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Human inflammation caused by bacterial infection threatens global public health. The abuse of antibiotics
often leads to the development of drug resistance in bacteria. To address this issue, nanozymes with
peroxidase-like (POD-like) activity have often been reported for bacteriostasis with the assistance of
catalytic substrate hydrogen peroxide (H,O,). However, it is difficult to achieve efficient bactericidal
outcomes only through exertion of the POD-like activity of nanozymes. Here, MnO, loaded TizC,T,
(TizC,T,/MnO,) was prepared by a two-step reaction method, in which MnO, showed high oxidase-like
(OXD-like) activity to elevate the levels of reactive oxygen species (ROS) without H,O, and TizC,T,
exhibited high photothermal conversion efficiency to induce hyperthermia. Thus, the obtained TizC,T,/
MnO, realized synergistic catalytic/photothermal-based bacterial inhibition, including for Gram-negative
bacteria (Escherichia coli), Gram-positive bacteria (Staphylococcus aureus), and methicillin-resistant
Staphylococcus aureus. Importantly, TizC,T,/MnO, with near-infrared light irradiation successfully
promoted Staphylococcus aureus-infected wound healing in mouse models, representing an alternative
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Introduction

Diseases caused by bacterial infections are one of the major
problems affecting human health worldwide."* The discovery of
antibiotics has reduced the mortality rate of bacterial infec-
tions. However, bacteria have a short reproductive cycle and are
prone to rapid mutation. Some of them are becoming resistant
to antibiotics.** In addition, the abuse of antibiotics aggravates
the development of drug resistance in bacteria.>® The main
solution to this problem is to constantly improve conventional
antibiotic molecules to produce various new antibiotic deriva-
tives, but it is still hard to meet the need for eliminating resis-
tant bacteria.® Furthermore, some organic antibacterial agents,
which have been used to solve the problem of bacterial resis-
tance, also face problems in terms of biosafety and stability.'***
Therefore, there is an urgent need to develop new antibacterial
strategies to address the problem of drug resistance in bacteria.

Nanozymes are a class of nanomaterials with enzyme-like
catalytic activity.”*** The unique advantages of nanozymes as
antibacterial agents include low cost, versatility, good stability,

“School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou
225002, P. R. China. E-mail: fanlei@yzu.edu.cn

*Department of Pharmacology, Institute of Translational Medicine, School of Medicine,
Yangzhou University, Yangzhou 225002, China. E-mail: xijq@yzu.edu.cn

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d2na00923d

2216 | Nanoscale Adv, 2023, 5, 2216-2225

treatment to fight against bacterial infection.

high catalytic activity, and easy penetration into biofilms.*>*® To
date, lots of different compositions and structures of nano-
zymes have been used in antibacterial research, including metal
oxides,’2° metal sulfides,'”**** noble metals,***** and carbon-
based nanozymes.**** Among them, MnO, has attracted much
attention due to its good biosafety, high catalytic activity and
easy preparation. MnO,, as a nanozyme with multi-enzyme-
mimicking activities, can generate high-intensity ROS to cut off
the nucleic acid, make the protein inactive, and degrade
a variety of molecules in bacteria, thus exhibiting good potential
for application in killing bacteria.””*® In terms of POD-like
activity, the antibacterial capacity is based on the catalytic
reaction between MnO, and H,0,. However, the deficiency of
endogenous H,0, and the instability of exogenous H,0, make
the POD-like activity-dependent antibacterial strategy fail easily.
So, how to improve the antibacterial ability of MnO, is worth
investigating. The OXD mimetic enzyme does not require the
addition of H,0, to produce ROS for bacterial inhibition. So, the
construction of MnO, nanostructures with good OXD catalytic
activity is very important. In addition, drug combination is
a common clinical treatment protocol for anti-infection
therapy. Inspired by this, we here try to integrate catalytic
therapy and photothermal therapy.*°

Currently, varieties of photothermal agents have been re-
ported for bacterial inhibition, among which MXenes are an
emerging class of two-dimensional layered materials with
excellent photothermal properties.*** Among the different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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types of MXene materials, Ti;C,T, shows the best photothermal
performance with 808 nm laser radiation.*® However, it's diffi-
cult to obtain a good antibacterial effect with Ti;C,T, alone. In
the absence of light, the sterilization efficiency decreased
dramatically. So how to achieve long-term sterilization is
a problem. Therefore, if Ti;C,T, could be combined with other
materials, such as nanozymes, to achieve a synergistic effect of
multiple functions, a good sterilization effect should be
achieved.

Based on the above, we prepared Ti;C,T,/MnO, composites
with high OXD-like activity and photothermal conversion ability
for efficient bacterial inhibition. The MnO, in Ti;C,T,/MnQO, is
capable of exerting a variety of mimetic enzyme properties.
Specifically, their high OXD-like activity can be utilized directly
for bacterial inhibition without the addition of H,0,.*¢% At the
same time, the excellent photothermal conversion efficiency of
Ti;C, Ty can greatly improve the sterilization efficiency. There-
fore, we could establish a catalytic-photothermal synergistic
antibacterial system using nanozymes and Ti;C,T, to develop
highly and enduringly efficient antibacterial agents.

Experimental section

Materials

MAX (Ti3AlC,) was purchased from 11 Technology (Jilin, China).
Lithium fluoride (LiF), hydrochloric acid (HCI), hydrogen
peroxide (H,0,), and potassium permanganate (KMnO,) were
purchased from Sinopharm Chemical Reagent (Shanghai,
China). Dopamine hydrochloride (DA-HCI) and Tris buffered
saline (TBS) were purchased from Shanghai Maclean's
Biochemical Technology Co., Ltd (Maclean's reagent), and
3,3',5,5-tetramethylbenzidine (TMB) was purchased from
Sigma-Aldrich (USA). All reagents were used as received.

Preparation of Ti;C,T,

First, 1 g of LiF and 20 mL of 9 M HCI were added into a Teflon
beaker and stirred at 400 rpm for 1 h. Then 1 g of MAX (Ti;AlC,)
was added slowly while the temperature was set to 35 °C and
stirred for 48 h. After this, the reaction solution was centrifuged
(3500 rpm, 10 min) and washed with water until the pH was
about 5, and then freeze-dried to obtain the MXene (TizC,T,
(S0)). The reactions were all performed in a fume hood.

Preparation of Ti;C,T,@PDA

The obtained Ti;C,T, was prepared as a 100 mL 5 mg mL™*
dispersion and 0.25 g of dopamine hydrochloride was added
and stirred at room temperature for 1 h. Then 25 mL of Tris
buffer was added and stirred for 24 h. The powder was washed
several times with ultrapure water and dried at 60 °C for 48 h
under vacuum to obtain Ti;C,T,@PDA.

Preparation of Ti;C,T,/MnO,

The Ti;C,Ty@PDA powder was prepared as a 3 mg mL ™" solu-
tion, and then 10 mL of 0.02 M KMnO, solution was added into
the solution. The solution was kept in an oil bath at 70 °C for 3
h. The solution was then cooled to room temperature and
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washed with ultrapure water and anhydrous ethanol and dried
under vacuum at 40 °C for 12 h. TizC,T,/MnO, (S2) powders
with a mass ratio of Ti;C,T,@PDA to KMnO, of 1:1 was ob-
tained. Furthermore, for comparison by changing the mass
ratio of Ti;C,T,@PDA to KMnO, to 1:0.5 and 1:2, different
Ti3;C,T,/MnO, powders were prepared and named S1 and S3.

Bacterial culture and antibacterial experiments in vitro

Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and
methicillin-resistant  Staphylococcus aureus (MRSA) were
selected to study the antibacterial properties. Luria-Bertani
medium (LB medium) was prepared in advance. 4 g NaCl, 2 g
yeast powder, and 4 g tryptone were weighed to make a 400 mL
solution, and then it was sterilized by autoclaving for 15
minutes. For the solid medium, 2% agar was added. After
autoclaving, it was used on an ultra-clean workbench in time to
make culture plates. After solidification and drying, these plates
were placed in a 4 °C refrigerator for storage. Before the
experiment, the workbench was sterilized by UV light irradia-
tion for 30 min. According to the planned time, the bacterial
liquid was inoculated in advance, then transferred according to
a ratio of 1:100, and continued to be incubated at a constant
temperature at 37 °C in a shaker for about 3 hours. After this,
the ODgoo nm Values of the bacterial solution were detected
using an ultraviolet spectrophotometer, and the solution was
taken out for use when the ODg(o nm Value was between 0.7 and
0.8. A1 mL reaction system was constructed by adding 100 pL of
the material solution and 100 pL of the bacterial solution to 800
uL of sterile sodium acetate solution at pH = 4.5. Homogeneous
mixing was performed using a pipette gun. The inhibition
incubation time was 30 minutes for each group: (I) control; (II)
S0; (IIT) SO + laser; (IV) S2; (V) S2 + laser. Finally, for the bacterial
action, the bacterial solution was spread evenly on LB solid
medium plates with sterile glass balls and incubated upside
down in a 37 °C incubator at a constant temperature. The
number of colonies in each group will be counted the next day
to evaluate the antibacterial ability of the material.

Skin wound treatment

Animal experiments were carried out following the Guidelines
for Care and Use of Laboratory Animals of Yangzhou University
and approved by the Animal Ethics Committee of Medical
College of Yangzhou University (YXYLL-2022-44). Selected male
BALB/c mice (5-6 weeks, ~22 g) were randomly divided into five
groups (6 mice in each group; n = 6): (I) control group; (II) SO;
(II1) SO + laser; (IV) S2; (V) S2 + laser. Then a 7-8 mm diameter
circular wound was cut out on the back of each mouse and 20 pL
of S. aureus bacteriological solution with an ODgg nm value of
about 0.8 was added dropwise. 20 pL of bacteriological solution
was added dropwise again on the bandaged sterile gauze to
establish a wound model. Twenty-four hours after infection, the
wounds of mice in groups I-V were treated with 30 pL of sterile
sodium acetate solution with pH = 4.5, 30 uL of 250 g mL ™" S0,
and 30 pL of 250 ng mL™" S2, respectively. Mice were weighed,
and wounds were photographed daily. On day 12, all mice were
sacrificed. Wound tissues and major organs were fixed in 4%
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formaldehyde solution for histopathological analysis by hema-
toxylin-Eosin (H&E) staining.

Results and discussion
Characterization of Ti;C,T,/MnO,

In order to synthesize the Ti;C,T,/MnO, composites a two-step
synthesis process was used. First, the etched Ti;C,T, was added
into dopamine hydrochloride to form a layer of polydopamine
(PDA) on its surface. Secondly, KMnO, was added to synthesize
Ti;C,T,/MnO, using the redox reaction between PDA and
KMnOy, as shown in Scheme 1.

Detailed characterization studies of Tiz;C,T,@PDA and
Ti;C,T,/MnO, were carried out to investigate the surface
morphology and composition. The presence of N elements in
addition to Ti and C elements as shown in Fig. S1at is evidence
of PDA loading on the Ti;C,T, surface. The zeta potential
(Fig. S1bt) of Ti;C,T, was negatively charged (—31.27 mV). After
loading of PDA, the zeta potential was increased to —25.57 mV.*®
From transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) patterns shown in Fig. S2,} it was
seen that the formation of PDA on the surface did not change
the morphology of Ti;C,Ty, which remained as a layered
structure. After the addition of KMnO,, Ti;C,T,/MnO, was ob-
tained. The SEM and TEM patterns demonstrate that the
morphology of the sample as shown in Fig. 1a and b is homo-
geneous. And the flakes of MnO, grew on the surface of Ti;C,T,.
In contrast, the S1 and S3 samples were not so inhomogeneous
as shown in Fig. S2 and S3.7 The S1 sample is shown as bare
Ti;C,T,, where no flakes were found on its surface; while the S3
sample has excessive MnO, flakes. As shown in Fig. 1c, the 0.420
and 0.276 nm lattice distances in the HRTEM image could
correspond to the (101) and (301) crystal planes of MnO,,
respectively, proving that the product is MnO,.

In order to investigate the crystal structure of the materials,
S0 and S2 were characterized by X-ray diffraction (XRD)
(Fig. 1d). In the XRD pattern of the SO sample, the disappeared
peak located at 39° in the XRD spectrum of TizAlC, (JCPDS No.
52-0875) proves the successful etching of Ti;C,T,.” The S2
sample has no obvious broad peak. And Ti, C, Mn, and O
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elements are uniformly distributed (Fig. 1e-i). This further
proves the formation of MnO,. In addition, the disappearance
of the N element also indicates that the PDA supported on the
Ti;C,T, surface had been completely consumed. To further
determine the composition of this material, the sample was
determined by X-ray photoelectron spectroscopy (XPS) analysis
(Fig. 1j-m). From the full spectrum, it can be found that the
material contains the elements Ti, C, O, and Mn. The N element
was eliminated during the synthesis of MnO, (disappearance of
the N peak), and the element contents shown in Table S17T
further concluded that PDA was completely consumed. The O 1s
spectrum of S2 can be split into three characteristic peaks. The
low-binding energy O peak (blue line) at 531.5 eV corresponds to
Mn-OH bonds, and the high-binding energy O peak (red line) at
530.2 eV could be assigned to Mn-O-Mn. The H-O-H peak at
532.7 eV appeared from adsorbed water molecules. The loading
of MnO, nanosheets on Ti;C,T, provided active centers and
reaction sites to improve the catalytic performance. The Mn 2p
spectrum with a separation spin energy of 11.7 eV (as shown in
Fig. 11), where Mn 2p;,, and Mn 2p,,, are located at 642.4 and
654.1 eV, confirms the formation of MnO,.**** This could also
be proved by the separation spin energy of 4.8 eV of two char-
acteristic peaks at 84.3 and 89.1 eV in the spectrum of Mn 3s
shown in Fig. 1m. Furthermore, the binding energies of 282.2,
284.8, 286.3, and 288.5 eV can be attributed to C-Ti, C-C, C-O,
and C=0 bonds based on the high-resolution spectra of C 1s. In
the Ti 2p spectra (Fig. S4a and b¥), the 2ps,, and 2p,,, peaks of
Ti*" appeared at 458.8 and 464.6 eV. In addition to this, Ti-C
with 2p;, and 2p,, peaks appeared at 456 and 461.3 eV,
respectively, indicating that the composite retains the structure
of TizC,T,.** The specific surface areas of the four materials
analyzed by nitrogen adsorption and desorption (Fig. S4ct) were
10.02, 27.52, 112.53, and 102.38 m”> g~ ', respectively (Table S27).
The S2 sample has the largest specific surface area, which
indicates that the material has more active sites susceptible to
catalysis.

Enzyme-like catalytic activity of Ti;C,T,/MnO,,

According to previous reports,***® MnO, exhibits OXD-like
activity. So, the enzyme-like activity of the synthesized TizC,T,/
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Scheme 1 Schematic diagram of the preparation of TizC,T,/MnO, composites.
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Fig. 1 S2 sample: (a) SEM image; (b) TEM image; (c) HRTEM image; (d) XRD patterns for both SO and S2; (e) STEM image; (f—i) Ti, C, Mn and O
elemental mapping images; (j—m) XPS spectra of the full spectrum, O 1s, Mn 2p and Mn 3s regions.

MnO, composites was investigated. The OXD-like activities of
Ti;C,T,/MnO, synthesized according to the different ratios were
also compared. There is a clear characteristic absorption peak at
652 nm as shown in Fig. 2a accompanied by a color change to
blue in the presence of O,. S1 exhibits relatively low OXD-like
activity at 652 nm. The catalytic activity of S3 is significantly
increased compared to S1, while S2 has the highest absorbance

at 652 nm, confirming its highest catalytic activity. The variation
of absorbance with time for the different nanozymes (Fig. S5at)
also demonstrates the excellent enzyme mimicking activity of
S2. Similar to the other oxidase mimics,*”** the catalytic activity
of Ti;C,T,/MnO, was dependent on pH and the substrate
concentration (Fig. 2b and S5ct). In particular, the optimum pH
was 4.5. Michaelis-Menten curves were obtained for the above
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Fig. 2

(a) UV absorption spectra of TMB + SO, TMB + S1, TMB + S2 and TMB + S3; (b) concentration versus the reaction rate for TMB as

a substrate; (c) UV absorption spectra of TMB + H,O, + SO, TMB + H,0O, + S1, TMB + H,0O, + S2 and TMB + H,0O, + S3; (d) concentration versus

the reaction rate for H,O, as a substrate.
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three nanozymes over a range of concentrations of TMB, and
the kinetic parameters (K, and V,,,,) are summarized in Table
S3.1 By comparing Vina/Km at different ratios, it was found that
the Vinax/Km of S2 is the largest, indicating the highest catalytic
activity. Furthermore, the maximum specific surface area of S2
as shown in Fig. S3ct further supports this result.

In addition to OXD-like activity, the prepared material also
exhibits valid POD-like enzyme mimetic activity. The POD-like
activity was assessed by catalytic TMB oxidation in the presence
of H,0, as a model reaction with a characteristic absorption
peak at 652 nm accompanied by a change in colour to blue. As
shown in Fig. 2c, the characteristic absorption peak at 652 nm
indicates that the composite has significant POD-like activity.
Similar to the OXD-like activity, S2 had better POD-like activity
(Fig. S5b and dt). The Michaelis-Menten curves for S1, S2, and
S3 are shown in Fig. 2d. In Table S4, the Vi,./Ky, values of the
S2 sample are higher than those of other samples, which also
indicates that S2 has higher peroxidase-like activity. In addition,
pure Ti;C,T, did not show any OXD-like activity and POD-like
activity at 652 nm, thus demonstrating that the catalytic activity
was mainly provided by MnO,.

Photothermal properties of Ti;C,T,/MnO,

The inhibition of bacteria by catalytic production of ROS alone
is often not satisfactory, so photothermy is introduced here to
achieve synergistic antibacterial activity. The related literature
has reported that Ti;C,T, has good photothermal
properties.*** Therefore, the photothermal conversion prop-
erties of the composites were investigated. The Ti;C,T,/MnO,
samples were irradiated using an 808 nm NIR laser with a power
density of 2.0 W c¢cm >, and the photothermal conversion
performance, as well as the stability performance were studied

View Article Online
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(Fig. 3). Fig. 3a shows the temperature rise curves for H,0, 250
pg mL ™" of S0, S1, S2, and S3 solutions. The temperatures of the
sample solutions increased by 0.7 °C, 23.2 °C, 22.6 °C, 24.6 °C,
and 20.7 °C, respectively. After 10 min of NIR light irradiation,
S2 showed better photothermal conversion performance than
other materials. It has been reported that as MnO, increases,
the temperature of the system increases as well.>»** The small
difference between the increasing temperatures of SO and S1
indicates that loading a certain amount of MnO, on the Ti;C, T,
surface is more conducive to the improvement of photothermal
conversion properties. However, there is a slight decrease in the
temperature rise of S3, which is due to the excessive amount of
MnO,, making it difficult for Tiz;C,T, to exert the effect of
photothermal conversion. The optimum conditions for the
concentration of the materials were explored (Fig. 3b). When
the concentration was 50 and 150 ug mL ', the temperature
increased by 5.3 °C and 12.8 °C, respectively. In contrast, at
a concentration of 250 ug mL™", the temperature was able to
increase by 24.6 °C. When the concentration was increased to
300 pg mL ™", the temperature rise did not increase too much, so
a concentration of 250 pg mL ' was chosen as the study
concentration. And the investigation of power effects as shown
in Fig. 3c yielded an optimum power of 2.0 W cm . In addition,
at the same concentration, the stability performance of S2
solution was studied as shown in Fig. 3d. After three on/off
irradiations, the S2 solution still maintained high photothermal
conversion abilities. The photothermal conversion efficiency
was measured by Roper's method. The relevant calculations
were obtained as shown in Fig. 3e and f. The photothermal
conversion efficiency (n) was 65.97%. The above results further
demonstrate that S2 can efficiently and rapidly convert light to
heat, and this property can be wused in antibacterial
applications.
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Fig. 3 (a) Temperature rise curves for H,O, SO and different ratios of TisC,T,/MnO, under NIR light (808 nm, 2 W cm™2) irradiation; (b)

temperature rise profiles of different concentrations of S2 solution under NIR light (808 nm, 2 Wcm™

2) irradiation; (c) temperature rise profiles of

different powers of NIR light irradiation for S2; (d) stability performance of S2 under NIR light irradiation in the cycling stability performance graph;
(e) temperature change of the solution after 600 s of photothermal action of S2 under 808 nm NIR light irradiation followed by 600 s of NIR light
switch-off; (f) negative natural logarithm (—In ) of the cooling time curve of S2 after 600 s; the sample concentration was 250 pg mL™%.
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Antibacterial conditions of Ti;C,T,/MnO, in vitro

Most of the current studies use POD-like enzymes in coordi-
nation with H,O, to achieve bacterial inhibition, but this study
focuses on the activity of OXD-like nanozymes, which can
effectively convert O, to ROS without addition of H,O, to avoid
damage to normal cells. According to the reported results,>* it
has been shown that the bacteria can also be inhibited by the
photothermal conversion capability of Ti;C,T,. Therefore,
a catalytic-photothermal synergistic bacterial inhibition system
was constructed. Herein, 808 nm irradiation was chosen to
assess the inhibition performance of S2 using a plate counting
method. First, the inhibition of S0, S1, S2, and S3 under acidic
conditions was investigated in vitro. By comparing the bacterial
survival of Gram-positive (E. coli) and Gram-negative (S. aureus)
bacteria (Fig. 4), we concluded that S2 was the most effective in
inhibiting bacteria. Next, the effect of the concentration and
incubation time of the material on the inhibition of E. coli was
studied. As can be seen in Fig. S6a and b,T the viability of the
bacteria gradually decreased as the concentration of the mate-
rial and the incubation time increased, indicating that the
inhibition effect of S2 was concentration and time-dependent.
In summaty, we chose a concentration of 250 pg mL™~ " and an
incubation time of 30 minutes as the study conditions. As
shown in Fig. Séc and d, the inhibition effect of S2 on E. coli
was related to the power and irradiation time of the NIR laser.
As can be seen from Fig. S6ct the survival rate of E. coli
decreased gradually with the increase of laser power, and the
bacterial viability decreased significantly at 2.0 W cm ™. And
when the power increased to 3.0 W cm 2, the decrease in
bacterial viability was not significant. As shown in Fig. S6d,t the
survival rate of E. coli gradually decreased when the light
exposure was extended. The bacterial viability of E. coli
decreased significantly when the light time reached 8 minutes,
which is better than lighting for 6 minutes. If the light time was
extended for 10 minutes, the effect was not significantly
improved. Therefore, good photothermal conversion perfor-
mance can achieve a certain antibacterial effect, but photo-
thermal therapy is affected by its power and irradiation time.
Low light power and short-duration lighting do not achieve
a good antibacterial effect. So, in order to avoid too high a power
or too long a light time leading to healthy tissue damage, a NIR
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laser irradiation power of 2.0 W cm ™2 and an irradiation time of
8 minutes were chosen for the following experiments. Similarly,
the analysis in Fig. S6e-h{ shows that for S. aureus, a concen-
tration of 250 ug mL ™", an incubation time of 30 minutes, a NIR
laser power of 2.0 W cm 2, and an irradiation time of 10
minutes were used to achieve high bacterial inhibition.

Detection of bacterial ROS induced by Ti;C,T,/MnO,,

Based on the fact that the antibacterial mechanism of the
mimetic enzyme with OXD-like activity is attributed to the ROS
generated during the catalytic reaction, we examined the ROS
levels in SO and S2. The ROS levels of the bacteria in the
different treatment groups were subsequently measured using
DCFH. The fluorescence intensity shown in Fig. 5 reflects the
level of ROS in the bacterial system. In the case of S. aureus, the
fluorescence intensity of the S2-treated group was increased
compared with that of the control and SO-treated groups.
Similar results were obtained for E. coli and MRSA. Therefore,
ROS production in the system via catalytic production of
mimetic OXD activity is a factor contributing to bacterial
mortality.

Antibacterial effect of Ti;C,T,/MnO, with and without NIR
light

The irradiation effect on bacterial inhibition of S2 for E. coli, S.
aureus, and MRSA was also studied. As can be seen in Fig. 6a, SO
and S2 showed a slight reduction in bacterial viability (<—0.63
1g) because S2 had OXD-like activity to produce ROS to inhibit
bacterial viability. The bacterial inhibition effect was signifi-
cantly enhanced by the involvement of NIR. When E. coli was
treated with SO + laser for 8 minutes, the bacteria decreased by
—1.62 lg. The antibacterial efficiency of S2 + laser was decreased
significantly by —3.82 lg. The photographs of the bacteria
colonies shown in Fig. 6a clearly showed that S2 + laser had the
optimal antibacterial effect. On the one hand, the improvement
in antibacterial performance is due to the synergistic effect of
photothermy and nanozyme catalysis. On the other hand, the
photothermal effect will also improve the performance of
nanozyme catalysis and further kill bacteria.>*® S. aureus
(Fig. 6b) was reduced by —0.77 lg and —1.93 lg for SO and S2
without the laser, and the bacteria were significantly reduced by

(b)
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(a and b) Bacterial survival of E. coli and S. aureus after incubation with SO, S1, S2 and S3 under acidic conditions; the concentration was

250 ug mL~%; the reaction time was 30 minutes. *p < 0.05, **p < 0.01, and ***p < 0.001.
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MRSA (10 min); (d—f) photographs of bacterial colonies; incubation time was 30 min; the sample concentration was 250 pg mL™%; *¥p < 0.01, and
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—3.36 lg with the laser for S2. It is important to note that drug-
resistant bacteria are usually more difficult to kill in bacterial
infections. In contrast, the material in this paper is equally
effective against MRSA. As can be seen in Fig. 6c, S2 + laser
inhibited the viability of MRSA effectively and —3.75 Ig reduc-
tion was observed. The efficient bactericidal effect of S2 + laser
is further illustrated by the photographs of the colonies in
Fig. 6d-f. These results suggest that S2-based catalytic-photo-
thermal synergistic therapies have a broader spectrum of
bactericidal activity than monotherapies (single photothermal
therapy or ROS therapy).

Wound healing by Ti;C,T,/MnO,, in vivo

Their antibacterial properties in skin wound healing were
assessed given their significant inhibition of bacteria in vitro.

2222 | Nanoscale Adv, 2023, 5, 2216-2225

The S2 sample with the highest OXD-like activity was selected
from the three samples as well as the carrier Ti;C,T, as a control
for the treatment of wound healing in infected mouse skin.
First, an approximately 8 mm diameter circular wound was
created on the back of each mouse. Then the wounds were
infected with S. aureus for 24 h to establish the mouse infection
model, and the mouse wounds were treated with S0, S2, SO +
laser, and S2 + laser, respectively. During the 12 days of treat-
ment, we recorded the photographs of the wounds, the wound
size, and the weight of each mouse. As shown in Fig. 7a, the
wounds of the S2 + laser group had scarred first, and the
inflammation had subsided. Moreover, the bacterial count from
the wound on day 3 (shown in Fig. 7b) indicated that the S2 +
laser could heal the wound effectively. The count of S. aureus at
the wound site is shown in Fig. 7b. On day 4, the scars in the S2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The healing effect of different materials on infected wounds in mice: (a) photographs of the time of wounding in different groups; scale
bar = 1 cm. Photos on the right are the corresponding agar plates of different groups of S. aureus isolated from the wound site on day 3; (b)
number of bacteria surviving at the wound site on day 3; (c) change in wound size during wound healing in each group of mice; (d) change in
body weight during wound healing in each group of mice; (e) H&E staining of wounds in each group of mice; scale bar is 200 um. *p < 0.05, and

**p < 0.01.

+ laser group were significantly smaller compared with those in
the other groups. And the S2 + laser showed mostly intact
epidermal structures on day 12. Analysis of the wound area as
shown in Fig. 7c showed that S2 was effective in reducing
infectious inflammation, mainly due to the OXD-like activity of
S2. Wound healing was further accelerated under photothermal
action. In comparison, the control, S0, SO + laser and S2 groups
showed wound closure rates of approximately 57%, 52%, 45%
and 41% respectively (Fig. 7¢). In addition, there was a signifi-
cant upward trend in the body weight of the mice as the treat-
ment effect improved (Fig. 7d), reflecting the good in vivo
biocompatibility of SO and S2. Hematoxylin-Eosin (H&E)
staining was used to observe the wound tissue (Fig. 7e). In
comparison with the control group, a large number of fibro-
blasts could be observed in the treated group, which presumes
that the infected wound was recovering. The above results
indicate that S2 showed optimal wound healing with the
synergistic effect of NIR light.

To further illustrate the good wound healing effect of S2, all
mice were sacrificed on day 12. The organs were paraffin-
embedded, sectioned, and analyzed histopathologically for HXE

© 2023 The Author(s). Published by the Royal Society of Chemistry

staining of the major organs. As shown in the H&E-stained
images of the heart, liver, spleen, lungs and kidneys, no
significant damage was observed in the major organs. This
indicates that SO and S2 were not significantly toxic (Fig. S7af).
In addition, the survival of L02 cells after incubation with SO
and S2 nanoparticles was determined by the Cell Counting Kit-8
(CCK-8) colorimetric assay as shown in Fig. S7b,T also demon-
strating the good in vivo compatibility of these two materials. In
summary, S2 was effective in fighting bacterial infections and
promoting wound healing, because S2 acts as a novel bacte-
riostatic agent by exerting its excellent OXD-like activity and
photothermal properties.

Conclusion

In summary, we have synthesized a Ti;C,T,/MnO, composite,
which is capable of acting as an effective biocatalyst for the
elimination of bacterial infections. Its unique advantage lies in
the high oxidase-like activity and photothermal conversion
properties of the composite. On the one hand, Ti;C,T,/MnO,
exerts OXD-like activity under weak acid conditions. This

Nanoscale Adv, 2023, 5, 2216-2225 | 2223
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property effectively kills S. aureus and MRSA. On the other hand,
Ti;C,T, in Ti;C,T,/MnO, has excellent photothermal proper-
ties, and the composite is able to achieve more efficient bacte-
rial inhibition. Thus, our study provides evidence that the
synergistic effect of multi-enzyme activity and photothermal
properties of Ti;C,T,/MnO, can make it a highly efficient
bacterial inhibitor. This work offers the possibility of avoiding
the misuse of antibiotics in clinical applications and ultimately
improving the therapeutic efficacy of inflammatory conditions.
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