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Abstract

Rebaudioside A (Reb A) is a non-nutritive artificial sweetener, highly present in the global 

sweetener market, and widely preferred by consumers. In this study, an advanced 

electrochemical biosensor was developed for sensing  Reb A, using a modified graphite rod 

electrode extracted from discharged Zn–C batteries. The electrode was fabricated using a 

layer-by-layer strategy with Nafion, Co-MOF nanosheets, CuO NPs, and Glucose Oxidase 

enzyme (GOx). The nanomaterials were characterized by UV-Vis, FTIR, DLS, zeta potential, 

XRD, Raman, SEM, TEM, EDS, and XPS techniques. Electrochemical characterization via 

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) revealed a 

significant enhancement in electrical conductivity and increased electroactive surface area. 

The designed biosensor exhibited a sharp oxidation peak at 0.16 V due to ester bond cleavage 

in Reb A, which was further amplified in the presence of GOx, resulting from hydroxyl 

oxidation and hydrogen peroxide generation. Differential pulse voltammetry (DPV) 

demonstrated a response at a concentration range of 2.0–14 μM (R² = 0.993) with a limit of 

detection (LOD) of 0.23 μM. The sensor displayed excellent analytical performance, with 

repeatability, reproducibility (RSD = 3.9%), and stability. At the same time, recovery studies 

confirmed its accuracy, ranging from 97% to 98.17%. Further, the molecular docking studies 

confirmed strong Reb A–GOx interactions (−7.26 kcal/mol), supporting the biosensor's 

specificity. This developed biosensor demonstrates excellent analytical performance, making 

it highly suitable for routine laboratory analysis of sweeteners in complex food matrices. 

Keywords: Rebaudioside A, Electrochemical biosensor, Glucose oxidase, Co-MOF 

nanosheet, CuO nanoparticles, Molecular docking, Green synthesis, DPV analysis.
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1. Introduction

Natural sweeteners have emerged as significant alternatives to artificial sweeteners  in the 

global food industry due to their low caloric content and potential health benefits [1]. Steviol 

glycosides, extracted from Stevia rebaudiana (Asteraceae), have gained considerable 

attention as natural sweetening agents [2][3]. Rebaudioside A (Reb A) has attracted particular 

interest due to its superior organoleptic properties. Phytochemical analysis of wild S. 

rebaudiana leaves reveals a distribution of steviol glycosides comprising stevioside (9.1%), 

rebaudioside A (3.8%), rebaudioside C (0.6%), and glucoside (0.3%) [4]. Among these 

glycosides, Reb A demonstrates enhanced sweetness intensity, improved stability, and 

reduced bitterness in comparison with stevioside [5][6]. This improvement in properties is 

attributed to its structural characteristics, specifically the substitution of a sophorosyl moiety 

with a glucosyl (1→3)-sophorosyl residue [7].

The United States Food and Drug Administration (FDA) has granted steviol glycosides  

"Generally Recognised as Safe" (GRAS) status, with an Acceptable Daily Intake (ADI) of 4 

mg/kg body weight [8]. Consequently, the demand for Reb A has increased due to its 

therapeutic potential and applications in weight management [9]. This increasing utilization 

of food products necessitates the development of effective analytical methods for its detection 

and quantification. Conventional analytical techniques for Reb A detection include high-

performance liquid chromatography   (HPLC) [10], liquid   chromatography-mass 

spectrometry (LC-MS) [11] and enzyme-linked immunosorbent assay (ELISA) [12]. 

However, these methods present several limitations, including complex instrumentation 

requirements, extensive sample preparation, high operational costs, and lengthy analysis 

times [13]. These constraints highlight the need for rapid, sensitive, and cost-effective 

alternatives for Reb A detection, particularly for routine quality control in food processing 

environments. Recent advances focus on nanostructured materials to enhance electron 

transfer and improve detection limits. For instance, novel electrode modifications have shown 

excellent reproducibility and stability in biosensing applications [14]. Advanced sensing 

strategies integrating nanomaterials demonstrated superior selectivity toward target analytes 

[15]. Furthermore, innovative electrode designs have enabled ultra-low detection of 

biomolecules and environmental contaminants [16]. Similarly, nanomaterial-based sensors 

offer promising real-time monitoring applications [17].

Metal-organic frameworks (MOFs), a class of porous crystalline materials composed of metal 

ions/clusters coordinated to organic ligands, have recently attracted significant attention in 
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biosensing applications due to their high surface area, tunable porosity, and versatile 

functionalization options [18]. Similarly, metal oxide nanoparticles [19]  have demonstrated 

excellent electrocatalytic properties and electron transfer capabilities in electrochemical 

sensing platforms [20] [21]. The integration of these nanomaterials with specific enzymes 

creates synergistic systems with enhanced sensitivity and selectivity [22]. In this study, we 

present a next-generation electrochemical biosensor for Reb A detection based on a 

nanocomposite of Co-MOF nanosheets, CuO NPs and Nafion in conjunction with glucose 

oxidase (GOx) enzyme. The Co-MOF provides a high surface area and porous structure for 

efficient enzyme immobilization, while CuO NPs enhance electron transfer and catalytic 

activity. The integration with GOx ensures selective biorecognition, making the 

nanocomposite highly sensitive and reliable for Reb A detection. The CuO NPs were 

synthesized via a green route using guava leaf extract, aligning with sustainable chemistry 

principles [23]. Whereas, Co-MOF nanosheets were prepared through solvothermal synthesis 

using cobalt chloride and terephthalic acid in N, N’-dimethylformamide (DMF) [24]. This 

nanocomposite was deposited on graphite electrode, followed by the incorporation of GOx. 

The synergistic interaction between the CuO-Co-MOF nanosheets and  GOx creates a highly 

sensitive platform for Reb A detection. The biosensor demonstrates several advantages over 

existing methods, including enhanced sensitivity, stability, and applicability for real-time 

analysis in complex food matrices. This is the first electrochemical biosensor utilising Co–

MOF nanosheets/CuO NPs integrated with glucose oxidase (GOx) for Reb A quantification. 

Also, it is the second biosensor platform designed for steviol glycoside, with sensor-analyte 

interactions validated through molecular docking 

2. Experiment

2.1 Reagents and materials

All reagents and materials employed in this study were sourced from various commercial 

suppliers. KH₂PO₄ (98%), K₂HPO₄ ( 98%), H₂SO₄ (98%), H₃PO₄ ( 85%), C2H5OH (99%), 

and DMF (99.8%) were purchased from Sigma Aldrich, India. For the analytical standards, 

laboratory-grade Rebaudioside A (98%) was obtained from Merck India, while commercial 

stevia samples in both powder, tablet, and drops formulations were procured from a local 

medical  Store. 
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2.2 Instrumentation

Multiple analytical techniques were employed for the thorough characterization of the 

synthesized nanomaterials. XRD pattern of the Co-MOF nanosheets and CuO NPs was 

performed using a Rigaku-mini flex diffractometer (Cu Kα radiation, λ = 1.5406 Å). For 

morphological examination, we utilized Thermofisher's Apreo 2S scanning electron 

microscope alongside a Talos F200S transmission electron microscope, with high-resolution 

TEM was used to provide insights into the atomic configurations. To investigate surface 

properties, Raman spectroscopic measurements were conducted on a Renishaw instrument 

equipped with a 532 nm excitation laser. The chemical states at the surface were determined 

through XPS analysis using a PHI Versa Probe III system  (aluminum Kα X-ray source). To 

evaluate the optical characteristics of the CuO NPs, a Shimadzu UV-1800 spectrophotometer 

was employed, while their interaction with Psidium guajava extract was analyzed using a 

Shimadzu A224056 FTIR spectrometer. A Malvern Panalytical dynamic light scattering 

instrument was employed to measure particle size distribution(DLS) and zeta potential. For 

electrochemical analysis, measurements were recorded on a Metrohm Auto Lab system 

running Nova 2.1.5 software, utilizing a three-electrode system consisting of graphite as the 

working electrode, Pt counter electrode, and Ag/AgCl selected as reference electrode. 

2.3  Synthesis of Nanomaterials

Scheme 1. a. Biogenic synthesis of CuO NPs and b. Solvothermal synthesis of Co-MOF.

2.3.1  Biogenic synthesis of CuO NPs using Psidium guajava leaf extract

The Psidium guajava leaves were chopped into tiny pieces and cleaned with double-

deionised distilled water.  After being dried at 50°C in an oven, the leaves were pounded into 

powder with a mortar and pestle and kept in a dry location.   5.0 g of the leaf powder was 

mixed in  100 mL of doubly deionised distilled water; the mixture was heated for 15 min at 

60–70°C.  To improve extraction efficiency, the mixture was heated, cooled, and then 
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aggressively agitated for 20 to 30 min using a magnetic stirrer.  To separate the components, 

the solution was centrifuged for 10 min at 5000 rpm.  After filtering the supernatant using  

Whatman No. 1 filter paper, the filtrate was stored at 4°C.

1.0 M solution of Cu(CH3COOH)2.H2O was made in 20 mL of distilled water at room 

temperature. Then, while stirring constantly at 300 rpm, 40 mL of Psidium guajava leaf 

extract was added dropwise to the copper acetate solution. A gel formed after the mixture was 

agitated for 24 h at 70°C at 300 rpm. A green precipitate was produced. This gel was dried at 

60°C in a hot air oven. This precipitate was calcined for  2h at 400°C to produce CuO NPs as 

shown in Scheme 1(a). 

2.3.2 Synthesis of Co-MOF nanosheets

To synthesize Co-MOF nanosheets, 0.98 g of cobalt nitrate hexahydrate (Co3(No)3.6H2O) and 

0.67 g of terephthalic acid are dissolved in 25 mL of DMF and stirred for 20 min to ensure 

complete dissolution[25]. After that, the mixture is taken to a Teflon-lined autoclave and 

heated for 15 h at 120°C. The autoclave is allowed to cool naturally to ambient temperature. 

To remove unreacted components, the final product is centrifuged for 3 min at 5000 rpm and 

then successively cleaned with DMF and ethanol. Finally, a hot air oven is used to dry the 

product at 50°C as illustrated in Scheme 1(b). This procedure yielded Co-MOF nanosheets 

for further applications.

2.4 Recycling Graphite (GE) Rods from Discharged Batteries

Graphite rods were extracted from discarded household batteries, with care to avoid leaked or 

corroded ones to ensure safety. The dismantling was carried out under protective measures 

(goggles, gloves, and face mask) in a well-ventilated environment. The cathodic side of the 

battery was gently tapped with a small hammer to unseal it, after which the graphite rods 

were carefully pulled out using pliers without damaging their structure. The metallic cap 

attached to the rods was retained to facilitate their use in electrochemical studies (S.1). The 

recovered rods were cleaned thoroughly using sandpapers of varying grit sizes to remove 

residual electrolyte, followed by washing with tap water and distilled water. Subsequently, 

they were sonicated in isopropanol for 30 min to ensure surface purity. Finally, the rods were 

dried in a hot air oven at 150°C for 48 h to eliminate moisture. The exposed surface area of 

the graphite rod immersed in the reaction mixture was measured to be 0.3 cm². This rigorous 

cleaning and preparation process ensures contaminant-free graphite electrodes suitable for 

reliable electrochemical applications (S.2).
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2.5 Preparation of electrolytes and real samples

A  precisely weighed Reb A was dissolved in a 10 mL volumetric flask and diluted to the 

appropriate level with distilled water to create a standard solution of 0.1 mM Reb A. 

Likewise, KH₂PO₄, K₂HPO₄  were dissolved in 100 mL of distilled water to create a 0.1M 

phosphate buffer solution (PBS).  The solution was stored at 4°C once the ideal pH of 3.0 

was achieved through the quantitative addition of NaOH or H2PO4.  To prepare a standard 

electrolyte, equivalent amounts of the corresponding salts were dissolved in distilled water to 

make a 0.1 M KCl and 5 mM potassium ferro/ferric solution. Commercial Nafion (5%) was 

diluted using a 4:1 v/v mixture of ethanol and deionised water to create a 0.5% (w/v) Nafion 

solution. The resultant solution was sonicated for 10 min to obtain homogeneity. The 

necessary quantity of GOx enzyme was precisely weighed to create a 0.01 mM solution in 

phosphate buffer (pH 7.0) for the GOx enzyme solution. After being transferred to a 

volumetric container and diluted as necessary, the solution was stored at 4°C. Stevia tablet 

and stevia powder formulations (0.01g) were dissolved in 10 mL of PBS  (pH 3.0), 

separately, sonicated for 10 min, and then centrifuged before actual sample analysis.  To find 

the concentration of Reb A in the real samples, the supernatant was gathered and subjected to 

Voltammetric analysis.  To find the amount of Reb A, Tropicana fruit juice, 1 mL of real 

sample diluted with 10 mL of phosphate buffer and sonicated well. In the same manner, 100 

µL of stevia drops were dissolved in 10 mL of PBS (pH 3.0) and thoroughly sonicated to 

detect the Reb A present in the real sample.

2.6 Preparation and fabrication of Nafion/Co-MOF nanosheets/CuO NPs/GOx on 

graphite (GE)

The recovered GE from used batteries was cleaned, dried, and further coated with 2 µL of 

0.5% Nafion solution and allowed to dry at ambient temperature. Separately, 0.01 g of Co-

MOF nanosheets/CuO NPs were dispersed in 3 mL of DMF and ultrasonicated for 10 min to 

obtain a homogeneous suspension. Eventually, 1 µL of the prepared nanocomposite was 

drop-cast onto the GE coated with Nafion and dried at ambient temperature. Finally, 1 µL of 

GOx (0.01 mM) solution was drop-cast onto the nanocomposite layer and left to dry under 

ambient conditions. The fabricated electrode was used for the electrochemical detection of 

Reb A.
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2.7 Electrochemical measurements of Reb A with GE/Nafion/Co-MOF nanosheets/CuO 

NPs/ GOx 

An electrochemical cell was prepared with  10 mL of PBS (pH 3.0). A bare or a fabricated 

GE was positioned as the working electrode within the cell. Before analysis, multiple cyclic 

potential sweeps were executed until stable baseline currents were established. Subsequently, 

a measured aliquot was added to the electrochemical cell, and a pre-concentration step was 

performed by providing a set voltage to the working electrode for a predetermined period. 

Differential Pulse Voltammograms (DPV) were then captured and recorded using a positive-

going potential scan at 0.1 V/s, utilizing either the bare or a modified GE as the working 

electrode.

2.8 Molecular docking study 

The molecular docking computational study was done to confirm the interactions between 

Reb A-GOx (ligand-protein). Initially, the structure of Reb A and the crystal structure of the 

Glucose Oxidase (PDB: 1GAL) were downloaded from PubChem and the PDB database, 

respectively. The protein was prepared by deleting the water molecules, followed by the 

addition of polar hydrogens and Kollman charges using the AutoDock Tool 1.5.7 and MGL 

software [26]. The blind docking method was applied to prepare the grid box for the input 

data of ‘protein.pdbqt’(GOx)  and ‘ligand.pdbqt’ (Reb A) files. The generated ‘file.gpf’ and 

‘file.dpf’ were imported to simulate with the population size of 300 runs and 50 interactions 

of genetic algorithms [27]. The obtained results in terms of hydrogen bonding, hydrophobic 

interactions, and bond distance and docking score were analysed using the Biovia Discovery 

Studio.

3. Results and discussion 

3.1 Characterization of CuO NPs/Cu-MOF nanosheets composite

The structural and optical properties of the biogenic CuO NPs were thoroughly investigated 

using various analytical techniques. The UV–Visible spectroscopy revealed a characteristic 

absorption peak at 274 nm, confirming the formation of CuO NPs through the surface 

plasmon resonance (SPR) phenomenon (Fig.1(a)) [28]. The optical band gap, estimated from 

the Tauc plot, was found to be 4.56 eV, indicating a wide band gap typical of nanoscale CuO 

with possible quantum confinement effects (S.3) [29]. The FTIR analysis(Fig.1(b)) confirmed 

the involvement of functional groups such as O–H, C=O,  and C–H from the Psidium 
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guajava leaf extract in the reduction and stabilization of the nanoparticles [30]. A prominent 

peak at 522 cm⁻¹ further confirmed the presence of Cu–O bonds[31]. 

Figure 1. Characterization of CuO NPs synthesized using Psidium guajava leaf extract: (a) 

UV–Vis spectra showing absorption peak at 274 nm; and (b) FTIR spectra confirming 

functional groups and Cu–O bond at 522 cm⁻¹.

The Zeta potential analysis (S.4) showed a surface charge of –23.6 mV, suggesting good 

colloidal stability due to electrostatic repulsion.  DLS analysis (S.5) revealed a Z-average 

particle size of ~ 374.7 nm and a polydispersity index (PDI) value of 0.386, indicating 

moderate size distribution and some degree of nanoparticle aggregation in suspension. The 

findings validate that Psidium guajava leaf extract was successfully used for the synthesis 

and stabilisation of CuO-NPs.

The morphology of CuO NPs and Co-MOF nanosheets was characterized by SEM. The SEM 

images of CuO NPs exhibit a spherical morphology [32] with an average diameter of ~24.1 

nm, as shown in Fig. 2(a). The morphology of the Co-MOF was observed as nanosheets with 

protrusions on the surface, stacked over one another, indicating increased surface porosity 

(Fig.2(b)). The EDS analysis of CuO NPs and Co-MOF nanosheets confirms the presence of 

Cu and O elements for CuO NPs, and Co, C, and O elements for Co-MOF (S.6 and S.7), 

confirming the successful preparation of these nanomaterials. The heterogeneous distribution 

of the component nanomaterials within the nanocomposite can be identified from Fig.2(c), 

which shows the distinct spatial arrangement of both CuO NPs and Co-MOF nanosheets. 
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Figure 2. (a) SEM images of biosynthesized CuO NPs; (b)  Co-MOF nanosheets; (c)  

CuO/Co-MOF nanosheets composite; (d, f) TEM images of CuO NPs/Co-MOF nanosheets; 

(e) HRTEM image displaying lattice fringes; inset shows SAED pattern. 

The distinct lattice fringes with interplanar spacings of 0.450 nm and 0.133 nm were visible 

in the HRTEM images of Co-MOF nanosheets (Fig. 2(d) and 2(e)). These fringes can be 

attributed to the (001) and (110) crystallographic planes of the Co-MOF and CuO NPs 

structure. The detailed TEM structure of the Co-MOF sheet-like structure aligns well with the 

SEM results. The strong integration of both nanostructures in the composite is confirmed by 

the HRTEM analysis, which shows CuO NPs dispersed randomly on the Co-MOF nanosheets 

(Fig. 2(f)). The crystalline nature of the nanocomposite is verified by the selected area 

electron diffraction (SAED) pattern.

The characteristic peaks for CuO NPs were observed at 2θ values of 32.4°, 35.5°, 38.6°, 

48.8°, 53.3°, 58.2°, 61.5°, 66.3°, 67.8°, 72.3°, and 75.2°. These diffraction peaks correspond 

to the crystallographic planes (110), (110), (111), (202), (020), (202), (113), (311), (113), 

(311), and (222), respectively. The peak positions and patterns match the standard JCPDS 

card No. 89-2529, confirming a face-centered cubic structure with a monoclinic phase[33]. 

The well-defined diffraction peaks show that the synthesized CuO NPs possess a crystalline 

structure. The crystallographic planes (001), (101), (200), (321), (001), and (325) at 2θ values 

9.65º, 15º, 18.7º ,20.1º, 29.5º, and 33.7º correspond to the Co-MOF nanosheets. These 

characteristic peaks match perfectly with the previously reported diffraction patterns of 

Cobalt terephthalate hydroxide [Co2(OH)2C8H4O4], validating the successful synthesis of the 
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Co-MOF nanosheets [34]. The coexistence of diffraction peaks from both components 

confirms the formation of a composite material without structural degradation of the 

individual phases as depicted in Fig.3(a).

Figure 3. (a) XRD analysis of CuO NPs, Co-MOF nanosheets, and CuO/Co-MOF 

composite. (b) Raman analysis of Co-MOF nanosheets and CuO/Co-MOF nanosheets .

The Raman spectroscopy analysis reveals distinct vibrational signatures of each component 

in the CuO NPs/Co-MOF nanosheets composite system (Fig.3(b)). The Co-MOF nanosheets 

exhibit characteristic bands at 862, 1143, 1432, and 1618 cm⁻¹, corresponding to vibrations 

within the benzene-1,4-dicarboxylate linkers, specifically C-H bending mode, C-O stretching 

mode, and aromatic C=C stretching mode. Low-frequency peaks below 401 cm⁻¹ indicate 

Co-O vibrations at the metal nodes [35]. The CuO NPs display three diagnostic modes: a 

sharp Ag mode at 287 cm⁻¹ (in-phase oxygen motion perpendicular to Cu-O-Cu chains), a 

less intense Bg(1) mode at 345 cm⁻¹ (oxygen atom vibrations), and a broad Bg(2) mode at 

602 cm⁻¹ (Cu-O stretching along [101 plane] direction), with peak broadening indicative of 

nano-dimensional phonon confinement effects[36]. The composite spectrum showcases all 

characteristic bands from both materials, confirming successful formation of a heterogeneous 

system where both components maintain their structural integrity while creating interfacial 

junctions. 

The XPS analysis verified the presence of Cu, O, Co, and C (used as a reference) elements in 

the synthesized nanocomposite (CuO NPs/Co-MOF nanosheets). Fig. 4(a) shows the survey 

XPS spectra of the CuO NPs/Co-MOF nanosheets composite, which confirms the presence of 

Cu, O, Co,  and C elements. The peaks observed at 933.4 eV and 953.4 eV represent Cu2p3/2 

and Cu2p1/2, respectively, with a spin energy separation of 20 eV. The satellite peaks at 937.7 
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eV and 959.7 eV confirm the presence of  Cu2+ in the synthesized composite. The broader 

satellite peak at 937.7 eV results from charge transfer shake-up satellite transitions typical of 

Cu2+ ions, occurring when photoionization induces electron transitions between ligand 

orbitals and a partially filled 3d shell of copper. This confirms the presence of Cu2+ in the 

composite (Fig. 4(b)). The O1s XPS spectrum revealed two distinct oxygen environments in 

the composite material. The signal at 531.4 eV confirms oxygen species participating in Cu–

O bonding, characteristic of the CuO NPs [37] . Meanwhile, the peak detected at 532.2 eV, as 

shown in Fig. 4(c), can be assigned to the carbonyl oxygen (=O) present in the carboxylic 

acid functional groups that constitute the organic linkers of the Co-MOF nanosheets. 

Figure 4. XPS spectra of CuO NPs/Co-MOF nanosheets composite showing (a) survey scan 

with elemental peaks, (b) Cu2p, (c) O1s, and (d) Co2p.
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This spectral evidence delineates the dual oxygen environments within the CuO NPs/Co-

MOF nanosheets composite. The Co2p XPS spectrum analysis (Fig. 4(d)) exhibits two 

primary photoelectron peaks positioned at 781.5 eV and 796.8 eV, displaying a characteristic 

spin-orbit splitting energy of 15.3 eV. These signals correspond to the Co2p3/2 and Co2p1/2 

core-level transitions, respectively. Additionally, satellite features are observed at higher 

binding energies of 783.7 eV and 803.4 eV [38]. The binding energy positions, spin-orbit 

coupling parameters, and the presence of these distinctive satellite structures are consistent 

with the electronic configuration of Co2+ ions in an octahedral coordination environment 

within the metal-organic framework structure. 

3.2 Electrochemical characterization of GE/Nafion/Co-MOF nanosheets/CuO NPs/GOx

Electrochemical impedance spectroscopy (EIS) was performed  to evaluate the charge 

transfer characteristics of the electrode system [39]. The investigation utilized a 5.0 mM 

K₃[Fe(CN)₆]³⁻/⁴⁻ solution with fabricated electrode configurations comprised of 

GE/Nafion/CuO NPs/Co-MOF nanosheets/GOx. The Nyquist plot illustrated distinctive 

impedance profiles for each electrode modification: GE, GE/Nafion, GE/Nafion/Co-MOF 

nanosheets, GE/Nafion/Co-MOF nanosheets/CuO NPs and GE/Nafion/Co-MOF 

nanosheets/CuO NPs/GOx as shown in Fig. 5(a). The EIS data were analyzed using an 

equivalent circuit model incorporating double-layer capacitance (Cdl), charge transfer 

resistance (Rct), solution resistance (Rs), and Warburg impedance (W) elements [40]. 

Quantitative analysis revealed charge transfer resistance (Rct) values of 70.95 Ω, 57.55 Ω, 

45.70 Ω,  25.66 Ω, and 18.57Ω Ω for GE, GE/Nafion, GE/Nafion/Co-MOF nanosheets, 

GE/Nafion/Co-MOF nanosheets/CuO NPs, and GE/Nafion/Co-MOF nanosheet/CuO 

NPs/GOx, respectively. The significantly reduced Rct value observed for the GE/Nafion/CuO 

NPs/Co-MOF nanosheets/GOx modified electrode indicates higher electron transfer kinetics 

and superior conductivity compared to the other electrode configurations. 

The microscopic areas of the developed sensor were investigated using the same     

[Fe(CN)6]4-/3-  and decimolar KCl electrolyte [41]. The analysis was performed using the 

cyclic voltammetry technique at a scan rate of 0.05 V/s, as shown in Fig.5(b). The effective 

surface area of the electrodes was calculated by graphical examination of the correlation 

between anodic peak currents and the square root of scan rates. The slopes obtained from 

these plots were then utilized in conjunction with the Randles-Sevcik equation (Eq.1) [42].
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  Ipa = 2.69×105.A.C0.n3/2.DR
1/2  .ʋ1/2                                                                                                            Eq.(1)

 A denotes the electroactive surface area (cm2), D0 is the diffusion coefficient  (cm2/s), n is 

the number of electrons participating in the electrochemical redox reaction, ʋ is the scan rate 

in V/s, and C is the concentration. of K3[Fe(CN)6] in the bulk solution in mol/cm3. The 

surface area calculated for bare GE, GE/Nafion, GE/Nafion/Co-MOF nanosheets, 

GE/Nafion/Co-MOF nanosheets/CuO NPs, and GE/Nafion/Co-MOF nanosheets/CuO 

NPs/GOx was found to be 0.0052, 0.0074, 0.013, 0.118, and 0.209 cm2, respectively. The 

surface area calculated for the bare is much lower than that of the modified GE/Nafion/Co-

MOF nanosheet/CuO NPs/GOx electrode.

Figure 5. (a) Electrochemical Impedance Spectroscopy (EIS) profiles for bare GE, GE/ 

Nafion, GE/Nafion/Co-MOF nanosheets, and GE/Nafion/Co-MOF nanosheets/CuO NPs and 

GE/Nafion/Co-MOF nanosheets/CuO NPs/GOx; and  (b) Cyclic Voltammetry (CV) 

responses in 5.0 mM [Fe(CN)₆]³⁻/⁴⁻ with 0.1 M KCl using the same set of electrodes.

3.3 Method optimization

The influence of pH on the electrochemical behaviour of the Nafion/Co-MOF 

nanosheets/CuO NPs/GOx was systematically investigated using phosphate buffer solutions 

(PBS) ranging from pH 2.0 to 7.0 as shown in Fig.6(a). The electrochemical response 

exhibited a strong pH-dependent pattern, with the maximum potential and oxidation current 

observed at pH 3.0, suggesting optimal conditions for Reb A detection. The observed decline 

in potential from pH 2.0 to 7.0 (slope = -0.026, intercept = 0.192) (S.8) indicates a proton-

coupled electron transfer mechanism [43]. This behaviour is due to the synergistic impact of 

the electrode components, the  Co-MOF nanosheets and CuO NPs demonstrate enhanced 

stability and electrochemical activity in mildly acidic conditions, while the Nafion 
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membrane's proton conductivity is optimized. The slightly decreased performance at pH 2.0 

compared to pH 3.0 suggests that extremely acidic conditions may affect the stability of the 

Co-MOF nanosheets and overall electrode surface chemistry [44]. The strong linear 

correlation (R² = 0.93) between pH and potential (S.3) confirms the reliability and 

reproducibility of the electrochemical sensing system, validating the electrode's effectiveness 

for Reb A detection under controlled pH conditions.

Figure 6. (a) Cyclic voltammograms at different pH values (2.0-7.0) using the 

GE/Nafion/Co-MOF nanosheets/CuO NPs modified electrode. (b) Peak current response as a 

function of deposition time (20–160 s). (c) Cyclic voltammograms (CVs) at varying scan 

rates from 0.05 to 0.09 V/s. (d) Log–log plot of peak current Vs. scan rate. 

The electrochemical performance of the GE/Nafion/Co-MOF nanosheets/CuO NPs/GOx 

modified electrode was optimized by evaluating the effects of deposition time and scan rate. 

As shown in Fig. 6(b), the peak current increased with deposition time, reaching a maximum 

at 100 s; beyond this point, the current declined, likely due to surface saturation or limited 
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diffusion, indicating that 100 s is the optimal deposition time. The influence of scan rate 

(0.05–0.09 V/s) was studied using cyclic voltammetry (Fig. 6(c)), where an increase in scan 

rate led to a proportional rise in peak current, suggesting a diffusion-influenced or mixed-

controlled process. A log–log plot of peak current versus scan rate was created to investigate 

further the electrochemical mechanism (Fig. 6(d)), yielding a linear relationship with a slope 

of 1.324 and R² = 0.964. The slope value, greater than unity, indicates that the 

electrochemical process is predominantly adsorption-controlled, reflecting strong analyte 

interaction with the electrode surface facilitated by the Co-MOF nanosheets/CuO NPs/GOx, 

thus enhancing the electrochemical response.

3.4 Redox Mechanism of Reb A at GE/Nafion/Co-MOF nanosheets/CuO NPs/GOx

The electrochemical detection of Reb A at the GE/Nafion/Co-MOF nanosheets/CuO 

NPs/GOx modified electrode can be due to the synergistic interaction between the electrode 

components as shown in Fig.7.

Figure 7. (a) Cyclic voltammogram response of bare and modified graphite electrodes for the 

Reb A.  

The observed sharp oxidation peak at 0.16 V corresponds to the electrochemical oxidation of 

carbonyl groups of the Reb A structure [45] as depicted in Scheme 2. This oxidation process 

is mediated by the Cu(II)/Cu(III) redox couple within the CuO NPs, which serves as an 
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electron transport bridge between the Reb A and the modified electrode surface. 

Concurrently, the Co-MOF nanosheets enhance the catalytic efficiency through its well-

defined porous structure and abundant active sites. The smaller reduction peak at -0.17 V 

likely represents the reduction of previously oxidized species. Furthermore, GOx contributes 

to the sensing mechanism by recognizing the glycosidic structures in Reb A and potentially 

generating hydrogen peroxide as a reaction byproduct [46], amplifying the electrochemical 

signal. The Nafion polymer effectively improves selectivity by allowing preferential 

permeation of the target analyte while excluding potential interfering substances [47].

Scheme 2:  A possible pathway for the electrochemical oxidation of Reb A. 
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3.5  Quantitative detection of Reb A

Figure 8. (a) Differential pulse voltammetry of GE/Nafion/Co-MOF nanosheets/CuO NPs at 

linear dynamic range of 2 µM-14 µM using 0.1 M PBS (pH 6.0). Fig.(b) Ipa(µA) vs. 

concentration(µM) calibration curve.

Differential Pulse Voltammetry (DPV) was employed for the qualitative determination of 

Reb A using 0.1 mM of the analyte. The standard addition method was applied by successive 

introduction of 200 μL aliquots into 10 mL of phosphate buffer (0.1 M). DPV, which 

measures the current response to potential pulses superimposed on a linear sweep, revealed 

distinct shifts in the oxidation peak potentials with increasing Reb A concentration at the 

GE/Nafion/Co-MOF/CuO NPs/GOx sensor surface. These progressive shifts indicate an 

enhanced potential requirement for the electro-oxidation process, thereby confirming the 

interaction and electroactive nature of Reb A. The observed peak current (Ipa) responses 

further established a concentration-dependent trend, with a well-defined linear dynamic range 

(2.0–14.0 µM), as shown in Fig. 8(a–b), thus validating the sensor’s capability for reliable 

qualitative and semi-quantitative assessment of Reb A. The calibration plot followed the 

linear regression equation:

𝑖𝑃𝑎(𝜇𝐴) = 0 ⋅ 113𝐶𝑖 +0.618I,  (R² 0.993).                                         Eq.(2)

The method exhibited excellent analytical sensitivity, resulting in a limit of detection (LOD) 

of 0.23 μM and a limit of quantification (LOQ) of 0.78 μM. 

The LOD and LOQ were calculated using the formula  3σ/m and 10σ/m, where 'm' represents 

the slope of the calibration curve and 'σ' represents the standard deviation of the background 

current obtained from triplicate blank measurements. This calculation is based on a signal-to-
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noise ratio of 3, as shown in Fig. 8(b). The sensor demonstrates high sensitivity and a low 

detection limit due to the synergistic effects of the electrode surface modifications. The 

results demonstrate that the developed sensor exhibits high sensitivity for determining Reb A 

in real samples, making it suitable for practical analytical applications. 

3.6. Validation of GE/Nafion/Co-MOF nanosheets/CuO NPs/GOX  

Figure 9. (Validation of  (a) the repeatability and stability, and (b)  the reproducibility of the 

GE/Nafion/Co-MOF nanosheets/CuO NPs/GOx.

The fabricated electrode was evaluated for repeatability and stability by performing three 

consecutive measurements with the same sensor at Reb A concentrations ranging from 1 to 5 

µM (within the first linear range). As shown in Figure 9(a), the calibration curves from three 

independent tests (Test 1, Test 2, and Test 3) exhibited highly consistent responses. The mean 

calibration curve (red line) indicates a linear relationship represented by the equation 𝑖𝑃𝑎

= 0.0208𝑐𝑖 +0.0404, where the sensitivity is 0.0208 µA/µM and the correlation coefficient 

(R²) is 0.9996. The overlap of the three individual test curves with the mean curve 

demonstrates excellent repeatability and stability of the sensor, with minimal variation 

between consecutive measurements. Reproducibility was evaluated using differential pulse 

voltammetry (DPV) with five independently fabricated GE/Nafion/Co-MOF nanosheets/CuO 

NPs/GOx modified electrodes prepared under identical conditions. Each electrode was tested 

for Reb A detection at the same concentration. As shown in Figure 9(b), all five electrodes 

exhibited consistent peak current responses, with values ranging approximately from 3.6 to 

3.7 µA. The relative standard deviation (RSD) calculated from these measurements was 

3.9%, which is well below the acceptable threshold of 5% for electrochemical sensors. This 
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low RSD value demonstrates excellent reproducibility of the fabrication process and confirms 

the reliability of the sensor for quantitative analysis.

The analytical performance of the proposed method was evaluated through intra-day 

precision and accuracy studies using standard Reb A solutions at three concentration levels 

(0.2, 0.4, and 0.6 mM) with triplicate analysis (n=3). Method validation parameters 

demonstrated excellent analytical performance, with relative bias values ranging from -0.03 

to -0.018, indicating minimal systematic error. The precision, expressed as relative standard 

deviation (RSD), ranged from 0.91% to 1.36%, demonstrating acceptable reproducibility well 

within the typically accepted criterion of <2% for analytical methods. Recovery studies 

yielded values between 97.00% and 98.17%, confirming the method's accuracy and absence 

of significant matrix interference effects as given in Table 1.

Table 1. Analytical parameters (accuracy,  precision, and recovery (n =3)) obtained for Reb 

A.

Added(Mm) Found (mM) Biasa Recovery(%)b RSD(%)c

0.2 0.194 -0.03 97 1.36

0.4 0.391 -0.022 97.75 1.24

0.6 0.589 -0.018 98.17 0.91

aBias = (found – added/added)
bAverage calculated from three independent readings
cRelative standard deviation for three independent determinations

3.7. Application to real samples
The real sample analysis of Reb A was conducted using four commercially available 

products: Stevia (in tablet, powder, and drop forms) and Tropicana (in soft drink form). A 

control sample with 0.2 mM of Reb A yielded a measured concentration of 0.194 mM, which 

served as the reference for calculating recovery percentages and relative standard deviations 

(RSD%). Each sample was spiked with two different concentrations to evaluate method 

accuracy. 
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Table 2: Detection of Reb A in real samples.

The recovery values ranged from 90.0% to 93.3%, indicating high accuracy and minimal 

matrix interference across diverse sample types. The RSD values, ranging from 1.12% to 

1.34%, confirm the excellent repeatability and precision of the developed electrochemical 

Sample Added (mM) Found (mM) Recovery (%)e RSDe(%)f

- 0.194 - -

0.15 0.320 93.3 1.18Stevia (Tablet)a

0.3 0.461 93.0 1.21

- 0.194 - -

0.15 0.331 91.4 1.19Stevia (Powder)b

0.3 0.470 92.0 1.16

- 0.194 - -

0.3 0.470 92.1 1.34Stevia (Drops)c

0.6 0.75 93.3 1.30

- 0.194 - -

0.1 0.284 90.0 1.12
Tropicanad (soft 

drink)

0.2 0.076 92.4 1.14

aHigher Health Sciences, Mumbai, LLP, India.
bNutritive Advance Health care, Pvt. India.
cVIStevia Agro, India.
d PepsiCo, India.
eAverage calculated from three independent redadings
fRelative standard deviation for three individual determinations.
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method as mentioned in Table.2. The consistent recovery rates and low RSD% values 

validate the method's reliability for quantifying Reb A in various commercial formulations, 

including liquids and solids. This confirms the method's applicability for routine quality 

control and authenticity checks of stevia-based sweetener products in real food matrices. 

3.8. Interference study

To evaluate the selectivity of the developed electrochemical sensor towards Reb A, an 

interference study was performed by comparing the relative current response of Reb A with 

various potentially interfering agents commonly present in commercial sweetener 

formulations, as illustrated in Fig.10.

Figure 10. Relative current response of Reb A and potential interferents, demonstrating high 

selectivity of the sensor. Inset: DPV curve showing distinct peaks for Reb A, Aspartame, and 

Acesulfame-K.

Reb A exhibited a pronounced and distinct electrochemical response, with a normalized 

relative current response of 100%, confirming its strong interaction with the sensing platform. 

In contrast, common excipients and additives such as silicon dioxide, brilliant blue, sunset 

yellow, tartrazine, sodium chloride, and sodium bicarbonate exhibited significantly lower 

current responses, ranging from 6% to 20%. Among these, tartrazine showed the highest 

interference (20%), followed by sunset yellow (15%), brilliant blue (12%), silicon dioxide 

(10%), sodium chloride (8%), and sodium bicarbonate (6%). 
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These results indicate minimal interference from these substances, affirming the high 

selectivity of the sensor towards Reb A. The inset of Fig.10 presents a differential pulse 

voltammetry (DPV) curve, where clear and well-resolved peaks corresponding to Reb A, 

aspartame[48], and acesulfame potassium (Ace-K)[49] are observed at different potentials. 

Glucose and fructose were also added along with the analyte, but no oxidation peak was 

observed within this potential window. The distinct oxidation potential of Reb A, compared 

to other sweeteners, further supports the specificity of the sensor system. The absence of 

significant peak overlap confirms that the sensor is capable of distinguishing Reb A from 

structurally and functionally similar compounds.  

From the literature survey (ST.1), it was observed that this is the second reported 

electrochemical biosensor platform for the detection of Reb A. The present work utilizes a 

waste-derived graphite electrode, modified with promising nanomaterials such as Co-MOF 

and CuO NPs, and demonstrates excellent results with high reproducibility. 

4. Molecular docking studies 

To analyse the molecular interactions between Reb A and Glucose Oxidase (GOx), a 

molecular docking study was conducted [50]. The docking was performed using AutoDock 

1.5.7 and the MGL tool, and the most favourable binding pose (cluster rank 1) was identified 

with a binding energy of -7.26 kcal/mol, indicating a strong and energetically favourable 

interaction. Fig.11 (a) depicts the overall 3D conformation of the GOx enzyme in complex 

with Reb A. The enzyme is represented as a ribbon model with distinct secondary structures 

coloured differently to highlight its topology. The bound ligand (Reb A) is shown in the 

active site, interacting with key residues. Fig.11(b) offers a closer 3D view of the docking 

site, illustrating specific amino acid residues of GOx involved in interactions with Reb A. 

Key hydrogen bonding and hydrophobic contacts are visible. Notable interacting residues 

include Ser74, Asp77, His78, Tyr249, Leu445, His446, and His447. These residues are 

strategically positioned around the ligand, facilitating stable binding through hydrogen bonds 

(green dashed lines), van der Waals forces, and π-stacking interactions (purple lines).

Fig.11(c) provides a 2D interaction map of the Reb A–GOx complex, summarizing the 

binding interactions. Hydrogen bonds are predominantly formed with Ser74, Asp77, His78, 

and Tyr249. Hydrophobic interactions are primarily observed with Leu445 and His446, while 

His447 also participates in stabilizing the complex. This visualization confirms the 

orientation and anchoring of Reb A within the active pocket of GOx. The docking analysis 
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suggests that the Reb A molecule fits well into the binding pocket of GOx and forms a 

network of favourable interactions that may support its potential role in enzyme recognition 

or inhibition. 

Importantly, the experimental results are well-aligned with the theoretical findings.  In the 

electrochemical study, using GOx in conjunction with Nafion, Co-MOF nanosheets, and CuO 

NPs led to a significant signal amplification, confirming the enzyme's successful molecular 

recognition of Reb A. The intensified oxidation peak was observed at 0.16 V, suggesting that 

the presence of GOx enhances the electron transfer kinetics and contributes to the specificity 

of the response. The molecular docking analysis supports and confirms this observation by 

demonstrating Reb A's favourable orientation and tight binding within the GOx active site. 

Together, the experimental and computational studies reinforce the finding that GOx exhibits 

strong affinity toward Reb A, enabling its vital use in biosensing platforms or enzymatic 

degradation applications targeting non-nutritive sweeteners like Reb A. 

Figure 11. Molecular docking of Reb A with GOx showing (a) overall binding conformation, 

(b) 3D interaction with active site residues, and (c) 2D interaction map highlighting key 

hydrogen bonds and hydrophobic contacts. 
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5. Conclusion

A responsive and reliable electrochemical biosensor was successfully fabricated using 

GE/Nafion/Co-MOF nanosheets/CuO NPs/GOx for the detection of Reb A. The synergistic 

integration of Co-MOF nanosheets/CuO NPs/GOx on the surface of GE modified with 

Nafion significantly enhanced the electron transfer and sensing efficiency. The biosensor 

demonstrated a low detection limit, a wider linear range, and excellent selectivity even in the 

presence of potential interfering agents. Real sample analysis confirmed its practical 

applicability with satisfactory recovery rates. Molecular docking studies revealed favourable 

interactions between Reb A and GOx, validating the biosensor's molecular recognition 

mechanism. Overall, this biosensing platform offers a cost-effective and reliable strategy for 

the monitoring of rebaudioside A  in food and pharmaceutical formulations.
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