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Abstract 
Snake venom has long-term physiological effects on survivor’s life. An electrochemical immunosensor based on samar-
ium-cobalt-doped antimony tungstate (Sb2WO4@Sm-Co) is developed via a solvothermal method to detect snake venom 
antigens (SVA). The fabricated nanospheres are functionalized with carboxyl groups to enhance the linkage of the 3-mer-
captopropionic acid linker (3-MPA). This modification increases the conjugation of antivenom polyvalent antibody with 
the nanomaterial on a glassy carbon electrode (Sb2WO4@Sm-Co-COOH-MPA-Ab/GCE). The modified nanospheres are 
characterized by UV–VIS spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS). The electrochemical 
performance of formulated immunosensor for antigen sensing is tested by cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS), differential pulse voltammetry (DPV), linear sweep voltammetry (LSV), and chronoamperometry. 
This developed immunosensor has a wide linear range of 5–30 ng/mL with LODs of 0.08 ng/mL and 0.1 ng/mL from DPV 
and LSV, respectively. The amperometric immunosensor increases the tested antibody's loading capacity and accelerates 
the electron transfer rate. The analytical parameters reveal that this immunosensor is ultrasensitive, stable, reproducible, and 
selective for measuring SVA and can have potential applications in diagnostic clinics.

Key points
• The hierarchical Sb2WO4@Sm-Co-COOH NPs were synthesized through a one-step solvothermal method
• Monitoring the effect of doping Sm and Co on the characteristics of Sb2WO4
• MPA-linked IgG antibodys-based immunosensor was synthesized with good dispersity and high surface functional groups 
for capturing SVAs

Keywords  Snake venom · Biosensors · Antivenom · Russel’s Viper (Daboia russelii) · Impedimetric immunosensor · IgG 
antibody · 3-mercaptopropionic acid linker

Introduction

Immunoglobulins stop the growth or emergence of patho-
genic bacteria, viruses, parasites, and fungi (L. Lee et al. 
2021). The interactions between immunoglobulin and anti-
gen usually occur through paratopes and epitopes, which 
depict the location of the bound antigen. Acute exposure to 
an immunogen or pathogen is diagnosed using IgM antibod-
ies linked to a primary immune response. The sensitivity of 
the target molecule accounts for relatively low concentra-
tions of circulating IgD in serum and its short serum half-life 
(Schroeder Jr and Cavacini 2010). IgA shields the mucous 
membranes from bacteria, viruses, and toxins by neutral-
izing or preventing their attachment. One of the effective 
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immunoglobulins is IgE, which is linked to allergic reac-
tions, hypersensitivity, and the body's reaction to pathogenic 
parasitic infestations (Li et al. 2020).

With over 80% of all serum immunoglobulins, IgG is 
regarded as the most prevalent class (Megha and Mohanan 
2021). IgG serum half-life is the longest and most inves-
tigated among all immunoglobulin isotypes. IgG2 and 
IgG4 antibodies are linked to polysaccharide antigens, 
while IgG1 and IgG3 are generated in response to protein 
antigens. IgG antibodies support an immune response by 
neutralizing viruses and harmful substances (Schroeder Jr 
and Cavacini 2010). B cells produce monoclonal antibodies 
(mAbs) specific for targeting particular antigens (Lu et al. 
2020). Pathogens can be neutralized, opsonized, subjected to 
antibody-dependent cellular cytotoxicity (ADCC), or agglu-
tinated by antibodies. Antibodies wrap up infections to aid 
in their opsonization or breakdown. The role of neutrophils 
and macrophages is to phagocytose pathogens coated with 
antibodies (Abbas et al. 2012). Antigen–antibody com-
plexes decipher the intricate antigen–antibody interactions 
and clarify their molecular recognition. Many allergies and 
autoimmune disorders develop antigen–antibody complexes. 
Antibodies are thus the naturally occurring biological sen-
sors in disease diagnosis and treatments. Antigen presenta-
tion and processing are the two immune responses of antigen 
binding to antibodies, which cause alteration in antigen's 
characteristics (Kapingidza et al. 2020).

Enzyme-linked immunosorbent assay (ELISA), immuno-
precipitation, enzyme immunoassay (EIA), flow cytometry, 
immunohistochemistry (IHC), and immunocytochemistry 
employ antibodies (Rhiel and Becker 2021). ELISA and 
EIA are quantitative techniques that use antigen–antibody 
reactions for color change via enzyme-linked conjugate and 
enzyme substrate to determine the presence and concentra-
tion of molecules in biofluids (Aydin 2015). IHC is a potent 
technique to locate antigens in formalin-fixed, paraffin-
embedded (FFPE) tissues (Schacht and Kern 2015). ELISA's 
sensitivity, specificity, and ease of use make it one of the 
most widely used diagnostic techniques. Its limit of detec-
tion ranges from 0.1 to 1.5 ng/ml. The quick identification of 
biological samples is hindered by the fact that ELISA typi-
cally achieves a detection time of 2–4 h (Chen et al. 2023). 
Immunoprecipitation produces highly pure immune com-
plexes from homogenized tissues or cell lysates. This tech-
nique has the disadvantage of detecting non-specific proteins 
(DeCaprio and Kohl 2020). The EIA makes it possible to 
find highly minute amounts of antigens in a sample, includ-
ing proteins, peptides, hormones, and antibodies (Ahsan 
2022). Risks associated with EIA include overestimating 
population susceptibility, producing false negative results, 
and the high cost (Lutz et al. 2023). Flow cytometry pro-
vides fast and quantitative analysis of different parameters 
of cell populations via a single cell (Manohar et al. 2021). 

Inadequate data analysis, efficiency, and specimen quality 
are issues (Brestoff and Frater 2022). Immunohistochemistry 
offers high-throughput multiplex staining and standardized 
quantitative analysis for highly reliable, effective, and eco-
nomic tissue research. Some disadvantages of this technique 
are that it can only label one marker from the tissue section, 
and there is substantial variability (Tan et al. 2020). The 
diagnostic cytopathology employs immune-cytochemical 
reactions. However, incorrect diagnosis occurs  through 
interpretation errors, false-positive or false-negative data, 
or both (Leonardo et al. 2020).

Nanotechnology can help better identify diseases and 
treat various ailments (Kirtane et al. 2021). The magnetic, 
optical, chemical, physical, and electrical features of diverse 
nanomaterials in chemo/biosensing platforms can target 
various analytes (Kumar et al. 2020; Shen et al. 2021). The 
electrochemical biosensors offer mobility, affordability, 
selectivity, and the potential for downsizing. The nanoma-
terials have fueled the growth of biosensors in the last two 
decades (Leote et al. 2022). The reversible and selective 
interaction of the sensor with the analyte produces meas-
urable chemical parameters to determine its concentration. 
Electrochemical biosensors are sensitive, selective, and fast. 
They detect viruses, i.e., coronavirus, dengue virus, human 
immunodeficiency virus (HIV), hepatitis B virus (HBV), and 
hepatitis C virus (HCV) (Orooji et al. 2021).

Antimony (Sb) has potential in biomedical research and 
clinical diagnosis. “Sb2O4/rGO”-based sensors determine 
real-time nitric oxide molecules emitted from normal skin 
cells and tumor cells (Deng et al. 2021; Lee et al. 2020). Sm 
is used as a dopant to enhance the functioning of conduc-
tometric gas sensors (Rasouli Jamnani et al. 2019). “SiO2-
Sm2O3” NPs have more porosity when the samarium ion is 
added. Additionally, it increased the quantity of weak Lewis 
acid sites and had the potential to significantly improve the 
biological activity of the produced nanomaterial (Blasques 
et al. 2020). High catalytic activity, low cost, and good sta-
bility are reported for “Co3O4” (Zhuang et al. 2019). Anti-
mony tungstate (Sb2WO6), a typical n-type semiconductor 
having an appropriate band gap structure, has been exten-
sively researched in the fields of gas sensors and catalytic 
processes (Rafiq et al. 2020).

With the broad applications and chemical-electrochem-
ical characteristics of the mentioned elements, a signal-
enhancing immunosensor based on samarium-cobalt doped 
antimony tungstate (Sb2WO4@Sm-Co) is constructed to 
achieve ultrasensitive detection of an antigen–antibody 
complex with snake venom. It has abundant functional 
groups for the attachment of biomolecules. EDC/NHS act 
as indispensable cross-linkers; their bioconjugation changes 
the composite's surface to bind amine-reactive antibody 
groups. Nanocomposite is functionalized with a 3-mercap-
topropionic acid (3-MPA) linker to avoid aggregation and 



Applied Microbiology and Biotechnology          (2025) 109:55 	 Page 3 of 15     55 

polymerization and to couple antibodies covalently. The 
antibody would not be randomly oriented on NPs, which is 
effective for the antigen binding sites' accessibility. Accord-
ing to the literature survey, this is the first formulated immu-
nosensor for ultrasensitive snake venom antigen (SVA) 
detection through electrochemical immunosensing.

Materials and methods

Chemicals and reagents

Sodium tungstate dihydrate (Na2WO4.2H2O, ≥ 99%), 
deionized water (99%), ethanol (C2H6O, 100%), antimony 
trichloride (SbCl3, 95%), samarium nitrate (SmNO3, 85%), 
cobalt nitrate hexa-hydrate (Co(NO3)3.6H2O, 98%), sodium 
hydroxide (NaOH, 99%), ammonia (NH3, 85%), distilled 
water (99%), 3-mercaptopropionic acid (C3H6O2S, 98%), 
1-ethlyl-3-(3-dimethylaminopropyl) carbodiimide (C8H17N3, 
95%), and N-hydroxysuccinimide (C4H5NO3, 95%), Poly-
ethylene glycol (PEG) were purchased from Sigma-Aldrich. 
The anti-venom polyvalent antibodies (IgG) were provided 
by the National Institute of Health Islamabad Pakistan, and 
it was prepared against a venomous snake named Russell’s 
viper (Daboia russelii), which was collected from a snake 
charmer.

Synthesis of nanomaterial

A one-step solvothermal method was slightly modified from 
earlier studies to synthesize Sb2WO4@Sm-Co (S. Chen et al. 
2018; Zhang et al. 2022). The solution contained 1 mmol 
of Na2WO4·2H2O in 8 mL deionized water. Solution II was 
2 mmol SbCl3 in 8 mL ethanol. Solution II was added to 
solution I to obtain a yellowish mixture. This solution was 
mixed with 0.2 mmol each of SmNO3 and Co(NO3)3·6H2O. 
NaOH/HNO3 (1 mL) solution was added to the suspension 
for attaining pH 2 and stirred for 30 min. The obtained solu-
tion was stirred for 10 min and put into a 20 mL Teflon-lined 
stainless-steel autoclave for a 24-h hydrothermal reaction at 
180 °C. The product was collected by washing with deion-
ized water and 100% ethanol. The reaction mechanism is 
shown in the following equations.

(1)SbCl
3
+ 3C

2
H

5
OH → Sb(OCH

2
CH

3
)
3
+ 3HCl

(2)Sb(OCH
2
CH

3
)
3
+ Na

2
WO

4
.2H

2
O + 3H

2
O → Sb(OH)3 + 3C

2
H

5
OH + 2NaOH + H

2
WO

4

(3)
Sb(OH)

3
+ H

2
WO

4
+ NaOH → Na[Sb

(

OH)
6

]

+ H
2
O +WO

4

Functionalization

For attachment of the linker via its SH group, this com-
posite must include an efficient functional group containing 
hydroxyl groups. Citric acid was used to functionalize the 
NPs with COOH groups. 0.01 g dried NPs were suspended 
in 1 mL water, followed by adding 0.01 g citric acid, and 
stirred for 90 min at 90 °C. The unreacted content was 
removed by washing it with distilled water. The functional-
ized NPs were dried in an oven (Ghafoor and Ata 2017). 
The whole scheme of nanocomposite formulation is shown 
in Scheme 1.

Conjugation of Sb2WO4@Sm‑Co‑COOH 
with antivenom polyvalent antibodies

The 3-mercaptopropionic acid (3-MPA) linker with two 
carbon atoms between COOH and SH groups was used to 
modify Sb2WO4@Sm-Co-COOH. 1 mL COOH-modified 
nanomaterial was treated with 100 μL of 20 mM 3-MPA 
for 96 h at 800 rpm and 25 °C. After three centrifugation 
cycles at 6000 rpm for 15 min, the modified NPs were resus-
pended in 500 μL ultrapure water. The bioconjugation was 
made through EDC/NHS, wherein 100 μL ligand-modified 
NPs were combined with 10 μL of 50 μM EDC and left for 
30 min. It was further stirred for 30 min at 150 rpm after 
adding 10 μL of 75 μM NHS. The solution was stirred for 
30 min by adding 25–30 ng/mL antivenom polyvalent anti-
bodies (whole IgG), which require incubation at 37℃. The 
antibodies were immobilized through amino groups to create 
a pre-activated carboxylic acid amide bond (EDC/NHS). The 
material was finally centrifuged for 20 min, the superna-
tant was discarded to remove unreacted functional groups 
of glutaraldehyde in the EDC/NHS complex that were not 
bound to the antibody, and the pellet was then resuspended 
in 100 μl of 1% PEG for functionalizing nonantibody coated 
areas (Oliveira et al. 2019). This guarantees that the car-
boxyl-terminal group of 3-MPA will experience the activa-
tion of the crosslinking molecules. The thiolation reaction 
occurred through bonding SH-NPs, generating a densely 
packed thiolated 3-MPA self-assembled monolayer (SAM). 
Resultantly, the formation of the immunosensor (Sb2WO4@
Sm-Co-COOH-MPA-Ab) occurs, as illustrated in Scheme 2.

Fabrication of immunosensing platform

A glassy carbon electrode (GCE) was polished by polish-
ing cloth and sonicated for 20 min in ethanol to remove 
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the contaminants. The electrode was then washed with dis-
tilled water, and a 5 µL suspension of immuno-nanomaterial 
(Sb2WO4@Sm-Co-COOH-MPA-Ab) was deposited on GCE. 
It was then allowed to dry at room temperature and maintained 
at 4 °C before analysis.

The modified working electrode was used to detect SVA, 
which had a lifespan of a few weeks.

Electrochemical sensing of snake venom

Electrochemical experiments were performed using the three-
electrode system Potentiostat/ Galvanostat device at 25 °C. 
Immuno-sensing was employed to detect SVA in PBS solu-
tion via the electrochemical cell, which had a counter electrode 
(platinum wire), reference electrode (Ag/AgCl), and working 
electrode (GCE). The electrochemical behavior of Sb2WO4@
Sm-Co-COOH-MPA-Ab was analyzed with cyclic voltamme-
try (CV). Snake venom solutions of varied concentrations and 
pH were analyzed via DPV, LSV, EIS, and chronoamperom-
etry at room temperature.

Results

Characterization of Sb2WO4@Sm‑Co‑COOH

The structure of synthesized nanomaterial is investigated 
via scanning electron microscopy (SEM). The image exhib-
its a densely packed layer of spherical and rod-shape NPs, 
which showed agglomerated morphology (Fig. 1A). The his-
togram in Fig. 1B indicates that the solid sphere Sb2WO4@
Sm-Co-COOH has a size distribution of 20–36 nm. There 
are numerous, easily noticeable micropores on the surface 
of the thin layer. The addition of Sm and Co extensively 
regulates the morphology of the Sb2WO6 matrix, and pure 
Sb2WO6 exhibits an evident layered microsphere structure. 
The size distribution and consistent density of NPs are vis-
ible in TEM, and micrographs illustrate their specific surface 
area and uniformity (Fig. 1C). The synthetic Sb2WO4@Sm-
Co-COOH is dispersed as small particles with an average 
diameter of ~ 25 nm.

Scheme 1.   Schematic repre-
sentation of the hydrothermal 
formation of Sb2WO4@Sm-Co-
COOH. Synthesis of hydroxyl 
group containing Antimony 
tungstate NPs doped with 
Samarium and cobalt. Citric 
acid was added to functional-
ize these fabricated NPs with 
Carboxyl groups, which are 
required to bind the linker
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Citric acid with three carboxyl groups fills these gaps 
and enhances the material homogeneity and specific sur-
face area. The energy dispersive spectrometry (EDS) spectra 
reveal the distribution of Sb, Sm, Co, W, and COOH. The 
fabricated Sb2WO4@Sm-Co-COOH consists of uniformly 
distributed 16.53% COOH, 9% Co, 40% Sb, 1.24% Sm, and 
32.42% tungstate (Fig. 1D).

UV–visible spectroscopy verifies the NP production by 
assessing the collective oscillations of the conduction band 
and electrons in response to electromagnetic waves and 
detecting plasmon resonance. This provides initial details 
of NP aggregation, stability, size, and structure (Mourdik-
oudis et al. 2018). Sb2WO4@Sm-Co has an absorption 
wavelength of 214 nm due to its large band gap, which 
results in limited UV light absorbance. With a small band 

gap, the range of absorption curve for Sb2WO4@Sm-Co-
COOH extended to 216 nm. In visible light, functionaliza-
tion showed a broad absorption spectrum (Fig. 2A).

Using Eq. 1, the calculated band gaps for Sb2WO4@
Sm-Co and Sb2WO4@Sm-Co-COOH are 5.79  eV and 
5.74 eV, respectively, indicating no significant change in 
the band gap.

The materials' infrared Fourier transform spectros-
copy (FTIR) was recorded between the mid-infrared 
range of 500 and 4000 cm−1 to investigate the functional 
groups (Rabiei et al. 2020). Figure 2B depicts the peaks 

(4)E =
1240

�(nm)
eV

Scheme 2.   Schematic repre-
sentation for the formation of 
Immunosensor (Sb2WO4@Sm-
Co-COOH-MPA-Ab). Step 1: 
thioester bond between COOH 
functionalized NPs and 3-MPA 
linker. Step 2: Covalent immo-
bilization of Antibody with NPs 
via NHS and EDC cross-linkers
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Fig. 1   A SEM image, B Histogram, C TEM image, and (D) EDS spectrum of Sb2WO4@Sm-Co-COOH

Fig. 2   A UV spectra of Sb2WO4@Sm-Co (14 nm) and Sb2WO4@Sm-Co-COOH (16 nm), and (B) FTIR spectrum of Sb2WO4@Sm-Co-COOH 
indicating C-H, C–OH, C = O, COOH and M–O bonds
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of Sb2WO4@Sm-Co-COOH at 3430 cm−1 (S. Chen et al. 
2018; Zhang et al. 2022), 1000–1150 cm−1, and 750 cm−1. 
The absorption at 3350 cm − 1 further validated the suc-
cessful functionalization of nano-spheres with carboxylic 
acid. The M–O bond is responsible for the distinctive 
absorption band visible in the NP spectra at 500 cm−1.

Analytical performance of MPA‑Ab linked Sb2WO4@
Sm‑Co‑COOH

The voltammetric analysis of Sb2WO4@Sm-Co-COOH-
MPA-Ab was investigated by modified GCE immersed in 
0.1 M KCl solution. The electrochemical activity of the 
immuno-electrode was analyzed using CV with a potential 
range of −0.4 to 1.0 V and a scan rate of 30 mVs−1. Fig-
ure 3A depicts no oxidation–reduction peaks on bare GCE, 
while Sb2WO4@Sm-Co-COOH-MPA-Ab /GCE shows 
oxidation peaks at 0.5 V and 35 µA current. Figure 3B 

depicts that Sb2WO4@Sm-Co-COOH-MPA-Ab is stable 
and conductive.

The performance of electrochemical sensors can be 
directly impacted by the surface area, roughness, and 
porosity of electrodes (Lahcen et al. 2020). To ascertain 
the electrochemically active surface area, ECSA was inves-
tigated in K4[Fe(CN)6]3−/4− (0.1 mM) and KCl (0.1 M) 
solutions in a 1:1 ratio. Under the specified experimental 
conditions, this study measures the maximum electro-
chemical activity of Sb2WO4@Sm-Co-COOH-MPA-
Ab at a scan rate of 70 mV/s and a maximum current of 
0.015 mA. Figure 3C illustrates how the current decreases 
with the decrease in scan rate to suggest a reduction in the 
electrochemical reaction. ECSA results showed the highly 
rough and porous nature of the modified electrodes. Fig-
ure 3D depicts the line graph of ECSA, and the equation 
to calculate ECSA is mentioned below:

Fig. 3   A Cyclic voltammetry for the conductivity of Sb2WO4@Sm-
Co-COOH and bare electrode in 0.1  M K4[Fe(CN)6]3−/4− & 0.1  M 
KCl solution, B Stability of Sb2WO4@Sm-Co-COOH by conduct-
ing 50 cycles in 0.1 M K4[Fe(CN)6]3−/4− & 0.1 M KCl solution, and 

(C) ECSA of Sb2WO4@Sm-Co-COOH in 0.1 M K4[Fe(CN)6]3−/4− & 
0.1 M KCl solution, at scan rate of 20mVs−1−70mVs−1) (D) The cor-
responding line graph of ECSA with determination coefficient value 
of 0.906
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ECSA calculated for Sb2WO4@Sm-Co-COOH is 0.145.

Roughness factor

The roughness factor (Rf) relies on the size of the electrode 
and the number of redox sites on the electrode surface. It is 
the ratio of the surface area of the modified electrode to the 
surface area of bare GCE. Rf of Sb2WO4@Sm-Co-COOH 
modified electrode is calculated using the formula:

A1 is the surface area of the bare electrode, i.e., 0.073, 
and A2 is the surface area of the Sb2WO4@Sm-Co-COOH-
MPA-Ab modified electrode, i.e., 0.145 cm2. The roughness 
factor is found to be 1.98.

Heterogeneous electron transfer (kº)

The ko measurements are performed for the Sb2WO4@Sm-
Co-COOH modified and bare electrodes. The heterogene-
ous electron transfer rate constant on a modified electrode 
is examined using electrochemical impedance spectroscopy. 
Bare GCE shows a substantial semicircle with a surface area 
of 0.073 cm2. Compared to imino-nanomaterial, which has 
an Rct of 22,018 Ω, its Rct value is 27,659 kΩ. The huge 
surface area of Sb2WO4@Sm-Co-COOH-MPA-Ab was 
measured as 0.145 cm2. The following formula is used by 
EIS to determine the standard heterogeneous rate constant 
(k°).

where A is the electrode’s surface area, C is the concen-
tration of potassium ferrocyanide (K4Fe (CN)6) solution 
used as a redox probe, T is the temperature, F is the Fara-
day constant, Rct is the charge transfer resistance, and R is 
the gas constant. The k° value for the modified electrode is 
8.1 × 10–7, whereas for the bare electrode, it is 1.31 × 10–6. 
The kº values for both electrodes indicate how well electron 
transfer mechanisms work at their surfaces.

Differential pulse voltammetry (DPV) analysis

DPV was used to examine the electrochemical process of 
the altered electrode. The current variation was shown as 
a function of potential during the DPV measurement. The 
electrochemical behavior of the immunosensor is also moni-
tored using DPV at various pH (6.8, 7.0, 7.2, 7.4, 7.6, and 

(5)ECSA =
Slope × 1000

2

(6)Rf =
A
2

A
1

(7)k
◦

=
RT

F2RctAC

7.8). Therefore, pH 7.4 ensures the immunosensor operates 
as intended by preserving its physiological properties. The 
generated current varies with pH (Fig. 4A). The pH varia-
tion affects SVA's electrochemical activity on the fabricated 
immunosensor surface. Figure 4B depicts the line graph of 
DPV at various pH ranges. A range of snake venom concen-
trations are tested to see how the immunosensor responds. 
The highest oxidation reaction between snake venom and 
Sb2WO4@Sm-Co-COOH-MPA-Ab occurs at 30 ng/mL with 
the maximum current response (Fig. 4C). A modest decrease 
in response to 3.75 µA is seen as the concentration drops to 
25 ng/mL. The current responses are 3.3 µA, 3.0 µA, 2.7 
µA, and 2.5 µA, respectively, at 20 ng/mL, 15 ng/mL, 10 ng/
mL, and 5 ng/mL concentrations. Its linearity (R2) is 0.99 
(Fig. 4D).

Linear sweep voltammetry (LSV) analysis

The potential is swept linearly over time, and LSV meas-
ures the current response. Experiments using LSV were 
conducted in the potential range of −1 to + 1 V. The cur-
rent peaks at different pH ranges (7.4, 7.6, 7.2, 7.8, 7.0, and 
6.8) are 5 µA, 4 µA, 3.5 µA, 3 µA, 2.5 µA, and 2 µA, sub-
sequently. There is a linear correlation between the pH of 
the solution and the current response (Fig. 5A and B). LSV 
evaluates oxidation of snake venom at different quantities, 
i.e., 30 ng/mL, 25 ng/mL, 20 ng/mL, 15 ng/mL, 10 ng/mL, 
and 5 ng/mL. The current responses at various concentra-
tions are 5 µA, 4.4 µA, 4 µA, 3.5 µA, 3 µA, and 2.5 µA, 
respectively is represented in Fig. 5C. Every peak potential 
is constant at 0.1 V, and the linearity (R2) is ~ 0.99 (Fig. 5D).

Limit of detection (LOD)

LOD is the least detectable quantity of analyte, i.e., snake 
venom. It is determined by the following formula:

where m denotes the slope and s is the standard deviation. 
LODs for DPV and LSV are calculated as 0.08 ng/mL and 
0.1 ng/mL, correspondingly.

Impedimetric detection of target antigen in EIS 
mode

Identifying the interface-related characteristics of fabricated 
electrodes could be facilitated by the use of electrochemical 
impedance spectroscopy (EIS) (Hu et al. 2021). Determin-
ing the resistance on the electrode material and between the 
electrode and the analyte is another crucial task for the EIS 
approach (Saxena et al. 2022). Using EIS with a frequency 
range of 0.01 Hz, the modified electrodes' charge-transfer 

(8)LOD = 3
s

m
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resistance (Rct) was determined. The bare electrode has a 
surface area of 0.073 cm2 in 0.1 M potassium ferrocyanide 
solution and an Rct of 27,659 Ω. Sb2WO4@Sm-Co-COOH-
MPA-Ab electrode has a higher surface area of 0.145 cm2 
and Rct of 22,018 Ω. Compared to the bare electrode, the 
modified electrode has reduced Rct (Fig. 6A).

According to EIS in Fig. 6B, the 30 ng/mL concentration 
has the highest impedance value. Results showed the highest 
resistance and reactance in the system at this snake venom 
quantity, indicating the strongest antipathy to current flow. 
The impedance measurements are carried out with a 30 ng/
mL concentration at pH of 6.8, 7.0, 7.2, 7.4, 7.6, and 7.8 
(Fig. 6C). The system has the least resistance to current flow 
at pH 7.4, as indicated by the impedance.

Exponential factor

The following equation calculates the exponential factor:

R is the charge transfer resistance, pi is the circle's perim-
eter (~ 3.14), f is the frequency (0.01 Hz), and τ the time 
constant. τ = R × C where C is the capacitance. The expo-
nential factor for Sb2WO4@Sm-Co-COOH with antivenom 
polyvalent antibodies is 4.5 × 105. It is 3.0 × 107 for bare 
GCE. The exponential factors for detecting snake venom 
at optimum pH and concentration (Rct for optimum pH and 
concentration are 35,219 Ω and 35,453 Ω) are 2.4 × 101 and 
2.0 × 101, respectively.

Chronoamperometry

Chronoamperometry evaluates the selectivity, reliability, 
and stability of the designed immunosensor. The chrono-
amperometric curve of Sb2WO4@Sm-Co-COOH with 

(9)Exponentialfactor =
RT

R2 + (2pif × �)
2

Fig. 4   A Differential pulse voltammograms in different pH solutions 
(6.8–7.8) of 30  ng/mL SVA in 0.1  M PBS, B The calibrated line 
graph between pH and current, C Differential pulse voltammograms 

obtained at different snake venom concentrations (5 ng/mL – 30 ng/
mL)and blank reading in 0.1 M PBS, and (D) Calibrated line graph 
between current and concentration
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antivenom polyvalent antibodies is obtained at a scan rate 
of 50 mV/s for 14 h. Figure 7A reflects a sudden decrease 
in current up to 2 h, showing the linear response. The cur-
rent becomes stable, indicating the immunoreaction kinet-
ics and consistency of the developed immunosensor. An 
interference study examines the selectivity and stability 
of immunosensors towards snake venom. The interfering 
species include proteins, i.e., hemoglobin, albumin, amino 
acids, cysteine, and tyrosine in PBS solution containing 
30 ng/mL snake venom (Fig. 7B). A little drop in immu-
nosensor's current rate towards analyte is seen due to inter-
fering species. The possibility of cross-reactivity was eval-
uated for these. This experiment showed that these species 
did not cause significant interference and that the created 
immunosensor's specificity had increased for selective 
SVA identification. These analytes do not aggregate with 
the sensor because of the specific antivenom antibody used 
in its fabrication.

Amperometric selectivity coefficient

The equation for calculating the immunosensor's amperomet-
ric selectivity coefficient is as follows:

where K is the catalytic reaction rate constant (8.1 × 10–7), 
Ci is the concentration of the target analyte (30 ng/mL), 
Cj is the interfering species concentration (30 ng/mL), and 
∑kijamp is the amperometric selectivity coefficient. Other 
species interfere in the amperometric measurement of the 
target analyte when ∑kij

amp is higher. ∑kij
amp of developed 

immunosensor is 3.1.

(10)it = K(Ci +
∑

k
amp

ij
Cj)

Fig. 5   A Linear sweep voltammograms at different pH (6.8–7.4), 
B The calibrated line graph between current and pH at scan rate 30 
mVs−1, C Linear sweep voltammograms at different snake venom 

concentrations (5 ng/mL-30 ng/mL) and blank (D) The calibrated line 
graph between current and concentration
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Discussion

Sensitive analytical approaches are challenging to develop 
since human clinical biomarkers are rare. A target analyte 
and an electrolyte on electrode surfaces undergo a redox 
reaction, transforming chemical signals into electrochemi-
cal signals and is the basis for the electrochemical assay. 
Also, there is a direct correlation between the analyte con-
centration and the current intensity. Many clinical bio-
markers have been found using this sensitive, quick, and 
easy procedure. Because of the properties of the electrode 
materials, the electrochemical assay is preferable (Numan 
et al. 2021). PtPd nanocubes@MoS2 “(PtPd@MoS2)”, 
for detecting Hepatitis B surface antigen (HBs Ag), was 
presented in a recent study. It produced electrochemical 
signals. The concentration of HBsAg was detected with 
a wide linear range of 32 fg mL − 1 to 100 ng mL − 1 and 

a LOD of 10.2 fg mL − 1 by differential pulse voltamme-
try (DPV). The purpose of “PdPt@MoO2” was to detect 
VEGF with a LOD of 8.2 (pg mL − 1). The response signal 
of the biosensors has been improved by signal amplifica-
tion techniques based on antibodies, nucleic acid aptam-
ers, and other enzymes because appropriate recognition 
molecules and intermolecular forces are essential for high 
sensitivity and specificity (Liang et al. 2023). Propos-
ing fresh signal amplification approaches coupled with 
sophisticated procedures is valuable to ensure sensitive 
and reliable detection of clinical low abundance biomark-
ers. Building biological interfaces and transferring or 
amplifying signal molecules are often the mainstays of 
signal amplification techniques. Biomolecules could be 
separated and enhanced by biological processes, such as 
antigen–antibody reactions, to increase sensitivity (Wang 
et al. 2022).

Fig. 6   A Electrochemical impedance spectroscopic (EIS) analysis of bare GCE and Sb2WO4@Sm-Co-COOH modified electrode, B EIS analysis 
at different snake venom concentrations (5 ng/mL to 30 ng/mL), and (C) EIS analysis of snake venom at different pH (6.8–7.8)
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The outstanding performance of immunosensors in 
repeatability and sensitivity suggests that this technology 
may be helpful and affordable. In an investigation conducted 
recently, a screen-printed gold electrode (SPGE) biosensor 
was created to identify B. candidus venom in the plasma of 
rats that were experimentally envenomed (Choowongkomon 
et al. 2024). According to another investigation, a “TiO2”-
based impedimetric immunosensor was developed to detect 
snake venom with a detection limit of 20 μg mL−1(de Faria 
et al. 2019). Another immunosensor that uses the electro-
chemical impedance spectroscopy method to identify the 
venoms of Bothrops snakes in particular. To do this, the 
transducer substrate functionalized with antibothropic anti-
bodies was “Crofer 22 APU steel”. The LOD was estimated 
to be 0.27 μg mL − 1 (de Faria et al. 2018). “Polyaniline-
Crofer 22 APU” steel was developed to detect SVA with a 
LOD of about 0.1 µg/mL (de Faria et al. 2020). 0.08 ng/mL 
and 0.1 ng/mL range was observed via novel immunosen-
sor of this study. The developed “Sb2WO4@Sm-Co-COOH-
MPA-Ab” is sustainable and affordable compared to ELISA, 
which is expensive and has LOD 1–5 ng/mL, 1–3 pg mL−1, 
2 ng mL−1, 10 ng mL−1 and 7 ng mL−1 according to the 

literature (Puzari and Mukherjee 2020). A detailed com-
parison of previously reported immunosensors is given in 
Table 1.

The dense packing of synthesized nano-spheres indi-
cates that Sb2WO4@Sm-Co-COOH are agglomerated and 
have a regular geometry. The size distribution is between 
20 and 36 nm, indicating reduced size with higher surface 
area. The TEM micrograph shows an average diameter 
of ~ 25 nm. This is due to the homogenous dispersion of Sb, 
Sm, and Co metals. The absorption wavelength of 214 nm 
is of Sb2WO4@Sm-Co material having OH groups. The 
deviation of this π to 216 nm is due to the functionalization 
of the NPs with COOH groups. Sb2WO4@Sm-Co-COOH 
showed a slight change in the band gap, which means that 
adding carboxyl functional groups did not affect the size or 
surface characteristics of NPs, and they are highly confined. 
C-H, C-O–H, and O–H vibrations show the peak positions 
at 750 cm−1, 1000–1150 cm−1, and 3430 cm−1. The tensile 
vibration of COOH is responsible for the adsorption peak at 
3350 cm−1. Intramolecular hydrogen bonding is the primary 
cause of the absorption band at approximately 3400 cm − 1 
in all nanomaterials (Li et al. 2012). The peak at 500 cm−1 

Fig. 7   A Chronoamperometric graph of immunosensor Sb2WO4@Sm-Co-COOH with antivenom polyvalent antibodies, and (B) Interference 
experiments with various analytes demonstrated the immunosensor's selectivity

Table 1   Recently developed immunosensors for detecting snake venom, their sensing parameters, linear ranges, and LODs

Sr. No Immunosensor Sensing parameter Linear range Limit of detection References

1 Polyaniline-Crofer 22 APU steel EIS, CV 1–10 µg/mL 0.1 µg/mL (de Faria et al. 2020)
2 GQDs/nanobody platform CV 4–20 ng/mL 0.5 ng/mL (Mars et al. 2018)
3 Au-electrode CV, EIS 10–400 ng/L 10–11 M (Zehani et al. 2018)
4 CFMs-mesoporous carbon/OHP sheet CV 50–300 µM 18.98 µM (Amreen et al. 2022)
5 Sb2WO6@Sm-Co-COOH-MPA-Ab/GCE DPV, LSV, EIS 5–30 ng/mL 0.08–0.1 ng/mL Current work
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indicates the presence of metals (M), including Sb, Sm, Co, 
and W.

The voltammetric analysis of Sb2WO4@Sm-Co-COOH-
MPA-Ab via CV indicated a potential range of −0.4 to 
1.0 V and a scan rate of 30 mVs−1, necessary to bind 
antibodies successfully. The oxidation peaks at 0.5 V and 
35 µA confer the stability and conductivity of the immu-
nosensor. ECSA of immune-electrode indicates a non-
conductive area in the potential range of 1.20–1.40 with 
no oxidation or reduction peaks to reveal little to no elec-
trochemical activity. The ECSA graph shows a relationship 
between applied potential and resultant current at different 
scan rates. The maximum current values measured at each 
scan rate indicate the material's electrochemical activity. 
The decrease in scan rate alters the electrochemical activ-
ity of the immunosensor as no chemical reaction occurs at 
this point. The non-conductive zone exhibits no oxidation 
or reduction peaks, indicating no electrochemical process 
in this potential range. This may be explained by sluggish 
kinetics in this area, low concentrations of electroactive 
molecules, or passivation. Rf provides insights into the 
surface morphology and texture of the modified electrode. 
The electrochemically active surface area is increased by 
the electrode modification with Sb2WO4@Sm-Co-COOH-
MPA-Ab, as seen from the more considerable Rf value 
of 1.98. The nanocomposite, which is more conductive 
and promotes increased electron transport between elec-
trode surfaces and analyte solutions, lowers the Rct value. 
This also indicates improved charge transfer kinetics than 
bare electrodes. Thus, the electrode's increased surface 
area creates more electrically active sites to enhance the 
electrochemical performance. The vast surface area is also 
attributed to the electrical conductivity of the nanomate-
rial-modified electrode. The maximum current response 
of 3.8 µA is obtained at pH 7.4 during DPV measure-
ment. This indicates the electrode works best in pH ranges 
close to 7.0 because Ab activity decreases in very acidic 
and basic environments. As the concentration of SVA 
increases, the peak current also increases. Evidence sug-
gests antigen–antibody complexes are all over the elec-
trode's surface. The specific pH impacts the kinetics of 
electrochemical reactions due to altered charge transfer 
mechanism or interaction between immunosensor and 
snake venom antigen. There is a decrease in electrochemi-
cal activity or accessibility of snake venom at lower pH, as 
seen in the diminishing current peaks. LSV indicated the 
maximum SVA concentration of about 30 ng/mL because 
peak current increases with the increase in snake venom 
concentration. LOD values of 0.08 ng/mL and 0.1 ng/mL 
are in extraordinary range, which means the fabricated 
immunosensor can detect the SVA in a small quantity. 
EIS results show improved charge transfer kinetics, elec-
troactive sites, and thus high electrochemical activity. 

Therefore, the maximum peak values of pH 7.4 and 30 ng/
mL have conducive electrochemical behavior for venom 
detection. The immunosensor is more sensitive to antigen 
detection at optimal pH. The interference analysis speci-
fied the immunoreaction kinetics and consistency of the 
developed immunosensor. There is a minimum change in 
the conductivity of the immunosensor as its activity is not 
affected by interfering species.

Herein, an Sb-based immunosensor is designed for label-
free determination of SVA. Sb2WO4@Sm-Co-COOH-MPA-
Ab is a novel combination. Antivenom polyvalent antibody 
is immobilized onto the electrode via MPA in combination 
with EDC and NHS. This linker improves the Ab conju-
gation and enhances the electrochemical performance. The 
synthesized immuno-material enhances the surface area and 
conductivity of bare GCE. A plethora of functional groups 
enhance the covalent attachment of SVA to the bioconju-
gate. Its wide linear range and LOD indicate its capability 
to detect the low concentrations of the analyte. The size, 
shape, components, and functional groups of Sb2WO4@Sm-
Co-COOH are confirmed by FTIR, UV, SEM, and EDS. CV 
is used to investigate the applicability of immunoconjugate, 
while DPV, LSV, and EIS detect SVA at various concentra-
tions and pH. Chronoamperometry measures the modified 
electrode's stability. There is no interference from other ana-
lytes, including hemoglobin, albumin, tyrosine, and cysteine. 
The developed immunosensor exhibits high sensitivity, 
selectivity, and stability in SVA. It is possible to extend the 
methodology to less expensive, more sensitive, and selective 
nanodevices to detect SVA from real biological samples. In 
addition, it demonstrated outstanding operational stability, 
exceptional reproducibility, and repeatability. Subsequent 
investigations ought to concentrate on optimizing the immu-
nodetection technique and utilizing it in the development 
of a prototype to evaluate its potential in clinical settings. 
The standard SVA analysis showed that it is appropriate for 
studying real samples and has excellent precision. It need 
to be sustainable diagnostic sensor together with the future 
antivenom production processes. This immunosensor may be 
used for future point-of-care (POC) testing. According to the 
research, the created immunosensor may find use in diagnos-
tic clinics for the critical purpose of detecting snake venom 
on time for medical intervention. To evaluate the effective-
ness of this sensor in complicated biological samples and 
under various conditions, more validation of clinical situ-
ations is required. Among the difficulties is the possibility 
of introducing matrix effects while assessing SVA in actual 
biological samples, which could impede the detection pro-
cedure. A small sample size may have limited the research 
and impacted how broadly the results may be applied. It does 
not offer comprehensive insights into the long-term physi-
ological effects of snake venom on survivors; instead, it con-
centrates on the identification of antigens in snake venom.
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