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The evolution of bacterial resistance to antibiotics has resulted in a
global public health crisis, necessitating the development of novel
antibiotic-independent antimicrobial strategies. In this study,
MoS,/Au-Ag@PEG nanosheets (MAAP NSs) were prepared via
sequential deposition of gold and silver nanoparticles onto MoS,
nanosheets (MoS, NSs), which were then used for the treatment of
methicillin-resistant Staphylococcus aureus (MRSA) infections.
Compared to MoS, NSs, MAAP NSs exhibit a significantly enhanced
near-infrared region Il (NIR-II) absorption at 1064 nm (a 7.51-fold
increase), and the photothermal conversion efficiency improves by
50.7%, reaching 19.9%. Theoretical simulations reveal that the
plasmonic coupling effect between adjacent Au—Ag nanoparticles
(Au—Ag NPs) on the surface of MAAP NSs leads to the formation of
hot spots and significantly enhances NIR-Il light absorption,
thereby improving the NIR-II photothermal performance. More-
over, the release of silver ions (Ag*) can be effectively controlled by
NIR laser irradiation. In vitro experimental results show that, upon
NIR-II laser (1064 nm) exposure, MAAP NSs can effectively eliminate
established MRSA biofilms with a bacterial inactivation efficiency of
99.992%. Notably, benefiting from the superior tissue penetration
of the NIR-II laser, MAAP NSs exhibit potent therapeutic efficacy
against both superficial wound infection and subcutaneous
implant-associated MRSA biofilm infection in mouse models.
In vivo results demonstrate that, under NIR-Il laser stimulation,
MAAP NSs can not only effectively kill 99.95% of MRSA in infected
wounds and accelerate wound healing, but also remove MRSA
biofilms from subcutaneous implant surfaces, achieving a 99.92%
bacterial reduction. This work presents a novel strategy for design-
ing NIR-Il responsive antibacterial nanoagents based on plasmonic
coupling effects in two-dimensional (2D) nanosheets and provides a
promising solution for the treatment of antibiotic-resistant bacter-
ial infections.
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MoS,/Au—Ag@PEG nanosheets with plasmonic
coupling effect-enhanced NIR-Il photothermal
therapy and silver ion release for combined
treatment of MRSA infection

Qi Zhang,® Wen Li,? Songyirui Qiu,? Hongbin Gong,® Wenging He,® Zhaowei Yin,”
*@ and Lianhui Wang (2 *@

New concepts

This study introduces a novel strategy for the efficient fabrication of
multifunctional antibacterial nanoagents responsive to near-infrared
region II (NIR-IT) light. The strategy involves the controlled growth of
Au-Ag nanoparticles on the surface of two-dimensional (2D) MoS,
nanosheets (MoS, NSs) to form MoS,/Au-Ag@PEG nanosheets (MAAP
NSs), which enables the modulation of the plasmonic coupling between
noble metal nanoparticles, thereby enhancing the NIR-II photothermal
properties. Additionally, this strategy facilitates the controlled release of
silver ions (Ag") from MAAP NSs upon NIR-II laser irradiation. Unlike
conventional antibacterial materials, MAAP NSs exhibit both excellent
NIR-II photothermal performance and controlled Ag” release capability,
resulting in remarkable synergistic antibacterial effects against both
planktonic and biofilm-embedded bacteria in vitro. Owing to the superior
tissue penetration of NIR-II light, MAAP NSs demonstrate excellent
therapeutic efficacy against bacterial infections in both wound and
implant infection mouse models. Given the simplicity and efficacy of
the approach, along with the excellent antibacterial performance, we
believe that it will provide significant guidance for the design and
development of other highly effective antibacterial nanosystems, poten-
tially contributing to the global fight against antibiotic resistance.

1. Introduction

Antimicrobial resistance (AMR) is recognized as one of the top
ten global public health threats, responsible for an estimated
1.27 million deaths each year and substantial economic
losses.””” The World Bank projects that by 2050, AMR could
result in costs of up to $100 trillion.® Excessive antibiotic use is
a primary driver of resistant pathogens.*™® Accordingly, there is
an urgent need for novel, antibiotic-independent antimicrobial
strategies to address this challenge.

Photothermal therapy (PTT), characterized by spatiotem-
poral controllability and non-invasiveness, has emerged as a
promising alternative to antibiotic therapy that has garnered
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considerable attention. PTT involves the activation of photo-
thermal agents (PTAs) by near-infrared (NIR) light, generating
localized hyperthermia to inactivate bacteria.” However, PTT
alone often requires elevated temperatures, which may induce
inflammation and thermal injury to surrounding healthy
tissues.®® To mitigate these limitations, PTT is often combined
with other therapeutic modalities, including antibiotic therapy,
photodynamic therapy (PDT), chemodynamic therapy (CDT),
and metal ion therapy.'®"* Silver nanoparticles (Ag NPs), as
classic antimicrobial agents, exert broad-spectrum antimicro-
bial activity through the release of silver ions (Ag"), which can
disrupt bacterial membranes, impair energy metabolism,
damage DNA and protein synthesis, and induce oxidative
stress, ultimately inhibiting bacterial proliferation.’>'® They
have been extensively utilized in biomedicine, personal care
products, and industrial applications.'®"*! However, their small
size and high surface area often lead to aggregation in complex
physiological environments, impeding Ag" release and dimin-
ishing antibacterial efficacy.>>* Integrating PTT with Ag NPs
not only facilitates Ag" release but also lowers the temperature
threshold required for bacterial eradication, constituting an
effective combined antimicrobial approach.>*° For example,
Yue et al. modified Fe;O, surfaces with polydopamine and
loaded Ag NPs, achieving PTT/Ag"/catalysis tri-modal synergis-
tic therapy under 808 nm laser irradiation, significantly enhan-
cing the treatment of MRSA infection.>* He et al. developed a
MoS,/Ag/ICG composite system that activated Ag'/PTT/PDT
synergism under 808 nm laser irradiation, achieving 99.99%
reduction in Staphylococcus aureus.** Despite promising ther-
apeutic outcomes, most current PTT-Ag" combined strategies
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utilize near-infrared region I (NIR-I, 700-900 nm) lasers, which
suffer from limited tissue penetration (~3 mm) and a low
maximum permissible exposure (MPE) of 0.33 W cm 2, restrict-
ing their applicability in complex physiological environments.*?
In contrast, near-infrared region II (NIR-II, 1000-1700 nm) lasers
provide deeper tissue penetration (>10 mm) and a higher
MPE (1.0 W cm™?), offering greater potential for clinical
application.***> Although anisotropic gold nanostructures (e.g.,
nanostars and nanorods) exhibit strong NIR-II responsive-
ness, their complex synthesis protocols hinder large-scale
applications.*>**® Research has shown that tuning the plasmonic
coupling between noble metal nanoparticles can effectively
enhance their absorption in the NIR-II region.***! In this con-
text, MoS, nanosheets (MoS, NSs), due to their high surface area
and excellent photothermal properties, may serve as an ideal
platform for the development of NIR-II responsive PTAs.*?

In this study, MoS,/Au-Ag@PEG nanosheets (MAAP NSs)
were prepared by sequentially depositing gold and silver nano-
particles onto MoS, NSs, followed by functionalization with
thiolated polyethylene glycol (PEG-SH) (Scheme 1a). By lever-
aging the plasmonic coupling of gold-silver nanoparticles (Au-
Ag NPs), the engineered MAAP NSs enable NIR-II laser-activated
combined photothermal and Ag* antibacterial therapy against MRSA
infections (Scheme 1b). In vitro and in vivo experiments confirm that,
under NIR-II laser irradiation, MAAP NSs can not only effectively
inactivate both planktonic bacteria and biofilm-embedded bacteria,
but also significantly promote wound healing and eradicate biofilms
from subcutaneous implants. This study provides a promising
design paradigm for the development of efficient NIR-II responsive
nanoplatforms with antibacterial activity.
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Scheme 1 (a) Schematic illustration of the preparation of MoS,/Au-Ag@PEG nanosheets (MAAP NSs). (b) Combined treatment of MRSA infections via

NIR-II photothermal therapy (PTT) and silver ions (Ag™) release.
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2. Experimental section
2.1 Preparation of MoS,/Au nanosheets (MA NSs)

An aqueous MoS, NSs dispersion (50 pg mL ™', 10 mL) was
mixed with 1.25 mL of 200 mM ascorbic acid (AA) in a 20 mL
sample vial equipped with a magnetic stir bar. The mixture was
stirred at 1200 rpm for 5 min to ensure homogeneity. Subse-
quently, an aqueous solution of 2 mM HAuCl,-3H,0 was added
dropwise using a micro-injection pump (LSP02-2A, Longer
Pump, China). Following the addition, the mixture was stirred
for an additional 5 min to ensure a complete reaction. The
resulting solution was then centrifuged at 10 000 rpm for 5 min,
and the supernatant was discarded. The precipitate was redis-
persed in ultrapure water, sonicated, and subjected to two
additional rounds of centrifugation to remove residual reac-
tants. Finally, the purified precipitate was redispersed in ultra-
pure water to obtain an aqueous dispersion of MoS,/Au
nanosheets (MA NSs).

2.2 Preparation of MoS,/Au-Ag nanosheets (MAA NSs)

Following a procedure similar to that described in Section 2.1,
10 mL of an aqueous MA NS dispersion (containing 50 ug mL ™"
MoS,) was mixed with 1.25 mL of 200 mM AA. After initial
stirring, an aqueous solution of 1 mM AgNO; was added
dropwise using the same micro-injection pump. The mixture
was stirred for an additional 5 min. The product was centri-
fuged at 10000 rpm for 5 min, and the supernatant was
discarded. The precipitate was washed twice with ultrapure
water via centrifugation and redispersed to yield MoS,/Au-Ag
nanosheets (MAA NSs).

2.3 Preparation of MoS,/Au@PEG nanosheets (MAP NSs) and
MoS,/Au-Ag@PEG nanosheets (MAAP NSs)

To prepare MAP NSs and MAAP NSs, 5 mg of thiolated poly-
ethylene glycol (PEG-SH) powder was added to 10 mL aqueous
dispersions of either MA NSs or MAA NSs (each containing
50 ug mL ™" MoS,). The mixture was stirred at 1200 rpm for 12 h
at room temperature. Afterward, the solution was centrifuged at
12 000 rpm for 10 min, and the supernatant was discarded. The
precipitate was redispersed in ultrapure water, sonicated, and
washed with two additional rounds of centrifugation under the
same conditions. The final dispersion of MAP NSs or MAAP NSs
was obtained by redispersing the precipitate in ultrapure water.

2.4 Photothermal performance evaluation

Aqueous dispersions of the Au@PEG NPs + Ag@PEG NP
mixture, the Au@PEG NPs + Ag@PEG NPs + MoS,@PEG NS
mixture, MoS,@PEG NPs, MAP NSs, and MAAP NSs were
prepared, with the concentrations adjusted to 20 pg mL™" for
MoS,, 105 ug mL ™' for Au, and 61 pug mL™ ' for Ag. Each
dispersion was irradiated with a 1064 nm laser (MIL-N-1064,
CNI, China) at a power density of 1.0 W cm™? for 5 min. The
temperature variations during irradiation were monitored and
recorded using a Fortic225 near-infrared thermographic
camera.

This journal is © The Royal Society of Chemistry 2026
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2.5 Finite-difference time-domain (FDTD) simulation

In this study, the finite-difference time-domain (FDTD) method
was employed to simulate the local electric field intensity
distribution of the following nanostructures: monodisperse
gold nanoparticles (Au NPs), Au NP dimers, Au NPs on MAP
NSs, and gold-silver nanoparticles (Au-Ag NPs) on MAAP NSs.
The structural parameters were set as follows: monodisperse Au
NPs with a diameter of 4.95 nm; Au NP dimers with a particle
diameter of 4.95 nm and an interparticle distance of 15.00 nm;
Au NPs on MAP NSs with a diameter of 4.95 nm and an
interparticle distance of 2.75 nm; Au-Ag NPs on MAAP NSs,
modeled as 4.95 nm Au cores coated with 0.925 nm Ag shells
(corresponding to an overall diameter of ~6.80 nm) and
separated by an interparticle distance of ~1.13 nm, according
to TEM statistical analysis. All simulations were conducted
using the Lumerical FDTD Solutions 2020 R2.4 software pack-
age. To evaluate the electromagnetic response of the nanos-
tructures, the hot spot region between nanoparticles was
analyzed based on the normalized electric field intensity (E),
defined by the following equation:

— El

E==
Ey

where E, represents the local electric field intensity at a specific
point, and E, denotes the incident electric field intensity. In the
case where E = 5, this indicates a fivefold enhancement of the
local electric field intensity relative to the incident field
intensity.

2.6 Evaluation of silver ion (Ag") release from MAAP NSs
under laser irradiation

A phosphate-buffered saline (PBS) dispersion of MAAP NSs at
20 pug mL~ " was irradiated with a 1064 nm laser (1.0 W cm™?)
for 0, 2, 4, 6, 8, and 10 min at specified intervals. After
irradiation, the supernatant was collected via ultrafiltration,
and the concentration of released Ag” was quantified using an
inductively coupled plasma optical emission spectrometer
(ICP-OES).

2.7 In vitro anti-biofilm effects

To evaluate the anti-biofilm efficacy of MAAP NSs, preformed
MRSA biofilms grown in 96-well plates were gently washed and
incubated with 200 pL of saline, MAP NSs (MoS,: 20 g mL '),
or MAAP NSs (MoS,: 20 pug mL ") at 37 °C for 6 h. In the laser
treatment groups, samples were irradiated with a 1064 nm laser
at a power density of 0.8 W cm 2 for 5 min. The treatment
outcomes were assessed using the following methods:

For confocal laser scanning microscopy (CLSM) observation,
the treated MRSA biofilms were stained with Calcein-AM for
20 min, followed by imaging using a laser confocal scanning
microscope (FV1000MPE, 1IX81, Olympus) and three-
dimensional (3D) reconstruction and biofilm thickness analysis
was conducted using the FV10-ASW software.

For the quantitative assessment of viable MRSA within the
biofilms after various treatments, bacteria from treated MRSA

Nanoscale Horiz., 2026, 11, 817-830 | 819
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biofilms were collected by ultrasonication and resuspended in
1 mL of saline. The resulting suspension was serially diluted
and plated on agar for colony-forming unit (CFU) counting to
determine viable bacterial numbers.

For morphological characterization, MRSA biofilms were
cultivated on indium tin oxide (ITO) glass slides (1 cm?).
Following various treatments, biofilms were fixed with 2.5%
glutaraldehyde for 30 min and subsequently dehydrated
through a graded ethanol series (15%, 30%, 50%, 75%, and
100%) for 15 min each. After air-drying, the samples were
sputter-coated with a ~2.5 nm gold layer for scanning electron
microscopy (SEM) imaging.

For quantitative analysis of biofilm biomass, the treated
MRSA biofilms were fixed with 4% paraformaldehyde for
10 min and stained with 0.02% crystal violet solution for 1 h.
The samples were washed three times with saline and imaged
using an inverted fluorescence microscope (Olympus IX71).
Afterward, the absorbance at 590 nm was measured following
dissolution of the crystal violet in 95% ethanol. The relative
biofilm biomass was calculated using the following equation:

Amaap — Avlank

x 100%
Asaline - Ablank ’

Relative biofilm biomass (%) =
where Agjine, Amaap and Apjani represent the absorbance values
of the saline-treated group, the MAAP NSs-treated group, and
the solvent and control wells, respectively.

2.8 In vivo treatment of wound infection

All animal experiments were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals from
Nanjing Medical University and were approved by the Animal
Ethics Committee of Nanjing Medical University. Female BALB/c
mice (6-7 weeks old) were purchased from Jiangsu Qinglong-
shan Biotechnology Co., Ltd (Jiangsu, China).

To establish the wound infection model, a full-thickness
circular wound with an 8 mm diameter was created on the
dorsal side of each mouse. Subsequently, a 1.5 cm x 1.5 cm
square film dressing (Tegaderm Film, 3 M) was applied to cover
the wound area. Then, 50 pL of MRSA suspension (1.0 x 10°
CFU per mL) prepared in LB broth containing 1% glucose was
injected beneath the dressing using a syringe. The MRSA-
infected wound model was established after a 48-hour incuba-
tion period. Female BALB/c mice with MRSA-infected wounds
were then randomly divided into six groups (n = 3 per group):
saline, NIR, MAP, MAP + NIR, MAAP, and MAAP + NIR. The
mice in the MAP group and MAAP group were injected with
50 pL of MAP NS dispersion (MoS,: 20 pg mL ") and MAAP NS
dispersion (MoS,: 20 pg mL™ '), respectively, on the wounds.
The mice in the saline + NIR group, MAP + NIR group, and
MAAP + NIR group were irradiated with a 1064 nm laser at a
power density of 0.6 W cm™ > for 10 min. After treatment,
wound photographs were taken every two days to monitor the
healing process. On day 8 post-treatment, wound tissues were
harvested for CFU quantification to evaluate the antibacterial
efficacy of the treatment. For histological analysis, the infected
tissues of the mice were fixed in 4% paraformaldehyde solution
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View Article Online

Nanoscale Horizons

for 12 h and then processed according to standard protocols for
hematoxylin and eosin (H&E) staining.

2.9 In vivo treatment of implant infection

To establish the implant infection model, medical titanium
plates (5 mm in diameter) were incubated together with 1 mL of
MRSA suspension (1.0 x 10’ CFU per mL) in LB broth contain-
ing 1% glucose at 37 °C for 48 h to facilitate the formation of
mature biofilms. The biofilm-coated titanium plates were then
implanted subcutaneously into the mice, and the incisions
were sutured. The MRSA biofilm-infected implant model was
established one day post-implantation. Female BALB/c mice
bearing MRSA biofilm-infected implants were then randomly
assigned to four groups (n = 4 per group): saline, NIR, MAAP,
and MAAP + NIR. Each mouse received a subcutaneous injec-
tion of 50 uL of saline or MAAP NSs (MoS,: 20 pg mL ') near the
implant site. For the laser treatment groups, the implant
area was irradiated with a 1064 nm laser at a power density
of 0.8 W ecm™? for 10 min. On day 8 post-treatment, the
implants were harvested and subjected to crystal violet staining
and CFU quantification to evaluate biofilm disruption and
bacterial viability.

2.10 Statistical analysis

All data are expressed as the mean + standard deviation (SD).
Statistical analyses were performed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. Differences
were considered statistically significant at probability (p) < 0.05
(*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001).

3. Results and discussion
3.1 Preparation and characterization of MAAP NSs

MoS, NSs were prepared via an ultrasonication-assisted lithium
intercalation method developed by our group.** The morphol-
ogy of the obtained MoS, NSs was characterized using trans-
mission electron microscopy (TEM) and high-resolution TEM
(HRTEM). As depicted in Fig. 1a, the MoS, NSs exhibited a
uniform morphology with an average size of approximately
124 nm. The HRTEM image of MoS, NSs (Fig. S1) reveals a
well-defined crystal structure, with a lattice spacing of approxi-
mately 2.7 A, corresponding to the (100) crystal plane of MoS,
NSs, which is consistent with previous reports.** MoS,/Au
nanosheets (MA NSs) were prepared via the in situ growth of
gold nanoparticles (Au NPs) on MoS, NSs using ascorbic acid as
a reducing agent.” This process was further extended to
include additional reduction and deposition of silver, resulting
in MoS,/Au-Ag nanosheets (MAA NSs). It is worth noting that
pre-growth of Au NPs is indispensable for the successful
fabrication of MAA NSs, as direct addition of the Ag" precursor
to MoS, NSs led to extensive precipitation (Fig. S2). As illu-
strated in Fig. 1b, the MA NSs were uniformly decorated with
Au NPs, with an average size of approximately 4.95 nm and an
interparticle distance of 2.75 nm (Fig. S3). The successful
formation of Au NPs is further confirmed by the observed

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Structural and compositional characterization of MoS, NSs, MA NSs, and MAA NSs. Transmission electron microscopy (TEM) images of (a) MoS,
NSs, (b) MA NSs, and (c) MAA NSs. (d) High-resolution transmission electron microscopy (HRTEM) image of MAA NSs. (e) High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image of MAA NSs with corresponding energy-dispersive spectroscopy (EDS) elemental
mapping of Mo, Au, and Ag. (f) X-ray diffraction (XRD) patterns of MoS, NSs, MA NSs, and MAA NSs. (g) X-ray photoelectron spectroscopy (XPS) spectra of
MoS, NSs, MA NSs, and MAA NSs. (h) Fourier transform infrared (FT-IR) spectroscopy spectra of MAA NSs, PEG-SH, and MAAP NSs.

crystal lattice spacing of 2.3 A, corresponding to the (111) plane
of Au NPs (Fig. S4).° Fig. 1c presents densely packed Au-Ag
nanoparticles (Au-Ag NPs) on MAA NSs, with an average size of
approximately 6.82 nm and an interparticle distance of 1.13 nm
(Fig. S5), while the corresponding HRTEM image (Fig. 1d)
displays distinct Au-Ag crystal interfaces. Furthermore, high-
angle annular darkfield scanning transmission electron micro-
scopy (HAADF-STEM) was used to analyze the elemental dis-
tribution in MAA NSs. As shown in Fig. 1e, molybdenum (Mo),
gold (Au), and silver (Ag) are homogeneously distributed
throughout the MAA NSs. The crystal structure and elemental
composition of MoS, NSs, MA NSs, and MAA NSs were char-
acterized using X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). As illustrated in Fig. 1f, the diffraction peak
near 14° corresponds to the (001) plane of MoS, NSs (JCPDS no.
37-1492), consistent with previous reports.”” Due to the growth
of metal nanoparticles, the stacking of MoS, layers is disrupted,
leading to the disappearance of the 14° diffraction peak in MA
NSs and MAA NSs.”> In the XRD pattern of MA NSs, the
diffraction peak at 38.5° corresponds to the (111) plane of Au
(JCPDS no. 89-3697), while in the XRD pattern of MAA NSs, the
diffraction peak at 38.1° corresponds to the (111) plane of Ag
(JCPDS no. 04-0783).*®*° As shown in Fig. 1g, the XPS survey

This journal is © The Royal Society of Chemistry 2026

spectrum of MAA NSs exhibits distinct binding energy peaks
corresponding to Au, Ag, Mo, and S. The binding energy
peaks near 229.2 eV and 162.4 eV are attributed to Mo 3d
and S 2p, respectively. Additionally, the binding energy peaks
at 87.4 eV and 83.8 eV correspond to the Au 4f;,, and 4f;),
orbitals, while the peaks at 368.1 eV and 374.1 eV are
assigned to Ag 3ds,, and Ag 3dj,, respectively (Fig. S6). The
simultaneous presence of binding energy peaks for Mo, Au,
and Ag in MAA NSs further confirms the successful growth of
Au-Ag NPs on MoS, NSs.

To further improve the biocompatibility of MA NSs and MAA
NSs for potential biomedical applications, their surfaces were
functionalized with PEG-SH, resulting in the formation of
MA®@PEG NSs (MAP NSs) and MAA@PEG NSs (MAAP NSs),
respectively. The Fourier-transform infrared (FT-IR) spectra
(Fig. 1h) of MAAP NSs exhibit additional absorption peaks at
2855 cm ™' and 1100 cm™* compared to MAA NSs, which
correspond to the stretching vibrations of C-H bonds and
C-O-C bonds in PEG-SH, confirming the successful surface
modification.’®>" As shown in Fig. S7 and S8, both MAP NSs
and MAAP NSs are uniformly dispersed in PBS and cell medium
and remain stable against aggregation, indicating that PEG-SH
modification effectively enhances their colloidal stability.

Nanoscale Horiz., 2026, 11, 817-830 | 821
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3.2 Coupling effect-enhanced photothermal properties and
silver ion release behavior of MAAP NSs

The optical properties of the aqueous dispersions of Ag@PEG
NPs (AgP NPs), MoS,@PEG NSs (MP NSs), Au@PEG NPs (AuP
NPs), their mixture (AgP NPs + AuP NPs + MP NSs), MAP NSs,
and MAAP NSs were evaluated using ultraviolet-visible-near
infrared (UV-vis-NIR) absorption spectroscopy. The concentra-
tions of the individual components were fixed as follows:
5 pg mL~" for MoS,, 26 pg mL™" for Au, and 15 pug mL™" for
Ag in all formulations containing these components. As shown
in Fig. 2a, AuP NPs, AgP NPs, MP NSs, and their mixture (AgP
NPs + AuP NPs + MP NSs) exhibit limited absorption in the
NIR-II region. In sharp contrast, MAP NSs and MAAP NSs
display markedly enhanced absorbance from the ultraviolet to
the NIR-II range, with absorbance at 1064 nm increased by

View Article Online
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1.8- and 2.3-fold, respectively, compared with the mixed solution,
highlighting the superior NIR-II absorbance of MAAP NSs.

The photothermal properties of MP NSs, binary mixtures
(AgP NPs + AuP NPs), ternary mixtures (AgP NPs + AuP NPs + MP
NSs), and MAP NSs and MAAP NSs were investigated by mon-
itoring the temperature changes of their aqueous dispersions
under NIR-II laser irradiation (1064 nm, 1.0 W cm™?). As shown
in Fig. 2b, after 5 min of NIR-II laser irradiation, the temperature
of MP NSs, the ternary mixtures (AgP NPs + AuP NPs + MP NSs),
MAP NSs, and MAAP NS aqueous dispersions (all containing
20 ug mL~' MoS,) increased by 15.8 °C, 19.7 °C, 34.3 °C, and
35.6 °C, respectively, while the temperature of the mixture of AuP
NPs and AgP NPs increased by only 9.7 °C, demonstrating the
superior photothermal performance of MAP NSs and MAAP NSs
in the NIR-II range. Moreover, the photothermal stability of
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Fig. 2 Photothermal properties and silver ion release behavior of MAAP NSs. (a) UV-vis-NIR absorption spectra of AgP NPs, MP NSs, AuP NPs, their
mixture (AgP NPs + AuP NPs + MP NSs), MAP NSs, and MAAP NS aqueous dispersions. (b) Photothermal heating curves of MP NSs, binary mixtures (AgP
NPs + AuP NPs), ternary mixtures (AgP NPs + AuP NPs + MP NSs), and MAP NS and MAAP NS aqueous dispersions. (c) Temperature variation of MAAP NS
aqueous dispersions over four cycles of on/off NIR-II laser irradiation. Calculation of photothermal conversion efficiency (PCE) for (d) MP NSs and (e)
MAAP NSs, respectively. (f) Simulated electric field intensity distribution of monodisperse Au NP, Au NP dimers, Au NPs on MAP NSs, and Au-Ag NPs on
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MAAP NSs was evaluated over four heating/cooling cycles, show-
ing negligible performance degradation (Fig. 2c). Thermogravi-
metric analysis (TGA) results further demonstrated that MAAP
NSs had minimal mass loss through a gradual temperature
increase of up to 180 °C, revealing good thermal stability
(Fig. S9). As shown in Fig. 2d and e, the photothermal conversion
efficiency (PCE) of MAAP NSs at 1064 nm was calculated to be
approximately 19.9%, significantly higher than that of MP NSs
(13.2%). In addition, Table S1 provides a benchmark against
previously reported NIR-II photothermal agents, showing that
MAAP NSs exhibits a comparable PCE along with a higher mass
extinction coefficient (MEC). To elucidate the underlying mecha-
nism behind the enhanced photothermal effect of MAAP NSs,
finite-difference time-domain (FDTD) numerical simulations

This journal is © The Royal Society of Chemistry 2026

were conducted, with a mesh-independence study performed
beforehand to ensure the reliability of the results. As shown in
Fig. 510, the calculated electric field distributions under different
grid sizes (4) exhibited negligible discrepancies, and the hot spot
locations and relative intensities remained consistent, confirm-
ing that the simulations are independent of mesh density.
Because the surface electric field strength of metal NPs is
positively correlated with their surface plasmon coupling effect,
which significantly influences their extinction ability.”"**> The
simulations revealed that the hot spot regions, characterized by
E, were located at the gaps between nanoparticles. The electric
field intensity in the hot spot region of Au-Ag NPs on MAAP NSs
reached up to 4.67 times that of the incident field, which is
notably higher than the values observed in monodispersed Au
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alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP). (d) Serum urea concentrations. (e) White blood cell
(WBC), red blood cell (RBC), and platelet (PLT) counts. (f) Hematocrit (HCT), (g) hemoglobin (HGB), (h) mean corpuscular volume (MCV), (i) mean
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NPs (2.26 times), Au NP dimers (2.27 times), and Au NPs on MAP
NSs (3.06 times) (Fig. 2f). These results indicate that the superior
photothermal effect of MAAP NSs likely arises from the
enhanced electric field induced by strong interparticle coupling
and the lightning rod effect of densely arranged Au-Ag NPs on
the surface.

Considering the therapeutic relevance of Ag' release, we next
investigated its release profile from MAAP NSs under different
conditions. Ag" release was first evaluated at various tempera-
tures (Fig. S11). At 25 °C, only ~ 0.6% of Ag* was released within
30 min, whereas at 37 °C the release increased to ~3.8%, and
at 50 °C it further rose to ~7.4%. This temperature-dependent
release is consistent with that in previous reports.>® Addition-
ally, we found that Ag" release is also influenced by pH. As
shown in Fig. S12, 5.5% of Ag" was released under neutral
conditions (pH 7.4, 45 °C), while 6.0% of Ag' was released
under acidic conditions (pH 4.5, 45 °C). The dual-responsive
Ag' release can improve the biological safety and therapeutic
efficacy of MAAP NSs. Building on this result, we subsequently
examined laser-triggered Ag" release. As shown in Fig. 2g,
under 1064 nm irradiation (1.0 W cm™>), MAAP NSs released
~3.8% of the total Ag" within 10 min, whereas negligible
release was observed without irradiation. These results high-
light the potential of MAAP NSs as dual-function therapeutic
agents that combine NIR-II PTT with Ag" release. Moreover, the
findings demonstrate that the enhanced release is primarily

824 | Nanoscale Horiz., 2026, 11, 817-830

attributable to localized heating induced by their photothermal
effect.

3.3 In vitro antibacterial activity of MAAP NSs

Given its propensity to cause various clinical infections, includ-
ing bacteremia, infective endocarditis, and skin and soft tissue
infections, MRSA was selected as the model bacterium in this
study.>® The antimicrobial capabilities of MAP NSs, MAAP NSs,
the binary mixture (AuP NPs + AgP NPs), and the ternary
mixture (AuP NPs + AgP NPs + MP NSs) were evaluated using
the spread plate method. As depicted in Fig. S13, without NIR-II
irradiation, MAP NSs exhibited negligible antibacterial activity.
In contrast, MAAP NSs achieved a 1.9 log reduction (~98%) in
MRSA viability. Similarly, the binary mixture (AuP NPs + AgP
NPs) resulted in a 2.0 log reduction (~99%), while the ternary
mixture (AuP NPs + AgP NPs + MP NSs) achieved a 1.9 log
reduction (~98%), mainly owing to the intrinsic antibacterial
effect of Ag". Under NIR-II laser irradiation, MAAP NSs demon-
strated a remarkable 4.61og reduction (~99.998%) in MRSA
viability, which was substantially higher than that observed for
MAP NSs (3.6 log, 99.97%), the ternary mixture of AuP NPs, AgP
NPs, and MP NSs (3.01log, 99.91%), and the binary mixture of
AuP NPs, and AgP NPs (2.3 1log, 99.5%). This superior antibac-
terial performance of MAAP NSs is attributed to the synergistic
contribution of photothermal heating and Ag" release, both
enhanced by plasmonic coupling between Au and Ag NPs.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Treatment of MRSA-infected wounds in mice using MAAP NSs. (a) Schematic illustration of the development of an in vivo MRSA-infected wound
model and its subsequent treatment procedure. (b) Infrared thermal images of mice under NIR-II laser irradiation (1064 nm, 0.6 W cm™2), along with
(c) the corresponding photothermal heating curves. (d) Weight curves of mice subjected to different treatments. (e) Representative images of infected
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(9) Quantification of bacterial CFU in infected wound tissues on day 8 post-treatment. (h) HGE and Masson'’s trichrome staining of infected wound tissues

following different treatments.

3.4 Invitro antibiofilm effect of MAAP NSs

Due to the protective barrier formed by extracellular polymeric
substances (EPSs), established biofilms are difficult to eradi-
cate, necessitating the evaluation of MAAP NSs for preformed
biofilm treatment.>®” To assess the antibiofilm effect of MAP
NSs and MAAP NSs, MRSA biofilms were grown in 96-well
plates. Biofilm disruption and antibacterial efficacy were
assessed via crystal violet staining, fluorescence imaging,
spread plate method, and SEM imaging.

As shown in Fig. 3a and b, the relative biomass of MRSA
biofilms remained largely unchanged after treatment with MAP
NSs alone, while MAAP NSs alone reduced the biomass to
85%. Upon exposure to NIR-II laser irradiation, the biofilm
biomass decreased to 67% with MAP NSs and to 57% with
MAAP NSs. Fluorescence imaging (Fig. 3c) further demon-
strated reduced fluorescence intensity in the MAP + NIR, MAAP,

This journal is © The Royal Society of Chemistry 2026

and MAAP + NIR groups, indicating decreased bacterial viability.
Correspondingly, the biofilm thickness decreased to 3.9 pm,
8.4 um, and 2.7 um in the MAP + NIR, MAAP, and MAAP + NIR
groups, respectively, compared to 21.7 pm in the saline group
(Fig. 3d). As illustrated in Fig. 3e and f, MAP NSs alone exhibited
negligible antibacterial activity. Upon NIR-II laser irradiation,
MAP NSs achieved a 3.2log reduction (~99.94%) in bacterial
viability, while MAAP NSs reached a 4.1log reduction
(~99.992%). SEM images (Fig. 3g) further demonstrated that
MRSA maintained smooth, intact cell walls in the MAP group,
but appeared distorted and wrinkled in the MAP + NIR, MAAP,
and MAAP + NIR groups. These results demonstrate that MAAP
NSs, by virtue of plasmonic coupling-enhanced NIR-II photother-
mal and Ag" release effects, can effectively disrupt the biofilm
structure, reduce biomass and thickness, and eradicate
embedded bacteria under NIR-II irradiation.

Nanoscale Horiz., 2026, 11, 817-830 | 825
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3.5 Biocompatibility evaluation of MAAP NSs

Before further applications, the biocompatibility of MAAP
NSs was evaluated. Human liver cells (L-O2) and keratinocyte
cells (HaCaT) were incubated with MAAP NS dispersions for
24 h, and cytotoxicity was assessed using the lactate dehy-
drogenase (LDH) assay. The viability of L-O2 cells and HaCaT
cells remained above 85% and 91% after treatment with
MAAP NSs at concentrations up to 40 pug mL " (Fig. S14a
and b), indicating low cytotoxicity. The hemolytic effect of
MAAP NSs was subsequently evaluated by incubating them
with mouse red blood cells (RBCs). As shown in Fig. S14c, the
supernatant remained nearly colorless, and the hemolysis
ratio was below 5%, confirming the good hemocompatibility
of MAAP NSs. Hematoxylin and eosin (H&E) staining was
further employed to assess the in vivo biosafety of MAAP NSs.
As shown in Fig. 4a, the H&E-stained sections of major
organs from MAAP-treated mice exhibited no observable
histopathological abnormalities compared to saline con-
trols. Additionally, the body weights of MAAP-treated mice
were not significantly different from those of healthy
controls (Fig. 4b). Furthermore, blood biochemical and
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Fig. 6 Immunofluorescence staining of infected wound tissue sections from mice on day 8 post-treatment. (
stained with DAPI (blue), macrophages labeled with F4/80 (red), and the M1 macrophage marker CD80 (green). (b) Representative images showing nuclei
stained with DAPI (blue), macrophages labeled with F4/80 (red), and the M2 macrophage marker CD206 (green).

a) Representative images showing nuclei

hematological analyses revealed no significant differences
between MAAP-treated and healthy mice (Fig. 4c-j). These
results collectively demonstrate that MAAP NSs exhibit excel-
lent biocompatibility.

3.6 In vivo treatment of MRSA infections

In the MRSA-infected wound model, skin wounds were induced
on the dorsal side of mice and subsequently treated (Fig. 5a).
Infrared thermal images and temperature curves (Fig. 5b and c)
revealed that, during NIR-II PTT (1064 nm, 0.6 W cm 2,
10 min), wound temperatures rapidly increased to 47.6 °C in
the MAP + NIR group and 50.2 °C in the MAAP + NIR group
within 2 min, while the NIR-only group reached only 33.2 °C.
Throughout the treatment period, mouse body weights
remained within a reasonable range (Fig. 5d), suggesting good
biocompatibility of MAAP NSs. By day 8 post-treatment
(Fig. 5e), wound healing varied notably among groups, with
significant MRSA reduction observed in the MAP + NIR, MAAP,
and MAAP + NIR groups compared to saline groups. Wound area
quantification (Fig. 5f) showed that wounds in the MAP + NIR,
MAAP, and MAAP + NIR groups were reduced to 6.4%, 9.1%, and

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Treatment of implant-associated MRSA biofilm infections in mice using MAAP NSs. (a) Schematic of the in vivo MRSA-infected implant model and
treatment process. (b) Infrared thermal images and (c) corresponding temperature curves of mice under NIR-I laser irradiation (1064 nm, 0.8 W cm™2).
(d) Weight curves of mice following different treatments. (e) Images of crystal violet-stained infected implants. Corresponding images of MRSA colonies
cultured from implant biofilms after different treatments are also shown. (f) Quantitative analysis of relative biofilm biomass after different treatments.
(9) Bacterial CFU quantification on implant surfaces on day 8 post-treatment.

4.4% of their original size, respectively, whereas the saline group
exhibited a wound closure of only 27.6% relative to the initial
area. Bacterial inactivation efficiencies at the wound sites
(Fig. 5g) were 2.4log (99.6%) for MAP + NIR, 0.9log (87%) for
MAAP, and 3.3 log (99.95%) for MAAP + NIR, aligning well with
the observed wound healing outcomes. These therapeutic out-
comes were further validated by histological examinations. As
shown in Fig. 5h, H&E staining images demonstrated relatively
intact epidermal architecture in the MAP + NIR and MAAP + NIR
groups, while other groups exhibited severely disrupted epithe-
lium and substantial infiltration of inflammatory cells. Further-
more, Masson’s trichrome staining revealed the presence of hair
follicles and more organized collagen fiber alignment in the
MAAP + NIR group, indicative of active tissue regeneration and
enhanced wound repair.

Bacterial infections often lead to chronic inflammation and
delay tissue repair. To assess the immunomodulatory effect of
MAAP NSs, macrophage polarization in infected tissues was
examined by immunofluorescence staining. As shown in Fig. 6,
infected tissues from mice in the MAAP + NIR group displayed
the most pronounced CD206 fluorescence and the weakest
CD80 fluorescence. These results suggest that macrophage
polarized from the pro-inflammatory M1 phenotype to the
anti-inflammatory M2 phenotype upon MAAP NS treatment

This journal is © The Royal Society of Chemistry 2026

under NIR irradiation. As shown in Fig. S15, after treatment,
the levels of the pro-inflammatory cytokine IL-6 significantly
decreased at the infection site, while the levels of the angiogen-
esis marker CD31 significantly increased. These results demon-
strate that MAAP NSs can effectively modulate the immune
response and promote tissue repair of MRSA-infected wounds
in mice.

Given the superior tissue penetration of a NIR-II laser, which
has the potential for treating deeper infections, a subcutaneous
model of implant-associated MRSA biofilm infection was
employed to further evaluate the in vivo antibacterial efficacy
of MAAP NSs (Fig. 7a). As shown in the infrared thermal images
and corresponding temperature curves (Fig. 7b and c), during
photothermal therapy (1064 nm, 0.8 W cm ™2, 10 min), the skin
temperature in the MAAP + NIR group rose rapidly to ~48 °C
within 2 min, while the NIR-only group reached only ~35 °C.
Throughout the entire treatment period, mouse body weights
remained within a reasonable range (Fig. 7d), further indicat-
ing the good biocompatibility of MAAP NSs. On day 8 post-
treatment, the implants were retrieved to assess biofilm clear-
ance using crystal violet staining and colony counting. As
shown in Fig. 7e, substantial biofilms and viable MRSA colo-
nies were observed in the saline and NIR-only groups, whereas
the MAAP and MAAP + NIR groups showed marked biofilm
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disruption and bactericidal activity. Biofilm biomass quantifi-
cation (Fig. 7f) revealed a reduction to 52% in the MAAP group
and further to 32% in the MAAP + NIR group. Colony counting
(Fig. 7g) further confirmed significantly reduced MRSA viability
in the MAAP and MAAP + NIR groups, with bacterial inactiva-
tion rates of 1.6 log (97%) and 3.1log (99.92%), respectively.

It is important to assess the retention and clearance of
MAAP NSs at treatment sites to ensure long-term safety. We
therefore monitored the levels of Au, Ag, and Mo in infected
tissues over time. As shown in Fig. S16, the concentrations of
Au, Ag, and Mo in infected tissues steadily declined after
administration. By the 16th day post-treatment, no metal ions
were detectable in the wound tissue, while in peri-implant
tissues, the levels of Au, Ag, and Mo had decreased by
~ 89.3%, 90.2%, and 89.4%, respectively. These results indicate
that MAAP NSs are progressively cleared through metabolic
processes, confirming their biodegradability and excretion
capacity and supporting their potential for safe therapeutic use.

4. Conclusions

In summary, MAAP NSs were prepared by sequentially deposit-
ing gold and silver nanoparticles onto MoS, NSs. Leveraging
the plasmonic coupling effect between Au-Ag nanoparticles,
MAAP NSs exhibited superior NIR-II photothermal perfor-
mance and laser-controllable Ag' release, establishing them
as a novel nano-antibacterial agent with dual antibacterial
mechanisms. In vitro, under 1064 nm laser irradiation (0.8 W cm 2,
5 min), MAAP NSs inactivated 99.998% of planktonic MRSA and
eradicated preformed MRSA biofilms, achieving a 99.992%
reduction in biofilm-associated bacteria. In vivo, MAAP NSs
demonstrated potent antibacterial efficacy by eliminating
99.95% of bacteria in infected wounds under 1064 nm laser
irradiation (0.6 W cm ™2, 10 min), while simultaneously accel-
erating wound healing. In a more challenging subcutaneous
implant-associated infection model, MAAP NSs effectively dis-
rupted MRSA biofilms on implant surfaces and achieved
99.92% bacterial inactivation under 1064 nm laser irradiation
(0.8 W cm ™2, 10 min). Considering their simple preparation,
excellent antibacterial performance, and good biocompatibil-
ity, MAAP NSs are expected to serve as an effective complement
to existing clinical infection control strategies and provide
valuable insight for the rational design of novel NIR-II laser-
responsive antibacterial nanoagents.
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