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ABSTRACT 

Title DEVELOPMENT OF NEW ELECTROCHEMICAL SENSORS FOR 
DETERMINATION OF BIOLOGICAL INDICATORS FOR DISEASES   

Author KANTIMA KAEWJUA 
Degree DOCTOR OF PHILOSOPHY 
Academic Year 2023 
Thesis Advisor Associate Professor Dr. Weena Siangproh  

  
This dissertation aims to develop new electrochemical sensing platforms using 

modified screen-printed graphene electrodes (SPGEs) for the determination of significant biological 
indicators.  This research was divided into two sections.  The first section is split into two subprojects: 
the first deals with the electrochemical sensors for tyramine detection and the other with the 
simultaneous detection of levodopa (L-DOPA) and L-Tyrosine (L-Tyr), respectively.  The first 
subproject focused on the use of poly(histidine)-based SPGE electrocatalytic activity towards 
tyramine oxidation, yielding greater sensitivity than bare SPGEs.  This developed platform showed 
two wide linear ranges of 0.5–20 µM and 50–300 µM with a limit of detection (LOD) of 0.065 µM.  The 
next subproject reports on a new electrochemical platform using poly(L-proline)-linked 
nanodiamonds on SPGEs.  To be highlighted, this platform can unlock interfering substances from 
printing ink components and improve L-DOPA and L-Tyr signals.  Broad working ranges of 0.075–50 
µM with a low LOD of 0.021 µM for L-DOPA and 2.5–120 µM with a LOD of 0.74 µM for L-Tyr were 
obtained.  The as-prepared sensor demonstrated good reproducibility and long-term stability, lasting 
up to five weeks.  The second section focused on the modification of SPGEs with biocatalyst 
materials based on a hemin matrix assembled on carbonaceous material for measuring hydrogen 
peroxide (H2O2) levels by amperometry.  The combination of these modifiers produced synergistic 
effects that provided for a wide detection range of 1–10 µM and 30–1000 µM with a LOD of 0.11 
µM.  This non-enzymatic sensor offers the capacity to function as an even more effective 
electrocatalyst for H2O2 reduction, which opens up its potential uses in exhaled breath 
analysis.  Therefore, it is possible to draw the conclusion that the key results of all the sensing 
platforms developed for this dissertation were user-friendliness, practicality, and the ability to provide 
sufficient analytical performance in practical applications. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 
Over the past few decades, the development of analytical methods for 

determining biological and chemical markers in the quality and safety of food and 
healthcare applications has gained attention.  The impact of these markers is critical to 
ensuring that their amounts do not affect human health.  As a result, the requirement to 
develop and establish sensitive and practical analytical methods is always mentioned to 
obtain a new option for quantitative analysis.  Several analytical techniques including 
high performance liquid chromatography (HPLC), gas chromatography (GC), 
spectrometric methods, quantitative real time polymerase chain reaction (qPCR) and 
enzyme-linked immunosorbent assay (ELISA) have been generally developed to fulfill 
those requirements.  Even though their fascinating properties have enabled high 
sensitivity and selectivity, these approaches are inconvenient for routine and field 
analysis because of the large instrumentation, costly equipment, time-consuming, and 
complicated sample pretreatment.  To overcome the aforementioned limitations, the 
development of a reliable and efficient analytical method for the detection of important 
biological and chemical markers is necessitated. 

Biogenic amines (BAs) are one of the most important chemical markers of 
freshness index for protein-rich foods, microbial contamination, and quality of food 
products.  BAs not only act as food quality markers for microbial contamination and 
processing conditions but also play a crucial role in physiological and toxicological 
effects.  Tyramine is the most relevant biogenic amine which is found in cheeses 
(Özogul & Özogul, 2019) and is also commonly presented in other fermented products, 
dairy products, and beverages (McCabe-Sellers et al., 2006; Santos, 1996).   
The formation of tyramine is derived from the microbic decarboxylation of tyrosine. 
While this BA is normally present in small amounts, it was readily detoxified by the action 
of monoamine oxidase (MAO) in the human intestines and liver.  However, large 
quantities of tyramine have been implicated as intoxication results for humans. 
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High consumption of tyramine-containing food can indirectly stimulate the increase of 
high blood pressure and heart rate through the release of noradrenaline from the 
sympathetic nerve endings (Rand & Trinker, 1968).  Therefore, the potentially toxic 
effects of excessive amounts of tyramine may cause the adverse health risks such as 
severe headaches, migraine, brain hemorrhage, and heart failure (Smith, 1981).  
Especially, the patients who intake MAO inhibitor ( MAOI)  drugs can suffer a 
hypertensive crisis or cheese reaction (Ladero et al., 2010; Yigit & Ersoy, 2003), since 
the inhibition activity of these drugs may reduce the metabolism of tyramine leading to 
vasopressor effect.  As mentioned, tyramine needs to be controlled in order to ensure 
the level of food quality and safety for consumers.   

The other important biological markers that have a high potential for diagnostic 
and prognostic monitoring of cancer status will be focused on as sequence.  As we 
know, cancer is caused by the biomarkers that are most commonly released by gene 
mutations and cell division.  Normally, each cell type has its unique molecules and 
identifiable characteristics, such as gene activity, gene products, DNA, RNA, protein, 
enzymes, hormones, molecules and specific cells (Hasan et al., 2021).  Therefore, the 
presence of these biomarkers at different levels from normality can be used as a marker 
for early detection of cancer status.  The samples of detection can come from various 
human body fluids such as blood, urine, serum, and plasma depending on the progress 
of cancer.  For example, the ratio of levodopa (L-DOPA) and L-tyrosine (L-Tyr) serves as 
an index of tyrosinase activity which is a key factor in melanogenesis since it catalyzes 
the rate-limiting step in melanin biosynthesis (Letellier et al., 1997).  Hence, the L-
DOPA/L-Tyr concentration ratio is one of the important biomarkers for the stage of 
melanoma in human serum and plasma.  A few literature reviews addressed the 
development of simultaneous detection of L-DOPA and L-Tyr using the HPLC method 
(Letellier et al., 1999; Stoitchkov et al., 2003) and electrochemical technique 
(Hassanvand & Jalali, 2019; Revin & John, 2013).  However, the development of 
electrochemical sensing for point-of-care testing of melanoma biomarkers detection, 
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which provides reliable diagnostics, significantly enhances sensitivity and specificity, is 
still needed. 

Real-time tracking of oxidative metabolic substances is also crucial in clinical 
analysis due to their significance related to biological processes in living organism 
settings.  Hydrogen peroxide (H2O2) is a signaling biomarker, that plays a key role in 
regulating metabolite operative processes in biological systems, such as cellular 
damage, aging, and cancer growth (Halliwell et al., 2000; Sies, 2017).  Moderate 
intracellular level of H2O2 ranges from 10 nM to 1 µM (Stone & Yang, 2006).  Additionally, 
elevated H2O2 levels in exhaled breath have been considered as a potential biomarker 
of inflammation and oxidative stress in the airways.  It is a reliable and accurate indicator 
of lung-related illnesses such as chronic obstructive pulmonary disease (COPD) and 
asthma (Lases et al., 2000).  The exhaled breath condensate (EBC) analysis serves as a 
non-invasive sampling tool for collecting biological samples without causing any 
physical injury to the body.  Hence, measuring H2O2 in EBC samples has led to its 
potential monitoring and diagnosing pulmonary pathologies in humans.  Nevertheless, 
the hydrogen peroxide content in the condensate tends to be low, typically ranging from 
nano-molar to micro-molar levels.  Therefore, reliable and precise methods for real-time 
H2O2 monitoring in living cells remain challenging. 

Accordingly, sensitive, selective, and inexpensive methods for the 
determination of biological indicators have been developed to evaluate their level for 
practical applications.  Electrochemical technique has gained widespread acceptance 
as an alternative tool because of its simplicity, portability for on-site analysis, cost-
effectiveness, fast response time, ability to analyze small volumes of samples, high 
sensitivity, and selectivity (Jadon et al., 2016).  However, the major problem for the 
electrochemical detection of these mentioned biomarkers is poor sensitivity at bare 
electrodes without any modification.  Hence, exploring new materials for electrode 
modification could be beneficial for remarkable improvement of the sensitivity of 
electrochemical sensing platforms.  Recently, various materials have been used for the 
development of electrochemical sensors such as functionalized multi-wall carbon 
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nanotubes (Baghayeri & Namadchian, 2013), graphene (Zhang et al., 2016), enzyme-
immobilization on various materials (Calvo-Pérez et al., 2013), nanocomposites between 
conducting polymer and nanomaterials (Dalkıran et al., 2019) ,and molecularly imprinted 
polymers (MIPs).  Among these, the modified electrode via conducting polymers (CPs), 
has been achieving attention as a new trend in the electroanalytical field to solve the 
mentioned drawbacks because of their outstanding properties such as a wide range of 
electrical conductivities, ease of fabrication, corrosive resistance as well as high 
environmental stability. 

Taking into account the aforementioned incentives, this dissertation has been 
split into two sections that focus on the development of new electrochemical sensing 
platforms to effectively and precisely determine biomarker levels.  These platforms are 
constructed using either solely poly (amino acid) or in combination with nanomaterials 
and biocatalyst-linked carbonaceous materials-modified electrodes. 

The first section of this dissertation is divided into two subprojects, which figure 
out the development of electrochemical sensing platforms for tyramine detecting and 
the simultaneous detection of L-DOPA and L-Tyr.  The first subproject proposed the 
development of a novel electrochemical sensor based on poly(histidine) coated on 
printed graphene electrodes for tyramine detection.  A poly(histidine) was prepared by 
electropolymerization directly at a screen-printed graphene electrode (poly(His)/SPGE).  
Moreover, this poly(His)/SPGE not only increases the electrochemical response of 
tyramine, but also possesses many significant advantages such as non-toxicity, 
biocompatibility, and ease of single modification step.  After the systematic investigation 
and optimization of all parameters, this proposed sensor is expected to show a good 
linear range, reproducibility, and selectivity for the determination of tyramine.  
Furthermore, it will be successfully applied to the analysis of tyramine in real samples 
such as food samples and biological fluids. 

The second subproject described the development of a new electrochemical 
platform for the simultaneous determination of L-DOPA and L-Tyr using layer-by-layer 
assembled poly(L-proline) decorated nanodiamonds on printed graphene.  Generally, 
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the simultaneous detection of multiple analytes in electrochemical technique still suffers 
from similar redox potentials of analytes of interest.  Hence, chemically modified 
electrodes fabricated from this research will be proposed to overcome the previous 
limitations by changing the redox reaction kinetics leading to the distinction between 
target analytes and co-existing substances.  The as-modified electrode was fabricated 
via layer-by-layer electrodeposition of poly( L-proline) (poly(L-Pro)) and nanodiamond 
(ND) onto screen-printed graphene electrode.  The use of poly(L-Pro) and ND-based 
electrodes paves a feasible way to unlock the coexisting interfering substances from ink 
composition and improve electrochemical response.  Under optimal conditions, the 
developed sensor provided a wider linear concentration range with sufficient low limit of 
detection, making it suitable for real sample analysis.  Ultimately, this sensor was utilized 
to prove a concept by using it to measure the amounts of L-DOPA and L-Tyr in human 
urine and serum samples.  The precision and reliability of the as-proposed sensing 
platform were confirmed through the recovery and relative standard deviation, which 
matches the AOAC guidelines.  As a result, this poly(L-Pro)/ND/SPGE can be a 
promising analytical platform for the prognosis and metastatic monitoring of melanoma 
as well as the other abnormalities related to these biomarkers. 

The second section of this dissertation focused on the development of an 
electrochemical sensing platform using biocatalyst-linked carbon-based materials 
coated with SPGE for H2O2 detection in EBC samples.  A non-enzymatic sensing 
platform was fabricated through a step-by-step drop-casting approach.  First, short-thin 
multi-walled carbon nanotubes (ST-MWCNTs) was assembled on screen-printed 
graphene electrode (SPGE).  Then, hemin-entrapped polyethyleneimine was drop-
casted on ST-MWCNTs/SPGE, resulting in hemin-PEI/ST-MWCNTs/SPGE.  Hemin-
PEI/ST-MWCNTs/SPGE is a more efficient electrocatalyst towards H2O2 reduction due to 
its hemin-entrapped PEI characteristics and roughness features of ST-MWCNTs. 
The quantification of H2O2 was performed by chronoamperometry technique which 
provided good analytical performance.  Such a sensor possesses excellent selectivity; it 
was successfully used to measure H2O2 in exhaled breath samples from healthy 
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subjects, yielding acceptable recovery ranges.  Therefore, this proposed sensing 
platform has potential clinical significance as an alternative diagnostic tool for lung 
diseases. 

1.2 Objectives of the research 
The aim of this research consisted of three major goals as listed below: 

1.  To develop a novel electrochemical sensor for tyramine monitoring in 
cheese and biological samples for food safety and clinical monitoring. 

2.  To fabricate a new electrochemical platform for the simultaneous 
determination of L-DOPA and L-Tyr in urine and serum samples for evaluating the 
abnormalities related to these biomarkers. 

3. To propose a non-enzymatic electrochemical sensing platform for 
amperometric detection of H2O2 for use as a potential alternative device for breath 
biopsy. 

1.3 Significance of the research 
1. New electrochemical sensors based on conducting polymers, nanomaterials, 

and biocatalyst modifiers can be used to determine the concentration of selected 
important biological and chemical markers, including tyramine, L-DOPA, L-Tyr, and 
H2O2. 

2. All catalyst materials used in this research can be easily produced through 
straightforward techniques, thus boosting their electrochemical sensing capabilities. 

3. The proposed electrochemical sensing platforms possess the potential to 
serve as promising alternative tools in practical applications such as food quality and 
safety control and clinical diagnosis. 

1.4 Scope of the research 
This research focuses on the development of new electrochemical sensors for 

the determination of tyramine, L-DOPA, L-Tyr, and H2O2.  Chemically modified SPGEs 
based on amino acid-based polymers and biocatalyst materials were used to fabricate 
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electrochemical sensing platforms.  All modifiers feature cost-effective materials, facile 
fabrication, and user-friendly while maintaining high sensitivity and selectivity.  All 
parameters concerning modification processes, pH of supporting electrolytes, and 
electrochemical technique conditions were systematically investigated to obtain the 
optimal conditions.  Analytical performances such as linear working range, the limit of 
detection, the effect of potential interfering substances, accuracy, precision, and long-
term stability were studied.   Subsequently, these developed sensing platforms were 
eventually applied to determine target analytes in real samples, with the goal of 
advancing them as alternative analytical tools for practical applications. 
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CHAPTER 2  
THEORY AND LITERATURE REVIEWS 

2.1. Electroanalytical chemistry 
Electrochemistry is the subdiscipline of chemistry that is concerned with the 

relationship between electrical properties and chemical changes.  The study of 
chemical changes generated by electricity in terms of a flow of electrons carried by an 
electric current and the electrical energy produced by chemical reactions (Bard & 
Faulkner, 2001).  Therefore, the produced quantity of electrical properties, including 
current, potential, resistance, conductance, and capacitance, is an essential part that 
can be applied for field analysis, medical applications, environmental prevention, food 
safety & quality control, and other related areas (Zhu & Shi, 2019).  Likewise, in field 
analysis, the electroanalytical technique encompasses a quantitative analytical 
approach based on the electrical properties of target analyte solution in the 
electrochemical cell. 

Electroanalytical technique has been developed for qualitative and/or 
quantitative analysis of target analyte through measuring an electrical signal that is 
related to the concentration of the target analyte.  This means that the measured 
electrical value is directly proportional to the target analyte concentration (quantitative 
analysis) or the characteristic potential (peak potential and half-wave potential) value 
can easily and unambiguously be determined (qualitative analysis) (Scholz, 2010).  
Depending on which characteristics of the cell are controlled and measured, this 
technique can be divided into 4 categories including potentiometry, coulometry, 
voltammetry, and electrochemical impedance spectroscopy (EIS).  Here in, voltammetry 
and EIS techniques were employed as promising tools for quantitative analysis as well 
as electrochemical characterization of electrode interfaces in this research due to their 
sensitivity and wide dynamic range in field analysis. 
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2.1.1 Voltammetry 
Voltammetry is a category of electroanalytical technique which is performed 

by applying potential to a working electrode versus a reference electrode and 
measuring the current (Kissinger & Heineman, 2018).  The current obtained is the result 
from reduction or oxidation reaction of electroactive species at the working electrode.  
When the working electrode is applied potential to negative direction, electroactive 
species can be reduced (oxidizing agent) and resulting in reduction reaction.  On the 
other hand, when the working electrode is applied potential to positive direction, 
electroactive species can be oxidized (reducing agent) and resulting in oxidation 
reaction. 

A typical arrangement for a voltammetric electrochemical cell is shown in 
Figure 1.  It consists of a three-electrode system, supporting electrolyte, and a 
potentiostat. 

1. Three-electrode system, including a working electrode, counter 
electrode, and reference electrode, is an important part of this voltammetric 
electrochemical system. 

1.1 Working electrode is a critical factor in the electrochemical 
reaction which corresponds to the concentration of the target analyte.  The most 
important aspect of the working electrode is its different materials in the potential range 
of interest.   The working electrode must be stable and may be modified by chemical 
surface modification to improve sensitivity. 

1.2 Counter electrode is an electrode which is adjusted to balance 
the reaction occurring at the working electrode.  It is usually made of inert materials 
such as platinum, gold, graphite, and glassy carbon.  The surface area of this electrode 
must be higher than the area of the working electrode because of the reduction of the 
kinetic factor in the electrochemical process. 

1.3 Reference electrode is used as a reference value against which 
the potential of a working electrode is measured in an electrochemical cell.   
This electrode is made in such a way that its potential is constant without any current 
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passing through it.  The common reference electrode was used in voltammetry such as 
saturated calomel electrode (SCE) and silver/silver chloride electrode (Ag/AgCl). 

2. Supporting electrolyte is a substance that is dissolved in the solvent to 
decrease the resistance. The characteristics of supporting electrolyte have a good 
conductivity, highly soluble, chemically and electrochemically inert, and pureness.  
Moreover, a proper supporting electrolyte concentration is also necessary to limit the 
migration current. 

3. Potentiostat is used to control the applied potential of the working 
electrode as a function of the reference electrode potential. 

 

 

Figure  1 Illustration of a voltammetric electrochemical cell 

Voltammetry includes linear sweep voltammetry (LSV), cyclic voltammetry 
(CV), normal pulse voltammetry (NPV), differential pulse voltammetry (DPV), square-
wave voltammetry (SWV), stripping voltammetry, and amperometry.  These techniques 
are effective for the quantitation of low levels and have a wide dynamic range that 
depends on the potential waveform which is scanned to a working electrode.  In this 
research, cyclic voltammetry, differential pulse voltammetry, and chronoamperometry 
were used for electrode modification, characterization, and electrochemical detection, 
respectively. 
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2.1.1.1 Cyclic voltammetry 
Cyclic voltammetry is a powerful and popular electrochemical technique 

employed as a first investigation of the electrochemical properties of electroactive 
species.  In addition, it also offers a rapid location of the redox potentials of the 
electroactive species as well as the evaluation of the effect of media on the redox 
process. 

In the CV experiment, the stationary working electrode is performed by 
scanning linearly the potential versus time as a potential waveform, as shown in Figure 
2.  The current that occurs at the electrode-solution interface from the electron transfer 
process is measured by the potentiostat during the potential scan.  This obtained 
current is proportional to the concentration of electroactive species. 

 

 

Figure  2 Potential waveform in a cyclic voltammetric experiment 

Source: Wang, J. (2006). Study of Electrode Reactions and Interfacial 
Properties. Analytical Electrochemistry, 29-66. 

The resulting plot of current versus potential is termed a cyclic 
voltammogram.  The cyclic voltammogram for a reversible redox process in a single 
potential cycle is exhibited in Figure 3.  The first half-cycle is performed by scanning 
potential to a more negative direction resulting in the only oxidized form (O) that initially 
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occurred.  As the applied potential continually reaches the characteristic potentials (E°) 
of the redox process, a cathodic peak current (Ip,c) appears and the resulting potential is 
termed a cathodic peak potential (Ep,c).  Whereas the applied potential is scanned in a 
positive direction, the reduced form (R) is re-oxidized back to O, resulting in an anodic 
peak current (Ip,a), and the resulting potential is termed an anodic peak potential (Ep,a) 
(Wang, 2006). 

 

 

Figure  3 Cyclic voltammogram for a reversible redox process 

Adapted from: Dickinson, E.  (2013).  Modeling Electroanalysis: Cyclic 
Voltammetry. Retrieved from https://www.comsol.com/blogs/modeling-electroanalysis-
cyclic-voltammetry/ 

The cyclic voltammogram is characterized by several important 
parameters that influence the difference of the cyclic voltammetric response.  The rate of 
electron transfer is a significant factor that affects CV response.  It should be obvious 
that the CV response is related to the speed of electron transfer.  If the electron transfer 
occurs quickly without thermodynamic barriers, it is called as a reversible process. 
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On the other hand, if the electron transfer is sluggish due to its complication, irreversible 
and quasi-reversible processes arise. 

According to a reversible process, the expression for peak current is 
given by the Randles-Sevcik equation at 25°C, as: 

Ip = (2.69 × 105) n3/2ACD1/2  1/2 ………………… equation 1 
Where: 
Ip is the peak current  
n is the number of electrons involved in the redox reaction 
A is the area of electrode in cm2 
C is the bulk concentration of the electroactive species in mol cm–3 
D is the diffusion coefficient in cm2 s–1 

 is the scan rate in V s–1 
From the above equation, all parameters including the number of 

electrons, area of electrode, diffusion coefficient, and concentration of the electroactive 
species are constantly controlled.  Thus, the increase of peak current depends on the 
square root of the scan rate.  This means that the relationship between peak current and 
the square root of the scan rate is considerably useful for the study of controlled 
electrode processes at the electrode surface.  

For an irreversible process, which is of the sluggish electron transfer 
process.  The individual peaks are smaller and more widely separated (Figure 4, curve 
A).  Since, an irreversible process is characterized by a shift of the peak potential with 
the scan rate.  Thus, the peak current, given by: 

Ip = (2.99 × 105) n (α na)1/2ACD1/2  1/2 ………………… equation 2 

Where: 
Ip is the peak current  

α is the electron transfer coefficient 
na is the number of electrons involved in the redox reaction 
A is the area of electrode in cm2 
C is the bulk concentration of the electroactive species in mol cm–3 
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D is the diffusion coefficient in cm2 s–1 

 is the scan rate in V s–1 
While a quasi-reversible process is controlled by both electron transfer 

and mass transport.  The voltammogram of a quasi-reversible process (Figure 4, curve 
B) is extended, which leads to a larger separation in peak potentials compared to a 
reversible process. 

 

 

Figure  4 Cyclic voltammogram of (A) an irreversible and (B) a quasi-reversible process  

Source: Wang, J. (2006). Study of Electrode Reactions and Interfacial 
Properties. Analytical Electrochemistry, 29-66. 

For obtaining the characterization and qualitative information of target 
analytes, cyclic voltammetry is the most extensively used technique.  Because of its 
capacity to rapidly provide significant information on the redox process and the kinetics 
of electron transfer reaction.  However, this technique is not suitable for quantitative 
analysis due to its sensitivity and its complexity in peak identification of target analyte.  
Therefore, differential pulse voltammetry and chronoamperometry were selected for 
quantitative analysis of the target analyte. 
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2.1.1.2 Differential pulse voltammetry 
Differential pulse voltammetry is one of the popular voltammetric 

techniques that is used for quantitative analysis of organic and inorganic substances.  
The power of this technique in field analysis is based on its superior elimination of the 
background current.  Moreover, its sensitivity is achieved by the twice current sampling. 
The first current sampling is before the pulse application (t1) and the second current 
sampling is at the end of the pulse application (t2).  A potential waveform for differential 
pulse voltammetry is shown in Figure 5.  The voltammogram output is equal to the 

difference in the two current values (i = i1 - i2).  The twice current sampling not only 
allows to detection of the target analyte solution at a concentration as low as 0.05 µM, 
but it also ensures that the differential pulse voltammogram has a symmetrical peak-
shape.  The obtained differential pulse voltammogram consists of a current peak which 
is directly proportional to the concentration of the target analyte. 

 

 

Figure  5 Differential pulse voltammetry waveform 

Source: Bioanalytical Systems, Inc. Pulse Voltammetric Techniques. Retrieved 
from https://www.basinc.com/manuals/EC_epsilon/Techniques/Pulse/pulse. 
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2.1.1.3 Chronoamperometry  
Chronoamperometry is a highly used detection method in the field of 

bioanalysis.  In this mode, the working electrode is held at a constant potential, which is 
sufficient to either oxidize or reduce the target analytes at the electrode interface and 
the resulting current is monitored over time (Patel, 2020).  The typical waveform is shown 
in the Figure. 6A.  The voltage is initially held at a resting potential (E1), at which no 
electron-transfer reaction occurs.  Subsequently, the working electrode is stepped to E2 

beyond the E° of the redox species, allowing complete oxidation or reduction of the 
target analytes.  Thus, the current is limited by diffusion and gradually decreases over 
time (Núñez-Bajo & Fernández Abedul, 2020).  The current–time response signal (Figure 
6B) for the forward potential step (E1 to E2) is described as a linear diffusion by Cottrell 
equation: 

i = 
nFACD1/2

π1/2t1/2 ………………… equation 3 

where i is the current, t is time (s), n is the number of electrons (eq mol–1) 
, F is the Faraday’s constant, A is the electrode area (cm2) , C is the concentration of 
target analytes (mol cm–3), and D is the diffusion coefficient of target analyte (cm2 s–1). 

Chronoamperometry offers greater selectivity in comparison to 
alternative pulse techniques. This is due to the fixed applied potential at a specific 
potential, which is based on the well-established essential reference subjected to the 
oxidation/reduction processes of target analytes.  Thus, this approach has greater 
possibilities for practical applications. 
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Figure  6 (A) Chronoamperometry waveform and (B) response signal for single step 
chronoamperometry  

Source:  Patel, B.  A.  ( 2020) .  Chapter 2 - Amperometry and potential step. 
Electrochemistry for Bioanalysis (pp. 9-26). 

2.1.2 Electrochemical impedance spectroscopy  
EIS is an interfacial technique utilized to monitor the impedance response to 

the applied current (voltage) as a function of frequency.  Initially applied to the 
determination of the double-layer capacitance and in AC polarography, it is now used to 
characterize electrode processes and complex interfaces.  Thus, it has grown in 
popularity owing to its ease of implementation and wide range of applications, including 
corrosion, batteries, coatings, semiconductors, fuel cells, electrocatalytic reactions, 
chemical reactions combined with faradaic processes, and so on.  EIS measurement 
involves applying the small signal sinusoidal voltage (V) with varying frequency to the 
system.  The resultant current (I) is subsequently measured (Lasia, 2002).  

The impedance (Z) related to the system can be described through 
the Ohm's law as: 

Z= 
V

I
………………… equation 4 

The Nyquist Plot (Figure 7A) displays the imaginary part (ZIm=i |Z| sin Ф 

) over the real part (ZRe=|Z| cos Ф) of the impedance.  On the other hand, the Bode 

plot (Figure 7B), illustrates the absolute magnitude of the impedance IZI, and the phase 

shift Ф at two different Y-axes over the log10 of the applied frequencies.  To describe 

this relationship for a sinusoidal signal over time, Z represents a complex function and 

therefore, consists of a real part (ZRe) and an imaginary part (ZIm) described 

by i =1 or i2=–1  

Z= ZRe-iZIm  ………………… equation 5 
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Figure  7 EIS data of an electrode immersed into an electrolyte with (A) Nyquist plot and 
(B) Bode plot 

Source: Kretzschmar, J. , & Harnisch, F.  (2021) .  Electrochemical impedance 
spectroscopy on biofilm electrodes – conclusive or euphonious? Current Opinion in 
Electrochemistry, 29, 100757. 

2.2 Screen-printed electrode 
According to the voltammetric electrochemical cell, the conventional three- 

electrode system is complicated for on-site analysis and point-of-care testing.   
In order to achieve and comply with rapid testing and better traceability, the transition 
from conventional benchtop to miniaturized platform has attracted considerable 
attention.  Therefore, screen-printed electrodes (SPEs) are a well-established platform 
for use as cost-effective and disposable sensors for target analyte detection. 

SPE is a miniaturized electrochemical measurement device that consists of 
working, counter, and reference electrodes on an all-in-one substrate (Figure 8).  
The device can be manufactured on various substrates, such as transparency sheets, 
paper, and poly(vinyl) chloride, for suitable applications.  As a result, this electrode has 
gained popularity in electrochemical sensors due to its inexpensive material, the 
possibility of production in different designs and materials depending on applications, 
the ease and speed of mass production, and its portability for on-site analysis.  
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Moreover, the electrode surface can be easily modified to improve the sensitivity and 
selectivity of measurement in electroanalytical applications. 

 

 

Figure  8 Schematic representation of screen-printed electrodes 

2.2.1 Chemical modification of electrode surface 
Chemically modified electrodes have been widely implemented as an 

efficient method for improving conductive properties, leading to sensitive and selective 
performances in the electroanalytical field.  This method has been utilized for various 
applications because of its potential, such as ease of fabrication and the possibility of 
an in-situ approach.  Modification of the electrode surface improves the electron transfer 
process while also acting as a catalytic phenomenon and causing a little change in 
surface characteristics.   Regardless of the benefits of chemically modified electrodes, 
the appropriate modifier is a crucial factor, which in turn allows for better sensitivity and 
selectivity.  Among the modifiers commonly used for electrode modification are metal 
nanomaterials, carbon-based nanomaterials, and conducting electroactive polymers 
(Jadon et al., 2016).  Therefore, this research focuses on new poly (amino acids), 
biocatalyst materials, and carbon-based nanomaterials to improve sensitivity of the 
proposed sensors for target biological and chemical marker detection. 

 
2.2.1.1 Poly (amino acids) 

Amino acids are the building blocks of peptides and proteins, which are 
essential components found in living organisms.  Their molecular structure, which 
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contains two functional groups (the carboxyl and the amine groups) and distinct side 
chains, makes them crucial for a wide range of physiological processes.  Amino acids-
based polymers have attracted significant interest for practical use due to their unique 
characteristics, such as biocompatibility, non-toxicity, aqueous solubility, stimuli-
responsive capabilities, high stability, and self-assembly nature (Gohil et al., 2017).  In 
addition, the presence of distinctive side chains in poly (amino acids) offers the potential 
for attaching cross-links with other substrates, which can be used to modify a physio-
mechanical characteristic and detect a wide range of biomarkers, and important 
substances (Bauri et al., 2018). The electropolymerization procedure is a beneficial 
method for facile polymerization that is crucial for producing biocompatible polymer 
materials.  Therefore, poly (amino acids) has great potential in the field of sensing.  
These materials are extremely effective in immobilizing biological receptors, attaching 
directly to target analytes, and accelerating electron transfer.  

Based on their different effective side chains, L-histidine and L-proline 
were used as monomers for creating conductive polymers in as-synthesized sensing 
platforms in this research.  Histidine is an essential amino acid that is comprised of a 
positively charged imidazole side chain.  While proline is a non-essential amino acid, 
which contains a secondary amino group on the alpha position of the carboxyl group.  
Three techniques, electropolymerization, radical polymerization, and self-polymerization, 
have been employed to fabricate poly (His)- and poly(L-Pro)- based sensors.  
To improve sensitive and selective sensors, these conductive polymers need to be 
functionalized with additional materials, including metal nanoparticles, carbon-based 
materials, nanocomposites, and magnetic mesoporous materials (Dalmasso et al., 2015; 
Hasanzadeh et al., 2018; Hasanzadeh et al., 2017; Mavrogiorgis et al., 2014).  

Considering the complicated and multi-step architecture of the 
fabrication process, it is essential to figure out a more straightforward method for 
creating poly(amino acids)-based sensors.  Furthermore, there are no previously 
published studies on the detection of target analytes using both of these materials.  In 
this dissertation, poly (His) and poly(L-Pro) were produced using a simple 
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electropolymerization method under mild conditions.  These polymers were developed 
to enable efficient detection of tyramine and simultaneous detection of L-DOPA and L-
Tyr, respectively. 

 
2.2.1.2 Nanomaterials 

Significant advances in nanotechnology have opened the road for the 
invention of a wide range of new materials and devices with attractive characteristics for 
a variety of applications.  Nanomaterials are substances that have at least one 
dimension in the nanoscale range, which is between 1 and 100 nm (Datta et al., 2022).  
They have garnered significant interest due to their exceptional physicochemical 
features, such as high mechanical resistance, good electrical and thermal conductivity, 
biocompatibility, and ease of surface modification through chemical processes.  The 
classification of nanomaterials consists of three distinct categories: discrete 
nanomaterials are either zero-dimensional (particles) and/or one-dimensional (fibers), 
nanoscale device materials (two-dimensional (thin films)), and bulk nanomaterials (three-
dimensional).  Discrete nanomaterials, such as nanodiamonds and multi-walled carbon 
nanotubes, were the primary focus of this dissertation. 

 
2.2.1.2.1 Nanodiamond 

Nanodiamond (ND) refers to the broad category of nanocarbons, 
which encompasses various nanosized structures such as amorphous carbon, 
fullerenes, diamondoids, tubes, rods, cones, whiskers, platelets, and foam. 
The structure consists of a core based on tetrahedral sp3 carbon.  It has attracted 
interest due to its low-cost, large-scale synthesis using carbon-containing explosives, 
small core particle size (about 4 to 5 nm) with narrow size distribution, simple surface 
functionalization, and high biocompatibility.  Furthermore, the existence of delocalized 

π-bonds and oxygenated functional groups on ND's surface improves its electrical 
conductivity (Holt et al., 2008).  Being a nanomaterial, the ND surface chemistry 
dominates the electrochemical behavior of these nanoparticles.  It has the capability to 
produce homogeneous mixtures in aqueous solutions, which is a fascinating feature for 
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creating modified electrodes for electroanalytical purposes (Schrand et al., 2009).  
Hence, ND is a highly promising material for developing new electrochemical sensors 
with remarkable analytical performance. 

 
2.2.1.2.2 Multi-walled carbon nanotubes 

Multi-walled carbon nanotubes (MWCNTs) are elongated, hollow, 
cylindrical nanostructures composed of sp2 carbon atoms.  They extend several 
centimeters in length and range in diameter from 3 to 30 nanometers.  Their numerous 
concentric tubes composed of rolled-up graphene show remarkable characteristics 
such as a large active surface area, mechanical strength, and low charge-transfer 
resistance in both aqueous and non-aqueous conditions (Kukovecz et al., 2 0 1 3 ) .  
MWCNTs offer a range of capabilities to enhance the performance of electrochemical- 
and bio- sensors, turning them into highly effective devices for analytical applications.  
Herein, this material was used for enlarging the active surface area on printed graphene 
electrodes in the second section of this dissertation. 

 
2.2.1.3 Biocatalyst materials 

Biocatalyst materials can be produced from the use of enzymes as 
biological catalyst-based substrates to produce a range of important metabolites.   
They have been positioned as an area of wide interest because of their low toxicity and 
environmentally friendly catalysts, as well as their excellent selectivity (Melgarejo-Torres 
et al., 2019; Simoska et al., 2023).  Hemin, a well-known natural iron protoporphyrin (IX), 
is one of the most popular biocatalyst materials in the field of sensor technology.  It is 
the main active center for the hemeprotein family, which includes b-type cytochromes, 
peroxidase, myoglobin, and hemoglobin (Guo et al., 2011; Kolpin & Swofford, 1978).  It 
possesses peroxidase-like activity, with the porphyrin ring composed of 4 pyrrole rings 
and the nitrogen atom on the pyrrole rings coupled with a ferrous ion ligand (Zhang & 
Dasgupta, 1992).  Hemin offers an effective catalytic activity for H2O2 reduction due to 

its unique redox characteristics, which arise from the electron-conjugated system with π 
bond and changes in the valence state of iron ions (Fe3+/Fe2+) (Xue et al., 2012).  
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Applying hemin as a catalyst is still an ongoing challenge due to its ability to form 
inactive catalyst dimers in aqueous solutions and suffer oxidative self-destruction in 
oxidizing environments, both of which limit its catalytic activity.  Hence, the use of 
supporting materials such as polymers can enhance stability while improving the direct 
electron transfer characteristics of hemin, thus boosting the efficacy of sensing 
performance.  As a result, hemin-stabilized polyethyleneimine was used as a 
biomimetic catalytic material for H2O2 sensing platform in this research.  

 
2.2.1.4 Polyethyleneimine 

Polyethyleneimine (PEI) is a positively charged polymer that has been 
found to improve both the activity and stability of enzymes.  Generally, PEI can be 
classified into two categories: linear and branching (Bahulekar et al., 1991).  Linear 
polyethyleneimine is a solid powder that consists mainly of secondary amines.  
Conversely, branched PEI is a colorless liquid with a dense consistency that contains a 
combination of primary, secondary, and tertiary amines.  The ratios of primary, 
secondary, and tertiary amino groups in PEI structures can vary according to the 
synthesis process used.  PEI is utilized for the precipitation of nucleic acids and as a 
flocculating agent to remove cell debris during the purification of proteins from 
raw materials.  The polymer's abundant amine groups enable it to efficiently immobilize 
biocatalysts onto solid substrates via adsorption, which facilitates the covalent binding 
of enzymes (Chen et al., 2020).  Herein, branched PEI was employed as a stabilizing 
agent for the hemin matrix, enabling the assembly of effective biomimetic systems.  
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2.3 Tyramine 
2.3.1 Significant roles of tyramine 

Biogenic amines (BAs) are low-molecular-weight nitrogenous compounds 
that can be formed mainly by decarboxylation of amino acids through enzymatic activity 
or decarboxylase activity of bacteria.  The level of these BAs presents normally in the 
body with biological activity influencing important physiological functions (Biji et al., 
2016).  However, the excessive ingestion of BAs is associated with adverse health 
effects on consumers.  Thus, the quantitative risk assessment of BAs is critical to ensure 
that the consumed food is not contaminated with high levels of these potentially harmful 
substances.  In order to their quantities and toxicological effects, the most important 
BAs with serious effects for human health are histamine and tyramine.  This research 
focuses on tyramine due to its high cytotoxicity at concentrations commonly found in 
BA-rich food (Linares et al., 2016). 

Tyramine (p-hydroxyphenethylamine) is an aromatic biogenic amine (Figure 
9) that is produced by the microbic decarboxylation of tyrosine.  It is commonly found in 
a variety of fermented food, beverages, and dairy products, including aged meat, 
sausage, soy sauces, fish, beer, wine, and yoghurt, especially cheese.  Tyramine is 
normally metabolized by the monoamine oxidase (MAO) enzyme leading to inactive 
activity.  Nevertheless, high amounts of this BA can be hazardous to human health 
because it can trigger intoxication processes and severe symptoms, such as 
hypertensive crises, severe migraines, and even brain hemorrhages.  Moreover, it 
associates with individuals on monoamine oxidase inhibiting drugs after the 
consumption of cheeses with high levels of tyramine, is known as “cheese reaction” 
(Shalaby, 1996).  Tyramine exerts vasopressor effect as it is an indirectly acting 
sympathomimetic amine.  This phenomenon will be available for the uptake of tyramine 
into the sympathetic nervous system, induces the release of noradrenaline (Figure 10) 
which causes an increase of the blood pressure and cardiac output (Youdim et al., 
2006).  

Tyramine’s toxicological level is extremely difficult to establish. 
The European Food Safety Authority (EFSA) concluded that exposure to 600 
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mg/person/meal of tyramine in food had no adverse health effects on healthy people 
who did not take monoamine oxidase inhibitor drugs.  However, individuals who took 
third-generation and classic MAOI drugs had safe limits of 50 and 6 mg, respectively 
(Hazards, 2011).  The maximum tolerable tyramine contents of food products in Austria 
were found to be 1000 mg kg-1, 2000 mg kg-1, 950 mg kg-1, and 800 mg kg-1 for cheese, 
fermented sausage, fish products, and sauerkraut, respectively (Paulsen et al., 2012).  
Similarly, the acceptable levels of tyramine in cheese is also reported in the range of 
100–800 mg kg-1 (Benkerroum, 2016).  Furthermore, intravenous injections of tyramine at 
dosage of 30 µg kg-1 were observed to cause a considerable vasopressor effect, 
probably related to the plasma noradrenaline concentration (Bianchetti et al., 1982).  

The measuring of tyramine levels in biological fluids and even food is vital to 
acquire a better knowledge of the biological functions and to avoid the risk of tyramine. 
Consequently, a simple and highly sensitive analytical method for tyramine detection is 
required for healthcare applications and food safety & quality controls. 

 

 

Figure  9 The chemical structure of tyramine 

2.3.2 Literature reviews 
According to the potential impact of dietary tyramine on human health, 

researchers have attempted to develop and propose analytical methods for tyramine 
detection, including high performance liquid chromatography, gas chromatography, ion 
chromatography, spectrometric methods, quantitative real time polymerase chain 
reaction, enzyme-linked immunosorbent assay, and capillary electrophoresis.  However, 
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the methods mentioned above required time-consuming, several sample preparation 
procedures, specialized operators, and expensive instruments, which have been limited 
to routine and on-site monitoring.  Therefore, the electroanalytical method is a great 
alternative for measuring tyramine.  Because of its benefits, such as portability for on-
site analysis, ease of operation, cost-effectiveness, rapid analysis time, and sample 
volume reduction while maintaining high sensitivity and selectivity.  Hence, these 
literature reviews focus on the working electrode materials and the different modifiers 
used for electrochemical detection of tyramine. 

In 2013, Calvo-Pérez et al. proposed a disposable amperometric biosensor 
for selective detection of tyramine in complex matrices.  This proposed biosensor was 
fabricated by immobilization of plasma amine oxidase (PAO) enzyme on screen-printed 
carbon electrodes (SPCEs).  The PAO enzyme was immobilized via a cross-linking 
process using a mixture of glutaraldehyde (GA) and bovine serum albumin (BSA), which 
made its catalytic sites more accessible for redox reactions.  In addition, hydroxymethyl 
ferrocene (HOMeFc) was employed as a redox mediator that generated the enzyme-
catalytic tyramine oxidation at potentials of +0.26 V.  This lower potential decreased the 
possibility of interfering effect in the electrochemical detection of the target analyte.  
Therefore, the PAO/SPCE biosensor provided high sensitivity, selectivity, good 
reproducibility, and repeatability for tyramine determination.  Moreover, it was 
successfully applied to the determination of tyramine in cheese samples (Calvo-Pérez et 
al., 2013). 

In 2016, Zhang’s group developed a simple electrochemical sensor for 
octopamine and tyramine measurements.  The developed sensor was fabricated based 
on electrochemically reduced graphene oxide (ERGO) nanosheets modified on the 
glassy carbon electrode (GCE).  The oxidation responses of target analytes at the 
ERGO/GCE were considerably increased and shifted to negative potentials when 
compared with the bare GCE.  As a result, the use of ERGO modified GCE possessed a 
large surface area and good electrocatalytic activity towards octopamine and tyramine 
oxidations.  In addition, this developed sensor exhibited highly sensitive detection of 
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octopamine and tyramine with detection limits of  0.1 µM and 0.03 µM, respectively 
(Zhang et al., 2016). 

In 2017, Li et al. proposed a sensitive electrochemical sensing platform 
coupled with molecularly imprinted polymer (MIP) for tyramine quantification.   
The proposed sensing was achieved by constructing a conductive polymer on a screen-
printed carbon electrode, followed by electrodeposition with gold nanoparticles (AuNPs) 
for linking with positively charged 1-methyl-4-mercaptopyridine (1-m-4-MP) through Au-
S bond.  In addition, this approach is performed by controlling the negatively charged 
tyramines under alkaline conditions which selectively interact with positively charged 
electrode surfaces, leading to highly sensitive detection.  Therefore, the developed 
electrochemical sensing that coupled with sample pre-treatment showed an excellent 
analytical performance for tyramine detection and is also applied for practical 
application (Li et al., 2017). 

The indium tin oxide (ITO) electrode modified with electrochemically 
reduced graphene oxide (ErGO) through 3-aminopropyltriethoxysilane (APTES) 
monolayer (ITO/APTES/ErGO) was developed by Liu’s group in 2018.  The modified 
electrode provided a sensitive and selective behavior towards electrooxidation of 
tyramine in the presence of other interferences due to its potential of ErGO which 
increased the active electrochemical surface and conductivity.  In addition, this modifier 
exhibited the electrocatalytic activity towards the oxidation of tyramine, leading to a 
clearly well-defined peak of tyramine in the presence of high concentrations of 
interfering substances.  The resulting sensor presented a good analytical performance 
via the concentration range of 1–100 nM with LOD of 0.1 nM.  Moreover, the 
obtained recovery data in real sample detection suggested that this proposed sensor 
was reliable in food and clinical applications (Khan et al., 2018). 

Kucukkolbas’s group proposed a new non-enzymatic sensor based on 
TiO2-Ag/PPy nanocomposite modified glassy carbon electrode (GCE).  In this work,  
the utilization of metallic nanoparticles coupled with conductive polymers possessed 
high conductivity and increased the surface area of electrodes resulting in the excellent 
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capacity of the electron transfer process.  The linear concentration range of tyramine 
was found to be 41.0 nM to 3.06 µM with a limit of detection of 20 nM.  Furthermore, 
the proposed sensor offered good sensitivity, repeatability, anti-interference ability, and 
suitable for real food sample analysis (Erdogan et al., 2018). 

A novel amperometric biosensor for the determination of tyramine was 
developed by Brett’s group.  This developed sensor was fabricated with the 
nanocomposites between gold nanoparticles and poly-(8-anilino-1-napthalene sulphonic 
acid) modified on glassy carbon working electrodes.  To enhance the specific detection 
of target analyte, this fabricated electrode was immobilized with tyrosinase enzyme.   
For electrochemical detection, it was performed by fixing the potential at –0.3 V using 
amperometry technique.  Under the optimal conditions, the calibration curve showed a 
good linear concentration in the ranges of 10–120 µM with LOD 0.71 µM.  Hence, it was 
found that this biosensor had good selectivity and stability, and that it has been 
potentially used to quantify tyramine for food safety purposes (da Silva et al., 2019b). 

Recently, Ayerdurai et al. presented a molecularly imprinted polymer (MIP) 
film-based electrochemical sensor for the selective determination of tyramine.  For the 
specific recognition, tyramine was imprinted in a derivatized polythiophene conductive 
film.  The electrochemical detection of tyramine is performed by using potassium 
hexacyanoferrate as a redox probe.  The concept of this sensor is that a high 
concentration of tyramine accumulated into the MIP film cavity, which blocked the flow 
of the redox probe to the electrode surface, resulting in a decreased current signal. 
Therefore, this developed sensor provided enough selectivity for tyramine detection in 
food samples (Ayerdurai et al., 2021).  Moreover, the other enzymatic sensors and non-
enzymatic sensors for determination of tyramine were summarized as shown in Table 1 
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Table  1 Comparison of the various modified electrodes-based sensors for tyramine 
detection. 

Modification 
electrode 

Technique Linear 
range (µM) 

LOD 
(µM) 

References 

MWCNT-AuNP/chitosan/MIP Amp 0.1 -10 0.057 (Huang et al., 2011) 

Modified MWCNT/GCE DPV 1–17 and 
17-85 

0.8 (Raoof, Ojani, 
Baghayeri, et al., 

2012) 

Pea seedling amine oxidase 
MnO2/SPCE 

Amp 10–300 3.0 (Telsnig et al., 2013) 

Polypirrole/Pt Amp 4–80 0.547 (Apetrei & Apetrei, 
2013) 

Tyrase/TiO2/CMK-
3/PDDA/Nafion/GE 

CV 6–130 1.5 (Kochana et al., 2016) 

P3MT/Pt DPV 4.4 - 14000 1.32 (Küçük & Torul, 2018) 

OPOAP/GCE SWV 0.1-200 0.054 (Zhao et al., 2018) 

AuNP-PANSA/AuE EIS 0.8–80 0.04 (da Silva et al., 
2019a) 

PCGE DPV 0.6–100 0.5 (Gonçalves da Silva 
et al., 2021) 

AuNP = gold nanoparticle; MWCNT = multi-walled carbon nanotube; MAO = monoamine oxidase A; 
GCE = glassy carbon electrode; Tyrase= Tyrosinase; SPCE = screen-printed carbon electrode; TiO2 = 
titania dioxide sol; PDDA = poly-(diallyl dimethyl ammonium chloride); GE = graphite electrode; 
P3MT = poly(3-methylthiophene); Pt = Platinum electrode; OPOAP = Overoxidized Poly(o-
aminophenol); PANSA= poly-(8-anilino-1-napthalene sulphonic acid); AuE= gold electrode; PCGE = 
pencil carbon graphite electrode; Amp= Amperometry; CV= Cyclic voltammetry; DPV= Differential 
pulse voltammetry; EIS = Electrochemical impedance spectroscopy. 
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According to the literature reviews, the previously modified electrodes are 
limited by multiple modification steps and the use of complicated materials which 
became the inability for on-site and real-time analysis.  They are challenging problems 
to improve these limitations while maintaining high sensitivity and selectivity for the 
detection of the target analyte.  Hence, this research demonstrated the use of a 
modified electrode based- conducting polymer by using histidine as a monomer.  A 
facile and simple electropolymerization procedure was utilized for generating the poly 
(His) film onto the electrode surface.  In addition, these generated films become a new 
biocompatible material for electroanalytical applications.  Moreover, the benefits in 
terms of excellent electrical properties, ease of synthesis onto electrode surfaces by 
environmentally-friendly processes, and good electrocatalytic materials were obtained 
(Kordasht et al., 2021). 

 

 

Figure  10 The mechanism of potentiation of vasopressor effects of tyramine 

Source: Youdim, M. B., Edmondson, D., & Tipton, K. F. (2006). The therapeutic 
potential of monoamine oxidase inhibitors. Nature reviews neuroscience, 7(4), 295-309. 
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2.4 Significant roles of L-DOPA and L-Tyr  
L-DOPA is the naturally occurring via biosynthesis from the amino acid  

L-tyrosine through tyrosine hydroxylase.  It is easily converted to dopamine in 
dopaminergic cells by DOPA decarboxylase, which regulates dopamine levels and 
alleviates Parkinson's disease symptoms.  Hence, L-DOPA is the major drug used in the 
treatment of patients with Parkinson's disease (Chaudhuri et al., 2006; Sveinbjornsdottir, 
2016).  Nevertheless, long-term use of L-DOPA might result in adverse effects such as 
low blood pressure, nausea, cognitive impairment, and disruptions in sleep cycles 
(Hadjiconstantinou & Neff, 2008; Pourhajghanbar et al., 2023).  Significantly, there have 
been research studies suggesting a potential cause-and-effect association between 
levodopa treatment and an increased risk of malignant melanoma. 
 

L-Tyr is a non-essential amino acid and can be synthesized in the body 
by hydroxylation of phenylalanine.  It plays a crucial role in controlling protein synthesis 
and maintaining an appropriate nitrogen balance (Weber & Reiser, 1982).  Additionally, 
it serves as a precursor to several neurotransmitters, including adrenaline, 
norepinephrine, and dopamine.  Excessive accumulation of L-Tyr and its byproducts in 
living organisms might result in significant negative health effects.  High levels of 
tyrosine can lead to hyperthyroidism and Parkinson's disease, whereas low levels can 
result in hypothyroidism, dementia, depression, and albinism (Chitravathi et al., 2012).   

Interestingly, L-DOPA and L-Tyr serve as initial materials for melanin 
biosynthesis, and the ratio of both chemicals defines the index of tyrosinase activity.  In 
addition, tyrosinase has an essential part in melanogenesis as its abnormality boosts the 
rate-limiting process in the melanogenic pathway by converting L-Tyr to L-DOPA via 
hydroxylation.  Then, L-DOPA is oxidized to dopaquinone, which is further oxidized 
to dopachrome, yielding 5,6-dihydroxyindoles.  These derivative indoles are finally 
oxidized to produce eumelanin (black/brown pigments).  Conversely, if dopaquinone 
conjugates with cysteine or glutathione, pheomelanin (red/yellow pigments) is produced 
(Figure 11) (Hushcha et al., 2021; Slominski et al., 2012).  The typical blood serum levels 
of L-DOPA and L-Tyr concentrations, as well as the L-DOPA/L-Tyr ratio in healthy 
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persons, are approximately 6.48 nM, 60.0 µM, and 16.0×10–5, respectively.  Melanoma 
patients can be detected by monitoring the ratio of L-DOPA to L-Tyr in their blood 
serum, which should be over 20×10–5(Garnier et al., 2007; Stoitchkov et al., 2003).  
Hence, the L-DOPA/L-Tyr ratio in human plasma and serum samples can be considered 
a crucial biomarker for determining the stage of melanoma, predicting disease 
progression, and mortality in individuals with metastatic melanoma (Stoitchkov et al., 
2002).  Apart from the benefits pointed out, the abnormal levels of these biomolecules 
are significant for diagnosing further clinical conditions, including progressive 
neurological illnesses, neuropsychiatric disorders, and eating disorders (Capuron et al., 
2011). 

 

 

Figure  11 Representation of the melanogenic unit and melanin biosynthesis 

Source: Hushcha et al., 2021 microRNAs in the Regulation of Melanogenesis. 
International journal of molecular sciences, 22(11), 6104. 
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2.4.1 Literature reviews 
The incidence of malignant melanoma has significantly increased in recent 

years.  Therefore, the development of an analytical platform that features a simple, 
sensitive, selective, and fast method for analyzing specific biochemical markers is 
crucial for supporting medical professionals in diagnosing and tracking these diseases.  
Only a few techniques, such as high-performance liquid chromatograph, and capillary 
electrophoresis coupled with different detectors, have been developed to 
simultaneously determine L-DOPA and L-Tyr.  Nevertheless, most of those techniques 
are tedious and rely on sophisticated technology, costly equipment, sizable instruments, 
and the requirement for sample preparation.  Alternative methods, including 
electroanalytical techniques, have been proposed to detect both target analytes 
simultaneously.  The molecular structures of both target analytes (Figure 12) are similar, 
except for the presence of a more hydroxyl group on L-DOPA.  Due to their structural 
similarity and susceptibility to oxidation at slightly distinct potentials, thus, simultaneous 
detection of both target analytes is challenging. 

In 2013, Revin, SB, and John, SA have proposed an electrochemical 
platforms for the malignant melanoma by determining L-DOPA and L-Tyr ratio using 
poly(3-amino-5-mercapto-1,2,4-triazole on glassy carbon electrode (p-AMTa/GCE) 
(Revin & John, 2013).  The use of p-AMTa film-based electrodes successfully 
distinguished the signals of L-DOPA and L-Tyr in a mixture.  Under the optimized 
conditions, the sensor demonstrates a linear range from 1 × 10–8 to1 × 10–4 M, with a limit 
of detection of 5.78 × 10–11M (S/N = 3) for L-DOPA, while Tyr concentration in the linear 
range of 5.0 × 10–8–1 × 10–4 M with the limit of detection of 1.9 × 10–10M.  Moreover, the 
researchers have successfully determined the concentrations of L-DOPA and L-Tyr in 
human blood plasma samples.  

Yang, JH et al presented an electrochemical sensing approach for 
monitoring L-DOPA and L-Tyr (Yang et al., 2014).  The use of various cyclodextrin (CD) 
possesses physically unique molecular structures to target analytes, which enhance the 
selectivity towards L-DOPA and L-Tyr oxidations.  The developed sensing platform has 
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successfully detected two distinct analytes, in the absence of ascorbic acid, with α-CDs 

and γ-CDs exhibiting a stronger response to L-Tyr, while β-CDs showed a greater 
sensitivity to L-DOPA.  Using amperometry as a quantitative method, the current 
obtained demonstrated a linear relationship with increasing concentrations ranging from 
0.005 to 10 mM when plotted on a logarithmic scale.   

In 2018, the simultaneous detection of L-DOPA and L-Tyr using gold–cobalt 
binary composites on screen-printed carbon electrodes (Au-Co/SPCEs) (Shaidarova et 
al., 2018) was proposed.  The as-proposed sensor was successfully fabricated through 
the electrodeposition of the bimetallic Au–Co system.  These modifiers offer a significant 
increase in oxidation current, as well as a lower oxidation potential of both analytes at 
the modified electrode, allowing better sensitivity and a low limit of detection.  Moreover, 
amperometry measurement coupled with a flow-injection system was used to determine  
L-DOPA and L-Tyr.  The linear dependence of the current signal on the concentration of 
L-DOPA and L-Tyr is observed in the ranges from 1 × 10–9 to 1 × 10–4 M and from  
5 × 10–8 to 5 × 10–4 M, respectively.  

Crown ether - modified poly(hydroquinone) / carbon nanotubes - based 
electrochemical sensor was developed by Atta’s group in 2020 (Atta et al., 2020). This 
CE/PHQ/CNT/GCE sensor was used to detect L-DOPA, uric acid, L-Tyr, and ascorbic 
acid levels in biological fluids.  The developed exhibited good responses towards 
simultaneous determination of L-DOPA, uric acid, L-Tyr, and ascorbic acid in the 
concentration ranges of (0.005–20 µM), (0.005–25 µM), (0.03–170 µM), and (0.1–50 µM) 
with low detection limits of 0.221 nM, 0.769 nM, 1.31 nM, and 3.32 nM, respectively.  
The practical application was proved in the detection of target analytes in human serum 
samples with excellent recovery results. 

Recently, poly ( para toluene sulphonic acid)  modified glassy carbon 
electrode (pPTSA/GCE) was reported by Kumar’s group to detect L-DOPA and L-Tyr 
simultaneously.  pPTSA-based GCE has an efficient electrocatalyst for the oxidation of 
L-Dopa and L-Tyr, allowing their simultaneous determination.  Combining effective 
modified electrodes with sensitive square wave voltammetry provides electrochemical 
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signals that rapidly determine target analytes.  The calibration curve was obtained within 
two dynamic ranges from 9 × 10–5 M to 2 × 10–5 M and from1 × 10–5 to 1 × 10–6 M for  
L-DOPA and from 7 × 10–5 M to 2 × 10–5 M and from1 × 10–5 to 1 × 10–6 M for L-Tyr. 
The pPTSA/GCE was applied to quantify both analytes in artificial blood serum and urine 
samples as well.  

 

 

Figure  12 The chemical structures of (A) L-DOPA and (B) L-Tyr  

As mentioned in the literature reviews, the previous reports proposed 
various modifiers-based sensing platforms.  All of the aforementioned modified 
electrodes exhibited poor long-term stability and required time-consuming modification 
operations, making them unsuitable for practical point-of-need applications.  Improving 
sensitivity and selectivity for the detection of both analytes while overcoming these 
limitations are challenging issues to resolve.  In this dissertation, a straightforward and 
sensitive electrochemical sensor-based layer-by-layer poly(L-Pro)/ND/SPGE was 
developed to simultaneously detect L-DOPA and L-Tyr to unlock the bottleneck issues.  
The fabrication process of modified electrodes takes just 8 min., accomplished by the 
electrodeposition of poly(L-Pro) and ND.  The coupling between the good conductivity 
of poly(L-Pro) and the high surface area of ND offers fast electron transfer and shows 
excellent electrocatalytic properties for L-DOPA and L-Tyr oxidation.  Under optimized 
conditions, the proposed strategy offered a wide working concentration range, which is 
sufficient for practical applications. 
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2.5 Hydrogen peroxide 
Hydrogen peroxide (H2O2) is a significant reactive oxygen species (ROS) in 

biological processes, and excess levels can lead to cellular and tissue damage.  It is a 
byproduct of respiration,  a metabolic end product, including peroxisomal oxidation 
pathways, and potentially a transmitter of cellular signals (Veal et al., 2007). Moreover, it 
is worth mentioning that H2O2 is the only reactive oxygen species generated by various 
specific enzymatic systems (Figure 13).  These enzymes include phagocytic oxidases 
(PHOX) and NADP/H oxidases (NOX) in the plasma membrane, superoxide dismutase 
(SOD2), mitochondrial p66Shc (p66), and amine oxidase (AO) in mitochondria, 
peroxisomal oxidases (POX) in peroxisomes, sulfhydryl oxidase (SOX) in the 
endoplasmic reticulum (ER), and amino-acid oxidases (AAO), cyclooxygenase (COX), 
lipid oxygenase (LOX), xanthine oxidase (XO), and superoxide dismutase (SOD1) in the 
cytosol (Xin et al., 2022).  This indicates that the amount of H2O2 inside cells is well 
controlled and could play unique roles in cellular processes.  Being such a crucial 
molecule in both biological and industrial processes, H2O2 can be found in human body 
fluids, the environment, and food.  The typical range of H2O2 levels is from micromolar to 
nanomolar for live organisms, residual levels in food and drinking water to tens of 
millimolar for bleaching applications, and molar for waste treatment applications (Evans 
et al., 2002).  Thus, it is crucial to monitor the H2O2 concentration within the permissible 
safeguard human well-being, ensure safety, and preserve the environment.  
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Figure  13 Illustrates the key function of H2O2 within the cell 

Source: Xin, X. , Gong, T. , & Hong, Y.  ( 2022) .  Hydrogen peroxide initiates 
oxidative stress and proteomic alterations in meningothelial cells.  Scientific Reports, 
12(1), 14519. 

2.5.1 Hydrogen peroxide in breath 
Reactive oxygen species, such as superoxide radical (O2

•–), H2O2, are 
produced rapidly by white blood cells such as neutrophils, eosinophils, and 
macrophages during inflammation (Figure 14) (Kim et al., 2023; MacNee, 2001; 
Wittmann et al., 2012).  This leads to elevated levels of oxidative stress. H2O2 serves as 
a mediator of oxidative stress, which is linked to chronic respiratory illnesses and 
respiratory infections (Emelyanov et al., 2001).  H2O2 is generated through the enzymatic 
conversion of its precursor superoxide anions (O•-

2) by the enzyme superoxide 
dismutase in several cell types.  The release of H2O2 is also linked to the respiratory 
burst, a process that triggers inflammation by neutrophils to enable the killing of bacteria 
(Figure 15).  Moreover, it has been reported that elevated H2O2 in exhaled breath could 
potentially be utilized as a non-invasive biomarker for oxidative stress, airway 
inflammation, and lung diseases (Holguin, 2013; Nagaraja et al., 2012).  Exhaled breath 
condensate is an approach to collecting airway samples that does not require intrusive 
procedures.  The concentration of H2O2 in exhaled breath condensate rises in 
association with the severity of lung disorders such as asthma, chronic obstructive 
pulmonary disease (COPD), adult respiratory distress syndrome (ARDS), bronchial 
asthma, and cystic fibrosis (CF).  The concentration of H2O2 in EBC of individuals without 
any health conditions typically falls within the range of 0 to 0.8 µM (Ho et al., 1999).  
Consequently, the analysis of H2O2 in EBC samples offers potential clinical significance 
in monitoring and diagnosing lung diseases in humans.  

. 
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Figure  14 Airway epithelium in (A) healthy subjects and (B) lung diseases patients  

Source: Kim, H. R., Ingram, J. L., & Que, L. G. (2023). Effects of oxidative stress 
on airway epithelium permeability in asthma and potential implications for patients with 
comorbid obesity. Journal of asthma and allergy, 481-499. 

 

Figure  15 Pathways in which the human body releases hydrogen peroxide 
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Source: Banga, I. , Paul, A. , Muthukumar, S. , & Prasad, S.  ( 2022) .  HELP 
( Hydrogen peroxide electrochemical profiling) :  A novel biosensor for measuring 
hydrogen peroxide levels expressed in breath for monitoring airway inflammation using 
electrochemical methods. Biosensors and Bioelectronics: X, 10, 100139.  

2.5.2 Literature reviews 
Conventional analytical techniques used for the detection of H2O2 

include chemiluminescence, titrimetry, spectrophotometry, fluorometry, and 
chromatography.  These methods have several drawbacks, such as the need for 
prolonged sample pre-treatments, and in many cases, these methods require the 
utilization of large amounts of reagents.  Electrochemical techniques using cost-effective 
redox proteins, enzymes, and catalyst materials-modified electrodes, can overcome the 
above limitations to measure H2O2 due to their facile approach, remarkable selectivity, 
and high sensitivity.   

Yang’s group proposed a protein thin film-modified electrode sensor for 
determination of H2O2.  For the electrode architectures, nanocomposite of myoglobin 
(Mb) and zirconium ion (Zr (iv))-adenosine monophosphate dianion (AMP) particles, was 
fabricated on a glassy carbon surface using self-assembly technique, forming 
monolayer adsorption of protein.  By using a proper electrode configuration, it can be 
achieved to lower the overpotential of H2O2 reduction, leading to improved kinetics and 
increased activity of the immobilized protein.  The primary benefit of electrode 
construction is in the ability to create a noncovalently linked nanocomposite that is 
robust to being washed off in water and can be easily cleaned.  For measuring H2O2, 
this designed sensor had a dynamic range of up to 148.47 µM and a detection limit as 
low as 0.06 µM.  After a month, the sensor assay can maintain its initial activity at 91.7%, 
suggesting that long-term stable Mb-Zr(AMP)2/GCE (Qiao et al., 2009). 

Another redox protein, hemoglobin (Hb), is commonly used in direct 
electron transfer (DET) processes.  Chen et al, have proposed the modified electrode 
configurations based on nanohybrid film of multi-wall carbon nanotubes (MWNT) and 
gold colloidal nanoparticles (GNPs) by using Hb as a linker.  First, negatively charged 
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MWNT that had been acid-treated was modified on the surface of the glassy carbon 
electrode.  Subsequently, positively charged Hb was absorbed onto MWNT sheets by 
electrostatic interaction.  Ultimately, layer-by-layer assembly of the Hb/GNPs multilayer 
films was performed onto Hb/MWNT film to obtain Hb/GNPs/Hb/MWNT/GCE. 
This sensor showed excellent electrocatalytic activity for the reduction of H2O2 to 
construct a third-generation mediator-free H2O2 biosensor.  Amperometric response 
current increases with increasing concentration of H2O2 in the range from 2.1 × 10–7 to 
3.0 × 10–3 M with a detection limit of 8.0 × 10–8 M (Chen et al., 2007). 

The DET of immobilized horseradish peroxidase (HRP) on silica–
hydroxyapatite (HAp) hybrid film-modified glassy carbon electrode (GCE) was reported 
by Wang’s group (Wang et al., 2009).  The development of this H2O2 sensor involved 
using HAp nanoparticles as a matrix to immobilize HRP, while silica served as an 
attached reagent to improve the sensor's stability.  As for silica/HRP–HAp/GCE, the 
obtained current was linear with the H2O2 concentration in the range of 1.0–100 µM with 
a limit of detection of 0.35 µM.  After being stored in a 0.1 M pH 7.0 PBS solution at 4 °C 
for a duration of 2 weeks, the modified electrode maintained 95% of its initial peak 
current. 

A stable monoenzymatic amperometric biosensor using co-immobilized the 
single - walled carbon nanotubes (SWCNTs) and methylene blue (MB) into metal oxide 
(SnO2) derived organically modified sol-gel glasses (ormosil) was developed for the 
determination of H2O2.  To enhance the sensitivity of the proposed sensor, nafion (NAF) 
was dispersed in the ormosil matrix.  Finally, the surface of the Indium tin oxide (ITO) 
electrode was modified by SWNT/ormosil and Horseradish peroxidase, respectively.  
This HRP/NAF/SWNT-MB-SnO2/ITO electrode showed a rapid H2O2 response in less 
than 5 s, along with a good linear concentration range of 5x10-7 to 1x10-4 M with a 
detection limit of 0.3 µM (Upadhyay et al., 2011). 

An enzyme-free H2O2 sensor using the doping of ionic liquid (IL) into 
Prussian blue-multiwalled carbon nanotubes (PB-MWCNTs) modified screen-printed 
carbon electrodes, was developed by Zhu and colleagues.  This sensor was prepared 
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by home-printing carbon electrodes using 1-butyl-3-methylimidazolium tetrafluoroborate 
([Bmim]BF4)- doped commercial graphite-based ink, followed by drop-casting the 
synthesized cubic PB-MWCNTs hybrid and Nafion onto the sensing surface. 
The findings showed that doping [Bmim]BF4 can greatly enhance the performance of 
the sensing platform towards H2O2 detection by improving the electron transfer kinetics.  
Under optimized all parameters, the constructed sensor exhibits linear amperometric 
responses for H2O2 in the concentration range of 5 to 1645 µM, with a LOD of 0.35 µM.  
This Nafion-PB-MWCNTs/SPCE-IL was successfully applied to detect H2O2 in real 
samples (Zhu et al., 2014). 

A new sensor of Ni(OH)2/electroreduced graphene oxide (ERGO)–
multiwalled carbon nanotube (MWCNT) has been fabricated by electrodepositing 
Ni(OH)2 nanoparticles onto ERGO–MWCNT hybrid film modified glass carbon electrode 
(GlCE) from Liu’s group.  The well-designed nanocomposites display remarkable 
sensing capabilities towards H2O2 by using the benefits of ERGO and MWCNTs, 
together with the electrocatalytic properties of Ni(OH)2 nanoparticles.  This 
Ni(OH)2/ERGO–MWCNT/GlCE revealed good linearity (R2= 0.997) within the range from 
10 µM to 9050 µM.  The detection limit is thus estimated to be 4.0 µM (signal-to-noise 
ratio = 3).  This developed sensing platform had a wide linear range, a low detection 
limit, sufficient sensitivity, good selectivity as well as remarkable reproducibility and 
stability (Gao et al., 2014).  

Recently, AuNP-nafion@[BMIM]BF4 modified printed carbon electrode was 
proposed by Banga and colleagues.  This as-proposed sensor possesses an 
electrochemical sensor platform for assessing airway inflammation by monitoring 
H2O2 levels.  Computational and chemical modeling were used to study the interaction 
between the modified electrode and the target analyte.  Amperometric detection of 
H2O2 vapors was performed in the range of 50 to 800 ppb (1.5 – 20 µM) (Banga et al., 
2022).  Furthermore, the other enzymatic sensors and non-enzymatic sensors for the 
determination of H2O2 were summarized as shown in Table 2 
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Table  2 Analytical performance compared with various configurations for H2O2 sensing 
platforms 

Electrode 
configurations 

Technique Eapp 

(V vs. 
Ag/AgCl) 

Linear 
range 
(µM) 

LOD 
(µM) 

References 

Co3O4/MWCNTs/CPE Amp -0.19 20–430 2.46 (Heli & Pishahang, 2014) 

GN–Pt/GCE Amp 0.0 2–710 0.5 (Xu et al., 2011) 

HRP-MoS2-Gr/ Amp -0.08 0.2 –
1,103 

0.049 (Song et al., 2014) 

[Co(pbda)(4,4-
bpy)(2H2O)]n/GCE 

Amp -0.40 50–9000 3.76 (Yang et al., 2015) 

HRP/C-Dots/Co-Fe 
LDHs/GCE 

Amp -0.35 0.1–23.1 0.04 (Wang et al., 2015) 

3D rGO foam-
hemin/GCE 

DPV -0.7 to 
-0.1 V 

(vs.SCE) 

0.005–
5000 

0.003 (Li et al., 2020) 

NH2-MIL-
53(Fe)/HRP/ 

MWCNTs/GCE 

Amp -0.40 0.1–1 and 
1–600 

0.028 (Jiang et al., 2020) 

2D-Zn/Co-
ZIF(HRP)|ZnCoO|Ti 

Amp -0.3 0.2–10 
and 

10–1100 

0.082 (Jin et al., 2023) 

nano-PANI/PB/SPE Amp 0.2 0–1000 2.52 (Cao et al., 2023) 

HRP/PBS-SPE Amp -0.6 0–100 
and 

100–5000 

1.8 (Luo et al., 2024) 

Co3O4= Cobalt (II) dicobalt (III) oxide nanoparticles; MWCNTs= multiwalled carbon nanotubes; CPE= 
carbon paste electrode; GN–Pt= graphene–platinum nanocomposite; GCE = glassy carbon 
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electrode;HRP=horseradish peroxidase; MoS2-Gr = self-assembly of layered molybdenum disulfide–
graphene; [Co(pbda)(4,4-bpy)(2H2O)]n = cobalt metal-organic framework; bpy = 4,4-bipyridine; 
H2pbda = 3-(pyridine-3-yloxy)benzene-1,2-dicarboxylic acid; C-dots = Carbon nanodots; LDH = 
layered double hydroxide; rGO = reduced graphene oxide; [NH2-MIL-53(Fe)] = the hybrid of metal 
organic framework; 2D-Zn/Co-ZIF = 2D zinc–cobalt bimetallic zeolite imidazole framework; ZnCoO|Ti 
= ZnCoO nanowire array on a Ti support; PANI = polyaniline; PB = Prussian blue; PBS = phosphate 
buffer saline ;SPE = Screen-printed electrode; Amp= Amperometry; DPV = Differential pulse 
voltammetry; SCE = saturated calomel reference electrode  

 
Based on literature reviews, previous studies proposed different kinds of 

electrochemical sensors for H2O2 determination, encompassing both enzymatic and 
nonenzymatic systems.  Enzymatic H2O2 sensors have limited consideration due to their 
low stability and recycling concerns.  Being naturally produced, most enzymes are quite 
sensitive to environmental factors including pH, temperature, and humidity.  Conversely, 
non-enzymatic sensors offer desirable features such as long-term stability and low 
costs.  Nevertheless, most of the previous sensing platforms have been constructed 
using multiple modifier materials and performing several modification processes, 
resulting in a time-consuming fabrication process.  Thus, an innovative strategy was 
proposed to develop a non-enzymatic sensing platform for the detection of H2O2.  
This platform is based on the combination of layer-by-layer hemin-entrapped 
polyethyleneimine and short-thin multi-walled carbon nanotubes.  The as-developed 
sensor was created by a straightforward process of depositing ST-MWCNTs and hemin 
matrix onto a disposable printed graphene electrode through drop-casting. 
The hemin-PEI/ST-MWCNTs/SPGE exhibits greater electrocatalytic activity for H2O2 
reduction, resulting in improved sensitivity and anti-interference properties. 
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CHAPTER 3 
METHODOLOGY 

This chapter describes the experiments that were performed to develop 
electrochemical sensing platforms using electrodes modified with poly (amino acids) 
and biocatalyst materials for biomarkers detections.  The methodology has been divided 
into two sections based on the category of modifying materials.  The first section is 
divided into two subprojects, focusing on the development of electrochemical sensing 
platforms using poly (amino acids)-based electrodes for tyramine detecting and the 
simultaneous detection of L-DOPA and L-Tyr.  The first subproject involves developing a 
novel tyramine sensor using poly (histidine) assembled on a screen-printed graphene 
electrode.  The second subproject focuses on developing a new electrochemical 
platform using poly(L-proline)-linked nanodiamonds on a screen-printed graphene 
electrode.  This platform aims to enable the simultaneous detection of L-DOPA and L-
Tyr.  The second section of this research involves the development of an amperometric 
sensor for measuring H2O2 levels.  This sensor is based on a combination of hemin-
entrapped polyethyleneimine and short-thin multi-walled carbon nanotubes, which are 
deposited onto a screen-printed graphene electrode.  Each project includes detailed 
information on chemicals, materials and equipment, fabrication processes, 
electrochemical measurements, and real sample preparation. 

3.1 The development of a novel tyramine sensor using poly (histidine) assembled on a 
screen-printed graphene electrode 

The details provided in this section are extracted from the original research 
article; see Appendix 1 for the full text.  

 
3.1.1 Chemicals, materials, and equipment 

Tyramine hydrochloride, L-histidine monohydrochloride monohydrate, 
cadaverine dihydrochloride, histamine dihydrochloride, 1,4-diaminobutane 
dihydrochloride, L-ascorbic acid, dopamine hydrochloride, uric acid, bovine serum 
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albumin, creatinine, potassium ferricyanide K3[Fe(CN)6], and hexaammine ruthenium(III) 
chloride [Ru(NH3)6]Cl3 were purchased from Sigma-Aldrich (St. Louis, MO, USA).  0.1 M 
Phosphate buffer solution (PBS) was prepared by mixing sodium dihydrogen 
orthophosphate (NaH2PO4.2H2O) and disodium hydrogen orthophosphate 
(Na2HPO4.2H2O), which were obtained from Ajax (Australia).  All aqueous solutions were 

prepared in deionized (DI) water produced by the Milli-Q system (R = 18.2 M cm at 
25°C). 

The morphology and chemical composition of the electrode materials were 
examined using a scanning electron microscope (SEM, SU3500) (Hitachi High-Tech., 
Japan) and a SEM and energy-dispersive X-ray spectrometer (IT300) (JEOL Ltd., 
Japan), respectively.  The electrochemical measurements, via cyclic voltammetry and 
differential pulse voltammetry, were performed at room temperature on a CHI 1200C 
potentiostat (Austin, TX, USA).  Electrochemical impedance spectroscopy 
measurements were performed using Sensit smart (Houten, the Netherlands). 

 
3.1.2 Fabrication of poly(histidine)-modified screen-printed graphene electrode 

The patterned SPGE was designed using Adobe Illustrator CC, and the 
template block screen was constructed using the designed pattern by Chaiyaboon 
Brothers Co. , Ltd.  (Bangkok, Thailand).  The SPGE, consisting of a working electrode, 
counter electrode, and reference electrode, was fabricated onto the transparency film 
substrate using an in-house screen-printing technique.   First, the WE and CE were 
manually screened onto the substrate using graphene ink from Serve Science Co., Ltd. 
(product code: SSG-1760A, Bangkok, Thailand) and placed into a hot air oven at a 
temperature of 55°C for 30 min.  Then, the RE and conducting pad were screened onto 
the same substrate using Ag/AgCl ink obtained from Sun Chemical (product code: 
C2130809D5, Slough, United Kingdom) for the complement of an electrochemical cell 
and heated again at 55°C for 30 min for solvent drying.  Before use, the prepared SPGE 
was attached with adhesive tape to each electrode strip under the detection area for the 
confinement of the electrode surface area. 
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A single step electropolymerization was employed for electrode 
modification.  Electropolymerization of L-histidine was directly performed onto the 
prepared SPGE surface using the CV technique.  This procedure was accomplished by 
dropping 100 µL of 40 mM L-histidine monomer in 0.1 M PBS (pH 7.4) onto the 
electrode surface area and applying the potential from –0.6 to +2.0 V for 20 cycles at a 
scan rate of 0.2 V s–1.  The electropolymerization of L-histidine can be explained by the 
anodic peak of L-histidine, which was first observed around +1.5 V (Figure 16), which is 
the oxidized form of the imidazole ring on the side chain.  As observed in the second 
cycle of scans at a potential of +1.2 V, the His radicals were then coupled to form 
poly(His).  Interestingly, as the number of cycles scans increased, this defined-peak 
current gradually decreased, indicating the formation of a polymer coating at the 
electrode surface.  After the modification step, the modified electrode was rinsed with DI 
water and allowed to dry at room temperature.   Finally, poly(His)/SPGE was obtained 
and kept in a zip lock bag in a dark and dry location.  The overall fabrication and 
electrochemical measurement processes of the proposed sensor are presented in 
Figure 17. 

 

 

Figure  16 Cyclic voltammogram of electropolymerization of 40 mM L-histidine in 0.1 M 
PBS at pH 7.4 (potential ranges from –0.6 to +2.0 V for 20 cycles, scan rate at 0.2 V s–1) 
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Figure  17 Schematic representation of the fabrication and electrochemical detection 
procedures for the tyramine quantification using poly(His)/SPGE 

3.1.3 Electrochemical measurement 
All measurements were performed using a three-electrode system with 

poly(His)/SPGE as the WE, graphene ink as the CE, and Ag/AgCl as the RE and were 
repeated at least three times at room temperature.  For the electrochemical 
measurement, 100 µL of standard tyramine solution in 0.1 M PBS (pH 7.4) was dropped 
onto the electrode surface area.  CV was employed for the study of the electrochemical 
behavior of tyramine.  The potential range of 0.0 to +1.2 V vs. Ag/AgCl at a scan rate of 
0.075 Vs–1 was set.  DPV was optimized and used for the determination of tyramine. 
All parameters of DPV were successfully achieved by scanning the potential in the 
range of 0.0 to +0.6 V vs Ag/AgCl with a pulse width of 0.025 s, an amplitude of 0.2 V, 
an increment of 0.01 V, and a pulse period of 0.5 s. 

The EIS measurements were performed in 5 mM K3[Fe(CN)6] with a potential 
range of 0.0–0.1 V, a frequency range of 0.01 Hz to100 kHz, and an amplitude of 0.1 V, 
as well as 5 mM [Ru(NH3)6]Cl3 in 0.1 M KCl with a potential range from –0.1 to 0.1 V, a 
frequency range of 0.01 Hz to 100 kHz, and an amplitude of 0.1 V. 
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3.1.4 Real sample preparation 
The practical applications of the proposed poly(His)/SPGE were 

investigated using three different types of real samples, namely, urine, serum, and 
cheese samples.  All biological samples were well received by volunteers who gave 
their consent to participate in the trial.  Urine samples were obtained from healthy 
human volunteers in the laboratory, and serum samples were obtained from healthy 
patients.  To eliminate particulates, urine sample solutions were filtered through a 0.45-
µm Millipore membrane.  On the other hand, serum sample was utilized without any 
purification process.  Different concentrations of standard tyramine with an appropriate 
calibration curve were separately spiked into biological samples and then diluted 50 
and 100 times (1000 µL) with supporting electrolyte (0.1 M PBS, pH 7.4) for the urine 
and serum samples, respectively. 

Cheese samples (candy cheese pain, mozzarella cheese, and cheddar 
cheese) were obtained from local supermarkets in Thailand.  Cheese samples were 
performed according to the published literature (Carelli et al., 2007).  The aliquots of 
each homogenized sample (2.5 g) were transferred into 15 mL plastic centrifuge tubes, 
and 5 mL of PBS (0.1 M, pH 7.4) was added and mixed for 2 min using a vortex.  The 
mixture was placed in an ultrasonic bath for 20 min and centrifuged for 10 min at 3000 
rpm.  The supernatant was collected, and the process was performed two more times.  
Finally, the extracts were collected and made up to volume in a 25 mL volumetric flask 
with PBS.  Before analysis, different concentrations of standard tyramine with an 
appropriate calibration curve were spiked into 100 µL cheese sample solution and 
diluted to 1000 µL with supporting electrolyte (0.1 M PBS, pH 7.4). 

3.2 The development of a new electrochemical platform using poly(L-proline)-linked 
nanodiamonds on a screen-printed graphene electrode for simultaneous detection of L-
DOPA and L-Tyr 

The details provided in this section are extracted from the original research 
article; see Appendix 2 for the full text.  
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3.2.1 Chemicals, materials, and equipment 
All reagents were of analytical grade and used without further purification.  

1% ND dispersions in water (10 nM) were obtained from Adámas Technologies 
(Raleigh, NC).  L-DOPA and L-Tyr were purchased from Merck (Darmstadt, Germany).  
L-Pro, D-alanine, L-ascorbic acid, dopamine hydrochloride, uric acid, L-histidine, 
creatinine, homocysteine, L-cysteine, and potassium ferricyanide (K3[Fe(CN)6]) were 
supplied by Sigma-Aldrich (St. Louis, MO, USA).  The 0.1 M phosphate buffer solution 
(PBS) was prepared by mixing sodium dihydrogen orthophosphate (NaH2PO4.2H2O) and 
disodium hydrogen orthophosphate (Na2HPO4.2H2O), which were obtained from Ajax 

(Australia).  Deionized water, produced by the Milli-Q system (R = 18.2 M cm at 
25°C), was used throughout the experiments. 

The morphology and element composition of the electrode surface were 
investigated using a scanning electron microscope and an energy-dispersive X-ray 
spectrometer (JSM-IT500HR) (JEOL Ltd., Japan).  The bare and modified electrodes 
were analyzed utilizing Fourier transform Raman spectroscopy (Perkin Elmer model 
Spectrum GX) (Shelton, Connecticut, USA).  The Raman results identified the existence 
of chemical bindings after each step of electrode functionalization at the excitation 
wavelength of 532 nm.  Electrochemical measurements, via cyclic voltammetry and 
differential pulse voltammetry, were performed using a laptop controlled by a CHI 
1200C potentiostat (Austin, TX, USA), and electrochemical impedance spectroscopy 
was performed using Sensit Smart (Houten, the Netherlands). 

 
3.2.2 Fabrication of poly(L-proline)-linked nanodiamonds on screen-printed 

graphene electrode 
Homemade SPGE was fabricated onto polyvinyl chloride (PVC) paper by 

stepwise ink deposition using screen-printing technology , as previously reported 
(Kaewjua & Siangproh, 2022).  The templates for homemade SPGE were designed 
using Adobe Illustrator CC.  The template patterns were constructed by Chaiyaboon 
Brothers Co., Ltd. (Bangkok, Thailand).  The SPGE device consists typically of three 
electrodes: the counter electrode, the working electrode, and the reference electrode.  
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Layer-by-layer poly(L-Pro)/ND/SPGE was fabricated in two simple steps: 
electrodeposition of ND and electropolymerization of L-Pro.  The overall fabrication 
steps of homemade SPGE and poly(L-Pro)/ND/SPGE are presented in Figure 18.  
Initially, the PVC paper substrate was cleaned with ethanol before use.  Then, the 
template of the SPGE was attached on top of the PVC paper substrate.  Graphene ink 
from Serve Science Co., Ltd. (product code: SSG-1760A, Bangkok, Thailand) was 
applied onto the template of the SPGE and then screened with a rubber squeegee.  This 
step was repeated twice to obtain a homogeneous surface of WE and CE and placed 
into a hot air oven at a temperature of 60°C for 30 min.  Next, Ag/AgCl ink obtained from 
Sun Chemical (product code: C2130809D5, Slough, United Kingdom) was applied to 
form the RE and conducting pad onto the same substrate and heated again at 60 °C for 
30 min for solvent drying to obtain good adhesion between the ink and the PVC 
substrate.  Finally, insulator ink was then screened on top of the homemade SPGE to fix 
the area of the electrode surface. 

Layer-by-layer poly(L-Pro)/ND/SPGE was fabricated as follows:  First, 100 
µL of 0.1% w/v ND suspension was dropped on the surface of a graphene-based 
substrate and then deposited by sweeping a potential window from –0.8 V to +0.8 V for 
10 repetitive cycles at a scan rate of 0.1 V s–1 (Figure 19A).  The obtained ND/SPGE was 
carefully washed with DI water and left for about 10 sec to dry in the air.  In the second 
step, a poly(L-Pro) layer was polymerized over ND/SPGE surface from 1 mM L-proline in 
0.1 M PBS pH 7.4 by cycling in a potential window from –0.6 to +2.0 V for 15 cycles at a 
scan rate of 0.1 V s–1.  During the electropolymerization process, the adsorption of L-
proline monomer on the ND/SPGE surface occurs in the first cycle at the potential of 
+1.31 V vs. Ag/AgCl.  The irreversible second anodic peak corresponding to free cation-
radical species was observed at +1.25 V.  The peak current of coupling radical slightly 
decreased with the increase in the number of cyclic scans and then maintained 
constant at the fifteenth cycle (Figure 19B).  This confirms that a polymeric L- proline film 
was completely formed on the ND-deposited SPGE surface.  The different electrodes, 
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ND/SPGE, poly(L-Pro)/SPGE and ND/poly(L-Pro)/SPGE, and ND-(L-Pro)/SPGE, were 
performed as it is described above.  

 

 

Figure  18 Schematic representation of the fabrication processes for the poly(L-
Pro)/ND/SPGE 

 

Figure  19 (A) The signals of electrodeposition of 0.1% w/v ND (potential ranges from     
–0.8 to +0.8 V for 10 cycles, scan rate at 0.1 V s–1) and (B) cyclic voltammogram of 
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electropolymerization of 1 mM L-proline in 0.1 M PBS at pH 7.4 (potential ranges from    
–0.6 to +2.0 V for 15 cycles, scan rate at 0.1 V s–1) 

3.2.3 Electrochemical measurement 
All measurements were performed using a three-electrode system with 

poly(L-Pro)/ND/SPGE as the WE, graphene ink as the CE, and Ag/AgCl as the RE, and 
were carried out at least three times at room temperature.  For the electrochemical 
measurement, 100 µL of a mixture of L-DOPA and L-Tyr solution in 0.1 M PBS (pH 7.4) 
was dropped onto the electrode surface area.  CV was employed for the study of the 
electrochemical behaviors of both L-DOPA and L-Tyr.  The potential range of –0.4 to 
+1.0 V vs. Ag/AgCl at a scan rate of 0.075 V s–1 was set.  Differential pulse voltammetry 
(DPV) was optimized and used for the determination of L-DOPA and L-Tyr.  All DPV 
parameters were successfully achieved by scanning the potential in the range of –0.5 to 
+0.7 V vs. Ag/AgCl with a pulse width of 0.025 s, an amplitude of 0.2 V, a pulse period 
of 0.5 s, and an increment of 0.007 V.  The EIS measurements were performed in a 
solution of 5 mM Fe(CN)6

3–/4– in 0.1 M KNO3 with a potential range of 0.0–0.1 V, a 
frequency range of 0.01 Hz–100 kHz, and an amplitude of 0.1 V. 

 
3.2.4 Real sample preparation 

Biological fluids have been utilized to evaluate the applicability of the 
proposed sensor for monitoring the target analytes in real samples.  All biological 
samples were well received by healthy volunteers in the laboratory, and serum samples 
were obtained from healthy patients.  Informed consent was obtained from all human 
subjects, and they already knew what would happen to the human subjects in a trial.   
There was no purification process used on any of the samples.  Different concentrations 
of the standard mixture L-DOPA and L-Tyr with an adequate standard calibration were 
spiked into biological samples and then diluted 50 and 100 times (1000 µL) with 
supporting electrolyte (0.1 M PBS, pH 7.4) for the serum and urine samples, 
respectively.  The electrochemical measurement was performed via DPV under 
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optimized conditions.  Lastly, accuracy and precision were subsequently evaluated and 
compared to spiked values. 

3.3 The development of an amperometric sensor based on hemin-entrapped 
polyethyleneimine assembled short-thin multi-walled carbon nanotubes on screen-
printed graphene electrode for measuring H2O2 levels  

 
3.3.1 Chemicals, materials, and equipment 

Hemin (chloroprotoporphyrin IX iron (III)), polyethyleneimine (PEI, 50 % 
(w/v), Mw 1,300) , 35 wt.%  H2O2 solutions, D (+)glucose, L-ascorbic acid, dopamine 
hydrochloride, uric acid, sodium chloride (NaCl), urea, glycine, calcium chloride (CaCl2),  
ammonium sulfate ((NH4)2SO4), sodium sulfite (Na2SO3), dimethyl sulfoxide (DMSO), 
dimethyl formamide (DMF), sodium dihydrogen orthophosphate, and disodium 
hydrogen orthophosphate, were obtained from Sigma-Aldrich (Broendby, Denmark).  
Short-thin multi-walled carbon nanotubes (ST-MWCNTs, 95+% C purity & COOH, 
product code: 3151) were from Nanocyl (Belgium).  All reagents were of analytical 
grade and utilized without additional purification.  Stock solution of hemin was prepared 
by dissolving 10 mg of hemin with 1 mL of 99.9% DMSO.  Stock solution of 11%w/v of 
PEI was prepared by mixing 220 µL of 50 % w/v PEI with 780 µL of DI water. 1 mg mL–1 
hemin in 10% PEI was freshly prepared by mixing 10 µL of 10 mg mL–1 hemin (99.9% 
DMSO) with 90 µL of 11%w/v of PEI.  The preparation of all aqueous solutions was 
carried out using deionized water produced by the Milli-Q system, which possessed a 

resistivity of 18.2 M  cm at 25 °C. 
 

3.3.2 Fabrication of hemin-entrapped polyethyleneimine assembled short-thin 
multi-walled carbon nanotubes on screen-printed graphene electrode 

The in-house SPGE was produced using screen-printing technology on 
polyvinyl chloride paper described in previous work (Kaewjua & Siangproh, 2023). The 
template patterns for in-house SPGE were designed using Adobe Illustrator CC.  The 
template block screens were fabricated by Chaiyaboon Brothers Co., Ltd. (Bangkok, 
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Thailand).  Before using the PVC paper substrate, it was thoroughly cleaned with 
ethanol.  The template block screen for WE and CE was subsequently placed on top of 
the PVC paper substrate.  Graphene ink from Serve Science Co., Ltd. (product code: 
SSG-1760A, Bangkok, Thailand) was applied to the template and screened three times 
using a rubber squeegee.  Subsequently, the obtained WE and CE on PVC substrate 
was placed in a hot air oven set at a temperature of 60 °C for a duration of 30 min.  The 
template block screen for the RE and conducting pad was then placed on top of the 
obtained substrate.  Finally, Ag/AgCl ink, sourced from Sun Chemical (product code: 
C2130809D5, Slough, United Kingdom), was screened three times and then heated at 
60 °C for 30 min. to evaporate the solvent.   

Before use, nail varnish was applied to the space between each electrode 
to confine the working electrode area, allowing precise electrode modification.  Hemin-
PEI/ST-MWCNTs/SPGE was fabricated as follow: 5 µL of 10 mg mL–1 ST-MWCNT in DMF 
was placed on the WE area of SPGE, and left to dry at room temperature for 45 min.  
Next, 5 µL of 1 mg mL–1 Hemin in 10% PEI was placed on the ST-MWCNTs/SPGE, left to 
dry at room temperature under a plastic lid.  Finally, the hemin-PEI/ST-MWCNTs/SPGE 
was rinsed with PBS three times before use.  The overall fabrication procedure of hemin-
PEI/ST-MWCNTs/SPGE is presented in Figure 20. 
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Figure  20 Schematic representation of the fabrication processes for the hemin-PEI/ST-
MWCNTs/SPGE 

3.3.3 Electrochemical measurement 
All electrochemical measurements were performed in a three-electrode 

system with hemin-PEI/ST-MWCNTs/SPGE as the WE, graphene as the CE, and Ag/AgCl 
as the RE connected with a µAutolab potentiostat (Type III, Metrohm, Utrecht, 
Netherlands) equipped with GPES software (version 4.9.007), inside a faradaic cage.  
All measurements were carried out at room temperature using at least three equivalently 
prepared electrodes.  Chronoamperometry analysis of H2O2 was performed at –0.2 V by 
spiking the working solution with increasing concentrations of analytes, the current 
response to each concentration being recorded for 50 s, followed by the next 
concentration added.  

 
3.3.4 Real sample preparation 

The EBC samples were obtained from healthy volunteers in the laboratory 
with their informed consent.  During collector analysis, exhaled breath samples were 
collected by breathing in through the nose and blowing out through a mouthpiece 
connected to a REDI EBC device. (REDI. Bio., London, United Kingdom) for 5 min to 
obtain ~250 µL of EBC samples.  For all of the samples, there was no need for a 
purification procedure.  The obtained EBC samples were immediately diluted twice (total 
500 µL) with 40 mM PBS, pH 7 to obtain the real samples in the effective supporting 
electrolyte environment. When not in use, they were stored in the freezer at –20 °C. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

This chapter presents the results and discussion related to the development of 
electrochemical sensing platforms using electrodes modified with poly (amino acids) 
and biocatalyst materials for biomarker detection.  The chapter is structured into three 
projects, with each project according to the proposed methodology outlined in Chapter 
3.  

4.1 The development of a novel tyramine sensor using poly (histidine) assembled on a 
screen-printed graphene electrode 

The details provided in this section are extracted from the original research 
article; see Appendix 1 for the full text.  

 
4.1.1 Characterization of bare SPGE and poly(His)/SPGE 

As illustrated in Figure 21, the surface morphologies of bare SPGE and 
poly(His)/SPGE were investigated using a SEM.  The SEM images of bare SPGE, as 
presented in Figure 21A and C (at 5,000X and 10,000X magnification, respectively), 
exhibited a rough and wrinkled surface, uniformly distributed particles, and a stack of 
graphene layers.  After the modification of poly(His) onto SPGE, the electrode surface 
(Figure. 21B and D at 5,000X and 10,000X magnification, respectively) displayed a 
relatively smooth surface and a more film-like texture than the bare SPGE surface. 
This phenomenon indicated that the bare SPGE surface is completely covered by the 
polymeric thin film of poly(His). 

Scanning electron microscopy and energy-dispersive X-ray spectrometry 
(SEM-EDS) as well as Raman spectroscopy were employed to confirm the presence of 
poly(His) on the SPGE surface, as presented in Figure 22.  The constituent elements of 
bare SPGE and poly(His)/SPGE were identified using the SEM-EDS technique, as 
presented in Figure 22A and B, respectively.  The C, O, and Cl elements, which are 
related to the composition of graphene ink, were present in the bare SPGE.  Meanwhile, 
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the SEM-EDS analysis of modified poly(His) onto SPGE was similar to that of bare SPGE, 
with the exception that the distinguishing peak due to the N atom significantly increased 
when the histidine molecule was used as a monomer.  This indicated that a poly(His) 
layer had indeed been applied to the SPGE surface.  Furthermore, the Raman spectra in 
Figure 22C indicated the characteristic G (~1582.39 cm–1) and 2D (~2718.76 cm–1) 
bands and a D peak at 1350 cm–1 for bare SPGE (blue line).  The appearance of the D 
band could be due to the low defect content of the graphene layers during the 
manufacturing process of graphene ink (Johra et al., 2014; Krishnamoorthy et al., 2012).  
Interestingly, poly(His)-modified SPGE (orange line) revealed not only increased 
intensities of two characteristic bands but also a sharp, intense peak at 1579.44 cm –1, 
corresponding to the C=C stretching vibration of the imidazole ring at pH ~7 (Liu et al., 
2012; Mesu et al., 2005).  The disordered level of the graphene structure was calculated 
using the intensity ratio of D and G bands (ID/IG).  The intensity ratio value was found to 
increase from 0.63 to 0.74 after modification with poly(His), indicating the higher 
disorder level of modified graphene (Liu et al., 2018).  The results clearly indicated that 
the electropolymerization of L-histidine was successfully modified on the SPGE surface. 
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Figure  21 SEM images of (A and C) bare SPGE and (B and D) poly(His)/SPGE at  
5,000X (A, B), and 10,000X (C, D) 

 

Figure  22 The SEM-EDS analysis of (A) bare SPGE, (B) poly(His)/SPGE, and (C) Raman 
spectra of both unmodified and modified SPGE  
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In addition, various amino acid-based polymers were investigated to 
develop highly sensitive and selective detection of tyramine. Based on the variable 
functional group on the side chain, some amino acids in each category: non-polar side 
chain, sulfur-containing side chain, polar side chain, and electrically charged side chain 
were chosen to modify the SPGE.  As shown in Figure 23, the SPGE modified with 
poly(histidine) was found to provide the highest current compared to the other amino 
acid-based polymer modified electrodes.  As a result, the histidine monomer is a 
potential amino acid for fabricating the polymer in order to improve the sensitivity and 
selectivity of tyramine detection. 

 

Figure  23 Preliminary results of DPV signals for 100 µM of tyramine in 0.1 M PBS (pH 
7.4) at different amino acids-based polymers modified SPGE (n=3) 

4.1.2 Electrochemical characterization of poly(His)/SPGE 
To investigate the electrochemical performance of bare SPGE and 

poly(His)-modified SPGE, the CV and EIS measurements were performed by using both 
an anionic (Fe(CN)6

3–/4–) redox probe and a cationic (Ru(NH3)6
3+) redox probe.  The 

cyclic voltammogram of 5 mM Fe(CN)6
3–/4– in 0.1 M KCl exhibited two well-defined peaks 

at potentials of +0.280 and +0.004 V at bare electrode, as presented in Figure 24A 
(dash line).  On the other hand, the redox behaviors of Fe(CN)6

3–/4– were significantly 
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reduced and broadened after the modification of electropolymerization of L-histidine on 
the SPGE surface.  In addition, the peak currents decreased while the peak potential 
increased up to +0.357 V (straight line).  This poor electrochemical response of 
Fe(CN)6

3–/4– derived from poly(His)/SPGE suggested that an electrostatic repulsion force 
existed between the negatively charged carboxylic group in the poly(His) thin film and 
the anionic redox probe.  Meanwhile, a cyclic voltammogram of bare and modified 
SPGE using 5 mM Ru(NH3)6

3+ in 0.1 M KCl provided a pair of redox peaks at potentials 
of –0.327 and –0.125 V, correlating with the redox reaction of this electroactive probe.  
When the electrochemical properties of the bare (dash line) and modified electrodes 
(straight line) were compared, the poly(His)/SPGE electrode demonstrated minor 

changes in the peak current and an E shift to a more positive potential (from +0.202 to 
+0.256 V), as presented in Figure 24B.  This phenomenon can be explained by the 
electrostatic interaction between negatively charged carboxyl groups on the surface of 
the poly(His) film and the cationic redox probe.  The anionic behavior of L-histidine 
polymeric film may be attributed to the most abundant carboxyl groups on the polymer 
backbone, which are derived from both the L-histidine monomer's characteristics and 
the overoxidized imidazole side chain (Liu et al., 2014).  As a result, the electrochemical 
behavior of Ru(NH3)6

3+ on poly(His)/SPGE improved the electron-transfer process at the 
electrode–solution interface. 

To gain a better understanding of electron-transfer processes, EIS was 
employed to characterize unmodified and modified poly(His) on SPGE using both 
Fe(CN)6

3-/4- and Ru(NH3)6
3+ as electroactive probes.  In the Nyquist plot, the length of the 

semicircle diameter corresponds to the electron-transfer resistance (Rct) at the 
electrode–solution interface.  The calculated Rct values for bare SPGE and 

poly(His)/SPGE using 5 mM Fe(CN)6
3–/4– as a redox probe were 1.60 and 11.5 k, 

respectively.  On the other hand, the calculated Rct values of 5 mM Ru(NH3)6
3+ at the 

bare electrode and modified electrode were found to be 1.85 and 1.15 k, 
respectively.  As presented in Figure 24C, the bare SPGE when using anion (curve a) 
and cation (curve c) redox probes exhibited a similar behavior as a small length of 
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semicircle diameter, indicating good graphene conductivity.  When comparing the bare 
electrode with the modified polymer of L-histidine on SPGE, the length of the semicircle 
diameter of Fe(CN)6

3–/4– was significantly increased (curve b), whereas the semicircle 
diameter of Ru(NH3)6

3+ was slightly decreased (curve d).  The increased impedance at 
the modified electrode when using Fe(CN)6

3–/4– arises from the electron-transfer process 
at the interface was hindered.  This was attributed to the strong electrostatic repulsion 
between the carboxyl groups of the poly(His) film and the negatively charged redox 
indicator ferricyanide, which was in good agreement with the CV data presented in 
Figure 24A.  On the other hand, the Rct value when using the cationic electroactive 
probe at the modified electrode was smaller than that of a bare SPGE, indicating that the 
polymeric film of L-histidine has a higher electroactive surface coverage and excellent 
electrocatalytic activities, which improves the electron-transfer process at the electrode 
interface.  As a result, Ru(NH3)6

3+ was selected as a redox probe for the investigation of 
properties obtained from poly(His)/SPGE.  

The electroactive surface areas of bare SPGE and poly(His)/SPGE were 
then measured using the CV technique at different scan rates with 5 mM 
Ru(NH3)6

3+(Figure 25).  For a reversible process, the Randles–Sevcik equation was used 
to calculate the electroactive surface areas, as shown below (Charoenkitamorn et al., 
2018): 

 

Ipa = (2.69 × 105)n3/2AC0
*D0

1/21/2 ………………… equation 6 
 
where Ipa denotes the anodic peak current; n, the number of electron 

involved in the redox process; A, an electroactive surface area of electrode (cm2); C0
*, 

the concentration of Ru(NH3)6
3+(mol cm–3); Do (cm2 s–1), the diffusion coefficient; and   

(V s–1), the scan rate.  For 5 mM Ru(NH3)6
3+ in 0.1 M KCl as supporting electrolyte, the n 

and Do values were 1 and 8.43 × 10–6 cm2 s–1, respectively (Wang et al., 2011).  
Therefore, the electroactive surface areas were found to be 0.066 and 0.074  cm2 for the 
bare SPGE and poly(His)/SPGE, respectively.  This indicates that the electroactive 
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surface area for the modified electrode is 1.12 times higher than that of the bare SPGE.  
Based on the findings, the polymer layer on the electrode’s surface was responsible for 
the enhancement of active sites. 

The total surface coverage (Γ) was derived from the charge concentration 
(Q) according to the relationship described in the equation to estimate the surface 
coverage of the bare electrode and polymer film on the modified electrode (Kumar et al., 
2017): 

Γ = 
Q

nFA
………………… equation 7 

where Γ is the total surface coverage (mol cm–2); Q, the charge obtained 
from the anodic peak area of the supporting electrolyte ( 0.1 M PBS, pH 7.4) ; n, the 
number of involved electrons; F, Faraday’s constant (96,485.34 C mol–1); and A, the 
electroactive surface area.   The calculated surface coverages of bare electrode and 
poly(His)/SPGE were found to be 1.55 × 10–10 and 7.84 × 10–10 mol cm–2, respectively. 
The increased electroactive surface coverage can be attributed to the existence of a 
polymeric histidine film on the SPGE surface. 

 
4.1.3 Electrochemical behavior of tyramine on poly(His)/SPGE 

The electrochemical responses of tyramine detection were investigated 
using bare SPGE and poly(His)/SPGE via CV and DPV. The CV curves of 1 mM tyramine 
in 0.1 M PBS (pH 7.4) at the bare electrode and poly(His)/SPGE are presented in Figure 
26A.  It can be noticed that the electrooxidation of tyramine occurred at a potential of 
+0.51 V at an unmodified and a modified electrode.  When compared with the bare 
SPGE (blue line), the characteristics of tyramine at poly(His)/SPGE (orange line) were 
sharper and had a higher peak current.  Moreover, the occurrence of a single anodic 
peak indicated that the electrochemical reaction of tyramine was completely an 
irreversible process.  The obtained results were consistent with those of the previous 
study (Erdogan et al., 2018).  For the DPV measurements, as presented in Figure 26B, 
the electrooxidation peaks of tyramine were observed at potentials of +0.34 and +0.29 V 
for bare SPGE (blue line) and poly(His)/SPGE (orange line), respectively.  Furthermore, 
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the peak current at poly(His)/SPGE was nearly three times that of bare SPGE.  These 
results indicate that the polymeric film of L-histidine on SPGE exhibits electrocatalytic 
activity in terms of the improvement of the electron-transfer processes between the 
electrode surface and electroactive species in the solution.  This enhancement in 
electron-transfer kinetics could be attributed to the high conductivity of poly(His)/SPGE, 
which contains the carboxyl groups on the polymeric L-histidine backbone (Wang & 
Huang, 2014).   

To investigate the electron-transfer kinetics of tyramine, the effect of scan 
rate at poly(His)/SPGE was measured via CV, and the results are presented in Figure 
26C.  The electrooxidation current of tyramine was found to increase at a scan rate of 
0.005 to 0.075 V s–1.  With an increased scan rate, the oxidation potential shifted to the 
positive direction, indicating that the electrooxidation of tyramine was an irreversible 
process.  However, a linear relationship was observed between the oxidation currents 

and the square root of the scan rate (1/2) (presented in the inset in Figure 26C), which 
suggested a diffusion-controlled electrochemical process.  A diffusion-controlled 

electrochemical process was also elucidated using the plot of log Ip versus log  
(Figure 27A).  The slope of 0.5907 was consistent with the theoretically expected value 
of 0.5, confirming that the electrooxidation of tyramine was controlled by the diffusion 
process (Azizi et al., 2016).  Furthermore, using the theoretical model described by 
Andrieux and Savèant, the information obtained from the relationship between Ipa and 

the 1/2can be used to determine the diffusion coefficient (D0) of tyramine.   

Ipa=  0.496FACD0

1
2 (

F

RT
)1/2 1/2………………… equation 8 

 
where Ipa denotes the anodic peak current of tyramine; F, Faraday’ s 

constant (96,485.34 C mol–1); A, the electroactive surface area (0.074 cm2); C, the 
concentration of tyramine (1 × 10–6 mol cm–3); R, the gas constant (8.31447 J mol–1K–1); 

T, the absolute temperature (298 K); and , the scan rate.   The plot of the 

electrooxidation current of tyramine versus 1/2 (inset Figure 26C) provided the linear 
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regression of y = 183.57x –3.2432 (R2 = 0.994).  Hence, the calculated D0 of Tyr was 
found to be 6.84 × 10–5 cm2 s–1.  

   Epa=E0+
RT

(1-α)nF
ln

RTks

(1-α)nF
+

RT

(1-α)nF
ln  ………………… equation 9 

 

Ipa = (2.99 × 105) n[(1-α)nα]1/2ACsD0
1/21/2………………… equation 10 

 

It is important to determine the factor of (1-α)nα before estimating the 
number of electrons in the irreversible process.  As presented in Figure 27B, the 

calculation is based on a linear relationship between Epa and ln  (y = 0.0317x + 0.5967; 

R2 = 0.9828).  Hence, the calculated factor of (1-α)nα was found to be 0.81.  As a result, 
the number of electrons involved in the electrooxidation of tyramine was calculated to 
be 1.11 (n ~ 1).  The electrochemical behavior of tyramine under various pH conditions 
can be used to determine the number of protons involved in the electrooxidation 
process.  In Figure 26D, the oxidation peak potentials (Epa) of tyramine at 
poly(His)/SPGE in the pH range of 5.7–9.0 clearly shifted to the negative direction as the 
pH values increased.  This is a consequence of the protonated form of tyramine involved 
in the oxidation process that could be facilitated the electron-transfer process at higher 
pH values (pKa values of tyramine ~9.66 and ~10.41).  Tyramine is fully protonated at a 
pH of around 7, indicating the existence of a positively charged amine group in the 
tyramine structure, since this pH value is lower than the actual pKa for an amine group.  
As a result, the maximum peak current was observed at pH 7.4 for the tyramine 
detection.  This phenomenon can be attributed to the protonated forms of tyramine at 
pH 7.4 fully interacted electrostatically with the carboxylic groups on the polymer 
backbone.  Therefore, PBS at pH 7.4 was selected as the supporting electrolyte.  
Furthermore, the Nernst equation was used to characterize the linear relationship 
between the pH values and oxidation peak potentials (y = –0.0556x + 0.8397; R2 = 
0.9963).  The numbers of electrons and protons at the electrode interface were denoted 
by m and n, respectively.  The slope was found to be 0.0556, which was close to the 
theoretical value of 0.0591. This suggested that the numbers of electrons and protons 
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transferred at the electrode interface were equal, indicating that m = n = 1.  Thus, one 
electron and one proton were involved in the electrooxidation of tyramine at 
poly(His)/SPGE, a finding consistent with those of previous studies (Sanu K. Anand et 
al., 2020). 

 

Figure  24 Cyclic voltammograms of both bare SPGE and poly(His)/SPGE in (A) 5 mM 
Fe(CN)6

3–/4– in 0.1 M KCl (potential ranges from –0.60 to +0.80 V, scan rate 0.075 V s–1), 
(B) 5 mM Ru(NH3)6

3+ in 0.1M KCl (potential ranges from –0.60 to +0.20 V, scan rate 
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0.075 V s–1), and (C) EIS curves of bare SPGE and poly(His)/SPGE in 5 mM Fe(CN)6
3–/4– 

(curve a and b) and 5 mM Ru(NH3)6
3+ (curve c and d) 

 

Figure  25 (A) and (B) represent CV curves for 5 mM Ru(NH3)6
3+ in 0.1 M KCl at bare 

SPGE and poly(His)/SPGE, respectively (Potential ranges from –0.65 to +2.0 V at 
different scan rates) and (C) and (D) show the plot of anodic peak current of 5 mM 

Ru(NH3)6
3+ vs. square root of scan rate at bare SPGE and poly(His)/SPGE, respectively  
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Figure  26 (A) CV curves of 1 mM tyramine in 0.1 M PBS (pH 7.4) at bare SPGE and 
poly(His)/SPGE (scan rate of 0.075 V s–1), (B) DPV curves obtained for comparing both 
of bare SPGE and poly(His)/SPGE in 100 µM tyramine containing 0.1 M PBS (pH 7.4), 

(C) CV curves of 1 mM tyramine in 0.1 M PBS (pH 7.4) at different scans rate using 
poly(His)/SPGE (inset presents dependence of the anodic peak current on the square 

root of the scan rate), and (D) CV curves of 1 mM tyramine obtained for varying pH 
conditions  

 

Figure  27 The linear relationship between (A) log (Ip) and log  and (B) peak potential 

(Ep) and ln  for 1 mM tyramine in 0.1 M PBS (pH 7.4) at poly(His)/SPGE (scan rate (); 
0.005 to 0.075 V s–1) 

4.1.4 Optimization of electropolymerization of L-histidine and electrochemical 
detection 

To achieve excellent sensitivity and analytical performance for the detection 
of tyramine, several parameters in the electropolymerization process were examined. 
The electrochemical response of the target analyte was influenced by the thickness of 
the polymeric film.  Consequently, the monomer concentration and the number of cycle 
scans were systematically investigated to obtain the optimal polymeric film thickness for 
the tyramine sensor.  Figure. 28A and C illustrate the concentration of L-histidine and the 
number of cycle scans, respectively.  For the monomer concentration, the peak current 
increased up to 40 mM and decreased thereafter.  This might be due to the formation of 
a nonuniform polymeric layer.  Meanwhile, a high electrochemical response was 
obtained when the number of cycle scans was set to 20.  This means that a 20-cycle 
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scan is sufficient to generate a polymeric histidine film on the SPGE surface that could 
accelerate the electron-transfer at the electrode interface.  Therefore, 40 mM of L-
histidine and 20 cycles were selected as the optimized conditions for 
electropolymerization for further experiments. 

The potential windows and scan rate affected the rates of the 
electrochemical reaction, film thickness, and dopant contents.  Hence, the suitable 
applied potential windows and scan rate of the electropolymerization process were also 
investigated.  The potential ranges (Figure 28B) were first fixed between –0.8 and +2.0 
V; this finding could be used for the tyramine detection.  However, this potential range 
resulted in a delay in the generation of a polymeric film onto the SPGE surface.  
Furthermore, an attempt was made to shift the final potential in a more negative 
direction.  It was found that when the applied potentials were scanned from –0.8 to +1.5 
V, the current for tyramine decreased.  This implies that the final potential for the 
electropolymerization process must be higher than +1.5 V to ensure the oxidation of L-
histidine.  This phenomenon may be due to the fact that the imidazole groups of 
poly(His) can be overoxidized at higher anodic potentials, resulting in the introduction of 
carbonyl and carboxyl groups to the polymer skeleton, which can induce diffusion of the 
target analyte into the electrode interface (Chen et al., 2017).  As a result, the final 
potential was set to +2.0 V, and the initial potential gradually shifted to a more positive 
direction.  Surprisingly, when the initial potential was applied at –0.6 V, the signal current 
of tyramine was the highest.  Therefore, an applied potential in the range of –0.6 to +2.0 
V was selected for the electropolymerization process for further experiments.  The 
tyramine responses for the formation of poly(His) film are presented in Figure 28D using 
a different scan rate.  It was observed that a scan rate of 0.2 V s–1 exhibited a high 
sensitivity of the tyramine response due to the formation of a uniform polymeric layer.  
Therefore, the scan rate of 0.2 V s–1 was selected for the electropolymerization process 
because this condition offered the maximum current within a reasonable time duration 
for the modification process.  Furthermore, the electrochemical conditions in DPV are a 
crucial parameter that can affect the tyramine peak shape and peak current. 
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All parameters of the DPV, including increment, amplitude, pulse width, and 
pulse period, were systematically examined via DPV using 100 µL of tyramine in 0.1 M 
PBS at pH 7.4.  The optimum currents were detected at pulse width of 0.025 s, 
amplitude of 0.2 V, increment of 0.01 V, and pulse period of 0.5 s, which offered the best 
analytical performance for tyramine monitoring (Figure 29). 

 

 
 

Figure  28 The influent of electropolymerization process included (A) concentration of  
L-histidine, (B) suitable potential windows, (C) number of cycle scans, and (D) scan rate 
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Figure  29 represents the crucial DPV parameters including (A) pulse width, (B) 
amplitude, (C) increment E, and (D) pulse period 

4.1.5 Analytical performances 
Under optimal conditions, the DPV technique was performed for the 

quantitation of tyramine, and the results are presented in Figure 30.  The linear 
concentration ranges (Figure 30B) were found to be 0.5–20 and 50–300 µM with a linear 
regression equation of Ipa = 1.6069 Ctyramine + 1.1467 (R2 = 0.9933) and Ipa = 0.2455 
Ctyramine + 44.533 (R2 = 0.9961), respectively.  The limit of detection was estimated to be 
0.065 µM based on 3SD/m, where SD denotes the standard deviation of 10 replicate 
measurements of a blank (0.1 M PBS, pH 7.4), and m denotes the slope of the 
calibration curve.  The analytical performance of poly(His)/SPGE for tyramine 
determination was compared with other electrode characteristics listed in Table 3. 
The novel sensor based on the polymeric film of L-histidine exhibited better performance 
in some cases or was comparable with the other tyramine sensors reported so far, with a 
low LOD and a sufficiently wide linear range.  Furthermore, when compared with other 
architectures that used complex materials, multiple and complicated processes, and/or 
enzyme immobilization, the proposed sensor proved its ease of fabrication by requiring 
only a single step of modification directly onto the electrode surface.  Therefore, this 
produced sensor is not only sensitive enough for clinically significant tyramine 
monitoring in real samples; it also offers good potential for on-site and real-time analysis. 
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Figure  30 (A) DPV signals for different concentrations of tyramine at poly(His)/SPGE and 
(B) calibration plot between peak current and tyramine concentration 

Table  3 Comparison of the tyramine determination performance at the different modified 
electrodes 

Modification 
electrode 

Technique Real 
samples 

Linear 
range (µM) 

LOD 
(µM) 

References 

Pea seedling amine 
oxidase MnO2/SPCE 

Amp Chicken 
meat 

10–300 3.0 (Telsnig et al., 2013) 

Q/fMWCNT/GCE DPV Yoghurt 
Urine 

0.7 - 75 0.647 (Raoof, Ojani, Amiri-
Aref, et al., 2012) 

Tyrase/TiO2/CMK-
3/PDDA/Nafion/GE 

CV Camember 
cheese 

Sauerkraut 
Banana 

6–130 1.5 (Kochana et al., 
2016) 

PO4-Ppy/Pt Amp Sauerkrautt 4–80 0.547 (Apetrei & Apetrei, 
2013) 

P3MT/Pt DPV Moldy 
cheese 

4.4 - 14000 1.32 (Küçük & Torul, 2018) 

OPOAP/GCE SWV Rice vinegar 0.1-200 0.054 (Zhao et al., 2018) 

TiO2-Ag/PPy/GCE CA Cheese 
Sauerkraut 

0.04 -3.07 0.02 (Erdogan et al., 2018) 

AuNP-PANSA/AuE EIS Roquefort 
cheese, 
Yogurt 

Red wine 
Beer 

0.8–80 0.04 (da Silva et al., 
2019a) 
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Table 3 (Continued) 

Modification 
electrode 

Technique Real 
samples 

Linear 
range (µM) 

LOD 
(µM) 

References 

P(LArg)/ERGO/GCE DPV Blood serum 
Urine 

0.6 – 10 
and 20 -70 

0.145 (Sanu K Anand et al., 
2020) 

PCGE DPV Red wines 0.6–100 0.5 (da Silva et al., 2021) 

Poly(His)/SPGE DPV Urine 
Serum 

Cheese 
samples 

0.5- 20 and 
50 -300 

0.065 This work 

MnO2= manganese dioxide; Q/fMWCNT = quercetin on a functionalized multi-wall carbon nanotube; 
GCE =  glassy carbon electrode; Tyrase= Tyrosinase; SPCE = screen-printed carbon electrode; TiO2 
= titania dioxide sol; PDDA = poly-(diallyl dimethyl ammonium chloride); GE = graphite electrode; 
PO4-Ppy = phosphate-doped polypyrrole film; Pt = platinum electrode; P3MT = poly(3-
methylthiophene); OPOAP = Overoxidized Poly(o-aminophenol); Ti2O-Ag = titanium dioxide-silver 
nanocomposite; Ppy= polypyrrole; AuNP= gold nanoparticle; PANSA= poly-(8-anilino-1-napthalene 
sulphonic acid); AuE= gold electrode; P(L-Arg)= poly(L-Arginine); ERGO  = electrochemically 
reduced graphene oxide; PCGE = pencil carbon graphite electrode; Amp= Amperometry; CV= 
Cyclic voltammetry; DPV= Differential pulse voltammetry; EIS = Electrochemical impedance 
spectroscopy; CA = Chronoamperometry. 
 

To verify the performance of the proposed sensor, the precision in terms of 
reproducibility was investigated by determining the tyramine response at seven 
modified electrodes. The relative standard deviation (RSD) was calculated to be 1.23% , 
which indicated an excellent reproducibility.   Furthermore, the long-term stability of 
poly(His)/SPGE was evaluated by measuring the response currents toward 100 µM of 
tyramine in 0.1 M PBS (pH 7.4) at 7-day intervals.  The prepared poly(His)/SPGE were 
kept in a zip lock at room temperature before use.  As presented in Figure 31, the 
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electrooxidation currents of tyramine could remain at 90.75% of their initial current 
response, after 35 days, indicating good stability of the fabricated sensor. 

 

 

Figure  31 The study of long-term stability of poly(His)/SPGE 

4.1.6 Interference study 
To study the selectivity of the proposed sensor, the presence of tyramine in 

various concentration ratios of interfering substances was investigated via DPV. 
The possible interfering substances were Mg2+, ascorbic acid (AA), glutathione (GSH), 
creatinine (Cr), bovine serum albumin (BSA), dopamine (DA), uric acid (UA), and 
cysteine (Cys), which are abundant in biological samples.  Furthermore, some BAs such 
as cadaverine (Cad), histamine (Hist), and putrescine (Put), which are commonly found 
in cheese samples, were considered.  The measurements were performed in 5 µM 
tyramine with co-existing concentrations of 1 mM for Mg2+, AA, GSH, and Cr, 1% for 
BSA, 0.1 mM for DA, 50 µM for UA, 5 µM for Cys, and 0.5 mM for Cad, Hist, and Put.  No 
significant change was observed in the current (less than ±5%), as presented in Figure 
32.  This indicated that poly(His)/SPGE has an excellent selectivity toward the 
determination of tyramine. 
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Figure  32 The effect of interferents on the anodic peak current of 5 µM tyramine at 
poly(His)/SPGE (n=3) 

4.1.7 Practical applications in real samples 
To illustrate its practical application in real-sample analysis, the tyramine 

sensor was used in human urine samples, serum samples, and three types of cheese 
samples.  The analytical determination was performed using the standard addition 
method by spiking the standard tyramine (1, 5, 10, and 15 µM) in real samples.  
The values calculated based on the average of three replicates are presented in Table 
4.  The recovery and RSD values (%) were obtained in the acceptable value ranges of 
82.58%–109.75% and 0.28%–8.03%, respectively.  Moreover, the quantities of tyramine 
were found to be 7.03, 8.86, and 16.77 mg/kg in candy cheese plain, mozzarella 
cheese, and cheddar cheese, respectively.  These findings indicate that poly(His)/SPGE 
has sufficient sensitivity, selectivity, and reliability for detecting the presence of tyramine 
in biological and food samples.   
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Table  4 The practical applications of poly(His)/SPGE for monitoring tyramine in real 
samples (n = 3) 

Real Samples Spiked (µM) Found (µM) Recovery (%) RSD (%) 

Human urine sample 1 1 
5 
10 
15 

0.95 ± 0.03 
5.48 ± 0.10 
10.74 ± 0.04 
14.36 ± 0.14 

95.32 
109.66 
107.43 
95.72 

2.59 
1.78 
0.28 
0.93 

Human urine sample 2 1 
5 
10 
15 

1.04 ± 0.13 
5.49 ± 0.23 
10.48 ± 0.66 
14.52 ± 0.25 

104.04 
109.75 
104.79 
96.77 

8.03 
3.67 
5.86 
1.65 

Human serum sample 1 
5 
10 
15 

1.06 ± 0.02 
5.26 ± 0.12 
10.23 ± 0.23 
15.37 ± 0.22 

105.68 
105.26 
102.30 
102.44 

1.45 
2.25 
2.27 
1.43 

Candy cheese plain 

 
1 
5 
10 
15 

1.34 ± 0.05 
5.42 ± 0.07 
9.82 ± 0.46 
14.96 ± 0.48 

83.01 
98.19 
93.08 
96.29 

1.95 
1.09 
3.96 
2.79 

Mozzarella cheese 

 
1 
5 
10 
15 

1.60 ± 0.11 
5.38 ± 0.09 
9.48 ± 0.08 
15.18 ± 0.41 

95.61 
94.75 
88.37 
96.86 

2.94 
1.13 
0.70 
2.34 

Cheddar cheese 

 
1 
5 
10 
15 

2.05 ± 0.12 
5.49 ± 0.33 
9.76 ± 0.40 
14.93 ± 0.42 

82.58 
85.27 
85.34 
91.37 

3.13 
4.59 
3.52 
2.55 
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4.2 The development of a new electrochemical platform using poly(L-proline)-linked 
nanodiamonds on a screen-printed graphene electrode for simultaneous detection of L-
DOPA and L-Tyr 

The details provided in this section are extracted from the original research 
article; see Appendix 2 for the full text.  

 
4.2.1 Electrochemical performances of the modified electrodes with poly(L-Pro) 

and ND 
The effect of different electrode preparation steps based on single, 

composite, layer-by-layer modification, and a bare SPGE on the electrochemical 
oxidation of L-DOPA and L-Tyr was first investigated.  As shown in Figure 33A, the CV 
measurement at the bare SPGE (curve a) revealed weak anodic peak currents of L-
DOPA and L-Tyr.  In addition, a slight hump on the L-DOPA oxidation peak was noticed.  
After the ND layer was deposited on SPGE (curve b), a pair of obvious oxidation peaks 
of the target analyte was discovered, implying that the ND layer could eliminate a 
disturbance hump peak.  While a single modification of poly(L-Pro) was present on 
SPGE (curve c), the oxidation peaks of L-DOPA and L-Tyr increased and showed sharp 
peaks at potentials of +0.049 V and +0.543 V, respectively.  These findings may be a 
result of catalysis by poly(L-Pro).  Therefore, the use of a combination of ND and poly(L-
Pro) as modifiers was investigated using various modification approaches.  At the 
composite ND-(L-Pro)/SPGE (curve d), the electrochemical signals of target analytes 
dramatically decreased compared with those of poly(L-Pro)/SPGE.  Interestingly, better 
electrochemical responses and well-defined peaks of target analytes were observed at 
the layer-by-layer poly(L-Pro)/ND/SPGE (curve f).  

The DPV technique is furthermore used to precisely confirm the 
electrochemical performances of various modified and unmodified electrodes.  Figure 
33B illustrates the DPV responses of 0.1 M PBS, pH 7.4 at the different electrodes.  
As expected, the disturbance peak was observed at the potential of –0.01 V at a bare 
SPGE (curve a).  This phenomenon is attributed to the coexistence of screen-printing ink 
formulations, such as resins, solvents, and additives, that could be oxidized at the near 
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potential of L-DOPA oxidation.  Interestingly, when the electrode surface is modified by 
ND or poly(L-Pro) with different modification steps, the disturbance peak is eliminated.  
This indicates that the integration of the ND layer with poly(L-Pro) is important for the 
suppression of background currents.  From the obtained results, the poly(L-
Pro)/ND/SPGE (curve f) provided a flat and lower signal of background currents.  This 
could be beneficial for achieving a low detection limit.  From the DPV responses in 
Figure 33C, it is clearly seen that the layer-by-layer poly(L-Pro)/ND/SPGE not only 
increased the oxidation peak current by 6- and 3-folds for L-DOPA and L-Tyr but also 
provided a lower detection potential for both target analytes.  Therefore, it is logical to 
assume that poly(L-Pro)/ND/SPGE could be an appropriate electrode material for the 
simultaneous detection of L-DOPA and L-Tyr. 

To study the changes in the impedance of modified electrodes, EIS was 
carried out in 5 mM Fe(CN)6

3–/4–  in 0.1 M KNO3 at the different electrodes.  The charge 
transfer resistance (Rct) is represented by the diameter of the semicircle (Bonanni et al., 
2012) as shown in Figure 33D.  The highest calculated Rct is at the bare SPGE (11.83 

k) and is significantly reduced for ND/SPGE (9.39 k), poly(L-Pro)/SPGE (3.24 k), 

ND-(L-Pro)/SPGE (7.24 k), ND/poly(L-Pro)/SPGE (4.84 k), and poly(L-

Pro)/ND/SPGE (1.98 k).  The decreased values indicated that the electron transfer 
process is more promoted at the modification layers.  The poly(L-Pro)/ND/SPGE 
provided the lowest Rct, confirming that both poly(L-Pro) and ND most facilitate the 
transfer process at the solution-electrode interface.  It can be concluded that both 
modifiers have a synergistic effect due to the high electrical conductivity of the poly(L-
Pro) film and the enlarged active surface area of ND. 

Chronoamperometric experiments, as presented in Figure 34, were 
subsequently performed to confirm the electrocatalyst property of modifiers. 
The catalytic rate constant (kcat) of both analytes on different electrodes was calculated 
by the following equation (Rotariu et al., 2010): 

icat

ibuffer
= π

1
2(kcatCt)1/2………………… equation 11 
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where icat and ibuffer are the currents in the presence and absence of the 
target analyte, respectively, C represents the concentration of the target analyte, and t is 
the time at which the current values were taken.  The catalytic rate constant was 
calculated from the slope of the linear relationship formed by plotting the icat/ibuffer vs. t1/2 

for 5 mM L-DOPA (Figure 34C) and 5 mM L-Tyr (Figure 34D).  The catalytic rate 
constants of both target analytes at different strategies for electrode modification are 
summarized in Table 5.  Table 5 shows the catalytical rate constant (kcat) for both target 
analytes at different electrodes.  It was found that kcat significantly increased after 
modified electrodes with either or both poly(L-Pro) and ND. The poly(L-Pro)/ND/SPGE 
exhibits the highest kcat for both target analytes.  This confirmed that the layer-by-layer 
poly(L-Pro)/ND/SPGE has remarkable electrocatalytic capabilities toward the 
electrooxidation of L-DOPA and L-Tyr.  According to all proving, poly(L-Pro)/ND/SPGE is 
the most suitable sensor for simultaneously determining L-DOPA and L-Tyr.  

 

Figure  33 (A) CV responses of a mixture of 1 mM L-DOPA and 1 mM L-Tyr at the 
different electrodes, (B) DPV responses of 0.1 M PBS pH 7.4 at the different electrodes, 

(C) DPV responses of a mixture of 100 µM L-DOPA and 100 µM L-Tyr at the different 
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electrodes, and (D) EIS curves of 5 mM Fe(CN)6
3–/4– in 0.1 M KNO3 at the different 

electrodes  

 

Figure  34 Chronoamperograms for (A) 5 mM L-DOPA and (B) 5 mM L-Tyr in 0.1 M PBS 
at different electrodes and linear segments of the plot Icat/Ibuffer vs. t1/2 derived from 

chronoamperometric data for (C) 5 mM L-DOPA and (D) 5 mM L-Tyr 

Table  5 The calculated catalytical rate constant toward L-DOPA and L-Tyr oxidation at 
six different electrodes. 

Electrode kcat of L-DOPA (L mol–1 s–1) kcat of L-Tyr (L mol–1 s–1) 
bare SPGE 1.88 x 104 2.31 x 103 
ND/SPGE 3.20 x 104 1.95 x 104 

poly(L-Pro)/SPGE 2.81 x 105 6.34 x 104 
ND-(L-Pro)/SPGE 1.77 x 105 9.12 x 104 

ND/poly(L-Pro)/SPGE 1.82 x 105 1.35 x 105 
poly(L-Pro)/ND/SPGE 3.63 x 105 4.08 x 105 
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4.2.2 Characterization of the morphology and structure of the proposed 
electrode 

To understand the surface morphology and structural features of different 
modified materials on SPGEs, various characterizations, including SEM-EDS analysis 
and Raman spectroscopy, were performed.  The SEM images of a bare SPGE (Figure. 
35A and B) showed the sheet-like structure’s wrinkled edge.  For the deposition of the 
ND layer on SPGE, it provided a relatively uniform size, but its aggregation revealed 
disparate shapes and sizes on the SPGE surface (Figure 35C and D).  Hence, the 
surface roughness of ND/SPGE improved, indicating an increase in the surface-active 
site. While the poly(L-Pro) was distributed on SPGE, a smooth surface, and a thin film-
like structure were observed (Figure 35E and F).  Figure 35G and H showed the SEM 
images of SPGE after modifications of layer-by-layer via poly(L-Pro) and ND.  Because 
of the ND’s specific activity, it provides a good effective area for the growth of the 
poly(L-Pro) layer, and thus the poly(L-Pro) modified on the ND-deposited SPGE formed 
the three-dimensional smooth film that covered the clump-like morphology of ND 
particles on the stacking graphene sheet. 

 

 

Figure  35 SEM images of (A and B) bare SPGE, (C and D) ND/SPGE, (E and F) poly(L-
Pro)/SPGE, and (G and H) poly(L-Pro)/ND/SPGE at 5,000X (A, C, E, and G), and at 

10,000X (B, D, F, and H) 
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A particle size distribution of ND on SPGE was determined from the SEM 
images using Image J processing.  The particles are in the 30–100 nm range, with an 
average diameter size of 60.79 ± 15.38 nm (Figure 36), confirming that the 
agglomerated NDs retain their nanoscale size after the electrodeposition. 

 

 

Figure  36 A particle size distribution of ND on SPGE 

In addition, the SEM image is supported by EDS analysis to investigate the 
composition of different modified electrodes.  It is proven that the surfaces of unmodified 
and modified electrodes consist mostly of carbon and oxygen (Figure 37).  Slight 
nitrogen peaks in the EDS spectrogram were noted for both poly(L-Pro)/SPGE (Figure 
37C) and poly(L-Pro)/ND/SPGE (Figure 37D).  These results confirm the presence of a 
polymeric thin film of L-Pro.  To prove the formation of poly(L-Pro)/ND/SPGE, the 
different electrodes based on either or both poly(L-Pro) and ND were characterized by 
Raman spectroscopy.  The Raman spectra of the bare and modified SPGEs (in Figure 
37E) showed the intense G band at ~1588 cm–1, corresponding to in-plane vibration of 
the sp2 bonded carbon structure, and the D band at ~1365 cm–1 mainly reflecting 
defects and disorders in the graphitic structure (Hajzus et al., 2022).  Moreover, the 
presence of a more intense 2D band was observed at ~2726 cm–1 on bare SPGE, which 
can imply the number of graphene layers.  The intensity ratio of the 2D and G bands 
(I2D/IG) of bare SPGE was found to be 0.17, indicating the multi-layered graphene grown 
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on the PVC substrate (Dong et al., 2011; Varga et al., 2017).  In the case of ND/SPGE, 
the intensive D band was observed at ~1335 cm–1, corresponding to the vibration of the 
sp3 diamond lattice (Mochalin et al., 2012).  The spectral region ranges at 826–930 cm–1 
could be attributed to the ring stretching modes of the pyrrolidine ring and the variation 
of the COO– group on L-Pro.  The bands observed at ~1547 cm–1, 2916 cm–1, and 3174 

cm–1 are assigned to the in-plane bending of NH, the symmetric stretch sCH2, and the 

asymmetric stretch asCH2 of L-Pro, respectively (Mary et al., 2009; Shimpi et al., 2014).  
The characteristic peaks for poly(L-Pro) and ND can be seen on the surface of the SPGE 
after layer-by-layer modification.  The intensity ratios of the D and G bands in the Raman 
spectra (ID/IG) were calculated to be 0.93, 0.97, 0.99, and 1.08 for bare SPGE, ND/SPGE, 
poly(L-Pro)/SPGE, and poly(L-Pro)/ND/SPGE.  These increased values indicated that a 
higher disordered level of the graphene structure was caused by the introduction of 
oxygen-containing functional groups from modifiers (Zhang et al., 2018).   

 
4.2.3 Electrochemical characterization of poly(L-Pro)/ND/SPGE 

As shown in Figure 38A, the cyclic voltammogram of the redox probe was 
significantly increased and sharpened after the layer-by-layer modification of poly(L-Pro) 
and ND to the SPGE surface.  Moreover, it shifted the potential to be close to zero when 
compared with the bare SPGE.  This suggests the increased transfer rate of Fe(CN)6

3–/4– 

to the electrode surface.  These results were in good agreement with the EIS data in 
Figure 38B.  

In addition, the electroactive surface areas were calculated to be 0.047 and 
0.067 cm2 for the bare SPGE and poly(L-Pro)/ND/SPGE, respectively.  The electroactive 
surface area for the modified electrode was about 1.43 times larger than that of the bare 
SPGE.  Furthermore, the calculated surface coverages of the bare electrode and poly(L-
Pro)/ND/SPGE were found to be 1.60 × 10–10 and 7.92 × 10–10 mol cm–2, respectively.  
The findings clearly demonstrated that the fabrication of layer-by-layer poly(L-
Pro)/ND/SPGE is beneficial for improving active sites and surface coverage. 
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To evaluate the cycling stability of poly(L-Pro)/ND/SPGE, consecutive CV 
cycles of 5 mM Fe(CN)6

3–/4– in 0.1 M KNO3 were performed at scan rates of  0.05 V s–1. 
As shown in Figure 39, no change was observed from CV in the redox current after 15 
cycles (about 89 % of the first cycle), which proved that the surface of this modified 
SPGE remained stable after functionalization and electrochemical process. 
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Figure  37 The SEM-EDS analysis for (A) bare SPGE, (B) ND/SPGE, (C) poly(L-
Pro)/SPGE, (D) poly(L-Pro)/ND/SPGE, and (E) Raman spectra for the different electrodes  

 

Figure  38 (A) Cyclic voltammograms, (B) EIS curves of 5 mM Fe(CN)6
3–/4– in 0.1 M KNO3 

at bare SPGE and poly(L-Pro)/ND/SPGE, and CV curves for 5 mM Fe(CN)6
3–/4– at (C) bare 

SPGE and (D) poly(L-Pro)/ND/SPGE with different scan rates (inset; the plot of I vs. 1/2) 

 

Figure  39 The cycling stability of poly(L-Pro)/ND/SPGE in the presence of 5 mM 
Fe(CN)6

3–/4–  in 0.1 M KNO3 at a scan rate of 0.05 V s-1 
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4.2.4 Electrochemical behavior of L-DOPA and L-Tyr at poly(L-Pro)/ND/SPGE 
The electrochemical responses for the simultaneous detection of L-DOPA 

and L-Tyr were investigated using bare SPGE and poly(L-Pro)/ND/SPGE via CV and 
DPV.  As presented in Figure 40A, at the bare SPGE, the oxidation peaks are small and 
occur at potentials of +0.237 V for L-DOPA and +0.556 V for L-Tyr.  On the other hand, 
at poly(L-Pro)/ND/SPGE, the oxidation peak currents of both target analytes increased 
significantly, and the peak potentials shifted to a negative potential of +0.071 V for L-
DOPA and a slightly positive potential of +0.575 V for L-Tyr.  Compared with bare SPGE, 

the peak potential difference (Ep) between L-DOPA and L-Tyr at poly(L-Pro)/ND/SPGE 

increased from 0.319 V to 0.504 V.  The shift of peak potential and increase in Ep at 
layer-by-layer poly(L-Pro)/ND/SPGE can be attributed to the impact of hydroxyl (-OH) 
substitution in their aromatic rings: meta- and para-OH groups for L-DOPA and para-OH 
group for L-Tyr.  Because of the higher OH group substituents, L-DOPA could be more 
chemically reactive than L-Tyr.  As a result, L-DOPA can be easily oxidized at a more 
negative potential, further separating the response locations to L-Tyr and allowing for 
easier simultaneous detection.  Moreover, the occurrence of a pair of anodic peaks 
indicated that the electrochemical reaction of L-DOPA and L-Tyr was a completely 
irreversible process.  The DPV signals on bare SPGE were observed at potentials of 
+0.053 for L-DOPA and +0.396 V for L-Tyr, as shown in Figure 40B.  Nevertheless, the 
anodic peak of L-DOPA at a bare SPGE showed an asymmetrical peak, caused by the 
disturbance substance in the screen-printing ink composition as mentioned before.  This 
electrode material-induced disturbance resulted in complicated data interpretation and 
a lack of sensitivity.  In contrast, at poly(L-Pro)/ND/SPGE, the background current is flat, 
and the electrooxidation of L-DOPA and L-Tyr increased dramatically with sharp and 
intense shapes at potentials of –0.087 and +0.347 V with peak currents of 6 and 3 times 
that of bare SPGE.  According to all findings, the proposed electrode exhibits great 
electrocatalytic activity in terms of improving electron transfer kinetics at the electrode–
solution interface.  This enhancement could be attributed to a synergetic effect between 
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the high conductivity of poly(L-Pro) and the large surface-active area of ND, which 
enlarges the uniformity of poly(L-Pro) on the electrode surface. 

 

Figure  40 (A) CV curves of a mixture of 1mM L-DOPA and 1 mM L-Tyr at bare SPGE 
and poly(L-Pro)/ND/SPGE, (B) DPV curves obtained for comparing both of bare SPGE 
and poly(L-Pro)/ND/SPGE in a mixture of 100 µM L-DOPA and 100 µM L-Tyr, (C) CV 
curves of the mixture of 1 mM L-DOPA and 1 mM L-Tyr at different scan rate using 

poly(L-Pro)/ND/SPGE (inset; the plot of I vs. 1/2), and (D) CV curves of the mixture of 1 
mM L-DOPA and 1 mM L-Tyr with varying pH conditions 

To gain an additional understanding of the sensing behavior of the poly(L-
Pro)/ND/SPGE on both target analytes, computational chemistry calculations were 
performed by means of the density functional theory using the B3LYP/6-31G(d,p) level. 
According to the electrochemical results, electrodes with an upper layer of poly(L-Pro) 
significantly displayed a highly sensitive response to L-DOPA and L-Tyr.  Therefore, the 
interaction between these analytes and the L-proline monomer was studied. 
The computational results proved that poly(L-Pro) has a stronger propensity to interact 
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with both target analytes via the electrostatic nature of the hydrogen bond (Figure 41A).  
Furthermore, an electron density map with an electrostatic potential for the interactions 
between both target analytes and L-Pro was also observed.  The regions with the 
highest negative potential (high electron density) are highlighted in red, and the regions 
with the positive potential (low electron density) are indicated in green or blue color. 
As shown in Figure 41B, the electron density is located more on the aromatic rings and 
the hydroxyl and carbonyl groups of these analytes.  The L-Pro monomer electron could 
be more localized at the carboxyl group.  The presence of an electron cloud reveals the 
possibility of hydrogen bonding interactions between both target analytes and the 
poly(L-Pro) backbone, which induces the electron transfer process at the electrode–
solution interface. 

 

 

Figure  41 (A) Illustrates the optimized geometry of L-proline monomer—L-DOPA and L-
Tyr complexes obtained by density functional theory and (B) the electron density 
mapped with ESP for the interactions between both target analytes and L-proline 

Mass transport controlled by the electrooxidation of L-DOPA and L-Tyr was 
measured via CV.  The effect of a scan rate of 0.005–0.075 V s–1on poly(L-Pro)/ND/SPGE 
was shown in Figure 40C.  The peak currents of L-DOPA and L-Tyr are proportional to 
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the square root of the scan rate (presented in the inset Figure 40C).  Moreover, by 

plotting log Ip vs. log  (Figure 42), the slopes of 0.5238 for L-DOPA and 0.5427 for L-
Tyr were consistent with the theoretical value of 0.5, confirming that the electrooxidation 
of these analytes was controlled by the diffusion process (Velázquez-Palenzuela et al., 

2011).  Using the obtained information from the i-
1
2 relationship (inset Figure 40C) 

together with the theoretic model described by Andrieux and Savèant (Andrieux & 
Savéant, 1980), the calculated diffusion coefficient (D0) for L-DOPA and L-Tyr were 
found to be 5.93 × 10–5 cm2 s–1 and 2.02 × 10–5 cm2 s–1). 

For the irreversible process, the Randles–Sevcik relationship can be used to 
determine the number of electrons involved in the electrooxidation process (Boni et al., 
2011).  It was found that the number of electrons involved in the electrooxidation was 

calculated to be 1.31 (1) and 1.23 (1) for L-DOPA and L-Tyr, respectively.  
Additionally, the effects of pH on the electrooxidation of both target analytes 

provide significant details about the mechanisms at the poly(L-Pro)/ND/SPGE interface. 
As the pH increased from 5.7 to 9.0, the oxidation peak potentials of L-DOPA and L-Tyr 
gradually shifted negatively, as presented in Figure 40D.  The maximum peak currents 
of L-DOPA and L-Tyr were observed at pH 7.4.  At this pH, they are in their zwitterionic 
forms due to the protonated amine and deprotonated carboxyl groups in their 
structures.  These electrically neutral forms could be easily diffused from the bulk 
solution to the electrode interface via the electrostatic nature.  Therefore, PBS at pH 7.4 
was selected as the supporting electrolyte in further experiments.  In addition, the 
slopes of a plot of Ep vs. pH as shown in Figure 42C, are –51.1 mV/pH for L-DOPA and –
52.9 mV/pH for L-Tyr.  Both are close to the theoretical value of –59.1 mV/pH, proving 
that there is an equal number of proton and electron transfers (1e–/1H+) involved in the 
electrooxidation of L-DOPA and L-Tyr at poly(L-Pro)/ND/SPGE. 
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Figure  42 The linear relationship between (A) log (Ip) and log  , (B) peak potential (Ep) 

and log  (scan rate; 0.005 to 0.075 V s–1), and (C) Ep and pH for 1 mM L-DOPA and L-
Tyr in 0.1 M PBS (pH 7.4) at poly(L-Pro)/ND/SPGE 

4.2.5 Optimization of the influence parameters for electrode modification and 
electrochemical detection 

Because the parameters of ND deposition and poly(L-proline) 
manufacturing are critical for the electrochemical performance of L-DOPA and L-Tyr.  
The concentration of monomer, suitable potential window, and the number of cycles 
were investigated.  The DPV technique was used to perform the simultaneous 
determination of L-DOPA and L-Tyr due to its low capacitive current, which results in 
high sensitivity.  Therefore, all parameters of DPV were examined to obtain the best 
analytical performance.   
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Due to the enlarged surface area properties of ND, it is necessary to control 
the uniformity and thickness of ND.  The concentration, the number of cycles, and the 
appropriate potential window for ND electrodeposition were systematically investigated, 
as shown in Figure 43.  The potential range and number of cycling for ND formation 
represent the reaction time that ND is deposited on the electrode surface.  
The longer deposition time and more cycles might have contributed to the higher ND 
layer accumulation.  As a result, the electrode became too dense, reducing its specific 
surface area and obstructing the growth of polymeric thin films as well as the electron 
transfer process.  Consequently, the optimum potential range and cycles for ND growth 
were found to be from –0.8 to +0.8 V with 10 cycles.  For the concentration of ND, the 
peak current of L-DOPA increased up to 0.1% w/v and then decreased, and the current 
signal for L-Tyr seemed to be slightly raised before decreasing after 0.1% w/v.  
Thus, 0.1% w/v of nanodiamonds resulted in a uniformly ND-based electrode with strong 
adhesion and good mechanical properties that could offer large surface-active sites, 
ultimately resulting in the thorough covering of polymeric L-proline film. 

The quality and performance of polymeric L-proline film were also controlled 
by the parameters of CV experiments.  The influences of the electropolymerization 
process were carried out on the electrooxidation responses of both target analytes as 
presented in Figure 44.  The potential windows are expected to give rise to polymer 
films with unique morphologies and electronic properties.  In general, the development 
of polymer produced by amino acid building blocks is required to extend the broad 
potential ranges to as much positive potential as possible.  The final potential was 
therefore set at +2.0 V and then adjusted the initial potential to more positive directions 
(–0.8, –0.6, –0.2, and 0.0 V, respectively).  It was observed that the potential windows 
between –0.6 and +0.2 V provided better electrochemical responses toward  
L-DOPA and L-Tyr oxidation.  However, the final potential was shifted to a more negative 
direction for decreasing the manufacturing time of a polymeric film. Unfortunately, when 
the applied potentials were scanned from –0.6 to +1.5 V, the current responses for L-
DOPA and L-Tyr dramatically decreased.  This phenomenon may attribute to the 
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formation and adsorption of inactive polymeric L-proline film on the ND-based electrode, 
resulting in poor electrochemical responses.  The polymerized of  
L-proline was carried out in the potential ranges between +0.98 and +1.65 V as shown 
in Figure 19B.  Thus, the potential window ranges from –0.6 to +0.2 V were suitable for 
the activated polymeric L-proline growth.  The concentration of monomer and the 
number of cycles is crucial for the formation and thickness of the film.  As a result, 1 mM 
of L-proline with 15 cycling provided high electrochemical responses of both target 
analytes.  Interestingly, the formation of the ND-based electrode increased the specific 
surface area of active materials, which was beneficial for effectively reducing the 
concentration of monomers.  Therefore, 1 mM of L-proline and 15 cycles were selected 
as the optimized conditions for electropolymerization for further experiments. 

 

Figure  43 The influence of the electrodeposition process of ND 
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Figure  44 The influence of electropolymerization process of L-proline 

4.2.6 Analytical performance 
The simultaneous determination of L-DOPA and L-Tyr was carried out by 

containing the different concentrations of a mixture of target analytes in 0.1 M PBS pH 
7.4.  As shown in Figure 45A, two well-separated and distinct oxidation peaks of L-
DOPA and L-Tyr were observed, and the peak currents for these analytes increased 
linearly with concentrations (Figure 45B) in the ranges from 0.075 µM to 50 µM for L-
DOPA and 2.5–120 µM for L-Tyr.  The detection limits (LODs) calculated using 
3SD/slope are 0.021 µM and 0.74 µM, for L-DOPA and L-Tyr, respectively.  To 
investigate the impact of the electrochemical response of these analytes on the 
individual system, the DPV analysis was performed using different concentrations for 
one analyte while maintaining the other at a fixed concentration.  The obtained 
sensitivities in the simultaneous and individual systems were found to be statistically 
equivalent in terms of the slopes of linear ranges and detection limits (Figure 46).  These 
demonstrate that the simultaneous measurement of these analytes was possible without 
interfering with one another. 

In comparison to previous electrochemical sensors for the simultaneous 
determination of L-DOPA and L-Tyr (Table 6).  It has been found that the performance of 
the proposed sensor is comparable to, and occasionally even worse or better than, that 
of the other sensing platforms.  However, most previous reports used traditional-based 
electrodes, such as glassy carbon electrodes and carbon paste electrodes, which led to 
complicated pre-treatment and multi-modification steps.  It is unsuitable for onsite 
analysis.  Thus, the newly created sensor provided suitable linear ranges with 
acceptable LODs, material compatibility, an affordable price, and a portable platform, 
which are suitable for an alternative to simultaneously determine both analytes in a 
practical application.  These findings could be beneficial for increasing scientific 
knowledge of sensor technology applications. 
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Figure  45 (A) DPV signals for different concentrations of a mixture of L-DOPA and L-Tyr 
at poly(L-Pro)/ND/SPGE, (B) calibration plot between anodic peak current and 

concentration of both target analytes, (C) the effect of interfering substances on the 
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anodic peak current of a mixture of 10 µM L-DOPA and 10 µM L-Tyr at poly(L-
Pro)/ND/SPGE (n=3), (D) DPV curve of L-DOPA (10 µM) and L-Tyr (10 µM) in single and 

mixed ascorbic acid, dopamine, and uric acid (0.05 mM), and (E) the study of the 
stability of poly(L-Pro)/ND/SPGE 

 

Figure  46 DPV signals for (A) varying concentrations of L-DOPA in the presence of 100 
µM L-Tyr and (C) varying concentrations of L-Tyr in the presence of 100 µM L-DOPA at 

poly(L-Pro)/ND/SPGE, and calibration plot between anodic peak current and 
concentration of L-DOPA (B) and L-Tyr (D), and DPVs obtained for (E) human urine 

sample and (F) human serum sample, with increasing concentrations of L-DOPA (0, 2.5, 
5, 10, and 20 µM) and L-Tyr (0, 5, 10, 20, and 40 µM) 
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Table  6 Analytical performance comparison of poly(L-Pro)/ND/SPGE and other 
electrochemical sensors for simultaneous determination of L-DOPA and L-Tyr 

Electrode 
configuration 

Technique Real 
samples 

Linear 
range (µM) 

LOD (M) References 

   L-DOPA L-Tyr L-DOPA L-Tyr  

p-AMTa/GCE Amp Human 
blood 

plasma 

0.01–100 0.05–
100 

5.8 × 10−11 
 

1.9× 10−11 
 

(Revin & 
John, 2013) 

GR/ZnO/ 
GSPE 

SWV Human 
blood 
serum 

and urine 

1.0–1000 
 
 

1.0–800 
 

4.5× 10−7 3.4× 10−7 (Beitollahi 
& Garkani 

Nejad, 
2016) 

 

GR-
EFTA/CPE 

SWV Human 
blood 
serum 
and 
urine 

0.2–400 5.0–180 7.0× 10−8 2.0 × 10−6 (Movlaee et 
al., 2017) 

Cysteic 
acid/GCE 

DPV Human 
blood 
serum 

0.35–4.0 1.7–50 1.1× 10−7 5.5× 10−7 (Hassanva
nd & Jalali, 

2019) 

CE/PHQ/CN
T/GCE 

DPV Serum 0.005–20 
 

0.03–
170 

2.2× 10−10 
 
 

1.3×10−9 
 

(Atta et al., 
2020) 

pPTSA/GCE SWV Artificial 
blood 
serum 

and urine 

1.0–90 1.0–70 1.2× 10−7 2.1× 10−7 (Sam et al., 
2022) 
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Table 6 (Continued) 

Electrode 
configuration 

Technique Real 
samples 

Linear 
range (µM) 

LOD (M) References 

   L-DOPA L-Tyr L-DOPA L-Tyr  

poly(L-Pro)/ 
ND/SPGE 

DPV Human 
blood 

serum and 
urine 

0.075–50 2.5–120 2.1× 10−8 7.4× 10−7 This work 

p-AMTa = Poly(3-amino-5-mercapto-1,2,4-triazole); GCE = glassy carbon electrode; GR = graphene 
oxide; ZnO = zinc oxide; GSPE = graphite screen-printed electrode; GR = graphene; EFTA = ethyl 2-
(4-ferrocenyl-[1,2,3]triazol-1-yl) acetate; CPE =  carbon paste electrode; CE = benzo-12-crown-4, 
PHQ: Poly(hydroquinone); CNT = carbon nanotubes; pPTSA = poly(para-toluene sulphonic acid); 
Poly(L-Pro) = poly(L-proline); ND = nanodiamond; SPGE = screen-printed graphene electrode 

 
4.2.7 Selectivity, stability, and reproducibility 

To evaluate the selective applicability of the developed sensor, the 
influence of various substances potentially interfering was studied.  The interfering 
substances were chosen from the group of substances commonly found in biological 
fluids.  The tolerance limit was defined as the maximum concentration of the interfering 
substance that caused an error of < ±5%.  The obtained results from Figure 45C show 
that there has no significant influence on the signal of L-DOPA and L-Tyr.  Despite the 
fact that electrooxidation of ascorbic acid (AA), dopamine (DA), and uric acid (UA) 
occurs at a near-zero potential, this could potentially obstruct this detection.  Therefore, 
the determination of 10 µM of L-DOPA and L-Tyr in single and mixed 0.05 mM of AA, 
DA, and UA were examined using poly(L-Pro)/ND/SPGE.  As shown in Figure 45D, there 
is no interference observed even though the ratio of the concentration target analytes to 
those mentioned interfering species is up to 1:5.  Therefore, poly(L-Pro)/ND/SPGE has 
good selectivity for the simultaneous determination of L-DOPA and L-Tyr in real 
samples. 
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For the stability investigation, the signals of L-DOPA and L-Tyr on the 
developed sensor were measured every 7 days for a sustained 5-week period.  
The developed sensor was kept in a plastic zip lock bag at room temperature 
throughout this evaluation.  As seen in Figure 45E, the detection signals of L-DOPA and 
L-Tyr at day 35 remained at 87.8% and 97.2%, suggesting that the sensor’s lifespan is 
about one month.  Furthermore, the relative standard deviations for L-DOPA and L-Tyr 
were calculated to be 1.02% and 1.25% at seven independent electrodes (n =7), which 
suggested that the proposed sensing platform has good reproducibility.  Therefore, 
poly(L-Pro)/ND/SPGE provides excellent selectivity, stability, and reproducibility that can 
be applied for practical use. 

 
4.2.8 Real sample analysis 

To verify the feasibility of the developed sensor and method for 
simultaneous determination of L-DOPA and L-Tyr, human blood serum and urine 
samples were tested using the standard addition method (Figure 46E and F).  The 
values calculated based on the average of three replicates are presented in Table 7.  It 
shows that the percentage recovery and RSD for L-DOPA ranged from 81.73% to 
110.62% and 0.69% to 9.90%, respectively.  In addition, the recovery of the spiked 
samples with L-Tyr ranged from 82.17% to 110.01%, with an RSD range of 0.40%–
9.55%.  These results were within recommended accuracy and precision as AOAC 
guidelines (AOAC, 1990).  Therefore, poly(L-Pro)/ND/SPGE can be a promising 
analytical platform for the prognosis and metastatic monitoring of melanoma as well as 
the other abnormalities related to these biomarkers. 
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Table  7 Evaluation of the accuracy and precision of the proposed sensor for the 
simultaneous determination of L-DOPA and L-Tyr in real samples 

Real 
sample 

L-DOPA L-Tyr 
Spiked 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Spiked 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Serum 
1 

non-spike n.d. - - non-spike 1.62 ± 0.12 - 7.28 
2.5 2.47 ± 0.15 98.94 6.07 5 6.25 ± 0.37 92.45 5.96 
5 4.59 ± 0.31 91.84 6.73 10 10.71 ± 0.74 90.90 6.91 
10 10.01 ± 0.27 100.14 2.68 20 20.00 ± 1.91 91.87 9.53 
20 20.10 ± 1.30 100.50 6.44 40 39.67 ± 1.24 95.12 3.14 

Serum 
2 

non-spike n.d. - - non-spike 1.03 ± 0.08 - 7.48 
2.5 2.40 ± 0.11 95.97 4.68 5 6.53 ± 0.08 110.01 1.15 
5 5.04 ± 0.11 100.78 2.21 10 10.75 ± 0.78 97.21 7.30 
10 10.57 ± 1.05 105.70 9.90 20 18.26 ± 1.03 86.18 5.62 
20 19.72 ± 0.69 98.59 3.50 40 40.49 ± 1.11 98.67 2.73 

Serum 
3 

non-spike n.d. - - non-spike 1.84 ± 0.18 - 9.55 
2.5 2.29 ± 0.20 91.51 8.56 5 6.46 ± 0.38 92.38 5.86 
5 5.08 ± 0.29 101.59 5.80 10 10.06 ± 0.46 82.17 4.55 
10 10.43 ± 0.43 104.26 4.15 20 21.04 ± 0.08 96.00 0.40 
20 19.79 ± 0.18 98.96 0.93 40 39.28 ± 0.49 93.60 1.24 

Serum 
4 

non-spike n.d. - - non-spike 1.15 ± 0.02 - 1.63 
2.5 2.20 ± 0.04 87.99 1.82 5 5.65 ± 0.37 82.76 6.55 
5 4.81 ± 0.03 96.23 0.69 10 11.01 ± 0.13 94.97 1.17 
10 11.06 ± 0.14 110.62 1.24 20 20.37 ± 1.05 94.28 5.17 
20 19.55 ± 0.61 97.76 3.10 40 39.48 ± 0.97 94.91 2.45 

Urine 1 non-spike 0.85 ± 0.03 - 3.32 non-spike 0.33 ± 0.03 - 7.96 
 2.5 3.42 ± 0.12 102.81 3.36 5 5.33 ± 0.48 100.19 8.94 

5 5.27 ± 0.29 88.30 5.58 10 11.26 ± 0.58 109.34 5.11 
10 9.69 ± 0.10 88.38 1.00 20 18.17 ± 1.31 89.24 7.23 
20 19.97 ± 0.30 95.61 1.49 40 40.55 ± 1.73 100.57 4.26 
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Table 7 (Continued) 

Real 
sample 

L-DOPA L-Tyr 
Spiked 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Spiked 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Urine 2 non-spike 0.88 ± 0.07 - 7.86 non-spike 0.22 ± 0.01 - 6.75 
2.5 3.40 ± 0.28 100.84 8.13 5 5.40 ± 0.16 103.51 2.98 
5 5.21 ± 0.27 86.52 5.14 10 10.97 ± 0.16 107.52 1.46 
10 9.87 ± 0.78 89.92 7.94 20 18.29 ± 0.25 90.36 1.36 
20 19.90 ± 1.00 95.09 5.05 40 40.56 ± 2.03 100.86 5.00 

Urine 3 non-spike 0.85 ± 0.04 - 4.72 non-spike 0.23 ± 0.02 - 7.54 
2.5 3.29 ± 0.17 97.75 5.22 5 4.82 ± 0.39 91.85 8.03 
5 4.94 ± 0.31 81.73 6.37 10 9.74 ± 0.18 95.09 1.80 
10 10.40 ± 0.60 95.54 5.74 20 21.16 ± 1.95 104.66 9.21 
20 19.71 ± 0.60 94.31 3.03 40 39.50 ± 2.69 98.19 6.82 

 

4.3 The development of an amperometric sensor based on hemin-entrapped 
polyethyleneimine assembled short-thin multi-walled carbon nanotubes on screen-
printed graphene electrode for measuring H2O2 levels 

 
4.3.1 Electrochemical reduction of H2O2 by hemin-PEI/ST-MWCNTs/SPGE 

CV measurements were carried out to verify the performance of hemin 
stabilization and activation by PEI modified ST-MWCNTs/SPGE.  Figure 47A shows CV 
voltammograms of modified SPGEs in 20 mM PBS, pH 7 under aerated and deaerated 
conditions.  The cathodic curves in aerated condition (red line) were observed at  
ca. –0.3 V vs. Ag/AgCl, implying the reduction of oxygen mediated by hemin.  Also, the 
additional cathodic peak at –0.75 V was attributed to the direct reduction of O2 in DMSO 
(Tieman et al., 1990).  This phenomenon confirmed that the O2 reduction did not 
interfere with the electrocatalytic reduction of H2O2, which started at a potential of 0.2 V.  
The characteristic peaks of an electron transfer process of Fe2+/Fe3+ couple at the core 
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of hemin were clearly seen in the potential range from –0.1 to –1.0 V. (Sosna et al., 
2014).  In contrast with previous studies, it was discovered that these characteristic 
peak potentials of hemin had shifted in a positive direction (Palanisamy et al., 2020).  
This shift could be caused by the matrix effects of positively charged PEI and modified 
multi-MWCNTs (Lopes et al., 2024). 

To evaluate the electrocatalytic activity of hemin entrapped PEI towards 
H2O2 reduction, the CV curves of hemin-PEI/ST-MWCNTs/SPGE are measured with a 
H2O2 concentration range of 0 to 5 mM.  As shown in Figure 47B, the reduction currents 
increase gradually with increasing concentrations of H2O2.  The redox reaction of hemin 
is initially oxidized ferric hemin into the higher oxidation state Compound I (Fe(IV) =O 
Porph+•) by H2O2.  This compound is subsequently reduced by two protons provided 
from the electrolyte and two electrons supplied from the ST-MWCNTs modified 
electrode, resulting in a transition to the ferric state of hemin (Chung et al., 2019; Zhang 
et al., 2013).  

Hemin (Fe(III)) + H2O2 → Compound I (Fe(IV) =O Porph+•) + H2O 
                Compound I (Fe(IV) =O Porph+•) + H+ + e– → Compound II (H+–Fe(IV) =O) 

Compound II (H+–Fe(IV) =O) + H+ + e– → Hemin (Fe(III)) + H2O 
 

 
 

Figure  47 (A) Representative cyclic voltammograms recorded with hemin-PEI/ST-
MWCNTs/SPGE in 20 mM PBS, pH 7, in the presence of 0.26 mM O2(red lines) and in 

the absence of O2, under N2 atmosphere (black lines) and (B) hemin-PEI/ST-
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MWCNTs/SPGE in aerated 20 mM PS, pH 7, containing: (a) 0, (b) 0.1, (c) 0.3, (d) 0.5, (e) 
1, (f) 3, (g) 5 mM H2O2. Potential scan rate: 0.02 V s-1 

4.3.2 Amperometric sensing of H2O2 using hemin-PEI/ST-MWCNTs/SPGE 
A chronoamperometric approach was used to determine the quantitative 

amount of H2O2.  Figure 48A displays a typical chronoamperometric response at –0.2 V 
after adding an aliquot of H2O2 to the buffer solution.  The reductive current reached a 
stable baseline within 10 s, suggesting a fast process.  A well-defined 
chronoamperometric response change was linearly increased with two dynamic 

concentration ranges (Figure 48B).  The linear equations are Ip (µA) = –2.2799 CH2O2
(µM) 

+ 15.947 (R2 = 0.9936) and Ip (µA) = –0.0231 CH2O2
(µM) + 36.642 (R2 = 0.9913) for the 

concentrations ranging from 1 µM to 10 µM and 30 µM to 1 mM.  The limit of detection 
was calculated to be 0.11 µM using the equation of 3SD/m, where SD is the standard 
deviation of 10 repeated measurements of a blank solution (20 mM PBS, pH 7), and m is 
the slope of the calibration curve.  The results demonstrated that the developed H2O2 
sensing has wide linear working ranges and a low LOD, making it sufficient for EBC 
analysis.  The comparative performances of non-enzymatic H2O2 sensing platforms are 
listed in Table 8.  The newly developed sensor exhibited better analytical performance 
compared to screen-printed electrode platforms, however, it occasionally performed 
worse than some conventional electrodes.  Many previous studies nevertheless require 
a complex and multi-fabrication procedure and/or alterations to the experimental 
conditions, making them unsuitable for real-time and on-site analysis.  It is worth noting 
that the unique features of hemin-PEI/ST-MWCNTs modified SPGE make it an attractive 
analytical tool with broad potential applications in H2O2 sensors and advanced sensor 
technologies.   
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Table  8 Comparison of performances of developed sensor for the detection of H2O2 with 
those of sensors based on different architectures. 

Modified 
electrode 

Detection 
technique 

Eapp 
(V) 

Linear 
Range 
(µM) 

LOD 
(µM) 

Long 
term 

stability 
References 

H-GNs/ 
PEDOT/GCE 

Amp –0.2 a 0.5–70.0 0.08 21 days (Lei et al., 2014) 

PPY-He-
RGO/GCE 

Amp –0.15b 0.5–80.0 0.13 21 days 
(Huang et al., 

2014) 
rGO-H-Au 

/GCE 
Amp –0.18b 0.1–40.0 0.03 30 days (Gu et al., 2016) 

GrMWCNTs/ 
GCE 

Amp –0.4b 
20.0–

2100.0 
9.4 N/A 

(Woo et al., 
2012) 

H-GO-
CNTs/GCE 

Amp –0.15a 0.6–7200.0 0.2 7 days 
(Zhang et al., 

2013) 
Cu-hemin 
MOFs/CS-
rGO/GCE 

Amp –0.175a 
0.065–
410.0 

0.019 15 days 
(Wang et al., 

2016) 

PB/SPCE Amp –0.05b 0.4–100.0 0.4 N/A 
(O'Halloran et al., 

2001) 
PtNP/ 

MWCNTC/ 
SPGFE 

Amp –0.4b 5.0–2000.0 1.23 N/A (Niu et al., 2012) 

PtNp-CNF-
PDDA/SPCE 

Amp 0.5b 
25.0–

1500.0 
11.0 N/A 

(Lamas-Ardisana 
et al., 2014) 

AgNP–
PVA/SPGlE 

CV 
–1.0 to 

0.0b 
1.0–500.0 0.3 80 days 

(Ghosale et al., 
2018) 
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Table 8 (Continued) 

Modified 
electrode 

Detection 
technique 

Eapp 
(V) 

Linear 
Range 
(µM) 

LOD 
(µM) 

Long 
term 

stability 
References 

PEDOT: 
PSS/SPE 

Amp –1.0b 1.0–100.0 0.97 N/A 
(Campos-Arias 

et al., 2023) 
Hemin-
PEI/ST-

MWCNTs/ 
SPGE 

Amp –0.2b 

1.0–10.0 
and 

30.0–
1000.0 

0.11 **** This work 

a V vs. SCE; b V vs. Ag/AgCl; Amp = amperometry; CV = cyclic voltammetry; GCE = glassy carbon 
electrode; H–GNs/PEDOT = ternary nanocomposite hemin–graphene sheets modified poly(3,4-
ethylenedioxythiophene);PPY-He-RGO = polypyrrole-hemin-reduced graphene oxide composites; 
rGO-H-Au = reduced graphene oxide-Hemin-Au nanohybrids; GrMWCNTs = graphene-multi-walled 
carbon nanotube composites; H-GO-CNTs = hemin-graphene oxide-pristine carbon 
nanotubes complexes; Cu-hemin MOFs/CS-rGO = copper-hemin-metal organic frameworks -
reduced graphene oxide nanocomposite; PB/SPCE = prussian blue bulk modified carbon screen-
printed electrode;  PtNP/ MWCNTC/ SPGFE = platinum nanoparticle-decorated multi-walled carbon 
nanotube clusters vertically aligned on a screen-printed gold nanofilm electrode; PtNp-CNF-
PDDA/SPCEs = a dispersion of platinum nanoparticle decorated carbon nanofibers in 
poly(diallyldimethylammonium) chloride modified screen-printed carbon electrode; AgNP–
PVA/SPGlE = silver nanoparticles modified with poly(vinyl alcohol) coated on screen-printed glass 
electrode; PEDOT:PSS/SPE = poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate modified 
screen-printed electrode; hemin-PEI/ST-MWCNTs/SPGE = hemin-entrapped polyethyleneimine 
modified short thin multiwalled carbon nanotubes coated screen-printed graphene electrode.  
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Figure  48 (A) Real-time chronoamperometric curve of hemin-PEI/ST-MWCNTs/SPGE for 
successive addition of H2O2 into PBS solution; inset shows the current response versus 

different concentrations of H2O2 ranging from 0.001 to 7 mM and (B) calibration plot 
between peak current and H2O2 concentration. 

4.3.3 Selectivity 
The selectivity of the proposed sensor towards H2O2 was investigated with 

the interfering substances of some commonly found in breath samples, such as 

ascorbic acid, uric acid, urea, glucose (Glc), glycine (Gly), NH4
+ Ca2+, SO4

2-, Na+, Cl–, 

and SO3
2-.  The tolerance limit was taken as the maximum concentration of foreign 

substances that caused a relative error of approximately ±5% for the determination of 
the H2O2 containing 1 mM of those above-mentioned species.  Figure 49 demonstrates 
that adding competitive substances does not result in noticeable changes in H2O2 
current responses.  This confirmed that this non-enzymatic sensor exhibited good 
selectivity and could be applied for the detection of H2O2 in practical use. 

 

 

Figure  49 Selectivity of hemin-PEI/ST-MWCNTs/SPGE towards H2O2 (10 µM) over 
interfering substances (the concentrations were all 1 mM) 
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4.3.4 Real sample analysis 
 To evaluate practical feasibility of the proposed sensor, exhaled breath 

condensate samples were examined using the standard addition method.  All samples 
were diluted twice in supporting electrolyte before analysis.  The values calculated from 
the average of three repeated measurements are displayed in Table 9.  The recovery 
and relative standard deviation (RSD) values were within the AOAC acceptable ranges 
of 80.96%–106.73% and 4.24%–10.03%, respectively (AOAC, 1990).  Moreover, the 
levels of H2O2 in EBC samples from healthy volunteers were found to be 0.18, 0.33, 0.87, 
0.39, and 0.13 µM.  This indicated that hemin-PEI/ST-MWCNTs/SPGE can put forward 
into the real-time monitoring of H2O2 in practical applications. 

Table  9 Determination of H2O2 in real exhaled breath samples 

Real samples Added 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

EBC sample 1 4.0 4.19 ± 0.83 100.22 8.26 
 8.5 8.94 ± 1.70 103.59 9.52 

EBC sample 2 4.0 4.60 ± 0.63 106.73 8.55 
8.5 8.55 ± 1.07 96.73 9.40 

EBC sample 3 4.0 4.90 ± 0.50 100.70 4.85 
8.5 7.86 ± 0.63 82.23 4.24 

EBC sample 4 4.0 4.35 ± 0.41 98.97 7.31 
8.5 7.28 ± 0.59 80.96 7.34 

EBC sample 5 4.0 4.03 ± 0.28 97.48 5.31 
8.5 7.17 ± 0.92 82.75 10.03 
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORKS 

5.1 Conclusions 
This dissertation involved the development of electrochemical sensing systems 

for monitoring significant biological indicators, including tyramine, L-DOPA, L-Tyr, and 
H2O2.  These innovations focus mainly on their use in practical application and field 
analysis.  Thanks to their lightweight and compact design, sensing platforms have 
moved from complex materials to simpler and more affordable electrode platforms.  
Additionally, they can be used for the analysis of a single drop sample, enabling rapid 
detection at the patient's location or another related area for point-of-care testing and 
on-site analysis.  The remarkable approaches of electrochemical sensing platforms for 
the detection of significant analytes were summarized as follows: 

 
5.1.1 The development of a novel tyramine sensor using poly (histidine) 

assembled on a screen-printed graphene electrode 
A novel poly(His)/SPGE was successfully prepared by a 

simple electropolymerization process.  According to the literature reviews, no published 
works have addressed the use of poly(His) modified SPGE in the development of 
tyramine sensors.  Thus, the measurement of this vasoactive amine using 
Poly(His)/SPGE was performed for the first time.  The utilization of a poly(His)- modified 
electrode resulted in a significant enhancement of the electrocatalytic activity towards 
the electrooxidation of tyramine, leading to an approximately three-fold increase in the 
peak currents.  The improved electron-transfer kinetics at poly(His)/SPGE can be 
attributed to its negatively charged behavior on the electrode surface, which effectively 
induces the positively charged form of tyramine at the optimal pH of 7.4 through 
electrostatic forces.  The as-proposed electrochemical sensing platform provides two 
wide working ranges along with a low limit of detection (0.065 µM).  Furthermore, this 
novel sensor was effectively utilized to quantify the amounts of Tyr in various biological 
fluids and cheese samples, yielding satisfactory results.  The benefits of this approach 
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include its cost-effectiveness, easy fabrication, and user-friendliness, rendering it a 
highly promising tool for food quality and safety control and healthcare applications. 

 
5.1.2 The development of a new electrochemical platform using poly(L-proline)-

linked nanodiamonds on a screen-printed graphene electrode for simultaneous 
detection of L-DOPA and L-Tyr 

The first use of poy(L-Pro) coated nanodiamond on printed graphene 
electrodes as a sensitive sensing platform for the simultaneous detection of L-DOPA and 
L-Tyr was performed.  Here, ND is the ability to remove coexisting interfering materials 
from ink composition, which leads to increased sensitivity and expanded applications. 
In addition, the coupling between the good conductivity of poly(L-Pro) and the high 
surface area of ND offers fast electron transfer and shows excellent electrocatalytic 
properties for L-DOPA and L-Tyr oxidation.  In an effort to prove any presence of the 
proposed materials on the electrode surface, a scanning electron microscope, an 
energy-dispersive X-ray spectrometer, and Raman spectroscopy were used to explain 
the surface morphologies and chemical compositions.  Furthermore, a computational 
chemistry calculation was carried out to enhance comprehension of the interaction 
between poly(L-Pro)/ND/SPGE and the target analytes.  The sensor offered broad linear 
ranges (0. 075–50 µM for L-DOPA and 2. 5–120 µM for L-Tyr), remarkable sensitivity, 
robust anti-interference capability, and notable stability, which can be directly compared 
to the other platforms.  Ultimately, the developed sensor was used to simultaneously 
determine these specific substances in urine and serum samples, yielding acceptable 
results.  These findings possess the potential to offer significant information to scientists 
pursuing materials with advantageous features for electrocatalysis, chemical sensor and 
bio sensing technology. 
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5.1.3 The development of an amperometric sensor based on hemin-entrapped 
polyethyleneimine assembled short-thin multi-walled carbon nanotubes on screen-
printed graphene electrode for measuring H2O2 levels 

Through the synergistic combination of unique features of hemin, the 
effective characteristics of PEI, and the enlarged active area supplied by ST-MWCNTs 
layers on printed graphene electrodes can open new horizons for H2O2 monitoring.  The 
developed sensing platform was accomplished through step-by-step drop casting 
methods.  By utilizing the aforementioned components, it exhibits enhanced 
electrocatalytic activity for the reduction of H2O2, with a starting potential of 
approximately 0.2 V.  An amperometric approach was employed, resulting in a rapid 
response time of less than 5 s.  The current response of the sensor was proportional to 
the H2O2 concentration in ranges of 1–10 µM and 30–1000 µM with a detection limit of 
0.11 µM.  The rapid response time, low detection limit, good selectivity, wide linear 
range, cost-effectiveness, and high sensitivity of this sensor make it highly desirable as 
a non-enzymatic H2O2 sensor.  Moreover, this recently developed sensing platform was 
applied to determine the levels of H2O2 in samples of human exhaled breath.  The 
obtained recoveries and RSD were in accordance with the guidelines set by AOAC.  
Regardless, the proof-of-concept device paves the way to a point-of-care hydrogen 
peroxide sensing platform, enabling its potential in clinical applications. 

5.2 Future works 
All the proposed electrochemical sensing platforms showed effective 

performance, facile fabrication, user-friendliness, and remarkable stable features.  
Nevertheless, there will be a development of extremely sensitive sensing approaches 
capable of detecting significant markers at the sub-nanomolar level.  This advancement 
aims to overcome the challenge of accurately and precisely monitoring clinical 
conditions at an early stage.  Thus, considering the perspectives gained from this 
dissertation, subsequent attempts will emphasize the use of proper and ecologically 
friendly materials while preserving the ideas of simple fabrication and superior catalytic 
efficiency.  To achieve and comply with rapid test turnarounds and field testing, a new 
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generation of miniaturized sensing platforms should be integrated with Internet of Things 
(IoT) technologies, such as wireless sensor nodes and smart applications, allowing for a 
wide range of applications.  These frameworks offer an innovative opportunity to unlock 
practical use in the future. 
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