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Catechol-based hydrogels have good adhesion properties; however, since the concentration of catechol is
low and it can be easily oxidized to quinone, the adhesion performance of the hydrogels is reduced, which
limits their application as self-adhesive flexible wearable sensors. In this work, a dopamine: poly(sodium 4-
styrenesulfonate) (DA:PSS)-initiated strategy was proposed to construct adhesive hydrogels, where the
semiquinone radicals present in DA:PSS were used to initiate radical polymerization to obtain the
DA:PSS/poly(acrylic acid) (DA:PSS/PAA) hydrogel. This hydrogel exhibited good stretchability and
adhesion with various substrates. We observed that, even after exposure to air for 21 days under certain

relative humidity (76%), the catechol groups hardly oxidized and the DA:PSS/PAA hydrogel presented

iig:g&% gs;rhﬁ:gfgffrzgggz good adhesion. The DA:PSS/PAA hydrogel also showed good electrical conductivity and fast response
ability. Thus, the general strategy of triggering monomer polymerization to form hydrogels based on the

DOI: 10.1035/d2ra07243b semiquinone radical present in DA:PSS offers great potential for their application in flexible electronic
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1. Introduction

Adhesive hydrogels, owing to their excellent electronic proper-
ties and the soft nature of the wet tissues in them, are great
candidates for use in flexible wearable sensors, human move-
ment detection, soft robotics, and wearable healthcare
tracking.'” Recently, inspired by natural mussel adhesion,
various catechol-based adhesive hydrogels have been proposed
in the synthesis of self-adhesive epidermal sensors.**

So far, several catechol-based adhesive hydrogels have been
fabricated using catechol-containing polymers, catechol-
functionalized monomers, and other catechol-functionalized
materials.*** Dopamine (DA), an important neurotransmitter
found in the brain, contains both catechol and amine groups.*
It is also identified as a small-molecule mimic of mussel foot
proteins, which can undergo autooxidation and then self-
polymerize under alkaline conditions to generate polydop-
amine (PDA) materials.”® DA derivatives and PDA-
incorporated hydrogels exhibit strong adhesiveness toward
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various organic and inorganic substrate surfaces, and human
skin.®*** Radical polymerization using additional initiators is
a typical method to prepare mussel-inspired hydrogels.*™*
However, since the presence of a high concentration of catechol
moieties can result in the substantial quenching of free radicals
thereby suppressing the formation of hydrogel networks, it is
important to ensure that the hydrogels prepared by radical
polymerization possess low catechol content, that is, lower than
2 wt% of the monomer.***> However, such a low concentration
of catechol undermines the adhesion performance of mussel-
inspired hydrogels as well as their application in self-adhesive
skin-like sensors. In addition, the catechol in the adhesive
hydrogels was usually oxidized to quinone by air during storage
and usage, which caused the hydrogels to lose their adhesion
ability.**"*

Furthermore, Zhang and co-workers found that semi-
quinone radical species generated during the oxidation of DA
can trigger the polymerization of acrylate monomers to elimi-
nate the use of additional free-radical initiators.”® The Zhang
group present a DA-triggered gelation to fabricate mussel-
inspired conductive hydrogels with high optical transparency
and catechol content (up to 50 wt% of the monomer), simul-
taneously, by taking advantage of intriguing mussel-inspired
chemistry to eliminate the use of additional free-radical
initiators."?

Recently, the Liang group found that the sulfonate in poly(-
sodium 4-styrenesulfonate) (PSS) interacts with the amino
group on DA, which inhibits both its cyclization and
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Schemel Schematic of DA:PSS-initiated polymerization-triggered synthesis of PAA adhesive hydrogel. (i) The sulfonate in PSS interacts with the
amino group on DA. (ii) Schematic diagram of the internal structure of the hydrogel. (iii) Interactions between the hydrogel and various substrates:
(1) hydrogen bond. (ll) Coordination bond. (lIl) Cation—t interaction. (IV) - interaction. (V) Covalent linking. (iv) Schematic diagram of inter-

actions of DA, PAA and PSS.

polymerization; during the process, while more semiquinone
radicals are found to be produced, dopaquinone is not detec-
ted.”* Furthermore, PSS could be used as the hard segment to
interact with flexible macromolecules such as poly(acrylic acid)
(PAA) to form interpenetrating polymer network.>?® On the
other hand, PAA-based hydrogel is an ionic hydrogel which is
widely used as flexible wearable sensors due to its excellent
ionic conductivity.>>>°

Here, we prepared an adhesive hydrogel using acrylic acid
(AA) as the monomer and N,N'-methylenebis(acrylamide) (BIS)
as the chemical crosslinking agent, initiated by the semi-
quinone radicals in DA:PSS, where DA:PSS can interact with PAA
through hydrogen bond, PSS and PAA could also form inter-
penetrating network (Scheme 1). The prepared DA:PSS/PAA
hydrogel was found to exhibit long-lasting adhesion due to
the acidic environment endowed by PAA and the interaction
between the amino group of DA and sulfonate of PSS, which
prevent the oxidation of DA to dopaquinone. Furthermore, the
DA:PSS/PAA hydrogel could be used as flexible wearable
Sensors.

2. Experimental section
2.1 Materials

Dopamine hydrochloride (DA-HCl, =98.0%) was received from
Beijing J&K Technology Co., Ltd. Poly(sodium 4-styrenesulfo-
nate) (PSS, M,, = 80 000) was purchased from Shanghai McLean
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Biochemical Technology Co., Ltd. Acrylic acid (AA, =99.0%) was
purchased from Chengdu Shuobo Research and Innovation
Technology Co., Ltd. N,N-Methylenebis(acrylamide) (BIS,
=98.5%) and Tris (hydroxymethyl)Jaminomethane (Tris,
=99.5%) were purchased from Chengdu Kelon Chemical Co.,
Ltd. Ammonium persulfate (APS, =98.0%) and acrylamide (AM
>98.0%) were purchased from Chengdu Jinshan Chemical
Reagent Co., Ltd. N-Isopropylacrylamide (NIPAM, =98.0%) was
purchased from TCI (Shanghai) Development Co., Ltd. Deion-
ized water (18.25 MQ, 25 °C) generated from a Milli-Q plus
purification system (Millipore) was used in all the experiments.
Unless otherwise noted, all materials were obtained from
commercial supplies and used as received without further
purification.

2.2 Preparation of DA:PSS

DA:PSS was prepared according to the previous report.> Typi-
cally, 1.818 mL PSS was dissolved in the Tris-HCI buffer solu-
tion (pH = 8.5) and the mixed solution was stirred for 5 min.
Subsequently, 1 g DA-HCI was added and stirred for 12 h at
room temperature and pressure, DA:PSS was obtained.

2.3 Preparation of DA:PSS/PAA hydrogel and PSS/PAA
hydrogel

Firstly, 1 mL DA:PSS and 1 mL AA (14.587 mmol) were mixed
and stirred for 10 min under N,. Subsequently, 1 mL BIS (0.013

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mmol) and 2 mL deionized water were added to the above
solution and stirred for another 10 min under N,. Finally, the
above solution was injected into the mold and DA:PSS/PAA
hydrogel was formed in an oxygen-free environment after 1 h.
DA:PSS/PAA hydrogels with different raw material ratios were
prepared by the same method.

As a control, pristine PSS/PAA hydrogel was synthesized by
traditional free radical polymerization of AA in the presence of
APS (1 mL, 0.0876 mmol) at 60 °C for 4 h. The dosages of AA,
BIS, PSS, and Tris in PSS/PAA hydrogel were all consistent with
those in DA:PSS/PAA hydrogel, and the total volume was kept at
5 mL.

2.4 Preparation of DA:PSS/PAM hydrogel and DA:PSS/
PNIPAM hydrogel

To extend the universality of our strategy, other acrylate
monomers were employed to carry out similar experiments.
Firstly, 1 mL DA:PSS and 2 mL pH = 2 acrylate monomers (AM
or NIPAM) were mixed together and stirred for 10 min under N,.
Subsequently, 1 mL BIS (0.013 mmol) and 1 mL deionized water
were added and then stirred for 10 min under N,. Finally, the
above solution was injected into the mold and DA:PSS/PAM
hydrogel or DA:PSS/PNIPAM hydrogel was formed in an
oxygen-free environment after 2 h. NIPAM was recrystallized
before being used.

2.5 Gelation time

The gelation time of the hydrogel was characterized by the vial
inverting method. Briefly, the reaction mixture solution (5 mL)
was poured into a vial and then incubated in an oxygen-free
environment. When the bottle was inverted vertically, no
visible flow within 60 s was considered as a standard for gel
formation. All experiments were performed in triplicate.

2.6 Mechanical tests

The mechanical properties of hydrogels were measured by
a universal tensile machine (QX-W200, Shanghai Qixiang
Testing Instrument Co., Ltd.) equipped with a microcomputer
at room temperature. The hydrogels used for the test were
cylindrical with a diameter of 4.5 mm and a length of 30 mm.
The stretching speed was constant at 100 mm min ", All
experiments were repeated 3 times and the mean value was
reported. The tensile strength is defined as:

g = F/AO (1)

where ¢ is the tensile strength (Pa), F is the tensile load (N), 4, is
the initial cross-sectional area of the hydrogels (m?).

2.7 Adhesion tests

The adhesion behaviors of DA:PSS/PAA hydrogel were charac-
terized by the lap-shear test. Two pieces of substrates were stick
together by the hydrogel with the bonding area of 10 x 10 mm?,
pressed by pressure of 1 kPa for 10 s in air at ambient
temperature without any additional treatment, and then the
external pressure was removed immediately. The maximum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stress during shear adhesive tests was recorded as the adhesive
strength, calculated by the maximum force divided by the initial
bonding area. The adhesion-peel cycles experiments were
completed within 15 minutes. For testing the adhesion prop-
erties of the DA:PSS/PAA hydrogel after 21 days, the hydrogel
was placed in an airtight container with a small amount of
moisture to maintain a humidity at 76% RH for 21 days, and
then the adhesion properties were characterized.

2.8 Anti-drying tests

The hydrogel samples were attached to the skin of the subject's
arm, which were exposed at room temperature and the weight
changes were recorded after 5 hours (room temperature: 18 °C,
body temperature: 36.5-36.8 °C, air humidity: 60% RH). The
weight loss ratio (WLR) was calculated according to the
following formula:

WLR = (W, — W)Wy x 100% (2)

where, WLR is the weight loss ratio, W, is the initial mass of the
hydrogel, and W is the mass of the hydrogel after attached to the
skin for 5 hours.

2.9 Electrical properties tests

The resistance of hydrogel was measured by the compact LCR
digital bridge of TH283X. The sensitivity of a strain sensor was
usually evaluated in terms of the gauge factor (GF), which was
estimated as follows:

GF = (AR/Ry)/e (3)

where AR is the measured resistance (R) minus the initial
resistance (R,), and ¢ is the applied strain. In human motion
experiments, the hydrogel attached to the sensor adhered
directly to the skin to detect the change of resistance under
different states of motion.

3. Results and discussion
3.1 Analysis of the chemical structure of DA:PSS

The complex of DA and PSS (DA:PSS) was synthesized by directly
adding solid DA-HCI into an aqueous solution of PSS, accord-
ing to the method described in the literature.* The structure of
DA:PSS is obtained from the 'H-NMR and "*C-NMR spectra of
DA:PSS and DA-HCI, respectively, as shown in Fig. 1. The peaks
at around 6.5 ppm belonged to the aromatic protons of DA in
DA:PSS. Moreover, there were two sharp peaks at 9.0 ppm,
which may be ascribed to the phenolic hydroxyl protons of DA
in DA:PSS (Fig. 1a). The "H-NMR spectra of DA-HCl and DA:PSS
overlapped almost completely. The signal peaks in the "H-NMR
spectra of DA:PSS were very clear and were completely different
from those in the '"H-NMR spectra of PDA.>* The "“C-NMR
spectra of DA:PSS matched well with that of the DA monomer
(Fig. 1b). The "H-NMR and "*C-NMR spectra showed the struc-
ture of DA:PSS similar to that shown in the literature,* indi-
cating that no dopaminequinone was generated. These results
show that we have successfully synthesized DA:PSS.

RSC Adv, 2023, 13, 7561-7568 | 7563
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Fig. 1 (a) *H-NMR and (b) **C-NMR spectra of DA-HCl and DA:PSS.

Electron spin resonance (ESR) was conducted to detect the
characteristics of radicals in DA:PSS (Fig. S17). A single-line ESR
of DA:PSS with accurate g-factor of 2.0050 (the experimental
data amounted to 2.0010) at room temperature was detected,
indicating the formation of semiquinone radicals.**** Thus, the
semiquinone radicals in DA:PSS could be used to trigger free
radical polymerization.

3.2 Mechanical properties of DA:PSS/PAA hydrogel

According to previous reports, PAA and PSS chains could form
interpenetrating networks in which PAA interacts with DA and
PSS via hydrogen bonding.*****'*? In this work, gelation time
experiments were used to explore the appropriate ratio of
spontaneous formation of hydrogels by DA:PSS and AA without
adding initiators (Fig. S2 and S37). It could be observed that the
gelation time decreased with the increase in the dosage of
DA:PSS. The weight ratio of DA:PSS to AA was chosen as 1:1 for
the subsequent experiments. However, the strength of these
hydrogels was so low that limited their application. To obtain
hydrogels with good mechanical properties, crosslinking agent
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BIS was induced into the reaction system, which could adjust
the crosslinking density of the hydrogels. Composite hydrogels
with different mechanical properties were obtained by changing
the content of BIS. Fig. 2a shows the stress-strain curves of the
DA:PSS/PAA hydrogel with different BIS contents. It could be
seen that, as the BIS content increased from 0.001 to 0.016 g, the
stress of the composite hydrogels also increased from 28.7 kPa
to ~50.8 kPa and the elongation at break reduced from 1879%
to ~206%. Due to the addition of BIS, the hydrogel forms multi-
crosslinking points that increase the rigidity of the hydrogel and
reduce the toughness.*® The DA:PSS/PAA hydrogel exhibits
proper mechanical strength (44.9 kPa) and good stretchability
(1249%) at the BIS content of 0.002 g mL™'. The tensile
modulus (100-200% strain) and toughness of DA:PSS/PAA
hydrogel at the BIS content of 0.002 ¢ mL ™' are 6.61 kPa,
30.479 k] m~?, respectively. Considering at strain and tensile
strength, 0.002 g mL™ ' BIS was used for subsequent
experiments.

Interestingly, this DA:PSS-initiated strategy applies equally to
other acrylate monomers such as AM and NIPAM as well.
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Fig. 2 Mechanical properties of the DA:PSS/PAA hydrogel. (a) Stress—strain curves of the DA:PSS/PAA hydrogel with different BIS contents. (b)
Elasticity of the DA:PSS/PAA hydrogel under 70 successive loading—unloading cycles.
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Fig. 3 Adhesion ability of the DA:PSS/PAA hydrogel. (a) DA:PSS/PAA hydrogel showed good adhesion to various substrates: alloys, porcine skin,
rubbers, iron, PP, glass, and wood. (b) The adhesion strength of the DA:PSS/PAA hydrogel on different substrates. (c) The adhesion strength of the
DA:PSS/PAA hydrogel under 20 adhesion-peel cycles (d) Photographs of the appearance and simple stretching of the DA:PSS/PAA hydrogel after

21 days.

However, only in acidic solutions could AM and NIPAM form
hydrogels initiated by semiquinones present in DA:PSS
(Fig. S41). From these observations, it may be preliminarily
concluded that pH affects the activity of semiquinones in
DA:PSS as the initiators for radical polymerization. The reasons
for this will be studied in future works.

Stability is crucial for the practical application of hydrogels.
Therefore, we characterized the fatigue properties of the
DA:PSS/PAA hydrogel (Fig. 2b). As shown in Fig. 2b, DA:PSS/PAA
hydrogel had no obvious hysteresis in their stress-strain curves
even after 70 cycles of continuous tension recovery test, with
a tensile deformation of 300%, indicating that the DA:PSS/PAA
hydrogel has good fatigue resistance. These results indicated
that DA:PSS/PAA hydrogel had good mechanical properties.
Fig. S5t shows a comparison of the properties of the PSS/PAA
hydrogel (using APS as the initiator) and of the DA:PSS/PAA
hydrogel. It may be seen that the elongation of the DA:PSS/
PAA hydrogel (1249%) is far greater than that of the PSS/PAA
hydrogel (618%), which is due to the multiple hydrogen
bonds and ionic interaction induced by DA in the DA:PSS/PAA
network.'>3*

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.3 Adhesion properties of DA:PSS/PAA hydrogel

As shown in Fig. 3a, DA:PSS/PAA hydrogel could adhere to the
surface of PP, alloys, porcine skin, rubbers, iron, glass, and
wood. The adhesion strength of DA:PSS/PAA hydrogel on
different substrates including glass, porcine skin, wood, and
steel were found to be 11.7, 22.3, 23.2, and 27.0 kPa, respectively
(Fig. 3b), which is very comparable with some catechol-based
hydrogels.”** In addition, the adhesion strength of the
DA:PSS/PAA hydrogel (newly prepared and after 21 days storage)
on glass remained almost unchanged even after 20 peel-
adhesion cycles, which indicated that the DA:PSS/PAA hydro-
gel has long-lasting and repeatable good adhesion (Fig. 3c). The
photographs of the DA:PSS/PAA hydrogel showed that the
colour of the hydrogel changed only slightly after 21 days
(Fig. 3d), indicating that the catechol hardly oxidized in the
hydrogel due to the acidic environment and the interaction
between the amino group of DA and sulfonate of PSS.>*
Furthermore, two DA:PSS/PAA hydrogels was put on the arm
crossing the wrist for 5 hours to investigate the effect of the real
body and around environment on this hydrogel (Fig. S67). In
comparison, one of the DA:PSS/PAA hydrogels was coated with

RSC Adv, 2023, 13, 7561-7568 | 7565
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Fig. 4 Strain-responsive conductivity properties of the DA:PSS/PAA hydrogel. (a) Change in the LED light with the elongation of the hydrogel. (b)
Change in the resistance and GF values of the DA:PSS/PAA hydrogel with increasing strain.

a

R/R,

recover

0 10 20 30 40
Time (s)

R/R,
=

Cc

R/R,
=

6 9 12
Time (s)

Fig. 5 Electromechanical properties of the DA:PSS/PAA hydrogel. (a) Relative resistance variations of the hydrogel strain sensors adhered onto
the finger bending upon different angles (0°, 35°, 50°, and 95°). (b) Stability tests of the hydrogel sensors by repeatedly applying for multiple

cycles. (c) The response times were up to 83 ms.

glycerine after adhered to the arm. It was observed that both
hydrogels turned thinner, indicating the losing of water
happened for both hydrogels due to the body temperature. But
it was apparent that the hydrogel coated with glycerine kept
more water than that of the bare hydrogel. And the calculation
of weight loss supported the observation (65.03% for the bare
hydrogel and 54.37% for the hydrogel coated with glycerin). The
weight loss changed the mechanical properties as shown in
Fig. S7.f To make the prepared hydrogel meet the practical

7566 | RSC Adv, 2023, 13, 7561-7568

application,
necessary, and the related work will be carried out later.

The adhesion of the DA:PSS/PAA hydrogel may be attributed
to the synergistic effect of the carboxyl groups of PAA, sulfonate
groups of PSS, and the catechol groups of DA through covalent
and noncovalent bonding, as shown in Scheme 1. The existence
of large amounts of hydrogen bonds and electrostatic interac-
tions in this system is of great importance to the adhesive
properties. In addition to the interaction between the hydrogen

the improvement of moisture retention was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bonds and electrostatic interactions, other physical interactions
that are formed between the gel and the substrate, such as -7
stacking, cation-t interaction, and metal
coordination,''%'*3%3% are also expected also endow the
hydrogel materials with adhesiveness.

3.4 Strain-responsive conductivity properties of DA:PSS/PAA
hydrogel

The DA:PSS/PAA hydrogel demonstrated good electrical
conductivity due to the presence of Na' of PSS in the network,
serving as a conductive medium. The circuit was formed by
connecting the hydrogel with copper wires, an LED bulb, and
a power supply. Upon stretching, the brightness of the LED bulb
darkened and the brightness recovered when the strain dis-
appeared. It may be noted that the brightness of the LED bulb
changed almost simultaneously with stretching, revealing the
fast response of the hydrogel to strain. Fig. 4a shows the change
in resistance of the DA:PSS/PAA hydrogel when it is stretched to
different lengths. It can be seen in Fig. 4b that, as the hydrogel
is stretched continuously, its resistance increases immediately
with hardly any hysteresis. We further use the gauge factor (GF,
(AR/Ry)/e) to evaluate the strain sensitivity. Within the strain
increases to 500%, the GF was found to be 4.02. Therefore, it
may be concluded that the DA:PSS/PAA hydrogel has the
potential to be used as a skin sensors.

3.5 Flexible wearable sensors based on DA:PSS/PAA hydrogel

Given their excellent flexibility, strain sensitivity, and adhesive
ability, DA:PSS/PAA hydrogel was able to be applied as a wear-
able strain sensor to detect the motions of finger. To monitor
finger motion, we attached the hydrogel sensor to the finger and
recorded the real-time resistance-time curve in finger flexion by
the electrochemical workstation. The relative resistance change
with the finger flexion is shown in Fig. 5a. By bending the
fingers (0°, 35°, 50°, and 95°), the change in the hydrogel
resistance at different angles was detected. When the finger
bending increased from 35° to 50° to 95°, the resistance was
also found to increase gradually. When the finger was bent back
to 0°, the original resistance was recovered. The relative resis-
tance of the hydrogel increased as the flexion angle of the finger
increased. As the hydrogel was attached to the finger, it readily
stretched upon finger flexion, leading to an increase in the
resistance. With a stepwise increase in the flexion angle of the
finger, the relative resistance also showed a corresponding
stepwise increase. The relative resistance changes under finger
motion also showed a fast and repeatable response, with
response times up to 83 ms (Fig. 5b and c). The finger motion
monitoring results proved that DA:PSS/PAA hydrogel could be
used as flexible wearable sensors to detect human activities due
to their high sensitivity.

4. Conclusions

In summary, we report a polymerization strategy to fabricate
catechol-functionalized hydrogel triggered by semiquinone
radicals in DA:PSS. The DA:PSS/PAA hydrogel exhibits good

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stretchability (1249%) due to the existence of the inter-
penetrating network of PAA and PSS, and the multiple hydrogen
bonds induced by DA. In contrast, profiting from the abundant
catechol, carboxyl, and sulfonate groups, the conductive
hydrogel presented good adhesion with various substrates (e.g.,
PP, alloys, porcine skin, rubbers, iron, glass, and wood). Addi-
tionally, the DA:PSS/PAA hydrogel has long-lasting adhesive-
ness, which may be attributed to the resistance of DA to
oxidation due to the acidic environment and the interaction of
the amino group of DA and sulfonate group of PSS. The DA:PSS/
PAA hydrogel also exhibits strain-responsive conductivities.
Attributed to these advantages, the conductive DA:PSS/PAA
hydrogel could be applied as skin-like sensors to monitor
human movements. To meet the long-term application, it is
necessary to improve the moisture retention of the DA:PSS/PAA
hydrogel. We are continuing our research to find out how pH
affects the activity of semiquinones in DA:PSS, and develop
proper methods to improve the moisture retention of the
prepared hydrogels. We believe that our work may provide new
insights into the development of adhesive hydrogels based on
DA and PDA materials.
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