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Abstract 
In this study, the carbon paste electrode (CPE) was modified by grinding L-serine in a pestle and 
mortar. L-serine (L-s) was shown to be an effective electrocatalyst at the modified CPE (MCPE) 
interface for detecting dopamine (DA). L-sMCPE showed excellent activity to detect DA in 
commercial injection samples with a recovery range of 98.9 to 100.5 %. Theoretical studies were 
used to understand the electrocatalysis of L-serine at the atomic level using frontier molecular 
orbitals (FMO) and analytical Fukui assay. According to theoretical findings, the amine group of L-
serine works as an extra oxidation site (reason for enhanced reduction peak DA) and the carboxylic 
acid group acts as an additional reduction site (reason for enhanced oxidation peak DA) at the L-
sMCPE interface. 
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Introduction 

Dopamine (DA) is a monoamine neurotransmitter that plays a variety of physiological activities 

in humans and animals. It is a basic organic molecule from the catecholamine family. The detection 

of DA in the human body is crucial. DA is also involved in the control of heart rate and blood pres-

sure [1,2]. DA is involved in a person's movement, mood, and conduct [3]. An inadequate DA level 
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in the human body can lead to serious health issues such as restless leg syndrome, Huntington's 

disease, schizophrenia, senile dementia, and Parkinson's disease [4]. DA level in urine samples of 

humans is utilized as a biomarker to study renal and cardiovascular illnesses. Therefore, proper 

maintenance of the DA level in the human body is necessary. Because of the relevance of DA, the 

creation of novel dopamine detecting sensors is highly valued for therapeutic applications [5,6].  

For DA detection, a variety of methods have been developed such as capillary electrophoresis [7], 

fluorescence-based sensing [8,9], colorimetry [10], and fluorescence [11,12]. On the other hand, 

their protocols are complex, costly, time-consuming, and frequently need specialist equipment. 

Electrochemical methods, however, provide several benefits, including quick and highly sensitive 

reactions, the convenience of usage, and low cost. Because of the electroactive nature of DA, its 

determination using electrochemical techniques is a key scientific issue. Over the last few decades, 

the sensitivity of DA determination has increased significantly. 

Carbon paste electrodes (CPEs) offer few beneficial properties, including repeatability, stability, 

and surface renewability, which make them one of the most appealing working electrodes [13,14]. 

Due to their low cost relative to other materials, CPEs are becoming more widely used in fields such 

as pharmaceutical, biological, and environmental investigations. Physical or chemical treatments 

can improve electrochemical characteristics of CPE such as adsorption capacity, selectivity, and 

sensitivity [15]. To create a novel sensor with appropriate electrochemical characteristics, a CPE 

matrix must be modified. Earlier, a lot of research has been published on carbon-based electrodes 

for sensing applications [16-24].  

On the atomic scale, the quantum chemistry approach, such as density functional theory (DFT) 

can be utilized to quantify the electron transfer (ET) of electrode catalysts. As a result, electro-

analytical data can be supported and explained using basic principles and DFT. In catalytical 

research, a combination of pre-ET (frontier molecular orbital theory (FMO)) and post-ET (Fukui 

functions) would be more useful [13,14,25,26].  

In this study, we have modified the CPE by grinding L-serine in a pestle and mortar. The L-serine 

molecule redox reactive sites and mediating mechanism were predicted using conceptual DFT-

based quantum chemical modelling. The nucleophilic and electrophilic regions of L-serine are 

identified using the frontier molecular orbitals (FMO), highest occupied molecular orbital (HOMO), 

and lowest unoccupied molecular orbital (LUMO) densities. The results of the donor-acceptor 

interactions were further evaluated utilizing analytical Fukui functions to corroborate the findings. 

Experimental  

Chemicals and reagents  

The analytical grade chemicals were used without further purifications. The sodium dihydrogen 

orthophosphate monohydrate, silicone oil, dopamine, L-serine, disodium hydrogen orthophos-

phate, and K4Fe(CN)6 were purchased from Sigma-Aldrich Himedia. Graphite powder was purchased 

from Loba chemicals.  

Preparation of bare carbon paste electrode (BCPE)  

The bare graphite paste was made by extensively hand mixing the carbon (graphite) powder and 

the binder (silicon oil), in an agate mortar with a pestle in a 75:25 (w/w) proportion for 25 minutes 

until the paste was uniform and homogeneous. Then, the graphite paste was filled into a 3 mm hole 

Teflon tube. The electrode surface was wiped smoothly on the butter paper for a clean, consistent, 

and even surface [13-15]. 
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Preparation of L-serine modified carbon paste electrode (L-sMCPE)  

L-sMCPE was prepared by hand mixing/grinding 2 to 10 mg of L-serine with carbon paste in an 

agate mortar. Then, the graphite paste containing L-serine was filled into a 3 mm hole Teflon tube 

and smoothen on the butter paper. 

Electrochemical cell 

The potentiostat model CHI-660c was used in the tests (CH Instrument-660 electrochemical 

workstation). Three-electrode cell was applied, where working electrodes were bare CPE (BCPE) and 

L-serine modified CPE (L-sMCPE), the reference electrode was saturated calomel electrode (SCE), 

and the counter electrode was a platinum rod. 

Computational methods 

To build model geometries, we used the Sinapsis program [27] and density functional theory 

(DFT) [Auxiliary density perturbation theory] as implemented in the deMon2k [28-30] software, 

together with PBE [31,32] correlation functions and the TZVP [33] basis set. The FMO [highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)] and 

analytical Fukui functions were visually shown using Sinapsis [27].  

Results and discussion 

Cyclic voltammetric response of dopamine at L-serine modified carbon paste electrode  

Figure 1 depicts cyclic voltammograms (CVs) for 10 μM DA in 0.1M phosphate buffer solution 

(PBS) of pH 7.4 at BCPE (red line) and L-sMCPE with different quantities of L-serine, at a scan rate of 

100 mV s-1. At the BCPE, redox peak currents are low with higher separation of peak potentials (∆Ep) 

when compared to L-serine MCPE. 

 
E / V vs. SCE 

Figure 1. CVs of 10 μM DA in 0.1 M PBS, pH 7.4 at BCPE (red line) and MCPE with different quantities of  
L-serine (2-10 mg)  

In Table 1, ∆Ep and ipa values for DA are compared for BCPE and MCPE with different quantities 

of L-serine. From Figure 1 and Table 1, it can be seen that MCPE with 6 mg of L-serine has displayed 
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the highest redox current value and lower ∆Ep. Therefore we have considered 6 mg L-sMCPE for 

further analysis. 

Table 1. ∆Ep and ipa values of BCPE and MCPE with different quantities of L-sMCPE (data taken from Fig. 1) 

El. No. Electrode ∆Ep / mV ipa / A 

1 BCPE 98 7.157 

2 2 mg L-sMCPE 70 10.84 

3 4 mg L-sMCPE 67 15.24 

4 6 mg L-sMCPE 62 17.46 

5 8 mg L-sMCPE 61 16.83 

6 10 mg L-sMCPE 61 16.87 

Computational studies of L-serine 

When L-serine is bound by physisorption to the surface of graphite electrode, the electrocatalytic 

activities of L-sMCPE towards DA are boosted. For mathematical modelling purposes, a monomer 

of L-serine is considered. To determine which atoms of L-serine are involved in the redox electron 

transfer processes, the frontier molecular orbitals were estimated and utilized the Fukui concept to 

predict the redox electron transfer sites. 

L-serine HOMO is present in the amine group (Figure 2a), while the LUMO is in the carboxylic acid 

group (Figure 2b). Therefore, according to FMO findings, the amine group in L-serine is engaged in 

oxidation, whereas the carboxylic acid group is engaged in reduction. 

The Fukui function is frequently used in electrochemistry to understand redox reaction pathways 

[13,14,25,26]. Simulations based on the Fukui function can be utilized in chemical and 

electrochemical applications to locate electron transfer sites [13,14]. The Fukui function [34] can be 

defined using Equation (1): 

 




 →

+ − 
  

 0

( ) ( )
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Here ρ(r) is the electron density, N denotes the number of electrons in the system, and the + and 

- signs denote electron addition and removal, respectively. 

 a b 

   
 HOMO [ISO=0.05; Grid=0.2] LUMO [ISO=0.05; Grid=0.2] 

Figure 2. Average reactive orbital space of frontier molecular orbital of L-serine 
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The analytical Fukui findings for L-serine are displayed in Figure 3. Figure 3a displays f-(r) and f+(r) 

(Figure 3b) plots of the L-serine surface, respectively. The amine group of L-serine functions as an 

oxidation site and the carboxylic group of L-serine functions as a reduction site.  

 a b 

   
 f-(r) [ISO=0.0; Grid=0.2] f+(r) [ISO=0.03; Grid=0.2] 

Figure 3. Analytical Fukui isosurface results [H = white, C = grey, N = blue, and O = red] 

FMO analysis provides information on reactive redox sites without accounting for electronic relaxa-

tion. Analytical Fukui's findings, however, provide details on the places that would suffer the most 

redox reaction changes while accounting for relaxation effects. Hence, FMO and Fukui researches 

should be correlated to more precisely forecast redox reactivity locations. In the current studies, both 

FMO and Fukui, studies are in agreement with each other. As a result, we get more consistent results 

that amine groups are oxidation centers and carboxylic acid groups are reduction centers. 

Effect of DA concentration 

Using the CV approach, the influence of DA concentration was investigated at the surface L-sMCPE 

electrochemical sensor in 0.1 M PBS, pH 7.4. The rise in anodic peak current with increasing DA con-

centration (10 to 70 μM) is shown in Figure 4. A linearity was observed between anodic peak current 

(ipa) and DA concentration, with a corresponding linear regression equation: Ipa = 0.448896cDA + 

+ 5.1907, with r2 =0.99532. 

 
E / V vs. SCE 

Figure 4. CVs of different DA concentrations (10 -70 M) at L-sMCPE in 0.1M PBS, pH 7.4  
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Effect of scan rate 

The impact of changing the scan rate (150 to 350 mV s-1) on the oxidation peak current of DA in 

0.1 M PBS as the supporting electrolyte is displayed in Figure 5. It can be seen that over the range 

of 150 to 350 mV s-1, the oxidation peak current rises linearly with the scan rate. 

 
E / V vs. SCE 

Figure 5. CVs of 10 μM DA at L-sMCPE in 0.1M PBS, pH 7.4 at different scan rates  

The graph of anodic peak current vs. scan rate shown in Figure 6 reveals a linear relation with a 

correlation coefficient of 0.9974. This suggests that DA oxidation at L-sMCPE is adsorption controlled 

process.  

 
v / mV s-1 

Figure 6. Anodic peak current vs. scan rate (data from Fig. 5) 

Determination of DA in real samples  

The analysis of DA in the commercial injection sample was carried out at L-sMCPE in order to 

evaluate the reliability of the proposed approach by using the standard addition method. The results 

summarized in Table 2 reveal that the found values are close to the labeled content with a recovery 

range of 98.9 to 100.5 %. Therefore L-serine mediated ET can detect DA in injection samples effectively. 
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Table 2. Determination of DA in injection samples 

 cDA / M Recovery, % Number Spiked  Found  
1 10 10.05 100.5 
2 20 19.78 98.90 
3 30 29.98 99.93 

Conclusion  

In the current work, the CPE was modified by grinding L-serine (eco-friendly modifier) in a pestle 

and mortar. L-serine showed excellent electrocatalytic at the L-sMCPE interface for sensing DA in real 

injection samples with a recovery range of 98.9 to 100.5 %. The catalytical activity of L-serine was 

theoretically examined using FMO and analytical Fukui analysis. Theoretical observation proved that 

the amine group of L-serine acts like an additional oxidation site (reason for enhanced reduction peak 

of DA) and a carboxylic acid group acts as an additional reduction site (reason for enhanced oxidation 

peak of DA) of L-serine at the L-sMCPE interface. In the current study, both FMO and Fukui studies are 

in agreement with each other. Therefore predicted electron transfer sites are precise amine groups of 

L-serine that have more probability of loose electrons and carboxylic acid groups to gain electrons. 

Therefore, FMO and Fukui function can be helpful for explaining the improved performance of the L-

sMCPE at the molecular level. 
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