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ABSTRACT

The defect engineering makes the new concepts and designs to further enhance the
electrocatalytic activity of layered structures. In this work, we demonstrated the synthesis of
Mn-doped MoSe, and reported the resultant defective sites. Subsequently, MnMoSe, was
developed as a new type of electrocatalyst for electrochemical biosensors. The formation of
defect/distortion and effective immobilization of myoglobin (Mb) were evidently confirmed by
using TEM and UV-vis spectroscopy analyses respectively. The result of EIS analysis reveals
that the Mn doping not only helps for enzyme immobilization and also enhances the electronic
conductivity of layered material. Due to the multiple signal amplification strategies, the
proposed Mb immobilized MnMoSe, (Mb@MnMoSe,) exhibited an ultra-low detection limit
(0.004 uM) and higher sensitivity (222.78 uA puM-! cm?) of H,O,. In real sample analysis, the
Mb@MnMoSe, showed a feasible recovery range of H,O, detection in human serum (95.6-
102.1%), urine (101.2-102.3%) and rain water (100.7-102.1%) samples. On the other hand, an
in-vivo study by using HaCaT (7.1*10%/mL) and RAW 264.7 (1*10%mL) living cells showed
the feasible current responses of 0.096 and 0.085 pA. Finally, the Mn doping gives a new
opportunity to fabricate a promising electrocatalyst for H,O, bio-sensing.

Keywords: Molybdenum diselenides, Defect, Manganese, Hydrogen peroxide, Biosensor, In-
vitro study, and In-vivo study.

1. INTRODUCTION

Hydrogen peroxide (H,O;) has been used in various fields such as pharmaceutical, industrial,
fuel cell, and environmental protection'. H,O, is naturally generating in human and animals as
a short-term indicator of severity. It plays an important role in the activation of immune cells,
apoptosis, and vascular remodeling?. High level of H,O, production in human system induces
the cytotoxic effects leading to cell damage associated with various cell diseases such as

alzheimer’s, disorder of central nervous system, cardiovascular, and tumor diseases. To avoid
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such severe problems, an ultra-low detection of H,O, is considered as an essential process.
Various techniques such as mass spectrophotometry?, chemiluminescence?, colorimetric’,
fluorescence®, and electrochemical sensor technique have been developed for H,O, detection’.
Among them, an electrochemical sensor is considered as most preferable due to easy electrode
fabrication, require lower power, low cost, highly sensitive and selective sensing of target
analytes®. Alternatively, the conventional methods are taking more time to sample preparation,
require long time incubation process, number of sample pretreatment steps and require higher
power for experiment. The electrochemical sensors excellently convert the electrochemical
interaction between active electrode materials and target analyte into the detectable electrical
signal®!3. Over the past decades, the development of biosensors based on the biomolecules,
such as DNA and metalloproteinase/redox enzymes are most widely interested. The
metalloproteinase belongs to the heme protein family containing iron core as a prosthetic group
which undergoes electrochemical oxidation/reduction reaction over a wide range of potential.
One of the most studied metalloproteinase/enzyme is Mb for sensing of H,O,. Mb is a
cytoplasmic heme protein consists of a single polypeptide chain of amino acids and found in
skeletal muscle. Mb contains iron core as a prosthetic group and positioned in between two
histidine amino acids. The main physiological function of myoglobin is oxygen storage to
enhance the rate of oxygen diffusion'4. The unique electrochemical properties of Mb make them
useful for the biosensing of target molecules. More evidently, S. Alim et al. proved a direct
electron transfer of Mb based hydrogen peroxide (H,0,) sensor with the help of SnO, nanofiber-
carbon nanotube nanocomposites'®. 4.T. Ezhil vilian et al. achieved a higher electron transfer
rate of H,O, at Mb-heme-Fe™/ (D immobilized Au-Pty-f-MWCNT electrode'®. However, still
the leaching and poor immobilization of enzyme are considered as the major reasons for
inhibition of efficient electron transfer between enzyme and electrode. In this regard, various

efforts have been made towards biosensor such as (i) use of redox mediator (i1) linkage of bio-
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conjugates and (3) amine modification. Although the application of redox mediator and linkage
of bio-conjugates successfully prevent the leaching of enzymes from the electrode surface, the
fabrication processes make some difficulties by following the multiple and complicated
procedures. Therefore, the new and simple approach has been required to enhance both the
entrapment of enzyme and direct electron transfer.

Recently, the layered molybdenum di-selenide (MoSe,) is considered as an analogy of
graphene, and a new type of layered materials for various applications such as energy storage
devices, electrochemical sensors, hydrogen evolution reactions, and dye-sensitized solar cells
applications!”?0. In general, MoSe, is existing in different crystal phases such as octahedral
(1T) and trigonal prismatic (2H). Among these two phases, the 1T phase of MoSe, exhibits
metallic and higher electrocatalytic activity than that of 2H phase?!. In order to multiple the
electrocatalytic activity of MoSe, layer, various engineering techniques have been developed
such as doping with metal or heteroatoms and integrate with the conductive carbon
nanomaterials. Especially, the metal doping introducing strain/defect on the basal plane surface
and increase the density of active sites. The presence of more active sites facilitates higher
electrocatalytic activity and charge transfer conductivity??. In addition, the existing of abundant
active sites and the defective basal plane can offer the suitable surface for effective entrapment
of Mb. For this new approach, Mn was chosen as an efficient dopant and successfully doped
into the MoSe, layer. Recently, Y. Liu et al. demonstrated the heterogeneous Mn?* incorporated
into a prismatic lattice of CoSe, and recorded the subtle atomic distortion and concluded the
relative enhancement in electrocatalytic activity?>. Moreover, the doping of Mn can show
several features such as (i) the introduction of defects on the basal plane and generate bound
excitons (ii) introduce local electronic states that affect electronic localized band structure?*.
More evidently, the Mn dopants bounded between d band structure of Mo and Se through d-d

spin coupling leads to the creation of Se vacancies?. The presence of Se vacancies activates
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the basal plane, through which both electrocatalytic activity and electronic conductivity have
been enhanced. Therefore, the defective sites on basal plane of a layered structure due to Mn
doping can provide the effective active sites for enzyme immobilization and reduced the

distance between the active center and electrode upon enzyme immobilization?®.

In this work, we successfully synthesized Mn-doped MoSe, with more defect/active sites for
effective Mb immobilization. Further, the prepared nanocomposite was developed as an
effective electrocatalyst for H,O, sensing. The recorded TEM analysis confirmed the formation
of defect/distortion on the basal plane of MnMoSe, and consequently, UV-vis spectra
confirmed the effective entrapment of Mb. The reported electrochemical studies such as cyclic
voltammetry and amperometry experiments evidently proved the excellent electrochemical
detection of H,O, at Mb@MnMoSe,/GCE, which is comparatively better than that of
MnMoSe,/GCE, MoSe,/GCE, and bare GCE. Thus, the proposed sensor exhibited a very low
limit of detection and higher sensitivity for H,O, sensing. In addition, both in-vitro and in-vivo
real sample analysis was performed by using human serum, urine, and rain water samples.
Herein, HaCaT (7.1*10%/mL) and RAW 264.7 (1*10%mL) living cells were used as the model
cell system for in-vivo analysis. Finally, the concentration of H,O, in-vitro and in-vivo studies

was clearly reported.

2. EXPERIMENT SECTION

2.1 Materials and reagents

The manganese (II) chloride (MnCl,-6H,0), sodium molybdate dihydrate (Na,MoO,:2H,0),
hydrazine hydrate solution (N,H, - xH,0), selenide powder (Se) and myoglobin (Mb) were
purchased from Sigma Aldrich. The electrochemical properties of the prepared samples were
tested by using the three-electrode system, whereas the phosphate buffer (pH 7, 0.05 M), glassy

carbon electrode, platinum (Pt), and Ag/AgCl were used as the working electrolyte, counter
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electrode, and reference electrode respectively. All the chemical reagents were of analytical

grade and used without any purification.

2.2. Hydrothermal synthesis of Mn-doped MoSe;

The proposed MnMoSe, nanosheets were prepared by using a hydrothermal method?’. In this
typical synthesis method, about 0.13 g of MnCl,-6H,0 (0.02M) and 0.16 g of Na,Mo0O,:2H,0
were dissolved in 20 ml of water followed by stirring under vigorous conditions for 15 min.
After that, about 0.11 g of Se powder was added to the above solution and kept for stirring up
to 30 min. To that mixture solution, 10 ml of N,H,4 - xH,O was added drop by drop to form the
black precipitate. Then the whole solution was kept under magnetic stirring for 2 h. finally, the
black precipitate was transferred into the 50 ml Teflon equipped autoclave and kept at 180 C
for 12 h in a hot air oven. After the reaction, the mixture solution was allowed to cool at room
temperature. Then the obtained precipitate was washed several times with water/ethanol and
dried in 45 °C for overnight.

2.3 Characterization techniques

The surface morphology of as-synthesized samples MnMoSe, were clearly observed by using
the field emission scanning electron microscope (FESEM: ZEISS Sigma 300 microscope). The
atomic distortion/defect of samples was recorded by using the transmission electron
microscopy (TEM: JEOL 2100F) analysis along with Fast Fourier Transform (FFT) pattern.
The crystallographic nature of the MnMoSe, was reported by using the X-ray diffraction
technique (XRD, XPERT-3 diffract meter with Cu K, radiation (K= 1.54 A)). The chemical
and electronic state of the as-prepared MnMoSe, was recorded by using X-ray photoelectron
spectroscopy (XPS: Thermo scientific multi-lab 2000). The absorption edge of Mb and
MnMoSe, was investigated by using UV spectroscopy (V-770 spectrometer). The
Electrochemical impedance spectroscopy (EIS, IM6ex ZAHNER impedance measurement
unit) was performed to analyze the interfacial charge transfer resistance (R.) between the
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modified electrode and working electrolyte. Consequently, the electrochemical performances
of Mb/MnMoSe,/GCE towards the electrochemical determination of H,O, were studied and
compared by using CV (CHI611A analyzer) and amperometric techniques. In all
electrochemical studies, the three-electrode electrochemical system was used, where the glassy
carbon electrode (GCE) was used as a working electrode, Ag/AgCl/Sat.KCl electrode was used
as a reference electrode, and a platinum wire was used as an auxiliary electrode. All of the
following electrochemical studies were performed at room temperature.

2.2. Fabrication of Mb immobilized MnMoSe, nanosheets

Initially, fresh Mb stock solution was prepared by dissolving 5 mg/ml of Mb at pH 7 and stored
in -4 C when not in use. For the fabrication process, 1 mg of MnMoSe, nanosheets was
dispersed in 1 mL of ethanol by using ultrasonication for 15 min. Then, about 6 pL MnMoSe,
suspension was drop coated on the surface of GCE and dried at ambient temperature. After
drying process, 6 uL. Mb solution was dropped on the MnMoSe, modified electrode and kept
for drying at room temperature. Then the Mb immobilized MnMoSe, nanosheets modified
electrodes were rinsed with DD water to remove the weakly bounded materials on GCE.
Finally, the Mb/MnMoSe,/GCE was used as an operational electrode in all electrochemical
experiments. For the comparison process, the other modified electrodes such as MoSe,/GCE,

and MnMoSe,/GCE were fabricated by following the same procedures.

3. RESULTS AND DISCUSSION

3.1. Characterization of MnMoSe; nanosheets

The structural characterization of MnMoSe, was performed by using TEM analysis. Figure. 1
(A-C) clearly shows the sheet-like structure of MnMoSe, with more fold on its surface. The
presence of defect due to Mn doping can be identified from Figure. 1D and then indicated by
the yellow dotted circle. Figure. 1 (E, F) shows the HRTEM image for the octahedral prismatic
atomic arrangement of MnMoSe, sheet with defective/distortion area (yellow dotted area),

7
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whereas formation of atomic distortion and the defect can evidently be identified. In addition,
the HRTEM images show the different domains which confirmed that the MnMoSe; layer have

more active edge sites. In general, the surface energy of edge sites is 2 order higher than that

of basal plane.

-
""

.....

...............

s Edge sites
Terrace site

SOIIS DALY

Distorted 1T phase

Figure. 1 (A-D) Different magnified TEM images, (E-F) HRTEM, (G) SAED pattern of MnMoSe,
sheet and (H) schematic representation of distorted 1T phase and terrace active sites on MnMoSe, sheet.

From this TEM analysis, the activation of a basal plane is successfully confirmed by observing
the defect/distortion. In addition, the observed terrace sites confirmed the presence of
maximally exposed edge sites on the basal plane. The FFT pattern (Figure. 1G) shows that

octahedral crystalline atomic arrangement of MnMoSe, with a single set of diffraction spots (6
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spots). It confirmed the single phase of prepared MnMoSe, nanosheets. Figure. 1H
schematically represents the top view of distorted 1T phase and terrace active sites of MnMoSe,

sheets.

The crystalline nature of MoSe, and MnMoSe, was studied by using XRD analysis and reported
the corresponding XRD pattern in Figure. 2. The XRD pattern of MoSe, shows the sharp
diffraction peak at 12.5 ° for (002) crystalline plane. It strongly associated to the XRD pattern
of layer MoSe, as previously reported?®2°. Meanwhile, the XRD pattern of MnMoSe, does not
show any additional diffraction peaks. It strongly reveals that the Mn dopant is fully dilute and
integrate into the crystal lattice of MoSe,, and also the Mn doping does not create any additional

phases as an impurity.

(002)

Intensity (a.u.)

20 (degree)
Figure. 2 XRD pattern of MoSe, and MnMoSe, sheets
In addition, the elemental composition of MnMoSe, was estimated by using XPS analysis and
reported the resultant wide/high-resolution XPS spectra in Figure. 3. In this obtained wide scan
spectra (Figure. 3A), MnMoSe, exhibits the peaks for Mn 2p, Mo 3d, O 1s, C 1s, and Se 3d
electronic states at 642.96, 530.66, 285.62, 179.55, and 54.51 eV respectively. The resultant

peak for C 1s and O 1s are associated to surface reactivity to various hydrocarbon contaminants
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in an air atmosphere. The high-resolution XPS spectra of Mn 2P (Figure. 3B) shows the Mn
2ps;, and Mn 2p;,, peaks at the binding energy of 643.36 and 655.53 eV respectively, which
contains the valence states of Mn3* and Mn*". It represents the mixed valence state of Mn in the
proposed sample. The high-resolution spectra of Mo 3d (Figure. 3C) shows binding energy of
235.36 and 237.83 eV for corresponding doublet Mo®" 3ds;, and Mo®" 3ds), levels respectively.
And also, it shows two more peaks at 232.41 and 227.98 eV for Mo*" 3ds/, and Mo** 3d;, levels
respectively. Figure. 3D shows the XPS spectra of Se 3d, which shows the three characteristic
peaks at 50.31, 54.17 and 57.12 eV for Se 3ds,, and Se 3ds, states respectively. From this XPS
result, we estimated that the prepared MnMoSe, sample formed successfully and the surface

region contains only the major constituents such as Mn, Mo and Se elements.
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Figure. 3 (A) Wide scan XPS spectra, (B-D) high resolution XPS spectra of MnMoSe,
sheets.

UV-vis spectroscopy is a promising technique to identify the structural profile of Mb in the
prepared composite. Figure. 4 shows UV-vis spectra of Mb@MnMoSe, composite with the
sharp characteristic bands such as Soret band, Q band, and CT1 band at 409.8, 502.8 and 633.3
nm respectively, which are associated to the His93 residue (high-spin heme with histidine) and
H,0 molecular bond at 5™ and 6" coordination position of Fe atom in Mb. Thus, the resultant
UV-vis spectra evidently confirmed the immobilization of Mb with MnMoSe,. Meanwhile, the
UV-vis signal of MnMoSe; is significantly quenched, which is related to its metallic nature (1T

octahedral coordination).

w BEL T BT
o _ ZAINNES
] \?’(‘i‘} " 5028 nm & 1;%}(’\*;%;;(?&
1.25 - \'T/S mu.ua-m v %%"%
* 0.02 0'\5 w? )
1.00 - % 633.3nm
0.01
28 0.75- b — S
L 500 600 700 800
< Wavelength (nm)
409.8 nm
0.50 -
—— Mb@MnMoSe,
Bea —a—MnMoSe,
0.00 -

| 1 ] ] )
400 500 600 700 800

Wavelength (nm)

I I
200 300

Figure. 4 UV-visible spectra of MnMoSe,, Mb@MnMoSe, and (inset) maximized UV
spectra of MnMoSe,.

4. Electrochemical properties of Mb@MnMoSe, modified electrode
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The successful immobilization of Mb on MnMoSe, and the resultant electrochemical properties
were studied by using the EIS technique. From this technique, the charge transfer resistance
(R at an interface between the electrolyte and different electrodes (Bare GCE, MoSe,/GCE,
MnMoSe,/GCE, Mb/GCE, and Mb@MnMoSe,/GCE) were detected. In general, the R is
inversely proportional to fast electron transfer at the electrode/electrolyte interface. Thus, the
EIS experiment was performed for bare GCE, MoSe,/GCE, MnMoSe,/GCE, Mb/GCE, and
Mb@MnMoSe,/GCE in ferricyanide redox system at a fixed frequency range (1*10-' Hz to
1*10? KHz) whereas the applied potential is constant of about 0.01 V. The resultant Nyquist
plot is shown in Figure. 5(A, B), from which the R, of bare GCE, MoSe,/GCE,
MnMoSe,/GCE, Mb/GCE, and Mb@MnMoSe,/GCE were detected to be 174.3, 30.3, 12.1,
330.2, and 184.4 Q respectively. It clearly demonstrated in the bar diagram as shown in Figure.
5C. The resultant lower R gives strong evidence that Mn doping significantly enhances the
electronic conductivity of MoSe,. Meanwhile, the increasing R, at Mb@MnMoSe,/GCE
reveals the successful immobilization of Mb on MnMoSe,/GCE. Herein, the Mb is only
functioning as an effective catalyst to induce the electrochemical reaction between target
analyte and electrode.

Figure. 5B (inset) shows the corresponding Randle’s circuit, which reveals that the
electrochemical properties at the electrode/electrolyte interface is ascribed from the various
dynamics such as charge transfer resistance (R), solution resistance (R;), Warburg impedance
(Zy,), and double layer capacitance (Cy). Finally, the successful immobilization of Mb and Mn
doping can effectively enhance the electrochemical sensing of H,O,.

4.1. Electrochemical sensing of H,0, at Mb@MnMoSe,/GCE

The electrochemical sensing of HO, was studied at Mb@MnMoSe,/GCE and compared with
other modified electrodes of MnMoSe,/GCE, MoSe,/GCE, and bare GCE. For this sensing

analysis, the CV technique was performed for different modified electrodes in N, purged
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electrolyte with the presence of H,O, (0.196 mM), whereas the scan rate was fixed to 50 mV
s'l. The obtained CV curves (Figure. 5D) show that Mb/MnMoSe,/GCE exhibited an enhanced
current response (204.9 pA) for the reduction of H,O,. Meanwhile, the MnMoSe,/GCE,
MoSe,/GCE, and bare GCE exhibited the current response of about 145.9, 82.94, and 11.34 pA
respectively. It clearly reveals that Mb@MnMoSe,/GCE showed 0.4, 1.4 and 17.06 fold higher
current response than obtained at MnMoSe,/GCE, MoSe,/GCE, and bare GCE respectively,

which clearly displays in the bar diagram (Figure. SE).
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Figure.5 (A, B) Nyquist plot of different modified electrodes, (C) corresponding bar diagram between
different electrodes vs. corresponding R, value, (D) CV curve of different modified electrodes for
electrochemical sensing of H,O,, (E) corresponding bar diagram among different modified electrodes vs.
reduction current response. (F) CV curves for background current responses of Mb@MnMoSe,/GCE and
MnMoSe,/GCE.
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The obtained results indicate that bioactive electrocatalyst Mb is greatly supporting to effective
electrochemical reduction of H,O, at Mb@MnMoSe,/GCE. In the case of MnMoSe,, the Mn
doping promotes not only the electronic conductivity but also enhances the electrocatalytic
activity of MoSe, by creating the atomic lattice distortion and defect. Thus, MnMoSe,/GCE

showed an improved electrochemical reduction response of H,O, than that of MoSe,/GCE.
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Herein, the presence of atomic defects on MnMoSe, also provides abundant active sites and a
suitable surface for effective immobilization of Mb. The effective immobilization of Mb on
MnMoSe, was evidently confirmed by observing the reduction and oxidation peaks at -0.3 and
0.1 V respectively (Figure. 5F). It indicates that the Fe3* active sites in the center of Mb
electrochemically transformed into Fe?*. The electrochemical reaction mechanism between
H,0, and Mb at the modified electrode can be denoted as below,

Mb heme (Fe**) + € - Mb heme (Fe*")

2Mb heme (Fe?*) + 2H' + H,0, - 2Mb heme (Fe**) + 2H,0

The observed electrochemical reduction of H,O, at the proposed Mb@MnMoSe,/GCE is
clearly represented in Scheme 1.

Scheme 1. Schematic illustration for electrochemical reduction of H,O, at Mb@MnMoSe,/GCE.

Mb heme (Fe**) + e = Mb heme (Fe?')

2Mb heme (Fe**) + 2H* + H,0, - 2Mb heme (Fe?t) + 2H,0

~

Mb@MnMoSe,/GCE

The electrochemical reduction of H,O, was studied at Mb@MnMoSe,/GCE by varying the

scan rate from 10 to 50 mV s, whereas the concentration of H,O; is constant of about 0.196
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mM in N, purged electrolyte. The resultant CV curve (Figure. 6A) shows the linearly
increasing reduction peak for increasing the scan rate. The linear relationship between the
reduction current response and the scan rate is demonstrated in the calibration plot (Figure.
6B). From this plot, the linear regression equation and correlation coefficient were detected to
be I, (LA) = 4.284 (v (mV s)) + 55.16 and R? = 0.986 respectively. It indicates that the
electrochemical reduction of H,O, at Mb@MnMoSe,/GCE followed a surface controlled
process. The obtained correlation coefficient is nearly equal to 1, which implies that the
proposed modified electrode suffers less kinetic limitation only. It is so favorable for efficient

electrochemical detection of H,O».
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Figure 6. (A) CV curve for different scan rate at Mb@MnMoSe,/GCE with presence of H,O, (0.196
mM) and (B) corresponding linear calibration curve for scan rate vs. reduction current response.

The quantitative detection of H,0O, at Mb@MnMoSe,/GCE was analyzed by using the
amperometric i-t technique. For this experiment, the optimization study was carried out to find
out a suitable electrode potential, whereas the applied potential was varied in order of -0.35, -
0.40,-0.45, and -0.50 V. For different applied potential, the concentration of H,O, was stepwise
increased and recorded the corresponding amperometric i-t responses as shown in Figure. 7A.
From the amperometric i-t curves, the stable and linear stepwise increment of current response
has been observed for -0.45 V. In case of other applied potentials (-0.35, -0.40, and -0.50 V),

the background current and H,O, current responses comparatively lower and sluggish. It clearly
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displays in Figure. 7B, with detected current signal time for different potentials. Among these
applied potentials, the current signal time is comparatively lower for -0.45 V to be 1.5 s.
Meanwhile, the signal time was detected for -0.35, -0.40 and -0.50 V to be 2.1, 3.5, and 3.5 s
respectively. Thus, we concluded that the -0.45 V is as an optimized electrode potential for
electrochemical reduction of H,0,.

Figure. 7C shows the amperometric i-t curve for linear addition of H,O, concentration from
0.09 to 60 uM, whereas the optimized -0.45 V was fixed as an electrode potential and electrode
rotation speed was fixed to be 1200 rpm. The resultant amperometric curve shows the linear
and stepwise increasing of current for the stepwise addition of H,O,. The corresponding linear
calibration plot for concentration vs. oxidation current is demonstrated in (Figure. 7D) with
linear calibration equation and correlation coefficient of I (LA) = 3.734 (uM) + 18.74 and R?
= 0.9981 respectively. The resultant correlation coefficient indicates that the proposed

Mb@MnMoSe,/GCE exhibited an excellent linear current response for the addition of H,O,.

60.54 pm|

10.08 pm

Current (pA)
Current (uA)

T r ; : - r r 1 T T T
0 100 200 300 400 500 600 245 250 256 0 500 1000 1500 2000 2500 3000
Time (s) Time (s)
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250 ¥y =3.734x + 18.741
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Current (pA)
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Figure 7. (A) Amperometric i-t curve for different applied potentials, (B) corresponding maximized
peak response, (C) amperometric i-t curve for addition of different concentrations of H,0,, (D)
corresponding linear calibration curve (inset: linear calibration plot for lower concentration of H,0,),
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and amperometric i-t curve for (E) interference and (F) stability studies (inset: schematic illustration of
Mb@MnMoSe,).

From the detected slope value, the sensitivity and detection limit for the reduction of H,O, at
Mb@MnMoSe,/GCE were calculated by using equation (1),

LOD = 30/S [1]

where the ¢ is denoted as the standard deviation and S is represented as the slope of the linear
plot. By substituting the slope of the linear regression equation, the detection limit was
calculated to be 0.004 puM. In addition, the sensitivity (slope/active surface area) for the
detection of H,O, at Mb@MnMoSe,/GCE was detected to be 222.78 pA puM! cm2
Consequently, the obtained detection limit and sensitivity were compared with previously

reported H,O, sensor and demonstrated in Table 1.

Table 1. comparison of electrochemical sensing at different modified electrodes

Electrode Techniques Linear LOD Sensitivity Reference
range (uM) (pApM'em2)
(nM)
Mb/S-MCF/GCE Ampeiimemc 1-80  0.18 22 8
¢-CNTs/PBMCs/GCE ~ Amperometric  0.025= 5,5 1328 32
1-t 1598
Mb/GO@MoS, Ampe;c;metrlc 20-100  0.02 i 7
GC-2 fluorescence 0-120  0.21 - 6
MoS,@MgFe;04 colorimetric 25-300 1 - 5
PLL/f-MWCNT Amperi‘inemc 1-3600  0.008 392 33
f-MWCNT-P-L-His-  Amperometric 4-
710 it 18,000 0.01 35.71 34
7.4- 0.6 - 35
HPLC/ED HPLC 15,000
HPLC/martial soil HPLC 0.2-100 0.1 - 36
Mb@MnMoSe,/GCE Amperometric 0.09-60 0.004 222.78 This
i-t work
17
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From this comparison table, the proposed electrochemical sensor comparatively exhibited the
better quantitative result towards the H,O, detection. Thus, the Mb@MnMoSe,/GCE has

identified a promising electrode for H,O, sensing.

The selectivity study was performed for the proposed sensor Mb@MnMoSe,/GCE by using the
amperometric i-t technique with similar working conditions as mentioned above. The
amperometric i-t curve for the addition of H,O, (Figure. 7E) and 100-fold higher concentration
of potential interfering compounds (Glucose (Glu), NaNO,, uric acid (UA), ascorbic acid (AA),
and NaHCOs;). From this amperometric i-t curve, the sharp and immediate current response was
observed for the addition of H,O, only, whereas the addition of interfering compounds does not
show any peak responses. It implies that the proposed sensor exhibited the higher selective
sensing towards H,O, reduction. Furthermore, the stability of the Mb@MnMoSe,/GCE was
analyzed and compared with MnMoSe,/GCE as shown in Figure. 7F. In this experiment, the
Mb@MnMoSe,/GCE exhibited the 87.8% of its initial reduction current response of HO, (0.15
uM) after 1600 s. At the same time, Mb/MoSe,/GCE showed only 43.8% of its initial reduction
current response. It clearly indicates that the Mn doping is offering abundant active sites and
distortion/defect on the basal plane of MoSe,, which is most favorable for effective
immobilization of Mb. Hence, the Mb is strongly entrapped on Mn-doped MoSe; and relatively

enhanced the sensing of H,0,.
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Figure 8 Amperometric i-t curve for real sample analysis by using (A) human serum sample, (B) human
urine sample, (C) Rain water (D) HaCaT living cell (E) RAW 264.7 living cells, and (F) schematic
illustration for real sample analysis.

4.7. Real-time in vitro sensing of H,0; from human serum, urine and rain water samples
The feasible practicability of the prepared sensor was studied by using the real sample analysis.
For this, the amperometric i-t technique was performed in an optimized working condition as
mentioned in the above experiments. By following the standard titration method, the human
serum, urine, water samples were diluted in 0.1 M PBS solution for three times, and then
directly added into the working solution. Consequently, the known concentration of H,0,
spiked serum, urine, water samples were added as shown in Figure. 8 (A-C). The standard
concentration of H,O, in un-spiked and spiked samples were detected by using the standard
regression linear plot (Figure. 7D) and then the obtained results were tabulated as shown in
Table 2.

As the results, the recovery ratio was detected in the range of 95.6-102.1%, 101.2-102.3% and
100.7-102.1 % for H,O, spiked serum, urine and rain water samples respectively. Finally, the
obtained recovery ratio reveals the effective sensing performance of Mb@MnMoSe, towards

H,0; in human serum, urine sample and rain water samples.
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Table 2: Results of real sample analysis of H,O, in human serum, urine and rain water
samples.

Sample Found Added  After RSD  Recovery

(uM)  (uM) added (%) (%)
(M)
Serum 0.233 0 0.233 2.7 -
0.233 0.2 0.414 2.4 95.6
0.233 0.4 0.642 2.0 101.4
0.233 0.6 0.851 2.2 102.1
Urine 0.175 0 0.175 1.8 -
0.175 0.2 0.381 1.4 101.6
0.175 0.4 0.582 2.3 101.2
0.175 0.6 0.793 1.9 102.3
0.31 0 0.31 2.5 -
Rain 0.31 0.2 0.52 2.1 101.9
Water 0.31 0.4 0.725 2.3 102.1
0.31 0.6 0.917 2.8 100.7

4.7. Real-time in vivo sensing of H,0; from living cells (HaCaT and RAW 264.7 living cells)
Hydrogen peroxide (H,O,) is naturally generating in human and animals as a short-term
indicator of severity (ex., a biomarker of cancer). Hence, the ultra-low determination of H,O,
concentration related to the normal function of living organisms is so much essential to
understand the functional process of living organisms. Therefore, HaCaT (7.1*103/mL) and
RAW 264.7 (1*10%mL) living cells were chosen as the model cells and AA was used as a
stimulant to estimate the sensing behavior of Mb@MnMoSe,/GCE. Before the experiment, the
HaCaT and RAW 264.7 were removed from the cell culture and washed two times by using 0.1
M PBS electrolyte. Then, the amperometric i-t technique was performed by adding the 5 uM
of AA stimulant in PBS with/without living cells and observed the amperometric i-t curve as
shown in Figure. 8(D, E). In this curve, a suddenly increasing current response was observed
for the addition of AA in PBS with living cells. Meanwhile, only a background current was
observed with no any current response in PBS without living cells. From this results, we can
understand that AA successfully stimulated the H,O, endogenously from the living cells and

sensitively detected by the proposed Mb@MnMoSe,/GCE sensor. The maximum current
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change was detected for HaCaT living cell to be 0.096 pA for equivalent H,O, concentration
of 0.12 uM (linear regression plot). At the same time, the current response for RAW 264.7 was
obtained to be 0.085 pA corresponding to H,O, (0.10 uM) as calculated in linear regression
plot (Figure. 7D (inset)). The obtained results are strongly associated with the previous
literature3%-3!, Finally, the proposed sensor is found as the potential electrocatalyst to determine
the H,O, released from the living cells, it is schematically represented in Fig. 8F.

5. CONCLUSION

In summary, we scrutinized that the presence of defect/distortion in the basal plane of MnMoSe,
offers a suitable surface for effective immobilization of Mb. All characterization techniques
including TEM, SAED, XRD, XPS and UV-vis analyses confirmed the formation of MnMoSe,
nanosheets and successful immobilization of Mb. In addition, EIS, CV and amperometric i-t
techniques scrutinized the improved electrocatalytic and electronic conductivity of the
proposed sensor. As a results, the Mb entrapped MnMoSe,/GCE layer exhibited a higher
electrochemical reduction response towards the H,O, sensing, which is comparatively better
than other MnMoSe,/GCE, MoSe,/GCE, and bare GCE. Furthermore, the proposed enzyme
immobilized electrocatalysts showed very low detection limit (0.004 uM) and higher sensitivity
(222.78 pA puM-! cm2?) towards H,O, sensing. Due to the feasible electrocatalytic activity, the
Mb@MnMoSe,/GCE was further applied to real-time sensing of H,O, by using in-vitro and in-
vivo studies. In this real-time studies, the electrochemical response of H,O, was successfully
recorded by using the model real samples such as human serum, urine, rain water samples,
HaCaT (7.1*10°/mL), and RAW 264.7 (1*10%/mL) living cells. From these experimental
studies, we concluded that Mn doping into MoSe, facilitates higher electrocatalytic activity and

effective immobilization of enzyme for enhanced electrochemical sensing of H,0,.
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