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The intracellular levels of biothiols are associated with various diseases including cancer, and biothiols are
regarded as tumor biomarker. Due to the similarity of the molecular structure of biothiols, the development
of simple, rapid, efficient, and sensitive colorimetric sensor arrays holds great promise for clinical cancer
diagnosis. Here, we developed a simple Ag—MoS, hybrid nanozyme-based sensor array for colorimetric
identification of biothiols and cancer cells. The novel Ag—MoS, nanoprobe was synthesized in a simple
and efficient way through the in situ self-reduction reaction between MoS, and noble metal precursor.
Benefiting from to the formation of heterogeneous metal structures, the peroxidase (POD)-like catalytic
activity of the synthesized Ag—MoS, hybrid nanocomposites is significantly enhanced compared to MoS;
alone. Moreover, the catalytic activity of Ag—MoS, nanozyme was correlated with the pH of the reaction
solution and the inhibitory effects of the three biothiols on the nanozyme-triggered chromogenic
system differed in the specific pH environments. Therefore, each sensing unit of this electronic tongue
generated differential colorimetric fingerprints of different biothiols. After principal component analysis
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Accepted 11th September 2024 (PCA), the developed novel colorimetric sensor array can accurately discriminate biothiols between
different types, various concentrations, and different mixture proportions. Further, the sensor array was

DOI 10.1035/d4ra05409a used for the colorimetric identification of real serum and cellular samples, demonstrating its great
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1 Introduction

Biothiols are thiol-containing amino acids or oligopeptides,
mainly including ri-cysteine (Cys), homocysteine (Hcy) and
glutathione (GSH)."* Biothiols are a class of small molecule
compounds that play important roles in many physiological
processes such as cell signaling, enzyme activities regulation,
and antioxidant defences.** The altered levels of biothiols have
been shown to be closely associated with the development of
a variety of diseases, including cardiovascular disease, neuro-
degenerative diseases, and even cancer.>® For instance, the level
of biothiols in hepatocellular carcinoma cells is much higher
than that in normal hepatocytes, and biothiols are considered
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potential in tumor diagnostic applications.

to be a promising biomarker for liver cancer.” Therefore, the
accurate detection of biothiols is of great significance for the
prevention, diagnosis and treatment of cancer.®

Currently, researchers have developed various methods for
the efficient detection of biothiols, such as mass spectrom-
etry,>'® high performance liquid chromatography,** fluores-
cence,"* chemiluminescence,’'® electrochemistry,"” and
capillary electrophoresis.”® Although these quantitative detec-
tion methods for biothiols have been widely applied, they often
require expensive equipment, specialized operators and addi-
tional sample pre-treatment steps, which somewhat hinder
their practical application in clinical diagnosis. Compared with
traditional detection methods, colorimetric sensors have the
advantages of simple operation, low cost and rapid detection,
which are suitable for large-scale clinical screening and on-site
testing.'>*” In addition, colorimetric methods can be combined
with miniaturized equipment, image capture technology and
artificial intelligence algorithms, making colorimetric sensors
more portable, sensitive and accurate. However, due to the high
degree of similarity between various types of biothiols, tradi-
tional colorimetric sensing techniques lack the specificity to
discriminate different biothiols.

Sensor array technology, also known as electronic nose/
tongue, is a system that integrates multiple sensor units.”>*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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These sensor units have different response characteristics to
target analytes and can provide a wealth of information to
identify and detect various chemical components.>** By
designing different sensor units, each unit responds differently
to the same target molecule, thus generating multidimensional
information. After that, data processing is used to visually
distinguish between different analytes, complex samples and
mixtures. Up to now, sensor array has wide application poten-
tial for the detection of biological targets, especially in the field
of disease diagnosis and health monitoring.> For instance,
Wang group used array recognition technology to achieve effi-
cient detection of exosomes (a tumor marker) and highly
sensitive and accurate screening of gastric cancer and urinary
system diseases.’®*” Recently, sensor array technology has also
been applied for biothiols discrimination. For example, Wang
et al. exploited gold nanorods (AuNRs) with the unique localized
surface plasmon resonance (LSPR) property as chromophore,
and used a variety of metal ions (Hg?", Pb**, Cu®*, Ag") to form
a novel colorimetric sensor array for biothiols identification.”®
Due to the differences in binding affinity between biothiols and
different metal ions, the AuNRs exhibit unique patterns in
response to various thiol molecules after etching through the
Fenton reaction, forming fingerprint data for rapid, visual and
accurate discrimination of biothiols. However, the above
methods require multiple and complex chromogenic system
designs and the use of heavy metal ions poses contamination
and safety issues. Additionally, this study has not been
successfully applied to intracellular biothiols detection. Further
design and development of sensing probe or nanomaterial for
efficient differentiation and selective detection of different
intracellular biothiol molecules is crucial to advance the prac-
tical application of colorimetric sensor array technology.
Recently, novel biosensing technologies based on nano-
materials have been developed and made great breakthroughs
in analytical chemistry field.”>*° For instance, nanozymes are
defined as a class of nanomaterials which have the natural
enzyme-like catalytic functions.** To date, various nanozymes
have been successfully applied in many fields, such as bio-
sensing, immunoassay, disease treatment and environmental
monitoring.>**>** Since the first discovery of Fe;O, nano-
particles with peroxidase (POD) mimetic activity by Gao et al. in
2007,* various types of nanozymes such as noble metals, metal
oxides, carbon-based nanomaterials, and metal-organic
framework materials have been reported to exhibit excellent
enzyme-like activity.®® As a new type of bioactive material,
nanozymes have significant advantages in the field of colori-
metric detection due to their low production cost, high stability,
easy functionalization and adjustable catalytic activity.***” In
recent years, several studies have reported the application of
nanozyme-based colorimetric sensor array for the differentia-
tion and detection of biothiols. For instance, Wei et al
synthesized three noble metal alloy nanozymes (AuPt, AuPd and
AuPtRu) and found that the peroxidase-like activity of these
gold-based alloys could be inhibited with varying degrees by
different biothiols.*® Subsequently, the different nanoprobes
could trigger the chromogenic system to produce various
colorimetric signals for the identification and analysis of
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biothiols. Similarly, Bi et al. used terephthalic acid-modified
graphene quantum dots (TPA@GQDs) with three transition
metal ions (Fe**, Cu®", and Zn**) as the sensing units for the
construction of the nanozyme-based electronic tongue.** The
strong binding affinity between the different metal ions and
biothiols significantly inhibited the peroxidase-like catalytic
activity of TPA@GQDs, producing a cross response. The above
colorimetric sensor arrays proved to have good selectivity and
sensitivity, but the complex synthesis of multiple nanozymes
and the cumbersome construction of the sensing units limited
their practical application and clinical translation. Further
simplification of the nanozymes-based colorimetric sensor
array components would be of great value in the field of clinical
diagnosis, and hold significant incentives for the development
of functional nanozymes.

Herein, we present a simple hybrid nanozyme-based colori-
metric sensor array, which can successfully differentiate and
detect three common biothiols (Cys, Hcy and GSH) by easily
adjusting the pH value of the nanozyme-triggered chromogenic
reaction system (Scheme 1). Firstly, we prepared the novel
heterogeneous Ag-MoS, nanozyme by a simple in situ self-
reduction method between MoS, and Ag". Benefiting from the
formation of metal heterostructures, the Ag-MoS, nanoprobe
possessed excellent peroxidase-like activity, which strongly
catalyzed the decomposition of H,0,, accompanied by a color
change of the chromogenic substrate, 3,3,5,5-tetrame-
thylbenzidine (TMB), from colorless to blue. It is noteworthy
that the colorimetric reaction triggered by Ag-MoS, nanozymes
exhibits pH-dependent behavior. Specifically, the -SH of bio-
thiols has been demonstrated to show strong interaction with
metal nanostructure by the formation of metal-S bonds which
can easily reduce the electron density of metal nanomaterials.*®
Moreover, the affinity interaction between biothiols and metal
has also been shown to be pH-dependent and further inhibits
the catalytic activity.*"** Therefore, at different pH values, the
catalytic ability of Ag-MoS, nanozymes as well as the binding
effect of Ag, Mo metal center and -SH showed significant
differences, resulting in different degrees of inhibition of
colorimetric signals. Here, under three different pH environ-
ments, the TMB-H,0,-nanozymes chromogenic sensor forms
the differential fingerprints of the three biothiols, which can be
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Scheme 1 Scheme illustration for the synthesis of Ag—MoS, hybrid
nanozyme with POD-like activity to differentiate and detect three
common biothiols (Cys, Hcy and GSH) by easily adjusting the pH value
of the nanozyme-triggered chromogenic reaction system.
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accurately distinguished from each other by principal compo-
nent analysis (PCA). In addition, the constructed sensor arrays
also achieved the recognition of mixtures of biothiols with
different concentrations. More importantly, the fabricated
sensor array of biothiols can also be applied to distinguish
human serum as well as cancer cells such as hepatocellular
carcinoma and normal hepatocytes, demonstrating its great
potential in disease diagnosis.

2 Experimental methods

2.1. Chemicals and materials

Cysteine (Cys), Glutathione (GSH), silver nitrate trisodium
(AgNO;), molybdenum disulfide (MoS,) powder, sodium acetate
(NaAC), 3,3,5,5-tetramethylbenzidine (TMB) and poly-
vinylpyrrolidone (PVP) were purchased from Macklin (China).
Homocysteine (Hcy), acetic acid (HAC), H,0, (30 wt%), hydro-
chloric acid (HCI), and sodium hydroxide (NaOH) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Fetal
bovine serum (FBS) was obtained from Biological Industries
Corp. All the tested cells were obtained from Center for Typical
Culture Collection. Dulbecco's modified Eagle's medium
(DMEM) was bought from Sigma-Aldrich. Human serum was
collected from healthy volunteers in Zhejiang Provincial
People's Hospital according to the Ethics Committee guide-
lines. Ultrapure water (18.2 MQ cm) was applied through the
experiments to prepare all the solutions.

2.2. Preparation of nanozymes

According to the previous reports, the MoS, nanosheet was
firstly prepared by the classical LPE method with slight modi-
fication.*® Briefly, 0.4 g of MoS, powder was added into 40 mL
45% ethanol aqueous solution containing PVP (1 mg mL ") and
the above mixture was sonicated at 400 W for 5 h in an ice-water
bath. Subsequently, the obtained MoS, nanosheet was washed
by water after centrifugation at 4000 rpm for 20 min. To prepare
Ag-MoS,, 10 pL of AgNO; (10 mM) was added into 1 mL of the
MoS, nanosheet for stirring 1 h at room temperature. After that,
the Ag-MoS, product was collected and washed three times with
water by centrifugation at 10 000 rpm for 3 times to remove the
excess AgNO;. Finally, the Ag-MoS, hybrid material was ob-
tained and stored at 4 °C for further use. For Ag NPs, 10 uL of
AgNO; (10 mM) was added into 1 mL of the PVP solution (1 mg
mL ) for stirring 4 h at room temperature. After that, the Ag-
MoS, product was collected and washed three times with water
by centrifugation at 10 000 rpm for 3 times to remove the excess
PVP and AgNO;.

2.3. Characterization instrumentation

Transmission electron microscopy (TEM) images was per-
formed on a H-7650 (Hitachi). Energy dispersive X-ray (EDX)
elemental mapping measurement was carried out by a Tecnai
F30 microscopy. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on ESCALAB 250XI (Thermo
Fisher). The size distribution was tested using a dynamic light
scattering instrument (DLS, Zetasizer Nano-ZS90, Malvern). UV-
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vis spectra were recorded by a UV-2450 spectrometer (Shi-
madzu). The electron paramagnetic resonance (EPR) signals
were measured using a JES-FA200 spectrometer (JEOL, Japan).

2.4. Nanozyme activity test

To study the POD-like catalytic effect, 5 mM H,0, was firstly
mixed with 2.5 mM TMB in HAC-NaAc buffer (pH = 4.0, 25 °C).
Next, 10 uL of nanozyme (1 mg mL™") including Ag, MoS, and
Ag-MoS, were added to trigger the reaction at 25 °C for 5 min
and the UV-vis absorbance was recorded by UV spectrometer. To
study the influence of pH values for the POD-like activity, Ag-
MoS, (10 uL, 1 mg mL ') was added to a centrifuge tube con-
taining HAC-NaAc buffer (pH = 4.0, 25 °C) with various pH
values from 2.0 to 9.0. The catalytic kinetics was studied by
monitoring the absorbance change of color-development
system at 652 nm. The kinetics parameter including Michae-
lis-Menten constant (K,) and maximum reaction rate (Viax)
were calculated according to the double reciprocal curve of the
Michaelis-Menten equation:

where V is the initial reaction speed, V. is the maximal
velocity, [S] is the H,0, concentration, and K, is the Michaelis
constant.

2.5. General procedure for colorimetric discrimination of
biothiols

The general procedures for colorimetric discrimination of bio-
thiols were carried out as follows: first, 10 pL of hybrid nano-
zyme (1 mg mL ") was added to HAc-NaAc buffer at different pH
values (3.0, 4.0 and 5.0), followed by the addition of different
concentrations of biothiols (Cys, Hcy, and GSH). After reacted
for 30 min, the mixture containing 5 mM H,0, and 1 mM TMB
was added and the absorbance change at 652 nm of the sensor
systems was measured and calculated. All the experiments were
repeated for 5 times. Then, the signals obtained from the sensor
array were analyzed using principal component analysis (PCA)
and hierarchical cluster analysis (HCA) on the original data
matrix by Origin 2021 software. Further, the detection limit of
sensor array for each biothiols by studying the response results
of PCA analysis under low concentration according to the
method of previous literature.**

2.6. Identification of biothiols in human serum and cell
samples

In order to further investigate the practical application of the
proposed sensor array for the discriminative analysis of real
samples, colorimetric pattern recognition of human serum
samples and cellular samples were performed separately. At
first, Ag-MoS,-based sensor array was used to differentiate
serum samples (200-fold dilution) spiked with three types of
biothiols at the same concentration (1 pM), and followed the
steps described above for colorimetric analysis and data pro-
cessing. For the cell samples, a total of three common cancer
cells, Hela (cervical cancer cells), HepG2 (hepatocellular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carcinoma cells), MCF-7 (breast cancer cells) and normal cells,
LO2 (normal hepatocytes), were selected for testing the pattern
recognition ability of the colorimetric sensing array. The above
cells were cultured in DMEM containing 10% FBS. After the
cells had grown to the full size of the culture flasks the cells were
digested with trypsin, centrifuged to discard the culture
medium and washed twice with phosphate buffer solution
(PBS). Next, the obtained cells were lysed by ultrasonic frag-
mentation and cell lysates were collected according to the
literature.*® Specifically, the washed cells were suspended in 500
pL buffer, and then were lysed by ultrasonic method in ice bath
(3 s each time, 2 s interval, a total of 20 times). After centrifu-
gation, the above cell lysate was diluted 10 times with DMEM
and transferred to a new test tube for further use. Then, 10 pL
Ag-MoS, (1 mg mL ") was added to the test tube. After reacted
for 30 min, the mixture containing 5 mM H,0, and 1 mM TMB
was added and the absorption change at 652 nm of the sensor
systems was measured and calculated. All the experiments were
repeated for 5 times. Then, the signals obtained from the sensor
array were analyzed using principal component analysis (PCA)
and hierarchical cluster analysis (HCA) on the original data
matrix by origin 2021 software.

3 Results and discussion

3.1. Synthesis and characterization of Ag-MoS,

In this work, we first obtained MoS, nanosheets with a 2D
layered structure from MoS, powders by the classical LPE
method.* Subsequently, Ag-MoS, composites were prepared by
a simple and convenient self-reduction methods. Specifically,
MoS, nanosheets reduced Ag ions in situ onto MoS, nanosheets
at room temperature to form spherical Ag nanoparticles, which
led to the formation of a 0D-2D hybrid heterostructure. During
the synthesis process, the defects and edges of partially
unbound sulfur on the MoS, surface were the main sites for Ag
core seeding and subsequent growth. To verify the successful
preparation of MoS, and Ag-MoS,, their morphologies were
observed by TEM. As revealed in Fig. 1a, the prepared MoS,
nanosheets showed irregular flakes of ~200 nm, in agreement
with other reports in the literature. Fig. 1b and c show different
magnification TEM images of Ag-MoS, nanocomposites
prepared after the self-reducing method. Compared to MoS,
nanosheets, Ag-MoS, shows the presence of obvious spherical
Ag nanoparticles on MoS, with high density, but MoS, nano-
sheets remains its original morphology and size. As previously
reported, the uniform and high-density noble metal particles on
the 2D MoS, support layer can significantly improve the elec-
tron transfer process and catalytic properties of metallic mate-
rials.***® The formation of these bimetallic hybrid structure will
be beneficial to the efficient catalysis and highly sensitive
sensing applications of the nanozyme. In order to resolve the
composition of Ag-MoS, in a more detailed manner, EDX
elemental mapping analysis was conducted (Fig. 1d-g). The
results confirmed the presence of elements such as Ag, Mo, and
S in the composites, and the Ag nanoparticles were uniformly
dispersed on the MoS, nanosheets. Besides, we have studied the
stability of Ag-MoS, hybrid material both at 4 °C and room

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature (20 °C) by DLS analysis. As shown in Fig. S1, the
particle size distribution of our Ag-MoS, nanozyme was 225 £
9 nm, which was consistent with TEM results. In addition, it was
found that the average particle size of the composite material
remained stable after being stored at 4 °C and 20 °C for 14 days,
respectively.

Further, XPS was used to verify the elemental composition
and properties of the Ag-MoS, composites. Similar to the above
mapping results, the XPS survey results confirmed the presence
of Ag, Mo and S elements in Ag-MoS, (Fig. 2a). In addition,
high-resolution scans of Ag 3d, Mo 3d and S 2p were performed
for the three elements, and the results are shown in Fig. 2b—-d,
respectively. In the high-resolution spectra of Ag 3d, two distinct
peaks located at 367.28 eV and 373.28 eV were attributed to Ag
3d;, and Ag 3ds,, respectively. The above results also proved
that Ag exists in the composites in a monomeric state, which is
a favorable valence state commonly used in nanocatalysis. The
Mo and S substituents in MoS, are generally tetravalent and
divalent. In the Mo 3d spectrum, the peaks at 228.68 eV and
231.78 €V are attributed to Mo 3ds,, and Mo 3d3,,, respectively.
The binding energies of the S 2p peaks are located at 162.58 and
161.48 eV, corresponding to 2p,/, and 2pzj,, respectively. The
above results demonstrate the successful preparation of Ag-
MoS, composites.

3.2. POD-like catalytic activity of Ag-MoS,

After successful preparation of novel hybrid Ag-MoS, nano-
materials, their enzyme-like catalytic activity was carefully
investigated. Here, we selected TMB as the chromogenic
substrate, which can trigger the classical catalytic oxidation
reaction in the presence of H,O, to generate oxidized TMB and
thus bring about a significant change both in color and absor-
bance. According to previous reports, both Ag and MoS, nano-
materials were shown to have excellent catalytic properties
mimicking POD. Here, for comparison, we successfully
synthesized Ag NPs, which have similar morphology and size
with Ag NPs in Ag-MoS, (Fig. S27). As indicated in Fig. 3a, after
catalyzed by Ag, MoS, or Ag-MoS, nanozymes with the same
concentration, the H,0,-TMB system showed an obvious
absorption peak at 652 nm, while the same system showed
almost no absorption at 652 nm in the absence of the materials.
What's more, the absorbance value and catalytic rate of the Ag-
MoS, group were much higher than those of the Ag and MoS,
group (Fig. 3b). The above results suggest that the interfacial
synergistic effect and electron transfer between the metals after
the formation of hybrid materials will enhance the POD-like
catalytic activity of MoS, alone, achieving more efficient H,O,
decomposition and more sensitive color development. In
general, the POD-like activity of metal-based nanozymes origi-
nates from the catalytically generated "OH radicals, which are
responsible for oxidizing the colorless TMB substrate to blue
oxidized TMB. To validate this, the EPR technique was utilized
to investigate the formation of intermediate "OH radicals and
DMPO was used here as a spin trapping agent. As demonstrated
in Fig. 3¢, compared to the blank, the three nanozymes could
effectively catalyze the decomposition of H,0, and produce
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I

Fig.1 (a) Typical TEM image for the prepared MoS, nanosheet. (b and c) Typical TEM images for the prepared Ag—MoS, nanocomposite. EDS

elemental mapping results of Ag (d), Mo (e), S (f) and overlapping (g).

"OH, and four peaks with the intensity ratio of 1:2:2:1 were
produced after being captured by DMPO. It is worth noting that
the Ag-MoS, composite materials exhibits the strongest EPR
signal compared with the single Ag and MoS,, which may be
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attributed to the doping of noble metals and the synergistic
effect of Ag and MoS, in the hybrid structure. These results
indicate that Ag-MoS, has enhanced peroxidase-like catalytic
activity, which can more effectively convert H,0O, to "OH radicals
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Fig. 2 (a) The XPS survey of Ag—MoS, hybrid material. The high-resolution XPS spectra of Ag 3d (b) Mo 3d (c) and (d) S 2p signals for Ag—MoS,.
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Fig. 3 (a) Typical UV-vis absorption spectra of H,O,—TMB color development systems containing blank, Ag, MoS, or Ag—MoS; after reaction for

10 min. (b) Time-dependent profiles at the absorbance of 652 nm for Ag, MoS, or Ag—MoS; after reaction of H,O,-TMB solutions in 300 s. (c)
EPR spectra for blank, Ag, MoS, or Ag—MoS, test groups after trapped with DMPQO in H,O,—-TMB solutions. (d) Effect of pH values from 2.0 to 9.0
on the POD-like catalytic performance. (e) The Michaelis—Menten curve for Ag—MoS, under 1 mM TMB with different H,O, concentrations and

its relative Lineweaver—Burk plot.

and trigger the catalytic oxidation of TMB substrates. Besides,
the result is consistent with many reports that the formation of
bimetallic heterostructures significantly improved the catalytic
activity of nanozymes.*”*® The high-efficiency generation ability
"OH radicals laid a good foundation for the establishment of
further sensitive colorimetric sensing methods based on Ag-
MoS,.

Further, we explored the POD-like activity of the Ag-MoS,
hybrid materials at different pH values. As shown in Fig. 3d, the
optimal catalytic activity of the Ag-MoS, hybrid material was at
the pH value of 4.0 and the catalytic activity is significantly
inhibited under reaction conditions with pH value less than 3.0
or pH value greater than 5.0, similar to that of natural enzymes.
Therefore, for a more sensitive and intuitive colorimetric anal-
ysis, pH ranges from 3.0 to 5.0 was selected as the main color
development condition for the subsequent sensor array. Addi-
tionally, the long-term storage stability at both 4 °C and room
temperature of the nanozyme was tested and the results showed
that the composite retained over 95% catalytic activity after 14
days of storage at both temperatures (Fig. S3t). The above
results show that the hybrid material has superior chemical
stability, which can be effectively used as sensing probe.

To investigate the POD-like activity of the Ag-MoS, hybrid
material in more depth, the H,O, substrate concentration was
varied to study the steady-state kinetics. The results demon-
strated that the catalytic process of the Ag-MoS, nanozymes
followed the standard Michaelis-Menten model well (Fig. 3e).
Subsequently, the enzyme kinetic parameters for Ag-MoS, were
evaluated by Michaelis-Menten curves and Lineweave-Burk
plots, and Menten constant (K;,) and the maximum reaction
velocity (Vinax) were calculated to be 0.4364 mM and 8.38 x
10°® M S ~'. Table 1 summarizes the detailed kinetic

© 2024 The Author(s). Published by the Royal Society of Chemistry

parameters of similar MoS,-based nanozymes. Generally, lower
K., values means higher substrate affinity between H,0, and
POD-like nanozyme, while higher V.« values mean a better
catalytic ability. Notably, the Ag-MoS, nanozyme exhibits rela-
tively excellent K;,, and Vy,ax values compared to other materials
and even natural enzymes HRP, suggesting an excellent POD-
like activity for reliable and sensitive colorimetric sensor
construction.

3.3. Ag-MoS, nanozyme-based sensor arrays for biothiols

Motivated by the excellent catalytic activity of Ag-MoS, hybrid
nanomaterials, we subsequently constructed multi-channel
colorimetric sensor arrays using the POD-like catalysis of
H,0,-TMB chromogenic system at three different pH values
(3.0, 4.0 and 5.0). Firstly, we investigated the response (4/A,) of
the three-channel colorimetric sensors to three different bio-
thiols (Cys, Hey, and GSH) at the same concentration. As shown
in Fig. 4a, unique colorimetric response signals corresponding

Table 1 Comparison of K., and Vimax value of POD enzymes

I<m7

Enzyme H,0, (MM)  Viay X 1075 (M S™')  Ref.
Ag-MoS, 0.4364 8.38 This work
MosS, 2.812 8.01 49
N-doped MoS, 0.4459 4.348 50
Fe@MoS, 0.03 2.01 51
Fe;0,@Mo0S,-1% Ag 1 18.2 52
Ui0-66-NH-CO-MoS, 0.23 15.7 53

HRP 3.70 8.71 34

Fe;0, 154 9.78 34
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different pH values (3.0, 4.0 and 5.0). Two-dimension PCA canonical score-plot for the pattern recognition of the Cys, Hcy, and GSH at 50 puM (c)

and 100 uM (d).

to different biothiols (50 pM) can be observed in the reaction
media at different pH, which is mainly due to the differences in
the activity of Ag-MoS, nanozymes and the different interac-
tions between the materials and biothiols under different pH
conditions. In addition, the unique response pattern of each
biothiol could be more easily identified in the thermogram
(Fig. 4b). After analyzed by PCA, the response patterns of three
different biothiols (50 uM) were clustered into three non-
overlapping regions, demonstrating the successful differentia-
tion of three biothiols by the colorimetric sensor arrays (Fig. 4c).
In addition, the fabricated sensor array could also be used to
distinguish three biothiols at other concentration (100 pM),
indicating that the Ag-MoS, hybrid nanozyme-based colori-
metric sensor array is a powerful tool for identifying biothiols
(Fig. 4d). Compared with other sensor systems that require
complex probe design, the present work achieves colorimetric
differentiation of low-concentration biothiols by easily adjust-
ing the pH value of the reaction solution with only one kind of
nanozyme, which is more promising for practical applications.

Then, the novel and simple colorimetric sensor array was
used for the pattern recognition of the Cys at different
concentrations of 10, 25, 50, 75 and 100 pM. As shown in Fig. 5a,
Cys with different concentrations has been successfully identi-
fied after PCA treatment and the PC value can be used to reveal
the different concentrations. Further, to confirm the quantita-
tive analysis ability of the sensor array, the response signals
induced by three biothiols with different concentrations at low
concentrations were evaluated. As shown in Fig. S4,1 the

31566 | RSC Adv, 2024, 14, 31560-31569

standard curves of Cys, Hcy, and GSH we obtained by plotting
the relationship between the concentration of biothiols and
score of PC1. As a result, the linear detection range were 1-25
uM for Cys, 1-10 uM for Hcy, and 5-25 uM for GSH. The
detection limits calculated by conventional 3¢ method were
0.72 uM for Cys, 0.89 puM for Hcy, and 3.28 uM for GSH,
respectively. Subsequently, in order to further investigate the
application of the novel colorimetric sensor array based on Ag—
MoS, in the discrimination of mixtures, biothiols with different
molar ratios (total concentration of 100 pM) were artificially
prepared and identified with the help of the developed sensor
array. As shown in Fig. 5b, mixtures of two kinds of biothiols
(Cys and GSH) in different proportions were successfully
divided into five independent and non-overlapping groups after
PCA analysis. In addition, three different proportions of bio-
thiol mixtures were also well distinguished (Fig. 5¢). The above
results verify the ability of sensor array based on Ag-MoS,
nanozyme to distinguish biothiol mixtures.

3.4. Applications of the developed sensor array in real
samples

To explore the practical potential of the novel Ag-MoS, hybrid
nanozyme-based sensor array for biomedical applications,
serum and cell samples were further analyzed. According to
previous studies, biothiols in serum can be used as significant
biomarkers.*® Here, a 200-fold dilution of serum samples mixed
with the same concentration of biothiols (Cys, Hcy and GSH)
was used for the study. Then, the proposed Ag-MoS, hybrid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanozyme-based sensor array was used to distinguish the bio-
thiols in the serum samples. As shown in Fig. 6a, other
substances present in the serum did not interfere with the
identification of the biothiols and blank serum sample could be
well differentiated from the samples containing the three
different biothiols after PCA treatment. In addition, the three
kinds of biothiols showed significantly different PCA signals in
serum, which demonstrated the good practical applicability of
the colorimetric sensing array in complex biological matrices.
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Fig. 6

The screening and identification of various types of cells is of
great significance in the early and accurate diagnosis of tumors.
Clinical studies have shown that there are significant differ-
ences in the content of biothiols between cancer cells and
normal cells.*® Therefore, we explored the application potential
of the proposed novel sensor array in the colorimetric identifi-
cation of various cell samples. Herein, three common cancer
cells, HepG2, Hela, MCF-7 and normal cells, LO2, were selected
for testing the pattern recognition ability of the colorimetric

Group

LO2

HepG2

(a) Two-dimension PCA canonical score-plot for the discrimination of the Cys, GSH, and Hcy in serum with a concentration of 10 puM. (b)

Two-dimension PCA canonical score-plot for the discrimination of three common cancer cells, HepG2, Hela, MCF-7 and normal cells, LO2. (c)
HCA heat map for the discrimination of three common cancer cells, HepG2, Hela, MCF-7 and normal cells, LO2.
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sensing array. As shown in Fig. 6b, the four kinds of cells tested
were well differentiated and aggregated into different groups
without overlap after PCA by Ag-MoS, nanozyme-based sensor
array. In addition, only the PC1 value of LO2 cells was greater
than 0, while the PC1 values of the other three kinds of cancer
cells were negative. These results show that the sensor array can
well distinguish normal cells from cancer cells. In addition, the
three kinds of cancer cells can also be well distinguished by PCA
analysis. Next, HCA results further confirmed that the sensor
array can accurately classify cells. The above experimental
results strongly support the effectiveness of the Ag-MoS, hybrid
nanozyme-based colorimetric sensor in practical
applications.

array

4 Conclusions

In the present study, Ag-MoS, hybrid materials with excellent
POD-like catalytic activity were obtained by in situ growth of
noble metal Ag nanoparticles on MoS, nanosheets via a simple
and convenient self-reduction method. Compared with MoS,
nanozyme alone, the hybrid materials have higher POD catalytic
activity due to synergy of metal co-catalysis and enhancement of
electron transfer effect, and thus can be used for more sensitive
colorimetric analysis. Since the competitive inhibition of POD-
like activity by different biothiols on the metal-hybridized
materials varies at different pH, the novel sensor array
requires only one probe material for the colorimetric identifi-
cation of three typical biothiols and their binary or ternary
mixtures. Meanwhile, the sensor array also showed excellent
discrimination ability in complex biological samples such as
serum and cells. In conclusion, this work not only provides
a simple and sensitive method for the differentiation of bio-
thiols, but also broadens the application of nanozymes in
colorimetric sensor arrays. Considering the simple synthesis
and excellent catalytic activity of Ag-MoS,, we believe that Ag-
MoS,-based colorimetric sensor arrays can combine more
diversified sensing mechanisms and more ingenious designs to
provide satisfactory analytical results for a wide range of diverse
targets in the future, which will promote the analytical appli-
cation of nanozymes in practical clinical samples.
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