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Abstract 

A simple and highly selective electrochemical method using the commercially available screen-

printed electrode electrochemically activated (ASPE) by cyclic voltammetry in 1.0 M H2SO4 

and modified with ruthenium nanoparticles (RuNPs) was developed for the simultaneous 

determination of dopamine (DA) and paracetamol (PA).Changes in electrochemical behavior 

before and after the electrochemical activation of ASPE were studied by CV and EIS. The 

results have shown that the electrochemical activation of ASPE can improves the electrical 

conductivity, large surface area, and thus resulting in the formation of conducting RuNPs/ASPE 

nanocomposite. The morphologies and interface properties of the obtained RuNPs/ASPE 

nanocomposite were examined by FE–SEM, TEM, EDX, XRD, and AFM. Moreover, the 

electrochemical performances of the nanocomposite were investigated by CV, EIS and SWV 

methods. After optimization, the results show that CV, SWV, and EIS can effectively detect 

DA and PA using the fabricated sensor. For individual detection, SWV and EIS proved to be 

better techniques, particularly SWV, which exhibited the highest sensitivity (1.93 and 1.06 μA 

mM−1 cm−2) and the lowest detection limits (0.11μM for DA and 0.17 μM for PA). However, 

for simultaneous detection, CV is more advantageous, providing the widest linear ranges (1.0–

300 μM for DA and 1.0–400 μM for PA). Furthermore, the newly RuNPs/ASPE sensor showed 

excellent repeatability, reproducibility, stability, and selectivity. This sensor was successfully 

applied to measure PA and DA in both human blood and pharmaceutical formulations with 

satisfactory recovery  

 

Keywords: Electrochemically activated screen-printed graphite sensor; Dopamine; 

Paracetamol; Simultaneous determination; pharmaceutical formulations; Newborn disability 
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1. Introduction 

Dopamine (3, 4-dihydroxyphenylethylamine; DA), is a catecholamine neurotransmitter 

derived from the decarboxylation of L-dopa [1]. It is widely existed in the mammalian central 

nervous system [2,3]. DA, also known as the "happy hormone," is essential for human emotions 

and cognitive functions [4]. It has a significant impact on people’s behavior, such as keeping 

them motivated, and concentrated. Furthermore, DA is important for the function of renal, 

cardiovascular, central nervous and hormonal systems of mammals [5]. 

DA concentrations found in human bodily fluids typically range from 0.01 to 1.0 µM 

and are below the upper reference limit (URL, 3.3 µmol/24h) in adult urine [6]. Extremely 

insufficient DA levels can lead to disability related diseases, such as, Parkinsonism, 

schizophrenia, and Alzheimer’s diseases [7]. As a result, it is required to determine DA 

concentration at the physiological level. Paracetamol (PA) is commonly referred as N-acetyl-

p-aminophenol, tylenol or 4-acetaminophen [8]. It is characterized by its ability to reduce fever, 

relieve various types of pain, including muscular aches, toothaches, migraines, backache, 

arthritis, tension and post-operative pain, as well as relieve coughs and colds symptoms, owing 

to its antipyretic and analgesic properties [9,10].  

In addition, when taken at therapeutic levels, PA is a highly effective healthcare 

solution. However, overuse of PA (4.0 g/daily) leading to serious diseases, including 

hepatotoxicity and nephrotoxicity, and inflammation of the pancreas [11]. Therapeutic PA 

concentration in plasma ranges from 10 to 25 µg/mL, whereas its toxicity concentration exceeds 

200 µg/mL (about 1.33 mM). [12−14]. Hence, N-acetylcycteine, is an effective treatment for 

paracetamol overdoses and can be taken as needed. Thus, determining PA is critical to ensuring 

human health in pharmaceutical dosages and human fluids [15, 16]. 

Currently, significant studies have indicated that pregnant women's use of paracetamol 

or dopamine, individually or in combination, can have a direct impact on newborns. These 

compounds are linked disability to several health issues in infants, notably neurological 

developmental disorders and metabolic imbalances [17–20]. These findings highlight the 

critical importance of monitoring and controlling the dosage of these two medications in 

pregnant women in order to avoid potential dangers to the fetus’ and the newborn’s health.  

To address these issues, various techniques have been employed to detect DA and PA 

in biological samples, as well as waters or pharmaceutical preparations, including fluorescence 

spectrometry [21], chemiluminescence [22], capillary electrophoresis [23], high-performance 

liquid chromatography [24], colorimetric methods [25] and electrochemical sensing methods 

[21–27]. Among them, electrochemical sensing is considered the best technique due to their 
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various advantages, comprising high selectivity and sensitivity, portability, low cost and time 

effectiveness, simplicity, excellent reliability, accuracy and particularly a low detection limit 

[28, 29].  

Nowadays, special attention has been given to screen-printed electrodes (SPEs) for the 

fabrication of electrochemical sensors in the field of electroanalysis, owing to their several 

advantages, such as inexpensiveness, portability, rapid response, flexibility, and widespread 

availability [30–33]. Portable SPEs are composed of three types of electrodes; working, counter 

and pseudo-reference electrodes. The most crucial is the working electrode, which can be 

created by printing different conductive inks onto various plastic or ceramic substrates [34]. 

Compared to solid carbon electrodes, SPEs are highly versatile, offering flexibility in broad 
material compatibility, modification possibilities, design, mass-production, and highly 

reproducible sensors [35]. After their single-use, it may be easily replaced after each 

measurement.  

In addition, the graphite surface of the working electrode enables versatile surface 

modification using various techniques, including electrochemical treatment. This 

electrochemical treatment allow for the in situ easy activation of SPEs, significantly enhancing 

their surface properties [36]. As a result, the sensor exhibits improved sensitivity, stability, and 

reactivity, making it more efficient and reliable for detecting target analytes. 

Moreover, SPEs surface modification with various nanomaterials, especially noble metals, such 

as Au [37, 38], Pt [39], Pd [40], and Ru [41], via electrochemical synthesis is an excellent way 

to boost its active surface area and improve its electrocatalytic performances, resulting an 

electrochemical sensors that are highly sensitive and selective for target analytes. 

Thus, Ru is cheaper than other Pt-group metal compounds, such as Pt, Pd, Ir or Rh. Therefore, 

it appeared, early, as a convenient organic reactions catalyst [42]. 

In addition, Ru has different oxidation states, allowing it to form various chemical 

complexes with a wide range of possible uses, including but not limited to drug delivery and 

sensors [43]. Recently, ruthenium particles, their complexes and oxides have gained 

increasingly interest in organic compounds determination, particularly in the development of 

pharmaceutical sensors. This is due to their advantageous properties, including high 

electrocatalytic activity and excellent conductivity, remarkable stability, and biocompatibility 

[44]. Liu et al. used only a single step for the electrochemical deposition of Ru/NiFe-LDH-

MXene onto SPE for the successful detection of nitrofurantoin. Nitrofurantoin is the active 

substance of a widely administrated treatment against bacterial infections. The prepared sensor 

exhibit excellent sensitivity and stability [45]. In the same context, another study carried out by 
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Ikram et al. reported that the detection of sulfonamide; another widely used antibiotic, has been 

considerably enhanced by Ru nanoparticles decoration of V@WO3 nanocomposite [46]. Prabhu 

et al. incorporated Ruthenium-doped TiO₂ and reduced graphene oxide (rGO) into a carbon 

paste electrode (CPE) for sensitive and selective fungicide detection in soil, water, vegetables, 

and fruits. Fungicides are chemical compounds that serve as biocides, disinfectants, and 

preservatives [47]. 

However, only a few papers have reported the electrochemical sensing of dopamine and 

paracetamol via ruthenium modified electrodes and the results are encouraging. Duraisamy et 

al. synthesized a SPE modified electrode using drop coating of a ruthenium doped vanadium 

carbide. The sensor exhibited a very low limit of detection of 0.024 M and was successfully 

tested for paracetamol determination in drug and human blood samples [48]. Abdelwahab et al. 

developed ruthenium nanoparticles (RuNPs) uniformly anchored on chemically treated 

graphene oxide nanosheets (CTGONS). The resulting sensor exhibited excellent performance 

for the simultaneous detection of dopamine and paracetamol in human serum [49]. 

In this study, and to the best of our knowledge, we report for the first time the use of 

SPEs that were electrochemically activated in 0.1 M H2SO4, and subsequently decorated with 

ruthenium nanoparticles via a simple electrochemical route using the CV method, for the 

simultaneous detection of dopamine and paracetamol in PBS solution. 

The performance of designed Ru-decorated activated SPE, electrochemical sensor for 

the individual and simultaneous detection of PA and DA was probed using CV, SWV and EIS 

in both standard and real samples. Notably, single-frequency EIS has rarely been employed in 

such systems, with only a few studies reported in the literature [27, 39]. The results showed that 

the as-fabricated, Ru-decorated activated SPE, exhibited excellent stability, reproducibility and 

selectivity for both voltammetric and impedimetric determination of PA and DA. Furthermore, 

the obtained sensor provided excellent recovery results for the simultaneous determination of 

PA and DA in human serum samples and pharmaceutical formulations without significant 

interferences. 

 

Experimental section 

1.1 Chemicals and Reagents 

Ruthenium chloride (RuCl3.3H2O), dopamine (DA), paracetamol (PA), sulfuric acid 

(H2SO4), potassium chloride (KCl), uric acid (C5H4N4O3), sucrose (C12H22O11), fructose 

(C6H12O6), glucose (C6H12O6), ascorbic acid (C6H8O6), caffeine (C8H10N4O2), and potassium 

hexacyanoferro/ferrate (K3Fe(CN)6 / K4Fe(CN)6), were bought from Sigma-Aldrich and used 
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without any purification. All other reagents and solvents were of analytical grade. A phosphate 

buffer solution (PBS, 0.1 M) at pH 7.4 was prepared by mixing 0.1 M NaH2PO4 and Na2HPO4. 

Other pH solutions ranging from 5.0 to 9.0 were adjusted using 0.5 M H2SO4 and 2.0 M NaOH. 

Double-distilled water with a resistivity of 18 MΩ cm was used throughout the experiments. 

Commercial Doliprane tablets were procured from a local pharmacy and Dopamine 

hydrochloride injections were obtained from a local hospital. 

 

1-2 Apparatus and electrochemical characterization  

The electrochemical experiments were taken out with a potentiostat/galvanostat 

(Princeton Applied Research, AMETEK, USA) controlled by Versa Studio software. SPE 

electrode system consisting of a working electrode (3.1 mm diameter) decorated with Ru 

nanoparticles, graphite as a counter electrode, and silver/silver chloride as a reference electrode. 

The SPEs were manufactured at Manchester Metropolitan University. CV, SWV, EIS and EIS 

techniques were utilized to investigate the electrochemical properties and electro-catalytic 

performances of the modified SPEs.  

CV was done by scanning the potential from –0.4 V to 0.6 V at a scan rate 50 mV/s in 

0.1 M PBS solution (pH 7.4) for DA and PA. Each SWV was recorded from −0.60 to 0.20 V 

with the parameters as follow: step height increment 0.005 V, pulse amplitude 0.05 V, and pulse 

width 0.2s. EIS was also performed at the frequency range from 100 kHz to 0.1 Hz with an 

amplitude of 10 mV. The working potential was optimized at 0.1 V for dopamine and 0.2 V for 

paracetamol. Data analysis and fitting were performed using EC–Lab software. The 

morphologies and the elemental composition of the as-elaborated electrodes were examined by 

means of a field emission gun by scanning electron microscopy (FE–SEM) using a JSM-6301 

F apparatus from JEOL (Japan). The transmission electron microscopy (TEM) image was 

obtained by a JEOL JEM-1400 TEM (Japan). X-ray diffraction (XRD) data were acquired with 

a Bruker D8 Discover spectrometer (Germany) utilizing Cu-Kα radiation (λ = 1.5418) to 

evaluate the crystalline structure of the modified electrodes. Atomic force microscopy (AFM) 

images were taken with a Nanoscope III from Bruker, Germany, to get insights into surface 

morphology.  

 

1-3 Preparation of the Modified SPE with Ruthenium 

Prior to ruthenium electrodeposition, the graphite surface of the SPE was 

electrochemically activated in 1.0 M H2SO4 through a two-step process. The graphite surface 

was polarized at a constant potential of 1.8 V for 5 minutes. After that, the surface was subjected 
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to cyclic polarization. The potential was swept between –0.4 V (hydrogen evolution potential) 

and 1.8 V (beyond oxygen evolution potential) for 50 cycles at a scan rate of 50 mV/s. 

The Ru nanoparticles were deposited onto the activated working electrode surface by 

performing fifteen successive voltammetric cycles in a 0.1 M H2SO4 solution containing 1.0 

mM RuCl3. The potential was cycled between –0.4 V and –1.2 V at a scan rate of 50 mV/s, and 

the process was carried out at room temperature. After the fabrication of the RuNPs/ASPE, it 

was rinsed with deionized (DI) water and allowed to dry at room temperature. Prior to use, the 

RuNPS/ASPE was conditioned by performing at least 50 cycles in the potential range from –

0.4 V to 0.6 V in a 0.1 M PBS solution (pH 7.4) at a scan rate of 50 mV/s, until a stable CV 

response was obtained. 

 

1-4 Samples preparation 

 SWV technique was used to investigate the efficiency of the RuNPs/ASPE sensor’s 

ability to detect DA and PA from dopamine hydrochloride injections, paracetamol tablets, and 

human blood samples. Dopamine injectable solutions (40 mg/mL) were diluted in 10 mL of 0.1 

M PBS (pH 7.4). Paracetamol sample solutions were prepared as follows: three paracetamol 

tablets (1.0 g/tablet) were finely crushed in an agate mortar and accurately weighed. The powder 

was dissolved in water using ultrasonication. After centrifugation at 3500 rpm for 20 minutes, 

the supernatant was filtered and transferred into a 50 mL flask, then diluted with 0.1 M PBS 

(pH 7.4). Additionally, the RuNPs/ASPE electrochemical sensor was tested using human blood 

samples obtained from healthy adults donors at a local hospital. These samples were pretreated 

following to the methodology described in our previous studies [50]. 

 

2. Results and Discussion  

2.1 Surface Morphology of modified SPEs 

 The morphologies of ASPE and RuNPS/ASPE were examined using FESEM, as 

illustrated in Figs. 1A and 1B. The characteristic wrinkles structures of graphite were observed 

on ASPE (Fig. 1A), which is beneficial for providing a large surface area. After Ru modification 

(Fig. 1B), the graphite surface became well decorated with spherical Ru nanoparticles. TEM 

images (Fig. 1C) further confirm that the Ru nanoparticles were homogeneously dispersed on 

the modified graphite SPE, exhibiting a spherical shape with an average size of approximately 

50 nm. Additionally, energy spectrum analysis of Fig. 1D confirms the presence of C, O, and 

Ru elements.  
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 In order to further understand the structure and phase of as-prepared RuNPs/ASPE., X-

ray diffraction (XRD) analysis was conducted. Fig.1E displays the XRD pattern of the as-

modified RuNPs/ASPE. From this figure, we noticed five peaks at angular positions 26.06°, 

42.82°, 44.60°, 54.23°, and 77.29°, respectively correspond to (002), (100), (101), (004), and 

(110) diffractions of hexagonal graphite phase (JCPDS No. 00-001–0646). Furthermore, 

crystalline peaks at 42.82° and 44.60° were attributed to the diffraction planes (002) and (101) 

of hexagonal ruthenium structure (JCPDS cards No. 00–006-0663). XRD analysis indicates the 

successful growth of RuNPs onto surface’s ASPE. 

 AFM measurements were performed to investigate the surface morphology variations 

of activated SPE before and after Ru nanoparticles electrodeposition. As shown in the 3D 

images Figs. 1F and 1G, the modified electrode surfaces exhibited increased roughness, with 

an average roughness of 582 nm for RuNPs/ASPE compared to 427 nm for ASPE. The 

increased roughness of RuNPs/ASPE suggests a larger exposed surface area, which is beneficial 

for enhancing the electrochemical detection of DA and PA.  

 

Fig. 1. FE–SEM images of ASPE (A) and RuNPS/ASPE (B); TEM images of RuNPS/ASPE 

(C); XRD patterns of RuNPS/ASPE (E); EDX of RuNPs/ASPE (D); 3D AFM images of ASPE 

(F) and RuNPs/ASPE (G) 
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2.2 Electrochemical characterization of the surface modified SPE 

To assess the electrochemical behaviors of unmodified and modified electrodes via the 

ferricyanide system, CV and EIS measurements were carried out at the electrode surface using 

1.0 mM Fe(CN)6
−3/−4

 as a redox probe in an aqueous 0.1 M KCl solution (Fig. 2).  

Fig 2A shows the CV curves of bare SPE, ASPE, and RuNPs/ASPE, respectively, obtained at 

a potential scan from −0.4 to 0.6 V and acquired at a fixed scan rate of 50 mV s–1. As shown in 

this figure, the redox peak currents of RuNPs/ASPE are significantly higher compared to those 

of ASPE and unmodified bare SPE. These findings indicated that the SPE's modification with 

electrochemical activation of graphite support and Ru nanoparticles improved the electroactive 

surface area. The redox probe's peak-to-peak separation between the anodic and cathodic peaks 

(ΔEp) increased in the following order: 109 mV < 121 mV < 178 mV for RuNPs/ASPE, ASPE, 

and bare SPE, respectively. Hence, the activation of graphite and the incorporation of Ru 

nanoparticles onto the SPE can effectively increase the electrode surface area, improve the 

conductivity, and increase the electron transfer rate between the solution and electrode surface. 

 

Fig. 2 (A) CV curves and (B) Nyquist plots of 1.0 mM Fe(CN)6
3− 4−⁄

 in 0.1 M KCl at 

unmodified SPE; ASPE and RuNPs/ASPE, scan rate 50 mVs−1; Inset (B): Randles’s equivalent 

circuit. 

 

To study the interface properties of unmodified and modified electrodes, EIS was also 

employed in the frequency ranging from 100 kHz to 0.1 Hz. Fig. 2B shows the EIS plots of 

bare SPE, ASPE and RuNPs/ASPE. RuNPs/ASPE with a low semi-circular diameter showed 

lower electron resistance and improved interfacial conduction between electrode/electrolyte 

compared to unmodified bare SPE and ASPE. This suggests that Ru nanoparticles reduced the 

electron transfer resistance and improved electron-transport efficiency. 
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The theoretical EIS plots were fitted to an appropriate equivalent circuit (see Fig. 2B, 

inset), which included the solution resistance (R1), charge transfer resistance (R2), warburg 

simulating element (WS1), and constant phase element (CPE1). The R2 values for bare SPE, 

ASPE, and RuNPs/ASPE were found to be 25.1 KΩ (χ2 = 0.044), 11.8 KΩ (χ2 = 0.046), and 

3.14 KΩ (χ2 = 0.044), respectively. Hence, the modified, RuNPs/ASPE, electrode exhibited the 

lowest R2 value, indicating higher electrical conductivity than the other electrodes. These 

results are effectively confirmed by CV. 

The electroactive surface areas of bare SPE, ASPE and RuNPs/ASPE were estimated 

using CV method at varied scan rates (Fig. S1), following the Randles–Sevicík formula [48]: 

Ip = 0.436𝑛𝐹𝐴𝐶√
n𝐹𝐷υ

𝑅𝑇
 

where, Ip is the anodic peak current (A), A is the electroactive surface area of the working 

electrode in (cm2), n is the number of exchanged electrons, C is the concentration of 

Fe(CN)6
−3/−4

 (mol cm−3), D is the diffusion coefficient of a 1.0 mM [Fe (CN)6]−3/−4 solution 

containing 0.1 M KCl (7.6 × 10–6 cm2 s –1), 𝜐 is the scan rate (V s–1). 

The calculated electrochemical surface areas were 5.4 × 10−2, 6.8× 10−2, and 8.79× 10−2 cm2 for 

bare SPE, ASPE and, RuNPs/ASPE, sequentially. 

 

2.3 Analytical performance of the RuNPs/ASPE sensor for DA and PA determination 

The electrochemical behaviors of DA, PA, and their mixture were examined at 

unmodified and modified electrodes by CV in 0.1 M PBS (pH = 7.4) as supporting electrolyte 

with 100 µM of DA and PA. Fig. 3 shows the CV responses of PA and DA at unmodified SPE, 

ASPE, and RuNPs/ASPE in the potential range from −0.4 to 0.6 V recorded at scan rates of 50 

mVs−1. As seen in this figure, an almost similar response was observed across the different 

electrodes, and the oxidation peaks of PA and DA were completely separated without any 

mutual interference, regardless of the electrode type. The lowest peak value was observed on 

the unmodified SPE, indicating that the SPE has a slow electron transfer towards PA and DA 

oxidation. A higher peak current was achieved on the ASPE, proving its stronger accumulation 

ability compared to the unmodified SPE, due to excellent catalytic effect of the modifier layer. 

When the ASPE was decorated with Ru, the peak potentials of PA and DA shifted negatively, 

while the peak currents of PA and DA increased by 2.3 times and 1.5 times, respectively. The 

possible role of graphite substrate in the higher activity of RuNPs/ASPE is that OH-like 

functional groups on graphite (phenolic, carboxyl) participate in the oxidation of the absorbed 

intermediate species formed in DA and PA dissociation [37, 52]. 
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These results indicate that RuNPs/ASPE exhibits enhanced electrocatalytic properties 

for the sensing of both DA and PA, compared to the other tested electrodes. 

 

Fig. 3 CVs responses to the mixture of 100 µM PA and DA at bare SPE, ASPE, and 

RuNPs/ASPE in 0.1 M PBS (pH = 7.4), at scan rates of 50 mVs−1. 

 

2.4 Scan rate effect  

Further, the mass transfer behavior of analytes at the RuNPs/ASPE was studied with 

CV at various scan rates ranging from 10 to 400 mVs–1, with a concentration of 300 µM for 

both analytes. As shown in Fig. 4A, the redox peak currents of PA and DA exhibit an increase 

with the rise in scan rate. Additionally, a slight shift is observed in the anodic and cathodic peak 

potentials, moving slightly towards more positive and negative values, respectively. 

Fig. 4B and 4C demonstrate an excellent linear relationship between the peak currents of DA 

and PA and the square root of the scan rates (𝜐1/2), with a high correlation coefficients, as 

expressed by the following equations: 

DA: 𝐼𝑝𝑎(µ𝐴) = 2.381 𝜐1/2 (𝑚𝑉𝑠−1)1/2 − 1.989 (𝑅2 = 0.998),  

 𝐼𝑝𝑐(µ𝐴) = −2.545 𝜐1/2 (𝑚𝑉𝑠−1)1/2 +  8.939 (𝑅2 = 0.994), 

PA: 𝐼𝑝𝑎(µ𝐴) = 2.294 𝜐1/2(𝑚𝑉𝑠−1)1/2 − 1.444 (𝑅2 = 0.991),  

𝐼𝑝𝑐(µ𝐴) = −1.381 𝜐1/2 (𝑚𝑉𝑠−1)1/2 +  5.74 (𝑅2 = 0.990).  

This linearity supports a diffusion-controlled process for the electrochemical reaction of PA 

and DA on the surface of RuNPs/ASPE. 
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Fig. 4 (A) CVs responses of RuNPs/ASPE in the mixture of 300 µM DA and PA at various 

scan rates (10–400 mVs−1), (B, C) dependence of peak currents of DA and PA vs. v1/2.  

 

2.5 Optimization of pH  

 The influence of pH on the electro-oxidation of 100 µM DA and 200 µM PA was 

investigated using CV at a RuNPs/ASPE sensor in 0.1 M PBS across various pH values, as 

shown in Fig.5. As the pH increased from 5.0 to 7.4, the peak currents of both analytes gradually 

increased, accompanied by a negative shift in peak potentials (Figs. 5A, 5B and 5C). This 

behavior suggests the involvement of protons in the electron transfer processes at the 

electrode/electrolyte interface up to pH 7.4. However, as the pH further increased from 7.4 to 

10.0, the peak current decreased. This decline can be attributed to the deprotonation of the target 

molecules due to the higher OH− ion concentration, leading to electrostatic repulsion between 

the deprotonated species and the sensor surface in an alkaline medium [53]. Therefore, a 

phosphate buffer electrolyte at pH 7.4, close to physiological pH, was selected as the optimal 

condition for the simultaneous determination of PA and DA. 

 In Fig. 5D, the anodic peak potentials of PA and DA shifted negatively and good linear 

relationships were seen as pH increased from 5.0 to 10.0. The linear relationships between Epa 

and pH are given by: Epa (V) = − 43 pH + 647 (R2 = 0.992) for DA and Epa (V) = −56 pH + 650 

(R2 = 0.992) for PA, respectively. According to the Nernst equation, the slope values for DA 

and PA are 43 mV/pH and 56 mV/pH, respectively. These values are close to the theoretical 

value of 59 mV/pH [54], indicating an equal contribution of protons and electrons (n = 2) in the 

redox processes of both PA and DA at the RuNPs/ASPE surface. The electrode mechanism of 

DA a PA at RuNPs/ASPE is shown in Scheme 1. This observation aligns well with previously 

reported studies on the electrochemical oxidation of DA and PA using various catalysts [19, 

23].  
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Fig. 5 CVs response of various pH values of (A) 0.1 mM DA; (B) 0.2 mM PA, at RuNPs/ASPE 

in 0.1 M PBS at 50 mV s−1;(C) The influence of pH on the peak current oxidation of DA and 

PA; (D) the plots of Epa of DA and PA vs.pH 

 

 

Scheme 1. Proposed oxidation mechanisms of DA and PA molecules at the surface of 

RuNPs/ASPE. 

 

2.6 Electrochemical sensing behaviors at RuNPs/ASPE 

 To assess the sensor's sensitivity toward DA and PA, CV, EIS, and SWV measurements 

were employed. Initially, CV was conducted to examine the effect of varying DA and PA 

concentrations on the RuNPs/ASPE in 0.1 M PBS (pH 7.4) at a sweep rate of 50 mV s–1, as 

shown in Fig. 6A and Fig. 6C, respectively. The results reveal a progressive increase in 

oxidation peak currents with rising DA and PA concentrations, with detectable ranges of 1.0–
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300 μM for DA and 1.0–400 μM for PA. For DA, the calibration plot (Fig. 6B) exhibits two 

distinct linear regions. The first, ranging from 1.0 to 50 μM, follows the equation: Ip (μA) = 

0.141 CDA (μM) + 6.183 (R² = 0.996). The second extends up to 300 μM and is described by: 

Ip (μA) = 0.055 CDA (μM) + 10.66 (R² = 0.996). 

Similarly, the oxidation peak current of PA (Fig. 6D) exhibits two distinct linear regions: 

1.0–50 μM and 50–400 μM. The corresponding regression equations are:  

Ip (μA) = 0.076 CPA (μM) + 3.375, (R² = 0.994) for the lower range and Ip (μA) = 0.032 CPA 

(μM) + 5.943, (R² = 0.994) for the higher range. The presence of two linear regions in both DA 

and PA may be attributed to the adsorption of intermediates [27]. The limit of detection (LOD), 

determined using a signal-to-noise ratio, was calculated as 0.8 μM for DA and 0.7 μM for PA 

based on the calibration curve in the lower concentration range. Additionally, the sensor's 

sensitivity for DA and PA detection was 1.76 µA µM−1 cm−2 and 0.95 µA µM−1 cm−2, 

respectively. 

 

Fig. 6 CVs of different concentrations of (A) DA, (C) PA, at RuNPs/ASPE in 0.1 M PBS, scan 

rate 50 mV s−1; (B, D) show the dependence of Ipa vs. concentration. 
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Similar to the CV analysis, the analytical response of DA and PA on the newly 

developed RuNPs/ASPE was evaluated using the EIS technique.  

The corresponding Nyquist plots are shown in Fig. 7A and Fig. 7C, while the equivalent 

circuit and the Bode plots are shown in Supplementary content (Figs. S2, S3 and S4) 

The diameter of the Nyquist semicircle decreased significantly with increasing DA and 

PA concentrations, indicating enhanced charge transfer. This behavior is attributed to the 

chemical interaction between DA or PA and the high-valence Ru species, as well as to the 

increased number of electroactive molecules available at the electrode surface. Both DA and 

PA can undergo stepwise redox reactions involving the release of 2H⁺/2e⁻, thereby facilitating 

electron exchange between the electrode and the analytes. These findings are consistent with 

those reported by Motahhare Emadoddin et al [55]. 

To further assess the sensor’s performance, single-frequency EIS measurements were 

conducted. A calibration plot was generated by plotting the relative variation of 1/Z as a 

function of DA and PA concentrations at a frequency of 0.2 Hz (Fig. 7B and 7D). 

The calibration plot for DA exhibited excellent linearity over the range of 1.0–500 μM 

(R² = 0.995). In contrast, the calibration curves for PA displayed two distinct linear regions: 

1.0–150 μM (R² = 0.996) and 150–1000 μM (R² = 0.995). The low detection limits of 0.92 μM 

for DA and 1.1 μM for PA further highlight the exceptional sensitivity and effectiveness of the 

RuNPs/ASPE as an impedimetric sensor. These results can be related to the fact that DA and 

PA adsorbed on the electrode surface reduce electron transfer and decreases in the amount of 

Rct.  
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Fig. 7 Nyquist plots of RuNPs/ASPE with subsequent injections of (A) DA, (C) PA 

concentrations in 0.1 M PBS; (B, D) Plots of 1/|Z| vs. concentration. 

 

 Additionally, the individual SWV response for each analyte was investigated while 

maintaining the other one at a fixed concentration (Fig. 8A–D). 

Fig. 8A presents the SWV profiles of the RuNPs/ASPE in the presence of successive additions 

of DA, while keeping PA at a constant concentration of 20 µM. It could be seen that the 

oxidation peak current for DA increased consistently with its concentration, while the peak 

current for PA remained unchanged (RSD = 0.95%). The corresponding calibration plot (Fig. 

8B) reveals two distinct linear regions: the first from 1.0 to 70 µM and the second from 70 to 

200 µM, with linear correlation coefficients of 0.995 and 0.994, respectively. The regression 

equations for these regions are as follows: Ip (μA) = 0.158 CDA (μM) + 7.83.and Ip (μA) =0.051 

CDA (μM) + 14.9. 

 Similarly, when the concentration of DA was fixed at 20 µM and PA was varied (Fig. 

8C), the value of Ip for PA increased regularly with its concentration, while the value of Ip for 

PA remained constant (RSD = 1.8%). Fig. 8D illustrates two distinct linear relationships 

between the oxidation current and PA concentration. The first linear range extends from 1.0 to 
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100 µM, while the second extends up to 330 µM. The corresponding linear regression equations 

for these concentration ranges are: 

Ip (μA) = 0.085 CPA (μM) + 4.53 (R² = 0.991) and Ip (μA) = 0.035 CPA (μM) + 8.991 (R² = 

0.997), respectively. 

Based on the first linear range, the sensitivity and limits of detection were determined 

as 1.93 µA µM−1 cm−2 and 0.11 µM for DA, and 1.06 µA µM−1 cm−2 and 0.17 µM for PA. 

These results demonstrate that SWV can effectively quantify PA and DA without any loss in 

peak current intensity. 

 

Fig. 8 SWVs response of various concentrations of (A) DA, (C) PA, at RuNPs/ASPE in 0.1 M 

PBS, scan rate 50 mV s−1; (B, D) show the plot of Ipa vs. concentration of DA and PA. 

 

 This study aimed to demonstrate the ability to simultaneously identify electroactive 

species of biologically and pharmaceutically important compounds. To assess sensitivity and 

response, CV and SWV measurements were conducted using RuNPs/ASPE while 

simultaneously varying the concentrations of both target analytes. Fig. 9A shows the CVs of 

simultaneously increasing concentrations DA and PA in 0.1 M PBS at pH 7.4. The current peak 

of DA was clearly separated from that of PA, their oxidation peak currents also increased, and 

good linear relationships were observed. 
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Fig. 9 (A) CVs curves of RuNPs/ASPE at various concentrations of DA (1–300 µM) and PA 

(1–400 µM) in 0.1 M PBS (pH 7.4) at scan rate 50 mV s−1; (B) Calibration curves of current 

vs. DA and PA concentrations; (C) SWVs at RuNPs/ASPE with various concentrations of DA 

(1–200 µM) and PA (1–220 µM) in 0.1 M PBS (pH 7.4) at scan rate 50 mV s−1; (D) plots of 

Ipa vs. DA and PA concentration. 

 

 The dynamic linear calibration curve exhibited two distinct regions for each analyte 

(Fig. 9B). For dopamine, the linear equations were Ip (μA) = 0.123 CDA (µM) + 4.268 in the 

range of 1.0–50 µM (R² = 0.992) and Ip (μA) = 0.035 CDA (µM) + 8.666 in the range of 50–

200 µM (R² = 0.991). Similarly, for paracetamol, the linear equations were Ip (μA) = 0.049 CPA 

(µM) + 4.04 in the range of 1.0–100 µM (R² = 0.999) and Ip (μA) = 0.027 CPA (µM) + 6.282 

in the range of 100–400 µM (R² = 0.999). The sensitivity and LODs were determined as 1.5 

µA µM−1 cm−2 and 1.0 µM for DA, and 0.61 µA µM−1 cm−2 and 1.2 µM for PA. Consistent 

with the previous CV results, the linear ranges, LODs, and sensitivity of the RuNPs/ASPE were 

evaluated during the simultaneous determination of DA and PA using SWV. 

As shown in Fig. 9C, the oxidation peak currents of both molecules progressively increase with 

concentration, demonstrating strong linearity between concentration and peak current. 
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The calibration curves for DA and PA (Fig. 9D) exhibited good linear relationships within the 

given concentration ranges, as described by the following linear regression equations: Ip (μA) 

= 0.051 CDA(µM) + 25.571 (1−200 µM, R2 = 0.997) for DA, and Ip (μA) =0.058 CPA (µM) + 

21.951 (1−60 µM, R2 = 0.999), Ip (μA) = 0.029 CPA (µM) + 23.65 (60−220 µM, R2 = 0.998), 

for PA. The sensitivity and LODs were estimated as 0.65 µA µM−1 cm−2 and 0.84 µM for DA, 

and 0.72 µA µM−1 cm−2 and 0.75 µM for PA, respectively. Table 1 compares the novel 

RuNPs/ASPE sensor to other previously described sensors in the literature for DA and PA 

detection. Thus, our newly RuNPs/ASPE displayed excellent performance, with suitable linear 

ranges and a lower detection limit for both analytes, compared to some noble metal modified 

electrodes. 

 

Table 1 Performance comparison of different electrodes for the detection of DA and PA. 

Modified electrode Method 
Linear range/μM Detection limit/μM 

Ref 
DA PA DA PA 

ZIF-67a DPV 2–45 2–45 1.3 1.4 [56] 

3DRGO/MWNCTs@ZrFeOx/GCEb DPV 1–180 1–190 0.23 0.212 [21] 

Fe2O3/CPEc DPV 2−170 2−150 0.79 1.16 [57] 

NiO–CuO/GR/GCEd DPV 0.5−20 4−400 0.17 1.33 [58] 

3DIPC-IL/CS/GCEe DPV 1–500 1–700 0.13 0.58 [59] 

MnFe2O4/GPf DPV 5–200 3–160 0.4 0.3 
[60] 

CoFe2O4/GPg DPV 3–180 3–200 0.35 0.25 

f-MWCNTs/GCEh DPV 3–200 3–300 0.8 0.6 [61] 

CB-PAH/GCEi LSV 1–22 2.4–27 0.55 1.3 [62] 

GCE/Cu2+@PDA-MWCNTsj DPV 4–125 5–75 0.87 0.92 [63] 

RuNPs/ASPE 
CV 

SWV 

1–300 

1–200 

1–400 

1–330 

0.8 

0.11 

0.7 

0.17 

This 

work 
a ZIF-67: Zeolitic imidazolate framework – 67 
b 3D: three-dimensional structure; RGO: reduced graphene oxide; MWNCTs: multi-wall carbon nanotubes; 

ZrFeOx: bimetallic-organic gel; GCE: glassy carbon electrode 
c Fe2O3: iron oxide nanoparticle; CPE: carbon paste electrode 
d NiO: nickel oxide nanoparticles ; CuO: copper oxide nanoparticles; GR: graphene  
e 3DIPC-IL: three-dimensional interconnected porous carbon-ionic liquid ;CS : chitosan 
f MnFe2O4 : manganese ferrite; GP: graphite 
g CoFe2O4 : cobalt ferrite 
h f-MWCNTs: acid functionalized multi-wall carbon nanotubes 
i CB: carbon black ; PAH: poly(allylamine hydrochloride) film 
j Cu2+ : copper ; PDA polydopamine complex  

 

2.7 Selectivity, reproducibility, and stability of the sensor  

 The stability, selectivity, and repeatability of the RuNPs/ASPE sensor were evaluated 

using SWV under optimal experimental conditions. Repeatability was assessed by performing 

five consecutive measurements in 0.1 M PBS containing 100 μM DA and PA (Figs.S5A and 

S5B). The obtained relative standard deviations (RSDs) were 0.85% for DA and 1.12% for PA, 

demonstrating that the modified sensor resists surface fouling from oxidation products and is 
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suitable for repeated consecutive measurements. The reproducibility of the RuNPs/ASPE 

sensor was assessed by detecting 100 μM DA and 100 μM PA in 0.1 M PBS using five 

independently fabricated electrodes (Figs. S5C and S5D). The RSD values were 1.94% for DA 

and 2.58% for PA, confirming the excellent reproducibility of the developed sensor. Finally, 

the stability of the functionalized RuNPs/ASPE electrode was evaluated after eight weeks of 

storage at ambient temperature. The current responses for DA and PA were compared before 

and after storage (Figs. S5E and S5F). The results showed that the catalytic current retained 

91% of its initial value, demonstrating the electrode’s long-term stability. The excellent 

reproducibility and stability of the sensor can be attributed to the unique structural properties 

of the RuNPS/ASPE. 

 

2.8 Interference studies 

This study aimed to evaluate the performance of the RuNPS/ASPE sensor for detecting 

DA and PA simultaneously in the presence of higher concentration of AA and UA. Due to their 

similar structures and oxidation potentials, AA and UA can interfere with the electrochemical 

detection of DA and PA, particularly in biological systems where these compounds coexist, 

complicating selective and accurate detection. Fig. 10A shows the SWV curves of the mixed 

solutions of DA (100 μM), PA (100 μM), UA (500 μM) and AA (500 μM). As shown in this 

figure, the addition of AA and UA to the solution containing DA and PA results in a positive 

shift in the oxidation peaks of both PA and DA. The oxidation potentials of the four compounds 

are − 0.26 V (AA), 0.01 V (DA), 0.2 V (PA), and 0.52V (UA), respectively. These results 

indicate that the modified RuNPS/ASPE does not interfere with the current response for DA 

and PA detection in the presence of AA and UA. Moreover, the oxidation peak of UA on the 

RuNPS/ASPE electrode appears after that of PA, in contrast to other studies where the UA 

oxidation peak lies between those of DA and PA, very close to that of paracetamol [21]. This 

result demonstrates that our sensor is highly selective in detecting DA and PA simultaneously 

in the presence of AA and UA. 

In addition to AA and UA, other common interferents that typically coexist with DA 

and PA in human blood serum or pharmaceutical samples were evaluated using SWV. Known 

concentrations of key organic interferents, including glucose, caffeine, sucrose, and fructose, 

as well as inorganic species such as NaCl, CaCO3, and KNO3, were introduced into the 

analytical solution containing 20 mM DA and 20 mM PA (pH 7.4 PBS). Fig. 10B shows 

minimal variation in the peak current (Ip) for all analytes. The results suggested that the 

RuNPS/ASPE had good selectivity and anti-interference abilities. 
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Fig.10 (A) Interference of RuNPs/ASPE sensor in the presence of 100 µm DA, 100 µm PA, 

500 µm AA, and 500 µm UA; (B) Bar diagram of peak current (Ip) for DA and PA 

concentrations with and without interfering biomolecules and salts. 

 

2.9 Feasibility Assessment in Pharmaceutical and Blood Samples 

 The feasibility of the RuNPs/ASPE was further assessed by analyzing identical 

concentrations of PA and DA in commercial pharmaceutical samples, including injectable 

dopamine solutions (40 mg/mL) and paracetamol tablets (1000 mg/tablet), as well as in standard 

buffer solutions. Measurements were performed under optimized conditions using the SWV 

technique. The sample pre-treatment method is described in detail in Section 1.4 

As shown in Figs. 11A and 11B, the newly developed sensor exhibited comparable current 

responses in both cases, demonstrating its suitability for practical applications. 

 The results, summarized in Table 2, closely matched the manufacturer’s specified target 

contents, with recovery rates ranging from 98.02% to 103.84%.  

Furthermore, the RSD values for each sample, based on three parallel measurements, remained 

below 3.26%. Notably, tablet additives did not interfere with analyte detection in commercial 

samples. These findings confirm that the developed RuNPs/ASPE sensor is both reliable and 

accurate for determining DA and PA in pharmaceutical samples. 
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Fig. 11 Sensor responses for the same analyte concentrations in injectable dopamine samples 

(A) and tablet samples (B) compared to standard solutions. 

 

Table 2  

Determination of DA and PA by RuNPs/ASPE in dopamine hydrochloride injection and in pharmaceutical tablet 

(n=3). 

Pharmaceutical 

preparation 
Sample 

Reported 

content 
Determined Recovery (%) RSD (%) 

DA PA DA PA DA PA DA PA 

Dopamine hydrochloride 

injection (mg/ml) 

1 20 – 20.76±0.17 ND 103.84 – 1.58 – 

2 40 – 40.66±0.64 ND 101.65 – 1.34 – 

Paracetamol tablet (mg) 
1 – 500 ND 490.1±84  98.02 – 2.04 

2 – 1000 ND 992.9±0.76  99.29 – 3.26 

ND: not detected 

 

Furthermore, recovery tests for the simultaneous detection of DA and PA in human blood 

samples were performed under identical conditions using the SWV technique. The analyses 

involved the individual addition of 2.0 and 4.0 μM of DA, and 10 and 100 μM of PA to human 

blood samples. As summarized in Table 3, the recovery rates ranged from 97.37% to 102.27%, 

with RSD values below 3%. These results highlight the strong potential of the modified 

RuNPs/ASPE sensor for the accurate and reliable simultaneous detection of DA and PA in real 

serum samples. 
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Table 3 

Determination of mixtures of DA and PA in human serum samples (n=3). 

Sample 

Analyte (μM) 
Recovery (%) R.S.D.(%) 

Added Found 

DA PA DA PA DA PA DA PA 

Serum 1 – – 0.97±0.48 21.6±0.22 – – 1.45 1.63 

Serum 2 2 50 3.05±0.83 72.54±0.45 97.37 98.71 1.89 2.01 

Serum 3 4 100 5.07±0.71 118.9±0.68 98.02 102.27 2.1 2.98 

 

3. Conclusion 

 In this work, we have successfully developed electrochemically activated graphite SPEs 

decorated with Ru nanoparticles using a simple electrochemical route based on the CV method. 

The surface and chemical morphology of the as-prepared materials were thoroughly examined.  

The RuNPs/ASPE electroactivity was evaluated for the electrooxidation of DA and PA using 

CV, EIS and SWV methods. For individual detection, SWV and EIS proved to be better 

techniques, particularly SWV, which exhibited the highest sensitivity and the lowest detection. 

However, for simultaneous detection, CV is more advantageous, providing the widest linear 

ranges. This excellent electrochemical performance is attributed to the high catalytic activity of 

Ru nanoparticles and, the porous structure of activated graphite. Additionally, the surface 

functional groups existing in activated graphite, such as phenolic, and carboxyl, which 

participate in the oxidation of the absorbed intermediate species formed during the dissociation 

of DA and PA.  Furthermore, the proposed sensor showed excellent repeatability, 

reproducibility, long-time stability, and selectivity toward target analytes in the vicinity of 

interfering species. However, the presence of potential drug interfering compounds AA and UA 

had no effect on the voltammetric responses of DA and PA. 

Finally, these results confirmed that the obtained sensor achieved excellent recovery rates for 

the simultaneous determination of PA and DA in both pharmaceutical and human serum 

samples. 
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