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nanozyme: photothermal-
enhanced chemodynamic antibacterial effects
induced by NIR†

Simin Yuan,a Lianyuan Ge,b Yi Li,b Xiaohong Wang,b Zhongyuan Liu,a Yang Cao *b

and Linglin Yang*ac

With the growing issue of antibiotic resistance, it has become increasingly crucial to develop highly efficient

antimicrobial materials. While the single-component nanozyme systems exhibited some catalytic activity,

their efficiency remains suboptimal. This study presents a Ti3C2/CuWO4/Pt hybrid nanozyme composed

of photothermal agents and nanozymes, which leverages the photothermal effect to enhance nanozyme

activity and achieve efficient antimicrobial effects. The composite material exhibited peroxidase (POD)-

like catalytic activity, effectively converting hydrogen peroxide (H2O2) into hydroxyl radicals ($OH).

Meanwhile, the Ti3C2/CuWO4/Pt material demonstrated high photothermal conversion ability, which not

only promoted the generation of $OH under near-infrared (NIR) light irradiation, but also facilitated

copper (Cu2+) ions release from the CuWO4 nanozyme, thereby further augmenting its catalytic activity.

After 4 to 5 min of light irradiation, the Ti3C2/CuWO4/Pt nanozyme exhibited significant antimicrobial

performance against both Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). In summary,

this work presents a Ti3C2/CuWO4/Pt nanoplatform that utilizes the photothermal effect to enhance the

chemodynamic antimicrobial activity, showcasing its potential applications in antibiotic-free

antimicrobial fields.
1 Introduction

Bacterial infections pose a signicant threat to public health
worldwide.1,2 Antibiotics are commonly utilized to treat bacte-
rial infections, though the excessive use of broad-spectrum
antibiotics has hastened the rise of resistant microbes.3,4 Due
to the emergence of superbugs, the therapeutic efficacy of
antibiotics has signicantly declined, thereby posing
a substantial challenge to the current treatment system.5 In this
context, the development of new antimicrobial agents to replace
antibiotics is urgently needed.

Nanomaterials demonstrate signicant potential in treating
bacterial infections because of their broad-spectrum antimi-
crobial properties, resistance to drug resistance, along with
minimal biotoxicity.6 Photothermal therapy (PTT) based on
nanomaterials has attracted widespread attention for its mini-
mally invasive nature, high efficiency, and deep tissue pene-
tration.7 During PTT, photothermal nanomaterials absorb light
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energy and transform it into localized heat when exposed to
a near-infrared (NIR) laser, leading to bacterial cell death.8 In
recent years, two-dimensional (2D) Ti3C2 MXene materials,
known for their adjustable physicochemical characteristics,
excellent biocompatibility, and high photothermal conversion
efficiency, have gained signicant attention in photothermal
anti-tumour and antimicrobial therapies.9,10 Wu et al. investi-
gated the antimicrobial efficacy of MXene in PTT, demon-
strating that Ti3C2 MXene exhibited signicant bacteriostatic
effects against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) following 20 min of NIR light irradiation.11 However,
extended high-intensity laser exposure may adversely affect
normal cells and tissues, necessitating the development of
materials that function effectively at lower power and shorter
exposure durations.

Chemodynamic therapy (CDT), in contrast, involves the
catalytic process of peroxidase-like (POD) nanomaterials or
Fenton-like reactions to transform endogenous hydrogen
peroxide (H2O2) into highly reactive hydroxyl radicals ($OH),
resulting in irreversible oxidative damage to bacterial DNA,
proteins, as well as other cellular components.12 Various POD-
like nanomaterials (nanozymes) containing transition metal
or noble metal cores, such as Cu, Fe, Mn, and Pt, have been
designed and applied in CDT for bacterial infection
treatment.13–15 For instance, Cui et al. synthesized a CuWO4

nanozyme characterized by small size, high stability, and
RSC Adv., 2025, 15, 9985–9996 | 9985
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responsiveness to NIR light, which exhibits POD-like activity via
Fenton-like reactions, enhancing bacterial cell death when
combined with photodynamic therapy (PDT).16 However, the
limited efficiency of nanozymes in catalysis signicantly
constrains their application in the antimicrobial eld.17

Researchers have integrated photothermal materials into
nanozyme systems to promote enzyme activity through elevated
temperatures.18 For instance, a metal–organic framework
loaded with Pt nanoparticles (Au NR@H-ZIF-8@Pt) exhibits
favourable photothermal properties under NIR irradiation, with
a photothermal conversion efficiency of 31.9%.19 Additionally, it
demonstrates high peroxidase-like activity, which contributes to
broad-spectrum antibacterial effects. Another study has
demonstrated that CuxO@PDA nanozymes not only exhibit
a relatively high photothermal conversion efficiency (39.8%) but
also enhance peroxidase-like activity under NIR irradiation.20

Nevertheless, the photothermal effect's impact on single-
component nanozyme activity enhancement has proven
limited.21 Therefore, an effective and rapid strategy is required
to enhance nanozyme activity to achieve synergistic antimicro-
bial effects through photothermal enhancement of
chemodynamics.
Scheme 1 Schematic diagram of the preparation process of Ti3C2/CuWO
properties of nanozymes.

9986 | RSC Adv., 2025, 15, 9985–9996
In this work, CuWO4 and Pt nanozymes were incorporated
into the Ti3C2 photothermal system to develop a hybrid nano-
zyme composed of photothermal agents and nanozymes. This
system not only achieves superior photothermal conversion
efficiency but also enables synergistic antibacterial treatment by
enhancing nanozyme activity through photothermal effects
(Scheme 1). Initially, ultra-thin Ti3C2 nanosheets were prepared,
followed by anchoring CuWO4 nanoparticles onto the nano-
sheet surface via physical adsorption and adding Pt nanozymes,
resulting in a stable Ti3C2/CuWO4/Pt composite structure. The
photothermal effect of Ti3C2 facilitated hydroxyl radical gener-
ation, thereby enhancing the catalytic activity of the CuWO4 and
Pt nanozymes. Furthermore, this hybrid nanozyme composed
of photothermal agents and nanozymes structure effectively
compensated for the limitations of a single-component nano-
zyme, remarkably improving catalytic activity under photo-
thermal assistance. The prepared Ti3C2/CuWO4/Pt material
demonstrated a photothermal efficiency of 66%. Additionally,
this material exhibited signicant antimicrobial effects against
common pathogenic bacteria E. coli and S. aureus within 4 to
5 min of NIR light irradiation. Based on current ndings, we
believe that the Ti3C2/CuWO4/Pt composite material shows
considerable potential for antimicrobial applications.
4/Pt composites and photothermal enhancement of the antimicrobial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental
2.1 Materials and methods

Ti3AlC2 was purchased from Foshan Xinxi Technology Co., Ltd.
Hydrouoric acid (HF), lithium chloride anhydrous (LiCl),
copper chloride dihydrate (CuCl2$2H2O), sodium tungstate
dihydrate (Na2WO4$2H2O), and 3,30,5,50-tetramethylbenzidine
(TMB) were bought from Shanghai Macklin Biochemical Co.,
Ltd. Chloroplatinic acid hexahydrate (H2PtCl6$6H2O) was
acquired from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Trisodium citrate dihydrate (C6H5Na3O7$2H2O) was ob-
tained from Guangdong Guanghua Sci-Tech Co., Ltd. Hydro-
chloric acid (HCl) and hydrogen peroxide 30% (H2O2) were
procured from Xilong Scientic Co., Ltd. Acetic acid (CH3-
COOH), sodium acetate trihydrate (CH3COONa$3H2O), and
sodium chloride (NaCl) were purchased from Guangzhou
Chemical Reagent Factory. Bacterial strains E. coli (CMCC (B)
44102) and S. aureus (CMCC (B) 26003) were obtained from
Shanghai Luwei Technology Co., Ltd. Tryptone, Yeast Extract,
and Agar were acquired from Sangon Biotech (Shanghai) Co.,
Ltd. Live & Dead Bacterial Staining Kit was purchased from
Yeasen Biotechnology (Shanghai) Co., Ltd. Ethyl alcohol was
bought from Sinopharm Chemical Reagent Co., Ltd. Glutaral-
dehyde xed solution was procured from Phygene Biotech-
nology Co., Ltd.

2.2 Preparation of Ti3C2 nanosheets

Ti3C2 nanosheets were synthesized by adapting previously re-
ported methods.22 20 mL 49% HF and 20 mL HCl (12 M) were
combined with 10 mL of deionized water and stirred for 10 min.
Then 2.0 g of Ti3AlC2 powder was gradually added in portions,
and the reaction proceeded for 12 h at 35 °C. The mixture was
then centrifuged at 3500 rpm for 2 min, repeated six times to
remove residual acids and impurities. Separately, 2 g of LiCl was
dissolved in 40 mL of deionized water. The precipitate collected
by centrifugation was dispersed into the prepared solution and
stirred at ambient temperature for 12 h. The supernatant was
collected aer two times of centrifugation (3500 rpm, 2 min),
followed by ultrasonicated under an argon environment for
15 min. Finally, the supernatant was taken through centrifu-
gation at 4000 rpm for 30 min and freeze-dried.

2.3 Preparation of CuWO4 and Pt

CuWO4 nanodots were synthesized following the procedure
reported in previous studies.16,23 Firstly, 8 mL of CuCl2$2H2O
(0.5 M) was combined with 10 mL of Na2WO4$2H2O (0.4 M).
Aer stirring for 30 min, 16 mL of sodium citrate (0.5 M) was
added to the mixture. Following 1 h of stirring, the mixture was
placed into an autoclave and underwent hydrothermal treat-
ment in an oven at 180 °C for 12 h. Aer cooling to ambient
temperature, the supernatant was separated through centrifu-
gation and dialyzed in deionized water for 24 h. Finally, the
CuWO4 nanodots were freeze-dried for further use.

Pt nanozymes were prepared by sodium citrate reduction.24,25

Briey, 20 mL of chloroplatinic acid hexahydrate (0.02 M) was
mixed with 16 mL of sodium citrate (0.5 M) and stirred for
© 2025 The Author(s). Published by the Royal Society of Chemistry
30 min. This mixture was then transferred to an autoclave tank
and hydrothermally heated in an oven at 180 °C for 12 h. Aer
cooling to room temperature, the precipitate was collected by
centrifugation at 12 000 rpm for 1 min. Finally, the precipitate
was dispersed in 20 mL of deionized water for use.

2.4 Preparation of Ti3C2/CuWO4/Pt

10 mL of 1 mg mL−1 CuWO4 was combined with 10 mL of 2 mg
mL−1 Ti3C2, stirring continuously at room temperature. Aer
thorough mixing, 10 mL of Pt was introduced into the mixture,
followed by vigorous stirring for 4 h. The Ti3C2/CuWO4/Pt
composite was washed three times with deionized water to
eliminate unreacted reagents and impurities.

Ti3C2/CuWO4 was prepared without Pt in the appeal step and
Ti3C2/Pt without CuWO4.

2.5 Characterization

Transmission electron microscopy (TEM, FEI-Tecnai G2 F20/F30,
USA) was employed to analyse the surface morphology, lattice
structure, and elemental composition. Infrared spectroscopy
(FTIR, BRUKER TENSOR 27, Germany) was utilized to examine
the valence bond composition of the synthesized materials. To
investigate the structure and composition of the products, X-ray
diffraction (XRD, Smart Lab SE, Japan) and X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI, USA) were employed.
The UV-vis-NIR absorption spectra were recorded using an L5
spectrophotometer (INESA, China). Laser irradiation experiments
were performed using a VCL-808 nm NIR laser (Beijing Honglan
Photoelectric Technology Co., Ltd, China). The thermal image
was captured by a FLIR E6390 thermal imaging camera (FLIR,
Estonia). The copper (Cu2+) ion content was determined using an
inductively coupled plasma optical emission spectrometer (ICP-
OES, iCAP PRO, USA). The ability of the material to produce
$OH under radiation was assessed through electron spin reso-
nance (ESR, JES FA200, JEOL). Fluorescence images of bacteria
were obtained by MF41 uorescence microscopy (Guangzhou
Mshot Photoelectric Technology Co., Ltd, China). Morphological
characteristics of microorganisms were observed using scanning
electron microscopy (SEM, Verios G4 UC).

2.6 Photothermal experiments

The prepared solution was exposed to NIR laser irradiation,
with its temperature change monitored using a thermal
infrared imager, according to which the photothermal perfor-
mance was evaluated. Specically, 1 mL suspension was irra-
diated with the NIR laser for 10 min, with the temperature
recorded every 30 seconds. Different materials (Ti3C2/CuWO4,
Ti3C2/Pt, Ti3C2/CuWO4/Pt), powers (0.49, 1.09, 1.54, and 2.01 W
cm−2), and material concentrations (25, 50, 100, and 200 mg
mL−1) were utilized for this evaluation. In addition, photo-
thermal cycling experiments were performed to assess the
photothermal stability of Ti3C2/CuWO4/Pt, with the tempera-
ture recorded every 30 seconds. Each cycle consisted of 10 min
of irradiation heating and 10 min of natural cooling. Based on
the cooling phase, the photothermal conversion efficiency (h) of
the composite was calculated using the equation.26–29
RSC Adv., 2025, 15, 9985–9996 | 9987
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h ¼ hsðTmax � TsurrÞ �Qdis

I
�
1� 10�A808

�

where h represents the heat transfer coefficient, and s denotes
the surface area of the container. Tmax is the maximum stable
temperature reached during the heating process, while Tsurr
represents the ambient temperature. Qdis corresponds to the
dissipated heat, I denotes the laser power, and A refers to the
absorbance of the composite material at a wavelength of
808 nm.
2.7 Analysis of released Cu2+ ions

1 mg mL−1 suspension of Ti3C2/CuWO4/Pt was transferred to
a dialysis bag following 5 min of NIR light treatment and
without NIR light treatment, respectively. Aer 12 h of dialysis,
the solution outside the dialysis bag was collected, and the
changes in Cu2+ ion concentrations before and aer NIR light
exposure were analysed using ICP-OES.30
2.8 Peroxidase-like property

The POD-like activity of Ti3C2/CuWO4/Pt nanocomposites was
investigated using TMB as substrate. In the experiment, 200 mL
of Ti3C2/CuWO4/Pt (1 mgmL−1) was added to 1 mL of NaAc-HAc
buffer solution. Then 1 mL of TMB (4 mM) and H2O2 (0.2, 0.4,
0.6, 0.8, 1 mM) were added to the above solution. Aer illumi-
nation for 2min, the UV-vis absorption spectrum of oxTMB with
a characteristic absorption peak at 652 nm was recorded. A
control group without illumination was also recorded. Line-
weaver–Burk plots were applied to determine the Michaelis–
Menten constant (Km) and maximum reaction velocity
(Vmax).31–33

1

v0
¼ Km

Vmax

� 1

½S� þ
1

Vmax

where v0 is the initial reaction rate. [S] is the concentration of
H2O2 substrate.
Fig. 1 The TEM images of Ti3C2 (a) and Ti3C2/CuWO4/Pt (b). HRTEM
images of Ti3C2/CuWO4/Pt (c) and (d). (e) Elemental mappings for
Ti3C2/CuWO4/Pt.
2.9 Antibacterial experiments

E. coli, a representative Gram-negative bacterium, and S. aureus,
a representative Gram-positive bacterium, were used in the
antibacterial experiments. The bacterial suspension (500 mL, 1.0
× 107 CFU per mL) was mixed with the prepared sample solu-
tion (500 mL, 200 mg mL−1) in 48-well plates, respectively.
Control groups included −H2O2 and −NIR, while the experi-
mental groups comprised +H2O2, +NIR, and +H2O2 +NIR. Each
group consisted of three parallel samples. Aerwards, each
sample was diluted and uniformly spread onto Luria-Bertani
(LB) agar plates, which were then incubated at 37 °C over-
night. The bacterial survival rate was calculated using the
following formula:

Survival rate (%) = AE/AC × 100%

where AC represents the bacterial concentration (CFU per mL)
in the control group and AE represents the bacterial concen-
tration (CFU per mL) in the experimental group.34
9988 | RSC Adv., 2025, 15, 9985–9996
Under the same conditions, each group of bacteria was
centrifuged at 8000 rpm for 3min, and washed twice with 0.85%
NaCl solution. The bacterial suspension was then prepared by
dispersing the pellet in 0.85% NaCl solution. The bacteria were
stained with working solutions A and B of the Live and Dead
Bacteria Staining Kit. Aer incubation for 20 min, the bacteria
were examined under a uorescence microscope.

Under the same conditions as described above, bacterial
samples from each group underwent centrifugation and were
xed in a 2.5% glutaraldehyde solution for 12 h. Subsequently,
dehydration was performed sequentially using ethanol solu-
tions with concentrations of 30%, 50%, 70%, 80%, 90%, and
95%, with each step lasting 20 min. The samples were then
dehydrated twice with 100% ethanol. Finally, the ethanol was
replaced with an appropriate amount of tert-butanol, and the
bacteria were observed using SEM.
3 Results and discussion
3.1 Structure characterization

As shown in Fig. 1a, Ti3C2 nanosheets were synthesized via HF
etching. The TEM image of the Ti3C2/CuWO4/Pt composite is
presented in Fig. 1b, where Pt nanoparticles are distinctly
observed on the surface of Ti3C2. The HRTEM image (Fig. 1c)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns of Ti3C2, Ti3C2/CuWO4, Ti3C2/Pt, Ti3C2/CuWO4/Pt. (b) FTIR spectra of Ti3C2, Ti3C2/CuWO4, Ti3C2/Pt, Ti3C2/CuWO4/Pt. (c)
XPS spectra of Ti3C2/CuWO4/Pt. (d) Ti 2p, (e) C 1s, (f) O 1s, (g) Cu 2p, (h) W 4f, and (i) Pt 4f XPS spectra of Ti3C2/CuWO4/Pt.
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reveals a lattice spacing of 0.296 nm for CuWO4, corresponding
to the distances of the (111) facets of the triclinic CuWO4

structure.35,36 The spacing between adjacent lattice planes is
0.221 nm, which corresponds to the (111) crystal plane of Pt.37

The lattice stripe of Ti3C2 is 0.262 nm corresponding to the
(01�10) crystal plane (Fig. 1d).38 Furthermore, element mapping
conrms the existence of Ti, C, O, Cu, W, and Pt (Fig. 1e), while
Cu, W, and Pt are shown to be homogeneously distributed on
the surface of Ti3C2. The XRD patterns provide crystallographic
information for various materials (Fig. 2a). In the XRD pattern
of Ti3AlC2, a strong (104) peak appears at approximately 39°,
while in the Ti3C2 pattern, the disappearance of this main peak
indicates the removal of the aluminium layer. Additionally, the
appearance of a peak just before the (002) peak at approximately
9° suggests that the incorporation of lithium ions has increased
the interlayer spacing between adjacent Ti3C2 layers. Thus, the
disappearance of the (104) peak, along with the shi in the (002)
peak, conrms the successful synthesis of Ti3C2.39
© 2025 The Author(s). Published by the Royal Society of Chemistry
The XRD patterns of pure CuWO4 exhibit broad peaks,
characteristic of amorphous structures or very small nano-
particles with limited crystallinity (Fig. S1†). This characteristic
promotes the release of Cu2+ ion. As a result, Ti3C2/CuWO4/Pt
exhibits broad peaks within the 20–30° range (Fig. 2a). Addi-
tionally, the Ti3C2/CuWO4/Pt loaded with platinum nano-
particles exhibits the characteristic peak of platinum,
corresponding to the peak around 40° in PDF no. 04-0802,
conrming the successful loading of platinum.40

The FTIR of Ti3C2/CuWO4/Pt shown in Fig. 2b displays
a stretching vibration of –OH at 3450 cm−1.41–43 Additionally,
a peak at 1631 cm−1 corresponds to the C–O stretching vibra-
tion was observed.44 Meanwhile, Cu–O and W–O bands were
observed at 855 and 607 cm−1, respectively.45

Then, XPS was conducted to characterize the material's
elemental composition and chemical states. As depicted
in Fig. 2c, the results conrm the existence of Ti, C, O, Cu, W,
and Pt elements within Ti3C2/CuWO4/Pt. The high-resolution
XPS spectrum of Ti 2p revealed four distinct pairs of Ti 2p3/2
RSC Adv., 2025, 15, 9985–9996 | 9989
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and Ti 2p1/2 peaks located at 454.8/460.6, 456.0/461.9, 457.2/
463.2, and 458.6/464.4 eV, corresponding to the chemical
states of Ti–C, Ti2+, Ti3+, and Ti–O, respectively (Fig. 2d).46,47 In
the C 1s spectra (Fig. 2e), the peaks at 281.6, 284.8, 286.6, and
288.6 eV were assigned to C–Ti, C–C, C–O/C–N, and C]O
species, respectively.48 In the O 1s region, the peaks at 529.7 and
531.4 eV are attributed to Ti–O and Ti–OH species (Fig. 2f).49 The
Cu 2p spectrum displayed peaks at approximately 932.4 and
952.14 eV, corresponding to Cu(II) 2p3/2 and Cu(II) 2p1/2 in
CuWO4 (Fig. 2g).50 For the tungsten element (Fig. 2h), the
binding energies near 34.3 and 36.8 eV were assigned to W 4f7/2
and W 4f5/2 of W(VI) in CuWO4.51,52 The high-resolution Pt 4f
spectrum (Fig. 2i) exhibits two distinct peaks at binding ener-
gies of approximately 74.3 and 70.7 eV, which are attributed to
4f5/2 and 4f7/2, respectively. The two peaks can further be
separated into two sets of peaks, which correspond to Pt2+ and
Pt0.53 Overall, the XPS analysis provides detailed information on
the valence bond structure of each constituent in Ti3C2/CuWO4/
Pt and conrms the stable presence of all components in the
nal product.
Fig. 3 (a) UV-vis absorption spectra of Ti3C2, Ti3C2/CuWO4, Ti3C2/Pt, a
CuWO4, Ti3C2/Pt, and Ti3C2/CuWO4/Pt with 808 nm laser. Phototherm
Power densities and (d) concentrations. (e) Photothermal stability of Ti3C
nation. (f) UV-vis absorption spectra of Ti3C2/CuWO4/Pt at different con
808 nm, and normalized absorbance intensity at varied concentrations.
versus −ln(q) obtained from the cooling period.

9990 | RSC Adv., 2025, 15, 9985–9996
3.2 Photothermal property

The photothermal properties of Ti3C2/CuWO4/Pt were initially
assessed bymeasuring the absorbance of the different materials
(Fig. 3a). The results indicated that all tested materials exhibi-
ted strong absorption at 808 nm. Therefore, the photothermal
heating rates of different samples were investigated under
808 nm laser exposure. According to the heating temperature
proles of various materials (Fig. 3b), the temperatures of Ti3C2,
Ti3C2/CuWO4, Ti3C2/Pt and Ti3C2/CuWO4/Pt with a concentra-
tion of 100 mg mL−1 were signicantly increased under 10 min
of continuous NIR laser exposure (1.09 W cm−2), rising from
27.8 °C to 74.2, 73.3, 70.7, and 72.7 °C, respectively. The pho-
tothermal images were shown in Fig. S2†. Notably, the addition
of CuWO4 and Pt appeared to slightly reduce the temperature
increase, potentially due to the inuence of Ti3C2 surface
capping material on the photothermal effect.

The impact of power intensity on the photothermal effi-
ciency was further investigated by exposing Ti3C2/CuWO4/Pt
solutions (100 mg mL−1) to gradient power densities (0.49, 1.09,
nd Ti3C2/CuWO4/Pt. (b) Photothermal heating curves of Ti3C2, Ti3C2/
al heating curves of Ti3C2/CuWO4/Pt by 808 nm laser at different (c)

2/CuWO4/Pt (three cycles of laser on/off) under 808 nm laser illumi-
centrations. (g) The mass extinction coefficient of Ti3C2/CuWO4/Pt at
(h) Heating and cooling curves of Ti3C2/CuWO4/Pt. (i) Linear time data

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.54, and 2.01 W cm−2). Fig. 3c shows that the group exposed to
0.49 W cm−2 exhibited the lowest temperature increase, from
27.5 °C to 53.4 °C. When the power intensity was raised to
1.09 W cm−2, the peak temperature reached 72.7 °C. Similarly,
the 2.01 W cm−2 group achieved a maximum temperature of
93.8 °C. Based on these results, 1.09 W cm−2 was determined to
be the optimal power intensity.

Following the investigation into the relationship between
power intensity and photothermal properties, material solu-
tions with varying concentrations (25, 50, 100, and 200 mg mL−1)
were exposed individually to an NIR laser (1.09 W cm−2) to
examine the correlation between sample concentration and
photothermal performance. As depicted in Fig. 3d, the nal
temperatures of the 25, 50, 100, and 200 mg mL−1 groups
increased from 27.7 °C to 53.3, 61.7, 72.7, and 75.5 °C, respec-
tively. These results indicate that higher material concentra-
tions lead to improved photothermal efficiency.

Collectively, the results suggest that the nal temperature
can be adjusted by tuning the material concentration and the
NIR laser's power intensity. Additionally, the photothermal
stability of Ti3C2/CuWO4/Pt was conrmed through cycling
tests. During repeated cycles, the maximum temperature still
Fig. 4 (a) Schematic illustration of chemical reaction in oxidation of TM
Ti3C2/CuWO4/Pt the catalysed TMB under addition of H2O2. (c) UV-vis ab
the catalysed TMB under addition of H2O2 and NIR conditions. (d) UV-vis
conditions. (e) Lineweaver–Burk fitted (double inversions) curves before
agent under different conditions.

Table 1 Increase rate of Cu2+ ions after NIR light illumination

Condition Increase rate

NIR (−) 0.0%
NIR (+) 92.6%

© 2025 The Author(s). Published by the Royal Society of Chemistry
stabilized around 70 °C (Fig. 3e), indicating the excellent pho-
tothermal stability of Ti3C2/CuWO4/Pt.

It can be seen from Fig. 3f that Ti3C2/CuWO4/Pt solutions
with different concentrations (25, 50, 75, 100, and 125 mg mL−1)
display measurable absorption at 808 nm. The evaluation of
photothermal conversion performance primarily relies on two
critical parameters: the extinction coefficient (3) and photo-
thermal conversion efficiency (h). According to the Lambert–
Beer law, the extinction coefficient of Ti3C2/CuWO4/Pt at 808 nm
was calculated to be 28.9 L (g−1 cm−1) (Fig. 3g). The theoretical
photothermal conversion efficiency of Ti3C2/CuWO4/Pt was
determined to be 66% (Fig. 3h and i), indicating that it is
a highly efficient photothermal conversion material. Therefore,
the comprehensive results conrm the potential of Ti3C2/
CuWO4/Pt as a photothermal agent for antibacterial treatment.
3.3 Analysis of released Cu2+ ions

The effect of light exposure on Cu2+ ion release was further
investigated. The Cu2+ ion concentrations in the dialysis solution
were determined using ICP-OES, which revealed that the release
of Cu2+ ions from Ti3C2/CuWO4/Pt increased by 92.6% aer light
exposure compared to the non-illuminated condition (Table 1).
3.4 Peroxidase-like property

In this study, TMB was used as the substrate, and the photo-
thermal enhancement of POD-like activity was investigated under
the conditions of H2O2 presence and NIR laser irradiation
(Fig. 4a). Additionally, the catalytic capabilities of H2O2 were
compared between Ti3C2 combined with single-component
B. (b) UV-vis absorption spectra of Ti3C2, Ti3C2/CuWO4, Ti3C2/Pt, and
sorption spectra of Ti3C2, Ti3C2/CuWO4, Ti3C2/Pt, and Ti3C2/CuWO4/Pt
absorption spectra of Ti3C2/CuWO4/Pt catalysed TMB under different
and after illumination. (f) ESR spectra with DMPO as the spin-trapping

RSC Adv., 2025, 15, 9985–9996 | 9991
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nanozymes and a hybrid nanozyme composed of photothermal
agents and nanozymes. All materials did not respond without the
addition of H2O2 (Fig. S3†). As shown in Fig. 4b, aer adding
H2O2, neither the control group nor the Ti3C2 group displayed
obvious absorption peaks at 652 nm, indicating that Ti3C2 did
not exhibit POD-like activity. However, the absorbance spectra of
the TMB solutions for the Ti3C2/CuWO4, Ti3C2/Pt, and Ti3C2/
CuWO4/Pt groups all exhibited a distinct absorption peak around
652 nm, indicating that all three systems were able to catalyse
H2O2 through a Fenton-like reaction to generate $OH with
characteristic chemodynamic properties. Notably, the Ti3C2/
CuWO4/Pt nanozyme exhibited higher catalytic activity compared
to the Ti3C2/CuWO4 and Ti3C2/Pt single-component nanozymes.
In Fig. 4c, NIR irradiation signicantly enhanced the catalytic
performance of all nanozymes, with the Ti3C2/CuWO4/Pt nano-
zyme still exhibiting the strongest catalytic ability. Fig. 4d
demonstrates that the catalytic performance of Ti3C2/CuWO4/Pt
was further improved by the addition of NIR light irradiation.

To explore more intuitively the photothermal enhancement
of enzyme activity using Ti3C2/CuWO4/Pt, we investigated the
Fig. 5 Photographs of (a) E. coli and (c) S. aureus colonies formed by Ti3
and +H2O2 +NIR conditions; relative survival of (b) E. coli and (d) S. aureus
0.0001).

9992 | RSC Adv., 2025, 15, 9985–9996
affinity of Ti3C2/CuWO4/Pt for the substrate of the H2O2 reaction
before and aer illumination, as well as the catalytic reaction
rate at varying H2O2 concentrations. Using the Lineweaver–Burk
model, while maintaining the TMB concentration and adjusting
the H2O2 concentration, key kinetic parameters were derived.

The Km value for Ti3C2/CuWO4/Pt was determined as
2.941 mM, and the Vmax value was 12.9 × 10−7 M s−1 aer
illumination (Fig. 4e). Compared with that before illumination,
Ti3C2/CuWO4/Pt demonstrates an enhanced affinity for the
enzyme and an improved catalytic rate towards the substrate
H2O2. Based on the above analysis, Ti3C2/CuWO4/Pt has excel-
lent photothermal enhanced POD-like catalytic activity. Mean-
while, the production and photothermal enhancement of $OH
was also conrmed by the ESR analysis using 5,5dimethyl-1-
pyrroline-N-oxide (DMPO) as the $OH trapping agent. DMPO
reacts with $OH to generate DMPO/-OH adducts, resulting in
four characteristics peaks in the ESR spectrum, conrming the
existence of $OH. As can be seen in Fig. 4f, no distinct signal was
detected when the DMPO trapping agent was combined with
Ti3C2/CuWO4/Pt under light exposure. The photothermal
C2, Ti3C2/CuWO4, Ti3C2/Pt, and Ti3C2/CuWO4/Pt under +H2O2, +NIR,
. Data were given asmean± SD (n= 3, **p < 0.01, ***p < 0.001, ****p <

© 2025 The Author(s). Published by the Royal Society of Chemistry
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condition failed to produce $OH, whereas the introduction of
H2O2 led to the appearance of four distinct peaks with an
intensity ratio of approximately 1 : 2 : 2 : 1 in the ESR spectra.
This result indicates that Ti3C2/CuWO4/Pt could effectively
facilitate the breakdown of H2O2 to produce $OH. Following the
addition of H2O2 under light exposure, the four characteristic
signal lines were signicantly enhanced, clearly demonstrating
the photothermal enhancement of $OH generation. The ESR
results further revealed that Ti3C2/CuWO4/Pt can produce $OH,
which plays a crucial role in the nanozyme catalytic process.
3.5 Evaluation of antimicrobial properties

To further investigate the antimicrobial activity of Ti3C2/
CuWO4/Pt photothermally enhanced nanozyme catalytic
activity, we utilized E. coli, and S. aureus as microbial models,
employing the plate counting method. The research elucidates
the impact of +H2O2, +NIR irradiation, and combined +H2O2 +
Fig. 6 Fluorescence staining images of (a) E. coli and (b) S. aureus for Ti3
and +H2O2 +NIR conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
NIR irradiation on the antibacterial properties of four materials:
Ti3C2, Ti3C2/CuWO4, Ti3C2/Pt, and Ti3C2/CuWO4/Pt. According
to Fig. S4,† the minimum inhibitory concentration (MIC) of
Ti3C2/CuWO4/Pt against E. coli is about 25 mg mL−1, with an NIR
irradiation time of 5 min. CuWO4 and Pt were individually used
as control groups, as shown in Fig. S6a.† The +NIR treatment
alone had minimal impact, whereas the bacterial survival rates
in the +H2O2 + NIR group were 73.5 ± 4.0% and 79.6 ± 3.9%,
respectively (Fig. S6b†). In Fig. 5a, a slight reduction in the
colony count was observed in the +H2O2 group, and an obvious
decrease in colony count was noted in the +NIR group relative to
the control, with survival rates of 53.1 ± 1.0% for the Ti3C2

group, 61.5 ± 4.8% for the Ti3C2/CuWO4 group, 64.5 ± 3.4% for
the Ti3C2/Pt group, and 40.3 ± 4.7% for the Ti3C2/CuWO4/Pt
group. This suggests that photothermal antimicrobial capacity
is more effective than chemodynamics. The most prominent
effect was observed in the +H2O2 +NIR group, where the Ti3C2/
C2, Ti3C2/CuWO4, Ti3C2/Pt, and Ti3C2/CuWO4/Pt under +H2O2, +NIR,

RSC Adv., 2025, 15, 9985–9996 | 9993
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CuWO4/Pt exhibited an almost complete absence of colonies.
This indicates that photothermal enhances the antibacterial
efficiency of nanozyme catalytic activity. Under the combined
+H2O2 +NIR conditions, Ti3C2/CuWO4 (survival rate of 14.6 ±

0.7%) and Ti3C2/Pt (survival rate of 19.7 ± 2.6%) demonstrated
superior antibacterial activity compared to Ti3C2 (survival rate
of 29.7 ± 1.6%), indicating that single-component nanozyme
could enhance antibacterial ability to a certain extent, but the
effect was not optimal. The survival rate of Ti3C2/CuWO4/Pt
against E. coli was only 1.3 ± 0.2% (Fig. 5b).

For S. aureus, the MIC of Ti3C2/CuWO4/Pt was about 50 mg
mL−1 at an NIR irradiation time of 4 min (Fig. S5†). Under this
condition, the antibacterial trend was similar to that of E. coli.
Meanwhile, CuWO4 and Pt were separately used as control
groups in Fig. S6c.† The addition of NIR alone showed little
effect, while the bacterial survival rates in the +H2O2 +NIR group
were 63.8 ± 2.7% and 77.7 ± 1.5%, respectively (Fig. S6d.†). As
illustrated in the control group in Fig. 5c, there was little change
in the number of colonies treated with H2O2 and NIR. In the
Fig. 7 SEM images of (a) E. coli and (b) S. aureus for Ti3C2, Ti3C2/CuWO4

conditions.

9994 | RSC Adv., 2025, 15, 9985–9996
+H2O2 group, the colony survival rate of Ti3C2/CuWO4, Ti3C2/Pt,
and Ti3C2/CuWO4/Pt decreased to approximately 80%. This
reduction was ascribed to the nanozyme catalytic function,
which boosted the production of $OH from H2O2, thereby
exerting a bactericidal effect (Fig. 5d). In the +NIR group, all four
materials have good antibacterial effects, with survival rates of
42.3 ± 1.69% for the Ti3C2 group, 47.2 ± 3.9% for the Ti3C2/
CuWO4 group, 53.5 ± 4.3% for the Ti3C2/Pt group, and 43.9 ±

1.0% for the Ti3C2/CuWO4/Pt group. In the +H2O2 +NIR group,
the bacterial survival rate decreased to 15.6 ± 1.0% and 18.4 ±

2.5% in the Ti3C2/CuWO4 and Ti3C2/Pt groups, respectively. And
bacterial survival in the Ti3C2/CuWO4/Pt group was nearly zero.
This nding not only indicates the effectiveness of the
photothermal-enhanced nanozyme catalytic antibacterial
activity, but also highlights the superior antibacterial activity of
hybrid nanozymes composed of photothermal agents compared
to single-component nanozymes.

To visually examine antibacterial effects under various
treatments, bacteria were stained with DMAO/EthD-III and
, Ti3C2/Pt, and Ti3C2/CuWO4/Pt under +H2O2, +NIR, and +H2O2 +NIR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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visualized using uorescence microscopy. Live bacteria showed
green uorescence, while dead bacteria emitted red uores-
cence Fig. 6a and b shows that all the E. coli and S. aureus were
marked green in the control group, regardless of H2O2 addition
or NIR laser exposure. Only a few dead bacteria labelled in red
were observed in the +H2O2 alone and +NIR alone groups. On
the contrary, most of the Ti3C2, Ti3C2/CuWO4, and Ti3C2/Pt
groups showed yellow uorescence, representing a mixture of
live and dead bacteria under +H2O2 +NIR conditions. Notably,
almost all bacteria in the Ti3C2/CuWO4/Pt group showed red
uorescence, suggesting widespread bacterial death. This is
aligned with results from diffusion plate counting, proving their
great potential against E. coli and S. aureus.

Furthermore, the morphology of the two bacterial strains
under different treatments was characterized using SEM. As
shown in Fig. 7a and b, E. coli showed a capsule-like structure
and S. aureus showed irregular spheres with smooth surfaces.
Bacteria in the control group maintained their structural
integrity, while +H2O2 treatment caused negligible changes to
those in the Ti3C2/CuWO4 and Ti3C2/Pt groups. However, slight
wrinkling of bacterial cell membranes was observed in Ti3C2,
Ti3C2/CuWO4, Ti3C2/Pt, and Ti3C2/CuWO4/Pt groups aer +NIR
illumination. Aer combined treatment of +H2O2 +NIR, the
Ti3C2/CuWO4, and Ti3C2/Pt groups exhibited signicant defor-
mation and wrinkling. E. coli membrane rupture and crumpled
S. aureus deformation were observed in the Ti3C2/CuWO4/Pt
group, which was attributed to the denaturation of proteins and
lipids on the membranes by localized heating and the produc-
tion of $OH, and the further disruption of the integrity of the
bacterial membranes. This suggests that the hybrid nanozyme
composed of photothermal agents and nanozymes exhibited
the most signicant bactericidal efficiency.

These ndings indicate that the Ti3C2/CuWO4/Pt nanozyme
composite possesses notable advantages in photothermally
enhanced nanozyme-catalysed antibacterial activity, under-
scoring its potential for in vivo applications. In contrast to
conventional antibiotics, its antibiotic-free antibacterial mech-
anism can effectively minimise the risk of antibiotic resistance,
which opens up new possibilities for the development of
antibiotic-free antibacterial strategies.

4 Conclusions

In this study, the Ti3C2/CuWO4/Pt nanozyme with excellent
photothermal conversion performance and POD-like catalytic
activity was synthesized as an effective antimicrobial agent.
Facilitated by NIR laser exposure, the material achieved a pho-
tothermal conversion efficiency of up to 66%, with its photo-
thermal properties signicantly enhancing the peroxidase-like
catalytic activity. Additionally, the photothermal effect facili-
tated the release of Cu2+ ions from the CuWO4, further boosting
the catalytic performance of the composite. The Ti3C2/CuWO4/
Pt nanoplatform exhibited rapid and efficient antimicrobial
activity, effectively inhibiting E. coli and S. aureus within only 4
to 5 min of NIR light irradiation. Thus, the Ti3C2/CuWO4/Pt
composite material leverages photothermal effects to enhance
chemodynamic processes, achieving efficient and rapid
© 2025 The Author(s). Published by the Royal Society of Chemistry
bactericidal effects, and demonstrates signicant potential for
applications in antibiotic-free antimicrobial strategies.
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