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Adhesive hydrogels have broad applications ranging from tissue engineering to bioelectronics; however, fabri-
cating adhesive hydrogels with multiple functions remains a challenge. In this study, a mussel-inspired tannic
acid chelated-Ag (TA-Ag) nanozyme with peroxidase (POD)-like activity was designed by the in situ reduction of
ultrasmall Ag nanoparticles (NPs) with TA. The ultrasmall TA-Ag nanozyme exhibited high catalytic activity to
induce hydrogel self-setting without external aid. The nanozyme retained abundant phenolic hydroxyl groups
and maintained the dynamic redox balance of phenol-quinone, providing the hydrogels with long-term and
repeatable adhesiveness, similar to the adhesion of mussels. The phenolic hydroxyl groups also afforded uniform
distribution of the nanozyme in the hydrogel network, thereby improving its mechanical properties and con-
ductivity. Furthermore, the nanozyme endowed the hydrogel with antibacterial activity through synergistic
effects of the reactive oxygen species generated via POD-like catalytic reactions and the intrinsic bactericidal
activity of Ag. Owing to these advantages, the ultrasmall TA-Ag nanozyme-catalyzed hydrogel could be effec-
tively used as an adhesive, antibacterial, and implantable bioelectrode to detect bio-signals, and as a wound
dressing to accelerate tissue regeneration while preventing infection. Therefore, this study provides a promising
approach for the fabrication of adhesive hydrogel bioelectronics with multiple functions via mussel-inspired
nanozyme catalysis.

1. Introduction

Hydrogels are promising candidate materials for implantable and
wearable bioelectronics owing to their water-containing chemical
structures resembling soft tissues and their tunable mechanical proper-
ties such as flexibility and stretchability [1-4]. The currently available
hydrogel bioelectronics lack multifunctional characteristics to fully
adapt to biological environments. In particular, the lack of
self-adhesiveness makes the hydrogel bioelectronics inconvenient and
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unstable for bio-signal detection, thereby necessitating external aids [5,
6]. Hydrogels with strong adhesion capabilities can eliminate the need
for external aids, facilitating comfortable wear experience, conformal
contact with the tissues, and reliable and stable performance [7-9]. The
adhesive hydrogels can be designed by considering the synergistic ef-
fects of chemistry, topology, and mechanics [10,11]. Various adhesive
hydrogels have been developed based on different adhesion strategies,
such as supramolecular-based adhesives, hydrogen bonds, nucleobases,
and topological adhesive hydrogels [12-14].
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Natural adhesion also inspires for the design of adhesive hydrogels.
Many organisms such as marine mussels and sandcastle worms exhibit
remarkable adhesion to various materials [15]. Mussel shows strong
adhesiveness in seawater via its 3,4-dihydroxyphenylalnine (DOP-
A)-containing mussel foot proteins. The catechol side chain in DOPA can
react with various substrate surfaces via different non-covalent in-
teractions and chemical crosslinking. Inspired by mussel adhesive
chemistry, catechol-based molecules, peptides, and polymers have been
used to modify material surfaces [16,17]. Our previous studies have
demonstrated that adhesive hydrogels can be produced by a
mussel-inspired strategy [18]. Based on the studies on mussel-inspired
adhesion, it is critical to dynamically control the redox balance be-
tween catechol and quinone groups, where a high content of catechol
groups is maintained inside the hydrogel networks to provide long-term
adhesiveness of the hydrogel [19-22]. In addition to the catechol-based
adhesive hydrogels, polyphenol-based hydrogels such as tannic acid
(TA)-based hydrogels also exhibit strong adhesiveness through a similar
mussel adhesion mechanism [23,24]. Notably, adhesive hydrogels are
typically prepared via free-radical polymerization, requiring external
stimuli such as UV irradiation or thermal initiation to induce gelation,
which limits the their practical applications [25,26]. Therefore, it is
imperative to develop new routes for producing adhesive hydrogel
bioelectronics, particularly implantable bioelectrodes, which can un-
dergo self-setting by triggering free-radical polymerization without
external stimuli under physiological conditions.

Enzymatic catalysis is an environmentally friendly strategy to cata-
lyze radical polymerization to enable the self-setting of hydrogels
without external stimuli [27,28]. Enzymes catalyze metabolic reactions
and generate biomacromolecules in living cells [29,30]. However, nat-
ural enzymes are costly and unstable; therefore, they require restricted
conditions to perform catalytic functions. Recently, nanozymes (ie.,
nanomaterials with intrinsic enzyme-like characteristics) have attracted
significant interest owing to their low cost and high stability [31-33].
Diverse nanozymes based on noble metals, transition metals, and carbon
nanomaterials show enzyme-like catalytic properties, including peroxi-
dase, oxidase, catalase, and superoxide dismutase activities [34-37]. In
particular, noble metal nanoparticle (NP)-based nanozymes with
peroxidase (POD)-like catalytic activity can produce eOH radicals [38,
39]. For example, Ag NPs have been used as oxidase nanozymes to
trigger the oxidation of o-phenylenediamine [40,41]. Importantly,
nanozymes not only mimic the catalytic activities of natural enzymes
but also exhibit the unique properties of nanomaterials; therefore, they
can be used to incorporate and tune the functionalities of hydrogels
[42-45]. Recent advances in nanozymes suggest that it is possible to
develop a stable and efficient nanozyme to synthesize adhesive hydro-
gels with multiple functions for bioelectronics.

Notably, metallic NPs with ultrasmall sizes exhibit unique perfor-
mance on the surface, as well as optical, electrical, magnetic, and cat-
alytic properties [46,47]. Furthermore, we recently found that the
phenol-containing lignin-chelated Ag NPs form a dynamic redox sys-
tem, which can trigger hydrogel gelation and endow it with adhesive
properties [48]. An additional study has reported the formation of stable
redox pairs based on metal ions and catechols, which can activate
ammonium persulfate (APS) to generate free radicals and catalyze
hydrogel gelation [49]. Moreover, in the presence of quinone-based
electron acceptors (e.g., p-benzoquinone), the electrons can be trans-
ferred from the Ag NP surface to quinone to induce a partial positive
charge on the Ag NP surfaces [48,50,51]. These previous studies suggest
that the complexation of polyphenols and ultrasmall metallic nano-
materials is a feasible approach to generate novel nanozymes with cat-
alytic capabilities.

In this study, a mussel-inspired nanozyme was developed by
chelating ultrasmall Ag nanoparticles (Ag NPs) with natural polyphenol,
TA. The ultrasmall TA-chelated Ag (TA-Ag) nanozyme could catalyze
hydrogel self-setting without requiring an external aid. Similar to the
adhesion mechanism of the mussel, the ultrasmall TA-Ag nanozyme
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maintained the dynamic redox balance of phenol-quinone, and therefore
endowed the hydrogel with a long-term and repeatable adhesiveness.
The nanozyme with phenolic groups was uniformly distributed and
interacted with the hydrogel network, thereby affording good mechan-
ical properties and conductivity of the hydrogel, and allowing it to act as
an adhesive bioelectrode for detecting physiological signals. Moreover,
the hydrogel accelerated the wound regeneration in rats. Additionally,
the hydrogel exhibited catalytic dynamic antibacterial activity and
effective bacteria adhesion capability, which further intensified its
antibacterial activity. The ultrasmall nanozyme-catalyzed adhesive
hydrogel with multiple functionalities has versatile applications in fields
such as adhesive epidemic biosensors, wearable devices, and medical
patches.

2. Results
2.1. Catalytic mechanism of the ultrasmall TA-Ag nanozymes

The ultrasmall TA-Ag nanozyme was generated via reduction of Ag™*
by TA to form TA-chelated Ag NPs, with TA acting as a protective ligand
to prevent the aggregation and growth of Ag NPs and maintain the ul-
trasmall size of the nanozyme (Fig. 1). During the reduction of Ag NPs, a
portion of the phenolic hydroxyl groups of TA was oxidized to quinones,
which acted as electron acceptors [52]. Thus, the Ag NP and TA formed
an electron donor-acceptor complex, and the electrons could be effi-
ciently transferred from the surface of Ag NP to the quinones of TA with
the assistance of the localized surface plasmon resonance (LSPR) char-
acteristic of the Ag NPs. The electron transfer between the Ag NPs and
TA maintained the dynamic redox balance of phenol-quinone, which
enabled the ultrasmall TA-Ag nanozyme to exhibit a high redox activity
and stable POD-like catalytic activity (Fig. 1a). In addition, the phenolic
hydroxyl groups in this nanozyme showed high affinity to various
molecules, serving as adsorption sites to further increase the catalytic
efficiency of the nanozyme.

An adhesive and conductive hydrogel was formed via ultrasmall TA-
Ag nanozyme-induced self-catalytic polymerization at room tempera-
ture (25 °C) without ultraviolet (UV) light irritation or thermal initia-
tion, which was attributed to the catalytic capability of the ultrasmall
TA-Ag nanozyme (Fig. 1b). The as-prepared ultrasmall TA-Ag nano-
zyme solution was mixed with the monomers and initiator (ammonium
peroxysulfate, APS), resulting in efficient APS activation to generate
radicals and trigger the free-radical polymerization of the monomers,
thus yielding the adhesive hydrogel. The catalytic mechanism was based
on the continuous electron transfer from the ultrasmall TA-Ag nanozyme
to the initiators, which occurred during the conversion of phenol to
quinone. Owing to the efficient catalytic activity of the ultrasmall TA-Ag
nanozyme, the hydrogel could be catalyzed to self-set in various shapes.
This yielded an injectable hydrogel with multi-functionalities at the site
of injury, particularly at the subcutaneous sites for laparoscopic place-
ment in clinical settings.

The POD-like catalytic activity of the nanozyme and antibacterial
properties of Ag endowed the hydrogel with catalytic dynamic anti-
bacterial activity, which was further enhanced by the bacterial adhesion
capability of the phenolic hydroxyl groups in the nanozyme (Fig. 1c).
Moreover, the ultrasmall TA-Ag nanozyme maintained the dynamic
redox balance of phenol-quinone, which provided sufficient poly-
phenolic hydroxyl groups inside the hydrogel, and endowed the
nanozyme-catalyzed hydrogel with long-term and repeatable adhesive-
ness (Fig. 1d). The uniform dispersion of the ultrasmall TA-Ag nanozyme
in the hydrogel network contributed to the outstanding conductivity and
mechanical properties of the hydrogel. Therefore, the hydrogel can be
used as an adhesive and flexible bioelectrode to detect physiological
signals while preventing infection.
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2.2. Characterization of the nanozyme and its catalytic activity

The structure of the ultrasmall TA-Ag nanozyme was examined by
transmission electron microscopy (TEM). As shown in Fig. 2a, the
nanozyme exhibited an ultrasmall spherical structure with an average
diameter of 5 nm. High-resolution TEM (HR-TEM) data showed that the
lattice spacing values were 2.3 and 2.0 A, corresponding to the (1 1 1)
and (2 0 0) crystallographic planes of Ag, respectively (Fig. 2a, inset).
The X-ray diffraction (XRD) pattern also exhibited the typical diffraction
peaks of Ag (Fig. 2b). The X-ray photoelectron spectroscopy (XPS) data
revealed the presence of phenol and quinone groups on the Ag NP sur-
faces, confirming the presence of TA chelates on the Ag core (Fig. S2).
The XPS data also show that the Ag 3d peak position of the TA-Ag
nanozyme was shifted by 0.17 eV compared with that of the bare Ag
NPs (Fig. 2c), indicating an electron-deficient state induced by the
quinone-based electron acceptor [51]. These results confirm that the
ultrasmall TA-Ag nanozyme was successfully synthesized.

The ultrasmall TA-Ag nanozyme exhibited high POD-like activity, as
demonstrated by the catalytic oxidation of the POD substrate, 3,3',5,5'-
tetramethylbenzidine (TMB). After adding the nanozyme to a TMB so-
lution in the presence of HyOo, the color changed to blue (Fig. 2d, inset).
Moreover, the POD-like activity of the ultrasmall TA-Ag nanozyme was
22 times than that of the pure Ag NPs (Fig. 2d). The specific activities of
the TA-Ag nanozyme and Ag were 0.67 and 0.03 units mg ™!, respec-
tively. Meanwhile, the nanozyme exhibited high catalytic efficiency and
stability in the presence of Hy0, at different temperatures (Fig. S3).
Additionally, the nanozyme also showed high POD-like activity in the
presence of APS, which is essential for catalyzing hydrogel polymeri-
zation. The Michaelis—-Menten constants (Ky;) of the nanozyme for TMB
was 2.28 mM in the presence of HyO; (Figs. 2e), and 2.19 mM in the
presence of APS (Fig. 2f). The Ky of the nanozyme for H,O was 180.53
mM (Fig. S4). The generation of ¢OH radicals plays an important role in
the POD-like catalytic systems. To confirm the generation of eOH, 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)-trapped electron spin-resonance
resonance (ESR) experiments were conducted. The ESR spectra of the
TA-Ag nanozyme with H,0, and APS showed a quartet of signals, con-
firming the presence of ¢OH (Fig. 2g), which demonstrates that the ul-
trasmall TA-Ag nanozyme is an efficient POD-like catalyst.

The high catalytic activity of the ultrasmall TA-Ag nanozyme is

2678

Bioactive Materials 6 (2021) 2676-2687

Fig. 1. Catalytic mechanism of the ultrasmall TA-
Ag nanozyme. (a) TA-Ag nanozyme is generated
by chelating ultrasmall silver nanoparticles (Ag
NPs) with tannic acid (TA), where the electron
transfer between Ag NP and TA maintains the dy-
namic redox balance of phenol-quinone. (b)
Nanozyme-induced self-setting of the hydrogel. (c)
Nanozyme endows the hydrogel with catalytic dy-
namic antibacterial activity. (d) Dynamic redox
balance of phenol-quinone allowing the ultrasmall
TA-Ag nanozyme-catalyzed hydrogel to be used as
an adhesive and conductive bioelectrode to detect
biosignals.

attributed to the following factors. First, the ultrasmall TA-Ag nanozyme
contained phenol-quinone redox pairs on the outer surface, which
continuously transferred electrons to the peroxide (Fig. 1a). Second, the
core of the Ag NP had an ultrasmall size and therefore exhibited a strong
LSPR effect (Fig. S5), and the ultrasmall Ag NP was further activated by
the quinone on the outer layer, as indicated by the XPS analysis (Figs. 2c
and S2). Thus, the Ag NPs continuously provide electrons to maintain
the redox activity of the phenol-quinone pairs.

The electron transfer from the Ag core to the quinone groups of TA on
the outer surface was investigated using employing density functional
theory (DFT; Fig. 2 h and i). In the Ag (110)-benzoquinone model, the
main Ag-O interactions were formed between the Ag atoms and O atoms
of the carbonyl groups (Fig. 2h). The electron density difference showed
that the electron transfer occurred between benzoquinone and the Ag
(110) surface. As shown in Fig. 2i, the red region represents charge
accumulation, and the blue region indicates charge depletion. On the Ag
(110) surface, charge depletion occurred in the Ag atoms, and charge
accumulation was observed in the O atoms of the carbonyl groups (0103
and Oq9s5) (Fig. 2i), indicating Ag—O interactions between the Ag core
and TA. The Mulliken population method was used to quantitatively
analyze the change in charge, thereby affording an in-depth under-
standing of the electron transfer after benzoquinone adsorption on the
Ag (110) surface. The changes in the charges calculated by the Mulliken
population analysis are listed in Table S12, suggesting electron transfer
from the Ag atoms to O atoms and formation of Ag-O interactions.
Furthermore, the ultrasmall TA-Ag nanozyme could effectively catalyze
hydrogel self-setting without external stimuli (Fig. 2j). The phenol-
quinone redox pairs provide electrons to APS to generate radicals,
resulting in the rapid in situ gelation of the PAA hydrogel. Moreover, the
gelation time could be controlled by varying the content of nanozyme or
APS (Fig. S6). To demonstrate the universality of the catalytic effects of
the nanozyme, it was mixed with a biocompatible monomer solution to
form an injectable hydrogel for repairing the full-thickness skin defects
in a rat model (Fig. S7) [53-55].

2.3. Catalytic dynamic antibacterial activity of the nanozyme

The ultrasmall TA-Ag nanozyme exhibits rapid short-term and long-
term bactericidal activities. The rapid short-term bactericidal activity is
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Fig. 2. Characterization and catalytic kinetics of the ultrasmall TA-Ag nanozyme. (a) Transmission electron microscopy (TEM) images of the ultrasmall TA-Ag
nanozymes. (b) X-ray diffraction (XRD) pattern of the ultrasmall TA-Ag nanozymes. (c) High-resolution X-ray photoelectron spectroscopy (XPS) data of the Ag 3d
regions for Ag NPs and ultrasmall TA-Ag nanozymes. (d) POD-like activities of the ultrasmall TA-Ag nanozymes and Ag NPs; inserted images (tubes) represent the
visual color changes of 3,3',5,5'-tetramethylbenzidine (TMB). Michaelis-Menten curves for the POD-like activity of the ultrasmall TA-Ag nanozyme with varied TMB
concentrations in the presence of (e) H2O, and (f) ammonium peroxysulfate (APS). (g) 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin-trapping electron spin-
resonance resonance (ESR) spectra of the ultrasmall TA-Ag nanozyme for H,O, and ammonium persulfate (APS). Density functional theory (DFT) study of 3-hy-
droxy-1,2-benzoquinone adsorption on the Ag (110) surface; (h) side-view of the three-dimensional plots of the electron density difference with an isovalue of
0.20 e A3, (i) top view. Bond lengths are in angstrom (A) units. Charge accumulation and charge depletion are represented by red and blue, respectively. (j)
Schematic of the TA-Ag-based hydrogel self-setting in a mold; (j1) pre-polymerization solution of the hydrogel was injected into a mold; (j2) injectable hydrogel self-
set through nanozyme catalyzation; (j3) the hydrogel was exfoliated from the mold; (j4) digital photograph of the self-set TA-Ag-PAA hydrogel with cylindrical
micropatterns.
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attributed to the catalytic dynamic antibacterial activity of the ul-
trasmall TA-Ag nanozyme, based on the generation of reactive oxygen
species (ROS) in the POD-like catalytic reactions. In the presence of
H20,, the ultrasmall TA-Ag nanozyme with POD-like catalytic activity
can rapidly generate eOH radicals, leading to the inactivation of bac-
teria. The bacterial adhesion of the ultrasmall TA-Ag nanozyme
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facilitated its immobilization on the bacteria, which shortened the
diffusion distance of ROS to bacteria and strengthened the bactericidal
effect of the ROS (Fig. 3a).

The rapid short-term antibacterial activity was demonstrated using
the co-culture of the ultrasmall TA-Ag nanozyme with two bacterial
taxa, gram-negative Escherichia coli (E. coli) and gram-positive

/ POD-like activity

/'/ H,0, ————p ‘
<

Bacterial
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Fig. 3. Antibacterial activity of the ultrasmall TA-Ag nanozyme. (a) Ultrasmall TA-Ag nanozyme kills bacteria via adhesion on the bacterial surface and gen-
eration of reactive oxygen species (ROS) by enzyme-like catalysis. (b—c) Photographs and bactericidal ratios after the different treatments for 2 h. (d) Confocal laser
scanning microscopy (CLSM) images and (e) the semi-quantitative determination of the fluorescence signal of E. coli cells stained by DCFH-DA/HPF. (f-i) SEM image
and elemental mapping of E. coli cells co-cultured with the ultrasmall TA-Ag nanozyme. (j—k) Photographs and bactericidal ratio of the nanozyme-incorporated
hydrogels (0.18 wt%) co-cultured with S. epidermidis and E. coli. solution after one day.
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Staphylococcus epidermidis (S. epidermidis). The bacterial suspensions of
TA-Ag nanozyme in the presence of HyO, were clear (Fig. 3b and c, left).
Moreover, in the presence of HyO,, the antibacterial ratios of TA-Ag
nanozyme reached 90% to S. epidermidis, and 89% to E. coli in 2 h
(Fig. 3b and c, right). Intracellular ROS levels were measured, which is
relevant to the bacterial death that is caused by oxidative stress. The
cellular eOH level was detected using hydroxyphenyl fluorescein after
culturing with different groups for 35 min (Fig. 3d and e) [56]. In the
nanozyme group in the presence of HyO,, bright green fluorescence
signals were observed in the bacteria. The HyO, groups presented slight
green fluorescence signals due to the partial self-decomposition of HoO5.
In contrast, no intense fluorescence signals were observed in the other
groups. These results indicate that ultrasmall TA-Ag nanozymes exhibit
effective POD-like activity in antibacterial tests.

Notably, the diffusion distances and lifetimes of ROS are generally
limited in the biological environments. The bacterial adhesion of the
ultrasmall TA-Ag nanozyme facilitated its immobilization on bacteria
and enhanced the bactericidal effect of the ROS (Fig. 3a). The ultrasmall
TA-Ag nanozyme exhibited a good bacterial adhesion capability and
thereby increasing the bactericidal efficiency of ROS. As shown in
Fig. 3f-i, a substantial portion of the nanozyme was attached to the
bacterial surfaces and better antibacterial activity was observed
compared to that of the Ag NPs (Fig. S8). The superior adhesion capa-
bility is attributed to the phenolic hydroxyl groups on the nanozyme,
which can form various interactions with the bacterial cell membranes
[57]. Thus, ROS generation and bacterial-adhesion capability of the
ultrasmall TA-Ag nanozyme synergistically resulted in an efficient and
rapid antibacterial activity.

Long-term antibacterial activity results from the intrinsic bacteri-
cidal activity of the Ag NPs. Ag nanomaterials are well-known broad-
spectrum antibacterial agents that kill the bacteria by disrupting their
membranes [58]. The images of the bacterial suspensions co-cultured
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with the nanozyme-incorporated hydrogels after 24 h are shown in
Fig. 3j and k. The suspensions cultured with the polyacrylic acid (PAA)
hydrogel appeared turbid. In contrast, those cultured with the
nanozyme-incorporated (TA-Ag-PAA) hydrogel were clear, indicating
that most of the bacteria were killed. Quantitative analysis indicated
that the bactericidal ratios of the TA-Ag-PAA hydrogel for E. coli and
S. epidermidis after one day were 98.2% and 98.5%, respectively. In
general, the TA-Ag-PAA hydrogel showed effective inhibitory activity
toward both gram-negative and gram-positive bacteria.

2.4. Adhesiveness of the nanozyme-incorporated hydrogel

The TA-Ag-PAA hydrogel exhibited self-adhesiveness, and could
repeatedly adhere to various surfaces for a long duration. As shown in
Fig. 4a, the hydrogel could adhere to various surfaces, including cherry
tomatoes, glass bottles, mouse livers, and metal nuts. Quantitative
tensile-adhesion test results showed that the adhesive strengths of the
hydrogel to glass, titanium, polytetrafluoroethylene (PTFE), and porcine
skin are 35, 45, 54, and 26 kPa, respectively (Fig. 4b). Furthermore, the
hydrogel strongly adhered to porcine skin even after 30 cycles of the
stripping-adhesion test, indicating its repeatable and long-term adhe-
siveness (Fig. 4c). It could also be repeatedly adhered to and stripped off
from human skin without any harm or irritation (Fig. 4d), which is
crucial for bioelectronic applications.

Repeatable and long-term adhesiveness is attributed to the dynamic
phenol-quinone redox system formed by the ultrasmall TA-Ag nanozyme
inside the hydrogel network, which provides sufficient phenolic hy-
droxyl groups for adhesion (Fig. 4e). Notably, the repeatable and long-
term adhesion of the mussels in nature is also based on the dynamic
redox system involving a set of mussel foot proteins (Mfps) in the byssal
thread (Fig. 4e-i). Mfp-3 and Mfp-6 significantly contribute to mussel
adhesion. Mfp-6, which has a cysteine residue, acts as a reductant to

Fig. 4. Adhesive performance of TA-Ag-PAA

|esssssssssgge

hydrogel. (a) Hydrogel adhered to various sur-
faces (the content of TA-Ag nanozyme is 0.22 wt%).
(b) The adhesive strength of the hydrogels to
different substrates. (c) The repeatable adhesive
strength of the hydrogel to porcine skin tissue. (d)
Long-term adhesion of the hydrogel to human skin
tissue after 30 cycles without causing irritation. (e)

18539938945839843

1 cycle # ‘
B

0 10 15 20 25 30

Adhesion Cycles

5 Mussel-inspired adhesion mechanism of the hydro-
gel; (i) mussel adhesion; (ii) ultrasmall TA-Ag
nanozyme creates a redox environment inside the
hydrogel and maintains phenolic hydroxyl groups
for long-lasting adhesion; (iii) interactions between
the hydrogel and various substrates; I. Hydrogen
bond. II. Coordination bond. III. Cation—n interac-
tion. IV. n—r interaction. V. Covalent linkage.

- —

30 cycle
e

»

2

H

N

® I
.

s

= Oy

Ok
o
Oy

&

o)

2681



Z. Jia et al.

prevent the over-oxidation of catechols to quinones to prevent the loss of
adhesion [19,59,60]. Inspired by this mechanism, we previously
demonstrated that hydrogels with long-term and repeatable adhesion
could be achieved by controlling the oxidation of the catechol groups,
and the redox balance between the catechol and quinone groups was one
of the main factors affecting the adhesive performance of the hydrogels
[61].

In this nanozyme-triggered dynamic redox system, Ag NP acts as an
electron donor owing to the presence of quinone-based electron
acceptor (TA) and the LSPR effect. LSPR is a key property of noble metal
NPs, such as Au, Ag, and Cu NPs, which allows electron transfer because
of the collective oscillation of free electrons in metal NPs [62]. Chelation
with TA further activates ultrasmall Ag NPs and facilitates electron
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transfer [63]. Therefore, the TA and LSPR allowed the Ag NPs to act as
electron donors to the quinone groups, which maintained the redox
balance of the phenol/quinone groups (Fig. 4e-ii). In other words,
within the nanozyme, the phenolic hydroxyl groups prevented the
oxidation of Ag during in situ reduction, while the Ag NPs serve as
efficient sources of electrons to maintain the redox balance of the phe-
nol/quinone groups. Thus, abundant phenolic hydroxyl groups were
retained inside the hydrogel, enabling long-term and repeatable adhe-
sion of the hydrogel to various substrates via hydrogen bonding, coor-
dination bonding, cation-r interactions, n-n interactions, and covalent
linkage (Fig. 4e-iii) [64].
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Fig. 5. Conductivity and bioelectronic applications of the TA-Ag-PAA hydrogel. (a) Photographs demonstrating the good conductivity of the hydrogel. (b) The
conductivity of the hydrogel as a function of TA-Ag content. (c) High-throughput electrical stimulation of C2C12 cells on the hydrogels. (d) CLSM images of C2C12
myoblasts after three days of culturing. (e) Cell proliferation. (f) Aspect ratio. (g) Hydrogel acting as an implantable electrode in a rabbit’s head to measure elec-
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2.5. Conductivity and bioelectronic applications

The TA-Ag-PAA hydrogel exhibited excellent conductivity because
the ultrasmall TA-Ag nanozyme functioned as a conductive nanofiller in
the PAA network. As shown in Fig. 5a, the hydrogel as integrated into a
circuit to light up light-emitting diodes (LEDs). The conductivity
increased with an increase in the TA-Ag content, affording a maximum
value of 21 Sm™! (Fig. 5b).

The TA-Ag-PAA hydrogel exhibited good cell affinity and promoted
cell adhesion and proliferation via the phenolic hydroxyl groups of the
ultrasmall TA-Ag nanozymes. The cell affinity and conductivity could
affect the cell behaviors on the hydrogels via phenolic hydroxyl groups
and electrical signaling under electrical stimulation (ES) (Fig. 5c). As
observed by confocal laser scanning microscopy (CLSM), the C2C12 cells
on the TA-Ag-PAA hydrogel showed better adhesion and spreading than
those on the PAA hydrogel (Fig. 5d). Under ES, the cells prefer to adhere
to the conductive hydrogels at a potential of 300 or 600 mV. However,
the cell count decreased to 900 mV, indicating that the high voltage was
damaging. Cell proliferation on the hydrogel was further evaluated
using the MTT (3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium
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bromide) assay (Fig. 5e). Cell proliferation on the TA-Ag-PAA hydrogels
was higher than that on the PAA hydrogels, demonstrating that the ul-
trasmall TA-Ag nanozymes in the hydrogel exhibited no cytotoxicity.
The cells exhibited the highest proliferation activity under ES at 600 mV.
In addition, the cells on the conductive hydrogels had a high aspect
ratio, indicating that the conductive hydrogels favored the earliest stage
of myotube formation (Fig. 5f). These results suggest that the phenolic
hydroxyl groups and electrical signals show synergistic effects on cell
behavior, and the hydrogel provides a platform to tune cell activity.

The combination of biocompatibility, adhesiveness, and conductiv-
ity allows the hydrogel to be used as an implantable bioelectrode. As
shown in Fig. 5g-i-ii, the wire-connected hydrogel electrodes were
implanted in the dorsal muscle of the rabbits to detect the electromyo-
graphic (EMG) signals under different conditions. The EMG signals were
clearly detected after the application of ES and pressure on the ear
(Fig. 5g—iii-iv). The hydrogel electrodes were also attached to the human
skin to detect the electrocardiogram (Fig. 5h-i) and EMG signals (Fig. Sh-
).
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2.6. Mechanical properties of nanozyme-reinforced hydrogels

The TA-Ag-PAA hydrogel exhibited outstanding stretchability,
resilience, and toughness, which ensured a mechanical match between
the tissues and bioelectronics. As shown in Fig. 6a, the hydrogel could be
stretched to 20 times its initial length without breaking and recovers to
its original length. The TA-Ag-PAA hydrogel showed a small hysteresis
during the loading-unloading cycles, indicating excellent tensile
recoverability (Fig. 6b). The stress-strain curves of the TA-Ag-PAA
hydrogels indicate that the ultrasmall TA-Ag nanozyme is an impor-
tant determinant of the mechanical properties of the hydrogels (Fig. 6¢).
The strengths and ductility products of various hydrogels were
measured (Fig. 6d), and the hydrogel with 0.22 wt% TA-Ag exhibited
the highest value (436 MPa%) of strength and ductility products. The
fracture energy was 1845 J m™2, as determined by the single-edge
notched tensile testing, when the ultrasmall TA-Ag nanozyme content
of the hydrogel was 0.22 wt% (Fig. 6e). Furthermore, the hydrogel could
also withstand a compressive deformation of 85%, and rapidly and fully
recovers its initial shape after the pressure was removed (Fig. 6f). The
compressive loading-unloading stress-strain curves further showed
excellent recoverability of the hydrogel has after six cycles (Fig. 6g). The
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maximum compression strength was 2.2 MPa (Fig. S9).

The good mechanical performance of the nanozyme-incorporated
hydrogel is mainly attributed to two factors. First, the ultrasmall TA-
Ag nanozyme was uniformly distributed in the polymer network and
acted as a reinforcing nanofiller to strengthen the hydrogel. As
demonstrated by scanning electron microscopy and energy-dispersive X-
ray spectroscopy mapping, the ultrasmall TA-Ag nanozymes were uni-
formly distributed in the hydrogel matrix (Fig. 6h and i) and seamlessly
integrated with the hydrogel network. Second, TA formed noncovalent
dynamic crosslinking interactions with the PAA network, which effi-
ciently dissipated the energy when enduring a large deformation
(Fig. 6j). Therefore, the hydrogel exhibits excellent mechanical prop-
erties, which can be tuned by controlling the ultrasmall TA-Ag nano-
zyme content.

2.7. Nanozyme-reinforced hydrogels as wound repair patches

The nanozymes with abundant phenolic groups enable the hydrogel
to integrate with the surrounding tissues and act as wound repair
patches. An in vivo model of the full-thickness skin defects was used to
evaluate tissue regeneration with TA-Ag-PAA hydrogel treatment

Fig. 7. In vivo wound healing with nanozyme-
incorporated hydrogel treatment. (a) Schematic
of the surgical operation. (b) Digital images and (c)
wound closure ratio of the defects with different
treatments. (d) Representative images of H&E-
stained histological sections after 21 d. The blue
arrow indicates edema tissue, and the green arrow
indicates the granulation tissue. (e) In vivo anti-
bacterial evaluation of the hydrogel; (e-i) Blank
group without hydrogels; (e-ii) H&E-stained sec-
tions of the connective tissues; (e-iii) Bacterial
infection of the PAA hydrogel in the presence of
E. coli during implantation; (e-iv) H&E-stained
sections of the connective tissues surrounding the
hydrogel; (e-v) good in vivo bactericidal activity of
the TA-Ag-PAA hydrogel; (e-vi) H&E-stained sec-
tions; the blue arrow indicates multicellular giant
cells.

Day 14 Day 21

TA-Ag-PAA

980 i

2684



Z. Jia et al.

(Fig. 7a). As shown in Fig. 7b, healing was more efficient with the TA-
Ag-PAA hydrogel than with the PAA hydrogel or blank groups without
the hydrogels. After implantation for 21 days, the wound defect was
effectively healed and almost closed in the TA-Ag-PAA hydrogel group,
which can be explained by the high tissue affinity of the phenolic hy-
droxyl groups on the ultrasmall TA-Ag nanozymes. The wound healing
rate was evaluated based on the skin wound closure ratio, and the result
showed that the wound closure ratio of the TA-Ag-PAA hydrogel was
significantly higher than blank groups at initial healing period (Fig. 7c).

Hematoxylin and eosin (H&E) staining was used to evaluate the
quality of tissue regeneration in the defects after hydrogel administra-
tion. As shown in Fig. 7d, a complete layer of the newly regenerated
epidermis was observed in all groups. In the TA-Ag-PAA hydrogel group,
the proportion of the new tissue is low. However, in the blank and PAA
hydrogel groups, a large immature tissue area was observed. Based on
the histological micrographs at high magnification, the collagen fibers
were observed in the regeneration area in the TA-Ag-PAA hydrogel
groups, while a large number of granulation tissues were observed in the
regeneration area of the blank and PAA hydrogel groups. In summary,
the TA-Ag-PAA hydrogel can promote wound healing and skin tissue
regeneration. The good biocompatibility of the hydrogel is attributed to
two factors. First, the phenolic hydroxyl groups coordinated with the Ag
NPs to afford a uniform distribution of the ultrasmall TA-Ag nanozyme,
thereby reducing the cytotoxicity of Ag. Second, the presence of
phenolic hydroxyl groups on the nanozyme surface promoted cell
adhesion and proliferation and increased the tissue affinity.

Antibacterial activity is necessary for hydrogel bioelectronics owing
to the serious risk of bacterial infections associated with implantable
devices for long-term use. The TA-Ag-PAA hydrogels exhibit both rapid
and long-term antibacterial activities because of the presence of ul-
trasmall TA-Ag nanozyme. The antibacterial activity of the TA-Ag-PAA
hydrogel was also investigated in vivo in a rat model through subcu-
taneous implantation in the presence of E. coli (1 mL, 10° cells mL 1)
(Fig. 7e). After seven days, the surgical sites were harvested to examine
the infections and inflammatory reactions. The blank and PAA hydrogel
groups showed purulent infections (Fig. 7e—i and e-iii), whereas the TA-
Ag-PAA group had a clear appearance (Fig. 7e-v). The tissues sur-
rounding the hydrogels were excised and stained with hematoxylin and
eosin to evaluate the antibacterial properties of the hydrogels. Histo-
logical staining showed that the presence of a large number of multi-
nucleated giant cells and edema in the tissues surrounding of the blank
(Fig. 7e~ii) and PAA hydrogel groups (Fig. 7e-iv), suggesting that E. coli
causes a serious inflammatory reaction. In contrast, there were a few
multicellular giant cells or edematous tissues in the tissues surrounding
the TA-Ag-PAA hydrogel, and a new tissue growth was observed
(Fig. 7e-vi). These results further confirmed that the TA-Ag-PAA
hydrogels possess good antibacterial properties in vivo.

3. Conclusion

A mussel-inspired TA-Ag nanozyme with ultrasmall size was devel-
oped via the in situ reduction of Ag NPs using TA. The ultrasmall TA-Ag
nanozyme shows a high POD-like activity and can effectively produce
free radicals. The phenolic hydroxyl groups of TA not only protect and
stabilize the nanozyme during synthesis, but also perform a myriad of
other functions, making this nanozyme superior to the bare metallic or
metal oxide nanozymes. Notably, nano Ag with catalytic properties has
been reported, but the catalytic efficiency of the bare nano Ag is very
low for use as a nanozyme. This mussel-inspired strategy significantly
improves the catalytic efficiency of nano Ag, allowing it to be used as an
artificial nanozyme.

As a proof of concept, a conductive, antibacterial, and adhesive
hydrogel was prepared using the ultrasmall TA-Ag nanozyme to trigger
gelation without requiring external stimuli. Nanozyme-based self-
setting hydrogels are employed for the in situ repair of irregular wounds,
without external stimuli, under physiological conditions in clinical
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settings. Similar to the mussel adhesion mechanism, the ultrasmall TA-
Ag nanozyme maintains a dynamic redox balance of the phenol-
quinone groups in the hydrogel network and affords long-term adhe-
siveness to the hydrogel. The phenolic hydroxyl groups ensure a uniform
distribution of the nanozyme inside the hydrogel network, which pro-
motes the interaction between the nanozyme and molecular chains of
the hydrogels and consequently improves the conductivity and me-
chanical properties of the hydrogel. The high POD-like activity and
bacterial adhesion capability of the nanozyme also afforded antibacte-
rial properties.

Accordingly, the ultrasmall TA-Ag nanozyme-based hydrogel has
been successfully used as an antibacterial wound dressing, self-adhesive
biosensor, or implantable and wearable electronic appliance that can
directly adhere to biological surfaces for body signal detection. This
mussel-inspired nanozyme-based strategy provides a basis for the
development of other artificial enzyme-driven hydrogels with diverse
applications, such as injectable hydrogels, 3D printed hydrogels, flexible
sensors, and bioelectronics.

4. Experimental section
4.1. Materials

Acrylic acid (AA), ammonium persulfate (APS), N,N’-methylene bis
acrylamide (BIS), tannic acid (TA) and N,N,N’,N’-tetramethylethylene-
diamine (TEMED) were purchased from Sigma-Aldrich (St Louis, MO,
USA). Silver nitrate (I) was purchased from KESHI Chemical Works in
Chengdu, China. 3,3,5,5-tetramethylbenzidine (TMB) was purchased
from Sigma-Aldrich. H;O, was purchased from KESHI Chemical Works
in Chengdu. All the other reagents and solvents were of reagent grade.

4.2. Preparation of the TA-Ag nanozyme

First, an aqueous solution of TA at a concentration of 2 mg mL ™! was
prepared by dissolving the weighed amount of TA powder in deionized
water with the aid of ultrasonic agitation (solution A). Second, AgNOg3
with concentrationS of 1.8, 2.0, 2.2 and 2.4 mg mL ™! were added to the
solution A and stirred simultaneously for 30 min (solution B). Finally,
solution B was centrifuged and washed to obtain the TA-Ag nanozyme.
Characterization of the TA-Ag nanozyme is listed in the Supporting
Information.

4.3. Preparation of hydrogels

First, AA (2.7 mL), BIS (300 pL, 0.01 g mLfl), APS (1 mL, 0.02 g
mL 1) and deionized water (4 mL) were added to the 1 mL of TA-Ag
nanozyme solution (0.018, 0.02, 0.022 and 0.024 g mL’l) with simul-
taneous stirring. After stirring for a few seconds, the monomers were
polymerized to the hydrogels. The details of the preparation and char-
acterizations of various hydrogels are listed in the Supporting
Information.
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