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Abstract

Bacterial infection in skin and soft tissue has emerged as a critical concern. Overreliance on antibiotic therapy has
led to numerous challenges, including the emergence of multidrug-resistant bacteria and adverse drug reactions.
It is imperative to develop non-antibiotic treatment strategies that not only exhibit potent antibacterial properties
but also promote rapid wound healing and demonstrate biocompatibility. Herein, a novel multimodal synergistic
antibacterial system (SNO-CS@MoS,) was developed. This system employs easily surface-modified thin-layer MoS,
as photothermal agents and loaded with S-nitrosothiol-modified chitosan (SNO-CS) via electrostatic interactions,
thus realizing the combination of NO gas therapy and photothermal therapy (PTT). Furthermore, this surface
modification renders SNO-CS@MoS, highly stable and capable of binding with bacteria. Through PTT's thermal
energy, SNO-CS@MoS, rapidly generates massive NO, collaborating with PTT to achieve antibacterial effects.

This synergistic therapy can swiftly disrupt the bacterial membrane, causing protein leakage and ATP synthesis
function damage, ultimately eliminating bacteria. Notably, after effectively eliminating all bacteria, the residual
SNO-CS@MoS, can create trace NO to promote fibroblast migration, proliferation, and vascular regeneration,
thereby accelerating wound healing. This study concluded that SNO-CS@MoS,, a novel multifunctional
nanomaterial with outstanding antibacterial characteristics and potential to promote wound healing, has promising
applications in infected soft tissue wound treatment.
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Introduction

In clinical dermatology, skin and soft tissue infections
(SSTIs) are prevalent infectious disorders [1]. Open skin
wounds are susceptible to bacterial invasion, resulting
in wound infections that can lead to multiple adverse
effects [2]. In mild cases, it delays tissue healing, lead-
ing to disease chronicity and an increased medical bur-
den. In more extreme instances, life-threatening systemic
problems may occur [3, 4]. Antibiotic therapy is currently
the primary treatment strategy for SSTIs. Neverthe-
less, antibiotics used for SSTIs have certain limitations.
First, the anti-infective effects of antibiotic therapy are
limited. Microorganisms are prone to acquiring mul-
tidrug resistance due to antibiotic misuse and abuse [5,
6], which has emerged as a major public health threat in
the 21st century [7]. Antibiotic overuse can cause toxic
and side effects on the body [8], such as liver injury [9,
10] and liver failure [11, 12]. In addition to failing to
promote early wound closure, using antibiotics alone
in SSTIs treatment prolongs the period of wound care
and increases the risk of secondary infection. There-
fore, there is an urgent need to develop highly antibac-
terial, non-antibiotic treatment strategies that facilitate
the rapid recovery of infected wounds and possess good
biocompatibility.

Photothermal therapy (PTT) is a novel approach that
utilizes photothermal agents (PTAs) to convert the opti-
cal energy of near-infrared (NIR) light into localized
physical heat energy. This heat energy is effective in anti-
bacterial therapy as it causes bacterial cell membrane
rupture and protein denaturation. PTT has gradually
emerged as an ideal therapeutic strategy to replace antibi-
otic therapy [13] due to its broad-spectrum antibacterial
activity, absence of multidrug resistance [14], and deeper
tissue penetration with good biosafety of NIR light [15].
Among the representative 2D transition metal sulfides,
Molybdenum (IV) disulfide (MoS,) has gained recogni-
tion as one of the best candidates for photothermal anti-
bacterial agents owing to its good biocompatibility, high
photothermal conversion efficiency, large surface area,
and easy surface modification [16]. However, using MoS,
alone for PTT also leads to several key problems. (1) Poor
photothermal stability of MoS, nanosheets under physi-
ological conditions significantly restricts their application
in vivo. (2) Low concentration of MoS, exhibit limited
heating performance. To achieve optimal antibacterial
effects, a high concentration of MoS, is often required
to sustain local temperatures of 70 °C and above for an
extended duration of thermotherapy [17]. However, it’s
worth noting that most histocytes have lower heat resis-
tance compared to bacteria [18, 19]. Consequently, PTT

relying on a high concentration of MoS, carries a sub-
stantial risk of damaging surrounding healthy tissues. (3)
MoS, photothermal therapy can disrupt the microvascu-
lature, thereby affecting the healing process of infected
wounds. To address these issues, numerous studies have
explored various approaches such as hydrophobic modi-
fication [20], lysozyme functionalization [21] and antibi-
otic loading [22] on the surface of MoS, nanosheets to
achieve multimodal synergistic low-temperature PTT.
However, these approaches continue to face obstacles,
including their inability to promote rapid wound healing
and low biocompatibility. Therefore, there is an urgent
need to investigate a novel synergistic therapeutic sys-
tem that can enhance the antibacterial impact of MoS,
PTT while significantly improving the healing of infected
wounds with good biocompatibility.

Gas therapy is a novel strategy that uses endogenous
signaling molecules for disease treatment [23]. It has
been extensively researched in the biomedical field due to
its multiple advantages, including high efficiency, safety,
low toxicity, and minimal side effects [24]. Nitric oxide
(NO) is considered a highly effective broad-spectrum
antibacterial agent that does not exhibit drug resistance.
It can directly kill bacteria through a series of unique
pathways. Unlike the antibacterial mechanism of con-
ventional antibiotics [25], high concentrations of NO
react with superoxide (O,) to generate peroxynitrite
(ONOO)), leading to rapid bacterial apoptosis through
DNA deamidation, lipid peroxidation [26, 27] and abnor-
mal protein function caused by S-nitrosylation [28, 29].
The current study indicated that NO molecules can syn-
ergize with PTT to achieve effective antibacterial activity
[30]. In addition to its antibacterial effects, low concen-
trations of NO have also been shown to promote rapid
wound healing. The mechanism can be summarized as
follows: (1) triggering and transducing of cell prolifera-
tion and differentiation through the activation of mito-
gen-activated protein kinase and fibroblast proliferation
[31]; (2) mediating angiogenesis by promoting endothe-
lial cell proliferation and expressing pro-angiogenic fac-
tors [32]; (3) enhancing peripheral tissue nutrient supply
by improving blood flow, increasing vascular permeabil-
ity [33] and inducing wound epithelization by promot-
ing fibroblasts migration and proliferation at the wound
site, thereby significantly expediting the repair and heal-
ing of diseased tissues. In conclusion, based on the excel-
lent performance of NO gas therapy in antibacterial and
promoting the rapid healing of infected wounds, We
predicted that the combination of NO gas therapy and
MoS, photothermal antibacterial therapy could establish
a non-antibiotic therapeutic system that not only has an
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antibacterial effect but also accelerates the rapid healing
of infected wounds.

Although NO gas therapy can enhance the antibacte-
rial activity of PTT and significantly accelerate the heal-
ing process of infected wounds, its gas properties, short
half-life (~5 s), and limited diffusion radius (~200 pm)
[34] pose challenges for the controlled release of NO at
the site of lesion. To address the issue of controlled NO
delivery, several NO gas donor molecules have been
developed. These donors can release NO in response to
specific stimuli, such as high temperature [35], ascorbic
acid [36] and enzymes [37]. However, achieving con-
trolled NO release remains difficult due to the widespread
availability of ascorbic acid and enzymes in vivo. In com-
parison to ascorbic acid- and enzyme-mediated NO
release, photothermal-mediated NO release has attracted
extensive attention because of its superior temporal
and spatial control [25]. S-nitrosothiol (RSNO) is a new
small-molecule NO gas donor that can rapidly generate
NO via photothermal responsiveness [38]. Furthermore,
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under physiological conditions in vivo, RSNO can spon-
taneously break down slowly and yield low concentra-
tions of NO molecules. These characteristics indicate
that RSNO has the potential to synergistically enhance
antibacterial activity, promote angiogenesis, and expedite
wound healing through the controlled release of NO.

In conclusion, a novel multimodal synergistic anti-
bacterial system can be developed by combining RSNO
with MoS,, which harnesses the therapeutic potential
of NO gas therapy and MoS, PTT. To efficiently com-
bine RSNO with MoS, and further improve MoS, sta-
bility under physiological conditions, this study first
chemically grafted RSNO onto chitosan (CS) to prepare
SNO-modified chitosan (SNO-CS). Subsequently, SNO-
CS was electrostatically adsorbed onto the surface of
mono- and few-layer MoS, nanosheets to successfully
construct SNO-CS@MoS, (Scheme 1 A). Owing to the
ingenious combination of the excellent performances of
MoS,, PTT, and NO gas therapy, we hypothesized that
SNO-CS@MoS, will exhibit the following characteristics:
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Scheme 1 A) the preparation of SNO-CS@MoS,; B) PTT- controlled rapid release of a large amount of NO synergized with PTT for efficient antibacterial

activity;

C) stable slowly release of trace amount of NO under physiological conditions promotes fibroblasts migration, proliferation and vascularization
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(1) superior photothermal stability and bacterial bind-
ing properties; (2) PTT-controlled rapid release of a large
amount of NO, and stable slow release of trace amounts
of NO under physiological conditions; (3) high concen-
tration of NO synergized with PTT for efficient antibac-
terial activity; (4) low concentration of NO significantly
promotes fibroblasts migration, proliferation, and vascu-
larization (Scheme 1B-C).

Materials and methods
Materials
MoS, was acquired from Nanjing XFNANO Materi-
als Tech Co. Ltd. CS (Deacetylation degree 90%) was
obtained from Shanghai yuanye Bio-Technology Co.
Ltd. Tetrabutylammonium hydroxide (~25% in H,0),
N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride (EDCI), p-toluenesulfonic acid, 3-mer-
captopropionic acid, methanol, N-hydroxy succinimide
(NHS), N-methylpyrrolidone (NMP), N, N-dimethylfor-
mamide (DMF), and tert-butyl nitrite were purchased
from Aladdin Biochemical Technology Co., Ltd. (China).
Mouse fibroblasts (1L929), Human umbilical vein endo-
thelial cells (HUVECs), Escherichia coli (E. coli, ATCC
25,923), and Staphylococcus aureus (S. aureus, ATCC
25,922) were obtained from the American Type Culture
Collection (ATCC). Methyl thiazolyl diphenyl-tetrazo-
lium bromide (MTT), Griess reagent kit, ATP assay kit,
BCA Protein assay kit, 3-Amino,4-aminomethyl-2,7’-
difluorescein diacetate (DAF-FM DA), and Calcein/PI
cell viability/cytotoxicity assay kit were purchased from
beyotime biotechnology (China). Live/dead bacteria dou-
ble staining kit was obtained from Shanghai Beibo Bio-
technology Co. Ltd. Mouse anti-CD31 and anti-VEGFa
were bought from proteintech (China).

Preparation and characterization of MoS, nanosheets

MoS, nanosheets were prepared by liquid-phase exfo-
liation. First, bulk MoS, was dispersed in a tetrabutylam-
monium hydroxide (TBAOH) solution at a concentration
of 5 mg mL and stirred overnight at room temperature
to reduce the interlayer forces between the MoS, sheets.
Afterwards, the bulk MoS, was rinsed twice with etha-
nol to remove residual TBAOH. The resulting precipitate
was collected in a 50 mL centrifuge tube and dispersed
in an 80% aqueous solution of NMP. The precipitate
was then completely dispersed through bath sonica-
tion, and subsequently exfoliated into MoS, nanosheets
using probe sonication (JY92-IIDN, Scientz) for 10 h
with a 3 s on/off cycle. The solution was centrifuged for
45 min at 5000 rpm to remove any unexfoliated MoS,
particles. The resultant supernatant, containing the exfo-
liated nanosheets, was further centrifuged at 15,000 rpm
for 30 min to remove excess organic solvent. Finally, the
obtained precipitate was re-dispersed in deionized water,
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resulting in a transparent and homogeneous dark-green
solution of MoS, nanosheets. The structure of MoS,
nanosheets was characterized using a UV-visible pho-
tometer (Ultrospec 7000, Biochrom) and Raman spec-
trometer (Horiba Evolution, HORIBA Scientific). The
surface morphology of MoS, nanosheets was observed
using scanning electron microscopy (SEM, SU8010,
HITACHI) and transmission electron microscopy (TEM,
FEI Tecnai G2 F20, Thermo Fisher). The particle size and
zeta potential of MoS, were analyzed using a malvern
particle size analyzer (Zetasizer Nano ZS-90, Malvern
Panalytical).

Preparation and characterization of SNO-CS@MoS,

As previously reported, 3-(nitroso) propionic acid (SNO)
was initially produced prior to the synthesis of SNO-CS
[39]. Briefly, an excess of tert-butyl nitrite (4 mmol) and
212 mg 3-mercaptopropionic acid were mixed in a 2 mL
solution of DMF, and the reaction mixture was kept in an
ice bath under a nitrogen atmosphere for 6 h. Afterward,
any unreacted tert-butyl nitrite was removed by vacu-
uming for 1 h to obtain the SNO solution. The distinc-
tive peak of SNO was characterized using a UV-visible
photometer.

To prepare organic solvent-soluble CS, p-toluene sul-
fonic acid and CS were dissolved in 5 mL of deionized
water at a CS concentration of 10 mg mL™. The result-
ing solution was stirred overnight at room temperature.
The undissolved CS was then removed by centrifugation
at 2000 rpm for 15 min, and the supernatant was lyophi-
lized to obtain p-toluene sulfonic acid-modified CS. The
preparation of SNO-CS mainly involves the amide con-
densation reaction between the amino group on CS and
the carboxyl group on SNO. First, 1 mL SNO (1 mol
mL™), 170.5 mg EDC, and 126.5 mg NHS were mixed in
10 mL DMEF, then stirred in an ice bath for 30 min before
adding 50 mg p-toluene sulfonic acid-modified CS and
stirring for another 20 h in 0 “C. The resulting mixture
was then rinsed three times with methanol, freeze-dried,
and stored at -20 °C. The SNO-CS structure was charac-
terized using an FT-IR spectrometer (ALPHAII, Bruker)
and a UV-visible photometer. Different amounts of SNO
(concentrations ranging from 25, 50, 75, 100, 125.0, and
166.7 pmol L) and a condensation agent were added to
quantify the grafting amount of SNO in DMF and stirred
for 30 min. Equal amounts of p-toluene sulfonic acid-
modified CS were dissolved in DMF and reacted in an
ice bath for 20 h to conduct the amidation reaction. The
concentration and standard fitting curves of SNO were
obtained using the characteristic peak of the SNO group
in the UV-Vis spectrum at 358 nm. Based on the fitting
curve, the grafting efficiency of SNO on CS can be calcu-
lated, and the grafting ratio can be determined.
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To prepare SNO-CS@MoS,, SNO-CS was first re-
dispersed in deionized water at a concentration of 3 mg
mL, and then gradually added into the MoS, nanosheet
dispersion (1.0 mg mL™?). The reaction mixture was kept
in an ice bath for 4 h. Afterwards, excess SNO-CS in
the supernatant was removed. The precipitate was col-
lected and dried in a vacuum drying oven to obtain a
black powdery product. CS@MoS, was prepared using
a parallel method. The structures of the SNO-CS@MoS,
and CS@MoS, nanosheets were characterized using a
UV-visible photometer and FT-IR spectrometer. The
surface morphology of the SNO-CS@MoS, nanosheets
was observed using SEM and TEM. The particle size of
SNO-CS@MoS, and CS@MoS,, as well as the zeta poten-
tial of SNO-CS@MoS,, CS@MoS,, SNO-CS, and CS was
analyzed using a Malvern particle size analyzer.

In vitro photothermal effect of SNO-CS@MoS,

To evaluate the in vitro photothermal performance,
SNO-CS@MoS, (200 pug mL™) was placed in a 2 mL plas-
tic centrifuge tube, and then irradiated using an 808 NIR
laser at 0.50, 0.75, or 1.00 W cm™ for 10 min. The tem-
perature values and thermal images were recorded at 15 s
intervals using an infrared thermal imager camera (FLIR
ONE Pro, TELEDYNE FLIR). Similarly, the dependence
of photothermal performance on concentration was also
examined. To calculate the photothermal conversion
efficiency (1) [40], ultra-pure water and 200 ug mL™ of
SNO-CS@MoS, were first irradiated using an 808 NIR
laser at 1.0 W ¢cm™ for 15 min, then cooled down natu-
rally for another 20 min. Finally, n was calculated using
the following equation:

_ hS (Tmar - Tamb) - Q()
T T - 10w (1)
Cu'a er
hS — u (2)
Ts
t
s — T 17 A 3
Y ®)
T— ILIIL{)
Q= "7
71mar - Tamb (4)
QO = hs (/Tumtr:r - u,mb) (5)

where /s can be calculated using Eq. (2), where m is the
mass of the SNO-CS@MoS, solution (g), C,,., is the
heat capacity of water (J/g-°C), and z; is the sample sys-
tem time constant (s). 7, can be calculated according to
formula (3—-4); in formula (3), 6 is the dimensionless driv-
ing force, and t is the time. Moreover, in formula (4), T,

represents the maximum steady-state temperature of the
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mixed solution, T, represents the maximum steady-
state temperature of the water, and 7, represents the
room temperature. Q, represents the background energy
input without a photothermal agent and is calculated
using Eq. (5).

To evaluate the photothermal stability of
SNO-CS@MoS,, freshly synthesized MoS,, CS@MoS, or
SNO-CS@MoS, dispersed in PBS were kept at 4 °C for
five days. Then, they underwent continuous irradiation
and cooling for three cycles using an 808 nm NIR laser to
assess the photothermal stability of these materials.

In vitro NO release profiles of SNO-CS@MoS,

The NO release profiles of SNO-CS@MoS, were detected
using a Griess reagent kit. Briefly, different concentra-
tions of SNO-CS@MoS, (100.0, 150.0, and 200.0 pg mL™*
in PBS) were placed in a 2 mL of the plastic centrifuge
tube and then irradiated using an 808 NIR laser at an
intensity of 1.0 W c¢cm™ for 10 min. At predetermined
intervals, 100 pL of the solution was removed and mixed
with 50 uL Griess reagent. After an additional half-hour
of incubation at 37 °C, the amount of NO produced was
determined by measuring the absorbance of the mixture
at 540 nm using a microplate reader (SpectroMAX M5,
Molecular Devices). To further investigate the self-release
behavior of SNO-CS@MoS, in the application scenarios,
where SNO-CS@MoS, releases a large amount of NO
in response to photothermal action and exerts efficient
antibacterial effects, then residual SNO-CS@MoS, slowly
produces trace amounts of NO under physiological con-
ditions to promote wound healing, SNO-CS@MoS,
exposed to 10 min of NIR light irradiation was collected
and then placed in an incubator at 37 °C. At regular inter-
vals, 50 pL of the mixture was extracted to determine the
amount of NO produced.

In vitro antibacterial property

The bacterial strains used in this study included S. aureus,
methicillin-resistant S. aureus (MRSA), E. coli and
extended-spectrum beta-lactamase (ESBL)-producing E.
coli. Bacterial single colonies were transferred to tryptone
soy broth (TSB) liquid culture medium and incubated
overnight at 37 °C for 12 h. The bacteria were grown to
the logarithmic stage, collected, washed, and then diluted
with sterile PBS to OD600=0.1 for subsequent antibac-
terial experiments. To evaluate the antibacterial effect of
SNO-CS@MoS,, 500 pL of bacteria was first incubated
with different volumes of SNO-CS@Mo$, (1 mg mL™) at
37 °C for 30 min, and then illuminated with an 808 nm
laser at 1 W cm™ density for 10 min. The bacterial sus-
pension was then gradually diluted stepwise from 10°
to 10' and uniformly inoculated onto TSB plates. After
incubation at 37 °C for 18 h, the number of bacterial colo-
nies was counted to evaluate the antibacterial effect. The
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bacterial survival rate is expressed as log;, CFU mL™.
Bacteria treated with PBS, MoS, (100, 200, or 400 pg
mL™1), or CS@Mo$, (100, 200, or 400 pg mL™) served as
controls. SNO-CS@MoS, (100, 200, or 400 pg mL™') was
used as a control without NIR light irradiation.

Live/dead staining was performed to further evaluate
the antibacterial activity of SNO-CS@MoS,. SYTO-9 and
PI were used to distinguish viable and nonviable bacte-
rial cells. Briefly, 200 uL. SNO-CS@Mo$S, (1 mg mL™)
was mixed with 800 pL of bacterial suspension (10® CFU
mL7) in an eppendorf tube and at 37 °C for 30 min.
Then, the bacteria suspension was irradiated as described
above. The bacteria were then collected by centrifugation
and stained with 100 pL of live/dead backlight bacterial
viability kit for 30 min in the dark. Finally, the stained
bacteria were washed twice with PBS and observed under
a confocal fluorescence microscope (A1, Nikon) at 60x
magnification to capture fluorescent staining images.
SEM was used to observe changes in bacterial morphol-
ogy. The bacteria were treated as described above, then
fixed with glutaraldehyde at room temperature for 4 h.
After fixation, the bacteria were washed thrice with 0.85%
NacCl solution and dehydrated in an increasing gradient
of ethanol concentrations (20%, 40%, 60%, 80%, 90%, and
100%) in sequence for 15 min. The bacteria were then
sputtered with gold before SEM examination. To quantify
protein leakage from bacteria following SNO-CS@MoS,
treatment, the bacteria were first treated as described
above. The supernatant was collected to measure protein
concentration using an enhanced BCA protein assay kit
and a microplate reader at 560 nm. Variations in intracel-
lular ATP levels in response to the SNO-CS@MoS, ther-
apy were evaluated using an improved ATP assay kit. The
bacteria were initially treated as described previously,
collected, and lysed with 200 pL lysis buffer. Finally, the
supernatant was collected and quantified using a lumi-
nance-mode microplate reader.

Cell cultivation and in vitro cytotoxicity assay

1929 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) containing 10% (v/v) fetal
bovine serum (FBS, Gibco) and 1% (v/v) penicillin-strep-
tomycin (P&S, Gibco) at 37 C, 5% CO,. HUVECs were
cultured in endothelial cell medium (ECM, Sciencell)
containing 5% (v/v) FBS, 1% (v/v) growth factor (ECGS/
ECGF), and 1% (v/v) P&S at 37 'C, 5% CO,.

The cytotoxicity of SNO-CS@MoS, against 1929
cells was assessed using the MTT assay. L929 cells were
seeded at a density of 5x10° cells per well in 96-well
plates overnight and then treated with SNO-CS@MoS, at
10, 20, 50, 100, 200, and 500 pg mL™ doses for another
24 h. Next, 10 pL of MTT reagent was added to each well
and incubated for another 4 h. After carefully remov-
ing the supernatant from each well, 150 uL of dimethyl
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sulfoxide (DMSO) was added, and the absorbance of
each well at 570 nm was measured using a microplate
reader. The live/dead cell-staining assay was performed
as follows. Briefly, after 1, 3, or 5 days of incubation with
SNO-CS@MoS, (200 pg mL™), L929 cells were first
stained with calcein-AM and PI double fluorescent stain
for 30 min in the dark and then imaged using an inverted
fluorescence microscope (Axio Observer 3 materials,
ZEISS). Cells treated with PBS, SNO-CS (200 pg mL™),
and MoS, (200 ug mL™) served as controls.

Hemolysis assay

Whole blood was extracted from healthy rat hearts by
using an anticoagulant. To prepare red blood cell sus-
pensions (RBCs), whole blood was first centrifuged,
and the obtained RBCs were then redispersed in PBS.
To evaluate the hemolysis rate of SNO-CS@MoS,, 1
mL of SNO-CS@MoS, at concentrations ranging from
10 to 500 ug mL™ was first mixed with 20 pL of RBCs
and incubated at 37 °C for 4 h. Following centrifugation
at 3000 rpm for 15 min, 100 pL of the supernatant was
transferred to a 96-well plate, and the absorbance of each
well was measured at 542 nm using a spectrophotometric
microplate reader. RBCs treated with SNO-CS and MoS,
(50—400 pug mL™) served as the control, PBS was used as
a negative control, and double-distilled water was used as
a positive control.

Intracellular NO release

The intracellular NO generation behavior of
SNO-CS@MoS, in the absence of NIR irradiation was
assessed as follows. Briefly, HUVECs were inoculated
onto 96-well plates at a density of 1x10° cells per well
overnight. Then, 20 pL of SNO-CS-@MoS, (1 mg mL™)
was added, and the cells were cultured for another 6 h.
The cells were then exposed to 100 puL of DAF-FM DA
(1x107% M) for 30 min in the dark. Finally, cells were
washed twice with PBS and observed under an inverted
fluorescence microscope. Cells treated with PBS, SNO-
CS (30 pug mL™), and MoS, (200 pg mL™?) served as the
control, SNO-CS, and MoS, groups, respectively.

Cell scratching healing

Cell scratch experiments were performed to assess the
effect of SNO-CS@MoS, on promoting wound healing.
Briefly, L929 cells were seeded at 1.5x10° cells per well
into 12-well plates and cultured to 80% confluence. The
cell monolayer was then scraped with a sterile pipette tip
(200 pL) and washed three times with PBS. Subsequently,
the cells were incubated with fresh serum-free medium
containing SNO-CS@MoS, (200 pg mL™?) for 6, 18, or
24 h. After that, the cells were stained with crystal violet
and observed under an inverted microscope. Cells treated
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with PBS, SNO-CS (30 pg mL™), and MoS, (200 pug mL™)
served as control, SNO-CS and MoS, groups.

Angiogenesis assay

To assess the angiogenic potential of SNO-CS@MoS,, a
tube formation assay was performed. Briefly, HUVECs
(3.5x10%) were seeded overnight in 48-well plates, then
exposed to SNO-CS@MoS, (200 pg mL™)-containing
molecular cellular and developmental biology 131
(MCDBI131, pricella) medium (containing 2% (v/v) FBS
and 1% (v/v) P&S) for 12 h. Afterward, the cells were
digested and reseeded in 48-well plates pre-spread with
matrix gel for 3 h. The cells were then stained with cal-
cein fluorescent dye and observed using an inverted
fluorescence microscope. The total length and the num-
ber of junctions were assessed by using the Image J soft-
ware with an angiogenesis analyser plugin. Cells treated
with PBS, SNO-CS (30 pug mL™), and MoS, (200 pg
mL™7) served as the control, SNO-CS, and MoS, groups,
respectively. Besides, HUVECs were treated as described
above. The cells were then collected to measure the
mRNA and protein expression levels of CD31 and VEGF
by qRT-PCR and western blotting. The primer sequences
for angiogenesis-related genes (CD31 and VEGFa) are
listed in Table S1.

In vivo treatment of S. aureus-infected full-thickness
cutaneous wound model

All studies involving animals were reported following the
ARRIVE guidelines and conducted according to National
Research Council guidelines for the care and use of labo-
ratory animals. Sprague-Dawley rats (eight weeks, Male)
were obtained from Biotech Co. Ltd. (Beijing, China) and
acclimatized for one week prior to the study. To establish
the S. aureus-infected full-thickness cutaneous wound
model, the rats anesthetized with an intramuscular injec-
tion of ketamine (100 mg mL™) and xylazine (20 mg
mL™7) at 1 mL kg™ of body weight. The back of rats were
shaved, and a round full-thickness cutaneous wound
(10x10 mm) area was created using a punch, followed by
inoculation with 10 uL of S. aureus suspension (103 CFU
mL™7) into the wound. Subsequently, all rats were ran-
domly divided into five groups (n=8): (1) PBS+NIR, (2)
SNO-CS+NIR, (3) MoS,+NIR, (4) SNO-CS@MoS,, and
(5) SNO-CS@MoS,+NIR. The wound area was treated
by direct injection of 200 uL of PBS or the materials three
times during the entire treatment period. Rats in NIR
light irradiation group were irradiated with an 808 nm
NIR laser at 1 W cm™ for 5 min. Thermal images were
acquired by an infrared thermal imager every 50 s. On
day 1, the antibacterial activity in vivo was measured by
swabbing the infected wound for 10 s and counting the
colonies in PBS. The wound area was photographed using
a digital camera on days 0, 3, 7, 9, and 11 to determine
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the wound closure rate (WCR). The WCR was calculated
using the following equation, where S, represents the
wound area on day 0, and S represents the wound area on
the photographed day.

(So—5)
0

WCR (%) = x 100%

At the end of treatment, the rats were sacrificed, and
blood was collected using a standard vein blood collec-
tion technique for hematology analysis. The safety of the
treatment process was assessed by comparing the num-
ber of red blood cells (RBC), white blood cells (WBC),
hemoglobin (HGB), hematocrit (HCT), alkaline phos-
phatase (ALP) and aspartate aminotransferase (AST).
The wound tissues and viral organs were fixed, embed-
ded, sectioned, and stained with hematoxylin and eosin
(H&E), Masson’s trichrome, and anti-CD31 antibodies.
All sections were observed under an inverted fluores-
cence microscope.

Statistical analysis

The normal distribution of the data was verified using
the Kolmogorov-Smirnov test. Significant differences in
these variables were detected using a one-way analysis
of variance (ANOVA). Statistical significance was set at
P<0.05.

Results and discussion

Preparation and characterization of SNO-CS@MoS,

The preparation of SNO-CS@MoS, mainly includes
three steps (Scheme 1 A): 1) exfoliation of bulk MoS,
into mono- and few-layer 2D nanosheets of MoS,, (2)
preparation of SNO-modified CS (SNO-CS), and (3)
electrostatic adsorption of SNO-CS on the surface of
MoS, nanosheets. To prepare mono- and few-layer
MoS,, TBAOH was employed as the intercalation agent
to reduce the van der Waals interactions between the
bulk MoS, layers [41]. Subsequently, high-frequency
ultrasound was employed to strip multiple layers of bulk
MoS, into mono- and few-layer MoS, through acoustic
cavitation [42]. The resulting mono- and few-layer MoS,
were then redispersed in deionized water, resulting in a
homogenous and transparent dark green suspension. The
successful preparation of mono- and few-layer MoS, was
confirmed by UV-vis absorption spectroscopy, morpho-
logical characterization, and Raman spectroscopy.

Figure 1 A displays the UV-vis absorption spectrum
of the MoS, nanosheet, depicting characteristic absorp-
tion bands at 663 and 618 nm, which arise from the
direct excitonic transitions at the K point of the Brill-
ouin zone [43]. The presence of bands at 666 and 608 nm
confirms the existence of mono- and few-layer MoS,,
indicating the successful exfoliation of bulk MoS, into
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nanosheets [44]. The microstructure and morphology of
MoS, nanosheets were characterized by SEM and TEM
as shown in Fig. 1G-H, revealing a single or few-layered
sheet-like structure with a smooth surface. Figure 1B dis-
plays Raman spectra of bulk MoS, and MoS, nanosheets,
which reveal the characteristic peaks of MoS,: El2g and
Ay, where the El2g peak is the in-plane bending mode,
and the A, peak is the out-of-plane phonon mode related
mostly to the stretching of the sulfur atoms [45]. It has
been reported that the Elzg and A;, peaks in mono- and
few-layer MoS, typically exhibit a redshift and blueshift,
respectively, along with a decrease in intensity compared
to that of bulk MoS, [44]. Notably, our sample exhibited
a similar trend, as evidenced by the El2g and A,, peaks of
bulk MoS, at 381 and 406 cm!, respectively. In contrast,
the E12g and A;, peaks of the resulting MoS, nanosheets
shifted to 380 and 403 cm™, respectively, and the intensi-
ties of the two peaks were reduced, confirming the suc-
cessful preparation of mono- and few-layer MoS,.

The preparation of SNO-CS involves amide condensa-
tion reactions between the carboxyl groups on SNO and
the amino groups on CS (Fig. S1). The UV-vis absorp-
tion and FT-IR spectra of SNO-CS confirmed the suc-
cessful synthesis of SNO-CS. It has been reported that
the S-NO group has a characteristic absorption band at
335-338 cm™! in UV-vis spectrum, which is attributed
to the allowed n,— m* transition [46]. The characteris-
tic absorption band of the S-NO group can be observed
at 330-350 cm-1 in the UV-vis spectrum of SNO-CS
(Fig. 1D). The synthesis of SNO-CS was further verified
by FT-IR spectra in Fig. 1E. SNO-CS exhibits absorption
spectra similar to pure CS [47]. Furthermore, in the spec-
tra of SNO-CS, the characteristic bands found at 1516
and 1634 cm™ correspond to the I and II bonds of C=0,
respectively. The peak representing the N-H bond is also
observed in the range of 3500-3700 cm, which together
prove the amide bond existence [48]. Furthermore,
SNO-CS also demonstrated a new peak at 686 cm™ cor-
responding to the -S-N=bond [30]. The above analysis
proves the successful combination of SNO-CS. Further-
more, the grafting rates of 3-(nitroso) propionic acid on
CS were calculated using the UV-vis spectra and a stan-
dard curve of 3-(nitroso) propionic acid (Fig. S2A-B).
The grafting rates were concentration-dependent, and
at a concentration of 125 pmol L7, the grafting effi-
ciency of 3-(nitroso) propionic acid was 10.31%, result-
ing in a maximum grafting ratio of 15.46% (Fig. S2C). The
above SNO-CS were used for the subsequent synthesis of
SNO-CS@MosS,.

Through electrostatic interactions, we synthesized
SNO-CS-coated MoS, (SNO-CS@MoS,) following the
successful creation of mono- and few-layer MoS, and
SNO-CS. The successful preparation of SNO-CS@MoS,
was confirmed by the following results:1) zeta potential
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and particle size distribution, 2) morphological char-
acterization, 3) elemental mapping, 4) UV-vis absorp-
tion spectroscopy, and 5) FT-IR spectra. In detail, the
zeta potential value charged from —21.07 to 20.03 mV
(Fig. 1C), and the average size increased from 127.5
to 341.1 nm (Fig. S3A-B) after coating of SNO-CS on
MoS,. Additionally, the microstructures of MoS, and
SNO-CS@MoS, were characterized by SEM and TEM
in Fig. 1G-H. Compared to pure MoS, SNO-CS@MoS,
exhibited thicker and more uniformly dispersed nano-
structures with a rough and vague surface. The above
experiments proved that the combination of SNO-CS
and MoS, resulted in significant changes in the sur-
face morphology and roughness of the original MoS,.
Through measurements of TEM images, the average
size of pure MoS, is approximately 120 nm, which is
consistent with the results obtained from DLS measure-
ments. However, the average size of SNO-CS@MoS, is
approximately 260 nm, which is smaller than the results
obtained from DLS measurements. The size difference
of the SNO-CS@MoS, measured by TEM and DLS
was mainly attributed to DLS presenting wet samples.
High-resolution TEM was further used to analyze the
structure. The TEM images showed a clear lattice struc-
ture of MoS, (Fig. 1I).The clarity of the lattice structure
in SNO-CS@MoS, is reduced due to the adsorption of
SNO-CS (Fig. 1]). Elemental mapping was conducted to
determine the elemental composition of SNO-CS@MoS,
in Fig. 1K and Table S2. The results confirmed the pres-
ence of Mo, S, C, N, and O, further confirming SNO-
CS loading. The above results were further verified by
the UV-vis absorption spectra in Fig. 1D and FT-IR
spectra in Fig. 1E. The UV-vis absorption spectra of
SNO-CS@MoS, showed a shift in the absorption band of
pure MoS, from 450 to 437 cm™ after SNO-CS modifi-
cation. The characteristic absorption band of the S-NO
group at 330-350 cm™ was also observed. Moreover,
UV-vis-NIR absorbance spectra of MoS, showed strong
UV to NIR absorbance, which was not affected by the
surface SNO-CS modification (Fig. S4). The mass extinc-
tion coefficient of MoS, nanosheets at 800 nm was cal-
culated to be 7.45 L g cm’, similar to values measured
by other researchers [49]. In addition, FT-IR spectra
clearly demonstrated that SNO-CS@MoS, had absorp-
tion spectra similar to those of SNO-CS and pure MoS,.
All the above results prove the successful synthesis of
SNO-CS@MoS,. Furthermore, the loading amount of
SNO-CS on MoS, was estimated using thermogravimet-
ric analysis (TGA), as demonstrated in Fig. 1F. The TGA
curve of MoS, shows significant weight loss between 400
and 500 °C due to the oxidation of MoS, to MoO;. The
thermal decomposition profile of SNO-CS@MoS, is like
SNO-CS, it gradually decreases between 250 and 600
°C, and the weight loss below 150 °C can be attributed
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to moisture vaporization. According to TGA data, it was
estimated that ~14% weight of SNO-CS was loaded onto
the Mo§S, nanosheets.

Furthermore, to demonstrate that the synergism of
SNO-CS on the PTT antibacterial activity of MoS, mainly
originates from NO, we synthesized CS@MoS, using
similar methods. In addition, the successful preparation
of CS@MoS, was confirmed by particle size and zeta
potential analysis, as displayed in Fig. S3C-D. CS@MoS,
presents a positively charged nanostructure with an
average size of 212 nm. Long-term stability tests were
conducted on MoS,, CS@MoS, and SNO-CS@MoS,.
Fig. S5A-B depict photographs of the solution color
and particle size change at different time points (day 1,
3, and 5) for freshly synthesized MoS,, CS@MoS, and
SNO-CS@MoS, in the PBS solution. MoS,, CS@MoS,
and SNO-CS@MoS, exhibited good dispersibility on day
1. However, MoS, aggregated on day 3, and the average
particle size increased to approximately 1 pm. In con-
trast, CS@MoS, and SNO-CS@MoS, exhibited high dis-
persion and stability on day 5 (Fig. S5C). This experiment
demonstrated that the interlayer re-stacking of MoS,
can be inhibited after CS or SNO-CS modification, and
SNO-CS@MoS, exhibits superior stability and shows
good prospects for application in vivo.

Photothermal performance and NO generation behavior

After successfully preparing SNO-CS@MoS,, we sys-
tematically evaluated the photothermal properties of
SNO-CS@MoS,. Figure 2 A-B display the tempera-
ture increase of SNO-CS@MoS, CS@MoS, MoS,
and SNO-CS under 808 nm NIR light irradiation. The
results demonstrate that MoS, has excellent photother-
mal conversion performance, and the coatings of CS
and SNO-CS did not affect the photothermal perfor-
mance of MoS,. Studies have demonstrated that tem-
peratures over 50 °C kill bacteria by inactivating enzymes
related to bacterial life activities [3]. The temperature of
SNO-CS@MoS, solution increased by 25 °C after 6 min
of irradiation, indicating that it could achieve effective
antibacterial performance in vivo. In addition, the results
in Fig. 1C-D show that the photothermal properties of
SNO-CS@MoS, nanosheets depend on the concentra-
tion and laser intensity. Under a fixed laser power (1.0 W
cm™), the solution is heated with increasing concentra-
tions. Moreover, the solution temperature increased
with the laser intensity at a fixed concentration (200 pg
mL™?). The photothermal conversion efficiency (PCE)
of the freshly prepared nanomaterials is calculated in
Fig. 2E and S6C. The PCE of SNO-CS@MoS, was 23.75%,
barely similar to that of CS@MoS, (24.37%) and MoS,
(22.87%), and is related to the high photothermal stability
of freshly prepared MoS,. The long-term photothermal
stability of SNO-CS@MoS, was also investigated. After
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five days of setting, three heating/cooling cycles under
808 nm radiation were applied to MoS,, CS@MoS, and
SNO-CS@MoS, (Fig. 2F and S6A-B). The temperature
of pure MoS, reached only 34 °C after 10 min of irradi-
ation, which was much lower than that on the first day
(49.57 °C). In contrast, CS@MoS, and SNO-CS@MoS,
exhibit high photothermal stability across all three
switching cycles. This result confirmed that the long-
term photothermal stability of MoS, nanosheets was
greatly improved after chitosan or SNO-CS modifica-
tion. In conclusion, the above investigations depicted
that SNO-CS@MoS, possesses excellent photothermal
characteristics and is a promising photothermal agent for
both in vivo and iz vitro applications.

After demonstrating the excellent photothermal per-
formance of SNO-CS@MoS,, we further evaluated the
NO-releasing behavior of SNO-CS@MoS, using the
Griess assay. Quantitative NO investigation was con-
ducted using a standard curve of NO (Fig. S7). Figure 2G
depicts that under 808 nm NIR irradiation (1 W cm™2),
the amount of NO generated by SNO-CS@MoS, was
much higher than that stored at 4 °C, indicating effective
control of NO release by NIR laser irradiation. Further-
more, NO release from the SNO-CS@MoS, nanosheets
was concentration-dependent (Fig. 2H). The amount
of released NO increased with higher concentrations.
Among them, 200 pg mL™! of SNO-CS@MoS, can
release nearly 7 umol L™! of NO after 8 min of NIR irra-
diation, fully meeting the effective antibacterial concen-
tration requirements.

In addition to the efficient release of NO by laser irra-
diation, we further demonstrated that SNO-CS@MoS,
can produce low concentrations of NO in a physiological
environment. To detect the NO release under the physi-
ological environment, we placed RSNO, SNO-CS and
SNO-CS@MoS, in PBS under natural light at 37 C. The
results showed that the NO release from the three groups
was basically the same, indicating that the slow release
of RSNO was mainly related to natural light and room
temperature [50, 51] (Fig. S8). Furthermore, we collected
the SNO-CS@MoS, solution after 10 min of irradia-
tion and monitored its long-term NO-release behavior
at 37 °C. As illustrated in Fig. 2I, SNO-CS@MoS, can
release low concentrations of NO after the removal of
NIR irradiation, and the increased amount of NO could
be cumulative to 6.88 pmol L™! from 10 min to 18 h. In
conclusion, the above experiments have demonstrated
that SNO-CS@MoS, nanosheets possess the ability to
generate NO under photothermal control and exhibit
sustained NO generation in a physiological environment.

In vitro antibacterial effects of SNO-CS@MoS,
The above studies have demonstrated the photo-
thermal property and NO-producing capability of



Mu et al. Journal of Nanobiotechnology

(2023) 21:463

Page 11 of 23

N
O,
s | @ SNO-CS@Mos,
® — + CS@MoS,
n O 504 = wos,
Q pe -+ SNO-CS
o 5
b4 T 404
»n @
£
30+
L
20
T ¥ T ¥: T % | ¥ T x T . T
0 100 200 300 400 500 600
Time (s)
| e 200 pg mLt
—~ 1™ 100 ugmL"!
© 50 * 50ugmL’
o | ¥ 5ugm’
5 - 12ugmL"
® 40- = PBS
™
(]
Qo
g 30
[
20
T ¥ 1 L] T L T L] T L) T L 1
0 100 200 300 400 500 600
Time (s)
Gc ann
D - SNO-CS@MOS, + 1 W cm? E T.-334.65 F
1 -® sno-cs@Mmos, +0.75 W cm? o 805
O 50 * SNO-CS@MOS,+0.5W cm? good M O
= - PBS+1Wcm? R?=0.99328 MoS, =]
o % g {
= © £ 1
© E400-| © 1 i
] £ & 40 |
: i R
g 304 2004 7,=279.91 - H
- SNO-CS@MoS, 1=23.75% .
E 4 =
20 R?=0.997 on oh
T L T L T ¥ T L T ] T L T 0" T T T T 23 T ¥ T * T L T ¥ T X
0 100 200 300 400 500 600 0.0 0.5 1.0 1.5 2.0 2.5 0 1000 2000 3000 4000 5000
Time (s) —In(6) Time (s)
G" H "2 | 2
4 -® 200 ug mL-" SNO-CS@MoS, + 1 W cm2 { -® 200 pg mL! SNO-CS@MoS, ON OFF
— — =
%_10‘_ - 200 yg mL"! SNO-CS@MoS, at 4 °C §_1°' & 150 pg mL-' SNO-CS@MoS, %15 @37°C)
~= ~ 1 =& o €] ~ 197
- 8- c 8- 100 pg mL™' SNO-CS@MoS, P
o 1 =) 2
E=] . = =
£ E* £ o]
c 4 c c
[ T [ [ 1
o o 41 o
c [ < 5
o 24 o o
o O 2 o |
04 .
| B s e e e e e e  m a m | 0 T T T T 1T 1T 04 L (LI LU LA
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 00 01 02 4 8 12 16 20
Time (min) Time (min) Time (h)
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SNO-CS@MoS,, which prompted further investigation
into its antibacterial properties. The antibacterial experi-
ment against Gram-positive S. aureus and Gram-neg-
ative E. coli was conducted using the plate counting
method. As displayed in Fig. 3A-D, in the absence of a
NIR laser, the PBS and MoS, treatment groups exhib-
ited no antibacterial effect, whereas the CS@MoS, and
SNO-CS@MoS, groups demonstrated some antibacterial
effect, which may be attributed to the inherent antibac-
terial property of CS [52]. After 10 min of exposure to
NIR irradiation, the survival rate of bacteria in the MoS,
and CS@MoS, groups displayed a significant downward
trend compared with the corresponding groups without
irradiation treatment. The CS@MoS,+NIR group exhib-
ited log reductions of 3.29 for S. aureus and 1.92 for E.
coli, indicating that the local hyperthermia produced by
PTT of MoS, exhibited high antibacterial effects. The
SNO-CS@MoS,+NIR exerted the greatest antibacterial
effect. Furthermore, the bacterial colonies of S. aureus
and E. coli significantly decreased by 4.07 and 4.71 log,
respectively, demonstrating that a high concentration
of NO significantly enhances the antibacterial effect of
PTT. Moreover, the synergistic effect of NO on MoS,
PTT antibacterial therapy was concentration-depen-
dent. As displayed in Fig. S9-10, the synergistic effect
of SNO-CS@MoS, was more obvious at low concentra-
tions (100 pg mL~') while inconspicuous at high con-
centrations (400 pug mL™'). Moreover, an increase in the
concentration of SNO-CS@MoS, led to higher PTT tem-
peratures, posing a risk of tissue damage. Therefore, we
selected 200 pg mL~! as the final concentration. The live/
dead staining technique confirmed the synergistic anti-
bacterial action. The proportion of living and dead bac-
teria can be directly observed in the fluorescence images
(Fig. 3E-H). Only red fluorescent spots were observed in
S. aureus and E. coli of the SNO-CS@MoS,+NIR group,
implying that SNO-CS@MoS, treatment with NIR killed
almost all bacteria. Intense green fluorescence was still
observed in MoS,+NIR and CS@MoS,+NIR groups.
This research further demonstrates the feasibility and
efficacy of the synergistic antibacterial activity of NO
and PTT. Furthermore, the main issue with antibacterial
agents is bacterial multidrug resistance. We further con-
ducted in vitro antibacterial experiments against resis-
tant bacteria using plate counting method. The results
are generally align with the findings mentioned above
(Fig. S11).

After confirming the excellent synergistic antibacte-
rial performance of SNO-CS@MoS,, experiments were
conducted to further investigate the antibacterial mecha-
nisms. Firstly, changes in the morphology and membrane
integrity of S. aureus and E. coli after SNO-CS@MoS,
treatment were observed using SEM. As demonstrated
in Fig. 4A-B, in the presence or absence of NIR laser,
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both S. aureus and E. coli in the PBS treatment groups
exhibited intact spherical morphology, characteris-
tic rod-like structures, smooth surfaces, and intact cell
membrane structures. Comparatively, MoS,+NIR and
CS@MoS,+NIR caused varying degrees of membrane
contraction and deformation. In contrast, treatment with
SNO-CS@MoS,+NIR resulted the most pronounced
deformation and loss of cell integrity in S. aureus and
E. coli (shown by red arrows), leading to bacteria death
owing to the release of their contents. Moreover, the
presence of nanomaterials attached to the bacterial sur-
face (yellow overlay) was observed in the CS@MoS,
and SNO-CS@MoS, groups. Based on these findings,
we speculate that CS@MoS, and SNO-CS@MoS, can
adsorbed onto bacteria through electrostatic interac-
tions and damage the bacterial membrane by the physi-
cal effect of PTT and NO. The rupture of bacterial cell
membranes further leads to massive protein leak-
age from the bacteria. As illustrated in Fig. 4C-D, the
amount of protein released from S. aureus and E. coli
in the SNO-CS@MoS,+NIR group was approximately
1.4- and 1.5-fold higher than that in the other treat-
ment groups, respectively. Severe breach of the bacterial
cell membrane results in the loss of aerobic respiration-
related enzymes on the cell membrane, thereby blocking
intracellular ATP generation. The production of ATP of
S. aureus and E. coli reduced by 97.19 and 96.57% after
SNO-CS@MoS, treatment with NIR irradiation (Fig. 4E-
F). In conclusion, the above results indicate a significant
synergistic antibacterial effect between PTT and NO.
The potential antibacterial mechanism can be attributed
to the following:1) the adhesion capability of the posi-
tively charged SNO-CS@MoS,; 2) the combination of
the reactive byproducts of NO and physical damage from
PTT, leading to the bacterial cell membrane rupture, sub-
stantial protein leakage and inhibition of intracellular
ATP synthesis; and 3) NO byproducts may induce bacte-
rial cell death through mechanisms such as DNA damage
and protein dysfunction.

Biocompatibility assay of SNO-CS@MoS,

The biocompatibility of SNO-CS@MoS, is essential for
its subsequent biological applications. The cytotoxic-
ity of SNO-CS@MoS, in fibroblasts (L929 cells) was
evaluated using the MTT assay and the hemolysis test.
The biocompatibility after 24 h of co-incubation with
different concentrations of nanomaterials was quanti-
fied in Fig. 5A by MTT assay. Below or equal to 200 pg
mL~Y, over 85% of L929 cells survived after incubation
with SNO-CS@MoS,, higher than MoS, alone. This
improvement in biocompatibility can be attributed to the
encapsulation of SNO-CS. As demonstrated in Fig. 5B,
insignificant hemolysis was observed in all treatment
groups, and the quantification results depicted that the
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hemolysis rate was lower than 5% (Fig. 5C-E). Consid-
ering the antibacterial test results and biocompatibility
findings, a concentration of 200 pg/mL of nanomaterials
was chosen for subsequent experiments. To observe the
long-term cellular biocompatibility of the materials, live/
dead staining was used. Figure 5 F displays fluorescence
images of live/dead staining of L929 cells after co-incu-
bation with different nanomaterials for 1, 3, and 5 days.
All treatment groups demonstrated low cytotoxicity, with
only a few dead 1929 cells (red fluorescence). Addition-
ally, as the incubation period increased, the SNO-CS and
SNO-CS@MoS, groups exhibited a slightly more prolif-
erative trend compared to the other groups.

SNO-CS@MoS, promoting angiogenesis and cell scratch
healing

In addition to efficiently killing bacteria in the infected
wound area, promoting rapid wound healing is also
a key aspect of effective wound care. The ability of low
concentrations of NO to promote wound healing has
been documented and proven to play an important
role in promoting vascular regeneration and epithe-
lial cell migration. First, DAF-FM DA was applied to
track intracellular NO release. As displayed in Fig. 6A,
after 12 h of co-culture, HUVECs in the SNO-CS and
SNO-CS@MoS, groups showed a strong green fluo-
rescence signal than the PBS and MoS, groups. It indi-
cates that SNO-CS@MoS, could gradually produce
trace amounts of NO intracellularly under physiological



Mu et al. Journal of Nanobiotechnology (2023) 21:463

Concentration in PBS (ug ML) C 105

Page 15 of 23

A
ddH,0 PBS
140 S N
L929 B SNO-CS I MoS, i
9 120 SNO-CS@MoS,
3‘100- ; 1 . . ]
= 804
ﬁ I
S 601
g 404
20
10 20 50 100 200 500
Concentration (ug mL" )
F PBS SNO-CS

Live/Dead stain

50 100 200 500

b | SNO-CS

Hemolysis ratio(%)
0 © 3
o o o

N i
o u o

=

ddH20 10 20 50 100 200 500
Concentration (ug mL")

MoS,

Hemolysis ratio(%)
0 O 3
o o1 o

o N o
o o ©

" ddH20 10 20 50 100 200 500
Concentration (pug mL™)

SNO-CS@MoS,

Hemolysis ratio(%)
0 8
o o o

o N o
o o1 ©

"ddH20 10 20 50 100 200 500
Concentration (pg mL™")

400 Il s [ sno-cs

3 I vos, Il sNo-cs@Mos,
5
>300
&
@
3
T 200
©
2
S.100
o

0

Day1 Day3 Day5

Fig. 5 Biocompatibility and blood compatibility of SNO-CS@MoS, nanosheets. A) MTT assay of different treatments in various concentration (10, 20,
50, 100, 200 and 500 pg mL"). B-E) Hemolysis photographs and hemolysis ratio (%) of different treatments in various concentration (10, 20, 50, 100,
200 and 500 ug mL"). F-G) Live/dead staining of 1929 cells at 1, 3, and 5 d after treated with PBS, SNO-CS, MoS,, and SNO-CS@MoS,. (Concentration:

[MoS,]=200 ug mL", [SNO-CS]=30 ug mL")

conditions. Therefore, we evaluated its pro-angiogenic
and pro-wound-healing properties. Figure 6B depicts
that better tube formation was observed after 3 h of incu-
bation with SNO-CS@MoS, and SNO-CS, in sharp con-
trast to the PBS- and MoS,-treated groups. The number
of nodes and the total length of the formed vessels were
calculated in Fig. 6C-D using Image ] software. These
calculation parameters were substantially higher for the
SNO-CS and SNO-CS@MoS, groups compared to the
PBS and MoS, groups. In conclusion, the above results
demonstrate that trace amounts of NO slowly released
from SNO-CS@MoS, can promote angiogenesis.
Vascular endothelial growth factor (VEGEF) is a criti-
cal protein involved in angiogenesis. Currently, studies
demonstrated that NO participates in the signal trans-
duction process of VEGF-induced angiogenesis in vitro

and in vivo [53]. Briefly, trace amounts of NO can medi-
ate HIF-1 and HO-1 activation via the PI3BK-Akt path-
way, thereby upregulating VEGF expression [54]. Platelet
endothelial cell adhesion molecule (CD31) is an impor-
tant marker of vascular endothelial differentiation and
is vital in vascular development by maintaining vascular
function [55]. These indicators are commonly used to
assess angiogenesis. Therefore, qRT-PCR and western
blotting were used to confirm the angiogenic mecha-
nism of SNO-CS@MoS,. Figure 6E-G depict VEGF and
CD31 expression in HUVECs after co-culture with dif-
ferent materials for 24 h. The protein and mRNA expres-
sion levels of VEGF and CD31 were significantly higher
in the SNO-CS and SNO-CS@MoS, groups than in
the PBS and MoS, groups. These findings suggest that
SNO-CS@MoS, can efficiently release trace NO to



Mu et al. Journal of Nanobiotechnology (2023) 21:463

activate VEGF and CD31 expression, thereby increasing
vascular formation.

In the middle and final phases of wound healing, tis-
sue reparative cells, such as epidermal cells and fibro-
blasts, migrate and proliferate towards the wound tissue
to promote wound closure, which is a critical physiologi-
cal response in the wound healing process. Studies have
shown that NO is crucial for regulating wound epithe-
lization and can promote the proliferation and migra-
tion of fibroblasts near the wound area [56]. Based on
this, we next investigated the ability of NO to promote
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fibroblast migration using scratch experiments. As dis-
played in Fig. 6H-I, after the co-incubation for 24 h, the
scratch healing rates of L929 cells in the SNO-CS and
SNO-CS@MoS, groups were noticeably higher com-
pared to PBS and MoS,. The scratch healing rate of
SNO-CS@MoS, (70.64%) was much higher than PBS
(14.25%). The results of the scratch experiment, along
with the live/dead labeling of L929 cells, demonstrated
that SNO-CS@MoS, can enhance the migration and pro-
liferation of L929 cells to the wound by producing trace
amounts of NO at the infected wound site. In summary,
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SNO-CS@MoS, can promote angiogenesis and the
migration and proliferation of tissue repair cells to the
wound by slowly producing a small amount of NO in the
cells, thus significantly accelerating the infected wound
healing.

The performance of promoting wound healing in vivo
Inspired by the excellent performance of SNO-CS@MoS,
in antibacterial, angiogenic, and rapid cell migration
in vitro, a rat full-thickness skin defect model infected
with S. aureus was developed to assess the efficacy of
SNO-CS@MoS, in infected wound healing in vivo. As
illustrated in Fig. 7A, the infected wounds were treated
with the materials and the corresponding NIR irradiation
for the first 3 days of treatment. Figure 7B-C display the
local changes in body temperature at the infected wound
site during the first-day irradiation treatment. It can be
observed that SNO-CS@MoS, exhibited excellent pho-
tothermal conversion performance in vivo. The temper-
ature in the wound area increased from 34.9 to 51.6 °C
rapidly after 5 min of irradiation. To determine the abil-
ity to control NO generation in vivo, The solution from
the wound area of the rat’s back was collected and the
concentration of its NO was measured. The results are
showed that SNO-CS@MoS,+NIR could release nearly
3.54 umol L™! of NO, while SNO-CS@MoS, without NIR
releases only 0.53 pmol L™! of NO (Fig. S12). The in vivo
release of NO from SNO-CS@MoS, was slightly lower
than the above results of experiments in vitro (Fig. 2H).
A more complex environment in the body may reduce
the concentration of NO released due to wound exu-
date diluting the SNO-CS@MoS, solution. In addition,
behaviors such as movement and licking can affect the
amount of material retained in the wound, thus reducing
the amount of NO released. Although the concentration
of NO released was reduced, it still met the effective anti-
bacterial concentration. The in vivo antibacterial effect
of SNO-CS@MoS, is shown in Fig. 7D-E. The bacteria
colony in wound tissue of SNO-CS@MoS,+NIR group
decreased from 6.58 to 1.52 log after the first-day treat-
ment. Furthermore, the synergistic antibacterial effect
of PTT and massive NO can further be proved by com-
paring with MoS,+NIR and SNO-CS@MoS, groups.
This phenomenon is also supported by the anti-bacterial
results of drug-resistant bacteria in vivo (Fig. S13). These
results are consistent with the in vitro antibacterial assay.
Bacterial infection triggers an inflammatory response,
including the infiltration of inflammatory cells and the
release of inflammatory mediators. These inflamma-
tory responses not only disrupt tissue structure but also
inhibit cell proliferation and angiogenesis [57]. Killing
bacteria effectively reduces the inflammatory response
and promotes normal wound healing [58]. To evalu-
ate the therapeutic efficacy of nanomaterials in wound
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healing, the wound healing process in each group was
dynamically observed. SNO-CS@MoS, treatment sig-
nificantly accelerated infected wound healing, as verified
by the results illustrated in Fig. 7F-H. The wound size of
SNO-CS@MoS,+NIR group decreased to 2.95% on day
11, while in the other groups, it remained higher than
10%.

To further conduct a thorough assessment of the
inflammatory reactions and the influence on blood ves-
sel formation by SNO-CS@MoS, in wound healing,
skin wound tissues were collected from rats on day 11
for histological experiments. Figure 8 A and C display
that SNO-CS@MoS,+NIR treatment reduced inflam-
matory cell infiltration in the wound tissue and signifi-
cantly promoted wound re-epithelialization. Compared
to PBS and SNO-CS+NIR groups, the MoS,+NIR and
SNO-CS@MoS, groups exhibited relatively intact neo-
keratin, but large amounts of inflammatory cells were still
infiltrating. Notably, SNO-CS@MoS,+NIR treatment
group showed not only a significant reduction in inflam-
matory cell infiltration, but also regular epidermal struc-
tures, well-proliferating fibroblasts, and even newborn
skin attachments. Figure 8B and D display collagen depo-
sition in the wound tissue after the different treatments.
The SNO-CS@MoS, +NIR group showed a higher level of
collagen deposition compared to the other groups, with a
new collagen area of approximately 60%. Additionally, the
collagen fibers in this group were denser and more regu-
larly arranged. These results further confirmed the ability
of trace NO to promote the proliferation and migration
of fibroblasts at the wound site. Furthermore, NO regu-
lates endothelial cell functions such as proliferation,
migration, and tube formation, essential for angiogenesis
[59]. It also can modulate the expression of various angio-
genic factors, including VEGF and fibroblast growth fac-
tor (FGF), influencing blood vessel formation [60]. CD31
was used for immunofluorescence staining to evaluate
the angiogenesis-promoting effect of SNO-CS@MoS,.
As expected, all NO-treated groups (SNO-CS+NIR,
SNO-CS@MoS,, and SNO-CS@MoS,+NIR) exhibited
varying degrees of angiogenesis (Fig. 8E-F). Specifically,
the SNO-CS@MoS,+NIR group showed the highest
expression of CD31, resulting from the slow release of
NO, which considerably enhance vascular regeneration.

Considering the safety of SNO-CS@MoS, for clini-
cal application, a comprehensive in vivo analysis of the
biosafety was performed. Histological analyses of major
tissues, including the heart, liver, spleen, lung, and kid-
ney, are illustrated in Fig. 9A, showing no damage or
abnormal defects after SNO-CS@MoS,+NIR treat-
ment. Besides, the values of the three representative hae-
matological indices concerned (RBC, HGB and WBC)
were all within the normal range (Fig. 9B-D). Indicators
related to liver function (ALP and AST) were also within



Mu et al. Journal of Nanobiotechnology (2023) 21:463 Page 18 of 23

— Vi
i arious NPs .
Wound model Inf;c;zc:e\:vllsth treatment for 3 days Evaluation methods
Day 0 Day 0 Day 1-3 Day 11
| E 1
| MoS, SNO-CS@MoS, I
55 °C = - PBS+NIR - MoS,+NIR - I
| 5 -+ SNO-CS@MoS,+NIR 5
| L sk 1 £ 1
2 so0 5
I g 2 !
I g “] 5 1
I E 40- g |
| 5 |
T ¥ T ¥ T
T I
| 100 200 300 @,,x\\ T
: Q R P dd @
I Time (s) RN ob&@)‘ g“o" I
I |
I |
I |
| |
I |
L s 1= !
F o - =
€ 3 3
5 5| A |5 e
¥ 181 s
g g - ﬁ
o o [=]
Distance(15mm) Distance(15mm) Distance(15mm)
PBS+NIR SNO-CS+NIR MoS,+NIR
SNO-CS E E @ Dayo
2| 7/ o Day3
g (@ g - Day7
2 2
2 ‘/ 3 Day9
[s] [a)

Distance(15mm)  Distance(15mm) @ Day!
SNO-CS@MoS,  SNO-CS@MoS,*NIR

-

-
=)
2

0
o
PR

SNO-CS@MoS,

1 - PBS+NIR
40 -+ SNO-CS+NIR
1= Mos,+NIR
209 = SNO-CS@MoS,
1 -+ sNO-Cs@MoS;+NIR

Wound Area (%)
(-3
o

SNO-CS@MoS

0
0

T T T T T
day0 day3 day7 day9 day11

Fig. 7 The efficiency of the SNO-CS@MoS, on wound healing. A) Schematic illustration for the establishment of an infected wound model and the sub-
sequent treatment regime. B-C) Thermal images of rats under NIR irradiation and the corresponding photothermal heating curves. D-E) Cultured bacteria
colonies on plates separated from wound tissues after treatment of day 1 and relative survival log of bacteria. F) The Digital photos of wound closure in
different treatment of PBS+NIR, SNO-CS +NIR, MoS, +NIR, SNO-CS@MoS, and SNO-CS@MoS, +NIR on days 0, 3, 7, 9, and 11. G-H) Schematic diagram
and quantification of the wound area after treatments on day 0, 3,7, 9 and 11. (Laser: 808 nm, 1.0 W cm~2, 10 min; Concentration: [MoS,]=200 pg mL™",
[SNO-CS]=30 ug mL™")



Mu et al. Journal of Nanobiotechnology (2023) 21:463 Page 19 of 23

A H&E staining C

PBS

SNO-CS

+NIR

MoS,

SNO-CS@MoS, SNO-CS@MoS,

B., D.. F.
5.0 = 100 6.0 o
] S <3k
—_ - S
E 4.0- £ g0- = 507
£ ] e
I E g 1 — © 4.0
) 3.0 * * £ 604 g E Ak
2 o | £ 3.0
[ [} 4
T 2.0 “a 40 =]
5 o ] *k *k 2. 2.0
o Kok o ® T
; 1.0+ g 20 o 1.04 ns
J 8 J (] J
0.0- 0- 0.0-

DAPI/CD31

Fig. 8 Histological analysis of the wound tissues. A-B) H&E staining and quantitative analysis of the tissues; C-D) Masson’s trichrome staining and quan-
titative analysis of the tissues; E-F) Immunofluorescence analysis (CD31) and quantitative analysis of the tissues



Mu et al. Journal of Nanobiotechnology (2023) 21:463

Page 20 of 23

A
X S8
z ~
+
[/ 8
o
o
.
L
+ 0
0
° N
s
® w5,
(/2] o
o Pt
Z - o
(/2] - 2
B 12 C 200
-:9- 150 -
N 1 =)
= C)
< 61 o 100
(8] (O]
m I
X 3. 50 4
° 5 S o
S 2 S S
@O T & oF
S '0‘5 ‘5$
o°
E 150
120 4
gso- I
&
= 60 ~
30 +
o S S S o1
07 W\
& Ve
o°

D 15
12 4
I =y
% 91 I
2 61
=
34
0
S 06'1‘ 96 05 Y-
O A ()
\‘\06@“\ R 60 \“06 W
2 2
F 150
120
S 90+ I
2
5 60
30+
04
SO A S
&
o°
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(RBC), (E) alkaline phosphatase (ALP) and (F) aspartate aminotransferase (AST)

the normal range (Fig. 9E-F). Thus, the newly designed
SNO-CS@MoS, demonstrated excellent biocompat-
ibility and biosafety, making them suitable for clinical
applications. Taken together, these findings suggest that
SNO-CS@MoS, has excellent ability to promote heal-
ing of infected wounds, which can be attributed to the
following factors: (1) antibacterial activity and inflam-
mation control; (2) enhancement of local vascular regen-
eration; (3) promotion of wound fibrous deposition and

epithelialization; (4) excellent biocompatibility. This
innovative system holds immense potential in treating
skin infections primarily caused by bacteria.

Conclusion

In this study, we successfully developed a multimodal
synergistic antibacterial system (SNO-CS@MoS,),
intended for the combined treatment of soft tissue
infections. The system utilizes easily surface-modified
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thin-layer MoS, nanosheets as photothermal agents,
which are loaded with SNO-CS through electrostatic
interactions, thus realizing the combination of NO gas
therapy and PTT. This surface modification not only
enables SNO-CS@MoS, to serve as a versatile NO gas
donor but also improves its long-term photothermal sta-
bility and biocompatibility in comparison to pure MoS,.
The positive surface modification of SNO-CS@MoS,
facilitates its adsorption onto bacteria. Subsequently,
the application of PTT rapidly triggers the generation
of a substantial quantity of NO by SNO-CS@MoS,. The
abundant NO, combined with the photothermal antibac-
terial effect, achieves an efficient synergistic antibacte-
rial therapy, by inducing the disruption of the bacterial
membrane, leading to bacterial protein leakage, as well
as impairing ATP synthesis functions. Notably, the util-
ity of SNO-CS@MoS, does not cease with antibacte-
rial effects. Upon the eradication of bacteria, residual
SNO-CS@MoS, continues to release trace amounts of
NO in physiological environment. This sustained NO
release stimulates fibroblast migration, proliferation, and
vascular regeneration, resulting in accelerated wound
healing. This study concluded that SNO-CS@MoS,, a
novel multifunctional system with safe and outstand-
ing antibacterial characteristics and potential for tissue
regeneration, has promising applications in infected soft
tissue wound treatment.
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