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Strong and high-conductivity hydrogels
with all-polymer nanofibrous networks for
applications as high-capacitance flexible
electrodes
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Flexible devices, such as soft bioelectronics and stretchable supercapacitors, have their practical
performance limited by electrodes which are desired to have high conductivity and capacitance,
outstanding mechanical flexibility and strength, great electrochemical stability, and good
biocompatibility. Here, we report a simple and efficient method to synthesize a nanostructured
conductive hydrogel to meet such criteria. Specifically, templated by a hyperconnective nanofibrous
network from aramid hydrogels, the conducting polymer, polypyrrole, assembles conformally onto
nanofibers through in-situ polymerization, generating continuous nanostructured conductive
pathways. The resulting conductive hydrogel shows superior conductivity (72 S cm™") and fracture
strength (27.2 MPa). Supercapacitor electrodes utilizing this hydrogel exhibit high specific
capacitance (240 F g ') and cyclic stability. Furthermore, bioelectrodes of patterned hydrogels
provide favorable bioelectronic interfaces, allowing high-quality electrophysiological recording and
stimulation in physiological environments. These high-performance electrodes are readily scalable to
applications of energy and power systems, healthcare and medical technologies, smart textiles, and
so forth.

Flexible devices have drawn surging attention due to their critical role in
applications of energy harvesting and storage™’, human-machine
interactions™, and personalized healthcare® in modern society. For
instance, soft bioelectronics in close contact with biological systems has been
extensively explored for electrical modulation of tissues and organs, diag-
nosis, drug delivery, etc.””. Stretchable supercapacitors undergo rapid
progress and are becoming a necessary unit for energy storage and supply in
wearable electronic devices, due to their high power density and long-term
stability'*"". To guarantee reliable functions of flexible devices in practical
applications, high-performance electrodes are demanded to possess
superior electrical/electrochemical, mechanical, and stability properties

simultaneously in one material system'*". Traditional electrodes made
from metals have high electrical conductivity, but their limited capacitive
properties result in compromised electrode performance at low-frequency
currents'’. Surface modification with nanoarchitectures provides a pro-
mising way to improve the capacitive performance of electrodes. For
instance, conventional electrode materials, such as carbon, platinum, and
titanium nitride, elaborated with nanostructured surfaces exhibit markedly
enhanced capacitance and charge injection limits". However, nanos-
tructuring processes may interfere with the structural integrity and bring
‘dead’ volumes, leading to the deterioration of electrode performance and
the emergence of other complications'’.
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Fig. 1 | Fabrication of ANF-PPy. a A schematic illustrating the architecture of
ANEF-PPy. b SEM images showing the nanostructures of PPy polymerized in
water without templates (left), ANF nanofibrous network (middle), and ANF-
PPy with PPy polymerized within the ANF hydrogel network (right). Scale

bar: 500 nm. ¢ A thin ANF-PPy film of 100 um thickness loaded with 500 g

weight, demonstrating its good mechanical strength. d An electrical circuit
with LEDs interconnected by laser-patterned ANF-PPy leads. e An ANF-PPy
of Peano curve printed on a soft PDMS. f A soft electronic circuit built with a
serpentine ANF-PPy to link an LED light on a soft PDMS (2 cm X 2 cm).

Electrically conductive hydrogels are highly hydrated materials with
inherent porosity, simultaneously allowing efficient mass and charge
transfer within the materials. Recently, electrodes comprising conducting-
polymer-based hydrogels (i.e., nonconductive hydrogel matrices incorpo-
rated with conducting polymers) have been extensively explored for device
applications due to their favorable electrochemical and mechanical prop-
erties, stability, and biocompatibility'*"*. However, conducting polymer
hydrogels produced by simply mixing or polymerizing conducting poly-
mers within hydrogel matrices typically show compromised electrical
conductivity below 02Scm™, as well as high electrical percolation
threshold, due to arbitrary conductive pathways built by conducting
polymers'. Notably, nanostructuring conducting polymer into nanoscale
networks allows the achievement of conductive hydrogels with excellent
electrical conductivity (e.g, ~10Scm™), as exemplified by the bi-
continuous nanonetworks of poly(3,4-ethylenedioxythiophene):polystyr-
ene sulfonate (PEDOT:PSS) and hydrophilic polyurethane prepared by
phase separation’. Although PEDOT:PSS-based conductive hydrogels have
achieved significant success on their electrical conductivity, such structural
merits and properties are still difficult to be replicated to other material
systems.

Here, we develop a novel materials system to achieve strong and high-
conductivity hydrogels as high-performance flexible electrodes for various
device applications. Distinct from the aforementioned approaches, a
nanostructured conductive network is built via conformal assembly of a
conducting polymer (polypyrrole (PPy)) onto a well-established nanofi-
brous network originating from aramid nanofibers (ANFs) (Fig. 1a). The
resulting ANF-PPy hydrogels (ANF-PPy) with hybrid hyperconnective
networks present a series of superior properties distinguishable from those
of other conductive hydrogels: (i) Topological conducting pathways
depending on hyperconnective nanofibrous networks from aramid
hydrogels enable hydrogels with superior conductivity; (ii) The nanos-
tructured conducting polymers in-situ polymerized on nanofibers allow
hydrogels with outstanding specific capacitance; (iii) Hydrogels with
strengthened nanofibrous networks by bridging neighbor nanofibers with
PPy show extremely high strength; (iv) Simple fabrication process of the
hydrogels facilitates the facile patterning of the conductive hydrogels for
high-performance electrodes. The novel strategy to fabricate ANF-PPy

nanofibrous conductive hydrogel creates new opportunities for electrode
design which can be readily scalable to a wide range of flexible devices.

Results

Fabrication and structures

ANF-PPy conductive hydrogel (ANF-PPy) is fabricated by in-situ poly-
merization of PPy within an ANF hydrogel network. To enhance the con-
ductivity of ANF-PPy, a high solid content of ANF hydrogels is preferred for
serving as a dense nanofibrous template for the following PPy growth
(Supplementary Fig. 1). Thus, ANF hydrogel (7 wt% solid content) is pre-
pared by solvent exchange of high-concentration ANF dispersion (5 wt%)
with pure water. Pyrrole monomers permeate the nanofibrous network of
ANF hydrogels and then undergo chemical oxidative polymerization
initiated by ferric chloride (FeCl;) as an oxidant. Notably, a highly con-
nective network of PPy is generated based on ANF templates (Fig. 1b). In
contrast, nanoparticle morphology is observed in PPy polymerized in water
solution in the absence of an ANF template. ANF-PPy conductive hydrogel
has an all-polymer nanofibrous network which leads to its superior
mechanical and electrical properties. High strength and flexibility of the
hydrogel are illustrated by a slice of ANF-PPy (7 mm width; 0.1 mm
thickness) holding a weight of 500 g (Fig. 1¢) or bearing substantial bending
and twisting without structural damage (Supplementary Fig. 2). Further-
more, due to the facile fabrication process of ANF-PPy, various patterning
techniques can be used to generate arrays of interconnects or electrodes. For
instance, laser cutting of an ANF-PPy film enables interconnects to power
an array of light-emitting diodes (LEDs) (Fig. 1d). Additionally, ANF-PPy
conductive patterns can be fabricated on soft PDMS via microfluidic
channels (details to be presented in Fig. 6), demonstrating its potential
applications for flexible electronics (Fig. 1e, f).

Structural information of ANF-PPy was revealed by both molecular
dynamics (MD) simulations and Fourier transform infrared spectroscopy
(FTTR). For further understanding of the underlying assembling mechan-
ism, MD simulations were first conducted to research the ternary system of
pyrrole, H,O, and ANFs (Fig. 2a, b). The binding free energy between
pyrrole and ANF surpasses those between other molecules, resulting in a
localized high-concentration area of pyrrole near ANF surface. An accel-
erated polymerization process occurs in this localized area, initiating PPy
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Fig. 2 | Intermolecular noncovalent interactions. a Binding free energy between
ANF, H,0, and Py molecules. b Distribution of H,O and Py molecules in localized
area near ANF surface. ¢ FTIR plots showing spectra of aramid C=O stretching
vibration. d Reduced density gradient (RDG) function isosurface map of ANF and
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PPy. e Magnified display of the corresponding area in RDG function isosurface map,
showing the existence of hydrogen bonding and nt-m interaction between ANF
and PPy.

deposition on ANFs from the perspective of chemical kinetics. The con-
stituents of the resulting composite hydrogel were validated by FTIR,
indicating the successful polymerization process (Supplementary Fig. 3).
Magnified plots shows that ANF-PPy has a slight red shift of C=0O stretching
vibration compared with ANF, indicating the effects of hydrogen bonding
between ANF and PPy (Fig. 2c)". Additionally, MD simulations with
noncovalent interaction method according to the reduced density gradient
function'’ were performed to research the noncovalent intermolecular
interactions of ANF-PPy composite (Fig. 2d, e). Extensive noncovalent
interactions of hydrogen bonding and n-1t interactions exist between PPy
and ANFs, which also supports the conformal assembling of PPy from the
perspective of thermodynamics.

Electrical and electrochemical properties

We first researched the effect of PPy content on the conductivity of ANF-
PPy (Fig. 3a). As PPy is the only conductive component, it can be con-
ceived that low PPy content (<1.4 wt%) results in composite hydrogel
without electron-transport abilities. However, there is a sharp increase in
the conductivity when PPy content reaches a specific threshold, indicating
PPy percolates in the 3D network. Notably, the percolation threshold for
PPy in the composite is exceptionally low at ~2 wt%, much lower than the
value (~20 vol%) for randomly distributed nanoparticles’*'. This feature
benefits from the unique conductive pathways guided by ANF nanofi-
brous templates, allowing engineering conductive composite with a
minimal dosage of electroactive fillers. With a further increase in the PPy

content to ~42.1% by using a high concentration of Py solution (0.6 M),
the conductivity of ANF-PPy (~46.3% solid content; 100 um thickness)
reaches an exceptionally high value of ~72 S cm ™', outperforming those of
other PPy-based conductive hydrogels by several orders of magnitude'®'*.
Scanning electron microscopy (SEM) images in Fig. 1b present initial
evidence on the conformal assembly of PPy on ANFs, as ANF-PPy shows
markedly thicker nanofibers than ANF. The conformal coating of PPy
forms a shell around the ANF cores with a thickness able to reach tens of
nanometers™. This structural information can also be revealed by its
distinguished electrical attributes of the ultralow PPy percolation
threshold and their superhigh conductivity.

The nanostructures of conductive fillers in composite materials can
have decisive effects on their electrical performance. For instance, con-
ductive composites involving Ag nanowires show lower percolation
threshold and higher conductivity than those involving Ag nanoparticles at
a same doping level”. For this case, we attribute the distinguished electrical
attributes of ANF-PPy to two main reasons. First, its unique assembly onto
ANFs allows the formation of favorable nanofibrous architecture, which is
beneficial for the building of conductive pathways within the hydrogel
matrix. Second, ANF hydrogel generated by solvent exchange has a self-
assembled nanofibrous network with distinctively high nodal connectivity
at fiber-fiber junctions, which facilitates electron transport between fibers
after conformal coating of PPy onto the nanofibrous network. As a result,
ANF-PPy has a superior conductivity than other conductive hydrogels
based on PPy (Supplementary Fig. 4).
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Fig. 3 | Electrochemical properties of ANF-PPy. a A correlation between the discharging cycles. h A schematic of two-electrode configuration for capacitance
conductivity and PPy content for ANF-PPy. b The conductivity of ANF-PPy in characterization. i Capacitance of ANF-PPy characterized by GCD at different
various chemical environments. ¢ The conductivity of ANF-PPy under various current density. j Gravimetric capacitance at different current density for ANF-PPy
bending radius, showing good stability. d A schematic of three-electrode config- with varying thickness. k Comparison of conductivity and gravimetric capacitance

uration for capacitance characterization. e, f Capacitance of ANF-PPy determined ~ between ANF-PPy and other reported supercapacitor electrodes. Data points were
by cyclic voltammetry (CV) (e) and galvanostatic charge/discharge (GCD) (f) curves  categorized based on Table S1, Supporting Information. Data in a and b are reported
with different scan rates. g Capacitance retention during 10, 000 charging/ as their means + SDs from # = 4 independent samples.

The electrical stability of ANF-PPy under various chemical environ- We research the performance of ANF-PPy as supercapacitor electrodes
ments and large-scale mechanical deformation is critical for its device in both three-electrode and two-electrode configurations. For a three-
applications. For instance, supercapacitor electrodes generally work in electrode configuration, ANF-PPy on a Pt electrode is used as the working
acidic or salt-rich solutions®, while electrodes for soft bioelectronics needto  electrode, with a counter electrode of carbon and a reference electrode of Ag/
tolerate substantial mechanical deformation in wearable or implantable ~ AgCl (Fig. 3d). Initial information about the capacitance of ANF-PPy
applications™. The chemical inertness of ANF-PPy was characterized by electrode is provided by cyclic voltammetry (CV) curves (Fig. 3e). The CV
soaking ANF-PPy in H,SO, or saline solution of NaCl and sodium citrateat  curves have a quasi-rectangular shape with almost constant current during
a high concentration of 1 M respectively (Fig. 3b). ANF-PPy treated with  charging at varying scan rates, exhibiting an ideal behavior of electro-
H,S0, and NaCl solution has a minimal change on the conductivity. ANF-  chemical double layers'. At low scan rate of 5 and 7.5 mV s, the gravi-
PPy in the sodium citrate solution experiences a slight decrease in con-  metric capacitances are 213.8 and 199.3 F g respectively. ANF-PPy shows
ductivity but still keeps a high value at ~58 Scm™', possibly due to the  a typical scan rate dependence with gravimetric capacitances of 151.3 and
reducibility of sodium citrate which may interfere with the doping state of ~ 106.6 F g~ at scan rates of 10 and 20 mV s ™" respectively, partially due to the
PPy**. Furthermore, the conductivity of ANF-PPy after the removal of the  incomplete developing of capacitance at high scan rates”. We used the
solvent by critical point drying is ~67 S cm ™, indicating its applicability at ~ Trasatti method to reveal the scan rate-dependent capacitance of ANF-PPy
dry conditions. On the other hand, the electrical stability of ANF-PPy under by plotting the reciprocal of specific capacitance against the square root of
deformation was determined by its conductivity as a function of thebending  scan rate (Supplementary Fig. 6). Presumably, when the scan rate approa-
radius. ANF-PPy shows negligible changes in the conductivity even at an  ches 0 mV s™', ions have enough time to diffuse to the entire hydrogel
extreme condition with a bending radius of 0.5 mm (Fig. 3c), indicating its  electrode for charge storage. In this case, the ANF-PPy capacitance reaches
superior flexibility for soft-device applications. The long-term stability of the  its highest value, where the capacitance is irrelevant to the ion diffusion rate.
conductivity of ANF-PPy was confirmed by its consistent high level of In the slow scan rate region, the plot was fitted with a straight line and
conductivity during soaking in water for 7 days (Supplementary Fig. 5). extrapolated to the y-axis. The ideal capacitance is equal to the reciprocal of
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Fig. 4 | Mechanical and electrical behaviors under deformation. a Stress-strain
curves for ANF hydrogels with or without PPy composition. b Morphology of ANEF-
PPy network visualized by TEM (left) and a schematic illustrating PPy-reinforced
bonding between neighbor ANFs. ¢ Resistance change under tension for ANF-PPy
and PVA-PPy hydrogels. d A schematic of a kirigami ANF-PPy (1 cm x 5 cm) with

17 periodic laser-cut slits. The FEM snapshot shows the stress distribution of the
kirigami ANF-PPy at 40% tensile strain. e A typical stress-strain curve for the
kirigami ANF-PPy, involving an initial elastic region (green), buckling region
(purple), and pattern-collapse region (white). f Resistance change under tension for
the Kirigami ANF-PPy.

the y-intercept, as calculated to be 316 F g~'. More definite information of
the capacitance is carried by galvanostatic charge/discharge (GCD) curves
(Fig. 3f). Tailing of curves at the end of discharge was observed under low
discharge rate, which may be attributed to the proton-associated reactions in
acidic conditions at low potentials with the presence of Pt and electroactive
polymers™?. To eliminate the effect of tailing parts on the capacitance
measurements, the slope of the discharge curve over the range of the first-
half part was used to calculate hydrogel capacitance (details to be presented
in the “Methods” section). The gravimetric capacitance kept consistent
between 200.3 and 2023 Fg™' at varying current density from 0.7 to
3.6 A g ". Both methods demonstrate ANF-PPy electrode has an excellent
capacitance over 200 F g™". Furthermore, the capacitance of ANF-PPy only
has 1.7% drop after 10,000 charging/discharging cycles at a high scan rate of
80mV s~', demonstrating remarkable stability in comparison with other
supercapacitors' " (Fig. 3g).

As the best-practice method for determining the capacitance of elec-
trodes, a two-electrode symmetrical supercapacitor cell based on two ANF-
PPy plates separated by a glass paper permeated with H,SO, electrolyte
(1 M) is used to determine the capacitance according to GCD cycles (Fig. 3h
and i). The specific capacitances normalized with area, volume, and weight
are all measured for ANF-PPy electrodes with different thickness of about
50, 100, and 300 um respectively (Fig. 3j and Supplementary Fig. 7). The
areal capacitance increases with the thickness of electrodes because more
electroactive material of PPy is involved in thicker electrodes. As a vital
parameter signifying the performance of a supercapacitor, the areal capa-
citance of ANF-PPy reaches 1040.5mFcm™ at a thickness of 300 um,
outperforming most of recent supercapacitor electrodes (Supplementary
Table 1). In contrast, the volumetric capacitance decreases with the thick-
ness of electrodes, which is caused by the inhomogeneous distribution of
PPy within the hydrogel network (i.e., the PPy contents of ANF-PPy
decreases with the thickness) (Supplementary Table 2). Nevertheless, the
gravimetric capacitance has a narrow distribution between 200 and
240 Fg™' with different electrode thickness, indicating stable conductive
pathways built by the efficient assembly of PPy. Furthermore, the

comparable capacitance values measured under three-electrode and two-
electrode configurations provide support for the robustness of the test
methods. Overall, ANF-PPy electrodes show superior properties on both
conductivity and capacitance, compared with other supercapacitor elec-
trodes (Fig. 3k and Supplementary Table 1). Specifically, the conductivity of
ANF-PPy exceeds those of other PPy-based hydrogels by several orders of
magnitude, arising from its unique hyperconnective nanofiber networks.
Additionally, its gravimetric capacitance is also much higher than those of
other ppy-based electrodes and even surpasses those of graphite-based
electrodes which have significantly lower density. We attribute these
properties to its extensive open networks and electrically active interfaces.

Mechanical performance

Incorporation of PPy into ANF networks leads to a marked enhancement
on the mechanical strength (Fig. 4a). Pure ANF hydrogel (7% solid content;
100 um thickness) has a tensile strength of ~0.9 MPa and a Young’s mod-
ulus of ~4.8 MPa. Compared with the intrinsic strength and Young’s
modulus of para-aramid fibers’', the mechanical properties of ANF
hydrogels are compromised, which may arise from the weak interactions
between nanofibers and their disintegration under imposed deformation™.
Notably, the incorporated PPy bridges the neighbor nanofibers to facilitate
load transfer within the network, as visualized by TEM images of ANF-PPy
(Fig. 4b). The establishment and reinforcement of binding nodes between
nanofibers have been proved to significantly enhance the mechanical per-
formance of nanofibrous network™*. As a result, the ANF-PPy hydrogel
(~46.3% solid content; 100 pum thickness) with incorporated PPy at ~42.1 wt
% content shows a superior strength and Young’s modulus at ~27.2 and
~512.3 MPa respectively, along with a ductility at ~22.4%. The toughness of
ANF-PPy was quantified by fracture energy of about 5.3 x 10°J m™, cal-
culated from the integration of the stress-strain curve”. Lowering the
thickness of ANF film facilitates mass diffusion within the hydrogel network
during the PPy polymerization process, leading to an ANF-PPy composite
(~62.4% solid content; 50 pm thickness) with high PPy content at ~59.3%.
This ANF-PPy composite has a high conductivity of ~106 Scm™" and
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Fig. 5 | Bioelectrodes based on ANF-PPy. a Electrochemical impedance spectro-
scopy (EIS) measurements for ANF-PPy and an Au foil. b CV curves for ANF-PPy
and an Au foil. ¢ Cyclic electrochemical current pulse injection curves of electrodes
based on ANF-PPy and an Au foil with a square wave between —0.5V and 0.5 V.

d High-quality ECG signals were recorded by ANF-PPy electrodes with clear QRS, P,
and T waves. All electrodes have the same thickness of 100 pm and were tested in PBS
using an Ag/AgCl electrode as a reference.

excellent strength and Young’s modulus at ~31.8 and ~716.3 MPa respec-
tively (Supplementary Table 2).

Stability of electrical resistance under applied deformation is a favor-
able attribute for conductive materials in many scenarios of device
applications™. ANF-PPy (~46.3% solid content; 100 um thickness) with a
high conductivity of 72 S cm ™" only has a negligible resistance change upon
10% tensile strain, showing a gauge factor calculated to be as low as 0.16 (Fig.
4c). The strain-invariant electrical properties of ANF-PPy originates from
nanofiber alignment during the deformation, which preserves the intrinsic
topology of the conductive pathways'*. For comparison, a control sample is
employed with PPy polymerized within a PVA hydrogel. In this case, PPy
nanoparticles are randomly distributed within the PVA hydrogel matrix,
leading to a low conductivity of 0.08 Scm™". The resistance of PVA-PPy
hydrogel increased by ~50% under 10% tensile strain, due to the increase of
distance between PPy particles and increased barrier for electron
tunneling”>”.

Application of rigid materials for wearable electronics can be optimized
by the reduction of material thickness and the introduction of kirigami
structures™. The stretchability of ANF-PPy can be enhanced by introducing
periodic laser-cut slits (0.75 cm) into a pristine sample (1 cm x 5 cm) (Fig.
4d). Finite element modeling (FEM) reveals that under an elongation of
40%, the peak stress in the kirigami ANF-PPy is about 23 MPa, which is
below the strength of ANF-PPy. Experimental tensile tests also demonstrate
the structural robustness of kirigami ANF-PPy (7% solid content; 100 pm
thickness) (Fig. 4e). The corresponding stress-strain curve shows 3 main
regions: (I) The initial elastic region (green) associated with planar defor-
mation with the strain below 13%. (II) The out-of-plane buckling region
(purple) with the applied stress exceeds a critical value. The stress reaches a
plateau in the buckling process (13-40% strain). (III) The final pattern-
collapse region where cracks propagate due to overhigh stress at crack tips.
Overall, the Kirigami ANF-PPy shows a markedly reduced Young’s

modulus at a kPalevel and can sustain tensile deformation above 80% before
failure, which expands its applications in soft electronics ™. Furthermore, the
resistance change of kirigami ANF-PPy remains at a low level (<12%)
during tension before breakage (Fig. 4f). Increase in the resistance is
observed at the beginning and end of tension, resulting from the crack
opening® and propagation, respectively. Kirigami ANF-PPy can withstand
over 100 cycles of 20% elongation without causing significant change to the
electrical resistance (Supplementary Fig. 8).

Patterning of electrodes for bioelectronic applications

The outstanding conductivity of ANF-PPy compared with other PPy-based
hydrogels allows it to be applied in bioelectronics. The favorable bioelec-
tronic performance of ANF-PPy is initially evidenced by its low impedance
in phosphate-buffered saline (PBS) (Fig. 5a). Compared with an Au foil of
the same thickness, ANF-PPy (7% solid content; 100 um thickness) has
markedly lower areal impedance under frequency below 1000 Hz, which
covers the frequency band for common bio-signals'. Alternatively, the
advantages of ANF-PPy bioelectrodes are also revealed by its capability in
delivering electrical stimulation. The bulk nanostructures of ANF-PPy
provide high interfacial capacitance, allowing good control over the current
flow with high charge storage capability and charge injection capacity (Fig.
5b, ¢). The low impedance allows ANF-PPy to be used as a bioelectrode to
record physiological signals, such as electrocardiograph (ECG) signals, with
high quality (Fig. 5d). The capacitive nature of ANF-PPy electrodes can
avoid non-reversible Faradaic reactions which may bring electrode degra-
dation and harmful byproducts during electrical stimulation®”.

To pattern ANF-PPy for custom-built bioelectrodes, we prepared a
PDMS mold containing microchannels by microfabrication techniques.
The PDMS mold was covered with a water-soluble tape, and ANF disper-
sion (3 wt%) was infused from the inlet into the microchannel (Fig. 6a).
Patterned ANF hydrogel is generated by soaking the PDMS in water for the
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Fig. 6 | Patterned bioelectrodes for electrical stimulation. a Schematics of the
printing process for patterned ANF-PPy on a soft PDMS substrate. b Optical images
of a representative ANF-PPy pattern with right-angle and curve corners.

¢ Capacitive bioelectrodes based on two parallel ANF-PPy electrodes of spiral or
liner assembly respectively. d Immunofluorescent staining of cardiomyocytes
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cultured on ANF-PPy for 5 days. Cardiac-specific proteins of troponin T (red) and
connexin-43 (green), and nucleus (blue) were fluorescently labeled. e, f Imaging of
calcium transients for cardiomyocytes cultured on ANF-PPy-PDMS without (e) or
with (f) electrical stimulation. Traces of fluorescence intensity at different regions of
interest (ROI) were recorded to show the pacing state of cardiomyocytes.

removal of the tape and solidification of ANF dispersion. After that, a final
ANF-PPy pattern embedded within the PDMS channel is achieved through
the incorporation of PPy into the hydrogel network by sequential treatment
with Py and FeCl; solutions. The successful printing of ANF-PPy on PDMS
is demonstrated by high-resolution features of 200-pm-wide lines or right-
angle and curved turns (Fig. 6b).

To demonstrate the capability of ANF-PPy bioelectrodes for elec-
trical stimulation, we printed two parallel ANF-PPy electrodes on PDMS
(Fig. 6¢). First, cardiomyocytes (CMs) seeded on the surface of ANF and
ANF-PPy hydrogels shows great cell viability, in which ANF-PPy exhibits
slightly better CM attachment as compared with the bare ANF substrate
(Supplementary Fig. 9). This result may originate from the protein-affinity
of ANF-PPy with appropriate hydrophilicity” (Supplementary Fig. 10).
The lack of hydrophilic components of ANF-PPy incurs the easy loss of
water from hydrogel (Supplementary Fig. 11), indicating its applications
applicable in moisture environments. The favorable interface between the
ANF-PPy electrodes and cells is further validated by fast maturation of
CMs cultured on ANF-PPy, as evidenced by pronounced expression of
typical cardiac markers of troponin T and connexin-43 for CMs after
culture of 5 days (Fig. 6d and Supplementary Fig. 12). The great bio-
compatibility of ANF-PPy hydrogels were further revealed by cells with
high viability and fast proliferation cultured on hydrogels (Supplementary
Fig. 13). A pacing device was constructed with CMs laden in the area
between two electrodes**’. Two linear ANF-PPy electrodes (0.3 mm
thickness, 0.6 mm width, and 20 mm length) were printed on PDMS with
the gap width between two parallel electrodes of 5 mm (Fig. 6¢ (II)). Due to
the capacitive nature of electrodes, bioelectrical stimulations can be
delivered through charging and discharging the electrodes without non-
reversible Faradaic reactions. Previous research has revealed that long-
time electrical stimulation by pulsatile electrical fields can accelerate the
maturation of CMs and generate synchronously contractile cardiac

constructs’. In our experiment, we first cultured CMs on the device for
3 days without electrical stimulation, which led to weak and random
excitation CMs as evidenced through calcium imaging (Fig. 6e). However,
after application of monophasic electrical pulses (2 Hz) for 10 min
through the ANF-PPy electrodes, overdrive pacing of these immature
CMs was achieved. The contraction rate synchronized to the frequency of
1 Hz, half the value of the pacing frequency (Fig. 6f and Supplementary
Video 1). After each synchronized calcium spike, immature CMs take a
long period of about 2s to reduce the calcium concentration to the
baseline level. Between two calcium spikes, a much weaker excitation is
observed at high intracellular calcium concentrations, which is compul-
sorily driven by external electrical stimulation. This compulsory excita-
tion at high intracellular calcium concentrations may enhance CMs’
capability in calcium ion transport and facilitate their synchronized
contraction at higher frequencies after a long-time electrical stimulation®.

Discussion

In summary, we developed a conductive nanocomposite hydrogel tailored
for applications as high-performance electrochemical electrodes. The
hybrid nanofiber network provides a good combination of mechanical
strength, electronic conductivity, and porosity, which is beneficial for the use
in flexible electronics operating under extreme physicochemical conditions.
Supercapacitors involving this ANF-PPy hydrogel exhibit outstanding
capacitance, which can be further utilized in miniaturized energy systems.
On the other hand, the simple fabrication processes of ANF-PPy afford the
patterning of stretchable bioelectrodes arrays, which exhibit excellent
functionality and compatibility with living cells and tissues. Further inte-
gration of this materials platform and manufacturing techniques with other
soft electronic components will enable multifunctional systems for wearable
biochemical sensing, smart implants, electroactive tissue engineering con-
structs, and many other applications.
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Methods

Materials and method

ANF dispersion was prepared by dissolving Kevlar para-aramid pulp (Type
979; DuPont) in a mixed solvent of DMSO and H,O (a weight ratio of 4:1
between DMSO and H,O) containing 2 wt% KOH under magnetic stirring
at 90 °C for 3 days. The resulting ANF liquid dispersion was cast on a flat
steel plate by a film coater, followed by solvent exchange in deionized (DI)
water for 24 h to generate ANF hydrogel films. Without specific statement,
ANF hydrogel (7 wt% solid content) is prepared from 5 wt% ANF disper-
sion in this research. For ANF-PPy synthesis, ANF hydrogel was soaked in a
pyrrole solution (0.6 M, Sigma-Aldrich) under ice-water bath with vibra-
tion at a speed of 160 rpm using a shaker for 1h. After that, FeCl;
(Sigma-Aldrich) was added into the solution to achieve a concentration 1.2
times as much as the molar concentration of Py monomers for 2 h poly-
merization. As a contrast, PVA hydrogel was prepared by freezing PVA
solution (15% in DI water; Mw: 146,000 — 186,000; 99%+ hydrolyzed;
Sigma-Aldrich) at —20 °C overnight and thawing at room temperature.
PVA-PPy hydrogel was achieved using the same procedures for the fabri-
cation of ANF-PPy.

Electron microscopy

For scanning electron microscope (SEM) imaging, the cross-sections of
hydrogel were generated by cutting a hydrogel plunge-frozen in liquid
nitrogen. Samples were dried by critical point drying (CPD; Tousimis
Autosamdri 931) before imaging using a SEM (Hitachi S4800 FEG) with a
5keV operating voltage. For transmission electron microscope (TEM)
imaging, the ultrathin cross-sections of ANF-PPy were achieved by slicing
resin-embedded dried ANF-PPy with ultramicrotomy (Leica EM UC7).
The cross-sectional morphology of ANF-PPy was observed using a TEM
(Philips CM100) with a 100 keV accelerating voltage.

Theoretical simulations

Molecular dynamics (MD) simulations were conducted with GROMACS
2022 under the General AMBER Force Field (GAFE2) force field"®".
Initially, the structures of H,O, Py, and ANF molecules were constructed
and optimized by Gaussian 16, and then the advanced restrained electro-
static potential charges (RESP2) of these molecules were assessed by Mul-
tiwfn 3.7 for the following simulations**. According to the experimental
conditions, a cuboid periodic boundary condition box™ (5 x 5 x 8 nm®) with
a H,0-to-Py molar ratio of 90:1 was generated by random distribution.
Three stacked infinite layers of ANF molecules were orderly organized
though intermolecular hydrogen bonding, which was placed on the bottom
of the box to act as the ANF surface. This system was further optimized by
energy minimizations using 5000 steepest descent steps to exclude unfa-
vorable organizations. After that, an equilibrium state of the system was
achieved in an isothermal-isobaric ensemble at 298 K and 1 atm. Finally, a
50 ns production run was conducted, and data of the last 10 ns were col-
lected for further analysis. The real-space cut-off for noncovalent interac-
tions is 12 A and the time step is 1 fs*". Long-range electrostatic interactions
and van der Waals forces were calculated using the particle mesh Ewald
method. Visualization process was assisted by VMD software™.

To probe the noncovalent interactions between ANF and PPy, a cuboid
periodic boundary condition box (5 x 5x 8 nm?) with a bottom layer of
ANF and 45 PPy molecules™ (degree of polymerization: 10) was generated.
Similar to the aforementioned methods, a balanced organization between
ANF and PPy was achieved after 50 ns MD simulation in an isothermal-
isobaric ensemble at 298 K and 1 atm. Molecular interactions were further
studied by noncovalent interaction method with Multiwfn 3.7 according to
reduced density gradient (RDG) function”.

1 [Vp(r)]

R0 = S P e

¢y

where p is electron density and r is coordinate vector. Visualization process
was assisted by VMD software with the RDG isosurfaces of a cut-off value at

0.5 a.u. sign(A, )p mapped on the isosurfaces between —0.035 a.u. (blue) and
0.02 a.u. (red).

Electrical conductivity measurement

Electrical conductivity was measured using a two-probe method by applying
a bias voltage on both ends of a strip sample with fixed length (L, 25 mm),
width (W, 4 mm), and thickness (T, 0.1 mm) using a source meter (Keithley
2450). The conductivity was calculated by

()65

where « is the conductivity, V is the voltage, and I is the current. ANF-PPy
with different PPy contents were prepared by varying pyrrole concentra-
tions in the polymerization process. The PPy content of hydrogels was
determined by weighing the ANF hydrogels before PPy loading and
weighing ANF-PPy before and after drying. The ppy content was calculated
by

Wy — 7% Wane
CPPy = - w.

wet

X 100% (3)

where Cppy is the weight content of PPy in ANF-PPy, W, is the weight of
an ANF-PPy hydrogel, Wy, is the weight of the ANF-PPy after drying, and
Wanr is the weight of the ANF hydrogel.

For determining the conductivity of ANF-PPy in different environ-
ments, ANF-PPy strip samples were soaked in solutions of H,SO,4, NaCl or
sodium citrate with a fixed concentration of 1 M for 1 h. Conductivity of
samples was measured immediately without any treatment after samples
were retrieved from solutions. Conductivity of dried samples was measured
by CPD-dried ANF-PPy.

Characterization of supercapacitors

The performance of supercapacitors was measured by CV and GCD tests in
a three-electrode configuration using an electrochemical workstation
(PGSTAT302N, Metrohm Autolab). ANF-PPy mounted on a Pt grid
electrode with an area of 1 x 1 cm” exposed to the electrolyte was used as a
working electrode, an Ag/AgCl electrode as the reference electrode, and a
graphite rod as the counter electrode in the electrolyte of H,SO, solution
(1 M). Gravimetric capacitance based on CV tests was calculated by

S

- - 4
Con 2mvdV “

where C,, is the gravimetric capacitance, S is the area enclosed by cyclic
voltammetry curve, m is the mass of PPy in the working electrode, v is the
scanrate, and dV is the potential window. Gravimetric capacitance based on
GCD was calculated by

1
Cn = pav/de ®)

where C,, is the gravimetric capacitance, I is the constant discharge current,
m is the mass of PPy for the working electrode, and dV/dt is determined by
the slope of the discharge curve over the range of V., (the voltage at the
beginning of discharge) t0 0.5 Vyax.

A two-electrode cell configuration was also used to determine the
capacitance of ANF-PPy electrodes. Two identical (by weight and size) disk-
shaped electrodes with a diameter of 10 mm were mounted in a test cell.
Two current collectors of carbon cloth, one separator of a glass microfiber
film (Whatman GF/A) which was permeated with H,SO, solution (1 M)
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were used. Capacitance was calculated by

o A
T dv/dt

(©)

Where C is the capacitance, I is the constant discharge current, and dV/dt is
determined by the slope of the discharge curve over the range of V;,, t0 0.5
Vimax- Gravimetric capacitance, areal capacitance, and volumetric capaci-
tance were calculated by dividing the capacitance with the mass of PPy, the
geometric area, and volume for the working electrode respectively.

Mechanical tests

Mechanical properties of hydrogels (fixed size of 25 mm x 4 mm X 0.1 mm)
were characterized using a mechanical tester (Zwick Roell) under a tensile
rate of 50% min™". For the assessment of resistance change in response to
applied strain, the resistance of samples was simultaneously recorded until
fracture during the tensile tests. For compliant ANF-PPy with kirigami
structures, samples were cut using infrared lasers (Ming Chuang Laser
3020). Kirigami samples with real-time resistance recording were also

stretched at a tensile rate of 50% min .

Finite element modeling

A model of the Kirigami sample was built and analyzed with a commercial
software package (Abaqus/CAE 2021) to learn its behaviors under tension
by FEM methods. A boundary condition is imposed on both ends of the
mold with one end constrained to prevent any displacement. At the opposite
end, an axial load is applied while the boundary is constrained from
movement in orthogonal directions. The dynamic procedure was used to
simulate the process between 0 and 40% strain.

Characterization of bioelectrodes

Electrochemical impedance spectroscopy (EIS) measurements of ANF-PPy
and an Au foil were conducted using a sine wave with an amplitude of
10mV. For comparison of the capacity of charge storage and charge
injection between ANF-PPy and Au electrodes, CV test was performed at a
scan rate of 0.15 mV s™' between the potential window of —0.5 and 0.5V,
while square-wave voltage pulses between —0.5 and 0.5V, each lasting
100 ms, were applied to working electrodes to collect corresponding current
responses. All electrochemical tests were carried out in PBS using ANF-PPy
or Au foil with an exposed area of 1 cm” as the working electrode. A Pt foil
and Ag/AgCl electrode were used as the counter electrode and the reference
electrode respectively for all the measurements under an electrochemical
workstation.

ANEF-PPy plates with a diameter of 10 mm were used as bioelectrodes
to detect ECG signal by a commercial data acquisition system (PowerLab
T26, AD Instruments). Three electrodes were mounted on a volunteer’s left
forearm, right forearm, and left leg by conductive gel. All physiological
experiments were conducted following standard protocols, with explicit
informed consent obtained from participating volunteers, and received
approval from the Human Research Ethics Committee at The University of
Hong Kong under project number EA200171.

Cell culture
Cardiomyocytes (CMs) were harvested from the left ventricles of neonatal
Sprague-Dawley rats (postnatal day 1-3). Specifically, ventricles collected
from neonatal rats were cut into small pieces in ice-cold Dulbecco’s
Phosphate-Buffered Saline (Gibco) and then digested by trypsin (0.1%,
Gibco) at 4 °C overnight. After washing with culture media (Gibco), tissues
were dissociated into single cells by 3 cycles of treatment with rat collagenase
type II (0.1%, Worthington) at 37 °C for 20 min. CMs were enriched by
Percoll density gradient centrifugation for 30 min to remove other types of
cells. The harvest of CMs from neonatal Sprague-Dawley rats was approved
by the City University of Hong Kong under protocol number 11104222.
To promote CM attachment, hydrogel films were rinsed thoroughly by
PBS and treated with gelatin solution (0.1%, Type B, Sigma-Aldrich) under

37°Cfor 1 h. CMs (~2 x 10° cells in 25 pL media) were seeded onto samples
and incubated for 1 h before adding CM-specific media (10% fetal bovine
serum, 1% penicillin-streptomycin, and 1% non-essential amino acids).

CMs after 5 days of culture were stained by live-dead assay and
immunocytochemistry. For live-dead staining, cells were incubated in
PBS solutions of calcein-AM (green, 2 pM) and ethidium homodimer-1
(red, 4 uM) for 30 min, followed by rinsing with PBS. For immunocy-
tochemistry, cells were fixed (4% paraformaldehyde (Santa Cruz), 15 min,
room temperature), permeabilized (0.2% Triton X-100 (Thermo Fisher),
15 min, room temperature), and blocked (3% bovine serum albumin
(Sigma-Aldrich), 1 h). After that, cells were incubated at 4 °C overnight
with mouse anti-cardiac troponin T antibody (1:100, Invitrogen MS-295-
P1), and rabbit anti-Connexin-43 antibody (Abcam, ab11370). After
washing three times with PBS, cells were stained for 1h at room tem-
perature with Alexa Fluor 568 conjugated goat anti-mouse antibody
(1:500, Invitrogen A-11004) and Alexa Fluor 488 anti-rabbit secondary
antibodies (1:500, Invitrogen A-11004). Cells were rinsed with PBS and
treated with DAPI mounting media (VectaShield) solution for nuclear
staining. All the samples were imagined by a scanning laser confocal
microscope (Eclipse Ni, Nikon).

Patterning ANF-PPy electrodes for bioelectrical stimulations
For bioelectrical stimulations on CMs, patterned ANF-PPy bioelectrodes
were printed on a PDMS mold. Specifically, patterned SU-8 photoresist
(300 pm thickness) on a silicon wafer was fabricated by the standard pho-
tolithography approach. These patterns were transferred to a PDMS mold
by pouring the liquid PDMS mixture (a weight ratio of 10:1 between silicone
elastomer and curing agent, Dow Corning) on the silicon wafer with a height
of liquid PDMS of 1.3 mm. After curing at 80 °C for 2 h, the PDMS mold
was peeled off from the substrate and punched two holes at specified
positions, denoted as the inlet and outlet. The PDMS surface with micro-
grooves was combined with a water-soluble tape (3 M) to generate micro-
channels by pressing PDMS gently to allow conformal contact with the tape
for 10 min. ANF dispersion was infused slowly into microchannels with a
syringe which was connected to the inlet by a PVC tube. Then, the whole
setup was soaked in DI water for 24 h to remove the tape and solidify ANF
dispersion. PPy was incorporated into the ANF network by treatment of Py
(0.6 M) and FeCl; (0.72 M) solutions, with the same procedures for the
fabrication of ANF-PPy. The excess PPy nanoparticles attached on PDMS
surface were removed by placing the device under running tap water.

The pacing device composed of two linear ANF-PPy electrodes on a
PDMS substrate was fastened on the bottom of a Petri dish (60 mm
diameter) with silicone adhesive. After sterilization with 75% ethanol
solution and thorough rinsing with PBS, the devise surface was treated
with gelatin solution (0.1%, Sigma-Aldrich) under 37 °C for 1 h to pro-
mote cell attachment. CMs (2 x 10° cells in 25 uL media) were seeded
between two parallel electrodes on PDMS and incubated for 1 h before
adding CM-specific media. For observing the response of CMs under
electrical stimulation, intracellular calcium transient imaging was con-
ducted with Fluo-4 AM (Invitrogen) to label calcium ions in CMs. Three
days after cell seeding, the device was washed twice with PBS and sub-
sequently incubated in the calcium indicator media containing fluo-4 AM
(10 uM) and Pluronic F-127 (0.1%, Sigma-Aldrich) in Hank’s Balanced
Salt Solution for 30 min at 37 °C. After that, the device was washed with
media, and electrical stimulation of 5-ms-duration monophasic square-
wave pulses was delivered at an amplitude of 2.5V by the stimulator
(ME2100, Multi Channel Systems) which was connected to ANF-PPy
electrodes by two test leads. The responses of CMs upon electrical sti-
mulation of 2 Hz pacing frequency were recorded continuously in a live-
cell imaging chamber with a fluorescence microscope (LS720, Etaluma).
Videos were analyzed using Image]J software.

Data availability
The data that support the plots in this paper and other findings of this study
are available from the corresponding authors upon reasonable request.
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