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Abstract:  

With the ever-growing threat of bacterial infections, especially for multidrug-resistant 

microbial infections, the development of highly effective treatment modalities to inhibit 

the infections is challenging. Although silver nanoparticles have been intensively 

applied as an antimicrobial agent for decades, the therapeutic efficacy towards 

multidrug-resistant bacteria is still unsatisfactory. Here, we show that near-infrared 

(NIR) laser-excited silver triangular nanoparticles (Tri-Ag) can efficiently kill 

Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. 

aureus) both in vitro and in vivo. Notably, multidrug-resistant bacterial clinical isolates, 

including methicillin-resistant S. aureus (MRSA) and extended spectrum 

beta-lactamase (ESBL) E. coli strain were significantly inhibited by the combined 

treatment of the Tri-Ag with NIR laser irradiation due to their synergistic antibacterial 

ability. Taking the advantage of its strong near-infrared absorbance, photothermal 

treatment is also conducted with Tri-Ag, achieving a remarkable synergistic 

antibacterial effect to inhibit various bacterial at a rather low concentration of this agent. 

Given the above advantages, the combination therapy of Tri-Ag with assistance of NIR 

laser may find potential applications to strengthen the antimicrobial arsenal for fighting 

bacterial infections. 
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1. Introduction 

Given the increasing concern of bacterial infections, especially clinical-required 

antibiotic resistance, there is a growing need to develop new effective antibacterial 

treatments 1-4. This is particularly true for multidrug-resistant bacteria-induced 

infections, which are difficult to cure because these organisms have the ability to 

develop rapidly antibiotic resistance 3,5. For example, methicillin-resistant S. aureus 

(MRSA)-induced skin focal infections caused the dramatically increased incidence in 

recent years, presenting a serious threat to public health 6-8.  

Recently, many antibacterial agents, such as antimicrobial peptides 9,10, polymers 

11,12, quaternary ammonium salts 13, and inorganic nanoparticles (NPs) 14-20 were 

reported. Among them, inorganic NPs, including silver (Ag) 14,21-24, copper 25,26, gold 

15,27, and other metal-based NPs 17-19,28-30, brought new opportunities for the 

development of safe and effective antibacterial therapeutics. Specifically, Ag NPs are 

becoming one of the most commonly applied agents to treat wounds, burns, and a 

variety of infectious diseases because of its outstanding antimicrobial properties 

against various microbials, including pathogenic bacteria, viruses, fungi, and other 

eukaryotic microorganisms 23,24. The size, shape, and surface coating of Ag NPs were 

important factors for determining their antibacterial properties. It has been shown that 

different-sized Ag NPs exhibited different antibacterial effects 22. For instance, Ag+ ions 

dominated the bacterial toxicity of Ag NPs when the particle size is smaller than 10 nm, 
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while for larger particles, both the direct surface contact and ion release determined 

the antibacterial activity 22,31. Friend et al. reported that triangular Ag NPs (Tri-Ag) 

demonstrated the highest antibacterial ability, compared with Ag nanospheres and Ag 

nanorods, due to their crystal structures whose (111) crystalline planes contain a mass 

of atoms. These special structures possibly disrupted the bacterial cell membrane 

permeability, disturbed its respiration functions when the NPs attach to the bacterial 

surface, and then showed more potent destructiveness in damaging the bacterial 

cell32.  

Owing to their unique optical properties, many inorganic NPs with NIR strong 

absorbance band, such as gold NPs 33,34, carbon nanomaterials 35,36, copper sulfide 

NPs 37-39, and palladium nanosheets 40,41, have been widely applied for photothermal 

therapy in cancer treatment. Combing NIR laser and strong light-absorbing 

nanomaterials, local high temperature was achieved surrounding the NPs and induced 

cancer cell death. The light energy can be converted to the thermal energy during the 

laser irradiation because of their strong NIR light absorption. By adjusting shape and 

size, the absorbance peak of silver NPs can be tuned to the NIR window. The tunable 

optical characteristics of these anisotropic silver NPs, especially for Tri-Ag, make it 

possible to treat the disease using laser-induced photothermal effects of these NPs. 

Likewise, Tri-Ag NPs with strong NIR absorbance also have great potential to elevate 

the temperature when they are exposed to NIR laser. The high local temperature could 

both destroy the surrounding bacterial membrane and accelerate Ag+ release from the 

Ag NPs, which produce a synergistic effect to kill the bacterial. Therefore, Tri-Ag 
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combined with NIR laser for the antibacterial treatment may allow us to eliminate 

bacterial more effectively, even exterminate the multidrug-resistant microbials, and 

inhibit various bacteria-induced infections.  

Here we present a NIR light-activatable photothermal therapeutic strategy that can 

not only eliminate Gram-negative Escherichia coli (E. coli) and Gram-positive 

Staphylococcus aureus (S. aureus) strains, but also can inhibit multidrug-resistant 

bacteria through their synergistic effect. We hypothesized that the synergistic effect 

could boost the disruption of the bacterial membrane and accelerate the release of Ag+ 

with the stimulation of NIR laser irradiation. We synthesized Ag NPs and tuned their 

absorption to NIR region, which make it useful for photothermal treatment. The 

synergistic antibacterial effects were assessed in E. coli and S. aureus models, and 

were further evaluated by two multidrug-resistant bacterial strains (ESBL E. coli and 

MRSA). The possible mechanism of the combination treatment was carefully 

investigated through fluorescence imaging, scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM). In vivo wound healing effects were tested by 

dressing in mouse skin defect model. Furthermore, the pilot in vivo toxicity study 

including blood and major organs histopathological examinations were evaluated.  

2. RESULTS AND DISCUSSION 

2.1 Preparation and characterization of Tri-Ag  
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Triangle silver nanoplates were synthesized by a facile one-step seedless synthetic 

method. One remarkable advantage of this seedless approach is that the surface 

plasmonic resonance (SPR) could be tuned to possess a wide spectral range from 

visible to the NIR region, through the change of the experimental parameters, such as 

the concentration of citrate. Precise synthesis of the Ag NPs to the NIR window is an 

important factor for the further biomedical application of the NPs through their 

photothermal effect. As the concentration of citrate decreased, the striking change of 

Ag NPs consequently resulted in the obvious red shift of SPR absorbance as shown in 

Figure 1a, and the color of the corresponding solutions (Figure 1b) changed from 

yellow to orange, green, purple, and then blue. As, we know, the optical properties are 

strongly dependent on the size and morphological feature of the Ag NPs. In the 

 

Figure 1. UV-vis absorption spectra (a) and the photograph (b) of the corresponding 

solutions of Ag NPs synthesized with different concentration of citrate. (c-f) The 

representative TEM images of Ag NPs underwent a progressive shape transition from 

nanospheres to triangular nanoplates. 
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representative TEM images (Figure 1c-f), the average particle size increased, and the 

resultant Ag NPs underwent a progressive shape transition from nanospheres to 

triangular nanoplates. Figure 2a showed the average diameter of the as-prepared 

triangular silver nanoplates (Tri-Ag), which was around 60 nm, and the thickness of the 

nanoplates is approximately 10 nm (the inset of Figure 2a). The hydrodynamic size of 

Tri-Ag is c.a. 62 nm, which was slightly larger than that from the TEM result (Figure 

2b), may attribute to the coating of citrate. EDS results shown in Figure 2c  

 

Figure 2. Characterization of triangular Ag nanoparticles (Tri-Ag): a) TEM image of 

Tri-Ag, (inset: a TEM image of stacked Tri-Ag, the thickness of Tri-Ag determined from 

TEM image shows about 5 nm, bar: 20 nm); b) Size distribution Tri-Ag measured from 

dynamic light scatting; c) EDS spectrum of Tri-Ag indicating the element composition is 

silver;  d) zeta potential of  Tri-Ag showing the surface is negative; e) XRD of Tri-Ag 

shows its crystalline structure; f) UV-vis absorption spectrum of Tri-Ag in water showing a 

strong absorbance band in near-infrared region. 
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confirmed the presence of silver element in Tri-Ag (Ni element from the nickel grid for 

the TEM measurement). As shown in Figure 2d, the zeta potential of the Tri-Ag is 

-23.9 mV, indicating negative charges on the surface of NPs. The negative charge of 

Tri-Ag NP resulted from citrate during the synthesis could prevent the aggregation of 

the Tri-Ag in the aqueous solution due to strong electrostatic repulsion. Notably, Tri-Ag 

solution was stable for up to six months at room temperature, indicating their excellent 

stability. X-ray diffraction (XRD) analysis was applied to measure the crystalline 

structure of Tri-Ag (Figure 2e). The peaks obtained at 38.12°, 44.27°, 64.56°, and 

77.34° were assigned to (111), (200), (220), and (311) plane, respectively. The 

remarkably strong peak at 38.12 from the (111) lattice plane implies that the NPs are 

made of pure silver and that their basal plane should be the (111) plane. Importantly, 

the optical absorption (Figure 2f) measured by UV-vis spectrometer demonstrated the 

Tri-Ag possessed strong absorption in NIR region, which was critically important for 

efficient NIR laser induced photothermal conversion. 

2.2 Photothermal effect of Tri-Ag 

We next systematically investigated the photothermal efficiency of the Tri-Ag 

owing to their strong NIR absorption. To confirm the capacity of Tri-Ag as a 

photothermal agent for PTT, temperature elevation tendency of Tri-Ag solution under 

an 808 nm NIR laser irradiation were measured. In Figure 3, the temperature of Tri-Ag 

sample raised quickly within 2 min and reached a plateau eventually. Moreover, the 

temperature rising rate increased with the laser power and NPs’ concentration. For 
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instance, when the concentration of Tri-Ag was 25 µg/mL, the solution was heated up 

to ~88.2 °C within 6 min under laser exposure at 1.05 W/cm2, while only 34.3 °C was 

reached with 0.3 W/cm2 laser at the same Tri-Ag concentration. These results 

confirmed that the effective NIR laser-induced temperature elevation of Tri-Ag could 

be conveniently achieved and precisely tuned by adjusting the NPs’ concentration as 

well as the laser energy. The photothermal conversion efficiency of Tri-Ag was 

calculated to be ∼58.67 % (see Figure S1-2, in the Supporting Information). 

Importantly, more silver ions were released from Tri-Ag when the temperature 

increase (Figure S3, in the Supporting Information). 

 

Figure 3. Photothermal effects of Tri-Ag aqueous solution: a) temperature changes of 

Tri-Ag solution at the concentration of 25 µg/mL with a series of power densities of 808 nm 

laser irradiation. Inset: temperature photographs of the Tri-Ag at the final temperature 

recorded by an infrared thermal camera; b) temperature changes of Tri-Ag at a series of 

concentration irradiated with a constant 808 nm laser power (1.0 W/cm
2
). Inset: 

temperature photographs. 
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2.3 In vitro antibacterial activity of Tri-Ag 

The antibacterial activities of Tri-Ag combined with NIR laser irradiation against both 

Gram-negative and Gram-positive sign were evaluated using E. coli and S. aureus 

(Figure 4) as model organisms, respectively. Spherical silver nanoparticles (Sph-Ag) 

were used as a control to compare their antibacterial effect with/without laser 

 

Figure 4. Antibacterial effect of Tri-Ag in vitro: survival rates of E. coli (a) and S. aureus 

(b) with various treatments at Ag concentration of 67.4 µg/mL. Power density was 1.0 

W/cm
2
 for 6 min. Survival rates of E. coli (c) and S. aureus (d) with various treatments at 

different Ag concentration. (*p < 0.05, **p < 0.01, ***p < 0.001) 
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irradiation. As compared to Sph-Ag (bacterial survival, 80.6% for E. coli and 82.1% for 

S. aureus), Sph-Ag groups even with the assistance of laser irradiation, the bacterial 

survival rates are still high (75.8% E. coli and 73.9% for S. aureus), when the Ag 

concentration is 67.4 µg/mL. This suggests that Sph-Ag or even plus NIR laser 

treatment cannot effectively kill the two bacterial strains. However, when the Tri-Ag 

was used for the treatment, the bacterial cells survival dramatically decreased to 33.5% 

(E. coli) and 32.5% (S. aureus), indicating their greater antibacterial ability. 

Surprisingly, more than 90% bacterial were eliminated by the Tri-Ag under the NIR 

laser irradiation (survival, 9.0% E. coli and 9.1% for S. aureus). Moreover, 

dose-dependent antibacterial ability was further by investigated. Tri-Ag plus laser 

treatment demonstrated the strongest antibacterial effect at all the same concentration 

conditions. 
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Figure 5. Photographs of bacterial colonies formed by E. coli (a) and S. aureus (b) with 

various treatments at different concentrations. Power density was 1.0 W/cm
2
 for 6 min. The 

corresponding CFU count of E. coli (c) and S. aureus (d) with various treatments.  

CFU plate counting method was also used to assess the antibacterial ability. The 

antibacterial results in all groups are in good agreement with the previous survival 

rates results. As shown in Figure 5a,b, Sph-Ag demonstrated a weak antibacterial 

effect even the concentration reached 67.4 µg/mL in two bacterial models, especially 

for S. aureus. The number of viable bacteria in the Sph-Ag plus laser exposure group 

was almost the same as the Sph-Ag group, indicating no synergistic effect for Sph-Ag 

and NIR laser irradiation. Tri-Ag with NIR laser irradiation showed better inhibition 

effects than all the other treatments, and nearly complete inhibition of bacterial growth 
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was observed at a total silver concentration of 4.2 µg/mL for both E. coli and 73.9% for 

and S. aureus. The quantitative analysis (Figure 5c,d) displayed that Tri-Ag plus laser 

treatment with various concentration (4.2, 8.4, 16.9, 33.7, and 67.4 µg/mL) reduced the 

number of colonies significantly, demonstrating their remarkable antibacterial ability. 

2.4 In vitro assessment of antibacterial effects of drug-resistant bacteria 

We also investigated the antibacterial activities of drug-resistant bacteria, including 

MRSA and EBSL E. coli. As shown in Figure 6, Tri-Ag combined with NIR laser 

irradiation showed the efficient antibacterial effects for both MRSA and ESBL E. coli 

bacteria. At high Ag concentration, whereas Sph-Ag group showed weak antibacterial 

effect (bacterial survival, 81.4% for MRSA and 81.8% for ESBL E. coli), Tri-Ag 

treatment demonstrated better effects (bacterial survival, 32.4% MRSA and 28.6% for 

ESBL E. coli). However, most of the bacteria (bacterial survival, 13.0% MRSA and 9.9% 
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for ESBL E. coli) were eradicated by the Tri-Ag plus laser treatment. 

 

Figure 6. Anti-drug resistant bacterial effect of Tri-Ag: (a) MRSA growth survival; (b) 

Photographs of MRSA bacterial colonies formed on LB-agar plates; (c) CFU amount of 

MRSA bacteria. (d) ESBL E. coli growth survival; (e) Photographs of ESBL E.coli bacterial 

colonies formed on LB-agar plates; (f) CFU amount of ESBL E.coli bacteria. 
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Also, CFU colonies analysis demonstrated the similar results that most of the bacteria 

growth were significantly inhibited by Tri-Ag plus laser treatment. Therefore, the 

combination treatment is an excellent strategy to treat the drug resistant bacteria. We 

also made an antibacterial effect comparison of Tri-Ag Laser treatment and penicillin 

against ESBL E. coli and MRSA at the same concentration of 67.4 μg/mL and Tri-Ag 

Laser treatment had an obviously better treatment effect than penicillin both on ESBL 

E. coli and MRSA. The experimental procedure is roughly the same as above bacterial 

colonies forming experiment beside there was just one treatment concentration 

(Figure S7). 

2.5 Cell integrity disruption of E. coli induced by Tri-Ag  

The membrane integrity of E. coli on various treatments was analyzed using 

propidium iodide (PI) as a fluorescent nucleic acid dye, which could penetrate 

damaged membranes of bacteria to stain its DNA with red fluorescence. The 

fluorescence imaging result in Figure 7a showed that only very few E. coli could be 

stained by PI in the control group and the Sph-Ag plus laser group. It is obvious that 

some bacteria were stained red in the Tri-Ag group without laser irradiation. However, 

almost all the E. coli cells in the Tri-Ag plus laser treated group were stained red with PI, 

suggesting their synergistic antibacterial effect by disrupting cell wall/membrane 

integrity.  
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To further investigate the antibacterial mechanism of action of various treatments, 

TEM techniques were used to investigate the cell morphology on E. coli following 

various treatments. Indeed, a representative TEM image (Figure 7b) clearly showed 

that some Tri-Ag successfully penetrated into the cells. The morphology of the bacteria 

treated with Tri-Ag were significantly changed following the laser treatment, indicating 

the total cell death induced by the combination treatment. 

 

Figure 7. (a) Fluorescent and bright field photographs of E coli. stained by propidium 

iodide (PI) following various treatments, bar = 50 µm; (b) TEM images of E. coli treated with 

spherical Ag nanoparticles (Sph-Ag), Tri-Ag, and Tri-Ag plus laser, respectively. 

SEM analysis also confirmed the membrane damage of the bacterial. In Figure 8a, 

no significant bacterial morphological changes were observed in Sph-Ag and Sph-Ag 

plus laser group, and slight damage to the cell membrane by Tri-Ag was observed, 
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membrane. However, the morphology of the bacterial cells treated by Tri-Ag plus laser 

was significantly changed. Much more noticeable holes were found on their cell walls, 

indicating major damage of the bacteria. In one representative SEM image (Figure 8b), 

a large number of plate-like nanostructures were clearly found on the surface of the 

bacteria. Also, the magnified SEM image (Figure 8c) demonstrated significant 

morphological changes including cell membrane broken and debris, clearly which 

representing serious damage to the bacterial walls that resulted in loss of cellular 

indicated that Tri-Ag only have weak disruption effect on the integrity of cell 

 

Figure 8. (a) SEM images of E. coli treated with spherical Ag nanoparticles (Sph-Ag), 

Tri-Ag, and Tri-Ag plus laser, respectively. The untreated group is used as the control 24 h 

after treatment. (b) a representative SEM image of Tri-Ag plus laser treated sample 

showing a large number of Tri-Ag on the surface of E. coli. 24 h after treatment. (c) a typical 
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SEM image of Tri-Ag plus laser treated E. coli demonstrating the destroyed bacterial 

structure 48 h after treatment  

components when the treatment time increased to 48 h. The structures of the bacteria 

were totally destroyed, confirming the superior antibacterial function of Tri-Ag under 

NIR laser irradiation. The results above were also cooperated by the morphological 

studies of E. coli bacteria using SEM. Therefore, all the results revealed that the Tri-Ag 

was a superior agent with high effective synergistic antibacterial ability with the 

assistance of NIR laser irradiation. 

Many reports investigated the reciprocity between the Ag NPs and the bacteria’s 

cell membranes 32,42,43. Cell membrane integrity can be destroyed and the structure 

was changed by the accumulation of Ag NPs on the bacteria’s surface. The NPs can 

release Ag ions where the ions interact with sulfur related membrane protein, causing 

the cell membrane permeability changes. In this study, a large number of Tri-Ag onto 

the cell membrane were observed (Figure 8). The released silver ions could increase 

the cell membrane permeability by causing perforations and holes in bacterial 

membranes due to the direct interaction between the ions and the membrane proteins. 

Importantly, the ability to cause membrane damage is also beneficial when the cell 

surface temperature increase under the laser irradiation in the presence of Tri-Ag. 

Once this protective barrier of the bacteria breaks down, more Tri-Ag enter the internal 

of the bacteria. Then, the DNA molecule will lose its ability to replicate, thus affecting 

the bacterial viability, both for normal bacteria or multidrug-resistant bacteria. The Ag 
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ions also can induce enzyme inactivation of bacterial, when they interact with thiol 

groups of proteins. The deposition of proteins in cells was found when the Ag ions pass 

throught the cell wall. Tri-Ag demonstrated an obvious antimicrobial capacity 

compared with spherical Ag nanoparticles because of their high specific surface, which 

allows a larger area of contact with bacteria. When the bacteria were treated by heat 

(50 oC for 24 h). No obvious morphological changes were found after treatment. 

Therefore, enhanced antibacterial effects can be achieved owing to the synergistic 

effect.  

2.6 In vivo wound healing Study 

We also assessed in vivo healing ability in the wound-infecting bacterial skin of mice 

using the synergetic antibacterial strategy. We utilized female BALB/c mice with MRSA 

infected wound on their back as a model. After 10 min of irradiation, the temperature at 

the wound region of mice from silver NPs plus laser irradiation group increased 

strikingly to 49.9 oC. (Figure 9a,b). Conversely, the wound regions of the mice in the 

Sph-Ag plus laser group treated by laser exhibited very limited increase (37.8 oC after 

10 min of laser treatment) in temperature, indicating that NIR laser at such a lower 

power density by itself could not change the wound temperature significantly. We 

photographed the traumas, measure the wound surface area every 2 days, and carried 

out histological evaluations of the mouse dermal wound tissues on day 8 to examine 

the wound healing inflammation and any potential side effects. Figure 9c showed 

representative macroscopic photos and closure of wounds with various treatments at 
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different time points. Compared with other groups, the deep black scars appeared in 

Tri-Ag plus laser treatment groups at the second day. On day 12, the wounds for all 

treatment groups became smaller and even disappeared for synergistic Tri-Ag plus 

laser were still observed for other groups. The edema and ulceration were observed 

except that the synergistic group even after 8 days. Considering the whole healing 

process, this treatment can accelerate wound closure and decrease the possibility of 

infection and death. Conversely, compared to the wound treated with Sph-Ag plus 

laser or Tri-Ag, the wounds were smaller than the control but still much larger than the 

wound of the mice in Tri-Ag plus laser group. For the histological analysis, the control 

group possessed mass inflammatory cells, suggesting that the wound recovery was 

not complete. The Sph-Ag plus laser group and Tri-Ag group also showed fewer 

inflammatory cells. However, the wounds of the synergistic group demonstrate almost 

entire epidermis structure and did not find obvious inflammation or infection, indicating 

complete healing effect. Moreover, the antibacterial effect in vivo was further assessed 

by determining the surface area in wound region (Figure 9d). Compared with other 

NIR group whereas the wound boundary and incomplete dermal groups, the surface 

area of the wounds demonstrates that treatment with synergetic Tri-Ag plus laser 

group decrease rapidly, resulting in the surface area decreased to 11.96%, whereas 

control, laser only, and Tri-Ag group can only be decreased to 78.07%, 64.94%, and 

53.84%, respectively. Therefore, the synergistic Tri-Ag plus laser antibacterial 

treatment can effectively kill bacteria, promote the scar generation to protect wound 

tissue, and accelerate the wound closure. Since reactive oxygen species (ROS) play a 
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critical role in wound healing, we investigate the ROS effects of the different treatment. 

Figure S6 demonstrated strong ROS effects of Tri-Ag plus laser illumination and 

Tri-Ag treatments, whereas the Tri-Ag plus laser displayed highest ROS effect. 
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Figure 9. In vivo experiments to evaluate the Tri-Ag plus laser technique: (a) Thermal 

infrared image of temperature evolution on dosed mice upon NIR laser irradiation; (b) 

Temperature evolution profile of dosed mice upon NIR laser irradiation; (c) Wound 

photographs for effects of treatment of MRSA infected wound of mice; (d) Wound area 

evolution rate of mice. 

Moreover, we further evaluated the wound healing progress by hematoxylin and 

 

Figure 10. Histological observation of mice tissues after treatments: H&E staining of 

the mice dermal wound for pathological observation at day 8 after treatment, bar: up = 200 

µm; bottom = 50 µm. 

eosin stained sections (H&E staining). In Figure 10, a large amount of inflammatory 

cells and fragmentary epidermal layer appeared on the wound after treatments with 

the control, Sph-Ag, and Tri-Ag groups, while the intact epidermal layer as well as less 

inflammatory cells emerged on the wound treated with Tri-Ag plus laser treatment. 
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Thus, it can be concluded that Tri-Ag plus laser treatment exhibited the best 

antibacterial effect and wound healing effect among various treatments. 

2.7 Pilot toxicity study in vivo 

Although the in vivo antibacterial study only involved epidermal treatments by 

Tri-Ag or Sph-Ag, we still evaluated the potential toxicity for the safety concerns. The 

histology analysis of the major organs (heart, liver, spleen, kidney, and lung) (Figure 

11) demonstrated normal tissue structures without any obvious inflammatory lesions 

or organ damage after the treatment. No appreciable signs of toxic behaviors and 

neither noticeable change of body weight nor mortality was seen in all four groups 

(Figure 12a). The biosafety of the treatments was also assessed by blood 

biochemistry and hematology analysis after in vivo antibacterial study. No significant 

difference in blood biochemistry and hematology parameters were observed, 

indicating normal liver and kidney functions (Figure 12 b-l). The preliminary studies 

confirmed the Tri-Ag plus laser treatment’s biosafety in vivo, indicating that the 

treatment can act as an excellent antibacterial agent to inhibit bacteria growth and 

accelerate the wound healing with minimal toxicity at the tested dose. However, more 

systematic investigations, such as immune-compatibility and long-term toxicity studies, 

are still needed before the future clinical translation. 
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Figure 11. Preliminary toxicity analysis in major organs: H&E staining of the major 

organs of mice heart, liver, spleen, lung, and kidney for toxicological observation, bar = 50 

µm. 
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Figure 12. The influence of mice healthy: (a) body weight, (b-l) blood biochemistry and 

hematology survey. WBC, white blood cells; RBC, red blood cells; HGB, haemoglobin; 

MCV, mean cell volume; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular 

haemoglobin concentration; PLT, blood platelet; ALT, alanine transferase; AST, aspartate 

transferase; BUN, blood urea nitrogen; CREA, Creatitine. 
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3. Conclusions 

In summary, we have successfully developed a synergistic antibacterial system 

based on a simple combination between Tri-Ag and NIR laser irradiation. We showed 

that the combination treatment can eradicate both Gram-positive E. coli and 

Gram-negative S. aureus bacteria. More importantly, our data demonstrated that 

Tri-Ag has an antimicrobial synergistic effect against multidrug-resistant bacterial in 

both ESBL E. coli and MRSA strains when it was used in combination with NIR laser. 

Enhanced morphological changes in the bacterial membrane induced by Tri-Ag with 

laser irradiation may contribute to the bacterial death after the combination treatment. 

Importantly, the wound infected by multidrug-resistant bacteria in the mouse model 

could be recovered effectively after the synergetic antibacterial strategy was applied, 

which does not induce any obvious toxicity in vivo in our preliminary safety evaluation. 

This work provided a simple, effective way to inhibit the bacterial infections and has 

great potential on fighting against multidrug-resistant bacteria-induced diseases in the 

clinical research and translation infection. 

4. Experimental Section 

4.1 Materials  

Silver nitrate, sodium citrate dihydrate, hydrogen peroxide solution (30 wt. %), and 

sodium borohydride were purchased from Sigma-Aldrich. E. coli (ATCC 25922), S. 

aureus (ATCC 6538), ESBL E. coli, and MRSA were obtained from the American type 
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culture collection (Rockville, MD). 

4.2 Synthesis of Tri-Ag and Sph-Ag 

The synthesis of Tri-Ag was carried out by a one-step chemical approach. A 100 

mL aqueous solution containing of sodium citrate (10 mL, 70 mM), silver nitrate (100 

µL, 50 mM), and hydrogen peroxide solution (1 mL, 30 wt.%) was stirred vigorously at 

room temperature under dark condition. After introducing of sodium borohydride (1 mL, 

0.1 M), the solution turned to yellow immediately, then to blue at 20 min, indicating the 

formation of Tri-Ag. Various morphologies of silver NPs was tuned by changing the 

concentration of sodium citrate. The similar approach was used for the synthesis of 

silver nanospheres. No hydrogen peroxide was used, but keeping the same 

procedures during the preparation.  

4.3 Characterization  

The morphologies of Ag NPs were measured by using a Tecai 20 transmission 

electron microscopy (TEM, FEI, USA). The absorptions of Ag NPs were recorded on a 

UV−vis spectrometer (SHIMADZU UV-2600, Japan). Hydrodynamic size and zeta 

potential measurements was determined at room temperature by a Malvern Zetasizer 

Nano ZS90. X-ray diffraction (XRD) patterns were characterized by a Rigaku X-ray 

diffractometer. The NIR laser used for treatment was operated at 808 nm (Infrared 

Diode Laser system, Changchun CNI, China). The temperature elevation mediated by 

Tri-Ag was tested with 808 nm NIR laser exposure at various power densities. The 
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Sph-Ag was as control. The corresponding temperature was recorded by means of a 

thermal camera (Flir A300, USA). 

4.4 In vitro antibacterial activity 

Gram-negative E. coli, Gram-positive S. aureus, EBSL E. coli, and MRSA were 

used for the assessment of the antibacterial ability of Tri-Ag. Different concentration 

(4.2 µg/mL, 8.4 µg/mL, 16.9 µg/mL, 33.7 µg/mL, 67.4 µg/mL) of Tri-Ag or Sph-Ag, were 

added to the lysogeny broth (LB) medium containing the bacteria cells. The solution 

was illuminated with/without 808 nm laser (10 min, 1.3 W/cm2). Twenty-four hours after 

incubation, the bacterial solution was taken into 96-well plates, and the optical density 

at 600 nm (OD600) was measured to estimate the bacteria concentration using a 

multi-mode microplate reader (SpectraMax M5, USA). Thereafter the bacterial 

suspension of each group was diluted 106 folds, and 100 µL of the dilutions were 

spread onto LB plates to grow for 24 h at 37 °C. The colonies were calculated at 72 h 

after treatment, and each assay was carried out in triplicates. 

4.5 Morphological characterization of bacteria.  

Fluorescent-based cell dead method also determined the bacterial death assay. 

1.5 mL of the bacterial cells (5 × 107 CFU/mL) was collected and rinsed with PBS (pH 

7.4). The suspension was treated with Tri-Ag or Sph-Ag at the same concentration of 

67.4 µg/mL and illuminated 808 nm laser (10 min, 1.3 W/cm2) or not. After the mixture 

cultured for 1 h, propidium iodide (50 µL, 30 µM) fluorescent dyes was introduced to 
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the cells and incubated for further 15 min. All samples were observed under an 

inverted fluorescence microscope (Leica DMI 4000B, Germany). 

For SEM measurement, the bacterial suspension (5.0 × 107 CFU/mL) was 

collected and washed three times, and then were cultured with Tri-Ag (67.4 µg/mL) for 

1 h. Ten min after laser exposure (1.3 W/cm2), all the suspensions were centrifuged 

(5000 rpm) and washed with PBS. The bacteria cells were fixed on the glass with 2.5% 

glutaraldehyde solution, washed with PBS, dehydrated with ethanol, and dried under 

vacuum. The samples were coated with platinum and then imaged by a scanning 

electron microscope (SEM; Hitachi SU-8010, Japan). For TEM measurement, the 

Tri-Ag Laser group bacteria was also pelleted and washed by PBS, and then fixed, and 

characterized by a TEM (FEI Tecnai 20, USA). 

4.6 In vivo antibacterial study 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee of Zhejiang University. Female BALB/c mice were obtained from Shanghai 

Bioscience Co., Ltd. All mice were individually raised in cages under standardized 

temperature. The animals were anesthetized by 10% chloral hydrate, and then one 

wound was prepared on the backbone of mouse with a surgical scalpel, over a surface 

of circle (diameter of 7 mm). The mice (n = 3) were divided into four groups: Tri-Ag 

laser group, Tri-Ag group, Sph-Ag laser group, and untreated control group. 50 µL of 

the bacterial mixture (suspension of equal volume and concentration of MRSA bacteria, 

2.0 × 107 CFU/mL) was used to infect the tissue of all the mice. After 24 h, the pus was 
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observed on the infected wound and 50 µL of 67.4 µg/mL. Tri-Ag or Sph-Ag was 

smeared on the wounds except the untreated group which were treated with 50 µL of 

0.9% NaCl solution instead. The wounds in mice from Tri-Ag laser group and Sph-Ag 

laser group were treated by laser (10 min, 1.3 W/cm2). The temperature changes on 

mice wound area were monitored by a thermal imaging system during the entire 

therapy course. The size of the wounds was measured every 2 days. After 8 days, 

wound recovery was observed and the tissue samples were obtained for pathological 

histology analysis. 

4.7 Pilot toxicity study 

Toxicity experiments were carried out with mice in vivo study. After in vivo wound 

healing experiments, all mice were euthanized by CO2 exposure. Then, blood samples 

were cardiac punctured for hematologic and clinical chemistry analysis. The major 

organs were removed for toxicology analysis. 

4.8 Statistical analysis  

Differences in antibacterial data were analyzed using the two-tailed Student’s t test. 

Differences between groups were considered statistically significant at p < 0.05.  
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