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A B S T R A C T

Sulphadiazine (SDZINE) is widely used in clinical and veterinary practice, and its residues in food and envi
ronmental matrices require simple and cost-effective detection approaches. In this study, a SnO₂-polyaniline 
nanocomposite-modified carbon paste electrode (SnO₂–PANI/MCPE) was fabricated for the electrochemical 
detection of SDZINE. SnO₂ and PANI were synthesised and incorporated into a modified carbon paste electrode, 
and the material was characterised using SEM-EDX, XRD, and FTIR. Electrochemical performance was evaluated 
using cyclic voltammetry and differential pulse voltammetry in 0.2 M phosphate buffer solution at pH 7.4. The 
SnO₂-PANI/MCPE showed enhanced anodic response compared with the bare carbon paste electrode (BCPE) and 
individually modified electrodes, indicating improved electrocatalytic activity toward SDZINE oxidation. Scan- 
rate studies suggested a mixed diffusion-adsorption controlled process with significant adsorption contribu
tion, while pH studies supported proton involvement in the oxidation process. Under optimised conditions, the 
sensor exhibited a linear response over 40–280 µM, with a sensitivity of 0.019639 µA µM⁻¹ , an LOD of 75.72 µM, 
and an LOQ of 252.41 µM. The sensor showed good anti-interference performance against common matrix 
species and acceptable stability, repeatability, and reproducibility. Application in spiked milk samples produced 
recoveries of 95.6–97.5%, supporting the preliminary practical applicability of the SnO₂-PANI/MCPE platform 
for SDZINE detection.

1. Introduction

Recent advances in materials chemistry have accelerated the design 
of functional materials for use in therapeutics, diagnostics, electronics, 
catalysis, and energy storage [1–3]. Among these, metal oxide nano
materials have attracted sustained interest because of their high surface 
area, intrinsic catalytic activity, and favourable electron-transport 
characteristics, which can be leveraged in biosensing and pollutant 
monitoring platforms [4–7].

Metal oxide systems such as Fe₃O₄, Fe₂O₃, SnO₂, ZnO, TiO₂, and Cu₂O 
are widely explored in sensor design due to their thermal and chemical 
stability, comparatively low toxicity, and ability to promote interfacial 
electron transfer [8–10]. These features translate into broad utility in 
electrochemical devices and sensors, where accessible active sites and 
improved catalytic efficiency are required for measurable signal 
amplification [11–19].

In the present work, SnO₂ was selected over other commonly used 
oxides such as ZnO, CuO, and TiO₂ because of its favourable 

combination of semiconducting behaviour, catalytic activity, chemical 
stability, relative affordability, and environmental compatibility. SnO₂ is 
an n-type semiconductor with a wide band gap (~3.6 eV at room tem
perature) [20,21]and exhibits multiple valence states and oxygen va
cancies that promote redox activity. Consequently, SnO₂-based 
nanostructures have been employed in electrochemical energy [22] and 
sensing applications [23–28], with the additional advantages of relative 
affordability and environmental compatibility [29].

Combining SnO₂-based interfaces with conductive polymers (CPs) 
such as polyaniline (PANI), polypyrrole (PPy), and poly(3,4- 
ethylenedioxythiophene) (PEDOT), is a popular method for further 
improving conductivity [30] and providing electroactive or adsorptive 
sites via straightforward synthesis routes [31–33]. PANI is attractive 
because it exhibits multiple oxidation states, with the emeraldine salt 
form being the most electroactive and conductive [34]. These charac
teristics have supported PANI’s widespread use in sensing, corrosion 
protection, and electrocatalytic systems [35]. SnO₂–PANI nano
composites synergistically combine the conductivity of PANI with the 
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catalytic activity of SnO₂, resulting in improved sensing capability [36]. 
Interfacial coupling between semiconductor oxides and conductive 
polymers can promote charge transport across the composite in terms of 
favourable band alignment and junction formation [37,38], influencing 
structural and electrochemical characteristics relevant to sensing 
[39–42]. Although SnO₂–PANI nanocomposite systems have been 
explored for sensing gases and small molecules, including ethanol, 
ammonia, and ethephon [43–45] their application in pharmaceutical 
sensing, particularly for antibiotics such as SDZINE remains largely 
unexplored. The present study addresses this gap by developing a 
SnO₂–PANI/MCPE platform for SDZINE detection and evaluates its 
applicability in spiked milk samples. A summarised overview of the key 
research gaps in existing SDZINE detection approaches and how the 
present work addresses them is provided in supplementary Table ST2. 
To bridge the gap and from a functional materials perspective, the 
present work demonstrates how a semiconductor metal oxide, SnO2 and 
a conducting polymer, PANI, can be integrated to generate a practical 
electrochemical interface. In this hybrid system, SnO₂ contributes cat
alytic surface activity, oxygen-vacancy-assisted redox behaviour, and 
nanoscale active sites, while PANI improves conductivity, charge 
mobility, and analyte–surface interaction. Thus, the SnO₂–PANI/MCPE 
platform supports the broader development of next-generation, low-
cost, and application-oriented functional materials for electrochemical 
sensing.

Due to its broad-spectrum antibacterial action and low cost, SDZINE, 
a synthetic antibiotic of the sulfonamide class, is frequently employed in 
both human and veterinary medicine [46]. Structurally (Fig. 1), it 
contains a pyrimidine ring linked to a 4-aminobenzenesulfonamido 
group, and it has been used in a range of bacterial and parasitic in
fections [47–49]. However, residual SDZINE in animal-derived foods 
like milk and meat, raises safety concerns, including hypersensitivity 
reactions and other adverse effects associated with unnecessary expo
sure [50,51]. Accordingly, regulatory frameworks impose limits on 
sulfonamide residues in foods of animal origin. The European Union has 
established a combined maximum residue limit for sulfonamides that is 
commonly expressed at 100 ng/g (equivalent to 100 µg/kg) in relevant 
animal-derived products [52], and some standards specify stringent 
limits for SDZINE in milk [53,54]. Environmental monitoring has also 
reported SDZINE contamination in aquatic systems, underscoring the 
need for sensitive and reliable detection strategies for both food-safety 
and environmental surveillance [55,56].

Several analytical techniques have been developed for SDZINE 
detection, including UV-Visible spectrophotometry [57], chromato
graphic approaches [58], capillary electrophoresis [59], and tandem 
mass spectrometry [60]. Although these conventional techniques offer 
high sensitivity and specificity, their routine use is limited by the need 
for expensive instrumentation, skilled personnel, laborious sample 
preparation, and relatively time-consuming analytical procedures 
[61–63]. In this context, electrochemical sensing has emerged as a 
promising alternative for antibiotic residue monitoring because it offers 
simplicity, portability, rapid analysis, low cost, and high sensitivity, 

making it attractive for real-time monitoring of pharmaceutical residues 
in food and biological matrices [64]. In addition, 
nanocomposite-modified electrodes can improve sensing performance 
by enhancing electron transfer, increasing active surface area, and 
strengthening analyte–electrode interactions [65]. Although multiple 
electrochemical sensors for SDZINE have been reported using chemi
cally modified carbon electrodes [66], many reported electrochemical 
SDZINE sensors rely on relatively complex modifier systems, molecular 
imprinting, or advanced nanostructures, which may limit ease of fabri
cation and routine use. Therefore, a simpler and more cost-effective 
electrode architecture that maintains acceptable sensitivity, selec
tivity, and real-sample applicability is still required. In this regard, 
SnO₂–PANI nanocomposites are attractive as well as underexplored 
sensing material on a carbon based electrode system. To the best of our 
knowledge, the use of a SnO₂–PANI/MCPE platform for drug detection 
has not yet been systematically explored. The novelty of the present 
work lies not in claiming the lowest reported detection limit but in 
demonstrating a simple, low-cost, SnO₂–PANI nanocomposite-based 
carbon paste electrode that combines an improved electrocatalytic 
response, good selectivity, and practical applicability for SDZINE 
detection in a milk matrix.

2. Materials and methods

2.1. Apparatus

The morphological and elemental characteristics of the synthesised 
nanomaterials were investigated using scanning electron microscopy 
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDX) on a 
JEOL JSM-IT500LA instrument at the Sophisticated Analytical Instru
ment Facility (SAIF), Karnatak University, Dharwad, India. To examine 
the crystallographic structure, phase purity, and lattice parameters of 
the materials, powder X-ray diffraction (XRD) was performed using a 
Rigaku SmartLab SE diffractometer with Cu Kβ1D radiation.

A CHI 619E electrochemical workstation with a standard three- 
electrode setup was used to perform electrochemical experiments. The 
SnO2-PANI/MCPE served as the working electrode in this configuration, 
while a platinum wire served as the counter electrode and a saturated 
calomel electrode (SCE) as the reference electrode. All measurements 
were performed in a typical laboratory setting at room temperature. The 
pH of the solutions used in the electrochemical analysis was determined 
using a calibrated digital pH meter (Elico LI120).

2.2. Chemicals

All chemicals employed in this investigation were of analytical grade 
and did not require any additional purification. Sigma-Aldrich was the 
source of SDZINE. Himedia provided stannous chloride dihydrate 
(SnCl2⋅2H2O), sodium hydroxide (NaOH), aniline hydrochloride 
(C6H5NH2⋅HCl), ammonium peroxydisulfate (NH4)2S2O8, monosodium 
dihydrogen phosphate (NaH2PO4), and disodium hydrogen phosphate 
(Na2HPO4). All analyses were conducted in 0.2 M PBS (pH 7.4). For 
consistency and to remove interfering ions, double-distilled water was 
used in all the experiments and solution formulations.

2.3. Synthesis of nanoparticles

The traditional co-precipitation process was followed to synthesize 
the SnO2 nanoparticles. First, a transparent precursor solution was 
prepared by mixing 2.256 g of SnCl2.2H2O with 500 mL of distilled 
water. Separately, 0.4 g of NaOH was dissolved in 500 mL of distilled 
water. A magnetic stirrer was used to continuously stir the SnCl2 solu
tion as it was transferred to a 1 L beaker and combined with 100 mL of 
ethanol. Subsequently, NaOH solution was gradually added to the SnCl2 
solution until the pH of the mixture approached 8, facilitating the for
mation of a white precipitate [67]. The resulting suspension was allowed Fig. 1. Structure of SDZINE.
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to stand undisturbed overnight to ensure complete precipitation of the 
particles. The following day, the supernatant was carefully decanted, 
and the precipitate was washed thrice with distilled water to remove 
residual ions. After cleaning, the precipitate was filtered on Whatman 
filter paper, then transferred to a crucible and calcined at 250 ◦C for 
2–3 h. For subsequent characterisation and electrode fabrication, the 
finished product was collected the following day and stored.

Polyaniline (PANI) was synthesised via the oxidative polymerisation 
of C6H5NH2⋅HCl using (NH4)2S2O8 as the oxidising agent. In this pro
cess, 2.59 g of C6H5NH2⋅HCl was mixed with 50 mL of distilled water to 
prepare a 0.2 M solution. Simultaneously, 5.71 g of (NH4)2S2O8 was 
dissolved in 50 mL of distilled water to obtain a 0.25 M solution. Both 
solutions were equilibrated at room temperature for one hour. After this 
period, the two solutions were mixed in a clean beaker, stirred briefly to 
initiate the polymerisation reaction, and left undisturbed overnight. By 
the next day, a green precipitate, indicative of emeraldine salt forma
tion, had settled. To remove unreacted monomers and oligomers, the 
precipitate was filtered, washed with 0.2 M HCl, and then with acetone. 
To create the final powder, the purified PANI was first allowed to dry in 
open air and then oven-dried at 60◦C. This powder was then kept for use 
in electrode modification.

2.4. Fabrication of the electrodes

The BCPE was prepared from a paste of fine graphite powder and 
silicone oil in a weight ratio of 70:30 using a mortar and pestle [68,69]. 
The paste was then pressed into the hollow cavity of a Teflon tube, and a 
copper wire was inserted to ensure electrical contact with the electrode. 
The electrode surface was polished with glossy paper before use. To 
fabricate the modified electrode, equal amounts (0.001 g each) of the 
synthesised SnO2 and PANI nanoparticles were dispersed in 1 mL of 
double-distilled water. A consistent dispersion was achieved by ultra
sonication of the resultant suspension for 30–45 min. After combining 
equal volumes of each dispersion, they were further sonicated to guar
antee homogeneity; thus, the SnO2–PANI nanocomposite suspension 
was prepared. Subsequently, 10, 20, and 30 µL of the SnO2–PANI 
nanocomposite suspension were drop-casted on the surface of the BCPE 
and dried under ambient conditions. Electrochemical analysis by cyclic 
voltammetry showed that 20 µL of the modifier yielded an optimal 
current response. At this volume, the nanocomposite formed a uniform 
thin film that enhanced electron transfer without hindering surface 
conductivity.

2.5. Preparation of a real sample

To evaluate the practical applicability of the fabricated SnO2-PANI/ 
MCPE, a real sample analysis was performed using raw domestic milk. A 
100 mL volumetric flask was filled with 10 mL of unprocessed milk and 
diluted to the appropriate volume with double-distilled water. The 
mixture was then sonicated for 5–10 min to ensure homogeneity and to 
break down any aggregated proteins or particulates that might interfere 
with the electrochemical analysis. Following sonication, appropriate 
aliquots were drawn from the stock solution and further diluted with 
0.2 M PBS at pH 7.4 to prepare the working solutions. These diluted 
samples were transferred to an electrochemical cell for analysis using CV 
and DPV. To confirm the recovery and performance of the sensor in a 
real matrix, spiking experiments were performed by adding known 
concentrations of SDZINE to the milk sample, and the recovery per
centages were calculated.

3. Results and discussions

3.1. Characterization of SnO2 nanoparticles by SEM-EDX analysis

The surface morphologies of the synthesised SnO2 nanoparticles and 
SnO2-PANI nanocomposite were examined using scanning electron 

microscopy (SEM). The SEM image of the SnO2 nanoparticles at X2000 
magnification reveals a granular surface structure with a relatively 
uniform particle distribution (Fig. 2A). The particles appeared quasi- 
spherical and loosely agglomerated, which is typical of nanomaterials 
synthesised via co-precipitation methods. The morphology suggests a 
high surface area, which is beneficial for electrochemical sensing ap
plications because of the enhanced active surface interaction.

The SEM image of the SnO2-PANI nanocomposite at X2000 magni
fication, as shown in Fig. 2B, reveals the presence of agglomerates of 
spherical SnO2 nanoparticles on the surface of the PANI particles. This 
suggests that the composite is extremely microporous, with an enhanced 
liquid–solid interfacial area that provides additional sites for ion inser
tion and extraction, resulting in an elevated heterogeneous reaction 
rate.

Energy-dispersive X-ray spectroscopy (EDX) analysis was performed 
to confirm the elemental composition of the nanomaterial. The EDX 
spectrum shown in Fig. 3A clearly indicates that the sample contains tin 
(Sn) and oxygen (O) as the dominant elements, confirming the forma
tion of SnO2 nanoparticles. The quantitative EDX data revealed that tin 
(Sn) accounted for 58.41 wt% and 76.31 at%, and oxygen (O) accounted 
for 37.56 wt% and 15.99 at%. These values are in good agreement with 
the stoichiometry of SnO2, thereby validating the successful synthesis of 
the desired SnO2 nanoparticles without significant impurities [70].

The EDX spectrum shown in Fig. 3B indicates that the sample con
tains carbon, oxygen, tin, and chlorine as the dominant elements, con
firming the formation of the SnO2-PANI nanocomposite. The 
quantitative EDX data reveal that carbon (C) accounts for 63.27 wt% 
and 78.84 at%, oxygen (O) accounts for 17.03 wt% and 15.93 at%, tin 
(Sn) accounts for 10.79 wt% and 1.36 at%, and chlorine (Cl) accounts 
for 6.57 wt% and 2.78 at%.

3.2. Powder X-Ray diffractometer analysis

X-ray diffraction (XRD) was used to examine the crystal structure and 
phase purity of the synthesised SnO₂ nanoparticles. As shown in Fig. 4A, 
prominent peaks at 2θ values of approximately 26.7◦, 33.8◦, 51.8◦, 
54.6◦, 58.2◦, 61.7◦, 65.1◦, and 78.8◦ were observed, which can be 
indexed to the (110), (101), (211), (220), (002), (310), (301), and (321) 
crystallographic planes, respectively. These reflections are in good 
agreement with the tetragonal rutile phase of SnO₂ (JCPDS card No. 
41–1445), confirming the successful formation of crystalline SnO₂ 
without any detectable secondary impurity phases [71].

Similarly, the XRD pattern of PANI (Fig. 4B) showed broad peaks at 
2θ values of 8.5◦ and 25.36◦, corresponding to the (001) and (200) 
planes, respectively. The crystallite size was found to range from 
approximately 2.0–4.6 nm (Table 1) [72].

The typical XRD characteristic peaks of the SnO₂–PANI nano
composite (Fig. 4C) were observed at 2θ values of 26.5◦, 33.7◦, 37.9◦, 
51.7◦, 54.6◦, 57.8◦, 61.8◦, 65.2◦, 71.6◦, 78.4◦, and 83.7◦. These peaks 
correspond to the (110), (101), (200), (211), (220), (002), (310), (112), 
(202), (321), and (222) planes, respectively, and are consistent with the 
characteristic diffraction pattern of SnO₂ [73]. No additional impurity 
phases were observed. The slight deviation of peak positions from the 
standard SnO₂ values may be attributed to the incorporation of SnO₂ 
within the PANI matrix and possible interfacial interaction between the 
two components (Table 1). This suggests that the presence of PANI may 
influence the preferred orientation and crystalline environment of SnO₂ 
in the nanocomposite. No distinct PANI-related diffraction peaks were 
observed in the SnO₂–PANI nanocomposite, which may be due to the 
relatively low amount and low crystallinity of PANI in the composite.

The crystallite sizes at different 2θ values were obtained from the 
profile-fitting analysis of the XRD data and are presented in Table 1. The 
estimated crystallite sizes ranged from approximately 1.9–9.3 nm, with 
an average value of approximately 5.5 nm. These values represent XRD- 
derived crystalline domain sizes and should not be interpreted as direct 
particle-size measurements. The variation in crystallite size across 
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different diffraction planes may be related to differences in crystalline 
domain orientation and peak-broadening behaviour. The absence of 
additional diffraction peaks suggests good phase purity of SnO₂ within 
the detection limit of XRD. Overall, the XRD findings support the for
mation of nanocrystalline SnO₂ with a rutile tetragonal structure, while 
SEM-EDX provides complementary evidence regarding surface 
morphology and elemental composition. The nanocrystalline nature of 
SnO₂ may provide accessible active sites and support charge transfer, 
making it suitable for integration into the SnO₂–PANI composite sensor 
platform.

3.3. FTIR characterisation of SnO2-PANI/MCPE

The FTIR spectrum of the SnO₂–PANI/MCPE (Fig.S1) shows 

characteristic absorption bands corresponding to SnO₂, PANI, and the 
carbon paste matrix. Detailed FTIR peak assignments are provided in 
Supplementary Table ST1. The absorption band around 561.29 cm⁻¹ , 
along with bands at 709.80, 678.94, and 653.87 cm⁻¹ , may be assigned 
to Sn–O and Sn–O–Sn vibrations, supporting the presence of SnO₂ in the 
composite. The bands observed at 817.82, 848.68, and 
906.54 cm⁻¹ correspond to aromatic C–H bending vibrations of PANI. 
The bands at 1234.44 and 1255.66 cm⁻¹ are attributed to C–N stretching 
vibrations, while the bands at 1508.33 cm⁻¹ and 
1541.12–1560.41 cm⁻¹ correspond to benzenoid and quinoid ring 
stretching vibrations of PANI, respectively. These PANI-related bands 
support the retention of the emeraldine-type conducting polymer 
backbone in the composite. The band near 1047.35 cm⁻¹ may be asso
ciated with Si–O–Si stretching from silicone oil used as the binder in the 

Fig. 2. The SEM images with different magnification A) SnO2 nanoparticles at X2000 B) SnO2–PANI nanoparticles at X2000 at landing Voltage 20.0 kV.

Fig. 3. EDX spectra of A) SnO2 and B) SnO2 – PANI nanocomposite.
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carbon paste electrode. The broad bands around 3649.32 and 
3738.05 cm⁻¹ are attributed to O–H stretching from surface hydroxyl 
groups or adsorbed moisture, while the band at 2358.94 cm⁻¹ may arise 
from atmospheric CO₂. Overall, the FTIR spectrum supports the coex
istence of SnO₂ and PANI components in the modified carbon paste 
electrode and provides additional evidence for successful composite 
formation. This is relevant for SDZINE sensing because SnO₂ can 
contribute surface-active catalytic sites for electro-oxidation, whereas 
PANI provides conductive pathways that facilitate interfacial charge 
transfer.

3.4. Electrochemical behaviour of SDZINE at the various modified 
electrodes

The electrochemical behaviour of SDZINE at different electrode 
surfaces was evaluated using cyclic voltammetry in 0.2 M PBS at pH 7.4. 
Comparative studies were performed using BCPE, SnO₂-MCPE, PANI- 
MCPE, and SnO₂–PANI/MCPE in the presence of 0.1 mM SDZINE, and 

the corresponding anodic peak potentials (Epa) and anodic peak currents 
(Ipa) are presented in Table 2. The SnO₂–PANI/MCPE exhibited the 
maximum anodic peak current (− 2.811 ×10− 6 A), compared to BCPE 
(− 2.643 ×10− 7), corresponding to an approximately 10.6 fold increase 
in current response, while SnO₂-MCPE and PANI-MCPE individually 
produced a moderate enhancement in the SDZINE oxidation response. 
The anodic peak potential also shifted slightly from 0.8776 V at BCPE to 
0.8696 V at SnO₂–PANI/MCPE. This slight negative shift in Epa, together 
with the marked current enhancement, indicates improved electro
catalytic oxidation of SDZINE at the nanocomposite-modified electrode 
surface. The improved response of the SnO₂–PANI/MCPE may be 
attributed to the synergistic contribution of the SnO₂ surface-active 
catalytic sites and PANI conductive pathways, which together facili
tate interfacial charge transfer during SDZINE oxidation. Fig. 5A shows 
the oxidation voltammograms of SDZINE at the BCPE and SnO₂–PANI/ 
MCPE.

No well-defined cathodic peak corresponding to SDZINE reduction 
was observed in the reverse scan under the present experimental con
ditions, suggesting that SDZINE oxidation at the electrode surface is 
electrochemically irreversible or is followed by a rapid chemical trans
formation of the oxidised product. Therefore, peak separation 

(
ΔEp

)
, 

which is usually used for reversible redox couples, was not calculated for 
SDZINE oxidation. Instead, the mechanistic interpretation was based on 
the anodic peak potential shift, current enhancement, scan rate depen
dence, and pH-dependent behaviour.

Fig. 4. XRD spectra of A) SnO2 B) PANI C) SnO2-PANI.

Table1 
XRD data of SnO2, PANI and SnO2-PANI.

SnO2 

nanoparticles
PANI SnO2 – PANI 

nanocomposite

2θ 
(◦)

Crystallite size 
(nm)

2θ 
(◦)

Crystallite size 
(nm)

2θ 
(◦)

Crystallite size 
(nm)

26.7 3.6 8.5 4.6 26.5 5.4
33.8 7.2 25.3 2.0 33.7 6.2
51.7 5.8 ​ ​ 37.9 5.0
54.6 9.3 ​ ​ 51.7 5.5
58.2 1.8 ​ ​ 54.6 6.2
61.7 5.1 ​ ​ 57.8 5.9
65.1 3.6 ​ ​ 61.8 5.6
78.8 7.0 ​ ​ 65.2 3.9
​ ​ ​ ​ 71.6 7.1
​ ​ ​ ​ 78.4 6.1
​ ​ ​ ​ 83.7 8.8

Table 2 
Comparison of responses of different modifiers.

Modifiers Epa(V) Ipa (A)

BCPE 0.8776 − 2.643 × 10− 7

BCPE + SnO2 0.8660 − 2.029 × 10− 6

BCPE + PANI 0.8585 − 1.162 × 10− 6

BCPE + SnO2 + PANI 0.8696 − 2.811 × 10− 6
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3.5. Electrochemical oxidation of the standard potassium ferrocyanide 
system on SnO2-PANI/MCPE

To investigate the electrochemical characteristics of the SnO2–PANI/ 
MCPE, we employed a freshly prepared probe solution of 1.0 mM po
tassium ferrocyanide in 0.1 M KCl in an electrochemical cell. The cyclic 
voltammograms acquired at the BCPE and SnO2-PANI/MCPE during the 
oxidation of 1.0 mM potassium ferrocyanide at a scan rate of 0.05 V/s 
are shown in Fig. 5B. The resulting voltammograms showed a significant 
enhancement in the current response at the SnO2-PANI/MCPE surface. 
The peak-to-peak separation 

(
ΔEp

)
and peak current ratio 

(
Ipa/Ipc

)
of the 

ferrocyanide redox probe were also evaluated to understand the inter
facial electron-transfer behaviour of the electrode. At the BCPE, Epaand 
Epcwere observed at 0.2959 V and 0.1544 V, respectively, giving a 
ΔEpof 141.5 mV and an Ipa/Ipcratio of 1.611. In contrast, the SnO₂- 
PANI/MCPE showed Epaand Epcvalues of 0.2826 V and 0.1618 V, 
respectively, with a reduced ΔEp of 120.8 mV and an Ipa/Ipcratio of 
1.560. The reduction in ΔEp, together with the enhanced peak current 
response and higher electroactive surface area reported for SnO₂-PANI/ 
MCPE, indicates improved charge-transfer kinetics at the modified 
electrode surface. However, since the ΔEpvalues remain higher than the 
theoretical value expected for a fully reversible one-electron redox 
process, the ferrocyanide response may be described as quasi-reversible 
rather than fully reversible.

The total active surface area was calculated using the Randles-Sevcik 
Eq. (1)

Ip = (2.69×105) n3/2A D1/2 C0ν1/2                                                  (1)

In the above equation, Ip, C0, n, D,ν, A are the peak current, con
centration of the electroactive species (mol cm− 3), number of electrons 
exchanged, diffusion coefficient (cm2s− 1), scan rate (V/s) and electro
active surface area (cm2), respectively. The electroactive surface area of 
SnO2-PANI/MCPE was found to be at its maximum at 0.01514 cm², 
surpassing that of BCPE (0.0097 cm²). This result confirms that nano
composite modification enhances the electrochemical surface area and 
charge-transfer capability of the electrode [74]. The proposed 
electro-oxidation mechanism of SDZINE is shown in Scheme 1.

Since intermediate species were not experimentally identified by LC- 
MS, GC-MS, controlled-potential electrolysis, or in situ spectroelec
trochemistry, the proposed pathway should be considered tentative and 
based only on the observed electrochemical behaviour.

3.6. The effect of scan rate variation on electro-oxidation of SDZINE

The CV technique was used to investigate the impact of the scan rate 
on the electrochemical oxidation of SDZINE at the SnO2-PANI/MCPE 
over a range of scan rates from 0.04 to 0.52 V/s. The anodic peak current 
(Ipa) increased with increasing scan rate from 0.04 to 0.52 V/s, as shown 
in Fig. 6 A, confirming the scan rate-dependent oxidation of SDZINE. 
Fig. 6B illustrates the linear correlation between Ipa and the scan rate (ν) 
with the following regression Eq. (2): 

IpaSDZINE = 1.56304ν − 1.6304 (R² = 0.9995) (2) 

Similarly, a plot of Ipa versus ν¹ ᐟ² also demonstrated a straight-line 

Fig. 5. (A) Electro oxidative behaviour of 0.1 mM SDZINE at the BCPE and at SnO2-PANI/MCPE in 0.2 M PBS (pH 7.4) at a scan rate of 0.05 V/s. (B) Electro 
oxidative behaviour of 1.0 mM potassium ferrocyanide at the BCPE and SnO2-PANI /MCPE in 0.1MKCl recorded at a scan rate of 0.05 V/s.

Scheme 1. Proposed electro oxidation pathway of SDZINE at SnO2-PANI/MCPE electrode surface.
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trend shown in Fig. 6C and described by the Eq. (3)

IpaSDZINE = 1.4793ν¹ᐟ² + 1.47003 (R² = 0.9896) (3) 

However, to further elucidate the dominant control mechanism, a 
plot of the logIpaversus logν was plotted (Fig. 6D), and the linear Eq. (4)
was obtained. 

log (Ipa
/

μA) = 0.608 (logV
/
s) + 1.13 (R²

= 0.994) (4) 

A slope close to 0.5 generally indicates diffusion-controlled behav
iour, whereas a slope close to 1.0 indicates adsorption-controlled 
behaviour [75]. The obtained value suggests a mixed 
diffusion–adsorption-controlled process with a significant adsorption 
contribution.

Fig. 6. (A) Cyclic voltammogram of 0.1 mM SDZINE at the MCPE at different scan rates (a− 0.04 V/s to m− 0.52 V/s). (B) Plot of Ipaversus ν for SDZINE. (C) Plot of 
Ipa versus ν1/2 for SDZINE. (D) Plot of log Ipa versus logν for SDZINE.

Fig. 7. (A) Differential pulse voltammograms for increase in concentration of Sulphadiazine (a- 0.04 mM to g − 0.28 mM). (B) Calibration plot of Ipa versus con
centration of Sulphadiazine.
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3.7. Effect of concentration of SDZINE at SnO2 -PANI/MCPE

To evaluate the electrocatalytic performance of the SnO₂-PANI/ 
MCPE for SDZINE detection, differential pulse voltammetry (DPV) was 
performed at varying analyte concentrations. Fig. 7A illustrates the DPV 
responses obtained as the SDZINE concentration was incrementally 
increased from 0.04 to 0.28 mM (40 μM to 280 μM). A steady increase in 
the anodic peak current (Ipa) confirmed a good electrochemical contact 
between the analyte and the modified electrode surface with increasing 
SDZINE concentration. Over the measured range, the accompanying 
calibration curve (Fig. 7B) shows a linear connection between Ipa and 
SDZINE concentration described by the regression Eq. (5): 

Ipa(μA) = 0.019639 CSDZINE(μM)+ 2.3942
(
R2 = 0.9662

)
(5) 

The performance of the SnO2-PANI/MCPE sensor was further eval
uated by calculating the limit of detection (LOD), limit of quantification 
(LOQ) and sensitivity were calculated as follows: 

LOD =
3σ
S

=
3 × 0.49571

0.019639 

LOD = 75.72 μM 

LOQ =
10σ
S

=
10 × 0.49571

0.019639 

LOQ = 252.41 μM 

The LOD and LOQ were found to be 75.72 μM and 252.41 μM, 
respectively.

The sensitivity was found to be 0.019639 µA µM⁻¹ and the area- 
normalised sensitivity was found to be 1.29 μA μM− 1cm− 2 indicating 
the sensor’s acceptable sensitivity and the ability to detect SDZINE at 
trace levels. The newly developed SnO2-PANI/MCPE sensor’s ability 
was also compared with other previously reported electrochemical 
sensors for SDZINE detection (Table 3). The LOD obtained in the present 
work is not the lowest among all reported electrochemical SDZINE 
sensors, as some advanced nanostructured and molecularly imprinted 
systems have achieved lower detection limits. However, the 
SnO₂–PANI/MCPE provides a favourable balance between analytical 
performance and practical usability. The electrode is simple to fabricate, 
uses inexpensive and relatively environmentally benign materials, ex
hibits enhanced current response compared with BCPE. These attributes 

suggest that the SnO2-PANI/MCPE is an attractive platform for the ac
curate and efficient electrochemical determination of SDZINE in phar
maceutical and food samples. Recent reports on SDZINE electrochemical 
sensing [66,76–80] show a clear trend toward highly engineered 
recognition and signal-amplification platforms, including molecularly 
imprinted polymers, metal/metal-oxide nanocomposites, MXene/silver 
nanowire systems, and carbon-supported hybrid nanostructures. Some 
of these recent sensors have achieved lower detection limits than the 
present SnO₂-PANI/MCPE, such as CuNPs/MIP, MnCo₂O₄/P-doped 
g-C₃N₄/GCE, Nb₂CTx/AgNWs-MIP/GCE, SDZ-MIP/APTES-ITO, differ
ential ratiometric MIP sensors, and CNFs@Sb₂O₃/GCE-based systems. 
However, these platforms often involve more complex modifier syn
thesis, molecular imprinting, ratiometric design, or advanced electrode 
substrates. In contrast, the present SnO₂-PANI/MCPE offers a simpler 
carbon paste electrode architecture with low-cost materials, easy 
fabrication, improved anodic response compared with the bare and 
individually modified electrodes, acceptable analytical sensitivity, good 
selectivity, and successful recovery in spiked milk samples. Therefore, 
the contribution of the present work lies not in achieving the lowest 
reported LOD, but in providing a practical balance between sensitivity, 
fabrication simplicity, cost-effectiveness, and real-sample applicability. 
Also, we would like to add that the present sensor showed a linear 
response from 0.04 to 0.28 mM (40–280 µM), this range is higher than 
typical regulatory residue limits for sulfonamides in food matrices. 
Therefore, the present study should be considered a proof-of-concept 
electrochemical sensing platform, and further optimisation including 
lower calibration ranges, sample preconcentration, and matrix-specific 
validation will be required for residue-level food-safety monitoring.

3.8. The effect of pH on SDZINE detection

The pH of the supporting electrolyte is a critical parameter that can 
significantly influence the electrochemical behaviour of analytes [87]. 
To investigate its effect on the electro-oxidation of SDZINE, cyclic vol
tammetry was performed over a pH range of 5.5–8.0. The measurements 
were carried out at a scan rate of 0.05 V/s using the SnO2-PANI/MCPE 
(Fig. 8A).

The pH-dependent study supports the mechanistic interpretation of 
SDZINE oxidation. With increasing pH, the anodic peak potential shifted 
toward less positive values, indicating proton involvement in the 
oxidation process. The slope of the Epaversus pH plot (Fig. 8B) was 

Table 3 
Comparison of the detection limit for SDZINE with different modifiers and techniques.

Modified Electrode Technique Linear Range 
(μM)

Limit of Detection (LOD in μM) References

Molecular imprinted polymer – CPE DPV 0.2 − 100 μM 0.14 [52]
GCE SWV 62.7–340 µM 10.9 [64]
MWCNT– GCE CV 10–2000 µM 7.13 [81]
MIP/GO@COF/GCE DPV 0.5–200 μM 0.16 [37]
MWCNT-MIP-GCE DPV 4–50 μM 0.68 [46]
Bismuth film-GCE DPV 3.2–20.0 μM 

and 20.0–97.0 μM
2.1and12.2 [82]

Boron doped diamond electrode SWV 8.01–119 μM 2.19 [49]
MoS2-RuS2/GCE CV &Amperometry 0.01 to 598.7 μM 0.004 [83]
ZnMn2O4-GCE DPV 0.008–1264 μM 0.0021 [84]
P3MT SWV 5.0–3200 μM 4 [60]
CNPE SWV 1–75 μM 0.4 [61]
GCE LWV/DPV 15 − 60 μM 5.4/8.5 [85]
Cu2Sb/SPCE DPV 0.09–818.18 μM 0.07 [86]
MnCo₂O₄/P-doped g-C₃N₄/GCE CV, amperometry, DPV 0.008–207.57 and 0.01–95.40 μM 1.2 and 3 nM [66]
CuNPs/MIP-OPPy/GCE DPV 0.001 − 10 μM 3.1 × 10⁻¹ ⁰ M [76]
MIP@CuInS2/ZnS/GCE DPV/ratiometric mode NA 2.1 nM [77]
Nb₂CTx/AgNWs-MIP/GCE CV 0.01–100 μM 1.30 nM [78]
SDZ-MIP/APTES-ITO CV/DPV 0.1–300 μM 0.11 µM [79]
CNFs@Sb₂O₃/GCE CV 0.083–24 μM 9.5 × 10⁻¹ ⁰ M [80]
SnO2-PANI/MCPE DPV 40 μM to 280 μM 75.6 Present work

*NA: Not Available
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approximately 54 mV/pH (Eq. 6), which is close to the theoretical 
Nernstian value of 59 mV/pH at 25◦C. This suggests that the oxidation 
process involves an approximately equal number of electrons and pro
tons. Therefore, the SDZINE oxidation mechanism at SnO₂-PANI/MCPE 
can be interpreted as a proton-coupled electron-transfer process, 
consistent with the proposed electro-oxidation pathway. The anodic 
peak current was found to vary with pH, reaching a maximum at pH 7.5. 
Hence, pH 7.4 was selected as the optimal working condition, as it 
closely resembles the physiological pH of human blood, tissues, and 
extracellular fluids. 

Epa (V) = − 0.0541pH +1.1912 (6) 

These experimental results were in good agreement with the previ
ous report [88].

3.9. Interference study

To assess the selectivity of the SnO2-PANI/MCPE sensor, interference 
studies were conducted under optimal experimental conditions. The 
impact of various potentially interfering species commonly present in 
pharmaceutical or biological matrices was evaluated by adding 1.0 mM 
solutions of ammonium chloride, gallic acid, potassium chloride, folic 
acid, urea, starch, glucose, magnesium chloride, calcium chloride, and 
zinc nitrate to the 0.1 mM SDZINE solution at pH 7.4. The results indi
cated that these substances did not produce any significant change in the 
oxidation peak current or potential of SDZINE. The variations in Epa 

remained within ±5%, confirming negligible interference from these 
ions and molecules (Table 4). The negligible interference observed for 
the tested species can be explained by their electrochemical behavior 
under the selected experimental conditions. Inorganic ions such as NH+

4 , 
K+, Mg2+, Ca2+, and Zn2+are not expected to undergo significant 
oxidation within the potential window used for SDZINE detection and 
therefore do not produce overlapping anodic responses. In addition, the 
supporting phosphate buffer at pH 7.4 maintains a stable ionic 

environment, reducing changes in migration current and solution con
ductivity. Neutral organic species such as glucose, urea, and starch also 
showed negligible effect, probably because they are poorly oxidized at 
the SDZINE oxidation potential and do not strongly compete with 
SDZINE for active sites on the SnO₂–PANI/MCPE surface. Although 
gallic acid can be electroactive under certain conditions,it's presence did 
not significantly alter the SDZINE peak response in the present system, 
suggesting limited overlap with the SDZINE oxidation signal or weak 
competitive interaction with the modified electrode surface. Therefore, 
the observed selectivity may be attributed to the combined effect of the 
selected working potential, buffer conditions, and the favorable inter
action of SDZINE with the SnO₂-PANI/MCPE. These findings demon
strate the high selectivity of the developed sensor for SDZINE detection, 
even in the presence of common interfering substances.

3.10. Reproducibility, stability and repeatability

The stability, repeatability, and reproducibility of SnO₂-PANI/MCPE 
were evaluated for SDZINE determination. Short term stability was 
assessed over 15 days by recording the anodic peak current every 3 days 
under identical conditions, showing only minor variation with an RSD of 
9.58% (Fig. 9A). Repeatability was evaluated through five successive 
SDZINE measurements using the same electrode, giving an RSD of 
5.09% (Fig. 9B). Reproducibility was assessed using five independently 
prepared SnO₂-PANI/MCPEs, with an RSD of 3.10% (Figs. 9C, 9D). 
These results indicate acceptable stability, good repeatability, and 
satisfactory reproducibility of the fabricated sensor for SDZINE 
detection.

3.11. SDZINE determination in real sample

To evaluate the practical applicability of the developed SnO₂-PANI/ 
MCPE for SDZINE detection, the sensor was applied to a real sample 
matrix, commercial cow milk. The experiment was designed to assess 
both detection capability and recovery performance in a complex bio
logical sample. The detailed procedure of milk sample preparation is 
given in Section 2.5.

The recovery percentages of the spiked milk solutions were found to 
be in the range of 95.6–97.5% indicating excellent accuracy and mini
mal matrix interference from the milk sample (Table 5). The consistent 
increase in peak current with increasing SDZ concentration, along with 
stable peak potentials, confirms the sensor’s selectivity and sensitivity in 
a real-world biological matrix. These results validate the use of the SnO2- 
PANI/MCPE sensor as a reliable and sensitive platform for detecting 
SDZINE in complex food samples such as milk, with minimal sample pre- 
treatment and high recovery efficiency.

Fig. 8. (A) Cyclic voltammograms of SDZINE at MCPE in 0.2 M PBS across various pH levels from 5.5 to 8.0 at a scan rate of 0.05 V/s. (B) Calibration plot of anodic 
peak potential Epa versus pH.

Tablee.4 
Study of interference ions on SDZINE.

Interferents Concentration 
(mM)

Epa Signal change (%) (ΔEpa)

Gallic Acid 1.0 0.8058 1.37
Calcium Chloride 1.0 0.7923 0.3
Potassium Chloride 1.0 0.7923 0.3
Magnesium Chloride 1.0 0.7907 0.5
Ammonium Chloride 1.0 0.7907 0.5
Zinc Nitrate 1.0 0.7916 0.3
Starch 1.0 0.7916 0.3
Glucose 1.0 0.7916 0.3
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4. .0. Conclusion

In this study, a SnO₂–PANI nanocomposite-modified carbon paste 
electrode (SnO2-PANI/MCPE) was successfully fabricated and evaluated 
as an electrochemical sensing platform for SDZINE detection. SEM-EDX, 
XRD, and FTIR analyses supported the formation of the SnO₂-PANI- 
modified electrode, while electrochemical studies confirmed improved 
anodic response toward SDZINE oxidation. Compared with BCPE, SnO₂- 
MCPE, and PANI-MCPE, the SnO₂-PANI/MCPE showed the highest 
anodic peak current, supporting the synergistic contribution of SnO₂ 
surface-active catalytic sites and PANI conductive pathways.

The sensor showed a linear DPV response over 40–280 µM, with a 
sensitivity of 0.019639 µA µM⁻¹ , an area-normalized sensitivity of 
1.29 µA µM⁻¹ cm⁻², an LOD of 75.72 µM, and an LOQ of 252.41 µM. 
Although this detection limit is not lower than several advanced re
ported SDZINE sensors, the present platform offers advantages of simple 
fabrication, low-cost materials, acceptable analytical performance, and 
practical usability. Scan-rate and pH studies suggested that SDZINE 
oxidation at the SnO₂-PANI/MCPE surface follows a mixed diffusion- 

adsorption controlled and proton-involved electrochemical process. 
The sensor also demonstrated good anti-interference performance 
against common matrix components, acceptable short-term stability 
over 15 days, good repeatability, and satisfactory reproducibility using 
independently fabricated electrodes.

The applicability of the method was demonstrated in spiked milk 
samples, where recoveries of 95.6–97.5% were obtained. Therefore, the 
SnO₂–PANI/MCPE can be considered a proof-of-concept electrochemical 
sensing platform for SDZINE determination in milk matrices. Future 
work should focus on improving the detection limit through optimiza
tion of the SnO₂:PANI ratio, modifier loading, film thickness, and signal- 
to-noise response. Validation at lower concentration ranges, incorpo
ration of preconcentration strategies, testing with naturally contami
nated or certified reference samples, and additional characterization 
using EIS, XPS, Raman, TEM, and BET analysis would further strengthen 
the analytical and mechanistic applicability of this sensor for residue- 
level food-safety monitoring.

5. .0. Future scope

Although the SnO₂–PANI/MCPE demonstrated acceptable sensitivity 
for SDZINE detection, the detection limit could potentially be further 
reduced through additional electrode and method optimization. Since 
LOD depends on the relationship between background noise and 
analytical sensitivity, future improvements should focus on increasing 
the calibration slope and minimizing baseline noise. This may be ach
ieved by optimizing the SnO₂:PANI ratio, controlling nanocomposite 
particle size and film thickness, improving dispersion uniformity, and 
increasing the electroactive surface area without blocking electron 

Fig. 9. Performance evaluation of the SnO₂–PANI/MCPE sensor for SDZINE detection: (A) stability response recorded over 15 days, (B) repeatability response 
obtained from five successive measurements using the same electrode, (C) reproducibility response obtained from five independently fabricated electrodes, and (D) 
corresponding DPV curves recorded using five separately prepared SnO₂-PANI/MCPEs.

Table 5 
Recovery results for SDZINE in spiked milk samples.

Spiked SDZ 
(µM)

Detected SDZ 
(µM)

Recovery 
(%)

Epa 
(V)

Ipa 
(µA)

50 47.8 95.6 0.873 –1.48
100 97.2 97.2 0.880 –1.91
150 143.9 95.9 0.896 –2.22
200 195.1 97.5 0.899 –2.64
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transfer. Incorporation of highly conductive carbon nanomaterials such 
as graphene, reduced graphene oxide, or carbon nanotubes may further 
improve charge-transfer kinetics and signal amplification. In addition, 
molecularly imprinted or affinity-based surface layers could improve 
SDZINE preconcentration and selectivity at the electrode interface. 
Optimization of pulse voltammetric parameters, accumulation time, 
accumulation potential, and sample pretreatment may also reduce 
matrix-related noise and improve the signal-to-noise ratio in milk sam
ples. These strategies will be explored in future studies to improve trace- 
level SDZINE detection.
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