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CHAPTER 1
INTRODUCTION

1.1 Background

Over a period of more than ten years, it was clearly seen that the ongoing trend
in analytical chemistry is to minimize the laboratory-scale equipment into portable
devices, resulting in reduced consumption of hazardous substances and increased safety
for end-users. Significant factors motivating the advancement of portable instruments
include food and environmental concerns, the availability of cost-effective and
uncomplicated devices, and the escalation of healthcare expenses. These factors led to
the creation of portable devices for a variety of uses, including pharmaceutical analysis,
environmental monitoring, clinical diagnosis, and food safety, by covering all analytical
techniques, including thermal analysis, chromatography, spectroscopy, and
electrochemistry. Among these developed techniques, electrochemical sensing devices
have recently been proposed as alternative platforms for electroanalytical methods,
offering advantages in terms of cost-effective instrumentation, simple fabrication,
portability, and good analytical performance (Krejcova, Richtera, Hynek, Labuda, &
Adam, 2017). This current movement allows for the development of various kinds of new
electrochemical sensors that are effective and useful for various analytical aspects.

Vitamins play essential roles in various biological functions that impact the
healthy and normal growth of the human body. For instance, vitamin B, (VB,) is involved
in energy metabolism, cellular respiration, and antibody production. Vitamin B, (VB,) is
related to macronutrient metabolism, neurotransmitter synthesis, and gene expression.
Vitamin C (VC) serves as an antioxidant involved in tissue restoration, collagen formation,
and enzymatic production of certain neurotransmitters. Abnormal levels of vitamins can
lead to disorders or diseases, resulting in the malfunctioning of the human body. However,
vitamins in biological fluids and some food products are present at low concentrations,

making it difficult to measure their levels in real samples. Thus, a simple and low-cost



analytical platform is required to develop a powerful method for food and clinical
applications.

Clinically-related molecules, including small-molecule substances and
biomolecules, are another interesting group of substances that needed to be quantified
to investigate their amount, form the basis to understand their functions in biological and
physiological aspects and develop powerful clinical diagnoses (Labib, Sargent, & Kelley,
2016). These molecules perform a variety of vital biological functions, such as reserving
and transferring genetic information, controlling biological activities, carrying small
molecules, and catalyzing reactions. Furthermore, they can serve as biomarkers for
diagnosing many diseases. For example, urinary albumin, which belongs to the family of
globular proteins, is a well-established predictor of chronic kidney disease (CKD).
Abnormal levels of urinary albumin may result in the gradual loss of kidney function,
leading to glomerular and tubulointerstitial injury (Fassett et al., 2011). The prevalence of
CKD at all stages in the adult Thai population is estimated to affect 10 million patients (C.-
W. Yang et al.,, 2020), resulting in premature mortality, reduced quality of life, and
increased healthcare spending (Srithongkul & Ungprasert, 2020). Thus, urinary albumin
screening is highly necessary and recommended for patients who are at risk of expanding
renal disorders to prevent the progression of CKD.

Amino acids are small-molecular substances that serve as the building blocks of
proteins. They are crucial for cellular function and play diverse roles in nutrition and whole-
body homeostasis, including metabolic regulation, reproduction, nucleic acid synthesis,
cell signaling, and acid-base equilibrium. One notable example is L-hydroxyproline (Hyp),
a derivative of L-proline. Hyp is an essential amino acid component of collagen and a few
other extracellular animal proteins. It is necessary for the synthesis and stability of
collagen, creating the triple-helical conformation (Kumar Srivastava, Khare, Kumar Nagar,
Raghuwanshi, & Srivastava, 2016). Moreover, Hyp is a major substance in bone
metabolism and can be released during the degradation process of bone collagen
(Seibel, 2005). Abnormal levels of Hyp in blood or urine are associated with the

breakdown of connective tissue, bone disorders, and vitamin C deficiency (Sahni, Zoltick,



MclLean, & Hannan, 2010). Therefore, detecting Hyp in biological fluids enables the
examination of bone-related diseases and collagen metabolism in the body, particularly
the degree of collagen degradation.

Due to the importance of the mentioned target analytes and the requirement for
the development of a detection method, electrochemical detection systems are
particularly attractive as a method suitable for resource-limited applications due to their
use of portable instruments and miniaturized devices. Their ability to analyze small sample
volumes, provide rapid analysis times, and offer high analytical performance make them
a cost-effective platform for electroanalytical purposes. The miniaturization of
electrochemical equipment has motivated analytical chemists to develop a variety of
devices with novel designs and broad applications. Disposable screen-printed electrodes
(SPEs) are recognized as low-cost and miniaturized electrochemical sensors that offer
high-volume production and high reproducibility (Wei Zhang, Wang, Luo, Wang, & Lin,
2020). The screen-printing technique, a cutting-edge technology, is used to fabricate
SPEs, making them more suitable for various analytical purposes (Arduini, Cinti,
Scognamiglio, Moscone, & Palleschi, 2017). The selection of materials used as inks for
manufacturing SPEs on paper, plastic, or ceramic substrates is versatile and essential for
detecting analytes of interest. Ordinary and modified carbon materials, including graphite,
graphene, fullerene, and carbon nanotubes, are the most normally used for SPEs.
Furthermore, the modification of the surface with nanomaterials, polymers, complexing
agents, or enzymes has a significant impact on the sensing performance of SPEs
(Syedmoradi et al., 2017). These modifiers enhance selectivity and amplify
electrochemical signals to detect a variety of analytes, covering a broad range of
electroanalysis in the fields of industry, food control, environmental monitoring, clinical
diagnosis, or academic research (Antufia-Jiménez, Gonzalez-Garcia, Hernandez-Santos,
& Fanjul-Bolado, 2020).

Based on the aforementioned inspiration, this dissertation is divided into two
primary parts, which present the electrochemical detection of water-soluble vitamins and

biomarkers. The first part reported on the development of a straightforward



electrochemical approach for the simultaneous detection of VB,, VB, and VC utilizing a
modifier-free screen-printed carbon electrode. The effect of diverse supporting
electrolytes on the electrochemical behavior of each vitamin was methodically
investigated. The results indicated that a supporting electrolyte within the acid pH range
was suitable for detecting all three vitamins. The quantification of VB,, VB, and VC was
performed using the square wave voltammetric technique, which exhibited excellent
analytical performance. Furthermore, the measurement of these vitamins was conducted
in juice and urine samples to demonstrate practical applications in the fields of food
control and clinical analysis. To be highlighted here, this study offered an alternative
methodology for the simultaneous detection of water-soluble vitamins without the
requirement of complicated modified electrodes.

The second part of this dissertation is divided into two subprojects, that
discussed the development of electrochemical methods for detecting biomarkers, namely
albumin, and Hyp. The first subproject described the development of a simple and rapid
detection approach for urinary albumin on a paper-based analytical device (PAD) using
an electrochemical-chemical (EC) redox cycling process. This strategy utilized a unique
combination of ferricyanide and methylene blue for signal amplification, without any
electrode surface modification. In addition, PAD was preferably used as a disposable
sensing platform, due to its advantages in terms of low cost, portability, and easy-to-use.
The measurement of albumin was achieved through indirect detection by subtracting the
signal current obtained from the EC process with and without albumin. This discovery
obviated the need for creatinine correction, resulting in a powerful method for direct
albumin quantification. Additionally, the proposed platform was applied to detect albumin
in real urine samples, yielding satisfactory results. Given its potential in medical
applications, the proposed strategy represents a promising tool for CKD screening and
can be adapted to point-of-care testing in developing countries.

The second subproject involves the development of a new sensing device for
detecting Hyp using a screen-printed graphene electrode (SPGE) coated with bismuth

film (BiF) and poly(L-hydroxyproline) (Poly(Hyp)). The as-synthesized electrode



(Poly(Hyp)/BiIF/SPGE) was fabricated by a two-step modification process. First, the
electrodeposition of BiF was modified on a bare SPGE to generate BiF/SPGE.
Subsequently, Hyp was utilized as a monomer to perform the electropolymerization at the
same electrode surface, resulting in a Poly(Hyp)/BiF/SPGE. The proposed electrode
surface had a porous thin film with uniform cavities, as confirmed by morphological
characterization using scanning electron microscopy. The modified electrodes were
subjected to electrochemical investigation using cyclic voltammetry and electrochemical
impedance spectroscopy to confirm their higher catalytic activity, including electroactive
surface area, compared to a bare electrode. The sensing efficiency of the proposed
electrode for detecting Hyp was evaluated using differential pulse voltammetry, which
provided good analytical performance. To demonstrate a practical application, the
proposed assay was applied to measure Hyp in human urine samples, vyielding
satisfactory results. As a result, this enzyme-free electrode could serve as an alternative
platform for Hyp measurement, with the potential to screen for the risk of bone-related

diseases and collagen metabolism disorders.

1.2 Objectives of the research

The aim of this research comprised three specific goals, which are outlined
below:

1. To develop a straightforward electrochemical method using an unmodified
electrode to detect water-soluble vitamins, namely VB,, VB,, and VC, in food and
biological samples.

2. To propose a novel electrochemical approach coupled with a paper-based
device to measure albumin in human urine samples.

3. To develop a new enzyme-free Hyp biosensor based on a thin-film modified

electrode as a potential alternative device for clinical applications.



1.3 Significance of the research

1. The originality of this research can be applied to detect various substances of
interest in a wide range of applications, including food quality control and clinical
diagnosis.

2. The proposed platforms present a new opportunity to use them as prototypes
for alternative devices for electroanalytical purposes.

3. The materials used in this research can be fabricated through simple
approaches, thus providing the potential to enhance their electrochemical sensing

performances.

1.4 Scope of the research

This study focuses on the development of electrochemical methods for detecting
water-soluble vitamins, specifically VB,, VB, and VC, as well as particular biomarkers,
namely albumin, and Hyp. Unmodified and modified SPEs were used as electrochemical
sensing devices to measure the quantification of targeted analytes. To find the best
detection platforms for different electroanalysis applications, the created platforms were
constructed on a variety of substrates, including polymers and papers. Then, all
parameters related to each developed work, such as the type of suitable supporting
electrolyte and its pH, modifiers, and electrochemical parameters, were systematical
examinations to obtain the optimal procedures. Followed by analytical performances,
including linear concentration range, detection limit, interference study, accuracy, and
precision, were investigated for each proposed research. Finally, the developed devices
were applied to detect target analytes in food and biological samples, with the aim of

proposing them as alternative tools for various analytical applications.



CHAPTER 2
THEORY AND LITERATURE REVIEWS

2.1 Electroanalytical chemistry

Electroanalytical chemistry represents one of the analytical techniques that rely
on measuring the electrical properties occurring within an electrochemical cell. The
electrical properties measured, such as current, potential, conductance, and resistance,
are directly proportional to the number of relevant analytes in a sample. Electroanalytical
methods are classified into different categories based on the type of electrochemical cells
and the variety of measurable signals available, as follows:

Potentiometric method: an analysis involves measuring the potential difference
between a reference electrode and an indicator electrode to provide essential information
about the sample concentration. In this technique, changes in the concentration of a
target analyte result in potential changes (vs. a reference electrode) at zero current. The
electromotive force of a cell is dependent on the concentration of the analyte. Therefore,

a direct calculation can be easily obtained from the Nernst equation (Equation (1)):

RT .
Epen = E%; — (ﬁ) mQ .................. Equation (1)

where E__ is the measured cell potential, E’ is the standard cell potential, R is the

cell
universal gas constant, T is the temperature, n is the number of the transferred electron,
F is the Faraday constant, and Q is the reaction quotient that represents the ratio of
concentrations between the anode and the cathode.

Conductometric method: the technique is a bulk electroanalytical approach that
is exclusively used for the analysis of ionic species and the monitoring of chemical
reactions. This technique involves studying the electrolytic conductivity of the reacting
species or resultant products (Shah, Arain, & Soylak, 2020). The conductance of an
electrochemical cell is dependent on the ionic concentration of the species that are

dissolved in an electrolyte. This electrical property cannot be attributed to the specific

conductivity of a single ion or dissociated species in the solution, as every ion and some



species can be conductive. Direct measurement of conductance using only a conductivity
meter is insufficient for quantification purposes. Therefore, conductometric titration is
employed to measure the difference in conductance when adding the titrant, leading to
the quantification of the interested ions or species. The equivalent point is then determined
from the titration curve, resulting in the quantitative analysis of the target analytes.
Electrolytic method: applying current or potential to an electrolytic cell, to allow
the electrochemical reaction of an analyte to occur, is the main concept of the analysis.
This technigue encompasses three sub-methods — electrogravimetry, coulometry, and
voltammetry — that vary depending on the application. The electrogravimetric method
studies the reduction of metal ions to metal using a constant potential, leading to the
deposition of interested metal at the cathode, which is a solid metal electrode. The weight
of the cathode before and after the plating step is measured, and the increase in weight
corresponds to the metal concentration in the original solution. The coulometric method
is based on the exhaustive electrolysis of an analyte, achieved by applying a constant
potential or current to a working electrode surface relative to a reference electrode.
Faraday’s law governs the principle of this technique, stating that the total charge passing
through the electrochemical cell is proportional to the absolute amount of analyte.
Voltammetric method: the technique involves the application of a constant or
varied potential at the electrode surface to record the produced Faradaic current.
Typically, interested analytes are measured using an easily-polarizable micro-electrode
immersed in a static solution without stirring. Voltammetry can be categorized into two
main sub-classes, namely polarography and amperometry, depending on the applied
potential. Polarography involves the application of varied potentials over the surface of a
dropping mercury electrode to allow chemical species to undergo oxidation or reduction.
On the other hand, if the redox reactions of electroactive species are measured at a
constant potential, the method is called amperometry. Voltammetry is widely used for
quantification in several fields, including food quality control, environmental analysis, and

biomedical diagnosis. Furthermore, this technique is crucial for understanding the



mechanisms and the kinetics of electrode reactions, as well as the electrochemical
reactivity of an analyte.

Electrochemical impedance spectroscopy (EIS): EIS is a significant
electrochemical approach for measuring the electrical resistance (impedance) of the
electrode-electrolyte interface occurring in a circuit. It is an alternating current technique
that applies multifrequency to an electrochemical system over a wide range, from less
than 1 mHz to greater than 1 MHz. This technique has broad applicability since it can
provide insight into the electrochemical mechanisms occurring at an electrode interface,
including those involved in commercial battery operation, metal and alloy corrosion, and
electrochemical biosensors. Furthermore, EIS can be used to study intrinsic material
properties or specific processes that could influence the conductance, resistance, or
capacitance of an electrochemical system.

Among the diverse range of electrochemical techniques, this dissertation
explores the utilization of various voltammetric methods for analytical purposes, in
combination with the EIS technique for electrochemical characterization of electrode

surfaces.

2.1.1 Voltammetry

Voltammetry is a non-potentiometric technique that involves applying
different potentials to a working electrode which has a small surface area of square
millimeters, that is immersed in a static solution without stirring. This leads to a change in
current due to the polarization at an electrode surface, which corresponds to the
concentration of an electroactive analyte and enables quantitative analysis. The
voltammetric measurement is performed in an electrolytic cell using an external power
source as a potential generator to allow the electrochemical reaction to occur. This cell
comprises a three-electrode system immersed in a supporting electrolyte. The three-
electrode system consists of a working electrode where the electrochemical reaction
occurs, a reference electrode whose potential remains constant and does not change

upon passage of current, and a counter electrode that completes the circuit. After the
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potential is applied to a cell, current flows between the working electrode and the counter
electrode, which is proportional to the amount of analyte. The composition of an

electrochemical cell used in voltammetry is shown in Figure 1 (Gomaa, Negm, & Abu-

Qarn, 2018).
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Figure 1 The typical composition of an electrochemical cell used in voltammetry.

Source: Gomaa, E. A., Negm, A., & Abu-Qarn, R. M. (2018). Cyclic voltammetry
study of the electrochemical behavior of vanadyl sulfate in absence and presence of

antibiotic. Measurement, 125, 645-650.

The initial period of this technique is known as polarography, which was
discovered in 1920. Polarography utilizes a dropping mercury electrode (DME) to
measure the interested compounds. The DME possesses renewable surfaces and can
evaluate different metal ions by forming amalgams, resulting in excellent reproducibility
and a large overpotential for hydrogen evolution. However, the toxicity of mercury and its
propensity to oxidize at +0.4 V (vs a reference electrode) present significant challenges
to polarography, necessitating the development of voltammetric techniques that use
alternative working electrode materials, such as platinum, gold, and carbon-based
electrodes. As a result, voltammetric methods with various sub-techniques, such as linear

sweep voltammetry, cyclic voltammetry, pulse voltammetry, stripping voltammetry, and
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chronoamperometry, can be applied for the qualitative and quantitative analysis of both
inorganic and organic substances.

As previously mentioned, voltammetric measurements can be conducted
using an electrolytic cell, wherein the potential is applied from an external power source.
When the potential applied is insufficient to cause reduction or oxidation of the analyte,
the charging current is generated due to the presence of solvated ions in the electrolyte.
Upon the further application of potential, the analyte undergoes an electrochemical
reaction at the electrode surface, which leads to a concentration difference between the
electrode-solution interface and the bulk solution. This behavior results in the diffusion of
the analyte in a concentration gradient from a high-concentration region to a low-
concentration region, i.e., the electrode surface, and thereby generates a diffusion current
(iy). However, the current from the convection (i) and migration (i) processes may also
occur in an electrochemical reaction, as shown in Equation (2).

= ticHinE.- Y. .o T ...... Equation (2)

The primary objective of the voltammetric analysis is to investigate the
diffusion current, and hence, any other forms of current should be minimized as much as
possible. Solution stirring can induce a convection current, and to avoid this, analyte
measurement should be conducted under static conditions without any perturbation.
Similarly, the migration current results from the electrostatic attraction of targeted ions or
molecules, leading to electrochemical reactions at the electrode surface. In this case, the
cathode attracts cations while the anode attracts anions, resulting in the migration current.
The addition of a supporting electrolyte to an electrochemical cell reduces the feasibility
of such occurrences. By adding an electrolyte with inert properties, the ionic species
present in the electrolyte will be attracted to the electrodes rather than the analyte.
Consequently, the current of interest in a voltammetric method is derived exclusively from
the diffusion process, which is related to the analyte concentration and diffusion rate
according to Fick’s law (Equation (3)):

ac _ 9%

i D SRE T Equation (3)
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where D is the diffusion coefficient, C is an analyte concentration, t is time,
and x is the distance of the analyte distributed onto an electrode surface. This relationship
indicates that the diffusion rate is dependent on the concentration of the analyte, which
means that the diffusion current is directly proportional to the analyte concentration as
follows:
ig xC
ig=kC ... Equation (4)
Voltammetry can be categorized into various sub-techniques based on the
excitation signals that are applied to a working electrode. In this dissertation, cyclic
voltammetry, differential pulse voltammetry, square wave voltammetry, and
chronoamperometry were used for electrochemical measurements in the aspect of

analyte detection, electrode modification, and characterization.

2.1.1.1 Cyclic voltammetry (CV)

CV is a powerful and widely used electrochemical technique that is
commonly employed to investigate the redox processes of an analyte of interest. CV is a
valuable method for studying the kinetics of electrode reactions, which are associated
with the electron transfer process and chemical reaction. During CV operation, a potential
is applied over time as a triangular potential-time waveform to a working electrode, as
depicted in Figure 2A (Elgrishi et al., 2017). The resulting curve that is plotted between
the obtained current and the applied potential is known as a cyclic voltammogram, as
illustrated in Figure 2B. As the potential is scanned negatively from point A to point D, the
concentration of ferrocenium (Fc') near the electrode surface is steadily reduced as it is
converted to ferrocene (Fc). At point C, the peak cathodic current (ip,c) is observed at a
position of a peak cathodic potential (Epyc), and the current is limited by the diffusion of
Fc' from the bulk solution. This leads to a continuous increase in the Fc concentration at
the electrode-solution interface, slowing down the mass transport of Fc” to the electrode
surface. Consequently, as the potential is further negative, the diffusion rate of Fc" from

the bulk solution to the electrode surface becomes slower, resulting in a decreasing
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current as the scan continues (from point C to point D). Once the switching potential (D)
is reached, the scan direction is reversed to apply the potential in a positive direction.
Sweeping potential from point D to point G results in the oxidation of Fc to Fc”, providing
the peak anodic current (i, ) at a position of peak anodic potential (£,,) (point F). This
process leads to an increasing Fc concentration at the electrode-solution interface,
hindering the mass transport of Fc to the electrode surface. Therefore, upon scanning to
more positive potentials, the diffusion rate of Fc from the bulk solution to the electrode
surface becomes slower, leading to a decreasing current as the scan continues (from
point F to point G). At points B and E, the concentrations of Fc" and Fc at the electrode
surface are equal, following the Nernst equation (Equation (1)), £ = E, . This relationship
corresponds to the halfway potential between two observed peaks (C and F) and provides
a straightforward approach to estimating the formal potential (E%) for a reversible electron

transfer process.
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Figure 2 (A) Applied potential as a function of time for a general cyclic voltammetry

experiment. (B) Cyclic voltammogram of the reversible reaction of a 1 mM Fc solution.

Source: Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart,
T. T., & Dempsey, J. L. (2017). A Practical Beginner's Guide to Cyclic Voltammetry.
Journal of Chemical Education, 95(2), 197-206.
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The scan rate in a CV experiment controls the speed at which the potential
is applied. Increasing the scan rate leads to a reduction in the size of the diffusion layer
and consequently results in higher observed currents. For electron transfer systems that
involve freely diffusing redox species and are electrochemically reversible, Randles-
Sevcik equation (Equation (5)) is used to describe the relationship between the peak
current (/p, A) and the square root of the scan rate (v, V 371), where n is the number of
electrons transferred in the redox event, A (sz) is the electrode surface area (generally
used as the geometric surface area), D’ (cm2 s’1) is the diffusion coefficient of the analyte,

C” (mol cm™) is the bulk concentration of the analyte.

1/2
i, = 0.446nFAC° (%) ................... Equation (5)

The Randles-Sevcik equation provides indications on whether an analyte
is freely diffusing in solution. According to equation 5, peak currents increase linearly with
the square root of scan rates, resulting in a linear plot of i, versus v'”. This behavior
demonstrates that the electrochemical process taking place at the electrode-solution
interface is diffusion-controlled. Conversely, the current response for electrode-adsorbed
species is described by Equation (6), indicating that the plot of I,as a function of v is

expected to be linear.

5N VAL Equation (6)

Where I is the surface coverage of the adsorbed species (mol cm™). In

addition to verifying that the analyte is freely diffusing, the Randles-Sevcik equation can

be used to calculate the diffusion coefficient as well as the electroactive surface area.

2.1.1.2 Differential pulse voltammetry (DPV)

The CV technique is limited and not appropriate to detect an analyte within
the concentration range of 10°t0 10° M (Buffle & Tercier-Waeber, 2005) due to its low
sensitivity and inability to distinguish peaks of two or more analytes. As a result, it is
primarily suitable for qualitative analysis. To address this limitation, pulse-based

voltammetric techniques have gained attention as means of quantitative measurement.
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These techniques can be divided into several sub-methods depending on the applied
potential-time waveform. DPV is an excellent technique for the quantification of organic
and inorganic substances. This method involves the application of a constant pulse
potential on a linear ramp potential, as shown in Figure 3A. The base potential value, at
which no faradaic reaction occurs, is then applied to the electrode and is increased
between pulses with equal increments (Simdes & Xavier, 2017). The current is
immediately measured before the pulse application (i;) and at the end of the pulse (i,),
and the difference between them (Ai = i, — i,) is recorded and plotted as a function of
applied potential, known as the differential pulse voltammogram (Figure 3B) (Gonzalez-
Hernandez, Alvarado-Gamez, Arroyo-Mora, & Barquero-Quirds, 2021). The peak height

(Ai) is proportional to the analyte concentration in the solution.
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Figure 3 (A) Diagram of the application of pulse in DPV technique. (B) A typical

response of differential pulse voltammogram.

Source: Gonzalez-Hernandez, J., Alvarado-Gamez, A. L., Arroyo-Mora, L. E., &
Barquero-Quirdés, M. (2021). Electrochemical determination of novel psychoactive
substances by differential pulse voltammetry using a microcell for boron-doped diamond
electrode and screen-printed electrodes based on carbon and platinum. Journal of

Electroanalytical Chemistry, 882.
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2.1.1.3 Square wave voltammetry (SWV)

SWV is a highly sensitive and rapid pulse voltammetric technique utilized
for quantification purposes. Analyzing the characteristic parameters of this technique
enables the evaluation of the kinetics and mechanism of the electrode process under
investigation. Figure 4A displays the potential-time waveform, which consists of a square
wave superimposed on a staircase. The duration of one step in the staircase waveform
corresponds to a full square wave cycle. The currents are measured at the end of the
direct (i) and reverse (i,) pulses, and the resulting differential current (Ai) is obtained as
the signal intensity. Current-potential curves, known as square wave voltammograms,
exhibit well-defined profiles and are typically symmetrical, as illustrated in Figure 4B
(Simbes & Xavier, 2017). This behavior is attributed to the measurement of all currents
only at the end of each semiperiod, and the variations in the height and the width of the
pulse potential remain constant for a specific potential range (Souza, Machado, & Avaca,

2003).

Figure 4 (A) Scheme of the potential-time waveform application consisting of a staircase
and a square wave. (B) Square wave voltammograms, where (a) represents a redox

process of a reversible system and (b) represents that of an irreversible system.

Source: Simoes, F. R., & Xavier, M. G. (2017). Electrochemical Sensors. In

Nanoscience and its Applications (pp. 155-178).
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2.1.1.4 Chronoamperometry

Chronoamperometry involves the study of the variation of the current
response with time under potentiostatic control. This technique measures the current
flowing through the working electrode as a function of time as a constant potential is
applied to the working electrode, as shown in Figure 5A. The current flow is correlated
with the concentration of the oxidized or reduced species on the working electrode

surface through the Cottrell equation (Equation (7)):

__ nFAC°DY/?

i(t) = TR Equation (7)

where i(f) is the current at time t (s), n is the number of electrons (eq. mol”
", Fis the Faraday’s constant (96,485 C eq.’1), A is the geometric area of the electrode
(cm?), C”is the analyte concentration (mol cm™), and D is the diffusion coefficient of the
analyte (cm®s™).

In an unstirred cell, electroactive species will diffuse to the working
electrode surface as a function of the potential applied. At the beginning of a potential
step (E, to E,), a large current arising from ion flux to the electrode surface to balance the
charge in potential gives rise to a capacitive current (/), which decays rapidly. The
concentration of electroactive species near the electrode interface decays with distance
from the electrode and the arrival of species to the surface is diffusion-limited; therefore,
faradaic current (/,) near the electrode surface decays over time as the mass transport
limit is reached. This behavior resulted in a normal exponential decay curve, as shown in

Figure 5B (Inzelt, 2014).
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Figure 5 (A) Typical waveform of the potential step and (B) the chronoamperometric

response.

Source: Inzelt, G. (2014). Chronoamperometry, Chronocoulometry, and

Chronopotentiometry. In Encyclopedia of Applied Electrochemistry (pp. 207-214).

2.1.2 Electrochemical impedance spectroscopy (EIS)
2.1.2.1 Basic concept of EIS

EIS is an interfacial technique utilized to measure the electrical
impedance of an electrochemical system as a function of frequency. It is a powerful tool
used for characterizing the electrochemical behavior of materials and devices such as
batteries, fuel cells, corrosion protection coatings, and sensors. The technique involves
applying a small amplitude sinusoidal voltage to the system at a range of frequencies
(Figure 6A) and measuring the resulting current response (Wang et al., 2021). Hence, the
excitation signal is presented as a function of time, as illustrated in Equation (8):

E; =Ey-sin(wt) .......................... Equation (8)

where E, is the potential at the time, E; is the amplitude of the signal, and w is the radial
frequency.
The correlation between w and the applied frequency (f) is calculated by
Equation (9):
W=2"T"f i Equation (9)
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In a linear system, the signal is shifted in phase (¢) and has a different
amplitude than /, (Equation (10)):
I} =Iysin(wt+®) ........................ Equation (10)

Therefore, the impedance of the whole system can be obtained from
Equation (11):

Z(w) = E(w)/I(w) = Zoexp(j®) = Zy(cos  + jsin®) = Z, +jZ; ......... Equation (11)

where Z, E, I, w, and ¢ are impedance, potential, current, frequency, and phase shift
between E and /, respectively. Z and Z are real and imaginary parts of the impedance,
while j is the imaginary number and is equal to v/—1. The impedance can be expressed
in terms of a magnitude (Z,) and a phase shift. If the applied sinusoidal signal is plotted
on the X-axis against the sinusoidal current response (/) on the Y-axis, the resulted curve
is called as a “Lissajous Plot”, as shown in Figure 6B (Lvovich, 2014). On the other hand,
by varying the frequency of the applied signal, a spectrum of impedance values, known

as a “Nyquist Plot”, can be obtained, as depicted in Figure 6C.
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Figure 6 (A) A periodic perturbation signal with amplitude is applied from high to low
frequencies. (B) The Lissajous plot and (C) the Nyquist plot with impedance vector. (D)

The example of a Bode plot.

Source: Lvovich, V. F. (2014). Electrochemical Impedance Spectroscopy (EIS)
Applications to Sensors and Diagnostics. In Encyclopedia of Applied Electrochemistry

(pp. 485-507).

The impedance expression can be divided into two parts: a real part (Z,

or Z or Z”). As shown in Figure 6C, a Nyquist

real

or Z)and an imaginary part (Z or Z__.
plot is obtained by constructing a relationship between the Z_, on the X-axis and the Z__,
on the Y-axis. Each point on the Nyquist plot represents an impedance value at a specific
frequency. The left side of the plot on the X-axis indicates an impedance value at a high-
frequency region, while the right side corresponds to an impedance value at a lower
frequency. Furthermore, an impedance value can be represented by a vector (arrow) of

length |Z]. The angle between this vector and the X-axis is known as the “phase angle”.

Another way to present impedance results is to use a curve known as a “Bode plot” (see
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Figure 6D), which consists of two types of logarithmic plots: magnitude versus frequency
and phase versus frequency (Yavarinasab et al., 2021). This plot is useful to evaluate the
capacitance of the electrochemical system, while the Nyquist plot is normally used to
analyze the resistive processes.

In general, the overall resistance (R,,) of a whole circuit can be
calculated by the summation of the resistances of each component. In that case, Ohm’s

law is used to calculate the overall resistance depending on a type of circuit as follows:

Series circuit: Riotat =Rit+ Ry, +R3+ -+ Ry oo Equation (12)
Parallel circuit: L =1 + = + - + -4 e Equation (13)
Rtotat  R1 Rz  Rs Rp

However, the impedance does not obey Ohm'’s law due to its frequency-
dependent property. The diffusion of electroactive species from the bulk solution to an
electrode interface can generate an additional resistance, known as the Warburg
impedance. The high-frequency region produces a small Warburg impedance because
the reactant does not diffuse to an electrode surface. Conversely, applying lower
frequencies creates a higher Warburg impedance since electroactive species are
compelled to diffuse to an interface. This impedance can be determined from both the
Nyquist plot and the Bode plot. A straight line with a slope of 45 on the Nyquist plot
represents the infinite Warburg impedance, while a phase shift of 45 on the Bode plot

reveals the Warburg effect (Magar, Hassan, & Mulchandani, 2021).

2.1.2.2 Equivalent circuits of EIS
An equivalent circuit involving electrical properties of resistance,
capacitance, or inductance is created to simulate the electrochemical process of redox
reactions occurring at an electrode-solution interface. This circuit is utilized to gain insight
into the EIS system and evaluate the individual electrical components. In the Randles
equivalent circuit, the electrical properties involved in an interfacial process include the
solution resistance (R,), the charge transfer resistance (R,), double-layer capacitance

(Cy4), and Warburg impedance (Z,), as illustrated in Figure 7 (Magar et al., 2021). After
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fitting data to this circuit, a semicircle at a high-frequency domain with a straight line at a
low-frequency region should be observed. The semicircle corresponds to the electron
transfer process at the electrode-solution interface, while the straight line belongs to the
diffusion process of electroactive species from the bulk solution to the electrode surface.
The diameter of a semicircle corresponds to the R, value, which depends on the dielectric
and insulating properties of each electrode-solution interface. A higher diameter of a
semicircle indicates a higher electron transfer resistance. Hence, EIS is an effective

technique to characterize the electrical properties of bare and modified electrodes.
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Figure 7 Impedance spectra showing a Randles equivalent circuit for an

electrochemical system.

Source: Magar, H. S., Hassan, R. Y. A., & Mulchandani, A. (2021).
Electrochemical Impedance Spectroscopy ( EIS) : Principles, Construction, and

Biosensing Applications. Sensors, 21(19).

In the case of C_, the behavior of a perfect capacitor in an electrochemical

di
system does not experimentally exist. Therefore, an additional electrical property known

as a constant phase element (CPE) is introduced to account for the non-ideal
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capacitance. This is caused by the roughness, non-homogeneity, or porosity of the

electrode surface being investigated (Sun & Liu, 2019).

2.2 Miniaturized electrochemical devices

In the past decade, the application of miniaturized technology in analytical
chemistry has significantly advanced analytical systems, addressing the limitations of
traditional approaches. This progress has facilitated the scaling-down of instrumentation,
apparatus, and devices, enabling measurements to be conducted outside of a laboratory
setting. Moreover, the miniaturization of portable analytical systems offers substantial
benefits, such as reduced production cost and decreased consumption of chemicals and
solvents, resulting in decreased associated waste. These advantages make
miniaturization a more environmentally sustainable approach than conventional
methodologies (Pena-Pereira, 2014).

Among the various analytical techniques, electrochemical approaches are
particularly well-suited for miniaturization due to the availability of fabrication for a small
sensing platform with a compact potentiostat. Furthermore, their analytical performance
is not compromised by the reduction in size, which enables sensitive detection of
electroactive compounds in microliter sample volumes. As such, the continuous
advancement of electrochemical detection using miniaturized devices remains a current
focus.

In response to this trend, this dissertation focuses on the development of small-
sized electrochemical devices, specifically a screen-printed electrode and a paper-

based analytical device, for detecting various analytes.

2.2.1 Screen-printed electrode (SPE)
SPEs are a type of electrochemical sensor that is widely used in analytical
chemistry and biosensing applications. They are typically created by screen-printing a
conductive ink onto a non-conductive substrate, such as ceramic and polymer, in order
to produce a pattern of working, counter, and reference electrodes, as illustrated in Figure

8 (Zensor R&D co., Ltd, 2016). The conductive ink used in the screen-printing process is
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typically a carbon-based material, such as graphite, graphene, or carbon nanotubes,
mixed with a binder, solvent, and other additives. Precise control of the ink deposition and
pattern formation is achieved by depositing the ink onto the substrate through a fine mesh
screen. Following the printing process, the electrodes are treated with a high-temperature
curing process to remove any residual solvents and enhance the adhesion and
conductivity of the ink. The resulting electrodes exhibit high sensitivity, stability, and
reproducibility, making them an ideal choice for a wide range of electrochemical
applications.

SPEs can be employed for various electrochemical measurements, including
detection of small molecules, proteins, and nucleic acids. Additionally, they are frequently
used in electroanalytical techniques, such as the voltammetric method, amperometry, and
impedance spectroscopy. Compared to conventional bulk electrodes, SPEs have several
advantages, including low cost, portability, and ease of use. They also require smaller
sample volumes and can be readily integrated into other applications, such as

microfluidic systems, for high-throughput analysis.
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Figure 8 (A) The demonstration of a screen-printing process used for fabricating SPEs.

(B) The availability of various SPE designs for wide practical applications.

Source: Zensor R&D co., L. (2016). Screen-printed carbon electrode. Retrieved

from https://www.zensorrd.com/Article13.html

2.2.2 Paper-based analytical device (PAD)

The PAD is a type of diagnostic tool that employs paper as the primary
substrate for conducting chemical or biological analyses. This low-cost, portable, and
easy-to-use technology enables rapid detection and quantification of various analytes,
including pathogens, toxins, and biomolecules. Typically, PADs are designed as small
strips of paper, which can be fabricated using simple techniques such as printing,
stamping, or cutting. They are compatible with various analytical purposes, including
colorimetry, separation-related techniques, and electrochemistry. For colorimetric
detection, the paper is functionalized with reagents that selectively interact with the target
analyte, resulting in a visible color change or fluorescence signal that can be detected
with the naked eye or a simple handheld device. Moreover, the paper can be fabricated
as a microfluidic platform, known as a microfluidic paper-based analytical device (uPAD),

allowing the separation of various analytes within the same single device. This feature
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eliminates the need for external pumping equipment to enable fluid flow in the paper
(Murphy et al., 2015). Furthermore, the paper-based device can be integrated with
electrochemical detection by fabricating hydrophobic/hydrophilic barriers, followed by
constructing a three-electrode system on a patterned paper. The resulting device is called
an electrochemical paper-based analytical device (ePAD), providing the advantages of a
low-cost and disposable paper-based platform with the high sensitivity and selectivity of
an electrochemical approach (Primpray, Chailapakul, Tokeshi, Rojanarata, &
Laiwattanapaisal, 2019). Figure 9 illustrates some examples of PADs used for analytical
purposes (Pinyorospathum, Rattanarat, Chaiyo, Siangproh, & Chailapakul, 2019)
(Khamcharoen, Henry, & Siangproh, 2022) (Placer, Lavilla, Pena-Pereira, & Bendicho,
2023).

PADs have numerous applications in healthcare, environmental monitoring,
food safety, and forensic science. For instance, they can be used to detect infectious
diseases in remote or resource-limited settings, monitor water quality in developing
countries, and screen for drugs of abuse in forensic investigations. Thus, the simplicity,
low cost, and versatility of PADs make them a promising tool for point-of-care diagnostics

and field testing.
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Figure 9 Some examples of PADs used for analytical purposes. (A) A colorimetric sensor

for the detection of phosphate ions performed on PADs based on the anti-aggregation

of 2-mercaptoethanesulfonate-modified silver nanoplates. (B) An all-in-one origami

ePAD for the measurement of L-cysteine. (C) A 3D origami uPAD for the determination

of iodide and iodate using colorimetric detection.

Source: (A) Pinyorospathum, C., Rattanarat, P., Chaiyo, S., Siangproh, W., &

Chailapakul, O. (2019). Colorimetric sensor for determination of phosphate ions using

anti-aggregation of 2-mercaptoethanesulfonate-modified silver nanoplates and europium

ions. Sensors and Actuators B: Chemical, 290, 226-232., (B) Khamcharoen, W., Henry,

C.S., &Siangproh, W. (2022). A novel |-cysteine sensor using in-situ electropolymerization

of I-cysteine: Potential to simple and selective detection. Talanta, 237., and (C) Placer, L.,

Lavilla, I., Pena-Pereira, F., & Bendicho, C. (2023). A 3D microfluidic paper-based

analytical device with smartphone-assisted colorimetric detection for iodine speciation in

seaweed samples. Sensors and Actuators B: Chemical, 377.

2.3 Vitamins

Vitamins are organic compounds that play an essential role in maintaining normal

physiological functions in the human body. These micronutrients are required in small
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quantities and cannot be synthesized by the body; therefore they must be obtained from
the diet or supplements. There are 13 recognized vitamins that are categorized into two
groups: fat-soluble and water-soluble. Fat-soluble vitamins, including vitamins A, D, E,
and K, are stored in the body’s fat tissues and liver and are absorbed along with dietary
fat. On the other hand, water-soluble vitamins such as vitamin C and the B-complex
vitamins are not stored in the body to the same extent as fat-soluble vitamins and are
excreted in the urine if taken in excess. Each vitamin has a specific function in the body,
and deficiencies or excesses of certain vitamins can cause a range of health problems.
For instance, vitamin A is crucial for vision and immune function, while vitamin C is
necessary for collagen synthesis and wound healing. Table 1 summarizes the importance
of each vitamin, showing appropriate intake levels, main functions in the body, food
sources, and possible consequences of deficiencies and excesses (Y. Yang, Hu, Deng,

& Yang, 2022).
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2.3.1 Fat-soluble vitamins

Fat-soluble vitamins readily dissolve in organic solvents but have low
solubility in water. These vitamins are essential nutrients necessary for maintaining human
health. Each fat-soluble vitamin contains several active vitamers that perform specific
functions. Among them, vitamin A (VA) is composed of retinol-based compounds,
including retinoids derived from animals and carotenoids obtained from plants. VA is a
crucial nutrient required for the biological activity involved in the synthesis of retinylidene
chromophores and visual pigments.

Vitamin D (VD) is a critical determinant of bone and mineral metabolism. It is
commonly referred to as the “sunshine vitamin” due to its production in the skin upon
exposure to ultraviolet B (UVB) radiation from sunlight. This natural synthesis is the most
effective means of obtaining VD (80-90%), with the remaining 10-20% obtained through
dietary intake or supplements. VD is a vital hormone that plays a role in various metabolic
pathways, including regulating the balance of calcium and phosphate in the bloodstream,
and influencing bone mineralization. The two most commonly recognized forms of VD are
ergocalciferol (D,) and cholecalciferol (D,). A notable VD, metabolite, 25-Hydroxyvitamin
D (25-OHD), is an essential indicator of VD deficiency, and can be measured in human
serum (Chauhan, Gupta, & Solanki, 2021).

Vitamin E (VE) is a group of substances that exhibit antioxidant activity similar
to a-tocopherol, including all tocopherols and their derivatives. The liver absorbs various
forms of VE, which are eventually secreted as the a-conformation (a-tocopherol). This
particular form of VE provides significant biological benefits in the human body and acts
as an antioxidant (Jashari et al., 2021). VE plays a crucial role in maintaining immune and
neural health. Moreover, it impacts the proliferation and differentiation of smooth muscle
cells, platelets, and monocytes and regulates the expansion of blood cells while also
inhibiting platelet aggregation.

Vitamin K (VK) comprises 2-methyl-1,4-naphthoquinone and all of its
derivatives, with phylloquinone (K,) and menaquinone (K,) being the most prevalent active

forms. The primary function of VK is to act as a coenzyme for the synthesis of numerous
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proteins associated with coagulation and bone metabolism. VK, is the predominant form
of VK, serving as a redox mediator in photosynthesis. VK,, on the other hand, is present
in animals and is produced by bacteria in the intestine. It features a polyisoprenyl side
chain that contains 6 to 13 units; hence it is also known as menaquinone-n (MK-n), with

the value of n corresponding to the number of side chain units.

2.3.2 Water-soluble vitamins

Water-soluble vitamins are essential nutrients and are of great importance to
human growth and development. These vitamins are comprised of various compounds
and are widely present in several food sources. However, they cannot be stored in the
human body for a long period and are rapidly excreted with urine, necessitating regular
supplementation. Consuming an inadequate amount of these vitamins has negative
impacts on human health, leading to numerous diseases. Therefore, it is crucial to detect
vitamins in biological fluids and food samples to evaluate the risk of diseases and ensure
the quality of food products.

Seven types of B vitamins, along with vitamin C, are essential nutrients that
are classified as water-soluble vitamins. Vitamin B, (VB,), also known as thiamine, can be
utilized to synthesize pyrophosphate and thiamine diphosphate (Paudics et al., 2022),
which are coenzymes involved in numerous metabolic processes, particularly in
carbohydrate and branched-chain amino acid metabolisms. These substances are
crucial for the normal metabolism of the human body, particularly for the nervous system.

Vitamin B, (VB,), also referred to as riboflavin (RF), is a crucial constituent of
flavoenzymes, which exist in active forms of flavin mononucleotide and flavin adenine
dinucleotide. These substances serve as essential cofactors for regular respiration in
tissues and facilitate the catabolism of carbohydrates, proteins, and fats to produce
energy (Tesfaye, Negash, & Tessema, 2022). Moreover, RF possesses antioxidant
properties that aid in preventing cataracts, and high dosages have been reported to be

effective in the treatment of migraines (Namazi, Heshmati, & Tarighat-Esfanjani, 2015).
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Vitamin B, (VB,), also known as niacin, primarily comprises nicotinamide and
nicotinic acid, and serves as the precursor to nicotinamide adenine dinucleotide (NAD).
Niacin aids in the synthesis of sexual hormones, reduces cholesterol levels, regulates the
functions of the brain and nervous system, and helps to maintain the health of the skin,
tongue, and digestive system tissues. Furthermore, NAD-related compounds, along with
its phosphorylated substances nicotinamide adenine dinucleotide phosphate (NADP) and
their reduced forms NADH and NADPH, participate as major redox mediators in several
metabolic processes within cells.

Vitamin B, (VB,) primarily refers to D-pantothenic acid, which serves as a
precursor for the formation of coenzyme A (CoA). VB, plays a crucial role in various
biological activities, including energy metabolism and fatty acid oxidation (Bourgin, Kepp,
& Kroemer, 2022). Additionally, this vitamin is involved in the synthesis of acetylcholine,
red blood cells, and hormones secreted from the adrenal glands. Regarding the
importance of CoA, it functions as the acetyl donor in acetylation reactions, playing a key
role in the oxidation of fatty acids, pyruvate or a-ketoglutarate, as well as in the synthesis
of fatty acids, cholesterols, and sterols, and biological acetylation.

Pyridoxine, pyridoxal, and pyridoxamine are classified as chemically related
forms of vitamin By (VB,). Pyridoxine is the most stable form, which can be metabolized
within the human body into biologically active forms, namely pyridoxal-5’-phosphate and
pyridoxamine phosphate. These substances act as cofactors in catalyzing the reactions
of more than 100 enzymes related to glycogen, amino acid, and lipid metabolisms
(Porada, Fendrych, & Bas, 2021). VB, is involved in hemoglobin production and
functioning, gene expression, and supports the nervous and immune systems.
Additionally, VB, plays a vital role in promoting brain development during pregnancy and
infancy.

Biotin, also known as vitamin B, (VB,) or vitamin H, plays a crucial role as a
coenzyme in the primary metabolic pathways in both mitochondria and cytoplasm. These

pathways include amino acid catabolism, gluconeogenesis, and lipogenesis. In addition
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to dietary intake, human intestinal bacteria can also synthesize biotin at a substantial rate,
thus making biotin deficiency a rare occurrence in humans.

Vitamin B, (VB,), also referred to as folic acid, plays a significant role in
numerous synthetic biological reactions by serving as a coenzyme involved in nucleic
acid synthesis and amino acid metabolism (Olmo, Rodriguez, Colina, & Heras, 2021). This
crucial function encompasses the synthesis of purine and pyrimidine, as well as DNA
fixation and methylation. Consequently, a deficiency of VB, can result in the malfunction
of DNA replication, leading to abnormal cell division.

Vitamin B,, (VB,,), also known as cobalamin, is a coordination compound
containing cobalt that plays a crucial role in the normal functioning of the nervous system
and the maturation of red blood cells in the bone marrow (Guo, 2021). VB,, exists in
several chemically related forms, including methylcobalamin, adenosylcobalamin,
cyanocobalamin, and hydroxocobalamin. Of these, methylcobalamin and
adenosylcobalamin are particularly significant to the human body, as they act as
coenzymes for methionine synthase and methylmalonyl CoA mutase, respectively. These
enzymes are involved in various metabolic processes, including the synthesis of nucleic
acids and red blood cells, as well as the metabolism of carbohydrates, proteins, and
lipids.

Vitamin C (VC), also known as L-ascorbic acid, is one of the most ubiquitous
small biomolecules found in human blood. Its crucial role in protecting healthy cells from
free radicals, harmful chemicals, cigarette smoke, and other pollutants makes it an
essential component in resisting bacterial infections and preventing damage to our body
cells. In addition to its protective functions, VC is involved in various human activities,
including immune system function, wound healing, and the maintenance of cartilage,
bone, and teeth. It acts as a cofactor of several enzymes, enhances intestinal iron
absorption, participates in carnitine and collagen synthesis, as well as cell metabolism.
Furthermore, VC serves as an ideal singlet oxygen scavenger and chelating agent

(Tortolini, Tasca, Venneri, Marchese, & Antiochia, 2021).
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As briefly mentioned earlier, this dissertation focuses on the development of
an electroanalytical method to detect water-soluble vitamins. It is necessary to consume
these vitamins daily at sufficient levels due to their inability to be stored in the body and
rapid excretion with urine. Among various types of water-soluble vitamins, VB,, VB, and
VC have been selected as analytes of interest because of their availability in many food
sources and their involvement in several important biological activities. For example, VB,
and VB, play a role in cellular growth and development, while VC is associated with
protection against common colds, scurvy, and cancer. This can be useful in evaluating
clinical and food applications to indicate abnormalities or diseases and guarantee the
quality of food products. Therefore, the importance of VB,, VB,, and VC, as well as their

deficiency and dietary reference intake, are described in detail as follows.

2.3.3 Vitamin B, (VB,)

VB, or riboflavin (RF) is a water-soluble vitamin categorized within the group
of essential nutrients. It exists in a purified solid form as a stable yellow-orange crystalline
powder stable at room temperature. However, it is unstable when exposed to sunlight.
Upon consumption of RF, it undergoes conversion into two biologically active forms,
namely flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). These
substances act as coenzymes, functioning as hydrogen receptors in the oxidation-
reduction process within the body. The structures of RF, FMN, and FAD are illustrated in

Figure 10.
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Figure 10 The chemical structures of RF, FMN, and FAD.

FMN and FAD act as coenzymes that participate in the metabolism of fatty
acids and VB,. FMN serves as a prosthetic group for various oxidoreductases, such as
NADH dehydrogenase, and also functions as a cofactor in biological blue-light
photoreceptors (Tsibris, McCormick, & Wright, 1966). FAD is involved in energy
production and the synthesis of niacin from tryptophan. Moreover, it aids in the
metabolism of carbohydrates, proteins, and lipids, which are essential for normal cell
growth and development, and promotes the health of the nervous system, skin, and eyes.

The deficiency of VB, can be observed in various at-risk groups of the Thai
population, including pregnant women, lactating women, infants, children, laborers, the
elderly, and vegetarians (Songchitsomboon, Komindr, Kulapongse, Puchaiwatananon, &
Udomsubpayakul, 1998). The signs and symptoms of VB, deficiency, known as
ariboflavinosis, include inflammation of the throat, lips, and tongue, as well as a red and
swollen tongue. Other symptoms include inflammation in the corners of the mouth (angular

stomatitis), skin inflammation with the characteristics of redness, scaliness, itchiness, and
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greasiness (seborrheic dermatitis), and normocytic anemia. Severe VB, deficiency can
also lead to malfunctioning of VB, which is essential in synthesizing niacin from
tryptophan. Additionally, some endocrine glands, such as the thyroid and adrenal glands,
as well as certain medications, such as chlorpromazine, imipramine, and amitriptyline,
chemotherapy drugs, such as doxorubicin and methotrexate, and antimalarial drugs like
quinacrine, can cause VB, deficiency. Moreover, drinking alcoholic beverages can
disrupt the digestion and absorption of RF in the intestine, thereby increasing the risk of
VB, deficiency.

The dietary reference intake (DRI) of VB, for the Thai population is provided

in Table 2, classified by groups, age, and gender (Bureau of Nutrition, 2020).

Table 2 The dietary reference intake (DRI) of VB, for the Thai population.

Reference intake of VB,

Groups Age ranges
(mg/day)
0 — 5 months old 0.2
Infants
6 — 11 months old 0.4
1 -3 years old 0.5
Children
4 — 8 years old 0.6
9 - 12 years old 0.9
Male adolescents
13 — 18 years old 1.3
9 - 12 years old 0.9
Female adolescents
13 — 18 years old 1.0
Male adults = 19 years old 1.3
Female adults = 19 years old 1.1
Pregnant women - +0.3
Lactating women - + 0.5

Source: Bureau of Nutrition, D. o. H., Ministry of Public Health. (2020). DIETARY
REFERENCE INTAKE FOR THAIS 2020: AN. PROGRESSIVE LTD., PART. (pp. 189).



39

2.3.4 Vitamin B, (VBy)

VB, also known as pyridoxine (PN), is a water-soluble vitamin that has a slight
solubility in organic solvents and lipids. It is easily degraded by UV radiation and alkaline
solutions. Natural VB, can be found in three chemically related forms, as illustrated in
Figure 11: pyridoxine, pyridoxal (PL), and pyridoxamine (PM). Each substance has a
distinct substituent at the fourth position of the pyridine ring. PN contains a hydroxymethy!|
group, while PL and PM contain an aldehyde and an aminomethyl group, respectively.

PN is heat-stable, but PL and PM rapidly decompose under high-temperature conditions.
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Figure 11 Chemically related forms of VB,.

VB, nutrients are primarily found in food sources as phosphate-containing
compounds. These derivatives are digested with enzymes in the stomach to release the
phosphate group before absorption in the small intestine. They are then transported via
the bloodstream to the liver to be converted into biologically active forms, namely
pyridoxal-5-phosphate and pyridoxamine phosphate. Finally, VB, is excreted in the urine
as pyridoxic acid.

VB, plays a crucial role as a coenzyme in various biochemical reactions,
including amino acid metabolism, glucose biosynthesis from glycogen breakdown in
muscles, hemoglobin synthesis and function, niacin synthesis from tryptophan, and
regulation of homocysteine levels in the blood. Additionally, VB, is involved in cognitive
development by synthesizing various neurotransmitters such as serotonin, taurine,
dopamine,

norepinephrine, and gamma-aminobutyric acid. Furthermore, VB, is
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associated with the immune system by promoting the synthesis of lymphocytes and
interleukin 2.

As previously mentioned, VB, plays a critical role in maintaining optimal
human health. The deficiency of this vitamin can have detrimental effects on the
metabolism of amino acids, carbohydrates, and lipids. The signs and symptoms of VB
deficiency may include microcytic anemia resulting from impaired heme synthesis, skin
inflammation (cheilosis and glossitis), weakened immunity, and neurological disorders
such as depression, confusion, and somnolence. Additionally, VB, deficiency may be
observed in patients with end-stage renal disease, renal dystrophy, and other kidney
abnormalities. This condition includes absorption disorders, such as gastrointestinal
diseases, chronic intestinal ulcers, and chronic alcoholism.

The dietary reference intake (DRI) of VB, for the Thai population is provided

in Table 3, classified by groups, age, and gender (Bureau of Nutrition, 2020).

Table 3 The dietary reference intake (DRI) of VB for the Thai population.

Reference intake of VB

Groups Age ranges
(mg/day)

0 — 5 months old 0.1

Infants
6 — 11 months old 0.3
1 -3 years old 0.5

Children
4 — 8 years old 0.6
9 -12 years old 1.0

Male adolescents
13 — 18 years old 1.3
9 -12 years old 1.0
Female adolescents
13 — 18 years old 1.2
19 — 50 years old 1.3
Male adults

= 51 years old 1.7
19 — 50 years old 1.3

Female adults
= 51 years old 1.5
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Table 3 (Continued)

Reference intake of VB

Groups Age ranges
(mg/day)
Pregnant women - + 0.6
Lactating women - +0.7

Source: Bureau of Nutrition, D. o. H., Ministry of Public Health. (2020). DIETARY
REFERENCE INTAKE FOR THAIS 2020: A.V. PROGRESSIVE LTD., PART. (pp. 211).

2.3.5 Vitamin C (VC)

VC or ascorbic acid is a water-soluble vitamin that is naturally found in the L-
isomer form as the biologically active compound. Its chemical formula is C,H,O,, and its
molar mass is 176.13 g mol ™. The solid form of VC appears as a white crystalline stable
powder, but it is easily oxidized when dissolved in water or heated under high-
temperature conditions. Upon the oxidation process, ascorbic acid is converted into
dehydroascorbic acid, which undergoes hydrolysis to form diketogulonic acid. Further
oxidation of this substance results in the formation of oxalic acid, threonic acid, and other
by-products. These compounds, including ascorbic acid, are finally excreted in the urine.
Figure 12 displays the chemical structure of ascorbic acid, major metabolites, and

degradation products (Zempleni, Suttie, Gregory lii, & Stover, 2013).
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Figure 12 The chemical structure of ascorbic acid, major metabolites, and degradation

products.

Source: Zempleni, J., Suttie, J. W., Gregory lii, J. F., & Stover, P. J. (2013).

Handbook of Vitamins.

The absorption of VC in the intestine is dependent on the level of VC
consumption. A low intake of VC, ranging from 30 — 180 mg/day, results in high absorption
rates (80 — 90%) within the human body through active transport mechanisms that require
energy (ATP). However, high levels of VC consumption exceeding 1,000 mg/day lead to
decreasing absorption rates (75%) due to simple diffusion. Once absorbed, VC is
transported in the form of free acid and does not bind to proteins. It subsequently reaches
various cells such as leucocytes and red blood cells, where it is metabolized.

VC functions as a vital substance in numerous enzymatic reactions involved
in essential biological activities. One example is collagen, a crucial fibrous protein that
contributes to the formation of bones, ligaments, muscles, teeth, connective tissues, and
skin. Collagen is synthesized from glycine, proline, hydroxyproline, and other related
amino acids, with proline hydroxylase and lysine hydroxylase acting as catalysts. The
completion of this process requires VC as a cofactor. Thus, a deficiency of VC leads to

changes in the structure of collagen, resulting in abnormal wound healing, connective
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tissue disorders, bone-related diseases, and scurvy. Additionally, VC plays a role in the
synthesis of carnitine, acting as a cofactor in the hydroxylation of trimethyllysine and
gamma-butyrobetaine. It also contributes to catecholamine synthesis, which helps to
prevent depression and unstable emotions.

VC functions as an antioxidant, eliminating free radicals both inside and
outside cells. This vital role includes protecting cells and preventing tissue deterioration,
as well as inhibiting peroxidation of unsaturated fatty acids. VC further aids the immune
system by promoting lymphocyte function and phagocytic activity of neutrophils, which
eliminates pathogens in the body. By inhibiting histamine secretion in response to allergen
exposure, VC can help to reduce irritation of the respiratory mucosa, relieve sneezing,
runny nose, redness, and skin rash. Additionally, VC prevents the formation of
nitrosamines, a type of carcinogen, by blocking the reaction of nitrites and secondary
amines. VC also enhances the absorption of non-heme iron in the intestine, increasing its
bioavailability.

The dietary reference intake (DRI) of VC for the Thai population is provided in
Table 4, classified by groups, age, and gender (Bureau of Nutrition, 2020).

Table 4 The dietary reference intake (DRI) of VC for the Thai population.

Reference intake of VC

Groups Age ranges
(mg/day)
0 — 5 months old 40
Infants

6 — 11 months old 50
1 -3 years old 25
Children 4 — 5 years old 30
6 — 8 years old 40
9-12 years old 60
Male adolescents 13 — 15 years old 85

16 — 18 years old 100
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Table 4 (Continued)

Reference intake of VC

Groups Age ranges
(mg/day)
9-12 years old 60
Female adolescents

13 — 18 years old 80

Male adults = 19 years old 100

Female adults = 19 years old 85
Pregnant women - +10
Lactating women - + 60

Source: Bureau of Nutrition, D. o. H., Ministry of Public Health. (2020). DIETARY
REFERENCE INTAKE FOR THAIS 2020: A.V. PROGRESSIVE LTD., PART. (pp. 253).

2.3.6 Literature reviews

Currently, liquid chromatography (LC) is considered as a reliable method for
detecting water-soluble vitamins due to its sensitivity, selectivity, and capability for
simultaneous measurement (Khaksari, Mazzoleni, Ruan, Kennedy, & Minerick, 2017)
(Vallez-Gomis, Peris-Pastor, Benedé, Chisvert, & Salvador, 2021) (GIiszczyﬁska—Swig%o &
Rybicka, 2014). This technique is suitable for routine analysis in wide-ranging applications
of clinical diagnosis, cosmetic products, as well as food and pharmaceutical industries
(Abano & Godbless Dadzie, 2014). However, despite its advantages, the LC technique
still suffers from certain limitations that are unavoidable, including costly instrumentation,
long analysis time, the need for a large volume of solution, and multiple sample
preparation steps. These limitations have prompted the development of other analytical
methods that can offer valuable alternative options for detecting water-soluble vitamins.

The electroanalytical method is an effective choice for the detection of
analytes of interest due to its simplicity, cost-effectiveness, and ease of miniaturization.

This technique can be used to detect most of the water-soluble vitamins owing to their
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electrochemical reactivity (Huang, Tian, Zhao, Liu, & Guo, 2021). Consequently, an
electrochemical mapping of water-soluble vitamins, as depicted in Figure 13, has been
constructed to indicate the potential axis of each vitamin (Lovander et al., 2018). This
mapping has revealed that each vitamin possesses a unique potential value, thereby
allowing for simultaneous detection. For instance, VB, has a potential value of -0.22 V
(versus NHE); whereas VC and VB, have potential values of +0.39 V and +1.00 V (versus
NHE), respectively. As these values are widely spaced apart, simultaneous detection

should be achievable since the electrochemical signals would not overlap.
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Figure 13 An electrochemical mapping of water-soluble vitamins drawing by the IUPAC
convention of positive (oxidation) on the right. All vitamin potentials (versus a normal

hydrogen electrode (NHE)) are at pH 7.0 unless indicated by a subscript for E, ..

Source: Lovander, M. D., Lyon, J. D., Parr, D. L., Wang, J., Parke, B., & Leddy,
J. (2018). Critical Review—Electrochemical Properties of 13 Vitamins: A Critical Review

and Assessment. Journal of The Electrochemical Society, 165(2), G18-G49.

Therefore, this dissertation focuses on the development of the
electroanalytical method for simultaneous detection of VB,, VB, and VC. This section will
present a review of the literature related to this work, which will describe the electrode
materials and electroanalytical techniques utilized for detection.

In 2007, the first report on the simultaneous detection of VB,, VB, and VC
was proposed (Gu, Yu, & Chen, 2007). This work described the use of electrochemical
methods to pretreat a glassy carbon electrode (GCE), enhancing its electrical properties
and overcoming slow electrode kinetics. The pretreatment process of a GCE was

achieved in phosphate media through anodic oxidation at +1.8 V (vs SCE) and potential
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cycling ranging from -0.8 V to +1.0 V. The results showed that pretreating a GCE under
suitable conditions is necessary for the accurate determination of vitamins, resulting in
good electrochemical behaviors obtained. DPV measurements showed that the linear
ranges of each vitamin were 5.0 nM to 0.10 mM for VB,, 2.5 uM to 7.5 mM for VB,, and 75
MM to 75 mM for VC. The real sample analysis was accomplished by detecting these
vitamins in multivitamin tablets with satisfactory results.

In 2013, the second report on the simultaneous detection of VB,, VB, and VC
was described (Nie et al., 2013). This work proposed the preparation of functionalized
poly(3,4-ethylenedioxythiophene) (PEDOT) films by incorporating two electroactive
species, ferrocenecarboxylic acid and ferricyanide, during the electropolymerization of
PEDOT at a GCE surface. The resulting nanostructured films combine the advantages of
high conductivity and stability of PEDOT with the good electrochemical activity of the
electroactive species. The synthesized sensors were characterized using both
morphological and electrochemical techniques, exhibiting excellent electrocatalytic
activity toward the oxidation of vitamins. The performance of the sensors, obtained from
DPV measurements, showed that the linear ranges of each vitamin were 1.0 uM to 300.0
KM for VB,, 15.0 uM to 1,000.0 uM for VB, and 20.0 uM to 1,500.0 uM for VC. In addition,
the sensors possessed high selectivity with no interference from other potential competing
species and have been successfully employed for the simultaneous determination of
vitamins in orange juice samples with satisfactory results.

In 2014, the third report on the simultaneous detection of VB,, VB, and VC
was presented (Nie, Zhang, Xu, Lu, & Bai, 2014). This study involved the development of
a novel electrode material, called poly(3,4-ethylene-dioxythiophene)/Zirconia
nanoparticles (PEDOT/ZrO,NPs) nanocomposite. The researchers used a simple one-
step electrodeposition method to synthesize this material on a GCE surface. The resulting
material exhibited a large specific area, high conductivity, and rapid redox properties,
making it an excellent sensing platform for detecting vitamins. By employing DPV as a
quantitative method, the detection limits for VB,, VB, and VC were found to be 0.012 uM,

0.20 uM, and 0.45 pM, respectively. Moreover, the modified electrode demonstrated good
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reproducibility, long-term stability, and high selectivity. The proposed sensor was
successfully applied to perform the simultaneous detection of vitamins in honey samples,
yielding satisfactory results. Therefore, this research could lead to the development of
low-cost and effective electrochemical sensors, making them attractive candidates for
practical applications.

In 2015, the fourth report on the simultaneous detection of VB,, VB, and VC
was proposed (G. Liu, Wang, & Sun, 2015). This work described an alternative
electrochemical method for detecting these vitamins using a modified electrode
constructed by electropolymerization of silver-doped poly(L-arginine) on a GCE. The
electrochemical properties of the fabricated sensor were studied using CV and EIS
techniques, demonstrating good electrocatalytic activity of the modified electrode for the
oxidation of the three vitamins. Under optimal conditions, the linear ranges, obtained from
linear sweep voltammetry (LSV), for the detection of vitamins were determined to be 0.1
KM to 23.0 uM for VB,, 10.0 uM to 3.0 mM for VB, and 5.0 uM to 4.0 mM for VC, with
corresponding detection limits of 0.08 pM, 5.0 pM, and 3.0 pM. The developed sensing
platform was successfully applied to the simultaneous detection of these three vitamins in
multivitamin tablets with satisfactory results.

In 2017, the fifth and latest report on the simultaneous detection of VB,, VB,
and VC was described (Puangjan, Chaiyasith, Taweeporngitgul, & Keawtep, 2017). This
study proposed the fabrication of a new electrochemical sensor that employs a
combination of chemically functionalized multiwall carbon nanotubes, cuprous oxide, and
silver oxide composite on a copper substrate. The modified electrode exhibited excellent
electrochemical catalytic activity towards the oxidation of selected vitamins. The
performance of the proposed electrode was superior to that of a simple copper substrate
due to its robust structure, excellent conductivity, and large surface area. DPV was used
as a quantitative technique in this work, and the linear ranges were found to be 0.05 —
1,7562.65 uM for VB,, 0.02 - 1,056.12 uM for VB, and 0.05 — 1,628.54 uM for VC, with
detection limits of 14 nM, 8 nM, and 11 nM, respectively. The results indicated that the

developed electrode could facilitate better discrimination between species, making it
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suitable for the simultaneous determination of these vitamins in various real samples such
as honey, orange juice, and human urine. Therefore, the sensor offers a practical
approach for the detection of vitamins and has the potential to be further developed for
the measurement of other biochemical compounds.

As mentioned in the literature reviews, previous reports use GCEs that were
modified with various metallic nanomaterials and conductive polymers. The resulting
sensors exhibited high sensitivity and selectivity towards the simultaneous detection of
VB,, VB, and VC. However, the major limitation of previous works was the use of a
conventional GCE to perform electrochemical measurement. This necessitated the use of
a large solution volume, resulting in a large volume of liquid waste. To address this issue,
a miniaturized electrochemical device can be used as an alternative platform. As a result,
this dissertation presents the first work to develop a miniaturized device for the
simultaneous detection of VB,, VB, and VC. The unmodified screen-printed carbon
electrode was used as a low-cost and disposable sensor, eliminating the need for the
synthesis of complex materials. Under optimized conditions, the proposed electrode
offers good sensitivity and selectivity, making it suitable for analyzing real juice and urine

samples.

2.4 Albumin

Albumin is a family of globular proteins that is highly water-soluble and
moderately soluble in concentrated salt (Hutapea et al., 2023). This macromolecule is
present in various parts of animals, such as in blood plasma or serum, muscle, egg white,
and milk, as well as in many plant tissues and fluids. Albumin consists of more than 500
amino acids, with an approximate molecular weight of 67 kDa for human serum albumin
(HSA), 69 kDa for bovine serum albumin, and 47 kDa for ovalbumin (Elzoghby, Samy, &
Elgindy, 2012). HSA contains a repeating series of six helical subdomains as shown in
Figure 14 (Sugio, Kashima, Mochizuki, Noda, & Kobayashi, 1999), with a-helices of 67%,
turns of 10%, random coil of 23%, and no-f3 sheets (Mishra & Heath, 2021). As a plasma

protein in human blood, albumin has an average half-life of 19 days and exhibits stability
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within a pH range of 4 — 9 (Kratz, 2008). Critical factors affecting the coagulation of
albumin include heating, pH conditions close to the isoelectric point, and the
concentration of salt (Jun et al., 2011). In adults, albumin is synthesized daily in the liver
at a rate of 12 g before being released to other organs in the human body (Bujacz, 2012).
The normal albumin level in healthy adults is 3.4 — 4.7 g dL”, which is calculated as 60%
of total plasma protein (Vincent, 2009). Albumin in the bloodstream functions in
maintaining osmotic pressure by preventing fluid from leaking out of blood vessels into
other tissues. Additionally, albumin acts as a guardian of the acid-base equilibrium due
to its abundance of electrically negative charges. It can also function as an antioxidant,
inhibiting the production of free radicals (Hosseini, Pirsa, & Farzi, 2021). Another vital
function of albumin is to assist in the metabolism and transportation of other biological
substances, such as fatty acids, hormones, ions, minerals, and drugs, throughout the

body.

C-terminus

Figure 14 The 3D crystal structure of HSA, generated by NGL Viewer (PDB ID: 1A06).

Six helical subdomains are differentiated by colors.

Source: Sugio, S., Kashima, A., Mochizuki, S., Noda, M., & Kobayashi, K. (1999).
Crystal structure of human serum albumin at 2.5 A resolution. Protein Engineering, Design

and Selection, 12(6), 439-446.
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2.4.1 Urinary albumin and the risk of relevant diseases

In general, albumin is filtered through the glomerulus within the kidney before
being released with urine. Thus, detecting urinary albumin levels can indicate the kidney
status in relation to protein metabolism. Dysfunction of albumin reabsorption may imply
microalbuminuria in the early stage of diabetes (Tojo & Kinugasa, 2012). Untreated this
abnormality can lead to the gradual loss of kidney function and progress to end-stage
renal disease (Pattanaprateep, Ingsathit, McEvoy, Attia, & Thakkinstian, 2018). This
condition is categorized as chronic kidney disease (CKD), which is a significant global
health problem (Srithongkul & Ungprasert, 2020). CKD can cause premature mortality,
decreased life quality, and high spending on medical care. The prevalence of CKD at
stages three to five in Caucasians and Asians showed a similar trend, affecting
approximately 10% of each population (Anothaisintawee, Rattanasiri, Ingsathit, Attia, &
Thakkinstian, 2009). In the same way, a cross-sectional survey of Thai citizen in 2010
reported a 9% prevalence of CKD at all stages, indicating that 6.2 million patients suffered
from this disease (Ingsathit et al., 2009). Previous study has indicated that individuals with
CKD and diabetes mellitus may progress to renal failure at twice the rate of those with
CKD but without diabetes ("KDOQI Clinical Practice Guideline for Diabetes and CKD:
2012 Update," 2012). Furthermore, cardiovascular disease (CVD) is widely recognized as
a significant risk factor for those with CKD, thereby increasing the possibility of mortality
from CVD-related complications (M. Liu et al., 2014).

The prevalence of patients with CKD and relevant diseases is currently
increasing, leading to a significant public health problem in Thailand. Therefore, early
detection of albuminuria, coupled with appropriate medical treatment, has been shown to
prevent the progression of kidney diseases, as well as reduce the risk of CVD and
diabetes, particularly among high-risk groups such as the elderly (Keane & Eknoyan,
1999). The standard method for accurate quantifying albumin excretion is through a 24-
hour urine collection (Polkinghorne, 2006). Several factors affecting this analysis include
the activity of the patient, psychological state, amount of protein intake, body temperature,

and blood pressure (Kaminska, Dymicka-Piekarska, Tomaszewska, Matowicka-Karna, &
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Koper-Lenkiewicz, 2020). A normal albumin excretion condition is found at a urinary
albumin concentration of fewer than 30 mg/24 h (Lambers Heerspink et al., 2008). An
increased urinary albumin concentration in the range of 30 — 300 mg/24 h indicates
microalbuminuria, which is a warning sign of diabetic nephropathy and CVD (Mogensen,
1984). Failure to treat this abnormality can lead to macroalbuminuria, characterized by a
high concentration of urinary albumin more than 300 mg/24 h, which increases the risk of
irreversible CKD (Ansar, ShahrokhiRad, & Lebady, 2016). The major limitation of a 24-h
urine collection is that it is inconvenient for critical patients, resulting in a delay in the report
by at least one week. Nonetheless, it remains a reliable diagnosis due to the low incidence
of false-positive results in elderly patients, making it a good indicator for quantitative
albumin excretion. As a result, a 24-h urine collection strategy has been considered a

suitable approach for albumin measurement to accurately indicate a risk of renal failure.

2.4.2 Literature reviews

The conventional albumin screening test can be conducted in the resource-
limited laboratory using a semiquantitative dye-binding dipstick. This simple test involves
wetting a chemically impregnated test strip with urine and interpreting the albumin
concentration by observing the color change, making it suitable for self-testing.
Immunologically-based assays, such as immunonephelometry, immunoturbidimetry, and
radioimmunoassay, have been proposed as traditional laboratory methods for confirming
and quantitatively measuring albumin (Comper & Osicka, 2005). These techniques utilize
the basis of antigen-antibody interaction, providing high selectivity with low false-positive
results. More recently, the LC technique has been proposed as another standard method
for albumin detection to reduce false-negative results because the dye-binding test and
immunochemical-based assays cannot analyze all intact albumin in urine, including
albumin peptide fragments and non-immunoreactive intact albumin. Thus, using a column
containing size-selective gel materials to separate albumin from other proteins based on

its size could enhance the reliability of this technique.
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Until now, the electroanalytical method has emerged as a favorable option
for clinical diagnostic applications owing to its remarkable sensitivity, operational
simplicity, and cost-effective instrumentation. These advantages have propelled the
extensive development of portable and miniaturized biosensors. Accordingly, the focus
of this dissertation is the development of the electroanalytical method for the detection of
albumin using a small sensing device. In this section, a literature review will be presented,
outlining the progress of miniaturized devices and detection strategies employed for
albumin measurement.

In 2010, the first report regarding the electrochemical detection of albumin
using SPE was presented (Pinwattana et al., 2010). The sensor employed an
immunoassay strategy to detect phosphorylated bovine serum albumin (BSA-OP) by
using CdSe/ZnS quantum dots (QDs) as labels. The QDs were conjugated with an anti-
phosphoserine antibody and used in a sandwich immunoassay to amplify the
electrochemical signals. BSA-OP was introduced to primary BSA antibody-coated
microwells, and the QD-labeled anti-phosphoserine antibody was subsequently added to
achieve immunorecognition. Finally, the bound QD was dissolved in an acid-dissolution
step and detected via square-wave stripping analysis. This study proposed indirect
detection by measuring the cadmium solution using an in situ plated mercury film
deposited on the SPE. Under optimal SWV conditions, the measured current responses
were proportional to the concentration of BSA-OP. The method exhibited good
reproducibility and a detection limit of 0.5 ng mL". This QD-based electrochemical
immunoassay offered a simple and cost-effective way to analyze protein biomarkers.

In 2016, the second report was published regarding the electrochemical
detection of albumin using SPE (Tsai et al., 2016). This study described the development
of a simple and sensitive electrochemical immunosensor for detecting urinary albumin in
the range of microalbuminuria. The immunosensor was based on a carboxyl-enriched
porous screen-printed carbon electrode, which increased the detection sensitivity due to
the enlarged surface area for electrochemical detections. The sensor surface was

functionalized with antihuman albumin antibodies via covalent immobilization.
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Chronoamperometric measurement was employed for quantitative analysis by detecting
K,[Fe(CN)4] as a redox probe, which enabled this immunosensor to detect urinary albumin
in a wide range from 10 ug mL" to 300 ug mL" with a detection limit of 9.7 ug mL™".
Moreover, this sensor demonstrated high specificity and selectivity towards albumin
detection by performing the measurement with possible interfering compounds commonly
found in urine. Thus, the biosensor proposed herein was easy to prepare and can be used
for low-cost, rapid, and sensitive screening of microalbuminuria. This approach provided
a promising platform for developing clinical point-of-care diagnostic applications.

In the same year, the third report on the electrochemical detection of bovine
serum albumin (BSA) using a modified screen-printed gold electrode was proposed
(Kukkar, Sharma, Kumar, Kim, & Deep, 2016). The sensor was fabricated using a new
material, namely molybdenum disulfide (MoS,) nanoflakes, which were then
bioconjugated with anti-BSA antibodies. The detection strategy employed the CV
technigue in the presence of a K,[Fe(CN) J/K,[Fe(CN),] redox probe, which resulted in the
specific formation of a BSA-iron complex. The sensor’s response was found to be directly
proportional to the concentration of BSA over a wide range of 0.01 ng mL™ to 10 ng mL™,
with a low detection limit of 6 pg mL". This study demonstrated the improved sensitivity
of a sensing system without the need for cross-linkers between the sensory material
(MoS,) and biorecognition molecule (antibody). Moreover, this simple approach can be
extended to detect other iron-binding protein molecules, such as HSA, transferrin,
lactoferrin, and ferritin.

In 2020, the fourth report on the electrochemical detection of HSA through a
modified screen-printed carbon electrode was presented (Choosang, Thavarungkul,
Kanatharana, & Numnuam, 2020). This study demonstrated the development of a novel
type of immunosensor capable of detecting HSA in urine and human serum without the
requirement of labels. The immunosensor was fabricated through the modification of an
electrode surface with a nanocomposite of ferrocene (Fc) and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), which was subsequently

coated with poly(para-phenylenediamine) (PpPD) and functionalized with gold
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nanoparticles (AuNPs). Anti-HSA antibodies were then chemisorbed onto the
AuNPs/PpPD layer. When HSA was present, it bound to the immobilized antibodies,
resulting in a change in the electrochemical signal of the Fc oxidation. The sensor
exhibited high sensitivity under optimal DPV conditions, with a detection limit of 0.54 pg
L. Additionally, the sensor demonstrated good reusability, stability, reproducibility, and
specificity. The performance of the immunosensor was validated by comparing its results
to those obtained from a standard immunoturbidimetric method. In conclusion, this
developed immunosensor has the potential to serve as a valuable diagnostic tool for the
detection of HSA levels in urine and human serum.

In 2021, the fifth report on the electrochemical detection of microalbuminuria
using a microchip platform was proposed (Tseng et al., 2021). The research presented a
novel method for detecting microalbuminuria levels in human urine samples using an
electrochemical biosensor. The microchip was designed with screen-printed electrodes
and a double-layer reagent paper that was impregnated with amaranth. The amaranth
molecule was absorbed onto the electrode surface through a redox reaction after
dropping K,[Fe(CN),] solution on the paper, and then the urine sample was introduced
onto the device. This led to an interaction between the modified surface and the
microalbuminuria content, resulting in the formation of an electrically-inert amaranth-
albumin complex that hindered the transfer of electrons, causing a decreasing peak
current. The microalbuminuria concentration was then determined by the CV technique
within the range of 0.1 mg dL” to 40 mg dL". The results of the microalbuminuria
concentration measurements were in good agreement with the official method, indicating
that the proposed platform provides a reliable and convenient approach for performing
sensitive point-of-care testing. This could be useful for the rapid and accurate detection
of microalbuminuria status in patients with CKD.

In 2022, the sixth and latest report on the electrochemical detection of urinary
albumin/creatinine ratio (ACR) using a small sensing device was presented (Jia et al.,
2022). This study detailed the development of a wireless and flexible electrochemical tag

for the in-situ quantification of ACR. The tag integrates a flexible circuit electrochemical
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board with chronoamperometry and DPV to detect creatinine and albumin, respectively.
A near-field communication (NFC) module was utilized for wireless power and data
transmission. A disposable screen-printed carbon electrode array was connected to the
circuit board, which included a non-enzymatic sensor with the modification of nano
copper for creatinine detection and an electrochemical immunosensor with the treatment
of an electrode surface for albumin detection. Within an effective working distance of 1 ~
2 cm, the ACR sensing platform could be powered wirelessly by the NFC-enabled
smartphone via electromagnetic coupling, performing real-time urine ACR detection and
data transmission. The tag exhibited high consistency with clinical laboratory methods for
several synthetic urine samples. Consequently, this battery-free platform provides a rapid
and convenient method for the detection of urinary biochemical substances such as ACR,
with broad prospects in mobile health and point-of-care testing.

As mentioned in the literature reviews, previous reports have utilized SPEs as
miniature sensing devices that were modified with various nanomaterials and conductive
polymers to enhance their sensitivity. The selectivity of these sensors can be improved
through the use of immunoassay principles, whereby antibodies are immobilized onto the
electrode surface, followed by the binding of antigens, leading to the specific recognition
of albumins. Some immunosensors require a labeling component to conjugate with the
desired antibody or antigen, while others do not, resulting in diverse detection strategies
that facilitate albumin measurements. In the case of the label-free approach, indirect
detection using Fe’'/Fe®" from K,[Fe(CN),] as a redox probe is a popular strategy for
measuring albumin concentrations due to its non-electroactivity. However, using only this
redox substance may not be adequate for sensitive detection of very low analyte
concentrations, necessitating a high concentration of K,[Fe(CN),] (the maximum
concentration being 0.1 M K,[Fe(CN),]). Therefore, a lower concentration of this chemical
should be used for an electrochemical immunoassay.

To address the aforementioned issue, a novel electrochemical-chemical (EC)
redox cycling process has been proposed for the detection of Plasmodium falciparum

histidine-rich protein 2, a malaria biomarker, using a label-free immunoassay (Dutta &
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Lillehoj, 2018). The proposed detection scheme enhances the electrochemical signal
without requiring electrode surface modification. The system utilizes a combination of 1
mM hexaamineruthenium (I ([Ru(NHa)G]%) as an electron mediator and 50 yM methylene
blue (MB) as a mediator substrate. The process begins with the reduction of [Ru(NH3)6]3+
to [Ru(NH3)6]2+ via a normal electrochemical reaction at the gold electrode interface,
followed by the oxidation of [Ru(NH,),]*" back to [Ru(NH,).]°* due to the chemical reaction

of MB, which converts MB_, to MB__,. This process occurs continuously, leading to the

red”
simultaneous regeneration of [Ru(NH3)6]3+, and a large electrochemical response is
obtained. Protein quantification is achieved by observing the reduction in the detection
signal, which is inversely proportional to the amount of antigen bound to the electrode
surface corresponding to its concentration in the sample. This EC system offers rapid
electrokinetics due to the similar formal potential of MB_ /MB_, and
[Ru(NH3)6]3+/[Ru(NH3)6]2+ couples, enabling fast electron transfer between these two
couples. Additionally, these substances exhibit excellent stability at room temperature,
eliminating the need for refrigeration. However, the primary limitation of this method is the
high cost of the chemical [Ru(NH,)/ICl, as the substrate, making it scarce in general
laboratories. Hence, alternative electroactive species should be proposed to reduce the
cost of measurement.

As a result, this dissertation presents the development of the EC redox
cycling process for detecting urinary albumin. Instead of employing
[Ru(NH,).J* /[Ru(NH,)I*", readily available [Fe(CN),]*"/[Fe(CN),I*" were used as a redox
couple, in combination with MB. The proof-of-concept BSA measurement was performed
through an indirect detection strategy, using a disposable ePAD as the detection platform.
The quantification was achieved by observing the decrease in the detection signal, which
is inversely proportional to the amount of BSA that hindered the electron transfer of the
redox probe to the electrode surface, indicative of its concentration in the sample. Under
optimized conditions, the proposed strategy offered a wide concentration range that
covered the risk status of kidney disease, making it suitable for the albumin analysis of

real urine samples in CKD patients.
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2.5 L-Hydroxyproline (Hyp)

Hyp is a non-proteinogenic amino acid that is not involved in the primary structure
of proteins but rather appears as a result of a post-translational modification. It is
produced through the hydroxylation of the amino acid proline, which results in the addition
of a hydroxyl group to the beta- or gamma-carbon atom in the proline molecule, as shown
in Figure 15. Hyp is particularly abundant in collagen, a fibrous protein that provides
structural support to various tissues in the body, such as skin, bones, tendons, and
cartilage, making it valuable to be a collagen biomarker and its related metabolism (Piez,
Eigner, & Lewis, 2002). Its presence in collagen is vital for the stability and strength of
collagen fibers, as it enables the formation of the triple-helical conformation and strong
cross-links with neighboring molecules. The biosynthesis of Hyp involves the activity of
prolyl hydroxylase, which requires vitamin C as a cofactor. A deficiency in vitamin C can
impair collagen synthesis and lead to the development of scurvy, a condition

characterized by weakness, bleeding gums, and poor wound healing.
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Figure 15 The chemical structure of Hyp with two isomeric forms: (A) trans-3-hydroxy-L-

proline and (B) trans-4-hydroxy-L-proline.

In living organisms, two isomeric forms of Hyp have been identified in animals,
predominantly in collagen and a few other extracellular proteins that contain a collagen-
like sequence of amino acids. These two forms are trans-3-hydroxy-L-proline (3-Hyp) and
trans-4-hydroxy-L-proline (4-Hyp). 3-Hyp is present in type | collagen, which is a
component of skin, tendon, vascular ligature, and bones. 4-Hyp is found in type IV

collagen, which makes up the basal lamina and epithelial layer of the basement
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membrane. Both of these amino acids are synthesized through co-translational and post-
translational modifications by the hydroxylation of proline residues with the help of two
separate enzymes, prolyl-3-hydroxylase and prolyl-4-hydroxylase. Prolyl-3-hydroxylase is
only found in animal sources, while prolyl-4-hydroxylase is broadly distributed in nature
and has been recognized in several vertebrates, invertebrates, and plants. The latter
enzyme plays a vital role in the folding mechanism of newly synthesized procollagen
polypeptide chains into triple helix collagen. Another crucial function of 4-Hyp in collagen
is its potential to serve as a target for pharmaceutical modulation of increased collagen

synthesis observed in patients with various fibrous disorders.

2.5.1 Role of Hyp in the pathogenesis of different diseases

As previously mentioned, collagen serves as a critical structural component
in all organs, providing essential stability and supporting organ growth. Collagen-related
diseases, resulting from Hyp abnormality, can lead to severe pathological conditions and
even mortality. Genetic abnormalities in collagen encoding genes or abnormal
degradation and cross-linking can cause a range of heritable diseases, including Ehlers-
Danlos syndrome, epidermolysis bullosa, and osteogenesis imperfecta, as well as non-
heritable diseases, such as scurvy, diabetes, and arthritis (Bruckner-Tuderman &
Bruckner, 1998). Therefore, utilizing Hyp as a biomarker can offer valuable insights into
the pathogenesis and treatment strategies of several collagen-related diseases. This
approach is of immense value for both biomedical research and drug development.

Urinary Hyp is historically important as a marker of bone resorption (Cremers,
Garnero, & Seibel, 2008). This process occurs naturally and is a vital part of the bone
metabolism process in which specialized cells called osteoclasts break down old or
damaged bone tissue, followed by the liberation of minerals (calcium and phosphorous)
into the blood circulating system. Bone resorption also results in the degradation of bone
collagen, releasing Hyp into the bloodstream possibly in protein-bound, peptide-bound,
and free forms (Cundy, Reid, & Grey, 2014). After this process, Hyp is transported to the

liver to be oxidized, but its small portion (~10%) is excreted in the urine. Normal values of
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free Hyp in adults are 0.70 — 1.55 yg/mL for serum and 0.35 — 1.15 mg/24 hours for urine.
When bone resorption increases, urinary Hyp excretion rises due to the increased
catabolism rate of type | bone collagen. Therefore, measuring Hyp in a biological fluid
would be the simplest approach to rapidly detect the early stage of bone-related
diseases.

Hyp can be the end product of non-enzymatic hydroxylation of proline, which
is catalyzed by free radicals and reactive oxygen species. It serves as an essential
biochemical marker of collagen damage during vitiligo, a common depigmentary disorder
characterized by white patches on the skin. Some cases of vitiligo are characterized by
chronic and progressive destruction of cutaneous melanocytes in the skin, hair, and
mucosal surfaces, which is the key factor in the pathogenesis of this complex and
multifactorial disorder. This involves both genetic and non-genetic factors, affecting
approximately 1% of the worldwide population in both genders (Picardo & Taieb, 2010).
Given that the degradation of collagen in vitiligo is primarily caused by free radicals and
reactive oxygen species, it is possible that elevated levels of plasma Hyp in vitiligo
patients are associated with the non-enzymatic oxidation of proline. Therefore, measuring
increased Hyp levels in a blood sample could potentially prevent the progression of vitiligo
and protect against serious psychosocial impacts affecting normal life.

A deficiency in protein during wound healing can reduce the effectiveness of
new capillary treatment, fibroblast proliferation, collagen synthesis, and proteoglycans
synthesis. This can also impact the remodeling and contraction of the wound, and in some
cases, lead to a suppression of the immune system. A normal and stable cellular structure
of the extracellular matrix is indicative of a complete wound-healing process after a tissue
injury, as it generates new collagen to repair damaged tissues. The breakdown of
collagen releases free Hyp and its peptide-bound form, making Hyp a valuable
biochemical marker during wound healing. Hyp is widely used to assess tissue collagen
content and serves as an indicator of collagen turnover after wound healing (Kumar,
Katoch, & Sharma, 2006). An increased Hyp content in granulation tissue indicates better

maturation and proliferation of collagen during wound healing, which implies better
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healing progress (Veis & Anesey, 1965). Therefore, measuring the amount of Hyp in a
wound can provide valuable information on the rate of collagen synthesis and the
effectiveness of wound healing. This information can guide treatment decisions and
ensure that the wound heals properly.

Psoriasis is a chronic inflammatory skin disease characterized by an
abnormal buildup of skin cells that results in silvery white scaly patches (Christophers,
2001). Patients with psoriasis have been observed to have altered collagen metabolism,
which can lead to skin damage and contribute to the disease. Hyp has been found to play
a role in psoriasis by influencing collagen synthesis and degradation in the skin. The
expression of enzymes that break down collagen, such as matrix metalloproteinases
(MMPs), is increased in psoriatic skin, which can contribute to skin damage and
thickening. Moreover, Hyp levels in the skin of patients with psoriasis are decreased when
compared to healthy individuals, resulting in a decrease in collagen synthesis. This, in
turn, can contribute to abnormal skin cell proliferation and skin damage seen in psoriasis.
Therefore, Hyp could serve as a vital diagnostic biochemical marker in the early

assessment of severe psoriasis.

2.5.2 Literature reviews

Several analytical techniques have been developed for the measurement of
Hyp in serum and urine to investigate bone resorption rates and collagen metabolism.
Colorimetric assays with specific reagents are simple and practical methods for
quantifying Hyp (Woessner, 1961) (Bergman & Loxley, 1970) (Jamall, Finelli, & Que Hee,
1981). The detection procedure involves oxidizing hydrolyzed Hyp, followed by adding a
reagent to produce a chromophore. However, this strategy has the main advantages in
terms of a time-consuming process and difficulty controlling the oxidation of Hyp and color
formation reactions. Chromatographic methods with various columns and detectors have
been developed to enhance separation performance, making them conventional
approaches for routine analysis (Mazzi, Fioravanzo, & Burti, 1996) (Inoue, Iguch, Kouno,

& Tsuruta, 2001) (Delport, Maas, van der Merwe, & Laurens, 2004) (Hu$ek, Pohlidal, &
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Slabik, 2002). Nevertheless, the major limitation of these techniques is the requirement of
expensive instruments that are costly to maintain. The electrochemical method has
recently received attention as an alternative analytical technique for Hyp measurement
due to its simplicity, rapidity, and portability. Therefore, this dissertation aims to develop
an electroanalytical method for detecting Hyp. This section provides a literature review
related to this work, describing the electrode materials and electroanalytical techniques
used for detection.

In 2015, the first report on the construction of a novel biosensor for
electrochemically detecting Hyp was proposed (Sakamoto et al., 2015). The biosensor
utilized two enzymes, namely L-hydroxyproline epimerase and D-hydroxyproline
dehydrogenase, to convert L-Hyp to D-Hyp and then oxidize D-Hyp with the aid of
ferrocene. The measurement was conducted by chronoamperometry using the SPCE.
Tris-HCI buffer or Hyp solution was dropped onto an electrode surface, and a constant
potential of 0.25 V was applied to the working electrode. Upon current reaching stability,
1 uL of each enzyme solution was added to complete the reaction. The current response
was determined as the difference before and after the addition of a drop of L-Hyp. The
sensor can detect L-Hyp concentrations ranging from 10 — 100 uM with high selectivity
over other amino acids, making it suitable for implementation in bio-industrial applications.

In 2020, the second report on the electrochemical detection of Hyp was
presented (Durairaj, Sidhureddy, & Chen, 2020). This research described a new method
for measuring Hyp using gold nanoparticles (AuNPs) that were electrochemically
deposited on a GCE. The electrochemical behavior of the AuNPs/GCE for the oxidation of
Hyp was examined using CV, which showed higher electrocatalytic activity compared to
a bare GCE and a bulk Au electrode. DPV was used to investigate the electrochemical
sensing performance of the AuNPs, which exhibited a low limit of detection (26 uM) and
high sensitivity. The interference of other amino acids present in collagen and urine was
also tested, demonstrating high selectivity and good reproducibility. Furthermore, the real
sample analysis was performed using bovine Achilles tendon collagen type | and human

urine, further confirming that the proposed electrode has the potential to be a promising
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sensor for the effective detection of Hyp in various real samples. Thus, this study provided
a new and easy-to-use electrochemical method for detecting Hyp, which could be useful
for diagnosing diseases and monitoring treatments related to collagen metabolism.

In 2022, the third and latest report regarding the electrochemical detection of
Hyp was proposed (Jesadabundit, Jampasa, Patarakul, Siangproh, & Chailapakul, 2021).
This study described the development of an enzyme-free biosensor for the detection of
Hyp. The biosensor was based on molecularly imprinted polymers (MIPs) created using
a mixture of monomers containing 3-aminophenylboronic acid (3-APBA) and o-
phenylenediamine (OPD) in the presence of L-Hyp. The MIPs are co-electropolymerized
onto a SPCE using CV. The proposed biosensor operated by measuring the change in
charge transfer resistance (R,,) of a mediator that was obstructed by L-Hyp molecules that
were bound to the imprinted surface. The calibration curve was obtained within a range
of 0.4 to 25 pg mL™" with a limit of detection and quantification of 0.13 and 0.42 ug mL ™",
respectively. The biosensor demonstrated high selectivity and sensitivity, and it was
successfully employed to detect L-Hyp in human serum samples. Therefore, this
fabricated L-Hyp biosensor has great potential for clinical applications as an alternative
tool for accessing the risk of developing bone diseases and tracking symptoms.

As mentioned in the literature reviews, previous studies propose different
kinds of electrochemical sensors for Hyp determination, encompassing both enzymatic
and nonenzymatic systems. The bienzymatic sensor exhibited high selectivity, it lacked
simplicity, stability under severe conditions, and long-term storage. The AuNPs/GCE
demonstrated high sensing performance for Hyp detection, indicating its good
electrocatalytic activity. However, the formation of Au-oxide at a similar potential to Hyp
oxidation was a major limitation, making it impossible to measure Hyp at low
concentrations. The MIPs-based sensor, while providing long-term stability and
eliminating the need for sample pretreatment, still involved complicated and time-
consuming procedures during its fabrication. To address these limitations, the primary
objective of this dissertation is to develop a Hyp sensing platform with high sensitivity and

selectivity using a simple fabrication process.
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Therefore, the development of a screen-printed graphene electrode (SPGE)
that was coated with bismuth film (BiF) and poly(L-hydroxyproline) (Poly(Hyp)) was
proposed as a sensor for measuring Hyp. BiF is used to modify the electrodes to reduce
the formation of metal-oxide at an electrode surface, thereby limiting oxygen interference.
This modification results in low background current and good chemical stability.
Poly(amino acids) (PAAs) have been widely used in sensing applications to enhance
sensitivity (Kaewjua & Siangproh, 2022) (Thanh et al., 2022) (Assaf, Shamroukh, Rabie, &
Khodari, 2023). PAAs are alternative polymers that can improve the electrochemical
response, ensuring good stability and strong adherence to the electrode surface
(Kordasht, Hasanzadeh, Seidi, & Alizadeh, 2021). Thus, a Poly(Hyp)-based electrode was
developed as a sensing material for electroanalytical purposes. The suitably modified
electrode was fabricated by a two-step modification process: (1) the electrodeposition of
BiF and (2) the electropolymerization of Poly(Hyp), resulting in a Poly(Hyp)/BiF/SPGE.
Good analytical performance was achieved with a wide linear range and low limit of
detection at the micromolar level. With this platform, the practical measurement of Hyp
was successfully conducted in human urine samples without a complicated pretreatment
step. As a result, the proposed sensor has great potential to use as an alternative tool for

screening the risk of collagen metabolism, bone diseases, and other related disorders.



CHAPTER 3
Methodology

This chapter presents the experimentations that exhibit stages of development
in the electrochemical detection of water-soluble vitamins and biomarkers. The
methodology was divided into two parts depending on the target analytes. The first part
focuses on the development of a simple electrochemical approach for the simultaneous
detection of vitamin B,, vitamin B, and vitamin C using a modifier-free screen-printed
carbon electrode. The second part is the development of electrochemical methods for
detecting biomarkers, namely albumin and L-hydroxyproline (Hyp), leading to the
distribution of two subprojects. The first subproject is the development of a simple and
rapid detection approach for urinary albumin on a disposable paper-based analytical
device using an electrochemical-chemical redox cycling process. The second subproject
involves the development of a new sensing device for detecting Hyp using a screen-
printed graphene electrode coated with bismuth film and poly(L-hydroxyproline). Each
project comprises detailed information on chemicals, instruments, fabrication procedures

for each sensing device, and electrochemical measurements.

3.1 The development of a simple electrochemical approach for the simultaneous detection
of vitamin B,, vitamin B4, and vitamin C using a modifier-free screen-printed carbon
electrode

The content presented in this section is derived from the original research article,

see Appendix 1 for the complete article.

3.1.1 Chemicals and reagents

All chemicals were used as received without further purification. Carbon
paste (C2130307D1) and silver/silver chloride paste (C2130809D5) were purchased from
Gwent Group (Torfaen, United Kingdom). Riboflavin (vitamin B,, VB,) and L-ascorbic acid
(vitamin C, VC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pyridoxine
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hydrochloride (vitamin Be VBG) was purchased from Hi-Media Laboratories Pvt., Ltd.
(India). Sodium dihydrogen orthophosphate (NaH,PO,.2H,0) and di-Sodium hydrogen
orthophosphate (Na,HPO,.2H,0) were acquired from Ajax Finechem Pty., Ltd. (New South
Wales, Australia). Ethanol and ortho-phosphoric acid (H,PO,, 85% purity) were acquired
from Merck (Darmstadt, Germany). Acetone (commercial grade) was purchased from
CaHC (Thailand) Co., Ltd. (Bangkok, Thailand).

All solutions were prepared using Milli-Q water from a Millipore water
purification system (R = 18.2 MQ cm at 25°C). All of the stock standard solutions (1 mM)
were weekly prepared in water and kept in the dark at -20°C. As for working standard
solutions preparation, the stock standard solution was diluted with supporting electrolyte
and mixed using a vortex mixer. Phosphate buffer solution (PBS), which was served as a
supporting electrolyte, was prepared by mixing 0.1 M NaH,PO, and 0.1 M Na,HPO, and
adjusted to the desired pH with 0.1 M H,PO,. Britton-Robinson buffer solution (BRBS) was
prepared by mixing equal volumes of 0.04 M CH,COOH, 0.04 M H,BO,, and 0.04 M H,PO,
that has been adjusted to the desired pH with 0.2 M NaOH. Acetate buffer solution (ABS)
was also prepared by mixing 0.1 M CH,COOH and 0.1 M CH,COONa and adjusting to
the desired pH with 0.1 M HCl or 0.1 M NaOH.

3.1.2 Fabrication of a sensing device

The electrode pattern was designed using Adobe lllustrator CC 2018. To
obtain the electrode templates for screening, the designed patterns were built by
Chaiyaboon Brothers Co., Ltd. (Bangkok, Thailand). Screen-printed electrodes were
fabricated by using a manual screen-printing method on the transparent sheet as a
substrate which was described in the previous report (Nantaphol, Jesadabundit,
Chailapakul, & Siangproh, 2019). Briefly, the cleaned transparent sheet was screened
with carbon paste to obtain working electrodes and counter electrodes. Then, these
electrodes were placed in an oven at a temperature of 55°C for 30 min to remove the
solvent and to dry the electrodes. Next, silver/silver chloride (Ag/AgCl) paste was

screened on the same transparent sheet to obtain reference electrodes and the
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conductive pads. After that, they were placed in an oven at a temperature of 55°C for 30
min. Finally, the common screen-printed carbon electrodes (SPCE) were obtained and
ready to use for an experiment. The realistic picture of the obtained electrode, called an
electrochemical transparent-film based analytical device (eTFAD), was shown in Figure

16.

Figure 16 A realistic picture of an electrochemical transparent film-based analytical
device (eTFAD) consisting of screen-printed working (middle), reference (left), and

counter (right) electrodes.

3.1.3 Electrochemical measurement
The electrochemical experiments were performed by a
potentiostat/galvanostat PGSTAT128N from Metrohm-Autolab (Switzerland) with the
NOVA 1.10 software (Kanaalweg 29-G 3526 KM Utrecht, The Netherlands). A three-
electrode system was fabricated on a transparent sheet which was employed throughout
the experiment. The geometric area of a working electrode was 0.126 cm? (calculated
from circular area = zr; r = 0.2 cm). For the electrochemical measurement, 100 pL aliguot

of a standard or a sample solution was thoroughly dropped covering all three electrodes
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onto the detection zone. After that, electrochemical techniques including cyclic
voltammetry (CV) or square wave voltammetry (SWV) were conducted. For CV
measurement, the potential was applied over the range from -1.1 V to 1.3 V with a scan
rate of 100 mV/s. Similarly, SWV measurement was also performed for the simultaneously
quantitative determination by applying the potential from -1.0 V to 1.3 V with a step

potential of 5 mV, an amplitude of 25 mV, and a frequency of 5 Hz.

3.1.4 Sample preparation

To demonstrate the practicality of the proposed electrode for application, two
types of samples including mixed vegetable and fruit juice and artificial urine were
investigated for the simultaneous determination of water-soluble vitamins.

The mixed vegetable and fruit juice were purchased from a convenience
store in Thailand. 5 mL of juice sample was added into a test tube. Then, the sample was
centrifuged for 15 minutes at 2500 rpm followed by filtration through a filter paper and
kept in a dark container at 4°C. After that, samples were spiked at various concentrations
of standard vitamins, and the spiked solution was diluted 10-fold with PBS pH 3.5 (a
suitable dilution order) and measured the quantity using the SWV technique as followed
by topic 3.1.3. Then, the average recovery percentage was calculated.

Artificial urine was purchased from Carolina Biological Supply Company
(Burlington, USA). For the sample preparation, the artificial urine and spiked artificial urine
were merely diluted 1000-fold with PBS pH 3.5 which is a suitable dilution order for this
sample. After that, the samples and spiked samples were quantitively measured by using

the same procedure to the juice sample.

3.2 The development of a simple and rapid detection approach for urinary albumin on a
disposable paper-based analytical device using an electrochemical-chemical redox
cycling process

The content presented in this section is derived from the original research article,

see Appendix 2 for the complete article.
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3.2.1 Chemicals and reagents

All chemicals were used exactly as they were received, with no further
purification. The graphene paste (ZP-1838) was purchased from Serve Science Co., Ltd
(Bangkok, Thailand). Silver/silver chloride paste (Ag/AgCl, C2130809D5) was purchased
from Gwent Group (Torfaen, United Kingdom). Bovine serum albumin (BSA, A3311),
methylene blue (MB, M9140), L-ascorbic acid, D(+)-glucose monohydrate, urea, uric
acid, dopamine hydrochloride, and creatinine were acquired by Sigma-Aldrich (St. Louis,
MO, USA). Potassium ferricyanide (K,[Fe(CN).], AJA393), sodium chloride (NaCl),
potassium chloride (KCI), ammonium chloride (NH,CI), magnesium chloride (MgCl,),
calcium chloride (CaCl,), di-sodium hydrogen orthophosphate dihydrate (Na,HPO,.2H,0)
and sodium hydroxide pellets (NaOH) were supplied from Ajax Finechem Pty., Ltd (New
South Wales, Australia). Potassium dihydrogen phosphate (KH,PO,) was obtained from
Quality Reagent Chemical (Selangor, Malaysia). Sodium sulphate (Na,SO,) was provided
from BDH Laboratory Supplies (London, UK). The acetone (commercial grade) was
purchased from CaHC (Thailand) Co., Ltd (Bangkok, Thailand).

All solutions were prepared with Milli-Q water (R = 18.2 MQ cm™ at 25°C)
obtained from a Millipore water purification system. Throughout this study, a phosphate-
buffered saline (PBS) solution was used as a supporting electrolyte. This solution
consisted of 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, and 1.8 mM KH,PO,. The pH
of this electrolyte was then adjusted to 7.4 with 0.1 M NaOH. Subsequently, all working

solutions, including interferences and samples, were prepared in PBS (pH 7.4).

3.2.2 Manufacturing process of a sensing device
With a variety of paper designs, a foldable electrochemical paper-based
device (ePAD) was specifically designed to propose an alternative style for a simple
detection of urinary albumin. Figure 17 presents the pattern of paper devices created
using Adobe lllustrator CC 2018. The ePAD had two main components, namely a gray
side (left) serving as a counter electrode (CE) and a reference electrode (RE) on the
hydrophilic area, and an orange side (right) serving as a working electrode (WE) (1.5 cm

x 3.0 cm in size) on the hydrophobic area. To fabricate the ePAD, the device pattern was
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first printed on filter paper (Whatman no. 4) employing the wax-printing technique using
Fuji Xerox ColorQube 8580. The printed device was then placed on a hot plate at 175°C
for 50 s to allow the wax to dissolve into the paper. At this point, the ePAD was made up
of both hydrophobic and hydrophilic areas in the same device. Subsequently, a three-
electrode system was created on the patterned paper using the manual screen-printing
method described in the previous report (Boonkaew et al., 2020). In brief, graphene paste
was directly screen-printed onto a paper device to produce both WE and CE. WE had a
geometric area of 0.126 cm’ (calculated using circular area = nrz; r=0.2 cm). Then, to
create RE and conductive pads, Ag/AgCI paste was screen-printed onto the same device.
Following each screen-printing process, the device was heated in an oven at 55°C for 30
min to allow the solvent in the pastes to evaporate and the electrodes to dry. After that, a
transparent tape was applied on the back side of the orange paper to prevent solution
leakage during electrochemical measurement. Before use, the middle hydrophilic area of
the gray side was punctured to create a sample reservoir (5 mm in diameter). A double-
sided adhesive tape was used to attach the upper and lower parts of the paper device on
the gray side. Then, the paper device was folded by folding a gray side attached to an
orange side, which allowed the solution to flow directly to cover electrode surfaces.
Besides, after connecting the paper device with electrical wires from a potentiostat, a
transparent tape was used to attach the paper device to the smooth surface of a lab
bench, making both sides of the paper attach more firmly with no leaking of the solution.

The ePAD is now ready to be used for the detection of albumin in the next step.
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Figure 17 The design and composition of ePAD that was used in this work.

3.2.3 Electrochemical measurement

The ECAS100 potentiostat from Zensor Research & Development
Corporation (Taiwan) was used for the electrochemical experiments. As a redox cycling
process, the mixture solution containing 4 mM of [Fe(CN)G]?" and 0.05 mM of MB in PBS
(pH 7.4) was used for this study, and a blue-green color solution was obtained. This
solution was prepared in a microcentrifuge tube and labeled as in the absence of albumin.
In the presence of albumin, a redox cycling solution and BSA standard solution were
mixed in the same tube. For detection, 100 pL of a pure redox cycling solution or that
mixed with BSA standard solution was thoroughly dropped onto an ePAD sample
reservoir, covering all three electrodes. Subsequently, electrochemical techniques, such
as cyclic voltammetry (CV) and differential pulse voltammetry (DPV), were performed. The
potential was applied over a range of +0.6 to -0.6 V, with a scan rate of 100 mV s for cv
measurements. DPV measurements were used for quantitative analysis using potentials
ranging from +0.5 to -0.2 V, with an increment potential of 10 mV, an amplitude of 50 mV,
a pulse width of 200 ms, a sample width of 100 ms, and a pulse period of 500 ms. To

quantify albumin concentration, the signal current of the redox cycling solution with BSA



71

standard solution was measured and compared with the signal current of the redox
cycling solution without BSA standard solution. The analysis can be conducted for 1 min,

as presented in Figure 18.
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E (V) vs. Ag/AgCl
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I(nA)

==== Without albumin \\_/
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Figure 18 Schematic illustration of the overall detection process for the measurement of

albumin by mixing BSA standard solution with a redox cycling solution.

3.2.4 Sample preparation
Urine samples were examined for albumin detection to demonstrate the real-
world application of the proposed method. Urine samples were collected from healthy
human volunteers in our laboratory and immediately refrigerated at 4°C. All volunteers
were informed about what would happen to the human subjects in a trial. Urine samples
were filtered through a Whatman no. 1 filter paper to remove small particles before being
diluted 50-fold with PBS pH 7.4. Subsequently, the diluted samples were mixed with 4 mM

3-

[Fe(CN),]” and 0.05 mM MB. These solutions were then measured using the DPV

technique as described in Section 3.2.3, to detect the concentration of albumin in urine
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samples. The Bradford assay was employed to confirm the accuracy of the proposed

method (Bradford, 1976).

3.3 The development of a new sensing device for detecting L-hydroxyproline using a

screen-printed graphene electrode coated with bismuth film and poly(L-hydroxyproline)

3.3.1 Chemicals and reagents

Graphene paste (ZP-1838) was purchased from Serve Science Co., Ltd.
(Bangkok, Thailand). Silver/silver chloride paste (Ag/AgCl, C2130809D5) was purchased
from the Gwent Group (Torfaen, United Kingdom). trans-4-Hydroxy-L-proline (99%) was
acquired from Thermo Fisher GmbH (Kandel, Germany). Bismuth standard solution (1,000
mg L from Bi(NO,), in 0.5 M HNO,), disodium hydrogen phosphate (Na,HPO,), sodium
dihydrogen phosphate dihydrate (NaH,PO,-2H,0), potassium ferricyanide (K,[Fe(CN),])
and potassium ferrocyanide (K,[Fe(CN),]) were supplied by Merck KGaA (Darmstadt,
Germany). D(+)-Glucose monohydrate, urea, creatinine, proline, L-ascorbic acid, uric
acid, dopamine hydrochloride, and bovine serum albumin were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Sodium chloride and sodium bicarbonate were obtained
from Ajax Finechem Pty., Ltd. (New South Wales, Australia). Acetone (commercial grade)
was purchased from Siam Iwata Co., Ltd. (Bangkok, Thailand). All materials and
chemicals were used exactly as they were received, without further purification.

All solutions were prepared using deionized (DI) water (R = 18.2 MQ cm™)
obtained using the Millipore Milli-Q water purification system. This study used 0.1 M
phosphate buffer solution (PBS) pH 7.0 as a supporting electrolyte composing the mixture
of Na,HPO, and NaH,PO,-2H,0. Then, the pH of this electrolyte was adjusted to the
desired value using 1 M HCl or 1 M NaOH. Afterward, all stock solutions of Hyp, including
interfering substances and samples, were prepared daily in PBS pH 7.0 to reduce day-

to-day variability.
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3.3.2 Apparatus

Voltammetric measurements were performed using a multichannel
potentiostat/galvanostat/impedance analyzer MultiPalmSens4 (PalmSens, Houten, The
Netherlands) controlled by the MultiTrace software. Electrochemical impedance
spectroscopy (EIS) was conducted on an Autolab PGSTAT30 (Eco Chemie, Utrecht, The
Netherlands) equipped with a Frequency Response Analysis module. This work used the
SPGE as a sensing platform with graphene and Ag/AgCI pastes fabricated as working
electrodes (WE), counter electrodes (CE), reference electrodes (RE), and conductive
pads. The electrode templates for graphene and Ag/AgCl pastes were designed using
Adobe lllustrator CC 2018 and separately constructed by Chaiyaboon Co., Ltd. (Bangkok,
Thailand). The surface morphologies of bare and modified electrodes were verified by a
field emission gun-scanning electron microscope (FEG-SEM) equipped with an energy

dispersive X-ray (EDX) analysis (MERLIN SM0087, Zeiss, Jena, Germany).

3.3.3 Fabrication of a screen-printed graphene electrode (SPGE)

A three-electrode system was generated on a PVC substrate (with a thickness
of 0.15 mm) using the manual screen-printing technique described in previous work
(Yomthiangthae, Kondo, Chailapakul, & Siangproh, 2020). Briefly, graphene paste was
directly screen-printed through a template onto a substrate to produce both the WE and
CE. The WE had a geometric area of 0.126 cm’ (calculated using circular area = 7rr2,
where r= 0.2 cm). Ag/AgCl paste was screen-printed through another template onto the
same substrate to create both the RE and conductive pads. Following each fabrication
process, the electrodes were heated in an oven at 55°C for 30 min to evaporate the solvent
in the paste and dry the electrodes. Each electrode template was thoroughly rinsed with
acetone before storage in a dry place. The completed SPGE, as well as the design and

composition of the electrodes, is shown in Figure 19A.
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Figure 19 (A) The design and composition of SPGE. (B) The synthesis process of BiF

and Poly(Hyp). (C) The DPV measurement of Hyp.

3.3.4 Synthesis of BiF and Poly(Hyp) onto the electrode surface

The two-step synthesis of BiF and Poly(Hyp) is sequentially illustrated in
Figure 19B. First, BiF was produced via an electrodeposition process by dropping 100 pL
of 10 mg L™ Bi(lll) in 0.1 M HCI onto the bare SPGE. Then, the electrochemical reduction
was conducted at a constant potential of -0.8 V for 180 s, resulting in the SPGE being
modified with the reduced BiF (BiF/SPGE). Subsequently, the electropolymerization
process was performed to synthesize Poly(Hyp) by dropping 100 pL of 5 mM Hyp in PBS
pH 7.0 onto BiF/SPGE. Afterward, cyclic voltammetry (CV) was conducted by applying
the potential range of +0.50 to +2.0 V for 10 cycles at a scan rate of 50 mV s, enabling
the modification of Poly(Hyp) on BiF/SPGE surface (Poly(Hyp)/BiF/SPGE). After each
modification process, the obtained electrode was rinsed with DI water to eliminate

unreacted substances that could remain on the electrode surface.
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3.3.5 Electrochemical measurements

Electrochemical measurements were all conducted at room temperature
(22°C + 2°C). Electrochemical characterizations of bare and modified SPGEs were
performed via CV and EIS with the mixture solution of 5 mM K,[Fe(CN)J/K,[Fe(CN),] (1:1)
in 0.1 M KCI. CV measurements were performed in the potential range of -0.5V to +0.9V
at a scan rate of 50 mV s™. For EIS study, impedance spectra were recorded in the
frequency range of 100 kHz to 0.1 Hz with a fixed AC amplitude of 10 mV and an applied
potential of +0.25 V. For the analysis of impedance spectra, the data were fitted to the
Randles equivalent circuit, consisting of the solution resistance (R,), the charge transfer
resistance between the solution and the electrode surface (R,), the Warburg impedance
(Z,, related to the diffusion of electroactive species from the solution and the electrode
surface), and the constant phase element (CPE, the capacitive element associated with
the behavior of a double-layer).

For Hyp electrochemical analysis, CV and differential pulse voltammetry
(DPV) were the selected techniques. To study the electrochemical behavior of Hyp, CV
measurements were conducted by applying potentials ranging from +0.5Vto +2.0 Vata
scan rate of 50 mV s™'. DPV measurements (Figure 19C) were used for quantification by
scanning potentials ranging from +0.2 V to +1.4 V with a step potential of 0.025V, a pulse
potential of 0.2 V, and a pulse time of 0.15 s. To access the selectivity, stability, and
reproducibility of the proposed electrode, chronoamperometric measurements were

performed by applying a constant potential of +0.8 V for 300 s.

3.3.6 Sample preparation
Urine samples were collected from six healthy human volunteers (three men
and three women) and immediately refrigerated at 4°C. All of the human subjects were
informed about what would happen in the trial, and they agreed to the description.
Samples were used without any purification process. Before analysis, aliquots of each
sample (100 pL) were spiked with known Hyp concentrations and then diluted with PBS

pH 7.0 to the final volume of 1,000 L. Afterward, 100 pL of the prepared samples was
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dropped onto the proposed electrodes and DPV measurement was performed, as

described in Section 3.3.5, to quantify Hyp in urine.



CHAPTER 4

Results and discussion

This chapter illustrates the results and discussion regarding the development of
electrochemical detection of water-soluble vitamins and biomarkers. The chapter is
divided into three projects, each following the proposed methodology presented in

Chapter 3.

4.1 The development of a simple electrochemical approach for the simultaneous detection
of vitamin B,, vitamin Bg, and vitamin C using a modifier-free screen-printed carbon
electrode

The content presented in this section is derived from the original research article,

see Appendix 1 for the complete article.

4.1.1 Electrochemical behavior for the simultaneous detection of VB,, VB, and

VC
Cyclic voltammetry was initially used to investigate the electrochemical
properties and the possibility of simultaneous detection of VB,, VB,, and VC. To examine
the oxidation or reduction mechanism of selected vitamins on a common SPCE surface,
cyclic voltammograms of VB,, VB, and VC in Britton-Robinson buffer solution (BRBS) at
pH 7 were preliminary recorded at a scan rate of 100 mV/s. The obtained voltammograms
from both individual and simultaneous detection were shown in Figure 20. The cyclic
voltammogram of VB, shown in Figure 20A exhibited a pair of sharp and well-behaved
redox peaks at -0.60 V and -0.75 V for anodic and cathodic peaks, respectively. This
result revealed that VB, could display a reversible property because the ratio between
anodic and cathodic current is around 1.0. However, the separation of anodic and
cathodic peak potential is around 0.15 V which is greater than 0.059/n V of the reversible
process (n is the number of electron transfers). The result might be attributed to the fact

that VB, provided a slow rate for the electron transfer reaction (S&, da Silva, Jost, &
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Spinelli, 2015). The cyclic voltammogram of VC depicted in Figure 20B displayed a sharp
and strong oxidation peak at 0.35 V with a peak current of 27.65 yA. This result indicated
that VC occurs in an irreversible process at an electrode surface. Similarly, VB, also
occurs in anirreversible process due to the presence of a small and broad oxidation peak
at 0.82 V as demonstrated in Figure 20C. From these results, it could be concluded that
the possibility for the simultaneous detection of VB,, VB, and VC can be performed on
the proposed analytical electrode because of the explicit distinction of peak potential
position.

Subsequently, the simultaneous detection of VB,, VC, and VB, was also
investigated as shown in Figure 20D. From the voltammogram, VB, exhibited a pair of
outstanding redox peaks at -0.48 V and -0.61 V for anodic and cathodic peaks,
respectively. Meanwhile, VC and VB, provided a broad anodic peak at 0.41V and 0.90 V,
respectively. The obtained voltammogram confirmed that the simultaneous detection of
VB,, VC, and VB, in oxidative direction is possible owing to the distinction of peak potential
position as same as anticipated results obtained from the individual detection. The
discovered results are in good agreement with the previous critical review of all vitamins
(Lovander et al., 2018), therefore, the simultaneous detection of VB,, VC, and VB, can be

performed using a common SPCE.
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Figure 20 Cyclic voltammograms obtained from common SPCEs in the absence (dash
line) and presence (solid line) of 1 mM VB, (A), 1 mM VC (B), 1 mM VB, (C), and the
mixture solution of 1 mM VB,, 1 mM VC, and 1 mM VB, (D). BRBS pH 7 served as a

supporting electrolyte. All cyclic voltammograms were recorded at a scan rate of 100

mV/s.

4.1.2 Influence of pH and supporting electrolyte on the electrooxidation of VB,,
VC, and VB

The effects of adjusting the pH values of supporting electrolytes on the
oxidative behavior of VB,, VC, and VB, disclose significant information about the
mechanisms of electrochemical reactions at a common SPCE. Therefore, the influences
of pH and supporting electrolytes on the electrooxidation of VB,, VC, and VB, were
carefully investigated by square wave voltammetry. The suitable pH conditions were
preliminarily studied using BRBS at pH 5, 7, and 9 as a representative of acidic, neutral,
and basic buffer electrolytes, respectively. The obtained voltammograms from the
simultaneous detection were shown in Figure 21A. With increasing pH value, the anodic

currents of VB, VC, and VB, were decreased obviously. In this case, the acidic supporting
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electrolyte would strongly affect a higher current. By considering the pK, values of each
vitamin, the results might be attributed to the fact that ionic forms of target analytes affect
the electrooxidation processes at the electrode surface. According to data obtained from
the literature (Swain, 2012), the pK, values of each vitamin are the following: VB, = -0.2
and 6.0, VC = 4.2, and VB, = 5.6 and 9.4. These values indicated that the three
compounds can exist in their ionic forms in aqueous solutions. Figure 22 shows the charge
versus pH curves (CurTiPot software) for VB,, VC, and VB, molecules (Gutz, 2021). As
can be observed, VB, and VB, are amphoteric molecules (pl = 2.9 and 7.5, respectively)
that can exist in cationic, anionic, and neutral forms. On the contrary, VC presents a weak
acid character and is predominantly negatively charged in solutions with a pH higher than
6.5. As the result shown in Figure 21A, vitamins in BRBS pH 5 which is in the acidic range
provided the highest anodic currents. It could be reasoned that VB,, VC, and VB, exist
predominantly in neutral, anionic, and cationic forms, respectively. These ionic forms
easily occur electrons transfer at an electrode surface. On the other hand, anodic currents
decreased when vitamins dissolved in BRBS pH 7 and 9, which is in neutral and alkaline
range, because VB, and VB, exist predominantly in cationic and neutral forms,
respectively. Meanwhile, VC exists completely in anionic forms. These ionic forms in
neutral and basic supporting electrolytes hardly occur electron transfer at an electrode
surface. From these results, it can be concluded that an acidic supporting electrolyte is a

suitable electrolyte for the detection of VB,, VC, and VB,
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Figure 21 Square wave voltammograms of a mixture of vitamins solution (0.1 mM VB,
0.4 mM VC, and 0.4 mM VBy) in BRBS at pH 5, 7, and 9 (A) and in BRBS, ABS, and PBS
at pH 5 (B) obtained from common SPCEs. All square wave voltammograms were

recorded at a step potential of 5 mV, an amplitude of 25 mV, and a frequency of 5 Hz.



82

Charge

pH

Figure 22 Charge versus pH curves (CurTiPot software) for VB, (blue line), VC (red line),

and VB, (green line).

Afterward, the type of supporting electrolytes was investigated at fixed pH 5
that corresponded to the previous step to obtain the appropriate electrolyte for the
detection of VB,, VC, and VB,. As mentioned previously, based on electrochemical works,
buffer systems were universally served as supporting electrolytes due to the ability of pH
regulation. In this study, buffer systems at pH 5 consisting of Britton-Robinson buffer
solution (BRBS), acetate buffer solution (ABS), and phosphate buffer solution (PBS) were
studied by square wave voltammetry for the selection of appropriate supporting
electrolyte. Figure 21B shows square wave voltammograms of a mixture solution in various
buffer systems at pH 5. By considering anodic currents, PBS at pH 5 provided the highest
responses. In this case, the buffer property in terms of electrical conductivity would get
involved in the oxidation of these vitamins. Consequently, the electrical conductivity of
species containing in the proposed buffer system was discussed as reported in previous
works (Ho & Palmer, 1995) (Weast, 1988). To deeply consider, PBS at pH 5 consisted of
H,PO,, NaH,PO,, and Na,HPO, which each provided the specific conductance (20°C) of
5.5, 2.2, and 4.6 mS/cm, respectively. These values were higher than other species
contained in other buffer systems. For example, ABS at pH 5 containing CH,COOH and
CH,COONa provided the specific conductance (20°C) of 0.3 and 3.9 mS/cm,
respectively. Similarly, BRBS at pH 5 containing H,PO,, CH,COOH, and H,BO, provided
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the specific conductance (25°C) of boric acid of 0.008 mS/cm. It could be ascribed that
the more specific conductance was better electrical conductivity. As a result, the
resistance of the electrochemical cell could decrease and eliminate the electromigration
effects which were desired in controlled-potential experiments. Accordingly, it can be
concluded that PBS in acidic pH value is a suitable electrolyte for the detection of VB,
VC, and VB.

To confirm the effect of acidic electrolyte, the influence of solution pH on the
electrochemical behavior of VB,, VC, and VB, in PBS using a common SPCE was studied
in specific pH ranges from 3.5 to 6.5. Figure 23A shows the anodic peak potentials (E,,)
for these vitamins and their linear regression equations: £, (V) = -0.0533pH-0.295 F =
0.9929) for VB,; E, (V) = 0.0556pH+0.0334 (# = 0.9901) for VC; and E,. (V) = -
0.054pH+1.0377 (¥ = 0.9925) for VB,. According to the derived Nernst equation (Equation
(14)), which explains the relationship between E., and pH, where n and m represent the
numbers of electrons and protons involved in the reaction, and a and b are coefficients of

oxidant and reductant in the reaction (Thomas et al., 2014).

Epa=E%+ (2=2) log [(Zj;)ba] — (0.0591 %) pH ............ Equation (14)

All of the slopes between E , and pH of each vitamin were very imminent to
59 mV/pH at 25°C, indicating that the overall electrochemical process at the proposed
electrode was proton-dependent-the electron transfer which was regulated by a transfer
of an equal number of protons and electrons.

Furthermore, the anodic peak currents (/pa) as a function of pHs were also
investigated as presented in Figure 23B. The anodic currents of VB,, VC, and VB, do not
have a significant distinction with increasing pH value until it reaches 6.5. Consequently,
the difference in anodic peak potential between VC and VB, was primary considered to
select the appropriate pH value. The difference of anodic peak potential between these
two vitamins decreases with increasing pH value, leading to the overlapping of anodic
peaks. PBS at pH 3.5 provided the highest difference of anodic peak potential, therefore,
it was chosen as an appropriate pH value for the simultaneous detection of VB,, VC, and

VB,. This can be supposed that due to these vitamins dissolved in the acidic solution (pH
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3.5) in which VB, and VC predominantly exist in neutral forms, meanwhile, VBy is positively
charged because of the protonation of nitrogen in the pyridine ring. These molecules and

ionized forms can be oxidized at differently applied potential using a common SPCE.
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Figure 23 Influences of solution pH on anodic peak potentials (A) and peak currents (B)
for the oxidation of 100 uM VB,, 400 uM VC, and 400 uM VB in various pH values of
PBS at a common SPCE.

4.1.3 The effect of scan rate on the electrooxidation of VB,, VC, and VB,

To elucidate whether the mass transfer of the analyte toward the electrode
surface is diffusion or adsorption controlled, the effect of scan rate on the electrooxidation
of VB,, VC, and VB, was investigated by cyclic voltammetry. Figure 24A shows cyclic
voltammograms of VB,, VC, and VB, at a common SPCE using different scan rates. The
results presented that the redox peak currents for VB, increased with increasing the scan

rate, while their redox peak potentials remained the same values, suggesting the electron
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transfer process was reversible. On the other hand, the anodic peak currents for VC and
VB, increased with increasing the scan rate, however, their anodic peak potentials
gradually shifted to positive values, introducing the electron transfer processes were
irreversible. The linear dependence of the anodic peak current of all three vitamins versus
the square root of the scan rate was observed as displayed in Figure 24B. These
behaviors demonstrate that the electrochemical oxidations of all three vitamins at a

common SPCE are diffusion-controlled processes (Jiang et al., 2015).
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Figure 24 (A) Cyclic voltammograms for 1 mM VB,, 1 mM VC, and 1 mM VB, in PBS pH
3.5 at the common SPCE using a series of scan rates (50, 75, 100, 200, and 300 mV/s).
(B) The relationship between the anodic peak currents (/pa) and the square root of scan
rates. (C) The variation of anodic peak potential (Epa) and the natural logarithm of scan

rates (In v) from 50 to 300 mV/s.

Using the information received from the linear regression of the relationship

between anodic peak currents (/pa) and the square root of scan rates ("), the relationship
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as shown in Equation (15) was applied to estimate the diffusion coefficients (D,) of all

three vitamins (Boni, Wong, Dutra, & Sotomayor, 2011).

1/2
Ia = 0496FACD"? (=) w2 ... Equation (15)

When F is the Faraday constant, A is a geometric area of the working
electrode (0.126 cm”?), C, is the concentration of vitamins (1 x 10 mol/cm®), D, is the
diffusion coefficient of vitamins, R is a gas constant (8.31447 J/mol/K), and T is a
temperature (298 K). The calculated D, values of VB,, VC, and VB, were found to be 8.07
x 10°, 5.32 x 10°, and 1.57 x 107 cm’/s, respectively. Then, the number of electrons (n)
involved in the electrooxidation of VB, was determined by the derived Randles-Sevcik
relationship for a reversible process (Equation (16)).

Lo = (2.69 x 105)n3/2AC; D0 V2 ..o Equation (16)

Using Equation (16) and the previously estimated D, of VB,, the number of
electrons involved in the electrooxidation of VB, can be calculated and was found to be n
= 1.07 (n ~ 1). Next, the number of electrons involved in the electrooxidation of VC and
VB, was determined by the derived Randles-Sevcik relationship for the irreversible
process (Equation (17)).

Lo = (299 x 109)n[(1 — a)n,]Y2AC D, *v1/2 ... Equation (17)

To calculate the n value, it is unavoidable to solve initially the factor of (1-a)ne.

Using the Laviron theory for oxidative reaction (Equation (18)) (Laviron, 1979), the

calculation is based on the linear relationship between anodic peak potential (Epa) and the

natural logarithm of scan rates (In v), as shown in Figure 24C. Depended on Equation (18)

and the slopes received from the linear relationship between the E_, an In v, the factors of
(1-a)n, for VC and VB, were found to be 0.572 and 1.00, respectively.

RT RTk; RT

— 0
Epa = E"+ (1—a)nF In (1-a)nF (1—a)nF

Inv................ Equation (18)

After calculating the factors of (1-a)ne, using Equation (17) and the formerly

estimated D, of VC and VB, the number of electrons involved in the electrooxidation of
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VC and VB, can be calculated and were found to be n=1.32 (n ~ 2) and n = 0.998 (n ~

1), respectively.

4.1.4 Analytical performance for the detection of VB,, VC, and VB

Square wave voltammetry was selected for the simultaneous determination of
VB,, VC, and VB in mixture solutions due to its better resolution and higher sensitivity than
cyclic voltammetry. Under the optimized experimental conditions (a step potential of 5
mV, an amplitude of 25 mV, and a frequency of 5 Hz), square wave voltammograms for
the electrooxidation of different concentrations of VB,, VC, and VB, mixture at a common
SPCE were obtained, as shown in Figure 25A. The results presented that the well-defined
anodic peaks of all three vitamins are separated sufficiently to discriminate and measure
the current. Besides, the increment in the peak currents of all three vitamins can be
observed with increasing their concentrations at the same time. Figure 25B displays the
calibration curves of all three vitamins, indicating that the anodic peak currents for the
electrooxidation of all three vitamins increased proportionally with their corresponding
concentrations. From these results, the linear ranges for the simultaneous determination
of VB,, VC, and VB, were found to be 1-60 uM, 10-400 uM, and 10-400 pM with the
detection limit (calculated as the 3¢ value of the blank) of 0.37 uM, 5.07 pM, and 3.32 uM,
respectively. Comparison of the analytical performance to previous works and this work
was shown in Table 5. Even though, detection limits and linear ranges of the proposed
system are not as low as those received by other modified electrodes. However, this work
was first proposed the simultaneous determination of VB,, VC, and VB, using a common
SPCE by systematically studied all experimental parameters that affected peak separation
and sensitivity. Our proposed methodology provided various advantages, such as a low-
cost sensor, the modification-free electrode, and requires a small sample volume for
analysis. Moreover, this proposed system is easy to apply for commercialization of the

electrode in the future.
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(B) Calibration plots between anodic peak currents of each vitamin versus

concentration.
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To investigate the practicality of a common SPCE for the simultaneous
determination of VB,, VC, and VB, the individual determination of each vitamin was
performed by varying the concentration of one analyte while those of the others have
remained constant. The results in Figure 26A display that the anodic peak currents of VB,
increased with concentration while the anodic peak currents of VC and VB, were equally
unaltered at these concentrations as shown in Figure 26B. In the same way, as can be
seen in Figure 26C and 26D, the anodic peak currents of VC increased linearly with
increasing the concentrations. Similarly, Figure 26E and 26F show that the anodic peak
current signals for VB, also increased with increasing the concentrations. By comparison
between anodic peak currents and concentrations from individual and simultaneous
determinations, the slopes of each vitamin were virtually unchanged. It could be
emphasized that the electrooxidation processes of each vitamin are independent,
therefore, the simultaneous determinations of these vitamins are feasible without any

interference from their presence together.
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Figure 26 Square wave voltammograms obtained from common SPCEs of (A) VB,, (C)
VC, and (E) VB, in PBS pH 3.5 at different concentrations in the range of 1-60 uM, 10-
400 uM, and 10-400 uM, respectively. Each vitamin was detected by varying the
concentration of one analyte while those of the others remained constant. Calibration
plots of their anodic peak currents versus concentrations for (B) VB,, (D) VC, and (F)

VB

6

The reproducibility of all three vitamins at various concentrations was
calculated in the term of relative standard deviation (RSD) by using seven different
electrodes (n = 7). The value was lower than 6.5%, which can be acceptable (AOAC

International., 1995). As shown in Table 6, indicated that this electrode can be
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successfully employed for the simultaneous determination of water-soluble vitamins with

excellent reproducibility.

Table 6 The reproducibility (calculated as relative standard deviation) of VB,, VC, and

VB, at different concentrations obtained from common SPCEs.

Vitamin Concentration (uM) RSD (%, n =7)

1 4.90

VB, 20 2.78
60 2.34

10 6.43

VC 60 4.95
400 3.70

10 6.27

VB 60 4.24
400 2.44

4.1.5 Interference study
To investigate the selectivity of the proposed electrode and developed
method, the influence of various foreign species on the simultaneous determination of 20
MM VB,, 60 uM VC, and 60 uM VB, in PBS pH 3.5 was evaluated. The tolerance limit was
calculated to be lower than 5% of a relative error. The results revealed that 3,000-fold and

2+
)

1,000-fold concentration ratios of Na®, K', Mg, Ca®", A", CI', HCO,, SO,”, and PO,”,
300-fold and 100-fold concentration ratios of VB,, VB,, VB,, glucose, fructose, citrate, L-
lysine, L-cysteine, and L-methionine; 30-fold and 10-fold concentration ratios of Fe®’, cu™,
VB,, and oxalate; 15-fold and 5-fold concentration ratios of VB,, and uric acid, and 5-fold
concentration ratios of aloumin and globulin did not interfere the measurement of VB,, VC,
and VB, (Table 7). No change significantly in the current signal was observed. Thus, the

proposed electrodes were good selectivity towards the simultaneous determination of

these three vitamins.



93

Table 7 Tolerance ratio of foreign species in the simultaneous determination of 20 uM

VB,, 60 uM VC, and 60 uM VB, on the common SPCEs.

Tolerance ratio

FOreign SpeCieS (Cspecies/Ctarget vitamin)
VB, VC VB,
Na“, K, Mg®', Ca®’, AI”", CI', HCO,, SO,”, PO,” 3,000 1,000 1,000

VB,, VB,, VB, glucose, fructose, citrate, L-lysine, L-cysteine,
300 100 100
L-methionine

Fe™, Cu”’, VB,, oxalate 30 10 10
VB,,, uric acid 15 5 5
Albumin, globulin 5 5 5

4.1.6 Application in real samples

To examine the practicality and reliability of the proposed method, the
simultaneous determinations of VB,, VC, and VB, at a common SPCE were performed in
mixed vegetable and fruit juice and artificial urine sample. The concentrations of these
vitamins were determined by square wave voltammetry using the standard addition
method to prevent any matrix influence. Recovery studies were carried out by spiking VB,,
VC, and VB, to the samples at various concentration levels. The experimental results
revealed in Table 8 and Table 9 display that the recovery values were in the range of
83.91 -109.10%, which can be acceptable. Furthermore, to confirm the accuracy of the
proposed method, the concentrations of VB,, VC, and VB; in these samples were also
determined by HPLC-DAD. The paired t-test between two methods disclosed that the
results were in good agreement because the calculated t-value (2.15) was less than the
critical value (2.31) for a two-tailed comparison. Therefore, a common SPCE can be
successfully performed for the simultaneous determination of VB,, VC, and VBy in real

applications.
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4.2 The development of a simple and rapid detection approach for urinary albumin on a
disposable paper-based analytical device using an electrochemical-chemical redox
cycling process

The content presented in this section is derived from the original research article,

see Appendix 2 for the complete article.

4.2.1 Preliminary study of EC redox cycling process

Prior to performing the albumin detection, an electrochemical investigation of
EC redox cycling system was first conducted to demonstrate the potential of each
proposed process to support the expected results. Cyclic voltammograms of buffer
solutions containing only [Fe(CN)G]a’, MB, and the mixture of [Fe(CN)6]3’ and MB were
obtained using ePADs, as presented in Figure 27A. The CV curve of a solution containing
only [Fe(CN)GJS’ revealed a pair of redox peaks at +0.36 and -0.15 V, with anodic and
cathodic peak currents of +10.64 and -10.67 pA, respectively. Because of the high peak
separation (0.51 V) and low peak currents, the electrochemical reaction of [Fe(CN)6]3'
proceeds at a slow rate. Similarly, the solution containing only MB produced a pair of
redox peaks at -0.21 and -0.30 V, with anodic and cathodic peak currents of +6.21 and -
4.05 pA, respectively. This can be assumed that MB (MB,_)) directly obtains two electrons
and one proton to form leucomethylene blue (LMB, MB__,), and that LMB is then oxidized
back to MB by losing two electrons and one proton (Ju, Zhou, Cai, & Chen, 1995).
According to the findings, MB can also provide a reversible process at the bare graphene
electrode surface. On the other hand, the CV curve of a solution containing both
[Fe(CN)6]3' and MB showed high peak currents for [Fe(CN)6]3'/4' redox couple of +30.90
and -29.01 pA at peak potentials of +0.21 and +0.05 V (peak separation of 0.16 V) for

anodic and cathodic directions, respectively. Another pair of redox peaks for MB was

ox/red
observed at -0.23 and -0.31 V, with anodic and cathodic peak currents of +4.97 and -2.61
WA, respectively. In comparison with a solution containing only [Fe(CN)G]&, the redox
couple of [Fe(CN)G]M' in mixture solution generated 3 times higher peak currents and 3.2

times lower peak separation. The findings indicated that the EC redox cycling process
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can increase electron transfer efficiency across the interface. In contrast, the anodic-
cathodic peak current of MB obtained from the mixture solution was lower than that
obtained from the solution containing only MB. This possibly was the signal of MB
molecules that remained after the redox cycling system proceeded, and thus, a low
electrochemical signal was obtained. To explain a unique EC redox cycling process,
[Fe(CN)SJS' is reduced to [Fe(CN)GJA' via an electrochemical reaction at the bare graphene
electrode, which is then re-oxidized by MB via a chemical reaction, as presented in Figure
27B. Due to the simultaneous regeneration of [Fe(CN)S]s', this redox cycling process
continuously occurs, resulting in a large electrochemical signal. Based on these findings,
it can be concluded that the EC redox cycling process between [Fe(CN)G]& and MB was

effective for amplifying the detection signal when using an unmodified electrode.

; g
. 40 . MBred MBux y

= Ferricyanide
=== Methylene blue
20 N
== Ferricyanide and methylene blue o0
=
< e
-~
30 g
- Fe(CN)g* Fe(CN),* 2
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Figure 27 (A) Cyclic voltammograms of PBS (pH 7.4) containing only 1 mM [Fe(CN)G]a"
(black line), 0.05 mM MB (red line), and the mixture of 1 mM [Fe(CN)6]3' and 0.05 mM
3-

MB (blue line). (B) Schematic illustration of EC redox cycling process using [Fe(CN),]
and MB.

Furthermore, the DPV technique was used to confirm this EC redox cycling
process. In this work, an electrochemical measurement in the reductive direction was

selected to avoid some interferences observed in the sample, such as ascorbic acid, uric
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acid, and dopamine, which provide the signal in the oxidative direction (Wenjing Zhang
et al.,, 2018). As a result, DPV measurements were performed using potentials ranging
from +0.5 to -0.5 V. The solution containing only [Fe(CN)G]S’ exhibited a broad
voltammogram at a cathodic potential of +0.01 V with a cathodic current of -3.76 PA, as
presented in Figure 28. Meanwhile, the DPV curve of a solution containing only MB
revealed a well-defined cathodic peak at -0.23 V with a current of -11.30 yA. The mixture
solution of [Fe(CN)6]3’ and MB, on the other hand, generated a sharp and symmetrical
peak of [Fe(CN)e]S' at a cathodic potential of +0.14 V with a cathodic current of -34.90 pA.
Another peak was a cathodic peak of MB at a potential of -0.25 V with a current of -8.76
WA. The signal of [Fe(CN)G]} obtained from a mixture solution generated 9.3-fold higher
cathodic current with a higher positive potential than the signal obtained from a solution
containing only [Fe(CN)G]‘g'. For the MB peak, the signal current of MB obtained from the
mixture solution was lower than that of the MB single solution. The results of this additional
investigation were in good agreement with those of the CV study, indicating that the
proposed EC redox cycling process has a high catalytic capability for the electrochemical
reduction of [Fe(CN)B]a'. As a result, without any modifications to the working electrode, a

high sensitivity for albumin detection can be obtained.
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Figure 28 Differential pulse voltammograms of PBS (pH 7.4) containing only 1 mM
[Fe(CN)G]& (black line), 0.05 mM MB (red line), and the mixture of 1 mM [Fe(CN)G]& and
0.05 mM MB (blue line). All DPV curves were recorded using the potentials ranging from

+0.5 to -0.5 V, with an increment potential of 10 mV, an amplitude of 50 mV, a pulse

width of 200 ms, a sample width of 100 ms, and a pulse period of 500 ms.

4.2.2 Optimization of EC redox cycling process

Important parameters of the EC redox cycling process were evaluated
sequentially using the DPV technique to achieve the highest sensitivity for albumin
detection. The concentrations of [Fe(CN)G]‘O" and MB were optimized using ready-to-use
ePADs without electrode pretreatment. The effect of [Fe(CN)6]3' concentration was first
investigated in the range of 0.1 — 5 mM with a constant concentration of 0.05 mM MB. The
cathodic currents of [Fe(CN)Gf" clearly increased with increasing concentrations, as
presented in Figure 29A. Until 4 mM of [Fe(CN)G]a" was applied, this response became
constant. The cathodic currents of MB, on the other hand, gradually decreased with
increasing [Fe(CN)G]a' concentrations and then reached a constant response at 2 mM of
[Fe(CN)6]3'. This can be suggested that the EC redox cycling process prefers high
concentrations of [Fe(CN)G]s' for electrochemical reduction, resulting in high production of
[Fe(CN)BJA'. Subsequently, the large amount of [Fe(CN)6]4' will be re-oxidized by MB back

to [Fe(CN)B]S’, as previously described in Section 4.2.1; thus, the high cathodic response
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of [Fe(CN)G]B' was obtained. Based on the results obtained, it can be concluded that 4
mM of [Fe(CN)G]S’ was an appropriate concentration to use for further investigation. The
concentration of MB was then optimized in the range of 0.01 — 0.1 mM with a constant
concentration of 4 mM [Fe(CN)a]a'. The cathodic current of [Fe(CN)G]S' increased with
increasing MB concentration, as presented in Figure 29B; however, the response
decreased after 0.05 mM of MB was applied. Meanwhile, the cathodic current of MB
slightly increased with increasing MB concentrations. These results showed that
increasing the MB concentration above 0.05 mM did not improve the efficiency of
[Fe(CN),]” detection; thus, 0.05 mM of MB was chosen as an optimal concentration for

this parameter.

Concentration of Ferricyanide (mM) Concentration of MB (mM)
0 1 2 3 4 5 6 0 0.02 0.04 0.06 0.08 0.1 0.12
0 : : : - : 0 - — :
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Figure 29 Optimization for the concentration of (A) [Fe(CN)G]s’ (from 0.1 =5 mM) and (B)

MB (from 0.01 — 0.1 mM) obtained from the DPV technique using ePADs (n = 3).

4.2.3 Albumin detection using EC redox cycling process
The albumin detection was performed using the DPV technique under
optimized experimental conditions, as presented in Figure 30A. A differential pulse
voltammogram of a buffer solution containing only 400 mg dL™" BSA standard solution
revealed no cathodic peak, indicating that BSA is a non-electroactive macromolecule that
cannot occur in the reduction process on an unmodified graphene electrode. As a result,

the EC redox cycling process was applied to provide a high current response. A cathodic



101

peak of [Fe(CN)G]S' at +0.13 V with a peak current of -79.17 yA was observed on the DPV
curve of a redox solution containing 4 mM [Fe(CN)G]S’ and 0.05 mM MB. The results
indicated that the redox cycling process produced a high signal current of [Fe(CN)G]&,
expecting a high sensitivity for albumin detection without further electrode modification.
Subsequently, a cathodic peak of [Fe(CN)GJS’ at +0.11 V with a peak current of -43.73 A
was observed in a mixture solution of 4 mM [Fe(CN),]", 0.05 mM MB, and 400 mg dL"’
BSA standard solution. In comparison with a redox solution containing both [Fe(CN)G]&
and MB, the lower cathodic peak potential was obtained, and the difference in the
cathodic peak current (Al ) was equal to -35.44 pA, indicating that BSA hinders the
electron-transfer process of the EC redox cycling system, as shown in Figure 30B. This
behavior may be the obstruction of negatively charged BSA (pl = 4.7) (Vlasova & Saletsky,
2009) at the electrode surface, leading to the blocking of the reduction process for
[Fe(CN)BJ?" to accept electrons from a working electrode. This circumstance resulted in a
diminishing current response because [Fe(CN)G]S’ is hardly reduced to [Fe(CN)6]4’, which
is then slightly re-oxidized by MB. Aside from detecting albumin by mixing a BSA standard
with a redox cycling solution, another method, which is the dropping and drying of the
BSA standard solution on the working electrode, was also proposed as shown in Figure
31. The cathodic peak of [Fe(CN)G]s' at +0.13 V with a peak current of -79.17 yA obtained
from a redox cycling solution on a bare working electrode is presented in Figure 32. In
contrast, a redox cycling solution on a working electrode covered with BSA, labeled as
BSA/Graphene, generated a cathodic peak of [Fe(CN)G]s' at +0.11 V with a peak current
of -48.10 pA. The lower cathodic peak potential was obtained, and the A/pc was equal to
-31.07 yA when compared with the signal current in the absence of BSA. The results
indicated that the BSA molecule blocks the electroactive sites on the graphene surface,
resulting in a lower cathodic response of a redox cycling solution. This finding was
compatible with albumin detection by mixing a BSA standard solution with a redox cycling
solution; however, it was not suitable for a rapid detection, which was the ultimate goal,
due to the time-consuming process of drying BSA on the working electrode. Based on

these findings, the detection method by mixing all solutions in the same microcentrifuge
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tube was selected to measure albumin simply and rapidly. As a result, in the following

investigation, BSA will be quantified using a mixture of BSA standard solution and a redox

cycling solution.

B vs. s,

E (V) vs. Ag/AgCl

0.3 -0.2 -0.1 0 0.1 02 03 04 05 0.6

N

Fe(CN)* Fe(CN)*

===- PBSpH 74

== Redox solution

Redox solution with BSA

Figure 30 (A) Differential pulse voltammograms of PBS (pH 7.4) (black dash line)
containing only 400 mg dL™' BSA standard solution (green line), the mixture of 4 mM
[Fe(CN)6]3" and 0.05 mM MB (blue line), and the mixture of 4 mM [Fe(CN)B]&, 0.05 mM
MB, and 400 mg dL" BSA standard solution (red line). (B) Schematic illustration of the

EC redox cycling process in the presence of BSA.
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Figure 31 Schematic illustration of the detection procedure for measuring albumin by
dropping and drying BSA standard solution on the working electrode surface. First, 10
pL of 400 mg dL" BSA standard solution was applied to the working electrode and
allowed to dry for 2 hours at room temperature. Subsequently, 100 uL of a redox cycling
solution was dropped on the paper device, and DPV measurements were performed

under the same conditions as described in Section 3.2.3.
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Figure 32 Differential pulse voltammograms of PBS (pH 7.4) (black dash line) and a
redox cycling solution containing 4 mM [Fe(CN)G]& and 0.05 mM MB in the absence
(blue line) and presence (red line) of 400 mg dL™" BSA obtained from dropping and

drying BSA standard solution on the working electrode.

4.2.4 Analytical performance

Following the presentation of the albumin detection strategy in Section 4.2.3,
the analytical performance of albumin was evaluated by combining the optimal redox
cycling solution (4 mM [Fe(CN)6]3' and 0.05 mM MB) with various concentrations of BSA
standard solution. As presented in Figure 33A, the peak currents decreased as a function
of BSA concentration. Figure 33B presents the relationship between different BSA
concentrations and A/ . values. The results indicated that the change in the Al
responses has a non-linear relationship with the BSA concentrations. The logarithmic
value of the BSA concentrations was plotted against the A/ values to obtain the linear
relationship, as presented in the inset of Figure 33B. This discovery revealed that the
calibration curve was obtained in the range of 1 — 500 mg dL” (y =-20.199x + 0.7704 with
a correlation coefficient (°) of 0.9904). The limit of detection (88D, ,,../slope) and the limit
of quantification (10SD,,./slope) from a calculation were found to be 0.072 and 0.24 mg

dL’, respectively. These findings demonstrated that the EC redox cycling process can
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achieve highly sensitive and quantitative detection of BSA over a wide linear range. Table
10 presents the comparison of the analytical performance between the proposed method
and those of some previous reports for albumin detection found in the literature.
According to this information, our assay proposed the detection of BSA using non-
modified graphene electrodes fabricated on a paper substrate for the first time, which
have the advantages of cost-effectiveness, simple disposability, and uncomplicated
operation. Furthermore, the proposed method was very compelling for rapid detection in
clinical applications, so that the performance of this proposed sensor would be sufficient

for the detection of BSA in real urine samples.
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Figure 33 (A) Differential pulse voltammograms for different BSA concentrations mixed
with 4 mM [Fe(CN)G]a' and 0.05 mM MB in PBS (pH 7.4). (B) The A/ of BSA on ePADs
at different concentrations (1 to 500 mg dL'1). Inset: Calibration curve plotted on a

logarithmic scale. BSA concentrations: 1, 2.5, 5, 10, 20, 60, 100, 300, and 500 mg aL™.

i A n]
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The reproducibility of this device was also investigated using three different
concentrations of BSA standard solution (10, 80, and 400 mg dL’1) mixed with 4 mM
[Fe(CN)BJS’ and 0.05 mM MB in PBS (pH 7.4). For each mixture solution, nine sensors (n
= 9) were examined, and the electrochemical measurements were then performed using
the DPV technique. The relative standard deviations were found to be in the range of
3.38% — 6.26%, indicating that good device-to-device reproducibility with low variation

was obtained for BSA detection.

4.2.5 Interference study

The influence of some possible interfering substances found in urine samples
on the detection of BSA using the EC redox cycling process was investigated using the
DPV technigue under optimal conditions to elucidate the selectivity of the proposed assay.
The redox cycling solution (4 mM [Fe(CN).]"and 0.05 mM MB) containing 50 mg dL™ BSA
standard solution was detected via DPV measurement using ePADs, in which the signal
current was set to 100%. The freshly prepared mixture solutions containing the redox
cycling solution, 50 mg dL™ BSA standard solution, and some foreign substances were
successively detected under the same DPV conditions. The interfering substances used
for this study were 400 ug dL”" dopamine, 30 mg dL™" ascorbic acid, 85 mg dL™ uric acid,
500 mgdL” Na", K', NH,", Mg®", Ca®", SO,”, glucose, creatinine, and 2000 mg dL" urea,
which are the maximum concentrations found in the samples (Krieg, Gunsser,
Steinhagen-Thiessen, & Becker, 1986) (Roe & Hall, 1939) (Pagana & Pagana, 2007). The
cathodic response of solution in the absence of foreign species was used to normalize
the signal currents of solutions containing interferences. Figure 34 shows that the changes
in the cathodic current of BSA containing interferences were less than +5%, indicating
that foreign species had no significant effect on the signal current of the redox cycling
solution containing BSA. These findings confirmed the good selectivity of developed
redox probes for albumin detection in the presence of various possibly interfering

substances.
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Figure 34 Effect of some interfering substances on the detection of 50 mg dL” BSA

standard solution mixed with 4 mM [Fe(CN)e]e" and 0.05 mM MB (n = 3).

4.2.6 Dilution effect

Because urine contains a highly variable matrix that may affect albumin
detection, the influence of dilution effect was investigated to ensure accurate
quantification. Various dilution ratios of a real urine sample containing 50 mg dL™" BSA
standard solution with redox cycling solution (4 mM [Fe(CN)B]?"and 0.05 mM MB) were
examined for recovery tests. We selected PBS (pH 7.4) as a diluent solution for BSA
detection in this experiment. Table 11 presents that a dilution of at least 50-fold resulted
in a good recovery, indicating that interferences in urine would be eliminated during
albumin detection. This discovery suggested that a 50-fold dilution using PBS (pH 7.4)
could avoid a variety of interferences and dilution effects in urine samples. As a result,

urine samples are diluted at 50-fold with PBS (pH 7.4) before analysis.
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Table 11 Recovery values of 50 mg dL" BSA detection in a real urine sample using

different dilution factors (n = 3).

Dilution factor Recovery (%)
0 128.95+1.94

10 111.84 + 3.98

25 106.86 £ 2.70

50 100.54 + 4.83

100 100.90 = 4.31

4.2.7 Matrix effect
A matrix-matched calibration was performed using a 50-fold diluted urine
sample (where no albumins were present by precipitation with 0.1 M CuSO,) to assess
the matrix effect for this proposed method. The matrix effect (Sang et al., 2019) was
calculated by the following relationship (Equation (19)):
Matrix ef fect = (g — 1) X 100% .....ooovevinn, Equation (19)

where A denoted the slope of calibration curve in matrix (diluted urine) and B denoted the
slope of calibration curve in solvent (PBS pH 7.4).

In this study, BSA concentrations ranging from 1 to 500 mg dL™ were spiked
directly into diluted urine samples. The solutions were then mixed with 4 mM [Fe(CN)e]s'
and 0.05 mM MB. DPV measurements were used to detect the signal currents of these
mixture solutions. Because of the different batch of fabricated ePADs, normalized currents
(I maineq) Of Ccathodic responses were then calculated using the following relationship

(Equation (20)):

I=Imin .
Inormalized = Tt Equation (20)
Imax Imm

where [ was the cathodic peak current of a solution containing different concentrations of
BSA. The maximum and minimum cathodic peak currents obtained from each calibration

data set were denoted by / __ and /

max min?’

respectively.
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Subsequently, /..., Values were plotted against the same logarithmic value
of BSA concentrations as used for the external calibration curve. As presented in Figure
35, the matrix effect was found to be -15.17%, indicating that the proposed sample dilution
is capable of removing interferences in urine due to a matrix effect value of approximately
|15%] (Wan et al., 2018). This finding demonstrated that the matrix effect was negligible,
implying that the matrix-matched calibration would not be required because the 50-fold
dilution of urine not only eliminated interfering substances but also decreased the matrix
in the sample. A sample matrix had no significant effect on the detection of BSA in a real
sample; thus, the redox cycling solution can be used to accurately detect albumin in

complex biological samples.

L] Solvent calibration curve
y=-0.3618x + 1.0138 Matri tehed
2 atrix-matche;
R?=10.9904 4 calibration curve

——— Linear (Solvent
calibration curve)

e Linear (Matrix-matched
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Normalized current
—]
=

0.2 y = -0.3069x + 0.8594
R? = 0.9895
0 4
-0.2 . . : : :
0 0.5 1 1.5 2 25 3

Log [concentration of BSA (mg dL")]

Figure 35 Comparison of a solvent calibration curve with a matrix-matched calibration

curve for BSA detection (n = 3).

4.2.8 Application in real urine samples

The detection of albumin in 13 urine samples obtained from healthy
volunteers was evaluated to demonstrate the practical application of this developed
assay. All samples were diluted 50-fold in PBS (pH 7.4) before being mixed with 4 mM

[Fe(CN)BJS’ and 0.05 mM MB. These solutions were then performed by DPV measurement
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using ePADs, and the amount of albumin in the samples was calculated using the linear
equation of the standard calibration curve. The recovery study was investigated to verify
the accuracy and reliability by adding the known concentration of 50 mg dL” BSA
standard solution into diluted samples. The results summarized in Table 12 indicate that
good recovery values were obtained in the range of 96.04% — 104.60%. Moreover, the
results obtained using the proposed method were validated by comparing them with the
standard Bradford assay. The calculated f-value (0.86) was less than the critical t-value
(2.18) for a two-tailed comparison; the results revealed that the albumin concentrations
obtained using this method and those using the standard method were not significantly
different. These results indicated the accuracy and reliability of albumin detection in urine
samples without creatinine correction. As a result, albumin detection using a mixture
solution of [Fe(CN)6]3' and MB as a redox probe could be a powerful alternative tool for

point-of-care testing of urinary albumin in the early stages of kidney disease.
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4.3 The development of a new sensing device for detecting L-hydroxyproline using a
screen-printed graphene electrode coated with bismuth film and poly(L-hydroxyproline)
4.3.1 Characterization of bare and modified electrodes

4.3.1.1 Morphological characterization

Bare (without Poly(Hyp)/BiF) and modified (with Poly(Hyp)/BiF) electrodes
were characterized by FEG-SEM to investigate their surface morphology, as presented in
Figure 36. The low magnification (5,000X) of SEM images of the modified electrodes
showed a rough and crumbling graphene sheet, indicating that BiF and Poly(Hyp)
successfully covered the graphene surface. To explain the features of each modifier, a
high magnification (50,000X) was applied to reveal more details of the electrode surface.
Results showed that the sensor modified only BiF and Poly(Hyp) generated thin films over
the graphene electrode (Figures 36D and 36F). Moreover, the modification of both BiF
and Poly(Hyp) created cavities of porous structure (Figures 36H and 36J), indicating a
high surface-to-volume ratio (Bollella, 2020). In this case, the as-synthesized
Poly(Hyp)/BiF/SPGE (Figure 36J) produced a thin layer with uniform sponge-like cavities;
meanwhile, BiF/Poly(Hyp)/SPGE (Figure 36H) produced a disordered and heterogeneous
porous surface. These results indicated that the modification order affected the electrode
morphology, possibly resulting in the difference in the electrochemical signal of each

modified electrode.
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P
RS
Poly(Hyp)/BiF/SPG

Figure 36 FEG-SEM images of the surface of bare and modified SPGEs at low (A, C, E,
G, 1) and high (B, D, F, H, J) magnification. Specific modification is annotated on each

image.
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To confirm the presence of BiF and Poly(Hyp) on the electrode surface,
we employed EDX analysis and Fourier-transform infrared (FTIR) spectroscopy, as
displayed in Figure 37. The elemental analysis of the Poly(Hyp)/BiF/SPGE was
investigated by EDX spectroscopy (Figure 37A), which showed significant intensities of
carbon (C), nitrogen (N), oxygen (O), and bismuth (Bi). The results indicated that the Bi
intensity was caused by the formation of BiF (Bartlett et al., 2013), while the intensities
obtained for C, N, and O belonged to the L-Hyp molecule, which was used as a monomer
to synthesize Poly(Hyp). These findings suggest that a layer of BiF and Poly(Hyp) was

produced on the graphene surface.

| g Spectrum 1

Intensity (a.u.)

0 2 4 6 3 10 12 14 16 1
Full Scale 2057 cts Cursor: 0.000 keV]
Energy (keV)

=== Bare SPGE
¥ BiF/SPGE
=== Poly(Hyp)/SPGE
Poly(Hyp)/BiF/SPGE
< === BiF/Poly(Hyp)/SPGE

Transmittance (%)
35
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Figure 37 (A) The EDX analysis of the Poly(Hyp)/BiF/SPGE. (B) FTIR spectra obtained

from bare and modified electrodes.
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To predict the functional groups present on each electrode surface, we
further investigated FTIR analysis, as depicted in Figure 37B. The results indicated that
the spectra of with and without Poly(Hyp)/BiF onto electrode surfaces showed the same
peaks in every frequency range, suggesting that the results may not differ significantly.
The layer of BiF and Poly(Hyp) was formed as a thin film covering the graphene surface,
making it difficult to clearly observe characteristic peaks or bands. Therefore, the intensity
of each spectrum was considered to identify each electrode surface.

All spectra showed broad peaks at the wavenumber 3,600 — 3,100 cm’,
which belonged to the O-H stretching vibrations. Compared to the bare electrode and
BiF/SPGE, an increased intensity of Poly(Hyp)-based sensors was also observed, which
was supposed to be hydroxyl groups of L-Hyp residues of the polymer. Further
confirmation of Poly(Hyp) was observed at wavenumbers of 3,000 — 2,500 cm” and 1,700
—1,600 cm’. The first frequency range is attributed to the ammonium salt structure due to
the protonated form of L-Hyp molecules at pH 7.0, while the latter possibly belonged to
amide functional groups of the polymer (Puska, Yli-Urpo, Vallittu, & Airola, 2016). For the
BiF investigation, the increased intensity of BiF-based electrodes at the wavenumber 700
— 400 cm” was assumed to be the vibration of bismuth and other atoms, such as Bi-O
(Astuti et al., 2016). These EDX and FTIR results confirm the formation of BiF and
Poly(Hyp) deposited on the graphene surface.

The explanation for the formation mechanism of BiF and Poly(Hyp) was
discussed as follows. First, the BiF was electrodeposited using 10 mg L™ Bi(lll) solution in
0.1 M HCI by applying a constant potential of -0.8 V for 180 s, as the I-t curve shown in
Figure 38A. This step causes Bi(lll) to be rapidly reduced to Bi(0), which will deposit on
an electrode surface. This reaction generated a thin layer covering the SPGE surface,
resulting in the BiF/SPGE. After that, the Poly(Hyp) was electropolymerized using 5 mM L-
Hyp solution in PBS pH 7.0 by cycling a potential range of +0.5 to +2.0 V (vs. Ag/AgCl) at
a scan rate of 50 mV's ' for 10 cycles. The smooth and thin film was observed on BiF/SPGE
surface (Figures 361 and 36J), indicating the successful electrode modification of

Poly(Hyp). None of the previous reports described the modification of Poly(Hyp) on the
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electrode surface. Therefore, the mechanism of Poly(Hyp) growth may be explained by
the basis of poly(proline) (Poly(Pro)) because Hyp is one of the derivatives of Pro (Arslan
& Cakir, 2014). The cyclic voltammogram of L-Hyp electropolymerization on BiF/SPGE
was shown in Figure 38B. None of the peaks were obtained in the first cycle, which means
L-Hyp possibly did not occur in an electrochemical reaction. The second cycle provided
an oxidation peak at +1.27 V, relating to the free radical of L-Hyp (Yu & Chen, 2006)
(Pushpanijali, Manjunatha, & Srinivas, 2020). Then, the produced radical was attached to
BiF/SPGE surface, possibly by forming the bismuth-oxygen linkage. After that, the
attached molecule interacts with another L-Hyp molecule by forming the peptide bond
with the removal of the water molecule, and this process continues. After finishing cycle
scanning, Poly(Hyp) was obtained by coating on BiF/SPGE. When the number of cycles
increased, the current of the oxidation peak at +1.27 V decreased and maintained

constant at the fifth cycle, indicating the formation of polymer film at the electrode surface.
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Figure 38 (A) The I-t curve for the electrodeposition of BiF at SPGE. (B) Cyclic

voltammograms for the electropolymerization of Poly(Hyp) at BiF/SPGE.

4.3.1.2 Electrochemical characterization
Cyclic voltammograms of 0.1 M KCI containing 5 mM [Fe(CN)6]3'/4' as
electroactive species recorded at bare and modified electrodes are presented in Figure

39A. The redox couple exhibited a peak potential separation (AE) of 0.54, 0.39, 0.30,
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0.28, and 0.34 V at bare SPGE, BiF/SPGE, Poly(Hyp)/SPGE, Poly(Hyp)/BiF/SPGE, and
BiF/Poly(Hyp)/SPGE, respectively. Regarding the peak current (/), the redox species
detected from modified electrodes exhibited higher currents than those detected from the
bare electrode. The decreasing AEp and increasing / indicated that the performance of
Poly(Hyp)/BiF/SPGE was better than that of other electrodes for the oxidation/reduction of
the [Fe(CN)G]M' probe. Furthermore, the calculation of the electroactive surface area of
bare and modified electrodes is presented as follows. The Randles-Sevcik equation
(Equation (16)) was used to calculate the electroactive surface area of bare and modified
electrodes using [Fe(CN)BJ?"/A' as the redox species.

I, = (2.69 x 105)n3ADy/*vY/2C5 .ooooooovv Equation (16)

where /p is the peak current obtained from the CV curves (A), n is the number of electrons
transferred during the redox event (n = 1), A is the electroactive surface area (cm?), D, is
the diffusion coefficient of [Fe(CN)G]M’ (7.6 x 10° cm®s™), v is the scan rate (V s™), and
Cy is the concentration of [Fe(CN)6]3'/4' (5.0 x 10° mol cm™). The relationship between /|
and v'” on each electrode was plotted to obtain the slope.

Based on the known parameters, the calculated electroactive surface
area of each electrode was as follows: 0.116 cm” for bare SPGE, 0.136 cm” for BiF/SPGE,
0.189 cm® for Poly(Hyp)/SPGE, 0.191 cm’ for Poly(Hyp)/BiF/SPGE, and 0.171 cm® for
BiF/Poly(Hyp)/SPGE. The results showed that modified electrodes provided larger
electroactive surface areas than the bare electrode, indicating that BiF and Poly(Hyp) can
improve the electron transfer process. The SPGE modified with BiF and Poly(Hyp) to
obtain Poly(Hyp)/BiF/SPGE provides the largest electroactive surface area of 0.191 cm?,

indicating its capability to be a candidate sensor for Hyp detection.
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Figure 39 (A) Cyclic voltammograms of 5 mM [Fe(CN),]""" in 0.1 M KClI recorded at bare

and modified SPGEs. (B) Nyquist plots of bare and modified SPGEs.

To confirm the successful formation of BiF and Poly(Hyp), EIS is a
powerful technique for studying the electrochemical properties on the electrode surface.
Figure 39B shows the Nyquist plots obtained from the EIS study of bare and modified
electrodes using 0.1 M KCI containing 5 mM [Fe(CN)G]S’M' as the redox species. The
Nyquist plots contain a semicircular section and a linear section. The semicircular section
observed at a higher frequency domain corresponds to the electron transfer process, and
the linear section observed at a lower frequency domain corresponds to the diffusion
process. The diameter of the semicircle equals the charge transfer resistance (R.,) of the
electrode surface, and this value depends on the dielectric and insulating properties of
the electrode/electrolyte solution interface (Li, Xie, & Li, 2011). The semicircles obtained
from modified electrodes are smaller than that of the bare electrode, indicating that the
bare electrode has a higher R, value than modified electrodes. By fitting the data to the
equivalent circuit, the R values were obtained as shown in Table 13. The results indicated
that bare SPGE has a higher electron transfer resistance than modified electrodes. The
capacitances in terms of the CPE (Q,) of all electrodes were also recorded by the EIS
software, as shown in Table 13. The electronic properties of the interface may not be
sufficiently described by the ideal capacitive element, particularly when the electrode
surface has a roughness or porosity. Then, CPE (Q,), non-ideal capacitance, has to be

introduced instead of the ideal electrical double layer capacitance (C,) (Zheng,
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Goonetilleke, Pettit, & Roy, 2010). Table 13 shows that modified electrodes have higher
CPE values than bare SPGE possibly because of the increase in the dielectric constant,
conductivity, and porosity. This finding can be attributed to the grafting of charged
polymer and metal-based material onto the electrode surface (Hafaid et al., 2009). These
results could be another criterion to support the performance of Poly(Hyp)/BiF/SPGE in

enhancing the oxidation current of Hyp detection.

Table 13 Charge transfer resistances (R_) and component phase elements (CPE) of

bare and modified electrodes.

Electrodes R, (k€2) CPE (uF)
Bare SPGE 3.76 2.71
BiF/SPGE 2.39 3.48
Poly(Hyp)/SPGE 3.54 50.60
Poly(Hyp)/BiF/SPGE 3.42 84.35
BiF/Poly(Hyp)/SPGE 3.14 43.48

4.3.2 Optimization of BiF and Poly(Hyp) formation
4.3.2.1 BiF optimization
Given the modification of BiF on bare SPGE using the electrodeposition
method, the accumulation of the Bi(lll) precursor on the electrode surface depended on
the Bi(lll) concentration, deposition potential, and deposition time. Therefore, the
parameters for detecting Hyp on Poly(Hyp)/BiF/SPGE were optimized. During the
optimization process, the conditions for the electropolymerization of Poly(Hyp) were
constant, whereas those for the formation of BiF were varied. To obtain the highest
response for Hyp detection, the optimized parameters for DPV measurements were

considered, as shown in Figure 40. The results indicated that suitable BiF growth was
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accomplished using a 10 mg L Bi(lll) solution in 0.1 M HCI at a fixed potential of -0.8 V

for 180 s.
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Figure 40 The effect of (A) Bi(lll) concentration, (B) deposition potential, and (C)

deposition time for 10 mM Hyp detection on Poly(Hyp)/BiF/SPGE sensors (n = 3).

4.3.2.2 Poly(Hyp) optimization

The CV technique was used to perform the electropolymerization of

Poly(Hyp) onto the BiIF/SPGE surface. Thus, the parameters related to polymer film

formation were also investigated because they would affect the current response of the

target analyte. So that the conditions, namely the concentration of Hyp as a monomer,

applied potential range, scan rate, and number of scans, were optimized by detecting

Hyp on Poly(Hyp)/BiF/SPGE. The conditions for the electrodeposition of BiF were

constant, whereas those for the formation of Poly(Hyp) formation were varied. Then, the

prepared sensors were applied to measure the DPV responses of Hyp, as depicted in

Figure 41. The results indicated that the appropriate Poly(Hyp) growth was accomplished
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using 5 mM Hyp in PBS pH 7.0 with a potential range of +0.5 to +2.0 V at a scan rate of

50 mVs™ for 10 polymerization cycles.
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Figure 41 The effect of (A) Hyp monomer concentration, (B) applied potential range, (C)

scan rate, and (D) number of polymerization cycles for 10 mM Hyp detection on

Poly(Hyp)/BiF/SPGE sensors (n = 3).

4.3.3 Electrochemical behavior of Hyp on different electrodes

The electrochemical responses obtained from Hyp detection on bare and

modified electrodes were investigated using the CV and DPV techniques. Modified

electrodes were fabricated under optimized conditions. Figure 42A presents the CV

curves of Hyp on different SPGEs. The results showed that the oxidation peaks varied in

the potential range of +1.2 to +1.5 V, depending on the electrodes. The bare SPGE and

BiF/SPGE exhibited low anodic peaks at the potentials of +1.46 and +1.45V, respectively.

By contrast, Poly(Hyp)-based electrodes exhibited high oxidation peaks with less positive
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potentials of +1.25 V for Poly(Hyp)/SPGE, +1.24 V for Poly(Hyp)/BiF/SPGE, and +1.21 V
for BiF/Poly(Hyp)/SPGE. The results obtained from DPV measurements corresponded to
those obtained from CV. As shown in Figure 42B, the oxidation potential of each electrode
shifted negatively in the following order: +1.20 V for bare SPGE, +1.10 V for BiF/SPGE,
+0.90 V for Poly(Hyp)/SPGE, +0.87 V for Poly(Hyp)/BiF/SPGE, and +0.90 V for
BiF/Poly(Hyp)/SPGE. The low anodic peak potential can confirm that BiF and Poly(Hyp)
could act as electrocatalysts for Hyp detection. The difference in anodic peak current
(A/pa) measured in the Hyp solution subtracted from that measured in the PBS solution
was also investigated. The A/, values obtained from modified electrodes were higher
than that obtained from the bare electrode, indicating that BiF and Poly(Hyp) can improve
the electron transfer efficiency. However, the modification order of BiF and Poly(Hyp) also
significantly affected the Hyp response. BiF/Poly(Hyp)/SPGE exhibited a lower Al value
than Poly(Hyp)/BiIF/SPGE because of its higher background current. This can be
supposed that the BiF layer might hinder the electrical conductivity of Poly(Hyp) toward
Hyp detection, resulting in low sensitivity. Thus, Poly(Hyp)/BiF/SPGE is a suitable

electrode for Hyp detection and will be used for further measurements.
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Figure 42 (A) CV curves of 20 mM Hyp and (B) DPV curves of PBS pH 7.0 in the
absence (dash line) and presence (solid line) of 10 mM Hyp obtained from bare and

modified SPGEs.
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4.3.4 Electrochemical behavior of Hyp on Poly(Hyp)/BiF/SPGE

Hyp oxidation on Poly(Hyp)/BiF/SPGE was further investigated using the CV
technique with different scan rates, as illustrated in Figure 43A. The results showed that
the anodic peak currentincreases with the increase in scan rates. Furthermore, the anodic
peak potential shifted to a positive direction, indicating the irreversible process of Hyp on
the proposed electrode. To study the mass transfer kinetics of Hyp at the electrode
interface, the slope value of the logarithmic plots of the difference in anodic peak current
(Log Al,) vs. the scan rate (Log v) was obtained, as shown in the inset of Figure 43A. The
slope value was determined to be 0.49, which is close to the anticipated value of 0.5,
confirming that the oxidation process of Hyp on Poly(Hyp)/BiF/SPGE was diffusion-
controlled. Moreover, Andrieux and Savéant’s theoretical model (Equation (15)) was used
to calculate the diffusion coefficient (D,) of Hyp by plotting the square root of the scan

rates (v'°) against the difference in anodic peak current (A/pa), as shown in Figure 43B.

1/2
Alpq = 0496FAC,Dy () " v1/2 ... Equation (15)

where F is Faraday’s constant (96,485.339 C mol'1), A is the electroactive surface area
(0.191 cm?), C, is the Hyp concentration (20 x 10° mol cm™), R is the gas constant
(8.31447 J K" mol™), and T is the temperature (295.15 K). Using the slope of this
relationship, the D, value of Hyp was determined to be 1.32 x 10° cm®s™. Afterward, the
number of electrons transferred at the electrode interface (n) was calculated using
Equation (17).

ALy, = (2.99 x 105)n[(1 — a)ng)Y2ACDY/*vV/2 ... Equation (17)

The factor (1-a)ne was calculated based on Laviron’s theory by plotting the
relationship between the natural logarithm of the scan rates (Ln. v) and the anodic peak
potentials (£,,) (y = 0.0722x + 1.5308). Using the slope of this relationship, the factor (1-
o)ne was determined to be 0.352. Then, the number of transferred electrons can be

estimated to be 1.69 or ~2.
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Figure 43 (A) CV curves of 20 mM Hyp in PBS pH 7.0 at Poly(Hyp)/BiF/SPGE using
different scan rates (the inset exhibits the logarithmic plots between the different anodic
peak current and the scan rate). (B) The relationship between v"”? and Al values (h=

3).

The influence of pH on Hyp oxidation was also investigated using PBS with
different pH values. This study calculated the number of protons involved on the electrode
surface. Figure 44A depicts the CV responses of Hyp on Poly(Hyp)/BiF/SPGE in the pH
range of 5.0 to 9.0, showing that the £, value decreased with the increase in pH value.
Then, this relationship was plotted, as shown in Figure 44B (blue square dots), following
the Nernst equation (Equation (21)) (Dai, Crawford, Song, Fisher, & Lawrence, 2015):

Epg = E}’ormal —2.303 (mRT) PH ... Equation (21)

nF
where m and n are the numbers of protons and electrons involved on the electrode
interface, respectively. Using the slope obtained from this relationship, the number of
protons can be calculated as 0.86 or ~1. Hence, the mechanism of Hyp oxidized on
Poly(Hyp)/BiF/SPGE involves two electrons and one proton. Figure 45 presents the

possible reaction of Hyp oxidation on the proposed electrode.
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Figure 45 The possible reaction of Hyp oxidation in PBS pH 7.0 at the
Poly(Hyp)/BiF/SPGE.

Furthermore, the A/pa values were plotted against the pH values of PBS, as
presented in Figure 44B (the red curve), indicating that the highest A/ value was
observed at pH 7.0. The results indicated that the signal first increased from acidic (pH
5.0 and 6.0) to neutral (pH 7.0) pH and then decreased when Hyp dissolved in basic
electrolytes (pH 8.0 and 9.0). This behavior explained that the Hyp structure contains
carboxyl and amino functional groups. When the pH value was changed from 5.0 to 7.0,
we believed the deprotonation of Hyp occurred, facilitating the oxidation process. Thus,
the peak current increased. Further adjusting the pH to an alkaline value affected the

decreasing responses because of the formation of the conjugate base. Therefore, Hyp
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quantification should be performed under physiological pH conditions, making it suitable

for the analysis of body fluids, such as blood, saliva, and urine.

4.3.5 Optimization of DPV conditions

DPV was performed as a detection technique for the quantitative analysis of
Hyp. DPV parameters, such as step potential, pulse potential, and pulse time, were
optimized because they affected the analytical performance of the proposed sensor.
While the optimization of the investigated parameter was performed, the other parameters
were kept constant. The step potential, pulse potential, and pulse time were studied in the
range of 0.025t0 0.2V, 0.05t0 0.25V, and 0.05t0 0.25 s, respectively. As shown in Figure
46, the results indicated that a step potential of 0.025 V, a pulse potential of 0.2 V, and a
pulse time of 0.15 s were suitable conditions depending on the highest A/pa value. After
that, these parameters were used to detect 1 mM Hyp, and the obtained results were
compared to those before optimization. The results in Figure 46D showed that the
optimized parameters used for Hyp detection provided a 5.66-fold higher A/pa value,
indicating that a higher sensitivity should be obtained. Therefore, the DPV quantification

and the application of real sample analysis were studied under these optimal conditions.
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Figure 46 The optimization of DPV parameters, such as (A) step potential, (B) pulse
potential, and (C) pulse time, from the detection of 1 mM Hyp on Poly(Hyp)/BiF/SPGE (n
= 3). (D) DP voltammograms of PBS pH 7.0 in the presence (solid line) and absence

(dash line) of 1 mM Hyp before (blue curve) and after (orange curve) DPV optimization.

4.3.6 Analytical performance

The differential pulse voltammograms of different Hyp concentrations
prepared in PBS pH 7.0 are displayed in Figure 47A, showing that the peak current
increased with the increase in concentration. A linear curve was obtained by plotting the
A/pa values and the known Hyp concentrations. As shown in Figure 47B, a good linear
relationship was detected in the range of 0.01 to 5.0 mM with a linear regression (r2) of
0.9974. The LOD value for Hyp detection was determined to be 9.21 uM, calculated from
3SD,,,../slope. The obtained analytical performance was compared with that of previous
works, as shown in Table 14. The data showed that the LOD value of the proposed
electrode was not the lowest. However, the wide linear range covered the low and high
Hyp contents in biological samples, being the major advantage of this work. Moreover,

the proposed nonenzymatic sensor can be simply fabricated by two-step modification
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within 13 min, resulting in a stable and controllable composite on the electrode surface.
The as-synthesized composite does not require any pretreatment step before use. Thus,
these outstanding features lead to the possibility of being a valuable and practical Hyp

sensor for real applications.
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Figure 47 (A) Differential pulse voltammograms obtained from Poly(Hyp)/BiF/SPGEs
recorded in the absence (dash curve) and presence (solid curve) of 0.01 — 5.0 mM Hyp
in PBS pH 7.0. (B) The linear relationship between A/, values and various Hyp

concentrations.

Table 14 Comparison of the analytical performance between the proposed sensor and

previous reported sensors based on electrochemical Hyp detection.

Method Sensor Linear range LOD Ref.
L-HypE and D-
CA 10-100 uM 2.4 UM (Sakamoto et al., 2015)
HypDH/SPCE*
0.28
DPV AuNPs/GCE 1-100 mM (Durairaj et al., 2020)
mM
3.05-190.65 (Jesadabundit et al.,
EIS MIP/SPCE 0.99 uM
UM 2021)
Poly(Hyp)/BiF/SPGE
DPV 0.01-50mM  9.21 uM This work
(This work)

*Screen-printed carbon electrode modified with L-hydroxyproline epimerase and D-hydroxyproline dehydrogenase
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Reproducibility and stability were also investigated. The relative standard
deviation (RSD) values for Hyp detection at concentrations of 0.1, 0.5, and 1.0 mM using
10 different electrodes were reported as reproducibility. The results revealed good
reproducibility with RSD values of 4.88%, 4.06%, and 3.78%. Furthermore, the stability of
the proposed sensor was examined after storing the prepared modified electrodes at
room temperature. As shown in Figure 48, the Alpa value was stable within 12 days, with
the percentage of the decreased signal less than 3.02%. The results showed that good
stability was obtained even though the sensors were kept under normal conditions.
Hence, the proposed electrode can be an alternative sensor for Hyp detection in real-

world applications.

4.5

Days

Figure 48 CA responses of 0.5 mM Hyp obtained from Poly(Hyp)/BiF/SPGE sensors (n =

4) that were stored within 0 — 16 days.

4.3.7 Interference study
To evaluate the selectivity toward Hyp detection, the effect of interferences
was investigated by measuring 0.5 mM Hyp in the presence of some possible interfering
substances detected in urine, possibly providing the electrochemical signal in the

oxidative direction. In this case, the interfering compounds were 0.025 mM dopamine,
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0.05 mM proline, 0.1 mM uric acid, 0.25 mM ascorbic acid, 0.5 mM NaCl, 5 mM NaHCQO,,
5 mM urea, 5 mM creatinine, 5 mM glucose, and 300 mg L™ albumin, which are the
maximum concentrations detected in the urine of normal human subjects (Yomthiangthae,
Chailapakul, & Siangproh, 2022) (Wenjing Zhang et al., 2018). Figure 49 presents the
effect of foreign substances of interest on the Poly(Hyp)/BiF/SPGE sensor, showing no
significant changes in the A/pa values (less than £5%). The results indicated that interfering
substances did not affect Hyp detection. As a result, the proposed platform provided

good selectivity and could be further applied for practical use.
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Figure 49 The interference study of the proposed sensor for the Hyp detection (0.5 mM)

in the presence of some possible interfering substances (n = 3).

4.3.8 Application in real samples
To verify the practicality of Poly(Hyp)/BiF/SPGE, Hyp detection in real human
urine was conducted. The standard addition method was used to measure the Hyp
concentration in samples by spiking different known concentrations, as shown in Table
15. The recovery and RSD values were calculated to evaluate the accuracy and precision,
obtaining acceptable values from 96.20% to 102.68% with a deviation of less than 4.4%.

These results confirmed that the fabricated Poly(Hyp)/BiF/SPGE could be used as an
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alternative platform for Hyp analysis without any enzymes or complex modification

protocols.

Table 15 The practical application of the Poly(Hyp)/BiF/SPGE for the Hyp detection in

human urine samples (n = 3).
Gender Sample Added (mM) Found (mM)* Recovery (%) RSD (%)
0 - - -
Urine 1 0.05 0.048 £0.18 96.20 3.42
1 1.02 £ 0.81 101.85 3.24
0 - - -
Male Urine 2 0.05 0.051 £0.20 102.67 3.77
1 0.99 + 0.99 99.29 4.33
0 - = -
Urine 3 0.05 0.048 £ 0.29 96.94 4.13
1 0.98 + 0.32 98.01 1.40
0 - - -
Urine 4 0.05 0.050 + 0.27 100.54 3.72
1 1.00 £ 0.26 99.70 1.11
0 - - -
Female  Urine 5 0.05 0.050 + 0.28 100.54 3.91
1 0.98 £0.25 97.61 1.1
0 - - -
Urine 6 0.05 0.050 £ 0.21 99.61 2.92
1 1.03+0.33 102.68 1.39

*Found concentration + SD.



CHAPTER 5

Conclusions and future works

5.1 Conclusions

This dissertation presented the development of electroanalytical methods used
for the application of food quality control and clinical diagnosis. In particular, the focus
was on miniaturized electrochemical devices as sensing platforms for detecting analytes
of interest. The downsizing of bulky devices, along with simple fabrication procedures and
the use of low-cost materials, had led them to be easy-to-use sensors with economic
benefits. The compatibility of these devices with portable instrumentation can significantly
reduce the need for laboratory-scale equipment, making them suitable for field analysis
and resource-limited settings. This development serves as a driving force behind the
creation of effective sensors for various electroanalytical applications. For the specific

conclusion, it can be summarized as follows:

5.1.1 The development of a simple electrochemical approach for the
simultaneous detection of vitamin B,, vitamin Bg, and vitamin C using a modifier-free
screen-printed carbon electrode

A simple and cost-effective SPCE was developed for the simultaneous
detection of water-soluble vitamins, namely VB,, VC, and VB,. The measurement of these
vitamins at a modifier-free SPCE was performed for the first time. The proposed electrode
offered several advantages over conventional modified electrodes such as disposability,
simple fabrication, elimination of electrode maintenance, and low solution volume
requirement. The effect of various supporting electrolytes was systematically studied to
elucidate the electrochemical behavior of the vitamins. Under optimal conditions, using
PBS pH 3.5 as a suitable supporting electrolyte, the SPCE exhibited good sensitivity,
selectivity, and reproducibility for the simultaneous detection of VB,, VC, and VB in the
oxidative direction. Finally, the proposed procedure was applied for the simultaneous

detection of these vitamins in mixed vegetable fruit juice as well as artificial urine, yielding
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satisfactory results. Therefore, this proposed assay can be considered a promising and
attractive choice for the simultaneous detection of water-soluble vitamins in food and

clinical samples.

5.1.2 The development of a simple and rapid detection approach for urinary
albumin on a disposable paper-based analytical device using an electrochemical-

chemical redox cycling process

A disposable paper-based device was successfully developed to detect
urinary albumin using a powerful EC redox cycling process for the first time. This process
involved the use of a mixture of two electroactive species, namely [Fe(CN)5]3' and MB,
which generated a large electrochemical signal without requiring any modification to the
working electrode. The albumin detection strategy was based on the indirect detection
method, which involved the decrement of cathodic current in the presence of the target
analyte. Under optimized conditions, the calibration curve showed a linear relationship
between the difference in the cathodic peak current (Al ) and the logarithmic
concentration of BSA standard solution within a wide range of 1 to 500 mg dL™. The
detection and quantification limits were determined to be 0.072 and 0.24 mg daL™,
respectively, and the method demonstrated good reproducibility for detection with the
RSDs lower than 6.3%. Moreover, the developed method exhibited good selectivity for
albumin detection in an environment of interferences; thus, it was successfully applied to
detect albumin in real urine samples without creatinine correction, yielding desirable
results. The simplicity of operation, cost-effectiveness of paper-based devices, and a
short measurement time of 1 min were the major advantages of this procedure. Therefore,
this redox cycling process offered a promising system for point-of-care testing and can
be adapted in the future for the simple and highly sensitive detection of other

biomolecules.
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5.1.3 The development of a new sensing device for detecting L-hydroxyproline
using a screen-printed graphene electrode coated with bismuth film and poly(L-
hydroxyproline)

A concept for fabricating a novel material that served as a sensing platform
for Hyp analysis in biological fluids was developed. The material was made by combining
BiF and Poly(Hyp) on the SPGE surface. Among the various modification combinations,
the Poly(Hyp)/BiF/SPGE sensor was fabricated using a two-step process: (1) the
electrodeposition of BiF using a Bi(lll) solution and (2) the electropolymerization of
Poly(Hyp) using a L-Hyp solution. The morphology of the synthesized material was found
to be a sponge-like thin film with a uniform distribution of electroactive cavities on the
graphene surface. This structure provided a large area for interaction with the substance
of interest, leading to enhanced sensitivity in detection. Electrochemical characterization
confirmed that the proposed electrode had a larger electroactive surface area than the
electrode without modifiers, facilitating the electrochemical reaction. The analytical
performance of the proposed sensor was investigated by DPV, revealing a wide linear
range with a low limit of detection. This sensing platform also demonstrated good
reproducibility, stability, and selectivity for Hyp detection. In practical applications, the
developed sensor was used to quantify Hyp in human urine samples, yielding satisfactory
results. Therefore, this facilely synthesized material can lead to the development of an
enzyme-free biosensor that could serve as a valuable sensing platform for Hyp detection
in the clinical field. This could enable the screening and detection of collagen metabolism

abnormalities, bone disorders, and other related diseases.

5.2 Future works

Although the electrochemical detections presented in this dissertation are
simple, rapid, and effective, certain limitations in analytical performance must be
addressed. For example, the sensitivity of the sensor can be enhanced by modifying the
electrode surface with conductive materials, such as nanomaterials, metal alloys, and

polymers. Such an effort could result in a new and powerful sensing device for the
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sensitive detection of analytes of interest. The selectivity of the method can also be
improved by using specific recognition between target analytes and certain substances
such as reagents and antibodies. Moreover, the separation of analytes on a single
miniaturized device is a promising strategy to improve selectivity, as it reduces the
influence of unpredictable interferences that may be present in the sample. This solution
has the potential to eliminate sample preparation steps, making analytical methods more
convenient and powerful. Thus, these motivations provide new challenges for a wide

range of electroanalytical applications in the future.
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The effects of the supporting electrolyte on the
simultaneous determination of vitamin B,, vitamin
Be, and vitamin C using a modification-free
screen-printed carbon electrodery

[=

Phanumas Yomthiangthae, Takeshi Kondo,” Orawon Chailapakul and

Weena Siangproh (2

To provide new choices and to replace the complicated steps of synthesizing modified electrodes, this
research reports the systematic investigation of the effects of different supporting electrolytes on the
electrochemical behavior of vitamin B, (VB:), vitamin Bg (VBg), and vitamin C (VC) using a common
screen-printed carbon electrode (SPCE} to achieve simultaneous detection. The roles of various
well-known supporting electrolytes, including Britton—Robinson buffer solution (BRBS), acetate buffer
solution (ABS), and phosphate buffer solution (PBS}. in the electrochemical oxidation of VB,, VBg, and VC
were carefully evaluated by square wave voltammetry (SWV). From a successive investigation based on the
ionic conductivity of the species contained in the supporting electrolytes, PBS at pH 3.5 was selected as a
suitable supporting electrolyte for the simultaneous detection of VB, VBg and VC. Under the optimized
conditions, the simultaneous detection of VB,, VB, and VC provided satisfactory sensitivity, selectivity, and
reproducibility even when using a common electrode. To demonstrate the practicality and reliability of the
proposed analytical procedure, the simultaneous detection of VB, VBg, and VC was performed in mixed
vegetable and fruit juice samples and urine samples by SWY, and the results were compared with those
obtained by chromatographic detection. Therefore, this method was found to be simple and may be a
new alternative for the simultaneous determination of VB;, VBg, and VC in practical applications.

field and to constrain the interfacial potential difference to the
closest distance of approach of solvated ions to the electrode.®?

A supporting electrolyte {inert electrolyte or inactive electrolyte)
is a necessary solution to preserve the conductivity and ionic
strength of an electrochemical system. Chemical species con-
taining a supporting electrolyte are required to have non-
electroactive properties within the applied potential window,
and their conductivities are considerably larger than those of
the electroactive species or analytes." The essential roles of a
supporting electrolyte are to minimize the resistance of an
electrochemical cell to eradicate the transportation of electro-
chemical species caused by migration effects in the electric
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These phenomena will diminish the uncompensated iR drop,
which causes potential-control errors, and the ohmic heating
of a solution to enable the acquisition of factual potential
measurements.*

Normally, the concentration of ionie species in a supporting
electrolyte is at least 50-100 times that of the electroactive
species and is the most significant source of electrically con-
dueting ionic species.” These electrolytes can be an inorganic
or organic salt, an acid or a base, or a buffer solution such as
acetate, carbonate, or phosphate. Among these supporting
electrolytes, buffer solutions are greatly used in electrochemical
systems because of the ability to preserve the pH at a virtually
constant value. Due to the advantageous properties of buffer
solutions, in numerous reports of electroanalytical applica-
tions, buffer solutions are selected to serve as supporting
electrolytes for the detection of interesting electroactive species,
especially for vitamin detection.®™®

Vitamins are a disparate group of compounds which are
essential nutrients for humans.” They are classified into 2
groups by their solubilities, namely water-soluble vitamins
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{vitamin B and vitamin C) and fat-soluble vitamins (vitamin A,
vitamin D, vitamin E, and vitamin K). Vitamins play important
roles in various biological functions. Vitamin B, {VB,) is an
important component of a flavoenzyme that catalyzes a variety
of biochemical reactions of carbohydrates, proteins, and fats in
the human body. VB, promotes the growth process and the
reproductive system,; strengthens visibility and relieves eye fatigue;
and prevents inflammation of the mouth, lips, and tongue.*
Vitamin Bs (VB,) is involved in many aspects of macronutrient
metabolism, histamine synthesis, hemoglobin synthesis, and
gene expression. It participates in the activities of many enzymes
and maintenance of skin as well as of the nervous and immune
systems.'! Vitamin C (VC) is an antioxidant that is necessary for
the growth, development, and repair of all tissues. It is involved in
many functions of the human body, including the formation of
collagen, the absorption of iron, the immune system, wound
healing, and the maintenance of cartilage, bones, and teeth.'
These mentioned water-soluble vitamins must be obtained daily
from food. Moreover, they are not stored in the human body
because of urinary excretion. Therefore, the determination of
vitamins in real samples is important for various applications to
monitor the quantities of vitamins in consumer products and to
indicate abnormalities or diseases.

Due to the importance of the mentioned vitamins, various
analytical methods have been developed and proposed for
the determination of VB,, VBg, and VC in both individual and
simultaneous measurements, including high-performance liquid
chromatography,® spectrophotometry,"* chemiluminescence,"
and electrophoresis.'® Unfortunately, these techniques have
some limitations despite their high sensitivity and selectivity
for detection. For example, they are time-consuming, expensive
to maintain, complicated to operate, require large volumes of
solution and have several pre-conecentration steps. Consequently,
other novel methodologies must be developed for VB,, VBs, and
VC detection to achieve the objective of simple practicality in
various field analysis applications.

For twenty-first-century analytical experimentation, the electro-
chemical method is another choice for the simultaneous deter-
mination of VB,, VBg, and VC due to its simplicity of operation,
rapid results, direct measurement, and high sensitivity and
selectivity. In previous electrochemical research,"” ™ the detection
of VB,, VB, and VC was achieved principally by various modified
electrodes which provided high precision and high sensitivity.
However, these electrodes are not suitable for some applications
because of disadvantages such as high cost, long modification
times with complicated steps, and large solution volumes
required for analysis. The most important factor is that it is
difficult to meet the requirements of field analysis by performing
surface modification of electrodes. Therefore, the selection of a
suitable, simple, and inexpensive electrode platform is currently
significant for application in real sample analysis to increase the
performance of analytical methods.

Currently, the advancement of screen-printing technology for
the fabrication of screen-printed electrodes {SPEs) is attracting
enormous attention due to the advantageous properties of SPEs
compared to conventional electrodes,? such as cost-effectiveness,
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disposability, simplicity, versatility, availability of materials and
patterns, elimination of electrode maintenance, requirement
for low volumes of solution, and appropriateness for outside
laboratory measurement. For these reasons, these devices have
been widely applied in electrochemical analysis for environ-
mental monitoring,” clinical diagnoses,® and food safety
assessment.*" Various reports demonstrated that these electro-
chemical devices are generally fabricated on paper as a sub-
strate;**** these are called electrochemical paper-based
analytical devices {(ePADs). The main advantages of ePADs are
that they are simple, cost-effective, portable, and disposable.®®
However, in addition to paper, other substrates are additionally
consumed as platforms for the fabrication of SPEs, such as
acrylie, ceramic, and PVC sheets. To provide a different plat-
form for the development of electrochemical devices, commer-
cial plastic sheets {OHP films) have recently been employed to
fabricate electrode platforms named transparent film-based
analytical devices {TFADs).”® Because of their compatibility with
screen-printing technology, ready availability in local stationery
stores and low cost, OHP films have received considerable
attention for the fabrication of screen-printed electrodes.

Herein, the main objective of this research was to focus
on the effect of supporting electrolyte on the simultaneous
detection of VB,, VB, and VC using a common screen-printed
carbon electrode (SPCE) to obtain a simple detection method
and to overcome the cost of analysis as well as the need for
complex modifications using various modern materials. Also,
we propose the manual fabrication of an SPCE, named an electro-
chemical transparent-film based analytical device {eTFAD), using a
transparent film substrate that is commercially available in a local
stationery store. Under the optimal conditions, the overall electro-
chemical experiment was rapid, convenient, and uncomplicated in
comparison to those described in previous studies. Additionally,
the proposed procedure was sensitive and selective for the deter-
mination of the amounts of selected vitamins in real samples.
For various practical applications, the developed electrochemical
electrode was successfully applied for the determination of
mentioned vitamins in a mixed vegetable and fruit juice sample
and an artificial urine sample to demonstrate the reliability of
the proposed analytical system. The results obtained show the
effectiveness of the method for monitoring the quantities of
vitamins in consumer products or for indicating abnormalities
and diseases. This finding provides an alternative method and a
new vision to achieve applications using basic concepts and may
encourage researchers to perform novel work using basic instru-
ments to overcome experimental limitations.

2. Experimental
2.1. Chemicals and reagents

All chemicals were used as received without further purification.
Carbon paste {€2130307D1) and silver/silver chloride paste
{C2130809D5) were purchased from Gwent Group (Torfaen,
United Kingdom). Riboflavin {vitamin B,, VB,) and r-ascorbic
acid {vitamin C, VC) were purchased from Sigma-Aldrich

This jourral is @ The Royal Society of Chemnistry and the Centre National de la Recherche Scientifique 2020
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(St. Louis, MO, USA). Pyridoxine hydrochloride (vitamin Bs, VBs) was
purchased from Hi-Media Laboratories Pvt., Ltd (India). Sodium
dihydrogen orthophosphate {NaH,PO,-2H,0) and disodium hydro-
gen orthophosphate (Na,HPO,-2H,0) were acquired from Ajax
Finechem Pty., Ltd (New South Wales, Australia). Ethanol and
ortho-phosphoric acid (HsPO,, 85% purity) were acquired from
Merck {Darmstadt, Germany). Acetone {commercial grade) was
purchased from CaHC (Thailand) Co., Ltd {Bangkok, Thailand).

All solutions were prepared using Milli-Q water obtained from
a Millipore water purification system (R = 18.2 MQ c¢m at 25 °C).
All stock standard selutions {1 mM) were prepared weekly in water
and maintained in the dark at —20 °C. To prepare the working
standard solutions, the stock standard solution was diluted with
supporting electrolyte and mixed using a vortex mixer. Phosphate
buffer solution (PBS), which served as a supporting electrolyte,
was prepared by mixing 0.1 M NaH,PO, and 0.1 M Na,HPO, and
was adjusted to the desired pH with 0.1 M H3PO,. Britton-
Robinson buffer solution {(BRBS) was prepared by mixing equal
volumes of 0.04 M CH;COOH, 0.04 M H;BO; and 0.04 M H;PO,
and was adjusted to the desired pH with 0.2 M NaOH. Acetate
buffer solution {ABS) was also prepared by mixing 0.1 M
CH;COOH and 0.1 M CH;COONa and was adjusted to the desired
pH with 0.1 M HCl or 0.1 M NaOH.

2.2. Fabrication of the electrochemical transparent
film-based analytical device (¢TFAD)

The electrode pattern was designed using Adobe Ilustrator CC
2018. To obtain the electrode blocks for screening, the designed
patterns were built by Chaiyaboon Brothers Co., Ltd {Bangkok,
Thailand). Screen-printed electrodes were fabricated using a manual
screen-printing method on a transparent sheet as a substrate as
described in a previous report.”’ Briefly, the clean transparent
sheet was screen-printed with carbon paste to obtain the working
electrodes and counter electrodes. Then, these electrodes were
placed in an oven at a temperature of 55 °C for 30 min to remove
the solvent and to diy the electrodes. Next, silver/silver chloride
{Ag/AgCl) paste was screen-printed on the same transparent sheet to
obtain the reference electrodes and the conductive pads. After that,
the electrodes were placed in an oven at a temperature of 55 °C for
30 min. Finally, the common screen-printed carbon electrodes
(SPCE) were obtained and ready to use for an experiment.
A photograph of the obtained eTFAD is shown in Fig. 1.

2.3. Electrochemical measurements

The electrochemical experiments were performed using a
PGSTAT128N potentiostat galvanostat from Metrohm-Autolab
(Switzerland) with NOVA 1.10 software {(Kanaalweg 29-G 3526 KM
Utrecht, The Netherlands). A three-electrode system was fabricated
on transparent sheets and was employed throughout the experi-
ment. The geometric area of the working electrode was 0.126 cm”
{caleulated from cireular area = 7% r = 0.2 em). For the electro-
chemical measurements, a 100 pL aliquot of a standard or sample
solution was thoroughly dropped onto the detection zone, covering
all three electrodes. After that, electrochemical techniques were
performed, including cyclic voltammetry {CV) or square wave
voltammetry (SWV). For the CV measurements, the potential was
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Fig. L Photograph of the electrochemical transparent film-based analy-
tical device (eTFAD) consisting of screen-printed working (middle), refer-
ence (left), and counter (right) electrodes.

applied over the range from —1.1 V to 1.3 V with a scan rate of
100 mV's . Similarly, SWV measurements were performed for the
simultaneous quantitative determination by applying potentials
from —1.0 V to 1.3 V with a step potential of 5 mv, an amplitude of
25 mvV, and a frequency of 5 Hz.

2.4. Sample preparation

To demonstrate the application potential of the proposed
electrode, two types of samples, including mixed vegetable
and fruit juice and artificial urine, were investigated for the
simultaneous determination of water-soluble vitamins.

The mixed vegetable and fruit juice was purchased from a
convenience store in Thailand. 5 mL of juice sample was added
to a test tube. Then, the sample was centrifuged for 15 minutes
at 2500 rpm, followed by filtration through a filter paper, and
maintained in a dark container at 4 °C. After that, samples were
spiked at various conecentrations of standard vitamins, and the
spiked solution was diluted 10-fold with PBS pH 3.5 (a suitable
dilution order); the quantities were then measured using the
SWV technique as described in Section 2.3. Then, the average
recovery percentage was calculated.

Artificial urine was purchased from Carolina Biological
Supply Company {Burlington, USA). For the sample prepara-
tion, the artificial urine and spiked artificial urine were simply
diluted 1000-fold with PBS pH 3.5, which is a suitable dilution
order for this sample. After that, the samples and spiked
samples were quantitatively measured using the same proce-
dure used for the mixed vegetable and fruit juice.

3. Results and discussion

3.1. Electrochemical behavior for the simultaneous detection
of VB,, VBg, and VC

Cyclic voltammetry was initially used to investigate the electro-
chemical properties of the system and the possibility of

MNew S, Chem,, 2020, 44,12603-12612 | 12605
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Fig. 2 Cyclic voltammograms obtained from the common SPCE in the absence (dashed line) and presence (solid line) of 1 mM VB, (A), 1 mM VC (B),
1 mM VBg (C), and the mixture solution of 1 mM VB, 1 mM VC, and 1 mM VBg (D). BRBS pH 7 served as the supporting electrolyte. All cyclic

voltammograms were recorded at a scan rate of 100 mV st

simultanecus detection of VB,, VBg, and VC. To examine the
oxidation or reduction mechanism of selected vitamins on a
common SPCE surface, cyclic voltammograms of VB,, VBe, and
VC in Britton-Robinson buffer solution {BRBS) at pH 7 were
preliminarily recorded at a scan rate of 100 mv s . The
obtained voltammograms from both individual and simulta-
neous detection are shown in Fig. 2. The cyclic voltammogram
of VB, shown in Fig. 2A exhibits a pair of sharp and well-
behaved redox peaks at —0.60 V and —0.75 V for the anodic
and cathodic peaks, respectively. This result reveals that VB,
can display reversible properties because the ratio between
the anodic and cathodic current is around 1.0. However, the
separation of the anodic and cathodic peak potential is around
0.15 V, which is greater than that in the reversible process
{0.059/n v, where n is the number of electrons transferred). This
result can be attributed to the fact that the electron transfer
reaction of VB, proceeds at a slow rate.*® The cyclic voltammo-
gram of VC depicted in Fig. 2B displays a sharp and strong
oxidation peak at 0.35 V with a peak current of 27.65 pA. This
result indicates that the oxidation of VC at the electrode surface
is an irreversible process. Similarly, the oxidation of VBs was
found to be an irreversible process due to the presence of a
small and broad oxidation peak at 0.82 V, as demonstrated in
Fig. 2C. From these results, it can be concluded that simulta-
neous detection of VB,, VB, and VC can be performed on the
proposed analytical electrode because of the explicit distinction
of their peak potential positions.

Subsequently, the simultaneous detection of VB, VC, and
VB, was investigated, as shown in Fig. 2D. From the voltammo-
gram, VB, exhibited a pair of outstanding redox peaks at —0.48 V
and —0.61 V for the anodic and cathodic peaks, respectively.
Meanwhile, VC and VB, provided broad anodic peaks at 0.41 V
and 0.90 V, respectively. The obtained voltammogram confirmed
that simultaneous detection of VB,, VC, and VB, in the oxidative
direction is possible due to the distinction of the peak potential

12606 | Mew J. Chem., 2020, 44,12603-12612

positions; as anticipated, the results are the same as those
obtained from the individual detection. The discovered results
are in good agreement with a previous critical review of all
vitamins;*® therefore, the simultanecus detection of VB,, VC,
and VBg can be performed using a common SPCE.

3.2. Influences of pH and the supporting electrolyte on the
electrooxidation of VB,, VC, and VBg

The effects of adjusting the pH value of the supporting electro-
Iyte on the oxidative behavior of VB,, VC, and VB, disclose
significant information about the mechanisms of the electro-
chemical reactions at a common SPCE. Therefore, the influences
of pH and the supporting electrolyte on the electrooxidation of
VB,, VC, and VB were carefully investigated by square wave
voltammetry. The suitable pH conditions were preliminarily
studied using BRBS at pH 5, 7, and 9 as representatives of acidic,
neutral, and basic buffer electrolytes, respectively. The obtained
voltammograms from the simultaneous detection are shown in
Fig. 3A. With increasing pH value, the anodic currents of VB,,
VC, and VB, decreased obviously. We believe that in our case, an
acidic supporting electrolyte would strongly increase the current.
By considering the pK, values of each vitamin, the results can be
attributed to the fact that the ionic forms of the target analytes
affect the electrooxidation processes at the electrode surface.
According to data obtained from the literature,*” the pK, values
of each vitamin are as follows: VB, = —0.2 and 6.0, VC = 4.2,
and VBg = 5.6 and 9.4. These values indicate that the three
compounds can exist in their ionic forms in aqueous solutions.
Fig. S1 {ESIT) shows the charge versus pH curves {CurTiPot
software)*! for the VB, VC, and VB molecules. As can be
observed, VB, and VB are amphoteric molecules (pI = 2.9
and 7.5, respectively) which can exist in cationie, anionic, and
neutral forms. In contrast, VC presents weak acid character and
is predominantly negatively charged in solutions with pH
values higher than 6.5. As shown in Fig. 3A, the vitamins

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Sdentifique 2020
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Fig. 3 Square wave voltammograms of the mixture solution of vitamins
(0.1 mM VB,, 0.4 mMVC, and 0.4 mM VB,) in BRBS at pH 5, 7, and 9 (A) and
in BRBS, ABS, and PBS at pH 5 (B) obtained from a common SPCE. All
square wave voltammograms were recorded at a step potential of 5 mV, an
amplitude of 25 mV, and a frequency of 5 Hz

provided the highest anodic currents in BRBS pH 5, which is in
the acidic range. It can be reasoned that VB;, VC, and VB, exist
predominantly in neutral, anionie, and cationic forms, respec-
tively. We assumed that these ionic forms readily transfer electrons
at the electrode surface. On the other hand, the anodic currents
decreased when the vitamins were dissolved in BRBS pH 7 and 9,
which are in neutral and alkaline ranges, respectively, because VB,
and VB, exist predominantly in cationic and neutral forms,
respectively. Meanwhile, VC exists completely in anionic form.
These ionic forms in neutral and basic supporting electrolytes
transfer almost no electrons at the electrode surface. From these
results, it can be concluded that an acidic supporting electrolyte is
suitable for the detection of VB,, VC, and VB,.

Afterward, the type of supporting electrolyte was investigated at a
fixed pH value of 5 corresponding to the previous step to determine
the most appropriate electrolyte for the detection of VB,, VC, and
VBg. As mentioned previously, based on electrochemical research,
buffer systems are universally used as supporting electrolytes due to
their pH regulation ability. In this research, buffer systems at pH 5
consisting of Britton-Robinson buffer solution {BRBS), acetate buffer
solution {ABS), and phosphate buffer solution {PBS) were studied by
square wave voltammetry for the selection of an appropriate sup-
porting electrolyte. Fig. 3B shows square wave voltammograms of a
mixture solution in various buffer systems at pH 5. By considering
the anodic currents, PBS at pH 5 provided the highest responses. We
believe that in our case, the properties of the buffers, particularly
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their electrical conductivity, are involved in the electrooxidation of
these vitamins. Consequently, the electrical conductivity of the
species contained in the proposed buffer systems is discussed, as
reported in ref. 42 and 43. In detail, PBS at pH 5 contains HzPO,,
NaH,PO,, and Na,HPO,, which provided specific conductances
(20 °C) of 5.5, 2.2, and 4.6 mS cm ", respectively. These values are
higher than those of the other species contained in the other buffer
systems. For example, ABS at pH 5 contains CH;COOH and
CH;COONa, which provided specific conductances (20 °C) of
0.3 and 3.9 mS em ', respectively. Similarly, BRBS at pH 5, which
contains H;PO,, CH;COOH, and H;BOj;, provided the specific
conduetance (25 °C) of boric acid of 0.008 mS em . It has been
found that a higher specific conductance affords better elec-
trical conductivity. As a result, the resistance of the electro-
chemical cell can decrease and eliminate electromigration
effects, which is desirable in controlled-potential experiments.
Accordingly, it can be concluded that PBS with an acidic pH value
is a suitable electrolyte for the detection of VB,, VC, and VB,

To confirm the effects of the acidic electrolyte, the influence
of solution pH on the electrochemical behavior of VB,, VC, and
VBs in PBS using a common SPCE was studied at specific
pH values ranging from 3.5 to 6.5. Fig. 4A shows the anodic
peak potentials (Ep,) for these vitamins and their linear regres-
sion equations: Fpa {V) = —0.0533pH — 0.295 (r* = 0.9929)
for VBs; Epa (V) = 0.0556pH + 0.0334 {r* = 0.9901) for VC; and
Epa (V) = —0.054pH + 1.0377 (r” = 0.9925) for VB,. The Nernst
equation {eqn (1)) explains the relationship between Ep, and
pH, where n and m represent the numbers of electrons and
protons involved in the reaction, and @ and b are the coeffi-
cients of the oxidant and reductant in the reaction:**

Epa=E'+ (@) log

All the slopes between Ep, and pH of each vitamin were very
close to 59 mV pH ' at 25 °C; this indicates that the overall
electrochemical process at the proposed electrode is proton-
dependent, while the electron transfer is regulated by the transfer
of an equal number of protons and electrons.

Furthermore, the anodic peak eurrents (/) as a function of pH
were investigated, as presented in Fig. 4B. The anodic currents of
VB,, VC, and VBg do not present significant distinction with
increasing pH until the value reaches 6.5. Consequently, the
difference between the anodic peak potentials of VC and VB, is
the primary consideration to select the appropriate pH value. The
difference of anodic peak potential between these two vitamins
decreases with increasing pH value, leading to overlapping of the
anodic peaks. PBS at pH 3.5 provided the highest difference in the
anodic peak potentials; therefore, it was chosen as an appropriate
pH value for the simultaneous detection of VB,, VC, and VB,. We
suppose this is due to the dissolution of these vitamins in acidic
solution {pH 3.5), in which VB, and VC predominantly exist in
neutral forms; meanwhile, VB, is positively charged because of
the protonation of the nitrogen in the pyridine ring. These
molecules and their ionized forms can be oxidized at different
applied potentials using a common SPCE.

(oxy*
(R

- (0.0591%)pH a)
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Fig. 4 Influences of solution pH on the anodic peak potentials (A) and
peak currents (B) in the oxidation of 100 uM VB,, 400 pM VC, and 400 uM
VB¢ in PBS at a common SPCE

3.3. The effects of scan rate on the electrooxidation of VB,,
VC, and VBg

To elucidate whether the mass transfer of the analyte toward
the electrode surface is diffusion- or adsorption-controlled, the
effects of the scan rate on the electrooxidation of VB,, VC, and
VB¢ were investigated by cyelic voltammetry. Fig. 5A shows
eyclic voltammograms of VB,, VC, and VB, at a common SPCE
using different scan rates. The results show that the redox peak
currents for VB, increased with increasing scan rate while their
redox peak potentials retained the same values; this suggests
that the electron transfer process is reversible. On the other
hand, the anodic peak currents for VC and VB, increased with
increasing scan rate; however, their anodic peak potentials
gradually shifted to positive values, indicating that the electron
transfer processes were irreversible. Linear dependence of the
anodic peak current of all three vitamins versus the square root
of the scan rate was observed, as displayed in Fig. 5B. These
behaviors demonstrate that the electrochemical oxidations of
all three vitamins at the common SPCE are diffusion-controlled
processes.*®

Using the information received from the linear regression of
the relationship between the anodic peak currents {I,.) and the
square root of the scan rates (%), the relationship shown in
eqn (2) was applied to estimate the diffusion coefficients {Dg) of
all three vitamins.*®

1/2
Ly — 0496F4C, D2 [ L) 2)
pa B s£20 RT
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Fig. 5 (A) Cyclic voltarnmograms of 1 mM VB,, 1 mM VC, and 1 mM VBg in
PBS pH 3.5 at the common SPCE using a series of scan rates (50, 75, 100,
200, and 300 mV s74. (B) The relationships between the anodic peak
current {f,,) and the square root of the scan rate. (C) The variations of the
anodic peak potential (Epa) and the natural logarithrn of the scan rate (Iny)
from 50 to 300 mV s

where F is the Faraday constant, 4 is the geometric area of the
working electrode (0.126 cm?), ¢ is the concentration of the
vitamin {1 x 10 ® mol em ?), D, is the diffusion coefficient of
the vitamin, R is a gas constant {(8.31447 Jmol 'K 1), and Tis
the temperature (298 K). The calculated D, values of VB,, VC,
and VB, were found to be 8.07 x 10 °, 5.32 x 10 °, and 1.57 x
10 7 em® s ', respectively. Then, the number of electrons {71}
involved in the electrooxidation of VB, was determined by the
Randles-Sevcik relationship for a reversible process {egn {3)):

Ipa = (2.69 x 10°)0°°ACD, ' 3

Using eqn (3) and the previously estimated Dy of VB,, the
number of electrons involved in the electrooxidation of VB, was
calculated and was found to be n = 1.07 {(r ~ 1). Next, the
number of electrons involved in the electrooxidation of VC and
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VB6 was determined by the Randles-Sevcik relationship for the
irreversible process {eqn {4)):

Ipa = (2.99 x 10°Jn[(1 — a)n]"”ACD, 1M {4)

To calculate the » value, it is unavoidable to initially solve
the factor of {1 — a)r. Using the Laviron theory for oxidative
reactions {eqn (5)),*’ the calculation was based on the linear
relationship between the anodic peak potential {Ep,) and the
natural logarithm of the scan rate {In v}, as shown in Fig. 5C.
Based on eqn (5) and the slopes obtained from the linear
relationship between E,, and Inv, the factors of (1 — a)n for
VC and VB, were found to be 0.572 and 1.00, respectively.

RT RTE, RT | ©
N —wnF (I —opF (1 _ank

Fpa = E° +

After calculating the factors of (1 — o)n using eqn {4) and the
previously estimated D, values of VC and VB, the numbers
of electrons involved in the electrooxidation of VC and VBg
could be calculated and were found to be 7 =1.32 (n ~ 2) and
n=0.998 (n ~ 1), respectively.

3.4. Analytical performance

Square wave voltammetry was selected for the simultaneous
determination of VB, VG, and VB, in mixture solutions due to
its better resolution and higher sensitivity than cyclic voltam-
metry. Under the optimized experimental conditions {a step
potential of 5 mV, an amplitude of 25 mV, and a frequency
of 5 Hz), square wave voltammograms were obtained for the
electrooxidation of different concentrations of the mixture of
VB,, VC, and VB, at a common SPCE, as shown in Fig. 6A. The
results present that the well-defined anodic peaks of all three
vitamins are sufficiently separated to discriminate and measure
the current. Additionally, increments in the peak currents of all
three vitamins can be observed simultaneously as their con-
centrations increase. Fig. 6B displays the calibration curves of
all three vitamins, indicating that the anodic peak currents for
the electrooxidation of all three vitamins increased proportion-
ally with their corresponding concentrations. From these
results, the linear ranges for the simultaneous determination
of VB,, VC, and VBg were found to be 1-60 pM, 10-400 uM, and
10-400 pM, with detection limits (calculated as the 3a value
of the blank) of 0.37 uM, 5.07 uM, and 3.32 uM, respectively.
A comparison of the analytical performance in this work to
previous work is shown in Table 1. The detection limits and linear
ranges of the proposed system are not as low as those obtained
for other modified electrodes. However, we first proposed the
simultaneous determination of VB,, VC, and VB, using a common
SPCE by systematically studying all experimental parameters
that affect the peak separation and sensitivity. Our proposed
methodology provides various advantages, such as a low-cost,
modification-free electrode and the requirement of a small sample
volume for analysis. Moreover, this proposed system is easy to
apply for commercialization of the electrode in the future.

To investigate the practicality of the common SPCE for the
simultaneous determination of VB,, VC, and VB, the individual
determination of each vitamin was performed by varying the
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Fig. 6 (A} Square wave voltammograms of VB, VC, and VB¢ in concen-
tration ranges of 1-60 uM, 10-400 pM, and 10-400 uM, respectively,
in PBS pH 3.5 at the common SPCE. (B) Calibration plots of the anodic peak
current of each vitamin versus the concentration

concentration of one analyte while those of the others remained
constant. The results in Fig. S2A (ESIT) display that the anodic
peak currents of VB, increased with concentration; meanwhile,
the anodic peak currents of VC and VB, were equally unaltered at
these concentrations, as shown in Fig. S2B (ESIt). In the same
way, as can be seen in Fig. S2C and D {ESIt), the anodic peak
currents of VC increased linearly with increasing concentration.
Similarly, Fig. S2E and F (ESIt) show that the anodic peak current
signals for VB, also increased with increasing concentration. By
comparison between the anodic peak currents and concentrations
from the individual and simultaneous determinations, the slope
of each vitamin was virtually unchanged. This emphasizes that
the electrooxidation process of each vitamin is independent;
therefore, the simultaneous determination of these vitamins is
feasible without any interference from each other’s presence.
The reproducibility of the determination of all three vitamins
at various concentrations was calculated in terms of relative
standard deviation {RSD) by using seven different electrodes
{r = 7). The value was lower than 6.5%, which can be acceptable.*®
As shown in Table S1 (ESI}), this indicates that this electrode can
be successfully employed for the simultaneous determination of
water-soluble vitamins with excellent reproducibility.

3.5. Interference study

To investigate the selectivity of the proposed electrode and the
developed method, the influence of various foreign species on
the simultaneous determination of 20 uM VB,, 60 uM VC, and
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Table 1 Comparison of the analytical performance of this work with previous work for the simultaneous determination of VB,, VC, and VBg
Detection limit (pM Linear range (uM

Modification (™M) ge (M)
Working electrode time® Technique VB, VC VBg VB, vC VBg Ref.
PGCE 15 min DPFV 0.001 — 0.8 0.005-100 75-75000  2.5-7500 17
MWCNT/GCE — cv 0.7 5 10 1-100 50-2000 50-2000 18
PEDOT/Fc™ /GCE 5 min DPFV 0.5 0.7 0.1 0.1-300 1.5-2000 0.5-1500 19
PEDOT/Fe(CN)g‘k/GCE 0.02 0.5 0.3 0.04-200 1-2000 0.7-1500
PEDOT/ZrO,NPs/GCE 10 min DPFV 0.012 .45 0.2 0.05-300 1-1500 0.5-1000 20
Ag-PLA/GCE 10 min Lsv 0.08 3 5 0.1-23 5-4000 10-3000 21
f-MWCNT-Cu,0-Ag,0 composite/ >1 day DPFV 0.014 ¢.011 0.008 0.05-1752  0.05-1628 0.02-1056 22
copper substrate
Modification-free SPCE No SWV .37 5.07 3.32 1-60 10-400 10-400 This work

PGCE: pretreated glassy carbon electrode; MWCNT: multi-walled carbon nanotubes; PEDOT: poly(3,4-ethylenedioxythiophene); Fe: ferrocenecar-
boxylic acid; Fe(CN)g*: ferricyanide; ZrO,NPs: zirconia nanoparticles; Ag-PLA: silver-doped poly(i-arginine); f-MWCNT-Cu,0-Ag, 0: functionalized
multi-walled carbon nanotubes supporting Cu,0 and Ag,0O composite; DPV: differential pulse voltammetry; LSV: linear sweep voltammetry.
@ Estimated modification time (1 electrode). All modification steps were included.

Table 2 Tolerance ratios of foreign species in the simultaneous determination of 20 uM VB, 60 puM VC, and 60 uM VBg on the common SPCEs

Tolerance ratio (Cupecies/Carget vitamins)

Foreign species VB, vC VB

Na*, K', Mg, Ca®, AI**, CI™, HCO;™, §0,°7, PO~ 3000 1000 1000
VB,, VB;, VB;, glucose, fructose, citrate, L-lysine, L-cysteine, L-methionine 300 100 100
Fe”, Cu™, VB,, oxalate 30 10 10
VB2, uric acid 15 5 5
Albumin, globulin 5 5 5

60 uM VB, in PBS pH 3.5 was evaluated. The tolerance limit
was calculated to be lower than 5% of the relative error. The
results revealed that 3000-fold and 1000-fold concentration
ratios of Na', K', Mg™, Ca®", A", €l , HCO® , 80,> , and PO,° ;
300-fold and 100-fold concentration ratios of VB, VB, VBs, glucose,
fructose, citrate, t-lysine, r-cysteine, and r-methionine; 30-fold and
10-fold concentration ratios of Fe®", Cu’", VBs, and oxalate; 15-fold
and 5-fold concentration ratios of VB, and uric acid; and 5-fold
concentration ratios of albumin and globulin did not interfere
with the measurement of VB,, VC, and VB (Table 2). No
significant changes in the current signals were observed. Thus,
the proposed electrodes show good selectivity towards the
simultaneous determination of these three vitamins.

3.6. Application in real samples

To examine the practicality and reliability of the proposed
method, the simultaneous determination of VB, VC, and VBg
at the common SPCE was performed in mixed vegetable and
fruit juice and artificial urine samples. The concentrations of the
vitamins were determined by square wave voltammetry using the
standard addition method to prevent any matrix influence.
Recovery studies were carried out by spiking VB,, VC, and VB,
into the samples at various concentration levels. The experi-
mental results revealed in Tables 82 and 83 (ESI}) display
that the recovery values were in the range of 83.91-109.10%,
which is acceptable. Furthermore, to confirm the aceuracy of the
proposed method, the concentrations of VB,, VC, and VB; in
these samples were also determined by HPLC-DAD. The paired
t-test between the two methods disclosed that the results were in
good agreement because the caleulated t-value (2.15) was less

12610 | new J Chem, 2020, 44,12603-12612

than the critical value {2.31) for a two-tailed comparison. There-
fore, a common SPCE can be successfully used for the simulta-
neous determination of VB,, VC, and VB in real applications.

4. Conclusions

In summaty, a simple and cost-effective modification-free SPCE
was developed for the simultaneous determination of VB,, VC,
and VBg. To the best of our knowledge, the measurement of
these water-soluble vitamins at a common SPCE was performed
for the first time. While continuously maintaining high effi-
ciency, the proposed electrode still provided many advantages
over previous conventional modified-electrodes, such as
disposability, simple fabrication procedure, elimination of
electrode maintenance, and low solution volume requirement.
The effects of various typical supporting electrolytes were
successively studied to investigate the electrochemical behavior
of VB,, VC, and VB,. Under the optimal conditions, using
PBS pH 3.5 as a suitable supporting electrolyte, a common
SPCE exhibited good sensitivity, selectivity, and reproducibility
towards the simultaneous determination of VB,, VC, and VBe in
the oxidative direction without any surface modification of
the working electrode. Finally, the proposed procedure was
applied for the simultaneous determination of these vitamins
in mixed vegetable and fruit juice and in artificial urine with
satisfactory results. Therefore, this proposed assay can be
selected as a good and attractive choice for the simultaneous
determination of water-soluble vitamins in food and clinical
samples.
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ABSTRACT

Keywords:
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A novel electrochemical-chemical (EC) redox cycling process was proposed for the sensitive, simple, and rapid
detection of urinary albumin. This system employs a unique detection scheme based on the combination of fer-
ricyanide ([Fe(CN)¢1*~) and methylene blue (MB) for signal amplification without the need for any electrode
surface modifications. Measurements of bovine serum albumin (BSA) were performed as proof of concept using
disposable electrochemical paper-based analytical devices (ePADs) as detection platforms. The quantification
of albumin is accomplished by using an indirect detection strategy. In the absence of BSA, electron transfer via
EC redox cycling process occurs readily between the redox species and the electrode surface, resulting in a large
electrochemical signal. The redox species solution containing BSA, on the other hand, provides a low signal
current due to the hindrance of BSA on the electrode surface, which impedes the electron transfer of the pro-
posed redox probe. Under the optimized conditions, the linear range was 1-500 mg dL.™" with a detection limit
of 0.072 mg dL.~ . This finding leads to the development of a powerful method for the direct detection of albu-
min at a low concentration and no requirement for correction by creatinine. The proposed devices were suc-
cessfully used to detect albumin in real urine samples with satisfactory results, demonstrating good
agreement with the standard method and the reliability. Aside from the ease and rapidity, the proposed method
is inexpensive, sensitive, and a promising tool for clinical diagnosis of chronic kidney disease and suitable for
point-of-care testing in developing countries.

1. Introduction

activities of the patient, emotional state, amount of protein consumed,
blood pressure, and body temperature [4]. Albumin concentrations in

Chronic kidney disease (CKD) is one of the major global health
issues associated with the gradual loss of kidney function, which leads
to premature death, decreased quality of life, and high healthcare costs
[1]. The high-risk factor of diabetes mellitus, cardiovascular disease,
and other adverse health outcomes, including end-stage renal disease
(ESRD), are all increased by CKD. According to the previous reports,
the prevalence of CKD at the 3" and 4™ stages in Thai population over
the age of 18 was estimated to be 9.3%, representing 4.8 million
patients [2], whereas 4.6 million of Thai people also suffer from
CKD at the 1% and 2" stages. To prevent the progression of CKD,
the accessibility of albumin level screening is highly required for a per-
son who is at risk of kidney disease.

A 24-h urine collection has long been the “gold standard” method
in clinical diagnostic tests for the accurate detection of urinary albu-
min excretion [3]. This urinalysis takes into account albumin fluctua-
tions during the day and day-to-day readings caused by factors, such as

* Corresponding author.
E-mail address: weena@g.swu.ac.th (W. Siangproh).

https://doi.org/10.1016/j.jelechem.2022.116230

urine should typically be less than 30 mg/24 h [5]. The higher albu-
min concentration in a range of 30-300 mg/24 h indicates microalbu-
minuria status, which is the earliest stage of diabetic nephropathy [6].
Furthermore, this stage may progress to irreversible macroalbuminuria
[71, in which albumin will be found at more than 300 mg/24 h in the
urine. This severe status increases the risk of future CKD. The main dif-
ficulty of a 24-h urine collection is that the results probably take at
least 1 week to be obtained, resulting in a delay in report. However,
it is still an accurate diagnosis because of the low false-positive results
obtained in elderly patients, making it a good predictor of quantitative
albumin excretion. Consequently, a 24-h urine collection strategy was
selected as a suitable tool for albumin measurement to accurately indi-
cate a risk of renal failure.

Conventional spectroscopy and colorimetry have been widely used
in clinical analysis for albumin quantification [8]. The major disadvan-
tages of these methods are the large volumes of reagents required and
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the incompatibility with detergents, which can interfere with the abil-
ity of dye to bind the protein. To overcome these limitations, other
techniques were developed, such as enzyme-linked immunosorbent
assay (ELISA) [9], chromatography [10], flow injection analysis
[11], surface plasmon resonance [12], and fluorescence emission spec-
troscopy [13]. Each method is well-known in terms of high sensitivity
and selectivity. However, the vast majority of such protein detection
systems have time-consuming procedures and use expensive instru-
ments. Therefore, the development of alternative techniques that are
simple and rapid for the albumin detection is greatly interesting.

The electroanalytical method is a powerful tool that is effectively
used in a variety of clinical diagnostic applications owing to its high
sensitivity, low-cost instrument, portability, and ease of operation
[14]. Several previous studies demonstrated that using an electro-
chemical technique provided a broad linear concentration range with
a low detection limit, indicating its capability to detect albumin at the
trace level [15-17]. Moreover, a variety of unique nanomaterials,
including silicon nanowires (SINWs) [18], CdSe/ZnS quantum dots
[1¢], and MoS, nanoflakes [20], as well as molecularly imprinted
polymers {MIPs) [21] were used for electrode modification, resulting
in high sensitivity and selectivity. The use of large-scale conventional
electrode systems and the complicated modification steps are the main
problems of these works, limiting their applications for rapid albumin
screening in developing countries. As a result, the strategy of improv-
ing sensitivity by using unmodified electrodes promptly motivated
interest in overcoming these drawbacks.

Recently, a label-free electrochemical immunoassay for rapid pro-
tein measurements of malaria biomarkers that uses electrochemical-
chemical {EC) redox cycling process to amplify the signal was pre-
sented [22]. In this immunoassay, hexaamineruthenium (III) ([Ru
(NH3)¢1*") and methylene blue (MB) were used as an electron medi-
ator and a mediator substrate, respectively. [Ru{NH3)o1** was firsty
reduced to [Ru{NH;):]?>" via an electrochemical reaction on the elec-
trode surface. Subsequently, MB was used to re-oxidize [Ru{NH5)]*>*
back to [Ru(NH3);]>" via a chemical reaction. This process occurs
continuously, resulting in the generation of a large electrochemical sig-
nal. The results indicated that the EC redox cycling process was effec-
tive in amplifying the detection signal without the need for additional
electrode modification. As a result, the EC redox cycling system has a
potential for use in point-of-care testing in resource-constrained
settings.

The primary aim of this research was to develop a simple and rapid
electrochemical detection of albumin using a non-modified electrode
fabricated on a disposable paper substrate called an electrochemical
paper-based analytical device {ePAD). Graphene was used as a core
material for the fabrication of ePADs, which provided high surface
area, electrical conductivity, and biocompatibility. The sensor mea-
sures albumin using the EC redox cycling process, which combines a
mixed redox probe of two electroactive species, ferricyanide ([Fe
(CN)]®*~) and MB, for signal amplification without requiring any
modifications to the working electrode. Unlike previous electrochem-
ical sensors, our devices provide a sensitive and selective assay for
accurate albumin detection at low concentrations without the need
for creatinine correction. This platform also demonstrates the feasibil-
ity of detecting albumin in real urine samples without any interference
effects, making it is suitable for use as an alternative tool for a 24-h
urine collection to predict the early stages of kidney disease.

2. Experimental section
2.1. Chemicals and reagents

The details of chemicals and reagents are presented in the Supple-
mentary Information.

168

Journal of Electroanalytical Chemistry 911 (2022) 116230
2.2. Manufacturing process of the ePAD

With a variety of paper designs, a foldable ePAD was specifically
designed to propose an alternative style for a simple detection of uri-
nary albumin. Fig. 1 presents the pattern of paper devices created
using Adobe Illustrator CC 2018. The ePAD had two main compo-
nents, namely, a gray side {left) serving as a counter electrode (CE)
and a reference electrode (RE) on the hydrophilic area and an orange
side {right) serving as a working electrode (WE) (1.5 cm % 3.0 cm in
size) on the hydrophobic area. To fabricate the ePAD, the device pat-
tern was first printed on filter paper (Whatman no. 4) employing the
wax-printing technique using Fuji Xerox ColorQube 8580. The printed
device was then placed on a hot plate at 175 °C for 50 s to allow the
wax to dissolve into the paper. At this point, the ePAD was made up of
both hydrophobic and hydrophilic areas in the same device. Subse-
quently, a three-electrode system was created on the patterned paper
using the manual screen-printing method described in the previous
report [23]. In brief, graphene paste {ZP-1838) was directly screen-
printed onto a paper device to produce both WE and CE. WE had a
geometric area of 0.126 em® {calculated using circular area = mr%
r = 0.2 cm). Then, to create RE and conductive pads, Ag/AgCl paste
{C2130809D5) was screen-printed onto the same device. Following
each screen-printing process, the device was heated in an oven at
55 °C for 30 min to allow the solvent in the pastes to evaporate and
the electrodes to dry. After that, a transparent tape was applied on
the back side of the orange paper to prevent solution leakage during
electrochemical measurement. Before use, the middle hydrophilic
area of the gray side was punctured to create a sample reservoir
{5 mm in diameter). A double-sided adhesive tape was used to attach
the upper and lower parts of the paper device on the gray side. Then,
the paper device was folded by folding a gray side attached to an
orange side, which allowed the solution to flow directly to cover elec-
trode surfaces. Besides, after connecting the paper device with electri-
cal wires from a potentiostat, a transparent tape was used to attach
the paper device to the smooth surface of a lab bench, making both
sides of the paper attach more firmly with no leaking of solution.
The ePAD is now ready to be used for the detection of albumin in
the next step.

2.3. Electrochemical measurements

The ECAS100 potentiostat from Zensor Research & Development
Corporation (Taiwan) was used for the electrochemical experiments.
As a redox cycling process, the mixture solution containing 4 mM of
[Fe(CN)s]S_ and 0.05 mM of MB in PBS {pH 7.4) was used for this
study, and a blue-green color solution was obtained. This solution
was prepared in a microcentrifuge tube and labeled as in the absence
of albumin. In the presence of albumin, a redox cycling solution and
BSA standard solution were mixed in the same tube. For detection,
100 uL of a pure redox cycling solution or that mixed with BSA stan-
dard solution was thoroughly dropped onto an ePAD sample reser-
voir, covering all three electrodes. Subsequently, electrochemical
techniques, such as cyclic voltammetry {CV) and differential pulse
voltammetry (DPV), were performed. The potential was applied over
a range of +0.6 o —0.6 V, with a scan rate of 100 mV s~ for CV
measurements. DPV measurements were used for quantitative analy-
sis using potentials ranging from +0.5 to —0.2 V, with an increment
potential of 10 mV, an amplitude of 50 mV, a pulse width of 200 ms,
a sample width of 100 ms, and a pulse period of 500 ms. To quantify
albumin concentration, the signal current of the redox cycling solu-
tion with BSA standard solution was measured and compared with
the signal current of the redox cycling solution without BSA standard
solution. The analysis can be conducted for 1 min, as presented in
Scheme 1.
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3.0 cm=

Fig. 1. The design and composition of ePAD used in this work.
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Redox cycling solution in the absence (A)
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Scheme 1. Schematic illustration of the overall detection process for the measurement of albumin by mixing BSA standard solution with a redox cycling solution.
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2.4. Sample preparation

Urine samples were examined for albumin detection to demon-
strate the real-world application of the proposed method. Urine sam-
ples were collected from healthy human volunteers in our laboratory
and immediately refrigerated at 4 “C. We informed all volunteers about
what would happen to the human subjects in a trial. The details of
urine preparation are presented in the Supplementary Information.
The Bradford assay [24] was employed to confirm the accuracy of
the proposed method.

3. Results and discussion
3.1. Preliminary study of EC redox cycling process

Prior to performing the albumin detection, an electrochemical
investigation of EC redox cycling system was first performed to
demonstrate the potential of each proposed process to support the
expected results. Cyclic voltammograms of buffer solutions containing
only [Fe(CN)f,]a_, MB, and the mixture of [FE(CN)(.]B_ and MB were
obtained using ePADs, as presented in Fig. 2A. The CV curve of a solu-
tion containing only [Fe(CN)e]®~ revealed a pair of redox peaks
at +0.36 and —0.15 V, with anodic and cathodic peak currents
of +10.64 and —10.67 pA, respectively. Because of the high peak sep-
aration (0.51 V) and low peak currents, the electrochemical reaction of
[Fe(CN)s1®~ proceeds at a slow rate. Similarly, the solution containing
only MB produced a pair of redox peaks at —0.21 and —0.30 V, with
anodic and cathodic peak currents of +6.21 and —4.05 pA, respec-
tively. We assumed that MB (MB,,) directly obtains two electrons
and one proton to form leucomethylene blue (LMB, MB,.4), and that
LMB is then oxidized back to MB by losing two electrons and one pro-
ton [25]. According to the findings, MB can also provide a reversible
process at the bare graphene electrode surface. On the other hand,
the CV curve of a solution containing both [Fe(CN)¢]*>~ and MB
showed high peak currents for [Fe(CN)¢]® /%~ redox couple
of +3090 and -29.01 pA at peak potentials of +0.21
and +0.05 V (peak separation of 0.16 V) for anodic and cathodic
directions, respectively. Another pair of redox peaks for MBy/ eq Was
observed at —0.23 and —0.31 V, with anodic and cathodic peak cur-
rents of +4.97 and — 2.61 pA, respectively. [n comparison with a solu-
tion containing only [Fe(CN)s1°, the [Fe(CN)s1* "~ redox couple in
mixture solution generated 3 times higher peak currents and 3.2 times
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lower peak separation. The findings indicated that the EC redox
cycling process can increase electron transfer efficiency across the
interface. In contrast, the anodic-cathodic peak current of MB obtained
from the mixture solution was lower than that obtained from the solu-
tion containing only MB. We suspected that it was the signal of MB
molecules that remained after the redox cycling system proceeded,
and thus, a low electrochemical signal was obtained. To explain a
unique EC redox cycling process, [Fe(CN)b]a_ is reduced to [Fe
(CN)6]*~ via an electrochemical reaction at the bare graphene elec-
trode, which is then re-oxidized by MB via a chemical reaction, as pre-
sented in Fig. 2B. Due to the simultaneous regeneration of [FE(CN]E,]B R
this redox cycling process continuously occurs, resulting in a large
electrochemical signal. Based on these findings, it can be concluded
that the EC redox cycling process between [FE(CN)E,]B and MB was
effective for amplifying the detection signal when using an unmodified
electrode.

Furthermore, the DPV technique was used to confirm this EC redox
cycling process. In this work, we chose the electrochemical measure-
ment in the reductive direction to avoid some interferences observed
in the sample, such as ascorbic acid, uric acid, and dopamine, which
provide the signal in the oxidative direction [26]. As a result, DPV
measurements were performed using potentials ranging from +0.5
to —0.5 V. The solution containing only [Fe(CN)s]°~ exhibited a
broad voltammogram at a cathodic potential of +0.01 V with a catho-
dic current of —3.76 pA, as presented in Fig. S1. Meanwhile, the DPV
curve of a solution containing only MB revealed a well-defined catho-
dic peak at —0.23 V with a current of —11.30 pA. The mixture solu-
tion of [Fe(CN)g]*>~ and MB, on the other hand, generated a sharp
and symmetrical peak of [FE(CN)(.]B_ at a cathedic potential
of +0.14 V with a cathodic current of —34.90 pA. Another peak
was a cathodic peak of MB at a potential of —0.25 V with a current
of —8.76 pA. The signal of [FE(CN]ﬁ]B_ obtained from a mixture solu-
tion generated 9.3-fold higher cathodic current with a higher positive
potential than the signal obtained from a solution containing only [Fe
(CN)s1> . For the MB peak, the signal current of MB obtained from the
mixture solution was lower than that of the MB single solution. The
results of this additional investigation were in good agreement with
those of the CV study, indicating that the proposed EC redox cycling
process has a high catalytic capability for the electrochemical reduc-
tion of [Fe(CN)s]1°~. As a result, without any modifications to the
working electrode, a high sensitivity for albumin detection can be
obtained.

B MB,, MB, -

Fe(CN)¢* Fe(CN)+

\/J

EC redox cycling

s Ferricyanide
Methylene blue
20 4 A .
Ferricyanide and methylene blue
=
= 0
=
-
220 4
-40
-0.8 -0.4 0 0.4

E (V) vs. Ag/AgCI

0.8

Fig. 2. (A) Cyclic voltammograms of PBS (pH 7.4) containing only 1 mM [Fe(CN)f,JJ’ (black line), 0.05 mM MB (red line), and the mixture of 1 mM [Fe(CN)]?~
and 0.05 mM MB (blue line). (B) Schematic illustration of EC redox cycling process using [Fe(CN)s]1*~ and methylene blue (MB).
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3.2. Optimization of EC redox cycling process

The effects of [Fe(CN)s]°~ and MB concentrations on the EC redox
cycling process are presented in the Supplementary [nformation and
Fig. S2.

3.3. Albumin detection using EC redox cycling process

The albumin detection was performed using the DPY technique
under optimized experimental conditions, as presented in Fig. 3A. A
differential pulse voltammogram of a buffer solution containing only
400 mg dL ' BSA standard solution revealed no cathodic peak, indi-
cating that BSA is a non-clectroactive macromolecule that cannot
oceur in the reduction process on an unmodified graphene electrode.
As a result, the EC redox cycling process was applied to provide the
high current response. A cathodic peak of [F(:(CN)S]:1 at +0.13 v
with a peak current of —79.17 pA was observed on the DPV curve
of a redox solution containing 4 mM [Fe(CN},]* and 0.05 mM MBE.
The results indicated that the EC redox cycling process produced a
high signal current of [Fe(CNJg]®~, expecting a high sensitivity for
albumin detection without further electrode modification. Subse-
quently, a cathodic peak of [Fe(CNJe]* at +0.11 V with a peak cur-
rent of —43.73 pA was observed in a mixture solution of 4 mM [be
(CN)s]°~, 0.05 mM MB, and 400 mg dL~! BSA standard solution. In
comparison with a redox solution containing both [Fe(CN}]? and
MB, the lower cathodic peak potential was obtained, and the differ-
ence in the cathodic peak current (AT} was equal to —35.44 pA, indi-
cating that BSA hinders the electron-transfer process of the EC redox
cycling system, as shown in Fig. 3B. We strongly believe that this
behavior may be the obstruction of negatively charged BSA
(pl = 4.7y [27] at the electrode surface, leading to the blocking of
the reduction process for [Fe(CN)g] * to accept clectrons from a work-
ing electrode. This circumstance resulted in a diminishing current
response because [Fe{CN)e]®~ is hardly reduced to [Fe(!.’.:]\l'),g]"_J
which is then slightly re-oxidized by MB. Aside from detecting albu-
min by mixing a BSA standard with a redox cycling solution, we dis-
covered another method, which is the dropping and drying of the
BSA standard solution on the working electrode as shown in
Scheme $1. The cathodic peak of [Fe(CN),]?  at +0.13 V with a peak
current of —79.17 pA obtained from a redox cycling solution on a bare
working electrode is presented in Fig. 3. In conmrast, a redox cycling
solution on a working clectrode covered with BSA, labeled as BSA/

E (V) vs. Ag/AgCl
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Graphene, generated a cathodic peak of [Fe(CN)g] *oat +0.11 V with
a peak current of —48.10 pA. The lower cathedic peak potential was
obtained, and the AL, was equal to —31.07 uA when compared with
the signal current in the absence of BSA. The results indicated that the
BSA molecule blocks the electroactive sites on the graphene surface,
resulting in a lower cathodic response of a redox cycling solution. This
finding was compatible with albumin detection by mixing a BSA stan-
dard solution with a redox cycling solution; however, it was not suit-
able for a rapid detection, which was our ultimate goal, due to the
time-consuming process of drying BSA on the working electrode.
Based on these findings, we decided to mix all solutions in the same
microcentrifuge tube to detect albumin simply and rapidly. As a result,
in the following investigation, BSA will be quantified using a mixture
of BSA standard solution and a redox cycling solution.

3.4. Analytical performance

Following the presentation of the albumin detection strategy in
Scetion 3.3, the analytical performance of albumin was evaluated by
combining the optimal redox cyding solution (4 mM [FC(CN)E,]S_
and 0.05 mM MB) with various concentrations of BSA standard solu-
tion. As presented in Fig. 4A, the peak currents decreased as a function
of BSA concentration. Fig. 413 presents the relationship between differ-
ent BSA concentrations and Al values. The results indicated that the
change in the Al responses has a non-linear relationship with the
BSA concentrations. The logarithmic value of the BSA concentrations
was plotted against the Al,. values to obtain the linear relationship,
as presented in the inset of Fig. 4B. This discovery revealed that the
calibration curve was obtained in the range of 1 500 my dL '
(y = —20.199x + 0.7704 with a correlation coefficient (R?) of
0.9904). The limit of detection (3SDyank/Slope) and the limit of quan-
tification (105Dpank/slope) from a calculation were found to be 0.072
and 0.24 mg dL™*, respectively. These findings demonstrated that the
EC redox cycling process can achieve highly sensitive and quantitative
detection of BSA over a wide linear range. Table 1 presents the com-
parison of the analytical performance between the proposed method
and those of some previous reports for albumin detection found in
the literature. According to this information, our assay proposed the
detection of BSA using non-modified graphene clectrodes fabricated
on a paper substrate for the first time, which have the advantages of
cost-effectiveness, simple disposability, and uncomplicated operation.
Furthermore, the proposcd method was very compelling for rapid

B MB, MB,,

‘ .
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Fig. 3. (A) Differential pulse voltammograms of PBS (pH 7.4) (black dash line) containing only 400 mg dL.~" BSA standard solution (green line), the mixture of
4 mM [Fe(CN)s]*~ and 0.05 mM MB tblue line), and the mixture of 4 mM [Fe(CN)s]*~, 0.05 mM MB, and 400 mg dL~? BSA standard solution (red line). (B)

Schematic illustration of the EC redox cyeling process in the presence of BSA.
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Fig. 4. (A) DPVs for different BSA concentrations mixed with 4 mM [Fe(CN),]*~ and 0.05 mM MB in PBS (pH 7.4). BSA concentrations: 1, 2.5, 5, 10, 20, 60, 100,
300, and 500 mg dL~™ ', (B) The Al of BSA on ePADs at different concentrations (1 to 500 mg dL™"). Inset: Calibration curve plotted on a logarithmic scale.

Table 1
Comparison of the analytical performance between the proposed method and other reports based on electrochemical technique for the detection of BSA.
Biosensor/Substrate Detection strategy Technique Limit of detection (mg dL ™'} Linear range (mg d.™") Ref.
BDDE Direct cv 5 5-3000 (28]
SWCNTs/Au Direct cv - 0.67-8 [29]
GCE Indirect DPV 0.76 1-8 [30]
[Ru(bpy)s(tatp)]? ' -SWCNTs/ITO Indirect DPV 0.3 0.6-5 [31]
HCNT-PtNFs/GCE Indirect DPV 0.01 1.7-17 132]
Graphene/PAD Indirect DPV 0.072 1-500 This work
detection in clinical applications, so we anticipated that the perfor- 7.4). For each mixture solution, nine sensors (n = 9) were examined,
marnce of this proposed sensor would be sufficient for the detection and the electrochemical measurements were then performed using
of BSA in real urine samples. the DPV technique. The relative standard deviations were found to
The reproducibility of this device was also investigated using three be in the range of 3.38% - 6.26%, indicating that good device-to-
different concentrations of BSA standard solution (10, 80, and 400 mg device reproducibility with low variation was obtained for BSA

dL~') mixed with 4 mM [Fe(CN);]*>~ and 0.05 mM MB in PBS (pH detection.

6
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3.5. Interference study

The influence of some possible interfering substances found in
urine samples on the detection of BSA using the EC redox cycling pro-
cess was investigated using the DPV technique under optimal condi-
tions to elucidate the selectivity of the proposed assay. The redox
cycling solution (4 mM [Fe(CN)s]® “and 0.05 mM MB) containing
50 mg dL~ ! BSA standard solution was detected via DPV measurement
using ePADs, in which the signal current was set to 100%. The freshly
prepared mixture solutions containing the redox cycling solution,
50 mg dL ! BSA standard solution, and some foreign substances were
successively detected under the same DPV conditions. The interfering
substances used for this study were 400 pg dL™' dopamine, 30 mg
dL~ ! ascorbic acid, 85 mg dL ' uric acid, 500 mg dL 'Na', K',
NHZ, Mg®*, Ca®*, SO3 ™, glucose, creatinine, and 2000 mg dL~ ' urea,
which are the maximum concentrations found in the samples [33 35].
The cathodic response of solution in the absence of foreign species was
used to normalize the signal currents of solutions containing interfer-
ences. Fig. 5 shows that the changes in the cathodic current of BSA
containing interferences were less than + 5%, indicating that foreign
species had no significant effect on the signal current of the redox
cycling solution containing BSA. These findings confirmed the good
selectivity of developed redox probes for albumin detection in the
presence of various possibly interfering substances.

3.6. Dilution effect

Because urine contains a highly variable matrix that may affect albu-
min detection, the influence of dilution effect was investigated to ensure
accurate quantification. Various dilution ratios of a real urine sample
containing 50 mg dL~ ! BSA standard solution with redox cycling solu-
tion (4 mM [Fe(CN)s]* and 0.05 mM MB) were examined for recovery
tests. We selected PBS (pH 7.4) as a diluent solution for BSA detection in
this experiment. Table S1 presents that a dilution of at least 50-fold
resulted in a good recovery, indicating that interferences in urine would
be eliminated during albumin detection. This discovery suggested that a
50-fold dilution using PBS (pH 7.4) could avoid a variety of interferences
and dilution effects in urine samples. As a result, urine samples are
diluted at 50-fold with PBS (pH 7.4) before analysis.

3.7. Matrix effect

A matrix-matched calibration was performed using a 50-fold
diluted urine sample (where no albumins were present by precipita-
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tion with 0.1 M CuSQ,) to assess the matrix effect for this proposed
method. The matrix effect was calculated by the following equation
[36]:.

A

Matrixeffect = (ﬁ - ]) x 100%
Where A denoted the slope of calibration curve in matrix and 8 denoted
the slope of calibration curve in solvent (PBS pH 7.4).

In this study, BSA concentrations ranging from 1 to 500 mg dL '
were spiked directly into diluted urine samples. The solutions were
then mixed with 4 mM [Fe(CN)s]®~ and 0.05 mM MB. DPV measure-
ments were used to detect the signal currents of these mixture solu-
tions. Because of the different batch of fabricated ePADs, normalized
currents (Inomatizea) Of cathodic responses were then calculated using
the following equation:.

I I Ly,

normalized = Toae — Loy
‘Where I was the cathodic peak current of a solution containing different
concentrations of BSA. The maximum and minimum cathodic peak cur-
rents obtained from each calibration data set were denoted by Inq. and
Iinin, respectively.

Subsequently, 1ymatizea Values were plotted against the same loga-
rithmic value of BSA concentrations as used for the external calibra-
tion curve. As presented in Fig. 6, the matrix effect was found to be
—15.17%, indicating that the proposed sample dilution is capable of
removing interferences in urine due to a matrix effect value of approx-
imately |15%\ [37]. This finding demonstrated that the matrix effect
was negligible, implying that the matrix-matched calibration would
not be required because the 50-fold dilution of urine not only elimi-
nated interfering substances but also decreased the matrix in the sam-
ple. A sample matrix had no significant effect on the detection of BSA
in a real sample; thus, the redox cycling solution can be used to accu-
rately detect albumin in complex biological samples.

3.8. Application in real urine samples

The detection of albumin in 13 urine samples obtained from
healthy volunteers was evaluated to demonstrate the practical applica-
tion of this developed assay. All samples were diluted 50-fold in PBS
(pH 7.4) before being mixed with 4 mM [Fe(CN)g]* and
0.05 mM MB. These solutions were then performed by DPV measure-
ment using ePADs, and the amount of albumin in the samples was cal-
culated using the linear equation of the standard calibration curve. The
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Fig. 5. Effect of some interfering substances on the detection of 50 mg dL™" BSA standard solution mixed with [Fe(CN)s]*~ and MB (n = 3).
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recovery study was investigated to verify the accuracy and reliability
by adding the known concentration of 50 mg dL~ ' BSA standard solu-
tion into diluted samples. The results summarized in Table S2 indicate
that good recovery values were obtained in the range of 96.04% —
104.60%. Moreover, the results obtained using the proposed method
were validated by comparing them with the standard Bradford assay.
The calculated t-value (0.86) was less than the critical t-value (2.18)
for a two-tailed comparison; the results revealed that the albumin con-
centrations obtained using this method and those using the standard
method were not significantly different. These results indicated the
accuracy and reliability of albumin detection in urine samples without
creatinine correction. As a result, albumin detection using a mixture
solution of [Fe(CN)s]> and MB as a redox probe could be a powerful
alternative tool for point-of-care testing of urinary albumin in the early
stages of kidney disease.

4. Conclusions

For the first time, a powerful EC redox cycling process for albumin
detection based on a disposable paper-based device was successfully
developed. The process can be simply performed using a mixture of
two electroactive species, namely, [Fe(CN)s]? “and MB. This system
generates a large electrochemical signal without requiring any modifi-
cation for working electrode. The indirect detection strategy was
employed for albumin detection due to an obvious decrement of catho-
dic current in the presence of target analyte. Under optimized condi-
tions, the calibration curve demonstrated a linear relationship
between the difference in the cathodic peak current (Al,,) and the log-
arithmic concentration of BSA standard solution in the wide range of 1
to 500 mg dL~'. The detection and quantification limits were found to
be 0.072 and 0.24 mg dL ', respectively. A good reproducibility for
the detection was obtained, with RSD lower than 6.3%. Furthermore,
the developed method demonstrated a good selectivity for albumin
detection in an environment of interferences; thus, this proposed assay
has been successfully applied to detect albumin in real urine samples
without creatinine correction, yielding desirable results. The major
advantages of this procedure are the simplicity of operation, the
cost-effectiveness of paper-based devices, and short measurement time
of 1 min. Therefore, this redox cycling process offers a promising sys-
tem for point-of-care testing and can be adapted in the future for sim-
ple and highly sensitive detection of other biomolecules.
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