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Bioinspired tough, conductive hydrogels with
thermally reversible adhesiveness based on
nanoclay confined NIPAM polymerization
and a dopamine modified polypeptidefy

Xiang Di, Chen Hang, Yue Xu, Qiyue Ma, Feifan Li, Pingchuan Sun‘> and
Guolin Wu 2 *

Hydrogels with excellent conductivity and flexibility have a wide range of applications in the biomedical
field, such as in wearable devices, soft electronic skins, and biosensors. Inspired by marine mussels, a
biocompatible hydrogel with controllable adhesiveness and a wearable strain-sensor were successfully
prepared by polymerization of N-isopropylacrylamide (NIPAM) and a dopamine-modified polypeptide
(PDAEA). The PNIPAM-clay-PDAEA hydrogel displayed repeatable and controllable adhesiveness due to
the presence of free catechol groups in the PDAEA chains and the intrinsic thermo-sensitivity of the
PNIPAM-based hydrogel. These materials also exhibited outstanding strain and pressure sensitive
conductivity, which could be ascribed to a sufficient number of free moving ions in the hydrogel system.
Test results showed that these conductive hydrogels possessed excellent biocompatibility, stable drug
release behavior, and improved cell proliferation. Therefore, the as-prepared nanocomposite hydrogel
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1. Introduction

In the past few decades, stretchable, wearable and human-
friendly electronic materials have gained significant attention
in the biomedical field and smart wearable devices such as
electronic skins, electrochemical sensors, and tissue engineering.'
However, conventional electronic devices are rigid, brittle, less
flexible, costly, and non-biocompatible, which has limited their
widespread applications. Compared to traditional electronic devices,
conductive hydrogels, with high water contents and three-
dimensional network structures, are similar to soft tissues,
and have good biocompatibility and electronic properties. They
can be used as an ideal ionic conductor.”"" These hydrogels
have been successfully fabricated by incorporating conductive
nanofillers (graphene,""* metallic nanoparticles," carbon nano-
tube'*"®) or conductive polymers (polypyrrole, polyaniline).'®"”
For example, Zhang et al. introduced functionalized single-wall
carbon nanotubes (FSWCNT) into biocompatible polyvinyl alcohol
to obtain a hybrid hydrogel sensor, which could sense both gentle
and fast human motions (including bending of fingers, walking,
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has great potential applications as a wearable soft electronic skin and in tissue engineering.

and pulse rate).’® Lu et al. developed a good biocompatible and
conductive hydrogel using polydopamine nanoparticles and partly
reduced graphene oxide (pGO), which displayed not only high
stretchability and conductivity but also self-healability."* Yu et al.
synthesized a thermally responsive and conductive hydrogel with
an interpenetrating binary network structure by addition of a
conductive polymer (polypyrrole or polyaniline) and crosslinked
with phytic acid in a poly(N-isopropylacrylamide) matrix."” How-
ever, most of these conductive materials exhibit low stretchability
and flexibility, and poor durability, which restricts their wide-
spread applications where suitable strength is required.

To overcome the shortcomings of poor mechanical properties,
several strategies were developed to synthesize hydrogels with
high strength by building multiscale network structures or incor-
porating effective nanomaterials such as nanocomposite
hydrogels,"**° double network hydrogels,>"** and interpenetrat-
ing network hydrogels.>® For example, Bao et al synthesized
nanocomposite hydrogels (NC gels) by introducing metallic nano-
particles into an organic polymeric network, which exhibited
electrical self-healing properties and good mechanical strength
under ambient conditions due to a nanocomposite-reinforced
mechanism.” Gao et al. reported robust and flexible strain sensors
based on dual physically cross-linked double network hydrogels,
but they needed additional adhesive to adhere on external skin.>*
Subsequently, Dong et al. proposed a mechanosensory electronic
hydrogel through an interpenetrating polymer network (IPN)
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system, which displayed impressive stretchability, along with
an ultra-stretchable pressure sensor.>® However, it also lacked
another desirable feature of self-adhesiveness, by which it
could adhere to the soft parts of the human body without any
scotch tape, bandages or polyacrylate adhesives and promote
the signal detection of wearable strain sensors under different
deformation conditions. Therefore, it is necessary to combine
both superior mechanical properties and self-adhesiveness into
a conductive hydrogel.

Nature is always full of fascination and wisdom. Inspired by
the adhesion mechanism of mussels, various strategies have
been proposed to mimic this phenomenon.>>>® These materials
usually contain 3,4-dihydroxy phenylalanine (DOPA) groups and
derivatives found in adhesive proteins of mussels, such as poly-
dopamine (PDA),>>*° and catechol-containing polymers.®*'* For
instance, Liu et al. fabricated an epidermal strain sensor with the
addition of polydopamine into polyvinyl alcohol hydrogel to
monitor physiological signals, detect body movements and con-
trol robots.*® Wan et al. designed a tough and self-adhesive ionic
gel with a great strain sensitivity by constructing synergistic
multiple coordination bonds among tannic acid-coated cellulose
nanocrystals (TA@CNCs), poly(acrylic acid) chains, and metal ions
in a covalent polymer network.®

Herein, we developed a conductive hydrogel with excellent
mechanical properties and thermo-reversible adhesion by
combining a nanocomposite-reinforced matrix and dopamine
modified polypeptide for the first time. Compared to the
chemically crosslinked PNIPAM-based hydrogel, the PNIPAM-clay-
PDAEA hydrogel exhibited excellent stretchability and elasticity due
to the physically crosslinked network. The incorporation of poly-
petide endowed the material with excellent controllable adhesive-
ness and good biocompatibility. Besides, the ionic hydrogel could
serve as a wearable strain sensor that could quickly and precisely
detect electrical signal changes induced by different motions,
such as stretching, compression deformation or subtle motions
of the finger, wrist bending and blood pulse. Moreover, the
in vitro cytotoxicity assay indicated that the as-prepared hydrogel
possessed excellent cell affinity and biocompatibility. It is
expected that this bioinspired material will provide an important
alternative to construct deformable sensors, which have broad
biomedical application areas, such as in wearable electronic skins,
cell/drug delivery and tissue engineering.

2. Experimental
2.1. Materials

L-Aspartic acid and dopamine hydrochloride were obtained
from Tianjin Lianxing Biotechnology Co. Ltd. Ethanolamine (EA),
dimethylsulfoxide (DMSO) and phosphoric acid were purchased
from Tianjin Heowns Biotechnology Co. Ltd. N-Isopropylacrylamide
(NIPAM), potassium persulfate (KPS) and tetramethylethylene-
diamine (TEMED) were obtained from TCI. Hectorite clay,
“LAPONITE® XLG” [Mgs 3410 66S15020(OH)4]Nag 66, Was procured
from Rockwood Ltd. All other reagents were used without further
purification.
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2.2. Characterization

2.2.1 Fourier transform infrared spectroscopy (FTIR). The
structures of the samples were analyzed by FTIR spectroscopy
(Tensor II, Bruker) at room temperature. Samples were freeze-
dried prior to the recording of FTIR spectra.

2.2.2 Scanning electron microscopy (SEM). The morpho-
logies of the hydrogels were observed by SEM (QUANTA 200, FEI).
Before the examination, the swollen hydrogels were rapidly frozen
and freeze-dried at —50 °C for 2 days. Then the lyophilized samples
were cut in order to expose their internal structures. The cross-
sections of the samples were carefully observed by SEM.

2.2.3 Nuclear magnetic resonance spectroscopy (NMR).
"H NMR spectra of the samples were acquired using an NMR
spectrometer (Varian UNITY-plus 400) with DMSO-d6 as the
solvent. Chemical shifts were recorded in ppm.

2.2.4 Rheological measurements. Dynamic rheological
measurements were conducted on a rheometer (TA ARES G2)
at 25 °C, equipped with 25 mm parallel plates. Vacuum grease
was applied to maintain hydration and prevent evaporation.
The frequency sweeps were conducted at a strain of 1% (linear
viscoelastic range) over the frequency range of 10 > to 10 Hz.
The dynamic storage moduli (G') and loss moduli (G”) were
determined at a constant frequency of w = 6.28 rad s~ ' in
a temperature range of 25 °C to 40 °C, and a heating rate of
2 °C min~". All rheological tests were conducted in triplicate.

2.2.5 Synthesis of polysuccinimide (PSI). PSI was synthesized
using a previously reported method.*® 1-Aspartic acid (13.3 g),
phosphoric acid (4 mL), tetramethylene sulfone (12 mL), and
1,3,5-trimethyl benzene (28 mL) were mixed in a 250 mL flask and
stirred at 25 °C. Then the temperature was increased to 180 °C
under an Ar atmosphere in about 30 min and stirred at that
temperature for 4.5 h. DMF (40 mL) was added to dissolve the
product as the temperature was adjusted to 25 °C. The mixture
was poured into excess water and washed thrice with water as well
as dried at 50 °C in vacuo to obtain PSL

2.2.6 Synthesis of polyaspartamide derivative (PDAEA). PSI
(0.97 g) was added into DMSO and degassed by Ar for 30 min.
Subsequently, 1.89 g dopamine hydrochloride and 5 mL triethyl-
amine (TEA) were added into DMSO to remove the hydrochloride.
And then the mixture was added to PSI solution drop-wise at
60 °C in the dark. After reaction for 24 h, the temperature was
brought down to 40 °C. Ethanolamine (3.05 g) was added to the
solution and kept for 4.5 h. Finally, the solution was precipi-
tated in excess ethanol and washed thrice before drying at
30 °C under vacuum.

2.3. Preparation of PNIPAM-clay-PDAEA hydrogels

Briefly, clay and sodium pyrophosphate were uniformly dis-
persed in water and sonicated in an ice water bath for 30 min.
This was followed by the addition of the required PDAEA under
stirring. Subsequently, the monomer (NIPAM) was added and
degassed under vigorous stirring to remove oxygen. Finally,
TEMED and KPS were added to the above solution and stirred
for 5 min under N, bubbling. The solution was quickly poured
into a sealed glass mold provided with a 1 mm-thick spacer at
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ambient temperature for 6 h to obtain a PNIPAM-clay-PDAEA
hydrogel. The constituents of different gels are shown in
Table S1 (ESIY).

2.4. Swelling ratio of the hydrogels

The swelling ratios of different hydrogels in deionized water
were measured. Briefly, the weights of the samples (pure
PNIPAM, PNIPAM-clay(7.5%), PNIPAM-clay(7.5%)-PDAEA(1%)
hydrogels) at different time intervals were measured after
wiping off the excess water, using filter paper. The swelling
ratios were calculated according to the following equation:

Ws_ Wd

1009
< 100%

Swelling ratio (%) =
where, W4 was the dry weight of the lyophilized sample and W;
was the weight of the swollen sample at any time interval.

2.5. The volume phase transition temperature (VPTT) of the
hydrogels

DSC measurements were performed to determine the VPTT of
different hydrogels using a differential scanning calorimeter
(DSC, Mettler-Toledo), using N, purge gas and at cooling and
heating rates of 2 °C min ™' in the temperature range of 20 °C to
55 °C. About 10 mg of each sample was encapsulated in a 40 pL
aluminum pan for DSC measurements.

2.6. Measurement of adhesive strength

Lap shear adhesion tests for different hydrogels were con-
ducted to measure the adhesive strength. Glass, silicon sheet,
and porcine skin were used as substrates. Repeatability and
reversibility of adhesion on the glass surface in response to
temperature were also evaluated for number of cycles.

2.7. Mechanical properties of the hydrogels

The mechanical properties of different hydrogels were tested
using a UTM tensile strength instrument (Shenzhen Suns
Technology Stock Co. Ltd). For the tensile test, the dimensions
of the hydrogels were 5.5 mm (diameter) x 60 mm (length) and
the crosshead speed was 100 mm min ' at room temperature.
For a compression test, the hydrogel was cylindrical in shape
with 13.2 mm (diameter) x 14 mm (height) dimensions.
Tensile stress was evaluated from the ratio of real-time force
to cross-section of the original hydrogel.

2.8. The electrical conductivity measurement and conductive
behavior of the hydrogels

The electrical conductivities (o) of different hydrogels were
determined by a four-probe method using a digital tester
(Model 2400, Keithley), as reported in previous studies.’” Prior
to the test, the hydrogels were cut into square shaped specimens
with dimensions of 20 mm x 20 mm x 1 mm. The conductivities
of the hydrogels were calculated according to the following

equation:
- 1
— \¢R
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where, ¢ is the thickness of the hydrogel and Ry is the sheet
resistance of the hydrogel. Variations in real-time resistances of
the hydrogels were detected and recorded in different states
using a UT61E Digital Multimeter. Variation in electrical resis-
tance of the hydrogel was defined by the following equation:

AR (R—- Ry

Ry Ry
where, R and R, are the real-time resistance and the primary
resistance without strain, respectively.

2.9. Invitro drug loading and release

Rhodamine B was chosen as the model drug for loading and
release experiments. Lyophilized hydrogels attained equilibrium
state in thodamine B (0.3 mg mL™") solution at ambient tempera-
ture. Then the hydrogel was immersed in buffer (PBS) and placed
on a shaking bed at 37 °C (100 rpm) in the dark. At predetermined
intervals, 3 mL of release medium was collected and replaced with
3 mL of fresh PBS. The release of rhodamine B from the hydrogel
was quantified by UV-Vis spectrophotometry at 554 nm. The
cumulative rhodamine B release was calculated as:
Ve ”Zl Ci+ VyC,
I

Cumulative release (%) = x 100%

My

where, M, is the total mass of rhodamine B; V. and V, are
the volumes of release media (3 mL) and the original volume
(20 mL), respectively; C; is the concentration of rhodamine B
released from the sample and i is the displacement time. All
tests were repeated three times.

2.10. Cytocompatibility evaluation and cell behavior on the
hydrogel

The cytocompatibilities were determined from the viability of
cells exposed to hydrogel extracts, using a quantitative methyl
thiazolyl tetrazolium (MTT) assay. The suspension of NIH3T3
cells was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) and then
seeded into 96-well culture plates with densities of 8 x 10> cells
per 100 pL per well. Before cell culturing, sterilization was
carried out by soaking the hydrogel in 75% ethanol for 2 h and
washing three times with sterile PBS for 45 min. The hydrogel
was submerged in DMEM (10 mg mL™ ") for 24 h to obtain
hydrogel extracts. Then the media were replaced with 100 pL
per well hydrogel extracts and the cells without added hydrogel
extracts were set as control groups. After incubation for 3 days,
the hydrogel extracts were removed and replaced with 50 pL
MTT solution (1 mg mL™") for 2 h. Finally, 100 uL. DMSO was
added into each well to dissolve the crystals completely. The
absorbance was measured by a microplate reader (Model 354,
Finland) at 570 nm. The relative cell viability was calculated as:

Abshydrogel

x 100%
Abscomrol ’

Cell viability (%) =

where, AbShydroge and AbSconirol are the absorbance of the hydrogel
extracts and control wells, respectively. The morphologies of the
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hydrogel surfaces cultured with fibroblasts were carefully studied
by SEM. The proliferation of cells was observed by fluorescence
microscopy (Olympus IX51) after staining with fluorescein dye.

3. Results and discussion

Fig. 1 shows the process for fabrication of PNIPAM-clay-PDAEA
hydrogels. Catechol-modified polypeptide (PDAEA) was prepared
by ring-opening reaction of polysuccinimide with dopamine
(Fig. S1, ESIT). NMR and FTIR spectra confirmed the successful
preparation and the structure of PDAEA (Fig. S2 and S3, ESI{). The
PNIPAM-clay-PDAEA hydrogels were prepared in the presence of
an initiator and accelerator by in situ free radical polymerization
as shown in Fig. 1a. The prepared hydrogel contained different
types of functional groups, such as -OH, -CONH, -NH and
-Si—OH, which formed a network of different hydrogen-bonds
and improved the mechanical properties and self-healing ability
of the hydrogel. Besides, the hydrogel exhibited excellent con-
ductivity and cell affinity, and is biocompatible and safe to be
applied for wound dressings, wearable electronic devices, smart
actuators, and so on.

Compared to the chemically crosslinked PNIPAM-based
hydrogel, the PNIPAM-clay-PDAEA hydrogel exhibited excellent
stretchability and elasticity, owing to its fully physically cross-
linked network. As illustrated in Fig. 2a and b, the prepared
hydrogel could not only be stretched to seven times its original
length without breaking, but was also able to withstand differ-
ent deformations such as bending, twisted stretching and
crossed stretching. In Fig. 2c, the cylindrical PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel was fast to recover from its deformation
after removing the external force, indicating that the hydrogel has
good elasticity and tough characteristics due to the reinforcement
of the nanosheets. To further investigate the effect of PDAEA and
clay composition on the mechanical properties of the hydrogels, a
series of hydrogels with different PDAEA/NIPAM and clay/water
weight ratios were prepared and tested for their tensile strengths
at a stretch rate of 100 mm min " as shown in Fig. 2d. An increase

A o B —— .

N

PNIPAM @, Hydrogel Bonding

Fig.1 (a) Scheme depicting the fabrication of a PNIPAM-clay-PDAEA
hydrogel. (b) Hydrogen bonding interactions between the clay, PDAEA
chains, and PNIPAM chains.
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Fig. 2 Mechanical properties of the PNIPAM-clay-PDAEA hydrogel. (a)
The PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel could be easily stretched and
(b) twisted and knotted. (c) The recoverability of the PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel under compression of 85% strain. (d) The tensile and
(e) compression strengths of PNIPAM-clay hydrogels with different con-
tents of PDAEA and clay.

in clay content increased the extension ratio and tensile strength
of the hydrogel. It reached its maximum value with 7.5 wt% clay
and 1 wt% of PDAEA/NIPAM (Fig. S4, ESIt). It should be noted
that an excessive number of PDAEA chains hindered the poly-
merization of NIPAM monomers and resulted in a decrease of
mechanical strength. This was ascribed to the catechol groups of
PDAEA, which deactivated some of the initiator molecules. The
tensile and compressive strengths of the PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel were about 73.3 kPa and 308 kPa (Fig. 2e),
respectively, higher than those of the other nano-enhanced adhe-
sive hydrogels.*® Therefore, due to the combined effect of clay and
PDAEA on mechanical strength, the PNIPAM-clay-PDAEA hydrogel
with 7.5 wt% of clay and 1 wt% of PDAEA was chosen for the
subsequent studies.

Fig. 3 shows the adhesive properties of the PNIPAM-clay-
PDAEA hydrogel. As illustrated in Fig. 3a, the PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel could adhere to different substrates such as
glass, silicone, plastic, paper, aluminum, and copper, due to the
catechol groups and multiple physical interactions between the
contact surfaces and hydrogels, which include hydrogen bonding,
n-n stacking, hydrophobic interactions, or a synergetic effect of
these interactions. Fig. 3b shows that the hydrogel could adhere to
the author’s hand even when stretched and did not fall off even
when the hand was shaken rapidly (Video S1, ESIt). Besides, the
adhesive hydrogel could be easily peeled off without any residue,
irritation, or inflammatory response. To quantify the strength
with which the hydrogel adhered to different surfaces, lap shear
strength was tested and the results are shown in Fig. 3d. The
adhesive strength with the surface of the silicone sheet was
highest amongst all the substrates. This could be attributed to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 3 Adhesive properties of the PNIPAM-clay-PDAEA hydrogel. (a)
Adhesion of the PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel on different
substrates: glass, silicone, plastic, paper, aluminum and copper. (b) Tissue
adhesiveness and toughness of the hydrogel on the author's hand. (c)
Tests for adhesive strength of the hydrogel on a glass slide. (d) Adhesive
strengths of hydrogels on different substrates. (e) Repeatable and (f)
thermally reversible adhesion of the hydrogel to glass.

the synergistic effects of n-n stacking and hydrogen bonding. The
adhesion to the glass surface was more than that of porcine skin
because of the interactions between the hydrogel and the hydroxyl
groups of the smoother glass surface. It should be noted that the
PNIPAM-clay hydrogel with a large number of PDAEA chains
could have caused a decrease in adhesive strength, due to inhibi-
tion of NIPAM polymerization by the catechol groups, which led
to cracking of the hydrogel during the lap shear test. Therefore,
the PNIPAM-clay-PDAEA hydrogel with 1 wt% of PDAEA was
chosen for the reversible and repeatable adhesion test.

In addition to good adhesive properties, the PNIPAM-
clay(7.5%)-PDAEA(1%) hydrogel also displayed thermal reversibility
and repeatable adhesion. The cyclic peel-off tests on glass for
20 cycles were performed to demonstrate this. In one cycle, the
hydrogel was allowed to adhere to the glass surface and then
peeled off using a tensile load before the next cycle. As
illustrated in Fig. 3e, the adhesive strength of the hydrogel
was approximately 9.5 kPa with almost no loss in adhesion
strength during all 20 cycles. To investigate the thermally
reversible adhesiveness of the PNIPAM-based hydrogel, typical
volume phase transition temperature (VPTT) profiles of different
hydrogels were obtained by DSC, as shown in Fig. S5a (ESIT).
The results showed that the addition of PDAEA chains
increased the VPTT to 35.5 °C, which could be ascribed to the
hydrogen bonding between PDAEA chains and the hydrogel
network. Therefore, the relationship between adhesiveness and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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temperature was established by a thermally reversible adhesion
test on a glass surface, as shown in Fig. S5b (ESIT). The PNIPAM
chain in the hydrogel system changed from hydrophilic to
hydrophobic as the temperature was higher than the VPTT.
Moreover, some volume of water was extruded from the hydrogel
due to volume shrinkage, which further prevented the hydrogen
bonding interactions between the gel and glass surface. This
caused a decrease in adhesiveness until it was finally lost.
Furthermore, the adhesiveness was recovered to its original state
after cooling down to room temperature and there was almost no
loss of this property for over 5 cycles. (Video S2, ESIt). These
results suggest that the hydrogel displayed excellent repeatable
and thermally reversible adhesiveness, and has potential applica-
tions such as in wound dressings and wearable strain sensors.
To study the relationship between macroscopic properties
and microstructure, the self-healing behavior and internal
microstructure of the hydrogel were investigated and explained
(Fig. 4). As shown in Fig. 4a, the fractured hydrogel samples
with different colors were contacted with the cut interfaces and
were left to heal at ambient temperature without any external
stimuli and healing agents. After only 5 min of healing time,
the self-healed hydrogel was able to carry its own weight. After
contacting for 6 h, the diffusion of rhodamine B from one-half
of the hydrogel to the other could be observed directly and the
cutting at the interface disappeared. Besides, the self-healing
hydrogel could even withstand stretching. The self-healing
ability of the hydrogel under ambient conditions was attributed
to the nanostructure of the hydrogel system and the different
physical interactions between the contacting surfaces. In
Fig. 4b, the fracture morphology at a cross-section of the
PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel showed a honeycomb-
like densely microporous structure. The magnified region showed
a uniform porous network promoting the formation of a large
number of hydrogen bonds and the transport of ions in the
network system. In contrast, the hydrogel without PDAEA
chains had a smooth, uneven surface and nonuniform porous
structure, due to which it lacked self-healing ability and adhe-
siveness. The average pore diameter of PNIPAM-clay(7.5%)-
PDAEA(1%) and PNIPAM-clay(7.5%) hydrogel was 20 pm and
15 pm, respectively (Fig. S8, ESIt). The pore diameter of the

Fig. 4 (a) The self-healing behavior of the PNIPAM-clay(7.5%)-PDAEA(1%)
hydrogel. (b) SEM images of cross-sectional morphologies of PNIPAM-
clay(7.5%)-PDAEA(1%) hydrogel and (c) PNIPAM-clay(7.5%) hydrogel (one
stained with rhodamine B).
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Fig. 5 (a) Frequency-sweep curves of rheological behavior of the
PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel. (b) Thermal rheological behavior
of the PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel.

PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel was bigger than that
of the PNIPAM-clay(7.5%) sample, due to the addition of
hydrophilic polymeric chains (PDAEA), which was consistent
with the swelling behavior of the hydrogels (Fig. S7, ESIt).

To explore the viscoelastic characteristics of the PNIPAM-
clay(7.5%)-PDAEA(1%) hydrogel, oscillatory rheology testing
was carried out as shown in Fig. 5. The storage modulus (G’),
and loss modulus (G”) of the prepared hydrogel displayed
frequency and temperature dependence. The value of G’ was
found to be consistently higher than that of G” over the entire
frequency range (10 °-10 Hz), indicating the stable and elastic
nature of the hydrogel. Further, a small loss factor (tand) sug-
gested that the hydrogel had excellent elastic recovery properties.
Besides, the G’ value of the hydrogel was maximum at 37 °C due
to volume shrinkage and structure packing of the hydrogel above
the volume phase transition temperature, almost consistent with
the results of VPTT of DSC analyses (Fig. S5, ESIt).

Given that the large number of ions could freely move in
the hydrogel, the PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel
exhibited excellent ionic conductivity. The conductivity of the
hydrogel was about 0.2 S m™* and increased with the increase
of clay content. It showed reasonably good electrical conductivity
at 25 °C (Fig. S6, ESIf).” An increase in the number of PDAEA
chains also improved the conductivity. This signified that the
uniform porous network system facilitated free movement of
ions (Fig. 4b). To demonstrate the strain and pressure sensing
ability of the fabricated hydrogel in wearable electronic devices,
a test was conducted by using the hydrogel in a complete circuit
connecting a light-emitting diode (LED) light. The brightness of
the LED bulb gradually decreased when it was elongated from
0% to 200%. Importantly, the blue-colored LED exhibited a
rapid response to the changes of strain, indicating that the
hydrogel possessed high strain sensitivity (Video S3, ESIt). The
changes in relative resistance vs strain are shown in Fig. 6b. It
was obvious that the relative resistance displayed a step-like
trend with a step-by-step stretching cycle. The inset image
showed that the real-time resistance changed on applying
50%, 100%, and 200% stretching strains on the gel. The
changes in LED brightness were consistent with the state of
compression. Similarly, Fig. 6d showed that the relative resis-
tance decreased with increase in degree of compression, which
further indicated that the hydrogel also possessed excellent
pressure sensing ability (Video S4, ESIt). The inset image
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Fig. 6 Demonstration of the PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel as a
wearable sensor with strain-sensitive conductivity. (a) Photographs show-
ing changes in LED brightness and (bl) relative resistance response when
stretched to different extents and (b2) real-time resistance change in
applying 50%, 100%, and 200% stretching strains on the gel. (c) Photo-
graphs showing changes in LED brightness and (d1) relative resistance
variations under different compression states and (d2) real-time resistance
change in applying 30% and 50% compression strains on the gel.

showed changes in real-time resistance on applying 0%, 30%,
and 50% compression strains on the gel.
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Fig. 7 The relative resistance change versus time for real-time monitoring
of different human motions. (a) Real-time resistance change signal of
the PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel sensor as a wearable pulse
monitor worn by the author under relaxation and exercise conditions.
(b) The relative resistance changes versus time when the finger and (c) the
wrist bend at different angles. (The bending angle of the finger was 0°, 45°,
and 90°)) (d) The hydrogel as a smart pen to manipulate a smart phone and
(e) to write on the screen.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020


https://doi.org/10.1039/c9qm00582j

Published on 12 November 2019. Downloaded on 8/18/2025 5:13:15 PM.

Materials Chemistry Frontiers

The prepared hydrogel could not only detect macroscopic
deformation but could also monitor slight physiological
changes. As shown in Fig. 7a, the hydrogel sensor adhered to
the wrist of the author was used to monitor the slight pressure
differences in wrist pulse. Changes in real-time relative resistance
curve showed that the regular pulse rate was 66 beats min~" in
relaxation. After exercise the pulse frequency was 92 beats min ™"
with irregular amplitude, indicating the high strain sensitivity of
the hydrogel. Hence, the hydrogel can serve as a human-motion
sensor to detect movements of the finger and wrist (Fig. 7b and c).
The relative resistance of the hydrogel sensor increased with
increase in bending angle. This was related to the elongation of
the hydrogel-based sensor, which led to an increase of resistance.
In addition to sensing human motions, the prepared hydrogel
could also be applied as a soft touch pen for a smart phone
(Fig. 7d, e and Video S5, ESIt), where it could be used to write
smoothly on the screen without any scratches (Video S6, ESIT).
This made it ideal for use in wearable electronic sensors and
flexible input devices.

To evaluate the cytocompatibility of the PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel, NIH3T3 cells were chosen for studying
their proliferation on the hydrogel surface and the live
cells were stained green with fluorescein dye according to the
literature.>**° As shown in Fig. 8a, the intensity of green
fluorescence gradually brightened with increase in incubation
time, indicating that the hydrogel was conducive for proliferation
and growth of cells. Compared to the smooth surface of the
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Fig. 8 Cell behaviors on PNIPAM-clay-PDAEA hydrogels. (a) Fluorescence
images of fibroblasts incubated on the surface of PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel after 1, 2, and 3 days of culture. (b) SEM images of the
PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel without fibroblasts and (c) with
fibroblasts after 3 days culture. (d) The magnified morphology of cells on
the hydrogel. (e) In vitro cytocompatibility of fibroblasts, as measured via MTT
assay. (f) The release profiles of rhodamine B from different hydrogels.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

View Article Online

Research Article

PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel, a large number of cells
formed a confluent monolayer on the hydrogel with many
extended filopodia after 3 days of culturing. Fusiform morpho-
logy of cells further showed that the cells were in a healthy
growing state (Fig. 8c and d). SEM and fluorescence images
unambiguously demonstrated that the hydrogel possessed excel-
lent cell affinity and promoted cellular adhesion and proliferation.
The relative cell viability of NIH3T3 on the PNIPAM-clay(7.5%)-
PDAEA(1%) hydrogel was assessed by a quantitative MTT assay. As
shown in Fig. 8e, the viability of cells was more than 80% during
the entire period of culturing and increased with time. These
results indicated that the PNIPAM-clay(7.5%)-PDAEA(1%) hydro-
gel was non-toxic to the cells and possessed excellent cell affinity,
which is significantly important for smart wearable devices, soft
electronic skins and so on.

Fig. 8f shows the drug releases profile from different hydro-
gels. The results showed that the release rate of the model drug
from the PNIPAM-clay(7.5%)-PDAEA(1%) hydrogel was faster
than that from PNIPAM-clay(7.5%) and it was more stable and
durable than the pure PNIPAM hydrogel. This was ascribed to
the honeycomb-like uniform porous structure of the PNIPAM-
clay(7.5%)-PDAEA(1%) hydrogel. The increase in a weight
swelling ratio (Fig. S7, ESIt) indicated that the addition of
hydrophilic polymeric chains (PDAEA) could make the release
behavior more effective and controllable, which further broadened
the scope of its potential applications in biomedical fields such as
wound dressing and controllable drug release.

4. Conclusions

In summary, a strain-sensitive, conductive, self-healing, and bio-
compatible hydrogel with controllable adhesiveness was designed
and developed by combining the adhesive mechanism of mussels
and temperature-sensitivity of PNIPAM-based materials. The hydro-
gels possessed high stretchability and self-healing properties with-
out the requirement of any external stimuli or healing agents. The
ample number of hydrogen bonding interactions and the presence
of a sufficient number of catechol groups endowed the material
with durable and repeatable adhesiveness. Importantly, the uni-
form porous network structure inside the PNIPAM-clay-PDAEA
hydrogel could act as a pathway for ionic transport, had enhanced
strain sensitivity as a strain sensor, and detected the changes in
relative resistance induced by human motions, including fast
deformations, gentle finger and wrist bending movements, and
blood pulse rate. Moreover, the as-prepared hydrogel also exhibited
good biocompatibility, cell affinity, and sustained drug release
behavior. To sum up, this prepared nanocomposite hydrogel
showed the possibility of fabricating stretchable, self-healing,
biocompatible, strain-sensitive, and conductive soft materials with
controllable adhesiveness, which have great potential applications
in tissue engineering, and as electronic skins and wearable devices.
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