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ABSTRACT: Nanozymes have emerged as a promising class of antimicrobial agents due to their broad-spectrum activity and
negligible biotoxicity profiles. In recent years, transition metal dichalcogenides (TMDCs) have garnered significant attention for
their diverse enzymatic properties, opening avenues for research and applications in various fields. Notably, the design of efficient
multifunctional nanozymes based on TMDCs has emerged as a highly promising strategy for the treatment of fungal infections.
Herein, MoxRe1−xS2 mixed-metal transition metal chalcogenides with tuned composition have been successfully synthesized by a
hydrothermal method and tested for their nanozyme properties. Antifungal activities of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76
nanozymes were observed by scanning electron microscopy (SEM) showing that the fungal skeletal structure was either significantly
deformed or completely collapsed. The Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 antifungal activities were also tested under 808 nm
near-infrared (NIR) irradiation, showing photothermal enhancement. This work demonstrates temperature-augmented functional
nanozymes for synergistic photothermal/biochemical eradication of pathogens and contributes to the development of biologically
active multifunctional nanomaterials by rational design.
KEYWORDS: MoxRe1−xS2 nanosheets, TMDC, 2D nanosheets, photothermal, nanozyme, antifungal, C. albicans infection

■ INTRODUCTION
Fungal diseases cause over 1.5 million deaths and affect more
than a billion people worldwide, presenting a major global
public health challenge.1,2 Currently, the persistent use and
escalating dosages of antibiotics have resulted in rapid
multidrug resistance and a decrease in treatment effective-
ness.3,4 Candida albicans (C. albicans) is a naturally occurring
fungus in humans, typically found in small amounts in the
mouth, on the skin, and in the intestines.4,5 Its overproduction
leads to a wide spectrum of infections, which renders it one of
the most prevalent fungal pathogens in humans. Recently, the
World Health Organization (WHO) has classified fungi like
the Candida species as a top-priority microbial threat to global
health, highlighting the urgent need for effective treatment
approaches.6

Nanomaterials have attracted growing interest for their
potential use as antifungal agents.7 Among these, transition

metal dichalcogenides (TMDCs), characterized by the general
formula MX2 (where M is a transition metal and X is a
chalcogen element) exhibit diverse properties such as large
surface area and semiconducting properties including tunable
band gaps. Recently, TMDCs were explored in biomedical
applications showing promise as alternatives to traditional
antibiotics.8,9 For example, MoS2 was reported to possess
peroxidase-like catalytic properties while exhibiting good
biocompatibility, suggesting its usefulness in photothermal
therapy (PTT) of cancer.10 Owing to their distinctive
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nanoarchitecture, the hybrid nanoparticle MSN-ReS2 provides
a bactericidal effect with photothermal therapy (PTT) in
vitro.11

Peroxidases (also known as peroxide reductases) belong to a
large group of enzymes that catalyze the oxidation of a
substrate by hydrogen peroxide (H2O2).

12 The hydrogen
peroxide is converted into water (H2O) while oxidizing its
substrate to the corresponding oxide form.13,14 Nanozymes,
nanomaterials with enzyme-like behavior in biological systems,
present a promising alternative to traditional enzymes. Among
various nanozymes, those mimicking peroxidase (POD)
activity, known as POD nanozymes, are particularly of
interest14,15 due to their impressive broad-spectrum antimicro-
bial properties, low biological toxicity, low risk of inducing
multidrug resistance, and unique mechanisms of steriliza-
tion.14,16

TMDCs (MoS2, ReS2, WS2, etc.) exhibit POD-like activity
as well as photothermal properties;17−20 however, mixed
sulfide nanozymes have not been explored to date in antifungal
applications. According to literature reports, MoxRe1−xS2 with
variable x display photoelectric properties.21 Given our recent
reports on photothermal effects of ReS2 as a bactericide, we
aimed to explore the synergy of POD-like characteristics of
MoS2 and photothermal capabilities of ReS2, utilizing mixed-
metal 2D MoxRe1−xS2 as a nanozyme/photothermal reagent
showing the dual capacity in possible fungicide applications. In
this work, we demonstrated the synthesis of compositionally
tuned mixed-metal MoxRe1−xS2 nanozymes via hydrothermal
synthesis and explored their application as POD-like antifungal
reagents.
The materials’ crystal structures have been validated by X-

ray diffraction (XRD), and their morphology has been
validated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Elemental mapping
analysis was conducted via SEM electron dispersive X-ray
spectroscopy (EDS) and X-ray fluorescence spectroscopy
(XRF). Both techniques confirmed that the Mo, Re, and S
elements are uniformly distributed, indicative of homogeneous
composition. The antifungal efficacy using the spread plate
method, fluorescence probe staining, and SEM confirmed that
MoxRe1−xS2 nanospheres (NSs) possess significant antifungal
properties, enhanced with NIR irradiation.

■ EXPERIMENTAL SECTION
Materials. Hydrochloric acid (HCl, 37%), ammonium perrhenate

(VII) (NH4ReO4, >99%), thiourea (99%), hydroxylamine hydro-
chloride (NH2OH·HCl, >99%), sodium hydroxide (NaOH),
glutaraldehyde (50%), ammonium orthomolybdate(VII)
((NH4)2MoO4, >99%), and ethanol (200 proof, 100% by volume)
were purchased from ThermoFisher Scientific (Waltham, MA).
Propidium iodide (PI) was provided by Biotium (Fremont, CA).
Sabouraud dextrose broth (SDB) and Sabouraud dextrose agar (SDA)
were purchased from Research Products International (Mount
Prospect, IL). Dulbecco’s phosphate-buffered saline (PBS, pH 7.4)
without magnesium and calcium was purchased from Biosynth Lonza
Bioscience (Walkersville, MD). Stabilized 3,3′,5,5′-tetramethylbenzi-
dine (TMB) and H2O2 stock solutions and the IL-6 ELISA test kit
were provided by R&D Systems Inc. (Minneapolis, MN). Cell
Counting kit-8 (CCK-8) was purchased from GLPBIO Technology
Inc. (Montclair, CA). Acridine orange (AO), and Gibco Dulbecco’s
Modified Eagle Medium (DMEM) were also purchased from
ThermoFisher Scientific (Waltham, MA). C. albicans ATCC 10231
was purchased from Fisher Scientific.
Characterization. Scanning electron microscopy (SEM) imaging

was conducted using a JEOL/JSM-F100 Schottky field emission

scanning electron microscope (FE-SEM). X-ray fluorescence (XRF)
measurements were carried out using a micro-XRF spectrometer
(ATLAS M, IXRF Systems, Inc. Austin, Texas, USA). Ultraviolet−
visible absorption spectroscopy was performed with a Thermo
Scientific/BioMate 160 UV−visible spectrophotometer. Zeta poten-
tial and particle size analyses were carried out at room temperature
using a Malvern/Zetasizer Nano-ZSZEN3600. X-ray diffraction
(XRD) measurements were conducted using a Rigaku MiniFlex600
equipped with Cu Kα radiation (λ = 1.5405 Å) operating at 40 mV
and 30 mA. Raman spectroscopy was carried out using a WITec
alpha300 R confocal Raman microscope equipped with a 532 nm
laser. pH measurements were performed with a FE 150 pH meter. An
EVOS M7000 System (Thermo Fisher) was used for confocal
microscopy imaging. Thermal images were collected with a thermal
imaging camera (Teledyne FLIR).

Synthesis of MoxRe1−xS2 Nanozymes. Five different composi-
tions of the MoxRe1−xS2 materials were prepared via a hydrothermal
synthesis with the following intended different compositions: MoS2,
Mo0.25Re0.75S2, Mo0.5Re0.5S2, Mo0.75Re0.25S2, and ReS2.

In a typical experiment, predetermined amounts of ammonium
orthomolybdate(VII) ((NH4)2MoO4) and ammonium perrhenate-
(VII) (NH4ReO4) were dissolved in 60 mL of deionized water under
stirring, totaling 1.2 mmol of Mo and Re metal precursors as per
Table S1 (Supporting Information), at selected ratios of 0:4, 1:3, 2:2,
3:1, 4:0. Hydroxylamine hydrochloride (125.08 mg, 1.8 mmol) and
thiourea (205.54 mg, 2.7 mmol) were then added to the mixture, and
the mixture was stirred for 1 h. For each composition, the resulting
solution was then transferred to an autoclave which was tightly sealed,
introduced into a box furnace, and allowed to react for 24 h in a
furnace at 230 °C. After the reaction, the autoclave was cooled to
room temperature, and the product was collected by centrifugation
(8000 rpm for 15 min). To remove any unreacted precursors, the
product was washed three times with deionized water. The resulting
MoxRe1−xS2 was collected by centrifugation and dried in a vacuum
oven.

Photothermal Properties of MoxRe1−xS2 Nanozymes. The
suspensions of MoxRe1−xS2 at a 200 μg/mL concentration were
prepared by sonication in nanopure water. The experiments were
performed in 96 well plates; 200 μL of solution was added to each
well. Each sample (well) was irradiated for 10 min with an 808 nm
near-infrared laser (Roithner Lasertechnik GmbH/RLDH808-1200-
5) at a power density of 1 W/cm2. The temperature of the solution
was recorded at 10 s intervals using a digital thermometer
(Physitemp/TH-5) connected to a microprobe thermocouple. After
10 min of irradiation, the laser was turned off, and the temperature
drop was measured in the same manner. The process was repeated for
five cycles of heating and cooling to test the photothermal stability.
Additionally, MoxRe1−xS2 suspensions at different concentrations (0,
50, 100, 200 μg/mL) were prepared in 200 μL volume in nanopure
water, placed in 1.5 mL Eppendorf tubes (EP tubes), and treated in
the same manner. Thermal images were captured at an interval of 2
min with a thermal camera. The photothermal conversion efficiency
(η) was calculated based on previously reported methods.11

Cell Viability Assay for Biocompatibility Testing. The HeLa
cell line was purchased from Antibody Research Corporation (Saint
Charles, MO, USA). The cells were cultured in DMEM,
supplemented with 10% heat-inactivated fetal bovine serum, 0.1 g/L
streptomycin sulfate, and 0.1 g/L penicillin G. They were incubated at
37 °C in a humidified atmosphere of 5% CO2. The cell viability assay
was performed using a Cell Counting Kit-8 (CCK-8 kit). CCK-8
utilizes a tetrazolium salt, WST-8, which is converted to the water-
soluble WST-8 formazan. The amount of formazan produced is
proportional to the number of viable cells and can be quantified by
measuring the absorbance at 450 nm.22 Initially, HeLa cells were
seeded into 96-well plates (Corning Costar, Corning, NY) at a density
of 1.0 × 103 cells per well in 100 μL of medium to evaluate the
biocompatibility of MoxRe1−xS2. After incubation for 24 h, cell
viability was assessed using a CCK-8 assay with various concen-
trations of MoxRe1−xS2 (0−200 μg/mL). Subsequently, 10 μL of
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CCK-8 solution was added to each well, and the plates were
incubated for an additional 2 h before absorbance measurement.
Culture and Preparation of C. albicans. In this work, all of the

tests of antifungal activity were evaluated against C. albicans. Both
Sabouraud dextrose broth (SDB) and Sabouraud dextrose agar (SDA)
media used in this study were sterilized in an autoclave at 121 °C for
25 min. The strain of C. albicans was stored in SDB supplemented
with 20% glycerol at −80 °C. The glycerol stock containing the strain
was thawed and revived on an SDA plate at 37 °C for 24 h. Next, a
single colony was transferred using a sterile inoculation loop into a 15
mL sterile polypropylene round-bottom culture tube containing 5 mL
of SDB and incubated in a shaking incubator at 37 °C and 180 rpm.
After 12 h of incubation, the strains were centrifuged at 1000 rpm for
5 min and washed once with PBS, and the fungi were ready for
immediate use.
POD-like Activity of the Nanozymes. To quantify the catalytic

efficiency and specificity of MoxRe1−xS2 toward the POD substrate,
Michaelis−Menten kinetics of the catalytic process were further
investigated. In this work, the POD-like activity of the nanozymes was
studied by varying the concentration of TMB or H2O2 while keeping
the other conditions constant. Stock solutions of TMB and H2O2
were prepared at 1.66 M (0.4 g/L) and 0.2 M, respectively. As
illustrated in Scheme 1, oxidation of TMB by a model peroxidase,
horse radish peroxidase (HRP), in the presence of H2O2 leads first to
the blue-colored TMB radical cation, followed by its further oxidation
to the yellow-colored diimine. Lineweaver−Burk plots were generated
to determine the Michaelis−Menten constant (Km) for TMB and
H2O2, respectively. A lower Km value indicates a higher affinity
between the enzyme and the substrate.23

Antifungal Activity. The antifungal activity testing was
conducted in 96-well plates as described above. An amount of 50
μL of fungal suspension (1 × 108 colony-forming units (CFU) per
mL) was added to each well, followed by the addition of 50 μL of
H2O2 solution (3 mM). A stock solution of nanozyme was prepared at

1 mg/mL, and different amounts of MoxRe1−xS2 were dispensed into
each well to reach the desired concentrations (7.5 μL for 0.025 mg/
mL; 15 μL for 0.05 mg/mL, and 30 μL for 0.1 mg/mL), using PBS to
adjust the final total volume to 300 μL. The antifungal activity was
evaluated under the treatment of the nanozyme both alone and
combined with laser irradiation at 808 nm. After the nanozyme
exposure, the antifungal effect of MoxRe1−xS2 was evaluated using the
spread plate method.24 An amount of 10 μL of fungal suspension
from each 96-well plate was evenly spread on the surface of agar
plates, and after that, the plates were placed in the 37 °C incubator for
24 h. The number of fungal colony-forming units was counted and
compared to the control group. The experiments were conducted in a
biosafety cabinet and repeated thrice. The fungi survival rate was
calculated using eq 1.

Viability (%)
of colonies formed in the ep group

of colonies formed in the control group
100=

#
#

×

(1)

C. albicans Staining Test. Acridine orange (AO)/propidium
iodide (PI) staining was used for the live and dead C. albicans
staining.11 The protocol of the live/dead bacteria staining test with
the AO/PI staining solution is described in the Supporting
Information (SI). The concentration of the fungal stock suspension
in the staining test was 1.0 × 108 CFU·mL−1. After treatment, 100 μL
of a C. albicans suspension was centrifuged and resuspended in 0.85%
NaCl. Then, the samples were stained with the prepared AO/PI
solution at 37 °C in the dark for 1 h. Next, 5 μL of the stained mixture
was placed onto a microscope cover glass (18 mm × 18 mm), and
then placed upside down on a microscope slide and sealed on all
sides. A confocal fluorescence microscope was employed to capture
images, with the green fluorescence signal at 488 nm indicating live
cells and the red fluorescence signal at 561 nm indicating dead cells.11

Imaging of C. albicans Morphology. For SEM imaging, each C.
albicans specimen was prepared by the following method.25 The

Scheme 1. Oxidation of TMB Using H2O2

Figure 1. SEM images of MoxRe1−xS2 NSs (A: ReS2, and B: Mo0.42Re0.58S1.94, C: Mo0.66Re0.34S1.85, D: Mo0.81Re0.19S1.76, and E: MoS2) and elemental
mapping analysis (F: Mo0.66Re0.34S1.85, and G: Mo0.81Re0.19S1.76).
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experiment was conducted in a 96-well plate. A fungal stock
suspension was prepared at 1.0 × 108 CFU·mL−1. An amount of
100 μL of fungal suspension was added to each well, followed by the
addition of 50 μL of H2O2 solution (3 mM), 30 μL of MoxRe1−xS2
solution (1 mg/mL), and 120 μL of PBS to adjust the final total
volume to 300 μL. Next, the samples were subjected to irradiation at
808 nm. The group without MoxRe1−xS2 was a control to observe the
morphology of the fungi. After treatment, the 96-well plate was placed
in an incubator for 1 h. Next, the solutions from each well were
transferred to 1.5 mL microcentrifuge tubes and centrifuged once
(4000 rpm, 3 min) to remove the supernatant and redispersed into
200 μL of glutaraldehyde (2.5% in PBS) for fixation. After fixation for
24 h, the samples were dehydrated through an ethanol series, by
submerging in 500 μL of ethanol solutions of progressively increasing
concentrations (10, 30, 50, 70, 90, and 100%), with each step lasting

10 min. Subsequently, each fungal suspension was mixed with 15 μL
of ethanol, and a 5 μL drop of this mixture was placed onto a 9 mm
circular cover glass. These cover glasses were then dried overnight in
an oven. The dried circular cover glass samples were affixed to the
sample holder using tape and sputter-coated with gold (Au) to
achieve a coating approximately 5 nm thick. Each sample was imaged
by SEM at 10.0 kV and SEM EDX at 3 kV.

Statistical Analysis. All data were organized into tables as mean
± standard deviation (SD). Comparisons among the experimental
groups were performed using Student’s multiple t test, with p < 0.05
(*), p < 0.01 (**), and p < 0.001 (***) considered statistically
significant.

Figure 2. TEM and elemental mapping analysis of Mo0.66Re0.34S1.85 (A) and Mo0.81Re0.19S1.76 (B).

Figure 3. XRD pattern (A), Raman spectra (B), and absorption spectrum (C) of prepared MoxRe1−xS2 NSs.
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■ RESULTS AND DISCUSSION

Nanomaterials Characterization. Nanoparticle Mor-
phology. The surface morphology of the MoxRe1−xS2 NSs
was observed by SEM (Figure 1A−E). The morphology of
MoxRe1−xS2 is flower-like and consists of nanosheets self-

assembled layer by layer. The SEM EDX analysis in Figure S1
revealed that the intended compositions Mo0.25Re0.75S2,
Mo0.5Re0.5S2, and Mo0.75Re0.25S2 resulted in products with
elemental compositions of Mo0.42Re0.58S1.94, Mo0.66Re0.34S1.85,
and Mo0.81Re0.19S1.76, respectively. The SEM elemental
mapping results also revealed that the molybdenum (Mo),

Figure 4. (A) Temperature profile of MoxRe1−xS2 nanozyme suspension (200 μg/mL) as a function of time, when irradiated with IR light waves
(808 nm, 1 W/cm2) followed by natural cooling without irradiation. (B) Temperature profiles (heating only) of Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76 nanozymes ar different concentrations (0−200 μg/mL) and (C) corresponding thermal images captured of different periods 0−10
min. (D) Photothermal stability of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozyme suspension (100 μg/mL) for successive 5 cycles of irradiation.

Figure 5. (A) Absorption spectra of different systems. Blank: TMB and H2O2 were mixed without a catalyst; control 1: TMB and catalyst were
mixed without H2O2; control 2: H2O2 and catalyst were mixed without TMB; experimental group: TMB and H2O2 were mixed with a catalyst. (B)
Effects of different pH values (2.2−8) on relative POD activity for Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozymes.
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rhenium (Re), and sulfur (S) elements were uniformly
distributed in two of the compositions, Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76, as shown in Figure 1F,G, respectively.
To further elucidate the morphologies and compositions of

the MoxRe1−xS2 NSs, high magnification TEM imaging and
TEM/EDS elemental mapping of Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76 were conducted (Figure 2A,B, respectively).
The TEM imaging confirmed that Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76 exhibit a flower-like morphology formed of
self-assembled nanosheets. High-resolution elemental mapping
of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 further validated the
uniform distribution of Mo, Re, and S elements.26

X-ray Fluorescence (XRF). XRF was employed to further
confirm the homogeneity of elemental composition of
Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76. The elemental mapping

analysis by X-ray fluorescence (Figure S2, SI) confirmed the
different percentages of the alloyed metal sulfides.

X-ray Powder Diffraction. The as-synthesized nanopowders
of MoxRe1−xS2 were characterized by XRD to analyze the
crystallographic changes with increasing the Mo content, as
presented in Figure 3A. The standard patterns of the pure ReS2
(JCPDS No. 00-063-0205) and MoS2 (JCPDS No. 00-037-
1492) are also displayed in Figure 3A.
Pure MoS2 and ResS2 display X-ray diffraction patterns that

are quite similar due to their very similar crystal structure. As a
result the mixed-metal chalcogenides MoxRe1−xS2 (with 0 < x
< 1) show high similarity to the pure ones. Slight peak shifts
could be attributed to the unit cell parameters expanding and
the interplanar spacing increasing with increased Mo
content.27,28

To explore the reaction mechanism underlying the
formation of MoxRe1−xS2 and understand the correlation
between final product composition and reaction time, different
reaction times were explored for synthesizing Mo0.66Re0.34S1.85.
The products were analyzed by XRD (Figure S4), TEM
(Figure S5), and XRF (Figure S6). The stability of the
synthesized MoxRe1−xS2 nanoenzyme in acidic conditions, in
the pH range of 2.2−5 was evaluated by exposing
Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 to solutions with differ-
ent pH (2.2−5.0) for 16 h; the solution preparation is shown
in Table S2. XRD patterns of materials collected after exposure
are shown in Figure S7. Notably, no discernible changes were
observed in the XRD spectrum across the different pH
conditions, indicating that the crystalline structures of both
samples were unaffected by the acidic treatment, indicative of
crystal lattice stability under the mildly acidic environment.

Raman Spectroscopy. Raman spectra were collected to
confirm the phase structure of the nanozymes. Figure 3B
presents the Raman spectra of MoxRe1−xS2 with increasing Mo
content. MoxRe1−xS2 nanostructures exhibit main vibration
modes in the range of 100−500 cm−1 corresponding to the Eg-

Figure 6. Steady-state kinetic assay of peroxidase-like activity of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 (pH 5) at room temperature as a function of
[TMB] in panels (A) and (E) and H2O2, in panels (B) and (F), and corresponding double-reciprocal plots (C) corresponding to (A); (G) to (E),
(D) to (B), and (H) to (F). (A) The concentration of H2O2 was 2 mM and TMB was varied (0.01−0.4 mM). (B) TMB concentration was fixed at
1.66 mM and H2O2 was varied (0.1−4 mM). (E) The concentration of H2O2 was 2 mM and TMB was varied (0.01−0.4 mM). (F) TMB
concentration was fixed at 1.66 mM and H2O2 was varied (0.1−1.0 mM).

Figure 7. Cell viability experiments in the HeLa cell line after
treatment with Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanoparticles at
different concentrations (12.5, 25, 50, 100, and 200 mg/mL) for 24 h.
HeLa cells treated with PBS were used as a control.
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like, Ag-like modes of ReS2. Specifically, vibrational modes
centered at 150.4 and 208.3 cm−1 correspond to the in-plane

(Eg) and primarily out-of-plane (Ag-like) modes of ReS2. As
Mo content increased (x > 0.65) two characteristic bands

Figure 8. (A, C) Photographs of the SDA agar plates with C. albicans following different treatments with varying concentrations of Mo0.66Re0.34S1.85
and Mo0.81Re0.19S1.76 and (B, D) corresponding fluorescence staining confocal images of C. albicans using AO/PI taken after 1 h of different
treatments. (E, F) Relative viability of C. albicans after various treatments were applied to the agar plates.
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located at 374.4 and 402.2 cm−1, which are attributed to the
E2g and A1g modes of MoS2, appeared. The E2g band is due to
in-plane vibrations, and the A1g band is due to out-of-plane
vibrations.29,30 Additionally, Eg and second-order vibrational
modes appear due to the low crystal symmetry.31 The
differences in the magnitude of the shifts observed for both
bands provide insight into the doping mechanism.32 Compared
to the Raman spectrum of MoS2, the A1g mode, which involved
only the vibrational displacement of sulfur atoms, showed a
slight shift from ca. 402.2 cm−1 to ca. 397.8 cm−1 in
Mo0.81Re0.19S1.76. In contrast, the E1

2g mode, which involves
the vibration of both metal and sulfur atoms within a layer,
exhibits a significant shift from ca. 374.4 cm−1 to 369.9 cm−1.
This could be ascribed to the substitutional doping of the
heavier Re atoms into the Mo layer.23 As the Re ratio increases
in MoxRe1−xS2, the peaks of Eg, Ag, and Eg-like become sharper
and more defined, like those of ReS2.
The absorption spectrum in Figure 3C shows the variation

in absorbance with increasing Mo content in MoxRe1−xS2. As
shown in Figure 3C, only MoS2 exhibited an absorption peak
at 671 nm corresponding to the direct band gap of 1.85 eV.
The absorption intensity sharply decreased compared to that
of MoS2 as the Re-doping concentration increased. This is due
to the new gap states with Re doping, also causing band gap
narrowing.26 The band gap narrowing causes a shift in
absorption in the NIR region, and therefore, it could impact
photothermal performance. To confirm this hypothesis,
different compositions of MoxRe1−xS2 were subjected to
photothermal experiments.
Particle Size and Charge. The particle size distribution and

zeta potential were determined by using dynamic light
scattering (DLS). As shown in Figure S3A, the particle size
of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 is in the range of 80−
300 nm with average particle size of about 162 and 119 nm,
respectively. As reported, cationic nanoparticles penetrate
cellular membranes, destabilizing the entire membrane
structure enough to destroy the cell at higher concentrations.33

Given the negative charge of Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76, they would not interfere with healthy
human cells and disrupt their membranes in practical
antifungal applications, exploiting only the catalytic pathway
to effectively kill fungi.

Photothermal Performance of MoxRe1−xS2. Samples of
each nanozyme (200 μg/mL dispersed in H2O) were exposed
to near-infrared laser light (808 nm) of intensity 1 W/cm2 for
10 min, and the temperature variation was measured at
intervals of 10 s. After 10 min, the laser was turned off, and the
temperature was measured continuously until it reached room
temperature. Figure 4A shows the temperature profiles of all
MoxRe1−xS2 nanozyme samples as a function of time. The
samples with composit ions Mo0 .66Re0 . 34S1 . 85 and
Mo0.81Re0.19S1.76 achieved the highest temperature of 80 °C
(after 600 s) compared to the other samples. The photo-
thermal conversion efficiency (η) of MoxRe1−xS2 was
calculated using eq 2.11

hA T T

I

( )

(1 10 )A
max,mix max,H O2

808
=

(2)

where A is the surface area of the container, h is the heat
transfer coefficient, ΔTmax,mix and ΔTmax,Hd2O are the temper-
ature changes of the MoxRe1−xS2 and solvent (water),
respectively, at the maximum steady-state temperature, I
represents the laser power, and Aλ is the absorbance of
MoxRe1−xS2 NSs at 808 nm.
The calculated values of η for MoxRe1−xS2 nanozymes are

presented in Table S3. The nanozymes with a composition of
Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 exhibit η = 21.6% and
21.8%, respectively, which were higher compared to that of
ReS2 (17.2%), Mo0.42Re0.58S1.94 (16.4%), and MoS2 (16.1%).
The Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozymes were

further explored for photothermal studies. To identify the
appropriate temperature for the in vitro assay, different
concentrations (0−200 μg/mL) of the Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76 nanozymes were tested (Figure 4B). Thermal

Figure 9. SEM images of the fungi under different treatments (A: blank control, B: treated with Mo0.66Re0.34S1.85, C: treated with Mo0.81Re0.19S1.76).
SEM elemental mapping analysis of the fungi under different treatments (D: treated with Mo0.66Re0.34S1.85, E: treated with Mo0.81Re0.19S1.76).
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images were collected, and the temperature change could be
observed vividly in Figure 4C. H2O served as the negative
control and exhibited no significant temperature changes over
10 min (from 22.3 to 27.3 °C). However, with increasing
concentration, the temperature gradually increased for 10 min.
The materials showed high photothermal stability featured
during five heating/cooling cycles under the same treatment,
which provided consistent performance and potential for
antifungal activity (Figure 4D).
POD-like Activity and Kinetic Study of MoxRe1−xS2.

The POD-like activity of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76
nanozymes was evaluated by using a typical POD catalytic
system with TMB and H2O2 as the substrates. Absorption
spectra were recorded under the different experimental
conditions. No characteristic peaks were observed when
using TMB alone (control 1) or H2O2 alone (control 2) or
when TMB and H2O2 were mixed without a catalyst (blank).
Figure 5A indicates that TMB cannot be oxidized by H2O2
without a catalyst. However, with the addition of MoxRe1−xS2
nanozymes, strong absorption peaks appeared at 370 and 650
nm (experimental group), demonstrating the formation of
oxidized TMB (oxTMB). In addition, the effect of pH on the
catalytic activity was tested (Figure 5B), showing that from pH
2.2 to 5, relative POD activity exhibited a gradual increase,
beginning at 60% and reaching its maximum activity at pH 5
(100%). However, as the pH increased from 5 to 6, the activity
gradually decreased. The most significant decline in activity
occurred between pH 6 and pH 7, where it dropped abruptly
to nearly zero. Beyond pH 7, specifically at pH 8, no further
change in activity was observed, indicating a complete loss of
functional activity.
To quantify the catalytic efficiency and specificity of

MoxRe1−xS2 toward the POD substrate, the Michaelis−Menten
kinetics were further investigated. Experiments were conducted
by varying the concentration of TMB or H2O2 while keeping
the other conditions constant. Lineweaver−Burk plots were
generated to determine the Michaelis−Menten constant (Km)
for TMB and H2O2 (Figure 6). A lower Km value indicates a
higher affinity between the enzyme and the substrate. Table S4
summarizes the linear fit data, and Table S5 provides the
corresponding kinetic parameters. The Km value for the
Mo0.81Re0.19S1.76 nanozyme with TMB as the substrate was
56 times higher than that of Mo0.66Re0.34S1.85, whereas the Vmax
value of the Mo0.81Re0.19S1.76 nanozyme was 25 times higher
than that of Mo0.66Re0.34S1.85. Conversely, the Km value for the
Mo0.81Re0.19S1.76 nanozyme with H2O2 as the substrate was 9
times lower than that of Mo0.66Re0.34S1.85, and its Vmax value
was 1.2 times lower. These results indicate that
Mo0.66Re0.34S1.85 has a higher affinity for TMB, while
Mo0.81Re0.19S1.76 has a higher affinity for H2O2, implying that
the Mo0.81Re0.19S1.76 nanozyme has a greater peroxidase-like
activity.
Cell Viability Assay. To understand the antifungal

potential of nanozymes in biomedical applications, it is critical
to assess the biocompatibility of MoxRe1−xS2 before conduct-
ing further in vivo studies. The biocompatibility assay was
performed using HeLa cells, incubated with MoxRe1−xS2 at
various concentrations for 24 h; the cytotoxicity was evaluated
using a CCK-8 assay. The results showed that low
concentrations of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 did
not impact HeLa cell survival rates. However, at 100 μg/mL,
the cell viability decreased to 90% and 80%, respectively
(Figure 7). At concentrations of up to 200 μg/mL,

Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozymes exhibited
toxicity in vitro. These results suggest that MoxRe1−xS2 has
good biocompatibility at concentrations of up to 100 μg/mL.

Antifungal Activity and C. albicans Staining Test.
Samples were examined for their antifungal activity against C.
albicans by plating. Initially, C. albicans was treated with the
same amount of H2O2 but different concentrations of
MoxRe1−xS2 nanozymes at 808 nm laser for 10 min. As
shown in Figure 8(A), the H2O2 control showed no killing
compared with the PBS control, which means that the H2O2
itself is not toxic enough to kill the fungi in the test. With a
concentration of 50 μg/mL Mo0.66Re0.34S1.85, its POD-like
activity showed noticeable fungi-killing, and 100 μg/mL
Mo0.66Re0.34S1.85 without H2O2 killed the fungi during the
photothermal exposure. The Mo0.81Re0.19S1.76 sample (Figure
6B) showed better peroxidase-like activity and antifungal effect
in the presence of H2O2 than that of Mo0.66Re0.34S1.85, using a
lower concentration of nanozyme. The experiment was
conducted in triplicate. Additionally, the antifungal effect of
Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozymes was directly
observed through live/dead staining (AO and PI) of C. albicans
after various treatments, aligning with the spread plate data.
Figure 8B shows strong green fluorescence in three NIR+

groups, including 0 μg/mL Mo0.66Re0.34S1.85 with no H2O2
(group 1), 50 μg/mL Mo0.66Re0.34S1.85 with no H2O2 (group
2), 0 μg/mL Mo0.66Re0.34S1.85 with H2O2 (group 3) and all the
NIR− groups indicated that living colonies that could only take
up AO. Conversely, strong red fluorescence was observed
(Figure 8B) in the 100 μg/mL Mo0.66Re0.34S1.85 and 100 μg/
mL Mo0.66Re0.34S1.85 with H2O2 NIR+ groups represent dead C.
albicans colonies capable of uploading PI. The yellow areas in
the confocal images, a combination of the green and red
fluorescence, suggest that some fungal membranes may have
thinned or been damaged, allowing the PI dye to penetrate and
bind to the DNA, staining the nucleus red. Figure 8C presents
photographs of the SDA agar plates with C. albicans following
different treatments of Mo0.81Re0.19S1.76. Fluorescence confocal
images in Figure 8D show yellow areas from the 25 μg/mL
Mo0.81Re0.19S1.76 + H2O2 NIR+ group, while the 50 μg/mL
Mo0.81Re0.19S1.76 + H2O2 NIR+ group exhibited only strong red
fluorescence. These findings suggest a positive correlation
between the peroxidase-like activity and the photothermal
effect of Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozymes and
their antifungal activities.
The antifungal activities of Mo0.66Re0.34S1.85 and

Mo0.81Re0.19S1.76 were also evaluated for the acidic pH treated
samples (Figure S8, SI). The results suggest that the material
activity is not impacted by an acidic environment and longer
exposure does not diminish antifungal activity.

Imaging of C. albicans Morphology. To uncover the
effects of interaction between MoxRe1−xS2 NSs and C. albicans,
the morphological changes in C. albicans were examined by
using SEM and SEM EDX. Figure 9 illustrates that the
antifungal effects observed in the Mo0.66Re0.34S1.85 and
Mo0.81Re0.19S1.76 groups were due to the surface collapse of
C. albicans. The fungal skeletal structure was either significantly
deformed or completely collapsed after the treatment. These
findings confirmed that the photothermal effect and POD-like
activity of MoxRe1−xS2 NSs play decisive roles in the fungicide
process, suggesting their potential as a novel treatment method
for fungal infection.
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■ CONCLUSIONS
The work presented herein explores synthetic pathways to
create novel nanomaterials with biological activity. The mixed
metal chalcogenides MoxRe1−xS2 were formed via a hydro-
thermal synthesis method which generated flower-like
nanostructures with uniform elemental distribution and
maintained characteristics of MoS2 and ReS2 2D TMDCs.
Detailed characterization of MoxRe1−xS2 NSs revealed a
particle size range of 80−300 nm. The results of the present
study revealed that the mixed-metals 2D chalcogenides
MoxRe1−xS2 nanostructures, with the compositions
Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76, exhibit peroxidase-like
behavior, qualifying them as nanozymes. The two composi-
tions exert antifungal effects when tested on C. albicans in the
presence of H2O2, which is characteristic of peroxidases. The
antifungal testing was repeated in the presence of NIR
irradiation to evaluate the enhancement of the antifungal
effect, especially on localized applications. Antifungal tests
demonstrated that the tested MoxRe1−xS2 materials exhibit
excellent fungicidal properties in the presence of H2O2 when
irradiated with an NIR laser. These findings suggest that
Mo0.66Re0.34S1.85 and Mo0.81Re0.19S1.76 nanozymes could be
further employed in fungicide development.
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