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Transparent Methods 

Materials and reagents: Polyvinylpyrrolidone (PVP, K30, MW=40000), hydrogen peroxide (H2O2, 

30 wt%), and sodium thiosulfate pentahydrate (Na2S2O3•5H2O) were obtained from Sinopharm 

Chemical Reagent Co., Ltd. Nickel nitrate hexahydrate (Ni(NO3)2•6H2O) was purchased from Aladdin 

Chemical Reagent Co., Ltd. 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-Htetrazolium bromide 

(MTT), O-phenylenediamine (OPDA), 5, 5'-dithio-bis (2-nitrobenzoic acid) (DTNB), and 3, 3’, 5, 5’-

Tetramethylbenzidine (TMB) were bought from J&K Chemical Co., Ltd. All reagents were purchased 

from commercial sources and used without any further purification. 

Bacteria: Escherichia coli (E. coli, DH5α) and methicillin-resistant staphylococcus aureus (MRSA, 

Mu50). The reason for choosing these two bacteria for the following reason: E. coli and MRSA are 

representative of Gram positive and negative bacteria, and the separation rate of these two bacteria is 

the best among the positive and negative bacteria, respectively. These two kinds of bacteria are easy 

to be separated and their purity are high. E. coli (DH5α) is a mutagenic strain, which mainly shows a 

lack of immunity to exogenous DNA, and it doesn’t emerge drug resistance. Therefore, it can be used 

as a typical representative for studying non-resistant bacteria. MRSA, as a relatively common drug-

resistant bacteria, has a high pathogenic rate and multiple transmission routes, which can cause many 

diseases and pose a certain threat to people's health and safety. The mu50 strain was discovered earlier 

and was one of the first three bacteria to have DNA sequence completely. It is safe and controllable 

for use in studies, and it is not particularly pathogenic. Based on this, it is reasonable to choose these 

two bacteria based on these considerations. 

Synthesis of ND nanozymes: ND nanozymes were prepared by a simple solvothermal method based 

on our previously reported strategy. (He et al., 2019) Briefly, 0.3 g PVP, 1.0 mmol Ni(NO3)2•6H2O 

(0.291 g), and 3.0 mmol Na2S2O3•5H2O (0.745 g) were completely dissolved in a mixture of 20 mL of 

ultrapure water and 20 mL of ethylene glycol under vigorous magnetic stirring. Thereafter, the mixed 

solution was put into the Teflon-lined sealed autoclave and stewed at 180 oC for 12 h. The products 

were obtained through thorough centrifugation/washing cycles. Next, the as-obtained ND nanozymes 

were further dialyzed for 24 h to remove the unreacted materials, and the final products were stored at 

-4 oC protected by N2 for further use. 
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Characterizations of ND nanozymes: Transmission electron microscope (TEM, JEM-2100F, Japan), 

energy-dispersive X-ray spectroscopy (EDS) (Tecnal G2 F20 U-Twin), and high-angle annular dark-

field scanning TEM (HAAD-FSTEM) were obtained to characterize morphology, structure, and 

composition of ND nanozymes. The crystalline structure of ND nanozymes was performed by X-ray 

diffraction (XRD, Panalytical Empyrean). The surface chemistry composition and chemical states of 

ND nanozymes were determined by X-ray photoelectron spectroscopy (XPS, ESCALab 250Xi). UV–

vis–NIR spectrophotometer (Genesys™ 10S UV–vis, Thermo Scientific) was used to measure UV-

vis-NIR absorption spectra of samples. The photothermal data and thermal imaging pictures were 

recorded by using an IR thermal camera (Fortric 225). 

Photothermal performance of ND nanozymes: To evaluate the photothermal effect of ND 

nanozymes, 1.0 mL aqueous solution of ND nanozymes with different concentrations (0-75 μg/mL) 

were added in quartz cells and irradiated by 808 nm laser with different power densities (0.2-1.5 W/cm2) 

for 10 min, respectively. The photothermal stability of ND nanozymes was determined by six laser 

on/off cycles irradiation, and the photothermal conversion efficiency of ND nanozymes was calculated 

using the methods previously described.(Wang et al., 2019b) 

Peroxides-like catalytic activity of ND nanozymes: The •OH was analyzed according to the principle 

that •OH could oxide TMB or OPDA probe and strengthen the absorbance of TMB at 664 nm or OPDA 

at 414 nm.(Wang et al., 2020) Briefly, the TMB and OPDA were used as the indicators to visualize 

and monitor the •OH generation. In detail, 1.0 mL acetate buffer containing ND nanozymes (20 μg/mL), 

TMB (0.5 mM), and H2O2 with different concentrations (0-1.0 mM) was incubated for 30 min at room 

temperature (25 oC). The color of the solution was imaged and the UV-vis-NIR spectra was measured. 

The catalytic performance of ND nanozymes at 45 oC was further explored to simulate the effect of 

catalytic property by the mild photothermal treatment. 

Calculation of the Michaelis–Menten constant (KM) and maximum velocity (Vmax): Results based 

on TMB tests were used to calculate KM and Vmax, all average initial velocities of absorbance changes 

would then be converted as initial velocities (v0) of cation-free radical production or hydroxyl radical 

formation via the Beer Lambert law (Eq. 1), which were then plotted against the corresponding 
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concentration and fitted with Michaelis Menten curves (Figure S8a) (Eq. 2). Moreover, to determine 

the KM and Vmax, a linear double-reciprocal plot (Lineweaver Burk plot, Eq. 3) was obtained as given 

in Figure S8b. According to the calculation, the KM and Vmax values were calculated to be 3.64 mM 

and 1.55×10-4 mM min-1 for ND nanozymes. 

𝐴 = 𝑘𝑏𝑐  (Eq. 1) 

𝑣0 =
𝑉𝑚𝑎𝑥•[𝑆]

𝐾𝑚+[𝑆]
 (Eq. 2) 
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GSH-depleted property of ND nanozymes: The consumption of GSH was detected with DTNB 

probe by UV–vis–NIR spectroscopy.(Wan et al., 2019) The as-obtained ND nanozymes with different 

concentrations (0.1 mM or 1.0 mM) were mixed with GSH (1.0 mM) at room temperature. At different 

points, 100 μL of the mixture was added into 900 μL phosphate buffer saline (PBS, pH 7.4), and then 

DTNB (0.1 mM) was added the mixed solution. After 2 min later, the absorbance spectrum of this 

mixed solution was recorded by UV–vis–NIR spectrophotometer. 

In vitro cytotoxicity experiments: Human umbilical vein endothelial cells (HUVECs) were used for 

evaluation the cytotoxicity of ND nanozymes. Briefly, the HUEVCs with the density of 1×104 cells 

for each well were seeded into 96-well plates for 24 h. Then the cells incubated with ND nanozymes 

with the varying concentrations (0-100 μg/mL) and cultured for another 12 h. Finally, the relative cell 

viabilities were determined using a standard MTT method. (Guan et al., 2019; Wang et al., 2019b) 

In vitro antibacterial experiments: During antibacterial investigations, Escherichia coli (E. coli, 

DH5α) was used as the model Gram (-) bacterial and methicillin-resistant staphylococcus aureus 

(MRSA, Mu50) as model Gram (+) bacterial cell strains. The strains were revived from frozen glycerol 

stocks by inoculation in Luria−Bertani (LB) medium overnight at 37 oC in a humidified incubator. The 

population density of the bacterial cells was determined by measuring the absorbance at 600 nm. In a 

typical antibacterial assay, E. coli or MRSA were divided into following eight groups: (1) bacteria; (2) 

bacteria + NIR light; (3) bacteria + H2O2; (4) bacteria + NIR light + H2O2; (5) bacteria + ND 

nanozymes; (6) bacteria + ND nanozymes + H2O2; (7) bacteria + ND nanozymes + NIR light; (8) 
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bacteria + ND nanozymes + H2O2 + NIR light. The groups of (2), (4), (7)-(8) were further exposed to 

NIR laser (808 nm, 1.0 W/cm2) for 3 min. After the NIR irradiation, the procedure was the same as 

groups of (1), (3), (5)-(6). The final concentrations of ND nanozymes, H2O2, and bacteria were 100 

μg/mL, 200 μM, and 1×106 colony forming units (CFU)/mL, respectively. The total volume of solution 

in each well was 0.5 mL. After incubation for 20 min, 100 μL of bacterial suspension of groups (1)-

(8) were spread on the agar culture plate and incubated at 37 oC for 18 h, and the number of colonies 

was counted. All experiments were repeated for three times. The bacteria survival rate was calculated 

using the following equation: Survival viability (%) = Nt/Nc × 100 %, where Nt represents the number 

of colonies formed in the experimental group and Nc refers to the number of colonies formed in the 

control group (PBS group). (Liu et al., 2019)  

Live/dead staining test: The bacteria after various treatments stained with SYTO9 and propidium 

iodide (PI) for 30 min, followed by washing three times using PBS. Fluorescence microscopy was 

used to observe the live (green fluorescence) and dead (red fluorescence) bacterial by the fluorescence 

microscopy. (Miao et al., 2019) 

ROS staining test: The method to study ROS generation in bacterial was tested using a modified 2’, 

7’-dichlorodihydrofluorescein diacetate (DCFH-DA) probe. The bacteria after different treatments 

stained with DCFH-DA (20 µM) for 30 min, followed by washing three times using PBS. After that, 

green fluorescence was observed using fluorescence microscope to prove the generation of ROS. 

Morphological observation of the bacteria: Bacterial samples were centrifuged (4000 rpm, 3 min) 

and re-dispersed into 2.5% glutaraldehyde after respective treatments. After 12 h, the fixed samples 

were further dehydrated gradually using ethanol solution with increasing ethanol concentration (10%, 

30%, 50%, 70%, and 90%) for 10 min each. Finally, the cell samples were dispersed in 200 μL ethanol 

and dipped on a carbon coated cooper grid for scanning electron microscope (SEM, FEI Quanta 200F) 

observation. 

In vivo antibacterial activity and wound healing: All the animal procedures were performed in 

compliance with the guidelines of the Institutional Animal Care and Use Committee of Department of 

Anhui Medical University (LLSC20150134). Mice were divided into following six groups randomly 

(n = 5): (1) control; (2) H2O2; (3) ND nanozymes; (4) ND nanozymes + H2O2; (5) ND nanozymes + 
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NIR light; (6) ND nanozymes + H2O2 + NIR light. These mice their right flanks shaved, followed by 

anesthetization with pentobarbital sodium. A skin wound ~ 100 mm2 was created by nicking with 

sterile scalpel. Then, the MRSA suspension (50 μL, 1×109 CFU/mL) was gradually inoculated onto 

the wound and the moisture allowed to evaporate naturally. After 12 h, for the ND nanozymes + H2O2 

+ NIR light treatment group, 50 μL of ND nanozymes (100 μg/ml, dispersed into PBS) and 50 μL of 

H2O2 (200 μM, dispersed into PBS) were dropped onto the bacterial foci, then the wound was irradiated 

with an NIR laser (808 nm, 1.0 W/cm2) for 3 min. Similarly, the other five groups were administered 

using the same procedure. After different treatments, the body weight of mice was recorded and the 

wound sizes of mice in all groups were measured perpendicularly (d1 ≤ d2) using the digital caliper. 

The wound area (S) was calculated according to the following equation: S = πd1d2/4. (Huo et al., 2019) 

At 5 days, the skin samples on mice were dissected for histopathological H&E staining and Masson’s 

trichrome staining analysis. Additionally, any mouse of each group was dissected and the main organs 

(heart, liver, spleen, lung, and kidney) were collected for hematoxylin and eosin (H&E) staining 

analysis of biocompatibility. (Wang et al., 2018)  

In vivo toxicity, biodistribution, and metabolism: The in vivo toxicity of ND nanozymes was 

preliminarily evaluated by serum biochemistry and a complete blood panel test. In brief, ND 

nanozymes (10 mg/kg, 100 μL) were intravenously injected into three groups (five mice per group) of 

healthy Balb/c mice. At the 1st, 7th, and 15th day after injection, all five mice in each group were 

sacrificed to collect blood samples (~1.0 mL) for serum biochemistry and complete blood panel test. 

Another five healthy Balb/c mice treated only with PBS were used as control. The major organs (heart, 

liver, spleen, lung, and kidney) of those mice were dissected and divided into two halves for 

histological examination and biodistribution measurement, respectively. For histological examination, 

any mouse of each group was dissected and the main organs were collected for hematoxylin and eosin 

(H&E) staining. For biodistribution measurement, the major organs from the mice were solubilized by 

aqua regia for inductively coupled plasma-optical emission spectroscopy (ICP-OES) measurement to 

determine the Ni levels in these different organs. Additionally, to study the metabolic pathway, 

BALB/c mice intravenously injected with the ND nanozymes (10 mg/kg, 100 μL) were placed in the 

metabolism cages to collect their urine and fences at different time points, then solubilized by aqua 

regia for ICP-OES measurement to determine the Ni contents. 
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Supporting Figures 

 

Figure S1. SAED image of the ND nanozymes. Related to Figure 1. 

 

 

 

Figure S2. The mass extinction coefficient of the ND nanozymes. Related to Figure 2. 

 

 



8 
 

 

Figure S3. Thermal images of ND nanozymes solution under 808 nm laser irradiation at different 

power densities (0.2, 0.5, 0.75, 1.0, and 1.5 W/cm2) for 10 min. Related to Figure 2. 

 

 

 

Figure S4. Temperature change curves of the ND nanozymes solution under 808 nm laser irradiation 

at different power densities (0.2, 0.5, 0.75, 1.0, and 1.5 W/cm2) for 10 min. Related to Figure 2. 
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Figure S5. The plot of temperature variation over 10 min with different concentration of the ND 

nanozymes. Related to Figure 2. 

 

 

 

 

Figure S6. The plot of temperature variation over 10 min of ND nanozymes and with different power 

densities of 808 nm laser. Related to Figure 2. 
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Figure S7. Starting temperature and maximum temperature of six cycles of laser irradiation. Related 

to Figure 2. 

 

 

Figure S8. (a)The Michaelis-Menten fitting curves of initial hydroxyl radical generation velocities 

versus H2O2 concentration; (b) the Lineweaver-Burke fitting (double reciprocal) of Michaelis-Menten 

fitting curve. Related to Figure 3. 
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Figure S9. The body weights change during various treatments. Related to Figure 7. 

 

 

Figure S10. Toxicity evaluation of the ND nanozymes after antibacterial treatment in vivo. The H&E 

staining of the major organs (heart, liver, spleen, lung, and kidney) from mice after different treatments. 

Related to Figure 7. 
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Figure S11. Blood circulation of ND nanozymes post i.v. injection. Related to Figure 8. 

 

 

Figure S12. UV-vis-NIR absorption spectra of the ND nanozymes in (a) PBS, (b) PBS 6.5, (c) normal 

saline, (d) RMPI 1640 over time. Related to Figure 8. 
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Figure S13. The relative cell viability of HUEVC after incubation with ND nanozymes. Related to 

Figure 9. 

 

Table S1 Comparison of photothermal conversion efficiency. Related to Figure 2. 

Materials Photothermal conversion efficiency Ref 

Cu2Te  33.1% (Wang et al., 2017) 

Cu9S5 25.7% (Tian et al., 2011) 

Prussian blue 32.2% (Feng et al., 2019) 

WS2 32.83% (Yong et al., 2014) 

Graphene 25.9% (Neelgund and Oki, 2016) 

Black phosphorus  28.4% (Sun et al., 2015) 

Au@TiO2 42.05% (Gao et al., 2019) 

Ti3C2 28.3% (Tang et al., 2019) 

V2C 45.5% (Cao et al., 2019) 

Pt 52.5% (Wang et al., 2019a) 

Hollow MoS2 34.46% (Tan et al., 2016) 

ND nanozymes 43.8 % This work 
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