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Abstract 
Atenolol, one of the most prescribed β₁-selective adrenergic blockers, has been increasingly detected 
in aquatic ecosystems due to incomplete elimination in sewage treatment plants, posing an 
ecotoxicological hazard to the environment. Here, an electrochemical sensor based on silver-
decorated reduced graphene oxide composite carbon paste electrode (rGO@Ag-CPE) was designed 
for the ultrasensitive electroanalytical determination of atenolol in real-world samples. The 
morphology and chemical composition of rGO@Ag-CPE were investigated by transmission 
electron microscopy and energy-dispersive spectroscopy analyses, while the electrochemical 
properties were evaluated by cyclic and square wave voltammetry techniques. The rGO@Ag-CPE 
demonstrated excellent electrocatalytic performance toward Atenolol oxidation, attributed to the 
unique properties of reduced graphene oxide and silver nanoparticles, which provide high 
conductivity and efficient electrocatalysis, thereby helping to prevent unwanted Atenolol 
degradation. Under optimized electrochemical sensing conditions, the rGO@Ag-CPE sensor 
exhibited a linear dynamic range of 20-859 μM (R² = 0.9953), a low detection limit of 2.9 μM, and 
good reproducibility (relative standard deviation < 4.0 %). A validation study on real-world 
samples showed good atenolol recovery of 88.8-102% in natural waters and 97-99.2 % in 
pharmaceutical tablets. 
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Introduction 

Atenolol (ATN) is a selective β₁-adrenergic receptor blocker broadly prescribed for the treatment 

of hypertension, angina pectoris, and the prevention of myocardial infarction 1. In the past decade, 

its frequent detection in aquatic systems has become an environmental concern, as β-blockers disrupt 
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normal physiological functions and endocrine balance in aquatic organisms 2,3. Several studies have 

consistently reported its persistence in both surface and ground water, largely due to incomplete 

removal by conventional wastewater treatment processes 4-7. This environmental persistence 

underlines the need for sensitive and selective analytical methods that are also practical for routine 

and field-based monitoring. 

Among the already existing analytical approaches, GC-MS and HPLC remain the most reliable for 

atenolol quantification [8-10]. While they are highly precise and reproducible, their use is often limited 

by complex sample pretreatment, expensive instrumentation, and poor portability [11]. In this regard, 

electrochemical sensors have increasingly emerged as cost-effective alternatives, featuring fast 

response times, simple operation, and broad applicability in both pharmaceutical and environmental 

analysis [12-17]. 

Considerable efforts were made to improve the electrochemical response of the modified 

electrodes for ATN detection. For instance, a carbon paste electrode modified with a nanocomposite 

of reduced graphene oxide/titanium dioxide (rGO/TiO₂/CPE) exhibited outstanding sensitivity, with 

a detection limit of 0.05 µM in pharmaceutical samples [18,19]. Electrodes modified with 

superparamagnetic iron oxide nanoparticles (SPIONs) also show excellent repeatability and 

analytical precision [20-22]. Other related studies involving various composites, such as carbon 

nanotubes and metal oxides, have also demonstrated promising detection of β-blockers, including 

propranolol and other similar compounds [23-27]. Overall, these studies demonstrate that 

nanostructured materials significantly improve the analytical performance of electrochemical 

sensors by enhancing their sensitivity, selectivity, and operational stability. 

Among carbon-based materials, rGO exhibits higher conductivity, a larger specific surface area, and 

oxygen-containing groups, which enable rapid electron exchange at the electrode interface [28-33]. The 

combination of rGO with silver nanoparticles (AgNPs) enhances these characteristics, resulting in hybrid 

materials with improved catalytic activity and charge-transfer efficiency [31-37]. Thus, for instance, a 

sensitivity of 35.25 μA µM⁻¹ cm⁻² toward 4-nitrophenol detection was reported for an rGO-halloysite-

AgNP composite [31], while graphene-AgNP-based sensors have also demonstrated excellent selec-

tivity toward β-blockers in biological matrices [32,34,37]. More recently, rGO/Ag nanocomposites 

have demonstrated structural robustness and superior electrochemical performance, thus opening 

further perspectives on the use of such nanostructured composites for analytical sensing [38-47]. In 

this work, a silver-decorated reduced graphene oxide-modified carbon paste electrode (rGO@Ag-CPE) 

was prepared and characterized systematically for the voltammetric determination of atenolol. TEM 

and EDS were used to analyse the nanocomposite morphology and composition, while the electro-

chemical characteristics were investigated by cyclic voltammetry and square-wave voltammetry. The 

proposed rGO@Ag-CPE sensor has demonstrated high sensitivity, a low limit of detection, and reliable 

reproducibility. The present results indicated that the developed composite electrode offers a cost-

effective, stable sensing platform suitable for the quantitative determination of β-blockers in 

pharmaceutical and environmental matrices. 

Experimental 

Reagents and materials 

All chemicals and reagents used were of analytical grade and obtained from reputable suppliers. Pure 

atenolol (ATN, Standard Series 00336) was used for the preparation of calibration and working solutions. 

Sulfuric acid (H₂SO₄, 99 %) was purchased from Merck (KGaA, Darmstadt, Germany) and used to prepare 

the acidic supporting electrolyte. In addition, an acetate buffer at pH 4.5 (0.1 M acetic acid + 
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+ 0.1 M sodium acetate) was used for cyclic voltammetry (CV) characterization with the iron redox 

probe, while an acetate buffer at pH 5.0 was used for optimization of atenolol (ATN) oxidation. 

Phosphate-buffered saline (PBS) at pH 7.0 (0.1 M phosphate, 0.15 M NaCl) and phosphate buffer (PB) at 

pH 8.0 (0.1 M phosphate) were used to study the effects of the supporting electrolyte and pH on ATN 

oxidation. Carbon paste was formulated by mixing synthetic graphite powder (99.9 % purity, particle 

size 71 to 90 µm; Alfa Aesar, Thermo Fisher Scientific, MA, USA) with paraffin oil (Olio di Vaselina; Zeta 

Farmaceutici, Sandrigo, Italy). Reduced graphene oxide (rGO) was synthesized from commercial 

graphene oxide (GO powder, S-methods (≥99.9 % purity), purchased from ACS Material, LLC, Medford, 

MA; SKU: GNOS0010/ used as received without further purification, via a modified Hummers’ method, 

as described in our previous works [40,48,49], and decorated with silver nanoparticles using AgNO₃ 

(≥99.9 %; Sigma-Aldrich) as precursor. A stock solution of atenolol (10 mmol L⁻¹) was freshly prepared in 

100 mmol L⁻¹ H₂SO₄, stored at 4 °C, and diluted as needed with double-distilled water. 

Apparatus and characterization 

Electrochemical measurements were performed using a PalmSens 4 electrochemical analyser 

(PalmSens BV, The Netherlands) in a conventional three-electrode setup, comprising carbon paste 

electrode (CPE) variants as the working electrode, bare CPE, rGO-modified CPE (rGO-CPE), and silver-

decorated rGO-modified CPE (rGO@Ag-CPE); Ag/AgCl (saturated KCl) as the reference electrode, and 

a platinum wire as the counter electrode. Morphological characterization of the rGO-CPE and 

rGO@Ag-CPE nanocomposites was conducted by transmission electron microscopy (TEM). For TEM 

analysis, a small aliquot of a diluted aqueous dispersion of each material was deposited onto copper 

grids coated with a formvar/carbon support film and air-dried. TEM images were acquired using a 

JEOL JEM-2100 instrument at an accelerating voltage of 200 kV. The elemental composition and 

distribution of the rGO@Ag-CPE were further assessed by energy-dispersive X-ray spectroscopy (EDS) 

coupled with TEM, enabling identification and semi-quantitative analysis of the constituent elements. 

Electrochemical measurements 

All voltammetric experiments were performed in 15 mL of 100 mmol L⁻¹ H₂SO₄ (pH 2) as the 

supporting electrolyte at room temperature (25 ± 1 °C). Cyclic voltammetry (CV) was used for the 

electrochemical characterization of the modified electrodes at a scan rate of 100 mV s⁻¹. Square-

wave voltammetry (SWV) was employed to evaluate the analytical performance of the electrodes. 

SWV parameters were optimized as follows: pulse amplitude = 50 mV, frequency = 25 Hz, and 

potential step = 4 mV in the potential range of 1.0 to 1.8 V vs. Ag/AgCl. Before each measurement, 

the solution was allowed to stabilize for 10 s, and standard additions of atenolol were performed 

without replacing the supporting electrolyte. Experiments were conducted in triplicate to ensure 

repeatability, and relative standard deviation (RSD) values were calculated to assess precision. 

Preparation of electrodes 

Bare carbon paste electrode 

The bare CPE was prepared by mixing 1.00 g of graphite powder (70 to 90 µm) with 300 µL of 

paraffin oil to form a homogeneous paste. The paste was packed into a plastic syringe (8 mm inner 

diameter) containing a copper wire as an electrical contact. 

Reduced graphene oxide - carbon paste electrode 

Reduced graphene oxide (rGO) was synthesized using a modified Hummer’s method, as described in 

our previous publications [48,49]. To prepare the rGO-CPE electrode, 100 mg of the synthesized rGO 
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was added to the graphite powder/paraffin mixture and thoroughly blended to obtain a uniform paste. 

The paste was then packed into the electrode holder, and the surface was smoothed prior to use. 

Reduced graphene oxide/Ag-carbon paste electrode 

The rGO@Ag nanocomposite was synthesized by dispersing 0.108 g of rGO and 0.301 g of AgNO₃ 

in 20 mL of distilled water under magnetic stirring for 2 h, followed by ultrasonication for 4 h. During 

the synthesis process, residual oxygen-containing functional groups on rGO (-OH, -COOH) acted as 

mild reducing agents, enabling the in-situ reduction of Ag⁺ to Ag⁰ nanoparticles, as previously reported 

for graphene-based nanocomposites [42,48-52]. No additional chemical reducing agent was em-

ployed. The resulting dispersion was centrifuged at 5000 rpm for 5 min, and the obtained precipitate 

was dried at 80 °C and stored in a desiccator. For electrode preparation, 100 mg of the pre-synthesized 

rGO@Ag nanocomposite was mixed with 1.00 g of graphite powder and 300 µL of paraffin oil to obtain 

a homogeneous paste, which was packed into the electrode body and smoothed prior to use. 

Preparation and analysis of real samples 

For pharmaceutical analysis, five commercial atenolol tablets (100 mg each) were weighed, finely 

ground, and homogenized. An amount corresponding to the mean weight of one tablet (0.4196 g) 

was dissolved in 50 mL of 100 mM H₂SO₄. Aliquots of 0.25 mL of this stock solution were introduced 

into the electrochemical cell containing 15 mL of 100 mM H₂SO₄ for SWV measurements. Quanti-

fication was performed using the standard addition method.  

The following procedure was performed for environmental analysis: filtration of Osumi River 

water samples collected from four sites in Albania, spiking with known concentrations of atenolol 

(340 and 503 µM), and analysis using the same SWV protocol. Recovery tests and RSD, % were 

calculated to assess matrix effects and method accuracy. 

Results and discussion 

Morphological and elemental characterization 

Transmission electron microscopy and energy-dispersive X-ray spectroscopy have been used to 

illustrate the morphology and composition of the synthesized Ag@rGO-CPE nanocomposite. The 

TEM images of variable scale bars (Figures 1(a)-(d) show transparent, thin, and wrinkled sheets of 

reduced graphene oxide (rGO) with dark, spherical silver nanoparticles (AgNPs) uniformly dispersed 

over them. The particles are distinctly visible as dark spots on the rGO surface and are homoge-

neously anchored to it, confirming the decoration of graphene oxide with AgNPs within the carbon 

paste matrix. Furthermore, there is no remarkable agglomeration observed, demonstrating that 

AgNPs have been stably incorporated onto the rGO sheets. Such a uniform and stable distribution 

indicates strong interactions between rGO and AgNPs, resulting in a well-integrated nanocomposite 

structure within the carbon paste electrode. 

The wrinkled, layered morphology of rGO provides a high surface area and sufficient sites for 

anchoring nanoparticles, whereas AgNPs embedded within it increase the composite's electrical 

conductivity and catalytic properties. Such synergistic architecture is highly beneficial for electro-

chemical sensing, as it enables efficient charge transfer and increases the density of active sites, 

thereby generally improving sensor performance parameters such as sensitivity and stability. Similar 

nanostructured composites have been reported for electroanalytical applications involving noble-

metal-carbon hybrid materials [39-44]. 
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Figure. 1. Transmission electron microscopy images of rGO@Ag-CPE nanocomposite with different 
magnifications (a to d), Ag nanoparticles appear as black dots dispersed across rGO sheets;  

e -  EDS spectrum that confirms the presence of C, O and Ag in the composite 

The EDS spectrum in Figure 1e confirms the presence of carbon (C), oxygen (O) and silver (Ag) as 

the main constituent elements of the rGO@Ag composite. The Ag-related signal observed at around 

3 keV verifies the incorporation of metallic silver into the composite structure. Although silver peaks 

are less intense than carbon peaks, this behaviour is expected given the low loading and high 

dispersion of Ag nanoparticles, whose contribution is mainly catalytic rather than producing a 

dominant elemental signal. The absence of additional impurity-related peaks suggests that the 

synthesized composite is free from detectable contaminants. 

Overall, the EDS results clearly demonstrate the successful incorporation of Ag nanoparticles into 

the rGO matrix, forming a hybrid nanocomposite favourable for electrochemical sensing applica-

tions, particularly for the detection of β-blocker molecules such as atenolol. 
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Electrochemical characterization 

To assess the improvement in electrocatalytic capability achieved through electrode modification, 

cyclic voltammetry was conducted in an acetate buffer solution with pH 4.5 in the presence of 2.7 mM 

[Fe(CN)₆]⁴⁻ at a scan rate of 100 mV s-1. As shown in Figure 2, the bare CPE exhibited the lowest redox 

peak current intensities and the highest peak-to-peak separation, indicating low electron transfer 

rates at the electrode/electrolyte interface. Following modification with either Ag nanoparticles and 

rGO, there was an observable increase in current intensity due to enhanced conductivity and 

electrochemical properties after the addition of Ag nanoparticles and rGO, respectively. 

 
         E / V 

Figure 2. Cyclic voltammograms of bare CPE, Ag@CPE, rGO-CPE and rGO@Ag-CPE recorded in 2.7 mM 
[Fe(CN)₆]⁴⁻ in acetate buffer (pH 4.5) with 100 mV s-1 scan rate 

Across various configurations, the electrochemical response was most pronounced at the 

rGO@Ag-CPE electrode, exhibiting the highest redox peak currents and the lowest ΔEp, defined as 

the peak-to-peak separation between the anodic and cathodic peaks.  

The ΔEp is a key indicator of electron-transfer kinetics, with lower values indicating faster, more 

reversible processes. The observed decrease in ΔEp for rGO@Ag-CPE demonstrates that the 

combination of highly conductive rGO sheets and catalytic Ag nanoparticles produces a synergistic 

effect, enhancing both the charge-transfer efficiency and the effective electroactive surface area of 

the electrode. The application of [Fe(CN)₆]³⁻ as a redox indicator has long been recognized for 

evaluating interfacial electron-transfer capabilities of modified electrodes due to its reversible outer-

sphere electrochemical process and high sensitivity to surface conductivity [39,41,44]. The observed 

lowest ΔEp values for rGO@Ag-CPE further support the successful modification of the carbon paste 

material, demonstrating enhanced electron-transfer kinetics and confirming the electrode’s potential 

for highly sensitive and reliable electrochemical sensing. 

Electrochemical behaviour of atenolol at rGO@Ag-CPE: a comparative voltammetric analysis 

Based on physicochemical and electrochemical analyses, the rGO@Ag-CPE was selected as the 

optimal electrode for the electrochemical study of atenolol (ATN). The electrocatalytic performance 

of the doubly modified electrode was investigated and compared with CPE in a 100 mM H2SO4 

solution, pH 2, using cyclic voltammetry (CV), square wave voltammetry (SWV), and differential 

pulse voltammetry (DPV).  
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As can be seen in Figure 3, the well-demarcated oxidation peak associated with the oxidation of 

atenolol ATN occurred at +1.45 V (vs. Ag/AgCl) in the three electrochemical methods, i.e. CV, SWV, 

and DPV. The intensity of the oxidation peak was higher on rGO@Ag-CPE than on the CPE, thereby 

indicating additional electrochemical reactivity on the former electrode. The combination of rGO 

and Ag nanoparticles is primarily responsible for the enhanced electrochemical reactivity of 

rGO@Ag-CPE, owing to the higher electroactive surface area, lower charge-transfer resistance, and 

easier electron-transfer processes at the electrode/electrolyte interface [16-18]. On the contrary, 

the CPE exhibited a broader, less resolved oxidation peak with a positive shift in the oxidation 

potential, indicating sluggish electron-transfer kinetics and larger overpotentials. The sharpness and 

resolution of the oxidation peaks in the DPV and SWV curves further substantiated the enhanced 

sensitivity of the rGO@Ag-CPE electrode, as evidenced by more prominent oxidation peaks with 

higher currents and higher signal-to-background ratios. The above attributes demonstrate the 

efficient electrocatalytic oxidation capability of the nanocomposite-CPE sensor electrode for ATN 

detection. 

     
 E / V E / V E / V 

Figure 3. (a) cyclic voltammograms, (b) square-wave voltammograms and (c) differential pulse voltam-
mograms recorded in acidic medium (100 mM H2SO4, pH 2.0) in the presence of 1mM ATN, at bare CPE and 

rGO@Ag-CPE. Measurements were performed under optimized conditions: scan rate 100 mV s-1, pulse 
amplitude 50 mV, frequency 25 Hz 

Proposed oxidation mechanism of atenolol 

The electrochemical oxidation of atenolol (ATN) is widely reported to proceed through a  

2-electron/2-proton mechanism, involving the transformation of the benzylic hydroxyl group  

(-CH(OH)-) into the corresponding ketone (-C=O). This assignment is strongly supported by the 

dependence of the anodic peak potential on pH, where reported slopes of approximately  

-53.6 mV pH-1 suggests that the number of transferred protons and electrons is equal, as predicted 

by the Nernst equation [22,24]. Within the rGO@Ag-CPE -modified electrode, AgNPs act as highly 

active electrocatalytic sites that promote fast charge transfer, while rGO contributes a large 

electroactive surface and enhances adsorption of ATN via π-π stacking and hydrogen-bonding 

interactions. The synergistic combination of rGO and AgNPs thus provides a highly efficient sensing 

platform. Figure 4 illustrates the proposed 2e⁻/2H⁺ oxidation pathway of ATN at the modified 

electrode surface (adapted from references [34,37,50]). 

Optimization of analytical parameters 

The analytical performance of the rGO@Ag-CPE sensor for atenolol was strongly influenced by 

the experimental parameters. To obtain maximum sensitivity and a well-defined peak, it was 

necessary to optimize key parameters, including the supporting electrolyte, pH, scan rate (for CV 

studies), and frequency and pulse amplitude (for SWV studies). 
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Figure 4. Proposed oxidation mechanism of atenolol involving a 2e⁻/2H⁺ process at the modified electrode 

surface. Adapted and redrawn based on references [22, 24] 

Effect of supporting electrolyte and pH on oxidation peak current 

The influence of supporting electrolyte and pH on ATN oxidation was evaluated in four media 

(cATN = 323 μM): 0.1 M H₂SO₄ (pH 2), 0.1 M acetate buffer (pH 5), 0.1 M PBS (pH 7) and 0.1 M PB 

(pH 8). The oxidation peak current decreased with increasing pH (Figure 5). The highest current 

response was obtained in strongly acidic media (H₂SO₄, pH 2), while significantly lower responses 

were observed in neutral and basic media. Additionally, a noticeable shift in the oxidation peak 

potential was observed in acetate buffer (pH 5) and PBS (pH 7), which can be attributed to 

differences in buffer pH and ionic strength, which affect proton availability and the electrochemical 

environment. This behaviour is consistent with the proposed 2e⁻/2H⁺ oxidation mechanism and with 

literature reports on the oxidation of β-blockers in various buffers. This behaviour can be explained 

by two main factors: 

(i) Protonation state of ATN. ATN is fully protonated in strongly acidic media (base dissociation constant, 

pKb ≈9.6), which enhances electrostatic attraction with the negatively charged rGO@Ag-CPE surface. 

This promotes adsorption and facilitates electron transfer, yielding higher oxidation currents. 

 
E / V 

Figure 5. SWVs and oxidation peak currents of atenolol (323 µM) at rGO@Ag-CPE in different supporting 
electrolytes: 0.1 M H₂SO₄ (pH 2), 0.1 M acetate buffer (pH 5), 0.1 M phosphate-buffered saline (pH 7)  

and 0.1 M phosphate buffer (pH 8) 
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(ii) Higher solution conductivity in acidic conditions: H₂SO₄ provides the highest ionic conductivity 

among the tested electrolytes, minimizing solution resistance and accelerating charge transfer 

kinetics at the electrode surface. These observations are consistent with previous findings report-

ing enhanced electrochemical oxidation of β-blockers under acidic conditions due to improved 

protonation and favourable electrochemical kinetics [16,37,47,50]. Based on these results, 

0.1 M H₂SO₄ (pH 2) was selected as the optimal supporting electrolyte for subsequent analysis. 

Link between pH behaviour and oxidation mechanism 

The strong dependence of oxidation current and potential on pH directly supports the proposed 

2e⁻/2H⁺ oxidation mechanism described in Figure 4. The observed decrease in current with 

increasing pH, along with the more favourable kinetics in proton-rich media, is consistent with a 

mechanism in which proton availability is essential for the transformation of the benzylic -CH(OH)- 

group into a carbonyl (-C=O). Therefore, the pH-dependent behaviour observed experimentally 

reinforces the mechanistic pathway proposed for ATN oxidation. 

Based on these observations, 0.1 M H₂SO₄ (pH 2) was selected as the optimal supporting electro-

lyte for subsequent experiments, as it provides maximum sensitivity and favourable electrochemical 

kinetics. 

Optimization of voltammetry parameters 

After selecting a 100 mM H₂SO₄ solution at pH 2 as the supporting electrolyte, the voltammetric 

parameters for the oxidation of atenolol (323 µM) were optimized using CV and SWV. The pulse 

amplitude (10 to 100 mV), pulse frequency (3 to 30 Hz) and scan rate (50 to 150 mV s-1) were sys-

tematically varied to maximize the oxidation current. The obtained results are summarized in Table 1. 

Table 1. The optimized voltammetry parameters for ATN detection at rGO@Ag-CPE in 100 mM H2SO4, pH 2 

Parameter Tested range Optimal value 
Pulse amplitude, mV 10 to 100 50 
Pulse frequency, Hz 3 to 30 25 

Scan rate, mV s-1 10 to 150 100 
 

The peak currents vs. voltammetry parameter values are demonstrated in Figure 6, showing an 

optimal value of pulse amplitude of 50 mV, frequency of 25 Hz and scan rate of 100 mV s-1. These 

optimal values were used in the final measurement to yield the highest sensitivity and reproducibility. 

 
       Scan rate, mV s-1; Pulse frequency, Hz; Pulse amplitude, mV 

Figure 6. Optimization of voltammetry parameters: pulse amplitude, frequency and scan rate for 323 µM ATN 
rGO@Ag-CPE in 100 mM H₂SO₄ (pH 2)  
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Analytical performance and calibration of rGO@Ag-CPE sensor 

The analytical performance of the modified rGO@Ag-CPE sensor for the quantitative deter-

mination of the target analyte (ATN) was evaluated under optimized experimental conditions in acidic 

medium (100 mM H₂SO₄, pH 2) using two electrochemical techniques, cyclic voltammetry (CV) and 

square wave voltammetry (SWV). Both CV and SWV techniques were employed to assess sensitivity, 

linearity, and detection capability across a wide concentration range, as illustrated by the recorded 

voltammograms and their corresponding calibration plots in Figures 7 and 8. 

        
 E / V cANT /M 

Figure 7. a) Square-wave voltammetry (pulse amplitude 50 mV and frequency 25 Hz) responses of  
rGO@Ag-CPE sensor in 100 mM H₂SO₄ (pH 2) with increasing ATN concentrations from 20 to 859 µM,  

b) corresponding calibration plot constructed from triplicate measurements (mean ± SD) 

         
 E / V cATN /M 

Figure 8. a) Cyclic voltammetry responses of rGO@Ag-CPE in 100 mM H₂SO₄ (pH 2) with increasing ATN 
concentrations from 66 to 2308 µM, b) corresponding calibration plot constructed from triplicate 

measurements (mean ± SD) 

The SWV showed a clearly defined, symmetrical oxidation peak at approximately 1.35 V that was 

stable across the concentration range (20 to 859 µM). The oxidation peak current was linear with ATN 

concentration (y = 10.72 + 0215x; R² = 0.9953) and attained a low limit of detection (LOD) of 2.9 µM. 

On the other hand, cyclic voltammetry showed higher absolute current peak values and good 

linearity (y = 0.56x - 30.6, R² = 0.9946) over a wide concentration range (66 to 2308 µM), with a 
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calculated sensitivity of 0.56 µA µM-1. Nevertheless, the corresponding limit of detection (15 µM) was 

relatively high, possibly due to the capacitive current associated with the measurement. These results 

suggest that SWV is more suitable for trace analysis, whereas CV is applicable to mid- to high-

concentration ranges. These observations can be further explained by a slight shift of the oxidation 

peak potential toward less positive values in SWV, which is advantageous for analytical performance. 

This shift reduces overpotential, minimizes interference, and provides a more defined and sensitive 

peak for ATN quantification, complementing the high current and wider concentration range 

measured by CV. The combined features of these techniques, along with the electrocatalytic property 

offered by the rGO@Ag nanocomposite, together prove the enhanced analytical performance and 

usefulness of the proposed sensor for accurate measurement of atenolol concentration in pharma-

ceutical and environmental samples. 

The analytical performance of the proposed rGO@Ag-CPE electrochemical sensor was further 

compared with various previously published electrochemical sensors, electrochemical sensors with 

spectrofluorimetric validation, and chromatography-based methods for the analytical deter-

mination of ATN concentration in pharmaceutical preparations and natural waters (Table 2). The 

rGO@Ag-CPE electrochemical sensor provides a broad linear range of 20-859 µM with a relatively 

low LOD of 2.9 µM. While other methods can yield low LOD values in laboratory settings with 

considerable preparation before analysis and longer analysis times, the proposed electrochemical 

sensor offers an acceptable trade-off among LOD, linearity, and ease of preparation, with minimal 

equipment requirements. 

Table 2. Comparison of analytical performance of various sensors and methods for atenolol determination 

Method / Sensor Technique Linear range, µM LOD, µM Material/electrode Ref. 

Spectrofluorimetry 
Spectrofluorimetric 

method 
0.38 to 7.51 0.12 Molecularly imprinted SPE sorbent [53] 

HPLC-Fluorescence 
detection 

High-performance 
LC 

1.88 to 75.1 0.01 — [54] 

Mordenite-modified 
CPE 

DPV 0.4 to 80 0.10 
Carbon paste electrode modified with 

mordenite 
[55] 

NPs/MWCNTs/GC DPV 0.112 to 1.792 0.09 
Gold nanoparticles + multiwalled 

carbon nanotubes on GCE 
[56] 

SPION-15%AC/GCE DPV 1.21 to 285 0.40 
Superparamagnetic iron oxide + 

activated carbon 
[22] 

MgO/SPE DPV 6.66 to 909.09 1.76 Magnesium oxide [57] 

ZnO-doped GO / GCE DPV 
7.8 to 84 

(plus 167 to 639) 
2.50 

ZnO nanoparticle-doped graphene 
oxide composite on glassy carbon 

electrode 
[58] 

rGO@Ag-CPE SWV 20 to 859 2.90 
Reduced graphene oxide + silver 

nanocomposite 
This 
work 

Repeatability and reproducibility of rGO@Ag-CPE 

The repeatability and reproducibility of the rGO@Ag-CPE sensor were evaluated using SWV at a 

constant atenolol concentration of 323 µM. Repeatability was evaluated by conducting five 

consecutive analyses using a single identical rGO@Ag-CPE electrode on the same day under the 

same laboratory conditions; the data are presented in Figure 9A.  

Reproducibility was evaluated by independently preparing four rGO@Ag-CPE electrodes using 

identical modification steps and testing them under identical conditions; the data are presented in 

Figure 9B. The calculated relative standard deviations for repeatability and reproducibility were 2.2% 

and 2.5%, respectively, which were well within the ICH-recommended limit of 5% for analytical 

validation of methods [46]. 
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 Measurement No. Electrode No. 

Figure 9. A) Repeatability and B) reproducibility measurements for 323 µM ATN at rGO@Ag-CPE in  
0.1 M H₂SO₄ (pH 2) using SWV under optimized conditions  

Analytical applications in real samples 

The practical applicability of the rGO@Ag-CPE electrochemical sensor for atenolol determination 

was assessed in two types of real samples: pharmaceutical tablets and river water. The standard 

addition method was employed to minimize matrix effects and validate the accuracy of the proce-

dure. Blank river water analyses confirmed the absence of ATN prior to spiking, while pharma-

ceutical tablets containing a defined ATN amount were analysed directly. Table 3 summarizes the 

results of ATN determinations in pharmaceutical tablets and river water samples. 

Table 3. Determination of ATN in real samples 

Sample 
Amount, M 

Recovery, % RSDb, % t-value (4.30 c) 
Added Founda 

Tablet 
0.0d 143    
99 98.2 ± 0.5 99.2 0.4 3.46 

195 189.2 ± 3.4 97.0 1.7 3.14 

River water 

S1 
0.0 n.d.e

    
340 335.1 ± 8.4 98.6 2.5 1.01 
503 502.1 ± 11.3 99.8 2.3 0.14 

S2 
0.0 n.d.    
340 301.2 ± 12.1 88.8 4.0 5.56 
503 498.7 ± 15.3 99.1 3.07 0.49 

S3 
0.0 n.d.    
340 339.1 ± 6.2 99.7 1.83 0.25 
503 504.3 ± 10.5 100.2 2.1 0.21 

S4 
0.0 n.d.    
340 346.8 ± 9.6 102.0 2.8 1.23 
503 510.5 ± 17.3 101.5 3.4 0.75 

aObtained from three repeated measurements; bRelative standard deviation; cStandard t-value for two degrees of freedom and 95 % 
confidence limit; dReal concentration of ATN was 125 µM; eNot detected 
 

Recovery rates for the pharmaceutical formulations ranged from 97.0 to 99.2%, with RSD values 

as low as 0.4 %, demonstrating the accuracy of the proposed method in complex drug matrices. In 

river water samples, recoveries ranged from 88.8 to 102.0 % with RSD values of 1.8-4.0 %, 

confirming satisfactory reproducibility. Added versus found concentrations were compared using a 

student’s t-test. Calculated t-values were lower than the critical value in most cases (4.30 at 95 % 

confidence, degree of freedom = 2), indicating that no significant systematic errors existed. Only for 

sample S2 at 340 µM did the t-value exceed the threshold, which is justified by matrix interferences 

inherent in environmental samples. 

Overall, these findings indicate that the rGO@Ag-CPE sensor has reliable precision, accuracy, and 

selectivity. These factors make it appropriate for the determination of atenolol in pharmaceutical 

formulations and environmental water samples. 

I /
 

A
 

I /
 

A
 



N. Broli et al. J. Electrochem. Sci. Eng. 16 (2026) 3150 

http://doi.org/10.5599/jese.3150  13 

Conclusion 

In this work, a rGO@Ag-CPE has been successfully prepared and employed for the voltammetric 

determination of atenolol. The decoration of Ag nanoparticles on rGO sheets enhanced its electron 

transfer rate and increased the electroactive surface area, which resulted in higher anodic responses 

compared to the bare CPE. A wide linear range, low detection limit, and good reproducibility were 

obtained. Recovery studies from pharmaceutical tablets (97.0 to 99.2 %) and spiked river water 

samples (88.8 to 102 %) were within the limits of accuracy and precision, and the calculated t-values 

were less than the critical limit. Compared with electrodes reported in the literature, rGO@Ag-CPE 

exhibits superior analytical performance while maintaining simplicity and low cost in its preparation. 

Thus, the proposed sensor in this study provides a convenient and scalable platform for sensing 

atenolol in pharmaceutical quality control and environmental applications, and the method could 

be extended to other β-blockers and pharmaceutical pollutants. 
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