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ABSTRACT: Recent research on conductive hydrogels has revealed their potential for
building advanced soft bioelectronic devices. Their mechanical flexibility, water content,
and porosity approach those of biological tissues, providing a compliant interface
between the human body and electronic hardware. Conductive hydrogels could be
utilized in many soft tools such as neural electrodes, tactile interfaces, soft actuators, and
other electroactive devices. However, most of the available conductive hydrogels exhibit
weak mechanical properties, which hinders their application in durable biointegrated
systems. Here, we report aramid nanofiber-based hydrogels providing a combination of
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high elasticity, strength, and electrical conductivity. Highly branched aramid nanofibers

(ANFs) provide a robust three-dimensional (3D) framework resembling those in load-bearing soft tissues. When interlaced with
poly(vinyl alcohol) (PVA) and cross-linked with both noncovalent and covalent interactions, the nanofiber composites exhibit a high
water content of ~76.4 wt %, strength of ~7.5 MPa, ductility of ~407%, and shape recovery of ~99.5% under cyclic tensile stress of
0.3 MPa. Mobile ions impart a conductivity of ~2 S/m to the hydrogels, enabling large-strain sensors with stable operation. In
addition, the embedded silver nanoparticles afford broad-spectrum antimicrobial activities, which is favorable for medical devices.
The versatility of aramid nanofiber-based composites suggests their further possibilities for functionalization and scalable fabrication

toward sophisticated bioelectronic systems.

KEYWORDS: aramid nanofibers, hydrogels, soft electronics, strain sensors, biomimetic composites

B INTRODUCTION

Hydrogels represent a class of candidate materials for building
soft bioelectronic devices. Unlike the traditional electronics
based on rigid components, hydrogels exhibit mechanical
flexibility similar to those of soft tissues. Their utilization in
bioelectronics could reconcile the interfacial mismatches
between natural tissues and the external hardware, enablin
conformal tools for biomedical sensing and stimulation.'~
Furthermore, the high porosity and water content of hydrogels
could facilitate mass transport for a variety of physiological
processes, affording implantable devices compatible with the
natural tissues.”” Although hydrogels were traditionally used as
electropassive biomaterials,” recent research has begun to
explore conductive hydrogels for building hybrid electronic/
ionic devices, with their conductivity realized with mobile
ions,”® conducting polymers,”'” or inorganic fillings.""'* The
emerging class of conductive hydrogels created possibilities for
soft bioelectronic prototypes, as exemplified by neural
electrodes,® tissue scaffolds,'”'> soft actuators,” tactile
interfaces,'”"> and many others.

One of the major challenges for developing hydrogel
bioelectronics lies in their mechanical robustness. For instance,
typical hydrogels may fracture or permanently deform under
low tensile stress at the ~kPa level,'*™** which could not afford
stable operation under repeated biomechanical loading. Recent
strategies for mechanical improvement of hydrogels involve
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multiple networks, nanoscale reinforcement, non-
covalent cross-linking,m’24 dry annealing,9 or other physico-
chemical treatment.”> However, these methods for hydrogels
might compromise their water content, electrical/biochemical
functionalities, or processability for hybrid devices. Attaining a
set of hydrogel properties desirable for robust bioelectronic
tools remains difficult. Developing advanced hydrogel
bioelectronics would require additional building blocks,
affording a combination of mechanical strength, cyclic stability,
and processing routes for electrical and biochemical functions.

We recently developed an approach to biomimetic func-
tional materials based on biocompatible, self-assembled aramid
nanofibers (ANFs).”**” The three-dimensional (3D) inter-
connected ANFs emulate collagen fibrils in load-bearing soft
tissues, providing an adaptive and mechanically strong
framework for composite hydrogels. When hydrogen bonded
with hydrophilic soft polymers, ANF composites could exhibit
high mechanical properties while retaining a high water
content.”® ANF-based composites could be synthesized with
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Figure 1. Elastic, conductive, and mechanically strong hydrogels from biomimetic ANF composites. (a) A schematic of ANF-PVA®-Ag, indicating
the ANF/PVA network with both covalent and noncovalent cross-linking, as well as ions and AgNPs dispersed in the hydrogel matrix. (b) A SEM
image showing AgNPs embedded in the nanofibrous network. Scale bar: 500 nm. (c) Images of a dumbbell-shaped sample of ANF-PVA®-Ag (1),
and its ability to withstand folding (II), twisting (IIT), and a tensile load of 10 N (IV). Scale bar: 10 mm. (d) Photographs showing an ANF-PVA®-
Ag sample withstanding a high compressive load and its shape recovery after unloading. Scale bar: 10 mm. (e) The stress—strain curve of ANF-
PVAC-Ag under tension (top), and its fractional change in resistance in response to tensile strain (bottom). The insets demonstrate the ductility

and electrical conductivity of ANF-PVA-Ag.
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Figure 2. Compression characteristics of various ANF-based hydrogels. (a) Stress—strain curves from unconfined compression tests with a
maximum stress of 6.2 MPa. (b—e) Cyclic compression tests for ANF (b), ANF-PVA (c), ANF-PVA® (d), and ANF-PVA®-Ag (e) involving three
cycles with —20, —40, and —60% of strain. (f) A compression test for ANF-PVAC-Ag involving seven cycles with peak stress of —0.2 MPa.

simple solution-based processes, allowing for integration with
many other materials for hybrid devices. Here, we report
multifunctional, ANF-based composite hydrogels with a set of
properties tailored for bioelectronic applications. With careful
cross-linking involving both covalent and noncovalent
interactions, these composite hydrogels possess a combination
of high elasticity, toughness, and strength to withstand harsh
mechanical loadings encountered in wearable systems. Ionic
components afford electrical conductivity, enabling large-strain
sensors with stable operation under cyclic biomechanical
deformation. In addition, silver nanoparticles (AgNPs)
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embedded in the composite hydrogels impart broad-spectrum
antimicrobial activities. The versatility of ANF-based materials
could suggest routes for building advanced soft bioelectronics
involving active and durable hydrogel components.

B RESULTS AND DISCUSSION

A typical composition of the multifunctional hydrogel involves
an ANF framework interlaced with cross-linked poly(vinyl
alcohol) (PVA), as well as ions and AgNPs dispersed in a
water-rich matrix (Figure 1a). The samples can be prepared
based on the solubility differences of ANFs in dimethyl
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Figure 3. Properties of various ANF-based hydrogels under tension. (a) Uniaxial tensile tests for ANF, ANF-PVA, AN F-PVA®, and AN F—PVAC—Ag.
The inset shows a magnified plot with low strains. (b) Tearing energy of ANF-PVA, AN F-PVAS, and AN F-PVAC—Ag, showing their high toughness.
(¢, d) Cyclic tensile tests for ANF-PVA® (c) and ANF-PVA"-Ag (d) involving three cycles with 20, 40, and 60% of strains. () A tensile test for
ANF-PVAC-Ag involving seven cycles with peak stress of 0.3 MPa. (f) SEM images showing a microstructural orientation of ANF-PVA®-Ag after a
loading cycle with 300% of tensile strain (top) and its recovery after resting in water for 2 h. The yellow arrows indicate the direction of tension.

Scale bar: 300 nm.

sulfoxide (DMSO) and water (Figure S1). The abundant
amide groups on stiff ANFs afford hydrogen bonding with soft
PVA chains, enabling effective load transfer through the
nanofibrous skeleton and the possibility for structural
reconfiguration.”® The PVA chains are covalently cross-linked
with epichlorohydrin (ECH), imparting elasticity for the
recovery from macroscopic deformation. Ionic components in
the hydrogel matrix are introduced during the synthesis
process for AgNPs. Briefly, composites involving ANF and
cross-linked PVA are soaked in an aqueous solution of silver
nitrate (AgNO;, 1 M in deionized water), a precursor of
AgNPs.”” After transferring the samples into an aqueous
solution of reducing agents such as sodium citrate (1 M in
deionized water), AgNPs could form within the hydrogels
(Figure 1b), preferentially in the shallow layers near the
surfaces (Figure S2). The content of AgNPs is ~5.2%, as
determined by thermogravimetric analysis (Figure S2d).
Although there is some loss of Ag particles in the hydrogel
surface, the resistance of hydrogels remains consistent in a
sodium citrate solution for 7 days as the conductivity is mostly
attributed to the mobile ions.

The composite hydrogels exhibit a combination of high
mechanical strength, elasticity, and electrical conductivity.
Whereas, they retain ~76.4 wt % water, these hydrogels could
withstand extreme mechanical loadings and recover to their
original undeformed geometry upon the release of the stress
(Figure lc,d; Video S1). The uniaxial tensile test reveals a
tensile modulus of ~2.7 MPa, tensile strength of ~7.5 MPa,
and ultimate tensile strain of ~407% (Figure le), which match
or exceed those of load-bearing soft tissues. Furthermore, the
composite hydrogels exhibit an electrical conductivity of ~2 S/
m, which could be attributed mostly to the mobile ions. AgNPs
dispersed in the hydrogel did not form a percolating network
and may only have a minor contribution to the electrical
conductivity. The resistance of a sample is tested during the
tensile process (Figure S3), and the changes in resistance are
consistent with the classical effect arising from geometry
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changes for hydrogel ionotronics.”® The initial linear part of
the relative change of resistance shows an effective gauge factor
(GF) of ~2.2 (Figure le), indicating further applications in
strain sensing.

Comparative studies demonstrate the mechanical properties
of the composite hydrogels and their dependence on the
material components (Figure 2). We analyze four types of
hydrogels with similar weight fractions of ANFs, i.e., pure ANF
hydrogels without other solid components (~2.8 wt % solid
content), ANF with uncross-linked PVA (ANF-PVA, ~17.6 wt
% solid content), ANF with covalently cross-linked PVA
(ANE-PVA®, ~15 wt % solid content), and those with
embedded AgNPs (ANF-PVA©-Ag, ~23.6 wt % solid content).
Unconfined compression tests indicate that composites
involving PVA possess high compressive strengths of over 6
MPa. Their compressive strength might be associated with
water retention by the PVA chains attached to the ANF
framework (Figure 2a).”® In contrast, pure ANF hydrogels
exhibit a compressive modulus of ~0.17 MPa, bearing low
stress of ~0.17 MPa even with —90% of the compressive strain.
We note that the covalent cross-linking might reduce the
modulus of ANF-PVA composite hydrogels from ~1.9 to
~0.68 MPa. This effect could be related to the lowered
availability of hydroxyl groups on PVA for the hydrogen
bonding with ANFs, which may weaken the composite
network. This effect is also evidenced by the fact that
increasing amount of covalent cross-linking would lead to a
higher degree of swelling and a lower modulus for the
composite hydrogel (Figures S4 and SS), indicating that the
PVA chains are less bonded with the ANFs. Nevertheless, with
an optimized amount of covalent cross-linking (~2.5% molar
fraction with respect to the hydroxyl groups) (Figure S6), the
composite hydrogels retain high compressive strength at the
MPa level. In addition, the embedded AgNPs enhance the
modulus of the composite hydrogel from ~0.68 to ~1.7 MPa
without compromising its strength, which counterbalances the
softening effect from the covalent cross-linking. This stiffening
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Figure 4. Application of the multifunctional, ANF-based composite hydrogels. (a) An image showing strips of ANF-PVA®-Ag attached to fingers,
serving as resistance-based strain sensors. (b, c) The change of resistance in response to different states of tension for an ANF-PVA®-Ag strip (b)
and its application for characterizing the motion of an index finger (c). (d) Readings of a representative sensor under the cyclic tensile strain of
15%. (e) Images showing bactericidal rings surrounding the ANF-PVAC-Ag patches on Staphylococcus aureus and Escherichia coli lawns. (f) The
reduction of bacteria counts on ANF-PVA®-Ag as compared with controls, indicating its broad-spectrum antimicrobial activities.

effect could be attributed to the dense Ag phase and/or
deswelling of the hydrogels in ionic solutions. The deswelling
of hydrogels may result from the salt-out effect and reduce
their water content, which has great influence on their
mechanical performance.

Three consecutive compression cycles involving —20, 40,
and —60% of strain reveal the elasticity of the various samples
(Figure 2b—e). The pure ANF barely recovers from large
deformation (Figure 2b). Although ANF-PVA exhibits some
degree of shape recovery (Figure 2c), its structural integrity
mostly relies on noncovalent bonding, which is prone to plastic
deformation. For the convenience of discussion, we quantify
the shape recovery of samples as the fraction of the maximum
strain recovered from a specified loading cycle. In the first
cycle, ANF-PVA samples with ~17.6 wt % solid content
recover ~69.1% of the compressive deformation after the cycle
of —20% strain. In second and third cycles, ANF-PVA shows
recoverability at ~59 and ~46.8%, respectively, indicating
lower recoverability associated with high compressive
deformation. ANF-PVA with 8 wt % solid content recover
only 13.7% of the deformation after the —60% strain cycle
(Figure S6).

On the other hand, samples involving covalent cross-linking
exhibit much greater elasticity under large compressive
deformation. ANE-PVA® could recover 83.7, 85.6, and 82.6%
of the compressive deformation from the cycles involving —20,
—40, and —60% of the strain, respectively (Figure 2d). In
contrast to ANF-PVA without cross-linking, the excellent
elasticity of ANF-PVA® has little dependence on the solid
content (Figures S6 and S7). The elasticity of ANF-PVAC is
also evidenced by its low water extrusion of ~5.1 wt % under a
high compressive strain of —80% (Figure S8). On the contrary,
pure ANF and ANF-PVA without covalent cross-linking lose
~69.2 and ~23.5 wt % water under a compressive strain of
—80%, respectively. We note that the introduction of AgNPs
might slightly reduce the compressive elasticity of the samples
(Figure 2e). Nevertheless, under cyclic compressive stress of ~
—0.2 MPa, ANF-PVA®-Ag exhibits a high shape recovery of

>95% after the preconditioning of four cycles (Figure 2f).
These elastic characteristics under high mechanical loads could
be favorable for applications in wearable devices.'

Tensile and tearing tests further demonstrate the mechanical
characteristics of the composite hydrogels (Figure 3). While
pure ANF hydrogels fracture at a low tensile strain of ~6.2%,
samples involving both ANF and PVA show ductility of over
100%. We note that the covalent cross-linking would reduce
the tensile modulus from ~2.9 MPa for ANF-PVA to ~0.8
MPa for ANF-PVAC (Figure 2a). This effect is consistent with
those revealed by the compression tests. On the other hand,
inclusion of AgNPs and ions would enhance the tensile
modulus of covalently cross-linked samples to ~2.7 MPa
(ANF-PVA®-Ag). Furthermore, ANF-PVA®-Ag exhibits a high
tensile strength of 7.4 MPa and an ultimate tensile strain of
407%. Tearing tests reveal a high tearing energy of 6130 J/m”
for ANF-PVA©-Ag, as compared with 3713 J/m* for ANF-PVA
and 1106 J/m? for ANF-PVA® (Figures 3b and S9). These
values indicate that the toughness of the composite hydrogels
is similar or higher than those of the load-bearing soft tissues,
as exemplified by cartilage (~1000 J/m?).”' While further
mechanisms underlying the strengthening and toughening
effects with AgNPs are still under investigation, we attribute
the high tensile properties of the composite hydrogels to the
stift ANF framework and their reconfigurable hydrogen
bonding with soft PVA chains.”®

The cross-linking involving both covalent and noncovalent
interactions affords tensile elasticity in combination with the
high toughness. Under cyclic tensile loads, both ANF-PVA®
and ANF-PVA©-Ag exhibit excellent shape recovery from large
deformation. ANF-PVA® recovers 92.8, 94.5, and 91.5% from
the cycles involving 20, 40, and 60% of tensile strain,
respectively (Figure 3c). The percentages of shape recovery
for ANF-PVA®-Ag under tension are 78, 80.4, and 75.2% for
the loading cycles involving 20, 40, and 60% of strain (Figure
3d), which are slightly lower than those of ANF-PVAC.
Nevertheless, under cycles involving tensile stress of 0.3 MPa,
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ANF-PVA©-Ag shows shape recovery of >99.5% from the
fourth cycle onward (Figure 3e).

Shape recovery of dual-cross-linked samples is further
evidenced by microstructural analyses using scanning electron
microscopy (SEM). Following a tensile cycle involving 300%
of strain, ANF-PVAC-Ag exhibits an alignment of nanofibers
along the direction of tension (Figure 3f). After immersion of
the mechanically cycled sample in water for 2 h without stress,
the sample recovers toward the undeformed geometry and no
longer exhibits orientation of nanofibers along the tensile
direction (Figure 3f). This viscoelastic behavior of the
nanofiber network is consistent with its chemical moieties
and the macromolecular interactions, providing additional
capability of time-dependent shape recovery.

The combination of elasticity, strength, and electrical
conductivity of ANF-based composite hydrogels suggests
their further applications in soft bioelectronics. To demon-
strate the functionality, we explored samples of ANF-PVA©-Ag
as sensors for the motion of fingers (Figure 4a). These samples
exhibit rapid changes in resistance in response to the applied
deformation (Figure 4b). They could capture the motion of an
index finger with the amplitude of the motion indicated by the
fractional change of resistance (Figure 4c). Due to the high
elasticity of the composite hydrogels, the sensors exhibit stable
responses under cycles involving 15% of tensile strain (Figure
4d), suggesting their utilities in robust wearable devices.

Furthermore, AgNPs in the composite hydrogel provide
antimicrobial potentials. To examine this, we measured the
bactericidal activities of AgNPs against representative Gram-
positive and Gram-negative bacteria S. aureus and E. coli,
respectively. Hydrogel samples were deposited onto the culture
lawns of S. aureus and E. coli, respectively, for evaluation of
their antimicrobial effects. We note that bactericidal rings were
observed surrounding the ANF-PVA©-Ag on both the S. aureus
and E. coli lawns (Figure 4e). Quantitative analysis involves
counting of the surviving bacteria cultured on the samples for 1
h. As compared with nonantibacterial ANF-PVA®, ANE-PVA®-
Ag displayed bactericidal ratios of 96.1 and 91.1% for E. coli
and S. aureus, respectively, indicating its broad-spectrum
antimicrobial activity (Figure 4f).

B CONCLUSIONS

In conclusion, we have developed an approach to ANF-based
multifunctional hydrogels tailored for robust bioelectronic
devices. The nanofibrous network involving both covalent and
noncovalent cross-linking affords a unique combination of high
strength, toughness, and elasticity. When loaded with ionic
charge carriers and AgNPs, the composite hydrogels could
serve as large-strain sensors with an additional antimicrobial
function. The versatility of ANF-based composites suggests
further routes for their functionalization toward various
biomedical tools, including biochemical sensors, chronic
implants, tactile devices, and many others. Techniques for
their patterning and integration with other electronic
components could enable sophisticated devices for physio-
logical mapping and stimulation, which deserve further
research attention.

B METHODS/EXPERIMENTAL SECTION

Materials. Aramid fibers (Kevlar) were obtained from DuPont
(USA). Poly(vinyl alcohol) (PVA; M,: 146 000—186 000, 99% +
hydrolyzed) was acquired from Sigma-Aldrich (USA). Dimethyl
sulfoxide (DMSO) and epichlorohydrin (ECH) were purchased from
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Aladdin (China). Silver nitrate and trisodium citrate dihydrate were
provided by SHOWA (Japan).

Preparation of ANF-Based Hydrogels. ANF and ANF-PVA
hydrogels were prepared by solvent exchange processes described
elsewhere.” Briefly, an aramid nanofiber (ANF) dispersion in basic
DMSO and a PVA solution in DMSO were mixed with an optimized
weight ratio of 1:5 (0.2 g of ANF in 9.8 g of DMSO was mixed with 1
g of PVA in 9 g of DMSO). Solid hydrogels formed after immersing
the molded mixture in an excess amount of deionized water. ANF-
PVAS was synthesized by adding a cross-linker (ECH, an optimized
amount of 0.053 g ECH was added into 20 g of the ANF-PVA
mixture) into the ANF and PVA mixture in DMSO. The reaction for
covalent cross-linking proceeded at room temperature (about 22 °C)
for 24 h and the samples were then soaked in deionized (DI) water
for 24 h to achieve the ANF-PVA® hydrogel. For the fabrication of
ANF-PVAC-Ag, the as-prepared ANF-PVA® hydrogel was first soaked
in a AgNO; solution (1 M) for 1 h. After that, the Ag*-saturated ANF-
PVAS hydrogel was soaked in a reducing agent of a sodium citrate
solution (1 M) for another 1 h.

Microstructural and Electrical Characterization. Supercritical
CO, drying (tousimis Autosamdri 931, USA) was used to prepare
samples for SEM characterization. The weight fraction of water or
solid content was determined by measuring the weight of the sample
before and after drying. The electrical conductivity of hydrogels (o)
was calculated by 6 = L/(RA), where L is the length of the sample, R
is the electrical resistance, and A is the area of the cross section. The
electrical resistance was measured using an electrochemical station
(CHI 660E, China) at a working current of 0.0001 A.

Mechanical Tests. For compression tests, cylinder-shaped
samples with a diameter of about 18 mm and a height of about 8
mm were fixed between two metal plates. The uniaxial compression
tests and cyclic compressive tests were performed at a constant rate of
10%/min. For tensile tests, a hydrogel sheet with a thickness of 1.5
mm was cut into dumbbell-shaped samples with a gauge length of 12
mm and a width of 2.5 mm. The samples were mounted on the
clamps and stretched under a constant rate of 100%/min. All of the
tests were performed using a tensile-compressive tester. (Zwick Roell,
German). The tensile/ compression modulus was calculated according
to the initial slope of strain—stress curves at a strain of +2%. A
quantitative metric of elasticity is the shape recovery of samples after
cyclic loading (r),>>** which is calculated according to the equation r
= (%) X 100%, where €,, €y and g, represent the maximum strain
in the cycle, the residual strain after unloading, and the strain before
loading, respectively. Tearing tests were performed to quantify the
fracture energy of the hydrogel. Samples (7.5 mm width X 50 mm
length) were cut into a trouser shape with an initial notch length of
about 20 mm. The two arms of the sample were mounted on the
clamps. The upper clamp was loaded at a constant low velocity of 1.7
mm/s, and the corresponding tearing force F was recorded. The
fracture energy I' was calculated by I' = 2F/w, where w is the
thickness of the sample and F is the average tearing force when cracks
propagate.

Antimicrobial Assay for Hydrogels. The hydrogels used for
antimicrobial assay were cut into disk-shaped samples with a diameter
of about 10 mm and a thickness of about 1 mm. Samples were rinsed
with a 75% ethanol solution before immersing in a phosphate-buffered
solution (PBS) overnight. The antibacterial performance of hydrogels
was assessed by the presence and size of clear zones that appeared on
bacteria lawns. S. aureus and E. coli suspensions (100 uL, 1 X 10°
CFU/mL) were first evenly spread onto Luria—Bertani (LB) agar
plates, respectively. Samples were then placed onto the designated
locations. The plates were incubated at 37 °C for 24 h before imaging.
For quantitative assay, a bacterial suspension (10 uL, S X 10% CFU/
mL) was loaded onto each sample placed at the surface of an LB agar
plate. After 1 h of incubation at 37 °C and 95% humidity, samples
with loaded bacteria were removed from the agar plate and were
suspended in 1 mL of PBS to recover microbial survivors. After 10-
fold serial dilutions, 200 yL of the 1073, 107 10~ dilutions were
plated onto LB agar plates and incubated at 37 °C for 24 h. Colony-
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forming units were counted for ANF-PVA® (control group) and
ANF-PVAC©-Ag samples. The bactericidal ratio was calculated by the
equation: bactericidal ratio = (CFU of control — CFU of ANF-PVAC-
Ag hydrogel)/CFU of control X 100%. Duplicates were conducted
and the results were shown as the mean value.
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