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Photothermal therapy is an antibacterial strategy based on the photothermal conversion effect,
characterized by rapid action and a low tendency for resistance. However, traditional photothermal
materials often lack the ability to specifically target bacteria, which limits their precise bactericidal
efficacy in complex infection environments. A nanoplatform integrating photothermal therapy and
targeted antibacterial action, composed of the targeting fragment 4-carboxyphenylboronic acid,
photothermal agent Ag,S, and stabilizer phycocyanin (PBA-Ag,S@PC NPs), has been successfully
established. The experimental results indicate that PBA-Ag,S@PC NPs exhibit exceptional photothermal

conversion capabilities and demonstrate targeted antibacterial effects, enhanced by photothermal
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Accepted Sth February 2026 action, against Staphylococcus aureus and Escherichia coli. Both in vitro and in vivo tests confirm the

excellent biocompatibility of PBA-Ag>,S@PC NPs and their potential to promote wound healing. Overall,
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1 Introduction

Bacterial infection is one of the most common complications
during the healing process of skin wounds and has become
a significant threat to human health."* Antibiotics represent
one of humanity's greatest inventions, saving countless lives
throughout history.? However, with the increasing issues related
to antibiotic misuse and resistance, traditional antibiotic ther-
apies are no longer sufficient to meet current clinical treatment
demands.*® Therefore, the development of novel antibacterial
strategies has become particularly urgent.
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the constructed PBA-Ag,S@PC NPs
nanoplatform, demonstrating significant potential for promoting the repair of infected wounds.

represent an efficient targeted photothermal antibacterial

Photothermal therapy (PTT) is a novel antibacterial strategy
characterized by its broad-spectrum photothermal antimicro-
bial properties.”® Under near-infrared light irradiation, it effi-
ciently converts absorbed light energy into hyperthermia,
achieving effective sterilization while minimizing the risk of
bacterial resistance development.®'® Metal sulfide nano-
materials, such as Ag,S, CuS, and MnS, exhibit high absorption
rates and photothermal conversion efficiencies in the near-
infrared (NIR) region."*** They also offer advantages including
low cost, ease of preparation, and high stability.'®"” Conse-
quently, these materials have garnered significant attention in
the field of photothermal antibacterial therapy. However, the
application model of PTT therapy is singular and limited,
lacking targeted selectivity towards bacteria.'®*?° This results in
non-specific cytotoxicity to normal tissue cells and low bacte-
ricidal efficiency. To further enhance the antibacterial effect, it
is of significant importance to develop antimicrobial nano-
materials with bacterial targeting properties.

Phenylboronic acid (PBA), as a small molecule ligand, is
characterized by its low cytotoxicity and ease of
modification.”*** By utilizing the boronic acid group, covalent
bonds can be formed with the polysaccharides on the surface of
bacteria, thereby enabling targeted delivery to bacterial cells
and enhancing accumulation at the bacterial membrane.
Leveraging the unique affinity of PBA for polysaccharides on
bacterial surfaces, researchers have incorporated it as a key
targeting moiety into nanocarrier design. For example, Wang
et al. designed mercaptophenylboronic acid (MBA)-modified
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gold nanoclusters (Auyy(MBA)yg) that targeted and effectively
killed vancomycin-resistant Enterococcus faecalis.*®> Wang et al.
developed phenylboronic acid-functionalized silver nano-
particles (AgNPs-PBAn) that target E. coli in infected wounds
and release antibacterial Ag" ions, enabling precise, efficient
treatment and rapid wound healing.”® Liu et al prepared
a carrier-free antibacterial nanodrug (NEP NPs) via PBA,
epigallocatechin-3-gallate (EGCG),and self-assembly of nitro-
fural (NIT) for targeted therapy of subcutaneous S. aureus-
induced skin infection.*” This strategy successfully confered
active targeting capability and enabled selective accumulation
within bacterial biofilms, thereby significantly enhancing the
precision and delivery efficiency of antimicrobial agents at
infection sites. Building upon precise bacterial targeting,
multifunctional nanoplatforms that integrate additional
synergistic antibacterial mechanisms have gradually emerged
as a research hotspot in the field of antibacterial drug delivery
systems. For example, Liu et al. developed phenylboronic acid-
functionalized BSA@CuS@PpIX NPs, which exhibit selective
targeting toward S. aureus and E. coli, enabling synergistic
antibacterial PDT/PTT for enhanced therapeutic efficacy.”® Li
et al. engineered PASAs@GSH NPs through atomic-level modi-
fication of palladium single atoms (PdSAs) with glutathione
(GSH) and mercaptophenylboronic acid (MBA), which demon-
strated excellent targeted photothermal antibacterial activity
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against E. coli under 808 nm NIR laser irradiation and effectively
promoted wound healing in a rat infection model.*

Phycocyanin (PC), a natural water-soluble protein, exhibits
biological safety, non-immunogenicity, and serves as a stabi-
lizer for nanoparticles. For example, phycocyanin can be
utilized to modify metal or non-metal nanoparticles such as Se
NPs, CuS NPs, and PDA NPs, which are widely applied in the
biomedical field.**** PC is amenable to chemical modification
owing to its peptide backbone. Owing to its peptide backbone,
which is rich in amino and carboxyl groups, PC is amenable to
precise chemical modifications that generate novel structural
derivatives, such as upconversion nanoparticle-conjugated PC
(PC-UCNPs),* PEGylated PC,** and glycation-modified PC
(MPC).*” Moreover, phycocyanin exhibits remarkable potential
in promoting wound healing.****

Therefore, the modification of Ag,S NPs using bacterial-
targeting fragment PBA and phycocyanin, which integrates
targeted antibacterial activity with photothermal therapy, is
expected to emerge as an effective strategy for wound healing. In
this study, we have rationally designed and conveniently
generated a bacterial-targeted photothermal antibacterial
nanoparticles, PBA-Ag,S@PC NPs (Scheme 1A), by loading 4-
carboxyphenylboronic acid (4-CPBA) onto phycocyanin-
stabilized Ag,S NPs. The utilization of PC as a carrier matrix
for Ag,S NPs (photothermal agent) significantly enhances their
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Scheme 1 Diagram the preparation procedure and antimicrobial mechanism of as-established PBA-Ag,S@PC NPs. (A) Synthesis strategy and
assembly process for the construction of PBA-Ag,S@PC NPs. (B) PBA-mediated bacteria targeting and combined antibacterial PTT of PBA-
Ag>S@PC NPs. (C) Biological application of PBA-Ag,S@PC NPs for bacteria targeting and PTT therapy toward bacterial infection.
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nano-stability and biocompatibility. 4-CPBA is introduced as
a bacterial targeting moiety to greatly facilitate the interaction
between PBA-Ag,S@PC NPs and bacteria. The combination of
targeted bacteria and photothermal therapy substantially
increases the antibacterial efficacy (Scheme 1B). The experi-
mental results indicate that this technology can effectively
promote wound healing at the site of infection (Scheme 1C).
This approach offers a non-antibiotic bactericidal method for
the repair of infectious wounds.

2 Materials and methods

2.1. Materials

Phycocyanin (C-PC), sodium sulfide nonahydrate (Na,S), N-
hydroxysuccinimide (NHS), 4-carboxyphenylboronic acid (4-
CPBA) were obtained from Macklin (China). Silver nitrate
(AgNO3) was obtained from Juyansi (Guangzhou) Chemical Co.,
Ltd (China). (3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) was obtained from Aladdin (China). The
1929 cell line was obtained from the Shanghai Cell Bank of the
Type Culture Collection at the Chinese Academy of Sciences.
Cell culture reagents, including Minimum Essential Medium
(MEM), penicillin G (100 U mL™"), streptomycin (100 U mL™ "),
and a 0.25% trypsin-0.53 mM EDTA solution, were purchased
from Gibco (Grand Island, USA). Horse serum was supplied by
iCell Bioscience Inc. (China). S. aureus and E. coli were provided
by Nanfang Hospital in China. The CCK-8 assay kit was
purchased from Dojindo Co., Ltd. in Japan. The SYTO9-PI Live/
Dead Bacteria Stain Kit was purchased from Tianjingsha
(China). Fluorescein isothiocyanate, hematoxylin-eosin staining
kit and Masson three-color staining solution were obtained
from Solarbio (China).

2.2. Synthesis and characterization of Ag,S@PC NPs and
PBA-Ag,S@PC NPs

The Ag,S@PC NPs were prepared using PC as a stabilizing
agent. First, 250 mg of PC was added to 8 mL of pure water,
followed by the gradual addition of 1 mL of 0.2 mM AgNO;
solution until the system became turbid. Subsequently, 1 mL of
0.1 M NaOH solution was introduced to adjust the pH to an
alkaline level. Finally, 18.2 mg of Na,S was added to the mixture.
After stirring at 55 °C for 4 hours, a solution containing
Ag>S@PC NPs was obtained. The preparation of PBA-Ag,S@PC
NPs involves the simultaneous addition of a 1 mL DMSO solu-
tion containing 44 mg 4-CPBA, 25.2 mg of NHS and 64 mg of
EDC during the aforementioned reaction.

2.3. Evaluation of photothermal properties

The PBA-Ag,S@PC NPs aqueous dispersion solutions with
concentrations of 0, 50, 100, 150, and 200 ug mL ™" were added
to a cuvette and irradiated with a laser at a wavelength of
808 nm and an intensity of 2.0 W cm 2 for a duration of 10
minutes. Additionally, the aqueous dispersion solution con-
taining PBA-Ag,S@PC NPs at a concentration of 200 pg mL ™"
was added to a cuvette and subjected to irradiation using lasers
with intensities of 0.5, 1.0, 1.5, 2.0 and 2.5 W cm 2 for
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a duration of 10 minutes. Furthermore, the aqueous dispersion
solution containing PBA-Ag,S@PC NPs at a concentration of
200 pg mL ™" was exposed to an intensity of 2.0 W cm™? from
808 nm laser for a period of 30 minutes. The absorption peak
characteristics were analyzed through UV-vis-NIR spectroscopy.
Throughout these experiments, temperature variations were
monitored and recorded using a Fluke TiS20 infrared thermal
imager during each cycle (comprising heating for 10 minutes
followed by cooling for 10 minutes). All experiments were con-
ducted in triplicate. The photothermal conversion efficiency
was determined by monitoring the temperature change of an
aqueous dispersion of PBA-Ag,S@PC NPs under continuous
irradiation with an 808 nm laser (2.0 W ecm™?) for 600 s (¢), until
the solution temperature reached a steady state. The photo-
thermal conversion efficiency (n) was calculated by equation: 7
= [hA(Tmax - Tsurr) - QDiS]/ [1(1 —10 Al)]-“

2.4. Evaluation of cytocompatibility

The L929 cells were cultured in a 96-well plate at a density of
1 x 10" cells per well. The cells were treated with varying
concentrations of PBA-Ag,S@PC NPs (0-200 pg mL™"). After
a 24 hours incubation period, 100 pL of CCK-8 reagent was
added to each well and incubated for an additional 2 hours. The
absorbance at A4sonm Was measured using a multifunctional
microplate reader, and the cell viability for each group was
calculated accordingly.

2.5. Evaluation of hemocompatibility

The venous blood samples from SD rats were centrifuged at
1500 rpm for 15 minutes to obtain red blood cells. A total of 50
uL of a 5% red blood cell solution was added to 1 mL of phys-
iological saline and incubated with varying concentrations of
PBA-Ag,S@PC NPs (0-200 pg mL ') in a water bath at 37 °C for
two hours. A 0.9% normal saline solution was used as the
negative control, while distilled water served as the positive
control. The supernatants were subsequently collected and
analyzed using a microplate reader calibrated to an absorbance
wavelength of 540 nm. The hemolysis ratio of red blood cells
was calculated employing the following equation: hemolysis
ratio percent = (Asample - Anegative)/(Apositive - Anegative) x 100%.

2.6. Assessment of bacterial targeting efficacy

Fluorescein isothiocyanate (FITC) was employed to label
Ag,S@PC NPs and PBA-Ag,S@PC NPs. Specifically, 1 mL of
Ag,S@PC NPs suspension and 1 mL of PBA-Ag,S@PC NPs
suspension were each labeled with 3 pL of FITC solution. The
FITC-labeled Ag,S@PC NPs and FITC-labeled PBA-Ag,S@PC
NPs were separately co-cultured with S. aureus and E. coli
solutions (10®° CFU mL™") for 3 hours, in the presence or
absence of glucose (10 pg mL™'). After centrifugation and
washing, observations were conducted using CLSM (excitation:
488 nm, emission: 522 nm). Bacterial uptake of Ag,S@PC NPs
and PBA-Ag,S@PC NPs was quantitatively analyzed using flow
cytometry and Flow]Jo software.
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2.7. Evaluation of antibacterial activity

The antibacterial effects of PBA-Ag,S@PC NPs were investigated
using S. aureus and E. coli. The antibacterial efficacy was
assessed through colony-forming unit (CFU) assays and SYTO9/
PI live/dead staining experiments. A concentration of 200 ng
mL ™' PBA-Ag,S@PC NPs, along with an equivalent amount of
Ag,S@PC NPs, was co-cultured with 1 mL of S. aureus and E. coli
suspension (1 x 10> CFU mL™"). The treatment group subjected
to laser therapy received irradiation from an 808 nm laser (2.5 W
cm?) for a duration of 10 minutes. Following the treatment,
the solution (100 pL) was evenly spread onto LB agar plates and
incubated at 37 °C for 24 hours. In contrast, the groups that did
not receive exposure to the 808 nm laser were directly incubated
in a dark environment at 37 °C for the same period. The stan-
dardized bacterial viability is calculated using the following
formula: bacterial viability (%) = (CFU count in the treatment
group/CFU count in the control group) x 100%. At the same
time, SEM was employed to observe the bacterial morphology in
different treatment groups.

2.8. In Vivo wound healing assay

The experimental subjects consisted of 30 SPF-grade male SD
rats, aged between 6 to 8 weeks and weighing between 250 to
300 grams. These animals were provided by the Animal Center
of Southern Medical University. All animal experiments were
conducted in accordance with the experimental protocols
approved by the local ethics committee, adhering to relevant
laws and regulations regarding laboratory animals in China.
Additionally, these experiments followed the guidelines estab-
lished by the Institutional Animal Care and Use Committee of
Southern Medical University. The 30 rats were randomly divided
into five groups (n = 6) using a random number table: NS
control group, Ag,S@PC NPs treatment group, PBA-Ag,S@PC
NPs treatment group, Ag,S@PC NPs + PTT treatment group, and
PBA-Ag,S@PC NPs + PTT treatment group. SD rats were anes-
thetized via intraperitoneal injection of sodium pentobarbital at
a concentration of 50 mg kg™ ' in a sterile environment. A sterile
punch biopsy tool with a diameter of 1.0 cm was used to create
four symmetrical full-thickness skin defects (1.0 cm x 1.0 cm)
on either side of the rat's spine. The four wounds on each rat
received identical interventions; therefore, all statistical anal-
yses were conducted using the individual animal as the inde-
pendent experimental unit (n = 6 per group). Specifically, at
each observation time point, the measurements from the four
wounds of each rat were averaged to yield a single representative
value per animal. Subsequent intergroup comparisons were
performed using these animal-level mean values. Subsequently,
each wound was uniformly inoculated with 200 pL of S. aureus
suspension (1 X 10® CFU mL’j). For the groups receiving PTT
treatment, an 808 nm laser was applied for 10 minutes at
a power density of 2.5 W cm > on days 1, 3, and 5 post-
modeling. During the treatment period, nanoparticle suspen-
sions were administered once every two days. The rats were
individually housed in separate cages with dressings changed
every two days. High-resolution digital photographs were taken
on days 0, 3, 7, and 14 post-modeling to document wound
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healing progress; these images were quantitatively analyzed for
wound area using IMAGE] software. On day four post-treatment
initiation, bacterial infection levels across all groups were
assessed using CFU methods. Tissue specimens from the
wounds were collected on days seven and fourteen after
modeling for histological examination. Hematoxylin-eosin
staining was employed to observe epidermal regeneration and
dermal tissue structure reconstruction while Masson's tri-
chrome staining was utilized to evaluate collagen deposition.

2.9. Statistical analysis

Statistical analysis was performed using Origin Pro 2025 soft-
ware (OriginLab, Berkeley, CA, USA). Data are presented as
Mean =+ SD. Statistical comparisons between samples were
conducted using one-way ANOVA followed by Tukey's post hoc
test. A P value less than 0.05 was considered statistically
significant.

3 Results and discussion

3.1. Preparation and characterization of the Ag,S@PC NPs
and PBA-Ag,S@PC NPs

In this study, Ag,S@PC NPs were synthesized through a one-
step reaction between silver nitrate (AgNO;) and sodium
sulfide (Na,S) in the presence of PC under high-temperature
and alkaline conditions. As shown in Fig. S1, a color transi-
tion was observed from light (AgNO3, Na,S, and PC) to dark
brown (Ag,S@PC NPs). The synthesis of PBA-Ag,S@PC NPs
involved the activation of amino groups on phycocyanin during
the aforementioned reaction, followed by the addition of 4-
carboxyphenylboronic acid to modify the bacterial targeting
fragment PBA onto Ag,S@PC NPs (Fig. 1A). DLS analysis
revealed that the sizes of Ag,S@PC NPs and PBA-Ag,S@PC NPs
were approximately 81.02 + 15.23 nm and 113.75 £ 20.51 nm,
respectively (Fig. 1B and S2-S3). TEM measurements demon-
strated that both Ag,S@PC NPs and PBA-Ag,S@PC NPs exhibi-
ted relatively clear core structures, with diameters of
approximately 80 nm and 110 nm, respectively (Fig. 1C and D).
As shown in the Fig. 1E, the surface potential of Ag,S@PC NPs is
measured at —16.15 £ 0.49 mV. Due to the negative charge of
boric acid in the solution, the surface charge of PBA-Ag,S@PC
NPs is recorded as —20.98 £ 0.45 mV. In the entire nanosystem,
the incorporation of PC significantly enhanced the stability of
Ag,S@PC NPs and PBA-Ag,S@PC NPs. During a 7 days incu-
bation period in physiological saline and PBS, no significant
changes in size were observed (Fig. S4 and S5). The X-ray
photoelectron spectroscopy (XPS) analysis further examined
the elemental composition of Ag,S@PC NPs and PBA-Ag,S@PC
NPs. Both Ag,S@PC NPs and PBA-Ag,S@PC NPs contain C, N,
O, S, and Ag elements, each corresponding to specific peaks.
Notably, PBA-Ag,S@PC additionally exhibited a significant
presence of B elements (Fig. 1F). Quantitative XPS analysis
revealed that, compared with Ag,S@PC NPs, the surface atomic
concentrations of Ag and S in PBA-Ag,S@PC NPs were slightly
reduced, whereas the surface B atomic content reached 2.07%,
providing direct the successful surface

evidence for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The characterization of Ag,S@PC NPs and PBA-Ag,S@PC NPs. (A) Strategies for synthesizing Ag,S@PC NPs and PBA-Ag,S@PC NPs. (B)
The DLS of as-prepared Ag>S@PC NPs and PBA-Ag,S@PC NPs (n = 3). (C and D) The TEM of Ag,S@PC NPs and PBA-Ag,S@PC NPs. (E) Zeta
potential of PC, Ag,S@PC NPs, and PBA-Ag,S@PC NPs (n = 3). (F and G) The XPS spectrum of Ag,S@PC NPs and PBA-Ag,S@PC NPs.

functionalization of the nanoparticles with PBA (Table S1). The
Fourier transform infrared spectroscopy (FT-IR) shows strong
peaks at 2920 cm ™~ and 1156 cm ™', corresponding to the C-H
bonds and C-O-C vibrations of sugar units in glycosidic link-
ages, indicating successful incorporation of PC. Additionally,
we observe phenyl-related bonds at 852 cm™ ' and B-O-H
bending at 1020 cm ™', These characteristic peaks confirmed
that PBA has been successfully deposited on Ag,S@PC NPs
(Fig. S6). All the results presented that Ag,S@PC NPs have been
successfully synthesized, and 4-CPBA has been effectively
modified onto the surface of Ag,S@PC NPs.

3.2. Photothermal performance of PBA-Ag,S@PC NPs

As a novel PTT agent, the photothermal properties of PBA-
Ag,S@PC NPs was investigation. As the concentration of PBA-
Ag,S@PC NPs increases, the UV-vis-NIR spectra of PBA-
Ag,S@PC NPs exhibit a gradual rise in absorbance within the
NIR region from 500 to 900 nm. This observation indicates that
PBA-Ag,S@PC NPs possess a commendable capacity for near-
infrared absorption (Fig. S7). The 808 nm laser with a power

© 2026 The Author(s). Published by the Royal Society of Chemistry

density of 2.0 W cm ™2 was used to irradiate aqueous solutions
of PBA-Ag,S@PC NPs at different concentrations (0, 50, 100,
150, and 200 pg mL ) for a duration of 10 minutes. The results
indicated that both the heating rate and the maximum stable
temperature increased with higher concentrations (Fig. 2A).
Additionally, when the same aqueous solution of PBA-Ag,S@PC
NPs (200 ug mL ") was exposed to an 808 nm laser at varying
power densities (0.5, 1.0, 1.5, 2.0 and 2.5 W cm %) for a period of
10 minutes, it was observed that the heating rate and maximum
stable temperature also rose in accordance with increasing laser
power (Fig. 2B). Further exposure of equal amounts of Ag,S@PC
NPs and PBA-Ag,S@PC NPs to an 808 nm laser at a power
density of 2.5 W ecm™> for 10 minutes confirmed that the
modification with 4-CPBA in PBA-Ag,S@PC NPs does not
significantly hinder the PTT effect (Fig. 2C). The thermal
imaging diagram of the PBA-Ag,S@PC NPs aqueous solution
indicated that, after being irradiated with a 808 nm laser
(2.5 W ecm™?) for 10 minutes, the temperature increased rapidly
from 30.0 to 52.2 °C, resulting in a temperature elevation of
22.2 °C (Fig. 2D). A comparison of the absorption spectra of

RSC Adv, 2026, 16, 9027-9039 | 9031
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Fig.2 The photothermal properties of Ag,S@PC NPs. (A) Temperature curves of different concentration of Ag,S@PC NPs concentrations under

808 nm laser irradiation at 2.0 W cm ™2

(n = 3). (B) Temperature curves of 200 pg mL™* Ag,S@PC NPs under 808 nm laser irradiation at different

power levels (n = 3). (C) Photothermal properties of equal amounts of Ag,S@PC NPs and PBA-Ag,S@PC NPs upon 808 nm laser irradiation (2.5 W

cm2) (n

= 3). (D) In vitro photothermal images of PBA-Ag,S@PC NPs. (E) UV-vis absorption of PBA-Ag,S@PC NPs under 808 nm laser irradiation

for 30 minutes (2.0 W cm™2). (F) Thermostability of PBA-Ag,S@PC NPs exposed to 808 nm laser (2.0 W cm~2) for four on/off cycles. (G)

Photothermal conversion profiles of PBA-Ag,S@PC NPs.

PBA-Ag,S@PC NPs before and after exposure to 808 nm laser
(2.0 W em™?) for 30 minutes revealed no significant decrease
(Fig. 2E). During the process involving four cycles of laser irra-
diation and shutdown, there were no significant differences in
the maximum temperatures achieved across each cycle (Fig. 2F).
The photothermal conversion efficiency of PBA-Ag,S@PC NPs
was calculated to be 23.44% (Fig. 2G). This indicates that PBA-
Ag,S@PC NPs possess moderate photothermal conversion effi-
ciency and photothermal stability.

3.3. The biocompatibility of PBA-Ag,S@PC NPs

Before conducting in vivo experiments, the cytotoxicity and
biocompatibility of PBA-Ag,S@PC NPs were evaluated. The
results from the CCK-8 assay indicated that after co-culturing

9032 | RSC Adv, 2026, 16, 9027-9039

L929 cells with PBA-Ag,S@PC NPs for 24 hours, cell viability
remained above 90% across a concentration range of 0 to 200 pg

' (Fig. 3A). Subsequently, hemolysis tests were performed
to assess the blood compatibility of PBA-Ag,S@PC NPs. As
shown in Fig. 3B, the hemolysis rate (HR) at concentrations
ranging from 0 to 200 pg mL ™" was consistently below 5%,
comparable to that of the negative control group using 0.9% NS
(Fig. 3B). These findings demonstrate that PBA-Ag,S@PC NPs
possess excellent cellular and blood compatibility.

3.4. Invitro antibacterial effect of PBA-Ag,S@PC NPs

Considering the targeted binding affinity of PBA-Ag,S@PC NPs
to bacteria and their excellent photothermal properties, we
further evaluated their broad-spectrum antibacterial activity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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against S. aureus and E. coli. To assess the bacterial targeting
capability of PBA-Ag,S@PC NPs, FITC-labeled Ag,S@PC NPs
and FITC-labeled PBA-Ag,S@PC NPs were co-incubated with
bacteria for observation. Notable green fluorescence was
detected within S. aureus and E. coli treated with FITC-labeled
PBA-Ag,S@PC NPs, whereas no significant green fluorescence
was observed in the control group or the FITC-labeled Ag,S@PC
NPs group (Fig. 4A and B). Since glucose can competitively form
boronate ester bonds with PBA, thereby inhibiting the binding
of PBA-Ag,S@PC NPs to bacteria, we introduced glucose into
the co-incubation system to block the PBA-mediated targeting
capability for comparative validation. Results showed that, in
the presence of glucose, the green fluorescence intensity of
FITC-labeled PBA-Ag,S@PC NPs co-incubated with S. aureus
and E. coli was significantly reduced. This observation was
further confirmed by quantitative flow cytometry analysis
(Fig. 4C and D), which yielded results consistent with those
obtained by CLSM. This effectively demonstrates the targeted
binding ability of PBA-Ag,S@PC NPs towards bacteria. The
photothermal antibacterial properties of Ag,S@PC NPs and
PBA-Ag,S@PC NPs were subsequently evaluated. Under dark
conditions, both Ag,S@PC NPs and PBA-Ag,S@PC NPs exhibi-
ted certain antibacterial effects against the two bacterial strains,
with PBA-Ag,S@PC NPs demonstrating superior efficacy
compared to Ag,S@PC NPs. However, following exposure to an
808 nm laser, the antibacterial effects of both Ag,S@PC NPs and
PBA-Ag,S@PC NPs were significantly enhanced; notably, the
effect of PBA-Ag,S@PC NPs was markedly amplified, achieving
an antibacterial rate exceeding 95% (Fig. 4E-H). The live/dead
bacterial staining using SYTO9/PI further corroborated these
findings. Under photothermal conditions, compared to the
control group, groups treated with Ag,S@PC NPs and PBA-
Ag,S@PC NPs displayed increased red fluorescence intensity,
with the best results observed in the group treated with PBA-
Ag,S@PC NPs (Fig. S8). Additionally, scanning electron
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microscopy (SEM) analysis post-exposure to the 808 nm laser
revealed significant morphological changes in bacterial cells.
Both Ag,S@PC NPs and PBA-Ag,S@PC NPs demonstrated
pronounced structural damage to bacteria (Fig. 41 and J). These
findings underscore the exceptional photothermal antibacterial
performance of PBA-Ag,S@PC NPs along with their targeted
antibacterial capabilities mediated by PBA.

3.5. In vivo wound healing in a skin model with wound
infection

Given that PBA-Ag,S@PC NPs exhibit strong antibacterial
activity in vitro, we established a rat wound infection model to
investigate their in vivo antibacterial efficacy and ability to
promote wound healing. The rats were randomly divided into
five groups (n = 6): NS control group, Ag,S@PC NPs treatment
group, PBA-Ag,S@PC NPs group, Ag,S@PC NPs + PTT treatment
group, and PBA-Ag,S@PC NPs + PTT treatment group. Four full-
thickness skin defects with a diameter of 10 mm were created
on the back of each rat, and each defect was uniformly inocu-
lated with 200 pL of S. aureus (10° CFU mL™"). For the group
receiving PTT treatment, 808 nm laser irradiation (2.5 W cm?)
was administered for a duration of 5 minutes on days 1, 3, and
5. Before treatment, the in vivo photothermal therapeutic effect
of PBA-Ag,S@PC NPs was first monitored using thermal
imaging technology. As shown in Fig. 5A, under 10 minutes of
near-infrared laser irradiation, the application of PBA-Ag,S@PC
NPs to infected wounds resulted in a maximum temperature
increase up to 54.3 °C. This indicates that PBA-Ag,S@PC NPs
can achieve a favorable photothermal efficacy during in vivo
therapy. Meanwhile, no obvious extensive tissue necrosis,
erythema, edema, or exudation—typical pathological manifes-
tations—was observed at the wound sites in the animals
throughout the treatment period. Next, wound samples from
each group of rats were collected at various time points during
the treatment, and the size of the wounds was systematically
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recorded. As illustrated in Fig. 5B and C, at various time points
during treatment, all groups exhibited varying degrees of
wound healing. Compared to the NS control group, both the
Ag,S@PC NPs treatment group and the PBA-Ag,S@PC NPs
treatment group demonstrated improved rates of wound heal-
ing. Furthermore, following adjunctive PPT therapy, both the
Ag,S@PC NPs + PTT treatment group and the PBA-Ag,S@PC
NPs + PTT treatment group showed a further reduction in
wound area, with the PBA-Ag,S@PC NPs + PTT treatment group
exhibiting the most favorable wound healing outcomes.
Specifically, at the conclusion of the treatment, the wound area
in the NS control group was measured at 25.89 £ 3.14%. In
contrast, the Ag,S@PC NPs treatment group exhibited a wound
area of 21.70 + 2.17%, while the PBA-Ag,S@PC NPs treatment
group showed a reduction to 17.03 & 1.30%. The Ag,S@PC NPs
combined with PTT resulted in an even smaller wound area of
12.72 + 1.61%, and notably, the PBA-Ag,S@PC NPs treatment
group achieved a minimal wound area of just 7.32 & 1.17%. The
antibacterial activity of different treatment groups on infected
wounds was evaluated using the plate counting method. On the
fourth day of treatment, all groups exhibited varying degrees of

9034 | RSC Adv, 2026, 16, 9027-9039

bacterial residuals: the Ag,S@PC NPs treatment group showed
77.53%, the PBA-Ag,S@PC NPs treatment group demonstrated
64.11%, and the Ag,S@PC NPs + PTT treatment group recorded
a bacterial load of 15.65%. Notably, the PBA-Ag,S@PC NPs +
PTT treatment group had the lowest bacterial load at just 3.4%
(Fig. 5D and E). The results indicate that PBA-Ag,S@PC NPs
possess significant potential for applications in targeted anti-
bacterial synergistic PTT and promoting wound healing.

3.6. Histological evaluation of regenerated tissues

The healing and structural reconstruction of the epidermis and
dermal tissue in each treatment group were observed using
Hematoxylin and Eosin (H&E) staining, while Masson staining
was employed to assess collagen deposition across the various
treatment groups. The H&E results indicated that compared to
the normal saline (NS) control group, all treatment groups
exhibited varying degrees of wound length reduction and
improvement in inflammatory cell infiltration on days 7 and 14
(Fig. 6A and C). Notably, the PBA-Ag,S@PC NPs + PTT treatment
group demonstrated the most significant healing effect, with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a greater presence of regenerated skin appendages. Masson
staining results revealed that by day 7 post-modeling, all groups
except for the NS control showed marked collagen fiber prolif-
eration; this effect was most pronounced in the PBA-Ag,S@PC
NPs + PTT group. By day 14, all groups displayed varying levels
of collagen deposition, with the highest accumulation observed
in the PBA-Ag,S@PC NPs + PTT group (Fig. 6B and D). These
findings indicated that PBA-Ag,S@PC NPs combined with
photothermal therapy can effectively reduce bacterial load in
wounds and accelerate the healing process of infected wounds,
demonstrating the significant advantages of combining photo-
thermal therapy with targeted therapy in promoting the
recovery of infected wounds.

3.7. Biosafety of PBA-Ag,S@PC NPs

The in vivo toxicity of PBA-Ag,S@PC NPs was further evaluated.
Compared to the healthy control group, no significant tissue
damage was observed in the major organs (liver, heart, spleen,
lungs, and kidneys) of the treatment groups receiving PBA-
Ag,S@PC NPs and PBA-Ag,S@PC NPs + NIR (Fig. S9).
Biochemical indicators related to liver and kidney function

© 2026 The Author(s). Published by the Royal Society of Chemistry

remained within normal ranges, with no signs of acute liver or
kidney injury detected (Fig. S10). These results confirm that
PBA-Ag,S@PC NPs possess good biosafety for in vivo antibac-
terial therapy.

3.8. Discussion and limitation

This study integrates PBA- and PC-modified Ag,S nano-
composites for synergistic bacterial-targeted therapy and pho-
tothermal therapy against Staphylococcus aureus-infected
wounds. The results demonstrated their excellent bacterial
targeting capability, potent photothermal antibacterial activity,
favorable biocompatibility, and significant wound-healing
promotion effect. These advantageous properties render the
nanocomposites highly promising for trauma management—
particularly in accelerating the healing of infected wounds—
and provide both theoretical insights and practical foundations
for developing novel functional wound dressings.

However, this study has several limitations. First, numerous
studies have demonstrated that PBA and its derivatives exhibit
certain kinetic preferences toward bacterial targets in vivo.***
Although our results show that PBA-Ag,S@PC NPs selectively
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accumulate on bacterial surfaces in vivo, the extent and speci-
ficity of their binding to host cells remain insufficiently char-
acterized. Second, given that S. aureus is the most representative
pathogen in skin and soft-tissue infections, this study focused
exclusively on Gram-positive bacteria in vivo; investigations
involving Gram-negative bacteria in vivo are warranted in future
work. Third, in actual infected wounds, the presence of bacte-
rial biofilms and exudative proteins may interfere—albeit to an
uncertain degree—with nanoparticle binding and subsequent
photothermal antibacterial efficacy. Fourth, while the in vivo
wound-healing performance and acute toxicity of PBA-Ag,S@PC
NPs were evaluated, their in vivo pharmacokinetics, bi-
odistribution, long-term biocompatibility, and systemic
biosafety require further comprehensive investigation. Looking
ahead, future studies could extend the application of PBA-
Ag,S@PC NPs to other acute or chronic wound models
(including burn wounds and diabetic wounds) and integrate
molecular biological approaches to mechanistically elucidate
how these nanoparticles promote tissue repair and
regeneration.

4 Conclusion

In summary, we have developed a multifunctional nano-
platform (PBA-Ag,S@PC NPs) for bacterial targeting photo-
thermal therapy and promotion wound healing. This platform
is composed of the targeting fragment PBA, the photothermal
agent Ag,S, and the nano stabilizer PC. Firstly, PBA-Ag,S@PC
NPs exhibit remarkable photothermal conversion capabilities
and enhance the antibacterial effects of photothermal therapy
through targeted bacterial interaction. Furthermore, PBA-
Ag,S@PC NPs demonstrate low cytotoxicity and good blood
compatibility. In vivo experiments confirm the excellent poten-
tial for promoting healing in infected wounds. Overall, PBA-
Ag,S@PC NPs provide a novel approach for the development of
targeted photothermal therapeutic nanomedicines and hold
significant promise for applications in skin wound repair.
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