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GRAPHICAL ABSTRACT

Spherical mesoporous Fe-N-C single-atom nanozyme with excellent peroxidase-like activity and photothermal property is developed via a soft-template
method. Light irradiation can not only improve the catalytic activity of nanozyme via the increasement of reaction temperature, but also be used to kill
bacteria via photothermal treatment. The synergistic effect can effectively accelerate the wound healing in vivo.
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ment enhanced Fenton-like catalysis process. Due to the large pore size (4.0 nm), high specific surface
area (413.9 m? g ') and uniform diameter (100 nm), the catalytic performance of Fe-N-C SAzyme is
greatly improved. The Michaelis-Menten constant (Ky,) is 4.84 mmol L~!, which is similar with that of
horseradish peroxidase (3.7 mmol L~1). Moreover, mesoporous Fe-N-C SAzyme shows high photothermal
conversion efficiency (23.3 %) owing to the carbon framework. The catalytic activity can be enhanced
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antibacterial performance is much higher than that using single antibacterial method. This work provides
an alternative for combined antibacterial treatment via photothermal treatment assisted catalytic pro-
cess using spherical mesoporous single-atom nanozyme as an antibiotic.
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1. Introduction

The disease and safety of medical equipment caused by bacte-
rial infection are threatening human health all over the world.[1]
Antibiotics have been widely used in the therapy of bacterial
infections. However, antibiotics have certain cytotoxicity and side
effects.[2-4] There are many safety concerns associated with the
excessive use of antibiotics. Most importantly, the misuse of
antibiotics can lead to the development of antimicrobial resis-
tance.[5] Hydrogen peroxide can be converted to hydroxyl radi-
cals via Fenton-like reaction. As a kind of reactive oxygen
species (ROS), hydroxyl radicals can effectively cause oxidative
damage to the cell membrane and cell wall of bacteria to achieve
effective antibacterial application.[6] However, there are still
many problems for antibacterial treatment via Fenton-like reac-
tion. For example, Fenton-like reaction needs to introduce high
dose of hydrogen peroxide. High level of hydrogen peroxide will
damage the normal tissue and hinder the wound healing.[7,8] If
the physiological concentration of hydrogen peroxide is used,
the amount of ROS produced will be too less to kill bacteria
effectively.

Nanozymes have been recognized as a promising antibacterial
agent in recent years.[9] They can act as a catalyst to generate
ROS to achieve broad-spectrum antibacterial therapy. Different
from Fenton reaction, the catalytic generation of ROS is mainly
based on various enzyme catalytic activities of nanozymes them-
selves, such as oxidase-like (OXD) and peroxidase-like (POD) activ-
ities. They usually use oxygen or hydrogen peroxide as a catalytic
substrate, achieving the production of ROS for antibacterial treat-
ment.[9,10] Since nanozymes are usually metals,[11-15] metal
oxides,[16-22] metal sulfides,[23-29]| carbon-based materials
[30-32] and metal-organic frameworks.[33-35] Nanozymes have
many advantages that natural enzymes do not possess. Compared
with horseradish peroxidase (HRP), POD-like nanozymes could still
catalyze H,0, after the treatment of extreme pH and temperature
conditions, while HRP did not show any catalysis activity.[36]
Nanozyme also has other advantages, such as high stability, low
price and easy storage. They can still exert catalytic performance
under extreme pH and temperature conditions.[37-39] Single-
atom nanozyme (SAzyme), as a kind of nanozyme with ultra-
high catalytic performance, is based on the structure of natural
enzyme in the form of single atom. With metal atoms as the active
sites, SAzyme can effectively improve the atom utilization rate and
increase the density of active sites.[40-45] Recently, SAzyme has
been extensively studied for antibacterial treatment. For example,
Xu et al.[42] used zinc-based zeolitic-imidazolate-framework (ZIF-
8) as a precursor to synthesize carbon nanoparticles with a Zn-
centered porphyrin-like structure, which exhibited peroxidase-
like activity. They had higher catalytic performance than those of
pure Fe304 and nanocarbon materials due to the presence of single
Zn atom active sites within the materials. Huang et al.[45] prepared
a single-atom nanozyme simulated the axial ligand-coordination
structure of N atoms in natural heme. It has carbon framework
and confined axial N-coordinated single-atom Fe. The oxidase-
like catalytic activity was 70 times higher than that of commercial
Pt/C with normalized metal content. It was successfully used for
antibacterial therapy in mouse skin wound models. Despite great
progresses, it still suffers some problems. The catalytic perfor-
mance of SAzyme is inferior to that of natural enzymes. SAzyme
has lower metal atom content, especially for reported SAzyme,
which may be one reason for the limitation of the catalytic perfor-
mance. Moreover, most of SAzyme materials were prepared using
metal-organic framework as a precursor. The microporous frame-
work is not beneficial for the fast mass transport due to the small
pore size.
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Spherical mesoporous materials with large pore size (2-50 nm),
uniform spherical morphology, and low transfer resistance have
attracted broad interests.[46] The mesoporous framework can sig-
nificantly increase the specific surface area, promote the mass
transport and expose abundant active sites for catalyst. It’s antici-
pated that spherical mesoporous SAzyme materials would inherit
the advantages of both spherical mesoporous materials and
SAzyme, which would exhibit fascinating properties in biosensor
and biomedicine.[47] Generally, such spherical mesoporous
SAzyme materials show four advantages. Firstly, spherical meso-
porous SAzyme shows large specific surface area.[48] The metal
sites can be fully exposed and utilized. Therefore, the peroxidase-
like activity can be improved. More numbers of ROS can be gener-
ated, which can effectively kill bacteria. Secondly, spherical meso-
porous SAzyme showed uniform diameter and large pore size,[46]
which favor the mass transport inside the materials.[49] The reac-
tants can easily contact with the active sites. The catalytic perfor-
mance can be enhanced. Thirdly, spherical mesoporous SAzyme
with carbon framework also exhibit excellent photothermal prop-
erties due to the light absorbance ability of carbon materials.[50]
Under near-infrared light irradiation, the temperature of spherical
mesoporous SAzyme can be increased, which can enhance the cat-
alytic activity.[51-53] High temperature can also bring antibacte-
rial activity in a physical manner.[54,55] Fourthly, spherical
mesoporous SAzyme can act as a nanocontainer or nanoreactor.
[56] Due to the large mesoporous size, some large guest molecules
(e.g., enzyme) or nanoparticles (e.g., Au nanoparticles, quantum
dots) can be encapsulated in the mesopores.[57] These hybrid
materials would exhibit enhanced performance and multifunction.
Due to the above advantages, spherical mesoporous SAzyme would
be an ideal candidate for antibacterial or other biomedical applica-
tions based on properties of nanozyme. However, there are very
few studies on the synthesis and biomedical applications for spher-
ical mesoporous nanozyme, especially SAzyme.

Herein, spherical mesoporous Fe-N-C single-atom nanozyme
with large pore size (4.0 nm), high specific surface area
(413.9 m? g~ 1) and uniform diameter (100 nm) is synthesized via
a soft-template strategy for antibacterial application (Scheme 1).
Spherical mesoporous SAzyme exhibits high peroxidase-like cat-
alytic activity with Michaelis-Menten constant (K;;,) of 4.84 mmol
L~ toward H,0, and photothermal performance with photother-
mal conversion efficiency of 23.3 %. The temperature of the
SAzyme catalyst is increased under light irradiation. It further
improves the peroxidase-like catalytic activity with the increase
of temperature. Simultaneously, the produced ROS converted from
hydrogen peroxide can destroy the cell membrane and improve the
sensitivity and permeability of bacteria to heat. Therefore, spheri-
cal mesoporous Fe-N-C SAzyme exhibits high antibacterial ability
via photothermal treatment and catalytic antibacterial. Finally,
in vivo antibacterial experiments on mouse skin wounds show that
the spherical mesoporous SAzyme can avoid bacterial infections
and increase the healing rate of wounds.

2. Materials and methods
2.1. Materials

Dopamine hydrochloride (>99.0 %), (NH,4):Fe(SO4)-6H,0
(>99.5 %) and 1,3,5-trimethylbenzene (>99.0 %) were purchased
from Shanghai TITAN Technology Co., Ltd. 3,3',5,5'-tetramethylben
zidine (TMB, 99.0 %), terephthalic acid (TA, 99 %) and tryptone
(BioReagent) were purchased from Macklin Biochemical Co., Ltd.
Ethanol (>99.5 %) and ammonia solution (25-28 %) were pur-
chased from Tianjin Zhiyuan Chemical Co., Ltd. Pluronic F127
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Scheme 1. Schematic illustration of the synthesis and antibacterial application for spherical mesoporous Fe-N-C single-atom nanozyme.

(BioReagent) was purchased from Sigma-Aldrich Shanghai Trading
Co., Ltd. Glycerol (99.5 %) and sodium chloride (>99.5 %) were pur-
chased from Shanghai Aladdin reagent Co., Ltd. Agar powder (BioR-
eagent) was purchased from Solarbio Science & Technology Co.,
Ltd. Yeast extract and SYTO9 green fluorescent nucleic acid stain
(5 mM in DMSO) were purchased from Thermo Fisher Scientific
Co., Ltd. Potassium dihydrogen phosphate (KH,PO4 > 99.5 %),
dipotassium hydrogen phosphate (K,HPO, > 99 %) and
paraformaldehyde (>95.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Acetate buffer solution (pH = 4) was
purchased from Guangzhou Zhencui Quality Inspection Technol-
ogy Service Co., Ltd. Propidium iodide (PI, 1 mg/mL) was purchased
from Shanghai Ruichu Biotechnology Co., Ltd. Chloral hydrate solu-
tion (10 %) was purchased from Fuzhou Brunei Biotechnology Co.,
Ltd. All reagents were used without further purification.

2.2. Synthesis of spherical mesoporous Fe-N-C SAzyme

Pluronic F127 (1.0 g) and dopamine hydrochloride (0.5 g) were
dissolved into the mixture of ethanol (50 mL) and water (50 mL)
under ultrasonication. Then, (NH,4),Fe(SO4),-6H,0 (3.92 g) and
1,3,5-trimethylbenzene (2.0 mL) were added. After 30 min, NHs-
‘H,0 (5.0 mL, 28 %) was added drop by drop. After stirring for
30 min, the mixture was centrifuged and washed for three times.
The collected products were dried in vacuum oven at 60 °C to
obtain the composited powder. The products were calcinated in
nitrogen atmosphere at 350 °C for 3 h, and then at 800 °C for
another 5 h with the heating rate of 1 °C min~'. Finally, spherical
mesoporous Fe-N-C SAzyme was obtained.

2.3. Characterizations

Scanning electron microscopy (SEM) images were recorded on a
Gemini SEM 500 and Gemini SEM 300. Transmission electron
microscopy (TEM) results were taken using a JEM-F200 at
200 kV. X-ray photoelectron spectroscopy (XPS) results were
detected by a Kratos AXIS Ultra DLD system with Al K, radiation
as an X-ray source. X-ray diffraction (XRD) patterns were collected
on a Bruker D8 Advance with Cu K, (4 = 1.54 A) in the 26 range of
10-80 ° and the scanning speed was 10 ° min~!. Raman spectra
were conducted on a Horiba Scientific LabRAM Raman NSOM with
the 633 nm wavelength excitation at the range of 800-2000 cm .
The Brunauer-Emmett-Teller (BET) method was used to calculate
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the specific surface area, tested by Micromeritics Tristar 3020 at
—196 °C.

2.4. Peroxidase-like catalysis and photothermal performance

TA was used to detected -OH. The total volume of the reaction
system was 1.0 mL. The concentrations of spherical mesoporous
Fe-N-C SAzyme, hydrogen peroxide and TA were 100 pg mL~,
10 mmol L' and 0.5 mmol L, respectively. The pH value of the
buffer was 4. The reaction was carried out at room temperature.
After incubation for 2 h, the fluorescence spectra in different sys-
tems was detected. The excitation wavelength of the TA was
315 nm. The emission wavelength was around 435 nm.

The total volume of the reaction system was 1.0 mL. The con-
centrations of spherical mesoporous Fe-N-C SAzyme, hydrogen
peroxide and TMB were 20 pug mL~!, 10 mmol L'! and 0.8 mmol
L1, respectively. The pH value of the buffer was 4. The reaction
was carried out at room temperature. Then the peroxidase-like
activities of Fe-N-C SAzyme with different concentrations, pH buf-
fer systems and temperature were tested. The Michaelis-Menten
constant (Ky,) of the Fe-N-C SAzyme was determined. The catalysis
system was tested with different concentrations of H,0,. The
kinetic curves were measured at 652 nm in 10 min. The specific
calculation method was as following equation (Equation (1)):

AA

kDAL (M
where 7, was initial velocities. k was molar extinction coeffi-

cient of oXTMB. b was optical length. In this case, k value of oXTMB

was 39000 M~! cm~'.[58] b was 1 cm. At was 5 s and AA was the

change of absorbance in the first 5 s. Then, the initial velocities-

absorbance curves can be fitted with Michaelis-Menten equation

(Equation (2)) as following:

Vinax - [5]
=Kt 18

Finally, the Michaelis-Menten Constant (K;) of mesoporous Fe-
N-C SAzyme with hydrogen peroxide as substrate was calculated
to be 4.84 mmol L. V., was 0.118 pmol L' s 1,

Kca¢ was calculated by the following equation (Equation (3)):

Vmax
T 3)

Vo =

2)

Kcat =
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where [E] was the molar concentration of Fe atom, which was
10.744 pmol L. Finally K.,; was calculated as 0.0110 s~ .

Photothermal properties of spherical mesoporous Fe-N-C
SAzyme was evaluated. The total volume of the reaction system
was 1.0 mL. The concentration of Fe-N-C SAzyme was 100 ug mL™".
The power density of 808 nm near infrared laser was 1.5 W cm 2.
The heating time was 10 min. The photothermal properties of Fe-
N-C SAzyme were tested with different concentrations and power
densities. The stability of the material was also tested. The cooling
curve of the material was measured. The photothermal conversion
efficiency () of the mesoporous Fe-N-C SAzyme was calculated.
[59] The #n value was calculated by the following equation (Equa-
tion (4)):

hA(ATmax — ATmﬂX-Hzo)
I1-10")

where h was the heat transfer coefficient. A was the surface area
of the container. AT,;,,x Was the temperature change of mesoporous
Fe-N-C SAzyme solution at maximum steady-state temperature.
ATmaxm,0 Was the temperature change of water under the same
condition at maximum steady-state temperature. I was laser
power density. A; was the absorbance of mesoporous Fe-N-C
SAzyme at 808 nm.

In the above equation, only hA was unknown. 0 was defined as
ﬁme. hA can be calculated by the following equation (Equation (5)):

(4)

_ 2imiGy
t= A In6

(5)

where t was the cooling time. m; was the mass of water and
mesoporous Fe-N-C SAzyme. C,; was the heat capacity of the water
and mesoporous Fe-N-C SAzyme. Because the mass of mesoporous
Fe-N-C SAzyme is much lower than that of water, the equation can
be simplified as (Equation (6)):

Mu,0Ch,0
hA
then, according to the cooling curve, hA can be calculated.

In this case, ATmex was 29.6 °C. ATmaxm,0 Was 9.8 °C. I was
1.5 W cm 2 A; was 0.498. my,o was 1.0 x 107 kg. Cy,o was
42 x 10% J kg ' °C~'. hA was 0.01207. Therefore, the # of meso-
porous Fe-N-C SAzyme was calculated as 23.3 %.

t=— Ino (6)

2.5. Antibacterial performance in vitro

E. coli and S. aureus were used as representative of Gram-
negative and Gram-positive bacteria, respectively. The bacteria
were cultured at 37 °C overnight. The concentration of bacteria
was 108 CFU mL~! according to ODgg value. The whole experiment
was divided into seven groups (n = 3): group I: blank; group II: Fe-
N-C SAzyme; group III: H,0,; group IV: 808 nm NIR; group V: Fe-
N-C SAzyme + Hy0,; group VI: Fe-N-C SAzyme + 808 nm NIR;
group VII: Fe-N-C SAzyme + H,0, + 808 nm NIR. The antibacterial
tests were carried out in 24 well plate. The total volume of the
solution was 1.0 mL. The concentrations of bacterial suspension,
Fe-N-C SAzyme and hydrogen peroxide were 10’ CFU mL7},
100 pg mL~! and 200 pmol L, respectively. The pH value of buffer
was 6. The power density was 1.5 W cm~2. The irradiation time
was 10 min. After 4 h, the remaining bacterial suspension was
diluted and inoculated on the agar LB plates prepared in advance.
The culture was continued overnight at 37 °C. The number of colo-
nies was counted.

After the same methods used to treat bacteria with spherical
mesoporous Fe-N-C SAzyme, the bacteria were collected by cen-
trifugation and stained with 5 umol L! of PI and 3 pumol L of
SYTO9 for 15 min, respectively. The bacteria were washed for sev-
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eral times and dispersed in glycerin for fluorescence imaging. The
excitation wavelength of PI was 535 nm. The emission wavelength
was 615 nm. The excitation wavelength of SYTO9 was 488 nm
while the emission wavelength was 525 nm.

2.6. Antibacterial performance in vivo

The Kunming mice (KM mice, ~20 g, male) were purchased from
the Experimental Animal Center of Xi'an Jiaotong University. All
procedures were followed the guidelines of The Care and Use of
Laboratory Animals of the Medical Research Council of Xi'an Jiao-
tong University. The mice were randomly divided into 7 groups
(n = 3): group I: blank; group II: Fe-N-C SAzyme; group III: H,0,;
group IV: 808 nm NIR; group V: Fe-N-C SAzyme + H,0,; group
VI: Fe-N-C SAzyme + 808 nm NIR; group VII: Fe-N-C SAzyme + Hj-
0, + 808 nm NIR. The wounds with a diameter of about 5 mm were
cut on the skin of mice by using a perforator. Then 100 pL of S. aur-
eus suspension (102 CFU mL~!) was added to the wound. After 24 h,
the bacteria-infected wounds were treated with different treat-
ments. The wound area was recorded every day. On the fifth day,
the mice were sacrificed and the skin tissue of the wound was
taken for histopathological H&E staining analysis.

2.7. Toxicity of spherical mesoporous Fe-N-C SAzyme

The KM mice were intravenously injected with Fe-N-C suspen-
sion (5 mg kg~!). On the fifth day after the injection, the mice were
sacrificed. The whole blood was obtained by heart blood collection.
The serum was obtained by centrifugation for hematology analysis.
The main organs of mice were removed and fixed with 4 %
paraformaldehyde for subsequent use in histological analysis.

3. Results and discussion
3.1. Characterization of spherical mesoporous Fe-N-C SAzyme

Spherical mesoporous Fe-N-C SAzyme was synthesized via soft-
template strategy. In alkaline ethanol/water solution, dopamine
was used as carbon and nitrogen source. Pluronic F127 was used
as a soft template. 1,3,5-trimethylbenzene was used as a pore
swelling agent. Due to the strong hydrogen bonding between
dopamine and polyethylene oxide (PEO) segments of F127, dopa-
mine molecules were deposited on the surface of F127 micelles.
To anchor the iron singe atom, iron species (Fe?") were used as
an iron source to coordinate with catechol groups from dopamine.
Due to the self-polymerization property of dopamine in the alka-
line conditions in the presence of oxygen, the block polymer
micelles/iron-polydopamine composited spheres were obtained.
During the subsequent carbonization process, the block copoly-
mers were decomposed, leaving plenty of mesopores. Iron-
polydopamine networks were converted into nitrogen-doped car-
bon framework. The iron species were coordinated with nitrogen
atoms to form Fe-N-C composites.

Scanning electron microscope (SEM) images of spherical meso-
porous Fe-N-C SAzyme showed regular spherical morphology with
diameter of around 100 nm (Fig. 1a and 1b). The large mesopores
were distinctly distributed on the surface of the spheres. Transmis-
sion electron microscope (TEM) image (Fig. 1c and 1d) further con-
firmed the formation of spherical mesoporous structure. TEM
results showed that no large iron nanoparticles were imbedded
in the amorphous carbon framework. Fe element was more likely
existed in the form of Fe atoms. The existence of iron atoms in
the carbon material was proved by aberration-corrected atomic
resolution high-angle annular dark-field scanning transmission
electron microscopy (Fig. 1e). According to the element mapping
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Fig. 1. Characterization of spherical mesoporous Fe-N-C SAzyme. (a, b) SEM images, (c) TEM image, (d) HRTEM image, (e) STEM image, (f) elemental mapping, (g) N, sorption
isotherms and pore size distributions, (h) XPS spectra and (i) N 1 s spectra for spherical mesoporous Fe-N-C SAzyme.

analysis, Fe, N and C elements were distributed in the materials
uniformly (Fig. 1f).

Nitrogen adsorption-desorption isotherms of SAzyme revealed
a typical mesoporous framework. The pore size and specific surface
area were 4.0 nm and 413.9 m? g !, respectively (Fig. 1g). X-ray
diffraction (XRD) patterns of spherical mesoporous Fe-N-C SAzyme
showed two broad peaks, which were ascribed to 002 and 101
planes of carbon (Figure S1). There was no peak for iron/iron
oxide/iron carbide crystal, indicating that the iron species were
distributed in the mesoporous carbon framework uniformly with-
out any aggregation or crystallization. Raman spectra for spherical
mesoporous Fe-N-C SAzyme showed G and D band at around
1591 and 1351 cm™!, respectively (Figure S2), indicating a carbon
framework. X-ray photoelectron spectroscopy (XPS) analysis of
spherical mesoporous Fe-N-C SAzyme showed the presence of C,
O and N (Fig. 1h). C 1 s spectra can be divided into three peaks,
which were ascribed to C=C, C—C and C—N bond, respectively (Fig-
ure S3a).[45] N 1 s spectra can be divided into four peaks, which
were ascribed to pyridinic N (18.4 %), Ny-Fe bond (9.6 %), graphitic
N (62.6 %) and N oxides (9.42 %), respectively (Fig. 1i).[60] Fe 2p
spectra revealed two weak peaks of Fe 2p;, and Fe 2ps;
(Figure S3b).
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3.2. Enzyme-like activity of spherical mesoporous Fe-N-C SAzyme

Peroxidase-like activity for spherical mesoporous Fe-N-C
SAzyme was evaluated. Firstly, the fluorescence probe of tereph-
thalic acid (TA) was used to verify that ROS was hydroxyl radical
(-OH) (Figure S4). In this process, hydrogen peroxide was con-
verted to -OH with the assistance of SAzyme. 3,3',5,5'-tetramethyl
benzidine (TMB) was used as a chromogenic substrate to detect
-OH. TMB can be oxidized by -OH and turn into oxTMB with blue
color in solution. The absorbance value was positively correlated
with the concentration of -OH in the system. The absorbance of
the solution at 652 nm was changed when the concentration of
SAzyme was changed (Fig. 2a). When the concentration of Fe-N-
C SAzyme increased, the numbers of -OH generated by catalysis
gradually increased. The corresponding photographs also con-
firmed the color change of the reaction system (Fig. 2a, inset).
The catalytic activity of spherical mesoporous Fe-N-C SAzyme
materials under different pH values was also investigated. The
spherical mesoporous Fe-N-C SAzyme showed the best catalytic
performance at pH value of 4. In the near neutral conditions, meso-
porous Fe-N-C SAzyme has little peroxidase-like activity (Fig. 2b).
The Michaelis-Menten constant (K,) of spherical mesoporous
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Experimental conditions: 0.8 mmol L' TMB, 10 mmol L' H,0,, 20 ug mL~! Fe-N-C.

Fe-N-C SAzyme was 4.84 mmol L' with H,0, as a substrate
(Fig. 2¢, d, Figure S5), which was comparable to the K, of horse-
radish peroxidase (3.7 mmol L™).[36] Vinax and Keoc was calculated
as 0.118 pmol L' s7! and 0.0110 s, respectively. The catalytic
activity for spherical Fe-N-C SAzyme was among the best of other
reported state-of-the-art single-atom nanozyme (Table S1). The
pH value of the infected wound is slightly acidic due to bacterial
metabolites.[61] The catalytic performance of spherical meso-
porous Fe-N-C SAzyme exhibited weak catalytic performance like
other nanozyme in bacterial microenvironment. Therefore, the
antibacterial performance was usually limited. However, the cat-
alytic performance was also related to the reaction temperature.
The catalytic performance can be enhanced by increasing the reac-
tion temperature. Luckily, the mesoporous carbon framework
showed excellent photo adsorption ability. It's possible to increase
the temperature via near-infrared light irradiation.

3.3. Photothermal performance of spherical mesoporous Fe-N-C
SAzyme

To further increase the catalytic performance of spherical meso-
porous SAzyme, the photothermal property of SAzyme was inves-
tigated. Fe-N-C SAzyme can absorb the photo energy due to its
carbon framework (Figure S6). The absorbance was positively cor-
related with the concentration of Fe-N-C SAzyme. When near-
infrared light (NIR) at 808 nm was used as a light source. The tem-
perature of the solution increased gradually when the irradiation
time increased. The final temperature of the solution was depen-
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dent on the concentration of Fe-N-C SAzyme (Figure S7). For
example, the temperature increased to 55.3 °C when 100 pg mL™!
of Fe-N-C SAzyme solution was irradiated for 600 s under the
power density of 1.5 W cm 2. When the power density of NIR light
increased from 0.5 to 2.0 W cm 2, the final temperature of solution
increased from 34.5 to 61.9 °C (Fig. 3a). The temperature change of
the material in the photothermal process was clearly seen through
the thermal imaging photos (Fig. 3b). The photothermal conversion
efficiency (1) of Fe-N-C SAzyme was 23.3 % (Fig. 3c), which was
comparable to other carbon-based nanomaterials, such as carbon
dots, carbon nanotubes and graphene materials (Table S2). The
Fe-N-C SAzyme also showed excellent photothermal stability
(Fig. 3d). When the reaction temperature increased, the catalytic
activity increased due to the enhanced reaction kinetics (Fig. 3e).
Subsequently, the photothermal treatment assisted catalysis per-
formance of Fe-N-C SAzyme was investigated. The localized heat
around the spherical mesoporous Fe-N-C SAzyme effectively
enhanced the POD-like activities and produced more numbers of
ROS (Fig. 3f). The catalytic performance of spherical mesoporous
Fe-N-C SAzyme with or without 808 nm NIR irradiation for 600 s
was evaluated (Fig. 3g). The catalytic performance of spherical
mesoporous Fe-N-C SAzyme with near-infrared irradiation was 2
times higher than that without light irradiation. This result
revealed that light irradiation could enhance the catalytic perfor-
mance. Therefore, it was possible to regulate the catalytic perfor-
mance by light. Moreover, the photothermal treatment can also
lead to the physical damage to the bacteria, which is also helpful
to combat bacteria.
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Fig. 3. Photothermal performance of spherical mesoporous Fe-N-C SAzyme. (a) Temperature change curves of Fe-N-C SAzyme solution under 808 nm irradiation with varied
laser power densities. (b) Thermographic images of Fe-N-C SAzyme solution under 808 nm irradiation with varied Fe-N-C SAzyme concentrations at different time. Laser

power density was 1.5 W cm 2

. (c) Photothermal conversion efficiency and cooling curve. (d) Temperature elevation curves over four cycles of 808 nm NIR laser on/off

irradiation. (e) The absorbance at 652 nm of the solution at different temperature. (f) Schematic illustration of the synergistic effects of photothermal treatment and catalysis.
(g) Photothermal temperature values and absorbance at 652 nm of Fe-N-C SAzyme solution with and without 808 nm irradiation. If not mentioned, the time of 808 nm NIR

treatment was 10 min. The concentration of Fe-N-C SAzyme was 100 ug mL~".

3.4. Antibacterial performance in vitro

Spherical mesoporous Fe-N-C SAzyme exhibited peroxidase-
like catalytic and photothermal performance. Then Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) were used as the typ-
ical Gram-negative and Gram-positive bacteria to evaluate the
antibacterial performance of spherical mesoporous Fe-N-C SAzyme
with the assistance of H,0,. The antibacterial experiment was car-
ried out at pH 6. To compare the different photothermal and cat-
alytic antibacterial performance, the treatments were divided
into seven groups: group I: blank; group II: Fe-N-C SAzyme; group
III: H,05; group IV: 808 nm NIR; group V: Fe-N-C SAzyme + H,05;
group VI: Fe-N-C SAzyme + 808 nm NIR; group VII: Fe-N-C
SAzyme + H,0, + 808 nm NIR. Among them, the concentration of
Fe-N-C SAzyme solution and hydrogen peroxide were 20 pg mL™!
and 200 pmol L, respectively. The irradiation time by 808 nm NIR
was 10 min. The colonies were counted using spread plate method.
Comparing with the blank group, group II-IV showed no antibacte-
rial activity (Fig. 4a) and the bacteria activities were above 80 %.
For group V, due to the peroxidase-like activity of Fe-N-C SAzyme,
it could catalyze H,0, to generate -OH. Even at a very low concen-

The laser power density was 1.5 W cm™
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tration (200 pmol L) of H,0,, it could produce enough -OH to kill
bacteria. However, due to the limitation of pH condition, the cat-
alytic ability of Fe-N-C SAzyme cannot be fully activated. The bac-
teria activity only decreased to 64.3 % for E. coli and 57.5 % for S.
aureus. The carbon framework can absorb near-infrared irradiation
and convert it into heat energy, which can kill bacteria via heat
effect. The bacteria activities of E. coli and S. aureus were 56.9 %
and 56.8 % under light irradiation in group VI, respectively. The
above results revealed that catalytic treatment and photothermal
treatment alone cannot achieve high antibacterial effect. Therefore,
the synergistic antibacterial performance via combined catalytic
and photothermal treatment was further evaluated in group VIIL.
The bacteria activities of E. coli and S. aureus decreased to 17.9 %
and 11.9 %, respectively (Fig. 4c). Comparing with the catalytic
and photothermal antibacterial method, bacteria could be effec-
tively killed.

The morphologies of the bacteria before and after treatments
were characterized by SEM (Fig. 4b). Comparing with other groups,
most of S. aureus showed collapsed morphology in group VII. A
large number of lysed bacteria was observed for E. coli. SYTO9
and propidium iodide (PI) were used to stain the live and dead bac-
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Fig. 4. Antibacterial performance in vitro. (a) Photographs of remaining E. coli and S. aureus colonies on agar plates in different groups (n = 3). (b) Corresponding SEM images of
treated E. coli and S. aureus. Scale bar: 1 um. (c) Corresponding bacterial activity after treatment in different groups (n = 3). (d) SYTO9/PI staining images of the above bacteria
with and without treatments for 4 h. Scale bar: 20 um. Group I: blank; group II: Fe-N-C SAzyme; group III: H,05; group IV: 808 nm NIR; group V: Fe-N-C SAzyme + H,05;
group VI: Fe-N-C SAzyme + 808 nm NIR; group VII: Fe-N-C SAzyme + H,0, + 808 nm NIR. Results are presented as mean * S.D. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001,

analyzed by Student’s t-test).

teria, respectively (Fig. 4d). Most of E. coli remained alive in group .
By contrast, large numbers of E. coli in group VII showed red fluo-
rescence, indicating that most of bacteria was dead.

3.5. Antibacterial performance in vivo

Encouraged by the excellent photothermal/catalytic synergistic
antibacterial properties of the spherical mesoporous Fe-N-C
SAzyme, the antibacterial performance in vivo was further investi-
gated. Bacterial infection is one of the main reasons that hinder
wound healing. The bacteria-infected wound mode was used. The
wounds on the skin surface of mice were nicked and artificially
infected with S. aureus (Fig. 5a). The mice were divided into 7
groups: group I: blank; group II: Fe-N-C SAzyme; group III: H,O5;
group [V: 808 nm NIR; group V: Fe-N-C SAzyme + H,0,; group
VI: Fe-N-C SAzyme + 808 nm NIR; group VII: Fe-N-C SAzyme + Hj-
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0, + 808 nm NIR. After infected with S. aureus for 24 h, the wounds
were treated for different days. The wound area of mice decreased
gradually (Fig. 5b). In group I ~ 1V, the wound area remained 30 % at
the fourth day. For group V and group VI, they showed faster heal-
ing rate than group I-IV. The wound area decreased to 21 % and 26
%, respectively, indicating both photothermal and catalytic treat-
ment can accelerate the healing process. In group VII, the healing
rate was the fastest all over the whole groups. The wound area only
remained 9 % compared with the first day. The skin on the back of
mice was almost completely cured in group VII, indicating the
combined treatment can further enhance the wound healing rate
(Fig. 5¢). The photothermal images and cooresponding tempera-
ture changing curve of bacterial treated sites proved that the local-
ized temperature increased obviously after NIR irradiation
(Figure S8a, b). There was almost no inflammatory cell infiltration
from hematoxylin-eosin (H&E) staining in group VII compared to
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Fig. 5. Antibacterial performance in vivo. (a) Schematic illustration of wound healing experiment. (b) Photographs of S. aureus infected mice in different groups (n = 3) during
the therapy progress. (c) Corresponding relative wound area. (d) Skin wound histopathological analysis on day 5. Scale bar: 100 pm. Group I: blank; group II: Fe-N-C SAzyme;
group III: H>0,; group IV: 808 nm NIR; group V: Fe-N-C SAzyme + H,0,; group VI: Fe-N-C SAzyme + 808 nm NIR; group VII: Fe-N-C SAzyme + H,0, + 808 nm NIR. Results are
presented as mean * S.D. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, analyzed by Student’s t-test).

the other groups and the epidermis cured completely (Fig. 5d).
Spherical mesoporous Fe-N-C SAzyme has the excellent antibacte-
rial performance.

3.6. Toxicity of spherical mesoporous Fe-N-C SAzyme

The toxicity of spherical mesoporous Fe-N-C SAzyme was inves-
tigated in vivo. 200 pL of Fe-N-C SAzyme (5 mg kg~') was injected
into mice via tail vein for 5 days to observe the physiological state
of mice. During this period, the weight of mice increased gradually.
The growth rate of the mice weight in the control group and the
experimental group was similar (Figure S9). The hematology anal-
ysis results revealed that all the blood parameters were in the nor-
mal range (Figure S10). On the fifth day, the mice were sacrificed
and their main organs were sectioned for H&E staining to observe
whether there were pathological changes. H&E staining showed
that Fe-N-C SAzyme had no side effect on the main organs of mice
(Figure S11). The above results revealed that Fe-N-C SAzyme
showed negligible toxicity.

4. Conclusion

Spherical mesoporous Fe-N-C single-atom nanozyme with
excellent peroxidase-like activity and photothermal property is
developed via a soft-template strategy for antibacterial applica-
tion. It is well known that mesoporous structure can greatly
improve the properties of nanomaterials. [46,48,49] However,
there are few reports on single-atom nanozymes with mesoporous
structure. Therefore, we designed a kind of spherical Fe-single-
atom nanozyme with mesoporous structure to achieve high cat-
alytic activity. Compared with the reported single-atom nano-
zymes, [40-45,47] the obtained Fe-N-C SAzyme shows large pore
size, high specific surface area and highly dispersed iron atoms,
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which facilitates the mass transport and exposure of active sites.
Therefore, Fe-N-C SAzyme exhibits excellent peroxidase-like activ-
ity, which can covert H,0, to highly toxic hydroxyl radicals. The
peroxidase activity of the obtained material was close to that of
natural HRP [36]. Moreover, the carbon framework shows excellent
NIR absorbance and high photothermal conversion efficacy. Pho-
tothermal treatment can not only improve the catalytic activity
of Fe-N-C SAzyme via the increasement of reaction temperature,
but also be used to directly kill bacteria via a physical manner.
The synergistic antibacterial effect of catalysis and photothermal
treatment using spherical mesoporous Fe-N-C SAzyme can effec-
tively kill the bacteria on the infected wound and accelerate the
wound healing. This work provides a rational design of antibacte-
rial materials using spherical mesoporous SAzyme with high pho-
tothermal and peroxidase-like catalysis performance. Due to the
tunable compositions and mesoporous framework, such kind of
spherical mesoporous SAzyme would be further functionalized
and exhibit promosing applications in catalysis and biomedical
fields.
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