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Recently, bacterial infections have become a global crisis, greatly threatening the health of human
beings. The development of a non-antibiotic biomaterial is recognized as an alternative way for the
effective treatment of bacterial infections. In the present work, a multifunctional copper peroxide (CP)
nanodot-decorated gold nanostar (GNS)/silica nanorod (SiNR) Janus nanostructure (GNS@CP/SiINR) with
excellent antibacterial activity was reported. Due to the formation of the Janus nanostructure, GNS@CP/
SiNR displayed strong plasmonic resonance absorbance in the near infrared (NIR)-II region that enabled
the nanosystem to achieve mild photothermal therapy (MPTT). In acidic conditions, CP decorated on
GNS@CP/SINR dissociated rapidly by releasing Cu®* and H,O., which subsequently transformed to *OH
via the Fenton-like reaction for chemodynamic therapy (CDT). As a result, GNS@QCP/SINR could effectively
inhibit both Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus),
and eradicate the associated bacterial biofilms by exerting the synergistic MPTT/CDT antibacterial effect.
Moreover, GNS@CP/SINR was also demonstrated to be effective in treating wound infections, as verified
on the S. aureus-infected full thickness excision wound rat model. Our mechanism study revealed that the
synergistic MPTT/CDT effect of GNS@CP/SINR firstly caused bacterial membrane damage, followed by
boosting intracellular ROS via the severe oxidative stress effect, which subsequently caused the depletion
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1. Introduction

In recent years, global public health is being greatly threatened
by bacterial infections. In 2019, the global infection-related
death number was reported to be approximately 13.7 million,
which ranked as the second leading cause of death globally.
Antibiotics are the most common way for treating bacterial
infections, but its overuse has already lead to the development
of bacterial resistance, which in turn has caused the failure of
many antibiotics. It is estimated that approximately 3 million
patients suffer from resistant bacterial infections, which has
caused at least 35000 deaths each year.> Nowadays, the devel-
opment rate of novel antibiotics has fallen seriously behind the
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of intracellular GSH and DNA damage, finally leading to the death of bacteria.

appearances of new bacterial resistance, leaving vancomycin as
the last resort. However, the rise of vancomycin-resistant Sta-
phylococcus aureus (VRSA) and Enterococci (VRE) urged scien-
tists to develop novel antibacterial materials to combat the
resistant bacterial infection crisis.>*

Recently, nanomaterial-based photothermal therapy (PTT)
has attracted enormous interest in antibacterial applications,
mainly due to its easy operation, high antibacterial efficiency
and slim chance of inducing bacterial resistance.”® The photo-
thermal effect-induced heat elevation can effectively kill bacteria
by ways of breaking the bacterial membrane, denaturing the
enzyme activity, causing severe oxidative stress, damaging bac-
terial DNA, etc.” Currently, many types of nanomaterial-based
photothermal reagents have been developed for photothermal
therapy, including organic dye (i.e., indocyanine green, polypyr-
role, melanin)-based assemblies,® gold (Au) nanostructures,’™**
carbon-based materials, molybdenum-based materials,"> and
two-dimensional materials (graphene, MXenes, black phos-
phorus nanosheets, etc.)."> However, the photothermal property
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of the current materials is mainly located in the near infrared I
window (NIR-I, 650-950 nm), which can also cause damage to
the normal tissues because the tissues themselves can absorb
NIR-I light and transform it into heat.’* Instead, photothermal
materials in the NIR-II window (1000-1200 nm) display higher
biocompatibility because the NIR-II range is almost transparent to
tissues.””*® In addition, because a strong photothermal effect can
also burn the normal tissues and result in many side effects, mild-
photothermal therapy (MPTT) has been developed and was demon-
strated to be the safer therapeutic methodology.'® Nevertheless, it
is difficult for MPTT alone to completely inhibit the bacterial
growth; its combination with other therapeutic strategies is neces-
sary in order to achieve satisfying antibacterial outcomes.'*>"
Therefore, developing NIR-II photothermal materials with syner-
gistic MPTT antibacterial properties is of high demand.
Chemodynamic therapy (CDT) is a recently emerging ther-
apeutic methodology that is being widely explored for many
biomedical applications, such as cancer therapy, antibacterial
application, etc.>* In a typical CDT, the Fenton material (e.g.,
Fe;0,4) can firstly release Fe®" in an acid environment, and
subsequently react with H,0, to produce highly toxic hydroxyl
radical (*OH) via the classic Fenton reaction.”® The generated
*OH can induce severe oxidative stress to bacteria, and finally
lead to bacterial death by ways of lipid peroxidation, protein
inactivation and DNA damage.>* Although CDT can effectively
inhibit bacterial growth in vitro, the antibacterial efficiency of
CDT is largely restricted in in vivo applications because of the
limited H,0, supply level in the bacterial infection microenvir-
onment (IME). To resolve the drawbacks, many strategies have
been established in order to increase the H,O, supply level in
IME, such as co-delivery of glucose oxidase (GOx),> utilizing
external physical stimuli (e.g., alternating magnetic field, red
light),>>*” or using metal peroxide (Ca0,, CuO,, MgO,, etc.).”®
Among those, copper peroxide (CuO,) is considered as an ideal
H,0,-producing material because it can rapidly dissociate in a
weak acidic environment by simultaneously releasing Cu** and
H,0,. In addition, CuO, can effectively produce *OH via the
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Fenton-like reaction between the released Cu®*' and H,0,.*
However, it remains a big challenge for CDT-based materials to
cross the bacterial membrane and the associated biofilms to
exert the designed antibacterial effect.>® Since previous studies
have indicated that MPTT is capable of breaking the bacterial
membrane and eradicating the bacterial biofilm, a combi-
nation of MPTT and CDT is supposed to be an ideal way to
achieve highly-efficient antibacterial applications.

In the present work, a multifunctional copper peroxide (CP)
nanodots decorated gold nanostar (GNS)/silica nanorod (SiNR)
Janus nanostructure (GNS@CP/SiNR) was rationally designed
and fabricated by integrating the NIR-II MPTT and CDT proper-
ties. Due to the formation of the Janus nanostructure, GNS@
CP/SIiNR displayed strong plasmonic resonance absorbance
in the NIR-II region, which endowed the nanosystem with a
mild-photothermal effect upon 1064 nm laser irradiation.
Under acidic conditions, CP decorated on GNS@CP/SiNR dis-
sociated rapidly by releasing Cu”* and H,0,, and subsequently
transformed to *OH via the Fenton-like reaction. Upon encoun-
tering bacteria, the positive GNS@CP/SINR could effectively
anchor to the negative bacterial membrane through electro-
static interactions. Upon NIR-II 1064 nm laser irradiation,
GNS@CP/SINR exerted a synergistic MPTT/CDT antibacterial
effect by effectively inhibiting both Gram-negative Escherichia
coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus),
as well as eradicating the associated bacterial biofilms. The
excellent MPTT/CDT antibacterial effect of GNS@CP/SiNR was
also verified on the S. aureus-infected full thickness excision
wound rat model. Our mechanism study revealed that the
synergistic MPTT/CDT effect firstly damaged the bacterial
membrane by accelerating the release of intracellular protein
components and enhancing the penetration of GNS@CP/SiNR.
As followed, the intracellular ROS generation was boosted via
the severe oxidative stress effect, which subsequently caused
the depletion of intracellular GSH and DNA damage, finally
leading to bacterial death. The findings of our work provide a
promising material for the highly-efficient treatment of wound
infections.

2. Experimental sections
2.1 Materials

Chloroauric acid (HAuCl,-3H,0) was purchased from Shanghai
Aladdin Reagent Company, and tetraethyl orthosilicate (TEOS,
98%) was purchased from Shanghai Macklin Reagent Company.
Copper(u) chloride dihydrate (CuCl,-2H,0), silver nitrate (AgNO3),
polyvinylpyrrolidone (PVP, average Mw 10 000), potassium perman-
ganate (KMnO,, >99.5%), cetyltrimethylammonium bromide
(CTAB), r-ascorbic acid (AA), and 3-mercaptopropyltrimethoxy-
silane (MPTMS) were purchased from Sigma-Aldrich (MO, USA).
Sodium hydroxide (NaOH), hydrochloric acid (HCl, 37%), hydrogen
peroxide (H,0,, 30%), ammonium hydroxide (NH3-H,O, 28%) and
bovine serum albumin (BSA) were purchased from Aladdin (Shang-
hai, China). Anhydrous ethanol was purchased from Damao
Chemical Reagent Factory (Tianjin, China).
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Strains of Escherichia coli (E. coli ATCC 25922) and Staphy-
lococcus aureus (S. aureus ATCC 29213) were purchased from
Guangdong Microbial Culture Collection Center (Guangzhou,
China). Lysogeny broth (LB) and LB agar were purchased from
Coolaber Technology Co., Ltd (Beijing, China). The terminal-
deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL) assay kit and 2’,7’-dichlorodihydrofluorescein diace-
tate (DCFH-DA) were obtained from Keygen Biotechnology Co.,
Ltd (Jiangsu, China). The live/dead Baclight bacterial viability
assay kit (L7012), fetal bovine serum (FBS), and Dulbecco’s
modified eagle’s medium (DMEM) were bought from Thermo
Fisher Scientific, Inc. (MA, USA). ThiolTrace Violet 500 was
purchased from AAT Bioquest (Sunnyvale, CA, USA). Hoechst
33342, cell counting kit-8 (CCK-8) was purchased from Dojindo
Laboratories (Kumamoto, Japan).

2.2 Synthesis of the GNS@CP/SiNR Janus nanostructure

2.2.1 Synthesis of the mesoporous rod-like SiO, nano-
particles (SiNR). Firstly, cetyltrimethylammonium bromide
(CTAB, 0.05 g) was dissolved in 10 mL ultrapure water under
sonication condition, followed by slowly adding 1.29 mL NH;-
H,O under stirring. Then, the mixture was transferred to a
glass vial, and 0.32 mL TEOS was slowly added and placed in an
80 °C oil bath to heat for 5 h. During the reaction process, the
solution gradually changed from transparent to milky white.
After that, the excess surfactant was removed by extraction with
an ethanol/hydrochloric acid (HCI) mixture (Vganor:uct = 10:1)
for 15 min. The precipitates were collected by centrifugation
(10000 rpm, 25 min) and washed three times with ethanol.
Finally, the SiNR nanoparticles were re-suspended in 5 mL
ultrapure water for further use.

2.2.2  Surface sulfhydrylation of SiNR (SiNR-SH). In detail, a
2-mL volume of SiNR suspension was dispersed in 10 mL of
anhydrous ethanol, followed by adding 100 pL NaOH solution
(0.1 M). After 10 min sonication, 200 pL. PTMS was added.
The reaction mixture was refluxed at 80 °C and stirred for 12 h.
After that, the precipitates were collected by centrifugation
(10000 rpm, 25 min) and washed three times with anhydrous
ethanol. Finally, sulfhydrylated SiNR (SiNR-SH) was obtained
and resuspended in 3 mL ultrapure water for further use.

2.2.3 Synthesis of the Au-SiNR nanocomposite. Firstly,
gold nanoparticles (Au NPs) were synthesized using the tradi-
tional citrate reduction method. Then, 10 mL Au NPs disper-
sion was placed in a 20 mL glass vial, 1.5 mL SiNR-SH was
slowly added under magnetic stirring condition, followed by
addition of 0.2 mL 0.2 M NaCl solution. The mixture was stirred
at room temperature in the dark for 3 h. After the reaction, the
precipitates were collected by centrifugation (1000 rpm,
10 min) and washed twice with ultrapure water. Finally, the
Au-SiNR nanocomposite was obtained and re-suspended in
2 mL ultrapure water for further use.

2.2.4 Synthesis of the GNS/SINR Janus nanostructure.
Firstly, 10 pL 1.0 M HCI, 200 puL SiNR-SH, 75 uL 3 mM AgNO,
solution, and 50 pL 0.1 M AA solution was added sequentially to
10 mL 0.25 mM HAuCl, solution. The mixture was stirred in the
dark for 1 h reaction. After that, the precipitates were collected
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by centrifugation and washed twice with ultrapure water (3000
rpm, 10 min). Finally, the GNS/SiNR Janus nanostructure was
re-suspended in 1 mL ultrapure water and set aside.

2.2.5 Synthesis of the GNS@CP/SiNR Janus nanostructure.
Briefly, 0.3 ¢ PVP and 0.5 ¢ mL ™' GNS/SiNR suspensions were
added sequentially to 1 mL CuCl,-2H,O (8.5 mg mL™"). After
stirring for 20 min, 1 mL 0.1 M NaOH solution and 100 pL 30%
H,0, solution were added sequentially. The reaction mixture
was stirred for 30 min, and then transferred to a centrifuge tube.
The precipitates were collected by centrifugation (3500 rpm,
15 min), and washed twice with ultrapure water. Finally, the
GNS@CP/SIiNR Janus nanostructure was obtained and re-
suspended in 0.5 mL of water for further use.

2.3 Characterization

The morphology and size of GNS@CP/SiNR were characterized
by transmission electron microscopy (TEM) (JEOL TEM-1210) at
an operating voltage of 120 kV. Elemental mapping measure-
ment was performed on a JEOL-2100 microscope with a
voltage of 200 kV. UV-Vis spectra were recorded on a UV-2450/
2250 (Shimadzu) spectrophotometer with a wavelength range
from 190 to 2500 nm. The hydrodynamic diameter and the zeta
potential measurements were conducted on a Zetasizer Nano
ZS apparatus (Malvern). The X-ray photoelectron spectroscopy
(XPS) measurements were performed on Thermo Scientific
K-Alpha+ (Thermo Fisher, USA). X-ray diffraction (XRD) was
performed on the X-ray powder diffractometer (XRD, XRX-
7000x), where a freeze-dried sample powder was used.

2.4 Photothermal efficiency evaluation

The photothermal effects of GNS/SiNR and GNS@CP/SiNR were
measured using an NIR thermal camera (220 s, Fotric). A 100-pL
sample was added to an Eppendorf (EP) tube, and then irra-
diated with a NIR-II 1064 nm laser for 5 min. The temperature
was recorded every 30 seconds, where PBS solution was used as
the control. The photothermal performance of GNS@CP/SiNR
was evaluated by irradiating with 1064 nm laser at different
power densities of 0.5 W em™>,1 W em ™2, and 1.5 W cm ™ 2. The
photothermal performance of materials with varied concentra-
tions of 0 pg mL ™, 75 pg mL™*, 150 pg mL ™" and 300 pg mL "
was also evaluated.

For the photothermal stability evaluation, the GNS@CP/
SiNR dispersion (320 pg mL™ ") was irradiated by the 1064 nm
laser (1 W ecm™?) for 5 min. Then, the laser was shut off to cool
the sample to room temperature. During a 30 s interval, the
temperature in the heating and cooling processes was recorded.
The heating and cooling process was repeated five times, and
the time-temperature curves were plotted to determine the
photothermal stability of the nanosystem.

2.5 The acid-triggered Cu”* release profile of GNS@CP/SiNR

Briefly, a 1-mL sample was dispersed in 9 mL PBS buffer solution
of different pH values (5.5, 6.4, or 7.4), and gently shaken at
100 rpm. At different time intervals, the appropriate volume of
samples was taken out, centrifuged and the supernatant was
collected, then the Cu®" concentration in the supernatant was
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determined using the inductively coupled plasma emission
spectrometer (ICP-OES, 5100 SVDV, Agilent, USA).

2.6 The acid-triggered H,0, generation property of GNS@CP/SiNR

The H,0, generation was detected using the potassium per-
manganate (KMnO,)-based colorimetric assay. Briefly, 50 uL
GNS@CP/SiNR (1 mg mL~ ") was added to 1 mL acidic KMnO,
solution with the final material concentration of 50 g mL .
After 10 min incubation, the color of the mixture was recorded
using a digital camera and the UV-Vis spectra were measured
using the UV-2450/2250 (Shimadzu) spectrophotometer with a
wavelength range from 190 nm to 2500 nm. Additions of 10 pL
H,0, (1 M, resulting in a final H,0O, concentration of 10 mM)
and 20 pL H,0, (1 M, resulting in a final H,0, concentration of
20 mM) were used as the positive control, and 1 mL KMnO,
solution was used as the negative control.

To study the acidic pH-responsive H,0O, profiles of
GNS@CP/SINR, a 1-mL sample was dispersed in 9 mL PBS
buffer solution with different pH values (5.5, 6.4 or 7.4), and
gently shaken at 100 rpm. At different time intervals, the
appropriate volume of samples was taken out, centrifuged
and the supernatant was collected. The H,0, concentration
was determined using the same procedure as described above.

2.7 The acid-triggered hydrogen radical (*OH) generation
property of GNS@CP/SiNR

The acid-triggered *OH generation ability of GNS@CP/SINR was
detected using the 3,3',5,5"-tetramethylbenzidine (TMB) assay.
Briefly, 100 pL. GNS@CP/SINR was firstly added to 850 pL PBS
buffer solution at pH 5.5, 6.4 and 7.4. Then, 50 pL TMB (10 mM)
was added and incubated for 30 min. Finally, the color of the
mixture was recorded using a digital camera and the UV-Vis
spectra at wavelengths of 550-750 nm were measured using the
UV-2450/2250 (Shimadzu) spectrophotometer with a wave-
length range from 190 nm to 2500 nm.

The electron spin resonance was also used for *OH detection
using electron paramagnetic resonance spectroscopy (Magnet-
tech ESR5000). Briefly, a 1-mL sample was dispersed in the PBS
buffer solution at pH 5.5. After treatment with or without laser
irradiation, the 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) adduct
was added and the samples were detected by ESR spectroscopy.

2.8 Bacterial culture

E. coli and S. aureus were grown in LB medium for 12 h in a
37 °C shaker. When the ODg(, value of the bacterial culture
reached 1.0, this suggested that the bacterial growth was in the
logarithmic phase. The bacterial suspensions were then centri-
fuged and washed with 0.01 M PBS (pH 7.4) twice to remove the
bacterial culture media. Finally, the bacterial pellets were redis-
persed in PBS to achieve a concentration of 1 x 10° CFU mL .

2.9 In vitro synergistic MPTT/CDT antibacterial efficiency
evaluation

Before antibacterial experiments, bacterial cultures of E. coli
and S. aureus in the logarithmic phase (ODgoo = 1.0) were
washed three times with 0.9% saline solution to remove the
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bacterial culture medium. Then, bacterial pellets were collected
by centrifugation and diluted by pH 5.5 PBS to have a bacterial
density of 1 x 10® CFU mL . Bacteria were divided into five
different treated groups: Control, GNS/SiNR, GNS/SiNR+NIR,
GNS@CP/SIiNR and GNS@CP/SiNR+NIR. The concentration of
the materials was 150 ug mL ™", and irradiated with a 1064 nm
laser (1 W cm™?) for 5 min. To investigate the concentration-
dependent antibacterial efficiency of GNS@CP/SiNR+
NIR, materials with concentrations of 0, 50, 100, 150, and
200 ug mL ™" were added. After laser irradiation, bacteria were
incubated in a 37 °C incubator for another 4 h. Then, the
bacterial suspensions from different treatment groups were
plated on agar plates and incubated overnight at 37 °C. The
agar plate counting method by counting the bacterial colony
numbers was used to determine the antibacterial efficiency of
each treatment.

2.10 In vitro synergistic MPTT/CDT antibiofilm efficiency
evaluation

2.10.1 Three-dimension confocal laser scanning micro-
scopy (CLSM) assay. Firstly, 100 pL bacterial suspensions of
E. coli and S. aureus at the logarithmic growth phase (ODggo =
1.0) were added to the 96-well plate and cultured in a 37 °C
incubator for 48 h, during which the LB culture medium was
replaced every 12 h to allow the bacteria to form dense biofilms.
Then, biofilms were subjected to different treatments: control,
GNS/SiNR, GNS/SiNR+NIR, GNS@CP/SiNR and GNS@CP/SiNR+-
NIR. The concentration of the materials was 150 ug mL™~" and
irradiated with a 1064 nm laser (1 W cm™2) for 5 min. After that,
biofilms were further incubated at 37 °C for 12 h, followed by
washing with PBS, and then stained by 3 pL SYTO-9 and PI
fluorescent dyes (V/V = 1:1) in the dark for 30 min. Finally, the
bacterial biofilms were washed with PBS to remove excess dye
and observed using the LSM 880 confocal microscope.

2.10.2 Crystal violet staining assay. Similar to the above
treatments, bacterial biofilms were firstly subjected to different
treatments, then biofilms were fixed with 200 uL anhydrous
methanol and stained by 1% crystal violet dye at 37 °C in the
dark for 30 min. After washing several times with sterile PBS to
remove excess dye, digital photographs of the crystal violet-
stained biofilms in each well were recorded. After that, 200 pL
anhydrous ethanol was added to each well and placed on a
shaker for 15 min until the crystal violet was completely
dissolved. Finally, the absorbance of the bacterial suspensions
in each well at 570 nm was measured using a microplate reader.

2.11 Bacterial cell membrane integrity assay

2.11.1 CLSM assay. Briefly, bacteria (1 x 10® CFU mL ™)
were subjected to different treatments: control, GNS/SiNR,
GNS/SiNR+NIR, GNS@CP/SiNR and GNS@CP/SiNR+NIR. The
concentration of materials was 150 pg mL~* and irradiated with
21064 nm laser (1 W em™?) for 5 min. Then, 1 pL of STYO-9 and
1 uL of PI dye were both added to each group, and the mixture
was incubated in the dark at 37 °C for 15 min. After that, the
bacterial suspensions were centrifuged (5000 rpm, 3 min),
washed twice with sterile PBS, and resuspended in 200 uL of

This journal is © The Royal Society of Chemistry 2024
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sterile PBS. Next, 50 pL of the bacterial suspension was added
to a confocal dish and fixed. Finally, CLSM images of bacteria
in each well was observed and recorded using a Zeiss LSM88
confocal microscope.

2.11.2 Cellular components leakage detection. After different
treatments as above, the supernatant of the bacterial suspension
was collected, filtered using a 0.22 pm filter membrane, and the
optical density of the supernatant at 260 nm (OD,s,) was mea-
sured using UV-Vis spectroscopy to determine the release level of
the intracellular components.

2.12 Scanning electron microscopy (SEM) observation

After different treatments as above, the bacteria were fixed by
2.5% glutaraldehyde at 4 °C for 12 h. After centrifugation by
removing glutaraldehyde, the bacteria were hydrated in a
gradient of ethanol (30%, 50%, 70%, 80%, 90% and 100%)
for 10 min. Finally, the bacteria were dropped onto a single-
crystal silicon wafer, dried by supercritical CO, drying method,
spayed with gold, and observed using the SEM apparatus to
evaluate changes in the bacterial morphology.

2.13 Intracellular reactive oxygen species (ROS) detection

A DCFH-DA probe was used for detecting intracellular ROS of
bacteria with different treatments. After the above treatments,
bacteria were stained with 10 uM DCFH-DA for 30 min at 37 °C
in the dark. Subsequently, a Hoechst 33342 fluorescent probe
was added and incubated for another 30 min. Excess probes
were removed by washing with 0.9% PBS. Finally, the fluores-
cence intensity of each bacterial suspension was measured
using fluorescence spectroscopy. At the same time, bacterial
suspensions were dropped onto the laser confocal dish for the
CLSM assay.

2.14 Intracellular glutathione (GSH) assay

The GSH detection kit (ThiolTrace Violet 500, a fluorescent
probe) was used for detecting the intracellular GSH of bacteria
with different treatments. After the above treatments, 10 uM
ThiolTrace Violet 500 probe was added to the bacterial suspen-
sions and incubated at 37 °C in the dark for 30 min. After a
complete rinse with PBS, bacterial suspensions were dropped
onto the laser confocal dish for the CLSM assay. The fluores-
cence intensity of each CLMS image was semi-quantified using
Image] software.

2.15 TUNEL assay

The DNA damage effect of different treatments was investigated
using the TUNEL assay kit. Briefly, after the above treatments,
bacterial suspensions were centrifuged and washed with PBS
three times. Then, 200 pL PBS containing 10 pM TUNEL dye
was added and incubated in the dark at 37 °C for 1 h. Finally,
TUNEL-stained bacteria were observed by a Zeiss LSM88 con-
focal microscope.

2.16 Invitro cell viability assay

Mouse embryo fibroblasts (NIH/3T3) were used to evaluate the
in vitro biocompatibility of GNS@CP/SINR. Briefly, NIH/3T3
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cells were seeded in a 96-well plate at a density of 5 x 10> cells
per well in Dulbecco’s modified Eagle’s medium (DMEM). After
cell adhesion, the medium was replaced with fresh cell culture
medium containing GNS/SiNR or GNS@CP/SiNR with different
concentrations and cultured for 24 h. Finally, the cell viability
was assessed using the Cell Counting Kit-8 (CCK-8) assay kit.

2.17 In vivo antibacterial and wound healing effect of
GNS@CP/SiNR

2.17.1 Establishment of the S. aureus infected full-
thickness excision wound model. Twenty female SD rats (4 to
6 weeks old, the average body weight was 180 g) purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd
were randomly divided into 5 groups (4 rats/group): control,
GNS/SINR, GNS/SINR+NIR, GNS@CP/SINR and GNS@CP/
SINR+NIR. All animal experiments were conducted in accor-
dance with the regulations of the Animal Experiment Ethics
Committee of Jinan University. After anesthesia, a wound with
a diameter of approximately 1.5 cm was created on the back of
the rats through surgical procedures. The wounds were subse-
quently infected with 200 pL S. aureus at a concentration of 1 x
10® CFU mL™" for 2 days.

2.17.2 In vivo photothermal effect of GNS@CP/SiNR.
Briefly, a 200-uL. GNS@CP/SiNR dispersion (150 pg mL ") was
sprayed carefully onto the rats’ infected wounds and irradiated
by a 1064 nm laser (1 W cm™?) for 5 min. Thermal images and
temperature changes of the rats’ wound areas were captured
using a near-infrared thermal imaging camera (Fotric-220 s,
China). Thermal images and temperature changes of the rats’
wounds with PBS and 1064 nm laser-irradiated treatments were
used as controls.

2.17.3 In vivo synergistic MPTT/CDT antibacterial evalua-
tion. After 2 days infection, the rats’ wounds were subjected to
different treatments: control, GNS/SiNR, GNS/SiNR+NIR,
GNS@CP/SINR, and GNS@CP/SiNR+NIR. Every two days, treat-
ment was administered by carefully dropping 150 pug mL™*
GNS/SINR or GNS@CP/SINR to the wounds, followed by irra-
diating with a 1064 nm laser (1 W em™?) for 5 min. On days 0, 3,
5, 7, and 10, the exudate from the rats’ wounds were collected,
diluted with PBS, and evenly spread on the LB agar plates. The
plates were then incubated at 37 °C in a biological incubator
overnight. Finally, the bacterial colonies on each agar plate
were photographed using a digital camera, and Image] software
was used to count the number of bacterial colonies to evaluate
the antibacterial effect of different treatments.

2.17.4 Wound healing efficiency evaluation. After the
above treatments, the photographs of the wounds on days 0,
2,4, 6, 8, and 10 were carefully recorded. Then, the wound area
of each group was measured and analyzed using the Image]
software.

2.17.5 Rat body weight evaluation. The rats’ body weight in
each group was recorded every 2 days to assess the safety of
GNS@CP/SINR and the corresponding treatments.

2.17.6 Histological analysis. At the end of treatment, rats
were euthanized and the skin tissues surrounding the infected
wound were removed, fixed by 4% paraformaldehyde, embedded
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in paraffin, and histological slices were prepared. Tissue sections
were stained with H&E and Masson for histopathological analy-
sis, and the thickness of the dermis in the rats’ wound tissues
were determined using Image] software. Inflammatory factors of
TNF-o and IL-6, and newly formed blood vessel indicators of
a-SMA and CD31 were detected by performing the immunofluor-
escent staining assay. The semi-quantitative analysis of the
fluorescence intensity in the immunofluorescent histological
images was performed by Image] software.

2.18 In vivo biocompatibility evaluation

2.18.1 Histological analysis. At the end of the treatment,
the rats were euthanized, and the heart, liver, spleen, lungs,
and kidneys were collected. After multiple washes with PBS to
remove residual blood from the organ sites, the organs were
fixed in 4% paraformaldehyde, then embedded in paraffin,
sectioned, and stained with H&E. The H&E images of the rats’
organs were taken using an inverted optical microscope.

2.18.2 Blood biochemical analysis. At the end of the treat-
ment, the rats were anesthetized, and blood was collected from
the eye vein and placed in anticoagulant blood collection tubes
for blood routine analysis.

2.19 Statistical analysis

All data were presented as mean =+ standard deviation,
and analyzed for differences between different groups using
One-way ANOVA in GraphPad 8.3 software. The significance
of differences was determined based on P values, where *
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indicates P < 0.05, ** indicates P < 0.001, and *** indicates
P < 0.0001.

3. Results and discussion

3.1 Synthesis and Characterization of the GNS@CP/SiNR
Janus nanostructure

In the present work, the copper peroxide (CP) nanodots
decorated gold nanostar (GNS)/silica nanorod (SiNR) Janus
nanostructure (GNS@CP/SINR) was rationally designed and
fabricated, and displayed excellent near-infrared (NIR)-II photo-
thermal and self-activated hydrogen radical (*OH) generation
properties for the highly-efficient treatment of wound infec-
tions. Specifically, the GNS@CP/SINR Janus nanostructure was
prepared using a modified seed-mediated synthetic method.’
Firstly, spherical gold nanoparticles (Au NPs) were bound to the
thiolated SiNR (SiNR-SH) to form the Au NPs/SiNR nanocom-
posite via the specific Au-S bond. Then, Au NPs in Au NPs/SiNR
served as the seeds and subsequently grew to gold nanostars in
the seed-growth medium by forming the GNS/SINR Janus
nanostructure, where one SiNR was bound with one gold
nanostar. Finally, copper peroxide specifically grew on the
surface of the gold nanostar during the in situ growth process,
obtaining the GNS@CP/SINR Janus nanostructure. The whole
synthetic process was monitored by TEM measurement, where
the structure of SiNR, Au NPs/SiNR, GNS/SiNR and GNS@CP/
SiNR could be clearly seen (Fig. 1A and Fig. S1, ESIt). Dynamic
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laser scattering (DLS) measurements were also performed to
monitor changes in the hydrodynamic diameter and zeta
potential value of the nanosystem during the whole synthetic
process. The DLS measurement results showed that the hydro-
dynamic diameter (D) of the nanosystem increased from
307.8 = 7.3 nm (SiNR) to 349.3 + 5.7 nm (GNS@CP/SiNR)
(Fig. 1B and Fig. S2, ESIf), and the zeta potential of the
nanosystem increased from —20 mV (SiNR) to +8.6 mV
(GNS@CP/SINR) (Fig. 1C), suggesting the successful prepara-
tion of GNS@CP/SINR. Elemental imaging data further con-
firmed the Janus nanostructure of the prepared GNS@CP/SIiNR,
where Si, Au, O and Cu elements could be clearly observed
(Fig. 1D). Upon the preparation of GNS@CP/SINR, a strong
surface plasmonic resonance (SPR) absorption band at approxi-
mately 1064 nm (NIR-II region) could be observed (Fig. 1E).
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This must be due to the formation of the particular Janus
nanostructure, since SiNR and CP alone did not show a typical
SPR peak, and GNS only displayed a typical SPR peak at
approximately 808 nm (NIR-I region). This indicated that
GNS@CP/SINR is a potent NIR-II photothermal material for
safe biomedical applications. To further confirm the presence
of CP nanodots in GNS@CP/SiNR, X-ray photoelectron spectro-
scopy (XPS) was performed to detect the valence states
of copper and oxygen. As shown in Fig. 1F, both Cu and O
elements could be found in the survey XPS spectra of GNS@CP/
SINR. The high-resolution O 1s XPS spectrum showed a char-
acteristic peak at 532.5 eV (Fig. 1G), which was assigned to the
0-0 group, suggesting that the valence state of O in CP was —1.
The high-resolution Cu 2p XPS spectrum displayed a typical
peak at 933.5 eV (Fig. 1H), indicating that the valence state of

A B C
0 60°C 55 —=—0pg/mL 60F —=— 05W
—e—75 pg/mL 55 —— 1 W
~ —4— 150 pg/mL 5 ——15W
0 ”g/mL 8 50 ~——300 pg/mL 8,50
o [}
75 pg/mL . 54 S
g 40 g 40
I % o
TS . .. £ g
(0}
30
25
intion ti ; 25 . . - - .
Irradiation time(min) 24°C 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
Dt o E Es
& - = Control
545 = 2.0 — 10 mM
O GNS@CP/SINR © m—20 m":
~ b w— 30 mM
Q40 ° H* 8 1.5+ — 50 pg/mL
2 ‘ o % = 75 pgimL
& Fenton-like 2 1.0 = 100 pg/mL
835 «OH ‘ + ]
5 a4 3 054
30 Hz0, <
Acid-triggered *OH generation 0.0+
25 300 400 500 600 700 800
Wavelength (nm)
|
G 4 H 4
—0 pg/mL +NIR
s pei 50 pyg/mL 8 —— NIR
33 33 —100 pg/mL A\ —
S o ——150 pg/m! (ugimiy 3
P ) —— 200 pg/mL pH=55 S
22 é 2 >
S 3 @
2 2
1) 2 L
81 al £
< <<
0 T T T T T 0 T T T T
400 500 600 700 800 900 400 500 600 700 800 900 3300 3350 3400 3450

Wavelength (nm)

Wavelength (nm)

Magnetic Field (G)

Fig. 2 Characterization of the NIR-II photothermal and *OH generation properties of the GNS@CP/SINR Janus nanostructure. (A) Thermal images
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Cu CP was +2. The XPS results confirmed the successful
decoration of the CP nanodots on GNS@CP/SiNR. The XRD
spectrum displayed all of the typical XRD patterns of SiNR, GNS
and CP, demonstrating the successful preparation of GNS@CP/
SiNR (Fig. S3, ESIt). Moreover, the colloidal stability of the
GNS®@CP/SINR dispersion was also evaluated by monitoring its
changes in Dy, and the zeta potential over a period of 48 h. It
showed that Dy, of GNS@CP/SiNR was maintained at approxi-
mately 350 nm, and the zeta potential was kept in the range of
+7 mV to +8 mV in 48 h (Fig. S4, ESIt), suggesting the excellent
stability of GNS@CP/SiNR.

3.2 NIR-II photothermal and *OH generation properties of
GNS@CP/SiNR

Because GNS@CP/SINR displayed a strong SPR absorption
band in the NIR-II region, its photothermal effect upon
1064 nm laser irradiation was evaluated. Thermal imaging data
indicated the time and concentration-dependent photothermal
effects of GNS@CP/SINR (Fig. 2A and B). The temperature of the
nanosystem gradually increased with the irradiation time.
Tuning the laser power density can also control the photother-
mal behavior of GNS@CP/SINR. Generally, increasing the laser
power density resulted in a stronger photothermal effect of the
nanosystem (Fig. 2C). In particular, we found that GNS@CP/
SiNR exhibited a mild-photothermal effect by increasing the
temperature to approximately 45 °C within 5 min under con-
ditions of 1 W cm™? laser power density and materials concen-
tration of 150 pg mL ™" (Fig. 2A and B). This indicated that
GNS@CP/SINR is a potential material for mild photothermal
therapy (MPTT). By further calculation, the photothermal con-
version efficiency of GNS@CP/SINR was determined to be
32.3%. Moreover, GNS@CP/SiNR displayed a stable photother-
mal conversion efficiency as its photothermal effect remained
unchanged after 5 cycles of 1064 nm laser irradiation-cooling
processes (Fig. 2D). CP is a type of Fenton-like reagent with an
acid-triggered °*OH generation property. Specifically, upon
exposure to acidic conditions, CP can responsively dissociate
by releasing Cu®>* and H,0,, which can subsequently transform
into *OH via the Fenton-like catalytic reaction (Fig. 2E). The
acidic pH-responsive Cu®* release profile was monitored by
performing ICP-AES measurements. It is clear that the Cu®*
release rate was significantly enhanced in acidic pH conditions
(Fig. S5, ESIt). Then, the acid-activated H,O,-producing prop-
erty of GNS@CP/SiNR was investigated using the KMnO,-based
colorimetric assay. In the presence of H,0,, the pink KMnO,
solution was gradually reduced, which was accompanied by the
decrease in the UV-Vis absorption value at the wavelength range
of 500 nm to 600 nm. As it was shown, the addition of 30 mM
H,0, caused the complete fading of the pink KMnO, solution.
UV-Vis absorption peaks in the range from 500 nm to 600 nm
disappeared as well (Fig. 2F and G), suggesting the complete
reduction of KMnO, by H,0,. A similar phenomenon was
observed to that of GNS@CP/SIiNR with a concentration of
100 pg mL™", which made the pink KMnO, solution become
colorless and caused the disappearance of the UV-Vis absorp-
tion peaks (Fig. 2F and Fig. S6, ESIT). By comparison, it was
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estimated that 100 pg mL~" GNS@CP/SiNR could self-supply
approximately 30 mM H,0, under acidic conditions. The acidic
pH-responsive H,0O, release profile was also investigated, as
shown in Fig. S7 (ESIt). It showed that a higher level of H,0,
was generated in acidic pH conditions. The produced H,0, can
further react with the released Cu®" to generate *OH, which can
be detected using the commonly used 3,3’,5,5'-tetramethyl-
benzidine (TMB) assay. In the presence of *OH, the transparent
TMB can be oxidized to blue oxTMB, displaying a typical UV-Vis
absorption peak at 650 nm. As it was shown (Fig. 2G), the color
of the TMB solution only slightly changed in neutral condi-
tions. It turned into a blue color at pH 6.4, and changed into a
dark blue color at pH 5.5, suggesting the acid-triggered *OH
generation property of GNS@CP/SiNR. UV-Vis measurements
further confirmed that *OH can be generated under acidic
conditions, as an obvious absorption peak at 650 nm could
be observed in both pH 5.5 and pH 6.4 conditions (Fig. 2G).
Moreover, a concentration-dependent *OH generation behavior
was observed for GNS@CP/SINR. A higher concentration of
materials led to a higher *OH generation level in acidic envir-
onments, while negligible *OH could be detected under the pH
7.4 condition (Fig. 2H and Fig. S8, S9, ESIT). The *OH genera-
tion was also confirmed by ESR measurements using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as the trapping agent.
Typical DMPO/*OH adduct signals were observed in the ESR
spectra (Fig. 2I). Interestingly, it was shown that the NIR laser
irradiation could further enhance the *OH generation level as
stronger ESR signals were observed. In all, GNS@CP/SiNR
displayed excellent NIR-II mild photothermal effect and self-
activated *OH generation in acidic environments, exhibiting
promising use for antibacterial applications via the synergistic
MPTT/CDT effect.

3.3 Invitro synergistic MPTT/CDT antibacterial efficiency of
GNS@CP/SiNR

Next, the antibacterial activity of GNS@CP/SINR against
both Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus) was investigated using the agar
plate counting method. As it was shown, controls of the NIR-II
1064 nm laser and GNS/SiNR did not show any antibacterial
effect against both bacteria (Fig. 3A). The mild photothermal
effect of GNS/SiNR (GNS/SiNR+NIR) clearly reduced the bacter-
ial colony numbers, and the *OH generated by GNS@CP/SiNR
also caused a significant decrease in bacterial viability (Fig. 3B
and Fig. S10, ESIT). Remarkably, GNS@CP/SiNR+NIR treatment
completely eliminated both E. coli and S. aureus due to its
synergistic MPTT/CDT antibacterial effect (Fig. 3B and Fig. S10,
ESIt). A concentration-dependent antibacterial activity of
GNS@CP/SiNR was also observed. As the concentration of the
materials increased, the antibacterial efficiency of GNS@CP/
SiNR against both E. coli and S. aureus was enhanced (Fig. 3C
and E). In particular, when the concentration of the materials
increased to 200 ug mL ™, the synergistic MPTT/CDT antibac-
terial effect of GNS@CP/SINR resulted in the complete elimina-
tion of both bacteria (Fig. 3D and F).
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Fig. 3 The synergistic MPTT/CDT antibacterial effect of GNS@CP/SINR. (A) Agar plate images showing the antibacterial activity of different treatments
against E. coli and S. aureus. (B) Histogram showing the antibacterial efficiency of different treatments against S. aureus. (C) Agar plate images showing
the antibacterial activity of GNS@CP/SiNR against E. coli with different concentrations under laser or non-laser irradiation conditions, and the
corresponding antibacterial efficiency histogram (D). Agar plate images showing the antibacterial activity of GNS@QCP/SINR against S. aureus with
different concentrations under laser or non-laser irradiation conditions (E), and the corresponding antibacterial efficiency histogram (F).

3.4 Invitro synergistic MPTT/CDT antibiofilm efficiency of
GNS@CP/SINR

The synergistic MPTT/CDT antibiofilm efficiency of GNS@CP/
SiNR was also evaluated by performing crystal violet staining
assay and three-dimension confocal laser scanning microscopy
(CLSM) measurements. Similar to the above antibacterial
results, GNS@CP/SIiNR exhibited robust biofilm-eradication
ability upon 1064 nm laser irradiation. The crystal violet stain-
ing assay results showed that MPTT (GNS/SiNR+NIR) or CDT
(GNS@CP/SINR) alone led to lower density of S. aureus biofilm
as compared with that of the controls (Fig. 4A and Fig. S11,
ESIT). As expected, the synergistic MPTT/CDT effect displayed
the strongest antibiofilm activity, as almost no crystal violet-
stained S. aureus biofilm could be observed after GNS@CP/
SiNR+NIR treatment (Fig. 4A). The biofilm biomass of S. aureus
in each group after different treatments was also detected by
measuring the optical value of the remanent biofilm at 570 nm
(ODsy). It showed that GNS@CP/SINR+NIR treatment led to
the lowest ODs;, value (Fig. 4B and Fig. S11, ESIt). A materials
concentration-dependent biofilm-eradication effect was found
for GNS@CP/SINR. The preformed S. aureus biofilm could be
completely eliminated by the synergistic MPTT/CDT effect at
the concentration of 200 pg mL ™", where a negligible violet
color and lowest ODs;, value were observed (Fig. 4C, D and
Fig. S11, ESIf). In the CLSM measurements, the SYTO-9/PI
dual-florescent staining method was used, where live bacteria

This journal is © The Royal Society of Chemistry 2024

were stained by the green fluorescent SYTO-9 dye and dead
bacteria were stained by the red fluorescent PI dye (Fig. 4E).
Similarly, MPTT caused partial damage to the S. aureus biofilm,
as a small portion of red fluorescence could be visualized upon
GNS/SiNR+NIR treatment (Fig. 4E and F). The CDT effect
triggered significant damage to the S. aureus biofilm, where a
large portion of red fluorescence was observed upon GNS@CP/
SiNR treatment (Fig. 4E and F). Remarkably, the GNS@CP/
SINR+NIR treatment resulted in the highest red/green fluores-
cence ratio, suggesting the strongest biofilm-damage activity of
the synergistic MPTT/CDT effect (Fig. 4E and F). Similar trends
were also found for the E. coli biofilm (Fig. S12, ESIt).

3.5 The synergistic MPTT/CDT antibacterial mechanism of
GNS@CP/SiNR

Next, the synergistic MPTT/CDT antibacterial mechanism of
GNS@CP/SINR was investigated. In order to exert an anti-
bacterial effect, materials have to penetrate the bacterial
membrane barrier. Therefore, the bacterial membrane-damage
effect of GNS@CP/SINR was firstly examined. The bacterial
membrane integrity was monitored by the SYTO-9/PI dual-
florescence staining assay, where bacteria with intact mem-
branes were stained by the green fluorescent SYTO-9 dye and
bacteria with damaged membranes can be stained by the red
fluorescent PI dye. As shown in Fig. 5A, negligible red fluores-
cence could be visualized in the CLSM images of the control and
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Fig. 4 The synergistic MPTT/CDT antibiofilm effect of GNS@CP/SiNR. (A) Crystalline violet-stained S. aureus biofilm after different treatments and the
corresponding ODs7o values (B). (C) Crystalline violet-stained S. aureus biofilm that has undergone GNS@CP/SiINR+NIR treatment with different
concentrations and the corresponding ODs7q values (D). (E) CLSM images of the S. aureus biofilm stained with SYTO-9/PI dual fluorescent dyes after
different treatments, and the corresponding histogram (F) showing the percentage of live/dead bacteria. Scale bar represents 20 um.

GNS/SiNR-treated groups, suggesting the non-membrane damage
ability of GNS/SINR. GNS/SiNR+NIR treatment caused an obvious
red fluorescence in the CLSM images, indicating that MPTT could
cause a certain degree of membrane damage to E. coli and
S. aureus. A higher percentage of red fluorescence could be found
in the GNS@CP/SiNR-treated groups (Fig. 5A and Fig. S13, ESIT),
indicating that CDT triggered the stronger bacterial membrane-
damage effect than MPTT. Intriguingly, the GNS@CP/SiNR+NIR
treatment resulted in the highest level of red fluorescence (Fig. 5A
and Fig. S13, ESIt), indicating that the E. coli and S. aureus
membranes were severely destroyed by the synergistic MPTT/
CDT damage effect. Scanning electron microscopy (SEM) mea-
surements were performed to further confirm the bacterial
membrane-destruction effect of GNS@CP/SINR (Fig. 5B). In the
control groups, E. coli/S. aureus exhibited regular rod/spherical
morphology with smooth membranes. Similarly, the MPTT effect
(GNS/SINR+NIR) induced partial bacterial membrane breakage,
while the CDT effect (GNS@CP/SINR) caused more severe bacter-
ial membrane damage, as demonstrated by the bacterial shape
shrinkage and rough membrane surface. As expected, the MPTT

5120 | J Mater. Chem. B, 2024, 12, 5111-5127

and CDT effects synergistically triggered the complete rupture of
the bacterial membrane, further demonstrating the robust
membrane-breaking ability of the GNS@CP/SINR treatment.
Bacterial membrane damage can also lead to the efflux of
intracellular components, such as DNA, RNA, or other functional
proteins, which can be quantified by measuring the optical
density value at 260 nm wavelength (OD,g,).>"*> Consistent with
the above results, MPTT and CDT alone did trigger the leakage of
intracellular components, as the OD,¢, values clearly increased in
comparison with the control groups (Fig. 5C and E). The
GNS@CP/SINR+NIR treatment resulted in the highest level of
OD,0, confirming the most severe damage effect of the synergis-
tic MPTT/CDT effect (Fig. 5C and E). Moreover, a concentration-
dependent bacterial membrane-damage effect was observed for
GNS@CP/SINR. Higher concentrations of the materials led to a
higher OD,, level (Fig. 5D and F).

Bacterial membrane damage further facilitates the entrance
of antibacterial materials, which can subsequently inactivate
bacteria by causing an oxidative stress effect. Herein, the
intracellular reactive oxygen species (ROS) were detected using
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2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) as the
fluorescent probe. In the presence of ROS, the non-
fluorescent DCFH-DA can be oxidized to the green fluorescent
DCF, which can be either observed by CLSM measurement or
detected by fluorescence spectrophotometer with excitation/
emission wavelengths of 488 nm/525 nm. CLSM images showed
that GNS/SiNR+NIR treatment resulted in the appearance of
some green fluorescent spots, indicating that the MPTT effect
triggered moderate ROS generation inside both bacteria
(Fig. S14 and S15, ESIt). In contrast, the GNS@CP/SINR treat-
ment led to an intense green fluorescence in the CLSM images
(Fig. S14 and S15, ESIf), indicating that substantial ROS
was induced by the CDT effect. This is in line with the
previous findings, where it was reported that *OH was able to
induce severe oxidative stress to bacteria by boosting ROS
production.?® Interestingly, the GNS@CP/SiNR+NIR treatment
caused the most intense green fluorescence intensity in the
CLSM images, suggesting that the synergistic MPTT/CDT effect
triggered the highest level of ROS generation among all
the groups (Fig. 6A). The fluorescence spectrophotometer
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measurements further confirmed the above trends. The MPTT
effect induced only a small fluorescent peak at 525 nm, while
the CDT effect resulted in a strong fluorescent peak at 525 nm
(Fig. 6B and C). The synergistic MPTT/CDT effect led to the
strongest fluorescent peak at 525 nm (Fig. 6B and C). Glu-
tathione (GSH) is a highly active ROS scavenger that protects
bacteria from oxidative stress damage. Depletion of GSH can
further augment the antibacterial activity of ROS.** Therefore,
the intracellular GSH level was also detected using the Thiol-
Trace Violet 500 fluorescent probe. As shown in Fig. 6D and E,
the MPTT effect caused a decrease in the GSH level to some
degree, and the CDT effect greatly reduced the GSH content
inside S. aureus. Combinational MPTT and CDT treatments
displayed the most significant GSH depletion effect by almost
completely eliminating GSH in S. aureus. Similar trends were
also observed for E. coli (Fig. S16, ESIT). Because the bacterial
nucleoplasm is the main target of ROS, the DNA damage effect
of GNS@CP/SINR was investigated by the terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
assay (Fig. 6F, G and Fig. S17, ESIT). TUNEL staining images
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Fig. 6 The synergistic MPTT/CDT antibacterial mechanism of GNS@CP/SINR. (A) CLSM images of E. coli and S. aureus stained by DCFH-DA fluorescent
dye showing the intracellular ROS level after GNS@CP/SINR+NIR treatment, and the corresponding fluorescence spectra of E. coli (B) and S. aureus (C).
(D) CLSM images of S. aureus stained by the ThiolTrace Violet 500 fluorescent probe after different treatments and the corresponding mean
fluorescence intensity (E). (F) CLSM images of TUNEL-stained S. aureus after different treatments, and the corresponding mean fluorescence intensity

(G). Scale bar represents 10 um.
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exhibited that the MPTT or CDT effect alone indeed induced
partial DNA damage, while the synergistic MPTT/CDT effect
significantly triggered the cleavage of bacterial DNA.

Taken together, a possible synergistic MPTT/CDT antibac-
terial mechanism of GNS@CP/SiNR was proposed, as shown in
Scheme 1. Firstly, the positive surface of GNS@CP/SiNR facili-
tated their anchoring to the negative bacterial membrane
through electrostatic interaction. Upon NIR-II 1064 nm laser
irradiation, the MPTT and CDT effects synergistically damaged
the bacterial membrane by accelerating the intracellular pro-
tein components’ release and enhancing the penetration of
GNS@CP/SINR. As followed, intracellular ROS generation was
boosted via severe oxidative stress effect, which subsequently
caused the depletion of intracellular GSH and induced DNA
damage, finally leading to the death of bacteria.

3.6 In vivo synergistic MPTT/CDT antibacterial and wound
healing efficiency of GNS@CP/SiNR

Due to the excellent in vitro antibacterial and biofilm-
eradication outcomes of GNS@CP/SiINR, the in vivo synergistic
MPTT/CDT effect of GNS@CP/SINR was investigated on the
S. aureus-infected full thickness excision wound rat model
(Fig. 7A). Firstly, the in vivo MPTT effect was evaluated using
thermal imaging assays. As shown in Fig. 7B, the temperature
of the rats’ wound tissue rarely increased under 1064 nm laser
irradiation, while the temperature clearly increased in those
with GNS/SiNR and GNS@CP/SINR treatments. In particular,
the temperature of the GNS@CP/SINR treated rats’ wound
tissues increased to about 47.8 °C upon 5 min laser irradiation
(Fig. 7C), further confirming the in vivo MPTT effect of
GNS@CP/SINR. Then, the in vivo antibacterial efficiency was
evaluated using the agar plate counting method. It clearly
showed that the bacterial colony numbers in the GNS/SiNR+-
NIR, GNS@CP/SiNR and GNS@CP/SiNR+NIR-treated wounds
started to decrease on Day 3 (Fig. S18, ESIT). After 10 days

+1 < tttttt,
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treatment, the remanent S. aureus in the GNS/SiNR+NIR and
GNS@CP/SiNR-treated wounds decreased sharply to 36% and
12%, respectively (Fig. 7D and G). Remarkably, the GNS@CP/
SiNR+NIR treatment almost led to the complete elimination of
the infected S. aureus in the rats’ wound (Fig. 7G), demonstrat-
ing the robust antibacterial effect of the combinational MPTT
and CDT treatments. Bacterial clearance can relieve the inflam-
mation microenvironment of the rats’ wounds, which in turn
further promotes the wound-healing process.** As shown in
Fig. 7E, F and H, the rats’ wounds that underwent GNS/
SiNR+NIR, GNS@CP/SiNR and GNS@CP/SiNR+NIR treatments
displayed better healing outcomes than those of the controls.
On Day 10, almost complete wound closure was visualized
for rats with GNS@CP/SiNR+NIR treatment (Fig. 7E and F),
suggesting the excellent wound healing activity of the com-
bined MPTT and CDT treatments. Histological sections of
wound tissues with hematoxylin and eosin (H&E) staining were
also analyzed to study the antibacterial and wound healing
effect of GNS@CP/SINR (Fig. 7I). H&E images showed that
obvious neutrophil infiltration in the skin tissues of the control
groups, while this phenomenon was largely relieved in the GNS/
SINR+NIR and GNS@CP/SiNR-treated tissues, suggesting that
skin tissue inflammation could be greatly improved by the
MPTT or CDT effect. As expected, negligible inflammatory cells
could be found in the H&E images with GNS@CP/SiNR+NIR
treatment, indicating that the skin tissue inflammation was
completely eliminated by the synergistic MPTT/CDT effect.
The collagen deposition in the skin wound tissues were also
examined by Masson staining assay. Consistently, the synergis-
tic MPTT/CDT effect resulted in the highest collagen deposition
density in the skin wound tissues (Fig. 7] and K).

As followed, the synergistic MPTT/CDT anti-inflammation
and wound-healing mechanisms of GNS@CP/SiNR were inves-
tigated. Upon S. aureus infection, the rats’ blood inflammation
indicators of lymphocytes (LY), white blood cells (WBC) and
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g Q» X lanh ¢ - N 00‘ E&
d MPTMSVM AUNPs d¥é cP

SiNR SiNR-SH Au-SiNR GNS/SINR GNS@CP/SINR
g
V 4
o ) Membrane
H* s + Fenton-&e -~ 1 : damage . M
P s 5
o e 4 s Db T,
MPTT H;0, Acid-triggered *OH generation = - 3 A > -~ 7,

Scheme 1 Illustration of the synthetic route of the GNS@QCP/SiINR Janus nanostructure, its NIR Il mild photothermal effect and acid-triggered *OH
generation properties, and the synergistic MPTT/CDT antibacterial application and mechanism.
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Fig. 7 In vivo synergistic MPTT/CDT antibacterial and wound healing effect of GNS@CP/SINR. (A) Scheme shows the in vivo experimental protocols. (B)
Thermal images showing the in vivo photothermal effect of GNS@CP and GNS@CP/SINR, and the corresponding time-temperature curves (C). (D) Survival rate
of S. aureus in rats’ wounds after 10 days with different treatments. (E) Digital images showing the wound closure process along with time in different treated
groups. (F) Images show the rat's wound shape with different treatments in different days, which was drawn by Adobe lllustrator software. (G) Agar plates
showing the remanent bacterial colonies in different treated groups after 10 days treatment. (H) Histogram showing the wound healing efficiency of different
treatments along with time. H&E (1) and Masson (J)-stained histological images of wounds after 10 days different treatments, and the corresponding histogram
showing the coverage of collagen in the rat's wound (K). Blue arrows indicate the number of vessels in the skin tissues.
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neutrophils (NEUT) increased abnormally (Fig. 8A-C). The
GNS/SiNR+NIR and GNS@CP/SINR treatments could largely
reduce the levels of the above three blood indicators,
while the GNS@CP/SiNR+NIR treatment decreased those three
blood indicators to the normal values seen in healthy rats. Pro-
inflammatory cytokines of IL-6 and TNF-o in skin wound
tissues were also examined by immunohistochemical analysis
(Fig. 8D-F). Similarly, the GNS@CP/SINR+NIR treatment
significantly decreased the expression levels of both IL-6 and
TNF-a via the synergistic MPTT/CDT anti-inflammation effect.
Improvement in the inflammation microenvironment can pro-
mote skin wound tissue regeneration, where angiogenesis is an
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important step during the wound-healing process.>> Because -
smooth muscle actin (¢-SMA) and platelet endothelial cell
adhesion molecule (CD31) are important indicators of
angiogenesis,*® the a-SMA and CD31 double immunofluores-
cence staining assay was performed to evaluate the new blood
vessel formation in different treated groups (Fig. 8G and H). In
the control groups, only limited green and red fluorescent spots
could be visualized, indicating that few new blood vessels were
formed in the wound tissues. Expression levels of o-SMA
and CD31 in the GNS/SiNR+NIR and GNS@CP/SiNR-treated
groups clearly increased, suggesting that the MPTT or CDT
effect could promote angiogenesis to accelerate wound healing.

C 5
-
05\ 4
31
5 21
w
=Z 14
0 ITI T T T T [I‘I
S &
% OIS ;\%@@@m\
E [N
D 15
GNS/SiNR . _GNS@CP/SINR &
Control GNS/SiNR +NIR GNS@CP/SiNR +NIR = —|A|
.‘%
b g 5 S|
= °
= S
©
[}
[=] E
u.- 0 T T T T T
g S e e
= 000‘0‘\%\5 e&\"‘)\;éz\% c?\%\ .v\\Q
F A g
<) >
G GNS/SiNR __GNS@CPISINR 5 2
Control GNS/SINR +NIR  GNS@CP/SINR  L\iR

CD31 a-SMA DAPI

Merge

Mean density (%)
»

L
%,
9

Number of vessels in wound
(per field)
o o B8 8
1 1 1
4/ <|
. |

Fig. 8 In vivo wound healing mechanism of GNS@CP/SINR. Blood chemistry parameters of (A) lymphocyte (LY), (B) white blood cell (WBC) and (C)

neutrophil (NEUT) counts after 10 days different treatments. (D) Immunohistochemical images of IL-6 and TNF-a in the rats’ wound tissues after 10 days
different treatments, and the corresponding semi-quantitative expression levels of IL-6 (E) and TNF-o (F). Scale bar represents 200 um. (G)
Immunofluorescent CD31/a-SMA stained images of the rats’ wound tissues after 10 days different treatments, and the semi-quantitative analysis on
the number of blood vessels in the wounds (H). Scale bar represents 100 um.
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Significantly, the GNS@CP/SiNR+NIR treatment resulted in the
highest expression level of both a-SMA and CD31, indicating
that MPTT and CDT could synergistically induce angiogenesis
to promote wound-healing.

3.7 Biocompatibility evaluation of GNS@CP/SiNR

To evaluate the biocompatibility of GNS@CP/SINR, the cell
compatibility of GNS@CP/SINR with varied concentrations
was examined on mouse embryonic fibroblasts (NIH/3T3) using
the CCK-8 assay. It showed that that the cell viability was
reduced to some extent by increasing the concentration of
GNS@CP/SINR. However, the cell viability was still higher
than 80% when the concentration of the materials reached
200 pg mL ™", indicating the good cytocompatibility of GNS@
CP/SiNR (Fig. S19, ESIt). To investigate the in vivo biocompat-
ibility of GNS@CP/SINR, H&E staining assay on the rats’ major
organs (heart, liver, spleen, lungs, kidneys) and blood routine
biochemical analysis were performed after different treat-
ments. H&E images showed that no obvious damage could be
observed in the rats’ main organs (Fig. S20, ESIt), and the blood
routine biochemical analysis results showed that all blood
indicators were maintained within the normal range of healthy
rats (Fig. S21, ESIT). Additionally, the body weight of rats in
different treatment groups remained at a relatively stable range
during the whole treatment period (Fig. S22, ESIt). All of these
results demonstrated the excellent histocompatibility and
blood compatibility of GNS@CP/SINR and the related treat-
ments, which guarantees the safe use of GNS@CP/SINR for
biomedical applications.

4. Conclusion

In the present work, a multifunctional GNS@CP/SINR Janus
nanostructure was designed and fabricated. Due to the particular
Janus nanostructure and CP nanodots decoration, GNS@CP/SiNR
displayed both NIR-II laser-induced mild photothermal effect and
self-activated *OH generation ability, which enabled the nanosys-
tem to perform synergistic MPTT/CDT applications. Both in vitro
and in vivo evaluations demonstrated that GNS@CP/SiNR was
effective for antibacterial, anti-biofilm and wound healing appli-
cations. Our mechanism study elucidated that GNS@CP/SiNR
inhibited bacterial growth by ways of causing bacterial membrane
damage, boosting the intracellular ROS, depleting the intracellu-
lar GSH and triggering DNA damage. The findings of our work
provide a promising material for the highly-efficient treatment of
wound infections.
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