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Bacterial infection, tissue hypoxia and inflammatory response can hinder the infected wound repair process. To
mitigate the above issues, tannic acid-chelated Fe-decorated molybdenum disulfide nanosheets (MoS;@TA/Fe
NSs) with dual enzyme activities were developed and anchored to a multifunctional hydrogel. The hydrogel
exhibited excellent antibacterial ability owing to the combined effects of photothermal therapy (PTT), gluta-
thione (GSH) loss, and the peroxidase (POD)-like activity (catalyse H2O2 into -OH under acid condition) of
MoS,@TA/Fe NSs. Benefitting from the catalase (CAT)-like activity, the hydrogel could decompose HyO2 into O5
at neutral pH to relieve hypoxia and supply adequate O,. POD-like activity was mainly attributed to MoSy NSs,
while CAT-like activity was primarily due to TA/Fe complex. Moreover, MoS;@TA/Fe NSs endowed the
hydrogel with outstanding anti-oxidant ability to scavenge redundant reactive oxygen species (ROS) and reactive
nitrogen species (RNS) under neutral environment to maintain the balance of antioxidant systems and prevent
inflammation. In addition, the hydrogel could inhibit the release of inflammatory factors for the anti-
inflammatory property of TA. TA retained partial phenolic hydroxyl groups, which cross-linked the nano-
sheets to the network structure of the hydrogel and promoted the adhesion of hydrogels. Due to the dynamic
boron ester bonds between polyvinyl alcohol (PVA), dextran (Dex), MoS>;@TA/Fe, and borax, the hydrogel
demonstrated fast self-healing and rapid shape adaptability. This shape-adaptable adhesive hydrogel could fill
the whole wound and closely contact the wound, ensuring that it achieved its functions with maximum effi-
ciency. The MoS,@TA/Fe nanozyme-anchored multifunctional hydrogel showed high potential for bacteria-
infected wound healing.

1. Introduction (O») in the wound with bacterial infection, which is not conducive to the

repair of the wound. It has been proved that abundant O, can defend

Infectious diseases caused by bacteria have been a growing health
problem, resulting in millions of illnesses and deaths every year [1-3].
Bacterial infection-induced chronic skin defects are difficult to repair
because the inflammatory response eventually causes cell death and
tissue necrosis and reduces the process of wound repair [4,5]. Moreover,
the above bacteria are extremely resistant to conventional antibiotics
because of acquired resistance [6]. Additionally, there is less oxygen
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bacteria, accelerate cell proliferation and collagen synthesis, and pro-
mote tissue regeneration, which is a prerequisite for wound healing [7,
8]. Therefore, the inhibition of both bacterial infection and excessive
inflammation while supplying adequate O, are vital procedures for
bacteria-infected wound treatments [9].

Hydrogels have been considered promising wound dressings because
they can provide a moist environment, absorb wound exudates, and
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resist bacteria [10,11]. A satisfying hydrogel for infected chronic wound
healing should possess the following advantages: fast self-healing to
recover its original shape after damage [12,13], self-adhesiveness to
attach to a wound site while keeping the wound moist [14,15], and rapid
shape adaptability to ensure that the dressing completely fits the shape
of the wound. Particularly, a shape-adaptable adhesive hydrogel can fill
deep wounds and promote complete contact between the hydrogel and
wound, achieving the function of the hydrogel with maximum effi-
ciency. Therefore, a multifunctional hydrogel with antibacterial, anti--
inflammatory and Oy supplying activity is highly important for
bacteria-infected wound defects [16-18].

Nanozymes have been widely explored to achieve better antibacte-
rial efficiency due to their peroxidase (POD)-like activity. They can ca-
talyse hydrogen peroxide (H202) into hydroxyl radicals (-OH), which
possesses higher antibacterial activity and minimizes the toxicity of
higher concentrations of HpOy [19-21]. In particular, -OH can cause
initial oxidative lesions to the cell wall and membrane, and when
combined with photothermal therapy (PTT), which is the conversion of
near-infrared (NIR) light to induce hyperthermia, the deficiencies of
each individual antibacterial model are overcome, thus showing
enhanced antibacterial activities [22,23]. In addition, nanozymes with
catalase (CAT)-like activity can decompose H30, into Oy to relieve
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oxidative stress and replenish O,, which is beneficial for wound healing
[24-26].

Molybdenum disulfide (MoS,), as a two-dimensional nanomaterial,
possesses a large specific surface area, facile surface modification and
good biocompatibility. The excellent absorption in the NIR range and
the POD-like nanozyme properties of MoS; enable it to be applied in
noninvasive antibacterial treatment methods [27-29]. Whereas, the
CAT-like activity of MoS; is not high enough to generate adequate O for
wound. Tannic acid (TA) is a naturally occurring polyphenol extracted
from plant sources and is considered an antioxidant, antimicrobial and
anti-inflammatory agent [30]. TA/Fe, a new class of organic-inorganic
hybrid material, presents excellent photothermal performance in the
NIR region [31,32]. The PTT of TA/Fe complex has been widely
researched, however, the nanozyme activity is few reported. Specif-
ically, TA/Fe can convert HyO5 into O to relieve hypoxia in wounds due
to plentiful Fe (III). Therefore, the construction of MoS;@TA/Fe nano-
complex is expected to highly and effectively kill microorganisms and
provide Oy for infected wound via the POD-like activity of MoS; and
CAT-like activity of TA/Fe. More importantly, TA molecules present
outstanding anti-inflammatory ability, inhibiting the inflammation
induced by bacterial infection. Besides, MoS; and TA can scavenge free
radicals at the wound site to regulate reactive oxygen species (ROS) and
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Scheme 1. (a) Schematic illustration of the preparation of the hydrogel; (b) dual enzyme activities of MoS,@TA/Fe NSs; and (c) the mechanism of promoting

wound repair.
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reactive nitrogen species (RNS) levels based on the antioxidant system.
Excessive free radical at the wound site will induce inflammatory
response and have detrimental effects on wound healing [33]. Unfor-
tunately, there have been no reports about MoS;@TA/Fe NSs thus far,
and few works on nanozyme-based multifunctional hydrogels that
possess antibacterial, anti-oxidant, anti-inflammatory, and O supply for
bacteria-infected wound healing.

Herein, we developed an adhesive, self-healing, and shape-adaptable
hydrogel for accelerating infected wound repair (Scheme 1). The
multifunctional hydrogel was fabricated by dynamic boron ester bonds
among MoS,;@TA/Fe NSs, polyvinyl alcohol (PVA), dextran (Dex), and
borax, showing excellent antibacterial activity via PTT, glutathione
(GSH) loss and POD-like activity under acid condition. Under neutral
environment, the hydrogel demonstrated O, supply via its CAT-like
ability, anti-oxidant property through scavenging ROS and RNS, and
anti-inflammatory activity due to TA. By simultaneously eradicating
infection, supplying O, eliminating free radical, and reducing inflam-
mation, our hydrogel provided a sufficient microenvironment for cell
proliferation, vascularization, granulation tissue formation and re-
epithelialization, illustrating notably accelerated wound healing.

2. Experimental section
2.1. Synthesis of MoS;@TA/Fe NSs

Briefly, 0.645 g of NayMoO4-2H,0 and 0.813 g of CH4N3S were
dissolved in 40 mL of deionized (DI) water. Then, the solution was
transferred into a 50 mL Teflon-lined stainless steel autoclave, which
was placed in an electric oven at 220 °C for 24 h. MoS; was collected by
centrifugation at 8000 rpm for 3 min after the autoclave was cooled to
room temperature, and the sediment was rinsed with DI water and
ethanol three times. Finally, the MoS, powder was dried at 60 °C [34].
To obtain MoS,;@TA/Fe NSs, 100 mg of MoS; was dispersed in DI water
and stirred for 10 min, then 2 mL of a TA solution (40 mg/mL) was
added and stirred for 30 min. Afterwards, 2 mL of FeCl3-6H50 solution
(10.6 mg/mL) was added, and the solution pH was adjusted to 7.5 with
1 M NaOH. The sediment was collected through three centrifugation
cycles at 8000 rpm for 3 min to obtain MoSy;@TA/Fe NSs.

2.2. Fabrication of the MoS;@TA/Fe incorporated PVA/Dex hydrogels

PVA and Dex were dissolved in DI water with concentrations of 8%
and 3%, respectively. Then, MoSz and MoS2@TA/Fe NSs (10 mg/mL)
were added and sonicated for 10 min to achieve a uniform dispersion.
Next, borax solution (2%) was added into the resultant solution to obtain
the hydrogels (named PD, PDMo and PDMoT).

2.3. Characterization of MoS;@TA/Fe NSs

The crystal structure of MoS;@TA/Fe was measured by X-ray
diffraction (XRD, Bruker D8 Advance). The morphology and micro-
structure of MoSy;@TA/Fe was determined by scanning electron mi-
croscopy (SEM, Hitachi, SU8010) and transmission electron microscopy-
energy dispersive spectroscopy (TEM-EDS, FEI Talos F200X). The sur-
face characteristic of MoS,@TA/Fe was determined by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific Nexsa). The chemical
structures were determined by Raman spectroscopy (Thermo Dxr 2Xi)
and Fourier Transform Infrared (FTIR) spectroscopy (Nicolet Instrument
Corporation, US) in the range of 400-4000 cm ™’

2.4. Characterization of the MoS2@TA/Fe-incorporated PVA/Dex
hydrogels

The morphologies of the freeze-dried hydrogels were observed by
SEM. The hydrogels were cut into two halves, placed in contact with
each other and strengthened to investigate their self-healing ability.
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Moreover, their super-ductility was measured by placing three hydro-
gels at different positions and recording the flow process of the hydrogel.
In addition, the hydrogels were recycled and reshaped into different
shapes to examine their re-mouldability. The swelling capacity was
conducted through weighing the dry hydrogel and the swollen hydrogel
immersed in DI water for 24 h. The G’ and G” were calculated under
angular frequency from 0.1 to 100 rad/s to evaluate the viscoelasticity of
the hydrogels.

2.5. POD-like activity characterization

The POD-like activity assays of hydrogels were evaluated through
the oxidation of 3,3,5,5-tetramethylbenzidine (TMB) to oxTMB in a
phosphate-buffered saline (PBS) solution (pH = 4.0). When the hydro-
gels were mixed with a TMB solution with and without Hy05, the UV-vis
absorbance of the colour reaction (at 652 nm for oxTMB) was recorded
at a certain time. To determine whether the POD-like activity of the
PDMo and PDMoT hydrogels could decompose HyO2 to -OH, different
H»0, (0, 50, 100, 200, 400, 600, and 800 pM) concentrations were
tested. To further verify the effects of the NS concentration, temperature
and pH on the POD-like activity of hydrogels, we sequentially added
TMB and H»0; into a PBS solution (pH = 4.0). The sample concentra-
tion, temperature, and pH were changed gradually from 0 to 25 mg/mL,
25-65 °C and 2.5-7, respectively. After reaction in the dark for 30 min,
the absorbance of 100 pL of the mixture solution at 652 nm was tested.
Three replicates were done for each group.

2.6. Detection of -OH

Methyl violet (MV) was used as an indicator to measure the amount
of generated -OH. Briefly, the PDMo and PDMoT hydrogels were
immersed in 5 mL of MV solution in the dark and reacted for 20 min.
Then, the supernatant was collected and measured at 580 nm to detect
-OH production. In addition, after incubation in darkness for 10 min, the
solution was irradiated at 808 nm for 10 min, and the absorbance was
determined to evaluate the effect of the laser on nanozyme activity.

2.7. Oz generation activity

To examine the O, generation ability of the PDMo and PDMoT
hydrogels, 1 M Hy0 and the hydrogels were added to 20 mL of PBS (pH
= 7.4), and then the O, concentration was recorded using a dissolved
oxygen meter every 1 min.

2.8. Photothermal effects in vitro

The PD, PDMo and PDMoT hydrogel samples were exposed to 808
nm at a density of 1.0 W/cm? for 10 min. The temperature was recorded
every 30 s by a thermal camera. The temperature changes were
measured under different laser powers (1.0, 1.5, and 2.0 W/cm?). In
addition, the thermal stabilities of PDMo and PDMoT were tested
through five laser on/off cycles.

2.9. Glutathione loss

The oxidation degree of GSH was assessed through Ellman’s assay.
Ellman reagent (5,5'-dithiobis (2-nitrobenzoic acid), DTNB) can oxidize
thiol groups (—SH) to -S-S— producing a yellow product (2-nitro-5
thiobenzoate acid). In brief, 1 mL of a bicarbonate buffer solution (50
mM, pH = 8.7) containing the PD, PDMo and PDMoT hydrogel samples
was mixed with 1 mL of a 0.8 mM GSH bicarbonate buffer solution in a
15 mL centrifuge tube and incubated at room temperature at a shaking
speed of 150 rpm. Next, 1 mM of HyO>+GSH and GSH solutions were
regarded as the positive and negative control groups, respectively. Af-
terwards, 3.5 mL of a 0.05 M Tris-HCI (pH = 8) solution and 670 pL of a
bicarbonate buffer solution with 100 mM DTNB was added, and the
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solution absorbance at 410 nm was recorded on a microplate spectro-
photometer. Temperature-dependent GSH oxidation was performed
through Ellman’s assay in 20 and 40 °C water baths. NIR 808 nm laser-
induced GSH oxidation was also evaluated. After the hydrogels were
mixed with 0.8 mM GSH, the tubes were exposed to 808 nm irradiation
for 20 min, and the temperature was maintained at 40 °C. The other
steps were the same as above. The loss of GSH was calculated using the
following equation: GSH loss (%) = OD (control) - OD (sample)/OD
(control) x 100 %.

2.10. Invitro antibacterial experiment

E. coli and S. aureus solutions (1 x 10° CFU/mL) were divided into 14
groups: (1) Control, (2) PD hydrogel, (3) PDMo hydrogel, (4) PDMoT
hydrogel, (5) PD + H303, (6) PDMo + Hy03, (7) PDMoT + Hy02, (8)
Control + NIR, (9) PD + NIR, (10) PDMo + NIR, (11) PDMoT + NIR,
(12) PD + NIR + H305, (13) PDMo + NIR + H20,, and (14) PDMoT +
NIR + H20;. Then, 1 mL of a bacterial suspension was added to the
hydrogel samples (prepared through 0.5 mL PVA/Dex solution) that
were placed in 48-well culture plates. After incubation for 30 min, 100
pL of diluted bacteria were spread on an agar culture plate and incu-
bated at 37 °C for 24 h. For groups treated with NIR, after incubation for
20 min, the hydrogels were further exposed to 808 nm irradiation (1.0
W/cm?) for another 10 min. The next procedure was the same as that
describe above. Afterwards, the bacteria were transferred onto silicon
wafers, fixed with 4 % paraformaldehyde for 2 h at 12 °C, and dehy-
drated sequentially with 20, 40, 60, 80, and 100 % ethanol for 10 min.
The dried bacteria were coated with gold for SEM.

2.11. Cytotoxicity assay and cell migration experiment

The in vitro cytotoxicity was measured by a standard 3-(4,5-
dimethyl-2-thiazoLyl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
The culture medium extracts of different hydrogels were used to culture
1929 cells instead of RPMI in 96-well plates. After co-incubation for 24,
48 and 72 h, 50 pL of MTT solution was added to each well, and the plate
was incubated at 37 °C for 2 h. The absorbance at 490 nm of each well
was measured to assess cell viability. Cells cultured with RPMI were
used as controls, and the pure culture medium was considered the
background. Here, the cell viabilities of Hy02 (100 pM) and -OH
(generated through NSs and H,05) were also tested as above.

1929 cells were used to evaluate cell migration ability. The cells were
seeded in 6-well plates at a density of 5-10 x 10° cells/well and cultured
using complete growth medium with 10 % foetal bovine serum (FBS).
Monolayer cells were formed after 16-24 h. A 10 pL pipette tip was used
to scratch the monolayer cells. After removing cell debris, the hydrogel
extract was added into the wells to contact the scratches. The group
without hydrogel extract was the control. Cells in all groups were
cultured with medium containing 0.1 % FBS for 20 h in a humidified
incubator. It has been reported that medium containing 0.1 % FBS can
inhibit cell proliferation and ensure that in vitro wound closure is only
caused by cell migration. After incubation for 12 h, photos of the cell
scratches were taken using an inverted fluorescence microscope (IX53,
Olympus).

2.12. Construction of the LPS-stimulated macrophage model and
treatment

The experimental group design was as follows: Control group, LPS
group, and LPS + hydrogel extract groups. After LPS stimulation for 12
h, the hydrogel extracts were added to evaluate the anti-inflammatory
ability of the hydrogels. Then, 24 h later, the cells were fixed with 4
% paraformaldehyde and calculated through immunofluorescence to
assess the expression of proinflammatory factor (tumour necrosis factor-
a, TNF-a) and anti-inflammatory cytokine (interleukin-10, IL-10). The
anti-inflammation ability of TA molecule was also evaluated and the
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detailed procedure was as above.
2.13. Free radical scavenging experiment

1,1-diphenyl-2-picrylhydrazyl (DPPH), 2, 2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and 2-Phenyl-4,4,5,5-tetrame-
thylimidazoline-3-oxide-1-oxyl (PTIO) assays were carried out to
evaluate the free radical scavenging ability. Regarding DPPH, 30 mg of
the dried hydrogels were immersed in a DPPH solution (3 mL) in a dark
environment at room temperature for 30 min. Finally, the absorbance
was measured at 517 nm. The DPPH radical scavenging activity was
measured as follows: Scavenging activity = (Ablank — Asample)/
Ablank x 100 %. Here, Ablank refers to the absorbance of DPPH solu-
tion, and Asample is the absorbance of the DPPH solution after soaking
the hydrogels for 30 min. Moreover, an ABTS assay was performed as
follows. First, the ABTS radical cation (ABTS™) was prepared by mixing
a 7.4 mM ABTS solution with 2.6 mM potassium persulfate (K2S20g) in
the dark at room temperature for 12 h. Then, the ABTS™ solution was
diluted to an absorbance of 0.70 + 0.02 at 734 nm with DI water. Then,
30 mg of the hydrogels was added to 3 mL of the ABTS™ solution and
reacted in the dark for 20 min. The absorbance of the solution at 734 nm
was recorded. The ABTS" scavenging activity was calculated using the
following formula: Scavenging activity = (Ablank — Asample)/Ablank
x 100 %, where Ablank and Asample are the absorbance of the ABTS™*
solution before and after mixing with samples, respectively. For the
PTIO test, 3 mg of PTIO powder was dissolved in 20 mL of water, and the
different hydrogel samples were added for 2 h at 37 °C to assess the free
radical scavenging ability. The absorbance at 557 nm was tested and
recorded. The DPPH, ABTS, and PTIO scavenging abilities of TA mole-
cule were also tested as above.

2.14. Blood compatibility test

A haemolysis assay was carried out to determine the blood
compatibility of the hydrogels. Specifically, 1 mL of fresh rabbit blood
was diluted with 50 mL of PBS. The PD, PDMo and PDMoT hydrogels
were placed into a tube containing 0.5 mL of physiological saline.
Subsequently, 0.5 mL of diluted blood was added and incubated for 60
min at 37 °C. DI water and PBS were used as the positive and negative
controls, respectively. Finally, all tubes were centrifuged at 1000 rpm
for 10 min, and the absorbance of the supernatant was measured at 540
nm. The haemolysis ratio was calculated as follows: Haemolysis (%) =
[(ODy, — OD,)/(0OD, — OD,)] x 100 %, where ODy, OD;, and OD,, are the
absorbance values of the hydrogel samples, negative control (PBS) and
positive control (DI water), respectively.

2.15. Animal wound healing test

An infectious skin defect model was carried out to evaluate the ef-
fects of photothermal and nanozyme therapy. All animal procedures
were in accordance with protocols approved by the Institutional Animal
Care committee. Briefly, female rats (250-300 g) were purchased from
Xi’an Jiaotong University and divided into 14 groups: (1) Control, (2)
PD hydrogel, (3) PDMo hydrogel, (4) PDMoT hydrogel, (5) PD + Hy0,
(6) PDMo + H304, (7) PDMoT + H05, (8) Control + NIR, (9) PD + NIR,
(10) PDMo + NIR, (11) PDMoT + NIR, (12) PD + NIR + H30,, (13)
PDMo + NIR + H305, and (14) PDMoT + NIR + Hy0,. A wound of d = 8
mm was created in the dorsal area of the rat. The bacterial suspension of
S. aureus (1 x 107 CFU/mL) was dropwise added to the wound area and
treated with the different hydrogels. For the NIR-treated groups, the
wound was exposed to 808 nm irradiation (1.0 W/crnz) for 10 min. For
nanozyme groups, 100 pM Hy0, was added. The wounds were photo-
graphed at days 0, 2, 5 and 8. Wound tissues were collected at day 2 and
day 8 and fixed in 4 % paraformaldehyde for further analysis. HE
staining, Giemsa staining and Masson’s trichrome staining were carried
out to evaluate the inflammatory response and collagen deposition.
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Immunohistochemical analysis of TNF-a, IL-10 and vascular endothelial
growth factor (VEGF) and immunofluorescence assays of VEGF and
TNF-a were also carried out. In addition, the major organs, including the
heart, liver, spleen, kidney and lung, were harvested and stained with
HE at day 8.

2.16. Statistical analysis

All tests were repeated three or more times with triplicate samples
and analysis of experimental data was carried out with SPSS software.

3. Results and discussions
3.1. Morphological and structural characterizations of MoS;@TA/Fe NSs

The morphologies of MoS; and MoS,@TA/Fe NSs were studied
through SEM (Fig. S1). As shown in Fig. Sla, the MoS;@TA/Fe nano-
sheets presented a rougher surface than MoS;, which indicated the
successful coating of TA/Fe. Fig. 1 shows the TEM images of MoS, and
MoS2@TA/Fe NSs. Wrinkled nanosheets with a few layers of stacked
MoS; were shown in Fig. 1a. Some stripes were observed, and the lattice
fringe of 0.66 nm corresponded to the (002) plane of MoS; (Fig. 1b). The
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) and corresponding elemental mapping images of
MoS; in Fig. 1c—f revealed the uniform distribution of the Mo and S el-
ements. There were thin layers (TA/Fe) around the MoS, nanosheets
(Fig. 1g), and an amorphous piece around the plane of MoS; was also
observed (Fig. 1h). Fig. li-o shows the HAADF-STEM results and the
corresponding elemental mapping images of MoS,@TA/Fe, including
Mo, S, C, O and Fe, demonstrating the synthesis of TA/Fe on the surface

MoS;@TA-Fe
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of MoS,.

The elemental composition of MoS,;@TA/Fe was determined by XPS.
The survey spectra indicated the presence of Mo, S, C, O and Fe elements
(Fig. 2a). Fig. 2b shows the S 2p spectra of MoS2@TA/Fe. The charac-
teristic BEs of S 2p3,2 and S 2p; 2 at 162.1 and 163.3 eV, respectively,
corresponded to the Mo-S bonds in MoS,. The BEs of the Mo 3d signal of
Mo 3ds,; and Mo 3ds,, at 229.3 and 232.3 eV, respectively, could be
assigned to Mo(IV) in MoSy [35] (Fig. 2c¢). The C 1s spectrum was
divided into three typical peaks. The major band centred at 284.6 eV
was in accordance with C-C, and the other two bands at 281.6 and
288.9 eV were consistent with C-O and C=O species, respectively [36]
(Fig. 2d). Fig. 2e shows the O 1s spectra of MoS,;@TA/Fe. The binding
energies at 531.7 and 533.4 eV were attributed to the O-C/O-Fe and
HO-C/HO-Fe species, respectively [37]. In the Fe 2p region, the char-
acteristic peaks ascribed to Fe (II) 2p3,2 and Fe (III) 2ps,» were observed
at 709.7 and 712.0 eV, respectively [38,39] (Fig. 2f).

XRD, FTIR and Raman spectroscopies were utilized to characterize
the crystalline features and chemical structures of MoS, and MoS,@TA/
Fe NSs. The XRD pattern further confirmed the formation of MoS,, as
evidenced by no other formed phases except for MoS, (Fig. 2g). The
crystal diffraction pattern for MoSy could be well indexed to 2H-MoS;
(JCPDS no. 37-1492) [40], while TA/Fe did not change the crystal
structure of MoS,. The FTIR spectra of MoS; and MoS;@TA/Fe are
shown in Fig. 2h. Compared with pure TA, the characteristic stretching
bands between 1000 and 1800 cm™! showed apparent shifts for
MoS;@TA/Fe, which may be due to the interaction of -OH with iron
ions. The Raman spectra of MoS; and MoS;@TA/Fe are shown in Fig. 2i.
The two distinct bands at 379 and 405 cm™! revealed the successful
synthesis of MoS; [40]. In the MoS,@TA/Fe NSs, a complex formed by
the interaction between Fe(III) and TA was coated on the surface of

Fig. 1. (a, b) Low and high resolution TEM images of MoS, NSs. (c-f) HAADF-STEM image and corresponding elemental mappings of Mo and S in MoS, NSs. (g, h)
Low- and high-resolution TEM images of MoS,@TA/Fe NSs. (i-0) HAADF-STEM image and corresponding elemental mappings of Mo, S, C, O and Fe in MoS,@TA/

Fe NSs.
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Fig. 2. (a—f) XPS survey spectrum and high-resolution XPS spectra of the S 2p, Mo 3d, C 1s, O 1s and Fe 2p signals for MoS,@TA/Fe NSs. (g) XRD patterns, (h) FTIR

spectra and (i) Raman spectra of MoS, and MoS,@TA/Fe NSs.

MoS; NSs. Accordingly, the characteristic peak of the TA/Fe complex at
1588 cm ™' was observed. All the results indicated the successful for-
mation of MoS;@TA/Fe NSs.

3.2. Characterization of the hydrogels

In a typical experiment, the PDMoT hydrogel was prepared through
physical hydrogen bond and chemical boron ester bond crosslinking
(Fig. 3a). The boron ester bond can be dynamically associated and dis-
associated at room temperature, thereby providing the hydrogel with
exceptional self-healing capacity [41,42]. This self-healing capacity was
evaluated by a macroscopic test based on some small pieces. When being
placed in a template, the pieces can integrate into a complete
heart-shaped hydrogel. In addition, after a hydrogel was cut into two
halves and then brought in contact at room temperature, the two halves
can adhere to each other and bear its weight without breaking after 3s.
Similarly, there was no breakage when stretching the healing hydrogel
(Fig. 3b).

In Fig. 3c, it can be observed that the PDMoT hydrogel possessed
fluidity, as three spherical hydrogels flowed into one hydrogel without
cracking in 2 min, indicating that the hydrogel can adapt to the shape of
the wound and fit tightly, especially when the body parts undergo
frequent movements [41]. The PDMoT hydrogel could also be easily
remoulded into various shapes, showing the free-forming properties of
hydrogels, which is conducive to the use of hydrogels in various appli-
cations (Fig. 3d).

Boron ester bond and TA gave the hydrogel with an adhesive surface
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property, because the abundant alcohol and phenolic hydroxyl groups
can bind with the organ tissues. Hydrogels that lack adhesiveness can
fall off and cause inflammation. The hydrogels firmly adhered to various
organic and inorganic surfaces, including skin, polytetrafluoroethylene
(PTFE), glass, steel, and rubber (Fig. 3e). In addition, the hydrogel could
adhere to fingers and elbows and did not fall off when bent from 0 to 90°.
Thus, these hydrogels will have broad applications ranging from medi-
cal portable devices to tissue repair and wound dressings. As shown in
Fig. S2, the microstructure of the cross-section of the freeze-dried
PDMoT hydrogel was observed by SEM, showing a uniform inter-
connected porous structure with a pore size of approximately 3 pm
that allowed gas exchange, thereby providing a comfortable and
breathable environment for wounds.

It is well known that the hydrogel exhibits an elastic property in the
region where G’ is greater than G" and more liquid-like behaviour when
G"is greater than G’ [44]. The intersection between the G’ and G" curves
was a typical behaviour of structured fluids that possessed both entan-
gled chains and reversible cross-links. As shown in Fig. S3, PD, PDMo,
and PDMoT hydrogels all presented both fluid and solid behaviour,
especially the excellent fluidity, which was conducive to the
shape-adaptivity of the hydrogels to fit the cavity of different wounds.

Swelling ratio is a vital index to evaluate the wound dressing. From
Fig. 54, the swelling value of the PD and PDMo hydrogels were 558 %
and 543 %, respectively. PDMoT hydrogel had a better swelling capacity
(769 %), due to the decline in crosslinking density. All the hydrogels
presented satisfying swelling ability, suitable for quickly absorbing tis-
sue fluid and effectively preventing suppuration.
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Fig. 3. (a) Hydrogel crosslinking mechanism diagram; (b) self-healing; (c) super-ductility; (d) re-mouldability; and (e) adhesion on different substrate, fingers

and elbows.

3.3. Investigation of the POD-like property

The POD-like catalytic activity of the PDMoT hydrogel could kill
bacteria efficiently, and was determined through the TMB colorimetric
detection method [42]. Briefly, nanozymes could oxidize colourless
TMB to the blue oxide of TMB (oxTMB) with an absorbance peak at 652
nm in the presence of HyO5. In Fig. 4a, the PDMo and PDMoT hydrogels
could catalyse the oxidation of TMB, and a blue colour was observed
after reaction for 5 min. Moreover, the catalytic activity was proven to
be dependent on the NSs contents, H,O5 concentrations, pH values, and
temperature. The absorbance value increased with an increasing con-
centration of MoS; and MoS;@TA/Fe (0, 2, 5, 10, 15, 20, 25 mg/mL)
(Fig. 4b) and an increasing concentration of HyO5 (0, 50, 100, 200, 400,
600, 800 pM) (Fig. 4c); the results were consistent with the colour
changes of the solutions. Moreover, pH values ranging from 2.5 to 7
versus the catalytic activities of the PDMo and PDMoT hydrogels were
determined (Fig. 4d). The relatively higher POD-like activities of the
PDMo and PDMoT hydrogels occurred in the acidic pH value range of
2.5-5.0. In addition, the POD-like activities of the two hydrogels also
depended on the temperature (Fig. 4e), and relatively higher catalytic
activities were displayed from 25 to 55 °C, at which point, the hydrogel
would continuously and efficiently catalyse the generation of -OH to kill
bacteria in vivo. Particularly, the absorbance at 652 nm in the PDMoT
group was slightly higher than that in the PDMo hydrogel, which
demonstrated that the POD-like activity was mainly due to MoS; NSs.

3.4. ROS detection
The content of -OH was detected by MV using UV-vis spectropho-

tometry. After -OH reacts with MV in an acidic environment, the colour
of MV will fade, and the absorbance peak at 580 nm will decrease. As
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shown in Fig. 4f, a decreasing peak intensity was observed in the pres-
ence of MoS; and MoS>@TA/Fe, which demonstrated the generation of
-OH. In addition, after irradiation at 808 nm for 10 min, the absorbance
peak at 580 nm disappeared (Fig. 4g), suggesting that the nanozyme
activity of MoSa;@TA/Fe NSs could be enhanced under NIR irradiation.

3.5. CAT-like performance

CAT-like activity of nanozyme can decompose Hy0, into O under
neutral conditions. Fig. 4h shows the O, generation content at different
time when mixed different hydrogels with HyO,. The O, concentration
did not change for PS hydrogels and maintained at 7.67 mg/L. However,
the O, content increased over time and reached 14.5 mg/L for the PDMo
hydrogels and 25.8 mg/L for the PDMoT hydrogels, showing that TA/Fe
coating contributed much more CAT-like activity to generate Oa.
Therefore, the TA/Fe complex made up for the deficiency of CAT-like
activity of MoSy nanozyme. Fig. 4i clearly demonstrates the POD-like
and CAT-like properties of the hydrogels.

3.6. Photothermal investigation of the hydrogels

The photothermal effects of the hydrogels were evaluated by moni-
toring the temperature change with various concentrations of MoS; and
MoS,@TA/Fe with an 808 nm laser (1.0 W/ cmz). As shown in Fig. 5a, a
negligible temperature change could be seen for the PD hydrogel when
irradiated for 10 min. However, remarkable temperature increases were
recorded for the different concentrations of MoS, and MoS,@TA/Fe. It
was evident that MoS;@TA/Fe NSs presented better photothermal re-
sults than MoS; NSs. The maximum temperature of the hydrogels
increased with an increasing NS concentration. Fig. 5b presents the
temperature changes of hydrogels under various laser powers. With the
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increase of laser power, PDMoT hydrogels showed better photothermal
conversion ability. To calculate the photostability of the PDMoT
hydrogels, cyclical irradiation at 808 nm was carried out. From Fig. 5c,
the PDMoT hydrogels demonstrated excellent photostability.

3.7. GSH oxidation level

GSH plays an important role in the bacterial antioxidant defence
system because it can protect cellular components from damage induced
by oxidative stress [43,44], which in bacteria can significantly weaken
the bactericidal effect of POD-like nanomaterials [44]. To ensure the
antibacterial ability of nanozymes, the loss of GSH is essential. Here,
Ellman’s assay was carried out to measure GSH loss. Fig. 5d indicates
that GSH oxidation was temperature- and time-independent. In partic-
ular, the GSH at 40 °C was greater than that at 20 °C. In Fig. 5e, GSH
oxidation has concentration-dependent properties. As the concentration
of MoS, and MoS,;@TA/Fe NSs increased, GSH oxidation increased,
demonstrating that MoS; could accelerate the oxidation of organic thiols
(R-SH) to yield disulfides (R-S-S—R). Fig. S5 presents corresponding
photographs of the colour change after GSH treatment with different
concentrations of MoS; and MoS,@TA/Fe NSs. A lighter colour marked
greater GSH loss. Fig. 5f and Fig. S6 compares the GSH loss at 40 °C
under 808 nm NIR irradiation and in water bath, illustrating that the
GSH loss under NIR was much higher than that at the same temperature
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in a water bath. Therefore, NIR irradiation could facilitate the loss of
GSH and enhance the antibacterial ability of the material. The possible
antibacterial mechanism of the PDMoT hydrogels was the synergistic
effects among the hyperthermia, generation of -OH, and GSH oxidation.

3.8. In vitro antibacterial efficiency assessment

The antibacterial properties of the hydrogels for E. coli and S. aureus
were assessed by the classical plate count method (Fig. 6). Compared to
the control and PD groups, the PDMo, PDMoT and PD+H30, groups
presented slight antibacterial effects. The PDMo+H50, and
PDMoT+H20, groups showed better antibacterial effects than the other
groups even without NIR irradiation, which was due to the nanozyme
activity of MoSz and MoS,@TA/Fe NSs. After 808 nm laser irradiation
for 10 min, the PDMo and PDMoT groups exhibited enhanced antimi-
crobial ability when compared with that without NIR. The temperature
of the PDMo and PDMoT hydrogels after 10 min illumination was
40.2 °C and 43.3 °C, respectively, which cannot cause any damage on
normal human tissues. In particular, the PDMoT+H205+NIR groups
demonstrated the best antibacterial ability (an inhibition rate of up to
nearly 100 % on both E. coli and S. aureus), owing to the combined ef-
fects of the POD-like activity of MoS,@TA/Fe to generate -OH, GSH loss
and the hyperthermia induced by MoS,@TA/Fe, followed by the
PDMo+H202+NIR group. To further explain the antibacterial ability,
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SEM images were taken to investigate E. coli and S. aureus after irradi-
ation. E. coli was rod-shaped, and S. aureus was spherical with a smooth
surface for the control and PD groups. Regarding the PD+H30,+NIR,
PDMo+NIR and PDMoT+NIR groups, a few disruptions could be seen on
cell walls at 808 nm, indicating that HyO, or light alone had only a
limited influence on the integrity of cell walls. Whereas, the cell walls of
bacteria became completely wrinkled and even fractured after the
treatment of NIR and nanozyme, demonstrating that this synergistic
treatment might exhibit a stronger antibacterial ability.

3.9. Invitro cell and blood compatibility of hydrogels

The cell biocompatibility of the hydrogels was evaluated by MTT
assay and live/dead staining. The cells treated with PD, PDMo and
PDMoT hydrogels all presented a normal morphology at day 1 (Fig. 6e),
and the cells treated with the PD hydrogel exhibited a proliferation trend
when compared with the control group because Dex as a polysaccharose
could promote cell proliferation. In particular, the PDMo and PDMoT
hydrogel groups presented higher cell viabilities than the PD group
(Fig. 6f) because MoS; could promote 1929 cell proliferation. Therefore,
the hydrogels could promote the growth of L929 cells, which would play
a vital role in the wound healing process. In our experiment, HoOy was
introduced to generate -OH only at the first day during the treatment to
kill the bacteria in a short time. The viabilities of cells treated with HyO5
and generated -OH were tested and shown in Fig. S7. Although Hy0,
(100 pM) and generated -OH had a negative impact on L929 cell growth,
they would not cause any great damage for the normal tissues, which
were proved by the results of animal experiment (Fig. 8). Instead, the
wound healing rate can be notably accelerated after the treatment of
nanozyme therapy. The migration of cells was recorded at 0 and 12 h
(Fig. S8). The hydrogel groups all had effects on cell mobility. The
relative wound areas of the PD, PDMo and PDMoT groups were smaller
than those of the blank group because Dex and MoS; could promote cell
migration.
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Furthermore, the blood compatibility of the hydrogels was evaluated
with red blood cells using pure water as the positive control. The results
demonstrated that there was negligible haemolytic activity for all the
experimental groups (Fig. 6g). Fig. SO tests the haemolytic ratio of MoS;
and MoS;@TA/Fe NSs, and the results illustrated a good blood
compatibility. Therefore, it was considered that the hydrogels presented
excellent cell and blood compatibility and would be safe as dressings for
further in vivo application.

3.10. Invitro anti-inflammation and antioxidant assays

To further explore the mechanism of the effect of hydrogels on
inflammation, we constructed a LPS-stimulated macrophage model in
vitro and detected the levels of TNF-a and IL-10. As shown in Fig. 6h, the
expression of the inflammatory cytokine TNF-a was significantly
increased in the LPS group, while it was decreased in the PDMoT group.
However, the anti-inflammatory cytokine IL-10 was significantly upre-
gulated in the PDMoT group compared with the LPS group, indicating
the remarkable anti-inflammatory effect of TA during nanozyme therapy
for bacteria-infected wounds. Additionally, the anti-inflammation abil-
ity of TA in vitro was evaluated. From Fig. S10a, TA can inhibit the
expression of TNF-a, and promote the expression of IL-10, demon-
strating the excellent anti-inflammation capacity of TA.

In addition, the hydrogel could eliminate free radicals under neutral
conditions. Excessive RNS and ROS could interfere with signaling cas-
cades and destroy cells and tissues. DPPH and ABTS are typical nitrogen
free radicals, which are widely applied as model molecules to assess the
RNS scavenging ability of materials. PTIO is the typical oxygen free
radicals and used in the evaluation of ROS scavenging capacity. Fig. 7a,
d and g presents the mechanism of DPPH, ABTS and PTIO redox reac-
tion, respectively. Fig. 7b shows the absorption curves of a DPPH radical
solution before and after exposure to hydrogels. When DPPH was
exposed to the PDMo and PDMoT hydrogels, the absorption peak at 517
nm became weak, and the colour of the solution became a deep yellow.
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Fig. 7c illustrates that as the concentration of MoS; and MoS;@TA/Fe
increased, the hydrogel exhibited a higher DPPH scavenging ratio.
Fig. 7e and f shows the scavenging ability of the hydrogels against
ABTS™. The two hydrogel hydrogels all showed certain ABTS' scav-
enging ability, and the colour shifted to a light blue. PTIO assay was also
carried out to evaluate its ability to scavenge oxygen free radical. From
Fig. 7h and i, MoS2@TA/Fe possessed better PTIO scavenging ability
than MoS,. There was weaker absorbance peak at 557 nm. These results
demonstrated that the PDMoT hydrogel presented great anti-oxidation
capacity, which was attributed to the combined effects of MoS, and
TA. The hydrogel was expected to eliminate the ROS and RNS at the
wound site under neutral condition to maintain the balance of anti-
oxidant system and promote skin regeneration. The anti-oxidant prop-
erty of TA was also examined and shown in Fig. S10 (b-d), demon-
strating that TA had a good ability of scavenging RNS and ROS.

470

3.11. Wound healing evaluation and histopathological evaluation in vivo

Encouraged by the excellent capability for bacterial inhibition, anti-
oxidant, and anti-inflammatory ability of the PDMoT hydrogel, a
S. aureus infected skin defect model on the back of a rat was established
to assess the wound healing process of hydrogels. The treatment strategy
was shown in Fig. 8a, and the healing capabilities and wound closure
processes (Fig. 8b and Fig. S11) in all groups were recorded for a
detailed analysis.

Wound infection is one of the major causes of death of injured pa-
tients, therefore, the effects of the hydrogels in preventing infection
were assessed through immunohistochemistry analysis of the secretion
of typical proinflammatory factors TNF-a in the wound [45] (Fig. 8c).
Large amounts of TNF-a was observed in the control group, which
demonstrated a severe inflammatory response. Whereas, little secretion
was observed in the PDMo+H305+NIR and PDMoT+H»05+NIR groups,
indicating few signs of inflammation or infection formation. From the
Giemsa staining in Fig. 8b, it could be seen clearly that there were almost
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no bacteria in PDMo+H302+NIR and PDMoT-+H202+NIR groups. This
phenomenon was attributed to the combined efficiencies of PTT,
nanozyme, and GSH loss, which all can kill microorganisms and ensure
that the hydrogel had excellent antibacterial capability.

Besides preventing infection, the hydrogels presented an extraordi-
nary wound repair and skin regeneration advantage. H&E staining re-
sults demonstrated that the wound boundary between the wound and
normal tissue was clear cut and well defined at day 2. When it came to
day 8, there were big differences between 14 groups, and a tiny wound
could be seen in the PDMoT+H302+NIR group. Epithelium formation
marks the end of the wound healing process. From Fig. 8b, there was a
natural and mature epidermal layer in the PDMoT+H30,+NIR group,
indicating a complete wound healing. As demonstrated above, the
hydrogel possessed shape-adaptivity and adhesiveness, which guaran-
teed a strong binding affinity and intimate integration with the irregular
wound bed. Benefitting from this, the hydrogel can provide a bio-
mimetic microenvironment for cell proliferation and migration to ach-
ieve the growth of new epidermis. Additionally, the hydrogel can
promote the formation of new granulation tissue and blood vessels for
tissue repair and angiogenesis because of the synergistic effects of the
hydrogels, nanozyme activity, PTT therapy, O supply, anti-oxidant and
anti-inflammatory abilities. To further evaluate the wound healing of
the hydrogels, the tissues were performed with Masson’s trichrome
staining (Fig. 8b). On the eighth day, the wounds of the
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PDMoT+H202+NIR group presented more established collagen fibres,
demonstrating a better healing efficiency.

To investigate the biological mechanism of the repair process, the
immunofluorescence staining of VEGF was conducted to evaluate the
blood vessel density in the wound bed (Fig. 8c). From the microscale
observation based on the VEGF staining, it was found that the blood
vessel formation in PDMoT-+H205+NIR group was more than other
groups, indicating that the hydrogels can promote wound repair and
skin regeneration notably.

Moreover, the immumohistochemical staining of VEGF, IL-10 and
TNF-a was conducted. From Fig. S12, we can see that the expression of
VEGF in the PDMoT+H20,+NIR group was the highest compared to the
other groups, whereas TNF-a was the lowest, which was consistent with
the immunofluorescence results. In terms of the inflammatory response,
IL-10 could inhibit the activation, migration and adhesion of inflam-
matory cells and the synthesis and release of inflammatory cytokines,
thus playing an anti-inflammatory role. The IL-10 expression in the
PDMoT+H302+NIR group was much higher than that in the other
groups, indicating prominent anti-inflammatory ability (Fig. S12).

To assess the toxicology of hydrogels in vivo, H&E staining of major
organs of rats, including the heart, liver, kidney, lung and spleen, was
carried out at day 8 post surgery (Fig. S13). All groups showed negligible
organ damage, confirming that the hydrogel would be a safe wound
dressing.
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Fig. 8. (a) Schematic diagram of the S. aureus-infected wound model and treatment strategy. (b) Photographs of the infected wound at different days and the
histologic analyses at days 2 and 8. The scale bar in the H&E and Masson staining is 200 pm. The scale bar in the Giemsa staining is 10 pm. (c) Pictures of the
immunofluorescence of regenerated wound tissue on day 5 with VEGF and TNF-a. The scale bar in the histologic picture is 50 pm.

4. Conclusion

In summary, we developed a multifunctional MoS;@TA/Fe NSs-
based hydrogel for infected wound healing. MoS;@TA/Fe NSs
endowed the hydrogel with high antibacterial activity against E. coli and
S. aureus due to PTT activity, POD-like activity and GSH loss, and
abundant O; supplement benefitting from the CAT-like activity. POD-
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like activity was mainly on account of MoSy NSs, while CAT-like activ-
ity was primarily due to TA/Fe complex. Additionally, MoS,@TA/Fe
NSs gave the hydrogel with outstanding anti-oxidant ability to scavenge
redundant ROS and RNS under neutral environment to maintain the
balance of antioxidant systems and prevent inflammation. Moreover, TA
molecules provided the hydrogels with anti-inflammatory properties to
inhibit the release of inflammatory factors from macrophages. The
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dynamic boron ester bonds between MoS>;@TA/Fe, PVA, Dex and borax
provided the hydrogel multiple functions, including its excellent tissue-
adhesive ability, fast self-healing feature, and rapid wound shape
adaptivity. Furthermore, the hydrogel could promote cell proliferation
in vitro and significantly facilitate infected wound healing by killing
bacteria, reducing inflammation, supplying O,, adjusting free radical
levels, and promoting vessel growth during the wound healing cascade
process. This study demonstrates the important role of MoSy;@TA/Fe
nanosheets in infected wound healing, indicating that a multifunctional
PDMoT hydrogel could accelerate wound healing and skin regeneration.
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