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Purpose: Skin injury, often caused by physical or medical mishaps, presents a significant challenge as wound healing is critical to 
restore skin integrity and tissue function. However, external factors such as infection and inflammation can hinder wound healing, 
highlighting the importance of developing biomaterials with antibiotic and wound healing properties to treat infections and inflamma
tion. In this study, a novel photothermal nanomaterial (MMPI) was synthesized for infected wound healing by loading indocyanine 
green (ICG) on magnesium-incorporated mesoporous bioactive glass (Mg-MBG) and coating its surface with polydopamine (PDA).
Results: In this study, Mg-MBG and MMPI was synthesized via the sol-gel method and characterized it using various techniques such 
as scanning electron microscopy (SEM), the energy dispersive X-ray spectrometry (EDS) system and X-ray diffraction (XRD). The 
cytocompatibility of MMPI was evaluated by confocal laser scanning microscopy (CLSM), CCK8 assay, live/dead staining and F-actin 
staining of the cytoskeleton. The antibacterial efficiency was assessed using bacterial dead-acting staining, spread plate method (SPM) 
and TEM. The impact of MMPI on macrophage polarization was initially evaluated through flow cytometry, qPCR and ELISA. 
Additionally, an in vivo experiment was performed on a mouse model with skin excision infected. Histological analysis and RNA-seq 
analysis were utilized to analyze the in vivo wound healing and immunomodulation effect.
Conclusion: Collectively, the new photothermal and photodynamic nanomaterial (MMPI) can achieve low-temperature antibacterial 
activity while accelerating wound healing, holds broad application prospects.
Keywords: infection-related wounds, magnesium-doped bioactive glass, photothermal therapy, photodynamic therapy, 
immunomodulation

Introduction
The skin is the largest organ of the human body and serves as the first line of defense against pathogen invasion.1 However, 
physical, chemical, or mechanical factors often cause skin damage, resulting in wounds that affect the integrity and function 
of the skin and tissues. The healing of skin wounds is a complex process, including hemostasis, inflammation, proliferation, 
and remodeling, involving the coordinated action of various cells, tissues, and biological factors.2 Most skin wounds heal 
within one to two weeks, but infected skin wounds can lead to serious complications, such as severe pain, amputation, or 
even death.3 Therefore, bacterial infection is one of the greatest obstacles to wound healing. To treat infected wounds, 
a variety of methods have been developed. Traditional therapies primarily involve the use of medications (such as implant 
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extracts, antibiotics, etc). Unfortunately, these methods have certain limitations to varying degrees.4 For example, steroid 
medications used during the anti-inflammatory process not only suppress the immune system but also inhibit collagen 
synthesis and fibroblast proliferation. Excessive reliance on antibiotics not only causes severe hepatorenal toxicity but also 
leads to the emergence of antibiotic-resistant bacteria, resulting in chronic wounds that are difficult to heal, and can even be 
life-threatening.5 Therefore, there is an urgent need to develop new therapies to treat infected wounds.

Photothermal therapy (PTT) is a non-invasive, safe, controllable, and broadly promising technology.6 It utilizes photo
thermal agents (PTAs) to convert light energy into heat energy, generating localized high temperatures that disrupt the 
complete structure of bacteria, thus eliminating them and promoting wound healing.7,8 At present, there are many kinds of 
photothermal materials with excellent antibacterial properties, such as noble metal nanoparticles, metal compound nanoma
terials and organic nanomaterials.9–12 However, in the typical thermal treatment process of PTT, high doses of PTAs inevitably 
damage the surrounding healthy tissues, thereby affecting wound healing.13 Fortunately, mild PTT (at temperatures around 
45°C) does not damage the wound tissue, and can also improve local blood circulation, promote fibroblast proliferation and 
collagen synthesis, enhance tissue repair and regeneration capabilities, thereby accelerating wound healing.14,15 In this regard, 
development of a biomaterial that has a mild PTT effect is likely to substantially promote the healing of wounds that are 
associated with infection.16 Polydopamine (PDA) is an organic polymer material with photothermal effects, generating heat by 
absorbing near-infrared light.17 PDA is fully biodegradable in the body, possessing high biocompatibility and photothermal 
conversion efficiency.18 PDA can also be mixed with other materials, offering enhanced stability, antibacterial properties, and 
promoting tissue repair.19 More importantly, PDA exhibits a mild photothermal effect.20 Indocyanine green (ICG) is an 
important near-infrared (NIR) photosensitive molecule, used in PTT/PDT therapy and imaging.21 It generates reactive oxygen 
species (ROS), capable of killing pathogenic bacteria under near-infrared irradiation.22 Composite nanomaterials based on 
ICG have been designed and widely applied, especially in the fields of oncology and antimicrobial therapy.23

Mesoporous bioactive glass (MBG) is a third-generation biomaterial, with research in tissue repair burgeoning in 
recent years.24 This series of materials promotes tissue repair by altering the microenvironment of the extracellular 
matrix through the production of dissolution and degradation products.25 Mesoporous bioactive glass containing Mg2+ 

(Mg-MBG) is a new type of therapeutic nanosphere with good biocompatibility. On one hand, its mesoporous structure 
can encapsulate drugs or other molecules; on the other hand, due to its solubility and stability, it can serve as an excellent 
carrier for antimicrobial substances.26 As previously mentioned, wound infections prompt macrophages to polarize 
towards M1, producing a plethora of inflammatory factors, severely inhibiting tissue repair.27 Fortunately, Mg2+ can 
promote macrophages to polarize towards M2, mitigating the inflammatory response, participating in various wound 
healing processes, thus accelerating wound healing and promoting tissue repair.28,29

Consequently, a novel nanoplatform (MMPI) was fabricated in the present study for combined photothermal and 
photodynamic therapy, encapsulating PDA onto Mg-MBG and loading ICG via π-π stacking. Under NIR irradiation, 
MMPI generates a temperature of approximately 45 °C in wound tissues, avoiding damage to healthy tissues from high 
temperatures and stimulating vascular and fibroblast proliferation to promote wound healing. Furthermore, this tempera
ture increases the permeability of bacterial cell membranes, making them more sensitive and vulnerable. Simultaneously, 
the heat generated by MMPI facilitates the release of ICG and the production of ROS, destroying bacterial cell 
membranes that are already sensitive to photothermal effects, thereby killing the bacteria. Concurrently, the release of 
Mg2+ promotes the polarization of macrophages towards M2, mitigating the inflammatory response and participating in 
the wound repair process, accelerating wound healing. In summary, MMPI enhances PDT by promoting the release of 
ROS from ICG, achieving the ability to kill bacteria under mild PTT conditions, and accelerates wound healing through 
the release of Mg2+. The preparation process and action mechanism of MMPI are illustrated in the Scheme 1.

Materials and Methods
Materials
Chemicals including dopamine hydrochloride, tris(hydroxymethyl) aminomethane (Tris, 99.9%), and 1,3,5-trimethyl
benzene (TMB, 97%) were procured from Aladdin Industrial Co. Additionally, Indocyanine green (ICG, 98%) was 
obtained from All J&K Scientific Co., and fetal bovine serum (FBS, Sigma-Aldrich) was acquired from Sigma-Aldrich.
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Synthesis of MMPI Nanoparticles
The Mg-MBG was synthesized via the sol-gel method with a Mg content of 5%.30 Subsequently, ICG was combined with 
a DA solution (1 mg/mL, pH = 8.5), followed by the addition of the Mg-MBG sample and overnight stirring to achieve 
PDA coating and facilitate complete ICG loading into the Mg-MBG through π-π stacking interactions. The resulting 
composite, termed as the Mg-MBG/ICG/PDA composite (MMPI), was separated by centrifugation.

Characterization
Scanning electron microscopy (SEM, S4800, Hitachi) and Transmission Electron Microscopy (TEM, JEM2100, Hitachi) 
were utilized for the observation of nanoparticle morphology and size. The energy dispersive X-ray spectrometry (EDS) 
system and X-ray photoelectron spectroscopy (XPS, Phi V5000) were employed for the detection of element composition 
in Mg-MBG and MMPI. Fourier transform infrared spectrometry (FTIR, Magna-IR 750, Nicolet) and X-ray diffraction 
(XRD, Bruker) were utilized for the determination of chemical composition and chemical state of the samples.

Photothermal Effects of Various Samples
PBS, Mg-MBG, and MMPI samples were subjected to laser irradiation at a wavelength of 808 nm with a power density 
of 1.5 W/cm2 for a duration of 10 min. The temperature changes of varying concentrations of MMPI (50, 100, 200 μg/ 
mL) were monitored during laser irradiation at the same power density. Also, temperature changes were investigated after 
laser irradiation at 808 nm at 0.5, 1.0, and 2.0 W/cm2 power densities. Temperature readings were taken every 30s, and 
a heat map was generated every 60s. The NIR laser was activated for 10 minutes, then deactivated until the material 

Scheme 1 The synthesis process of MMPI and the mechanism for antibacterial and immunomodulation.
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reached room temperature before being reactivated to assess thermal stability. This process was repeated for a total of 
five cycles.

Then the photothermal conversion coefficient of the MMPI was calculated. The heating-cooling curve of MMPI (200 μg / 
mL) was obtained at 1.5 W cm−2. The photothermal conversion efficiency (η) was calculated via the following formula:

The value of τS(173.04554) can be calculated from the linear regression curve of the cooling curve, and it is the 
characteristic thermal time constant. md and Cd represent the mass (above 1g) and heat capacity (4.2 J g−1 K−1) of the 
solution, respectively. Therefore, the value of hS can be obtained. Then, Q0 is calculated by equation (3), which 
represents the background energy input in the absence of MMPI. Among them, Tmax,water and Tsurr represent the 
maximum steady-state temperature of water (30.3°C) and normal temperature (25.1°C), respectively. Therefore, after 
calculating these values for hS and Q0, the photothermal conversion efficiency (η=26.0%) can be calculated based on 
formula (1). Tmax represents the stable maximum temperature of the MMPI solution (51.3°C), and I and A808 represent 
the laser power (2.0W) and the absorbance of the MMPI at 808 nm (1.7), respectively.

ROS generation was characterized with DPBF (1,3-Diphenylisobenzofuran). And the MMPI which mixed into a 
solution of DPBF was irradiated with an 808 nm laser (1.5 W/cm2) for 0, 2, 4, 6, 8, and 10 minutes. The absorbance of 
DPBF at different times was detected with an ultraviolet–visible spectrophotometer. Then the prepared MMPI was 
incubated at room temperature (RT) and 45°C, respectively. At various time points (2, 4, 6, 12, 24, 48 and 72 h), the 
solution was removed for analysis and replaced with fresh PBS. The amount of ICG released was determined by 
fluorescence spectroscopy using a Powerwave XS spectrofluorometer.

In vitro Cytocompatibility Evaluation
Cytotoxicity
The NIH-3T3 cells were obtained from the Shanghai Institute of Cell Biology.And cells (NIH-3T3, 200 μL, 1×104 cells/ 
well) were initially plated in 48-well plates and allowed to incubate for 24 h. Various samples were then introduced to the 
plates and co-cultured with the cells for 24 and 48 h, with pure PBS serving as the control group. Subsequently, the 
culture medium was aspirated, and a 200 μL mixture solution of fresh medium containing CCK-8 solution (v/v = 10:1) 
was added to each well. Following a 2-h incubation at 37°C, the absorbance values at 450 nm of all supernatants were 
measured using a spectrophotometric microplate reader (Bio-Rad 680, USA).

Cell Morphology and Cytoskeleton
The NIH-3T3 cells (1×104 cells/well) were co-cultured with various samples for one day, followed by fixation with 
paraformaldehyde. Actin staining was performed using FITC-Phalloidin (10 μL/well), while DAPI (5 μg/mL) was 
utilized for nuclear staining, and the specimens were observed using confocal laser scanning microscopy (CLSM).

Cell Dead and Alive Staining
Following a 1-day incubation period with various samples, NIH-3T3 cells (1×104 cells/well) were stained with 500 μL of 
a combination dye (Calcein AM and PI) and subsequently analyzed qualitatively using CLSM. Dead cells exhibiting 
compromised plasma membranes emitted red fluorescence, while viable cells displaying esterase activity emitted green 
fluorescence.31,32
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In vitro Antibacterial Assays
Bacterial Strains
The MRSA and E. coli strains were inoculated into tryptic soy broth (TSB; Hope Bio) and incubated under shaking at 
37°C overnight. The bacterial cultures were subsequently diluted 1:10,000 in TSB to achieve exponential growth and 
incubated for 4–6 h. Following this, the bacteria were exposed to various nanoparticles at a concentration of 100 μg/mL, 
and subsequently subjected to irradiation with or without NIR.

In vitro Antibacterial Efficiency
The in vitro antimicrobial activity of MMPI was assessed using the spread plate method (SPM). Specifically, 100 μL of 
the co-cultured solution was evenly spread on agar plates and incubated at 37°C for 18 h. The resulting colony forming 
units (CFU) on various plates were photographed and counted using Image J. Based on the CFU counts for each 
treatment group, the antibacterial efficiency was calculated by the following formula:

Antibacterial efficiency (%) = (Nc–NH) / Nc ×100%.
where Nc represented colony forming units (CFUs) of PBS without NIR, NH represented CFUs of other samples.
To further investigate the antimicrobial efficacy of MMPI, samples were treated with a combination of dyes (LIVE/ 

DEAD BacLight Bacterial Viability Kit, Invitrogen) after 24 h of co-culture and analyzed using CLSM. Live bacteria 
were labeled in green, while dead bacteria were labeled in red.33

Tem
The alterations in the ultrastructure of the bacterial membrane were examined using TEM. The bacteria were subjected to 
fixation in 1mL of fixative and treated with osmium tetroxide. Subsequently, the bacteria underwent dehydration, 
embedding in a gradient concentration of ethanol, and sectioning with a diamond knife. The sections were mounted 
on reticulated copper grids, stained with lead citrate, and observed under TEM.

ROS Release
The ROS Assay Kit (DCFH-DA) was purchased from Beyotime Biotech Inc.The diluted strains of MRSA and E. coli 
were inoculated into separate wells of 48-well plates containing various samples, followed by exposure to NIR 
irradiation. The samples were subsequently stained using DCFH-DA and qualitatively analyzed using CLSM, and 
analyzed the statistical differences by Prism 10 and image J.

Macrophage Polarization
Cell Culture
The RAW 264.7 cell line was procured from the cell bank at the Chinese Academy of Sciences. The cells were cultured 
in α-MEM medium supplemented with 10% FBS and incubated at 37°C with 5% CO2 for maintenance.

Flow Cytometry
Lipopolysaccharide (LPS) was introduced to all experimental groups with the exception of the control group treated with 
pure PBS. Subsequently, the cells were co-cultured with various samples for a duration of 24 h. Following centrifugation, 
the cells were stained with phycoerythrin (PE)-conjugated CD206 (PE; Biolegend, cat. no. 141706, clone C068C2) and 
allophycocyanin (APC)-conjugated CD11c (APC; Biolegend, cat. no. 117310, clone N418). The resulting cell suspen
sions were then subjected to analysis using flow cytometry.

qPCR and ELISA
The cells were processed and collected in accordance with the aforementioned protocol, followed by RNA extraction 
using TRIzol reagent and reverse transcription reactions conducted using the PrimeScript RT kit (Takara) as per the 
manufacturer’s guidelines. The primer sequences utilized for PCR analysis can be found in Table 1. Furthermore, ELISA 
assays (R&D systems) were performed on cell culture supernatants to measure levels of TNF-α, IL-8, iNOS, and IL-10.
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Antimicrobial Experiments in vivo
Mouse Skin Wound Infection Model
The animal experimental procedures were adhered to the National Institutes of Health (NIH) Guide for the Care and Use 
of Laboratory Animals, and approved by the Animal Ethics Committee of the Naval Military Medical University. A total 
of 48 male BALB/c mice, aged 6 weeks and weighing 25–30 g, were randomly allocated to six groups: PBS group (with 
and without NIR), Mg-MBG group (with and without NIR), and MMPI group (with and without NIR). Following 
intraperitoneal anesthesia with 3% pentobarbital, mice underwent shaving, disinfection, and the creation of a 1 cm 
diameter skin wound on their backs. A combination of bacteria and material was subsequently applied to the wound site. 
The NIR group received exposure to a NIR laser for 10 minutes (808 nm, 1.5 W/cm2). Thermal imaging using an infrared 
camera was conducted, and daily observations were made regarding the progression of the skin wounds in the mice.

Histological Analysis
On day 10, the mice in each experimental group were euthanized, and their skin wounds and surrounding tissues were 
harvested and subsequently preserved in 4% formaldehyde solution. Histological examination of the specimens was 
conducted through hematoxylin and eosin (HE) and Masson’s trichrome staining to assess pathological alterations. 
Immunofluorescence staining was utilized to detect macrophages in the skin tissues, which were then visualized using 
CLSM.34 Green (iNOS, M1 macrophages marker): Anti-iNOS antibody [EPR16635] - Mouse IgG2b (Chimeric) 
(ab210823), followed by Goat Anti-Mouse IgG H&L (FITC) (ab6785) (secondary antibody). Red (CD206, M2 macro
phages marker): Anti-Mannose Receptor antibody (ab64693), Goat Anti-Rabbit IgG H&L (Cy3 ®) preadsorbed (ab6939) 
(secondary antibody), and blue (DAPI): Mounting Medium With DAPI (ab104139). All antibodies were purchased from 
Abcam Plc. The wound tissues were collected to measure the levels of iNOS, IL-6, TNF-α and IL-10 according to the 
previous method.

RNA-Seq Analysis
Following the collection of the aforementioned tissues, total RNA extraction was carried out utilizing TRIzol reagent, 
followed by RNA-seq and bioinformatics analyses conducted by Suzhou PANOMIX Biomedical Tech Co Ltd. 
Differential expressed genes (DEGs) were then subjected to analysis for KEGG pathway and gene ontology enrichment.

Statistical Analysis
Numeric data were reported as mean ± standard deviation (SD), unless specified otherwise. A two-tailed Student’s t-test 
was used to compare two groups, while multiple comparisons were conducted using one-way analysis of variance 
(ANOVA). Excel 2016 and GraphPad Prism 10 were used for all calculations and statistical analyses. Statistical 
significance was set at P < 0.05.

Table 1 Primers Used in This Assay

Gene and primer direction Primer sequence (5′to 3′)

Mouse TNF-α
Forward CCCTCACACTCAGATCATCTTCT

Reverse GCTACGACGTGGGCTACAG

Mouse iNOS
Forward GTTCTCAGCCCAACAATACAAGA

Reverse GTGGACGGGTCGATGTCAC

Mouse IL-10
Forward GGCTGGACGAGAGCCGAACG

Reverse CCCGGGGTGTAGGCACCACT
Mouse IL-8

Forward GCTGTTACTGCCACGGCACAGT

Reverse CACCATCCTTTTGCCAGTTCCTCC
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Results and Discussion
Characterization
TEM were utilized for the examination of the morphology of the synthesized Mg-MBG and MMPI materials 
(Figure 1A). The average particle size of Mg-MBG is approximately 100 nm, exhibiting a uniform mesoporous 
structure. In contrast, the average particle size of MMPI is around 120 nm, and its mesoporous structure is no longer 
visible after the incorporation of ICG. The outermost annular structure confirms the effective coating with PDA. TEM- 
EDS images demonstrate the presence of Mg, O, and Si in both Mg-MBG and MMPI. Additionally, the detection of 
nitrogen (N) in MMPI suggests the successful encapsulation with PDA.35 Figure 1B displayed the FT-IR spectra of 
Mg-MBG and MMPI, with the bands at 798 cm−1 and 1089 cm−1 associated with Si-O-Si bending and Si-O-Si 
stretching, respectively. The bands of PDA nanoparticles appearing at 1509 cm−1 was ascribed to the N-H bending 

Figure 1 Characterization of the Mg-MBG and MMPI. (A) SEM and TEM-EDS images of Mg-MBG and MMPI. Scale bar: 100 nm. (B) FTIR spectra,(C) XRD patterns, 
(D) Pore-size distribution, (E) XPS spectrum, and (F and G) the concentrations of Mg2+ as determined by ICP-OES of Mg-MBG and MMPI.
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vibrations, C═C resonance vibrations in the aromatic ring, and O-H stretching vibrations. As can be seen from MMPI, 
new absorption peaks appeared at 1420 cm−1, assigned to characteristic peaks of ICG, indicating that the MMPI was 
successfully loaded with ICG.36,37 The XRD spectrum (Figure 1C) revealed a broad halo at 2θ=20°-30°, suggesting the 
presence of an amorphous phase in the Mg-MBG and MMPI material. The N2 adsorption-desorption isotherms of Mg- 
MBG displayed type IV isotherm characteristics, suggesting a mesoporous structure of Mg-MBG (Figure 1D), with 
a BET surface area of 293.86 m2/g. The component and valence states of Mg-MBG and MMPI were tested by X-ray 
photoelectron spectroscopy (XPS, Figure 1E). The elements including Mg, O, N, Ca, and Si were detected, which was 
consistent with the TEM-EDS images. The gradual increase in the release of magnesium ions from Mg-MBG and 
MMPI over a seven-day period, with a notable spike at 24 h, resulted in total releases of 5.4065 and 5.341 mg/L on the 
seventh day, respectively (Figure 1F). In order to better demonstrate the release of Mg2+ in composite, we simulated 
the wound environment and measured the release of Mg2+ over a seven-day period in PBS solution with PH=5.5. The 
results showed that the composite was also effective in releasing Mg2+ in the simulated wound environment 
(Figure 1G). These findings suggest that MBG releases bioactive ions following the dissolution of the PDA coating 
in PBS.

Photothermal Investigation of MMPI
In order to assess the photothermal efficacy of the samples, PBS, Mg-MBG, and MMPI samples were subjected to 
irradiation with an 808 nm laser (1.5 W/cm2) for a duration of 600 s. The results depicted in Figure 2A indicate that the 
temperatures of PBS and Mg-MBG remained relatively stable throughout the observation period. Conversely, the MMPI 
sample demonstrated notable photothermal performance, as evidenced by a rapid temperature escalation from 25°C to 
45°C, attributed to the unique photothermal properties of the PDA coating, resulting in the most pronounced temperature 
elevation observed for the MMPI sample.38 Moreover, the maximum attainable temperature rose from 42.5 to 51.5°C 
with an increase in MMPI concentration from 50 to 200 μg/mL during a 600-s exposure period (Figure 2B). In parallel, 
MMPI sample photothermal performance was found to be power density-dependent (Figure 2C). Within 600 s of 
irradiation, the temperature rose from 40.4, 45.5 and 52.3 °C in response to an increase in power density from 1 to 2 
W/cm2. Additionally, the photothermal stability of MMPI was confirmed. The data presented in Figure 2D indicates that 
the maximum temperature of MMPI remained relatively constant following five switching cycles, demonstrating the 
substance’s robust photothermal stability. Based on the heating-cooling curve (Figure 2E) and corresponding thermal 
time constant (τs) (Figure 2F), the photothermal conversion efficiency (η) was ascertained to be 26.0%. As shown in 
Figure 2G, when DPBF was incubated with MMPI, the intensity at 410 nm displayed decrease with increasing irradiation 
time, which confirmed that the singlet oxygen generated by the MMPI excited by the NIR laser, indicating an effective 
photodynamic effect. Figure 2H shows that at room temperature (RT), only a small amount of ICG was released from 
MMPI. Comparatively, the release of ICG was accelerated after incubation at 45 °C and about 5.8122 μg ICG were 
released. Due to non-covalent interaction of π-π stacking between the aromatic regions, the connection force between 
ICG and MPDA is easily disrupted when surrounding temperature rises.19,39 Infrared thermal imaging revealed that 
MMPI in PBS quickly reached 45.1°C after 400 s of irradiation, ultimately stabilizing at 45.8°C (Figure 2I). The IR 
thermal image exhibits a consistent circular pattern in orange-red hue with a diameter of 1 cm in the central area, 
indicating uniform surface temperature in the near-infrared spectrum. This observation underscores the exceptional 
photothermal performance of the MMPI attributed to the presence of the PDA coating.

Cytocompatibility Assessment in vitro
The potential toxicity of nanomaterials is a significant concern within the biomedical field.40 As such, the cytocompat
ibility of MMPI was systematically evaluated in the subsequent experiments. Initially, the cytotoxicity of MMPI was 
assessed through the measurement of cell viability and morphology. The proliferation of 3T3 cells in various samples 
was then analyzed at both 24 and 48 h using CCK-8. The results depicted in Figure 3A indicate that MMPI exhibits no 
toxicity at concentrations of 50–100 μg/mL. However, at a concentration of 200 μg/mL, a decrease in cell viability was 
observed, suggesting a slight adverse effect. Figure 3B illustrates the results of 3T3 dead-viable staining, confirming the 
findings. Furthermore, following co-culturing with 3T3 cells for 1 day and subsequent F-actin staining of the 
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cytoskeleton, MMPI-treated cells exhibited favorable morphology and growth in comparison to control samples 
(Figure 3C). Ultimately, MMPI emerges as a highly biocompatible material with extensive potential for clinical 
utilization in wound healing owing to its exceptional biocompatibility.

Figure 2 Photothermal performance of various nanoparticles. (A) Heating curves of various nanoparticles with NIR laser (1.5 W/cm2). (B) Heating curves of MMPI with 
different concentration. (C) Heating curves of MMPI with different laser power densities. (D) Temperature changes for MMPI over five cycles of irradiation/cooling 
processes (100 μg/mL). (E) Irradiation/cooling temperature change of MMPI under laser irradiation. (F) Liner time data versus -Ln (θ). (G) Time-dependent absorbance 
spectra of MMPI co-incubated with DPBF after NIR irradiation. (H) The released ICG from MMPI at different temperatures. (I) Representative real-time infrared thermal 
images of MMPI in PBS under NIR laser irradiation (1.5 W/cm2).
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Figure 3 Cytocompatibility assessment in vitro. (A) Viability of NIH-3T3 treated with different dosages of MMPI for 24 h and 48 h. (B) Cell morphology and (C) The 
fluorescence images of living cells (green) and dead cells (red) of NIH-3T3 treated with PBS, Mg-MBG, MMPI. Scale bar: 100 μm. Data are expressed as average ± SD (n = 3). 
**P < 0.01.
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Antibacterial Properties of MMPI in vitro
The concentration of 100 µg/mL of MMPI was selected for further studies based on its favorable photothermal properties and 
biocompatibility, as indicated by previous experiments. In vitro antimicrobial efficacy against MRSA and E. coli was assessed 
using a variety of samples. The antimicrobial activity of MMPI was confirmed through bacterial dead-acting staining, as 
illustrated in Figure 4A. In contrast to PBS and Mg-MBG, which exhibited no bactericidal properties when subjected to NIR 
laser irradiation, MMPI demonstrated notable antimicrobial effectiveness against both MRSA and E. coli. The treatment with 
MMPI + NIR resulted in a substantial increase in the number of deceased E. coli cells (as indicated by red fluorescence) compared 
to the minimal presence of live bacteria (green fluorescence). Similarly, the application of MMPI + NIR on MRSA cells led to 
a significant decrease in viable bacteria, underscoring the efficacy of this treatment in eradicating bacterial populations. In contrast, 
the results of the study indicated that MMPI exhibited significant antimicrobial efficacy against both MRSA and E. coli. The SPM 
and colony count outcomes results further revealed that bacterial inhibition was minimal in the absence of NIR radiation, whereas 
the combination of MMPI and NIR effectively deactivated both MRSA and E. coli (Figure 4B–D). Furthermore, the study 
examined the release of ROS by MMPI. The intensity of DCFH-DA fluorescence in the MMPI NIR+ group was higher than that 
in the other groups, respectively. These results were validated by fluorescence microscopy, implying that laser irradiation may 
augment the capacity of ICG to release ROS (Figure 4E–G). Additionally, morphological alterations in MRSA and E. coli were 
observed through TEM analysis. Untreated bacteria maintained their typical shape and membrane integrity, whereas bacteria 
treated with MMPI and NIR exhibited pronounced deformities and leakage of cytoplasm (Figure 4H).

Based on the findings presented above, the multifaceted properties of MMPI contribute to its notable antimicrobial effective
ness. Specifically, MMPI demonstrates a photothermal effect when subjected to NIR irradiation, enhancing bacterial surface 
permeability and sensitivity. Furthermore, localized mild hyperthermia facilitates the release of ICG, while NIR stimulation 
prompts the generation of ROS from the liberated ICG. Consequently, the sustained low-temperature PTT and ROS production 
expedite the demise of vulnerable bacteria through irreversible membrane impairment. In summary, the combined application of 
PDT and low-temperature PTT presents a promising approach for eradicating bacteria.

Macrophage Behavior
A well-regulated inflammatory response is crucial for facilitating tissue repair, with the immune system playing a pivotal 
role in this process.41,42 Conversely, dysregulated and excessive immune responses can exacerbate tissue damage. 
Therefore, achieving an optimal balance in the inflammatory response is imperative for successful tissue repair.43 

Macrophages, key components of the immune system, can be polarized into M1 and M2 phenotypes in response to 
various stimuli. Properly polarized macrophages have the capacity to promote tissue repair effectively.

In the current investigation, the impact of MMPI on macrophage polarization was initially evaluated through flow 
cytometric analysis. The results depicted in Figure 5A demonstrate a decreased percentage of cells expressing CD11c in 
both the Mg-MBG group (16.8%) and the MMPI group (14.0%) as compared to the PBS group (2.08%) and the LPS 
group (32.0%). Conversely, a higher proportion of cells expressing CD206 was observed in the Mg-MBG group (9.64%) 
and the MMPI group (16.2%). These findings suggest a significant association between Mg-MBG and MMPI-induced 
macrophage polarization towards an M2 anti-inflammatory phenotype.

The inflammatory gene expression of macrophages cultured with various samples for a duration of 1 day was 
examined using quantitative polymerase chain reaction (qPCR) to evaluate the immunomodulatory function of MMPI 
(Figure 5B). In comparison to lipopolysaccharide (LPS), MMPI notably decreased the expression of M1-associated 
macrophage genes (TNF-α, IL-8, and iNOS), while concurrently increasing the expression of M2-associated macrophage 
genes (IL-10).44,45 The aforementioned studies demonstrate that MMPI treatment led to a reduction in macrophages 
expressing the M1 marker CD11c and an increase in macrophages expressing the M2 marker CD206. Furthermore, the 
expression of inflammatory genes (eg, IL-8 and iNOS) was significantly decreased, while the anti-inflammatory gene IL- 
10 was upregulated following co-culture with Mg-MBG and MMPI in comparison to the PBS and LPS groups.

The phenotypic characteristics of macrophages are influenced by their inducers, properties, and surface markers. 
Following treatment with Mg-MBG and MMPI, macrophages exhibiting the M1 marker CD11c decreased, while those 
expressing the M2 marker CD206 increased. Furthermore, the expression of inflammatory genes TNF-α, IL-8, and iNOS was 
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Figure 4 Antibacterial properties in vitro of various samples. (A) The fluorescence images of living bacterial (green) and dead bacterial (red). Scale bar: 100 μm. (B) 
Representative plates of MRSA and E. coli colonies formed by the bacteria with various samples after 24 h of culture. (C), (D) The bacterial inhibition rate of various 
samples. (E), (F) The fluorescence intensity analysis of various samples. (G) ROS release from various samples which co-cultured with bacteria with or without NIR 
irradiation. Scale bar: 100 μm. (H)Representative TEM images of MRSA (Scale bar: 10 μm) and E. coli (Scale bar: 20 μm) from biofilms after different treatments. ****P < 
0.0001.
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notably reduced, while the anti-inflammatory gene IL-10 was upregulated after exposure to Mg-MBG and MMPI in 
comparison to the PBS and LPS groups. A prior investigation demonstrated that the presence of free Mg2+ suppressed the 
activation of inflammatory genes. Through a comparison of the results obtained from ICP, it was determined that the 
concentrations of Mg2+ released from Mg-MBG and MMPI were 5.4065 and 5.341 mg/L, respectively. Consequently, it is 
hypothesized that the immunomodulatory properties of Mg-MBG and MMPI may be attributed to the liberation of free Mg2+.

In vivo Antibacterial Performance
The in vivo efficacy of MMPI in enhancing the healing process of infected wounds was further assessed. The 
methodology of the in vivo study is illustrated in Figure 6A. Initially, the infected wound was subjected to laser 
irradiation at a wavelength of 808 nm for 600 s, while the real-time temperature was monitored using a thermal camera 
to assess the photothermal conversion capabilities of MMPI in vivo. Figure 6B illustrates the temperature changes 
observed during the irradiation process, indicating an increase in temperature from 30.2 to 32.3°C for PBS, 30.4 to 
32.9°C for Mg-MBG, and 36.1 to 45.4°C for MMPI after 300 s of irradiation. Subsequently, MMPI’s temperature 
stabilized at 46.4°C after 600 s of irradiation, demonstrating greater variability compared to the other materials.

Subsequently, we utilized the skin excision infected mouse model to assess the impact of MMPI + NIR on infected 
wound healing. Analysis of the results depicted in Figure 6C revealed the presence of macroscopic infection, areas of 
tissue necrosis, and pus exudation in the wounds of the PBS, Mg-MBG, and MMPI groups on day 3. In contrast, the 

Figure 5 Immunomodulatory effects on macrophages in vitro. (A) Typical scatter plots of RAW264.7 macrophages surface markers CD11C (M1 macrophages marker) and 
CD206 (M2 macrophages marker) detected using flow cytometer. (B) RT-PCR detection of macrophage polarization and inflammation related gene expression. *P < 0.05, 
**P < 0.01.
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Figure 6 Antibacterial and photothermal performance in vivo. (A) Schematic diagram of infected wound formation and the following treatments. (B) Representative real- 
time thermographic images under NIR irradiation during 600 s. (C) Representative pictures of infected wounds during the wound healing process.
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wounds in the MMPI + NIR group exhibited sustained cleanliness and dryness throughout the observation period, with 
no discernible signs of infection or sepsis. Furthermore, the wound healing process was accelerated in the MMPI + NIR- 
treated group compared to the other groups. Furthermore, samples of wound surface and surrounding tissues were 
obtained for histomorphometry analysis. The results depicted in Figure 7A indicated that, with the exception of the 
MMPI + NIR group, all other groups displayed a characteristic inflammatory reaction, as evidenced by significant 
inflammatory exudation and neutrophil infiltration observed through H&E staining. Conversely, the inflammatory 

Figure 7 Histopathological examination of infected wounds after different treatments. (A) Representative HE staining images of skin tissues. (B) Representative Masson’s 
trichrome (MT) staining images. (C) Immunofluorescent staining of skin tissues: green (iNOS), red (CD206), and blue (DAPI). (D) The inflammation related gene expression 
of wound tissue. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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response in the MMPI + NIR group was notably less severe. Additionally, infected wounds treated with MMPI + NIR 
exhibited enhanced collagen deposition, as illustrated in Figure 7B.

Macrophages serve as primary responders to tissue injury and play a crucial role in modulating the immune response to 
localized infections. Consequently, our study investigates the impact of various treatments on the immunomodulatory function of 
macrophages in the context of wound healing. In Figure 7C, the MMPI + NIR group exhibited the highest proportion of CD206 
(M2 macrophages) and the lowest proportion of iNOS (M1 macrophages). In Figure 7D, the expression of the M1-associated 
macrophage genes (iNOS, IL-6 and TNF-α) were significantly decreased and that of M2-associated macrophage genes IL-10 
increased in the wound treated with MMPI NIR+ on 10th day. These findings indicate that MMPI + NIR treatment may facilitate 
the polarization of macrophages towards the M2 phenotype, thereby suppressing the inflammatory response.

To elucidate the underlying mechanism, we conducted RNA-seq analysis on the wound skin of mice subjected 
to MMPI treatment in conjunction with NIR irradiation. Figure 8A demonstrates a strong correlation among 

Figure 8 Exploration of anti-inflammatory mechanisms of MMPI by RNA-seq analysis in vivo. (A) FPKM distribution for all samples. (B) Volcano plots of DEGs. (C) 
Microarray heat map of all samples. (D) Biological process downregulated with MMPI samples were analyzed using the GO enrichment terms. (E) KEGG enrichment for the 
downregulated pathways of MMPI samples.
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samples within each treatment group, indicating the reliability of the experiment and the rationality of sample 
selection. Subsequently, differentially expressed genes (DEG) were identified based on the criteria of 
P-value<0.05 and log2FoldChange > 1. In the MMPI + NIR group, a total of 962 DEGs were identified 
compared to the control group, with 403 being up-regulated and 559 being down-regulated (Figure 8B). 
Subsequently, the DEG heatmaps were generated by bidirectional clustering analysis of the union of differential 
genes and samples from all comparison groups (Figure 8C). The gene ontology (GO) enrichment analysis 
revealed that biological processes related to inflammation were predominantly down-regulated, particularly the 
inflammatory response (Figure 8D). Next, we performed the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis, which indicated that pathways associated with inflammation were down- 
regulated in samples treated with MMPI. Specifically, the Interleukin-17 (IL-17) signaling pathway exhibited 
significant down-regulation following treatment with MMPI + NIR (Figure 8E). Thus, the findings from the 
RNA-seq analysis suggest that MMPI NIR+ treatment effectively suppresses the inflammatory response in 
wounds.

Conclusion
In this research, a novel nanoparticle (MMPI) was developed by coating Mg-MBG with PDA and loading it with 
ICG. The MMPI demonstrated both photothermal effects when exposed to NIR irradiation and effective 
antimicrobial properties in both in vitro and in vivo settings. The moderate high temperatures produced by 
NIR irradiation sensitized bacteria and facilitated the release of ROS from ICGs to eliminate susceptible bacteria. 
Furthermore, the incorporation of a PDA coating provided the samples with favorable cytocompatibility. Both 
in vitro and in vivo experiments demonstrate that MMPI enhances macrophage polarization towards the M2 
phenotype and creates a favorable microenvironment for tissue regeneration. Furthermore, MMPI accelerates the 
healing process of infected wounds when exposed to NIR. These findings suggest that MMPI holds great 
potential as a novel nanoparticle for enhancing antimicrobial activity and promoting tissue repair.
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