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Abstract 

The low temperature, high salt content and bacteria in the seawater environment can induce severe 

infections of open wounds, making them difficult to heal. To date, numberous wound dressings have 

been developed with functions in repairing injuries and various anti-bacterial functions. However, 

ordinary anti-bacterial strategies could not provide long-lasting resistance to infection to promote 

wound healing. Here, we reported a strategy to build a durable resistance to seawater immersion wound 

infection by killing bacteria and delivering bacterial antigens in situ. Specifically, MXenes-embedded 

tannin-Eu3+ particles (M@TA-Eu) were constructed to effectively repair the infected seawater 

immersion injuries and fight infection in a lasting manner by forming in situ bacterial vaccines and 

immune memory. In the particle, the platform constructed by TA and Eu3+ had pro-vascularization and 

antigen presentation effects. The MXenes with near-infrared photothermal effect were introduced to 

kill the bacteria and promote the recruitment of antigen presentation cells to enhance vaccination 

efficacy. The experimental results showed that the particles not only effectively improved the healing 

of injuries by relieving wound inflammation and inhibiting bacteria, but also produced potent 

vaccination effect by forming in situ bacterial vaccines. Therefore, the M@TA-Eu particles provided 

novel strategy for the development of high-grade dressings for anti-infection. 

Key words: MXenes; Tannin; Wound healing; Anti-infection; In situ vaccines 
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1 Introduction 

The treatment need of seawater immersion wounds is growing along with more ocean research and 

marine military activities [1, 2]. Compared with ordinary wounds, seawater immersion wounds are 

more complex and difficult to heal. Firstly, the hypothermic seawater lowers the temperature of injured 

tissues and reduces the immunity of body, increasing the risk of wound infection. Secondly, 

hypersaline hypertonic seawater aggravates the damage and energy consumption of injured tissues by 

increasing the osmotic pressure, and leads to the necrosis of peripheral vascular tissues and the excess 

free radical accumulation [3]. In addition, the potential risk of wound infection from the presence of 

pathogenic bacteria in seawater is not negligible. The alkaline seawater immersion leads to an increase 

in injured tissue pH, which not only hinders the proliferative activity of injured tissue but also 

facilitates the proliferation of bacteria on the injured tissue surface [4]. The harsh environment of the 

seawater increases the risk of wound infection and predisposed to chronic refractory wounds and life-

threatening complications [5]. Severe infection of the wound is a major obstacle to its healing. At 

present, as a necessary intervention in the management of injured treatment, the performance of current 

dressings can not establish a robust and long-lasting anti-infection mechanism for the complicated and 

refractory infected seawater immersion wounds. For the characteristics of infected seawater immersion 

wounds, the ideal functional dressing should have the ability to scavenge excess reactive oxygen 

species (ROS). In particular, it should establish a durable anti-infection mechanism to promote healing. 

The bacterial infection is usually a serious problem in wound treatment, which could even cause 

systemic lethal infection. Establishing a durable anti-infection mechanism is an effective way to deal 

with refractory wound infection. However, the uncontrollable release of antimicrobial agents from 

drug-carrying dressings makes long-acting anti-infection strategy ineffective. Also, the well-known 
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resistance of the bacteria to antibiotics often causes anti-infection failure. To avoid the shortcomings 

of antibiotics, novel methods have been developed, such as photo-thermal and photodynamic anti-

bacterial therapies [6, 7]. The photo-thermal therapy triggered by near-infrared light (NIR) is a 

promising sterilization strategy with a combination of minimal invasiveness, low toxicity and few side 

effects [8, 9]. However, the killing ability of photothermal treatment on bacteria in deep wound is still 

limited. To solve the infection problem once and for all often relies on the use of vaccines, which can 

automatically fight specific pathogens in each infection event by producing lasting immune memory. 

Even so, conventional vaccination has not become a universal anti-infection strategy, due to the limited 

vaccine categories and amount, the complicated and expensive vaccine development and production 

process, and frequent antigenic mutations. In recent years, newly emerging in situ vaccine strategy 

provides novel sight to solve the wound infection problem once and for all. In anti-tumor studies, in 

situ tumor vaccines have been widely constructed to overcome the low immunogenicity and frequent 

antigenic mutations of tumor cells [10, 11]. Also, in situ vaccination strategy was adopted to treat 

bacterial osteomyelitis by immunotherapy [12]. In particular, Prof. Jeremiah J. Gassensmith 

constructed an in situ bacterial vaccine by metal−organic framework to improve bacteremia survival 

[13]. From the above information, the in situ vaccination seems to be a promising strategy to optimally 

solve the durable resistance to infection and repeated wound infection problems. Interestingly, related 

studies have shown that the photothermal response exhibits an enhanced effect on immunotherapy, 

mainly by inducing immunogenic cell death and enhancing immunotherapy through the release of 

damage-associated molecular patterns [14-17]. Therefore, we envision the construction of an in situ 

bacterial vaccine that is composed of a photothermal response process and in situ bacteria at the wound. 

And it can stimulate the body's immune system in real time for the establishment of a long-lasting anti-
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infection mechanism.  

For better stimulation of immune cells, an effective mediator of antigen presentation or vaccine 

adjuvants is required. As a natural polyphenolic material, tannin (TA) exhibits good antioxidant 

properties and biocompatibility, which has been shown to be effective in scavenging harmful free 

radicals from wounds to reduce oxidative stress [18]. Particularly, relevant experiments have 

confirmed that TA can be used as a novel candidate for vaccine molecular-structure adjuvant [19, 20]. 

Also, the rich phenolic hydroxyl groups of TA provide effective binding sites to functional metal ions. 

Some functional metal ions have been reported to have effective pro-repair effects [21]. Therefore, 

based on the coordination of TA and Eu3+, it is expected that a functional adjuvant particle with 

antioxidant pro-vascularizing and antigen-presenting properties will be constructed. 

Here, a multifunctional MXenes-embedded tannin-Eu3+ composite particles (M@TA-Eu) was 

constructed to effectively repair the infected seawater immersion wounds and persistently fight 

infection by forming in situ bacterial vaccines. The tannin-Eu3+ frame not only provide an effective 

platform for effective contact with wound bacteria and antigen presentation, but also exhibit 

antioxidant capabilities to promote rapid wound healing. The MXenes with NIR photothermal effect 

can effectively kill bacteria and synergize with TA to promote the in situ vaccination efficacy [22]. The 

killed bacteria form in situ vaccines, which is presented by the particles to induce strong vaccine 

efficacy against reinfection once and for all. These properties of the M@TA-Eu particles were 

investigated in vitro and in vivo. 

2 Materials and Methods 

2.1 Materials 
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TA, Eu(NO3)3·6H2O (99.99%), NaOH, and 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) 

were purchased from Aladdin Reagent (Shanghai China). Ti3AlC2, HF, H2O2, and 

tetrapropylammonium hydroxide (TPAOH) were obtained from Guangzhou Chemical Reagent Plant 

(Guangzhou, China). The bacterial strains including E.coli ATCC25922 and S. aureus ATCC 29213 

were acquired from Guangzhou Scissorhands Gene Technology Co., Ltd.(Guangzhou, China). The 

agar and lysogeny broth were obtained from Shanghai McLean Biochemical Technology Co., Ltd 

(Shanghai, China). The lipopolysaccharides originating from E. coli and Pseudomonas aeruginosa 

were procured from Beijng Biosynthesis Biotechnology Co., Ltd and Sigma-Aldrich, respectively. The 

SPA recombinant Staphylococcus aureus protein A was obtained from Solarbio Science & Technology 

Co., Ltd. (Beijing, China). The (Cell Counting Kit-8) CCK-8 and the (Acridine Orange/Ethidium 

Bromide) AO/EB fluorescent staining kits were purchased from Solarbio Science & Technology Co., 

Ltd. (Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 

DAPI and phosphate buffered saline (PBS) were bought from Thermo Fisher Scientific (China) Co., 

Ltd. All animal experiments in this study were approved by the Animal Ethics Committee of Jinan 

University and carried out in accordance with the relevant regulations (the assigned 

approval/accreditation number: SYXK(Guangdong) 2022-0174). 

2.2 Preparation of Ti3C2 MXenes 

 Briefly, Ti3AlC2 powders (5 g) were etched for 72 h in HF solution (100 mL, 40% wt%) at room 

temperature. Then, the treated powders were collected by centrifugation (15000 rpm, 10 min) and 

washed with deionized water and ethanol for several times. Next, TPAOH solution (100 mL, 25% wt%) 

was used to further oxidize the HF- etched Ti3C2 nanosheets for 72 h at room temperature. The oxidized 

Ti3C2 nanosheets were collected by centrifugation (15000 rpm, 10 min) and washed with deionized 
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water and ethanol for several times. Finally, the formed Ti3C2 MXenes were obtained after 

lyophilization. 

2.3 Preparation of the M@TA-Eu particles 

The M@TA-Eu particles were prepared by a simple and mild reaction. The obtained MXenes 

powders were added into TA solution (20 mg/mL in deionized water) to form 1 mg/mL MXenes 

suspension, which was stirred for 30 min. Then, the suspension was treated with ultrasonic (100 W) 

for 24 h at 0ºC. After standing for 10 min, the supernatant was collected. The same volume of Eu(NO3)3 

solution (5 mg/mL in deionized water) was added dropwise to the supernatant under vigorous stirring. 

Next, NaOH solution (1 M) was slowly added dropwise under ultrasonication treatment (100 W) to 

regulate the pH of the mixture to 8.5. After stirring for 24 h at room temperature, the formed M@TA-

Eu particles were collected by centrifugation (10000 rpm, 10 min). The obtained particles were further 

washed with deionized water to regulate the pH to 7~7.5. Finally, the M@TA-Eu particles were 

obtained by freeze-drying (Figure 1). According to the final concentration of the MXenes, the particles 

were labeled as TA-Eu, M0.5@TA-Eu, M1@TA-Eu, and M2@TA-Eu, respectively. 

2.4 Physical and chemical properties of the M@TA-Eu particles 

The morphology of particles was obtained by a scanning electron microscope (SEM, XL30 FESEM 

FEG, PHILIPS) with an accelerating voltage was 5 kV. The mapping of Eu3+ and Ti3+ in M@TA-Eu 

particles was observed by an X-ray energy-dispersive spectroscopic (EDS) detector attached to SEM. 

The other characterization methods including Fourier transformation infrared (FTIR, Bruker 

EQUINOX 55 FTIR, Germany), Raman spectra (FT Bruker RFS 106/S, America), X-ray diffraction 

(XRD, MiniFlex-600, Rigaku Corporation, Japan), and thermogravimetric analysis (TGA, 209F3-ASC, 

Netzsch, Germany) were available in Supporting Information Materials and Methods. The release 
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behaviors of TA and Eu3+ from the particles were evaluated. In general, the particles (2 mg) were 

incubated in PBS (pH5.0 or pH7.4, 4 mL) for 72 h. The entire sustained-release system was performed 

on a thermostatic shaker (37ºC) to simulate the slow-release effect at the infected wound site. At a 

specific time, the incubated PBS solution was collected by centrifugation and supplemented with an 

equal amount of fresh PBS solution. Finally, the UV spectroscopy was used to evaluated the 

absorbances of TA at 280 nm. The TA concentration released from particles was detected based on the 

standard curve. In addition, inductively coupled plasma-optical emission spectroscopy (ICP-OES) was 

employed to evaluated the cumulative release concentration of Eu3+.  

2.5 Photothermal effect of the M@TA-Eu particles  

The particles solutions with a concentration of 250 μg/mL were prepared to investigate the 

photothermal efficiency. A laser beam (808 nm, 2 W/cm2) was employed to irradiate these particles 

solutions for 10 min. In the process, the temperature of the solutions was recorded at 30 s intervals 

using digital thermometer (TES1310) and the infrared photos was obtained by a thermal imager at 2 

min intervals. Also, the photothermal response of the particles under natural sunlight was evaluated.  

2.6 The antioxidant activity of the M@TA-Eu particles 

The evaluation of the ROS scavenging capacity of the particles referred to the method we previously 

reported [23]. Briefly, the ability of the particles to scavenge DPPH (1,1-diphenyl-2-picryl hydrazyl) 

free radical at 517 nm was recorded by UV-vis [24]. The hydrogen peroxide assay kit and the SOD 

assay kit were employed to assess the catalase activity and the superoxide anion scavenging activity 

of the particles. Also, the scavenging effect of the particles on L929 cellular ROS was evaluated [25]. 

The details were available in Supporting Information Materials and Methods. 

2.7 Cell viability 
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The proliferation and viability of human umbilical vein endothelial cells (HUVECs) and mouse 

fibroblasts (L929) incubated with the particles were assessed by the CCK-8 kit and AO/EB fluorescent 

staining. 

2.8 The antibacterial activity of the M@TA-Eu particles 

The Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) strains were employed to 

evaluate the antibacterial activity of the particles according to the growth status and survival ratio of 

bacterial. Briefly, the bacterial strains (~108 CFU/mL, 100 μL) were incubated with sterile particles 

(250 μg/mL) with shaking (150 rpm) at 37ºC for 24 h. Also, the same culture system with 10 min of a 

laser beam (808 nm, 2 W/cm2) irradiation was assessed. These incubated bacterial broth (100 μL) were 

diluted 1x104 times using sterile pH7.4 PBS, and then a small amount of diluent (100 μL) was 

inoculated in sterile solid agar medium for further cultivation for 24 h in a carbon dioxide incubator 

(37ºC, 5% CO2). Finally, the growth status and the survival rate of bacteria were evaluated. 

The morphological changes of the bacteria before and after cultivation were observed. The incubated 

bacteria were collected by centrifugation and then washed with pH7.4 PBS for 3 times. Next, the 

morphology of bacterial cells was fixed with paraformaldehyde (4%) for 12 h at 4ºC. Afterwards, the 

bacteria were washed with pH7.4 PBS for 3 times and dehydrated with a series of ethanol (30, 50, 70, 

80, 90, 95, and 100%). At last, the morphology of bacteria was observed by the SEM. 

2.9 In vivo wound healing  

Healthy adult male Sprague Dawley rats (250-300 g) were divided into five groups (3 rats in each 

group). Four standardized full-thickness skin wounds (diameter: 10 mm) were established on both 

sides of each rat’s back. Then, these wounds were exposed for 1 h to 17-20ºC simulated seawater, and 

then to the 0.1 mL suspension containing S. aureus, E. coli, and P. aeruginosa (each: ~108 CFU/mL). 
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These wounds were treated with sterile gauze, TA-Eu, M2@TA-Eu, and M2@TA-Eu+NIR, 

respectively. The NIR irradiation was conducted daily for 15 min at 2 W/cm2 for 3 days. All the 

wounds were dressed with 3M micropore surgical adhesive tapes to isolate airborne bacteria and 

prevent the dressing from falling off. The dressings were changed every three days. On day 3, 7 and 

11, the healing of wounds was recorded. Moreover, the uninfected acute injury (no seawater immersion) 

wrapped in sterile gauze was used as a control to assess the repair effect. The wound healing ratio was 

calculated by the following formula: 

Wound healing rate (%) =  × 100% 

in which, the A0 and At evaluated by ImageJ software were the initial wound area on day 0 and day t, 

respectively. 

The structure and collagen deposition in newly formed skin were evaluated by Hematoxylin and 

Eosin (H&E)-stained, and Masson’s trichrome. The stained histological sections information (5 μm 

thickness) was recorded by an optical microscope (DMI3000B, Leica). Also, after the sections were 

blocked with 5% serum, the immunohistochemical staining was evaluated, including IL-1β, IL-6, 

TGF-β1, CD31 and α-SMA, respectively. 

2.10 Determination of colony forming unit counts 

On day 3 after the surgery, the colonization of wound bacteria was counted. Briefly, the excised skin 

tissue was homogenized in sterile saline (3 mL). Serially diluted tissue homogenates (100 μL) using 

sterile saline were evenly spread on agar medium. In the process, mannitol salt agar, VRBA-MUG, 

and P. aeruginosa selection media were employed to selectively culture S. aureus, E. coli, and 

Pseudomonas aeruginosa, respectively. The growth of the colonies was recorded by taking photos, 
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and the number of the corresponding bacteria on the wounds was counted.  

2.11 In situ vaccination efficacy analysis  

To evaluate the efficacy of the formed in situ bacterial vaccines, key vaccination evaluations were 

performed. Briefly, 45 healthy adult male Sprague Dawley rats (150-200 g) were divided to three 

groups (15 rats in each group). Standardized full-thickness skin wounds (diameter: 10 mm) were 

established on the rats' back. Then, these wounds were exposed for 1 h to 17-20ºC simulated seawater, 

and then to the 0.1 mL suspension containing S. aureus, E. coli, and P. aeruginosa (each: ~108 

CFU/mL). The infected wounds were treated with sterile gauze as a negative control, M2@TA-Eu, and 

M2@TA-Eu+NIR, respectively. The NIR light irradiation was carried out daily for 15 min at 2 W/cm2 

for 3 days. All the wounds were dressed with 3 M micropore surgical adhesive tapes to isolate airborne 

bacteria and prevent the dressing from falling off. The dressings were changed every three days.  

  After 2 days of the wound treatment with the dressings, five rats from each group were randomly 

sampled to evaluate the key biological indexes of dendritic cells (DCs). First, the spleens of the rats 

were collected after their euthanasia, and grinded to splenocytes. Then, the splenocytes (1×106 cells/rat) 

were stained with fluorescently-labeled antibodies (anti-CD11c-APC, anti-MHC I-PE, anti-MHC II-

PE, anti-CD80-FITC, and anti-CD86-PerCP-Cy5.5). After re-suspended with PBS, the cells were 

measured with a flow cytometer (Beckman Coulter, USA) to detected the expression percentages of 

MHC I, MHC II, CD40, CD80and CD86 molecules on CD11c+ DCs. The data were analyzed with the 

attached CytoExpert software.  

After 7 days of the wound treatment with the dressings, five rats from each group were randomly 

sampled to evaluate the key biological index of DCs, the bacteria-specific antibody IgG titers and key 

cytokines levels produced in the rats. First, the blood samples of the rats were collected for the 
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preparation of their sera. Then, the spleens of the rats were collected after their euthanasia, and grinded 

to splenocytes. Then, the splenocytes (5×106 cells/mL, 2 mL) of each group were planted into 12-well 

plates, and re-stimulated with representative antigens of the three bacteria at the final concentration of 

25 μg/mL. After 60 h of incubation in a cell incubator at 37ºC with 5% CO2, the cell supernatants were 

collected for the detection of the cytokines secretion levels. Among them, the key biological indexes 

of DCs were evaluated with the same protocols as mentioned above. The bacteria-specific antibody 

IgG titers produced in the rats were measured with an enzyme linked immunosorbent assay (ELISA). 

The key cytokines levels produced in the rats were measured with an ELISA kit.  

After 40 days of the wound treatment with the dressings, five rats left in each group were sampled 

to re-evaluate the bacteria-specific antibody IgG titers produced in the rats by using the same protocols 

as mentioned above.  

2.12 Statistical analysis  

All results were expressed as the mean ± SD (standard deviation). SPSS was employed to assess the 

significance of differences between data, and the significance level was expressed as *p < 0.05, **p < 

0.01, and ***p < 0.001. 

3 Results and discussion 

3.1 Preparation and characterization of the M@TA-Eu particles 

The good dispersion of MXenes was a prerequisite for M@TA-Eu particles with fast photothermal 

response. In this work, the obtained MXenes exhibited a loose laminar structure (Figure S1a), and 

displayed a size of about 600 nm after ultrasonic treatment (Figure S1b). The layer thickness of the 

MXenes was about 1-1.5 nm, indicating that MXenes were dispersed in a monolayer/few-layer state 

(Figure S1c) [26].  
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Figure 1 Fabrication of M@TA-Eu complexes (a); SEM images of M@TA-Eu complexes: TA-Eu (b, b1), M0.5@TA-

Eu (c, c1), M1@TA-Eu (d, d1), and M2@TA-Eu (e, e1); Temperature variation of the M@TA-Eu complexes solutions 
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with a concentration of 250 µg/mL under NIR light irradiation (808 nm, 2 W/cm2) (f); Infrared thermography of the 

M@TA-Eu complexes (250 µg/mL) under NIR light irradiation (808 nm, 2 W/cm2) (g) and sunlight (h). 

 

The preparation of the particles was mainly constructed based on the coordination interaction 

between TA and Eu3+ in an alkaline environment (pH=8.5), in which the weak interaction between TA 

and MXenes and the adsorption of MXenes on Eu3+ allowed MXenes to be embedded in the particles 

(Figure 1a). The morphology of the M@TA-Eu particles was observed by using SEM. The particles 

have a size range of about 2 μm (Figure 1b-e) and exhibited a microporous structure (Figure 1b1-e1). 

In addition, the effective embedding of MXenes was clearly observed in all the M@TA-Eu particles. 

Also, the EDS mapping of Ti and Eu elements indicated the uniform structure of the particles (Figure 

S2). These tiny particles are more likely to diffuse into the deeper tissues and make full contact with 

deep bacteria inside the wound. 

The weakening of the TA infrared characteristic peaks (Figure S3a) confirms the coordination 

interaction between TA and Eu3+, i.e. C=O vibration (~1716 cm-1), C=C stretching vibration of the 

benzene rings (~1616 cm-1), C-O stretching vibration of the carboxyl group (~1323 cm-1), and C-OH 

vibration of the benzene rings (~1188 cm-1) [27, 28]. The MXenes did not cause significant changes 

in the FITR spectrum of the TA-Eu particles. The XRD analysis showed that the crystalline structure 

of the TA-Eu particles changed with the MXenes embedding. Mainly, the XRD diffraction peaks of 

the MXenes become more pronounced, such as the (002) and (110) peaks shown at 2θ=6.7° and 61° 

(Figure S3b) [29, 30]. Also, four typical Raman bands located at ~148, 266, 405, and 604 cm-1, which 

were ascribed to ω1, ω2, ω3, and ω4 Raman-active phonon vibration modes of the MXenes (Figure 

S3c) [31]. The benzene structure in TA exhibited characteristic D (~1363 cm-1) and G (1577 cm-1) 

Preprin
t o

f B
io-D

esig
n an

d M
an

ufac
turin

g (
unedite

d)



15 
 

peaks [32]. In addition, the embedding of MXenes improved the thermal stability of the particles 

(Figure S3d), which may be caused by the inherent high thermal stability of MXenes [33]. During the 

heating process, MXenes changed in weight loss and weight gain, which were based on the removal 

of oxygen-containing functional groups and the formation of oxides caused by the introduction of 

oxygen atoms, respectively. And the final residual rate of MXenes remained at 92.89%. The thermal 

dissociation of TA occurs at~ 200°C. Based on the TA and Eu3+ coordination interactions, the thermal 

dissociation of TA-Eu occurs at ~250°C. Subsequently, the breaking of the chemical bond between TA 

and Eu and the formation of metal oxides occurred at ~300°C. The introduction of MXenes raised the 

dissociation temperature of particles, including the thermal stability of TA and TA-Eu chemical bonds. 

Finally, the increase in the residual rate of the particles corroborated the effective introduction of 

MXenes. 

3.2 Photothermal effect of the M@TA-Eu particles 

As reported, MXenes have a high extinction coefficient (25.2 L/g•cm, 808 nm), a high photothermal 

conversion efficiency (~ 30.6%), and a local plasmon resonance effect (LSPR), which allows them to 

exhibit a better photothermal conversion efficiency than other materials, such as graphene, gold 

nanorods, black phosphorus quantum dots, CuS2, and MoS2 [34-38]. In this work, the introduction of 

MXenes allows the particles to have a more sensitive photothermal response for the effectiveness of 

interventions on seawater immersion infected wound. As shown in Figure 1f, the non-radiative 

transition of some electrons in the TA-Eu particles under NIR irradiation was responsible for their 

photothermal response behavior, which showed a moderate temperature change. By contrast, the 

M@TA-Eu particles had a more pronounced heating effect under NIR irradiation, which can achieve 

a rapid temperature rise within 30 s. Also, the heating effect was observed in the infrared thermograms 
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(Figure 1g). Moreover, the M2@TA-Eu particles exhibited good photothermal stability based on the 

stable coordination interaction of TA and Eu3+. Figure S4 displayed that the M2@TA-Eu particles 

exhibited rapid heating effect even after repeated laser irradiations, and the temperature could be raised 

to ~65ºC in each irradiation at a fixed concentration (500 µg/mL). Further, the good photothermal 

responsiveness of MXenes allowed the M@TA-Eu particles to exhibit sensitive photothermal response 

under multi-wavelength solar radiation. As shown in Figure 1h, the M2@TA-Eu particles could be 

heated to ~38ºC under solar radiation, showing the sensitivity of the particle's photothermal response. 

The above results implied that the embedding of MXenes gives the material good photothermal 

responsiveness.  

3.3 Antioxidant activity of M@TA-Eu particles 

The accumulation of excess reactive oxygen species in the wound due to the harsh seawater 

environment is one of the factors that induce difficult healing of the wound. Natural small molecule 

antioxidants have been shown to be effective molecules in scavenging wound ROS [39]. Due to the 

presence of the phenolic hydroxyl, TA can easily release protons and show good antioxidant properties. 

As shown in Figure2a&b, based on the good antioxidant properties of TA, all the particles showed up 

to 90% scavenging efficiency against DPPH radicals. And the characteristic absorption peaks of DPPH 

radicals at 517 nm in the UV-vis spectra showed correspondingly reduced. Also, the particles displayed 

good scavenging effect on other types of reactive oxygen radicals, including H2O2 and •O2
- (Figure 

2c&d). Among them, the inhibition of •O2
- was slightly improved by the introduction of MXenes, 

which may be caused by the conductivity of MXenes allowing faster electron transfer during the 

oxidation process [40, 41]. Moreover, the particles also had an effective scavenging capacity for 

intracellular ROS (Figure 2e). H2O2 generated a large number of free radicals in cells, which exhibited 
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an intense green fluorescence. The weakening of intracellular fluorescence intensity after co-

incubation with the particles confirmed the scavenging of ROS. These results show that the M@TA-

Eu particles were capable of scavenging a wide range of free radicals and could mitigate cellular 

damage from ROS. 

 

Figure 2 DPPH radical scavenging activity (a) and UV-Vis absorption spectra (b) after scavenging by M@TA-Eu 

particles; H2O2 scavenging (c) and superoxide anions inhibition (d) by the M@TA-Eu particles; Fluorescence 

images of intracellular ROS in L929 cells exposed to the M@TA-Eu particles (e, scale bars: 40 µm). 

 

3.4 Cellular compatibility of the M@TA-Eu particles 

Bio-safety of wound dressing is a key index for their application. The cellular compatibility of the 

M@TA-Eu was evaluated by detecting the effect of the particles on cell viability and proliferation. 

Here, we first screened the optimal incubation concentration by incubating HUVEC cells with different 

concentrations of M1@TA-Eu particles, which was used to avoid dose toxicity of M@TA-Eu particles 

to cells. The HUVEC cells exposed to the different concentrations of the M1@TA-Eu particles exhibit 
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different proliferation activity (Figure S5a). Specifically, the low concentrations (< 0.1 mg/mL) of the 

M1@TA-Eu particles exhibited effective pro-proliferative effects on the HUVEC cells. In contrast, 

particles at high concentrations (> 0.5 mg/mL) exhibited dose-dependent toxicity on cell proliferation. 

Therefore, we selected M@TA-Eu particles at a concentration of 0.05 mg/ml to further investigate the 

effect on cell proliferation and viability. As shown in Figure 3a, all particles effectively promoted 

HUVEC cells proliferation, even in the M2@TA-Eu group that loaded with high dose of MXenes. The 

pro-proliferative effect of the M@TA-Eu particles on cells is mainly due to the beneficial stimulation 

of cell proliferation by TA and Eu element [21, 42]. The slow-release experiment showed that both TA 

and Eu3+ can be effectively released from the particles (Figure S5b, c&d). Due to the competition for 

phenolic hydroxyl groups between hydrogen protons and Eu3+, the particles displayed more release of 

TA and Eu3+ in weakly acidic wound environments[43]. Additionally, based on the weak interaction 

between MXenes, TA, and Eu3+, the release concentration of TA and Eu3+ decreased with the increase 

of MXenes doping amount. As functional components, the release of TA and Eu3+ could improve cell 

viability, which served as the foundation for improving wound healing in real time[44]. In addition, 

the fluorescence images of AO/EB staining displayed the safety of the M@TA-Eu particles on HUVEC 

cells (Figure 3b). Similarly, the M@TA-Eu particles were able to promote L929 cells proliferation 

safely and effectively (Figure 3c&d). Moreover, the hemocompatibility of the M@TA-Eu particles 

was tested to assess their ability to destroy blood cells. The good hemocompatibility of the wound 

dressing will avoid systemic side effects caused by the rupture of a large number of blood cells. As 

displayed in Figure S6, the hemolysis ratios of the M@TA-Eu particles exhibited a negligible 

hemolysis rate of 0.3-0.4%, showing good hemocompatibility [45]. The above results revealed that the 

good cytocompatibility and hemocompatibility of the M@TA-Eu particles. 
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Figure 3 Effect of the M@TA-Eu (0.05 mg/mL) complexes on the proliferation of HUVECs (a) and L929 (c); 

Fluorescence images of HUVECs (b) and L929 (d) after AO/EB staining at different times (1, 3, and 5 days, scale 

bars: 20 μm). 

 

3.5 Bactericidal performance of the M@TA-Eu particles 

Bacterial infection is a major impediment to wound healing, which makes bactericidal function one 

of the key properties of wound dressings. In this work, the bactericidal performance of the M@TA-Eu 

particles was evaluated. The inherent antimicrobial properties of TA and MXenes allowed the M@TA-

Eu particles to have certain antimicrobial properties, especially against Gram-positive bacteria (Figure 

4c, S.aureus) [46, 47]. However, this antibacterial effect was not ideal in wound healing. In addition, 

the antibacterial capacity of TA against Gram-negative species that predominate in seawater was 

insufficient (Figure 4a) [48]. The intolerance of bacteria to high temperatures provided an effective 

strategy for efficient bacterial killing. Here, the photothermal effect of the M@TA-Eu particles was 
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expected to further provide sufficient bactericidal function. As shown in Figures 4b&d, NIR irradiation 

did not change the antibacterial activity of Control and TA groups. Significantly, NIR-assisted M@TA-

Eu particles displayed a significant enhancement in antimicrobial activity. Among them, the NIR-

assisted killing efficiency of the M2@TA-Eu against both Gram-negative and Gram-positive bacteria 

was close to 98%.  

 

Figure 4 Antibacterial performance of the M@TA-Eu particles with/without NIR light irradiation. (a, c): 

photographs of bacterial colonies of E. coli and S. aureus incubated with the M@TA-Eu particles with/without NIR 

light; (b, d): bacterial survival rate of E. coli and S. aureus incubated with the M@TA-Eu particles with/without 

NIR light (n=3 for statistical data, ***represents p < 0.001 between the selected groups). 

 

The morphology of the bacteria after treatment with the particles was observed. The E.coli exhibited 

a smooth rod-like morphology with intact cell membrane in the control group with or without NIR 
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irradiation, indicating that the NIR irradiation had little effect on the cell membrane structure (Figure 

S7). Also, E. coli showed a small amount of individual damage in the M@TA-Eu groups without NIR 

irradiation, indicating the limited killing power of the M@TA-Eu particles. In comparison, the 

photothermal treatment composed by the M@TA-Eu and NIR irradiation caused severe folding of the 

cell membrane, which resulted in substantial damage to the bacteria. Also, similar results were 

observed for bactericidal properties against S.aureus. The antibacterial properties of M@TA-Eu 

particles are mainly attributed to the photothermal response triggered by the MXenes. Also, as the 

multidentate ligands, the interaction of TA to the proteins of bacteria aids the antibacterial properties 

of the M@TA-Eu particles [49, 50]. The above results confirmed that the outstanding photothermal 

response of MXenes conferred efficient photothermal bactericidal properties on the M@TA-Eu 

particles. 

3.6 Wound healing 

3.6.1 Wound closure 

An SD rat model of infected seawater immersion wound was established to evaluate the 

effectiveness of the M@TA-Eu particles with NIR irradiation in promoting wound healing. On Day 3, 

the control group still showed purulent infection compared with the group with no seawater immersion, 

indicating severe infection of the wound (Figure 5a). In contrast, a tendency to scab was observed in 

the group without no seawater immersion. Also, all M@TA-Eu particles treated groups showed an 

accelerated wound healing process, especially M2@TA-Eu+NIR group. On Day 11, M2@TA-Eu+NIR 

group was close to healing and showed a repair effect close to that of the group with no seawater 

immersion. In the process of wound healing, the M2@TA-Eu+NIR all exhibited the highest wound 

healing rate at all time points (Day3: ~16.1%, Day7: ~71.2%, and Day11: ~90.3%, Figure 5b). The 
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results suggested that the M2@TA-Eu particles assisted by NIR could promote the healing of infected 

seawater immersion wounds. 

 

Figure 5 Digital photos of wound healing after treated with M@TA-Eu particles at different times (a), and the 

corresponding ratio of wound closure (b); H&E staining of the wound at 3, 7, and 11 days (c) (scale bars: 500 µm). 

 

3.6.2 Histological analysis 

Wound healing is a complex process in which multiple cells work together, including inflammation, 
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proliferation, and remodeling phases. H&E staining was employed to observe the wound repair process 

(Figure 5c). On Day 3, groups treated with the particles showed weaker inflammatory cell infiltration 

compared with the control group. Among them, the M2@TA-Eu+NIR group displayed partial 

epidermal regeneration. On Day 7 after surgery, all groups showed partial regeneration of 

epithelialization, suggesting an accelerated repair process. Especially, the groups treated with the 

particles showed more intact regenerating epithelium as well as the regeneration of skin appendages, 

including blood vessels and hair follicles. Among them, the M2@TA-Eu+NIR group possessed optimal 

epidermal-dermal junction that was the upward projections of the papillary dermis and corresponding 

downward projections of the epidermis. On Day 11, more skin appendages were observed in the 

M2@TA-Eu+NIR group, indicating a good recovery of the skin tissue. 

Collagen deposition is an important feature of wound healing. Masson’s staining was used to 

evaluate the collagen deposition in the wound at different time periods (Figure S8). On Day 3, all 

groups observed significant interstitial edema and structural disorders. On Day 7, the groups treated 

with the particles were first to show more collagen deposition and more ordered organizational 

structure. On Day 11, group M2@TA-Eu+NIR had more collagen deposition and a more ordered 

structure compared with other groups. These results revealed that the NIR-assisted M2@TA-Eu could 

inhibit inflammatory cell aggregation and promote granulation growth and collagen deposition.  

3.6.3 Immunohistochemistry analysis 

Inflammatory response is an important stage in the wound healing process. Here, the 

immunohistochemical analysis was employed to evaluated the inflammatory changes in wounds. As 

the pro-inflammatory cytokines, IL-1β and IL-6 were used to mark the inflammatory condition at the 

wound sites [51, 52]. And all the M@TA-Eu particles groups inhibited the expression of IL-1β and IL-
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6 during the initial phase of repair (Figure 6a&b). Among them, M2@TA-Eu+NIR showed the most 

significant inhibition effect. Also, as an anti-inflammatory factor, the expression of TGF-β1 at the 

wound sites on day 3 was examined [53]. As shown in Figure 6c, the positive expression of TGF-β1 

cytokines in the M2@TA-Eu+NIR group was more significant compared with other groups. The 

suppression of excessive inflammation accelerated regeneration of new tissue and provided a more 

healing-friendly environment for wounds [54]. These results indicated that NIR-assisted M2@TA-Eu 

could promote wound healing by modulating inflammation in the early stages of wound healing. 
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Figure 6 Immunohistological staining of IL-1β (a), IL-6 (b), TGF-β1 (c), CD31(red) and α-SMA (green) (d) on 

wound sites at different times (scale bar: 100 µm). 
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The regeneration of blood vessels during the healing process is crucial for the delivery of oxygen 

and nutrients. Timely vascular regeneration is necessary for wound healing. As shown in Figure 6d, 

the expression of CD31 and α-SMA, representing the neovascularization and smooth muscle cells, was 

examined at the wound sites [55]. On Day 7 after surgery, the groups treated with the particles had 

significant vascular regeneration compared with control group. Especially, the M2@TA-Eu+NIR group 

displayed substantial vascular regeneration. On Day 11, control group showed improved 

vascularization, while the trend of diminished vascularization was observed in other groups. A large 

amount of immature vascular tissue will form temporarily in the wound to promote rapid healing, 

additionally, they will degenerate in time after the wound is healed to avoid excessive wound 

proliferation [56]. The above results revealed that NIR-assisted M2@TA-Eu could improve the 

vascularization of wounds. In addition, the NIR-assisted M2@TA-Eu could effectively intervene in the 

inflammatory and proliferative phases of the wound process to accelerate healing. 

3.6.4 Bacterial colonization of the wound site 

The bacterial colonization at the wound sites was also detected to assess the effectiveness of the 

bactericidal effect of particles. Here, the bacterial colonization of each wound site was examined after 

3 days of treatment. Specifically, the wound tissue was collected and homogenized in normal saline 

(3 mL). After serial dilutions, S. aureus, E. coli, and P. aeruginosa were obtained by screening. After 

taking the corresponding bacterial solution (100 μL) for plate culture, the colony growth of the wound 

was recorded to evaluated the antimicrobial properties of particles in wounds.  As shown in Figure 7, 

the control group with seawater immersion displayed a large amount of bacterial colonization. In 

contrast, the TA-Eu and M2@TA-Eu groups displayed partial bacterial removal, but a large number 
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of bacteria were still alive, especially Gram-negative species. The NIR-assisted M2@TA-Eu group 

demonstrated a similar antimicrobial effect to the group with no seawater immersion (uninfected), 

which confirmed that NIR-assisted M2@TA-Eu fought infection by rapidly killing bacteria in the 

early stages of infected wound to accelerate wound healing. In general, the timely killing of wound 

bacteria provided the condition for the subsequent presentation of bacterial antigens by particles. 
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Figure 7 On day 3, the colony growth and statistics of each wound (n=3 for statistical data,  ##p < 0.01 vs No 

seawater + Control, ** represents p < 0.01 between the selected groups). 

 

3.7 Efficacy of the formed in situ vaccines  

3.7.1 Antigen presentation and maturation of DCs 

In a classical immune response, the invasion of pathogens would trigger host immune system, and 

their antigen signals need to be presented by APCs to the lymphocytes residing in the secondary lymph 

organs such as spleens and lymph nodes. DCs are the most important and professional APCs, which 

usually patrol the peripheral tissues for capturing invading pathogens. After that, the DCs need to 

internalize, digest, process the pathogens to antigen peptides, and the present the antigen peptides to 

the lymphocytes via two types of presentation molecules, the class II major histocompatibility complex 

(MHC II) and the class I major histocompatibility complex (MHC I) molecules. Generally, exogenous 

antigens are presented via MHC II molecules to CD4+ T lymphocytes to trigger humoral immune 

responses. At the same time, the maturation of DCs is another indispensable step for the antigen 

presentation, the feathers of which include the high expression of costimulatory molecules CD40, 

CD80, and CD86 on DCs surface.  
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Figure 8 On the 2nd day after vaccination, the expression of MHC II, CD40, CD80 and CD86 on CD11c+ DCs as 

detected by flow cytometry. Representative flow charts of each group (a). The percentage of MHC II, CD40, CD80 

and CD86 molecules expressed on CD11c+ DC cells (b). (n=5 for statistical data, * and ** represent p < 0.05 and p 

< 0.01 between the selected groups) 

 

Here, we detected the expression levels of the MHC II and costimulatory molecules on CD11c+ 

among the lymphocytes collected from the rats. As shown in Figure 8, the MHC II expressions of the 

M2@TA-Eu and M2@TA-Eu+NIR groups were both significantly higher than that of the control group. 

The CD40 expression of the M2@TA-Eu+NIR group was significantly higher than that of the control 

group. The CD80 expressions of the M2@TA-Eu and M2@TA-Eu+NIR groups were both higher than 

that of the control group. The CD86 expression of the M2@TA-Eu+NIR group was significantly higher 

than that of the control group. These results indicate that the treatment with the M2@TA-Eu + NIR 
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significantly promoted the MHC II-mediated antigen presentation and maturation of the DCs, which 

could further enhance the humoral immune response to the invaded pathogenic bacteria. The 

promotion should be attributed to the photothermal effect of the M2@TA-Eu particle, as previous 

literatures reported that localized mild photothermal effects (~45℃) can stimulate immune response 

by multiple mechanisms, including recruitment and activation of APCs, and adjusting local 

microenvironment [57, 58]. In addition, the expression levels of the MHC II and costimulatory 

molecules of the M2@TA-Eu group were collectively higher than the control group. This may be 

attributed to enhanced antigen presentation by the interaction of TA with intracellular proteins after 

bacterial death [20].  

3.7.2 Antibody production and cytokines secretion at 7th day after the vaccination 

Humoral immunity plays an essential role in fighting bacteria infection by producing antibodies, 

which can inactivate or eliminate the invaded bacteria via different ways. Therefore, antibody titer is 

an indicator of the level of humoral immune response toward bacteria infection. Here, we detected the 

antibody IgG titer in the sera and the secretion levels of the cytokines by the re-stimulated splenocytes 

of the rats 7 days after the bacteria infection. From Figure 9a, the total IgG titer against the three 

bacteria of the M2@TA-Eu+NIR group was significantly higher than those of the M2@TA-Eu and 

control group. Specifically, the IgG titer against the E. coli of the M2@TA-Eu+NIR group was higher 

than those of the M2@TA-Eu and control group. The IgG titer against the S. aureus of the M2@TA-

Eu+NIR group was higher than those of the M2@TA-Eu and control group. The IgG titer against the 

P. aeruginosa of the M2@TA-Eu+NIR group was higher than those of the M2@TA-Eu and control 

group. These results indicate that the treatment with M2@TA-Eu+NIR induced higher level of the 

bacteria-specific IgG titer.  
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Figure 9 Serum IgG titers and cytokine levels on the 7th day after vaccination. Total IgG titer against the three 

bacteria, E. coli-specific IgG titer, S. aureus-specific IgG titer, and P. aeruginosa-specific IgG titer in the sera (a). 

Levels of the cytokines TNF-α, IFN-γ, IL-6, and IL-4 secreted by the restimulated splenocytes (b). (n=5 for 

statistical data *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001 between the selected groups). 

 

In addition, the cytokines secreted by the splenocytes also indicate the intensity and type of the 

immune response toward bacteria infection. Mature DCs present antigens to CD4+ and/or CD8+ 

splenocytes to further induce humoral and/or cellular immunity. Then, Th1 subset of CD4+ splenocytes 

secrete the cytokines such as IFN-γ and TNF-α to promote cellular immunity. Th2 subset of CD4+ 

splenocytes secrete the cytokines such as IL-4, IL-6 and IL-10 to promote humoral immunity [59]. 

From Figure 9b, the TNF-α and IFN-γ levels of the M2@TA-Eu and M2@TA-Eu + NIR groups were 

both significantly higher than that of the control group. The IL-6 level of the M2@TA-Eu + NIR group 

was significantly higher than those of the M2@TA-Eu and control group. The IL-4 level of the 

M2@TA-Eu + NIR group was significantly higher than that of the control group. From the results, the 

treatment with M2@TA-Eu + NIR could promote both the humoral and cellular immunity toward the 
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infected bacteria.  

3.7.3 Antibody levels at 40th day after the vaccination 

To further detect the duration of the immune response along with time, we detected the antibody 

IgG titer in the sera of the rats 40 days after the bacteria infection. From Figure 10a, the total IgG titer 

against the three bacteria of the M2@TA-Eu + NIR group was higher than those of the M2@TA-Eu 

and control group. Specifically, the IgG titer against the E. coli of the M2@TA-Eu + NIR group was 

higher than those of the M2@TA-Eu and control group. The IgG titer against the S. aureus of the 

M2@TA-Eu + NIR group was higher than that of the control group. The IgG titer against the P. 

aeruginosa of the M2@TA-Eu + NIR group was higher than those of the M2@TA-Eu and control group. 

These results indicate that the treatment with M2@TA-Eu + NIR induced long-term bacteria-specific 

IgG titer, which could fight the bacteria infection for a long time.  
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Figure 10 IgG titers on the 40th day after the vaccination. Total serum IgG titer against the three bacteria (a), and 

the serum IgG titers specific to E. coli (b), S. aureus (c) or P. aeruginosa (d). (n=5 for statistical data, * and *** 

represent p < 0.05 and p < 0.001 between the selected groups) 

 

4 Conclusions 

In summary, in the face of complex and refractory infected seawater immersion wound, a simple, 

efficient, and biocompatible particles (M@TA-Eu) were prepared by embedding the MXenes into the 

polyphenol-metal composite particles and used to accelerate the repair of wound by assist the organism 

in achieving a long-lasting anti-infection immune mechanism. The results displayed that the 
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embedding MXenes endowed the particles with good photothermal response ability. This allowed the 

M@TA-Eu particles to exhibit good bactericidal properties as well as the potential to enhanced 

vaccination efficacy. Also, the functional platform constructed by TA and Eu3+ had the characteristics 

of antioxidation, promoting angiogenesis, and promoting antigen presentation. Moreover, the M@TA-

Eu particles possessed good cytocompatibility and hemocompatibility. Furthermore, the animal 

experiments display that the NIR-assisted M2@TA-Eu particles could effectively kill the invaded 

bacteria, inhibit wound inflammation, and promote angiogenesis, achieving a multi-stage promotion 

of healing from the inflammatory and proliferative phases. Particularly, the NIR-assisted M2@TA-Eu 

particles produced potent vaccination effect by forming in situ bacterial vaccines, which constructed a 

long-lasting anti-infection mechanism for refractory infected wounds. Therefore, the NIR-assisted 

M@TA-Eu particles may be a simple and promising wound dressing for the infected seawater 

immersion wound. 
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