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Purpose: A synergistic antibacterial system employing photocatalytic performance and low-temperature photothermal effect (LT-
PTT) with the potential for infectious skin wound healing promotion was developed.

Methods: Ag/Ag,0 was synthesized with a two-step method, and its physicochemical properties were characterized. After its
photocatalytic performance and photothermal effect were evaluated under 0.5 W/ecm?® 808 nm NIR laser irradiation, its antibacterial
activities in both planktonic and biofilm forms were then studied in vitro targeting Staphylococcus Aureus (S. aureus), and the
biocompatibility was tested with L-929 cell lines afterward. Finally, the animal model of dorsal skin wound infection was established
on Sprague-Dawley rats and was used to assess infectious wound healing promotion of Ag/Ag,O in vivo.

Results: Ag/Ag,O showed boosted photocatalytic performance and local temperature accumulation compared with Ag,O when
exposed to 0.5 W/cm? 808 nm NIR irradiation, which therefore endowed Ag/Ag,O with the ability to kill pathogens rapidly and
cleavage bacterial biofilm in vitro. Furthermore, after treatment with Ag/Ag,O and 0.5 W/ecm?® 808 nm NIR irradiation, infectious
wounds of rats realized skin tissue regeneration from a histochemical level.

Conclusion: By exhibiting excellent NIR-triggered photocatalytic sterilization ability enhanced by low-temperature photothermal
effect, Ag/Ag,O was promising to be a novel, photo-responsive antibacterial agent.

Keywords: semiconductor/metal hybrid, antibacterial agent, photo-responsive antibacterial activity, reactive oxygen species,
infectious wound skin model

Introduction

Bacterial infection has been consistently affecting public health and the problem.'* However, resulting from the long-
term misuse and overuse of antibiotics, the emergence of antibiotic-resistant bacteria has become an even trickier issue,
which therefore evoked the need for effective antibacterial therapeutic strategies without the side effects of causing
bacterial resistance.> ® Recent studies aiming to tackle these problems have attached much attention to developing photo-
responsive materials due to their robust and rapid bactericidal activities.”” In phototherapeutic approaches, photo-
responsive materials, in the first place, respond to light at appropriate wavelengths, ranging from ultraviolet (UV) to NIR,
which is then followed by the production of reactive oxygen species (ROS) and hyperthermia.” In comparison with

conventional treatment, photo-responsive inactivation of pathogens is much faster, leaving bacteria no space to evolve
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into those with defense mechanisms. When considering practical biomedical applications, NIR outcompetes other light
sources with deeper penetration and less damage to normal tissues nearby.lo’11 However, many prevalently applied photo-
activated materials could only respond to visible light or even UV due to their inherent electrical properties, which thus
prioritize the employment of NIR-responsive materials.

Among various kinds of photo-responsive materials, semiconductors have attracted much interest,'*'> among
which silver oxide (Ag,0), a p-type semiconductor-based photocatalyst with an intrinsic narrow band gap of 1.3 eV,
could be theoretically activated by NIR up to ~954 nm (7»=1240/Eg),16’17 and thus has the potential of excellent
responsibility to 808 nm NIR. Present studies of its photo-responsibility mainly focused on its photocatalytic activities
in environmental pollution remediation.'®2° Jiang et al, for instance, designed superhydrophobic Ag,O with excellent
photocatalytic degradation performance of floating oils.>' However, the photocatalytic antibacterial performance of
Ag,0 has rarely been reported, although some studies mentioned that Ag,O nanoparticles exhibited antibacterial
ability due to their morphology or the release of silver ions (Ag").'®**2* Additionally, in some previous studies, it was
reported that the formation of Ag/Ag,0O heterostructures enhanced the photocatalytic ability of Ag,O when triggered
by visible light.>>-*® With the deposition of silver (Ag) on the surface of Ag,O, on the one hand, there would be an
energy difference between the valence band of the semiconductor and the Fermi energy of the metal, named as
Schottky barrier, capturing electrons, and therefore preventing them from recombining with holes, which in turn helps
increase the photocatalytic activity.>”*® On the other hand, the surface electrons of silver nanoparticles (AgNPs) could
oscillate when triggered by NIR light, a phenomenon known as the localized surface plasmon resonance (LSPR), and
such oscillation could lead to the local temperature increase, which could further be utilized for the photon-heat energy
conversion as well as a propellant for photocatalytic performance.?**° In addition, silver nanoparticles (AgNPs) have
exhibited broad-spectrum and effective antimicrobial activity in previous studies and thus have been prevalently
applied as promising antibacterial agents.’'** Besides, there were also various AgNP-containing medical supplies
already in use on the market, such as wound dressings (ACTICOAT*HMP Global, Inc.) and hemostatic gelatine
sponge (ROEKO Gelatamp, COLTENE), which therefore verified the high possibility of the safe application of
AgNPs. There was no conclusion about their cytotoxicity yet, while some reviews mentioned that AgNPs could
exhibit anti-inflammatory properties to some extent and were biocompatible with fibroblasts.*> Accordingly, a new
synergistic antibacterial system was fabricated on the basis of Ag/Ag,O heterostructures, in which the excellent
photocatalytic performance and the LT-PTT effect complemented each other, achieving robust antibacterial activity
in vitro and in vivo, and promoting the infectious skin wound healing within 8 days in the animal models when
irradiated by low power intensity 808 nm NIR irradiation.

Herein, in our work, we fabricated Ag/Ag,O heterojunctions through a facile and classical sodium borohydride
reduction method, leaving the reduced silver (Ag®) deposited on the surface of Ag,O (Figure 1).>* The physical and
chemical properties of the as-synthesized hybrid material were examined with various characterization methods,
followed by a series of evaluations in terms of its photocatalytic performance enhanced by the photothermal effect of
808 nm NIR laser irradiation. Afterward, the biocompatibility of Ag/Ag,O was evaluated by co-incubation of mouse
fibroblasts (L-929 cell lines). Finally, its boosted antibacterial activity in vitro and in vivo under the same irradiation
conditions was analyzed. We supposed that the promising outcome of NIR-triggered antibacterial activities of Ag/Ag,
O could shed light on the ongoing exploration for antibiotics-free antimicrobial strategies.

Materials and Methods

Chemicals and Materials
All chemicals were purchased from Aladdin (Aladdin Biochemical Technology Co., Ltd, Shanghai, China) unless
otherwise noted. The infrared diode laser was obtained from Changchun New Industries Optoelectronics Tech. Co., Ltd.

Preparation of Ag/Ag,O Heterostructures
Firstly, Ag,O was prepared by an ion-exchange method based on previous research with modification. In short, 0.3
M NaOH, 0.2 M AgNO;_ and 0.1 M H;BO; were thoroughly mixed in 50 mL deionized water under magnetic stirring
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Figure | Schematic illustration of the synthetic route of Ag/Ag,O and its NIR-triggered photo-responsive antibacterial activities.

overnight to ensure a complete reaction. Next, 200 mg of the as-synthesized Ag,O particles were dispersed in 40 mL
2.5x10~* M sodium citrate solution and 20 mL 2.5x10* M AgNO3 solution for 3 h. Then, 0.6 mL 0.1 M ice-cooled
NaBH, was pipetted dropwise into the solution. Afterward, the final product was washed and dried in a vacuum at room
temperature overnight.

Characterization

The surface morphology images were captured by scanning electron microscopy (SEM, Thermo Fisher Apreo 2C). The
microstructure images were obtained with transmission electron microscopy (TEM, FEI F200S) and high-resolution
TEM. X-ray diffraction (XRD) patterns were recorded using Cu-Ka irradiation ranging from 20° to 80° (Bruker D8
Advance) to determine the composition of the as-prepared samples. X-ray photoelectron spectra (XPS) were acquired
with a non-monochromatized Al-Ko X-ray source on a Thermo Fisher ESCALAB 250Xi spectrometer. UV-vis-NIR
diffuse absorbance spectra of the samples were recorded in the spectral region of 200-1000 nm with a Shimadzu UV-
3600 Plus spectrophotometer.

Photothermal Effect Assessment

Firstly, the photothermal effect of 1 mg/mL Ag/Ag,O was tested under 808 nm NIR (MDL-808, New Industries
Optoelectronics Technology, Changchun, China) irradiation of different power intensity (0.25, 0.75, and 1 W/cm?).
The changes in solution temperature during the process were monitored by a submerged thermocouple microprobe (TES-
1310, TES Electrical Electronic Corporation) and recorded every 1 min, via which the appropriate irradiation power
intensity of 808 nm NIR laser was determined for later experiments. Afterward, 1 mg/mL Ag,O and Ag/Ag,O were
irradiated by an 808 nm NIR laser at the determined power density (0.5 W/cm?) for 10 min to evaluate the photothermal
effect under such conditions. Likewise, the temperature shift was also recorded in the way mentioned above.

Photocatalytic Activity Evaluation
The recombination of photogenerated electron/hole pairs was evaluated by photoluminescence spectra (PL) via
a fluorescence spectrophotometer (Hitachi F-4100). Then, the production of ROS (-OH, -O, ) after being irradiated
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under 808 nm NIR laser (0.5 W/cm?) for 10 min was evaluated via electron spin resonance (ESR) spectrometer (Bruker
EMX-Plus) with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) being the spin trap agent. Finally, the photocatalytic
activities of each group were further assessed utilizing an organic dye (methylene blue, MB) degradation model.
Specifically, | mg/mL of each sample was added into 20 ppm MB solution with or without NIR irradiation (808 nm,
0.5 W/cm?) for 90 min. Subsequently, 200 uL of the suspension was collected every 10 min. Then it was centrifuged, the
supernatant of which was added into a 96-well plate to measure the optical density (OD) values of MB at 664 nm with
a spectrometer (Multiskan Go, Thermo, USA) to determine the concentration of MB. Similar experiments on the
degradation of MB of Ag/Ag,O+NIR were also carried out in an ice bath. To test the storage stability of the as-
synthesized Ag/Ag,0, the samples were first stored at room temperature without special protection from light. Then, the
photocatalytic activity of newly fabricated Ag/Ag,O (Fresh) and stored Ag/Ag,0O (Old) was compared. Also, the activity
stability of Ag/Ag,O was evaluated for 4 runs. After the first photocatalytic degradation process was done, the solution
was centrifuged (10,000 r/min, 10 min) and washed three times to separate Ag/Ag,O, which was then used in later
repeated experiments.

Antibacterial Activities on Planktonic Bacteria

Staphylococcus aureus (S. aureus) was employed to evaluate the antibacterial activities by the plate counting method. To
reach the logarithmic growth period, S. aureus was cultured in BHI broth at 37°C overnight. Next, experiments were
conducted with different samples with or without NIR irradiation (808 nm, 0.5 W/em?). In brief, different materials of
1 mg/mL were separately added into the 10 mL bacterial suspension and underwent various treatments for 10 min, after
which the suspension was diluted 10° times and dispersed onto BSA agar plates. Then, bacterial colonies were counted
after incubation at 37°C for 24 h. The bactericidal efficiency of each group was calculated as the equation:
Antibacterial Rate (%) = % x100%, where A, and A were the number of bacterial colonies before and after treatment,
respectively.

Antibacterial Activities on Bacterial Biofilms

Glass slices were separately placed in a 24-well plate, on which S. aureus was seeded with 1% sucrose-containing BHI
broth for 2 d to develop biofilms, during which the medium was changed every other day. On the third day, the medium
was removed, and different materials of 1 mg/mL were added separately into the wells, followed by different treatments
mentioned above. After treatment, the glass slices were rinsed with 0.9% saline three times. Live and dead bacteria were
stained with Live/Dead bacterial viability fluorochrome according to the manufacturer’s instruction and observed with
confocal laser scanning microscopy (OLYMPUS FV 1200, Japan). The resulting fluorescence intensity was measured by
Imagel, based on which the antibacterial ability of biofilms was calculated.

Biocompatibility Assessment

Mouse fibroblast cells (L-929 cells) were purchased from the American Type Culture Collection (USA) and were
selected as the model cell to evaluate cell proliferation, survival, and migration in vitro in the presence of Ag/Ag,O by
CCK-8 assay and cell migration assay. L-929 cells were cultured with Dulbecco’s modified eagle medium (DMEM)
containing 14% FBS and 1% Penicillin-Streptomycin at 37°C. For the CCK-8 assay, L-929 cells were firstly inoculated
into a 96-well plate at a density of 3x10* cells per well for 24 h. Then the medium was replaced by that mixed with
different concentrations of Ag/Ag,O (0, 10, 20, 50, 100 pg/mL). The cell proliferation after 24-hour incubation was
detected by CCK-8 according to the manufacturer’s instructions, and the OD value at 450 nm was recorded with
a spectrophotometer. As for cell migration assay, L-929 cells were seeded into the upper chambers of a 24-well transwell
plate (Corning, USA) at a density of 10* cells per well, and DMEM containing different concentrations of sterilized
Ag/Ag,0 (0, 10, 20, 50, 100 ng/mL) were added into the lower chambers. After 24 h, the migrated cells were fixed with
4% paraformaldehyde, stained with 0.1% crystal violet, and imaged with a stereo microscope (SZX16, OLYMPUS). The
total amount of migrated cells was counted via ImageJ and analyzed.
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Infectious Skin Wound Healing Promotion in vivo

All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Sichuan University. Antibacterial activities in vivo were studied on infectious skin wound animal
models (approved by West China Hospital of Stomatology Ethics Committee, Sichuan University, NO. WCHSIRB-
D-2022-395). Male Sprague-Dawley (SD) rats (6—8 w, 100-120 g) were adapted, on which infectious skin wound was
built by removing the dorsal skin of rats in the diameter of 7 mm, followed by spraying 100 pL S. aureus (~1.5x10% CFU/
mL) suspension onto it and covered with a pad film dressing (3M™ Tegaderm™) for 24 h. Subsequently, the rats were
divided into four groups randomly: control, NIR, Ag/Ag,0, and Ag/Ag,O+NIR (n>3). In the Control group, the mice
received no special treatment, while in the NIR group, the mice were treated with 0.5 W/cm? 808 nm NIR irradiation for
10 min. In the Ag/Ag,O group, | mL Ag/Ag,0 suspension of 1 mg/mL was added dropwise to the infectious wound
area. Moreover, in the Ag/Ag,O+NIR group, the mice were treated with Ag/Ag,O suspension of the same volume and
concentration under the same NIR irradiation condition mentioned above. The wounds were photographed every 2 d, and
the areas were measured with ImageJ. The healing ratio (HR) was calculated as the equation: HR (%) = % % 100%, in
which A, represented the area of the initial wound, and A represented the wound area at the selected time point. On day
8, the rats were sacrificed, and the dorsal skin tissues were retrieved. The sample slices were later used for hematoxylin/
eosin (H&E) staining and Masson trichrome staining, followed by observation with an optical microscope for histolo-
gical analysis. From the H&E-stained slides, inflammatory cells were counted in five randomly selected fields (100x)
according to previous studies.*

Statistical Analysis

All numerical data were statistically analyzed with GraphPad Prism (Version 9.0.0, GraphPad Software, San Diego, CA,
USA). The data were reported as the mean + standard deviation (SD), and the results were contrasted via ANOVA. A value of
P < 0.05 was considered statistically significant. Statistical significance: *p < 0.05, **p <0.01, ***p <0.001. ****p <(0.0001.

Results and Discussion

Sample Synthesis and Characterization
Ag/Ag,0 was successfully synthesized in a facile and easily accessible way. In some other studies, Ag/Ag,O was either
fabricated by the partial decomposition of Ag,O under high temperature or by photoreduction using a high-powered

xenon lamp,*¢-’

which made the process hard to manipulate. However, in this study, Ag/Ag,O was synthesized in the
way of facile reaction conditions, accessible reagents, and controllability, for which the formation of the heterostructures
might be capable of being modulated by the researcher’s ideas. SEM images of commercial Ag,O and synthesized
Ag/Ag,0 particles are exhibited in Figure 2a and b to show the particle morphology. The TEM and HRTEM images of
Ag,0O (Figure 2c¢, d) implied that the particles were uniform and highly crystalline, with a lattice fringe at 0.270 nm,
which could be attributed to the (111) plane of Ag,O. Additionally, TEM and HRTEM images of Ag/Ag,0O (Figure 2e
and f) indicated that the lattice fringes at 0.204 nm and 0.270 nm corresponded well to the (200) plane of metallic Ag and
(111) plane of Ag,0, respectively. XPS was employed to analyze the chemical state and surface elemental composition
of Ag,0O and Ag/Ag,0, and the results are shown in Figure 2g-j. The entire XPS spectrum of Ag,O and Ag/Ag,0 is
observed in Figure 2g and h, respectively, in which the peaks of C, O, and Ag were found. XPS spectra confirmed that
the samples were primarily composed of silver (Ag) and oxygen (O), and the characteristic peak of O 1s was separated.
The O 1s XPS spectrum (Figure 2i and j) has seen a slight increase in metal oxides content of Ag/Ag,0 (13.79 at%) in
comparison with Ag,O (12.28 at%). XRD patterns of the Ag,O and Ag/Ag,O (Figure 2k) displayed a series of
diffraction peaks, which could be generally assigned to the cubic phase of Ag,O (JCPDS card No.43-0997). Besides,
the peaks at 38.116°, 44.277°, and 64.426° of Ag/Ag,0 samples were attributed to metallic Ag according to JCPSDS file
No.04-0783.%®3% A possible reason that the diffraction peak of Ag® was also found in the samples of Ag,O could also be
attributed to its intrinsic unstableness. These results implied the coexistence of Ag and Ag,O in the synthesized samples
and suggested the possible formation of the heterojunction structures, laying a solid foundation for the future boost of
photo-responsive performance. UV-Vis-NIR spectra (Figure 21) demonstrated that both Ag,O and Ag/Ag,O had the
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Figure 2 Characterization of Ag/Ag,O heterostructures. SEM images of Ag,O (a) and Ag/Ag,O (b). The insets are the digital photographs of Ag,O and Ag/Ag,0O,
respectively. TEM (c) and HRTEM (d) images of Ag,O. TEM (e) and HRTEM (f) images of Ag/Ag,O. XPS survey spectra of Ag,O (g) and Ag/Ag,O (h). O Is XPS spectra of
Ag,0O (i) and Ag/Ag,O (j). (The insets show the chemical composition of O Is of the spectrum.) (k) X-ray diffraction patterns of Ag;O and Ag/Ag,O. (I) UV-Vis-NIR
absorbance spectrum of Ag,O and Ag/Ag,O.

ability of broad-spectrum light response, ranging from ultraviolet to near-infrared (200-1000 nm), while Ag/Ag,
O exhibited more substantial absorbance of NIR light, implying subsequent better NIR-responsive performance of
Ag/Ag,0.

Photothermal Effect and Photocatalytic Performance

With many previous studies focusing on the photocatalytic performance of Ag,0,'¢:!74%:4!

the photothermal effect of it
and Ag/Ag,O under 808 nm NIR laser irradiation was studied for the first time to our knowledge. Firstly, the
photothermal effect of Ag/Ag,O under 808 nm NIR laser irradiation at different power intensities was evaluated
(Figure 3a), from which we could tell that the local temperature of 1 mg/mL Ag/Ag,O suspension increased to
a different extent when illuminated by 808 nm laser at a power density of 0.25, 0.5, and 1 W/cm?, and the power
intensity of 1 W/cm? exhibited the most improvement in temperature within 10 min, the figure of which climbed up to
52.8°C. However, as local hyperthermia (>50°C) was generally known to have the potential to cause apoptosis of nearby
normal tissue,** we chose 0.5 W/cm? as the irradiation power density of later experiments. As shown in Figure 3b, the
0.5 W/cm? 808 nm laser could hardly heat the water, while for the Ag,O-containing solution, the temperature accelerated
to 33.5°C. By contrast, with the existence of Ag/Ag,0, the temperature of the solution climbed up to 44°C under the
same irradiation conditions, demonstrating that Ag/Ag,O was more efficient in transforming the laser energy into heat,
probably owing to the LSPR effect of the loaded Ag® %3044

Photoluminescent spectra (PL) were employed to prove that the coexistence of Ag nanoparticles could boost the
photocatalytic efficiency of Ag,O by decreasing the recombination of photogenerated charge carriers. As shown in
Figure 3c, Ag,0 exhibited a strong emission peak in the spectra. In contrast, for Ag/Ag,O, the peak intensities decreased,
suggesting a smaller probability of electron-hole pairs’ recombination and reinforced photocatalytic efficiency.>® What
is more, ESR spectra obtained from the reaction system after illumination are shown in Figure 3d and e. Upon being
irradiated under 808 nm laser (0.5 W/em?) for 10 min with the attendance of Ag,0, the characteristic four-line spectrum
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Figure 3 Characterization of photothermal effect and photocatalysis. (a) Temperature-time curves of Ag/Ag;O (I mg/mL) under 808 nm NIR laser irradiation of different
power intensities. (b) Temperature-time curves of different samples under 808 nm NIR laser irradiation (0.5 W/cmz). (c) Photoluminescence spectra of Ag,O and Ag/Ag,
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degradation within 90 min without NIR irradiation (f) and with 0.5 W/cm? 808 nm NIR laser irradiation (g). (h) Schematic illustration of the synergistic photocatalysis and
photothermal effect for Ag/Ag,O’s photo-responsive process.

of *OH with relative intensities of 1:2:2:1 appeared. When Ag/Ag,0O hybrids were added, the signal intensity of *OH
increased to about 1.4 times higher than that of Ag,O. A similar trend was also seen in the spectra of *O, (Figure 3e), in
which the signal intensity of Ag/Ag,O was about 1.5 times stronger than that of Ag,0. It therefore could be indicated
that both *OH and *O, could be generated both in the existence of Ag,O and Ag/Ag,O during 808 nm NIR laser
irradiation and that deposition of Ag onto Ag,O enhanced photogeneration of ROS.

Methylene blue (MB) has been prevalently used as an organic dye model to test the photocatalytic efficiency of
photocatalysts,** so the photocatalytic activities of Ag/Ag,O were also investigated for MB degradation under such
illumination conditions. As shown in Figure 3f, when there was no NIR trigger, the MB solution seldom degraded with
any sample within 90 min. Meanwhile, it is demonstrated in Figure 3g that an 808 nm laser at a power intensity of 0.5 W/
cm? barely had any influence on the degradation of MB. By contrast, with the attendance of Ag,O or Ag/Ag,0, the
photo-responsive activities of photocatalysts extensively bolstered the degradation process. Between them, Ag/Ag,
O attained more satisfying results, leading to nearly 100% degradation of MB within 90 min under 0.5 W/cm? NIR
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irradiation. In comparison, the degradation rate for the Ag,O group under the same conditions was 82.1%. The fact that
neither Ag,O nor Ag/Ag,0 could degrade MB in the dark indicated that the declination of MB was primarily assigned to
the photo-responsive effects. To further explore the underlying mechanism for Ag/Ag,O degrading MB, experiments
were repeated in the ice bath (Figure 3g), the outcome of which showed that when hindering the local temperature
increase, the degradation rate of Ag/Ag,0O after 90 min plummeted from 100% to 82.1%. As for the storage stability
(Figure S1A), it was manifested that after usual storage for 15 d, the photocatalytic degradation activity of Ag/Ag,
O (97.5%) did not have a noticeable decrease in comparison with freshly made samples (100%), from which it could be
inferred that Ag/Ag,O was stable at room temperature within 15 days. What is more, there was no significant change in
the photocatalytic degradation of MB after 4 experimental cycles for Ag/Ag,O (Figure S1B), indicating that Ag/Ag,
O had good stability in photo-responsive reactions.

From the studies mentioned above, here came the conclusion that although the temperature at around 45°C alone had
no significant impact on the degradation of MB, it could enhance the photocatalytic process of Ag/Ag,0, in which the
yield of *OH as well as *O, outcompeted Ag,O. Based on the results above, we supposed that the possible mechanisms
for the enhanced photocatalytic performance of Ag/Ag,0O heterostructures lie in the: 1) with the deposition of Ag on the
surface of Ag,0, the formation of heterojunction structures made the separation of photogenerated charge carriers more
efficiently, which reduced their recombination, leading to further photocatalytic efficiency acceleration; 2) the tempera-
ture rise resulted from the LSPR effect of Ag nanoparticles further enhanced the photocatalytic reaction, possibly by
improving the separation of photogenerated charge carriers and the electric field of the surface of Ag.’*>? The
illustration of the proposed mechanism is shown in Figure 3h.

Antibacterial Assessment

To investigate the antibacterial activities of the samples, S. aureus was chosen as the model bacteria. Firstly, from
Figure 4a-c, we could tell that a mere NIR laser at a power intensity of 0.5 W/cm? barely influenced bacterial viability
within 10 min. Nevertheless, when incubated with 1 mg/mL Ag,0, the antibacterial rate ascended to 29.7% and 45.8%
without or with NIR laser irradiation, respectively. As for Ag/Ag,0O heterostructures, when there was no 808 nm laser
irradiation as a trigger, 54.3% of the bacteria was killed, showing a significant increase compared with the Ag,O group
(P < 0.01), which indicated that the deposition of AgNPs contributed to the antibacterial activity of Ag/Ag,
O. Impressively, once the bacteria suspension was incubated with Ag/Ag,O under the activation of 808 nm laser (0.5
W/cm?), the antibacterial rate increased to 98%, about 2.14 and 1.8 times higher than that of Ag,O+NIR and Ag/Ag,
O respectively, validating the enhanced antibacterial activities of Ag/Ag,O under NIR irradiation in comparison with Ag,
O. Additionally, SEM images of S. aureus before and after the treatment of Ag/Ag,O+NIR are provided in Figure 4d. It
was obvious that the bacteria had intact structures before the treatment, while the integrity was destroyed, and the
bacteria became wrinkled after the treatment. It has been mentioned in previous studies that the accumulation of local
temperature would increase the bacterial membrane permeability, which thus would lead to further damage of ROS to
bacteria.” Therefore, it was suggested that during the antibacterial process of Ag/Ag,O under 0.5 W/cm? 808 nm NIR
laser irradiation, the local temperature increase, on the one hand, made bacteria more vulnerable; on the other hand, it
helped with the ROS production, which then ruined the integrity of bacteria and finally killed them.

The S. aureus biofilm model was chosen to verify the biofilm elimination ability of the samples. As CLSM images
after LIVE/DEAD staining and the related data analysis results shown in Figure 4e and f, when there was no treatment or
with only NIR laser, the biofilm remained nearly intact, with which SEM images after treatment corresponded well
(Figure 4g). When there was no trigger of 808 nm laser irradiation, neither Ag,O nor Ag/Ag,O showed satisfying
antibacterial and biofilm eradication effect, in CLSM images of which the signal intensity of dead bacteria remained at
19.9% (Agy0O) and 21.5% (Ag/Ag,0), accompanied by the comparatively integral biofilm in SEM images. Once
activated by 808 nm laser (0.5 W/cm?), the Ag,O+NIR group realized a boosted antibacterial effect, the antibacterial
rate of which climbed to ~30.8%. By contrast, the figure of the Ag/Ag,O+NIR group raised to ~53.8%, showing 2.5
times higher antibacterial efficiency in comparison with sole Ag/Ag,O (P < 0.05). Additionally, we could tell from the
SEM images of Ag/Ag,O+NIR that most of the biofilm has been eradicated, possibly due to the consequential biofilm
degradation after bacterial death, which could also explain that the overall signal intensity in CLSM images was
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Figure 4 Antibacterial activity against planktonic bacteria and biofilms. Representative photographs of the colony-forming unit of Staphylococcus aureus after treatment of
each group in the absence (a) and presence (b) of 808 nm NIR laser irradiation (0.5 W/cm?). (c) Correspondent statistical analysis of each group. (d) Representative SEM
images of bacteria before and after being treated with Ag/Ag,O under 808 nm NIR laser (0.5 W/cmz) for 10 min. Representative confocal images of Live/Dead assay (e) and
correspondent antibacterial rate of bacterial biofilms being treated with each group (f). (g) Representative SEM images of the remained bacterial biofilms after treatment of
each group. (h) Schematic illustration of the antibacterial process of Ag/Ag,O under NIR irradiation (*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001).

relatively low. Combined with the results above, we believed that Ag/Ag,O exhibited outstanding antibacterial perfor-
mance and bacterial biofilm eradication capability when triggered by NIR light, giving credit to the synergistic effect of
photocatalysis and LT-PTT, and the proposed scheme is depicted in Figure 4h.

Cytotoxicity and Biocompatibility in vitro

Fibroblast L-929 cells were used to evaluate the biocompatibility and cytotoxicity of Ag/Ag,O heterostructures in vitro by
CCK-8 assay and cell immigration experiments (Figure 5a). The results of CCK-8 assay (Figure 5b) demonstrated that the
overall trend of L-929 cells was to proliferate from day 1 to day 3 and decreased from then on to day 5 when incubated with
Ag/Ag,O at low concentrations, but 200 pg/mL of Ag/Ag,O presented an inhibition effect from the very beginning.
Likewise, when the incubated Ag/Ag,O was at low concentrations, the number of migrated cells was similar to that of the
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Figure 5 Cytotoxicity and biocompatibility assessment. (a) Schematic illustration of the experiments of evaluating cytocompatibility of Ag/Ag,O in vitro. (b) CCK-8 assay
results after being co-cultured with Ag/Ag,O at different concentrations (0, 25, 50, 100, 200 pg/mL). The number of migrated cells (c) and representative transwell assay
images (d) of Ag/Ag,O at different concentrations (**P < 0.01, ***P < 0.001, ****P < 0.0001).

control group (P > 0.05), while the migration was inhibited at concentrations of 100 and 200 ug/mL (Figure 5c and d). It
turned out that the biocompatibility of Ag/Ag,O was not that ideal. However, it should be noted that the cytotoxicity/
biocompatibility are less vital for those externally applied materials, as they were just sprayed or dropped directly onto the
lesion areas, other than being introduced to the whole body and major organs via intravenous injection or oral uptakes.”
Besides, the local cytotoxicity generated by water-insoluble solid nanomaterials was quite constricted due to their poor
diffusion ability.* Moreover, it has been reported that the cytotoxicity caused by silver nanoparticles was dependent on their
intracellular accumulation, from which it could be clued that in our later practical application when the contact time was
limited to 10 min, the cytotoxicity of Ag/Ag,O was acceptable to some extent. Later, histochemical analysis of the wound
skin samples of S. aureus infection also suggested that Ag/Ag20 exhibited more promotion during the healing process than
local toxicity-induced tissue damage. Together with these results, we could suggest that considering biocompatibility, future
exploration of Ag/Ag,O for biomedical applications could take strategies to diminish its cytotoxicity while sustaining its
effective antibacterial performance. To consider future biomedical applications, we may employ biocompatible materials to
encapsulate the particles and fabricate a controlled antibacterial platform to lessen its concentration-dependent cytotoxicity.
Recent studies have proved it feasible to impregnate AgNPs into a biocompatible hydrogel, not only remaining the strong
antibacterial activity of AgNPs but also reducing their cellular toxicity.”> Also, the functionalization of nanomaterials has
been proven to be useful for the reduced cytotoxicity of nanomaterials without the hindrance of their beneficial effects.>®
Additionally, both encapsulation and functionalization could endow the nanomaterials with new properties, further broad-
ening the practical application of the materials. Moreover, since silver has been widely applied in the biomedical field, such
as antimicrobial agents, drug-delivery carriers, medical device coatings, tissue regeneration, and so on,”’” we supposed that
Ag/Ag,0 could find a way to optimize its biocompatibility for better biomedical application.

In vivo Infected Wound Healing Promotion

S. aureus-infected Sprague-Dawley mice (aged 6~8 w) were employed as model animals to assess the antibacterial efficacy of
Ag/Ag,O heterostructures under 808 nm laser irradiation in vivo. The procedures are illustrated in Figure 6a, and the
representative images of the wounds and corresponding statistical analysis are displayed in Figure 6b and c, respectively. From
these results, we could tell that the overall wound contraction rate in all four groups rose gradually with time, among which
Ag/Ag,O+NIR exhibited the most effective promotion, achieving a 99.96% decrease in wound area at day 8. The wound area
decreased by 70.62% for the Control group and 83.44% for the NIR group (808 nm, 0.5 W/cm?) after 8 days, both of which were
significantly less compared with the result of the Ag/Ag,O+NIR group. As for Ag/Ag,0 group, the decreased wound area was
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approximately 1.3 times larger than the Control group (~94.57%), although there was no significant difference compared with the
Ag/Ag,O+NIR group. H&E staining (Figure 6d) further demonstrated the change of the skin tissue on the 8th day, from which it
was clear that in both the control and NIR group, the hierarchical structures of skin had been damaged, accompanied by severe
inflammatory cell immersion and a large quantity of neo-vascular formation (pointed with red arrows). However, from the
histochemical level, we could tell the latter group had seen nearly complete re-epithelialization with normal skin tissue hierarchies,
which hinted that although the wound contracted to some extent in the Ag/Ag,0 group, the wound healing promotion remained to
be unsatisfactory. On the contrary, it could be observed that in Ag/Ag,O+NIR group, the whole skin tissue realized orderly healing
of full skin layers, including the formation of epidermal ridges and dermal papillae (pointed with white arrows and green arrows),
symbols of the tighter connection between the epidermal layer and the dermal layer. Specifically, the inflammatory cells in the
H&E-stained slides were statistically analyzed. From the results (Figure 6e), it was shown that when there was no light irradiation,
the Ag/Ag,O group exhibited boosted wound healing promotion and a lower level of inflammation compared with the Control
group (P < 0.0001). When given NIR irradiation (808 nm, 0.5 W/cm?) for 10 min, there was still no significant change in the
inflammation level of the Control+NIR group compared with the Control group. As for the Ag/Ag,O+NIR group, when given the
same light irradiation, the inflammation cells decreased by ~35.7% in comparison with the Ag/Ag,O group (P <0.05) and ~72.9%
in comparison with the Control+NIR group (P < 0.001), showing the enhanced inflammation amelioration of this group. The
representative Masson trichrome staining images (Figure 6f) also exhibited a similar trend, in which the skin tissues of the Ag/Ag,
O+NIR group showed abundant collagen fiber deposition. These results were in good accordance with previous antibacterial
assessments in vitro and infectious wound contraction in vivo, which further verified the improved antibacterial activity of Ag/Ag,
O under 0.5 W/cm? 808 nm NIR irradiation and the consequent infectious wound healing promotion. Therefore, it could be
concluded that among all groups, the Ag/Ag2O+NIR group saw the most wound contraction within 8 days and acquired nearly
complete wound healing from a histochemical level.

Conclusion

Overall, Ag/Ag,0O was fabricated through a facile two-step method without special facilities and harsh conditions. With
photo-responsibility under 808 nm NIR laser irradiation, Ag/Ag,0 then acted as an effective bactericidal agent with the
synergistic effect of LT-PTT and photocatalysis. The mild local temperature increase boosted the photocatalytic
performance of Ag/Ag,O and the resultant ROS generation. The results of in vitro experiments indicated that the
excellent NIR-triggered ROS production and temperature accumulation of Ag/Ag,O improved the antibacterial effi-
ciency, which outperformed Ag,O, an intrinsic narrow band gap semiconductor. In addition, although Ag/Ag,0O exhibited
cytotoxicity at higher concentrations in vitro, it effectively enhanced the wound contraction in an infectious skin wound
model, the tissue of which group exhibited approximately complete re-epithelialization from the histochemical level.
Consequently, it was proved that Ag/Ag,O could act as a promising bactericidal agent for infectious wound treatment and

skin regeneration.

Abbreviations
NIR, near-infrared; ROS, reactive oxygen species; LSPR, local surface plasmon resonance; MB, methylene blue; LT-
PTT, low-temperature photothermal therapy.
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