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Gallic acid (GA), an important phenolic component, is gaining popularity due to its biological and industrial
applications. However, its rapid expansion can be hazardous, causing cancer and gene damage, making the
design of a low-cost and fast GA sensor difficult. We used a single-step hydrothermal approach to synthesize
MoS; nanoparticles for colorimetric detection of GA. The nanoparticles were analyzed using techniques like;

Food

Eg(\)/ironment UV-Vis spectroscopy, FT-IR spectroscopy, SEM, EDX and XRD. The optimization of key parameters such as MoSy
DET concentration (2.0 mg), temperature (30 °C), and pH (7) resulted in a limit of detection (LOD) of 0.125 x 10°°M
MoS, with a dynamic range of 0.5 to 36 x 10~® M. MoS, nanoflowers performed as nanozymes in the filter paper-based

sensor, catalyzing 3, 3, 5, 5-tetramethylbenzidine (TMB) oxidation, while GA acted as an inhibitor to prevent
further reaction progression. The detection was made feasible through capturing an image support by an ordi-
nary smartphone and the steady-state kinetic study validated MoS, nanoflowers’ affinity for sensing HyO3. The
sensor performed well in real-world samples such as diet tea, green tea, water, blood serum, and urine, with
recovery rates ranging from 93.2 % to 102.1 %. Density functional theory calculations were applied to provide an
insight into GA-MoSy binding interactions and changes in electronic properties. With all of these merits, we
believe MoS; nanoparticles can provide low-cost and portable filter paper-based strips as a sensing platform for

visual assessment of GA.

1. Introduction

Gallic acid (GA) is a benzoic acid that occurs naturally in phenolic
compounds such as green tea, banana leaves, black rice, and blueberries.
It is widely utilized in a variety of key industries such as pharmaceuti-
cals, foods, cosmetics, lipids, oils, ink, dye, and so on [1]. GA has
excellent antioxidant capabilities and is also antiviral, antiradical,
antibacterial, antimutagenic, anticancer, anti-inflammatory, and car-
diovascular protective [2]. It has been implicated in the reduction of
mitochondrial dysfunction and has a substantial neuroprotective
consequence on cerebral ischemia. Aside from medicine, GA plays an
essential role in a variety of critical industries, such as serving as a
preservation agent in food and drinks owing to its aptitude to capture
free radicals [3]. However, in addition to its vital applications, its
quantification is very important to control the quality of GA-based
medications and other health-care products. Its long term intake in
vivo by the human is very toxic even at low concentrations due to its poor
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biodegradability nature in water. Rising levels of GA due to regular
intake in the body can cause cancer, disrupt DNA sequences, and cause
other major concerns. Along with it carcinogenic effect, the recent study
also reported that the GA produces the reactive oxygen species (ROS)
which induces apoptosis the cultures of cancer cells [4].

As a result, there is an immense demand for an effective and selec-
tively valid analytical instrument that can quickly assess the GA in a real
medium. Several traditional analytical approaches are being used for its
detection, including high-performance liquid chromatography (HPLC)
[5], spectrophotometry [6], flow injection analysis [7]. MnO,-based
POD was a platform used before for the spectrophotometric valuation of
antioxidant behaviors of natural antioxidants. Antioxidants are re-
ductants that can eliminate the active oxygen species or the free radicals
produced in organisms [8]. These techniques are very selective, but they
have some major constraints, such as trained personnel, extensive pro-
cedures, and expensive equipment. On the contrary, colorimetric
sensing techniques are presently regarded as the most appropriate and
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effective tools due to several of their distinctive leads such as low cost,
great selectivity and sensitivity, simple setup and fast measurement
time. In comparison to other sensing techniques, the filter paper-based
colorimetric assay has the benefit of allowing detection to be observed
with the naked eye by changing the color. Color signaling is a preferred
option in traditional visual sensing owing to its simplicity and broad
applicability [9].

Colorimetric detection has recently been widely used for the expo-
sure of a variety of important analytes, including DNA, proteins, heavy
metals [10], oxalate [11] and others. Most of the currently known
colorimetric methods for GA detection use peroxidase enzymes to
catalyze the appropriate enzymatic chromogenic substrate (TMB) for the
formation of a blue signal product.

In the domain of colorimetric sensing, the practice of nanoparticles
as a substitute for natural enzymes for catalyzing diverse reactions has
sparked considerable attention in recent years. This is because inherent
limitations associated with natural enzymes, such as their high cost, low
stability, and struggle in bulk manufacturing, hinders their advancement
in applications [12].

There are widely used applications of natural enzymes in the fields of
medical sciences, environmental control, fermentation industries, and
synthesis biology because of their excellent catalytic activities. Beside of
their broad applications, several serious limitations including difficulty
in recycling, high cost and minimum stability suppress their uses. To get
around these issues, the enzyme mimic takes their place [13]. Nano-
zymes, which are based on nanomaterials that mimic the functions of
enzymes, have sparked a great deal of interest in research due to their
excellent biocompatibility, adaptability, chemical stability, and enzyme
activities. They are also widely used as antibacterial agents in a variety
of therapeutic contexts and for biosensing applications. Among these are
enzyme mimicking nanostructures or composites based on transition
metals such as MoS;, Co-MoS; and Co304 performing enzyme mimic
behavior’s [14]. Numerous enzyme mimetics have been synthesized
based on different nanoparticles, like gold (Au), platinum (Pt), metal
oxides, including iron oxide (Fe3O4), magnetized nanocomposite of
Pinus [15], cerium oxide (CeO,) [16], carbon-based nanomaterials like
fullerenes and carbon dots [17], which have good peroxidase-like
properties. Compared to horseradish peroxidase (HRP), these peroxi-
dase mimics are extremely essential due to lower prices, greater design
freedom, and improved chemical stability. Molybdenum disulfide and
graphene (oxide) have been mentioned among these peroxidase mimics
owing to their good peroxidase mimic properties [18].

The class of metal oxides has many uses in gas-related sensors in the
current decade because of some of its appealing characteristics, such as
good sensitivity, simple structure, and great flexibility. However, a few
significant drawbacks, such as high power consumption and operating
temperature, restrict the applications that may be used with it [19].
MoS,, a two-dimensional (2D) layered transition metal dichalcogenides
material with special optical, electrical, and mechanical properties
similar to graphene, has been gaining prominence recently [20]. MoS;
has engrossed attention due to its exceptional physical features, partic-
ularly its complimentary electrical behavior, and its widespread use in
transistors, sensors, optoelectronics, and electroluminescent devices
[21]. MoS; has been extensively studied in sensing applications like; Lin
et al. described the naked eye glucose detection by means of MoS;
nanoparticles [22]. Wang and colleagues reported work on nano-
composite of 3D graphene/Fe3O4 with good nanozyme action for
glucose sensing [23]. Despite substantial developments in nano-
structured artificial enzymes, there is still a demand for cost-effective,
stable peroxidase mimics with quick and high catalytic performance,
particularly in real-world environments.

Theoretical studies, on the other hand, when supplemented with
experimentation methodologies, can provide insight into the interaction
between the material and the desired analyte. Density functional theory
(DFT) calculations offer theoretical insight into sensing mechanisms by
calculating the electronic structure and energy of the system, including
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the analyte and sensor material. DFT can reveal a sensor’s properties
while decreasing the amount of material and nanopowder required for
the experiment. Tang synthesized a nanocomposite on the basis of
transition metal-doped MoS, by following solvothermal route, by
applying DFT calculation with their experiments, it was concluded that
the sensor have a fast recovery time/response time, excellent stability,
and maximum response value to NO, [24]. Zhang et al. established their
sensing mechanism and the impact of various crystal planes on the
detection properties of ammonia by using the DFT calculations [25]. Liu
et al. with the help DFT calculation explored the adsorption of byproduct
resulting from the decomposition of SFg on WSey (with TM replacement
and atoms) modified on transition metals (Ag, Pt, Pd, Rh and Ru) [26].
The density of states (DOS) analysis illustrates how the electronic states
are perturbed by the interaction of the analyte with the substrate,
allowing for understanding the strength of the interaction and esti-
mating recovery time.

To solve the aforementioned constraints, the current study was car-
ried out, which was based on 2D-nanoparticles of MoS; as a visual paper
strip platform for the rapid detection of GA. Therefore, a new applica-
tion of MoS, nanoflowers for the detection of GA in food and clinical
samples has been proposed, validating its potential for direct visual food
quality monitoring. To strengthen the computational conclusions, we
also integrated experimental data with computing results from density
functional theory in our work. This new study domain provides a
fascinating path for figuring out the complexities of GA’s interaction
with colorimetric sensor devices, potentially yielding novel insights into
the optical responses induced by such interactions.

Following a single-step hydrothermal synthesis technique, charac-
terization studies such as UV-Vis spectroscopy, fourier-transform
infrared spectroscopy (FT-IR), scanning electron microscope (SEM),
energy dispersive X-ray (EDX) and X-Ray diffraction (XRD) were con-
ducted. Several factors, including concentration (material and TMB),
temperature, and pH, were optimized. Besides, selectivity and sensi-
tivity tests were carried out in order to determine the figure of merits.
Kinetic elucidations were also carried out, and the mechanism was
thoroughly defined. DFT calculations were performed to gain insight
into the binding interactions of GA with MoSs, as well as fluctuations in
electronic characteristics. Real-world applications were successfully
carried out to test the proposed sensor’s direct onsite monitoring capa-
bility and portability.

2. Materials and methods
2.1. Chemicals and reagents

Ammonium molybdate ((NH4)¢Mo7024) (99.98 %) and thiourea
(CH4N5S) (99 %) were purchased from DAEJUNG, 3,3,5,5-tetrame-
thylbenzidine (TMB) (99.6 %), ethanol (96 %), sodium alginate
(CgH7NaOg), (>99 %), maltose (C12H22011) =99.0 %, L-alanine
(C3H7NO2) (99 %), glycine (CoHsNO3) (99 %), dopamine (CgHy1NO3)
(>98 %), pyrocatechol (CcHgO2) (>99 %), uric acid (CsH4N403), citric
acid (CgHgO7) (>99.5 %), hydrogen peroxide (H205) (30.1 %), ascorbic
acid (C¢HgOg) besides sodium hydroxide (NaOH) (>99 % purity) were
obtained from Sigma Aldrich. Diet tea and green tea were bought at a
local market in Abbottabad, Pakistan, and urine and blood samples were
acquired from a regional medical laboratory Abbottabad, Pakistan.
Distilled water (DW) was used to make all of the solutions in this study.

2.2. Instrumentations and characterization techniques

An electronic balance from K. Roy (Model number 108), a magnetic
stirrer/hot plate from Abron Exports (Model number MSWHP), and a pH
meter (Starter 3100, OHAUS) were used for weighing, stirring, and
adjusting of pH. The synthesized material was characterized consuming
a variety of appropriate analytical techniques, including a UV-visible
spectrophotometer ((Specord 200+ of Analytik Gena’s, serial no.
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Fig. 1. Graphical illustration for the synthesis of MoS, nanoflowers and strategy of GA detection.

223E2003C, Germany)) in the wavelength range of 200 - 800 nm,
scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
(JSM5910, JEOL, Japan) was used to identify the external structure and
elemental conformation of the synthesized material, and XRD (JDX
3532, JEOL, Japan) was used to assess the crystal size of the applied
material in 20 ranges of 10-80° and 20-40 kV, while Fourier transform
infrared spectroscope (FT-IR) (Shimadzu FTIR-8400S Spectrum) was
uied to find out functional groups of the MOS; (range =3000 to 500 cm
-1y,
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2.3. Software/Statistical analysis

The RGB values were calculated using Image J software by taking
averages. For the graphs, Origin software (version 2022) was used, Xpert
High Score Plus (PAN analytical version 3.0) was applied for plotting of
XRD data, and End Note X8.0.2 was used for article citation. The filter
paper images were captured using a Tecno with a 16-megapixel depth
sensor, which was ideal for producing high-quality images.
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Scheme 1. Mechanism of GA detection based on the catalytic impact of MoS; nanoflowers.
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Fig. 2. (a) UV- Visible absorption spectrum of MoS, nanoflowers, (b) SEM image of MoS, nanoflowers at 10 pum, (c) 200 um, (d) EDX spectrum of MoS, nanoflowers.

2.4. Hydrothermal synthesis of molybdenum disulphide (MoS2)

MoS; nanoparticles were synthesized using a simple and single-stage
hydrothermal method [27], as shown in Fig. 1. Briefly, 0.8 g of
(NH4)6Mo070424 and 5.12 g of CH4N2S were dissolved in 80 mL of DI
water with constant stirring to generate a clear solution. The produced
solution was then shifted to an autoclave and heated at 200 °C for 16 h.
The resulting black precipitates were sprinkled several times with 70 %
CoHsOH before drying in an oven at 70 °C for 12 h. Finally, the
blackish-colored MoS, nano-powder was collected and applied for the
desired work.

2.5. Fabrication of a colorimetric sensor and mechanism of the MoSz
nanoflowers in an HzO2-TMB system

A petri dish containing 0.3 g/6 mL of sol-gel and 3 mg of MoS,
nanopowder was used to fabricate a colorimetric sensor on the surface of
filter paper. In brief, a nanoparticle and sodium alginate gel mixture was
poured onto the surface of a 0.6 mm diameter filter paper. The proposed
colorimetric sensor based on filter paper was utilized to track and
monitor GA using portable colorimetric assays. A colorimetric reaction
with TMB as the chromogenic substrate was used to determine MoSy’s
peroxidase-like activity.

To start with, the influence of temperature, material, pH, and Hy05
concentrations on MoS; peroxidase-like activity was examined in order
to find the best operating settings for the MoS; sensing system. For color
quantification and intensity measurements, a high-resolution smart-
phone camera was set up at a distance of 10 cm from each filter paper.
Image J software with three different colors (blue, green, and red) was
used to evaluate the output signal of each filter paper in order to analyze
color intensity. It was used because its simplicity and support for dis-
playing images via PC and LCDs, and these analyses were performed
based on image color intensity. Based on the analysis software results for
the acquired filter paper images, a calibration curve was generated that
reflects the colorimetric illustration of the proposed sensor platform.

Scheme 1 demonstrated the catalytic process of MoS; nanoflowers,
the HyO, molecules were initially adsorbed on the surface of MoS,
nanoflowers, where the Mo*t center immediately activated them to

create highly reactive hydroxyl species (¢OH). TMB was then oxidized
by the hydroxyl species, yielding an oxidized TMB (ox-TMB) [28].
Furthermore, the configuration of MoS; nanoparticles improved the
specific surface area, which made it ideal for the enrichment of HO, and
TMB onto its surface. Additionally, the MoS; nanoflowers displayed high
peroxidase-like activity in the manifestation of HyO, via accelerating
TMB oxidation, as evidenced by the appearance of a blue color from a
colorless one when observed with the naked eye. The antioxidant GA
induced two electrons for the conversion of ox-TMB to TMB, resulting in
the solution’s blue hue fading.

In order to further understand the reaction mechanism, the literature
reported about the electronic spin resonance (ESR) measurement tech-
niques for the further explanation of the oxidase-like activity. The MoS,
catalytic mechanism may be considered as the participation of reactive
oxygen species (ROS) produced during the reaction process by the
activation of oxygen (O-) species. The oxygen vacancies (h+), hydroxyl
radicals (e¢OH), singlet oxygen (102) and superoxide anions (Oy ™) are
individually collected by the sacrificial agents including EDTA, BQ,
NANj3 and TBA. After the introduction of HyO», the applied TMB become
oxidized owing to the production of e¢OH ions. When Hy0y came in
contact to MoS; nanoflowers, the p-orbital electron of the O atom in the
H20, migrated to the d-orbital of the Mo atom, leading the interaction
among the MoS; and the applied HyO,. Now, the Oy was excluded from
the reaction system and the further production of Oy~ and 10, became
disturbed. As the result, the peroxidase-mimic activities of the applied
MoS; nanomaterials became enhanced owing by eOH ions which was
generated in the presence of Hy0,. Taking together, following the tar-
geted suppression of oxidase-like activity through the addition of EDTA,
the MoS, nanoflowers acted as outstanding and specific peroxidase
mimics by catalyzing the ¢OH ions during the reaction [29-31].

2.6. Computational methodology

The density functional calculations for geometric relaxation and
electronic properties were performed by Quantum Espresso code. The
general gradient approximation (GGA) method with Perdew-Burke
Ernzerhof (PBE) parameterization was employed to approximate elec-
tron exchange-correlation functional. Geometry optimization and elec-
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Fig. 3. (a) XRD spectrum of MoS, nanoflowers, (b) FT-IR spectrum of MoS, nanoflowers.

tronic properties of analytes and complex were carried out at cutoff
energy of 500 eV. The long-range van der Waals interactions among GA
and MoS; surface were explained by Grimme DFT-D2 method. We used a
4 x 4 x 1 supercell for adsorption of GA. The vacuum of 25 A was kept in
z direction to avoid interaction between periodic sections. To obtain
accurate results, convergence threshold of 10> along with convergence
forces of 0.002 eV/ A was utilized. In addition, self-consistent field (SCF)
was set to 107° eV. The adsorption energy of GA on MoS, was calculated
by the following Eq. (1).

E

ads=Egaamos, - (EMos, +Ega) 1

Here, Eads, Ecaamos,> Emos,» Ega are adsorption energy, energy of
GA@MoS; complex, and energy of GA, respectively.

3. Results and discussion
3.1. UV-Visible spectroscopic analysis

UV-Vis spectroscopy is regarded as a highly reliable and practical
primary characterization tool for monitoring and determining the sta-
bility of synthesized nanoparticles. MoS; nanoparticles possess distinct
optical characteristics that allow them to interact strongly with specific
wavelengths of light. Particle size, chemical environment, and dielectric
media all have a substantial effect on the absorption of MoS; nano-
particles. The UV-Vis spectrum of MoSy was measured at room tem-
perature in the range of 200 to 800 nm, as revealed in Fig. 2(a). The
absorption spectrum for MoS; nanoparticles was found at 218 nm,
which was nearly identical to earlier research [32].

3.2. SEM/EDX analysis

Fig. 2 (b-c) depicts the surface morphology of the synthesized MoS,
nanoparticles and it was observed that the particles were spherical in
structure, had a flower-like appearance, and were highly porous in na-
ture. The nanoflowers were arranged in layers of petals, which increased
the active surface area and proved highly useful during the detection of
the targeted analyte. The flower-like morphology was obviously
responsible for providing extra active binding sites, allowing an accu-
mulation of electrons that were easily transferred during the reaction to
boost optical activity and electrical conductivity. The EDX spectrum of
the elemental analysis for the MoS;, nanoflowers, as shown in Fig. 2(d),
readily demonstrated the occurrence of Molybdenum (Mo) and Sulphur
(S). Without identifying contaminants, the elemental percentages of Mo
and S in the nanoflowers were 50.8 % and 28 %, while Oxygen (O) of
21.2 %, respectively.

Table 1
Comparison of Vax and Ky amongst MoS, nanoflowers and former catalysts.

Catalyst Substrate Ky (mM)  Viox (1078 Ms™!)  Refs.
HRP TMB 0.434 10 [34]
H,0, 3.7 8.71
MoS,-Pt74Ag26 TMB 0.386 3.22 [35]
H,0, 25.71 7.29
MoS,@CNNS TMB 0.117 3.03 [36]
Hy02 0.602 3.15
CTAB-MoS, TMB 6.92 4.54 [371
H,0, 0.022 0.223
MoS, nanoflowers TMB 0.892 3.44 Current work

Hy04 0.13 2.98

3.3. XRD and FTIR analysis

Fig. 3(a) describes the spectrum of XRD data of MoS; nanoparticles
between 10° and 80° The diffraction peaks of MoS, were detected at
14.28°, 29.2°, 32.5°, 36.5°, 50.52°, and 59.3°, respectively, and were
indexed with the crystal planes of (002), (004), (101), (102), (105) and
(110). They are assigned to the nanostructure using JCPDS reference no.
037-1492. Debye-Scherrer’s Eq. (2) was used to calculate the crystallite
size of the MoSy nanoparticles, which was calculated to be 28 nm and
therefore proven to be in the nanosized range.

D = K& / pCoso (2

Here, D represents crystal size, K is the Scherrer constant (0.98),
signifies wavelength, and B denotes full width at half maximum.

The FT-IR spectrum of MoS; nanoparticles was noted in the range
4000 to 500 cm ! to recognize the functional groups and chemical in-
teractions present in MoS,, as demonstrated in Fig. 3(b). The stretching
vibrations for the S-S bond were attributed to the absorption band at 904
em™}, and the bands obtained at 1388 and 1630 cm ™! were associated
with Mo-O and S-S vibrations. At maximum wavenumber, the stretching
of the O—H band centered at 3412 cm™! [33].

3.4. Steady state kinetics of MoS, nanoflowers

By using steady-state kinetics, the peroxidase-like catalytic activity
of MoS; nanoflowers was investigated further. The kinetic study was
calculated using the Michaelis-Menten Eq. (3);

V.= Vmax X [S]/KM(+[S]) (3)

The curves for Michaelis-Menten were calculated by changing the
amount of TMB or HyO, though keeping the other constant. The
Lineweaver-Burk plot was then used to calculate the highest initial ve-
locity Viax and Michaelis-Menten constant Ky. Ky is a significant factor



A. Khan et al.

4.0

Velodty 108 Mms!
- -
2 i

»
n

2.0
0 2 4 6 8 10
H3 O3 Concentration (mM)
0.4
(©
n
=
© 03
=
=
g
d
<
=02
0 2 4 6 8 10

1/H203 concentration (mM1)

Applied Surface Science Advances 20 (2024) 100581

12 (b)

P

- 8

o

(=2

F-4

°

z

P

0.0 0.2 04 0.6 0.8 1.0
TMB concentration (mM)
0.354 (d)

@

= 0.304
@«

o

=2

2z

T 0.259

z

=

0.204
0 2 4 6 8 10
1/TMB Concentration (mM)

Fig. 4. Steady-state kinetic assay of MoS, nanoflowers: (a, b) 2 mM TMB with various amount of H,05, (¢, d) 5.0 mM H,0, with various concentrations of TMB.

()

1304

1204

-
-
o

Color Intensity
H

H

130

120

-
-
o

g

Color Intensity

@ &
10 20 30 40

Temperature (°C)

50 60

1304 (b) /{/
120 4
f4 1
Ello.
=
5
E1001
5]
904
LXK X X X |
0.5 1.0 15 20 25 30
Concentration (mg)
130
(@
120
%‘110
£
Z100
s
=
© 90
80 Y
e 000
2 4 6 8 10
H20; Concentration (mM)

Fig. 5. The effect of (a) pH, (b) Concentration of MoS, nanoflowers, (c) Temperature, (d) Concentration of H;O, on peroxidase-like activity.

that represents the affinity of an enzyme for its substrates, and 5] is the
substrate concentration (TMB or Hy05) [28].

The Michaelis-Menten constant values for H,O, and TMB were
calculated to be as low as 0.13 and 0.829, respectively, indicating that
the MoS; nanoflowers have a higher affinity for the substrate. Table 1
depicts previously reported literature; the V;,.x value for the suggested
sensing platform was greater than earlier work. The kinetic assay of
MoS, nanoflowers is presented in Fig. 4, and it is clear that MoS;
nanoflowers demonstrated strong catalytic activities in the presence of

H0,, leading us to conclude that MoS; nanoflowers could be a prom-
ising choice for GA colorimetric detection due to their peroxidase-like
capabilities. According to Table 1, MoSy nanoflowers with HyO5 as
substrate had a lower apparent Ky, than the well-known HRP (natural
enzyme), MoS>-Pt74Ags6, and other MoS,-based nanozymes, indicating
that MoS; nanoflowers have the highest binding affinity towards HyO».
In contrast, the evident Ky value of MoS; using TMB as a substrate was
greater than that of MoSy@CNNS, HRP and MoS;,-Pt74Ag26.
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3.5. Optimization studies

To determine the best ideal conditions for GA detection, many
essential optimization parameters such as pH (1-12), reaction temper-
ature (10 to 60 °C), and dosage of MoS; nanoparticles (0.5-3 mg) were
examined. In the existence of HyO», a typical chromogenic TMB reaction
was carried out, which was catalyzed by MoS; nanoflowers and resulted
in the conversion of colorless TMB to blue ox-TMB, as expected and
observed with the naked eye. As a control, the individual reaction be-
tween TMB and H,0, showed little response, but the addition of MoS;
nanoflowers further enhanced the reaction owing to its strong
peroxidase-like behavior. Fig. 5(a) demonstrated that by increasing the
pH, the color intensity increased up to pH 7 and then steadily decreased;
at pH 12, no activity was observed; thus, pH 7 was chosen as an optimal
pH, indicating the possibility of TMB oxidation under normal conditions
and potentially facilitating MoS; catalyzed HyO2 breakdown into radi-
cals. The Fig. 5(a) showed, that the MoS; nanoflowers have a high cat-
alytic activity in an extensive scale of pH (4.0-7.8), which was far-
reaching than that of already testified peroxidase mimetics like; MIL-
53(Fe) [38], TiO, nanotubes [39], FesO4 NPs [34] and ZnFe;O4 NPs
[40].

Fig. 5(b,d) presents the effect of concentration of MoS; nanoflowers
and H,0; on peroxidase-like behavior; as per the concentration of MoS;
nanoflowers and HyO; concentration amplified, the color intensity rose
as well, and after a certain limit, its concentration tended towards
saturation. As a result, the optimal dosage of MoS, nanoflowers and
H20, on peroxidase-like activity was found to be 2 mg and 6 mM
respectively for GA detection, which was selected for subsequent
studies.

Six filter sheets were stored at different temperatures (10, 20, 30, 40,
50, and 60°) for the detection of GA at optimal conditions. After thor-
ough consideration at various intervals of time, the sensor at 30 °C was
determined to be the most effective and ideal for ongoing study, as
shown in Fig. 5(c).

Table 2
Comparison of the present work with the already-testified sensors for the
detection of GA.

Sr.No  Materials Linear range (uM)  LOD (107 ®*M)  Refs.

1 “TNrGO 10-100 3.1 [41]

2 "SPCE/PME. 1-1000 0.21 [42]

3 ‘NiO—OMC 0.2-10 0.112 [9]

4 4APLE 0.49-24.3 0.25 [43]

5 MoS, 0.5-36 0.125 Present
nanoflowers work

@ Titanium nitride doped reduced graphene oxide. bScreen-printed carbon
electrode. “Nickel assembled at ordered mesoporous carbon. Activated pencil
lead electrode.

3.6. Calibration plot and sensitivity analysis for the detection of GA

GA is a type of phenolic compound that acts as a potent antioxidant
and because of its reducibility; GA can change the color of 0x-TMB from
blue to colorless (Fig. 1). Under ideal conditions, in the presence of TMB
and Hy0,, GA was detected using MoS; nanoflowers as peroxidase-like
mimics. As snatched in Fig. 6(a), the signal response of ox-TMB
steadily decreased as the amount of GA increased. Furthermore, as
seen with the naked eye, the equivalent color slowly transformed from
deep blue to colorless. The limit of detection (LOD) for GA was deter-
mined in the range of 0.5-36 pM and was calculated to be as low as
0.125 x 107° M (S/N = 3) using the following formula:

LOD = 3.3 SD/Slop “@

This detection limit was determined using the RGB model and did not
correlate to the visual detection limit. With a correlation coefficient (R?)
of 0.993, the linear curve exhibited an appealing linear relationship. The
RGB values of each concentration were calculated using an RGB color
model. In comparison to previous GA sensing techniques (Table 2), the
proposed colorimetric method platform was very acceptable in terms of
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Fig. 7. (a) Top and side view of 4 x 4 x 1 supercell of MoS, and GA@MoS, complex, (b) Band structures of MoS; and GA@MoS, complexes.

low cost, direct visual dimensions, and low detection limit.

3.7. Selectivity and stability

The effect of some amino acids and other compounds on GA detec-
tion was investigated to determine the effect of possible interferants
such as glucose, maltose, L-alanine, glycine, dopamine, catechol, uric
acid, citric acid and ascorbic acid with concentration of 10 pM solution
of each under already optimized conditions. As indicated in Fig. 6(b),
the only colorless solution was obtained for GA which was applied in the
concentration of 10 uM solution. As a result, it was demonstrated that
the suggested sensing platform was greatly selective and well-suited for
the rapid determination of GA in the presence of multiple other analytes
and could be devised for measuring GA on the spot.

The stability of the developed sensor was observed by the changes in
the intensity of the color in response of MoS; nanoparticles to GA under
optimized conditions after the storage of 20 days at room temperature.
As a result, it may be noted that negligible or very small change was
observed in performance of the proposed sensor Fig. 6(c). Therefore, the
proposed paper based colorimetric detection assay towards the targeted
analyte using MoS; nanoparticles have reasonable and better stability as
compared to other reported work [44] with RSD value less than 5 %.

3.8. Computational analysis

In the current study, we used a 4 x 4 x 1 supercell of MoS; as sensor

surface for detection of GA with lattice constant of 12.76 A. The bond
length between Mo-S observed was 2.4 A, while S-S bond length was 3.1
i\, which was consistent with prior studies [45]. The adsorption of GA
over MoS; was tested through several orientations in order to obtain a
stable GA@MoS; complex. Each time, we obtained approximately the
same orientation, where GA being absorbed in a parallel orientation
over MoS,. In parallel adsorption, the maximum number of GA atoms
interacted with S-atoms of MoS; (Fig. 7(a)). The adsorption distance of
3.5 A was observed between atoms of GA and the S-atoms of MoS,
surface. However, the adsorption energy for GA@MoS; complex
was-0.86 eV. The values of adsorption energy and adsorption distance
revealed the physisorption of GA over MoS,.

3.9. Electronic properties

The selectivity and sensitivity of GA by MoS; was evaluated by band
analysis. The band structures of MoS; and GA@MoS; complex are pre-
sented in the Fig. 7(b). For bare of 4 x 4 x 1 supercell of MoS,, the
values of conduction band maximum and valence band minimum (VBM)
were 0.76 eV and -0.82 eV with band gap energy of 1.59 eV (Table 3).
This showed that MoS; is direct band semiconductor, which was com-
parable to previous studies [46]. The adsorption of GA brought potential
decreases in energies of VBM (—0.79 eV) and CBM (0.69 eV) with band
energy gap of 1.48 eV compared to bare MoS; (1.59 eV). In addition,
changes in band structures were also noted before and after adsorption
of GA over MoS,. These findings displayed that adsorption of GA over
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Table 3
The energies of valance band maximum (eV), conduction band minimum (eV)
and band energy gap.

Complex Valance band (eV) Conduction band (eV) Band energy gap (eV)
MoS, —0.82 0.76 1.59
GA@MoS,  —0.79 0.69 1.48

Table 4

Real time application of proposed sensor for GA detection.

Samples GA spiked (uM) GA found (pM) Relative% recovery
Blood serum 5 4.94 98.4 +£0.2
10 9.51 95.1 +£0.3
15 14.33 95.5 + 0.4
Urine 5 4.76 95.2+0.3
10 9.32 93.2+0.2
15 14.29 95.2 +£ 0.3
Tap water 5 4.79 95.8 + 0.3
10 9.52 95.2 +£ 0.4
15 14.44 96.2 + 0.2
Green tea 5 5.09 100.8 + 0.3
10 10.21 102.1 + 0.4
15 15.14 100.9 + 0.3
Diet tea 5 5.03 100.6 + 0.2
10 10.11 101.1 +£0.3
15 15.23 101.53 £ 0.2

MoS; resulted in a significant increase in conductivity of GA@MoS;
complex compared to bare MoS,. Thus, it is concluded that MoS; can act
as potential sensor for the detection of GA.

3.10. Real sample analysis

To test the capability and reliability of the proposed sensing platform
in complex real-world media, biological samples (blood serum and
urine), food samples (green tea and diet tea), and environmental sam-
ples were used. The proposed sensing platform responded to GA effi-
ciently in the spiked samples. The percentage recoveries were found to
be in the 93.2-102.1 % range. The results in Table 4 confirmed the
sensor’s reliability and suggested the idea of a portable device for one-
to-one care in biological and environmental applications.

4. Conclusion

In the current study, we successfully developed a colorimetric
detection method based on MoS; nanoparticles acting as nanozymes for
sensitive and selective measurement of GA. The as-synthesized material
was characterized using a number of analytical techniques that properly
supported the detection approach. During the detection process, MoSy
nanoflowers performed as a peroxidase-like nanozyme, whereas GA
acted as a reducer, inhibiting the system’s color change. Under optimal
conditions of pH, temperature, MoS,, and Hy02 concentrations, the
proposed platform displayed a very low limit of detection across a wider
range. Furthermore, the suggested GA sensor displayed exceptional anti-
interference capabilities in the presence of a variety of strong interfering
species and great stability aswell. Calculations using density functional
theory at the PBE functional of GGA revealed that GA was physiosorbed
on MoS; with interaction energy of 0.86 eV. The band gap research
indicated that following GA adsorption on MoSy, the band gap reduced
to 1.48 eV compared to 1.59 eV for the bare MoS, surface. It was
determined that by quenching the peroxidase-like action of MoS;
nanoflowers, a highly accurate, selective, and sensitive colorimetric GA
sensing approach could be exploited. The proposed sensor has a high
potential for portability for onsite GA detection, as reflected by its real-
world application in complex media.
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