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1. Introduction

Mechanically resilient hydrogels with ion-electron mixed transport properties

effectively bridge biology with electronics. An ideal bioelectronic interface

can be realized through introducing electronically conductive polymers

into supramolecular hydrogels. However, inhomogeneous morphologies of
conducting polymers, such as poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS), have limited mechanical properties and ion-electron
interactions. Here, supramolecular conductive hydrogels that possess homo-
geneous ionic and electronic transport are achieved. The materials demonstrate
high toughness (620 k] m~3), stretchability (>1000%), softness (10.5 kPa), and
conductivity (5.8 S cm~'), which surpasses commonly used inhomogeneous
PEDOT:PSS-based hydrogels. The homogeneous network leads to higher
charge injection capacitance and lower skin impedance compared to commer-
cial electrodes or commonly used inhomogeneous PEDOT:PSS conducting
networks. This significant advance arises from the homogeneous incor-
poration of the hydrophilic self-doped conducting polymer S-PEDOT, which
has polymerized within a supramolecular polymer network template mediated
by high-binding affinity host-guest crosslinks. Furthermore, the compatibility
of S-PEDOT with hydrophilic secondary networks enables the realization

of fully dryable and reswellable electronic devices, facilitating reusability

and improving their ease of handling. It is anticipated that achieving such
material architectures will offer a promising new direction in future synthesis
and implementation of conductive hydrogels in the field of bioelectronics.

Bioelectronic interfaces mechanically and
electrically bridge biology with electron-
ics, required for medical implants, epider-
mal electronics, and neuroprosthetics.['4!
Durable mechanical properties are essential
to ensure conformal contact with biological
organs for long-term integration.’”) Addi-
tionally, the materials should possess mixed
transportation capability of ions and elec-
trons, which are the information carriers for
biology and electronics, respectively.®10
Hydrogels are a highly suitable class of ma-
terials on account of their tissue-mimetic
attributes (high water contents, viscoelas-
tic, soft).!'* In particular, supramolec-
ular hydrogels based on dynamic cucur-
bit[nJuril (CB[n]) host-guest chemistry can
offer exceptional mechanical properties, in-
cluding tissue-like self-healing and high
toughness, realized through non-covalent
crosslinking between polymer chains.['>-17]

Electronic conducting networks have
been introduced to ionically conduc-
tive hydrogels by employing conductive
polymers such as PEDOT:PSS.[18-22] Re-
cently, high electronic conductivities were
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achieved through micro-phase separation of PEDOT in less hy-
drophilic mechanical networks (such as polyurethane).[*] For
improved ion-electron mixed transport and mechanical prop-
erties, homogeneous morphologies of conducting polymers
are ideal rather than heterogeneous structures.’*! A recent
study utilized polyacrylic acid (PAA) based hydrogels as pre-
templates for achieving homogeneous morphologies of conduct-
ing polymers.I] Increased interfacial area between the elec-
trolyte and conjugated polymer gives larger magnitudes of ionic—
electronic coupling and volumetric capacitance.?! A further
study mitigated the effects of inhomogeneity by additionally in-
troducing polyaniline (PANI), to interconnect the aggregated
phases of PEDOT.I?]

Achieving homogeneous ion-electron mixed transport in me-
chanically durable and functional hydrogel templates, especially
those based on hydrophilic polymers, has been challenging.
This is on account of the highly hydrophobic PEDOT, which
is not readily compatible with hydrogels. Recently, high con-
ductivities of over 1,000 S cm~! were reported in hydrophilic
self-doped PEDOT (S-PEDOT) dry thin films, which displayed
high dispersibility in water.[?!! Furthermore, we recently re-
ported a poly(dimethylacrylamide) hydrogel containing a newly
designed CB[8] supramolecular cross-link (CB[8]-(BPyVI),) with
ultra-high binding affinities, which maintained exceptional me-
chanical properties after in situ synthesis of a conducting poly-
mer (PEDOT:PSS).[?! We hypothesized that these two systems
would allow for the homogeneous formation of conductive poly-
mer networks within supramolecular hydrogels.

Here, we demonstrate homogeneous conducting polymer net-
works in supramolecular hydrogels to simultaneously achieve
high toughness (620 k] m™), stretchability (>1000%), softness
(10.5 kPa), and electronic conductivity (5.8 S cm™'). The homo-
geneous S-PEDOT networks further show lower skin impedance
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and higher charge injection capacitance (1.41 mC ¢cm™2) com-
pared to commercial electrodes or analogous PEDOT:PSS hydro-
gels with heterogeneous structures. The improved homogene-
ity can be attributed to the charged sulfonic-acid side groups
in S-PEDOT, increasing the hydrophilicity compared to PE-
DOT, Figure 1a,b. Furthermore, the improved compatibility of S-
PEDOT with hydrophilic mechanical networks enables the fabri-
cation of fully dryable and re-swellable hydrogel devices, improv-
ing their ease of handling, implementation and reusability.

2. Design and Characteristics of the S-PEDOT SPN

The homogeneous conductive networks were prepared via redox
polymerization of self-doped EDOT monomer (S-EDOT) within
a supramolecular polymer network (SPN) template, more de-
tails are available in Figures S1-S5 (Supporting Information). In-
creased hydrophilicity of S-PEDOT in comparison to PEDOT en-
ables integration with a highly stretchable and tough polyacry-
lamide mechanical network employing supramolecular cross-
links, Figure 1c. The high solubility of S-EDOT monomer in wa-
ter facilitates polymerization within the hydrogels native aque-
ous environment without the use of organic solvents. In con-
trast, EDOT monomer requires ethanol for effective in situ syn-
thesis to PEDOT:PSS on account of it's hydrophobicity, limiting
the mechanical network to less hydrophilic polymers that show
inferior mechanical properties to hydrophilic polymers such as
polyacrylamide.[28:30:31]

A highly homogeneous network of S-PEDOT was observed
across the sample through the use of fluorescence microscopy,
Figure le, whereby fluorescence arising from the conjugated
polymer could be detected.*?! In low magnification the S-PEDOT
appears to form a network structure. At high magnification (100x)
fluorescence from the S-PEDOT can be observed throughout
the sample (the background), although the appearance of ho-
mogeneity was affected by typical single-molecule imaging arte-
facts of photobleaching and inhomogeneous broadening due
to the microscope and ultra-zoom used (not present in 10x
and 20x samples).33] In contrast, an analogous supramolecular
network with PEDOT:PSS in poly(dimethylacrylamide) showed
inhomogeneous aggregation and domain separation of PE-
DOT, Figures 1d. PEDOT-rich domains of approximately 50
microns could be observed with limited interconnectivity. The
S-PEDOT and PEDOT:PSS network morphologies were fur-
ther investigated at higher resolutions using cryo-focused ion
beam scanning electron microscopy (cryo-FIB SEM), however,
the relative distributions of PEDOT for each sample could not
be observed in the dry, porous state (Figure S6, Supporting
Information).

The observation of electronic network formation in SPNs is
consistent with the electrical conductivity. The S-PEDOT SPN
showed over an order of magnitude increase in conductivity
compared to the PEDOT:PSS SPN, from 0.52 S to 5.8 S cm™},
Figure 1g. The increased homogeneity and network formation
gave rise to interconnected electron conduction pathways within
the S-PEDOT, as opposed to restricted mobility between PEDOT
domains.3* The conductivity of 5.8 S cm™! is reasonably scaled
from that of the dry film of S-PEDOT on account of the ho-
mogeneity in the matrix. The conductivity of dry S-PEDOT was
measured to be roughly 150 S cm™!, and the weight fraction of
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Figure 1. Highly Homogeneous Conducting Networks using S-PEDOT. a) Schematic illustration of previous works using PEDOT:PSS conducting poly-
mers, showing inhomogeneity and PEDOT aggregated domains. b) Schematic illustration of this work using S-PEDOT, showing improved homogeneity
and network formation of the conducting polymer. c) Molecular design of the SPN, incorporating CB[8] supramolecular ternary complexes as dynamic
cross-links. d) Fluorescence microscopy images of the PEDOT:PSS SPN, in which there are visible fluorescent PEDOT domains inhomegenuously dis-
persed. e) Fluorescence microscopy images of the S-PEDOT SPN, showing improved homogeneity of S-PEDOT without visible domain separation.
f) Images of the S-PEDOT SPN on a SPN substrate under strain. g) Conductivity comparison of the S-PEDOT and PEDOT:PSS SPNs. Statistical sig-
nificance was determined by one-way ANOVA and Tukey’s multiple comparison test (P < 0.0001). h) Tensile stress—strain curves of the S-PEDOT and
PEDOT:PSS SPNs.
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S-PEDOT in the SPN is estimated to be 7.3 wt.%. Meanwhile,
the weight fraction of PEDOT:PSS within the PEDOT:PSS SPN
is estimated to be 8.9 wt.%. The weight percent of the conducting
polymer was approximated by weighing the dry sample before
and after in situ polymerization of the conducting polymer. The
value calculated is just an approximation, as there may be some
proportion of weight deriving from residual counterions within
the sample.

Compared to the S-PEDOT SPN, a significantly higher con-
ductivity of over 200 S cm™! using PEDOT:PSS at only 1 wt.% has
been previously reported,[®! however, at this low wt.% it does not
scale appropriately with percolation theory nor does it fall in-line
with previously reported values in the field. The same material
composition (PAA/PEDOT:PSS) has been separately reported to
have a conductivity of 0.5 S cm™!, while pure PEDOT:PSS hydro-
gels have a reported conductivity of 40 cm=1.11821] Nevertheless,
achieving the highest reported conductivity is not the main aim
of our work, and the S-PEDOT SPN conductivity is suitable for
bioelectronic applications. Moreover, conductive hydrogels are
typically used at a thickness greater than 100 pm, for which the
sheet resistance of the S-PEDOT SPN is at least 17 Q, more than
two orders of magnitude lower than the impedance of biologi-
cal tissue.’>%] For example, the S-PEDOT SPN conductivity is
sufficient for large, cutaneous electrodes with short conductive
tracks to a bioelectronic device. Meanwhile for microfabricated
electrodes implanted deep into the body, metal tracks would be
needed to achieve an overall lower impedance.

The S-PEDOT SPN also showed a significant improvement in
mechanical properties compared to an analogous PEDOT:PSS
SPN. The toughness increased from 130 kJ to 620 k] m~3, and
the stretchability increased from 5.2 to 10.7 elongation ratio,
while the Young’s modulus remained low at 10.5 kPa, similar
to that of cardiac tissue (8 kPa),l”38 Figure 1f. The improved
mechanical properties are likely due to an interpenetrating net-
work toughening effect,"*) which would not occur in the case
of aggregated PEDOT domains with poor interpenetration of
polymers.

Oscillatory rheology was employed to investigate the viscoelas-
tic properties of the network, in which it was observed that the
supramolecular cross-links were not disrupted by the S-PEDOT.
Subjecting the S-PEDOT SPN to multiple step-strain cycles (1%
& 100% strain at 1 rad s7') led to a reversible sol-gel tran-
sition, indicative of energy dissipation and self-recovery pro-
cesses due to reversible association and dissociation of cross-
links, Figure 2a.39*] A slight increase in storage and loss moduli
was observed (6% and 10%, respectively) during cycling, which
may be attributed to drying of the SPN during the experiment. A
frequency and amplitude sweep were also performed, displaying
a frequency-dependent modulus, tissue-like viscoelasticity and
high amplitude strain tolerance, characteristic of supramolecu-
lar cross-linking, Figure S7 (Supporting Information).[1543:44]

The high electronic conductivity was confirmed by frequency-
dependent electrochemical impedance spectroscopy of S-PEDOT
SPNs with various concentrations of S-EDOT monomer dur-
ing in situ polymerization, Figure 2b. The direct current (DC)
measurement can lead to an overestimation of conductivity be-
cause of capacitive charging or water splitting at the interface be-
tween electrodes and the hydrogel. In the absence of S-PEDOT,
the supramolecular mechanical network shows a frequency-
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dependent capacitive response with higher impedance at lower
frequencies (<10° Hz), on account of limited electron mobility.

As the S-EDOT wt.% is increased, the impedance decreases
and becomes less frequency dependent, indicative of electron
mobility and high conductance due to the formation of an elec-
tronic network. The 7.5 wt.% sample showed the highest conduc-
tivity, with no frequency dependence in the impedance ranging
from 0.1 Hz to 1 MHz, and was therefore chosen for subsequent
experimental characterization and application investigation.

The S-PEDOT electrical properties are also considerably more
stable compared to the PEDOT:PSS SPN under tensile strain,
Figure 2c. Under 100% strain, the increase in impedance of the
S-PEDOT SPN is less than 80%, while the PEDOT:PSS SPN
impedance increases by 230%. The improved stability is likely
due to continuous electron conduction pathways of S-PEDOT,
while the PEDOT:PSS SPN suffers from disconnections of the ag-
gregated PEDOT phases with strain application. Additionally, un-
der cyclical deformation, the impedance change of the S-PEDOT
SPN remained stable, with less than 10% deviation over 100 cy-
cles to elongation strains of 50%, which is slightly higher than
the stretchability of human skin, Figure 2d.1**]

The conductivity and mechanical properties of the S-PEDOT
SPN have been comprehensively compared to previous reports
of conducting polymer-based hydrogels in Figures 2e,f and Table
S1 (Supporting Information). In general, hydrogels exhibit a
toughness-softness trade-off, where tougher hydrogels are typi-
cally stiffer. Impressively, the S-PEDOT SPN achieves a level of
both high toughness and high softness simultaneously, which
can be attributed to energy dissipation effects of the high-binding
affinity host-guest cross-links.["*] The softness is defined as the
inverse of the Young’s modulus. In addition, hydrogels with
higher electrical conductivity generally display a lower stretch-
ability, demonstrating an intrinsic trade-off between mechanical
properties and conductivity. The S-PEDOT SPN overcomes this
trade-off, achieving a high stretchability (>10 times extension),
while maintaining a high conductivity (>5 S cm™). Such a com-
bination of properties is owing to the fact that there are no ag-
gregated hard domains of conjugated polymer, and S-PEDOT is
homogenously dispersed in a tough supramolecular hydrogel.['#]
Forming homogeneous conducting networks without limitations
on the specific hydrogel template further unlocks the potential for
new properties, achieved through tailoring the molecular struc-
tures of the hydrogel.

3. Dryable and Reswellable Networks

The improved compatibility of S-PEDOT with hydrophilic hydro-
gel templates enables dryable and rapidly reswellable electroni-
cally conductive polymer hydrogels. Reswellable hydrogels have
been utilized for applications such as drug delivery, biosensing,
actuators, and cosmetic applications.[*6-48]

Removing water makes hydrogels easier to handle and trans-
port, as it reduces their tendency for shape-morphing and un-
wanted adhesion to surfaces. Furthermore, the ability the reswell
the networks allows for reusability of the devices after their ap-
plication and dehydration. The dry S-PEDOT SPNs are also 83%
lighter than in their hydrated state, reducing transportation costs,
and environmental implications.
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Figure 2. Mechanical & Electrical Characterisation of the S-PEDOT SPN. a) Rheological continuous step-strain measurements at 20 °C of the S-PEDOT
SPN. b) Bode impedance plot of the S-PEDOT SPN networks with varying S-EDOT monomer concentrations. c) Impedance of the S-PEDOT SPN and
PEDOT:PSS SPN at 1kHz during tensile deformation. d) Resistance change versus tensile cycle of the S-PEDOT SPN. e) Comparison plot of softness and
toughness of the S-PEDOT SPN compared to previous reports of conducting polymer hydrogels. f) Comparison plot of stretchability and conductivity
of the S-PEDOT SPN compared to previous reports of conducting polymer hydrogels. The numbers on (e & f) are in relation to Table S1 (Supporting

Information).

Incorporating charged polymer backbones with dynamic
cross-links can endow rapid reswelling in hydrogels on ac-
count of the high polymer mobility and high polarity.*>]
To achieve rapid reswellability, we incorporated the charged
monomer 2-Acrylamido-2-methylpropane sulfonic acid (AMPS)
to the supramolecular polymer backbone, forming a copolymer
with acrylamide at a ratio of 1:1, Figure 3a. S-PEDOT can be in-
corporated as previously with in situ polymerization, forming S-

Adv. Mater. 2025, 2415687 2415687 (5 of 9)

PEDOT reswellablable supramolecular networks (S-PEDOT Re-
SPN). The S-PEDOT Re-SPNs show a similarly high conductivity
of 4.3 S cm™. Further, the S-PEDOT Re-SPNs demonstrate a low
tissue-like Youngs modulus of 7.9 kPa, and significantly higher
stretchability (910%) and toughness (305 kPa) compared to the
PEDOT:PSS SPN, Figure S8 (Supporting Information). Con-
versely, PEDOT:PSS networks are limited to less hydrophilic me-
chanical polymers on account of the hydrophobicity of PEDOT
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Figure 3. S-PEDOT SPN Bioelectronic Applicability. a) Molecular design of the S-PEDOT Re-SPN, incorporating sulfonic acid to the SPN. b c) Images
of the laser patterned S-PEDOT Re-SPN and Re-SPN substrate undergoing a drying and re-swelling process. d) Swelling degree of the S-PEDOT and
PEDOT:PSS SPN. Statistical significance between PEDOT:PSS SPN and S-PEDOT Re-SPN was determined by one-way ANOVA and Tukey’s multiple
comparison test (P < 0.0001). e) Conductivity measurements during drying and re-swelling of the S-PEDOT SPN. f, Drying half-time of the S-PEDOT
and PEDOT:PSS SPN. Statistical significance between PEDOT:PSS SPN and S-PEDOT Re-SPN was determined by one-way ANOVA and Tukey’s multiple
comparison test (P < 0.03) g) Image of the laser-cut strain sensor adhered on the fingertip of a human hand (above) and real-time resistance of the strain
sensor with strain (below). h) Skin impedance Bode plot of the S-PEDOT SPN, PEDOT:PSS SPN, and commercial Kendall electrode. i) Biphasic input
pulses (inset) and the corresponding current density versus time plots for the S-PEDOT SPN, PEDOT:PSS SPN and gold electrode. j) Charge injection
capacitance for the S-PEDOT SPN, PEDOT:PSS SPN and gold electrode. Statistical significance between PEDOT:PSS SPN and S-PEDOT Re-SPN was
determined by one-way ANOVA and Tukey’s multiple comparison test (P < 0.0001).

and the low solubility of EDOT in aqueous solutions. Following
drying of the S-PEDOT Re-SPN, immersion in water led to rapid
re-swelling to its original weight within 2 min, demonstrating
reswellable conductive polymer hydrogels, Figure 3b,c.

Drying the S-PEDOT Re-SPN took 18 h at room temperature
(22 °C). In comparison, the swelling rate was rapid, with a water
re-gain of 84% after just 1 min and 158% after 3 min. If left in
water, the S-PEDOT Re-SPN could reswell to considerably above
its original water content coming to an equilibrium at 217%
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water re-gain, compared to 42% for the PEDOT:PSS SPN and
17% for S-PEDOT SPN, Figure 3d. Water re-gain is quantified
as the amount of water gained by the hydrogel during swelling,
as a percentage of the initial water content in the hydrogel be-
fore drying. The extent of swelling for the S-PEDOT Re-SPN can
therefore easily be controlled by the volume of immersion water.
The conductivity after reswelling stayed relatively constant and
still above that of the PEDOT:PSS SPN, Figure 3e. To the best
of our knowledge, this is the first fully dryable and reswellable
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conductive hydrogel, although previous reports include par-
tially reswellable devices,®) or reswellable hydrogels with lim-
ited conductivity (0.002 S cm™!).1*] The homogenous conduct-
ing network offers resilience against large volumetric and struc-
tural changes caused by drying and swelling, while inhomoge-
neous percolative networks are unlikely to reconstruct original
conductive pathways.

The rate of drying for the S-PEDOT SPNs was slower com-
pared to the PEDOT:PSS SPN, with a drying half time (the time
taken to loose half of the hydrogels water) of 4.3 h for the S-
PEDOT SPN and 4.2 h for the S-PEDOT Re-SPN, compared to
3.1 h for the PEDOT:PSS SPN, Figure 3f. Slower drying times
may be attributed to improved network formation of S-PEDOT,
increasing the total interaction between water molecules and the
charged polymer network.>? Interestingly, during the drying pe-
riod, the extent of increase in conductivity was higher for the PE-
DOT:PSS network, possibly on account of percolation effects and
improved connectivity, although it still remained lower than the
S-PEDOT SPN, Figure S9 (Supporting Information).

4. Bioelectronic Applicability

The bioelectronic applicability was initially investigated through
skin impedance measurements, important for wearable bioelec-
tronic signal monitoring, Figure 3h. The conductive hydrogels
were patterned to match the active area dimensions of commer-
cially available Kendall EMG/ECG electrodes, and placed on the
inside of the forearm alongside a counter and reference elec-
trode, Figure S10 (Supporting Information). The S-PEDOT SPN
showed significantly lower impedance overall, especially at fre-
quencies below 50 Hz with an impedance of 1 x 10* Q compared
to 5 X 10* Q for the PEDOT:PSS SPN and 10° - 10° Q for the
commercially available electrode. The reduced impedance may
come from a higher concentration of mobile ions on account
of more sulfonic acid groups in the S-PEDOT SPNs than PE-
DOT:PSS SPNs. The S-PEDOT SPNs were subsequently shown
to effectively measure biological signals including surface EMG
and ECG, as well in the fabrication of wearable LED circuits,
Figure S11 (Supporting Information).

Taking advantage of the softness, stretchability and conduc-
tivity of the S-PEDOT SPN, we demonstrated the material as a
wearable strain sensor for bioelectronic applications, Figure 3g.
The strain sensor was fabricated by patterning the S-PEDOT SPN
through laser cutting, following which the patterned materials
was attached to a SPN substrate. The S-PEDOT SPN adheres to
the underlying substrate layer on account of dynamic cross-link
formation at the interface, Figure S12 (Supporting Information),
attributed to the high-binding affinity supramolecular complexes
used in both materials.>3] Placed over the joint of the index fin-
ger, the sensor measured bending through real time resistance
change. No delamination was observed throughout the measure-
ments, likely on account of hydrogen bonding between the SPN
and skin, showcasing suitability toward on-skin applications.

The S-PEDOT SPN further outperformed the PEDOT:PSS
SPN in charge injection capacitance ability, indicative of the elec-
trical stimulation efficacy for implantable bioelectronic devices.
The application of a biphasic voltage pulse at 200 ms of +0.5 V re-
sulted in the S-PEDOT SPN giving a charge injection capacitance
of 1.41 mC cm™2, compared to 0.45 mC cm~2 for the PEDOT:PSS

Adv. Mater. 2025, 2415687 2415687 (7 of 9)

www.advmat.de

SPN and 0.27 mC cm~2 for a gold control electrode, Figures 3i,j.
The improved performance can be attributed to an increase in
effective volumetric capacitance on account of greater aerial con-
tact of conductive chains with the electrolyte in the homogeneous
network compared to the aggregated network.>*

5. Conclusion

We demonstrate homogeneous integration of hydrophilic self-
doped conductive polymers with durable and functional CB[8]
mediated supramolecular hydrogels. Compared with tradition-
ally used PEDOT:PSS, the S-PEDOT based hydrogel achieved an
order of magnitude higher conductivity while maintaining the
exemplary mechanical properties of supramolecular networks.
The uniform ion-electron mixed transport enables enhanced
charge injection capacitance and improved skin-impedance per-
formance. Further molecular tailoring of conductive polymers to
increase hydrophilicity and the degree of self-doping may lead
to greater milestones in mixed ion-electron transport ability and
mechanical property performance. Our materials design diversi-
fies the function of conductive hydrogels, which is exemplified by
the fabrication of dryable and reswellable conductive networks.
Potential additional functionalities can include biodegradability,
recyclability, cell-scaffolding, reduced foreign body response, and
programmed drug delivery, offering promising new directions in
the field of bioelectronics.

6. Experimental Section

Materials: Unless otherwise stated, all the chemicals used in
the present work were purchased from Sigma-Aldrich and used di-
rectly without further purification: acrylamide (for molecular biology,
99%, high-performance liquid chromatography (HPLC)), 2-Acrylamido 2-
dimethylethanesulfonic acid (AMPS, 99%) 1-vinylimidazole (99%), a, «’
-Dichloro-o-xylene (98%), pyridine (99.8%), acetonitrile (HPLC, 99.9%),
diethyl ether (ACS reagent, 99%), ethanol (absolute, 99.8%, HPLC), deu-
terium oxide (D,0O, D 99.8%), glycerol (ACS reagent, 99.5%), N,N’-
dimethyl acrylamide (DMA, 99%, purified through an alumina plug to re-
move monomethyl ether hydroquinone inhibitor), nitrogen, 2-hydroxy-4-
(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator, 1-2959, 98%),
Hydroxymethyl EDOT (HMEDOT, LEAP Chem, 97%), 2,4-buthanesultone
(LEAP Chem, 98%), iron(lll) p-toluenesulfonate hexahydrate (FeTOS,
technical grade), Iron(ll) sulfate heptahydrate (99%), ammonium persul-
fate (APS, 98%), N,N,N’,N’"-Tetramethyl ethylenediamine (TEMED, 99%),
3,4-Ethylenedioxythiophene (EDOT, 97%), Poly (4-styrenesulfonic acid) so-
lution (PSS, Mw ~75,000, 18 wt.% in H,0). Cucurbit[8]uril (CB[8]) was
prepared and purified using a previously reported method.[>>3¢1 Milli-Q
water was simply obtained from a Milli-Q Integral Water Purification Sys-
tem (18.2 MQ -cm). Unless otherwise noted, all the sample solutions were
prepared in D,0O or Milli-Q H,O under heating and ultrasonication.

Synthesis of Self Doped PEDOT Supramolecular Polymer Networks
(S-PEDOT SPN): Initially, acrylamide monomer (4 M), photoinitiator
(1-2959, 0.03 Mol.% compared to acrylamide) and the non-covalent
crosslinker 2BPyVI-CB[8] (2.5 Mol.% compared to acrylamide) were
weighed out in a glass vial and dissolved in Milli-Q water with the pre-
calculated volume under ultrasonication 10 min. The solution was purged
with nitrogen for 30 min to remove residual oxygen in the solution phase,
which could eliminate radicals during the polymerization. The precursor
solution was injected into a laboratory-made glass mould until the mould
was filled. The glass mould filled with the precursor solution was exposed
to ultraviolet irradiation at 350 nm for 6 h to undergo photopolymerization.
Following the SPN formation, the samples were dried overnight and then
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immersed in a sulfuric acid solution (1 M) with certain amounts of S-EDOT
and Iron(ll) sulfate (0.6 equiv.) at 4 °C for 30 min. Following this, ammo-
nium persulfate solution (0.9 gml~") was added dropwise at 0.1 mImin~!
for 10 min while shaking at 0 °C. The SPN was left 4 °C for 2 days, follow-
ing which they were left at room temperature for another 2 days to ensure
maximum polymerization of S-PEDOT while minimizing evaporation of
solvent. The SPNs were then washed three times with 2M sulfuric acid
solution to remove unreacted S-EDOT and iron(lll) p-toluenesulfonate
hexahydrate, following which the E-SPNs were washed three times with
water to replace the sulfuric acid. The same procedure was used for S-
PEDOT RE-SPN, however starting with acrylamide (3 M) and 2-Acrylamido
2-dimethylethanesulfonic acid (3 M) as the strating monomer composi-
tion. The PEDOT:PSS SPN was synthesized as previously reported.[?°] The
SPN materials were patterned for electrodes or sensors using a nanosec-
ond UV (wavelength: 355 nm) laser marker (Keyence, MD-U1000C). A
power of 80% was used and 40 iterations were performed to ensure com-
plete patterning of samples up to 1 mm thickness.

Fluorescence Microscopy: Samples were placed on glass slides (VWR
Cat No. 631-0124, 22 mm x 22 mm, Thickness No. 1) and imaged using
a Nikon Eclipse Ti2 inverted microscope with 10x objective (zoomed out),
20x air objective (mid-zoom), and a 100x oil (NA = 1.49) immersion objec-
tive (zoomed-in features). Samples were illuminated at 488 nm (LuxXplus
488-200 diode laser) with approximately 20-30 m\W output power (10/20x
objectives, 30% current) or <5 mW output power (100x objective, 1% cur-
rent; power was decreased until image features were not saturated) in epi-
fluorescence mode. A dichroic quadpass cube (405, 488, 561, and 640 nm)
was used to allow the laser to pass for excitation and a longpass emission
filter (>488 nm) was utilized in the microscope to block the laser excita-
tion before the detector. Images were recorded on a Photometrics Prime
BSI sCMOS camera with 10-30 ms (10/20x objectives) and 5 ms (100x
objective) integration times.

Rheology:  Rheological characterization was carried out by a Discovery
Hybrid Rheometer (DHR)-2, TA Instruments, with a Peltier Plate for tem-
perature control. All the measurements were conducted using a 20 mm
parallel stainless steel plate geometry, and the necessary calibration for
geometry was carried out before testing. All the samples for rheological
characterization were measured just after the SPN fabrication. Oscillatory
frequency-sweep measurements were conducted at 1% strain in the fre-
quency range from 0.1 to 100 rad s~'. Continuous step-strain measure-
ments were performed at 1.0 rad s™' with an amplitude oscillation of 1%
strain. The data was collected at 293.15 K and analyzed by TRIOS software,
TA Instruments.

Mechanical Testing: Tensile tests were performed, just after the net-
work synthesis, on a Tinius Olsen Model HK 25-kN Benchtop Tester ma-
chine equipped with a 25-N load cell at room temperature. A typical tensile
test was performed by stretching a dumbbell-shaped specimen (following
1SO4661-1 standard) at 50 mm min~" until its breakage, to obtain stress-
strain curves. Young's modulus and toughness are calculated from the
slope and the area under the curve, respectively.

Electrical Characterization: To measure electrical conductivity, a four-
point probe method was employed, using a Keithley 2400 source meter to
apply a set voltage and record the current. To measure impedance, poten-
tiostatic electrochemical impedance spectroscopy was recorded using a
PalmSens (PalmSens4) potentiostat. The SPN specimens were placed be-
tween two silver-ink based electrodes and AC impedance measurements
were obtained between 100 kHz to 500 mHz with an applied amplitude of
20 mV,,, relative to the open circuit potential. To measure the electrical
properties during deformation, an LCR meter (NF Corporation, ZM2376)
was used to measure the impedance across the stretched E-SPN sample
at a fixed frequency of 1 kHz, while the E-SPN was stretched up to 100%
strain. To measure charge injection capacity (CIC), biphasic pulses at 200
ms with an amplitude of +0.5 V were applied by using a PalmSens (Palm-
Sens4) potentiostat with the sample as a working electrode, an Ag/AgCl
wire as a reference electrode, a platinum coil as a counter electrode, and
PBS as an electrolyte.

Cryo Scanning Electron Microscopy: Cryo-SEM was performed using
a Zeiss Crossbeam 550 (Carl Zeiss, Oberkochen, Germany) focused ion
beam scanning electron microscope (FIB-SEM) at an accelerating volt-
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age of 2 kV. The samples were maintained at cryogenic temperatures of
—170 °C using a Quorum 3010 Cryo stage (Quorum Technologies,
Loughton, UK). The samples were frozen on high-pressure freezer
planchettes using a LEICA MM80 Metal Mirror freezer to ensure vitreous
freezing. After freezing they were secured to the cryo-SEM shuttle and the
cryo-sledge with the samples was transferred to the preparation chamber.
Samples were sputter coated with Pt at a current of 10 mA for 60s. Samples
were transferred to the main stage of the microscope and imaged using a
range of detection modes including the SESI and inLens detectors at 2kV
accelerating voltage. Standard imaging magnifications were used to allow
comparison of different samples. Prior to the Cryo-FIB cross-sectioning,
a layer of organometallic precursor was deposited from the gas injector
system (GIS) for approx. 45-60 s.

In vivo Recordings:  All experiments were performed with the approval
of the Ethics Committee of the Department of Engineering at the Univer-
sity of Cambridge (6/9/2018, IONBIKE), and with consent from the vol-
unteers. Before the electrodes were placed on the arm of the volunteer,
the underlying skin was gently wiped with a tissue soaked in ethanol. The
electrodes were left on the skin for 5 min before measurements were taken
to ensure stabilization of the electrode/skin interface. For the impedance
measurements, a PalmSens (PalmSens4) potentiostat was used, with two
commercial Kendall electrodes as reference and counter electrodes, which
were also placed on the skin. For the EMG recordings, both the E-SPN and
commercial Kendall electrodes were recorded simultaneously on the skin
during forearm and grip contractions using a RHS stimulation and record-
ing system from Intan technologies, with a reference electrode placed on
the elbow. The sampling rate was 30 kHz. The acquired signals were fil-
tered using a 50 Hz band-stop filter, and a band pass filter with cut off
frequencies of 10 and 200 Hz. For ECG recordings, the S-PEDOT SPN was
placed on the wrist and the signals were preprocessed by applying notch
filtering at 50 Hz and bandpass filtering between 0.1 and 100 Hz.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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