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a b s t r a c t

Synergistic strategy of cationic antibacterial and nanoparticle mediated photothermal conversion provides

new opportunities to address bacterial infections. However, the conventional post-modification and lack

of precise structural regulation, leads to the complexity of operation and unsatisfying synergistic effect on

antibacterial performance. To address these challenges, herein, a novel “selective extraction and domain-

restricted growth” approach has been proposed to successfully synthesize quaternized mesoporous sil-

ica nanosphere (QMSN) encapsulating gold nanorods (GNRs) inside the pore channel (GNRs@QMSN) for

the treatment of bacterial infected diabetic wound. The strategy exhibits extensive convenience, en-

abling the ultra-uniform microporous core-mesoporous shell structure with positive charges. Most im-

portantly, GNRs@QMSN demonstrated an excellent photothermal conversion efficiency up to 63.73%, due

to the unique pore-domain-limited effect. Under the synergistic effect of positive charge surface for en-

hanced bacteria adhesion, intrinsic antibacterial quaternization and GNRs-mediated photothermal conver-

sion, GNRs@QMSN exhibited excellent antibacterial and antibiofilm performance in vitro. The feasibility

of GNRs@QMSN was further validated in a mouse diabetic wound infection model. This novel QMSN en-

capsulating GNRs is expected to be a promising paradigm for bacterial infected wound healing.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetic chronic wounds are prone to bacterial infections [1,2].

The high sugar environment weakens the immune response, re-

sulting in an infection rate of over 60% [3], which severely hin-

ders tissue regeneration. Traditional antibiotic therapy faces se-

vere challenges [4,5]: On one hand, drug-resistant bacteria (such

as methicillin-resistance Staphylococcus aureus (MRSA)) and biofilm

formation significantly reduce the efficacy of drugs; on the other

hand, systemic medication has problems such as poor targeting,

insufficient local concentration, and is prone to causing liver and

kidney toxicity. It is urgent to develop new antibacterial strategies

that are both highly effective in killing bacteria and safe in terms

of biological safety.

Over the past decades, advances in nanomaterial mediated

antibiotic-free antibacterial strategies provide new opportunities to
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address these challenges [6–10]. Among them, silica-based materi-

als are regarded as ideal antibacterial drug carriers due to their

excellent chemical stability and biocompatibility [11–13], etc. How-

ever, conventional silica-based materials lack intrinsic antibacte-

rial activity and must be loaded with antibacterial actives (nano-

enzymes, photosensitizers, and antibacterial drugs, etc.) or post-

modified to achieve antibacterial effects. Tao et al. constructed

a bifunctionalized mesoporous silica nanoparticles (MSN-AuNPs),

which possesses dual enzyme activities similar to those of perox-

idases and oxidases at the same time, by generating reactive oxy-

gen species (ROS) to efficiently kill bacteria and destroy biofilms

[14]. Cao et al. prepared Ag-Bi@SiO2 nanoparticles (NPs) by an in-

situ growth method. The obatined Ag-Bi@SiO2 NPs can acceler-

ate the release of Ag+ through photothermal effect, and the local

high temperature synergistically damages the cell membrane and

biofilm of bacteria [15]. Xin et al. prepared a novel nano-acoustic

sensitized agent (DT-Ag-CS+) by growing TiO2 on dendritic macro-

porous meso–silica nanoparticles, then depositating Ag, and modi-

fying it with quaternary ammonium chitosan (CS+), which induces

https://doi.org/10.1016/j.cclet.2025.111852
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Scheme 1. Schematic diagram of the synthesis process and the application of

GNRs@QMSN for wound infection.

the production of ROS through both sonodynamic and chemody-

namic effects, thereby destroying the periodontal pathogenic bac-

teria Porphyromonas gingivalis and its biofilm [16]. Although these

functionalized modifications can partially enhance the antibacte-

rial performance of the silica-based materials, the complex post-

modification steps undoubtedly increase the cost of the opera-

tion. In addition, existing technologies lack the integrated design

of dual-acting synergistic bactericidal and targeting enhancement,

which becomes a key obstacle to achieve long-lasting and broad-

spectrum antibacterial effects.

Herein, a facile “selective extraction and domain-restricted

growth” approach has been proposed to successfully synthesize

a quaternized mesoporous silica nanosphere (QMSN) with high

positive potential and macroporous structure, uniting with gold

nanorods (GNRs) for adhesion, intrinsic and synergistic photother-

mal treatment of diabetic wound infection (Scheme 1). QMSN was

synthesized by self-assembly of two organic templating agents,

anionic block copolymer polystylene-b-polyacrylic acid (PS-b-PAA)

and dimethyloctadecyl (3-(trimethoxysilyl)propyl)ammonium chlo-

ride (Si-QAC), in the presence of tetraethyl orthosilicate, thereafter

selectively extracting by N-methylpyrrolidone (NMP) to remove the

templating agent PS-b-PAA. Subsequently, GNRs were loaded in

situ into the pores of QMSN using the confined gold seed-growth

method to prepare the QMSN encapsulating GNRs (GNRs@QMSN).

QMSN has a uniform “microporous core-small pore shell” spheri-

cal structure. Interestingly, the aspect ratio and longitudinal plas-

mon resonance absorption peaks of the loaded GNRs can be tuned

by simply varying the amount of chloroauric acid (HAuCl4) in

the growth solution. In addition, mesoporous silica nanosphere

(MSN) without Si-QAC was prepared by post-calcination treat-

ment, while mesoporous silica encapsulating GNRs (GNRs@MSN)

was prepared using the same gold seed-growth method as a con-

trol. GNRs@QMSN shown good dispersion in various solvents with

a photothermal conversion efficiency up to 63.73%. Meanwhile,

GNRs@QMSN exhibited good biocompatibility against mammalian

cells. Compared with GNRs@MSN, the surface of GNRs@QMSN

was positively charged. Under the synergistic effect of positive

charge surface, intrinsic antibacterial quaternization and GNRs me-

diated photothermal conversion, GNRs@QMSN exhibited excellent

antibacterial and anti-biofilm performance in vitro. Furthermore,

the feasibility of GNRs@QMSN for bacterial infection treatment was

verified in vivo by a rat model of diabetic co-infection.

QMSN was prepared as illustrated in Fig. 1a. In detail, PS140-

b-PAA18 and Si-QAC were self-assembled into micelles in tetrahy-

drofuran solution, where the small-pore templating agent was Si-

QAC mono-micelles and the large-pore templating agent was a

composite micelle of PS140-b-PAA18 and Si-QAC. The micelles were

replicated by introducing the inorganic precursor tetraethyl or-

thosilicate, and the resulting QMSN samples were finally obtained

through selectively extracting by NMP to remove the templating

agent PS140-b-PAA18. In order to prepare QMSN with homogeneous

morphology and well-defined pores, the parameters were adjusted.

In order to prepare QMSN with homogeneous morphology and reg-

ular pore structure, a series of QMSNs were synthesized by adjust-

ing the amount of Si-QAC, the segments of PS-b-PAA, temperature,

aging method and the amount of NH3·H2O. Notably, the shell layer

of QMSN was controllably varied from 21.2 nm to 41.3 nm with the

increase amount of Si-QAC from 10mg to 50mg (Fig. S1 in Sup-

porting information). It was attributed to the fact that the large

mesoporous region of QMSN was co-constructed by the compos-

ite micelles of PS140-b-PAA18 and Si-QAC, while the small meso-

porous shell layer originates from the interaction of single Si-QAC

micelle with the silica source. When the amount of Si-QAC in-

creases, the thicker shell layer of QMSN is formed. The structure

and pores of QMSN tended to be ordered as the NH3·H2O was in-

creased from 0.25mL to 1.5mL (Fig. S2 in Supporting information),

it was attributed to the fact that hydrolysis reaction rate is accel-

erated by an increase in ammonia concentration, and the hydroly-

sis of tetraethyl orthosilicate (TEOS) tends to synchronize with the

self-assembly of the templating agent, leading to a homogeneous

arrangement of the pores [17–19]. In addition, the effects of tem-

perature, chain segments of PS-b-PAA and aging method on the

structure of QMSN have been also explored, and the various char-

acterizations are shown in Figs. S3–S5 (Supporting information),

we found that temperature [20,21] and aging mode [22–24] mainly

affect the pore structure of QMSN, and the chain segment of PS-b-

PAA affects its shell structure [25]. It is noteworthy that the size,

hydrodynamic diameter and zeta potential of the QMSN did not

fluctuate much with each parameter during the synthesis process

(Figs. 1b–k).

As a control, mesoporous silica with Si-QAC removed (MSN)

was prepared by calcination. QMSN and MSN were characterized

and tested by various methods. As shown in Fig. S6 (Supporting

information), the hydrodynamic diameter of QMSN and MSN are

∼250nm as measured by dynamic light scattering. Fourier trans-

form infrared (FT-IR) spectra of QMSN and MSN were recorded

to demonstrate the retention of quaternary ammonium ions in

QMSN (Fig. 1l). Compared with MSN, QMSN shown distinct ab-

sorption peaks at 2800–3000, 1590–1690 and 1300–1500 cm−1,

which correspond to the C–H stretching vibration peak, the C–N

stretching vibration peak and the C–H bending vibration peak, re-

spectively, confirming the successful retention of quaternary am-

monium ions in QMSN. Besides, the zeta potential (Fig. 1m) re-

sults shown that the surface of QMSN exhibited a highly posi-

tive potential. On the contrary, calcination removes Si-QAC, leav-

ing the MSN negatively charged. The chemical compositions and

functional groups of QMSN have also been investigated by X-ray

photoelectron spectroscopy (XPS). As shown by the high-resolution

XPS curve, C–N, N–Cl, Si-O and C-Si chemical bonds exist in QMSN

(Figs. S7a and b in Supporting information). In addition, nitrogen

sorption isotherms of the obtained QMSN display representative

type-IV curves with a rapid increase in the adsorption branch at

a relative pressure of 0.7 to 0.9, indicating the presence of uni-

form mesopores (Fig. S8 in Supporting information). The Brunauer-

Emmett-Teller (BET) surface area and pore area were calculated to

be as high as 154.23 m2/g and 0.40 cm3/g, respectively.

In order to construct material systems for adhesion and pho-

tothermal synergistic antibacterial, QMSN encapsulating GNRs in-

side the pore channel have been further synthesized using the

core-shell structure of QMSN as a nanoreactor, and employing the

“domain-restricted growth” strategy previously developed by our
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Fig. 1. (a) Schematic synthesis of QMSN prepared by selective extraction strategy. Hydrodynamic diameters (b) and zeta potentials (c) of QMSN obtained by changing the

amount of Si-QAC. Hydrodynamic diameters (d) and zeta potentials (e) of QMSN obtained by changing the amount of NH3·H2O. Hydrodynamic diameters (f) and zeta

potentials (g) of QMSN obtained by changing temperature. Hydrodynamic diameters (h) and zeta potentials (i) of QMSN obtained by changing the segments of PS-b-PAA.

Hydrodynamic diameters (j) and zeta potential (k) of QMSN obtained by changing aging mode. (l) FT-IR spectra of QMSN and MSN. (m) Zeta potentials of QMSN and MSN.

Data are presented as mean ± standard deviation (SD) (n=3).

group [26]. As a control, CTAB-stabilized GNRs (CTAB-GNRs) were

prepared by the same method. As shown in Fig. S9 (Supporting

information), CTAB-GNRs exhibit a rod-like particle morphology,

with positively charged surfaces, and their hydrated size is ap-

proximately 28nm (Figs. S10 and S11 in Supporting information).

It noted that Au seeds played a crucial role in the synthesis pro-

cess of GNRs@QMSN, as shown in Fig. S12 (Supporting informa-

tion), the formation of gold seeds occurs within the large pores

rather than in the small pores of QMSN. After domain-restricted

growth, GNRs@QMSN still maintained a spherical morphology (Fig.

2a and Fig. S13 in Supporting information) and high-resolution

transmission electron microscope (TEM) image (Fig. 2b) shown

that GNRs@QMSN has high crystallinity, with the crystal face spac-

ing of 0.14 and 0.20nm corresponding to the (220) and (200) crys-

tal faces of Au, respectively. Moreover, the distribution of Si, O, N

and Au elements in the GNRs@QMSN is shown in the dark-field

TEM image and the corresponding energy dispersive spectroscopy

(EDS) elemental mapping results in Fig. 2c. In addition, the suc-

cessful loading of GNRs is also demonstrated by the X-ray diffrac-

tion (XRD) pattern of GNRs@QMSN (Fig. 2d).

The chemical compositions and functional groups of

GNRs@QMSN have been investigated by XPS. As shown by

the high-resolution XPS curve, C–N, N–Cl, Si-O and C-Si chem-

ical bonds were also existed in GNRs@QMSN (Figs. S14a and b

in Supporting information). As shown in Fig. S14c (Supporting

information), the Au 4f spectrum of GNRs@QMSN has two peaks

at 84 and 87.7 eV, which are attributed to 4f7/2 and 4f5/2 of Au0,

respectively. The total XPS curves of GNRs@QMSN (Fig. S14d in

Supporting information) shown that there are C, O, Si and N

elements in NPs, and the presence of Au element attests to the

successful loading of GNRs. The hydrodynamic diameters distri-

bution (Fig. S10) of GNRs@QMSN and GNRs@MSN show that after

loading GNRs, the particle size of the material is around 255nm

and the GNRs@QMSN still maintains high positive potentials (Fig.

S11). The pore structure of GNRs@QMSN is similar to that of

QMSN (Fig. 2e), indicating that the reduction process does not

have a significant effect on the pore structure and pore parameters

of QMSN. The BET surface area and pore area decreased to 83.05

m2/g and 0.19 cm3/g, respectively, indicated the successful loading

of GNRs. The loading content of GNRs in QMSN is 35% in weight.

The good biostability of GNRs@QMSN in water, phosphate buffered

saline (PBS) and DMEM media was demonstrated in Fig. 2f.

Notably, the aspect ratio and longitudinal plasmon resonance

absorption peaks of the GNRs@QMSN can be modulated by simply

changing the amount of HAuCl4 in the growth solution. As shown

in Fig. S15 (Supporting information), when the amount of HAuCl4
was increased from 1.5mL to 7.5mL, the gold nanoparticles grad-

ually changed to rods, and when the amount of HAuCl4 was con-

tinued to be increased to 9mL, the gold exhibits the larger par-

ticles. Furthermore, the visible-near-infrared (Vis-NIR) spectra of

GNRs@QMSN exhibit a change from a single peak to a double peak

to a single peak (Fig. S16 in Supporting information).

Before evaluating the photothermal effect of GNRs@QMSN, the

Vis-NIR absorption spectra of GNRs@MSN and GNRs@QMSN were

recorded separately. Significant absorption peaks centered at 530

and 690nm can be observed for GNRs@MSN and GNRs@QMSN

(Fig. 2g), while the color of the solution changes from pink to pur-

ple, indicating the successful growth of GNRs inside the pores. Sub-

sequently, the temperature increment of GNRs@QMSN was mon-

itored under 808nm laser irradiation at different concentrations

and laser power densities. As shown in Figs. 2h and i, the temper-

ature increases more rapidly with increasing GNRs@QMSN concen-
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Fig. 2. (a) TEM image of GNRs@QMSN. Scale bar: 200nm. (b) High-resolution TEM

image of GNRs@QMSN. Scale bar: 2 nm. (c) Corresponding elemental mapping im-

ages of GNRs@QMSN. Scale bar: 50nm. (d) XRD pattern of GNRs@QMSN. (e) Ni-

trogen adsorption–desorption isotherms, pore size distribution of GNRs@QMSN. (f)

Diameter stability of GNRs@QMSN dispersed in water, PBS and DMEM media. (g)

Vis-NIR absorption spectra of GNRs@MSN and GNRs@QMSN. (h) Photothermal heat-

ing curves of GNRs@QMSN with different concentrations. (i) Photothermal heating

curves of GNRs@QMSN at varied laser power densities. (j) The photothermal conver-

sion efficiency of GNRs@QMSN. (k) Photothermal heating curves of GNRs@QMSN af-

ter five cycles. (l) Vis-NIR absorption spectra of GNRs@QMSN after five cycles. Data

are presented as mean ± SD (n=3).

tration and laser power density, indicating that the photothermal

performance of GNRs@QMSN is dependent on both concentration

and power. According to the temperature curve and time linear fit-

ting constants (Fig. 2j), the photothermal conversion efficiency of

GNRs@QMSN was calculated to be 63.73%, which was higher than

that of other GNRs-based photothermal agents (Table S1 in Sup-

porting information). In addition, no degradation of the photother-

mal performance of GNRs@QMSN was detected in five consecutive

heating/cooling cycles (Fig. 2k), and the corresponding Vis-NIR ab-

sorptivity (Fig. 2l) slightly decreased after five heating and cool-

ing cycles, which confirmed the excellent photothermal stability of

GNRs@QMSN.

The toxicity of GNRs@QMSN on L929 mouse fibroblast cells was

examined prior to the antibacterial activity study. As shown in Fig.

S17 (Supporting information), >80% cell survival was found even

at a concentration of 75μg/mL of Au, indicating that GNRs@QMSN

have good cytocompatibility. The quaternary ammonium ions on

the surface of GNRs@QMSN are expected to enhance the efficacy

of subsequent photothermal therapy (PTT) by adhering to bacte-

ria. To verify this conjecture, two bacteria, Staphylococcus aureus (S.

aureus) and Escherichia coli (E. coli), were selected as representa-

tives of Gram-positive and Gram-negative bacteria, respectively. As

shown in Fig. S18 (Supporting information), the bacterial viability

of S. aureus and E. coli was significantly decreased by 20.7% and

16.2%, respectively, when the Au concentration of GNRs@QMSN

was 50μg/mL. In addition, GNRs@QMSN still exhibited excellent in-

hibitory effects on bacteria even after 72h (Fig. S19 in Supporting

information). After calculation [27], the combination index (CI) for

Fig. 3. (a) Digital photographs of S. aureus and E. coli (108 CFU/mL) colonies after

treatment with different materials. (b) Bacterial activity of S. aureus and E. coli (108

CFU/mL) treated with different materials. (c) Live/dead staining images of S. au-

reus after treatment with different materials. Scale bar: 20 μm. (d) SEM and TEM

images of S. aureus after treatment with different materials. Scale bar: 400nm.

(e) Digital photographs of crystal violet staining of different materials after inhi-

bition and eradication of S. aureus biofilm. (f) Biomass of S. aureus biofilm after

treatment with different materials. (g) Three-dimensional confocal fluorescence im-

ages of different materials after co-incubation with S. aureus biofilm. (h) Three-

dimensional confocal fluorescence images of S. aureus biofilm after treatment with

different materials. Scale bar: 90 μm. Statistical significance was calculated by one-

way ANOVA using the Tukey post-test. NIR: 808nm, 10min, 1.0W/cm2. ∗P<0.05,
∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001. Data are presented as mean ± SD (n=5).

S. aureus was 0.9 and for E. coli was 0.8, indicating that quaternized

GNRs@QMSN and Au-mediated PTT have a synergistic inhibitory

effect on bacteria (Fig. S20 in Supporting information).

The effects of GNRs@QMSN on the growth of the two bacte-

ria were evaluated by using the colony formation assay. As shown

in Fig. 3 and Fig. S21 (Supporting information), GNRs@MSN alone

did not possess significant antibacterial activity (Fig. 3a and Fig.

S21a). On the contrary, GNRs@QMSN exhibited a slight inhibitory

effect on bacterial proliferation. In addition, NIR irradiation of

GNRs@MSN-mediated PTT exhibited a moderate antibacterial ef-

fect. Notably, bacteria pretreated with GNRs@QMSN lost the abil-

ity to form colonies on agar plates after laser irradiation, S. aureus

and E. coli activities after treatment were 5.9 % and 3.6% (Fig. 3b

and Fig. S21b), respectively, and this excellent bactericidal efficacy

was closely related to the adhesive properties and good photother-

mal performance of GNRs@QMSN. To further evaluate the bacte-

rial inhibition effect of GNRs@QMSN, the treated bacterial sam-

ples were stained with Calcein AM/PI staining solution. The re-

sults (Fig. 3c and Fig. S21c) showed that GNRs@QMSN effectively

killed the bacteria under the irradiation of NIR, and the strong red

fluorescence of the propidium iodide (PI) probe was shown, indi-
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cating dead bacteria. In contrast, the dominant fluorescence ob-

served in the bacteria with GNRs@QMSN alone was still green, and

a small amount of green fluorescence was still observed even after

GNRs@MSN+NIR treatment. Bacterial damage can be visualized

more visually with scanning electron microscope (SEM) images. As

shown in Fig. S22 (Supporting information), it can be seen that

the binding efficiency of GNRs@QMSN to bacteria is higher than

that of GNRs@MSN. Normally, S. aureus was smooth and spherical,

while E. coli was rod-shaped, however, after treatment, the bacte-

rial surface appeared collapsed and wrinkled, indicating that the

bacterial membrane was severely damaged (Fig. 3d and Fig. S21d).

This validated the synergistic antibacterial mechanism of quater-

nized GNRs@QMSN adhesion and photothermal therapy.

Bacterial biofilms are bacteria that attach themselves to in-

ert or active substances in order to adapt to their living con-

ditions, giving them a growth pattern similar to that of plank-

tonic cells [28]. Due to the excellent in vitro antibacterial effect of

GNRs@QMSN, we have also conducted experiments to investigate

its resistance to biofilms. Firstly, the eradication and inhibition ef-

fect of GNRs@QMSN on S. aureus biofilms was investigated by crys-

tal violet staining experiment. It can be seen that the biofilm of the

control group was dense and thick, while the biofilm treated with

GNRs@QMSN+NIR was sparse and thin with light purple color

(Fig. 3e). Interestingly, GNRs@QMSN also inhibited S. aureus biofilm

formation in the absence of NIR irradiation (Figs. 3e and f), which

may be caused by GNRs@QMSN adsorbing on the bacterial surface

via positive charge, it was also evident from the plate coating ex-

periment that the number of viable bacteria in the biofilm treated

with GNRs@QMSN was significantly reduced (Fig. S23 in Support-

ing information). In addition, the cell density of the biofilm af-

ter different treatments was qualitatively analyzed by SEM, and it

was found that bacteria in the GNRs@QMSN, GNRs@MSN+NIR and

GNRs@QMSN+NIR groups all appeared to be wrinkled, but those

in the GNRs@QMSN+NIR group appeared to be broken between

them and the extracellular polymers broke into fragments (Fig. S24

in Supporting information).

Given the smaller size of GNRs@QMSN and the presence of

surface quaternary ammonium ions, it is expected to penetrate

the mature biofilm matrix and reach the bottom of the matrix

[29,30], and in order to validate this conjecture, the biofilm was

stained with the calcein AM/PI kit, and confocal fluorescence im-

ages of the biofilm were recorded. As can be seen in Fig. 3g,

GNRs@QMSN+NIR exhibited good biofilm inhibitory activity, since

only a thin biofilm consisting of live bacterial cells can be observed

after NIR irradiation. Although there was no significant difference

in biofilm thickness between the control and GNRs@QMSN-treated

groups, almost all the cells in the GNRs@QMSN+NIR-treated group

were dead (Fig. 3h).

In view of the good biofilm eradication effect of GNRs@QMSN

as well as the good biosafety in vitro, we established a mouse

wound infection model by introducing S. aureus into the wound

site of Sprague Dawley male rats, the schematic diagram (Fig. 4a)

depicts the formation of a diabetic wound infection model, and

the associated treatment and observation. All animal procedures

were performed in accordance with the Guidelines for Care and

Use of Laboratory Animals of East China University of Science and

Technology, and the experiments were approved by the Animal

Ethics Committee of East China University of Science and Technol-

ogy. The mouse model was randomly divided into five groups: (1)

Control, (2) GNRs@MSN, (3) GNRs@QMSN, (4) GNRs@MSN+NIR,

(5) GNRs@QMSN+NIR. Treatments were carried out on days 1, 3,

and 5 respectively, we took photographs of wounds with differ-

ent treatments on days 1, 3, 5, and 10, and analyzed the wound

healing rate by calculating the size of the relative repair area. Af-

ter 10 days of treatment, the wound of the mice treated with

GNRs@QMSN recovered to the original 3.7 %, which proved the ex-

Fig. 4. Potential application of GNRs@QMSN in the treatment of S. aureus infec-

tions. (a) Establishment of wound infection model and treatment scheme. Digital

photographs (b) and healing of wounds (c) in mice after treatment with different

materials. Scale bar: 5mm. (d) Quantitative analysis of the wound area (n=3). Digi-

tal photographs of skin wound colonies (e) and statistics on the number of colonies

(f) in each group of mice on day 10 (n=5). (g) H&E and Masson staining of wound

tissue after treatment with different groups on day 10. Scale bar: 200μm. Statisti-

cal significance was calculated by one-way ANOVA using the Tukey post-test. NIR:

808nm, 1.0W/cm2, 10min. ∗P<0.05, ∗∗∗P<0.001, ∗∗∗∗P<0.0001. Data are presented

as mean ± SD.

cellent wound healing ability of GNRs@QMSN under NIR irradia-

tion. (Figs. 4b–d), In addition, we further evaluated the antibac-

terial effects of various treatments on the tenth day. The relative

percentages of viable bacteria in the GNRs@MSN+NIR group and

GNRs@QMSN+NIR group were 38% and 13% (Figs. 4e and f), re-

spectively. The effect of the different treatments on wound healing

was further evaluated by histological analysis, and the histologi-

cal images of skin hematoxylin-eosin (H&E) and Masson stains col-

lected on day 10 (Fig. 4g) shown that the two groups using NIR

had intact skin tissue structure, abundant fibroblasts, and fewer

neutrophils compared to the two groups not using NIR. Finally,

H&E staining was performed on the major organs (heart, liver,

spleen, lungs, and kidneys) of the rats. No significant inflamma-

tion and edema were seen in the H&E stained images, indicating

that GNRs@QMSN did not cause significant tissue damage and had

a good biosafety profile (Fig. S25 in Supporting information). Thus,

GNRs@QMSN is a promising photothermal antibacterial agent that

shows great potential in the treatment of bacterial wound infec-

tions.

In conclusion, we have successfully synthesized QMSN by

a simple one-step selective extraction strategy and domain-

restricted growth of GNRs in situ within the pore channels (termed

GNRs@QMSN), which possessed an adhesion, intrinsic and pho-

tothermal synergistic treatment of diabetic wound infection. In-

terestingly, the longitudinal surface plasmon resonance peaks of

the GNRs can be modulated by adjusting the amount of chloroau-
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ric acid in the reaction solution due to the unique pore-domain-

limited effect of QMSN. Under the synergistic effect of positive

charge surface for enhanced bacteria adhesion, intrinsic antibacte-

rial quaternization and GNRs mediated photothermal conversion,

GNRs@QMSN exhibited excellent antibacterial activity and effec-

tively inhibited the formation of S. aureus biofilm. GNRs@QMSN

completely eradicated bacterial infections and accelerated wound

healing under laser irradiation. In addition, GNRs@QMSN demon-

strated good biocompatibility in vitro and in vivo. Therefore, this

therapeutic strategy combines the synergistic effects of adhesion,

intrinsic and photothermal, provides a new approach for the treat-

ment of deep bacterial biofilm infections.
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