = 7) compared to controls. The cells were
incubated for 96 h for each group. b. Control: cells after incubating with control collagen gel; c. 3.6% TR-
CP: cells after incubating with TR-CP. d. Live cell % for TR-CP/alginate composite. The cells were
incubated for 48 h for each group. e. Control: cells after incubating with control alginate gel; f. 3.6 wt%
TR-CP/alginate: Cells after incubating with 3.6% TR-CP in alginate gel.

To test the in vivo cytocompatibility of the TR-CP, permanently crosslinked 5.6 wt% TR-
CP/alginate composite gels and control alginate gels were implanted subcutaneously into Sprague
Dawley rats (Fig. 5a — c¢). The gels were explanted at 1- and 2-weeks post implantation to check
for acute inflammatory response. At both time points, the rats showed no signs of distress, and the
wound sites did not exhibit any signs of infection or hematoma. In both treatment groups, H&E
staining revealed the intact gels surrounded by a layer of fascia residing beneath the muscle layer
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of the skin (Fig. 5d, e, g, h). The connective tissue surrounding the TR-CP/alginate gels intimately
interfaced with the gel (Fig 5f), though the thicker layer of tissue surrounding the TR-CP gel
indicates a slightly increased inflammatory response compared to control. As others have
observed, an increased inflammatory response is common when conducting polymers are
implanted.?®?° There were also signs of cell infiltration to the site of the gel, indicated by the
presence of microvasculature in the surrounding tissue (Fig. 5i). Despite the increased cellular
activity, the TR-CP did not cause any necrosis in the local skin environment. This study suggests
the TR-CP/alginate composite gels have minimal negative effects to the overall tissue function,

and while unoptimized, have potential as conductive biological interfaces.
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Fig. 5: Subcutaneous implantation in Sprague Dawley rats.
subcutaneous pockets and gel implants. Photos of b. the alginate gel control and c. TR-CP/alginate
composite gel in their subcutaneous pocket 2 weeks post implantation. d — i. Hematoxylin-eosin staining

of skin sections with implanted gels at 1- and 2-weeks post implantation (G = gel; Arrow =
microvasculature). Scale bar d, e, g, h = 1.5mm, f, i =50 pm.
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Processing of the TR-CP and demonstration as a reusable s-EMG electrode
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Fig. 6: Processing and example of application of the TR-CP. 5.6 wt% TR-CP in PBS at pH = 4 was used
for all the experiments. a. Self-healing of the TR-CP. The TR-CP gel is formed by deposition on a heated
glass slide, then cut and allowed to re-form by cooling slightly and re-heating. b. Picture of the TR-CP
injected using a 21-gauge needle into a pre-heated alginate solution (1.8 wt% alginate in DI water, T = 37-
40 °C). c. Schematic of the device for sS-EMG measurements, created using Biorender.com. d. Picture of s-
EMG set-up with TR-CPs, showing the connections and fist closing movement. e. Change in signal
amplitude as a function of time, where each peak corresponds to fist closing and opening. f. Picture of s-
EMG electrodes showing the Ag/AgCI connections and PDMS reservoirs for the TR-CP before and after
use.

To explore the versatility of the TR-CP, we studied its processability by deposition on warm
substrates or injection in warm fluids. First, we drop-casted 5.6 wt% TR-CP onto a glass slide
heated to 37 °C (Fig. 6a, Supplementary Video 2). The gel formed instantly on contact with the
glass and assumed a hemispherical shape. The TR-CP gel was sliced with a razor blade, and the
two halves maintained their shape well when kept at 37 °C. The gel was then allowed to cool to
room temperature and was re-formed on heating the glass slide to 37 °C, thus displaying a self-
healing behavior. Further, we investigated the injectability of TR-CPs into a warm, viscous

alginate precursor solution (non-crosslinked) maintained at 37 °C (Fig. 6b, Supplementary
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Video 3). The injected TR-CP gelled instantly, displayed minimal spreading, and stayed gelled as
long as the temperature was maintained above 35 °C (S| Section 3.12.2, Fig. S23).

This behavior may be harnessed in future studies to make injectable conduits for electrical
stimulation, 3D prints of functional materials and cell structures via support printing,33!
removable and conductive scaffolds for tissue engineering, or injectable microelectrode arrays for
sensing and recording.3>%3

Lastly, to demonstrate an application for the TR-CP, we developed a conformal and reusable
surface electromyography (s-EMG) epidermal electrode (Fig. 6¢). The TR-CP (5.6 wt% in PBS)
was drop-casted into a soft PDMS reservoir and heated until gelation to form electrodes. The TR-
CP device was adhered to skin using a transparent dressing, along with a heating patch to ensure
a stable temperature throughout the experiment. The device was used to record fist closing and
opening movements (Fig. 6d, Supplementary Video 4). We observed that in comparison to
commercial electrodes, the TR-CP device displayed a higher signal amplitude (250x) with minimal
parasitic noise (Fig. 6e). We attributed this performance enhancement to the mixed ionic-
electronic conductivity of the TR-CP and shape-conforming behavior due to its soft and adaptable
mechanics. The low modulus of this soft electronic interface prevented any discomfort on skin and
provided good conformal contact throughout the measurement. Post-recording, the electrodes were
cooled down and TR-CP liquid was extracted, thus demonstrating the reusability of the TR-CPs
(Fig. 6f) and their potential for use as shape-conforming bioelectronic interfaces which could be

harnessed for measurements on non-uniform surfaces such as hairy skin.

Conclusions and outlook

In this study, we developed intrinsically thermo-responsive and conductive polymers (TR-CPs)
with a fully reversible sol-gel transition to circumvent the need for covalent and irreversible
crosslinking in conductive hydrogels. We leveraged the self-assembly of block polyelectrolyte
complexes to achieve stable and well-defined colloids. Above the transition temperature (35-
36 °C), dispersions of the TR-CP undergo a very rapid (< 1 min) and isovolumetric gelation under
a range of pH and ionic environments, resulting from the aggregation of the colloids into a bi-
continuous network. These gels are electrically conductive and cytocompatible, and therefore
amenable to applications in bioelectronics, which we demonstrated in a conformal and reusable

surface electromyography device.
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The molecular design introduced in this study may inform the development of organic conductors
for applications in bioelectronics and beyond. Block copolymers could be used to tune the viscosity
of PEDOT:PSS derivatives for injection 2D and 3D printing or adding other functionalities than
thermo-responsiveness such as adhesiveness, analyte selectivity and biodegradation, which we
will study in the future. From a bioelectronics perspective, we envision the TR-CP to find use in a
range of different applications. For example, their high conformability and hydration would
improve interfacing with uneven and oddly shaped substrates, such as hairy skin, scalp and
irregularly shaped wounds. For in vitro bioelectronics requiring phenotyping studies after
encapsulation, the de-crosslinking of the gels upon cooling may enable easy recovery of the
biological substrate while preventing tissue or cell damage. Lastly, the thermo-response also
enables injectability from very fine needles without applying excessive shear stress which may be
beneficial for injectable scaffolds, electrodes, and bioprinting with high precision.
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