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This research concentrated on the development of an electrochemical sensor based on 

nanomaterials, poly(amino acids), or both for the detection of important biomarkers in clinical applications, 
which could be classified into three sub-projects. In the first sub-project, an electrochemical sensor based on 
a nanocomposite between poly(L-methionine) and gold nanoparticle-modified screen-printed graphene 
electrode was developed for the sensitive and selective detection of 8-hydroxy-2'-deoxyguanosine (8-OHdG) 
in the presence of uric acid at normal levels in urine. A sodium phosphate buffer solution containing sodium 
chloride and sodium dodecyl sulfate was used as the supporting electrolyte to increase selectivity for 8-OHdG 
detection. In the second sub-project, a novel detection for 1-hydroxypyrene (1-OHP) used only a single step 
of electropolymerization of poly(L-glutamic acid)-modified screen-printed graphene was developed. The 
electrochemical response of 1-OHP on the modified sensor was three times larger than that of the unmodified 
sensor. For practical applications, it was utilized to determine 1-OHP in six urine samples, without any 
interference. Lastly, in the third sub-project, the simultaneous detection of 5-aminosalicylic acid (5-ASA) and 
sulfapyridine (SPD) using poly(L-methionine)-modified screen-printed graphene electrodes were reported for 
the first time. The detection of 5-ASA and SPD indicated the therapeutic determinant of the action of 
sulfasalazine, which is widely used for the treatment of rheumatoid arthritis and inflammatory bowel disease. 
As aforementioned, these developed electrochemical sensors and proposed methodologies could be directly 
applied to determine specific target analytes in real human serum and urine samples without additional sample 
preparation. The results obtained provided satisfactory analytical performances with high accuracy, precision, 
reproducibility, stability, and reliability. 
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CHAPTER 1 
INTRODUCTION 

Background 
In the past decades, based on environmental change and technological 

advancement, the world population has suffered from environmental pollutants and 
unsafe diet consumptions, leading to a high possibility of facing various illnesses. These 
impacts directly lead to a total loss of life and property around the world. For developing 
countries, these problems are more serious because of the rapid population growth and 
the inadequacy of modern medical technology to maintain health quickly and 
comprehensively. Therefore, the development of science technology in parallel with 
medicinal treatment is very important to obtain a new technology or an alternative method 
for use worldwide. The ultimate goal of the development is not only to obtain a fast, 
convenient, inexpensive, effective, accurate, and precise method to apply for diagnosis 
and follow-up treatment efficiency but also to receive equipment that can be used with 
minimal restrictions. Hence, the development of new analytical methods and prototypes 
for portability with the mentioned requirements for the determination of biomarkers, which 
are used as indicators in clinical applications, is the main objective of this research. 

In our body, reactive oxygen species (ROSs) play an important role in physiology 
and pathology. They are widely used as intracellular signaling molecules, demonstrating 
an imbalance between free radicals and antioxidants in the body’s cells, leading to a 
situation known as oxidative stress (Chang et al., 2013) (Manavalan et al., 2018). 8-
hydroxy-2'-deoxyguanosine (8-OHdG) is known as a specific marker for oxidative stress 
and is a major product of guanine oxidation in the process of reactive oxygen species 
attacking the eighth carbon atom of guanine (Shang et al., 2018). Normally, the 8-OHdG 
biomolecule can be found in several biological samples, e.g., urine, saliva, blood or 
serum, and tissue (G.V. Martins, Marques, Fortunato, & Sales, 2016), and its 
corresponding concentration is further correlated with various diseases, such as cancers, 
aging, diabetes, and neurological disorders (Zhao et al., 2019). Therefore, the 
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development of an effective approach for 8-OHdG detection is of great importance for 
disease risk assessment and early diagnosis. 

Polycyclic aromatic hydrocarbons (PAHs) are harmful environmental and dietary 
contaminants (Serrano et al., 2017) that are formed by the incomplete combustion or 
pyrolysis of organic substances. In our daily life, we are exposed to PAHs all the time 
through many routes, for example, inhalation, ingestion, and skin contact. The toxicity of 
PAHs can harm or destroy proteins and DNA within cells. 1-Hydroxypyrene (1-OHP) is a 
well-studied target for PAH metabolites, which can indicate the evaluation of human PAH 
exposure. Hence, the invention of a simple, sensitive, and selective approach to monitor 
the amounts of 1-OHP is meaningful and of considerable significance. 

Sulfasalazine (SSZ) has been widely used as a therapy for rheumatoid arthritis 
(Plosker & Croom, 2005). Furthermore, it has also been employed for the treatment of 
inflammatory bowel diseases (Wolf & Lashner, 2002). Based on the SSZ structure, it is 
composed by 5-aminosalicylic acid (5-ASA) and sulfapyridine (SPD) with an azo bond. 
Nevertheless, in the metabolism process, an azo bond of the SSZ structure can be 
cleaved by an intracellular azo reductase, releasing 5-ASA and SPD into the colon. 
Hence, 5-ASA and SPD are the important active components for predicting or monitoring 
disease treatment. Therefore, the sensitive and selective assay for the simultaneous 
detection of 5-ASA and SPD in biological fluids is very important for assessing the 
therapeutic determinant for the action of SSZ. 

In recent decades, chromatographic and spectroscopic methods have been 
reported for determining 8-OHdG, 1-OHP, 5-ASA, and SPD. Although these methods 
provided high sensitivity and selectivity, unfortunately, there were still some limitations, 
such as sophisticated instrumentation, expensiveness, the complicated pretreatment 
steps, long analysis time, the requirement for a large solvent or sample volume, and 
special-trained operators. Moreover, these methods were not able to achieve portability 
and were not suitable for routine, on-site, and real-time analysis. To overcome these 
inherent problems, the method for the determination of these analytes that provides a 
rapid, simple, and sensitive assay is still required. 
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Currently, electroanalytical methods have emerged as an alternative method for 
the detection of biomarkers in biological samples due to their simplicity, high sensitivity 
and accuracy, fast analysis time, low cost, portability, and compact set-up. Furthermore, 
electrochemical devices have a small portable size in comparison to a conventional 
instrument as well as require a small volume of sample for analysis. These benefits can 
reduce the pain and the fear for patients who must be treated in each case. In the past 
few years, the design of electrochemical sensors has been progressed to enhance the 
analytical performance in terms of sensitivity, selectivity, and reliability as well as to 
provide ease of fabrication and lower costs. Thus, disposable sensors have attracted 
attention for the use in a variety of applications, such as clinical laboratories, food and 
beverage testing, the pharmaceutical industry, and environmental analysis. Nowadays, to 
produce a disposable sensor, the screen-printing technique is a famous technology that 
can be used for the fabrication of a variety of sensors as well as reduce the size of devices 
instead of using commercial large-scale electrodes. In addition, the benefits of using the 
screen-printing technique also come from its economic substrate, diversity, low cost, and 
particularly the possibility of mass production (Charoenkitamorn, Chaiyo, Chailapakul, & 
Siangproh, 2018). Screen-printed electrodes (SPEs) are a kind of disposable 
electrochemical sensor based on screen-printing technology. It has been extensively 
proposed in the field of electrochemical analysis. In comparison to conventional 
electrodes, SPEs offer many advantages, such as simplicity, small size, disposable 
device, portability, inexpensiveness, and the requirement of a small volume of sample (M. 
Li, Li, Li, & Long, 2012) (Thangphatthanarungruang, Ngamaroonchote, Laocharoensuk, 
Chotsuwan, & Siangproh, 2018). In addition, these sensors can be fabricated with various 
types of ink on different substrates depending on the applications. The selection of ink 
and substrate is important for the sensitivity and selectivity obtained from the analytical 
procedure. Among the commercial inks, graphene is a well-known carbon material that 
has received high attention. It consists of two-dimensional structures with sp2 bonded 
carbon atoms in a hexagonal configuration (D. Kim, Lee, & Piao, 2017). It has many 
distinct properties, such as high electrical conductivity, superior electron transportation, 
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high mechanical and chemical stability, large surface area, and good biocompatibility 
(Kuila et al., 2011) (Thangphatthanarungruang et al., 2020). From these advantages, a 
screen-printed graphene electrode (SPGE) furnishes a suitable sensing platform for a 
highly sensitive electrochemical sensor. 

To increase sensitivity and selectivity for electrochemical detection, a strategy 
can be implemented by using a variety of modifiers. Gold nanoparticles (AuNPs) are one 
of the most widely employed as metal nanoparticles for the modification of the electrode 
surface to modify the original properties of sensors. Their special physicochemical 
characteristics, such as good stability, large surface area, high conductivity, excellent 
electrocatalytic capability, and good biocompatibility (He et al., 2014). Furthermore, 
AuNPs can react excellently with organo-sulfur compounds at the electrode surface to 
form S-Au through covalent bonding, resulting in enhancing the stability of self-assembled 

monolayers (SAMs) (Łuczak, 2009) (Benvidi, Dehghani-Firouzabadi, Mazloum-Ardakani, 
Mirjalili, & Zare, 2015). 

In recent years, poly(amino acids) modified electrode have been attracted great 
attention for the determination of several important biological and clinical species 
because of their simplicity, rapidity, and convenience for the fabrication. It can be used 
for the modification on the electrode surface by electropolymerization because of its 
containing -NH2 and -COOH groups. From the benefits of screen-printing technology and 
modifiers, in this research, simple, sensitive, and selective methods for monitoring 8-
OHdG, 1-OHP, 5-ASA, and SPD were proposed by using gold nanoparticles, poly(amino 
acids), or both modified screen-printed graphene electrode. The electrochemical 
techniques, such as cyclic voltammetry and square wave voltammetry, were selected for 
the investigations to receive the high performance of sensor preparation and analytical 
methods for detection. Finally, these proposed methods could be used as an alternative 
approach to monitor 8-OHdG, 1-OHP, 5-ASA, and SPD in biological fluid samples. These 
findings are useful for medical personnel who can use the obtained results as a guideline 
for evaluating or diagnosing the risk of diseases in biological samples. 
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Objectives of the research 
The aim of the research consisted of two main goals listed below: 

1. To develop novel electrochemical methods based on nanomaterials and/or 
amino acid polymers for determining the levels of 8-OHdG, 1-OHP, 5-ASA, and SPD. 

2. To apply the proposed methods for the determination of 8-OHdG, 1-OHP, 
5-ASA, and SPD in clinical applications. 
Significance of the research 

1. These developed electrochemical methods can be used as an alternative 
model to monitor the amounts of 8-OHdG, 1-OHP, 5-ASA, and SPD for interpreting or 
diagnosing the risk of diseases. 

2. These developed electrochemical methods exhibit good performances with 
high sensitivity and selectivity for 8-OHdG, 1-OHP, 5-ASA, and SPD detection. 

3. The proposed methods can be applied for the quantitative analysis of 8-OHdG, 
1-OHP, 5-ASA, and SPD in clinical applications. 
Scope of the research 

Electrochemical methods for the determination of 8-OHdG, 1-OHP, 5-ASA, and 
SPD using gold nanoparticles, poly(amino acids), or both modified screen-printed 
graphene electrodes were developed. The performance of SPGE with and without 
modification steps toward the electrochemical behaviors of the target analytes will be first 
studied. To improve the sensitivity of detection, all experimental conditions, including 
concentration of modifiers, number of scans, scan rate for modification procedure, type 
and composition of supporting electrolyte, and pH values, were systematically 
investigated. Furthermore, the electrochemical parameters related to square wave 
voltammetry were also studied, such as potential increment, amplitude, frequency, and 
quiet time. For the analytical performance of these methods, various concentrations of the 
analytes were examined to identify the linear relationship against the peak current. Limits 
of detection (LOD) and quantitation (LOQ) were calculated as sequences. Owing to the 
effect of other compounds in real samples on the detection, various interference effects 
were verified using a tolerance limit ratio, which sets the signal to be less than or higher 
than 5% of the relative error when compared to the response obtained from the standard 
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concentration of the analytes. Afterward, these developed methods were applied for the 
determination of 8-OHdG, 1-OHP, 5-ASA, and SPD in biological fluid samples, e.g., 
artificial urine, human urine, and human serum. 
  



 

CHAPTER 2 
THEORY 

This chapter begins by providing information and significance for all selected 
analytes, followed by the principles of electrochemical methods, electrode materials, and 
modifiers used in this dissertation. 
2.1 Reactive oxygen species and oxidative DNA damage 

Reactive oxygen species (ROS) are a type of unstable molecule that contain 

oxygen radicals including superoxide (▪O2
−), hydrogen peroxide (H2O2), hydroxyl radical 

(▪OH), singlet oxygen (1O2), peroxyl radical (▪LOO), alkoxyl radical (▪LO), lipid 

hydroperoxide (LOOH), peroxynitrite (▪ONOO−), hypochlorous acid (HOCl), and ozone 
(O3) (R. Li, Jia, & Trush, 2016). ROS can easily and highly react with other molecules in a 
cell. The significant sources of free radicals have two sources: (i) inside the body, which 
come from a physiological metabolism as well as a breathing and exercise and (ii) outside 
the body, which is from stress, infection, and pollution. Under excessive oxidative stress 
conditions, ROS can be produced by living cells of aerobic organisms and activation of 
human inflammatory cells. Moreover, cellular biological structures, including proteins, 
lipids and membranes, sugars, and DNA, can be harmed by excessive ROS. ROS are 
also involved with oxidative stress and carcinogenesis since replication of damaged DNA. 
Therefore, they can lead to proliferation, anti-apoptosis, aggressiveness, and metastasis 
(Wirasorn, Klarod, Hongsprabhas, & Boonsiri, 2014) (Cooke, Olinski, & Lof, 2008). 
Damage of DNA bases can be excised and replaced by DNA repaired genes. The 
products of oxidative DNA damage are transported through the bloodstream and 
excreted into the urine (Park et al., 1992). Among previous mentioned, hydroxyl radical is 
one of the most important oxygen radical causing damage to DNA due to its high reactivity 
(Cadet et al., 1999). Furthermore, hydroxyl radical can be produced by several 
mechanisms, particularly by the Fenton reaction of hydrogen peroxide and metal ions 
(Henle & Linn, 1997) (Valavanidis, Vlachogianni, & Fiotakis, 2009) as shown in Figure 1. 
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Figure 1 Pathway of generation of free radicals and scavenged enzymes in cellular. 

From: Mahmoudi, M.; Mercer, J.; & Bennett, M. (2006). DNA damage and repair 
in atherosclerosis. p. 259-268. 

2.2 8-Hydroxy-2’-deoxyguanosine 
8-Hydroxy-2’-deoxyguanosine (8-OHdG) is one of the most widely studied target 

for oxidized metabolites and is used as a specific marker for oxidative stress. In 1984, 
Kasai et al. reported on the formation of 8-OHdG by oxygen radicals (Kasai, Hayami, 
Yamaizumi, Saito, & Nishimura, 1984). The formation of 8-OHdG is caused by interaction 
of hydroxyl radicals at eighth carbon atom of the guanine DNA base as shown in Figure 
2. The 8-OHdG can be easily converted to other isomer forms of the oxidized product of 
8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG). These two structures are called keto-
enol tautomer (Valavanidis et al., 2009). Normally, the 8-OHdG can be found in several 
biological samples, such as urine, saliva, blood or serum, and tissue (G.V. Martins et al., 
2016). The measurement of 8-OHdG in urine is the most popular for disease risk 
assessment because it is very stable in urine (Lars Barregard et al., 2013), noninvasive, 
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and its excretion is reasonable to reflect oxidative damage to DNA (Zanolin et al., 2015) 
(Graille et al., 2020). The level of 8-OHdG in body fluids is typically correlated with various 
diseases, e.g., cancers, aging, diabetes, and neurological disorders (Q. Zhang et al., 
2018) (Zhao et al., 2019). Note that the normal levels of 8-OHdG in healthy humans have 
been reported to be below 100 nM (Jia, Liu, & Wang, 2015). 

 

Figure 2 Pathway of 8-OHdG and its tautomer of 8-oxodG by hydroxyl radicals. 

From: Valavanidis, A.; Vlachogianni, T.; & Fiotakis, C. (2009). 8-hydroxy-2’-
deoxyguanosine (8-OHdG): A critical biomarker of oxidative stress and carcinogenesis. 
p. 120-139. 



  10 

2.3 Polycyclic aromatic hydrocarbons 
Polycyclic aromatic hydrocarbons (PAHs) are a class of organic chemical 

compounds that contain two or more fused benzene rings arranged in their structure (K.-
H. Kim, Jahan, Kabir, & Brown, 2013). PAHs are harmful environmental and dietary 
contaminants (Serrano et al., 2017) that are typically formed during the incomplete 
combustion or pyrolysis of organic substances. The combustion of engines or various 
fuels in industrial plants, including coal and crude oil processing, petroleum refineries, 
gasoline stations, tire and rubber industries, and vehicle traffic, is the primary source of 
PAHs (Omidi, Khadem, Dehghani, Seyedsomeah, & Shahtaheri, 2020). Moreover, they 
can be found in cooking processes, such as barbecuing, grilling, and deep-frying at high 
temperature (Chen & Chen, 2001; Essumang, Dodoo, & Adjei, 2013). In our daily life, we 
are exposed to PAHs all the time through many routes, for example, inhalation, ingestion, 
and skin contact, which may come from dust, smoke from cars, cigarettes, or forest fires, 
the substances of asphalt making roads, and eating grilled food. However, there has been 
considerable concern about the toxicity of PAHs because they can damage or destroy 
proteins and DNA within a cell, leading to carcinogenic, teratogenic, and mutagenic 
effects (H. Zhang et al., 2016), developing malformations, cardiovascular disease, 
deterioration of pulmonary function, obesity, and neurodevelopmental issues (Pang, 
Huang, Li, Feng, & Shen, 2019). 
2.4 1-Hydroxypyrene 

1-Hydroxypyrene (1-OHP) is a metabolite of pyrene, which commonly occurs and 
is abundant in most PAH mixtures as seen in Figure 3 (Jeng & Pan, 2015). 1-OHP is a 
well-studied target for PAH metabolites. Furthermore, 1-OHP is a useful biomarker and a 
trustworthy indicator to evaluate human PAH exposure in a variety of investigations, 
notably in environmental and occupational health. Generally, 1-OHP can be detected in 
urine because pyrene is absorbed through the gastrointestinal system, lungs, and/or skin 
and then converted to 1-OHP, which is eliminated in urine (Jeng & Pan, 2015). According 
to the American Conference of Governmental Industrial Hygienists, the biological 
monitoring benchmark for urinary 1-OHP is 1.0 µg L-1. (Omidi et al., 2020). 
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Figure 3 Metabolism of pyrene. 

From: Jeng, H.A.; Pan, C.-H. (2015). 1-Hydroxypyrene as a Biomarker for 
Environmental Health. p. 597. 

2.5 Sulfasalazine 
Sulfasalazine (SSZ) or salazosulfapyridine is used in many countries for the 

treatment of rheumatoid arthritis (RA). Moreover, SSZ is also widely employed in the short 
and long-term treatment of inflammatory bowel disease (IBD) (Klotz, 1985), which is 
classified into two disease: (i) ulcerative colitis (UC) and (ii) Crohn’s disease (CD). The 
chemical structure of SSZ is combined between 5-aminosalicylic acid and sulfapyridine 
by an azo bond. When patients take the SSZ drug, it will be delivered to a specific site in 
the colon. The azo bond is broken down by the enzyme azo reductase, which is produced 
by colonic bacteria, leading to the generation of 5-aminosalicylic acid and sulfapyridine 
as shown in Figure 4 (Choudhary, Goykar, Kalyane, Sreeharsha, & Tekade, 2020). For 
dosing information, the recommended dose for adults is 2 g daily for RA and 3 to 4 g daily 
for UC (France, 2022). In this research, we focused on the simultaneous determination of 
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its metabolites (5-aminosalicylic acid and sulfapyridine) in biological fluids, which are 
described the details of two metabolites in the next section. 

 

Figure 4 Bioactivation of sulfasalazine by azo reductase into sulfapyridine and 5-
aminosalicylic acid. 

From: Choudhary, D.; Goykar, H.; Kalyane, D.; Sreeharsha, N.; Tekade, R.K. 
(2020). Prodrug design for improving the biopharmaceutical properties of therapeutic 
drugs. p. 186. 

2.6 5-Aminosalicylic acid and sulfapyridine 
5-Aminosalicylic acid (5-ASA), also known as mesalazine or mesalamine, is a 

synthetic drug from the family of nonsteroidal anti-inflammatory drugs (NSAIDs) 
(Beiranvand, 2021). 5-ASA is a major component of the SSZ drug, which has anti-
inflammatory activity. Sulfapyridine (SPD) is one of the components of SSZ, which has 
antibiotic activity (Klotz, 1985). Therefore, these two components play an important role in 
the therapeutic determinant for the action of SSZ. 
2.7 Absorption and metabolism of SSZ and its metabolites 

As we all know, the chemical structure of SSZ consists of two components, 5-
ASA and SPD, connected by an azo bond. After oral administration of SSZ in patients, 
approximately 10-30% of SSZ is absorbed from the gastrointestinal tract. The unchanged 
SSZ can be found in blood and serum after oral ingestion but cannot be demonstratively 
detected because of its low bioavailability level (Klotz, 1985; Plosker & Croom, 2005). 
Less than 10% of the total absorbed SSZ is eliminated unchanged in the urine. For the 
non-absorbed portion of SSZ, it reaches the small intestine and colon. In the colon, an azo 
bond of the SSZ structure is cleaved by an intracellular azo reductase of the colonic 
bacteria, releasing 5-ASA and SPD. SPD is almost completely absorbed (>90%) from the 
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colon and excreted in the urine as the free sulfonamide or as its metabolites (the acetyl 
and glucuronide derivatives) (Peppercorn, 1984). In contrast, only a small portion of 5-
ASA is absorbed (20-30%) from the colon and excreted in the urine as the acetylated 
derivative (Arvind & Farthing, 1988). The remaining 5-ASA is eliminated in the faces. The 
absorption and metabolism of SSZ and its metabolites can be described in Figure 5 
(Arvind & Farthing, 1988). 

 

Figure 5 Absorption and metabolism of sulfasalazine (S) and its metabolites 
(Sulfapyridine (SP) and 5-aminosalicylic acid (5-ASA)). 

From: Arvind, A.S.; Farthing, M.J.G. (1988). Review: new aminosalicylic acid 
derivatives for the treatment of inflammatory bowel disease. p. 283. 

Previously, chromatographic and spectroscopic methods were reported for 
determining 8-OHdG, 1-OHP, 5-ASA, and SPD. However, there were still some limitations, 
such as sophisticated and expensive instrumentation, the complicated pretreatment 
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steps, the need for complicated sample preparation, long analysis time, the use of 
unstable and high-cost enzymes, the requirement for a large solvent or sample volume, 
and special-trained operators. Moreover, these methods were not able to achieve 
portability and were not suitable for routine, on-site, and real-time analysis. To overcome 
these inherent problems, the development of new methods that provide rapid, simple, and 
sensitive assays is still required. 
2.8 Electrochemical method 

Electrochemistry is the branch of analytical chemistry that studies the movement 
of charges (charge transfer) across the junction between the surface of electrode and the 
solution based on the interrelation of electrical and chemical effects. A main part of this 
field deals with the study of chemical changes caused by the passage of an electric 
potential or current and the production of electrical energy by chemical reactions (Bard & 
Faulkner, 2001). As mentioned for the principles of electrochemistry, it can be applied to 
study many chemical reactions, such as electrophoresis, corrosion, as well as the 
mechanism and kinetic of organic and inorganic synthesis reactions, and the use of 
electrochemical principles to quantitatively determine analytes is important. The 
measured electrical values, such as current, charge, potential, conductance, or 
resistance, are directly proportional to the amounts of analytes. There are different 
techniques that can provide their own specific signal, which is used for the quantitation of 
analytes. Generally, the electrochemical measurement has two main groups, including 
potentiometry and voltammetry. In this research, voltammetric techniques have been 
chosen as an electrochemical method to study the electrochemical behaviors and to 
determine the amounts of analytes. 

2.8.1 Voltammetry 
Voltammetry is classified as electrolysis; therefore, the chemical changes 

occur by applying electrical energy from an external source into the system. Voltammetry 
is the collective name for a group of electrochemical methods which measure the current 
(i) at various potentials (E) given into the system under polarized experimental conditions 
on the working electrode. The resulting plotted graph between current versus applied 
potential is called a voltammogram. An electrochemical cell in voltammetric techniques 
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uses a three-electrode system, including a working electrode, a counter electrode, and a 
reference electrode. Among these three electrodes, the working electrode plays the most 
important role in an electrochemical cell because the analytes will be reacted at the 
electrode surface, causing the flow of current that can be measured as the quantity of 
analytes. The reference electrode is the second important electrode which has an exactly 
constant potential and does not vary owing to the type and composition of that electrode. 
It is used to compare the potential applied to the working electrode for the measurement. 
For the auxiliary or counter electrode, it is used for the completion of the electrode system. 
In this research, voltammetric techniques used for the preparation of modified electrodes, 
investigation of the electrochemical behaviors, and the determination of 8-OHdG, 1-OHP, 
5-ASA, and SPD are cyclic voltammetry and square wave voltammetry. 

2.8.1.1 Cyclic voltammetry 
Cyclic voltammetry (CV) is one of voltammetric techniques that is the most 

widely used for acquiring qualitative information about the electrochemical behavior of an 
analyte. Moreover, CV can also provide information about the electrochemical reactions, 
such as the thermodynamics of redox processes, the kinetics of heterogeneous electron 
transfer reactions, and coupled chemical reactions or adsorption processes (J. Wang, 
2006). 

In measurement process, the equipment required to perform CV consists 
of a potentiostat connected to a three-electrode system (working, reference, and counter 
electrode) immersed in the supporting electrolyte solution. When the potential is applied 
linearly to the working electrode in both positive and negative direction, as a triangular 
potential waveform as shown in Figure 6, the oxidation and/or reduction reactions will be 
occurred. During the potential sweep, the potentiostat measures the current of reactions 
that occurred at the electrode surface resulting from applying the potential to the system. 
The current obtained is proportional to the concentration of the analyte. From the results, 
the current–potential plot is called a cyclic voltammogram. 
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Figure 6 Potential–time excitation signal in a cyclic voltammetric technique. 

From: Wang, J. (2006). Analytical Electrochemistry. p. 30. 

The response of a reversible redox reaction in a single potential cycle was 
shown in Figure 7. When the potential is applied in a positive direction (forward scan), the 
electroactive species at the working electrode will lose an electron, leading to an oxidation 
reaction. The measured current signal will be anodic peak current (ipa) that provides the 
oxidation peak at the anodic peak potential (Epa). Then, in reverse scan, the electroactive 
species at the working electrode will be filled with an electron, leading to a reduction 
reaction. The measured current signal will be cathodic peak current (ipc) that provides the 
reduction peak at the cathodic peak potential (Epc). 
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Figure 7 Typical cyclic voltammogram for a reversible redox process. 

From: Wang, J. (2006). Analytical Electrochemistry. p. 30. 

2.8.1.2 Square wave voltammetry 
Square wave voltammetry (SWV) is an effective electrochemical 

technique that is frequently used for the quantitative determination of organic and 
inorganic compounds, especially in trace and ultra-trace analysis. This technique can also 
combine the operation of anodic stripping voltammetry which is called square wave 
anodic stripping voltammetry (SWASV). The potential waveform against time of SWV was 
presented in Figure 8. The excitation signal of the waveform consists of symmetric square 
wave pulses (forward and reverse pulses) which are superimposed on a staircase (Es) 
potential. The current signal is measured at the end of a forward pulse (point 1) and the 
end of a reverse pulse (point 2). A difference current is obtained by calculating forward 
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and reverse currents (i1-(-i2)). Then, the difference current is plotted versus the potential 
staircase, resulting in the shape of a square wave voltammogram. Hence, this technique 
has excellent sensitivity because the net current obtained is larger than either the forward 
or reverse currents. The peak height in a square wave voltammogram will be directly 
proportional to the concentration of electroactive species. 

 

Figure 8 Excitation waveform of square wave voltammetry. 

From: Wang, J. (2006). Analytical Electrochemistry. p. 81. 

2.8.2 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a valuable and powerful 

method for investigating the impedance changes of the interface properties after 
modification of the electrode surface (Katz & Willner, 2003) due to its ability to interpret 
physical and electronic properties of electrochemical systems, such as the rate constants 
of electron transfer, charge transfer resistance, and capacitance. In theory, impedance is 
measured using the same units as resistance, which is often the force that opposes 
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electrical current in a circuit. For EIS experiment, a fixed sinusoidal voltage is applied to 
a potentiostat connected to a three-electrode system under the solution study. As 
exhibited in Figure 9, the impedance components are plotted against one another in 
Nyquist plots. The impedance result will be the semicircle diameter, which arises from the 
solution resistance (Rs), the charge transfer resistance (Rct), double layer charging at the 
electrode surface (Cdl), and the Warburg Element (Zw). 

 

Figure 9 Simple Randles equivalent circuit for an electrochemical cell. 

From: Randviir, E.P.; Banks, C.E. (2013). Electrochemical impedance 
spectroscopy: an overview of bioanalytical applications. 

2.8.3 Electrodes 
Typically, voltammetric measurements are carried out in the three-electrode 

system, comprising working, reference, and counter electrode, which have different roles 
in the current measurement. These electrodes serve as conductors that are immersed in 
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an electrolyte solution and connected to the electrochemical analyzer. The electrolytes 
are typically liquid solutions containing ionic species in water or non-aqueous solvent. In 
addition, the electrolyte solution or the solvent must be of an adequately low resistance to 
obtain high sensitivity in detection (Nantaphol, 2016). 

2.8.3.1 Screen-printed electrodes 
Nowadays, screen-printed electrodes (SPEs) are a novel type of 

electrode employing the development of electrochemical sensing platforms. It is easy and 
rapid to fabricate by using the screen-printing method. As compared to conventional 
systems, the screen-printed method can be used as an alternative platform for the 
fabrication of disposable sensors because of its economic substrate, low cost, rapid 
response, simplicity, capability of mass production, and suitability of routine, on-site, and 
real-time analysis (Charoenkitamorn et al., 2018). The SPEs can be fabricated from 
various types of ink on different substrates, which are important to obtain the high 
sensitivity and selectivity from the developed analytical detection. Normally, inks for 
screening are chosen as conducting materials, e.g., carbon, graphene, or graphene 
oxide, which are screened onto substrates (paper, plastic, or ceramic). The major 
advantages of SPEs are simplicity, small size, disposable device, portability, as well as 
inexpensiveness and the requirement of a small volume of sample or solvent. Therefore, 
the SPEs are extensively used for chemical and biological detection. 

2.8.3.2 Graphene 
Graphene is a well-known carbon material that consists of two-

dimensional structures with sp2 bonded carbon atoms in a hexagonal configuration (D. 
Kim et al., 2017). It has been extensively used to study and apply for many purposes 
because of its high electrical conductivity, superior electron transportation, and 
particularly outstanding surface area. Moreover, graphene is also used for several 
applications, such as sensors (Smith et al., 2015), mechanical reinforcement (Samorì, 
Kinloch, Feng, & Palermo, 2015), energy storage (Bonaccorso et al., 2015) (Zhu et al., 
2011), and energy capture (Tan et al., 2012). From these advantages, graphene ink is 
chosen as a conducting material for the screen-printed method, which is so-called a 
screen-printed graphene electrode (SPGE). Therefore, this research focused on the 
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development of electrochemical sensors for 8-OHdG, 1-OHP, 5-ASA, and SPD detection 
using SPGE. 

2.8.3.3 Nanomaterials 
Owing to the continuous and rapidly increasing advancements in the 

fields of nanoscience and nanotechnology, the development of electrochemical sensors 
for enhancing the electrical signals and improving the sensitivity and selectivity of 
detection is very important to obtain a new electrochemical sensor for widespread use. 
Nanomaterials (NMs) have a length scale of size in the range of 1–100 nm. Each material 
has different properties depending on the size. As compared to normal materials, NMs 
have distinct properties, e.g., large surface area, high reactivity and catalytic activity, 
excellent electrical conductivity, and providing for the use of much less material 
(Kurbanoglu, Ozkan, & Merkoci, 2017). Hence, several NMs, e.g., carbon nanomaterials, 
magnetic nanoparticles, metallic nanoparticles, nanowires, nanocomposites, and 
quantum dots, have been widely employed as electrochemical transducers or labels in 
enzymatic sensors, DNA sensors, immunosensors (Merkoçi, 2013), and carriers or tracers 
(Liu, Zhang, Wang, & Wang, 2014). Recently, NMs emerged as an attractive choice for 
modifying the electrode surface due to their high sensitivity, a wide potential range, and 
the ability to transform the surface of the electrode (Shah, Akhtar, Aftab, Shah, & Kraatz, 
2017). 

Metal nanoparticles are submicron-scale entities made from pure metals, 
e.g., Au, Ag, Pt, Cu, Zn, Fe, Ti, Ce, and Tl (Piñón-Segundo, Mendoza-Muñoz, & Quintanar-
Guerrero, 2013). They have been widely used as a sensing material to modify electrodes 
due to their unique electric and catalytic properties. In addition, modification of the 
electrode surface with metal nanoparticles can increase surface area, improve diffusion, 
and promote electron transfer for many electrochemical reactions as well. Among various 
metal nanoparticles, gold nanoparticles (AuNPs) are one of the most widely employed as 
metal nanoparticles for modifying the electrode surface. AuNPs are colloidal particles that 
have a particle size in the range of 1–100 nm. They have many advantages, including 
physical and chemical properties, such as good stability, large specific surface area, high 
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surface free energy and conductivity, excellent electrocatalytic capability, and good 
biocompatibility (He et al., 2014) (Yuting Wang et al., 2014). Furthermore, AuNPs can also 
react excellently with organo-sulfur compounds at the electrode surface to form S–Au 
through covalent bonding, resulting in enhancing the stability of self-assembled 

monolayers (SAMs) (Łuczak, 2009) (Benvidi et al., 2015). Therefore, in this research, gold 
nanoparticles are chosen as metal nanoparticles to modify the electrode surface, 
enhancing the sensitivity and stability of the screen-printed graphene electrode for 8-
OHdG detection. 

2.8.3.4 Amino acids 
Amino acids are organic compounds containing a basic amino group (–

NH2), an acidic carboxyl group (–COOH), and an organic R group (or side chain) that is 
linked to the same carbon atom as the specificity of the individual amino acid. Amino 
acids play a crucial role in the building blocks of peptides and proteins, metabolic 
pathways, gene expression, and cell signal transduction regulation. The polymers of 
amino acids are formed a single amino acid repeating the unit of the polymer formed via 
polymerization process between –NH2 and –COOH groups which is called poly(amino 
acids). 

In recent years, poly(amino acids) modified electrode have been 
attracted great attention for the determination of various important biological and clinical 
species because of their simplicity, rapidity, and conveniences of fabrication. The –NH2 
and –COOH groups of amino acids play a key role in the electropolymerization procedure 
for the modification of the electrode surface (Cheemalapati, Devadas, & Chen, 2014). 
Remarkably, the use of poly(amino acids) as a surface modifying agent has several 
advantages, such as facilitating the sensitivity and selectivity towards the target analytes, 
promoting the rate of electron transfer, decreasing electrode surface fouling, providing 
reproducibility of the electrode response, and improving the electrode surface area by 
forming homogenous films (Gomes, Leite, Ferraz, Mourao, & Malagutti, 2019; 
Thangphatthanarungruang, Chotsuwan, & Siangproh, 2023). From the excellent 
properties of amino acids, it has been greatly used for electrochemical sensor 
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applications. L-Methionine (L-Met) is an essential amino acid that plays an important role 
in many plants and proteins, including the proteins in foods (e.g., meat, fish, and dairy 
products), and cell functions of the body (Schnekenburger & Diederich, 2015). L-Met is 
one of the sulfur-containing proteinogenic amino acids; its derivative S-adenosyl 
methionine serves as a methyl donor. Additionally, it can be used as a modifier for the 
modification of the electrode surface by electropolymerization process because of its 
containing –NH2 and –COOH groups and via SAM with gold nanoparticles to provide high 
stability of the electrode. Furthermore, L-Glutamic acid (L-GA) is one of the amino acids 
that can be easily synthesized via electropolymerization as well. Owing to the above-
mentioned benefits of gold nanoparticles and poly(amino acids), several researchers 
have used them for modifying the electrode surface to increase the electroactive surface 
area and enhance the electrocatalytic performance of the electrode. Thus, this research 
focused on the development of electrochemical sensors by using AuNPs, L-Met, and L-
GA modified SPGE for the determination of 8-OHdG, 1-OHP, 5-ASA, and SPD. 
  



 

CHAPTER 3 
METHODOLOGY 

This chapter is divided into three sub-projects. Sub-project I (section 3.1) 
reported on a new nanocomposite-based screen-printed graphene electrode for sensitive 
and selective detection of 8-hydroxy-2'-deoxyguanosine. Sub-project II (section 3.2) 
described a novel and easy-to-construct polymeric L-glutamic acid-modified sensor for 
urinary 1-hydroxypyrene detection: Human biomonitoring of polycyclic aromatic 
hydrocarbons exposure. Sub-project III (section 3.3) revealed a highly efficient polymeric 
L-methionine-modified sensor: An application for the simultaneous determination of 5-
aminosalicylic acid and sulfapyridine. Each sub-project consisted of apparatuses, 
chemicals, reagents, materials, fabrication and measurement methods, and sample 
preparations. 
3.1 A new nanocomposite-based screen-printed graphene electrode for sensitive and 
selective detection of 8-hydroxy-2'-deoxyguanosine 

The contents of this sub-project are based on the original research article, which 
is shown in appendix 1. 

3.1.1 Apparatuses, chemicals, and reagents 
Electrochemical measurement was carried out using a model CHI660D 

electrochemical analyzer (CH Instrument, USA). All experiments were performed using a 
three-electrode system, including poly(L-methionine) and gold nanoparticles-modified 
screen-printed graphene working electrode, a graphene ink counter electrode, and a 
silver/silver chloride ink reference electrode, all were screen-printed onto the same 
transparent sheet. The screen-printed template blocks were generated by Chaiyaboon 
Co. Ltd. (Bangkok, Thailand). 

Field emission scanning electron microscope and energy dispersive x-ray 
spectroscopy (FESEM-EDS) was performed with an electron microscope at 5 kV (JSM-
7610F, JEOL, United Kingdom, England). 

8-Hydroxy-2'-deoxyguanosine (8-OHdG) was acquired from Fujifilm Wako Pure 
Chemical Corporation (Osaka, Japan). Standard gold solution 1000 ppm (Product 
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number: 08269, CAS: 7647-01-0), methionine, sodium dodecyl sulfate, uric acid, 
dopamine, ascorbic acid, bovine serum albumin, and citric acid were purchased from 
Sigma-Aldrich. Glucose, sodium chloride, potassium chloride, calcium chloride, 
magnesium chloride, methanol, sodium hydroxide, sodium dihydrogen orthophosphate 
(NaH2PO4·2H2O), di-sodium hydrogen orthophosphate (Na2HPO4·2H2O), and 
hydrochloric acid were obtained from Ajax Finechem Pty., Ltd. (New South Wales, 
Australia). Copper sulphate was received from Asia Pacific Specialty Chemicals Ltd. (New 
South Wales, Australia). Zinc sulphate was purchased from Merck (Darmstadt, Germany). 
Artificial urine was acquired from Carolina Biological Supply Company (Burlington, USA). 
Acetone was obtained from CaHC Co., Ltd. (Bangkok, Thailand). Graphene ink was 
received from Serve Science Co., Ltd. (Bangkok, Thailand). Silver/silver chloride 
(Ag/AgCl) ink was purchased from Sun chemical Ltd. (Slough, United Kingdom). All 
chemicals and reagents used in this work were of analytical grade and were used without 
any purification. 

The stock standard solution of 8-OHdG was prepared in Milli-Q water and stored 
in the dark at 2-8°C. The working solutions of 8-OHdG were prepared by dilution of the    
1 mM solution of 8-OHdG with supporting electrolyte and mixed using a vortex mixer. 
Sodium phosphate buffer solution (Na-PBS) was prepared by mixing two stock solutions 
of NaH2PO4 and Na2HPO4 following the standard recipes. To obtain other pH values, 0.1 
M Na-PBS was adjusted to the desired value by using 0.1 M hydrochloric acid or 0.1 M 
sodium hydroxide. All solutions were prepared in Milli-Q water from a Millipore water 
purification system (R ≥ 18.2 MΩ cm). 

Human urine samples were collected from healthy human volunteers in our 
laboratory and immediately refrigerated at 4°C. We informed all volunteers about what 
would happen to the human subjects in a trial. Human serum samples were taken from 
healthy patient and used without purification process. 

3.1.2 Fabrication of the electrochemical sensor for 8-OHdG detection 
The electrode pattern was designed by using Adobe Illustrator CS6. Screen-

printed electrode (SPGE) was fabricated using an in-house screen-printing method on the 
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transparent sheet substrate. For fabrication steps of SPGE, graphene ink was first 
screened onto the transparent sheet as the first layer to obtain the working and counter 
electrode. Then, this screen-printed electrode was baked at 60°C for 30 min to clear up 
the solvent from the electrode surface. The last step was the screening of Ag/AgCl ink as 
the reference electrode and conductive pads. Afterward, this screen-printed electrode 
was baked again at 60°C for 30 min. Finally, the obtained screen-printed graphene 
electrode was kept in a dry place and ready to use for an experiment. 

The sequential “layer-by-layer” film was fabricated on SPGE via cyclic 
voltammetry (CV). Initially, AuNPs-modified SPGE was prepared by dropping 50 µL of 
1000 ppm standard gold solution in 5% hydrochloric acid onto the three-electrode surface 
of SPGE. Then, electrodeposition of gold atoms was performed in the potential range from 
-0.4 V to +1.4 V with a scan rate of 150 mV s-1 for seven cycles. Subsequently, the 
electrode was rinsed with deionized water and air-dried. To prepare poly(L-Met)/AuNPs-
modified SPGE, electropolymerization of L-methionine on the AuNPs/SPGE was 
performed by dropping 50 µL of 2 mM L-methionine solution in 0.1 M sodium phosphate 
buffer solution at pH 7.0 onto the surface of AuNPs/SPGE and applying 10 cyclic 
voltammetric scans in the potential range from -0.6 V to +2.0 V with a scan rate of 100   
mV s-1. Afterward, this electrode was then rinsed thoroughly with deionized water and     
air-dried once again. Finally, the poly(L-Met)/AuNPs-modified SPGE was obtained and 
stored in a dry place for analytical measurements. The preparation process of the 
fabricated electrochemical sensor for 8-OHdG detection is summarized in Figure 10. To 
validate the performance of the proposed sensor, different sensors were also prepared 
using the same protocol without AuNPs and poly(L-Met). 
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Figure 10 Illustration of the fabrication of a new electrochemical sensor for 8-OHdG 
detection. 

CV was used as an efficient technique for the deposition of AuNPs and the 
polymeric thin-film layer of L-methionine on the surface of SPGE. The fabrication of layer-
by-layer film on SPGE involves two steps: (1) electrodeposition of AuNPs on SPGE and 
(2) electropolymerization of L-methionine on AuNPs/SPGE. CV curves obtained from the 
electrodeposition of AuNPs at SPGE are presented in Figure 11A. As can be seen from 
the figure, the resulting CV from AuNPs-modified SPGE appeared two peaks 
corresponding to the oxidation and reduction process of gold. Afterward, the poly(L-Met) 
on AuNPs/SPGE was prepared by placing L-methionine monomer, followed by 
electropolymerization. As presented in Figure 11B, the oxidation peaks of L-methionine 
were observed around +1.7 V. For the first three cycles, the anodic peak currents 
gradually increased, indicating the formation and growth of the polymeric film on the 
electrode surface as seen previously (P. S. Ganesh & Swamy, 2015). After the fourth cycle, 
the increasing anodic peak current tended to be constant, suggesting that the poly           
(L-Met) film had increasingly grown and reached a saturation level (J. Li & Zhang, 2012). 
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A possible model illustrating the AuNPs electrodeposition and the electropolymerization 
onto the electrode surface is proposed in Figure 12. 

 

Figure 11 Cyclic voltammograms for the electrodeposition of AuNPs in 5% hydrochloric 
acid on SPGE with a scan rate of 150 mV s-1 for seven cycles (A) and the 

electropolymerization of L-methionine in 0.1 M sodium phosphate buffer solution at pH 
7.0 on AuNPs/SPGE with a scan rate of 100 mV s-1 for ten cycles (B). 

 

Figure 12 Illustration of the possible structure of L-methionine film on AuNPs modified 
SPGE. 

3.1.3 Electrochemical measurements 
For the measurement process in this work, a 50 µL aliquot of the standard or 

sample solution was dropped, covering the three-electrode area. CV was employed for 
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the preliminary investigation of the electrochemical 8-OHdG behavior. The parameters 
were set in the potential range from 0.0 V to +0.3 V with a fixed scan rate of 100 mV s-1. 
Contrarily, square wave voltammetry (SWV) was used for optimization and quantitative 
determination due to the benefits provided by the technique in terms of sensitivity. The 
affected SWV parameters were conducted in the potential range from +0.1 V to +0.5 V 
with a potential increment of 0.015 V, an amplitude of 0.05 V, and a frequency of 30 Hz. 
These SWV parameters were the optimal values that are ready to use. All experiments 
were conducted in triplicate at room temperature. 

Electrochemical impedance spectroscopy (EIS) was performed using an Autolab 
electrochemical system with a potentiostat PGSTAT 204 (Utrecht, Netherlands). EIS 
measurements were performed in 5 mM K3[Fe(CN)6] containing 0.1 M KCl with a potential 
of 0.1 V, a frequency range from 0.1 Hz to 100 kHz, and an amplitude of 0.1 V. 

3.1.4 Application of the proposed electrochemical sensor for the determination of 
8-OHdG in real samples. 

To demonstrate efficiency of the modified SPGE and developed electrochemical 
method, poly(L-Met)/AuNPs-modified SPGE was applied for the determination of 8-OHdG 
in artificial urine, healthy human urine, and human serum samples using a standard 
addition method. For the sample preparation, artificial urine, healthy human urine, and 
human serum were diluted with supporting electrolyte. Then, different concentrations of 
standard solutions of 8-OHdG with appropriate to calibration curve were spiked into 
samples. Afterward, the electrochemical analysis of 8-OHdG was conducted via SWV 
under the optimized conditions as followed by the section 3.1.3. Finally, recoveries and 
precision were subsequently evaluated and compared to spiked values. 
3.2 A novel and easy-to-construct polymeric L-glutamic acid-modified sensor for urinary 
1-hydroxypyrene detection: Human biomonitoring of polycyclic aromatic hydrocarbons 
exposure 

The contents of this sub-project are based on the original research article, which 
is shown in appendix 2. 
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3.2.1 Chemicals, materials, and apparatuses 
1-OHP was acquired from AccuStandard (New Haven, CT, USA). L-GA, uric acid, 

ascorbic acid, citric acid, bovine serum albumin, creatinine, urea, ammonium persulfate, 
potassium ferricyanide (K3[Fe(CN)6]), and hexaammineruthenium(III) chloride 
([Ru(NH3)6]Cl3) were supplied from Sigma-Aldrich (St. Louis, MO, USA). Glucose, sodium 
chloride, potassium chloride, calcium chloride, magnesium chloride, sodium hydroxide, 
methanol, sodium dihydrogen orthophosphate, and di-sodium hydrogen orthophosphate 
were purchased from Ajax Finechem Pty., Ltd. (New South Wales, Australia). Glycine was 
obtained from Amresco Inc. (Solon, OH, USA). Acetone was received from CaHC Co., 
Ltd. (Bangkok, Thailand). Graphene ink was acquired from Serve Science Co., Ltd. 
(Product code: SSG-1760A, Bangkok, Thailand). Silver/silver chloride (Ag/AgCl) ink was 
purchased from Sun Chemical Ltd. (Product code: C2130809D5, Slough, UK). All 
chemicals and reagents used were of analytical grade and were used without any 
purification. 

The stock standard solution of 1-OHP was prepared in methanol and stored in 
the dark at 2°C–8°C. The 1-OHP working solutions were prepared by dilution with 
supporting electrolyte and mixing with a vortex mixer. Sodium phosphate buffer solution 
(Na-PBS), di-sodium hydrogen phosphate-sodium hydroxide buffer solution        
(Na2HPO4-NaOH), and glycine-sodium hydroxide buffer solution (Gly-NaOH) were 
prepared by following the standard recipes. All solutions were prepared in Milli-Q water 
from a Millipore water purification system (R ≥ 18.2 MΩ cm). 

Voltammetric measurements, comprising cyclic voltammetry (CV) and square 
wave voltammetry (SWV), were performed using a model CHI660D electrochemical 
analyzer (CH Instrument, Austin, TX, USA). Electrochemical impedance spectroscopy 
(EIS) experiments were conducted using PalmSens4 (Houten, The Netherlands). A field 
emission scanning electron microscope and energy-dispersive X-ray spectroscopy 
(FESEM-EDS) were conducted with an electron microscope at 5 kV (JSM-7610F; JEOL, 
England, UK). X-ray photoelectron spectroscopy (XPS) measurements were executed 
using the Kratos Axis Ultra DLD X-ray Photoelectron Spectrometer. 
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3.2.2 Fabrication of conductive polymer thin film modified SPGE 
The electrode pattern of SPGE was designed using Adobe Illustrator CS6, and 

the screen-printed template blocks were generated by Chaiyaboon Co., Ltd. (Bangkok, 
Thailand). An in-house screen-printing method was manually applied to the fabricated 
SPGE, composed of a working electrode, a counter electrode, and a reference electrode, 
on the transparent sheet substrate. For the fabrication steps of SPGE, the working and 
counter electrodes were first screened onto the transparent sheet using graphene ink. 
Then, this SPE was baked at 60°C for 30 min to evaporate the solvent from the ink. 
Subsequently, the reference electrode and conductive pad were screened onto the same 
transparent sheet using Ag/AgCl ink. Afterward, the completed SPE was baked again for 
solvent drying. Finally, before use, the obtained SPGE was kept in a ziplock bag in a dark 
and dry location and ready to be used for an experiment. 

The conductive polymer thin film layer modified SPGE was prepared by 
electropolymerization of L-GA via CV. The procedure of SPGE modification was performed 
by dropping 100 µL of 30 mM L-GA solution in 0.1 M Na-PBS (pH 7.0) onto the surface of 
SPGE and scanning the potential range from -0.8 V to +1.7 V for 5 cycles at a scan rate 
of 100 mV s-1. Then, the sensor was carefully cleaned with deionized water before being 
air-dried. Cyclic voltammograms for the electropolymerization of L-GA at SPGE are 
depicted in Figure 13. A probable model demonstrating the electropolymerization of 
poly(L-GA) on the SPGE surface is presented in Figure 14. 
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Figure 13 Cyclic voltammograms for the electropolymerization of 30 mM L-GA in 0.1 M 
Na-PBS (pH 7.0) at SPGE with a scan rate of 100 mV s-1 for 5 cycles. 

 

Figure 14 Mechanism of electropolymerization of L-GA on the SPGE surface. 

3.2.3 Electrochemical measurements 
100 µL of 1-OHP standard solution was dropped onto the three-electrode system 

of poly(L-GA)/SPGE. CV was employed for characterization of the electrochemical 
properties of 1-OHP in the potential range from -0.6 V to +0.8 V at a scan rate of 100       
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mV s-1. SWV was used for optimization and quantitative determination of 1-OHP with 
scanning the potential range from -0.4 V to +0.3 V. The optimal SWV parameters were a 
potential increment of 0.008 V, an amplitude of 0.1 V, a frequency of 40 Hz, and a quiet 
time of 180 s (Figure 15). 

EIS experiments were conducted in 5 mM K3[Fe(CN)6] in 0.1 M KCl with potential 
ranges ranging from 0.0 V to 0.1 V, frequency ranges ranging from 0.01 Hz to 50 kHz, and 
an amplitude of 0.1 V. 

 

Figure 15 Effects of a potential increment (a), an amplitude (b), a frequency (c), and a 
quiet time (d) for 1-OHP detection in Gly-NaOH (pH 9.4) at the poly(L-GA)/SPGE. Error 
bars represent the standard deviation of 10 µM 1-OHP detection using SWV for three 

repetitive measurements (n = 3). 

3.2.4 Sample preparation 
Human urine samples were collected from healthy human volunteers in our 

laboratory and immediately refrigerated at 4°C. All human urine samples were well 
received by the trial's volunteers. To demonstrate the efficiency of the modified SPGE and 
the developed electrochemical method, the poly(L-GA) modified SPGE was applied for 
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the determination of 1-OHP in healthy human urine samples using a standard addition 
method. For the sample preparation, healthy human urine samples were diluted with a 
supporting electrolyte. Then, the standard solutions of 1-OHP (10 and 500 nM) were 
spiked into the samples. Afterward, the electrochemical analysis of 1-OHP was conducted 
via SWV under the optimized conditions as followed by Section 3.2.3. Finally, accuracy 
and precision were subsequently evaluated and compared to spiked values. 
3.3 Highly efficient polymeric L-methionine-modified sensor: An application for the 
simultaneous determination of 5-aminosalicylic acid and sulfapyridine 

The contents of this sub-project are in the process of writing the original research 
article. 

3.3.1 Apparatuses, chemicals, reagents, and materials 
Voltammetric measurements were conducted using a model CHI660D 

electrochemical analyzer (CH Instrument, Austin, TX, USA). All experiments were 
conducted using a three-electrode system, comprising a working, counter, and reference 
electrode, which screened on the same PVC substrate. 

SPD was acquired from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 5-ASA 
was purchased from Glentham Life Sciences (Corsham, UK). L-Met, uric acid, ascorbic 
acid, citric acid, bovine serum albumin, creatinine, urea, and ammonium persulfate were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Glucose, sodium chloride, potassium 
chloride, magnesium chloride, sodium hydroxide, methanol, sodium dihydrogen 
orthophosphate (NaH2PO4·2H2O), and di-sodium hydrogen orthophosphate 
(Na2HPO4·2H2O) were purchased from Ajax Finechem Pty., Ltd. (New South Wales, 
Australia). Calcium chloride and zinc sulphate were supplied by Carlo Erba Reagents (Val 
de Reuil, France). Acetone was acquired from CaHC Co., Ltd. (Bangkok, Thailand). 
Graphene ink was received from Serve Science Co., Ltd. (Product code: SSG-1760A, 
Bangkok, Thailand). Silver/silver chloride (Ag/AgCl) ink was obtained from Sun Chemical 
Ltd. (Product code: C2130809D5, Slough, UK). 

The stock standard solution of SPD was prepared in methanol, and 5-ASA was 
arranged in Milli-Q water, then stored in the dark at 2°C–8°C. The SPD and 5-ASA working 
solutions were prepared in a mixture of the supporting electrolyte containing methanol 
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(MeOH) and 0.1 M phosphate buffer solution. A 0.1 M phosphate buffer solution (PBS) 
was prepared by mixing two stock solutions of NaH2PO4·and Na2HPO4 following the 
standard recipes. All aqueous solutions were arranged in Milli-Q water from a Millipore 
water purification system (R ≥ 18.2 MΩ cm at 25°C). 

3.3.2 Fabrication of poly(L-methionine)-modified SPGE 
The pattern and manufacturing procedures of SPGE were fabricated on a PVC 

substrate using an in-house screen-printing technique according to the previous 
description (Thangphatthanarungruang et al., 2023). Briefly, graphene ink was first 
screened to obtain a working and counter electrode. Next, this SPE was baked at 60°C 
for 30 min. Afterward, Ag/AgCl ink was screened on the same SPE to receive a reference 
electrode and conductive pad. Subsequently, the completed SPGE was baked again. 
Finally, the SPGE obtained was ready to be used for electrochemical measurements. 

Cyclic voltammetry (CV) was employed for the preparation of the polymeric thin 
film layer modified SPGE by electropolymerization procedure. Initially, the solution of           
6 mM L-Met in 0.1 M PBS (pH 7.0) was dropped onto the SPGE surface. Then, 
eletropolymerization of L-Met on the SPGE was carried out in the potential range from          
-0.6 V to +2.0 V for 3 cycles with a scan rate of 100 mV s-1. Next, this sensor was rinsed 
thoroughly with deionized water and air-dried. Cyclic voltammograms for the L-Met 
electropolymerization on SPGE are described in Figure 16. 
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Figure 16 Cyclic voltammograms for the 6 mM L-Met electropolymerization on SPGE 
with a scan rate of 100 mV s-1 for 3 cycles. 

3.3.3 Electrochemical measurements 
All measurement processes were carried out by dropping 100 µL of standard or 

sample solution onto the three-electrode surface of poly(L-Met)/SPGE. For voltammetric 
measurements, CV was used for the investigation of the electrochemical behaviors of        
5-ASA and SPD in the potential range from -0.2 V to +0.9 V with a scan rate of 100              
mV s-1. Furthermore, square wave voltammetry (SWV) was chosen for optimization of 
electrochemical conditions and quantitative determination of 5-ASA and SPD. The 
affected SWV parameters were successfully accomplished by scanning the potential 
range from -0.25 V to +0.90 V with an amplitude of 0.05 V, a potential increment of        
0.025 V, a frequency of 30 Hz, and a quiet time of 60 s (Figure 17). 
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Figure 17 The crucial SWV parameters, including an amplitude (a), a potential increment 
(b), a frequency (c), and a quiet time (d) for the simultaneous detection of 5-ASA and 

SPD at the poly(L-Met)/SPGE. Error bars represent the standard deviation of the 
simultaneous detection of 100 µM 5-ASA and SPD using SWV for three repetitive 

measurements (n = 3). 

3.3.4 Real-sample preparation 
The poly(L-Met)/SPGE sample applications were investigated using various real 

human urine samples. All human urine samples were well received by the trial's volunteers 
in our laboratory. To verify the capability of the proposed sensor and developed method, 
the poly(L-Met)/SPGE was utilized to simultaneously determine 5-ASA and SPD in real 
urine samples using a standard addition method. For the sample preparation, first, real 
urine samples were diluted with a mixture of the supporting electrolyte containing MeOH 
and 0.1 M PBS (pH 5.6) in a proportion of 5:95% v/v. Next, the standard solutions of            
5-ASA and SPD (10 and 30 µM) were spiked into the samples. Then, the simultaneous 
determination of 5-ASA and SPD was performed via SWV under the optimized conditions 
as followed by Section 3.3.3. Finally, the evaluations of accuracy and precision were 
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subsequently approved by analyzing the collected and prepared samples on the same 
day (Intra-day’s study) and three different days (Inter-day’s study). 
  



 

CHAPTER 4 
RESULTS AND DISCUSSION 

This chapter is divided into three sub-projects according to the methodology. 
Sub-project I (section 4.1) reported on a new nanocomposite-based screen-printed 
graphene electrode for sensitive and selective detection of 8-hydroxy-2'-deoxyguanosine. 
Sub-project II (section 4.2) described a novel and easy-to-construct polymeric L-glutamic 
acid-modified sensor for urinary 1-hydroxypyrene detection: Human biomonitoring of 
polycyclic aromatic hydrocarbons exposure. Sub-project III (section 4.3) revealed a highly 
efficient polymeric L-methionine-modified sensor: An application for the simultaneous 
determination of 5-aminosalicylic acid and sulfapyridine. 
4.1 A new nanocomposite-based screen-printed graphene electrode for sensitive and 
selective detection of 8-hydroxy-2'-deoxyguanosine 

The contents of this sub-project are based on the original research article, which 
is shown in appendix 1. 

4.1.1 Morphological characterization of the modified sensor 
Surface morphologies of the unmodified and modified SPGE were characterized 

via scanning electron microscopy (SEM). Figure 18 shows the SEM images of four 
different sensors at magnifications of 10,000× (a, b, c, and d) and 50,000× (e, f, g, and 
h). The unmodified SPGE (panels a and e) exhibits a rough, porous, and crumpled surface 
of graphene sheets. The spherical shape and size of AuNPs and their homogeneous 
distribution throughout the graphene sheets were observed on the SPGE surface (panels 
b and f) after electrodeposition of AuNPs on SPGE. Panels c and g, which exposes the 
surface of poly(L-Met)/SPGE following the electropolymerization sequence, shows that the 
surface of SPGE is covered by the polymeric thin-film layer of L-methionine caused by the 
formation of multiple uniformly aligned valleys of L-methionine. This morphological feature 
could improve the active surface area of the modified electrode (Pattan Siddappa 
Ganesh, Swamy, & Harisha, 2017). Similarly, panels d and h display the surface 
morphology of poly(L-Met)/AuNPs-modified SPGE. It confirms that a homogeneous layer 
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of graphene sheet is covered with well-dispersed L-methionine and AuNPs on the 
electrode surface. 

Moreover, the surface composition was verified via energy-dispersive X-ray 
spectroscopy (EDS) (panels i and j). The EDS image and spectrum of the poly                      
(L-Met)/AuNPs-modified SPGE showed the presence of C, N, O, S, and Au atoms related 
to AuNPs, and the methionine molecular structure modified the electrode surface and the 
existence of graphene in the ink composition. 
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Figure 18 SEM images of SPGE (a, e), AuNPs/SPGE (b, f), poly(L-Met)/SPGE (c, g), and 
poly(L-Met)/AuNPs/SPGE (d, h) at magnifications of 10,000× (a, b, c, d) and 50,000× (e, 

f, g, h). EDS mapping (i). Composition of poly(L-Met)/AuNPs/SPGE (j). Cyclic 
voltammograms of 5 mM [Fe(CN)6]3-/4- in 0.1 M KCl with a scan rate of 30 mV s-1 (k) and 



  42 

EIS Nyquist plots of 5 mM [Fe(CN)6]3-/4- in 0.1 M KCl (l) at the unmodified and modified 
SPGE. 

4.1.2 Electrochemical characterization of the poly(L-Met)/AuNPs-nanocomposite 
modified SPGE 

To investigate the electrochemical behavior of the proposed sensor, the 
unmodified and modified SPGE were characterized via CV and EIS in 5 mM [Fe(CN)6]3-/4- 
in 0.1 M KCl. Figure 18 in panel k presents a reversible redox peak corresponding to 
[Fe(CN)6]3-/4- at the unmodified and modified SPGE. At poly(L-Met)/AuNPs/SPGE, the peak 
potential separation (ΔEp) decreased from +0.35 V to +0.23 V, whereas the current 
response increased compared with SPGE. We strongly believe that this phenomenon is a 
result of the synergetic effect of conductive graphene sheets, AuNPs, and a modified 
polymeric thin-film layer. Furthermore, the electroactive surface areas of sensors were 
increased from 0.096 cm2 to 0.132 cm2 for SPGE and poly(L-Met)/AuNPs/SPGE. 

EIS is a valuable and powerful method for investigating the impedance changes 
of the interface properties after modification of the electrode surface (Katz & Willner, 
2003). The EIS properties of the unmodified and modified SPGE were studied in the 
presence of a redox couple [Fe(CN)6]3-/4-. The semicircle diameter obtained from EIS 
refers to the charge transfer resistance (Rct) at the electrode surface (Ojani, Raoof, Maleki, 
& Safshekan, 2014). Figure 18 in panel l illustrates Nyquist plots of 5 mM [Fe(CN)6]3-/4- 
containing 0.1 M KCl at SPGE and poly(L-Met)/AuNPs/SPGE. As evidenced, the diameter 
of the semicircle region of poly(L-Met)/AuNPs/SPGE was smaller than that of SPGE, which 
corresponds to the Rct values (1,846.4 Ω and 932.3 Ω for SPGE and poly                                 
(L-Met)/AuNPs/SPGE). These findings indicated that the composite film of poly(L-Met) and 
AuNPs was successfully modified on SPGE. Additionally, the electron-transfer apparent 
rate constant (kapp) of each sensor was calculated using the following equation (Gugoasa 
et al., 2021): 

kapp = RT/n2F2ARctC 
where R denotes the universal gas constant (8.31447 J K-1 mol-1); T, the absolute 

temperature (298 K); n, the number of electrons transferred during the redox reaction; F, 
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Faraday’s constant (96,485 C mol-1); A, the surface area of the electrode (cm2); Rct, the 
charge transfer resistance in Ω; and C, the concentration of [Fe(CN)6]3-/4- (mol cm-3). The 
kapp values were found to be 3.003 × 10-4 cm s-1 and 4.325 × 10-4 cm s-1 for SPGE and 
poly(L-Met)/AuNPs/SPGE, respectively. The low Rct and high kapp values of the modified 
electrode emphasized the formation of poly(L-Met)/AuNPs on SPGE that could provide 
excellent catalytic properties, leading to the enhancement of the electron-transfer process 
of redox [Fe(CN)6]3-/4-. In addition, the amount of incorporated L-methionine monomer to 
form the polymeric thin film was an approximate estimation by the total surface coverage 
of the electrode, which is calculated using the following equation (Pushpanjali, 
Manjunatha, & Srinivas, 2020; Razmi & Harasi, 2008): 

Γ = Q/nFA 
where Γ (mol cm-2) denotes the surface coverage of the electrode; Q, the electric 

charge obtained via the integration of the oxidation peak in C; n, the number of electrons 
involved; F, Faraday’s constant (96,485 C mol-1); and A, the surface area of modified 
electrode in cm2. By substituting the respective data in the equation, the Γ value of poly 
(L-Met)/AuNPs film adhering to the surface of SPGE was calculated to be 4.071 × 10-8   
mol cm-2. Therefore, poly(L-Met)/AuNPs/SPGE exhibited a superb property to be a good 
sensor on applications for the detection of target electroactive species. 

4.1.3 Electrochemical behavior of 8-OHdG on poly(L-Met)/AuNPs/SPGE 
To accomplish the utilization of the proposed sensor for 8-OHdG determination 

in clinical applications, the electrochemical behavior of 8-OHdG in 0.1 M Na-PBS (pH 7.0) 
at the unmodified and modified SPGE was investigated via CV. Figure 19 displays cyclic 
voltammograms and a chart of the current intensity of 100 µM 8-OHdG compared 
between the use of unmodified SPGE and use of modified SPGE. On a bare SPGE (red 
dash line), a poor anodic peak current (Ipa = 5.79 µA) was observed around +0.15 V vs 
Ag/AgCl. The oxidation peak potential of 8-OHdG slightly shifted to the negative direction, 
and the anodic peak current of 8-OHdG still negligibly increased after the modification of 
AuNPs on SPGE (green line). This result may be concerned with the property of AuNPs, 
which could improve the electron-transfer kinetics of 8-OHdG at the electrode interface. 
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Once poly(L-Met) was modified on SPGE (blue line), the anodic peak current of 8-OHdG 
considerably increased to 14.20 µA, which was 2.5 times higher than that obtained from 
bare SPGE. This suggested that the polymeric film of L-methionine could enhance the 
electrocatalytic capability of 8-OHdG oxidation. In addition, the anodic peak current of    
8-OHdG dramatically increased in poly(L-Met)/AuNPs/SPGE (black line). The increased 
electrochemical signal of 8-OHdG was almost four times larger than that of the bare SPGE, 
resulting from the synergistic coupling effect between poly(L-Met) and AuNPs on SPGE. 
This combination provided a high specific surface area, enhanced electrical conductivity, 
and promoted electrochemical activity toward 8-OHdG detection. These results clearly 
indicated that poly(L-Met)/AuNPs/SPGE was an excellent electrochemical sensor for         
8-OHdG detection. 
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Figure 19 Cyclic voltammograms (A) and a chart of the current intensity (B) of 100 µM  
8-OHdG in 0.1 M Na-PBS (pH 7.0) at different sensors. 

4.1.4 Optimization of deposition for AuNPs and L-methionine 
To achieve optimal conditions for 8-OHdG detection, the main parameters 

dealing with the formation of film on the electrode surface were investigated. The studied 
parameters included the concentration of standard gold and L-methionine solutions, the 
number of cycles for gold and L-methionine deposition, and the scan rate for gold and   
L-methionine deposition. These parameters are involved in the control of the AuNPs 
amount and film thickness on the electrode surface, which could directly affect the 
transferred electrons at the electrode interface. From the results in Figure 20, the optimal 
values are the concentration of standard gold solution of 1,000 ppm, the number of cycles 
at 7 cycles, the scan rate of 150 mV s-1, the concentration of L-methionine solution of            
2 mM, the number of cycles at 10 cycles, and the scan rate of 100 mV s-1. 
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Figure 20 Effects of concentration of standard gold solution (A) and L-methionine 
solution (D), number of cycles for gold (B) and L-methionine deposition (E), and scan 

rate for gold (C) and L-methionine deposition (F) on SPGE. 

4.1.5 Influence of pH values and scan rates 
Adjustment of the pH values of supporting electrolyte significantly affects the 

oxidative behavior and peak appearance of 8-OHdG. Besides, it can provide information 
on the number of electrons and protons involved in the electrochemical process of              
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8-OHdG that occurred at the developed sensor. As shown in Figure 21A, pH 7.0 was 
selected as the optimal for further experiments as it provided the highest current at a low 
oxidative potential. Also, as exhibited in Figure 21B, the slope of -0.0562 V pH-1 was close 
to the Nernstian theoretical value of -0.059 V pH-1 (Guo, Liu, Liu, Wu, & Lu, 2016). 
Therefore, the number of protons and electrons in the electrochemical process of 8-OHdG 
was equal. 

To clarify whether the mass transfer process of the analyte at the electrode 
surface is adsorption or diffusion controlled, the effect of the scan rate on the 
electrooxidation of 8-OHdG was studied by CV (Figure 21C). From the linear regression 
equation between the anodic peak current (Ipa) and the scan rate (v) in Figure 21D, it 
demonstrated that the mass transfer process at the electrode surface was controlled by 
adsorption-limited. In addition, a linear relationship between the log of current and the log 
of scan rate was plotted to confirm the result. From the linear regression equation,                 
y = -0.741 + 0.8121 log v (R2 = 0.9929), the slope value was close to 1, which is supposed 
to be surface adsorption (David K. Gosser, 1993). 

To calculate the number of electrons (n), the linear regression equation between 
the anodic peak potential (Epa) and the logarithm of scan rate (ln v) and Laviron’s equation 
was used and found that the number of electrons (n) was calculated to be 2. Therefore, it 
could be concluded that the electrochemical mechanism of 8-OHdG on poly                        
(L-Met)/AuNPs/SPGE involved two electrons and two protons, which is in agreement with 
previous reports (Guo et al., 2016; Kumar, Rosy, & Goyal, 2017; Shang et al., 2018). 
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Figure 21 Cyclic voltammograms of 10 µM 8-OHdG at the poly(L-Met)/AuNPs/SPGE 
using various pH values (A) and the plot of Epa vs. pH values (B). Cyclic voltammograms 

of 10 µM 8-OHdG in 0.1 M Na-PBS (pH 7.0) at the poly(L-Met)/AuNPs/SPGE with 
different scan rates (C) and the plot of Ipa vs. scan rate (D). 

4.1.6 Interference study 
To estimate the selectivity of the newly proposed electrochemical platform, the 

effects of interference, comprising uric acid (UA), dopamine (DA), ascorbic acid (AA), 
citric acid (CA), bovine serum albumin (BSA), and glucose (Glu), which commonly coexist 
with 8-OHdG in biological fluids, were examined. In addition, the effects of some ions, 
including Na+, K+, Ca2+, Mg2+, Cu2+, and Zn2+, on 8-OHdG detection were investigated. 
Figure 22 describes the current response of 10 µM 8-OHdG in the presence of 20 µM UA, 
40 µM DA, 100 µM AA, 100 µM CA, 500 µM BSA, 500 µM Glu, 1 mM Na+, 1 mM K+, 1 mM 
Ca2+, 1 mM Mg2+, 1 mM Cu2+, and 1 mM Zn2+. From the results, it was found that there was 
no significant change in the current signal of 8-OHdG in the presence of interference. 
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Figure 22 Effect of interferences toward 8-OHdG detection. The error bars represent the 
standard deviation of three repetitive measurements. 

However, the major limitation for the analysis of 8-OHdG in biological fluids, 
especially in urine, is the effect exerted by UA. Figure 23 reveals the square wave 
voltammograms of 8-OHdG and UA detected by a developed sensor. As can be seen 
from Figure 23A, an individual study of standard solution, UA and 8-OHdG appeared at 
+0.04 and +0.13 V, respectively. Surprisingly, when 20 µM UA was added to 10 µM            
8-OHdG, a small shoulder peak appeared near the oxidation peak potential of 8-OHdG 
(Figure 23B). Nonetheless, the physiological normal level of UA in human urine is 400 µM 
(Khan, Liu, Tang, & Liu, 2018). Therefore, the concentration of UA at 400 µM absolutely 
interfered with the detection of 8-OHdG. The effect of chloride content in urine samples is 
also important. In a normal person’s urine, the average concentration of chloride ions is 
0.1 M (Siangproh, Teshima, Sakai, Katoh, & Chailapakul, 2009). Figure 24 presents the 
square wave voltammograms of 8-OHdG containing various concentrations of NaCl in   
0.1 M Na-PBS (pH 7.0). It demonstrated that there are no significant changes in the current 
signal of 8-OHdG. Nevertheless, the oxidation peak potentials of 8-OHdG shifted to the 
positive direction with increasing concentrations of chloride ions. This phenomenon could 
be concluded that the saturated solution of chloride affected the mass-transfer process 
at the electrode surface toward 8-OHdG detection. Hence, the determination of 8-OHdG 
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containing the co-existence of UA and chloride ions in biological samples is a crucial 
concern that must be resolved. 

 

Figure 23 Square wave voltammograms of 10 µM 8-OHdG and 10 µM uric acid (A) and 
10 µM 8-OHdG in presence 20 µM uric acid at the poly(L-Met)/AuNPs/SPGE (B). 

 

Figure 24 Square wave voltammograms of 10 µM 8-OHdG in various concentrations of 
NaCl in 0.1 M Na-PBS (pH 7) at the poly(L-Met)/AuNPs/SPGE. 

4.1.7 Detection of a mixture of 8-OHdG and UA 
To resolve the aforementioned problem, we aimed to use sodium dodecyl sulfate 

(SDS) containing 0.1 M NaCl in 0.1 M Na-PBS (pH 7.0) as the supporting electrolyte for  
8-OHdG detection in the presence of UA at a high level. As evidenced in Figure 25A, the 
oxidation peak potentials of individual 400 µM UA and 10 µM 8-OHdG were noticed at 
+0.23 V (blue line) and +0.32 V (black line). To confirm the expected result, a mixture of 
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400 µM UA and 10 µM 8-OHdG was added to the supporting electrolyte. As observed in 
the red line, the oxidation peaks of these compounds clearly separated at different peak 
potentials because SDS is an anionic surfactant that can block the diffusion rate of UA to 
the electrode surface, causing a difference in the rate of mass transfer from 8-OHdG. 
These results indicated that the use of saturated chloride in Na-PBS containing SDS as 
the supporting electrolyte greatly enhanced the selectivity of the proposed method and 
improved the possibility of 8-OHdG determination in real biological fluid samples. 

From the preliminary test, we strongly believe that the SDS concentration may 
affect the separation. Therefore, the effect of the SDS concentration was systematically 
studied for a mixture of 10 µM 8-OHdG and 400 µM UA. As evidenced in Figure 25B and 
25C, 0.05 M of SDS could obviously separate the oxidation peaks of 8-OHdG and UA and 
provide the highest current of 8-OHdG while strongly suppressing the response of UA. In 
addition, the resolution value between the oxidation peak potentials of 8-OHdG and UA 
was remarkably close to one. Thus, 0.05 M of the SDS concentration was selected as the 
suitable concentration for the preparation of the supporting electrolyte to detect 8-OHdG 
in real samples. 
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Figure 25 Square wave voltammograms of 10 µM 8-OHdG and 400 µM UA in 0.05 M 
SDS containing 0.1 M NaCl in 0.1 M Na-PBS (pH 7.0) (A), the effect of the SDS 

concentration (B), and a chart of the current intensity of 8-OHdG and UA detection (C). 

4.1.8. Analytical performance 
To verify the analytical performance of the proposed method, the detection of    

8-OHdG in various concentrations at poly(L-Met)/AuNPs/SPGE was evaluated via SWV. 
Under optimum conditions, the square wave voltammograms of the electrochemical 
oxidation of 8-OHdG at various concentrations are presented in Figure 26A, and the linear 
regression equation obtained from the calibration curve is demonstrated in Figure 26B. 
The limit of detection (LOD = 3SD/Slope) and limit of quantification (LOQ = 10SD/Slope) 
were found to be 92 and 306 nM, respectively. In addition, a comparison of the analytical 
performance between this proposed method and previous methods for 8-OHdG detection 
is summarized in Table 1. Although the analytical performance of some previous works 
offered a lower limit of detection compared with our method, there was no report on 
selectivity, particularly UA and chloride ions, at normal levels in humans, which affected 
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the determination of 8-OHdG in real samples. Furthermore, we first proposed the use of 
poly(L-Met)/AuNPs/SPGE as a sensor for 8-OHdG detection without enzymatic catalysts 
to reduce the interference of UA in biological fluid samples. Our developed methodology 
not only provided high selectivity in the detection but also had sufficiently high potential 
for use in the determination of 8-OHdG in biological fluid samples. 

The precision of the analytical performance by examining the relative standard 
deviation (RSD) for seven repetitive measurements of 8-OHdG solution was investigated. 
For the measurement, three concentrations (1, 10, and 50 µM) concerning the probable 
range in interesting samples were assessed for the reproducibility of the proposed sensor. 
As presented in Figure 26C, the RSD values were lower than 18%, which could be 
acceptable by AOAC guidelines (Latimer, 2016). For stability test, poly                                     
(L-Met)/AuNPs/SPGE was stored at 4°C for 20 days, and the anodic peak current of           
10 µM 8-OHdG still remained at 80.32%, suggesting that this proposed sensor could be 
favorably employed for 8-OHdG analysis with excellent reproducibility and good stability. 
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Figure 26 Square wave voltammograms showing the electrochemical oxidation of         
8-OHdG in 0.05 M SDS containing 0.1 M NaCl in 0.1 M Na-PBS (pH 7.0) at various 
concentrations on poly(L-Met)/AuNPs/SPGE (A). The calibration curve between the 
anodic peak current and the concentration of 8-OHdG (B). A chart of the current 

intensity of reproducibility studies at three concentrations (C). 
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Table 1 Comparison of the analytical performance between this proposed method and 
previous works for 8-OHdG detection. 

Electrodes LOD 

(nM) 

Linear range 

(nM) 

References 

P3MT/GCE 100 700-70000 (T. H. Li, Jia, Wang, & Liu, 2007) 

CNTs-PEI/GCE 100 500-30000 (Gutiérrez, Gutiérrez, García, Galicia, 

& Rivas, 2011) 

PICA/CHI/GCE 0.106 0.35-35305 (Pan et al., 2015) 

PEDOT/CCP 50.84 176.5-3530.5 (G. V. Martins, Tavares, Fortunato, & 

Sales, 2017) 

ZnO@rGO/GCE 1.25 5-5000 (Hao, Wu, Wan, & Tang, 2018) 

rGO-AuNPs/poly(L-Arg)/GCE 1 1-10000 (Khan et al., 2018) 

GO-COOH/MWCNTs-

COOH/PEI/AuNPs/GCE 

7.06 14-14120 (Yi et al., 2019) 

HKUST-1/GNs/GCE 2.5 10-1000 (Cao, Wu, Tang, & Wan, 2019) 

Graphene/SPE 90 300-100000 (Varodi et al., 2019) 

Ag-TiO2-rGO/SPE 10 50-2500 (Dhulkefl, Atacan, Bas, & Ozmen, 

2020) 

poly(L-Met)/AuNPs/SPGE 92 1000-50000 This work 
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Abbreviation 
P3MT: poly(3-methylthiophene); GCE: glassy carbon electrode; CNTs: carbon 

nanotubes; PEI: polyethylenimine; PICA: poly(indole-5-carboxylic acid); CHI: chitosan; 
PEDOT: poly(3,4-ethylenedioxythiophene); CCP: carbon-ink coated paper; rGO: reduced 
graphene oxide; ZnO: zinc oxide; AuNPs: gold nanoparticles; poly(L-Arg): poly                   
(L-Arginine); GO-COOH: carboxyl-functionalized graphene oxide; MWCNTs-COOH: 
carboxyl-functionalized multi-walled carbon nanotubes; HKUST-1: ultrasmall Cu-based 
metal organic frame; GNs: graphite nanosheets; SPE: screen-printed electrode; TiO2: 
titanium dioxide; poly(L-Met): poly(L-methionine); SPGE: screen-printed graphene 
electrode. 

4.1.9. Analytical application in real samples 
To evaluate the applicability of this proposed method, quantitative determination 

of 8-OHdG was executed in artificial urine, healthy human urine, and human serum 
samples. For accuracy and precision, the percentages of recovery and RSD were 
estimated by spiking a known standard solution of 8-OHdG, and a standard addition 
method was used to prevent the matrix effect (Thangphatthanarungruang, Lomae, 
Chailapakul, Chaiyo, & Siangproh, 2021). As shown in Table 2, the recovery and RDS 
values were found in the range of 90.19%–109.73% and 0.51%–14.36%, which could be 
acceptable by the AOAC guidelines (Latimer, 2016). These results indicated that this 
approach was acceptable and reliable for the determination of 8-OHdG in real samples. 
Thereby, poly(L-Met)/AuNPs/SPGE exhibited good accuracy and precision and could be 
used as an alternative choice for quantitative analysis of 8-OHdG in biological fluid 
samples. 
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Table 2 Results obtained from the determination of 8-OHdG in artificial urine, healthy 
human urine, and human serum samples using poly(L-Met)/AuNPs/SPGE (n = 3). 

Samples Added 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Artificial urine 1 5 4.79 95.73 3.85 
 10 10.76 107.60 3.55 
 50 49.08 98.16 9.29 

Artificial urine 2 5 5.03 100.60 8.53 
 10 9.53 95.27 3.11 
 50 45.53 91.05 1.68 

Artificial urine 3 5 4.51 90.19 14.36 
 10 10.88 108.83 12.76 
 50 46.67 93.33 6.40 

Human urine 1 
 
 

Human urine 2 
 
 

Human urine 3 

5 
10 
50 
5 
10 
50 
5 
10 
50 

5.45 
10.61 
53.72 
4.76 
10.20 
51.05 
5.43 
10.22 
51.36 

109.01 
106.12 
107.45 
95.16 

101.98 
102.10 
108.66 
102.20 
102.72 

5.93 
7.01 
8.24 
3.80 
11.73 
0.51 
0.81 
7.00 
7.24 

Human serum 1 5 4.83 96.50 2.30 
 10 10.06 100.56 4.74 
 50 48.09 96.17 8.99 

Human serum 2 5 4.95 99.07 8.81 
 10 10.97 109.73 0.59 
 50 47.90 95.81 6.19 

Human serum 3 5 5.43 108.59 6.36 
 10 10.36 103.64 12.59 
 50 50.07 100.15 2.20 
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4.2 A novel and easy-to-construct polymeric L-glutamic acid-modified sensor for urinary 
1-hydroxypyrene detection: Human biomonitoring of polycyclic aromatic hydrocarbons 
exposure 

The contents of this sub-project are based on the original research article, which 
is shown in appendix 2. 

4.2.1 Surface composition and morphology studies 
Surface morphologies of each sensor (SPGE and poly(L-GA)/SPGE) were 

investigated by scanning electron microscopy (SEM). Figure 27a and b show SEM images 
of SPGE and poly(L-GA)/SPGE at a magnification of 10,000×. The surface of the 
unmodified SPGE (Figure 27a) was rugged, crumpled, and wrinkled. After the surface 
modification of L-GA onto SPGE via an electropolymerization procedure (Figure 27b), its 
surface exhibited a smooth surface, which was covered by the formation of the poly          
(L-GA) on the SPGE surface. In addition, the surface composition of poly(L-GA) on the 
SPGE was approved via energy-dispersive X-ray spectroscopy (EDS). As displayed in 
Figure 27c, the EDS mapping spectrum of poly(L-GA)/SPGE revealed the presence of C, 
N, and O atoms, relating to the structure of the glutamic acid molecular modified the 
electrode surface of SPGE. 

To approve the deposition of the poly(L-GA) on SPGE, the surface composition 
was also characterized using X-ray photoelectron spectroscopy (XPS). XPS data of a bare 
SPGE (Figure 27d) presents the C 1s core spectra; (C–C) appeared at 284.5 eV and 
(C=C) at 286.2 eV, corresponding to the presence of two carbon functionalities in the 
graphene structure. Figure 27e describes the XPS core level spectra for C 1s, indicating 
the existence of four peaks at 284.8, 285.7, 286.6, and 288.7 eV, corresponding to the 
(C–C), (C–O), (C–N), and (C=O) carbon bonding, respectively. We believed that these 
peaks occurred as a result of the structure of the polymerized L-GA monomer. Figure 27f 
shows the O 1s XPS data and shows the existence of two different oxygen functionalities 
within the structure of the polymeric thin film; (O–C) appeared at 531.1 eV and (O=C) at 
532.7 eV, which was attributed to the carboxylic groups of the L-GA structure. 
Additionally, the N 1s core spectra in Figure 27g demonstrates a well-defined couple peak 
obtained at 399.7 and 400.8 eV, corresponding to the (N–C) and (+N–C) amine groups in 
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the L-GA structure. These findings obviously confirmed that the poly(L-GA) was 
successfully deposited on the SPGE surface. 

 

Figure 27 SEM images of SPGE (a) and poly(L-GA)/SPGE (b) at a magnification of 
10,000×. EDS mapping for the composition of poly(L-GA)/SPGE (c). XPS data of a bare 
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SPGE (d) and the composite polymer fabricated on SPGE demonstrates the core level 
spectra for C 1s (e), O 1s (f), and N 1s (g). 

4.2.2 Electrochemical characterization of the poly(L-GA)/SPGE 
K3[Fe(CN)6] and [Ru(NH3)6]Cl3 were selected as anionic and cationic redox 

probes to study the electrochemical behavior on poly(L-GA)/SPGE surface using CV. 
Figure 28a shows CV voltammograms of two redox probes in 0.1 M KCl with a scan rate 
of 100 mV s-1 at the unmodified and modified SPGE. Certainly, the current signal of 5 mM 
[Fe(CN)6]3-/4- was greater than that of 5 mM [Ru(NH3)6]3+. When 5 mM [Fe(CN)6]3-/4- 
detection at the SPGE and poly(L-GA)/SPGE was compared (red dashed line and blue 
line), the peak potential separation (ΔEp) at the poly(L-GA)/SPGE was reduced to         
+0.27 V, but the current signal was increased. This means that it is caused by the 
electrostatic interaction of the anionic redox probe and the positive charge of amine 
groups on poly(L-GA)/SPGE surface. Therefore, the poly(L-GA) thin film could enhance 
the electron-transfer process of [Fe(CN)6]3-/4-, an anionic redox probe. Moreover, the 
electroactive surface area values of SPGE and poly(L-GA)/SPGE were estimated using 
the Randles–Sevcik equation as follows: 

Ip = (2.69 × 105)n3/2AD0
1/2v1/2C0

* 
where Ip denotes the peak current; n denotes the number of electrons; A denotes 

the electroactive surface area; D0 denotes the diffusion coefficient of redox probe species; 
v denotes the scan rate (0.1 V s-1); and C0

* denotes the concentration of redox probe 
species (5.0 × 10-6 mol cm-3). Based on known parameters for the [Fe(CN)6]3-/4- (n = 1 and 
D0 = 7.6 × 10-6 cm2 s-1) (Punjiya, Moon, Matharu, Nejad, & Sonkusale, 2018) and the 
[Ru(NH3)6]3+ (n = 1 and D0 = 8.43 × 10-6 cm2 s-1) (Yijun Wang, Limon-Petersen, & Compton, 
2011), the electroactive surface area values of SPGE and poly(L-GA)/SPGE were 
calculated to be 0.120 and 0.150 cm2 for [Fe(CN)6]3-/4- and 0.115 and 0.113 cm2 for 
[Ru(NH3)6]3+. 

Subsequently, [Fe(CN)6]3-/4- was selected as an anionic electroactive species to 
study the electron-transfer process to get a better understanding. As exhibited in Figure 
28b, the semicircle diameter of [Fe(CN)6]3-/4- at the poly(L-GA)/SPGE was smaller than that 
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of SPGE, corresponding to the Rct values (1.171 and 5.462 kΩ for poly(L-GA)/SPGE and 
SPGE, respectively). In addition, the electron-transfer apparent rate constant (kapp) was 
estimated using the equation as below (Gugoasa et al., 2021; Thangphatthanarungruang, 
Chotsuwan, Jampasa, & Siangproh, 2022): 

kapp = RT/n2F2ARctC 
where R denotes the universal gas constant (8.31447 J K-1 mol-1); T denotes the 

absolute temperature (298 K); n denotes the number of electrons transferred during the 
redox reaction; F denotes the Faraday’s constant (96,485 C mol-1); A denotes the surface 
area of the electrode (cm2); Rct denotes the charge transfer resistance with the potential 
range of 0–0.1 V in Ω; and C denotes the concentration of [Fe(CN)6]3-/4- (5.0 × 10-6             
mol cm-3). The kapp values were calculated to be 8.121 × 10-5 and 3.031 × 10-4 cm s-1 for 
SPGE and poly(L-GA)/SPGE, respectively. The increased kapp value in the modified SPGE 
demonstrated that the modified poly(L-GA) on SPGE improved the electron-transfer 
process of redox [Fe(CN)6]3-/4-. The total surface coverage (Γ) of the poly(L-GA)/SPGE was 
also estimated using the following equation: 

Γ = Q/nFA 
where Γ (mol cm-2) denotes the surface coverage of the electrode; Q, the electric 

charge obtained via the integration of the oxidation peak in C; n, the number of electrons 
involved; F, Faraday’s constant (96,485 C mol-1); and A, the surface area of modified 
electrode in cm2. It was found to be 16.62 nmol cm-2. As a result of the electrochemical 
characterization study, it suggested that poly(L-GA) modified SPGE could be employed 
as an excellent sensor for the target electroactive species detection. 
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Figure 28 Cyclic voltammograms of 5 mM [Fe(CN)6]3-/4- and [Ru(NH3)6]3+ in 0.1 M KCl 
with a scan rate of 100 mV s-1 at the SPGE and poly(L-GA)/SPGE (a). EIS Nyquist plots 
of 5 mM [Fe(CN)6]3-/4- in 0.1 M KCl with the potential range of 0–0.1 V at the SPGE and 

poly(L-GA)/SPGE (b). 
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4.2.3 Effect of different types of supporting electrolytes on the electrochemical 
detection of 1-OHP at the poly(L-GA)/SPGE 

To acquire the high sensitivity in the detection and the correctness, suitability, 
and reliability of the supporting electrolyte type, the influence of the supporting electrolyte 
type toward 1-OHP electrochemical detection on poly(L-GA)/SPGE was initially studied. 
For preliminary studies, 0.1 M Na-PBS at three pH values (5.6, 7.4, and 10.25) was used 
as the supporting electrolyte for investigating 1-OHP electrochemical behavior via SWV. 
From the results in Figure 29a, when pH values were increased, the electrochemical signal 
of 1-OHP obviously increased. Nevertheless, at pH ≥ 10.25, it was influenced by the effect 
of ionic strength due to the suitable and dependable pH range for Na-PBS of 5.0–8.0. 
Therefore, Na-PBS at high pH levels was ineffective to be used as the supporting 
electrolyte for 1-OHP detection. Subsequently, 0.05 M Na2HPO4-NaOH (pH 10.5, 11.0, 
and 12.0) was chosen as the supporting electrolyte for the study owing to its pH range of 
10.5–12.0. Figure 29b shows that the highest current signal of 1-OHP was achieved at a 
low pH value (pH 10.5). However, to achieve the high sensitivity in detection, we found 
that in addition to these buffer solutions, Gly-NaOH buffer solution could be used as the 
supporting electrolyte due to its pH range of 8.5–10.5. Therefore, 0.05 M Gly-NaOH buffer 
solution at three pH values (8.4, 9.4, and 10.5) was immediately conducted. As observed 
in Figure 29c, the highest current signal of 1-OHP was obtained at pH 9.4. Interestingly, 
square wave voltammograms (Figure 29d) of 1-OHP detection using each supporting 
electrolyte type were compared. It was found that Gly-NaOH buffer solution not only gave 
the best electrochemical response for 1-OHP detection but also offered the oxidation peak 
potential of 1-OHP close to 0, resulting in improved selectivity of the proposed approach 
because most interferences can be easily oxidized at the positive potential. These 
findings suggested that Gly-NaOH played an important role in the electrooxidation of        
1-OHP using the developed sensor. Thus, Gly-NaOH buffer solution was selected as an 
appropriate supporting electrolyte for this work. 



  64 

 

Figure 29 Square wave voltammograms of 1-OHP detection using Na-PBS (a),  
Na2HPO4-NaOH (b), and Gly-NaOH (c) as the supporting electrolyte. Square wave 

voltammograms for a comparison of each supporting electrolyte type in 1-OHP 
detection (d). 

4.2.4 Effect of pH values and scan rates 
The study of different pH values on the oxidative behavior of 1-OHP in Gly-NaOH 

buffer solution was performed in the pH range of 8.4–10.5 using SWV. As depicted in 
Figure 30a, the anodic peak currents of 1-OHP gradually increased with increasing pH 
values. However, at pH values >9.4, anodic peak currents were reduced. We believed 
that a pH value of 9.4 was sufficient to completely convert 1-OHP to the deprotonated 
form, which was easily oxidized at the electrode surface of poly(L-GA)/SPGE and 
electrostatically entirely interacted with the amine groups on the polymer backbone (pKa 
value of 1-OHP = 7.44 (Yang et al., 2009)). Therefore, pH 9.4 was selected for further 
experiments. Also, as seen in the equation (Figure 30b), the slope value of -0.0527               
V pH-1 was close to the Nernstian theoretical value of -0.059 V pH-1, demonstrating          
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two-protons-transfer coupled with two-electrons-transfer reaction as previously reported 
(Pang, Zhang, et al., 2019; Shen, Cui, Pang, & Qian, 2012a, 2012b). 

The effect of scan rates on 1-OHP electrochemical oxidation on the poly               
(L-GA)/SPGE was studied in the range of 25–250 mV s-1 via CV (Figure 30c). A linear 
dependence (Figure 30d) was gained between the current response of 1-OHP (Ipa) and 
the scan rate (v), indicating the adsorption-controlled process at the electrode surface. 
Furthermore, an adsorption or diffusion controlled electrochemical process can be 
predicted from the slope of 1.0 or 0.5 by plotting log Ipa and log v (Azizi, Ghasemi, & 
Amiripour, 2016; David K. Gosser, 1993). From the linear regression equation,                    
log Ipa = -1.057 + 0.8306 log v (R2 = 0.9732), it was found that the slope value was close 
to 1.0, confirming the adsorption-controlled process. 

 

Figure 30 Square wave voltammograms of 10 µM 1-OHP detection at different pH values 
(a) and the plot of Epa vs. pH values (b). Cyclic voltammograms of 50 µM 1-OHP 

detection in Gly-NaOH (pH 9.4) at various scan rates (c) and the plot of Ipa vs. scan rate 
(d). Error bars represent the standard deviation of 1-OHP detection at different pH 

values and scan rates for three repetitive measurements (n = 3). 
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4.2.5 Optimization of electropolymerization for L-GA 
To attain high sensitivity for 1-OHP detection, various parameters of the 

electropolymerization procedure were estimated. The formation of the film thickness on 
the electrode surface directly affects the electrochemical response of the target analyte. 
In the current study, the concentration of L-GA solution, the number of scans for 
electropolymerization, and the scan rate for electropolymerization were investigated to 
gain the optimal conditions for the fabrication of the polymeric sensor. As seen in Figure 
31, the optimal values for electropolymerization were the concentration of L-GA solution 
of 30 mM, the number of scans at 5 cycles, and the scan rate of 100 mV s-1. 

 

Figure 31 Effects of concentration of glutamic acid (a), number of scans (b), and scan 
rate for electropolymerization (c) on SPGE. Error bars represent the standard deviation 

of 10 µM 1-OHP detection using SWV for three repetitive measurements (n = 3). 

4.2.6 Electrochemical behavior of 1-OHP on poly(L-GA)/SPGE 
The electrochemical behavior of 1-OHP in Gly-NaOH (pH 9.4) on SPGE and 

poly(L-GA)/SPGE was subsequently studied by SWV. Figure 32 shows the performance 
for the detection of 10 µM 1-OHP in Gly-NaOH (pH 9.4) on SPGE and poly(L-GA)/SPGE. 
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The anodic peak current of 1-OHP (Ipa = 9.27 µA) was obtained at around -0.08 V on SPGE 
(red line). However, when the background signal of Gly-NaOH (pH 9.4) (red dashed line) 
at the unmodified SPGE was thoroughly magnified, the ghost peak appeared at around   
-0.10 V. We believed that this phenomenon might be caused by impurities from the 
graphene ink, which could not determine the 1-OHP at very low concentrations. Therefore, 
to resolve this issue, we aimed to use L-GA for the surface modification of SPGE. The 
ghost peak of the background current of Gly-NaOH (pH 9.4) did not occur after the 
surface modification (blue dashed line). Remarkably, the enlarged current signal of            
1-OHP on poly(L-GA)/SPGE (blue line) was three times larger than that of the SPGE. These 
results suggested that the modified poly(L-GA) on SPGE revealed the electrocatalytic 
property of 1-OHP oxidation. Therefore, poly(L-GA)/SPGE could be employed as an 
excellent electrochemical sensor for 1-OHP analysis. 

 

Figure 32 Square wave voltammograms of 10 µM 1-OHP in Gly-NaOH (pH 9.4) at the 
unmodified and modified SPGE. 

4.2.7 Analytical performance 
Under optimal conditions, the analytical performance of this methodology was 

verified by detecting 1-OHP in different concentration via SWV. The anodic peak currents 
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increased with increasing concentrations of 1-OHP (Figure 33a, inset). The linear dynamic 
range (LDR) was relative in the range of 1–1000 nM (Figure 33a). The limits of detection 
(LOD) and quantification (LOQ) were evaluated to be 0.95 (3SD/Slope) and 3.16 
(10SD/Slope) nM, respectively. Furthermore, the analytical performance of this work was 
compared with that of previous works, as revealed in Table 3. Although this proposed 
method did not provide the lowest detection limit, however, the developed sensor had 
several advantages over the mentioned methods, such as the ease and rapidity of 
fabrication, the need for only one modifier for a single step of surface modification, and 
cost-effectiveness. This proposed sensor could also be applied for 1-OHP analysis in real 
samples. Moreover, the supporting electrolyte used in this work was within the suitable 
and dependable range of pH. Therefore, this assay had the perfect ability to be an 
alternative choice for the detection of 1-OHP in real-world applications. 

In terms of reproducibility, three concentrations (10, 500, and 1000 nM) 
concerning the probable range in interesting samples were assessed. The relative 
standard deviation (RSD) values were <32%, which was accepted by the AOAC 
recommendation (Latimer, 2016). For the stability study of poly(L-GA)/SPGE, the current 
signal of 10 µM 1-OHP remained at 98.55% for 21 days, indicating that this newly 
developed sensor provided good stability for 1-OHP detection. 
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Figure 33 The calibration curve between the anodic peak current and the concentration 
of 1-OHP in the range of 1–1000 nM (a) and corresponding square wave 

voltammograms of 1-OHP (inset). A comparison of the plotting graphs between a 
solvent calibration curve and a matrix-matched calibration curve (b). Error bars 

represent the standard deviation of 1-OHP detection at different concentrations for three 
repetitive measurements (n = 3). 
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Table 3 Comparison of the analytical performance between this proposed method and 
previous works for 1-OHP detection. 

Electrodes Electrolyte LOD 
(nM) 

Linear range 
(nM) 

References 

MIP/SPCE MeOH-NaOH-NaCl 182 2500-125000 (Kirsch, Honeychurch, 
Hart, & Whitcombe, 
2005) 

MWCNTs/GCE PBS (pH 7.0) 0.1 6-800 (Wu, 2011) 
P3MT/GCE PBS (pH 2.0) 165 500-20000 (Shen et al., 2012b) 
GON/OA-POSS/GCE PBS (pH 2.0) 40 100-12550 (Shen et al., 2012a) 
BDDFE MeOH-BR buffer (pH 

5.0) 
100 100-10000 (Yosypchuk, Barek, & 

Vyskočil, 2012) 
GR-MN202/GCE BR buffer (pH 3.0) 1.72 5-12000 (Gao, Tang, Hu, Zhu, & 

Yang, 2015) 
GR/GCE PBS (pH 2.0) 0.84 5-300 (Pang, Zhang, et al., 

2019) 
ZIP-8/IL/nano-CPE PBS (pH 9.0) 10 50-20000 (Y. Li et al., 2020) 
Au@ZIF-67/CNFPE - 0.1 0.5-10000 (Y. Li et al., 2021) 
PAMAM/Cr-MOF/rGO/GCE PBS (pH 2.0) 75 100-6000 (Cui et al., 2021) 
poly(L-GA)/SPGE Gly-NaOH (pH 9.4) 0.95 1-1000 This work 

 
Abbreviation 

MIP: molecularly imprinted polymer; SPCE: screen-printed carbon electrode; 
GCE: glassy carbon electrode; MWCNTs: multi-walled carbon nanotubes; P3MT: poly     
(3-methylthiophene); GON: graphene oxide nanoribbon; OA-POSS: octa                                
(3-aminopropyl)octasilsesquioxane octahydrochloride; BDDFE: boron-doped diamond 
film electrode; GR: graphene; MN202: resin MN202; ZIP: zeolitic imidazolate frameworks; 
IL: ionic liquid; nano-CPE: nano-carbon paste electrode; CNFPE: carbon nanofiber paste 
electrode; PAMAM: polyamidoamine; Cr-MOF: chromium-centered metal-organic 
framework; rGO: reduced graphene oxide; poly(L-GA): poly(L-Glutamic acid); SPGE: 
screen-printed graphene electrode. 
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4.2.8 Interference study 
The effect of interferences, such as uric acid (UA), ascorbic acid (AA), citric acid 

(CA), glucose (Glu), bovine serum albumin (BSA), urea, and creatinine, along with the 
effect of some ions, comprising Na+, K+, Mg2+, Ca2+, and NH4

+, which might affect 1-OHP 
detection, was investigated. Figure 34 describes the percentage of the current signal of 
300 nM 1-OHP detection in the presence of 3 µM UA, 9 µM AA, 1500 nM CA, 300 nM Glu, 
300 nM BSA, 3 µM urea, 300 nM creatinine, 30 µM Na+, 30 µM K+, 30 µM Mg2+, 30 µM 
Ca2+, and 30 µM NH4

+. From the results, the changes in the current signal of 1-OHP 
containing different interferences were <±5%, which suggested that interferences had no 
significant effect on 1-OHP detection. Therefore, the poly(L-GA)/SPGE had good 
selectivity toward 1-OHP detection. 

 

Figure 34 Effect of some interfering substances on the detection of 300 nM 1-OHP at the 
poly(L-GA)/SPGE by SWV under optimal conditions (n = 3). 

4.2.9 Dilution and matrix effect 
In the current study, a 100-fold dilution using Gly-NaOH (pH 9.4) was used to 

evade foreign interferences in urine samples before analysis. As presented in Figure 33b, 
the information obtained from two linear regression equations could be applied to 
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calculate the percentage of the matrix effect using the following equation (Moreno-
González, Hamed, García-Campaña, & Gámiz-Gracia, 2017; Wan et al., 2018): 

Matrix effect = [(SM/SS) – 1] × 100 
where SM denotes the slope of calibration curve in matrix; and SS denotes the 

slope of calibration curve in Gly-NaOH (pH 9.4). Based on the principle, the matrix effect 
was found to be |7.57|%, suggesting that this value was <|15|%, which confirmed that the 
proposed dilution was efficient to remove the interferences in urine. 

4.2.10 Application in real urine samples 
In a practical application, the determination of 1-OHP in six urine samples from 

healthy volunteers was executed for evaluation of the potential of the proposed method. 
As the results are summarized in Table 4, the percentage values of recovery and RSD 
acquired within the acceptable value ranges of 86.06%–119.08% and 2.57%–34.77%, 
respectively. These results suggested that the proposed method is accurate, precise, and 
reliable to determine the 1-OHP in real urine samples without any interference. Therefore, 
the poly(L-GA)/SPGE offered a powerful sensor for determining 1-OHP in urine samples. 
  



  73 

Table 4 Results obtained from the determination of 1-OHP in healthy volunteer’s urine 
using poly(L-GA)/SPGE (n = 3). 

Real Samples Spiked 

(nM) 

Found 

(nM) 

Recovery 

(%) 

RSD 

(%) 

1st volunteer 10 11.23 112.31 26.34 

 500 577.96 115.59 2.57 

2nd volunteer 10 9.44 94.36 22.31 

 500 526.60 105.32 7.14 

3rd volunteer 10 11.55 115.53 22.78 

 500 456.68 91.34 12.68 

4th volunteer 10 11.18 111.75 11.81 

 500 533.77 106.75 4.20 

5th volunteer 10 8.95 89.48 34.77 

 500 430.28 86.06 11.38 

6th volunteer 10 11.91 119.08 7.26 

 500 577.59 115.52 6.06 
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4.3 Highly efficient polymeric L-methionine-modified sensor: An application for the 
simultaneous determination of 5-aminosalicylic acid and sulfapyridine 

The contents of this sub-project are in the process of writing the original research 
article. 

4.3.1 Electrochemical behaviors of 5-ASA and SPD on poly(L-Met)/SPGE 
For preliminary studies, the electrochemical behaviors of individual and 

simultaneous detection of 100 µM 5-ASA and SPD in a mixture of MeOH and 0.1 M PBS 
(pH 5.6) in a proportion of 20:80% v/v on SPGE and poly(L-Met)/SPGE were investigated 
by CV and SWV. Figure 35a and b illustrate cyclic voltammograms of the individual 
detection of 5-ASA and SPD on SPGE and poly(L-Met)/SPGE. At the unmodified SPGE 
(black dashed line), the anodic and cathodic peak potentials were noticed at around 
+0.11 and +0.02 V for 5-ASA, and +0.74 and -0.03 V for SPD. When modification of poly 
(L-Met) on SPGE was performed (red line), the peak potentials of the two compounds 
shifted to the negative direction, and the peak currents of the two compounds increased 
when compared to the unmodified SPGE. In addition, the appearance of the anodic and 
cathodic peak potentials indicated that the electrochemical reactions of these compounds 
were quasi-reversible processes. Subsequently, the simultaneous detection of 5-ASA and 
SPD on SPGE and poly(L-Met)/SPGE were studied by CV. The peak currents of the two 
compounds appeared at different peak potentials, which were consistent with the 
individual studies as evidenced in Figure 35c. Furthermore, SWV was used to confirm the 
performance of poly(L-Met)/SPGE. As shown in Figure 35d, square wave voltammograms 
of the simultaneous detection of 5-ASA and SPD on SPGE and poly(L-Met)/SPGE were 
compared. It suggested that the oxidation peaks of the two compounds were clearly 
separated at different peak potentials. Moreover, the anodic peak currents of these 
compounds were approximately 1.5 times larger than those of the unmodified SPGE. 
These results obtained from CV and SWV demonstrated that the modification of poly        
(L-Met) on SPGE exhibited the electrocatalytic properties of 5-ASA and SPD oxidation. 
Therefore, the developed poly(L-Met)/SPGE sensor was a powerful electrochemical 
sensor for the simultaneous analysis of 5-ASA and SPD. 
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Figure 35 Cyclic voltammograms of individual 5-ASA (a) and SPD (b) detections; cyclic 
(c) and square wave voltammograms (d) of the simultaneous detection of 5-ASA and 
SPD in a mixture of MeOH and 0.1 M PBS (pH 5.6) in a proportion of 20:80% v/v on 

SPGE and poly(L-Met)/SPGE. 

4.3.2 Effect of pH values and scan rates 
Investigation of adjusting the pH values of the supporting electrolyte is very 

important to the electrochemical behavior and peak appearance of the analyte. Moreover, 
this investigation can provide information on the electron and proton numbers that 
participated in the electrochemical reaction of the analyte. In this work, the effect of pH 
values on the electrooxidation behavior of 5-ASA and SPD on poly(L-Met)/SPGE was 
carefully studied by adjusting the pH from 5.0 to 8.0 using SWV. Figure 36a presents the 
plot of peak current versus different pH values for the simultaneous detection of 100 µM 
5-ASA and SPD in MeOH:PBS (20:80% v/v) on poly(L-Met)/SPGE via SWV. At low pH 
values, it provided a good electrochemical response to 5-ASA. Based on three acidity 
constants (pKa) of the 5-ASA molecule, they have been reported for the carboxylic group 
(–COOH; pKa = 3), amino group (–NH3

+; pKa = 6), and phenolic group (–OH; pKa = 13.9) 
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(Nobilis et al., 2006) (Pastorini et al., 2008). From the information of pKa, it was believed 
that the protonation of the amino group and phenolic group in the 5-ASA molecule at low 
pH values was easily oxidized at the poly(L-Met)/SPGE surface. Contrarily, the 
electrochemical response of SPD gradually increased from pH 5.0 to 5.6, then it was 
constant. According to the reported pKa value of SPD = 8.4 (Białk-Bielińska et al., 2011), 
a pH value of 5.6 was adequate to convert the protonated SPD form, resulting in the 
effortless oxidation process at the poly(L-Met)/SPGE surface. Therefore, pH 5.6 was 
chosen compromisingly as the optimal pH value for the simultaneous detection of 5-ASA 
and SPD. Additionally, the plotting graphs between the peak potential (Epa) and pH values 
for 5-ASA and SPD, respectively, were constructed as shown in Figure 36b. It was found 
that SPD provided one linear relationship, but 5-ASA offered two linear relationships. The 
phenomenon of 5-ASA might be caused by an intersection point at pH of about 6, which 
could be attributed to the amino group (pKa = 6) of 5-ASA (Shahrokhian, Hosseini, & 
Kamalzadeh, 2013) (Torkashvand, Gholivand, & Taherkhani, 2015). The slope values of   
-0.0542 V pH-1 for SPD (red line) and -0.0615 V pH-1 of the first linear relationship for            
5-ASA (green line) were close to the Nernstian theoretical value of -0.059 V pH-1, signifying 
an equal number of protons and electrons participated in the electrochemical reaction as 
previously reported (Rajkumar, Choi, & Kim, 2021) (Sohouli, Karimi, Khosrowshahi, 
Rahimi-Nasrabadi, & Ahmadi, 2020) (Teradale, Lamani, Ganesh, Swamy, & Das, 2017) 
(Afshar, Zamani, & Karimi-Maleh, 2019). 

The effect of scan rates is one of the important factors that can indicate whether 
the analyte’s mass transfer process at the electrode surface is adsorption or diffusion 
controlled. In this work, the effect of scan rates on the simultaneous detection of 100 µM 
5-ASA and SPD at the poly(L-Met)/SPGE was investigated in the range of 0.025–0.25          
V s-1 via CV (Figure 36c). The linear relationships between the peak current (Ipa) and the 
square root of the scan rate (v1/2) for 5-ASA and SPD were revealed in Figure 36d, 
demonstrating the diffusion-controlled electrochemical process. Besides, when graphs 
were plotted between log Ipa and log v for 5-ASA and SPD, the slope values were close to 



  77 

0.5, which confirmed that the electrochemical processes of the two analytes were 
controlled by the diffusion process (David K. Gosser, 1993). 

 

Figure 36 The plot of Ipa vs. pH values (a). and Epa vs. pH values (b) for 5-ASA and SPD. 
Cyclic voltammograms of the simultaneous detection of 100 µM 5-ASA and SPD in 

MeOH:PBS (20:80% v/v) at various scan rates (c) and the plot of Ipa vs. the square root 
of the scan rate (d). Error bars represent the standard deviation of the simultaneous 
detection of 5-ASA and SPD at various pH values and scan rates for three repetitive 

measurements (n = 3). 

4.3.3 Optimization of electropolymerization for L-Met 
The study of optimization parameters of the polymeric electropolymerization is 

significant to the formation of the film thickness on the electrode surface, resulting in the 
electrochemical response of the analyte. In this work, the concentration of L-Met solution, 
the number of scans for electropolymerization, and the scan rate for electropolymerization 
were studied. From the results in Figure 37, the optimal parameters for 
electropolymerization were the concentration of L-Met solution of 6 mM, the number of 
scans at 3 cycles, and the scan rate of 100 mV s-1. 
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Figure 37 Influence of electropolymerization procedure, including concentration of        
L-methionine (a), number of scans (b), and scan rate (c). Error bars represent the 

standard deviation of the simultaneous detection of 5-ASA and SPD using SWV for three 
repetitive measurements (n = 3). 

4.3.4 Influence of the proportion between MeOH and PBS 
To obtain the high performance of the simultaneous 5-ASA and SPD detection, 

the proportion of a mixture between MeOH and 0.1 M PBS (pH 5.6) was investigated in 
the range of 5–40% v/v of MeOH using SWV. Figure 38a and b exhibit the results of the 
proportion studied of MeOH:PBS, which significantly impacted the electrochemical 
response of 5-ASA and SPD. Obviously, the proportion at 5% v/v of MeOH provided the 
highest peak currents of 5-ASA and SPD. In addition, the peak potentials of these analytes 
slightly shifted to the negative direction. These results might be associated with the good 
solubility of the analytes. However, at high proportions of MeOH, the poor peak currents 
of two analytes with a slight shift in the positive direction were observed. The decrease of 
the peak currents and the shift of the peak potentials were caused by the high solution 
resistance in the non-aqueous system, which might obstruct the electron transfer process 
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of the analytes at the electrode surface. Therefore, the proportion of the MeOH:PBS 
mixture at 5:95% v/v was selected as the best proportion for the simultaneous detection 
of 5-ASA and SPD. 

 

Figure 38 Square wave voltammograms (a) and a chart of the peak current (b) of the 
simultaneous detection of 5-ASA and SPD in a mixture of MeOH and PBS at different 

proportions. 

4.3.5 Analytical performance 
Under optimal conditions, the SWV technique was employed to verify the 

analytical performance of the proposed method for the simultaneous detection of 5-ASA 
and SPD at different concentrations, as depicted in Figure 39a. The linear dynamic ranges 
between the peak current and concentration of two metabolites were plotted in the range 
of 1–250 µM (Figure 39b). From the linear regression equations of two metabolites, the 
limits of detection (LODs) of each metabolite were found to be 0.60 and 0.57 µM for            
5-ASA and SPD, respectively, which were calculated from 3SD/m (where SD denotes the 
standard deviation of the blank measurements (n = 7), m denotes the slope of the 
calibration curves). As compared to previously reported publications, especially in the 
field of electrochemical detection, this work is the first report on the application of a 
polymeric-modified screen-printed graphene electrode for the simultaneous detection of 
5-ASA and SPD, indicating the therapeutic determinant of the action of SSZ. The sample 
application in urine is noninvasive, which has many advantages, such as expedient 
access, reduced pain or discomfort, no incisions, stitches, or scars, no hospital stays, 
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little downtime and recuperation, and cost savings. Furthermore, the developed sensor 
had various benefits, such as ease and rapidity of manufacture, inexpensiveness, and the 
need for a small sample volume. Since it has great efficiency, the proposed methodology 
could be an alternative to methods currently used to analyze 5-ASA and SPD 
simultaneously in biological fluid samples. 

For simultaneous detection, it is necessary to investigate the reciprocal effect 
from both analytes. Therefore, only one standard solution of metabolites was studied by 
varying the concentration in the range of 1–50 µM while the concentration of other 
metabolites was fixed at 10 µM (Figure 39c–f). The peak currents exhibited good linearity 
without interfering with the others. From the results of the plotting graphs, the slopes of 
the two metabolites were consistent with the previous linearity study. These results 
confirmed that these metabolites had no influence on each other. Thus, the developed 
sensor offered a high potential for the simultaneous detection of 5-ASA and SPD in a     
real-world situation. 
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Figure 39 Square wave voltammograms for the simultaneous detection of 5-ASA and 
SPD (a) and the linear dynamic ranges between the peak current and concentration of 
5-ASA and SPD (b). Square wave voltammograms (c) and the plotting graph (d) for the 
5-ASA detection in the presence of 10 µM SPD. Square wave voltammograms (e) and 

the plotting graph (f) for the SPD detection in the presence of 10 µM 5-ASA. 
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4.3.6 Selectivity, reproducibility, and stability of the sensor 
The SWV technique was used to estimate the selectivity of poly(L-Met)/SPGE for 

the simultaneous detection of 5-ASA and SPD in the presence of the common 
physiological interferences, including uric acid (UA), bovine serum albumin (BSA), 
ascorbic acid (AA), citric acid (CA), glucose (Glu), creatinine, and urea. Additionally, the 
effect of some substances, comprising NaCl, KCl, CaCl2, MgCl2, ZnSO4, and (NH4)2S2O8, 
which could affect the simultaneous detection of 5-ASA and SPD. Figure 40 presents the 
percentages of the electrochemical responses of 20 µM 5-ASA and SPD detection in the 
presence of 40 µM UA, 20 µM BSA, 200 µM AA, 1 mM CA, 6 mM Glu, 100 µM creatinine, 
8 mM urea, 20 mM NaCl, 20 mM KCl, 10 mM CaCl2, 10 mM MgCl2, 2 mM ZnSO4, and         
2 mM (NH4)2S2O8. From the results, the percentages of the electrochemical responses of 
two analytes in the presence of several interferences were <±5%, demonstrating that 
interferences had no significant effect on 5-ASA and SPD detection. 

In terms of reproducibility, the SWV technique was also used for the simultaneous 
detection of 5-ASA and SPD at three concentrations (5, 20, and 50 µM). The relative 
standard deviation (RSD) values for seven repetitive measurements were <15%, which 
agreed with the AOAC recommendation (Latimer, 2016). For the long-term stability study 
of poly(L-Met)/SPGE, it was assessed using simultaneous detection of 5-ASA and SPD. 
The electrochemical response of two analytes could remain at 86.68% for 31 days, which 
suggests that this proposed sensor reveals good stability to simultaneously detect the     
5-ASA and SPD. 
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Figure 40 Influence of some interferences on the simultaneous detection of 5-ASA and 
SPD at the poly(L-Met)/SPGE. 

4.3.7 Determination of 5-ASA and SPD in real samples 
To ascertain the ability of the developed sensor and the feasibility of the 

proposed method, the simultaneous analysis of 5-ASA and SPD in practical applications 
was explored in real human urine samples using the standard addition method. Three 
human urine samples were diluted 600 times using a mixture between MeOH and 0.1 M 
PBS (pH 5.6) in a proportion of 5:95% v/v. Then, the known standard solutions of 5-ASA 
and SPD were spiked into the samples, and the accuracy and precision were evaluated. 
The results of this study are summarized in Table 5. The percentages of recovery and 
RSD values for intra-day and inter-day studies were obtained in the acceptable ranges by 
AOAC recommendation (Latimer, 2016), signifying the authenticated realization of the 
developed sensor and proposed method in real sample analysis. Therefore, the poly       
(L-Met)/SPGE had sufficient sensitivity, selectivity, reproducibility, and reliability to 
simultaneously monitor the 5-ASA and SPD in biological fluid samples. 
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Table 5 Practical applications of poly(L-Met)/SPGE for the simultaneous analysis of       
5-ASA and SPD in real urine samples. 

Urine 

Samples 

Analytes Spiked  

(µM) 

Intra-day   Inter-day   

Found 

concentration, 

mean ± SD 

(µM) 

Recovery 

(%) 

RSD 

(%) 

Found 

concentration, 

mean ± SD 

(µM) 

Recovery 

(%) 

RSD 

(%) 

1st 

volunteer 

5-ASA 10 

30 

9.52 ± 1.26 

29.69 ± 1.85 

95.17 

98.96 

13.29 

6.24 

9.92 ± 0.40 

29.15 ± 1.22 

99.19 

97.17 

4.01 

4.17 

SPD 10 

30 

9.10 ± 0.84 

31.67 ± 1.34 

91.03 

105.55 

9.19 

4.22 

9.42 ± 0.37 

31.40 ± 0.39 

94.16 

104.66 

3.91 

1.24 

2nd 

volunteer 

5-ASA 10 

30 

8.23 ± 0.83 

30.13 ± 3.17 

82.26 

100.45 

10.12 

10.52 

9.06 ± 0.86 

28.48 ± 2.92 

90.62 

94.93 

9.52 

10.27 

SPD 10 

30 

8.60 ± 0.83 

31.18 ± 0.96 

85.96 

103.93 

9.64 

3.07 

8.13 ± 0.56 

27.75 ± 3.00 

81.29 

92.52 

6.95 

10.80 

3rd 

volunteer 

5-ASA 10 

30 

9.31 ± 1.25 

32.66 ± 3.60 

93.15 

108.87 

13.43 

11.03 

9.46 ± 0.15 

31.75 ± 1.67 

94.58 

105.82 

1.56 

5.26 

SPD 10 

30 

8.20 ± 0.25 

31.54 ± 2.97 

82.02 

105.14 

3.06 

9.42 

8.50 ±0.63 

30.80 ± 2.21 

84.94 

102.67 

7.41 

7.17 

  



 

CHAPTER 5 
CONCLUSIONS 

The aims of this dissertation are to develop electrochemical sensors by searching 
for novel materials used in analytical sensing applications and to improve the performance 
of the developed sensors by integrating the excellent properties of the nanomaterials, 
polymers, or both for specific biomarker detection. The results obtained suggest that the 
developed sensors exhibit outstanding performance for monitoring the target analytes. 
Individual conclusions for each detection of important analytes were deduced as follows: 
5.1 A new nanocomposite-based screen-printed graphene electrode for sensitive and 
selective detection of 8-hydroxy-2'-deoxyguanosine 

An electrochemical sensing platform for 8-OHdG detection based on assembled 
layers of poly(L-methionine) and AuNPs-modified SPGE was successfully fabricated. The 
synergistic coupling effect of poly(L-methionine), AuNPs, and graphene can improve the 
specific surface area, enhance electrical conductivity, and promote the electrochemical 
activity of 8-OHdG. Under optimal conditions, the detection of 8-OHdG was achieved in 
the range of 1–50 µM with a limit of detection of 92 nM. Moreover, no enzymatic catalyst 
usability is needed to reduce interfering UA before analysis, leading to a savings in 
analysis costs. The main advantages of this developed sensor that are superior to those 
in previous reports are the simple steps for fabrication, the small size, disposability, 
portability, and the requirement of a small sample volume. As a benefit, the suggested 
method may be a viable alternative for screening the 8-OHdG level in the early stages of 
diagnosis and risk assessment of their levels in the human body. 
5.2 A novel and easy-to-construct polymeric L-glutamic acid-modified sensor for urinary 
1-hydroxypyrene detection: Human biomonitoring of polycyclic aromatic hydrocarbons 
exposure 

An electrochemical analytical device using poly(L-GA) modified SPGE for the 
rapid, simple, sensitive, and selective determination of trace amounts of 1-OHP was 
successfully demonstrated. The developed sensing platform was easily fabricated by 
using only one modifier for the surface modification of SPGE via a single step of 
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electropolymerization. The poly(L-GA) thin film that adhered to the surface of SPGE 
demonstrated excellent electrocatalytic performance, increasing the specific surface area 
and promoting the electron-transfer rate, resulting in improved sensitivity and selectivity 
in 1-OHP detection. Under optimal conditions, the 1-OHP sensing provided a wide linear 
range with a low detection limit. Furthermore, no chromatographic sample preparation 
was required prior to analysis for removing interferences. This proposed methodology and 
developed sensor could be applied to successfully determine 1-OHP in human urine 
samples. This new platform provided the rapid and simple fabricating process, 
inexpensiveness, small size, disposability, need for a small sample volume, and suitability 
for portability. Therefore, this novel sensor might be employed as an alternative device for 
monitoring and analyzing trace 1-OHP concentrations in the environment and workplace 
that have a high possibility of illness risk linked to PAHs in the human body. 
5.3 Highly efficient polymeric L-methionine-modified sensor: An application for the 
simultaneous determination of 5-aminosalicylic acid and sulfapyridine 

In this present work, the success in the fabrication of an electrochemical sensor 
using poly(L-Met) as the sole modifier for modifying the SPGE surface via 
electropolymerization and the investigation of electroanalytical performance toward the 
simultaneous detection of 5-ASA and SPD were obtained. The developed electrochemical 
sensor had superior electrocatalytic performance to simultaneously detect two 
metabolites. Under optimal conditions, the poly(L-Met)/SPGE provided a wide linear 
dynamic range (1–250 µM), with detection limits of 0.60 and 0.57 µM for 5-ASA and SPD, 
respectively. In practical applications, this developed sensor and proposed methodology 
were successfully utilized for the simultaneous determination of 5-ASA and SPD in real 
human urine samples with high accuracy, precision, reproducibility, stability, and 
reliability. Therefore, the simultaneous detection of 5-ASA and SPD, metabolizing 
substances by SSZ, could provide the therapeutic determinant for SSZ's action and might 
be helpful for medical professionals in the treatment of rheumatoid arthritis and 
inflammatory bowel illnesses. 
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