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Wound healing is a multifaceted process that involves hemostasis, inflammation, proliferation, and
remodeling stages. Diabetic wounds affect the transition of the organized phases and result in delayed
healing due to impaired angiogenesis, chronic inflammation, bacterial infection, and insufficient growth
factors. Multifunctional heterostructural nanoparticles enriched minimally invasive hydrogels for
on-demand procedural distribution to aid wound healing at various stages has become a promising
strategy. Herein, silk fibroin-hyaluronic acid based injectable hydrogels incorporated with mace-like
Au-CuS heterostructural nanoparticles (gAu—CuS HSs) were used to cure diabetic wounds. SF-HA and
the rough surface of gAu—CuS HSs confer a synergistic hemostatic phase with a nano-bridge effect and
rapidly close the wounds. During the inflammation stage, gAu—CuS HSs perform in-space resonance
energy transfer under 808 nm laser irradiation which in return produces reactive oxygen species for
bacterial destruction. The unusual mace-like rough structure of nanoparticles causes macrophage

Received 3rd November 2022, transfer to the M2 phenotype, regulates cytokine expression (interleukin 6, transforming factor-p1,

Accepted 24th January 2023 interferon v, and interleukin-10), promotes angiogenesis, and promotes cell multiplication and fibroblast
emigration to the wound area during the proliferation and remodeling phase. Overall, the gAu—CuS HSs
reinforced injectable hydrogel programmatically accelerates wound healing and could represent a

versatile strategy for advanced diabetic wound healing.
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and remodeling stages. The rapid occurrence of hemostasis can
prevent blood loss and promote immediate wound closure.*®
The inhibition of bacterial infection can accelerate the transi-

1. Introduction

Diabetes is a frequent chronic metabolic condition defined by

sustained hyperglycemia with long-term health effects." The
poor healing of diabetic wounds is predicted to impact 25% of
all diabetes mellitus patients.> Diabetic wounds are more
susceptible to bacterial infection and have difficulty healing
themselves due to impaired defence mechanisms, impaired
angiogenesis, chronic inflammation, and insufficient secretion
of growth factors. The delayed healing of the wound contri-
buted to increased healthcare costs, morbidity, and mortality.*
Therefore, there is an imperative need to address impaired
wound healing problems for diabetic patients.

Wound healing is a complex and multifaceted biological
procedure involving hemostasis, inflammation, proliferation,
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tion to the inflammatory stage and facilitate wound healing.
Subsequently cell proliferation, cell migration, and the creation
of new blood vessels that occurs at the proliferative wound
phase are critical for wound healing.””® For instance, during
adult wound healing, the local pro-inflammatory macrophage
phenotype (M1) transforms into anti-inflammatory macrophages
(M2) based on spatiotemporal signals and is crucial for
cell proliferation, angiogenesis, vascularization, and collagen
deposition.”™® The synchronization of numerous stages is
necessary for wound healing; however, the biological environ-
ment inherent in diabetes results in delayed wound healing
and disrupts the transition between orderly phases.**"
Recently, various metal-based antibacterial, semiconductor,
and rough surface nanomaterials, including metal and carbon
nanomaterials (Ag,'® Au,"” CuO, ZnO,'® and graphene), have
gained attention as a potential material to promote wound
healing. Metal-based nanoparticles with high surface roughness
can exhibit a nanobridge effect which could facilitate the adhe-
sion of wounded skins, and can prevent blood/fluid losses.***

This journal is © The Royal Society of Chemistry 2023
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Although the mechanism underlying this nanobridge effect
remains unclear, the surface architecture of nanoparticles
could play a crucial role in encouraging hemostasis.**>* In
the inflammatory stage, metal-semiconductor nanomaterials
with active electronic properties can generate energetic charge
carriers (electrons and holes) after exposure to suitable light to
form reactive oxygen species (ROS), which can efficiently kill
pathogenic bacterial species. It could act as a substitute for
antibiotics to tackle antimicrobial-resistant problems and
advance the inflammation stage of healing.”>>” However, their
accessibility in actual application suffered from intractable
limitations, e.g., due to the substantial band gaps of these
nanomaterials, only UV light can be employed to excite the
charge carriers (electrons and holes), but at the cost of pain and
underlying skin damage'®*®*®*° Furthermore, electron-hole
recombination limits the ROS production capacity, which
results in inadequate bacterial killing. Therefore, the develop-
ment of nanoparticles capable of generating ROS after mild
near-infrared light (NIR) exposure and facilitating electron-
hole separation could be more promising for the inflammatory
stage of wound healing.?°> Recent research found that nano-
particles with rough surface texture accelerate the proliferation
(polarizing macrophages to the anti-inflammatory M2 state)
and remodeling phases (promoting collagen deposition) of
wound healing.>*** However, these studies are based on flat
models unsuitable for their biomedical applications.* Therefore,
rough surface textured metal heterostructures can regulate macro-
phage M2 polarization and promote multistage wound healing in
multiple stages.

Hydrogels are commonly used as promising scaffolds for
wound dressings,*® because they offer numerous attractive
properties such as 3D microporosity, soft consistency,’” exuda-
tion absorption potential, freezing wounds, and material-
dependent bio-adhesiveness. They can be formed via chemical,
enzymatic, thermal, or light-induced crosslinking between
polymeric chains of molecules. Hydrogels provide a 3D micro-
structural framework for cell encapsulation, cell migration,
drug delivery (antibiotics, inorganic nanoparticles, antioxidants,
growth factors), and tissue regeneration.’®*° The injectable
hydrogel has been recognized as an artificial extracellular matrix,
and could better cover irregular-shaped wounds than a simple
photopolymerizable hydrogel scaffold. It could be more suitable
for tissue engineering because of the elimination of surgical
implantation.*™** It is difficult to speed up wound healing in
diabetic patients due to the involvement of multiple factors,
including large wound areas, severe bacterial infection, etc.,
and therefore, the development of multifunctional hydrogels
(hemostatic, antibacterial, pro-angiogenic, anti-inflammatory,
and pro-regenerative) is particularly desirable for clinical appli-
cations. The multifunctional heterostructural nanoparticle
enriched minimally invasive injectable hydrogel system for
on-demand procedural distribution to aid wound healing at
various stages has become a promising strategy with less
concern for antibiotic resistance.

Herein, novel mace-like Au-CuS heterostructures (gAu-
CuS HSs) are synthesized and incorporated in silk fibroin
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(SF)-hyaluronic acid (HA) based injectable hydrogels for the
multistage programmed acceleration of wound healing (Fig. 1).
The composite of natural HA and SF combines useful proper-
ties of both constituents and exhibits a better control of
gelation time and mechanical performance. Furthermore, the
application of an enzyme-dependent cross-linking process
[horseradish peroxidase (HRP) and hydrogen oxide (H,O,)]
could tune the biophysical properties and increase the applic-
ability of scaffolds to different wound conditions. Our study
highlighted that adding mace-like Au-CuS hetero-structures
could impart stable rheological properties, and their synergistic
combination with an injectable hydrogel could form a nano-
bridge and seal the large diabetic wound, thereby realizing
the programmed acceleration of the hemostasis stage. The
gAu-CuS HSs hydrogel can generate a substantial amount of
ROS under NIR illumination. Under the excitation of incident
light, the Au-CusS heterostructure experiences localized surface
plasmon resonance (LSPR), which encourages the formation of
high-energy carriers. The mace-like Au-Cus heterostructure can
promote the spatial separation of charge carriers arranged at
the Fermi level on different metals, resulting in more remark-
able photodynamic performance. During the inflammatory
stage, a large amount of ROS produced by the gAu-CuS HSs
hydrogel induced anti-bacterial activity. At the proliferation and
remodeling stage, a rough-textured mace-like structure can
increase the macrophage polarization towards the M2 pheno-
type, showing increased interleukin-10 (IL-10) plus transform-
ing factor-p1 (TGF-B1) expression, promoting angiogenesis and
collagen production in wounds. This study breaks the single-
ness of materials for wound treatment and provides new
insight into programmed wound healing acceleration by inte-
grating an injectable bioactive hydrogel, nanomaterials’ nano
topology, and plasmonic performance.

2. Materials and methods

2.1. Chemicals and reagents

Cetyltrimethylammonium bromide (CTAB, >98.0%), silver
nitrate (AgNO3, >99%), sodium borohydride (NaBH,, 98%),
hydroquinone (HQ, >9%), anhydrous copper chloride (CuCl,,
99.9%), lithium bromide (LiBr, 99.9%), gold(m) chloride trihydrate
(HAuCl,-3H,0, 98%), and potassium tetrachloroplatinate(u)
(K,PtCl,) were purchased from Sigma-Aldrich. Fetal bovine serum
(FBS, Gibco), Trypsin-EDTA (Hyclone), penicillin-streptomycin
(Merck Millipore, USA), Dulbecco’s modified Eagle’s medium
(DMEM, Gibco), and deionized water (DI; resistivity, 18.2 MQ cm)
were used in different experiments.

2.2.  Growth of the Au nanorods (NRs), Au-CuS HSs and
Au-CuS CSs nanostructures

Au NRs were prepared in an aqueous solution using a seed-
mediated method. In brief, a total volume of 5 mL of HAuCl,-
3H,0 (0.5 mM) and CTAB (0.1 mM) was thoroughly mixed.
Add 600 pL of NaBH, (0.01 M) to the above solution and rest for
0.5 h at 37 °C. To synthesize Au NR growth solution, 10 mL of
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Fig. 1 Schematic diagram representation of gAu—CuS HSs hydrogel for treating diabetic wound healing.
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(A) Fabrication of SF-HA hydrogels

incorporating Au—CuS HSs for injection at the wound site. (B) Schematic illustration of multiple stages of the wound healing process programmed by

gAu—-CuS HSs. (B

1) In the hemostasis stage, gAu—CuS HSs can act as nanobridges to seal wounds; (B5) in the inflammatory phase, Au—CuS HSs with

strong LSPR under near-infrared light excitation generate ROS to kill bacteria; (Bs) in the proliferation and remodeling stage, gAu—CuS HSs can facilitate
the polarization of macrophages toward the M2 phenotype, regulate cytokines, promote cell proliferation, and tissue remodeling in the wounded area.

0.1 M CTAB was mixed with 1 mL of HAuCl,-3H,0 (0.005 M).
0.12 mL of silver nitrate (AgNO;, 0.1 M) solution was added,
stirred well, and then 600 pL of hydroquinone (0.1 M) solution
was added. This time, the reaction color changed from yellow to
colorless. After vigorous stirring for 1 min, 0.075 mL of the Au
seed solution (prepared above) were added and stirring was
continued for 3 min, and rested for 12 h at 40 °C in the dark.
Finally, centrifugation was used to collect Au NRs (8000 rpm for
10 min).

The synthesized Au NPs solution (5 mL) was collected and
washed 3 times with water to remove excess surfactant. It was
then redispersed into 5 mL of CTAB solution (1 mM). K,PtCl,
solution (5 mM, 200 pL) was then added to the Au NR solution
with gentle shaking for 5 min to allow PtCl4>~ to adsorb on the
Au NR. The freshly prepared 500 uL CuCl, solution (0.5 M) and
deionized water (4.3 mL) were then added to the Au NR solution
sequentially. The final total volume of the solution was 10 mL.
It was then put in the oven at 100 °C for 60 min to obtain
Au-CuS HSs with a rough surface texture. Similar steps to this
were used to synthesize Au-CuS CSs. The difference is that
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K,PtCl, solution (1 mM, 200 pL) and CuCl, solution (0.1 mM,
500 pL) were used.

2.3. Synthesis of tyramine (Tyr) modified hyaluronic acid (HA)

Conjugating HA with Tyr was achieved through a reaction
between the carboxylic groups of HA and the amine groups
of Tyr. In brief, 2 g of sodium hyaluronate (M,, = 34 kDa)
were dissolved in 80 mL of 2-morpholinoethane sulfonic acid
(MES, 100 mM) buffer, before adding 2.86 g 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (DEC) and 1.72 g N-hydroxy
succinimide (NHS). The solution was stirred for 60 min at
25 °C to activate the carboxyl groups on the HA molecule.
Subsequently, 1.72 g of Tyr was added to the above mixture,
and the pH was amended to about 8 with sodium hydroxide
(NaOH) solution. The reaction mixture was stirred overnight
at 25 °C under light-proof conditions. After the incubation
reaction, the reactants were put in a dialysis bag (3.5 kDa)
and dialyzed in sodium chloride (NaCl, 100 mM) buffer for 2 d,
25% alcohol solution for 2 d, and finally dialyzed in DI water for
2 d. After freeze-drying (for 3 d), HA-Tyr material was obtained

This journal is © The Royal Society of Chemistry 2023
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as a fine-grained white powder and saved at 4 °C under dark
conditions.

2.4. Fabrication of silk fibroin (SF) material

The cocoons (from Bombyx mori) were cut into thin slices, and
their inner layer was removed. The peeled cocoons (10 g) were
then boiled (at 95 °C) in 5 L 0.02 M sodium carbonate for 1 h to
remove glue-like sericin (to prevent potential immunogenic
host reactions) and to obtain degummed fibers. The obtained
degummed fibers were cleaned with water to eliminate the
greasy transparent material they carried and then dried at room
temperature overnight. 5 g of degummed wire was dissolved in
25 mL 9.3 M LiBr solution and maintained at 65 °C for 240 min
under continuous magnetic stirring. The mixture was diluted
by a factor of 1.5 when the reaction was finished, and then it
was put in a dialysis bag (MV 3.5 kDa). Finally, centrifugation
was used to remove the insoluble silk particles (9000 rpm,
20 min) and then freeze-dried for two days. The SF material was
then stored at 4 °C for future use.

2.5. Preparation of the SF-HA hydrogel and Au-CuS NP
incorporated hydrogel

The total concentration of the SF and HA-Tyr polymer was
2% w/v. The SF/HA was combined in different ratios (0SF-100HA,
25SF-75HA, and 50SF-50HA) to form hydrogels. HRP and H,O,
concentrations were adjusted to different ratios to obtain the
desired gelation rate and biophysical properties. The SF-HA
hydrogel is formed using an enzymatic cross-linking reaction.
Furthermore, SF-HA was mixed with varying concentrations of
Au-CuS HSs and Au-CuS CSs, and then HRP and H,0, were
added for an enzymatic cross-linking reaction. The resultant
nanomaterial incorporated hydrogel was named Au-CuS CSs
hydrogels (gAu-CuS CSs hydrogels) and Au-CuS HSs hydrogels
(gAu-CuS HSs hydrogels).

2.6. Characterization

The HA-Tyr conjugates were characterized using proton nuclear
magnetic resonance spectroscopy (‘H-NMR, Varian NMR) using
D,0 (0 = 4.65 ppm). The morphology and diameter of Au-CuS NPs
were characterized by transmission electron microscopy (TEM,
HT7700) operating at 50.0 kV. UV-Vis-NIR spectra were acquired
using a UV-Vis spectrophotometer (UV-1280, Shimadzu). The zeta
potential and hydrated particle size of Au-CuS NPs were analyzed
by DLS (Zetasizer Nano, Malvern Instruments). X-ray diffraction
(XRD, Rigaku-Dmax 2500) patterns were recorded using Cu Ko
radiation with a step width of 10.0 deg min~". The specific surface
area of nanoparticles was evaluated using the Brunauer-Emmett-
Teller (BET) method. The nitrogen (N,) adsorption-desorption
isotherm was measured in an ASAP 2460 analyzer (Micromeritics,
USA) at 120 °C for 12 h in a vacuum.

2.7. Production of ROS under near-infrared illumination

Total ROS produced by gAu-CuS was determined using 2’,7'-
dichlorofluorescein (DCF) fluorescence. 80 pL of DCF working
solution was added to each tube of the light-proof tube, then
20 pL PBS, Au-CuS HSs, Au-CuS CSs, SF-HA gel, gAu-CusS HSs

This journal is © The Royal Society of Chemistry 2023
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or gAu-CuS CSs were added to each well (equivalent to
200 pg mL ™' Au-CuS). The mixture was subjected to an 808 nm
near-infrared laser (0.75 W cm ™2, 10 min). After co-incubation for
6 h, excitation was performed using 490 nm, and DCF emission
spectra were collected in the range of 500-600 nm.

2.8. Bacterial culture and antibacterial properties under
near-infrared light irradiation

Escherichia coli (E. coli, Gram-negative) and Staphylococcus
aureus (S. aureus, Gram-positive) were selected as typical bac-
terial strains for the antibacterial evaluation of our designed
material. Bacterial strains were cultured by inoculating a single
bacterial colony from a Luria-Bertani (LB) plate, then inocu-
lated in 5 mL of Mueller Hinton Broth (MHB) medium and
shaken at 150 rpm at 37 °C overnight. The estimated number of
bacteria was identified by using the absorbance of the medium
at 600 nm using a UV-Vis spectrophotometer. The bacterial
solution was centrifuged, and the obtained bacterial pellet was
resuspended and adjusted to 2 x 10° colony-forming units
(CFU) mL™! in PBS. Different concentrations of the gAu-CuS
CSs hydrogel and gAu-CuS HSs hydrogel (equivalent to 200,
100, 50, and 25 pg mL~" Au-Cus) were coated in 96-well plates.
SF-HA gel without Au-CuS NPs was used as a control. After
diluting the grown bacterial suspension to the absorbance level
of 0.1 at 600 nm, add 150 pL (absorbance value = 0.1) bacterial
suspension to each well. Then the laser was illuminated with
808 nm for 10 min with a power of 0.75 W cm ™2, and then move
into a cell culture shaker (37 °C, 150 rpm) to continue the
culture, monitor the absorption value at 600 nm every 1 h, and
draw the bacterial growth curve.

At the same time, the antibacterial detection was carried out
on an LB agar plate. In brief, 150 pL bacterial suspension was
mixed with 50 uL of gAu-CuS CSs hydrogel or gAu-CuS HSs
hydrogel (50 ug mL™") (equivalent to Au-Cus). After the laser was
illuminated with 808 nm for 10 min with a power of 0.75 W cm ™2,
it was placed in a bacterial culture shaker (37 °C, 150 rpm) for
30 min. The above bacterial culture suspension was serially diluted
four-fold, aspirated 50 pL and laid on a solid agar medium. The
cultured plate was placed for 37 °C growth for 24 h. Photographs
were taken to record the antibacterial effect of the gAu-CuS CSs
hydrogel and gAu-CuS HSs hydrogel on the bacterial CFU.

50 pL of gAu-CuS CSs hydrogel and gAu—-CuS HSs hydrogel
(50 ug mL™") (equivalent to Au-Cus) were gelatinized in a 48-well
plate, and then 150 pL of bacterial culture solution was added to
each group. After irradiating with an 808 nm laser for 10 min with
a power of 0.75 W cm ™2, it was transferred to a bacterial culture
shaker (37 °C, 150 rpm) for 6 h. Bacteria were gathered by
centrifugation (3000 rpm for 5 min), washed 3 times with PBS,
fixed with 2.5% glutaraldehyde (in 10x PBS) and dehydrated with
ethanol gradient (30%, 50%, 75%, and 99%). Finally, the bacteria
were dropped onto the silicon wafer and imaged under a SEM.

2.9. Detection of ROS, glutathione (GSH) content, and lipid
peroxidation in bacteria

The production of ROS in bacteria was detected by staining
bacteria with a 2’,7’-dichlorodihydrofluorescein diacetate

J. Mater. Chem. B, 2023, 11, 2166-2183 | 2169
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(H,DCF-DA) fluorescent probe. Briefly, 150 uL of bacterial
suspension was mixed with 50 uL of gAu-CuS CSs hydrogel or
gAu-CuS HSs hydrogel (50 pg mL ") (equivalent to Au-Cus).
After irradiating with an 808 nm laser for 10 min with a power
of 0.75 W em ™2, it was transferred to a bacterial culture shaker
(37 °C, 150 rpm) for 12 h. The bacterial s culture solution was
then centrifuged, washed 4 times with PBS, and the obtained
bacteria were stained with a H,DCF-DA (10 pM) fluorescent
probe for 30 min under dark conditions and studied under a
confocal laser scanning microscope (CLSM, Olympus FV3000).
The content of GSH in bacteria was measured using a 5,5'-
dithiobis-(2-nitrobenzoic acid (DTNB)) method. Briefly, 150 uL
bacterial suspension was mixed with 50 uL of gAu-CuS CSs
hydrogel or gAu-HSs hydrogel (50 pg mL ') (equivalent to
Au-CuS). Subsequently, the cells were irradiated with 808 nm
laser light for 10 min with a power of 0.75 W cm ™2 and then
transferred to a bacterial culture shaker (37 °C, 150 rpm) for
12 h. The bacteria were washed 3 times with PBS and lysed well
with 150 pL of lysis buffer (KeyGEN BioTECH). After centrifuga-
tion, 50 puL of supernatant was mixed with 100 pL of DTNB
(30 ug mL™"). The absorbance at 414 nm was detected after
incubation for 30 min.

50 puL of gAu-CuS CSs hydrogel or gAu-CuS HSs hydrogel
(50 ug mL™") (equivalent to Au-CuS) were gelatinized in a 48-
well plate. Then 150 pL of the bacterial culture solution was
added per well. After irradiating with an 808 nm (0.75 W cm ™ ?)
laser for 10 min, the plate was transferred to a bacterial culture
shaker (37 °C, 150 rpm) for 6 h. The bacteria were collected by
centrifugation (3000 rpm for 10 min) and analyzed by MDA kit
to calculate the degree of lipid peroxidation.

2.10. Cytocompatibility and hemocompatibility evaluation of
the gAu-CuS CSs hydrogel and gAu—-CuS HSs hydrogel

Mouse macrophages (RAW 264.7) and mouse embryonic fibro-
blasts (NIH 3T3) were cultured in DMEM. These cell lines were
cultivated in a humidified (5% CO, at 37 °C) incubator until
they reached ~80-85% confluency. The culture medium was
renewed every 2 d. NIH 3T3 cells were sub-cultured by trypsi-
nization, while RAW 264.7 cells were passaged by a cell scraper.
The cells were counted (with a Neubauer chamber) and resus-
pended to obtain the desired concentration of cells for the next
experiment. NIH 3T3 cells were seeded in 96-well plates at a cell
density of 5 x 10? per well and incubated overnight. Afterwards,
100 pg mL™" of gAu-CuS CSs hydrogel and gAu-CuS HSs
hydrogel were added to the well plate and incubated for 24 h
to 48 h. Finally, cell viability was quantified using the MTT
assay according to the manufacturer instructions. At the same
time, cells were stained with 20 pg mL ™" calcein and 20 pg mL ™"
for 30 min. The samples were rinsed with PBS and studied under a
CLSM to determine the live and dead cell ratio.

Hemolysis tests were performed using mouse red blood cell
(RBCs) suspensions. Briefly, the pericardial blood of the mice
was drawn by opening the abdominal cavity after anesthesia
and placed in an EDTA vacuum blood collection tube. The
blood was mixed and centrifuged (2000 rpm for 5 min) at 4 °C
to pellet the RBCs. The purified RBCs (5%, v/v) were dispersed
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in PBS. Take the diluted RBC suspension (200 pL) and mix with
the different components: (a) 1 mL ultrapure water as the
positive control, (b) 1 mL PBS as the negative control, (c) 50 pL
SF-HA hydrogel and 950 pL PBS, (d) 50 pL gAu-CuS CSs
hydrogel and 950 pL PBS, (e) 50 pL of gAu-CuS HSs hydrogel
and 950 uL of PBS, (f) 1 mL of Au-CuS CSs with variable
concentrations (25, 50, 100, 200, and 400 pug mL™"); (g) 1 mL
Au-CuS HSs with variable concentrations (25, 50, 100, 200, and
400 pg mL’]); the mixture was incubated in a CO, incubator at
37 °C for 2.5 h. The samples were taken out, the mixture was
centrifuged at 2000 rpm for 10 min, and the hemolysis of
erythrocytes after different treatments was recorded with a
mobile camera. The supernatant was taken into a 96-well plate,
and the absorbance of each sample (at 540 nm) was measured
by a microplate reader. Hemolysis% for the different experi-
mental groups was calculated using the following equation:

Hemolysis (%) = [(An — An)/(Aw — An)] X100%

where, Ay, 4, and 4,, represent the absorption values of different
materials, PBS, and ultrapure H,O treatment, respectively.

2.11. Cell proliferation and cell scratch assay

Cell proliferation was detected using a RAW264.7-3T3 cell
Transwell system. RAW264.7 cells were seeded into the
upper chamber of a 24-well Transwell plate at a cell density
of 1 x 10* per well. 3T3 cells were seeded into the lower
chamber at a cell density of 5 x 10° per well. After 24 h, the
upper cells were washed 3 times with PBS. 50 uL gAu-CuS HSs
and gAu-CuS CSs (100 pg mL™") (equivalent Au-CuS) were
added along with a 100 pL fresh cell culture medium. The
upper chamber is then placed over the lower chamber and
incubated for 24 h. The fluorescence images were obtained
using an EdU-cell proliferation kit.

Cell scratch experiments were performed in a RAW 264.7-
3T3 cell Transwell system. RAW 264.7 cells were seeded in the
upper chamber at a cell density of 1 x 10* per well, while 3T3
cells were seeded in the lower chamber of a Transwell system at
a cell density of 5 x 10 per well. After overnight incubation,
cells were scratched in the lower chamber of the Transwell with
a sterile 10 pL pipette tip. It was then rinsed with PBS (three
times) to remove streaked cell debris, and serum-free medium
was added. The upper chamber was washed three times with
PBS, 50 pL of gAu-CusS CSs hydrogel and gAu-Cu$S HSs hydrogel
(50 pg mL™") were added (equivalent Au-Cus), and 100 pL of
fresh medium was added. The upper chamber is then placed
over the lower chamber to construct a Transwell system. Bright-
field cell pictures were taken with a microscope at different
periods (0 h, 24 h).

2.12.
type
The level of polarization of cells induced by gAu-CuS HSs was
investigated in RAW 264.7 cells. Tumor necrosis factor (TNF-o)
and interleukin (IL-10) factors were selected to represent the
representative factors of macrophage M1 and M2 phenotypes,
respectively. The levels of these two factors were characterized

Determination of macrophage (RAW 264.7) polarization

This journal is © The Royal Society of Chemistry 2023
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by the ELISA method. The specific operations are as follows:
RAW 264.7 cells were seeded into a 96-well plate at a cell density
of 1 x 10* per well. The upper medium was removed after
incubating overnight in a cell incubator. Then the gAu-CuS CSs
hydrogel and gAu-CuS HSs hydrogel containing different con-
centrations of Au-CuS NPs (200, 100, 50, 25, 0 ug mL ') were
added. After 48 h of co-incubation, the cell culture plates were
centrifuged at 200 rpm for 10 min. Transfer 50 pL of the
supernatant to a new ELISA test plate, and detect the levels of
two cytokines, TNF-o. and IL-10 (according to the manufacturer
instructions).

2.13. Hemostatic ability and mouse skin adhesion properties
of the gAu-CuS CSs hydrogel and gAu-CuS HSs hydrogel

The hemostatic ability of the gAu-CuS HSs hydrogels was
investigated using a diabetic mouse liver hemorrhage model.
All animal work was performed following the regulations of
the Animal Care and Use Committee of the Suzhou Institute
of Nanotechnology and Nanoionics, Chinese Academy of
Sciences. First, a type I diabetes model was established using
BALB/c male mice (Skorui Biological. Nanjing). Mice were given
adequate water and food and kept in a dry environment. Each
mouse was injected with streptozotocin (STZ) at 65-75 mg kg ™"
for 5 consecutive days according to body weight, the mice
fasted for 12 h, and the drug was injected intraperitoneally.

After 14 d, blood glucose was measured continuously for one
week, and mice with blood glucose levels higher than 16.7 mM
were considered diabetic. Mice were anesthetized with inhala-
tion of isoflurane gas anesthesia and then the liver was exposed
through an incision in the abdomen, and the surrounding
tissue fluid was removed. The liver was punctured with an
18G needle. The gAu-CuS CSs hydrogel and gAu-CuS HSs
hydrogel were injected immediately into the bleeding site.
The SF-HA hydrogel without Au-CuS NPs was selected as a
control. The location of the hepatic hemorrhage was photo-
graphed at specific times (0, 15, 30, 60 s).

Test mouse skin adhesion properties: take two skins of male
BALB/c mice, drop 20 pL of Au-CuS CSs or Au-CuS HSs, and
gAu-CuS CSs hydrogel or gAu-CuS HSs hydrogel and PBS
solution into one skin, press with fingers for 30 s, and apply
1 mm min~" testing at a constant rate. For the adhesion test of
Au—-CusS CSs, Au—-CusS HSs, gAu-CusS CSs hydrogel, gAu-CuS HSs
hydrogel, and SF-HA hydrogels were injected between two
pieces of skin after forming the glue, press for 30 s, and use
the instrument to perform the tensile test.

2.14. Histological analysis, immunofluorescence staining,
and biochemical analysis

The effect of gAu-CuS HSs hydrogel on diabetic wound healing
was evaluated on a full-thickness skin wound model in diabetic
male BALB/c mice (20-25 g). First, diabetic mice were anesthe-
tized with isoflurane gas anesthesia, and their backs were
shaved to form a circular full-thickness skin wound (10 mm)
d. BALB/c mice were randomly divided into 8 equal groups (7 = 5
per group): (a) PBS, (b) PBS + light, (c) SF-HA, (d) SF-HA + light,
(e) gAu-CuS CSs hydrogel, (f) gAu-CuS CSs hydrogel + light,

This journal is © The Royal Society of Chemistry 2023
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(2) gAu-CusS HSs hydrogel, and (h) gAu-CuS HSs HSs hydrogel +
light. The hydrogels were sterilized using a 200 nm filter before
mixing injection, and the Au-CuS NPs suspension was steri-
lized by autoclaving. A digital camera recorded the wound
healing status at different times (0, 3, 7, and 14 d). The wound
areas were quantified using Image J software.

For histological analysis, wound tissue from diabetic mice
was collected on 14 d, fixed with 4% paraformaldehyde, and
the harvested tissue samples were processed, embedded in
paraffin, sectioned into pieces, and stained with hematoxylin
and eosin (H&E) and Masson’s trichrome (MTS) following a
standard histological procedure. The stained images were
obtained by microscopy. For immunofluorescence staining,
wound tissues from diabetic mice were collected on 7 and
14 d, dehydrated and embedded, and then frozen sections were
made. Immunofluorescence staining for IL-13, CD31, F4/80,
and CD163 was performed using standard protocols, and
immunofluorescence images were obtained by using a fluores-
cence microscope. Wound tissues from diabetic mice on days 0,
7 and 14 were taken for biochemical analysis. The levels of IL-6,
TGF-B, IFN-y and IL-10 in the wound area were assessed by
ELISA. Briefly, the wound tissue was added to 2 mL of cold PBS
containing 1% Igepal CA-630 non-ionic detergent. The tissue
was then homogenized through a tissue disruptor. After centri-
fugation at 3000 rpm for 5 min, the supernatant was taken to
determine the levels of different factors using ELISA Kkits.

3. Results and discussion

3.1. Synthesis and characterization of Au-CuS CSs and
Au-CuS HSs

This study prepared Au nanorods by seed growth as templates.
Subsequently, anisotropic overgrown textured or fully covered
smooth-like shapes of CuS on Au nanorods were successfully
synthesized by varying the intermediate K,PtCl,. K,PtCl,
mainly plays dual functional roles in the synthesis, including
pre-adsorption on Au NRs to prepare for the growth of Cu®",
and redox reaction with Cu?®". Thus, Au-Cu,O heterostructures
with different surface morphologies can be obtained. Finally, a
sulfurization reaction is performed to form Au-CuS nanorods
(Au-CusS NRs) by further reacting Au-Cu,O with sodium sulfide
(Na,S). Transmission electron microscopy (TEM) demonstrated
the formation of surface rough mace-like heterostructures
(Au-CuS HSs) and smooth surface core-shell structures
(Au-CusS CSs), respectively (Fig. 2(A)). The surface of Au-CuS
HSs not only has a rough surface texture structure and abun-
dant CusS burrs of about 7.5 nm, but the Au—Cu$S CSs have a CuS
shell of ~3.2 nm. The obtained nanomaterials all have good
water solubility, the size range of flow dynamics is 120.7 £ 8.43
to 149.7 + 15.78 nm (Fig. S1, ESIt), and the Zeta potential in
water is —13.7 & 4.67 to —17.4 £ 3.62 mV (Fig. S2, ESIt). At the
same time, good solubility in DMEM facilitates their application
at the cellular level (Fig. S3, ESIt). Further analysis by XRD
confirmed the successful synthesis of Au-CuS CSs and Au-CuS
HSs (Fig. S4, ESIt), both of which have the same crystal structure:
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Fig. 2 Synthesis and physicochemical characterization of Au—CuS NRs heterostructure and gAu—CuS NRs hydrogels. (A) TEM of Au NRs; Au—-CusS CSs,
and Au-CuS HSs. (B) Scanning transmission electron microscopy (STEM) images and EDS elemental mapping images of Au NRs; Au—CuS CSs, and
Au-CuS HSs. (C) UV-Vis NIR absorption spectrum of Au-CuS NRs. (D) Determination of the specific surface area of Au—-CuS HSs. (E) and (F)
Representative SEM micrograph of SF—HA hydrogels and gAu—CuS HSs hydrogels with corresponding EDS mapping. (G) Storage modulus (G’) and loss
modulus (G”) of the gAu—CuS HSs hydrogel during gelation. Inset: sol—gel transition photograph of the gAu—CuS HSs hydrogel. (H) Storage modulus—
strain response patterns of SF—=HA, gAu—CuS CSs, and gAu—CuS HSs hydrogels. (I) The viscosity (shear rate = 0.1 to 100 s7%) of SF—=HA, gAu—-Cu$S CSs
hydrogel, and gAu—CuS HSs hydrogels. (J) Emission spectra of DCF (excited at 455 nm) in PBS containing various gAu—CuS NR hydrogels or Au—CuS NRs

under 808 nm laser irradiation (0.75 W cm™2, 10 min).

the cubic phase of Au (JCPDS cards # 04-0784) and the covellite
phase of CuS (JCPDS cards # 06-0464). Energy-dispersive X-ray
spectroscopy (EDS)-based elemental mapping results con-
firmed the successful synthesis of mace-like rough Au-CuS
HSs material containing Au, Cu, and S elements (Fig. 2(B)).
Ultraviolet-visible-near-infrared  spectroscopy (UV-Vis-NIR)
(Fig. 2(C)) revealed that Au-CuS CSs and Au-CuS HSs exhibited
strong absorption peaks in the near-infrared region, which

2172 | J Mater. Chem. B, 2023, 11, 2166-2183

significantly enhanced Au-CuS in the near-infrared region
due to the overlap of the LSPRs of Au and CuS (Fig. S5, ESIY),
and LSPR absorption in the infrared region. The surface areas
of Au-CuS CSs (Fig. S6, ESIT) and Au-CuS HSs (Fig. 2(D)) were
obtained by Brunauer-Emmett-Teller (BET) analysis to be
23.16 m”> g~ ' and 68.49 m* g~ ', respectively, further indicating
that the designed mace-like rough Au-CuS HSs nanoparticles
have a larger surface area.

This journal is © The Royal Society of Chemistry 2023
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3.2. Synthesis and characterization of Au-CusS reinforced
injectable hydrogel

HA-Tyr was combined with SF to form injectable hydrogels
using an enzyme-mediated cross-linking process using HRP
and H,0,. SF and HA-based biomaterials emerging as an
appealing starting material regulate cellular and biological
responses (including cell adhesion, proliferation, differentia-
tion, angiogenesis, and wound healing) in bioengineering due
to their good biocompatibility, biodegradability, poor immu-
nogenicity, versatility, and biomimetic properties. The pristine
SF hydrogels have enough mechanical strength and a modest
degradation rate, while pristine HA hydrogels hold poor
mechanical strength and rapid degradation rate. A hybrid
hydrogel system composed of HA-Tyr and SF (HA/SF) could
hold superior properties and diminish previously described
weaknesses using HRP and H,0,."* To obtain SF-HA hydrogels,
tyramine-modified HA (HA-Tyr) was first obtained, followed by
the incorporation of 25% SF. The drawback of HA brittleness,
which is not ideal for application to the skin, is resolved by the
inclusion of SF. Additionally, if there is an excessive amount of
SF added, the hydrogel’s mechanical characteristics will be too
low, which will have an impact on their potential applications
(Fig. S7, ESIt). SF-HA hydrogels containing 25% SF were
chosen. SF is also rich in Tyr groups, so it can still undergo
chemical cross-linking under the combined action of HRP and
H,0, to form hydrogels. Hydrogel materials must have a
suitable gelation rate, pore size, and mechanical strength to
meet practical applications. By adjusting the concentrations
of HRP (1 U mL™") and H,0, (1 mM), the final optimal
gel-forming conditions were 2% (w/v) SF-HA. At this time, the
hydrogel was cured and formed in about 30 s, with excellent
injectable behavior. Subsequently, hyaluronic acid and hyaluro-
nic acid modified with Try were characterized by "H NMR
spectroscopy. As shown in Fig. S8 (ESIT), the peaks at § 6.7 ppm
and ¢ 7.2 ppm are characteristic peaks of the benzene ring
group in Try, indicating that Try was successfully modified onto
HA to obtain the HA-Try material. The grafting rate of HA-Try
was calculated to be about 13% by comparison with the peak
area of the methyl group in the acetyl group in the HA
molecular unit. Furthermore, the morphology of the SF-HA
hydrogel was analyzed by scanning electron microscope (SEM)
(Fig. 2(E)), 200 pg mL ™" of Au-CuS CSs and Au-CuS HSs were
selected to be incorporated into the hydrogels. The hydrogel’s
initial pore size was enlarged by the inclusion of nanoparticles.
Furthermore, EDS confirmed the existence of each element of
Au-CuS NRs, indicating that Au-CuS CSs (Fig. S9, ESIT) and
Au-CuS HSs (Fig. 2(F)) were successfully integrated into the
hydrogel network. It was subsequently tested for its rheological
properties, and its mechanical properties improved significantly
with time, indicating the formation of hydrogels (Fig. 2(G)).
Simultaneously, due to the presence of Au-CuS NRs, the mechan-
ical properties of the hydrogels are significantly improved
(Fig. 2(H)). In addition to the hydrogel’s intrinsic mechanical
characteristics, the gelation rate is a crucial consideration when
evaluating injectable hydrogels. To achieve a precise fit between

This journal is © The Royal Society of Chemistry 2023
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the hydrogel and the surrounding native tissue, an appropriate
gelation rate is necessary in order to permit the use of tissue
engineering to fill irregularly shaped tissue defects before the
hydrogel solidifies. Then shear rate-dependent viscosity variations
were examined. Remarkably, the viscosity of the gAu-CuS HSs
hydrogel dramatically decreased from 8000 Pa s with the shear
rate changing from 0.1 to 100 s~ . The incorporation of nanoma-
terials did not affect the injectable properties of the hydrogel itself
(Fig. 2(I)). This shear thinning ability results in significant inject-
ability of the gAu-CuS HSs hydrogel, which may be appreciated in
clinical applications.

Overall, by altering the concentration of HRP and the low
concentration of H,0,, we could modify the gelation time,
mechanical strength, gelation characteristics, and adhesion
potential of the injectable hydrogels. The hydrogels can rapidly
form after injection to prevent uncontrolled leaching of nano-
particles and gel precursors to the surrounding tissues.
Furthermore, it can be slowly created to close irregularly
shaped wound defects before solidification. It is thus possible
to regulate the mechanical characteristics and gelation rate
of our new injectable hydrogel, which could be critical for
medication delivery and tissue engineering applications.

3.3. ROS generation potential of gAu-CuS CSs and gAu-CuS
HSs hydrogel

The strong local electromagnetic field generated around the
gold core can be transmitted from the Au core to the peripheral
CuS through resonance energy transfer (RET) when the inci-
dent light’s wavelength coincides with the Au core’s LSPR peak.
This will considerably encourage the Au-CuS NRs to produce
additional ROS. The ability of two Au-CuS NRs to generate ROS
under near-infrared illumination was evaluated by DCF assay.
Without the addition of an 808 nm laser, the fluorescence
intensity of DCF did not increase (Fig. S10, ESIT), indicating
that the Au-CuS CSs and Au-CuS HSs did not generate ROS.
However, the DCF fluorescence intensities of Au-CuS CSs and
Au-CuS HSs were dramatically increased during 808 nm laser
irradiation (0.75 W cm™?, 10 min), indicating extensive ROS
production in these nanomaterials. Among them, Au-CuS HSs
can induce robust DCF fluorescence, which means that Au-CuS
HSs can generate a significant amount of ROS. Au-CuS NRs can
successfully facilitate the separation of electrons and holes with
rough surfaces and burr structures, which are challenging to
recombine. Similarly, we examined the ability of Au-CuS to
generate ROS after incorporating Au-CuS into the hydrogel.
The hydrogel platform does not affect the ROS generation
potential of nanomaterials (Fig. 2(J)). The remarkable capacity
of gAu-CuS HSs to produce ROS is promising for eradicating
microorganisms.

3.4. Nanobridge adhesion effect of gAu-CuS CSs and gAu-CuS
HSs hydrogel

The nanobridge adhesion effect was mainly measured by test-
ing the adhesion ability of nanoparticles to skin tissue. PBS,
Au-CusS CSs, and Au-CuS HSs were instilled between two pieces
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of mouse skin. The state of the two skins was observed after 3 h.
It can be seen from Fig. S11 (ESIT) that both Au-CuS CSs and
Au-CuS HSs affect skin adhesion, while pure PBS cannot.
Additionally, there were notable distinctions between Au-CuS
CSs and Au-CuS HSs, with the fact that Au—CuS HSs had the
strongest skin adherence. It was then further subjected to
tensile testing for shear adhesion. As illustrated in Fig. S12
(ESIt), both Au-CuS NRs can have a clear advantage over PBS
regarding skin adhesion, which is because the nanomaterial
itself can interact with the skin and create an adhesion force.
Furthermore, Au-CuS HSs exhibited more significant displace-
ment distances and robust adhesion properties (Fig. S13, ESIT),
attributed to their excellent surface roughness. Au-CuS HSs can
act as superior skin adhesives and achieve rapid hemostasis of
wounds.

Wound dressings require a satisfactory level of tissue adher-
ence. Fig. 3(A) demonstrates that the hydrogel adheres without
release to a fingertip, indicating that the SF-HA hydrogel
adheres securely to human skin. In addition, the hydrogel
adheres to different substrates, including plastic, further illus-
trating its excellent adherence (Fig. 3(B)). We further confirmed
the nanobridge effect of the hydrogel including gAu-CuS CSs
and gAu-CuS HSs, suggesting that the Au-CuS HSs reinforced
hydrogel may function as a superior wound healing agent.
Fig. 3(C) findings demonstrate that the gAu-CuS CSs hydrogel
and gAu-CuS HSs hydrogel continue to have a strong nano-
bridge effect and show good tensile displacement (Fig. 3(D)).
Moreover, the quantitative adhesion strength of the gAu-CuS
HSs hydrogel can reach up to 1.78 kPa, which is much greater
than that of the control group (0.758 kPa), further verifying its
satisfactory adhesiveness (Fig. 3(E)). Due to the advantages of
the hydrogel, adding the nanomaterials into the hydrogel did
not reduce their ability to generate ROS or adhere to the skin,
but rather increased it, and therefore the organic/inorganic
hydrogels make it possible to treat large wounds with gAu-CuS
HSs hydrogels.

The mouse hemorrhage liver model was used to determine
the hemostatic potential of gAu-CuS HSs hydrogels (Fig. 3(F)).
Our results demonstrated that the rate of blood loss was much
lower in the group treated with the gAu-CuS HSs hydrogel than
in the untreated control group. Although the SF-HA hydrogel
and gAu-Cus CSs hydrogel groups also showed some reduction
in bleeding (Fig. 3(G)). The quick gelation time and good
adhesion of gAu-CuS HSs hydrogels may be responsible for
their rapid hemostatic characteristics. This is because the
hydrogels can cling to the bleeding site and the contained
Au-CuS HSs have a mace-like spiky structure on their surface
that penetrates deep into the skin, builds a dense barrier at the
bleeding defect and then forms the nano bridge effect.

3.5. Antibacterial properties of gAu-CuS CSs and gAu-CuS
HSs under NIR irradiation

Wound infection is linked to significant morbidity and mortality
and can also lead to bacteremia or sepsis. Herein, we used E. coli
and S. aureus as model bacterial strains to verify the antibacterial
ability of the gAu-CuS CSs hydrogel and gAu-CuS HSs hydrogel.
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First, we discovered that both the gAu-CuS CSs hydrogel and
the gAu-CuS HSs hydrogel displayed concentration-dependent
antibacterial properties against both bacterial strains under
808 nm laser irradiation (0.75 W cm ™2, 10 min), with gAu-CusS
HSs exhibiting the more pronounced antibacterial properties
(Fig. 4(A) and (C)). In contrast, the gAu-CuS CSs hydrogel and
gAu-CuS HSs hydrogel showed no inhibitory effect without
exposure to 808 nm laser light (Fig. S14A and S15A, ESIf).
Under 808 nm laser irradiation, the corresponding bacterial
viability was assessed, and the gAu-CuS HSs hydrogel had good
antibacterial efficacy against both bacteria, resulting in 90%
bacterial mortality (Fig. 4(B) and (D)). Correspondingly, there is
no apparent bacterial killing effect without NIR irradiation
(Fig. S14B and S15B, ESIT). To further confirm the antibacterial
ability of the gAu-CuS NRs hydrogel, the plate count method
evaluated the CFU. Our findings showed that the CFU of E. coli
and S. aureus was greatly reduced following incubation
with gAu-CuS HSs hydrogel and 808 nm laser irradiation
(0.75 W cm ™2, 10 min), with the gAu-CuS HSs hydrogel
exhibiting the most effective antibacterial performance
(Fig. 4(E)). In the absence of NIR, the antibacterial ability of
the used nanomaterials was greatly reduced (Fig. S16, ESIT).
SEM was used to investigate the morphology changes of E. coli
and S. aureus after gAu-CuS CSs hydrogel and gAu-CuS HSs
hydrogel treatment. The surfaces of E. coli and S. aureus that
were not treated with light and materials were smooth and
maintained their characteristic morphology (Fig. S17, ESIT).
However, the surface of E. coli and S. aureus treated with gAu-
CuS CSs hydrogel and gAu-CuS HSs hydrogel was severely
damaged, became rough and wrinkled, and had bacterial
content leaking out after the application of 808 nm laser
irradiation (0.75 W ecm™2, 10 min). As indicated by the arrows,
when the gAu-CuS HSs hydrogel was applied to the bacterial
surface, a large number of lysis-like pores appeared on the
bacterial surface and the cell membrane structure was most
severely damaged (Fig. 4(F)). The results displayed that the
gAu-CuS HSs hydrogel outperformed the gAu-CuS CSs hydro-
gel in antibacterial performance when exposed to 808 nm NIR
light, which was attributable to the increased ROS generation.
The excellent ROS generation ability of the gAu-CuS CSs
hydrogel and gAu-CuS HSs hydrogel under NIR irradiation
implied that they could be used to kill bacteria.

3.6. Antibacterial mechanism investigation

The excellent antibacterial properties of the gAu-CuS HSs
hydrogel under 808 nm laser irradiation are inseparable from
their ROS generation. Therefore, we speculate that oxidative
stress is the underlying mechanism for the antibacterial activity
of gAu-CuS HSs hydrogel. Herein, we used DCF-DA to detect
the ROS production in bacteria, and after 808 nm laser irradia-
tion (0.75 W cm™ 2, 10 min), the gAu-CuS HSs hydrogel signifi-
cantly enhanced DCF fluorescence in E. coli and S. aureus
compared to the gAu-CuS CSs hydrogel, demonstrating more
ROS production within the bacterial cells (Fig. 4(G) and (H)).
In the absence of laser irradiation, the fluorescence of DCF
did not increase, indicating that there was not a large amount

This journal is © The Royal Society of Chemistry 2023
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gAu-CuS CSs and gAu-CusS HSs hydrogels (equivalent to Au—CuS). (***p < 0.001, **p < 0.01, *p < 0.05).

of ROS production in the bacteria under dark conditions
(Fig. 18, ESI}).

Excessive ROS will break the original redox balance of the
organism and destroy the antioxidant system, which will lead to
high levels of oxidative stress. Oxidative stress will directly lead to
the consumption of GSH, which will be toxic to the microbial cells
and induce death. Therefore, GSH levels were examined in bac-
teria. Fig. 4(I) and (J) manifested the gAu-CuS HSs hydrogel caused
a significant GSH decrease in both E. coli and S. aureus under

This journal is © The Royal Society of Chemistry 2023

808 nm laser irradiation, similar to the increasing trend of ROS
mentioned above (0.75 W cm™2, 10 min). Similarly, GSH levels did
not change without laser irradiation (Fig. S19, ESIt). In addition,
ROS can oxidize the unsaturated fatty acids on bacterial mem-
branes, leading to lipid peroxidation. The lipid peroxidation in
bacteria was assessed by detecting the malondialdehyde (MDA)
level in the bacteria. Fig. 4(K) and (L) indicated that when bacteria
were exposed to 808 nm laser irradiation, the gAu-CuS HSs
hydrogel produced more MDA than the gAu-CuS CSs hydrogel.
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Fig. 4 Antibacterial performance of gAu—CuS CSs and gAu—CuS HSs hydrogels. Antibacterial activity with different concentrations of Au—-CuS CSs
hydrogels and Au—-CuS HSs hydrogel (equivalent to Au—CuS) against E. coli (A) and S. aureus (C). Absorbance at 600 nm of E. coli (B) and S. aureus.
(D) Treatment with Au—CuS CSs hydrogels and Au—CuS HSs hydrogels for different periods. (E) Antibacterial potential of different treatment groups
against E. coliand S. aureus on agar plates. (F) SEM micrograph of E. coliand S. aureus. (G) and (H) Characterization of the fluorescence intensity of DCF
(excited at 455 nm) in E. coli and S. aureus. (1)-(L) GSH levels and lipid peroxidation levels in E. coli and S. aureus. For (A)-(K), E. coli and S. aureus were
incubated with various concentrations (A), (C) or 50 pg mL™* (B), (D), (E)=(L) gAu—CuS CSs and gAu—CuS HSs hydrogels (equivalent to Au—CusS) 6 h, then
10 min with an 808 nm laser at 0.75 W cm™2, followed by additional incubations (***p < 0.001, **p < 0.01, *p < 0.05).

In the absence of laser irradiation, there was no abundant MDA  with mouse fibroblasts (NIH-3T3). Neither the experimental
production, which indicated no bacterial lipid peroxidation (Fig. S20, group nor the control group showed any toxicity after 72 h of
ESIT). Therefore, we concluded that the superior antibacterial incubation (Fig. S21A, ESIT). Afterward, the morphology of the
activity of gAu-CuS HSs under 808 nm laser irradiation due to cells was observed using live (stained green)/dead (stained red)
the activation of oxidative stress pathways inside bacteria. staining. Fig. S21B (ESIt) shows 3T3 cells kept their normal
shape after 24 h and 48 h of incubation. The gAu-CuS NRs
hydrogel displayed the same cell growth trend as the control
group. It maintains more than 98% cellular activity even for up
The biocompatibility of hydroges systems containing different to 72 h, which can be well used for the long-term repair process
Au-CuS NR materials (gAu-CuS NRs) was assessed by (3-(4,5- of skin tissues. In order to better apply it to the organism,
dimethyl-2-thiazoLyl)-2,5-diphenyl tetrazolium bromide) (MTT) we performed hemolysis experiments with different groups.
assay and live/dead staining. gAu-CuS NRs were co-incubated The low hemolysis ratio was found in both Au-CuS NRs and

3.7. Invitro macrophage polarization of the gAu-CuS HSs
hydrogel
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g2Au-CuS NRs hydrogels, which can be attributed to the remark-
able antibacterial capacity and good biocompatibility of these
materials (Fig. S22, ESI), indicating their excellent hemo-
compatibility. As a result, we conclude that gAu-CuS CSs and
gAu-CuS HSs have excellent biocompatibility and are highly
safe for tissue engineering applications.

The prohealing M2-polarized macrophage could be crucial
for cell proliferation, angiogenesis, vascularization, collagen
deposition, and positively impact wound healing. Our study
highlighted that NRs with a high surface roughness could
modulate the macrophage polarization to the M2 phenotype.
The macrophage polarizing ability of the gAu-CuS HSs hydro-
gel was investigated in mouse macrophages (RAW264.7). The
expression levels of TNF-o (M1 phenotype marker) and IL-10
(M2 phenotype marker) in cells were assessed using an ELISA
method (Fig. 5(B) and Fig. S23A, ESIT). As depicted in Fig. 5(C)
and Fig. S23B (ESIt), only gAu-CuS HSs hydrogels resulted in
a significant and concentration-dependent increase in IL-10
levels, however, this phenomenon was not found in gAu-CuS
hydrogels, indicating that gAu-CuS HSs hydrogels can directly
polarize macrophages to the M2 state. This change is attributed
to the rough surface texture-like structure of the incorporated
Au-CuS HSs. Notably, the Au-CuS NRs hydrogel had a negli-
gible influence on TNF-o expression under illumination, which

View Article Online
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was attributable to the fact that the ROS created after NIR
illumination affected macrophage phenotypes. Therefore, we
concluded that the difference in hydrogel-incorporated nano-
materials caused the difference in macrophage polarization,
and this difference could be due to the unique surface rough-
ness of the Au-CuS HSs compared to Au-CusS CSs.

3.8. Invitro cell migration and proliferation capacity of the
gAu-CuS HSs hydrogel

The M2-polarized macrophage phenotype has the potential to
induce favorable effects on both the migration and prolifera-
tion of cells. During the proliferative wound healing phase,
we hypothesized that gAu-CuS HSs with the potential to
polarize macrophages might stimulate cell migration and
proliferation. The wound microenvironment was simulated
using the RAW264.7-3T3 Transwell system, in which RAW
264.7 cells were seeded in the upper chamber and 3T3 cells
were seeded in the lower chamber (Fig. 5(A)). RAW264.7 cells in
the upper chamber were co-incubated with the gAu-CuS CSs
hydrogel or gAu-CuS HSs hydrogel (50 pug mL™ '), allowing
cytokines produced in the upper chamber to act on 3T3 cells
in the lower chamber. Fig. 5(D) displayed that the gAu-CuS HSs
group better-accelerated cell migration compared to the gAu-
CuS CSs and control group. The healing rate of scratches at 24 h

A Raw 264.7 313
e
B C. E. Control SF-HA Au-CuS CSs ,Au-CuS HSs
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Fig. 5 Cytocompatibility, cell proliferation, and macrophage polarization potential of gAu—CuS NRs hydrogels. (A

) Schematic diagram of the Transwell

system to simulate the microenvironment of the wound site. TNF-o factor (B) TNF-o expression levels in RAW 264.7 cells. (C) IL-10 expression levels in
RAW 264.7 cells. (D) 24 h cell migration level was analyzed by cell scratch analysis that was cultivated with 100 pg mL™* gAu-CuS CSs and gAu-Cu$S HSs
hydrogel (equivalent to Au—CusS). (E) EdU assay was used to measure the growth of 3T3 cells in the RAW 264.7-3T3 transwell system that were grown in
100 g mL™! gAu-CuS CSs hydrogel or gAu—CuS HSs hydrogel (equivalent to Au—CusS) for 24 h. For (B)—(E), cells were incubated with various
concentrations of gAu—CuS CSs hydrogel, and gAu—Cu$S HSs hydrogel for 6 h, an 808 nm laser at 0.75 W cm ™2 was then used for 10 min, followed by
additional incubations (***p < 0.001, **p < 0.01, *p < 0.05).
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was close to 90%. Even in the dark state, the cells treated with
gAu-CuS HSs hydrogel achieved optimal cell migration
(Fig. S24, ESIt). This accelerated wound-healing response was
mediated by gAu-CuS HSs hydrogel polarizing macrophages to
M2. The cell-proliferative ability of gAu-CuS NRs was further
examined using the EdU-488 cell proliferation assay. Based on
our results in Fig. 5(E) and Fig. S25 (ESIT), 3T3 cells treated with
2Au-CuS CSs or gAu-CuS HSs showed more EdU-positive cells
than untreated cells, among them, gAu-CuS HSs induced the
most EdU positive cells compared with gAu-CuS CSs treat-
ments. This result implies that gAu-CuS HSs can effectively
promote cell proliferation and migration during the prolifera-
tive stage, therefore accelerating wound healing.

3.9. Invivo diabetic wound healing assessment

Inspired by the effective wound closure, inactivation of patho-
genic bacterial species, cell migration, and cell proliferation of
gAu-CuS HSs hydrogel, the efficacy of the gAu-CuS HSs hydro-
gel against in vivo reconstruction of full-thickness diabetic
wound model was investigated. Animal models of diabetes
induced by streptozotocin (STZ) have been widely used to study
the therapeutic model of diabetic wounds (Fig. 6(A)). The STZ
drug was injected intraperitoneally for five consecutive days,
and the blood glucose level of the BALB/c mice was monitored.
Mice whose blood glucose exceeded 300 mg dL ™" (16.65 mmol L™ ")
for two consecutive weeks were used to treat diabetic wounds.
To demonstrate that the gAu-CuS HSs hydrogel can perform
programmed wound healing, we divided mice into four groups
for comprehensive experiments, including (i) 30 pL of PBS as a
control; (ii) 30 puL of SF-HA hydrogel; (iii) hydrogels incorpo-
rated with Au-CuS CSs (gAu-CuS CSs hydrogel); (iv) hydrogels
incorporated with Au-CuS HSs (gAu-CuS HSs hydrogel). In
addition, mice were split into 808 NIR illumination and non-
NIR illumination groups.

The hydrogel was injected directly into the full-thickness
wound surface, and 12 h later, 808 nm near-infrared light was
applied to the wound site (0.75 W cm ™2, 10 min). In sustained
wound healing experiments, wounds treated with gAu-Cu$S
CSs and gAu-CuS HSs hydrogel exhibited a significantly
accelerated wound healing (Fig. 6(B) and (C)). gAu—-CuS CSs
hydrogel and gAu-CuS HSs hydrogel resulted in 68.5% and
78.5% of wound closures at 7 d, respectively. These percen-
tages were significantly more significant than the control
group (32.5%) and SF-HA group (50.7%). Furthermore, the
wounds treated with gAu-CuS HSs hydrogel had the best
healing effect (97.5%) 14 d after light exposure (Fig. 6(D))
compared to the non-irradiation group in which the gAu-CuS
HSs hydrogel results in 25% wound closure at 14 d. Notably,
under dark conditions, the wound-healing effect of the gAu-
CuS HSs hydrogel was still better than other experimental
groups (Fig. S26, ESIt). This could be due to the unique
surface rough structure of Au-CusS HSs in the hydrogel, which
was proposed to participate in the later wound healing. These
results suggested that gAu-CuS HSs under light can accelerate
diabetic wound healing.
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3.10. Histological evaluation of wound healing performance

Wound healing is a complex physiological process facilitated by
the co-ordinated combination of numerous biological and
molecular systems. At the end of 14 d of treatment, the
regenerated tissues were histologically stained with H&E and
MTS to assess the healing impact of gAu-CuS HSs hydrogel on
diabetic wounds. Fig. 6(E) shows that after 14 days of treat-
ment, there were still blood scabs and dead inflammatory cells
in the PBS group and SF-HA-treated controls, which shows that
the wounds took longer to heal. In contrast, wounds treated
with gAu-CuS CSs hydrogel and gAu-CuS HSs hydrogel had
intact epithelial tissue and more granulation tissue, with
gAu-CuS HSs hydrogel’s granulation tissue reaching 120 pm
(Fig. 6(F)). At the same time, compared with the no-light
condition, the tissue collected in the gAu-HSs hydrogel group
showed excellent tissue structure, and increased presence of
hair follicles and blood vessels compared to counterpart groups
(Fig. S27, ESIT). In addition, MTS was carried out to detect the
qualitative and quantitative deposition of nascent collagen
matrix in the injured area of the skin.

The collagen deposition of the gAu-CuS HSs hydrogel at 14 d
was significantly higher than other groups (Fig. 6(G) and
Fig. S28, ESIt). It is important to note that the gAu-CuS HSs
hydrogel group exhibits the densest collagen deposition
when exposed to light (Fig. 6(H)), suggesting that the nano-
materialized hydrogel speeds up wound healing by encouraging
collagen deposition.

Accelerated angiogenesis is critical in diabetic wound heal-
ing because it provides oxygen and nutrients to damaged tissue
and maintains newly formed granulation tissue. Here, newly
formed blood vessels at the wound were stained with CD31
(green fluorescence). As illustrated in Fig. 7(A), almost no green
fluorescence was noticed in the untreated and pure hydrogel
groups. Meanwhile, the green fluorescence intensity increased
significantly after the addition of nanomaterials, among which
the gAu-CuS HSs hydrogel under NIR light exhibited the high-
est expression of CD31 about 7.18 folds higher than that of the
untreated group (Fig. 7(B)) and 3.1 times higher than the
unirradiated gAu-CuS HSs hydrogel group (Fig. S29, ESIT).
It was shown that the gAu-CuS HSs hydrogel remodeled the
vascular structure and promoted wound healing. At the same
time, the skin tissue samples on day 3 were taken for 1L-1f
immunofluorescence staining to study the anti-inflammatory
effect of the designed material against diabetic wounds.
As shown in Fig. 7(C), the incorporation of nanoparticles can
inhibit the expression of 1L-1f, and the inhibition effect is
better after illumination. Among them, the gAu-CuS HSs
hydrogel after irradiation achieved the highest inhibitory effect,
which is 12 times lower than the untreated group (Fig. 7(D)),
and much lower than the unilluminated group (Fig. S30, ESIf).
It was demonstrated that the gAu-CuS HSs hydrogel effectively
reduced inflammation during the previous treatment. To find
out more about how the gAu-CuS HSs hydrogel changes cells,
F4/80 and CD163 immunofluorescence staining was carried out
on the wound tissue. As displayed in Fig. 7(E) and Fig. S31
(ESIt), most macrophages were not converted to M1 phenotype

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 The gAu-CuS HSs hydrogel accelerated diabetic wound healing in the mice model. (A) The schematic illustration of treatment groups and
treatment conditions for diabetic chronic wounds. (B) Photographs depicting the healing of chronic diabetic wounds concerning several treatment
groups. (C) Signs of wound-bed closure for each therapy for different periods. (D) In vivo wound closure percentage in the mice model at different time
points for different treatment groups. (E) H&E staining of wound tissue at 14 d. (F) Quantification of granulation tissue thickness on 14 d. (G) MTS was a
stained image of wound tissue. (H) Quantification of collagen. For (B)—(H), animals were incubated with 100 pg mL™* gAu—CuS CSs and gAu—-CuS HSs
hydrogel (equivalent to Au-CusS) for 6 h, an 808 nm laser at 0.75 W cm™~2 for 10 min. Green and yellow arrows, and white dashed lines represent vessels,
hair follicles, and the boundary of epithelium and dermis, respectively (***p < 0.001, **p < 0.01, *p < 0.05).

under both light and no-light conditions. The M2 phenotype
was detected in the collected tissues after applying gAu-CuS
HSs hydrogel (CD206) and was remarkably enhanced in com-
parison to the other condition groups. The red fluorescence of
the M2 phenotype was also observed in the gAu-CuS CSs
hydrogel-treated wound, but its intensity and area were inferior
to those of the gAu-CuS HSs hydrogel group, suggesting that
Au-CuS HSs nanomaterials may be more effective at promoting
macrophage polarization towards M2 than gAu-CuS CSs.
Additionally, the gAu-CuS HSs hydrogel group’s fluorescence

This journal is © The Royal Society of Chemistry 2023

intensity under non-illuminated conditions is still greater than
that of the gAu-CuS CSs hydrogel group, encouraging M2
polarization of macrophages. This is due to the unique surface
rough structure of Au-CuS HSs.

Cytokines are crucial to various stages of the wound healing.
Wound tissues were collected at 7 d and 14 d after various
treatments to verify the anti-inflammatory and wound healing
mechanism of the gAu-CuS HSs hydrogel. An ELISA method
was used to explore the expression of IL-6, TGF-B1, interferon y
(INF-y), and IL-10. After skin damage, the pro-inflammatory
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Fig. 7 gAu-CuS HSs hydrogel regulates the wound microenvironment and facilitates chronic diabetic wound healing. (A) Immunofluorescence CD31
(green) staining and nuclei (blue) staining at 14 d. (B) Quantitative evaluation of the relative CD31 coverage area for different treatment groups at different
periods. (C) Immunofluorescence micrograph of IL-1p (green) and nuclei (blue) in wound tissues on the 3rd day concerning different treatment groups.
(D) Quantitative evaluation of the relative IL-1B coverage area concerning different treatment groups. (E) Immunofluorescence micrographs of
macrophages in wound tissue after treatment were stained with F4/80 (green), CD163 (red), and Hoechst (blue). (F) ELISA measured the quantities of
chemokines related to inflammation and angiogenesis in wounded skin tissues after different treatments (n = 3) (***p < 0.001, **p < 0.01, *p < 0.05).

IL-6 is thought to be the initiator of promoting inflammation.
ELISA results showed that under near-infrared light (Fig. 7(F)),
the IL-6 level in the wounds of the gAu-CuS HSs hydrogel group
was significantly lower than control groups during the whole
healing process. At the same time, the IL-6 level of the gAu-Cu$S
HSs hydrogel under illumination was still lower than under
non-illumination conditions (Fig. S32, ESIf). Lowering IL-6
levels can increase fibroblast migration and proliferation while
increasing extracellular matrix synthesis.”*™*® TGF-1 is a well-
known cellular immune factor that enhances the wound inflam-
matory milieu by inducing cell M2 polarization and is involved in
cell differentiation, tissue healing, and angiogenesis.”” The ELISA
results showed that the gAu-CuS HSs hydrogel treatment intensely
increased TGF-B1 expression (458.9 pg mg ™) which is superior to
that of the gAu-CuS CSs hydrogel (371.2 pg mg ) and the control
group (239.4 pg mg~ "), which was is more than the non-lighting
group. INF-y is a cytokine that can inhibit the growth of fibroblasts
and synthesis of collagen synthesis under in vitro conditions. The
results displayed that INF-y decreases throughout the wound
healing procedure and the gAu-CuS HSs hydrogel group after the

2180 | J Mater. Chem. B, 2023, 11, 2166-2183

light has maintained the lowest level. IL-10 is the main regulator of
inflammation and wound healing because it stops the production
of pro-inflammatory factors (IL-6 and IL-8) and reduces the migra-
tion of inflammatory cells (ie., monocytes, macrophages). As
expected, the gAu-CuS HSs hydrogel under light can significantly
increase the level of IL-10. The content of IL-10 (387.4 pg mg ')
in the gAu-CuS HSs treatment group was about 1.2 fold higher
than the gAu-CuS CSs group (300.8 pg mg™ ') and 3.2 fold that of
the control treatment group (120.9 pg mg™ '), indicating that the
gAu-CuS HSs hydrogel after light can better accelerate wound
healing than counterpart treatment.

Overall, these results indicated that the gAu-CuS HSs group
exhibited a decreased expression level of IL-6, INF-y, and IL-1J,
increased expression level of TGF-f1, and IL-10, and could
promote naive macrophages to the M2 polarization which is
favorable for closure of chronic wounds.

3.11. In vivo assessment of long-term systemic toxicity

In tissue engineering and biomedical applications, the bio-
safety of therapeutic materials at the wound site is critical.

This journal is © The Royal Society of Chemistry 2023
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The long-term toxicity of the gAu-CuS HSs hydrogel in vivo was
conducted using a mice model. No unexpected changes in the
mice’s health or behavior were seen during the diabetic wound
therapy. The different tissues of mice (heart, liver, spleen, lung,
and kidney) at the end of 20 days of therapy were taken for H&E
staining. The results showed no damage to major organs in
each treatment group under light and non-light exposure
conditions (Fig. S33 and S34, ESI{). The results indicated that
the introduced materials can be effective programs to promote
wound healing and have good biocompatibility and safety
profile.

4. Conclusion

Due to numerous interrelated factors that contribute to non-
healing wounds, single or dual-function composite systems fail
to enhance the overall condition of the wound. Herein,
we synthesized mace-like rough nano-heterostructure Au-Cu$S
particles for the first time and designed an injectable all-in-one
programmed multi-stage hydrogel composite for diabetic
wound healing. The addition of an injectable hydrogel is
beneficial to the application of large-scale wounds, while
nano-heterostructure particles with rough surfaces showed an
excellent nano-bridge effect at the early stage of the wound. The
Au-CuS nano-heterostructure exhibited antibacterial ability
under near-infrared illumination by promoting the generation
of oxygen radicals. In addition, in a mouse liver injury model
the gAu-CusS HSs hydrogel exhibited a strong hemostatic effect.
The mace-like rough topography induced macrophage polar-
ization towards the M2 phenotype, which is critical for accel-
erating the healing process. The gAu-CuS HSs hydrogel
material integrates various functions to reduce the inflamma-
tory response, stimulate angiogenesis, accelerate cell prolifera-
tion, promote granulation formation, exhibit antibacterial
potential, and therefore, show excellent acceleration potential
to reconstruct diabetic wounds. This study provides the theo-
retical and experimental reference for designing novel multi-
functional nanomaterials and procedural strategies to promote
diabetic wound healing.
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