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A B S T R A C T   

Here, we aimed to fabricate a label-free immunosensing platform for the first time based on molybdenum di
sulfide nanoparticles (nMoS2NPs) deposited on ITO) coated glass substrate for the electrochemical detection of 
ampicillin (AMP). The stable and high surface area of nMoS2NPs were made by a low-temperature one-step 
hydrothermal route, bestowing the carrying capacity of anti-AMP (antibody against AMP) through an amide 
linkage. The spectroscopic, morphological, and structural characterization of the proposed electrodes were 
performed using various analytical and electrochemical techniques. The differential pulse voltammetry tech
nique was utilized to evaluate anti-AMP and AMP interaction on the electrode surface. The developed immu
nosensor exhibits high sensitivity, a broad detection range having a significant detection limit towards detection 
of AMP having excellent selectivity, acceptable stability, and reproducibility. Furthermore, the applicability of 
the proposed immunosensor was tested in spiked milk, water, and orange juice, and the results confirmed the 
consistency of the immunosensor.   

1. Introduction 

The World Health Organization (WHO) has been reported that 
antimicrobial-resistant (AMR) bacteria have become the basic risk to 
human health caused due to declining potency and excessive use of 
antibiotics (Michael, Dominey-Howes, & Labbate, 2014). During clin
ical/veterinary practice, antibiotics have selective pressure on bacteria 
that speeds up the bacterial development having AMR properties owing 
to pharmaceutical accumulation in the water systems and food chains. 
The annual mortality rate related to infections from antibiotic-resistant 
bacteria is as much as nearly 23,000 deaths in the U.S., according to a 
report of the Centers for Disease Control and Prevention (Syska, 2013). 
Recent studies have revealed that antibiotics with enormous concen
trations are found in India’s drinking water, surpassing the maximum 
regulatory limits (MRLs). This has led to a severe effect on susceptible 
residents existing close to industrial services, as nearly 58,000 new- 
borns dies in these areas of India from multi-drug resistant infections 
(Hall, 2018). The tetracyclines, sulfonamides, macrolides, 

fluoroquinolones, and β-lactams classes of antibiotic compounds are 
often present in aquatic environments. Ampicillin (AMP) [Fig. S1] is one 
of the most commonly used β-lactam antibiotics, a water-soluble 
chemical substance. It is extensively used in agriculture, livestock, 
poultry, aquaculture, veterinary, and human medicine to prevent and 
treat contagious diseases (Wang et al., 2019) due to the remarkable 
destroying ability for gram-negative and positive bacteria. The overdose 
of antibiotics or antibiotic residues can cause severe environmental and 
food safety concerns that triggered various human and animal health 
complications in past decades involving endocarditis, membranitis, in
testinal infection, and irritability (Wang et al., 2019). Therefore, 
detecting AMP residues in foodstuffs is essential for protecting human 
health as it can lead to adverse reactions, comprising anaphylactic dis
orders. Hence, there is an urgent need to develop reliable, sensitive, 
portable, inexpensive, and fast detection methods for detecting AMP, 
specifically. 

Numerous commercial diagnostic tests are currently available for 
antibiotics in food samples and environments, either unable to detect 
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antibiotic compounds selectively or need a lengthy response time 
(several hours) and offer semi-quantitative information only (Jamieson 
et al., 2020). Over the decades, several attempts have been tried for 
developing various effective techniques for the detection of AMP resi
dues in waters and agricultural products, which includes Raman spec
troscopy, high-performance liquid chromatography (HPLC), liquid 
chromatography-mass spectrometry/ mass spectrometry (HPLC-MS/ 
MS), surface plasmon resonance (SPR), spectrophotometry, colorimetric 
methods, electrochemiluminescence, enzyme-linked immunosorbent 
assay (ELISA), nuclear magnetic resonance, and immunochemical 
detection (Yuan, Yan, Shaga, & He, 2021). Such methods are sensitive to 
AMP detection, but due to high cost, sophisticated instrumentation, 
complicated sample preparation, and complex instrument operation, it 
restricts its practical applications for the on-site assays. Therefore, 
simple, rapid, miniaturized, and low-cost electrochemical immuno
sensor hold considerable attention for detecting antibiotics (Cardoso, 
Tavares, & Sales, 2018). Further, it not only combines the principles of 
immunological analysis for detecting the target analytes electrochemi
cally but also offers the benefits of specificity and high selectivity. In this 
context, by combining the high selectivity of antibodies with the highly 
sensitive transducers, antibodies-based sensors, i.e., immunosensors, 
have become an effective analytical technique for antibiotic residues 
determination (Fowler, Wong, Halsall, & Heineman, 2008). Also, anti
body usage enhances the efficiency of the immunochemical response 
due to faster assay kinetics along with an increased surface area and also 
minimizes matrix effect with improved washing and separation steps 
(Solé, Merkoci, & Alegret, 2001). 

The modification of working electrodes with highly active material is 
necessity to develop high-performance electrochemical immunosensors. 
Recently, broad attention has been given to grow 2D nanomaterials, in 
particular, the transition metal dichalcogenides (TMDCs) such as tung
sten diselenide (WSe2) and molybdenum disulfide (MoS2) due to their 
favored graphene-like layer structure (Zhang, Zhang, Su, & Wei, 2015). 
As a typical TMDCs, MoS2 is a layered nanomaterial composed of 
covalently bound S-Mo-S layers in which each Mo is coordinated to six S 
atoms through weak van der Waals force of attractions (Zhu et al., 2013), 
thus improving the planar electric transportation properties. MoS2 has 
been widely researched by an increasing number of scientists for their 
use in biosensors owing to its distinct chemical and physical properties 
like robust electron transfers ability/high electrocatalytic activity, 
exceptional biocompatibility, easy modification and functionalization 
(Huang et al., 2014), semiconducting properties, and large surface area 
which enhances the adsorption of target molecules (Zhou, Lou, & Xie, 
2013). It has a large junction and high surface-to-volume ratio (Yan, Shi, 
Sui, Deng, & Gao, 2017) of the electrode/electrolyte with good chemical 
stability, which are desirable properties for electrochemical biosensors. 
To get the full advantages of MoS2 having a high surface area, nano
structured MoS2 nanoparticles (nMoS2 NPs) have been made recently 
and used to fabricate a few sensors and biosensors (Kim, Mondal, Min, & 
Choi, 2018). Shinet al., fabricated a biosensor based on Au/MoS2/Au 
nanolayer on the polyethylene terephthalate (PET) to detect HIV-1 
(Shin, Yoon, Yi, Lee, & Choi, 2019). MoS2 NPs (2 nm) were synthe
sized by Wang et. al., and explored its electro-catalytical behavior to
wards the reduction of hydrogen peroxide (H2O2), and developed an 
extremely sensitive biosensor for H2O2 detection (Wang et al., 2013). 
Due to its novel electroactive properties, Geng et al. fabricated a non- 
enzymatic glucose sensor based on Ni-doped MoS2 NPs fixed to RGO 
(Geng, Bo, & Guo, 2017). Nevertheless, the electrochemical detection 
and catalytic activity of such nanomaterials are still limited and need to 
be further explored. These factors motivated us to investigate the effi
ciency of nMoS2 NPs in the fabrication of electrochemical 
immunosensors. 

As a proof-of-concept, in the present study, an electrochemical 
approach based on antibodies has been developed for the first time to 
detect beta-lactam antibiotic, AMP. Indium tin oxide (ITO) electrodes 
altered with nMoS2 NPs have been used as the substrate to immobilize 

the anti-AMP antibodies towards highly sensitive detection of AMP from 
spiked food samples. The change in the MoS2 interface current was 
caused by the specific binding of AMP to the antibodies immobilized 
onto the nMoS2 NPs/ITO electrode. Other antibiotics such as nor
floxacin, ofloxacin, and ciprofloxacin were used in this experiment to 
test the specificity of the immunosensors. This immunosensor exhibits 
high sensitivity [41.81 μA (log μg mL− 1)-1], wide linear range 
(0.0325–64 μg mL− 1), the outstanding detection limit (0.028 μgmL− 1), 
and good specificity with excellent recovery and no significant signals to 
non-target antibiotics and other interferents. Thus, the proposed 
immunosensor showed a promising sensing platform towards AMP 
detection with low cost that might prove beneficial for the on-site 
detection of chemical or biological molecules. These synthesized 
nMoS2 NPs have significant physio-electrochemical properties, resulting 
in a highly effective electrochemical immunosensor for the AMP 
detection having excellent sensitivity, stability, repeatability, and 
selectivity. 

2. Experimental section 

2.1. Materials and chemicals 

Ascorbic acid (Vit-C), cholesterol, bovine serum albumin, glucose, 1- 
(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride (EDC), 
(3-aminopropyl) trimethoxysilane [APTES], acetonitrile was obtained 
from Sigma Aldrich, India. Ethanol, H2O2, and acetone were purchased 
from Fisher Scientific. High purity sodium molybdatedihydrate 
[Na2MoO4⋅2H2O], thiourea [CH4N2S], ampicillin (AMP), sodium phos
phate monobasic anhydrous (NaHPO4), potassium ferricyanide, potas
sium ferrocyanide, sodium hydroxide pellets (NaOH), sodium phosphate 
dibasic dihydrate (NaH2PO4), norfloxacin, ofloxacin, and ciprofloxacin 
were procured from SRL Limited. N-hydroxysulfosuccinimide (NHS) 
were got from HiMedia. The ITO glass substrate was bought from 
Blazers, UK. All the chemicals were of analytical grade and further used 
without purification. The phosphate buffer solution (PBS; 0.2 M) of pH 
7.0 was made fresh with NaHPO4 and NaH2PO4 in millipore water 
(milli-Q) and stored at 4̊C for further use. The ampicillin specific anti
bodies (anti-AMP Abs) were taken from Ram Abuknesha, King’s College, 
London, UK of Sigma, and diluted in PBS (pH 7.0). Further, the whole 
study was done in Milli-Q. 

2.2. Instrumentation 

The crystalline nature and phase structural information were studied 
using XRD [RigakuMiniflex 600 (Japan) diffractometer] with a mono
chromatic X-ray beam (λ = 1.5406 Å) having Cu-Kα radiation. The 
spectra recorded in an angular range from 5 to 70̊ (2θ), having a step size 
of 5̊ (2θ) at room temperature, and the acquired data were assessed 
through EVA software. The Raman spectroscopy of nMoS2NPs in the 
range of 500–2000 cm− 1 was carried out on EnSpectr R532, USA laser of 
WITEC system. The functional groups present in nMoS2 NPs modified 
with APTES, anti-AMP, and BSA on ITO electrodes were studied via 
Fourier transform infrared spectroscopy (FT-IR, Perkin Elmer, US). 
Structural and morphological analysis was done using transmission 
electron microscopy (TEM, JEM-2200 FS, Jeol, Japan) and field 
emission-scanning electron microscopy (FE-SEM). Firstly, sample prep
aration for HR-TEM was done by dispersing MoS2 in ethanol by ultra- 
sonication and then spread on a copper grid and dried at room tem
perature. To get the topographical data of ITO, APTES/nMoS2/ITO, anti- 
AMP/APTES/nMoS2/ITO, and BSA/anti-AMP/APTES/nMoS2/ITO 
immunoelectrode; the study of atomic force microscopy (AFM) was 
carried out. Further, the drop shape analyzer [KRUSS, Germany] was 
used for the water contact angle study to observe the hydrophilic/ hy
drophobic nature of ITO, APTES/nMoS2/ITO, anti-AMP/APTES/ 
nMoS2/ITO, and BSA/anti-AMP/APTES/nMoS2/ITO electrodes. All the 
electrochemistry characterization [differential pulse voltammetry 
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(DPV), EIS, and cyclic voltammetry (CV)] of fabricated electrodes were 
conducted using an Autolab, Galvanostat/Potentiostat electrochemical 
analyzer (EcoChemie, The Netherlands) and analyzed by the NOVA 
(version 1.10) software. All the electrochemical experiments were per
formed trice (n = 3) using PBS solution (0.2 M) having redox species 
acting as redox coupler with 0.9% NaCl. The utilization of a three- 
electrode system was done where silver-silver chloride (Ag/AgCl), 
platinum (Pt), and modified ITO coated glass substrate acted as a 
reference, counter, and working electrode, respectively. 

2.3. Synthesis and functionalization of nMoS2 NPs 

The nMoS2NPs were made at low temperature by utilizing a one-step 
hydrothermal process. For this, 1 g of sodium molybdate dihydrate 
[Na2MoO4⋅2H2O] and 1.9 g of thiourea [CH4N2S] were dissolved in 40 
mL of Mili-Q water for 20 min under vigorous stirring to form a ho
mogenous solution. After this, the solution was ultra-sonicated for 30 
min and transferred to a 100 mL Teflon that was hydrothermally 
retained for 24 h at 200℃. The black precipitate was collected by 
centrifugation, followed by washing with Mili-Q water/absolute 
ethanol, and finally dried in an oven for 12 h at 80℃ to obtain nMoS2 
NPs. Then, with the help of the mortar-pestle, crushing of the product 
was carried out to get the fine powder for further characterization and 
use. 

APTES was used for the functionalization of nMoS2. A solution of 
nMoS2 in 10 mL of isopropanol was dispersed with continuous stirring at 

60̊C. 200 µL of APTES (98%) was added to this dispersion and contin
uously stirred at 300 rpm for 48 h. Finally, the product was washed with 
the Mili-Q water for removing the excess APTES, dried (60̊C), and kept 
in a dry place to get APTES functionalized nMoS2 (APTES/nMoS2). 

2.4. Electrophoretic deposition of APTES/nMoS2 NPs on ITO electrode 
(APTES/nMoS2/ITO) 

ITO coated glass substrates of almost the same size, i.e.,1.5 × 0.5 cm, 
were taken, and hydrolyzation was performed in the solution mixture of 
H2O: NH4OH: H2O2 having a ratio of 5:1:1 at 80 ̊C for 1 h followed by 
washing with Mili-Q water/ethanol and dried in an oven at 60 ̊C. Before 
deposition, a stock solution (5 mg mL− 1) was prepared containing 10 mg 
of APTES/nMoS2 in 2 mL of acetonitrile via ultra-sonication. Here, 
platinum wire and ITO were used as a reference and working electrode, 
respectively, placed 1 cm apart in the glass cell. The surface area of the 
APTES/nMoS2/ITO electrodes was also optimized and estimated to be 
0.25 cm2. Next, a solution containing an optimized mixture of 3 mL 
acetonitrile, 100 µL stock solution of APTES/nMoS2, and 20 µL of Mg 
(NO3)2 was taken in a glass cell, followed by ultra-sonication for 30 s. 
The APTES/nMoS2 was deposited via an electrophoretic deposition 
(EPD) technique onto the pre-hydrolyzed ITO using a Genetix, GX300C 
instrument where a DC potential of 60 V was applied for obtaining a 
thin, uniform film of APTES/nMoS2 on ITO electrode (APTES/nMoS2/ 
ITO) for 1 min after optimization. The fabricated electrode was then 
washed with Mili-Q water, followed by drying at 25 ◦C overnight. 

Scheme 1. Schematic representation of the synthesis of nMoS2 NPs and development of BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode for AMP detection.  
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2.5. Fabrication of immuno-sensing platform (anti-AMP/APTES/nMoS2/ 
ITO) 

The APTES/nMoS2/ITO electrode acted as the immunosensing 
interface for the development of the biosensor. For this, preparation of 
anti-AMP (1:10 of 10 mg mL− 1), NHS (0.1 M) and EDC (0.4 M) solutions 
were prepared in PBS of pH 7.0. The final solution of anti-AMP: EDC 
(activator): NHS (coupling agent) was made by mixing them in a ratio of 
2:1:1 followed by incubation for 45 min before use. Subsequently, 30 μL 
of this was drop casted on APTES/nMoS2/ITO by maintaining it at 25 ◦C 
in a humid chamber for nearly 6 h followed by washing with PBS (200 
µL) of pH 7.0 to get rid of the free antibodies. The anti-AMP molecules 
were bound to APTES/nMoS2/ITO electrode covalently by forming a 
bond between the carboxyl group (–COOH) on the Fc portion of the anti- 
AMP and –NH2 group of APTES molecules. The activation of –COOH of 
anti-AMP by EDC during the reaction generated an unstable O-acyli
sourea ester that reacted with NHS to form an amine-reactive NHS ester 
(stable intermediate product). This activation of anti-AMP by NHS aids 
in connecting –NH2 groups of APTES molecules for generating an amide 
bond. Further, the non-specific places were blocked using 10 µL of 2% 
BSA of anti-AMP/APTES/nMoS2/ITO immunoelectrode and stored for 2 
h in the humid chamber. Later, washing of developed BSA/anti-AMP/ 
APTES/nMoS2/ITO immunoelectrode was carried out with PBS (100 µL) 
and kept for further use at 4̊C. Scheme 1 depicts the step-wise devel
opment of the BSA/anti-AMP/APTES/nMoS2/ITO electrode. 

2.6. Preparation of AMP dilutions 

Various AMP concentrations were prepared in the range from 
0.0325 μg mL− 1 to 256 μg mL− 1 in 0.2 M PBS of pH 7.0. All the exper
iments of immunosensor were performed via the technique of DPV in 
PBS containing [Fe(CN)6]3–/4–. The developed immunosensor was used 
for the testing of real sample analysis via spiked food samples. 

2.7. Preparation of real samples 

Three food samples, such as milk, orange juice, and tap water, were 
taken for spiked real sample analysis. Milk and orange juice were bought 
from a local market of the JNU campus. The 100 mL of pure milk re
quires pre-treatment with 6 mL of 5 M methanol and 1 mL of 20 mM 
trichloroacetic acid mixed well and centrifuged at 10,000 rpm for 15 
min at 25 ◦C. The supernatant was then filtrated slowly to get the test 
sample. The filtration of orange juice and tap water (taken from own 

laboratory) followed by centrifugation at 10,000 rpm for 20 min was 
also carried out. The samples were first tested for the presence of AMP. 
When there was no change in the signal observed, they were spiked. The 
spiked samples of milk, orange juice, and tap water were prepared by 
mixing 20 μL of treated milk, orange juice, and tap water in 3 mL of PBS 
containing redox coupler with different AMP concentrations (0.0625, 
0.5, 2, 8, 16 and 64 μg mL− 1). The spiked samples were being utilized for 
the sensing on BSA/anti-AMP/APTES/nMoS2/ITO immunosensor. 

3. Results and discussions 

3.1. Chemistry behind nMoS2 synthesis 

In the present study, a simple hydrothermal method was used for 
synthesizing of nMoS2NPs. These methods have several advantages 
compared to other traditional and non-traditional methods due to 
economical, facile, and less consumption of chemicals (Pourabbas & 
Jamshidi, 2008). In the process of hydrothermal synthesis, the material 
gets precipitated directly from the solution, thereby maintaining the 
rate, nucleation, aging, morphology, size, and control over growth of the 
nanoparticles, which is not in the case of several other methods (G. 
Wang, Wang, Zhang, Fei, & Zhang, 2004). It is described in many reports 
that this process doesn’t require large scale production with quality 
crystals, seed, catalyst, toxic template, or surfactant and could be 
merged with other methods (Yadav, Dhiman, Lakshmi, Berlina, & Sol
anki, 2020). 

During the hydrothermal reaction, there is perhaps hydrolysis of 
thiourea taking place forming NH3, H2S, HNCS, and CS2 at high pressure 
and low-temperature conditions accountable for reducing Mo(VI) to Mo 
(IV) and synthesis of nMoS2NPs take place. According to the experi
mental conditions and literature survey (Feng et al., 2009), the 
following reaction is a complex process containing three steps: 

(i) NH2CSNH2 hydrolysis for forming H2S; 
(ii) Mo (VI) reduction to form Mo (IV); 
(iii) nMoS2NPs formation. 
The MoS2 nucleation, followed by its subsequent aggregation on the 

surface of the substrate, occurred directly during the hydrothermal re
action. Also, enhancement in reaction time converted MoS2 nucleation 
into a nanoparticle-like structure. The reaction process for the synthesis 
of nMoS2NPs are described in the following equations: 

CS(NH2)2 + 2H2O→2NH3 +CO2 +H2S. (1)  

Fig. 1A. (a) XRD pattern of nMoS2NPs, (b) Raman spectrum of nMoS2NPs.  

4Na2MoO4 + 15CS(NH2)2 + 6H2O→4MoS2 +Na2SO4 + 6NaSCN+ 24 NH3 + 9 CO2 (2)   
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3.2. Structural and morphological characterizations 

3.2.1. XRD analysis 
The XRD was conducted to investigate the structure, crystallinity, 

and phase of nMoS2 NPs. Fig. 1A (a) depicts the XRD plot of the hy
drothermally synthesized nMoS2NPs having a 2θ angle in a range of 5 to 
70̊. The various characteristic peaks at 14̊, 33.5̊, 39.9̊, 49.4̊ and 
58.9̊corresponding to the planes (002), (101),(103), (105) and (110) 
respectively, were obtained for the hexagonal structure of nMoS2NPs, i. 
e., the most stable form of nMoS2 at room temperature (JCPDS data card 
no. 37–1492) (Singhal, Khanuja, Chaudhary, Pundir, & Narang, 2018). 
By applying the Debye-Scherer formula denoted in Eq. (3), the crystallite 
size of nMoS2NPs was calculated to be about 6 nm, corresponding to the 
strongest peak (002). 

D =
kλ

βcosθ
(3) 

Where, λ = 1.540 Å (Cu-Kα wavelength of source), θ = diffraction 
angle, β = full width at half maximum (FWHM) of the diffraction peak 
(s), D = crystallite size, and k = crystallization constant (~0.94). 

3.2.2. Raman analysis 
The Raman spectrum of synthesized nMoS2 NPs is shown in Fig. 1A 

(b). The characteristic peaks were obtained at 382 cm− 1 (E1
2g) and 407 

cm− 1(A1g), corresponding to the in-plane and out of plane phonon 
modes of nMoS2. The characteristic difference between these peaks is 
around 25 cm− 1, suggesting that stacking of NPs occurred together via 5 
or more layers of nMoS2. These two prominent peaks show that 

synthesized nMoS2NPs have a 2H-MoS2 structure (Lee et al., 2010). 

3.2.3. Transmission electron microscopy (TEM) analysis 
Further, the size and morphology of nMoS2NPs were studied using 

TEM [Fig. 1B (a-c)]. Fig. 1B (a-b) shows the typical TEM image of the 
hydrothermally prepared nMoS2NPs having irregular and nearly 
spherical shaped particles that look like potatoes. To precisely quantify 
the particle size distribution, the histogram is configured with a 
Gaussian function. [Fig. 1B(c)]. The average size of the NPs was 
measured to be 25–30 nm. 

3.2.4. Field emission-scanning electron microscopy (FE-SEM) analysis 
The synthesized APTES/nMoS2NPs were deposited onto ITO elec

trodes electrophoretically, followed by immobilization of anti-AMP and 
BSA. To visualize the change in surface morphology after biomolecule 
immobilization (anti-AMP and BSA), the fabricated APTES/nMoS2/ITO, 
anti-AMP/APTES/nMoS2/ITO, and BSA/anti-AMP/APTES/nMoS2/ITO 
electrodes were examined by FE-SEM at different magnifications (1 µm, 
500 nm, and 200 nm) as shown in Fig. S2. As seen in the FE-SEM image, 
Fig. S2 (a, b, c) confirms that the APTES/nMoS2NPs surface had a porous 
matrix, which provided a high surface/volume ratio that provided 
greater immobilization area for anti-AMP and facilitated amplification 
of electrochemical signals. This may be attributed to the uniform 
deposition of APTES/nMoS2 on the ITO substrate, where APTES/nMoS2 
developed through the proposed method consists of nanoparticles that 
are tightly stacked together. The surface morphology of the APTES/ 
nMoS2/ITO electrode was changed upon the attachment of anti-AMP 
due to the presence of globules on the surface of anti-AMP/APTES/ 
nMoS2/ITO immunoelectrode [Fig. S2 (d, e, f]. The occurrence of this 
globule shaped structure was due to the macromolecule size of anti- 
AMP, confirming the anti-AMP attachment to APTES/nMoS2/ITO elec
trode. Also, in comparison to Fig. S2 (a, b, c), the surface roughness of 

Fig. 1B. (a, b) TEM images at different magnifications, (c) particle size distribution.  
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the anti-AMP/APTES/nMoS2/ITO electrode seems to be smoother. This 
smoothness indicates the presence of anti-AMP biomolecules on the 
fabricated immunoelectrode surface. However, further functionalization 
of anti-AMP/APTES/nMoS2/ITO immunoelectrode with BSA modified 
the morphology from globules to a more homogeneous smooth struc
ture, showing that all the unbound sites of electrode surface area 
covered by BSA completely [Fig. S2 (g, h, i]. 

3.2.5. Atomic force microscopy (AFM) 
The AFM images with the height profiles were obtained in the tap

ping mode to study the surface morphology, uniformity, thickness, and 
roughness of bare ITO modified with electrophoretically deposited 
APTES/nMoS2/ITO, anti-AMP/APTES/nMoS2/ITO, and BSA/anti-AMP/ 
APTES/ nMoS2/ITO electrodes as shown in Fig. 2(A-D). The AFM image 
of bare ITO with an average roughness value of − 694.49 nm was shown 
in Fig. 2 (A). Fig. 2 (B) depicts the AFM image of the APTES/nMoS2/ITO 
film having a smooth surface and granular topography with dense 
composite smoothly spread on the ITO surface. The average roughness 
value was found as 0.699 nm. This is because of the uniform electro
phoretic deposition of functionalized nMos2NPs on the ITO surface due 
to intermolecular forces of attraction between ITO and APTES/nMoS2 
electrode. Further, a change in the topography of the electrode (glob
ular) occurred after the covalent attachment of anti-AMP with 
enhancement in average roughness value of 0.940 nm, as shown in Fig. 2 
(C). The increment in roughness may be ascribed to the globular Y- 
shaped structure of the antibodies, revealing successful attachment of 
biomolecules to APTES/nMoS2/ITO electrode. As observed in Fig. 2 (D), 
there is a further decrease in the porous property of the surface of the 
electrode. An uniform surface was seen, which depicts the attachment of 
BSA molecules to anti-AMP/APTES/nMoS2/ITO electrode surface. The 
average surface roughness value at this step was found to be − 608 nm, 
which supported the smooth surface formation. The non-specific 
adsorption of BSA to bare sites of anti-AMP/APTES/nMoS2 may be 
ascribed to the cause of decreased roughness hence forming a highly 

uniform immunoelectrode surface. 

3.2.6. Fourier transform infrared spectroscopic (FT-IR) analysis 
FT-IR analysis was conducted to verify MoS2 synthesis and immo

bilization of anti-AMP and BSA on APTES/nMoS2 /ITO electrode by 
examining the presence of various functional groups and formation of 
bonds. Fig. S3 shows the FT-IR spectra of (a) nMoS2/ITO, (b) APTES/ 
nMoS2/ITO, (c) anti-AMP/APTES/nMoS2/ITO and (d) BSA/anti-AMP/ 
APTES/nMoS2/ITO immunoelectrode. In Fig. S3 (a), the broad absorp
tion bands at 552 cm− 1, 857 cm− 1, 1416 cm− 1 are shown that corre
sponds to nMoS2NPs (Pua, Chia, Zakari, Liew, Yarmo, & Huang, 2010). 
The band from 1591 to 1303 cm− 1 are depicted in Fig. S3 (b), which 
corresponds to N–H bending for 1◦ amine (Srivastava et al., 2013) while 
in the case of anti-AMP/APTES/nMoS2/ITO [Fig. S3 (c)], the peak at 
1428 cm− 1 is ascribed to stretching vibration of C–N bond occurring 
between Fc regions of anti-AMP and –NH2 group of APTES/nMoS2 NPs 
(Cai & Singh, 2004). The sharp peak at 1642 cm− 1 also appeared due to 
–C––O bending vibration of amide bond (O––C–N–H). The peak at 
870 cm− 1 got disappeared, which attributes to the –NH2 group of 
APTES/nMoS2/ITO after BSA immobilization as shown in the case of 
BSA/anti-AMP/APTES/nMoS2/ITO [Fig. S3 (d)], confirming the block
ing of unbounded sites onto anti-AMP/APTES/nMoS2/ITO electrode 
(Tiwari, Gupta, Bagbi, Sarkar, & Solanki, 2017) Though, less intensity, 
and widening of peaks occur for BSA/anti-AMP/APTES/nMoS2/ITO 
electrode that further approves the blockage of unbounded sites on 
immunoelectrode by BSA. Thus, the spectra confirmed the successful 
formation of thin films of nMoS2 NPs on the surface of ITO and its 
functionalization with APTES and immobilization and blocking with 
anti-AMP, and BSA, respectively. 

3.2.7. Contact angle (CA) analysis 
The CA studies based on the sessile drop method were conducted to 

determine the hydrophobic/hydrophilic surface behaviour of the fabri
cated electrodes after modification at each step (Fig. S4). The CA (75.5̊) 

Fig. 2. AFM images of bare ITO electrode (A), APTES/nMoS2 modified ITO electrode (B), anti-AMP antibodies immobilized electrode surface (C), and after BSA 
immobilization (D). 
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for the bare hydrolyzed ITO electrode [Fig. S4 (a)] indicated hydrophilic 
nature. After EPD of APTES/nMoS2 onto the ITO electrode, the CA 
increased to 99.2 ̊ [Fig. S4 (b)] indicating the slightly hydrophobic na
ture of the APTES/nMoS2/ITO electrode providing the favourable 
environment for immobilization of anti-AMP antibodies. Further, CA 
was found to decrease, i.e., 13.1◦ [Fig. S4 (c)] after immobilization of 
anti-AMP on APTES/nMoS2/ITO electrode, which depicts the increase in 
hydrophilic behaviour (Pavia, Lampman, Kriz, & Vyvyan, 2014). This 
hydrophilic nature helps in the enhancement of AMP/antigen attach
ment in an aqueous PBS buffer and improves sensitivity (Yadav et al., 
2020). 

4. Electrochemical studies 

4.1. Optimization of electrochemical studies 

Numerous factors affect the electrochemical performance of the AMP 
immunosensor. At first, the impact of [Fe(CN)6]3-/4- on the CV of both 
APTES/nMoS2/ITO and BSA/anti-AMP/APTES/nMoS2/ITO immunoe
lectrodes shows in Fig. S5. It can be observed from Fig. S5(a) and (b)) 
that the CV in PBS does not show strong oxidation and reduction peaks. 
The addition of [Fe(CN)6]3-/4- helped in accelerating the charge carrier 
movement by displaying strong redox peaks in both APTES/nMoS2/ITO 
and BSA/anti-AMP/APTES/nMoS2/ITO electrodes (Kumar, Sharma, 
Maji, & Malhotra, 2016). Therefore, PBS containing [Fe(CN)6]3-/4- 

mediator has been chosen as the working redox buffer for further 
studies. 

The DPV method has been utilized to examine the electrochemical 
response occurring between BSA/anti-AMP/APTES/nMoS2/ITO immu
noelectrode and pH (6.0 to 8.0) in PBS(0.2 M) having [Fe(CN)6]3-/4- at 
the scan rate of 50 mVs− 1 [Fig. S6 (a)]. The results showed a rise in DPV 
peak current upon increasing the pH range from 6.0 to 7.0, whereas the 
peak current decreases on further increasing the pH from 7.5 to 8.0. 
Hence, the highest DPV peak current intensity occurred with PBS at 

neutral pH 7.0. This might be possible because natural forms of bio
logical molecules like enzymes, antibodies, antigens, amino acids, etc., 
exist at neutral pH with high specific activity. Also, denaturation of 
immobilized proteins and antibodies occurs in a highly basic or acidic 
atmosphere due to the OH– or H+ ions interaction on the amino acid 
sequence of the antibodies (Kumar, et al., 2016). This is a trivial idea 
that biomolecules could also have shown a high current response at pI 
(isoelectric point), whereas low pI negatively impacts the electro
chemical behavior. Thus, PBS of pH 7.0 was the most suitable and 
optimal pH for Ag-Ab immuno-complex formation and, therefore, was 
selected for further electrochemical studies. 

The DPV peak current of the BSA/anti-AMP/APTES/nMoS2/ITO 
immunoelectrode was measured at an optimal AMP concentration to 
evaluate the effect of Ag-Ab interaction on the incubation time. Fig. S6 
(b) depicts the different current values achieved on AMP interaction 
with the BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode through 
DPV for various incubation times from 0 to 30 min. We observed a fast 
decrease in peak current with an increase in incubation time, i.e., from 
0 to 25 min, and become saturated after 25 min due to anti-AMP-AMP 
immune-complex formation, showing maximum AMP attachment to 
the surface of the electrode. Thus, 25 min was selected as the optimal 
Ab-Ag incubation time for further studies. 

Besides this study, DPV was used to determine the optimal concen
tration of the anti-AMP bound to the APTES/nMoS2/ITO electrode. The 
electrode peaks current increased with an increasing anti-AMP con
centration (1–35 μL of 1:10 dilution) and became saturated at 30 μL 
concentration, after which no increment of current intensity was 
observed as shown in Fig. S6 (c). Therefore, 30 μL of 1:10 Ab dilution 
was chosen for further immunosensor studies. 

Fig. S6 (d) displays the changes in DPV peak current of the BSA/anti- 
AMP/APTES/nMoS2/ITO electrode with BSA concentration (2%) at 
diverse volumes from 1 to 12 μL. The decrease in peak current was 
observed from 1 to 10 μL, after which it gets saturated, showing 10 μL 
(2%) was selected as the optimum BSA (2%) concentration for further 

Fig. 3. (a) CV; (b) DPV; and (c) EIS of (i) ITO, (ii) APTES/nMoS2/ITO, (iii) anti-AMP/APTES/nMoS2/ITO, and (iv) BSA/anti-AMP/APTES/nMoS2/ITO electrodes; (d) 
Nyquist circuit diagram from EIS. 
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experiments. 
Hence, the optimized experimental parameter for these assays was as 

follows: 30 μL of incubating concentration of 1:10 dilution of anti-AMP, 
PBS (0.2 M,) of pH 7.0 containing redox probe [Fe(CN)6]3− /4− , incu
bation time of 30 min for AMP detection, and 10 μL of incubating con
centration of 2% BSA. 

4.2. Electrochemical studies of the fabricated immunosensor 

The techniques that were used to study the electron transfer prop
erties of various nMoS2NPs-based modified electrodes were electro
chemical impedance spectroscopy (EIS), DPV, and CV in PBS solutions of 
pH 7.0, having [Fe(CN)6]3-/4-. Fig. 3 (b) shows the DPV responses of ITO, 
APTES/nMoS2/ITO, anti-AMP/APTES/nMoS2/ITO, and BSA/anti-AMP/ 
APTES/nMoS2/ITO immunoelectrodes, respectively in the potential 
range of − 0.4 to 0.8 V at a scan rate of 50 mVs− 1 using a step potential of 
5 mV with at interval of 0.5 ms. The maximum current value in the case 
of ITO was 145.69 µA (curve i), which decreased in APTES/nMoS2/ITO 
electrode to 81.33 µA (curve ii) after electrophoretic deposition of 
nMoS2 nanoparticles on ITO, showing a slow transfer of electrons be
tween APTES/nMoS2/ITO and electrolyte interface. After anti-AMP 
attachment on APTES/nMoS2/ITO immunoelectrode, an increase in 
peak current was observed, i.e., 129.60 μA (curve iii), signifying the fast 
transfer of electrons to the surface of the electrode. This increase in peak 
current occurred when the surface of the APTES/nMoS2/ITO electrode 
gets functionalized with the anti-AMP. The APTES/nMoS2 may be acting 
as a mediator at the electrode surface of ITO, causing a remarkable 
decrease in electron tunneling distance between the electrode and the 
antibodies. Also, rapid diffusion of electrons towards the immunoelec
trode was due to the non-covalent bonding between the [Fe(CN)6]3-/4- 

and free position of –NH2 terminal of anti-AMP (Yadav et al., 2020). BSA 
acted as a blocking agent for blocking the non-specific active sites of the 
APTES/nMoS2 surface. After the BSA attachment, there is a decrease in 
the peak current, i.e., 112.76 μA (curve iv), due to the insulating 
behavior of BSA molecules and non-specific attachment of BSA on the 
exposed surface of APTES/nMoS2 of the anti-AMP/APTES/nMoS2/ITO 
electrodes. Further, the CV of ITO, APTES/nMoS2/ITO, anti-AMP/ 
APTES/nMoS2/ITO, and BSA/anti-AMP/APTES/nMoS2/ITO immunoe
lectrodes were performed in the potential range of − 0.8 to + 0.8 V at a 
scan rate of 50 mV s− 1 showing similar results as that of DPV in Fig. 3 
(a). These results combined with the contact angle, AFM, and FE-SEM 
studies, revealing stepwise, successful fabrication of immunoelectrode. 

4.2.1. EIS studies 
The electrochemical impedance spectroscopic studies of ITO, 

APTES/MoS2/ITO, anti-AMP/APTES/MoS2/ITO, and BSA/anti-AMP/ 
APTES/MoS2/ITO have been done in PBS solution containing [Fe 
(CN)6]3-/4- in the frequency range of 100 kHz to 10 Hz [Fig. 3 (c)]. The 
semicircle of the Nyquist plot shows the charge transfer resistance (Rct) 
of various electrodes, which depends on the dielectric features of the 
electrolyte and surface of the electrode. Fig. 3 (c) and 3 (d) shows the 
Nyquist plot of ITO glass substrate (i), APTES/MoS2/ITO (ii), anti-AMP/ 
APTES/MoS2/ITO (iii) and BSA/anti-AMP/APTES/MoS2/ITO (iv); and 
Nyquist circuit diagram, respectively. 

The value of Rct was obtained as 482 Ω for the ITO glass substrate 
(curve i), which is the lowest. However, there is a significant increase in 
the value of Rct 1720 Ω after the deposition of APTES functionalized 
nMoS2 NPs onto ITO surface (curve ii), indicates the low electrical 
conductivity of APTES functionalized nMoS2 NPs and slow diffusion of 
[Fe(CN)6]3-/4- to the surface of the electrode. However, after the cova
lent immobilization of anti-AMP to the free NH2 sites of APTES func
tionalized nMoS2 NPs, the value of Rct drastically decreases to 810 Ω for 
anti-AMP/APTES/MoS2/ITO (curve iii). This decrease in the value of Rct 
can be assigned to the spatial orientation of anti-AMP molecule onto 
electrode surface that facilitate increased charge transfer process be
tween [Fe(CN)6]3-/4- and free available functional group (-NH2) of anti- 

AMP (Kumar, Sharma, et al., 2016). The value of Rct increases (1250 Ω; 
curve iv) after immobilizing BSA on the anti-AMP/APTES/MoS2/ITO 
immunoelectrode owing to the insulating nature and macromolecular 
structure of BSA that hamper the transfer of charge between the surface 
of the electrode and [Fe(CN)6]3-/4-. 

The Kct for all respective electrodes was calculated using Eq.(4):  

Kct =
RT

n2F2ARct[S]
(4) 

Where [S] is the concentration of redox probe (mol cm− 3), F is 
Faraday constant; A is the surface area of the electrode (cm2), n is the no. 
of electrons transferred/molecule of the [Fe(CN)6]3-/4-, T is the absolute 
temperature, and R is gas constant. The Kct value of the ITO electrode 
was found as 4.42 × 10-7, while in the case of APTES/nMoS2/ITO, the 
value of Kct decreases to 1.24 × 10-7, exhibiting the slower electron 
transfer between the APTES/MoS2/ITO electrode and [Fe(CN)6]3-/4-. 
After attachment of anti-AMP antibodies, the Kct value increases to 2.62 
× 10-7 shows the fast electron exchange between immunoelectrode and 
redox species. However, after the BSA immobilization on anti-AMP/ 
APTES/nMoS2/ITO immunoelectrode, the value of Kct decreases to 1.70 
× 10-7 due to its insulating nature, which resists the transfer of electrons. 

The Time constant (τ) for each electrode has been calculated using 
equation (5): 

Rct⋅Cdl = 1/2π fmax = τ (5) 

After the EPD of APTES/nMoS2 on the ITO substrate (2.356 × 10-3 s), 
an abrupt increase in the time constant value was found compared to the 
ITO glass substrate 5.744 × 10-3 s. It reveals the sluggish diffusion of 
ferro-ferri ions at the electrolyte and APTES/nMoS2/ITO electrode 
interface. The immobilization of anti-AMP on to the APTES/nMoS2/ITO 
electrode result in a decrease of τ value 4.009 × 10-3 s due to the rapid 
diffusion of Ferro-ferri ions. After the BSA immobilization, the value of τ 
again increases 4.637 × 10-3 s due to the insulating behavior of BSA. ElS 
characteristics, including heterogeneous electron transfer rate constant 
(Kct) and time constant (τ), of different electrodes, were given in 
Table S1. 

4.3. Scan rate studies 

The CV responses in PBS having redox species was used to study the 
interfacial kinetics of APTES/nMoS2/ITO electrode and BSA/anti-AMP/ 
APTES/nMoS2/ITO immunoelectrode versus scan rate (10–100 mVs− 1) 
at the interface of the electrode surface and electrolyte [Figs. S7 and S8]. 
We observed similar behavior that the magnitudes of both cathodic (Ipc) 
and anodic (Ipa) peak currents exhibit a linear relationship with 
increasing scan rate values, indicating the given electrochemical reac
tion is a diffusion-controlled process between electrode and electrolyte 
(Tiwari et al., 2017). Figs. S7 and S8 inset (upper) shows the magnitude 
of anodic (Ipa) and cathodic (Ipc) peak currents vs. square root of scan 
rate in which current of both electrodes linearly increased with increase 
in scan rates. 

The intercepts and slopes have been calculated from linear curve 
fitting, which gives the following equations- 

Ipc(APTES/nMoS2/ITO) = −
[
30.86 μA(s/mV)

× (scan rate[mV/s] )1/2
]
− 67.29 μA, R2

= 0.988 (6)  

Ipa(APTES/nMoS2/ITO) =
[
39.69 μA(s/mV)

× (scan rate[mV/s] )1/2
]
− 48.11 μA, R2

= 0.992 (7)  
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Ipc(BSA/anti− AMP/APTES/nMoS2/ITO) = −
[
35.68 μA(s/mV)

× (scan rate[mV/s] )1/2
]
− 82.19 μA, R2

= 0.991
(8)  

Ipa(BSA/anti− AMP/APTES/nMoS2/ITO) =
[
48.42 μA(s/mV)

× (scan rate[mV/s] )1/2
]
− 46.45 μA, R2

= 0.996
(9) 

It was seen that an increase in scan rate causes the anodic and 
cathodic peaks current to move towards the higher and lower potential, 
respectively. Linearity has been obtained between the difference in 
magnitude of the anodic and cathodic peak potential vs. square root of 
scan rate (ΔE = Epa - Epc, where Epa and Epc are anodic and cathodic 
peak potential, respectively), indicating amiable charge transfer kinetics 
between electrode and electrolyte as given in Eq. (10) and (11). The scan 
rate analysis of both BSA/anti-AMP/APTES/MoS2/ITO immunoelec
trode and APTES/MoS2/ITO electrode depicts that the oxidation current 
had moved more towards the positive potential, and similarly, the peak 
of reduction current has also moved towards the negative potential. 
Also, the increase in peak potential (Epa and Epc) with a rise in scan rate 
recommends a slow movement of electrons across the interface [Figs. S7 
and S8 (lower inset)] (Lakshmi, Yadav, Mehlawat, Jalandra, Solanki, & 
Kumar, 2021). 

ΔEp(V)(BSA/anti− AMP/APTES/nMoS2/ITO) =
[
0.020 V(s/mV)

× (scan rate[mV/s] )1/2
]
+ 0.080 V, R2

= 0.998
(10)  

ΔEp(V)(BSA/anti− AMP/APTES/nMoS2/ITO) =
[
0.020 V(s/mV)

× (scan rate[mV/s] )1/2
]
+ 0.080 V, R2

= 0.998
(11) 

The kinetic interface factor, for example, standard heterogeneous 
electron transfer rate constant (Ks), effective surface area (Ae), the sur
face concentration of redox species (I*), and diffusion constant (D) of 
BSA/anti-AMP/APTES/MoS2/ITO immunoelectrode and APTES/MoS2/ 
ITO electrode were calculated to investigate electron movements. 
(detailed information has been explained in Supplementary File). The 
calculated interface kinetic parameters corresponding to both electrodes 
has been given in Table S2. 

4.4. Electrochemical response analysis of AMP using BSA/anti-AMP/ 
APTES/nMoS2/ITO immunoelectrode 

To study the electrochemical behavior between developed BSA/anti- 
AMP/APTES/nMoS2/ITO immunosensor and AMP concentration, the 
DPV technique has been conducted. The sensing measurements were 
repeated thrice. It was seen that with a rise in AMP concentration, the 

Fig. 4. (a) Electrochemical response analysis of BSA/anti-AMP/APTES/nMoS2/ITO immunosensor versus concentration of AMP (0.0325–256 μg mL− 1); (b) enlarge 
view of response study; (c) Calibration curve of BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode between peak current and concentration of AMP; and (d) Hens- 
Wolf plot for BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode. 
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DPV current decreases because of the anti-AMP-AMP complex forma
tion, i.e., occurring between anti-AMP and AMP, as shown in Fig. 4(a). 
Moreover, the development of an electrically insulating anti-AMP-AMP 
complex is responsible for a decrease in current as it restricts the transfer 
of electrons between [Fe(CN)6]3-/4- and immunoelectrode (Gupta, Khan, 
& Solanki, 2016; Kumar, Kumar, et al., 2016). Fig. 4 (b) showed the 
zoom portion of the electrochemical response study. 

Under optimized assay conditions, the calibration curve between the 
different concentration of AMP and BSA/anti-AMP/APTES/nMoS2/ITO 
immunoelectrode [Fig. 4 (c)] shows a linear range in the concentration 
of 0.0325 to 64 μg mL− 1 after which the saturation of current occurs at 
higher concentrations with a linear regression coefficient of 0.999. The 
sensitivity was determined via slope of the curve of the proposed 
immunoelectrode and found to be [41.81 μA (log μg mL− 1)-1] with 
0.028 µg mL− 1 limits of detection (LOD) that was estimated using the 
standard equation. 

Limit of detection = 3σ/sensitivity (12) 

where σ depicts the standard deviation of the BSA/anti-AMP/ 
APTES/nMoS2/ITO immunosensor. 

The association constant (Ka) value was calculated from the Hens- 
Wolf plot, which is a plot between AMP concentration and AMP con
centration/current] for BSA/anti-AMP/APTES/nMoS2/ITO immunoe
lectrode as given in Fig. 4 (d) and obtained as 74.63 μg mL− 1. Ka relies on 
various conditions of the designed immunosensor, such as the binding 
sites of biomolecules and how antibodies (anti-AMP) are immobilized on 
the electrode surface, which could cause various conformation changes 
in antibody structure on the surface of the electrode. Here, the enhanced 
value of Ka depicts the rise in the affinity of BSA/anti-AMP/APTES/ 
nMoS2/ITO immunoelectrode towards AMP due to constructive anti- 
AMP conformation and higher loading on the electrode surface. The 
value of dissociation constant (Kd) was determined to be 0.358 µg mL− 1, 
signifying a robust, specific affinity for AMP. The Ka value was 

calculated from the inverse of slope values obtained by the Hanes-Wolf 
plot’s linear fitting, while the Kd value is the product of Ka and the 
intercept. 

4.5. Control, Specificity, Reproducibility, and repeatability of 
immunoassay 

The control experiment was done to examine the electrochemical 
current response of APTES/nMoS2/ITO electrode with varying concen
trations of AMP [Fig. 5 (a)]. All the parameters were kept similar as the 
electrochemical response studies for BSA/anti-AMP/APTES/nMoS2/ITO 
immunoelectrode except the immobilization of anti-AMP. The 
Figure shows no change in DPV current of APTES/nMoS2/ITO electrode 
on adding a higher concentration of AMP, which might be due to no 
interaction taking place between APTES/nMoS2/ITO electrode and AMP 
leading to no change in electrochemical response. Thus, the change in 
current in response studies is primarily due to the interaction between 
AMP and anti-AMP and not because of APTES/nMoS2/ITO electrode. 

As we know food samples are saturated with a huge amount of 
inorganic and organic analytes like BSA [100 μM], glucose [100 μM], 
Vit-C [100 μM], cholesterol [100 μM], norfloxacin [5 mM], ofloxacin [5 
mM], ciprofloxacin [5 mM], Na+ [0.6 g/100 mL], Mg++ [0.01 g/mL] 
etc. The above interferents were made according to their respective 
concentration in milk and environmental samples. Further, for checking 
the cross-reactivity of the BSA/anti-AMP/APTES/nMoS2/ITO immuno
sensor, the sensor response towards Ag-AMP was determined in the 
presence of various potential interferents in milk and environmental 
samples [Fig. 5(b)]. Initially, the fabricated BSA/anti-AMP/APTES/ 
nMoS2/ITO immunoelectrode was studied in a fixed concentration of 
Ag-AMP (8 μg mL− 1). Then, gradually different AMP (10 μL) was added 
every time to the electrolyte premixed with Ag-AMP (8 μg mL− 1), and 
the current response was recorded after the incubation time of 25 min. It 
was illustrated that the current of all interferents mixed with Ag-AMP 

Fig. 5. (a) Control study of APTES/nMoS2/ITO versus AMP concentration (0.0325–256 μg mL− 1); (b) Selectivity analysis of BSA/anti-AMP/APTES/nMoS2/ITO 
immunoelectrode; (c) Reproducibility study for BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode prepared under similar condition; and (d) Repeatability study 
of BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode. 
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was almost unchanged with an RSD of 3.39%, which indicates good 
specificity of the biosensor towards Ag-AMP. 

The co-efficient of selectivity was calculated as 1 for each interfer
ents using equation. 

SC = Ic+ i/Ic (13) 

Where, Ic + i and Ic are the values of the current of immunosensor in 
the presence and absence of interferents, respectively showing negli
gible variation in the response. 

For investigating the reproducibility of BSA/anti-AMP/APTES/ 
nMoS2/ITO immunoelectrode, five different bioelectrodes were taken 
and used separately for each study using the DPV technique in a similar 
set of conditions [Fig. 5 (c)]. Likewise, repeatability of the BSA/anti- 
AMP/APTES/nMoS2/ITO immunoelectrode was performed by taking six 
consecutive measurements for a particular AMP concentration (8 µg 
mL− 1) using the DPV technique [Fig. 5(d)]. The RSD values for repro
ducibility and repeatability were found to be in the acceptable range, i. 
e., 1.95% and 1.60%, respectively. 

4.6. Regeneration and stability of immunosensor 

Regeneration is a vital factor in fabrication of cost-effective 
biosensor i.e. reusing the biosensor for many times through a regener
ation step. For evaluating the regeneration of BSA/anti-AMP/APTES/ 
nMoS2/ITO immunosensor, the biosensor was investigated after the 
interactions between AMP and anti-AMP. For this, various types of 
regeneration solutions were made; HCl (acidic) orglycine-HCl buffer, 
NaOH (basic), and MgCl2 (salt). In this experiment, 10% DMSO/ form
amide (1:1) and 0.010% Tween-20 in PBS (0.2 M) of pH 7.0 were uti
lized to break the Ab − Ag immune-complex (Sangili, Kalyani, Chen, 
Nanda, & Jana, 2020). After that, particular concentration of AMP was 
re-measured by using regenerated BSA/anti-AMP/APTES/nMoS2/ITO 
immunoelectrode. This study was conducted using a particular con
centration of AMP,i.e.,16 µg mL− 1 to measure the DPV signal, and 30 
min was given the time of treatment [Fig. S9 (a)]. The red bar showed 
the regenerated BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode i. 
e. after breakage of specific interaction between AMP and anti-AMP and 
yellow bar displayed the re-measurement of AMP (16 μg mL− 1) with 
regenerated BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode. 

The variations in peak currents were displayed after six cycles having 
an RSD value of 1.89%. 

The shelf-life of immunoelectrode was determined for 10 weeks at an 
interval of 1 week via the DPV technique. As shown in Fig. S9 (b), the 
immunoelectrode retains 94% of the peak current till the 8th week. 
Afterward, a rapid decrease in current was observed, which suggests 
that the biosensor has good stability up to 8 weeks. 4 ◦C has been used to 
store the fabricated BSA/anti-AMP/APTES/nMoS2/ITO immunoelec
trode when not in use. 

4.7. Application of proposed BSA/anti-AMP/APTES/nMoS2/ITO 
immunosensor in spiked samples 

To prove this method, a test was conducted in real samples to detect 
AMP. For this test, the real samples such as treated milk, orange juice, 
and tap water were applied to the surface of fabricated BSA/anti-AMP/ 
APTES/MoS2/ITO immunoelectrode. The obtained recoveries for AMP 
and their RSD values from milk, orange juice, and tap water samples are 
97.41–102.73%, 96.36–101.44%, and 95.87–100.5%; and 1.91, 2.62, 
and 3%, respectively, as described in Table S3. These measured values 
were in good agreement with the data approving the biosensor’s reli
ability and accuracy for its application in real samples. 

The given fabricated BSA/anti-AMP/APTES/nMoS2/ITO 

immunosensor has been compared with the previously reported elec
trochemical sensors and biosensors to detect AMP (Injac, Kočevar, & 
Štrukelj, 2009; Karaseva, Ermolaeva, & Mizaikoff, 2016; Khan, Mohd, 
Bano, Siddiqi, & Asiri, 2015; Mishra, Pulidindi, Kabha, & Gedanken, 
2016; Mohamed, 2001; Xu, Wang, & Xiao, 2004) (Table1). From this 
table, it can be seen that the proposed immunoelectrode has exhibited 
higher specificity and enhanced detection limit of 0.0325 μg mL− 1 in 
comparison to previous sensors and biosensors. To the best of our 
knowledge, this is the first report on electrochemical biosensors based 
on anti-AMP for AMP detection with a concentration as low as 0.0325 
μg mL− 1 having high sensitivity of [41.81 μA (log μg mL− 1)-1] and a 
linear detection range from 0.0325 to 64 μg mL− 1. 

5. Conclusions 

The fabrication of BSA/anti-AMP/nMoS2/ITO immunoelectrode has 
been successfully implemented to develop an AMP biosensor. The syn
thesis of nMoS2 NPs was carried out via a low-temperature, one-step 
hydrothermal process characterized through XRD, FTIR, and TEM. The 
thin films of APTES/nMoS2/ITO were electrophoretically deposited on 
ITO coated glass that was further utilized to immobilize anti-AMP by 
EDC-NHS coupling. The blocking agent BSA was used for covering the 
non-specific sites for the electrochemical AMP detection. The FE-SEM 
was used to examine the morphological changes of developed elec
trodes, where as the properties of the oxidation/reduction of BSA/anti- 
AMP/nMoS2/ITO immunoelectrode were completed utilizing the CV 
technique. The response of BSA/anti-AMP/nMoS2/ITO immunoelec
trode concerning different AMP concentrations (0.0325–262 µg mL− 1) 
was done with the DPV technique. The results of immunoelectrode 
showed outstanding linearity in the range, 0.0325–64 µg mL− 1 (with R2 

Table 1 
Comparison of BSA/anti-AMP/APTES/nMoS2/ITOimmunoelectrode with 
earlier reported AMP detection methods.  

Method Sensing 
technique 

Linear 
range 
(μgmL− 1) 

LOD 
(μgmL− 1) 

Ref. 

Spectrophotometry Absorbance 1.5–77.5  0.5 (Mohamed, 
2001) 

Spectrophotometry Absorbance 5–30  0.162 (Khan, Mohd, 
Bano, Siddiqi, 
& Asiri, 2015) 

Spectrophotometry Absorbance 50–260  0.866 (Khan, Mohd, 
Bano, Siddiqi, 
& Asiri, 2015) 

Spectrophotometry Absorbance 2–80  1.5 (Xu, Wang, & 
Xiao, 2004) 

HPLC Absorbance 10–100  3.0 (Injac, 
Kočevar, & 
Štrukelj, 
2009) 

Capillary 
electrophoresis 
(MEKC) 

Absorbance 3–265  0.6 (Injac, 
Kočevar, & 
Štrukelj, 
2009) 

Piezoelectric 
sensors 

MIP 0.10–1.0  0.09 (Karaseva, 
Ermolaeva, & 
Mizaikoff, 
2016) 

Optical sensor Absorbance 6.6–200  6.6 (Mishra, 
Pulidindi, 
Kabha, & 
Gedanken, 
2016) 

Electrochemical 
immunosensor 

DPV 0.0325–64  0.028 Present work  
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= 0.999) with AMP concentration, high sensitivity [41.81 μA (log μg 
mL− 1)-1], and lower detection limit of 0.028 µg mL-1as compared to 
previously reported biosensors. The proposed immunoelectrode showed 
high specificity to AMP and was applied as a sensing platform to study 
the real samples in spiked samples of milk, orange juice, and tap water 
with excellent results. The outcomes of the fabricated electrode showed 
superior performance in terms of lower detection limit, linear range, and 
sensitivity compared to earlier developed biosensors. The BSA/anti- 
AMP/nMoS2/ITO immunoelectrode presented an innovative approach 
for developing fast, biocompatible, and highly sensitive biosensors and 
biochip devices. 
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Solé, S., Merkoci, A., & Alegret, S. (2001). New materials for electrochemical sensing III. 
Beads. TrAC Trends in Analytical Chemistry, 20(2), 102–110. 

Srivastava, S., Kumar, V., Ali, M. A., Solanki, P. R., Srivastava, A., Sumana, G., … 
Malhotra, B. D. (2013). Electrophoretically deposited reduced graphene oxide 
platform for food toxin detection. Nanoscale, 5(7), 3043. https://doi.org/10.1039/ 
c3nr32242d. 

Syska, J. (2013). Frieden wave-function representations via an Einstein-Podolsky-Rosen- 
Bohm experiment. Physical Review E, 88(3), Article 032130. 

Tiwari, S., Gupta, P. K., Bagbi, Y., Sarkar, T., & Solanki, P. R. (2017). L-cysteine capped 
lanthanum hydroxide nanostructures for non-invasive detection of oral cancer 
biomarker. Biosensors and Bioelectronics, 89, 1042–1052. 

Wang, G., Wang, Z., Zhang, Y., Fei, G., & Zhang, L. (2004). Controlled synthesis and 
characterization of large-scale, uniform Dy(OH)3 and Dy2O3 single-crystal nanorods 
by a hydrothermal method. Nanotechnology, 15(9), 1307–1311. 

A.K. Yadav et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.foodchem.2021.130245
https://doi.org/10.1016/j.foodchem.2021.130245
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0005
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0005
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0005
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0010
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0010
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0010
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0015
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0015
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0015
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0020
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0020
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0020
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0020
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0025
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0025
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0025
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0030
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0030
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0030
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0040
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0040
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0040
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0045
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0045
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0045
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0045
https://doi.org/10.3390/chemosensors8010005
https://doi.org/10.3390/chemosensors8010005
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0055
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0055
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0055
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0060
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0060
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0060
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0060
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0065
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0065
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0065
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0070
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0070
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0070
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0070
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0075
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0075
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0075
https://doi.org/10.1038/s41598-020-80122-6
https://doi.org/10.1038/s41598-020-80122-6
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0085
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0085
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0090
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0090
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0095
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0095
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0100
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0100
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0100
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0105
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0105
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0110
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0110
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0110
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0115
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0115
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0115
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0120
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0120
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0120
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0120
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0125
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0125
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0125
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0130
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0130
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0130
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0135
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0135
https://doi.org/10.1039/c3nr32242d
https://doi.org/10.1039/c3nr32242d
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0145
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0145
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0150
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0150
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0150
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0155
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0155
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0155


Food Chemistry 363 (2021) 130245

13

Wang, T., Yin, H., Zhang, Y., Wang, L., Du, Y., Zhuge, Y., & Ai, S. (2019). Electrochemical 
aptasensor for ampicillin detection based on the protective effect of aptamer- 
antibiotic conjugate towards DpnII and Exo III digestion. Talanta, 197, 42–48. 

Wang, T., Zhu, H., Zhuo, J., Zhu, Z., Papakonstantinou, P., Lubarsky, G., … Li, M. (2013). 
Biosensor based on ultrasmall MoS2 nanoparticles for electrochemical detection of 
H2O2 released by cells at the nanomolar level. Analytical Chemistry, 85(21), 
10289–10295. 

Xu, L., Wang, H., & Xiao, Y. (2004). Spectrophotometric determination of ampicillin 
sodium in pharmaceutical products using sodium 1, 2-naphthoquinone-4-sulfonic as 
the chromogentic reagent. Spectrochimica Acta Part A: Molecular and Biomolecular 
Spectroscopy, 60(13), 3007–3012. 

Yadav, A. K., Dhiman, T. K., Lakshmi, G. B. V. S., Berlina, A. N., & Solanki, P. R. (2020). 
A highly sensitive label-free amperometric biosensor for norfloxacin detection based 
on chitosan-yttria nanocomposite. International Journal of Biological Macromolecules, 
151, 566–575. 

Yan, L., Shi, H., Sui, X., Deng, Z., & Gao, L.i. (2017). MoS2-DNA and MoS2 based sensors. 
RSC Advances, 7(38), 23573–23582. 

Yuan, R., Yan, Z., Shaga, A., & He, H. (2021). Design and fabrication of an 
electrochemical sensing platform based on a porous organic polymer for 
ultrasensitive ampicillin detection. Sensors and Actuators B: Chemical, 327, Article 
128949. 

Zhang, W., Zhang, P., Su, Z., & Wei, G. (2015). Synthesis and sensor applications of 
MoS2-based nanocomposites. Nanoscale, 7(44), 18364–18378. 

Zhou, M., Lou, X. W.(., & Xie, Y.i. (2013). Two-dimensional nanosheets for 
photoelectrochemical water splitting: Possibilities and opportunities. Nano Today, 8 
(6), 598–618. 

Zhu, C., Zeng, Z., Li, H., Li, F., Fan, C., & Zhang, H. (2013). Single-layer MoS2-based 
nanoprobes for homogeneous detection of biomolecules. Journal of the American 
Chemical Society, 135(16), 5998–6001. 

A.K. Yadav et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0308-8146(21)01251-6/h0160
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0160
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0160
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0165
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0165
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0165
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0165
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0170
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0170
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0170
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0170
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0175
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0175
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0175
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0175
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0180
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0180
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0185
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0185
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0185
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0185
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0190
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0190
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0195
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0195
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0195
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0200
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0200
http://refhub.elsevier.com/S0308-8146(21)01251-6/h0200

	Fabrication of label-free and ultrasensitive electrochemical immunosensor based on molybdenum disulfide nanoparticles modif ...
	1 Introduction
	2 Experimental section
	2.1 Materials and chemicals
	2.2 Instrumentation
	2.3 Synthesis and functionalization of nMoS2 NPs
	2.4 Electrophoretic deposition of APTES/nMoS2 NPs on ITO electrode (APTES/nMoS2/ITO)
	2.5 Fabrication of immuno-sensing platform (anti-AMP/APTES/nMoS2/ITO)
	2.6 Preparation of AMP dilutions
	2.7 Preparation of real samples

	3 Results and discussions
	3.1 Chemistry behind nMoS2 synthesis
	3.2 Structural and morphological characterizations
	3.2.1 XRD analysis
	3.2.2 Raman analysis
	3.2.3 Transmission electron microscopy (TEM) analysis
	3.2.4 Field emission-scanning electron microscopy (FE-SEM) analysis
	3.2.5 Atomic force microscopy (AFM)
	3.2.6 Fourier transform infrared spectroscopic (FT-IR) analysis
	3.2.7 Contact angle (CA) analysis


	4 Electrochemical studies
	4.1 Optimization of electrochemical studies
	4.2 Electrochemical studies of the fabricated immunosensor
	4.2.1 EIS studies

	4.3 Scan rate studies
	4.4 Electrochemical response analysis of AMP using BSA/anti-AMP/APTES/nMoS2/ITO immunoelectrode
	4.5 Control, Specificity, Reproducibility, and repeatability of immunoassay
	4.6 Regeneration and stability of immunosensor
	4.7 Application of proposed BSA/anti-AMP/APTES/nMoS2/ITO immunosensor in spiked samples

	5 Conclusions
	Author contribution
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary data
	References


