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ABSTRACT

Bacterial infection of the wounds delays the healing process, increases the risk of becoming
chronic trauma associated with pain and complications, and offers a breeding ground for
drug-resistant bacteria. A rapid, effective eradication of the bacterial species in the wound
area is thus important. Herein, we designed a phototherapeutic antibacterial platform based
on peptides and copper sulfide nanodots (CuS NDs) to render multi-mechanistic eradication
of bacteria colonized on the wound surface. The antimicrobial peptide weaves into a network
in the form of a hydrogel, which supports CuS NDs to generate heat and produce reactive
oxygen species (ROS) under the irradiation of near infrared light (NIR). The heat and ROS
generated in situ act as non-contact based antibacterial factors, and together with

contact-based antimicrobial peptide cause irreversible membrane destruction, cell content
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damage, and thermal ablation of the bacteria. Lastly, nanodot—doped peptide, hydiggelis 2osy
combined with collagen showed complete bacterial elimination and significantly accelerated

wound healing in splint fixed mice infection model.

KEYWORDS
Antimicrobial peptide hydrogel, copper sulfide nanodots, phototherapeutic antibacterial, skin

infection

INTRODUCTION

As the barrier between the internal organs and the outside world, skin has important
physiological functions such as protection, regulation, metabolism and so on. Because the
skin is in direct contact with the outside world, it is vulnerable to different types of damage.
13 Wounds will develop when damages occur. Skin has an impressive self-healing capability
through a four-stage process including hemostasis, inflammation, proliferation and
remodeling. This process however can be interfered by external factors, and together with
pathological factors, chronical wounds can occur, especially in vulnerable patients.*”’
Bacterial infection is one of the external factors that can deteriorate the wounds, delay the
healing process and incur infection-related complications, such as septicemia, acute renal
failure and even death.3-12 Antibiotics are usually used to fight with bacterial infections, but
the rapid emergence of drug-resistant bacteria dwarfs the antibiotic drug development
pipeline.!>!# Tt is predicted that although the global expenditure on the treatment of
drug-resistant bacteria will climb up to $100 trillion by 2050, the mortality will still be

millions.!3

New antibacterial regimens with mechanisms different from currently existing antibiotics as
antibacterial alternatives hold the key towards the battle against drug resistance.!¢ In recent
years, phototherapeutic antimicrobial strategies based on photo-active materials and
photocatalysis have received increasing attention due to their safety, controllability and
non-invasiveness.!”!® Among them, metal nanomaterials are widely explored as the one of
the most promising phototherapeutic agents because their composition and configuration can

be easily adjusted to achieve the desired functions. Phototherapeutic agents respond to light
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irradiation to produce reactive oxygen species (ROS) that damage cell mernbrates/Pai 0o
generate heat at a focal point, thus killing bacteria or inhibiting bacterial growth through
mechanisms that are completely different from that of antibiotics.!”?° As a semiconductor
phototherapeutic agent, copper sulfide (CuS) not only converts light to thermal energy by d-d
energy band transition, but also produces highly toxic ROS, which render them a promising

new type of antibacterial biomaterials.?!-2>

Antimicrobial peptides (AMPs) are also a powerful weapon against multidrug resistance in
the "post-antibiotic era".?>-?6 Their unique mechanism of membrane destruction often makes
them broad-spectrum antimicrobials and as the membrane is so essential to bacterial cells,
resistance development will be relatively rare. Therefore, we speculate that the combination
of low temperature photothermal and photodynamic therapy with antimicrobial peptides may
achieve an added effect of "1+1 > 2", that is, the former reduces the viability of bacterial cells
and opens the gap in the biofilm, while the latter carries out physical infiltration for the final
effective harvest. Together with the fabrication of AMPs into the form of a three-dimensional
(3D) porous hydrogel material, nanoparticle-doped peptide hydrogel will be an ideal dressing
material for the infected wounds, which can keep the skin hydrated, promote the wound

healing, and eradicate bacterial infection at the wounds.

Taken together, in this study we fuse antimicrobial peptides with a gel-forming RADA 4-1
peptide to form hydrogel scaffolds, and dope copper sulfide nanodots (CuS NDs) in the

Published on 07 December 2021. Downloaded on 12/9/2021 11:25:55 AM.

hydrogel for antibacterial phototherapy and would healing. The antimicrobial peptide
hydrogel provides a contact-based antibacterial matrix and upon light irradiation, CuS NDs
release non-contact-based antibacterial agents. The three antibacterial factors combined
rapidly kill bacterial ells, and promote wound healing in a mouse model. The nanodot—doped
peptide hydrogel thus represents a multi-mechanistic platform for infection control in wounds

(Scheme 1).
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Scheme 1. Schematic illustration of CuS NDs-doped peptide hydrogel for antibacterial
phototherapy and would healing.

Experimental Section

Materials

Fmoc-protected amino acids and coupling reagents were purchased from GL Biochem Ltd.
H-Rink amide ChemMatrix resin, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT reagent), crystal violet stain solution, phosphate-buffered saline (PBS buffer),
Luria—Bertani broth (LB) medium and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich. Live/dead bacteria viability kit, Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from ThermoFisher. Recombinant human collagen type III (gel)
was obtained from Jiangsu Chuangjian Medical Technology Co., Ltd. All other chemicals
were obtained from Adamas-beta and used without further purification. Deionized (DI) water

(Millipore Milli-Q grade, 18.2 MQ) was used in all experiments.

Preparation and  characterization of peptide-based  hydrogels. Peptide
(GIIKKIIKKIIKKIGRADARADARADARADA-NH,) was synthesized by Fmoc solid phase
synthesis using Rink-Amide-ChemMatrix resin and chemically modified a-amino acids as
raw materials. The peptides were cleaved from the resin by trifluoroacetic acid mixed
solution (TFA:EDT:TIS:H,0=94:2.5:1:2.5), precipitated and centrifuged with ice-cold
diethyl ether and dissolved in DI water. The product was purified by semi-preparative high
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performance liquid chromatography (HPLC, Shimadzu LC-8A, JEOL, Japan) and yerified/B¥i =55

LC-MS after freeze-drying. To prepare peptides-based hydrogel, the purified peptide powder
was dissolved in normal saline (20 mg/mL) and gelled at 37 °C. The gel was verified by small
bottle inversion method. The drug-loaded peptides-based hydrogel can be prepared by
dissolving the drug and the peptide powder in normal saline. The mechanical properties and
shear thinning ability of GR polypeptide hydrogel were evaluated by shock rheology test. The
microstructure of GR peptide hydrogel was observed by atomic force microscope (AFM,
NANOWIZARD3, JPK, Germany) and transmission electron microscope (TEM, Tecnai G20,
FEI, USA). The secondary structure and intermolecular force of GR hydrogel were studied
by Fourier transform infrared spectroscopy (FT-IR, Nicolet iS50, Thermo fisher, USA) and

fluorescence spectra.

Preparation of composite hydrogels. CuS NDs was dissolved in normal saline in advance,
and then saline containing CuS NDs was dissolved in GR peptide powder, which was
completely dissolved by ultrasound, and composite hydrogel was formed after standing at

37 C.

Preparation and characterization of CuS Nanodots. CuS nanodots (CuS NDs) are
synthesized according to the previously published method. Briefly, 21 mg CuCl, -:2H,0 and
60 mg polyvinylpyrrolidone (PVP, M.W. 40000) were added into 5 mL DI water. After
stirring clarified, 30 mg Na,S -9H,0 were added into the mixture. Then the mixed solution
was heated to 90 °C for 15 min to obtain dark green solution. CuS NDs can be obtained after
24 hours of dialysis in DI water. The particle size and dispersion of CuS NDs were measured
by Malvern particle size analyzer (ZS90, Malvern, UK). The morphology of CuS NDs was
observed by TEM. A multi-functional enzyme labeling instrument (Synergy NEO, BioTek,

USA) was used to measure the ultraviolet absorption spectrum of CuS NDs.

Related photothermal properties of CuS NDs. To measure the related photothermal
properties of CuS NDs, different concentrations of CuS NDs (0, 0.5, 0.75, 1.0, 1.25 mg/mL)
were irradiated with NIR laser (808 nm, 1.8 W/cm?) for 6 min, and the temperature was
recorded every 1 min. Then CuS NDs (1 mg/mL) was irradiated with different laser power
(1.5, 1.8, 2.1, 2.4 W/cm?), and the temperature change was recorded in the same way. The

photothermal stability of CuS NDs was evaluated by repeatedly measuring the photothermal
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behavior of on/off for 5 times. DPBF was added to CuS NDs solution as an indicator, Aftet 65,55
min in NIR laser (808 nm, 1.8 W/cm?), the changes of color and UV-Vis spectrum were

observed to determine the production of ROS.

Bacterial culture. S. aureus (ATCC6538) and E. coli (ATCC8739) were selected in the
experiment. The bacteria were cultured overnight in LB broth in shaker (37 °C, 250 rpm).
After centrifugation, the bacteria entered the exponential growth phase. The concentration of
bacteria was determined by measuring its optical density (OD) value at 600 nm. When ODg
was 0.1, the concentrations of S. aureus and E. coli were 2 x 108 and 1.5 x 108 CFU/mL,

respectively.

In vitro photodynamic antimicrobial activity. The 250 pL of sample was co-cultured with
1 mL bacteria for 1 h (heat-based sterilization required NIR laser to irradiate 6 min before
culture). The concentration of GR peptide was 20 uM, and the concentrations of CuS NDs
and S. aureus were 1 mg/mL and 2 x 108 CFU/mL (ODgyy = 0.1), respectively. Then the
diluted mixed bacterial solution was inoculated on agar plate and cultured at 37 °C for 16 h.
The antibacterial property of the sample was evaluated by colony number. Moreover, the
inhibitory effect of GR hydrogel on the growth curve of S. aureus was determined on 96-well
plate. Briefly, the mixed solution of GR hydrogel and S. aureus was incubated at 37 °C on a
96-well plate, and the ODgg value of each well was recorded every 1 hour to evaluate the

inhibitory effect of GR hydrogel on the growth of S. aureus.

Inhibition of the biofilm formation. S. aureus in logarithmic growth phase and GR
hydrogel were added to the 96-well plate and co-cultured at 37 °C for 48 h. Then discarding
the upper culture medium, PBS was added to gently wash off the suspended bacteria, and 1%
(v/v) crystal purple ethanol solution was added and reacted for 20 min. Finally, the excess
crystal violet solution was washed off with PBS, and the bottom residue was dissolved with
80% ethanol solution to determine its absorbance at 590 nm. The inhibitory effect of biofilm

was evaluated according to the absorbance of each group.

Biofilm destruction. S. aureus in logarithmic growth phase was added to the 96-well plate
and cultured at 37 °C for 48 h to form a complete biofilm. Then GR and composite hydrogels
were added, in which the hydrogel loaded with CuS NDs irradiated 6 min with NIR (808 nm,
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1.8 W/ecm?), the 96-well plate was returned to the incubator for culture. The remaining Sfeps. ez,

are the same as above.

Live/Dead bacterial staining analysis. The bacteria were co-incubated with GR hydrogel,
and the upper culture medium was removed after freeze centrifugation. The bottom
precipitate used SYTO 9 / PI solution to react 30 min in the dark. 30 pL mixed liquid were
taken on the slide and observed by confocal fluorescence microscope. Living cells are stained

green by SYTO 9, while dead cells are stained red by PI.

Hematolysis experiment. Fresh blood was extracted from the eyeballs of healthy mice and
red blood cells were separated by freeze centrifugation. The PBS solution of 20% (v/v) red
blood cells was mixed with different concentrations of GR peptides. 1% TritonX-100 as the
positive hemolysis control and PBS as the negative control. All samples were incubated at 37 °C
for 2 hours, and then the supernatant was obtained by freeze centrifugation to measure the

absorbance at 540 nm.

Cytotoxicity. The toxicity of GR peptide on mouse fibroblasts (L929s) was detected by MTT.
L929s cells were inoculated in 96-well (10%well) plates and cultured overnight. Then
different concentrations of GR peptides were co-incubated with cells. After 24 hours, MTT
solution was added, and the cell survival rate was measured by measuring the absorbance of

each well at 490 nm.

Published on 07 December 2021. Downloaded on 12/9/2021 11:25:55 AM.

Mouse wound model of S. aureus infection. Female mice (Balb/c, 7 weeks, ~20 g) were
purchased from the Changzhou Cavens Biological Technology Co, Ltd., and allowed to
acclimatize for 1 week in the laboratory. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory Animals of Shandong
University and approved by the Animal Ethics Committee of Shandong University. After the
mice were anesthetized by intraperitoneal injection of chloral hydrate, a 1.2 x 1.2 cm? round
full-thickness wound was made on the back of the mice, and the wound was fixed with splint
to prevent the wound from acute contraction. Finally, the biofilm was formed by in situ

inoculation of S. aureus 107 CFU/mL on the wound surface for 2 days.
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Treatment of S. aureus-infected wounds. Mice were divided into 5 groups with' 5 HECE #0155

each group: PBS, Collagen, GR, GR + CuS + IR, GR+ CuS + IR + Col. Recombinant human
collagen type III (gel) was mixed with antimicrobial peptide hydrogel to form a “double
network” hybrid hydrogel dressing for wound treatment. The concentration of CuS NDs is 1
mg/mL, and the 6 min was irradiated by NIR laser (808 nm, 1.8W / cm?). Each group was
given new corresponding samples (100 plL) every day without removing the remaining
samples from the previous day and stopped on the 5th day, and the wound healing of mice
was recorded every day. Ten days later, the mice were killed to take the skin tissue from the
wound for bacterial culture. Then hematoxylin-eosin (H&E) staining, Masson’s trichrome
staining, Gram staining, immunofluorescence technique and immunohistochemical CD31
staining were used to evaluate the effect of bacterial clearance and healing of wounds in each
group. In addition, the skin wound, blood, liver, spleen and kidney were digested with aqua
regia. The digestive juice was diluted with DI water and filtered with 0.22 um filter
membrane. Copper content was measured by inductively coupled plasma mass spectrometer

(ICP-MS, NexION 350X, PerkinElmer, USA).

Results and Discussion

Synthesis and Characterization of Antimicrobial Peptide Hydrogel. To obtain peptide
hydrogel with inherent antibacterial activity, we designed AMP-RADA ¢ fusion peptide
(IKKHKKIKKIIGGRADARADARADARADA-NH,), denoted as GR peptide, in which
antimicrobial peptide was connected to RADA ¢ through a glycine (G) linker.?2®  The GR
peptide was synthesized by Fmoc solid-phase peptide synthesis, and confirmed by mass
spectrometry after purification by HPLC (Figure S1 and Figure S2). The GR peptide gelates
at a concentration of 2% (w/v) in the presence of 0.9% NaCl (w/v), and the intertwined
nanofiber structure of hydrogel can be observed by TEM and AFM), which provides an ideal
network to encapsulate drugs (Figure 1A and Figure S3). In addition, this conclusion was
also proved by the effective loading of hydrophobic Cypate, hydrophilic Cy5 or CuS
nanodots in GR hydrogels (Figure 1B).

The viscoelasticity of the formed GR hydrogel was evaluated based on oscillatory rheology.
At the frequency of 0.1-100 Hz, the storage modulus (G') is always higher than the loss

modulus (G") at a constant strain of 0.1%, indicating the solid-like gel materials have good
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mechanical properties (Figure 1C). To confirm the injectability of gelatinous materialsy &5 2551
time-dependent step-strain rheological experiment was performed. When amplitude
oscillation strain was increased by 40%, the G' value decreases sharply and is lower than G"
instantly, and the GR gel remains quasi-liquid under continuous deformation. In this
continuous testing process, when the applied strain is restored to 0.1%, both G' and G" fully
return to their original values immediately, and the process is repeatable (Figure 1D). These
results show that both injection and smear of GR hydrogel can fill the wound completely,

which can support different clinical applications.

The secondary structure of GR was probed by FT-IR spectroscopy. The FT-IR spectrum of
the GR gel in physiological saline showed two intense peaks at 1630 and 1649 cm™! in the
amide-I region, suggesting intermolecular antiparallel B-sheet arrangement among the
gelating molecules (Figure 1E).?° Meanwhile, compared to the FT-IR spectrum of GR in
solution phase, the redshifted peak of carboxyl was observed in the corresponding gel phase,
demonstrating the presence of intermolecular hydrogen bonding in the formed hydrogel
(Figure S4).39 Moreover, the fluorescence spectrum of GR hydrogel showed an emission peak
at 311 nm, which indicated that there was w-m accumulation between amino acid residues,

enhancing the gelation of the hydrogel (Figure 1F).?

Published on 07 December 2021. Downloaded on 12/9/2021 11:25:55 AM.
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Figure 1. Preparation and characterization of GR hydrogel. (A) TEM images of GR
hydrogel. (B) Photos of GR hydrogel loaded with various reagents (Cypate, Cy5 and CuS
NDs). (C) Storage modulus (G') and loss modulus (G") of GR hydrogel with frequency
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change. (D) Storage modulus (G') and loss modulus (G") change with cyclic strain, (E)ETRIRS 2555
spectra of GR hydrogel. (F) Fluorescence spectra of GR hydrogel.

Synthesis and Related Photothermal Properties of CuS Nanodots. CuS NDs were
prepared by a simple one-pot synthesis according to the existing method.3! The reaction
conditions are relatively mild, and the final product is a dark green solution. Using
transmission electron microscopy (TEM), we found the obtained CuS NDs have a relatively
uniform size distribution with a diameter of about 9 nm, which is similar as the hydrated
particle size (10 = 1.2 nm) measured by DLS (Figure 2A). This means that the particles can
fit in the cavity of the hydrogel. Meanwhile, the hydrated particle size of CuS NDs remained
unchanged for at least 7 days, showing it stability under physiological conditions (Figure 2B).
The CuS NDs showed absorption in near infrared range of 600 - 1000 nm (Figure 2C), which
means it is likely a photothermal agent (PTA) that may have photothermal effect with NIR
irradiation. No significant change of the absorption spectra was observed after NIR

irradiation, suggesting that CuS NDs are photostable.
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Figure 2. (A) Particle size and TEM image of CuS NDs. The scale bar represents 50 nm. (B)
7-day particle size change of CuS NDs. (C) Visible light absorption curve of CuS NDs before
and after NIR irradiation (808 nm, 1.8 W/cm?). (D) Concentration-dependent temperature
changes of CuS NDs under 808 nm laser irradiation (1.8 W/cm?). (E) Temperature changes of
CuS NDs (1 mg/mL) during five on/off cycles of laser irradiation (1.8 W/cm?). (F)
Absorption spectra of DPBF before and after adding CuS NDs (1 mg/mL) and NIR
irradiation (808 nm, 1.8 W/cm?).


https://doi.org/10.1039/d1bm01533h

Page 11 of 21 Biomaterials Science

icle Online

We next measured the photothermal behavior of CuS NDs with irradiation by NIR- lases (8085221
nm, 1.8 W/cm?). Under NIR irradiation, a rapid temperature rise was observed at lower
concentration of the particle (0.5 mg/mL) and became more pronounced with increasing
particle concentration. At 1.25 mg/mL, we observed a remarkable temperature increase of
more than 35 °C in 5 min. The photothermal effect also increases with the power of NIR laser
(Figure 2D and Figure S5). The photothermal effect was also reversible: stable temperature

rise over five heating-cooling cycles was observed without compromision of the
photothermal effect (Figure 2E). Using DPBF as an indicator, we also measured the
generation of ROS. As shown in Figure 2F, after co-incubation with CuS NDs, the absorption

of DPBF decreased significantly following NIR irradiation. 3233

Antibacterial activity in vitro. We next measured the bacterial killing activity of the GR
hydrogel against a Gram-positive (G+ve) bacterium Staphylococcus aureus (S. aureus) and
Gram-negative (G-ve) bacterium Escherichia coli (E. coil). Briefly, bacterial cultures (108
CFU/mL) were incubated with different concentration of GR hydrogels, and the cell viability
was quantified after 1 h treatment. As shown in Figure 3, GR hydrogel effectively kills both
bacteria in a concentration-dependent manner. Interestingly, the antibacterial peptide
hydrogel is significantly more effective towards the G-ve E. coli than G+ve S. aureus. At GR
hydrogel concentration of 10 pM, more than 99.9% of the E. coil culture was killed, whereas
the MICsy of GR hydrogel towards S. aureus was around 20 uM. The reason of this

selectivity remains unknown. We then measured the cytotoxicity of the GR hydrogel using

Published on 07 December 2021. Downloaded on 12/9/2021 11:25:55 AM.

L929s and MTT assay. After 24 hours of culture, the survival rate of cells at a concentration
of 48 uM (higher than the bacterial MICy,) was still greater than 80% (Figure 3C). With
TritonX-100 as a positive control, the hemolysis rate was calculated quantitatively. At 40 uM,
the hydrogel exhibited a hemolysis rate less than 1% (Figure 3F). This result indicates that
the antibacterial peptide sequence maintained the bactericidal activity despite covalent
conjugation with a gel formation peptide or physical crosslinking to a gel form. The peptide

hydrogel is also non-harmful to mammalian cells and red blood cells.
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Figure 3. Colony images (A) and statistical chart (B) of S. aureus incubated with different
concentrations of GR hydrogel. (C) Cytotoxicity of different concentrations of GR hydrogel
incubated with L929s cells. Colony images (D) and statistical chart (E) of E. coil incubated
with different concentrations of GR hydrogel. (F) Hemolysis rate and image of red blood

cells incubated with different concentrations of GR hydrogel.

Next, we focused on the inhibitory effect of GR hydrogel on the G+ve S. aureus. When we
co-cultured S. aureus with GR hydrogel, the proliferation of S. aureus was significantly
inhibited within 12 h (Figure 4A). Therefore, although the hydrogel did not eradicate the
bacterial cells, it can suppress the growth of the cells. Then we used crystal violet staining to
explore whether GR hydrogel could inhibit biofilm formation. GR hydrogel and S. aureus
were incubated together for 2 days and then treated with crystal violet. Encouragingly, we
can hardly see purple staining in the bacterial culture incubated with hydrogel and 90% of
biofilm formation was inhibited (Figure 4B). In live/dead staining experiments, we used the
red fluorescence dye PI to stain dead bacterial cells and the green fluorescence dye SYTO 9
to stain red bacterial cells. It was observed all the bacterial cells incubated with GR hydrogel
showed red fluorescence, which indicated that GR exhibited excellent bactericidal activity
(Figure 4C).3* Therefore, although GR hydrogel is more effective in killing E. coli, it can also

effectively suppress the growth of S. aureus and cause cell lysis.


https://doi.org/10.1039/d1bm01533h

Page 13 of 21

Biomaterials Science

Published on 07 December 2021. Downloaded on 12/9/2021 11:25:55 AM.

2.0 iew Article Online
(A) 1.0+ 9/D1BMO01533H
~
—~ 1.51 = 0.81
= S o8
,_.j '
= 5]
210 2 0.6
=1 £
o) 5 0.4
0.54 z
< 02
0.04
o 2 4 6 8 10 12 0:0 Foatol
Time (h)
Green Red Merge

()

PBS

Figure 4. (A) Effect of GR hydrogel on the growth curve of S. aureus. (B) GR hydrogel
inhibits the formation of crystal violet staining image and absorbance of S. aureus biofilm. (C)

Fluorescent images of live/dead staining of S. aureus co-incubated with GR hydrogel.

Antibacterial Activity of CuS NDs-loaded Hydrogel. Next we loaded CuS NDs into GR
hydrogel and measured the antibacterial activity under NIR irradiation. When we irradiate the
composite hydrogel with near-infrared light (808 nm, 1.8 W/cm?), the photothermal effect
was unchanged as compared with CuS NDs alone (Figures 5A and Figure 5B). At the
concentration of 20 uM (MICs, of the GR hydrogel for S. aureus), we observed that the
ND-doped hydrogel could completely eradicate the bacterial cells (Figure 5C and Figure 5D).
Therefore, although CuS NDs showed comparable antibacterial activity to GR hydrogel due
to the release of Cu?*,>235 their combination showed significantly added effect towards S.
aureus. It may be due to the overlap between the thermal radiation range and the diffusion
region of the two components, irradiation did not significantly change the diameter of the
bacteriostatic zone in the agar disk diffusion experiment (Figure S6). Because the
components of the biofilm including lipopolysaccharide, protein, and DNA are sensitive to
heat, CuS NDs-based photothermal therapy further improves the breakage effect of the intact
biofilm (Figure S7).
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Figure 5. The heating images (A) and temperature curves (B) of CuS NDs-loaded (1 mg/mL)
hydrogels and blank hydrogels in 6 min irradiated by NIR (808 nm, 1.8 W/cm?). Colony
images (C) and statistical chart (D) of killing S. aureus under different components and NIR

irradiation.

Antibacterial activity in vivo and wound healing. Lastly, we measure the antibacterial

effect against S. aureus and the promotion of the healing of infected wounds in BALB/c mice.

As shown in Figure 6A, a 1.2 x 1.2 cm? full-thickness wound was made on the back of mice,
and a circular splint was sutured on the wound to prevent the rapid closure of the aponeurosis
to the wound. S. aureus infection was used to simulate severe injury and infection of the
wound. To further accelerate the wound healing, we also added collagen with GR hydrogel.
All the animals were randomly divided into 5 groups: PBS, collagen, GR, GR + CuS + IR,
GR + CuS + IR + Col. In the irradiation group, 6 min irradiation with NIR (808 nm, 1.8
W/cm?) each day was implemented, and the wound temperature was maintained at 45-50 °C,
which does not cause damage to healthy tissues (Figure S8). Figure 6B shows a
representative image of the wound treated from 0 to 10 days. In the previous week, the
wound of each group was covered with scar tissue, and the scar treated with collagen was
thinner. On the 8th day, the scar and splint in the irradiation group fell off from the wound,

showing a faster healing rate. At day 10, the wound in GR + CuS + IR + Col group has

1
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almost completely healed, leaving only a scar on the surface of the skin. The ¢ombinaf;

therapy therefore accelerates wound healing and closure.
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Figure 6. (A) Schematic illustration of the operation of wound establishment, treatment and
examination. (B) The images of infected mice treated with 5 different treatment groups (PBS,

Collagen, GR, GR + CuS + IR, GR + CuS + IR + Col) for 10 days.

Subsequently, we analyzed the infection states of the wounds at day 10. Mice were sacrificed
and dissected, and the skin wound tissue was homogenized and inoculated on the agar plate.
Consistent with the results of wound healing, the hydrogel group showed a limited germicidal
effect, possibly due to the protective effect of biofilm on the wound surface. The irradiation
group showed complete bacterial clearance. Gram staining of skin tissue sections supported
this conclusion, as no signs of gram-positive bacterial cells were observed in the irradiation
group (Figure 7). This result shows that the antibacterial activity correlates with the wound

healing process.

Lastly, the quality of wound healing was evaluated by hematoxylin-eosin staining (H&E),
Masson’s trichrome staining and tissue immunofluorescence assays. According to the results

of H&E staining, only GR + CuS + IR + Col showed complete re-epithelialization. Although
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the skin tissues from other irradiation groups were deprived of severe ulceration,,they, Wt

also accompanied with adverse conditions such as blisters (Figure 8A). According to Masson
staining, samples from the three groups without irradiation showed loose tissue structures
with relatively low collagen formation. Dense collagen fibers were found to be deposited in
the samples from the irradiation group, but the collagen fibers in the GR + CuS + IR + Col
group were thicker and more regularly arranged (Figure 8B). Similarly, samples from the GR
+ CuS + IR + Col group showed more angiogenesis (red) in CD31 immunofluorescence,
which also meant that more nutrients and oxygen were delivered to the wound bed to benefit
the wound healing (Figure 8C). The results of CD31 immunohistochemical staining (red
arrows) also reached a similar conclusion (Figure 8D). Moreover, no structural changes were
found in the main organs of each treatment group, and copper was mainly concentrated in the
wound tissue. All these results suggest that our materials are safe (Figure S9 and Figure S10).
Altogether, bacterial clearance promotes neovascularization and accelerates the rapid,

complete healing of the wound.

(A) PBS Collagen GR GR+CuS+IR GR+CuS+IR+Col

R

T

Figure 7. (A) Gram staining images of skin tissue of mice infected with S. aureus in each
treatment group were treated for 10 days. (B) The image of plate colony in the skin of mice

infected with S. aureus in each treatment group.
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Figure 8. H&E staining (A), Masson staining (B), CD31 immunofluorescence (C) and CD31
immunohistochemical (D) image of skin tissue of mice infected with S. aureus in each

treatment group were treated for 10 days.

Conclusion

In this work, we developed a GR peptide hydrogel with broad-spectrum antibacterial activity
and good biocompatibility, which harnesses both the antibacterial activity of CuS NDs and
antimicrobial peptide hydrogel to treat severe wound infection and promote wound healing.
The GR peptide hydrogel eradicates bacterial colonies or suppresses bacterial growth. CuS
NDs exert outstanding antibacterial activity by emitting ROS and photothermal effect under
NIR irradiation. Doping CuS NDs in GR hydrogel produces a hybrid material with
outstanding bacterial killing activity both in vitro and in a wound infection model of mice.
Together with a layer of collagen, the ND-doped hydrogel effectively eradicated S. aureus in
the infected wounds and promoted a rapid wound closure under NIR irradiation. This work
thereby showcases a combination of contact-based antimicrobial peptide hydrogel and
non-contact based photodynamic and photothermal effects to exert antibacterial activity. The

protocol may prove to be an effective infection control strategy in vulnerable patients.
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