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Abstract

Conductive and transparent dipeptide hydrogels are desirable building blocks to prepare soft electronic devices and wearable
biosensors due to their excellent biocompatibility, multi-functionality, and physiochemical properties similar to those of body
tissues. However, the preparation of such hydrogels featuring high conductivity and transparency is a huge challenge because
of the hydrophobic feature of conductive additives making the doping process difficult. To overcome this issue, hydrophilic
conductive polydopamine (PDA)-doped polypyrrole (PPy) nanoparticles are introduced into the dipeptide hydrogel networks
to form conductive nanofibrils in situ to achieve a good level of hydrophilic templating of the hydrogel networks. This tech-
nique creates a complete conductive network and allows visible light to pass through. The strategy proposed herein not only
endows the dipeptide hydrogel with good conductivity and high transparency, but also provides a great potential application
of conductive dipeptide hydrogels for body-adhered signal detection, as evidenced by the experimental data.
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Introduction

Hydrogels with high conductivity and transparency have
promising potential applications in wearable devices,
especially as building blocks to fabricate biosensors that
can integrate with the human body to assay physiological
parameters in real time [1-5]. Until now, most proposed
conductive hydrogels were opaque as they were doped with
high levels of nontransparent conductive nanoparticles, such
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as metal-based (Au, Ag) nanowires or nanoparticles [6, 7],
carbon-based nanomaterials (carbon nanotube, graphene) [8,
9], and conductive polymer-based nanoparticles [polypyr-
role (PPy), polyaniline (PI), and poly(3,4-ethylenedioxythio-
phene) (PEDOT)] [10-12]. Nevertheless, the transparency
of conductive hydrogels is a significant requirement for
biosensors to satisfy the needs of translucent data record-
ing and operations [13—15]. This challenge was addressed
by proposing polymer networks with ionic liquids and the
preparation of a transparent and conductive hydrogel. The
possibility of ionic liquid leakage from hydrogels, especially
in physiological environments, however, is a potential threat
to human health, limiting the application of such polymer
networks in the field of wearable biosensors [16, 17]. In
a different approach, conductive polymers were employed
to fabricate nanostructures sized less than half the short-
est wavelength of visible light, which are introduced into
the network of hydrogels as nanofillers [10-12]. Unfortu-
nately, these nanostructures suffer from aggregation during
the process of hydrogel fabrication, resulting in decreased
conductivity. The phenomenon is caused by the hydrophobic
feature of conductive polymers making them insoluble and
mismatch with the hydrophilic fibers of hydrogels. Recently,
Lu’s group developed PPy nanoparticles functionalized by
polydopamine (DPA) (denoted as PPy @PDA) to improve
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the hydrophilic properties and used them as nanofillers to
fabricate hydrogels [18]. The proposed strategy overcomes
very well the mismatching between the hydrophobicity of
nanofillers and the hydrophilicity of hydrogel matrix. Dur-
ing the hydrogel preparation process, the ammonium persul-
fate (APS) not only plays the role of initiator to polymerize
monomer acrylamide to form hydrogels, but also induces
the PPy@PDA to transform from nanoparticles to nanofi-
brils templating on polyacrylamide hydrogel chains. The
prepared hydrogels show excellent features of high conduc-
tivity, transparency, and adhesiveness. However, the residual
monomer acrylamide overshadows their application in wear-
able devices, which needs to be removed from hydrogel by
soaking to eliminate its toxicity [19, 20]. Therefore, it is
necessary to develop new biocompatible, transparent and
conductive hydrogel materials to meet the safety require-
ments of wearable devices.

Peptides as biocompatible, bioactive, and biodegrad-
able compounds play a crucial role in the construction of
functional hydrogels and have wide potential applications
in biomedicine such as tissue engineering, catalysis, drug
encapsulation and release [21-23]. Especially, the dipeptides
and derivatives with definite chemical structures and spe-
cific self-assembling features, which can be designed at the
molecular level and synthesized on a large scale, are ideal
building blocks to prepare hydrogels with controlled phys-
icochemical properties by changing the self-assembly condi-
tions (enzyme, pH, temperature, ionic concentration, etc.)
[22, 24-27]. Under certain conditions, the dipeptides will
self-assemble into various nanostructures (nanofiber, nano-
belt, etc.) and cross-link to form hydrogels through revers-
ible intermolecular weak interactions, such as hydrogen
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bonds, van der Waals forces, hydrophobic, electrostatic and
n—7 stacking interactions [24—27]. Therefore, such flexible
assembly behaviors of dipeptides are favored for the fab-
rication of conductive and transparent hydrogels, because
the surface properties (hydrophilicity and hydrophobicity)
of fibers of dipeptide hydrogels can be altered by selecting
the suitable molecular sequences and intermolecular weak
interactions.

In this work, an enzyme-catalyzed peptide self-assembly
strategy is proposed to prepare dipeptide hydrogels with
good conductivity and transparency. During the experimen-
tal process, thermolysin was used as a catalyst to promote
the condensation reactions of Fmoc-tyrosine-OH (Fmoc-Y),
Fmoc-leucine-OH (Fmoc-L), Fmoc-threonine-OH (Fmoc-
T) and Fmoc-serine-OH (Fmoc-S) with H-leucine-NH,
(L-NH,), forming dipeptide hydrogels with tunable phys-
icochemical properties [26, 28, 29]. Meanwhile, hydrophilic
conductive PPy @PDA nanofillers were introduced into the
hydrogel network templates to form conductive nanofibrils,
as shown in Scheme 1. This technique confers the dipeptide
hydrogels good conductivity, transparency and provides a
great potential application value in biosensors to precisely
record tiny movements of the human body.

Materials and methods
Materials
Fmoc-Y, Fmoc-L, thermolysin enzyme, polyvinyl alco-

hol (PVA, Mw 10000), pyrrole, and dopamine were pur-
chased from Sigma-Aldrich, the USA. Fmoc-S and APS for
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Scheme 1. Process and mechanism of transparent and conductive dipeptide hydrogel preparation
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electrophoresis were obtained from J&K Chemicals, Shang-
hai, China. Fmoc-T and L-NH, were obtained from Bachem,
Tiibinge, Germany. Hoechst 33342 and Alexa Fluor 488
dyes were acquired from Molecular Probes Inc., the USA,
and all other reagents were obtained from Beijing Chemical
Reagent Co., Beijing, China. The water was purified by a
Milli-Q@IQ 7003 system from Millipore Co., the USA. All
required chemicals were used without further purification.

Methods
Fabrication of PPy@PDA nanoparticles

Hydrophilic PPy @PDA nanoparticles were prepared based
on the method proposed by Lu’s group with some modifica-
tions [18]. Firstly, PVA (3.0 g, Mw 10000) was dissolved in
40 mL deionized water and heated to 90 °C with magnetic
stirring. After the complete dissolution of PVA, the solu-
tion was cooled to room temperature. Subsequently, pyr-
role monomer (4 mmol, 280 pL) and dopamine monomer
(0.1 g) were separately added into 5 mL PVA solution each,
and the mixtures were vigorous shaken. Next, FeCl;-6H,0O
(9.2 mmol, 2.4 g) was dissolved into the remaining PVA
solution (35 mL) and transferred to a 0 °C water bath.
Finally, the pyrrole and dopamine monomer solutions were
added to the FeCl; solution, which was continually stirred
in a 0 °C bath for 9 h until the polymerization of monomers
was complete. The obtained final product was washed with
hot water three times to remove impurities and was stored
at 4 °C until further use.

Preparation of conductive dipeptide hydrogel

Fmoc-Y/L/T/S (30 mmol/L) and L-NH, (120 mmol/L) were
dissolved in 1 mL phosphate buffer solution (PBS, pH 8.0,
0.1 mol/L), and the mixture was vigorously shaken. Next,
0.5 mg PPy @PDA nanoparticles and 20 mg APS were dis-
solved in 300 pL deionized water, and the latter was added
to the above substrate solution. Finally, enzyme thermolysin
(1 mg) was added to the mixture accompanied by vigorous
shaking. The obtained hydrogels were stored at room tem-
perature for 9 d.

Rheological properties of samples

A rheometer (Anton Paar MCR302) with a 12-mm-diame-
ter parallel plate (PP12) was utilized to measure the rheo-
logical properties of samples at pre-determined times. The
amplitude sweep was conducted at a shear-strain (y) range
of 0.01% to 1000% and 1 Hz frequency, and the relationship
between the storage modulus and the loss modulus of the
sample was recorded.

Conductivity of peptide hydrogels

Samples were prepared with a square shape of
1.2 emXx 1.2 cm X 0.25 cm. The corresponding conductiv-
ity of samples was measured by the RTS-8 four-probe test
system equipped with an RTS-9 double electric four-probe
tester (Guangzhou Four Probe Electronic Technology Co.,
Ltd., China). The average distance between probes and sam-
ples was 1.59 mm, and the current was 0.7373 mA.

Transmittance of peptide hydrogels

Samples with 2 mm thickness were placed on a quartz sub-
strate with a size of 0.8 cm X 2.0 cm, and the visible absorp-
tion spectrum in the range of 400-800 nm was measured by
a Shimadzu UV-2600 spectrophotometer (Shimadzu, Japan).

Cytotoxicity in vitro

Firstly, C2C12 cells (Mouse myoblast cell) were cultured
in 96-well plate overnight to allow cell adhesion. The cells
were then incubated with different concentrations of dipep-
tide hydrogels (1, 2, 5, 8, 10, 20 mg/mL) for 24 h, and cell
viability was detected by the CCK8 method.

Biocompatibility of dipeptide hydrogels

Dipeptide hydrogels with 1 mm thickness and 3.5 mm diam-
eter were prepared in a Petri dish. Next, C2C12 cells were
added to the surface of samples for co-incubation for 16 h.
Finally, the nuclei and membrane of cells were stained with
Hoechst 33342 (50 pg/mL, Molecular Probes Inc., the USA)
and Alexa Fluor 488 (50 pg/mL) to observe cell morphology
by a Leica SP-8 laser confocal microscope.

Motion signals recorded by dipeptide hydrogel sensor

The motion sensors were attached to the finger joint, wrist
joint, and elbow joint, separately. Subsequently, the sensors
were connected to the electrochemical workstation (CH
Instrument, Inc., China) to record the change of current with
the software of the Amperometric i-f Curve system. The
voltage was fixed as 0.1 V, and the sampling interval was
setas 0.1 or 0.2 s.

Characterization and equipment

The morphology and structure of dipeptide hydrogels
were investigated by scanning electron microscopy (SEM,
HITACHI S-4800, Japan) and transmission electron micros-
copy (TEM, JEOL-JEM-2100, Japan). FTIR spectra were
recorded by the FTIR spectrometer system (6800 FTIR,
Beijing, China). The HITACHI S-4800 EDX system was
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applied to detect the element change of dipeptide hydrogels
during the aging process. The secondary structure of sam-
ples was determined by a J-810 circular dichroism spectrom-
eter (CD, JASCO, Tokyo, Japan). The Agilent 1260 Infinity
II high-performance liquid chromatography system equipped
with an Agilent Poroshell 120 EC-C18 column of 150 mm
length, 3.0 mm internal diameter, and 2.7 pm particle size
was used to quantify the conversion efficiency through the
measurement of enzyme catalytic activity.

Results and discussion

Preparation of PPy@PDA nanoparticles
and dipeptide hydrogels

PPy is an excellent conductive polymer that has been widely
applied to prepare functional materials in the fields of wear-
able devices and biosensors [13, 30]. However, PPy nano-
fillers suffer from poor dispersibility in an aqueous solution
due to their strong hydrophobicity, resulting in the aggrega-
tion of nanofillers and subsequent low conductivity of the
formed materials in further applications. In order to improve
the hydrophilicity of PPy nanofillers, PDA, a popular agent
in surface modification was introduced in the preparation
process of PPy because of its abundant functional groups,
such as carboxyl, amino, imine, and phenol groups [31, 32].

PDA-doped PPy nanoparticles with good hydrophilicity
were fabricated under mild conditions where FeCl; was used
as an oxidant [18]. As shown in Fig. l1a, PPy@PDA nano-
particles had an average size of about 150-300 nm and dis-
played a good dispersibility in aqueous solution (Fig. S1a).
In addition, the TEM image also showed a result similar
to that of SEM (Fig. 1b), which indicated the successful
fabrication of PPy @PDA nanofillers. In our previous work

Fig. 1 Morphology of PPy @
PDA nanoparticles by a SEM
and b TEM; ¢ photograph

of transparency change of
dipeptide hydrogels with PPy @
PDA nanoparticles during the
aging process; d representative
photograph of the transparent
hydrogel covering on a leaf
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[26, 28, 29], enzyme thermolysin as an initiator could cata-
lyze condensation reactions between Fmoc-Y, -L, -T, -S and
L-NH, to form transparent dipeptide hydrogels with high
efficiency (Fig. S1b, the formed dipeptides are denoted
as Fmoc-YL, Fmoc-LL, Fmoc-TL, and Fmoc-SL, respec-
tively). Herein, PPy @PDA nanoparticles as nanofillers were
introduced into the above reaction to prepare transparent
and conductive dipeptide hydrogels, in which the fibers of
hydrogels could be taken as templates to direct the forma-
tion of conductive nanofibrils. As shown in Fig. lc, dipep-
tide hydrogels with PPy @PDA nanoparticles were obtained
immediately after the addition of enzyme. Meanwhile, pho-
tographs showed that four obtained hydrogels had a brown
black color following the addition of PPy @PDA nanopar-
ticles (1.1%, wt%), which became light brown yellow after
5 d of aging. It should be noted that the transparency of four
hydrogel samples was improved compared with the initial
samples (Fig. 1c). When the hydrogels had 2 mm thickness,
four samples exhibited good transparency values (>70%
across the visible spectrum, Figs. 1d and S2) [18]. Moreo-
ver, high-performance chromatography was carried out to
assay the conversion efficiency of condensation reactions
(Fig. S3), which yielded values of 76.5%, 83.25%, 56.6%,
and 51.6% for Fmoc-YL, Fmoc-LL, Fmoc-TL, and Fmoc-
SL, respectively.

Physicochemical properties of dipeptide hydrogels

In order to study the morphological change of four hydro-
gels with PPy@PDA nanoparticles during the aging pro-
cess, samples at a pre-determined time point were collected
and assayed by SEM as shown in Fig. 2a. The PPy@PDA
nanoparticles and hydrogel fibers could be clearly observed
on the first day after mixing the nanoparticles with hydro-
gels. Interestingly, after 5 d of aging, the nanoparticles
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Fig.2 SEM images of mor-
phological changes in dipeptide
hydrogels with PPy @PDA
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disappeared and only fibers could be seen. Compared with
hydrogels without PPy @PDA nanoparticles (Fig. S4), no
obvious changes were observed in fibers of the hydrogel
networks, which had a length of about several micrometer
and a diameter of about 20-50 nm. It is assumed that the
transparency improvement of hydrogels could be ascribed to
the conversion of PPy @PDA nanofillers from nanoparticles
to conductive nanofibrils, which took the hydrogel fibers as
templates. During the aging process (Scheme 1), free radi-
cals derived from APS continuously eradicated n—x stack-
ing interactions between the oligomeric units in the PPy @
PDA nanoparticles, resulting in nanodots which could self-
assemble to form conductive nanofibrils guided by dipeptide
hydrogel fibers [18]. EDX experiments were also performed
to detect the composition change in four hydrogel samples.
The content of N in Fmoc-YL hydrogels increased from
6.18% (wWt%) to 12.65% (wt%) after the addition of PPy @
PDA nanoparticles (Fig. 3), which strongly demonstrated
the successful formation of conductive nanofibrils in Fmoc-
YL hydrogel networks. Moreover, the other three kinds of
dipeptide hydrogels displayed similar results (Fig. S6).
Next, the rheological properties were also investigated.
As shown in Fig. 4a and 4b, the storage moduli (G') of
all hydrogels surpassed the corresponding loss moduli
(G") by almost one order of magnitude indicating accord-
ant gel states. Meanwhile, the hydrogels with PPy @PDA
nanoparticles showed higher storage moduli than these
without nanofillers on the first day, which can be attrib-
uted to the reinforcement effect of fillers within hydrogel
networks [33]. However, during the aging process, the

Element wt%
Cc 51.63

N 6.18

(0} 42.19
Total:  100.00

Element wt%
(63 44 .47
N 12.65
(¢} 42.89

Total:  100.00

Fig.3 EDX spectra of dipeptide hydrogels a without and b with
PPy @PDA nanoparticles after 5 d of aging

storage moduli of hydrogels with nanofillers displayed a
decreasing tendency. This can be explained by the fact that
nanodots detached from PPy @PDA nanoparticles by APS
interfered and involved in the self-assembly of dipeptide
molecules [18]. Among the four hydrogels with nanofill-
ers, the Fmoc-YL hydrogel possessed the strongest storage
modulus [(10.7 £0.2) kPa] compared to that of Fmoc-LL
[(2.7+0.1) kPa], Fmoc-TL [(2.6 +0.1) kPa], and Fmoc-SL
[(1.4+0.1) kPa] after 5 d of aging (Fig. 4b bottom).
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Fig.4 Variation of rheological properties of dipeptide hydrogels a without and b with PPy @PDA nanoparticles after 1 d and 5 d aging

FTIR was also performed to measure the compositional
changes during the aging process. As shown in Fig. 5a, char-
acteristic bands of PPy ascribed to the C—H in-plane defor-
mation vibration (1045 cm™!), C—C asymmetric stretching
vibration (1450 cm™"), and ring-stretching mode of Py ring
(1540 cm™") could be clearly found in the profile compared
with those without PPy @PDA nanofillers (Fig. S5) [34].
Meanwhile, no obvious change in FIIR was observed after
5 d of aging (Fig. 5a bottom).

The CD data in Fig. 5b display the chirality variation of
fibers in the hydrogel networks with PPy @PDA nanofillers
during the aging process. On the first day, a positive peak
appeared at 191 nm and a negative peak at 206 nm for the
formed fibers of Fmoc-YL, illustrating the predominantly
antiparallel p-sheet secondary structure (black trace, Fig. 5b)
[26, 35]. However, the secondary structure of Fmoc-LL fib-
ers displayed a random coil with negative peaks at 200 nm
and 235 nm, and a positive peak at 216 nm (red trace,
Fig. 5b) [36]. For Fmoc-TL fibers (blue trace, Fig. 5b), an
a-helix secondary structure could be detected with a positive
peak at 191 nm and negative peaks at 206 nm and 235 nm
[37]. Furthermore, a f-turn secondary structure could be

@ Springer

attributed to Fmoc-SL fibers, which showed negative peaks
at 195 nm and 233 nm and a positive peak at 209 nm (black-
ish green trace, Fig. 5b) [38]. After 5 d aging, no obvious
changes in the secondary structure of the CD profile were
observed, as shown in Fig. 5b (bottom).

Biocompatibility and conductivity of dipeptide
hydrogel biosensor

The biocompatibility of materials is a significant charac-
teristic in the field of wearable devices that come to direct
contact with the human body [39]. Peptide-based materials
have excellent biocompatibility and are non-toxic to cells
[25-27]. Herein, the four hydrogel samples with PPy @PDA
nanoparticles at different concentrations were incubated with
C2C12 cells to assay the toxicity of hydrogels. No hydrogels
showed any obvious effect on the viability of cells up to
the concentration of 10 mg/mL, indicating their excellent
safety (Fig. 6a). At the same time, the confocal laser scan-
ning microscopy (CLSM) images (Fig. 6b) displayed that
cells could adhere to and spread on the surface of hydrogels,
while no dead cells were found.
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In the next step, the changes in conductivity of the four
hydrogel samples were assessed during the aging pro-
cess. As shown in Figs. 7a and S7, conductivity could be
improved significantly and continuously by PPy@PDA
nanoparticles with aging time compared with those with-
out nanoparticles, with no change in conductivity occur-
ring in the latter (Figs. 7a and S8). It is considered that this
continuous improvement could be ascribed to the gradual

Il Fmoc-YL [l Fmoc-LL
| I Fmoc-TL Ml Fmoc-SL

8 10 20

formation of conductive fibers crossing the hydrogel net-
works. Among the four samples, the Fmoc-LL hydrogel pos-
sessed the highest conductivity of about 0.03 S/cm, which
was twice as high as that of hydrogel without PPy@PDA
nanoparticles. It was assumed that the highly hydrophobic
side chains of Fmoc-LL fibers benefited the self-assembly
of nanodots that detached from PPy @PDA nanoparticles.
Although PPy was doped with hydrophilic PDA molecules,
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it favored hydrophobic side chains to guide the self-assembly
[18]. Moreover, to exclude the possibility that the addition of
PPy @PDA nanofillers could also improve the conductivity
of hydrogels, APS was excluded from the reaction systems,
as depicted in Fig. S9. The four hydrogel samples showed
similar conductivity with those without PPy @PDA nano-
fillers, which could be explained by the lack of produced
free radicals to accelerate the conversion of nanofillers from
nanoparticles to conductive nanofibrils. Furthermore, con-
ductive assaying illustrated that the other three hydrogels
(Fmoc-YL, Fmoc-TL, and Fmoc-SL) with nanofillers fea-
tured conductivity in the range of 0.025-0.027 S/cm, mean-
ing that dipeptide hydrogels with tunable conductivities
could be prepared by selecting different peptide sequences.

In order to demonstrate the potential application of con-
ductive hydrogels in the field of manufacturing wearable
electronics, a simple circuit with an LED light was designed
and built, as shown in Fig. 7b and 7c. It was observed that
the LED light was instantaneously on after connecting the
circuit (voltage, 3 V, Fig. 7¢), indicating the excellent con-
ductivity of dipeptide hydrogels (Fmoc-LL) with nanofillers.
On the contrary, the LED emitted only weak light under the
same conditions when hydrogels without PPy@PDA were
applied to build the circuit (Fig. S10).

In the following experiments, a motion sensor formed by
Fmoc-LL hydrogels with nanofillers was constructed and
used to record the relationship between resistance and dif-
ferent bending angles. As depicted in Fig. 7d-7f, a regular
relative change of resistance (AR/R,,, where AR is the resist-
ance at different bending angles, and R, is the resistance
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circuit based on Fmoc-YL hydrogels with PPy@PDA nanoparticles.
Detection of joint motion with different bending angles by conductive
Fmoc-LL hydrogel-based sensor: d 15°; e 30°; f 60°

at a bending angle of 0°) was observed at different bend-
ing angles (15°, 30°, and 60°), which indicated a stable and
repeatable change of resistance during the bending experi-
ments. For example, when the bending angle was 15°, the
AR/R could reach a value about 7, showing excellent signal/
noise ratio and repeatability. Meanwhile, when the bend-
ing angles were increased from 30° to 60°, the value of
AR/R changed accordingly. Therefore, the sensor could be
employed to accurately assay motions of the human body.

Conclusions

In this paper, transparent and conductive dipeptide hydro-
gels were fabricated by the doping of PPy @PDA nanofillers.
During the preparation process, thermolysin was utilized as
a catalyst to initiate condensation reactions between Fmoc-Y,
Fmoc-L, Fmoc-T, Fmoc-S, and L-NH,. The obtained dipep-
tides could self-assemble into a fibrous network and form
stable hydrogels, which were used as an excellent template
to guide the formation of conductive nanofibrils through the
catalyzing effect of APS. Experiment data showed that the
four conductive hydrogels possess high transmittance across
the visible spectrum (> 70%, thickness, 2 mm). Meanwhile,
the fabricated hydrogels display excellent conductivity that
can be altered by the selection of peptide sequences. In addi-
tion, cell experiments demonstrated that the four hydrogels
have good biocompatibility even up to a hydrogel concen-
tration of 10 mg/mL. Moreover, the hydrogels applied in
the construction of a motion senor can precisely assay the
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change of bending angles of human joints through the altera-
tion of relative resistance and do so with high stability and
repeatability. Therefore, the proposed highly biocompatible,
transparent, and conductive hydrogels have wide potential
applications in the field of biosensors.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-021-00143-6.
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