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ABSTRACT (Conductive hydrogels are a class of composite materials that
consist of hydrated and conducting polymers. Due to the mechanical
similarity to biointerfaces such as human skin, conductive hydrogels have
been primarily utilized as bioelectrodes, specifically neuroprosthetic elec-
trodes, in an attempt to replace metallic electrodes by enhancing the
mechanical properties and long-term stability of the electrodes within living
organisms. Here, we report a conductive, smart hydrogel, which is
thermoplastic and self-healing owing to its unique properties of reversible
liquefaction and gelation in response to thermal stimuli. In addition, we

demonstrated that our conductive hydrogel could be utilized to fabricate
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bendable, stretchable, and patternable electrodes directly on human skin.
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The excellent mechanical and thermal properties of our hydrogel make it potentially useful in a variety of biomedical applications such as electronic skin.
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onductive hydrogels are polymeric

composites that combine electrically

conductive polymers with highly hy-
drated cross-linked hydrogels.'? Due to ex-
cellent adhesion, porosity, and mechanical
properties, conductive hydrogels are re-
garded as promising candidates for the
fabrication of bioelectrodes, implantable
biosensors, electro-stimulated drug release
devices, and neural prostheses.3~'® In par-
ticular, many conductive hydrogels are
mechanically similar to human skin due to
their high water content. As such, conduc-
tive hydrogels are promising materials for
neutral interfaces in future devices, such
as electronic skin (e-skin) and implantable
microrobots.'*'*" In order to realize these
promising applications, it is necessary to
investigate fundamental properties of the
gels before their usage can be extended to
new research areas. For example, free shap-
ing and patterning of the conductive target
material is desired. In addition, if the ma-
terial can be bent, stretched, and self-healed
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via external stimuli, it would be a truly
“smart” material capable of the desired
tasks. However, there are tremendous chal-
lenges in the practical execution of smart
materials,'®"'® which explains why few
reports address these issues and why most
studies merely focus on the investigation of
the two standard properties, namely, bio-
compatibility and conductivity.3~ '3

In this paper, we present a smart conduc-
tive hydrogel composite that possesses all
essential properties including thermoplasti-
city and an ability to self-heal. Specifically,
our conductive hydrogel is a network that
maintains the properties of the original
constituents and is synthesized by the kine-
tically controlled polymerization of mono-
mers inside the thermoplastic hydrogel.
By combining desirable properties of the
conducting polymer and hydrogel, we de-
monstrate that our conductive hydrogel
can be used to make reversibly self-healable
and reshapable electrodes by thermal or
spatially resolved, light-assisted healing.
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In addition, we also demonstrate that bioelectrodes
painted directly on biological surfaces are flexible,
stretchable, and patternable. Such unique properties
of our conductive smart hydrogel make it a promising
material for future bioapplications.

RESULTS AND DISCUSSION

The conductive hydrogel is a binary composite
material composed of polypyrrole and agarose
(hereafter we call this APY gel), a linear polysaccharide
derived from algae that allows the hydrogel to form re-
versibly in water depending on the temperature.?®~22
The rationale of employing the agarose instead of
other types of hydrogels (e.g., heparin gel, chitosan
gel, alginate gel, etc.) is based on multiple aspects. The
first reason is the thermal reversibility of agarose as a
matrix. Most commercially available hydrogels (natural
hydrogels such as heparin and alginate or synthetic
hydrogels such as poly(vinyl alcohol)s and polyethy-
lene glycols) cannot undergo reversible sol—gel transi-
tion due to their nature of chemical cross-linking. By
contrast, the secondary hydrogen bonding (physical
cross-linking) of agarose hydrogel (A-gel) makes it
possible to experience the thermally reversible sol—gel
transition.?® The second reason is the thermodynamic
property of an upper critical solution temperature
(UCST) phase behavior of agarose. In the case of some
reversible hydrogels such as chitosan®* and poly(N-
isopropylacrylamide),? despite their possible reversi-
ble sol—gel transition, their lower critical solution
temperature phase behaviors are unable to be used
as a template in our study because they are in the sol
(liquid) state at room temperature. In that case, self-
healing at room temperature cannot be realized. On
the other hand, UCST phase behavior of agarose allows
for the gel state at room temperature and sol (liquid)
state at high temperature. Thus, these properties
(physical cross-linking and UCST phase behavior) of
agarose are best-suited for the framework of the hybrid
gel in our study.

Polypyrrole (PPy) is one of the most widely used
conducting polymers and is commonly prepared by
the oxidative polymerization of pyrrole.”~2% Among
some oxidative agents, we used copper(ll) chloride
(CuCl,+2H,50). The rationale for the choice of CuCl, as
an oxidizing agent instead of commonly used ammo-
nium persulfate (APS) and ferric chloride (FeCls) is based
on the improved reversibility of the hybrid gel. When
FeCl; was used as an oxidizing agent, it goes through
the thermal reduction to form the Fe,O; precipitate
(hematite) at about 100 °C.2%3° This temperature is close
to the sol—gel transition of the agarose matrix. There-
fore, Fe,05 particles formed during the sol—gel transi-
tion of hybrid gel act as impurities and hinder the cross-
linking of the hybrid gel, leading to the reduced number
of thermal reversibility. Indeed, in our new experiment,
we observed the solution color change from yellow
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(Fe** ion) to red (Fe,O; particles) during the sol—gel
transition of hybrid gel, indicating the formation of
hematite. In using APS as an oxidizing agent, the
increase of temperature up to ~100 °C generates
thermally dissociating radical initiators, and these highly
reactive initiators prevent the reversible sol—gel transi-
tion of hybrid gel3'32

In this study, we synthesized the conductive
hydrogel by pyrrole polymerization inside the A-gel
framework (Figure 1a). Since both pyrrole and PPy
are immiscible with aqueous solvents,**** the water-
soluble oxidizing agent was mixed with melted A-gel at
~40 °C and was then polymerized by adding pyrrole
monomers to the mixture to improve the homogeneity
of PPy distribution in the gel. As the temperature
decreased to room temperature (~25 °C), gelation of
agarose and polymerization of pyrrole occurred simul-
taneously. During this process, most of the immiscible
PPy and A-gel were mixed in the presence of an
oxidizing agent as the mediator. The polymerization
of pyrrole continued even after the gelation of agarose
was complete, and PPy formed homogeneously along
the three-dimensional network structure of A-gel. This
polymerization process and the homogeneous forma-
tion of PPy can be easily confirmed by the color change
from blue to black, as shown in Figure 1a. To better
understand the polymerization process in the gel, we
quantified the amount of PPy using thermogravimetric
analysis (TGA) (Supporting Information Figure S1).
It was found that for the different pyrrole concentra-
tions (Coyrrole = 15, 75, and 450 mM), the weight
fractions of PPy were calculated to be 3.8, 18.8, and
56.4%, respectively. The systematically increasing
amount of PPy with increasing pyrrole concentration
suggests the polymerization of pyrrole is not signifi-
cantly hindered even inside the gel network. APY gel
produced by this procedure underwent a reversible
thermophase transition (Figure 1b), a characteristic
property of A-gel, and showed a slightly different
transition temperature with respect to the pyrrole
concentration as measured by differential scanning
calorimetry (Figure S2). The morphology of dried APY
gel was observed using scanning electron microscopy
(SEM) (Figures 1c—e). Compared with the A-gel, which
has a smooth and thin multilayer structure, the APY
gel displays rougher, thicker layers as the pyrrole
concentration increases, which are an indication of
the formation of PPy on the original A-gel (see atomic
force microscopy images of APY gels at different
pyrrole concentrations in Figures S3). To differentiate
two different components clearly, the EDX mapping
images for APY gel were taken as a function of pyrrole
concentration (Cpyrrotle = 15, 50, and 150 mM). Accord-
ing to the images (Figure S4), the domain size of PPy
(characterized by the nitrogen atom mapping images
which are present only in PPy) systematically increases
as the PPy concentration increases inside the hybrid
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Figure 1. Synthetic route and morphology of the conductive hydrogel. (a) Schematic illustration of the synthetic procedure
for the APY gel. (b) Photographic presentation of the thermoplastic reversibility (gel-melted-gel) of the APY gel. SEM images
of APY gel at (c) Coyrrotle = 0 MM, (d) Cpyrrole = 30 MM, (€) Cpyrrole = 150 mM, and (f) EDX analysis at cpyrole = 30 mM.

gel. Additionally, Raman spectrum analysis of A-gel,
PPy, and APY gel confirmed the presence of PPy on
A-gel without altering the characteristic optical pro-
perties of A-gel or PPy during the APY gel formation
(Figure S5).

Measurements of electrical, mechanical, and rheo-
logical properties were performed to further char-
acterize APY gel. Hereafter, APY gel used for every
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experiment was in the hydrated state. The electrical
conductivity was measured using a four-point probe
method (measuring the surface conductivity), which
gave results consistent with those measured by a
conductivity meter (measuring the bulk conductivity)
(Table S1). The electrical conductivity of the APY gel
was found to be highly dependent on both the pyrrole
concentration and the type of solvent used in the
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Figure 2. Electrical and viscoelastic properties of the APY gel. (a) Conductivity as a function of pyrrole concentration, (b)
strain—stress curve, (c) storage modulus (G'), (d) loss modulus (G”), and (e) reversibility as a function of pyrrole concentration.
For (a) and (e), measurements were performed for both DI-water-based and buffer-based APY gels. (g) Conductivity change as
a function of repeated healing cycles at ¢y role = 15 and 75 mM for buffer-based APY gel. Swelling ratios were 39.3, 32.0, 20.8,
13.3, and 5.9 for cyyrrole = 15, 30, 75, 150, and 450 mM, respectively.

experiments. When deionized (DI) water was used as
the solvent for the APY gel, its electrical conductivity
varied from 1.91 x 107® to 1.95 x 107" S/cm with
increasing pyrrole concentration (Figure 2a) and
reached a saturated value (~1.95 x 107" S/cm) at a
pyrrole concentration of 450 mM. When an ion-rich
buffer solution (10x PBS) was used as a solvent for the
APY gel, the conductivity was dramatically increased as
a result of additional ionic currents induced by various
ionic species present in the buffer medium (Figure 2a).
Specifically, the increase in the conductivity was more
significant with a lower concentration of pyrrole (less
than 75 mM) as compared to that in DI water as a
medium. Since APY gel is completely thermoreversible
within a certain range of pyrrole concentrations
(Figure 2f), the improvement of conductivity at a low
pyrrole concentration range plays an important role in
qualifying the APY gel as a highly conductive reversible
hydrogel. For buffer-based APY gel, the increase of
conductivity was further amplified by the addition
of pyrrole due to the greater number of connected
domains of PPy in the gel. The conductivity was
increased from ~0.2 to ~0.7 S/cm as the pyrrole
concentration increased from 15 to 450 mM, which is

HUR ET AL.

a 3.5-fold increase (inset of Figure 2a). The swelling
ratios (the weight of fully swollen hydrogel to the
weight of dried hydrogel) of gel were 39.3, 32.0, 20.8,
13.3, and 5.9 for Cpyrrole = 15, 30, 75, 150, and 450 mM,
respectively. The mechanical and viscoelastic proper-
ties of APY gel were measured by a uniaxial tensile test
(UTT) and rotational rheometry (Figure 2b—d). It was
found that the Young's modulus of APY gel increased
from 28 + 3 to 46 + 64 kPa as the pyrrole concentration
increased from 15 to 450 mM. The decreased strain at
the breakage point of the APY gel fabricated with a
higher pyrrole concentration is attributed to the high
content of PPy, which is relatively rigid. For instance,
while A-gel was stretched to about 35% of its original
length at a given geometry (10 mm length x 3 mm
width x 1T mm height), the APY gel with the highest
pyrrole concentration (450 mM) was fractured at only
10% of its longitudinal stretching ratio. These results
can be reasonably explained due to the deteriorated
elasticity of the original A-gel brought on by the higher
content of rigid PPY. This is consistent with previously
reported results from the studies of composites con-
sisting of elastic and rigid materials.>*3° The frequency
dependency of the oscillatory shear storage (G') and
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loss (G") moduli showed systematic behavior of the
APY gel as a function of pyrrole concentration. Both the
storage and loss moduli demonstrate a positive corre-
lation with the pyrrole concentration, which is consis-
tent with the results from the UTT. Although APY gel
deviated from the state of original A-gel as the pyrrole
concentration increased (G” is positively related to the
pyrrole concentration), the tendency of G’ and G” as
a function of oscillation frequency was found to be
similar to the original A-gel except at extremely high
pyrrole concentrations (>150 mM). These results sug-
gest that the APY gel retains the rheological properties
of A-gel to the maximum extent when the PPy is
formed along the A-gel network.

The viscoelastic properties as a function of surround-
ing temperatures were further investigated by obser-
ving the thermoplastic behavior of the APY gel
(Figure 2e,f). Figure 2e presents the number of rever-
sible phase transitions as a function of pyrrole concen-
tration for DIl-water-based and buffer-based APY gel.
For the DI-water-based APY gel, a completely thermo-
reversible behavior can be seen when the pyrrole
concentration is below 15 mM. As the pyrrole concen-
tration increased, the reversibility of the APY gel
decreased. This may be attributed to the breakage
of a hydrogen bond by the acidic byproducts (HCI)
generated during the polymerization of pyrrole
(C4HsN + CuCly—~ C4H,NCI + CuCl + HCl).228
Although the APY gel was carefully washed with DI
water after gelation, HCl trapped inside the gel could
not be completely removed. In fact, it rearranged itself
in the APY gel matrix with multiple sol—gel transi-
tions via diffusion, resulting in a reduced cross-linking
density of APY gel. As confirmed by experiments
conducted separately, the gelation of APY gel was
sensitive to external stimuli such as the pH of the
medium (Table S2). Thus, when the pyrrole concentra-
tion was extremely high (>450 mM), gelation would
not initiate. Interestingly, for buffer-based APY gel,
the thermoreversibility was significantly improved
(Figure 2e), possibly because the PBS buffer solution
moderated dramatic pH changes of the APY gel during
the polymerization process and reduced the number
of hydrogen bonds that were broken in the APY gel.
As a result, the use of PBS buffer solution as a solvent
for APY gel not only enhanced the gel conductivity by
inducing additional ionic current but also broadened
the viable pyrrole concentration range for APY demon-
strating thermoplastic behavior. In general, it has been
well-known that the conductivity of PPy increases as
pH decreases due to the proton ion doping which
causes the stabilization of charge carriers (polarons
or bipolarons).3” However, even with the buffer as a
medium, lowering pH was limited in increasing the
conductivity because the gelation did not even occur
at too low pH (<5.3). Also, even for the hybrid gel
(Cpyrrole = 150 mM) immersed in different pH conditions
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(3.0, 4.5, 5.3, and 7.2) for ion doping, although the
conductivity slightly increased (0.665, 0.654, 0.641,
0.631 S/cm, respectively), the reversibility of the gel
was significantly deteriorated (the gel with pH lower
than 5.3 did not show thermal reversibility any more).
Figure 2f shows a plot of the conductivity variations
as a function of the number of heat-induced phase
(sol—gel) transitions at two different pyrrole concen-
trations for buffer-based APY gels. In both cases, the
conductivity of APY gel demonstrated a negative linear
relationship with the number of heat-induced phase
transitions. This effect seems to be associated with
reduced PPy percolation within the A-gel for repeated
phase transitions and is caused by the phase separa-
tion between the water-immiscible PPy and aqueous
A-gel. The conductivity decrease is more dominant
for APY gels with higher pyrrole concentrations as
more PPy percolations are disrupted by the repeated
processes. For example, in the case of a high pyrrole
concentration (Coyrrole = 75 mM), the conductivity
decreased by ~33% after the phase transition was
repeated four times, whereas the conductivity only
decreased by ~6% for a low pyrrole concentration
(Cpyrrole = 15 mM) with the same number of transition
processes (Figure 2f). This result suggests that the
reversibility and conductivity recovery of our APY gel
depend on both the APY gel medium and the pyrrole
concentration in the initial synthesis. The conductivity
of APY gel is also influenced by the temperature
because the internal microscopic hybrid structure is
changed as the temperature approaches the sol—gel
transition temperature. This also gives the indirect
picture of an internal percolation network variation
as the temperature changes. For the APY gel at ¢pyrrole =
150 mM with buffer, the conductivities at 60, 80, 90,
and 100 °C were measured to be 0.631, 0.628, 0.572,
and 0.423 S/cm. This decrease of conductivity with
increasing temperature, particularly close to sol—gel
transition temperature, reflects the reduced number of
PPy percolation networks as the hybrid gel undergoes
the melting process. Conversely, this measurement
gives insight that the gelation process of agarose
induces the proper percolation network structure of
PPy which contributes the the conductivity increase.
Although the characteristic elastic mechanical
properties of conductive hydrogels are outstanding,
potential applications of hydrogels in bendable or
stretchable electrodes have rarely been reported. Here,
to verify our APY gel as a suitable material for flexible
electrodes, we have carried out systematic studies
measuring the resistance variation of APY gel upon
bending or stretching within the appropriate pyrrole
concentration range. Figure 3a displays the resistance
change as a function of bending angle for an APY
gel slab (20 mm length x 5 mm width x 1 mm height,
Coyrrole = 150 mM). It was found that, with a bending
angle increase from 0 to 75°, the resistance increased

VOL.8 = NO.10 = 10066-10076 = 2014 “@L@Mi{\)

WWwWW.acsnano.org

10070



Q18
(a)§
E 1.6 /{
8 14
© ’ /7%
b i
© T 114801 Bending
g 1.04 g/ —e— Relaxing
Z08 . . . : .
0 20 40 60 80
Bending angle (*)
(]

-
o

(b)

-
P

-7 % —o— Stretching
—e— Releasing

Normalized resistance
s B
—0— ——
——
‘I
1
[
\

o
o

0 10 20 30
Stretchina ratio (%)

® g
8 9
87
%5 71
@ 6 =
o 5
°
83 {/{
T 34 —o— Bending
£ 2 __% —e— Relaxing
5 1 {/%
Z ol ; . , ,
0 20 40 60 80 100

Bending angle (°)

Figure 3. Bending and stretching resistance of the APY gel at cyyrole = 150 mM. Variation of normalized resistances as
functions of (a) bending angle (open circle, bending; closed circle, relaxing), (b) stretching ratio (open circle, stretching; closed
circle, releasing). (c) Photographs of APY gel painted on a finger at different bending angles and resistance measured during

the bending and relaxing process of the APY gel.

up to 158% of its original value (Figure 3a and
Figure S6), most likely due to the breakage of PPy
percolation inside the APY gel. Additionally, the resis-
tance was measured as a function of film thickness with
a bending test. As shown in Figure S7, the resistance
increase as a function of bending angle was more
pronounced as the thickness of the hybrid gel in-
creased. For example, while there was merely 12% of
normalized resistance increase at a bending angle of
65° for a thickness of 0.5 mm, it was as much as 61%
for the thickness of 2.0 mm at the same conditions.
In addition, the hysteresis of bending resistance was
amplified as the thickness increased. The increase of
normalized bending resistance after a cycle of bending
was measured to be 2.5, 12.0, and 18.9% for the
thicknesses of 0.5, 1.0, and 2.0 mm, respectively. On
the other hand, resistance almost linearly increased
with the increase of the stretching ratio in the stretch-
ing test (Figure 3b), where the APY gel slab sustained
up to ~25% stretching along its longitudinal direction
and gained ~40% more resistance (Figure S8). In both
the bending and stretching tests, the resistance of
the APY gel slightly increased (12 and 25% in bending
and stretching tests, respectively) after one round
of the deformation test. This hysteresis is caused by
the rearrangement of PPy in the APY gel matrix and
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prevents the gel from returning to its original steady
state. Furthermore, the APY gel can be painted on
biological surfaces because the high viscosity of the
melted APY gel facilitates adhesion to various biosur-
faces such as human skin. This experiment was carried
out by using a paint brush to paint APY gel in the melt
state directly on the second joint of a forefinger of
a demonstrator (Figure 3c) and monitoring the gel
(after gelation) resistance variation as the finger was
subjected to a bending—relaxing movement pattern.
Although an increased relative resistance was found
in this experiment compared to its resistance in the
resting status, the bending resistance followed a simi-
lar variation (the resistance has been increased with
increasing bending angle, and there was a hysteresis of
resistance as a function of bending angle) as that in the
slab measurement (graph in Figure 3c).

The ability of a gel electrode to be patterned into
diverse shapes at different length scales is of vital
importance, especially for applications in miniaturized
sensors, microfluidic devices, biochips, and microde-
vices inside living organisms. Using the unique thermal
properties of the APY gel electrode, the desired APY
gel patterns could be fabricated with a broad range of
patterning methods. Figure 4a illustrates an example of
an APY gel electrode pattern transferred from a PDMS
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gel wires (0.1, 0.5, 1.0, and 2.0 mm). (b) /—V measurement of square APY gel electrodes with different channel widths. (c) APY
gel microcircuit electrode pattern transferred on glass. (d) Freestanding APY gel patterns.
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Figure 5. Thermoplasticity of the APY gel at cpyroe = 75 mMM. Schematic presentation and photographs of APY gel
transformation in Teflon molds. (a) Molding a circular APY gel. (b) Circular APY gel detached from the mold. (c) Shaping a
square APY gel by placing the circular gel into a square mold followed by heating and cooling. (d) Square APY gel detached
from the mold. (e) Forming a triangular APY gel by repeating the reshaping process. (f) Triangular APY gel. The conductivity
was slightly decreased throughout the transformation processes: 0.53 (circle), 0.48 (square), and 0.41 (triangle).

mold to a glass substrate (Cpyrrole = 150 mM). The key
strategies to obtain a complete transformation and
intact APY gel pattern include a carefully controlled gel
drying time, PDMS peeling speed, and UV-ozone treat-
ment time. Square APY gel electrodes connected with
diverse gel wires (0.1,0.5, 1.0,and 2.0 mm width, 3.0 mm
length, 100 um height) were patterned (Figures 4),
and as expected, the electrical resistance calculated
from the /—V measurement systematically decreased
with increasing wire width (Figure 4b). Due to the
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thermoplastic property, the formation of APY gel into
diverse shapes (circle, square, and triangle) with differ-
ent geometrical and dimensional attributes could be
realized by utilizing a proper mold and by following
a series of steps (Figure 5). To start the process, melted
APY gel (80 °C, Cpyrrole = 75 mM) was placed into a
circular Teflon mold, which determines the circular
shape of the gel, and cooled to room temperature
(Figure 5a). Transformation of the circular APY gel into
a square shape was carried out by transferring the
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Figure 6. Thermal and optical healing of the APY gel at cpynoie = 150 mM. (a) Cartoon and photograph of APY gel wire electric circuit
for LED lighting. (b) First (arrow in the left panel) and second damage (arrow in the right panel) of APY gel in the electric circuit. Razor
blade was used to create ~350 um gaps in the APY gel. First damage reduced the brightness of the LED due to the open upper circuit
(V;=6Vand V,=4V), and second damage completely opened the circuit, resulting in the complete turn off of the LED light. (c) First
(arrow in the left panel) and second healing (arrow in the right panel) of APY gel in the electric circuit. First healing (upper circuit)
lighted the LED (V, = 4 V) and second healing (lower circuit) increased the brightness of the LED (V, = 6 V). The scale bars in (a—c)
represent 350 um. (d) Progress of local healing of APY gel indicated by the optical microscopic images by the cw laser diode at 644 nm.

circular APY gel into a square-shaped mold and
heating until the gel melted. Upon cooling, the gel
solidified into a gel state (Figure 5b,c). A series of
melting—gelation—mold transfer steps can be carried
out so that the same gel can be reused and reshaped
multiple times by using appropriate templates as per
requirements (Figure 5d—f). The electrical characteriza-
tion for the shape-transformable gel was performed.
Although the measured conductivity was slightly
decreased as the melt/gelation process was repeated
(0.53 (circle), 0.48 (square), and 0.41 S/cm (triangle)),
the nature of the conductive hydrogel was maintained
throughout the multiple transformation processes.
The unique thermoplasticity of the gel is believed to
contribute to this versatility.

The thermoplasticity of APY gel also makes it an
attractive material for self-healing electrodes, which
can self-repair damage in response to contact heating
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or noncontact optical stimuli. Figure 6a—c presents the
sequential thermal damage-healing process of APY
gel (Coyrrole = 150 mM) demonstrated with a LED light
source powered by APY gel wires. First, the LED light
was powered by two different voltages (V; = 6 V and
V, = 4 V) via power suppliers connected in parallel
(Figure 6a). The upper circuit was disconnected by
cleaving the APY gel wire with a razor blade, and the
LED light was dimmed as a result of the open upper
circuit (left panel in Figure 6b). The subsequent dis-
connection of the second wire turned off the LED light
completely (right panel in Figure 6b). The self-healing
test was carried out by heating the circuit system
directly on a hot plate. When the upper circuit was
heated on the hot plate at 120 °C for ~30 min, the first
damage induced by the wire scission was healed by
following the melting—flowing—fusing process, and
consequently, the LED activity was regained (left panel

A N NS
VOL.8 = NO.10 = 10066-10076 = 2014 K@L%{\)

WWwWW.acsnano.org

10073



in Figure 6¢; now V; =4V and V, = 6 V). The relatively
long heating time required to melt the APY gel wire was
due to the thickness (6 mm) and poor thermal conductiv-
ity of the Teflon substrate. In the subsequent step, heating
the entire circuit system (by placing the whole Teflon
substrate on hot plate) resulted in a notable increase
in LED brightness when higher voltage (V, = 6 V) was
applied, suggesting the self-healing of the second
damage (see right panel in Figure 6c). The APY gel
wires were further inspected by an optical microscope,
and the thermal healing effect was confirmed by
the identification of a regenerated wire fragment
(red dotted squares in Figure 6c) bridging the initial
~350 um gap (black stripes enclosed by the dotted line
in Figure 6b).

Nevertheless, there are limitations associated with
this self-healing approach in regard to practical appli-
cations in biological subjects. Since the thermal healing
requires high temperatures (~120 °C) and direct contact
with the external heating source to initiate the process, it
may not be directly applicable to biological surfaces.
Moreover, this self-healing effect was only validated in
macroscopic dimensions thus far. For biomedical appli-
cations, especially for microsized bio-organisms, noncon-
tact healing is preferable as compared to contact healing,
which relies on external heat stimuli. To overcome this
problem, we took advantage of the photothermal pro-
perties of PPy, namely, the strong near-infrared (NIR)
absorption and ability to convert light into thermal
energy.3®* Figure 6d demonstrates the remote optical
healing of APY gel using a 644 nm laser light as a heating
source for microscopic healing. As shown in Figure S9,
APY gel generously absorbs the light from the visible to
NIR range due to the optical properties of PPy present in
the APY gel. Notably, as a piece of cleaved APY gel slab
was exposed to a focused laser light (500 mW/cm?), the
small damaged region (gap of ~100 um) in APY gel was
partially melted by the local photothermal effect and was
healed during the gelation process while the gel was held
at room temperature (Figure 6d).

METHODS

Preparation of the APY Gel. Typically, 2 wt % agarose (Biorad)
was dissolved in DI water by heating with a hot plate at 120 °C
until the agarose was completely dissolved. The solution was
cooled to a temperature of ~40 °C, where the solution re-
mained in the liquid state. An appropriate amount of copper(ll)
chloride (CuCl,-2H,0, Aldrich) was used as an oxidizing agent
and dissolved in agarose solution at 40 °C. Notably, dissolution
conducted at high temperatures (>90 °C) led to the reduction
of the oxidizing agent and consequently prevented the poly-
merization of pyrrole. Pyrrole (Aldrich) was purified by silica
gel column chromatography immediately before use and was
subsequently added to the solution of oxidizing agent in
agarose at a fixed molar ratio with respect to the oxidizing
agent (pyrrole/oxidizing agent = 1:2).2672%42 After the solution
was agitated for 10 min, the mixture was allowed to cool to

HUR ET AL.

CONCLUSION

In this study, we developed a new class of moldable,
stretchable, and self-healable conductive hydrogels
(APY gel) by utilizing an oxidizing agent as a mediator
to induce homogeneous polymerization of the pyrrole
monomer inside the three-dimensional agarose hydro-
gel network. This newly developed synthetic route
provided well-defined, conductive hydrogels with
well-preserved thermoplastic and conductive proper-
ties dictated by the primary components of the gel.
Thermoplasticity and electrical conductivity of APY gel
were systematically studied as functions of the pyrrole
concentration and type of solvent for the APY gel.
Although the gel conductivity increased, its thermo-
reversibility deteriorated with increasing pyrrole con-
centration. In particular, the APY gel was able to retain
decent thermoplasticity, with ~0.35 S/cm conductivity,
at pyrrole concentrations up to 150 mM. This is com-
parable with that of typical lab-synthesized conducting
polymers such as PEDOT:PSS.*® Although the mechan-
ical properties of APY gel revealed progressive change
depending on pyrrole concentration, its mechanical
properties marginally resemble human tissue. Specifi-
cally, the Young's modulus of APY gel (27—46 kPa) is
close to that of human skin (~5 kPa).*' This mechanical
property allowed APY gel to be directly painted on
human skin and to be used as bendable and stretch-
able bioelectrodes. Furthermore, by using appropriate
molds, APY gel electrodes can be reversibly formed
into various shapes, with different aspect ratios and
line scales (down to 100 um line width and height/
width aspect ratio of 1.0). Additionally, by taking
advantage of the prominent characteristic attributes
of the APY gel, such as thermoplasticity and con-
ductivity, self-healing could be achieved in this
study via external heat and light stimuli. In conclusion,
many properties of APY gel shown in this article
may be potentially useful in self-healable smart
electrodes.

room temperature. As the temperature decreased, the viscosity
of the mixture increased and the color gradually changed
to black, which are indications of the completion of gelation
and polymerization, respectively. Even after the completion of
gelation, the polymerization of pyrrole continued within the gel,
as indicated by the color change. Therefore, a sufficient amount
of time (a couple of days to a week) was allowed for further
polymerization. When the polymerization was completed, APY
gel was carefully washed with fresh DI water at least three times
to remove unreacted species and byproducts.

Tensile and Dynamic Stress Measurements. Tensile mechanical
properties of APY gel were measured from the uniaxial tensile
test (Lloyd Instruments). For this test, a dog-bone-shaped APY
gel sample was prepared (3 mm width x 10 mm length x
1 mm height). All measurements were performed at the same
strain rate of 2 mm/min. Viscoelastic properties of APY gel were
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measured using a rotational rheometer (Anton Paar Ltd.,
PhysicaRheometers UDS200) with a frequency ranging from
0.1 to 100 Hz; the APY gel was loaded on a 25 mm plate with
0.5 mm gap at 20 °C.

Bending and Stretching Tests. For the measurement of bending
and stretching resistance, a cuboid APY gel slab (5 mm width x
20 mm length x 1 mm height) was prepared and inserted
into two stainless steel blocks. To prevent the sliding of APY gel
during the measurement, the APY gel was firmly secured by
tightening the screws. The resistance of bending or stretching
tests was measured from the /—V curve using a Keithley 2400
SourceMeter connected to a computer.

Thermal and Optical Healing of the APY Gel. To demonstrate the
thermal healing of APY gel, a simple electric circuit (channel
width of 6 mm and depth of 4 mm) was designed and made
by polyether ketone, where melted APY gel (cpyrrole = 30 mM)
was injected into the prefabricated channel and cured at room
temperature. The LED bulb was embedded in the APY gel circuit
during the gelation. In order to induce mechanical damage,
a razor blade was used to create a ~350 um gap in the upper
and lower circuits of the APY wires. For the sequential thermal
healing test of APY gel, only the region containing the damage
incurred by the first cut was heated by directly placing the
upper half of the circuit on the hot plate at 120 °C, followed by
placement of the entire circuit on the hot plate to investigate
the self-healing of the second damage in the lower circuit. For
the local optical healing of the APY gel, the same sample was
placed on a PDMS substrate and cleaved to induce damage.
In the middle of the damaged region, a coherent cube laser
with 644 nm illumination was focused by a lens of 5 cm focal
length and was applied for local healing. During the exposure,
the melting process of APY gel was monitored by an optical
microscope (Olympus LX71) equipped with a CCD camera
(Lumenera).

Conductivity Measurements. In order to measure the conduc-
tivity of the gel, a slab of APY (20 (/) x 5 (w) x 1 mm (t)) was
prepared through casting from a mold. The conductivity (o)
was calculated by the results from the measurement of sheet
resistance (Rs) and thickness (t) defined by the following
equation:

1

0 =—
Rst

M
The sheet resistance was measured using a four-point probe
with a linear probe head (1.0 gap mm, JANDEL HM21, UK).

Characterization of the Morphologies by SEM. The morphologies
of freeze-dried APY gel at various pyrrole concentrations were
analyzed using a field-emission scanning electron microscope
(Hitachi S-4700, operation voltage of 15 keV). Osmium was
sputtered onto the APY gel as a conductive coating forimaging
purposes.

Raman Scattering Spectra. Raman scattering spectra with a re-
solution of about 1 cm™" were collected in a backscattering
configuration at room temperature using a Renishaw inVia
Raman microscope. The samples were illuminated by a
514 nm He—Ne laser (power 4 mW) on a Leica microscope with
a 20x objective.
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