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Abstract

Electrochemical sensors were developed for the determination of
hydroxylamine in environmental monitoring and the simultaneous determination of
dopamine, uric acid, and glucose in clinical analysis. Two projects were undertaken.
The first project reports the development of an electrochemical sensor for the detection
of hydroxylamine by flow injection amperometry based on a glassy carbon electrode
(GCE) modified with a nanocomposite of palladium nanoparticles and glassy carbon
spheres (PdNPs-GCS). The surface morphology and electrochemical behavior of
hydroxylamine on the PANPs-GCS modified electrode were characterized by scanning
electron microscope and cyclic voltammetry, respectively. The amount of PANPs-GCS
used to modify the electrode, the working potential, the sample volume and the flow
rate were optimized. Under the optimal conditions, this sensor provided a wide linear
concentration range of 25 to 25,000 M. The limit of detection (LOD) and the limit of
quantitation (LOQ) were 36 uM and 120 pM, respectively. Moreover, it provided good
stability (%RSD < 5.3 (n=73)).

The second project involved the development of a novel electrochemical sensor
using a system of dual working electrodes for the simultaneous determination of
glucose, uric acid and dopamine. A graphene oxide-modified glassy carbon electrode
(GOI/GCE) was fabricated and used with adsorptive anodic stripping voltammetry to
detect uric acid and dopamine while a chitosan/glucose oxidase/prussian blue-graphite
modified glassy carbon electrode (Chi/GOx/PB-G/GCE) was fabricated and used for
chronoamperometric glucose detection. The fabrication and operating conditions for
both electrodes were optimized. Linearity was obtained in the ranges of 0.10 to 30 uM
and 30 to 80 uM for dopamine, 0.20 to 10 uM and 10 to 30 uM for uric acid and 15 to
1,500 pM for glucose. The system provided detection limits (LOD = 30/S) of 0.080
MM, 0.11 puM, and 5.7 uM for dopamine, uric acid and glucose, respectively. This dual



viii

working electrode system showed good reproducibility and excellent recovery for the
simultaneous determination of dopamine, uric acid, and glucose. When used to analyze
dopamine, uric acid, and glucose in blood plasma samples, the results agreed well with
those from conventional methods (P>0.05), confirming the potential of this system to

simultaneously determine these three analytes in real samples.
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The Relevance of the Research Work to Thailand

The purpose of this Master of Science Thesis in Chemistry (Analytical
Chemistry) is the development of electrochemical sensors for application in
environmental and clinical analysis. The electrochemical sensor developed for
environmental application could improve the quality of the environment by determining
hydroxylamine in wastewater. The second electrochemical sensor, developed for
application in clinical chemistry, simultaneously determined glucose, uric acid and
dopamine in biological fluids. This development could improve the efficiency of
treatment, and the specificity of diagnosis in hospitals. Moreover, these sensors could
be applied as alternative analysis methods by the Ministry of Public Health, Ministry
of Environment and Ministry of Education in Thailand.
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1. Introduction

1.1 Background and rationale

Nowadays, the improvement of health and wellbeing is regarded as the most
important determinant and the main objective of world-class research. One facet of life
and wellness is the presence or absence of disease or infirmity, which is directly
proportional to the ability to monitor not only disease but also food quality and safety
along with environmental hazards: functions that demand continuous tracking and
prompt action. Developing accurate, selective, stable and sensitive monitoring is an

essential part of research into innovations that satisfy these demands [1-3].

Electrochemical sensors are a powerful tool in analytical chemistry. They
determine substances by using the electrochemical properties of the substances. A
sensor detects a variant quantity of the target analyte and converts measurements into
signals based on suitable transducing mechanisms. Electrochemical sensors are simple,
sensitive, selective, portable (on-site analysis) and fast. Compared with other
instruments, they require minimum sample treatment, low-cost instrumentation and use
small quantities of reagent [4]. Electrochemical methods have been widely used in
clinical, food, forensic and environmental applications. This thesis focuses on
environmental (i.e. hydroxylamine) and clinical chemistry (i.e. glucose, uric acid and
dopamine).

Hydroxylamine ( NH.OH), a derivative of ammonium, is widely used in
industry and pharmacology as a reducing agent. It is a key intermediate in the nitrogen
cycle and production of nitrous oxide [5]. Hydroxylamine is a well-known mutagenic
agent, which induces highly specific mutations in the nucleic acid cytosine. Modest
levels of hydroxylamine can be toxic to humans, animals and even plants. Recently, the
dangers of hydroxylamine exposure were highlighted by the occurrence of two major
accidents: one in the USA in February 1999, which killed five people, and the other in
Japan in June 2000, which killed four people [6, 7]. However, hydroxylamine cannot
react chemically on a bare glassy carbon electrode. Therefore, it is necessary to modify

the surface of the electrode to enable electrochemical detection of hydroxylamine.



With regard to the clinical application of electrochemical sensing, an aging
population is a critical problem in many countries and the diagnosis and management
of several diseases is a necessity for the elderly. Common diseases such as diabetes,
kidney disease, heart disease, Parkinson's disease and Alzheimer's disease are
overrepresented in elderly patients [8, 9]. These diseases can be diagnosed based on the
levels of certain biomolecules in the human body, especially glucose, uric acid and
dopamine. Glucose levels in blood are related to the diagnosis of diabetes, alcohol
consumption, obesity and high cholesterol. Early diagnosis and treatment of diabetes is
important, and normal levels of glucose in blood fall in a range from 4.4 to 6.6 mM
[10]. Uric acid (UA), meanwhile, is an important metabolic product of purine [11]. The
normal level of UA in blood is in a range from 0.13 to 0.46 mM, and abnormal UA
levels in human blood can be related to gout, high blood pressure, kidney disease and
heart disease [12]. Dopamine (DA) is one of the most important catecholamine
neurotransmitters in the central nervous system. The range of basal levels of DA in
humans is from 10 nM to 1 uM, and an unusual level of DA in human body fluids can
indicate diseases such as schizophrenia, Parkinson's disease, and Alzheimer's [13-15].
Independent detection of glucose, UA, and DA using various electrochemical
techniques has been reported in the literature. However, a single assay that can
simultaneously detect these three biomolecules would be valuable in clinical diagnosis
and could improve treatment efficiency and diagnostic specificity. Additionally, this

assay could save time and reduce the required sample quantity and device cost.

1.2 Objective

The aim of this study is to develop electrochemical sensing systems for
applications in environmental and clinical analysis. Two subprojects were undertaken.
Subproject I: The development of a glassy carbon electrode modified with
palladium nanoparticles and glassy carbon spheres (PANPs-GCS) for the determination

of hydroxylamine (Paper I).

Subproject 11: The development of an electrochemical sensor for simultaneous

determination of DA, UA and glucose, using a dual working electrode system and two
electrochemical techniques: adsorptive anodic stripping voltammetry (WEL1,



GO/GCE), for determination of DA and UA, and chronoamperometry (WEZ2,
Chi/GOx/PB-G/GCE) for determination of glucose (Paper I1).

2. Electrochemical sensor

Electrochemical sensors are devices that detect the interaction between a target
analyte and a recognition layer (electrode) and then produce an electrical signal. That
signal is transmitted by coupling a chemically selective layer (the recognition layer) to
an electrochemical transducer [16]. Therefore, electrochemical sensors consist of two
major components: the recognition layer and the transducer. In addition,

electrochemical sensors can be classified as working in static or dynamic mode.

Static sensors are used in static conditions, or batch mode, where no flow occurs
between the electrode and the analyte. This system is governed by diffusion and
Brownian motion. Also, the concentration of the analyte in the cell remains unchanged
[17]. Electrochemical batch mode is most commonly used in the development of an

electrochemical sensor (this method was applied in Paper I).

On the other hand, dynamic sensors produce an electric current response to an
oxidation or reduction reaction. This method, characterized by a flow of analyte in
solution across an electrode with a large specific area, is known as flow detection. The
advantage of this method is the enhanced mass transport. A fresh solution is constantly
transported to the electrode surface and no buildup of products can occur at the
electrode surface since they are continuously washed away. Moreover, flow systems
make automation easier, leading to more reproducible experiments [18]. (This method

was applied in the work detailed in Paper I1).

2.1 Electrode modification

Electrodes used in electrochemical sensors consist of a counter electrode (CE),
a reference electrode (RE) and a working electrode (WE) [19]. This three-electrode cell
with one working electrode is the most common setup used in electrochemistry but a
three-electrode system with dual working electrodes is an interesting way to enhance

electrochemical performance. This type of system can determine more than one analyte,



shorten analytical time and reduce detection cost. In this system, the auxiliary electrode

(AE) and the reference electrode (RE) are equally shared.

The material used to modify the electrode is a crucial component for the sensing
element, which can dramatically increase the response signal, reduce the overpotential
of the analyte, broaden the determination dynamic range, and improve detection
sensitivity and specificity. In recent years, composite electrode modification layers
have incorporated carbon materials, metallic materials, composite materials and

enzymes.

2.1.1 Carbon material

Carbon materials, possessing good conductivity, can be used as a substrate
supporting metal nanoparticles and conducting polymers that have electrocatalytic
activity. Graphene oxide (GO) is one of the most widely used carbon materials in
electrochemical sensors because it not only has unique electrical and chemical
properties, but also possesses other useful properties, such as high oxygen-containing
chemical groups that provide excellent hydrophilicity [20-22]. Paper Il describes how
GO was used to improve the surface area of an electrode and the determination of the
optimal GO loading that provided the best sensitivity for the determination of uric acid
and dopamine (Figure 1).



Effect of amount of GO
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Figure 1 The sensitivity (slope of the calibration plot of 2-10 uM of UA and DA) of

an electrode modified with different amounts of graphene oxide (GO) (Paper I1).

2.1.2 Composite material

Composite materials combine two or more different components that are
expected to compensate the deficient characteristics of each component. The concept
has led to various developments in electrochemical sensors, such as nanocomposite
materials for improved electrocatalytic detection of target analytes, and nano-composite

materials utilized as transducers for enzyme-based biosensors.

Paper | describes the development of a nanocomposite of palladium
nanoparticles and glassy carbon spheres (PdNPs-GCS) that was used to improve the
sensitivity of the developed electrochemical sensor. Glassy carbon spheres (GCS) are
an interesting candidate support material. The material exhibits excellent conductivity,
a wide potential window, structural stability, a large surface area and thermal insulation
[23]. They have been used with metal nanoparticles to fabricate nanocomposites that
enhance the catalytic activities of electrodes. Palladium nanoparticles (PANPs) are

preferable to platinum or gold due to their lower price and they not only have great



catalytic, adsorptive, and other useful properties themselves but can also be used as
additives for other functional materials to enhance their catalytic properties [23-25].
Paper | describes how a nanocomposite of PANPs-GCS was used to improve the
electrocatalytic oxidation of hydroxylamine (Figure 2). Moreover, nanocomposite
materials can be utilized as transducer materials for enzyme-based biosensors
(Paper 11).

Effect of amount of PANPs-GCS

6.0
4.0
2.0 I
0.0
20 25 30 35 40

Amount of PANPs-GCS (ug)

sensitivity (LA mM-1)

Figure 2 The sensitivity (slope of the calibration plot of 0.1-10 mM of UA and DA)
of an electrode modified with different amounts of PANPs-GCS (Paper 1).

Enzymes with specific catalytic functions can be used as electrode modification
materials to fabricate electrochemical sensors. Due to the high specificity of enzymes,
enzyme biosensors can avoid interference from other substances during the detection
process. Besides that, enzyme biosensors also exhibit the advantages of short detection
time and high sensitivity. This section will focus on a glucose biosensor. The working
principle of this electrode depends on the signal change induced by an enzymatic
reaction. It is well known that hydrogen peroxide (H203) is a product of enzymatically
catalyzed reactions [26]. The redox mediator prussian blue (PB), or ferric ferrocyanide

(Fes" [Fe"(CN)g]s), has excellent electrocatalytic properties for H.O2 reduction at low



applied potential [27]. Since the bimolecular rate constant of PB (3 x 10° Ms?) for the

reduction of H.0; is comparable to the enzymatic rate for peroxidase (2 x 10* M1 1),

PB can act as an “artificial peroxidase” [28]. Moreover, the high catalytic activity and

selectivity of PB lowers the operating potential (around 0.1 V) sufficiently to prevent

or greatly reduce the contribution not only from potential interfering compounds [29]

but also from UA and DA (Eox> 0.1 V). So, it can measure glucose in the presence of

UA and DA without interference. Figure 3 shows a calibration curve between the

current and the concentration of glucose at a GOx/Chi/PB-G/GCE (Paper I1).
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Figure 3 Calibration curve of concentration of glucose in the range from 15 to 1500

MM at GOx/Chi/PB-G/GCE (Paper I1).



2.2 Transducer

A transducer is a device that transforms the response from the reaction between
the target analyte and the recognition layer into an electrical signal ( current or
potential). Meanwhile, in a biosensor system, transducers change the energy carrying
the chemical information of an analyte into useful analytical signals: one of them is an

electrochemical signal.

2.2.1 Electrochemical transducer

In this research work, cyclic voltammetry (CV), linear sweep voltammetry

(LSV), chronoamperometry and amperometry (Amp) will be investigated.

2.2.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most commonly used techniques for
studying the electrochemical behavior of electroactive species on an electrode surface.
It can be carried out by sweeping a range of voltage between two values in forward and
backward directions starting from V1 to V2 and back to V1 (excitation waveform)
(Figure 4). The resulting faradaic current is measured from a cyclic voltammogram.
For analyte identification, the cyclic voltammogram provides a unique reaction
potential for each substance. The analyte can be quantified from the analyte peak
current at its oxidation or reduction potential [30]. In this work, this method was applied
to study the electrochemical behavior of hydroxylamine on variously modified
electrodes (Figure 5a) (Paper 1) and the electrochemical behavior of dopamine and
uric acid on a bare glassy carbon electrode, a glassy carbon electrode modified with
graphene oxide (Figure 5b) (Paper Il) and a glassy carbon electrode modified with
chitosan/GOx/PB-G (Figure 5c) (Paper I1).
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Figure 4 Typical input (a) and output (b) waveforms for cyclic voltammetry [31].
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Figure 5 (a) CV curves of GCE (i), GO/GCE (ii) and PANPs/GO/GCE (iii) in 0.1 M
phosphate buffer solution pH 7 (Paper I): (b) CV curves of bare GCE and GO/GCE
for measurement of 100 uM DA and 100 pM UA: (c) CV curves of PB/GCE (i),
Chi/PB-G/GCE (ii), GOx/Chi/PB-G/GCE (iii) (Paper Il) and GOx/Chi/PB-G/GCE
with glucose (iv) in a 0.10 M acetate buffer solution at pH 5.0 containing 0.10 M KClI

(Paper 11).

2.2.1.2 Adsorptive stripping voltammetry (AdSV)

Adsorptive stripping voltammetry (AdSV) is widely used to enhance the

sensing range and the sensitivity of electrochemical techniques. It consists of two steps.

During the first step, accumulation, target analytes in the solution are accumulated on

the working electrode surface by adsorption (physical or chemical). In the second step,

L1
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stripping (detection), the accumulated analytes are stripped from the working electrode
surface into solution, which is accomplished using different voltammetry modes for

reduction or oxidation of the accumulated analyte (Figure 6) [32, 33]. This method was

applied for the measurement of UA and DA as reported in Paper I1.

—

= Potential (V)

1. Accumulation step

L + Analyte — L-Analyte

Time (s)

Current (pA)

Potential (V)
0 1

Figure 6 AdSV: (a) the potential-time waveform and (b) the resulting voltammogram.

2.2.1.3 Chronoamperometry

Chronoamperometry is one of the most commonly used techniques employed
with sensors. Typical waveforms used in chronoamperometry are shown in Figure 7(a).
As with cyclic voltammetry, this technique is undertaken with a stationary electrode in
a quiescent solution, initially at a potential where the target analyte does not undergo
any electrochemical reaction. The potential is then stepped to a point beyond that
required for the target analyte to be electrochemically oxidised or reduced. Here its

surface concentration becomes effectively zero. The resulting current—time dependence



12

is monitored: a typical profile is shown in Figure 7(b) [31]. In this work, this method

was applied for the measurements of glucose described in Paper I1.

Potential
Current

Time Time

Figure 7 Typical input (a) and output (b) waveforms for chronoamperometry [31].

2.2.1.4 Amperometric

In amperometric detection, a fixed potential is applied to a working electrode
sufficient to cause oxidation or reduction of the target analyte on the electrode surface.
The resulting electric current is directly proportional to the analyte concentration and is
measured as a function of time [34]. The study reported in Paper | used amperometric

detection coupled with flow analysis, or flow injection amperometry (FI-Amp).

FI-Amp is one of the most popular techniques of analysis and has been applied
in clinical, pharmaceutical, food processing and industrial and environmental fields
[35-38]. It has the capacity to obtain excellent results in terms of speed, precision and
accuracy through the automation of analytical processes [35]. FI-Amp is based on the
injection of a target analyte into a carrier solution continuously propelled through a
narrow tube by a pump. Electroactive analytes are injected through an injection port

and passed through a working electrode (electrochemical detector). In this research
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work, this method was applied in the work described in Paper | for the measurement

of hydroxylamine, as shown in Figure 8.

25,000 M
195
145 10,000 uI\IJ
3
S 750 uM
= 250 pM u
2 9 100 pM
5 T 75 nM
- ]
S 7,500 pM
45
-5
0 1000 2000 3000 4000 5000

Time (s)

Figure 8 FI-Amp responses of PdNPs/GO/GCE for the detection of various

concentrations of hydroxylamine
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3. Analytical performance criteria

The analytical performances of the developed method need to be evaluated to
show the applicability in real samples. The validation characteristics for this analytical
method are selectivity, linearity and limit of detection ( LOD), reproducibility,

selectivity and recovery.

3.1 Linearity

An important parameter in a quantitative analytical method is linearity. The
definition of linearity is a response to an analyte in a sample which is directly
proportional to the concentration of the analyte [39]. The linearity was obtained by
plotting current response vs. analyte concentrations. The linearity was evaluated by
considering a correlation coefficient that was greater than 0.99 [40]. In this thesis, the
plots of the responses vs. the analyte concentrations were employed for the linear sweep
voltammetric and chronoamperometric sensor (Paper Il) and amperometric sensor

(Paper I).
3.2 Sensitivity

The sensitivity of a method is determined by the slope of a linear calibration
plot of the ratios of response change and the analyte concentration. If a small change in
the concentration of the analyte causes a large change in the response, the method is a
sensitive method [39]. In this thesis, sensitivity was evaluated by the current change vs.

analyte concentration (Paper I-11).

3.3 Limit of detection

The limit of detection (LOD) is the lowest concentration of an analyte that can
be detected. Many methods can be used to calculate the LOD, in this thesis the LOD
was calculated based on the following equation: LOD = 3Sy/B, where Sy is the standard
error of estimate (residual standard deviation) in regression, and B is the slope of the

linear regression [41] (Paper I-11).
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3.4 Reproducibility

Reproducibility expresses the closeness of individual measurements of an
analyte under the same condition [39]. In this thesis, the reproducibility of the
fabrication sensor was investigated by comparing the response of the analyte to
different electrode preparations, in the same laboratory, with the same equipment and
the same operator (Paper I1). The relative standard deviations (RSD) of the sensitivities

were used to indicate the acceptability of the developed sensors [42].

3.5 Selectivity

Selectivity is the efficacy of the method to determine the target analyte
accurately and specifically in the presence of other components in a sample matrix [39].
In this thesis, the selectivity of the sensor for detection of the target analyte was
investigated by testing with various possible interference species present in real samples
(Paper I11).

3.6 Recovery

The accuracy of an analytical procedure can be described as the closeness of
agreement between the true value or an accepted reference value and the found value
[39]. The recovery of an analytical method aims to estimate the true value of the analyte
concentration to confirm the accuracy of the developed sensor. Recovery is determined
by spiking a known analyte concentration into a sample, then comparing the measured
concentration to the known concentration. This applied method was used in the work

described in Paper I1.
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4. Concluding Remarks

This thesis focused on the development of electrochemical sensors to be applied
in the environment for the detection of hydroxylamine and in clinical applications to
detect glucose, UA and DA. The work describes the modification of electrodes with
various materials that possess unique properties. The aims of the work were to achieve
good performances and good responses from the contributions of the modifying
materials.

Hydroxylamine detection by flow injection amperometry was based on a glassy
carbon electrode (GCE) modified with a composite of palladium nanoparticles and
glassy carbon spheres (PdNPs-GCS). PANPs improved the electrocatalytic oxidation of
hydroxylamine. The glassy carbon spheres have excellent conductivity, a wide potential
window, structural stability, a large surface area and provide thermal insulation. The
PdNPs-GCS-modified GCE exhibited high sensitivity and good stability with a low
detection limit (Paper 1).

Glucose, UA and DA detection was based on a dual working electrode system
for the simultaneous detection of DA, UA and glucose, using adsorptive stripping
voltammetry and chronoamperometry. The results from this sensor displayed good
linearity, low detection limits and indicated good reproducibility. The preparation of
the dual working electrode sensor is relatively simple. This sensor determined glucose,
UA and DA in blood samples with excellent accuracy, providing an alternative
diagnostic tool for medicine. This system may open up a new path for further

simultaneous electrochemical sensing (Paper I1).



17

5. Reference

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

J. Castillo, S. Géspér, S. Leth, M. Niculescu, A. Mortari, I. Bontidean, et al.,
"Biosensors for life quality: Design, development and applications,” Sensors
and Actuators B: Chemical, vol. 102, pp. 179-194, 2004/09/13/ 2004.

S. Lupu, "New Developments in Electrochemical Sensors Based on Poly(3,4-
ethylenedioxythiophene)-Modified Electrodes,” International Journal of
Electrochemistry, vol. 2011, 2011.

A. J. S. Ahammad, J.-J. Lee, and M. A. Rahman, "Electrochemical Sensors
Based on Carbon Nanotubes," Sensors, vol. 9, p. 2289, 2009.

H.R.S. Lima, J. S. da Silva, E. A. de Oliveira Farias, P. R. S. Teixeira, C. Eiras,
and L. César C. Nunes, "Electrochemical sensors and biosensors for the analysis
of antineoplastic drugs,” Biosensors and Bioelectronics, vol. 108, pp. 27-37,
2018/06/15/ 2018.

P. Kannan and S. A. John, "Highly sensitive determination of hydroxylamine
using fused gold nanoparticles immobilized on sol-gel film modified gold
electrode,” Anal Chim Acta, vol. 663, pp. 158-64, Mar 24 2010.

"Business Concentrates," Chem. Eng. News, vol. 78, pp. 15-16, 2000.

M. Mccoy, "Antitrust agencies eye bromine industry,” Chem. Eng. News, vol.
77, pp. 11-12, 1999.

S. X. X. Hu, W. 1. Lei, K. K. Chao, B. J. Hall, and S. F. Chung, "Common
chronic health problems and life satisfaction among Macau elderly people,”
International Journal of Nursing Sciences, vol. 3, pp. 367-370, 2016.

L. Jacob, J. Breuer, and K. Kostev, "Prevalence of chronic diseases among older
patients in German general practices,” GMS German Medical Science, vol. 14,
p. Doc03, 03/03

Y. Koskun, A. Savk, B. Sen, and F. Sen, "Highly sensitive glucose sensor based
on monodisperse palladium nickel/activated carbon nanocomposites,” Anal
Chim Acta, vol. 1010, pp. 37-43, Jun 20 2018.

R. E. Simoni, L. N. Gomes, F. B. Scalco, C. P. Oliveira, F. R. Aquino Neto, and

M. L. de Oliveira, "Uric acid changes in urine and plasma: an effective tool in



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

18

screening for purine inborn errors of metabolism and other pathological
conditions,” J Inherit Metab Dis, vol. 30, pp. 295-309, Jun 2007.

Y. C. Luo, J. S. Do, and C. C. Liu, "An amperometric uric acid biosensor based
on modified Ir-C electrode,” Biosens Bioelectron, vol. 22, pp. 482-8, Oct 15
2006.

M. Ates, J. Castillo, A. Sezai Sarac, and W. Schuhmann, "Carbon fiber
microelectrodes electrocoated with polycarbazole and poly(carbazole-co-p-
tolylsulfonyl pyrrole) films for the detection of dopamine in presence of
ascorbic acid," Microchimica Acta, vol. 160, pp. 247-251, 2008/01/01 2008.
A. Uge, D. Koyuncu Zeybek, and B. Zeybek, "An electrochemical sensor for
sensitive detection of dopamine based on MWCNTs/CeO 2 -PEDOT
composite,” Journal of Electroanalytical Chemistry, vol. 813, pp. 134-142,
2018.

J. Zheng and X. Zhou, "Sodium dodecyl sulfate-modified carbon paste
electrodes for selective determination of dopamine in the presence of ascorbic
acid,” Bioelectrochemistry, vol. 70, pp. 408-15, May 2007.

D. Antufa-Jiménez, G. Diaz-Diaz, M. C. Blanco-Lépez, M. J. Lobo-Castafion,
A. J. Miranda-Ordieres, and P. Tufidn-Blanco, "Chapter 1 - Molecularly
Imprinted Electrochemical Sensors: Past, Present, and Future,” in Molecularly
Imprinted Sensors, S. Li, Y. Ge, S. A. Piletsky, and J. Lunec, Eds., ed
Amsterdam: Elsevier, 2012, pp. 1-34.

M. S. Cosio, M. Scampicchio, and S. Benedetti, "Chapter 8 - Electronic Noses
and Tongues,” in Chemical Analysis of Food: Techniques and Applications, Y.
Picd, Ed., ed Boston: Academic Press, 2012, pp. 219-247.

R. Nasraoui, D. Floner, and F. Geneste, "Analytical performances of a flow
electrochemical sensor for preconcentration and stripping voltammetry of metal
ions,” Journal of Electroanalytical Chemistry, vol. 629, pp. 30-34, 2009/04/15/
2009.

A. J. Bard and L. R. Faulkner, Electrochemical Methods: Fundamentals and
Applications. New York: Wiley, 2001.

D. R. Dreyer, S. Park, C. W. Bielawski, and R. S. Ruoff, "The chemistry of
graphene oxide," Chem Soc Rev, vol. 39, pp. 228-40, Jan 2010.



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

19

L. Yu, P. Li, X. Ding, and Q. Zhang, "Graphene oxide and carboxylated
graphene oxide: Viable two-dimensional nanolabels for lateral flow
immunoassays,” Talanta, vol. 165, pp. 167-175, Apr 1 2017.

Y. Zeng, Y. Zhou, L. Kong, T. Zhou, and G. Shi, "A novel composite of SiO2-
coated graphene oxide and molecularly imprinted polymers for electrochemical
sensing dopamine,” Biosens Bioelectron, vol. 45, pp. 25-33, Jul 15 2013.

L. Kong, X. Lu, X. Bian, W. Zhang, and C. Wang, "Accurately tuning the
dispersity and size of palladium particles on carbon spheres and using carbon
spheres/palladium composite as support for polyaniline in H202
electrochemical sensing,” Langmuir, vol. 26, pp. 5985-90, Apr 20 2010.

E. Lee, M. S. Ahmed, J.-M. You, S. K. Kim, and S. Jeon, "Conducting polymer-
coated, palladium-functionalized multi-walled carbon nanotubes for the
electrochemical sensing of hydroxylamine,” Thin Solid Films, vol. 520, pp.
6664-6668, 2012.

E. Lee, D. Kim, J.-M. You, S. K. Kim, M. Yun, and S. Jeon, "Electrocatalytic
Oxidation of Hydrazine and Hydroxylamine by Graphene Oxide-Pd
Nanoparticle-Modified Glassy Carbon Electrode," Journal of Nanoscience and
Nanotechnology, vol. 12, pp. 8886-8892, // 2012.

D. Jiang, Z. Chu, J. Peng, and W. Jin, "Screen-printed biosensor chips with
Prussian blue nanocubes for the detection of physiological analytes,” Sensors
and Actuators B: Chemical, vol. 228, pp. 679-687, 2016.

A. A. Karyakin, E. E. Karyakina, and L. Gorton, "On the mechanism of H202
reduction at Prussian Blue modified electrodes,” Electrochemistry
Communications, vol. 1, pp. 78-82, 1999/02/01/ 1999.

J.-H. Yang, N. Myoung, and H.-G. Hong, "Facile and controllable synthesis of
Prussian blue on chitosan-functionalized graphene nanosheets for the
electrochemical detection of hydrogen peroxide,” Electrochimica Acta, vol. 81,
pp. 37-43, 2012.

N. Chandra Sekar, S. A. Mousavi Shaegh, S. H. Ng, L. Ge, and S. N. Tan, "A
paper-based amperometric glucose biosensor developed with Prussian Blue-
modified screen-printed electrodes,” Sensors and Actuators B: Chemical, vol.
204, pp. 414-420, 2014.



[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

20

L. R. F. Allen J. Bard, "ELECTROCHEMICAL METHODS " 2001.

K. C. Honeychurch, "13 - Printed thick-film biosensors," in Printed Films, M.
Prudenziati and J. Hormadaly, Eds., ed: Woodhead Publishing, 2012, pp. 366-
409.

W. T. P. dos Santos, H. M. A. Amin, and R. G. Compton, "A nano-carbon
electrode optimized for adsorptive stripping voltammetry: Application to
detection of the stimulant selegiline in authentic saliva,” Sensors and Actuators
B: Chemical, vol. 279, pp. 433-439, 2019/01/15/ 20109.

W. T. P. dos Santos and R. G. Compton, "A simple method to detect the
stimulant modafinil in authentic saliva using a carbon-nanotube screen-printed
electrode with adsorptive stripping voltammetry,” Sensors and Actuators B:
Chemical, vol. 285, pp. 137-144, 2019/04/15/ 2019.

T. J. Roussel, D. J. Jackson, R. P. Baldwin, and R. S. Keynton., "Amperometric
Techniques,” presented at the In Encyclopedia of Microfluidics and
Nanofluidics, Boston, 2013.

S. Kurbanoglu, M. A. Unal, and S. A. Ozkan, "Recent developments on
electrochemical flow injection in pharmaceuticals and biologically important
compounds,” Electrochimica Acta, vol. 287, pp. 135-148, 2018/10/10/ 2018.
X. Chen, B. Chu, H. Xi, J. Xu, L. Lai, H. Peng, et al., "Determination of chlorine
ions in raw milk by pulsed amperometric detection in a flow injection system,"
Journal of Dairy Science, vol. 101, pp. 9647-9658, 2018/11/01/ 2018.

S. Preecharueangrit, P. Thavarungkul, P. Kanatharana, and A. Numnuam,
"Amperometric sensing of sulfite using a gold electrode coated with ordered
mesoporous carbon modified with nickel hexacyanoferrate,” Journal of
Electroanalytical Chemistry, vol. 808, pp. 150-159, 2018/01/01/ 2018.

K. Promsuwan, P. Thavarungkul, P. Kanatharana, and W. Limbut, "Flow
injection amperometric nitrite sensor based on silver microcubics-poly (acrylic
acid)/poly (vinyl alcohol) modified screen printed carbon electrode,”
Electrochimica Acta, vol. 232, pp. 357-369, 2017/04/01/ 2017.

AOAC, "Guidelines for Standard Method Performance Requirements,” pp. 1-
16, 2016.



[40]

[41]

[42]

21

P. Bruce, P. Minkkinen, and M.-L. Riekkola, "Practical Method Validation
Validation Sufficient for an Analysis Method,” Mikrochim. Act, vol. 128, pp.
93-106, 1998.

J. W. Robinson, E. M. S. Frame, and G. M. Frame Il, Undergraduate
Instrumental Analysis United States America: Marcel Dekker, 2005.

I. Taverniers, M. De Loose, and E. Van Bockstaele, "Trends in quality in the
analytical laboratory. Il. Analytical method validation and quality assurance,"
TrAC Trends in Analytical Chemistry, vol. 23, pp. 535-552, 2004/09/01/ 2004.



22

Paper |

Electrochemical sensor for hydroxylamine detection based on palladium
nanoparticle —glassy carbon spherical (PdNPs-GCS) modified on
glassy carbon electrode.

Soleh, A., Kooni-art, P., Kanatharana, P., Thavarungkul, P.,Limbut, W.

Proceeding



23

OC vin I & & © O il win @ -] B[H®

unANUAduauusSIluSIMUMSUS:guIdIMS

msﬂimmmms LLa‘“‘tJ'iuﬂ’Jﬂ 1
UIANSSUUUNAFANE LR mwu

“UNAWSANYSAIULLUNIB I dﬂf)’)lll]llﬂd JIOﬂO flOflU”

1St National Graduate Research Conference and
Creative Innovation Competition

o/ d o
MWUN 17-18 dannau 2560
o AudUszguuINI ARDIINTE TseusuAduned Weelnal




24

mMalszgdrnsuardaznaauinnssuinfiafnuiwien® A5 1
1" National Graduate Research Conference and Creative Innovation Competition
it 17-18 Rampn 2560 TsausnAdunes Samindealn

6w o & H ) a
irasaai WNdmsuasedTnlaasandaiiin Tﬂﬂ?%wq?w171'1nmﬂ%méuauﬁﬂiuﬂqqmnﬁﬁfm
'mgmﬂmTqumLﬁﬂu—nmﬂ%m%u'auwsaﬂau (PANPs-GCS)

Electrochemical sensor for hydroxylamine detection based on palladium nanoparticle — glassy

carbon spherical (PANPs-GCS) modified on glassy carbon electrode

1,2,3 4 1,2,3 1,2,5 g 1,2,4*
ond dauar  Umen gRane nEARYe) Anns1IMY Ume 91905 WA 29105 ANYyRs

Y
1,2,3 4 1,2,3 1,2,5 1,2,4*
A. Soleh , P. Kooni-art , P. Kanatharana , P. Thavarungkul ~ and W. Limbut

Trace Analysis and Biosensor Research Center, Prince of Songkla University, Hat Yai, Songkhla 90112,
Center of Excellence for Innovation in Chemistry, Faculty of Science, Prince of Songkla University, Hat Yai, Songkhla 90112,

3Depc:rtment of chemistry, Faculty of Science, Prince of Songkla University, Hatyai, Songkhla 90112
ADepcmment of Applied Science, Faculty of Science, Prince of Songkla University, Hatyai, Songkhla 90112
5Deportment of Physic, Faculty of Science, Prince of Songkla University, Hatyai, Songkhla 90112

*Corresponding author, E-mail: warakorn.|@psu.ac.th, Tel: 074-879955; Fax: 074-446681
unAntia

naRamEEasNaLAT indnsunsaainnaasdnlgnsandaniiu (NH,0H, Hydroxylamine) #ag
il nanadansuaniiusulqsiamiingion syniaunTumnanifen-naadansueunsnan (Palladium nano
particle — Glassy carbon spherical, PdNPs-GCS) Tratinaflauanmelsumn3saniuszuuWaddumantu vinnis
Anundnuazdngiures PONPs-GCS uazAnunginassuvnaaiiiinasdlansandanihuunda i PaNps-
GCS ﬁqaﬂﬁmﬁgﬂmiﬂﬁﬁLﬁnmﬂuu,um'mnimLmzmﬂﬁmfmﬁn%ameLam%' (Cyclic voltammery) AN{AT6L
arniunenanozimsnzan T 1nnos PANPs-GCS AlfdmsuSILRRantinda i Fndtin Uannms
aaapgne uarsnsnts e meliantzmnzanwudn oA inmm A sduunsdgasnas
dintin 25 - 25,000 Tulasiuans fidndadaniansaadn windu 36 (ulasiuand uazdadndnnisnsnadnids
Uasnas winiu 120 BailasTiand uenanniidaiinimmnaufiiadesnmita (%RSD < 5.3 (n=73))

AdnAty: Tansandaniiu wallauenmelsum3 seuulnaduandu PANPs-GCS

Abstract

Electrochemical sensor has been developed for the determination of hydroxylamine by flow injection
amperometry based on glassy carbon electrode (GCE) modified with Palladium nanoparticle - Glassy carbon
spherical (PANPs-GCS). The surface morphology and electrochemical behavior of hydroxylamine on PANPs-GCS
modified electrode were characterized by scanning electron microscope and cyclic voltammery, respectively. The
amount of PdNPs-GCS for modified electrode, potential, sample volume and flow rate were optimized. Under
the optimal conditions, this sensor provided a wide linear concentration range of 25 to 25,000 pM. The limit of
detection (LOD) and the limit of quantitation (LOQ) were 36 uM and 120 uM, respectively. Moreover, It provided
good stability (%RSD < 5.3 (n=73))

Keywords: Hydroxylamine, Amperometric technique, Flow injection system, PdNPs-GCS
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iasannUAsnimes PdNPs-GCS AtisuLgsRamtinasia i denasianisissfisensentindy
waslanaan@anils (Lee ef o, 2012) uAzLANI4 PANPs-GCS Fivmuifinlufiazyinliinsaeninudidnasanues
a3 g NAnFsennBusana iy snzuafilianss (L et al, 2015) Foldesniufissfnuiiunn
784 PANPs-GCS dnmiuilsinlgeRaviindainnanadanfuaulaehumiadeidnumBanomes PaNPs-GCS
faust 20 - 40 Tailaan3u Tnefinowsitunisid@enfiansanie Usnnmas PANPs-GCS Ailiinanaladinsnzvige
FagmnaamlFiann nnsinanslansendaniiufinnnadisdiusine THur 0.1, 05, 1, 5 uaz 10 Radluans u
yn1andannsmasdniusszndnanndsiivessasaraisnnnsgutuainssua i dapannla

a P o A v
'Jmi’l‘::‘ﬂﬂﬂﬂ’l’lu’ﬁuﬂﬁﬁTﬂ’V’?ﬂﬂi’?WNﬁmij’m
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2.2 Anedndiiinivnnranfitiunnsnnadnlansenganfiufaemeilauenmelswyd
dosandndinfitidmsunsaainlansandaninasdonanedayyiminazuadils Tnsavfioad
andlinfianansnidinafnifieeendniuneslansandaiulifuasidyginnazuaaslansandan
fluge daduasfnuwaaasrdnglindaus 0.1 s 0.5 Taad TaefinausilunisiRenfansonde dndlwini
WnnnulAamseige
2.3 ANEUBNIRATIBIENTFIBE N UAYERTINT AT BIEN ST N aNTA 1 InsruLTWdaB e Adh
iasantunsnsaednlansenganina:Mszuudaduentu desunnseesanssaageiigndnlu
TuizUULLﬂzﬁmiﬂﬂﬁiTﬂﬂﬂﬂdN’liﬁ&hmﬁﬁfﬂ?uizuu@zddN@ﬁ@ﬁmfg’]mﬂ‘i:uﬂﬁYﬁ Tmﬂﬁ’fyfyﬁmﬂi:LLﬂﬁTﬁ%
AsiiaUaNmsEIaNsTantennuNaLar RSN MaTiEafinluasyinTHnanfiansdnTafuda il
Yemaraaslliftoene Seazdanaliideyaroesslonsendaiifilianas (Promsuwan et al, 2017) Farhiay
AN ANnsTaIEIRaatLazE RN auasansseus 50 de 500 Talasdns uay 0.25 A 1 AaRAnsse
wift auansin Taefineilunisdenfiansanie WenBunszesassedouazdnannis mafihaasls

AATAGIANA THNTAATZRAN

' v
g o =

3. AnuUsrAnBn neesdsaLAT IR T
AnunUszAnBneREAnT T Binamiulae Ansngasnanmduduase (Linear range) Tasniin
N19M92997 (Limit of detection, LOD), Ina1finnn9m9999mi3aaannns (Limit of quantitation, LOQ) WaZAINH
\digsrasda Wi (Stability)
3.1 ga9mansihudingss (Linear range)
AnundasmnsiinduradlansandanfiuiiaunsnWinanisdinsnsiiBeaaunadidaansgndes Anwn
Tmﬂmq@ﬁ’mmﬁmm'mmi:Lmmm‘mzmﬂmmgqﬂﬁm@n%mﬁuﬁm'mLﬁwﬁusf’mj meliannagi
wrngan sniudsunsansdniugsndsacaiindnresaisaratennesgulansandanfiuuag
AYEYIUNTIT URTAMIDI NGNSz ANBANANRWE (Correlation coefficient, ) ineusinnseansuTiTaaviafu
fedn r aufiesfldnagszning 0.995-1.000 AwezuansdnanadiEszndnanIENinsesmafitenis
"3miﬂ:ﬁu,ﬂ:ﬁ'rytyﬂmnimﬂﬁﬁﬂ?ﬁ\fﬁwﬂmﬁmiﬂzﬁ‘/’ignﬁmLm:mmmﬂ’ﬁl,ﬁumqm’m%’u%mﬂiﬁmmmﬁd
A tunn53LAs1EsA (Bruce et al., 1998)
3.2 AnFfinn19919293@ (Limit of detection, LOD)
Fndrfiannananaiafanrdniusigadatissfigaiiaansotinseiliueteiiamiannmada
T TraaunsaRansan lFanndnsndaussndnadyayiasedayayimsunausinndmdeminduans (SN = 3)
(Swartz ond Krull, 1997) @18"90AMINAINANNTT LOD = 350 / b iila Sa Aia cﬁhtﬁmmummgﬁwu&gmﬁm
UNK Y UWAZ b AB ANNTHIBINIINNIRTTIN
3.3 ApF1NANITALATISABILANN04 (Limit of quantification, LOQ)
Lﬂu‘i:ﬁ’umﬁmﬁuﬁuﬁwqﬂﬁmm‘mﬁLﬂiﬁ:ﬁuﬂ:mﬂ%uWmfﬁ‘fu@l’q'ﬂtm TrasunsaRansantéiann
ANTNEINTENINAY YIUADA Y YIUTUNIVNINAGIAIDWNATUAD (SN > 10) (Swartz and  Krull, 1997)
AHNTAAUIIINEANNTT LOQ = 10Sa /b 1ile Sa Aa ﬁmﬁ'mLuummgﬂuuwyﬂﬁmmu y Az b fin ANTu

"ilﬂ\‘iﬂ‘i"lWN"IVﬁfZ’]u
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3.4 AinyiAnEade 28997 WA (Stability)
Anune1gnnsTEeens PANPs-GCS USugeuninlhinana@ensueudmiunisnsiednlansendan
fiulgtasnansing 7 BeaznSpuiiaudnssuaivdsnnaldnssiiaatsng 4 fudnssuaiivie

&
2] N‘f’ﬁ WATIEAATILTN

WAN1SANEILAENTRAUNA
1. AngUaNTANIINIEAIMeB9 PANPS-GCS

Anunudogmianenas PANPs-GCS Aiduasnzili AnunlnundasqanssmiBifnaseuiundesnan
A 2 . usRsdnY g HrBINANE RS UBTRINaN (GCS) AzfidnEnsiumananuaruRIs UGB
uaztun gl 2 9. uRAsANHMEEIgTIIaY PANPS-GCS auiiulidnflayniaeunadnuaswianfes (PANPs)

INEBYLUBINRBINAETAISUBUNTINAH (GCS) Beflamadnuazinianszansfaasinians

PdNPs-GCS

AN 2 fnwmﬂﬂﬁm’yﬂwﬁﬂﬂﬁLﬁﬂm‘i’ﬂmmud’mﬂi’m (Scanning electron microscopy, SEM) WRANANE TN

dosginns GCS Tuguit 2 n. uaz PoNPs-6CS Tugulit 2 1.

2. Ainsnpouanifiniaad (Winees PANPs-GCS

AnsnaouasFniaaiininyes PANPs-GCS AfaAse s uasnaseuLsyavBnmiunnsiseiten
pandinduzaslansandaniiu Tredeufisulsrandninniansiadnlansantanduasdaiinanad
AnSusuiii3unqadiag PANPs-GCS  datninnanadansuenfiuiunqedinanaia@ansusumasnan (GCS) uaz
#alwinanagarsusussInat anleaanlaaunluungs (il 3) wuddyyseeslansendaniiubi
Usngdmsudaiminanadansueusssun uazda i fiusulgeinenanadansusumssnan (6CS) Tuanue
a3 unqedian PANPs-GCS azilsngdmyayoieslansandaniuiidngdtia 0.45 v ilaeann PaNPs

aunanEaiiReesnBindireslensangaiiiuld (Lee et of, 2012)
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Current (pA)

-0.4 T T T T T
-0.3 -0.1 0.1 03 0.5 0.7
Potential (V)

awit 3 Tepanlawslnunanuansdnyoroeslansandaniin uudaihnanadansueu (o) Talwinana

Fanfuaniiviugsiienanadanfusunana (GCS) () uazta inanadanfuanfiviugsinenata®

AsuBssnaNsaNiUeynIA luIAFEH (PINPS-GCS) (—) Aigaedngdtuith -0.2 &1 0.8 Toad

3. Anwnilagasineg Avmnzandmiuntsnseainlansendaniiv
3.1 ANESHM PANPs-GCS AmnsandmiululgsRantingainnanaansuen
AnENUAH4 PANPS-GCS AmsuuiudgeRaniiiabiinaaust 20 - 40 Tlasn3u (nwdl 4) wudnifle

U310 PANPs-GCS findusiaugt 20 - 30 wlasndu vinlidraansladinsnsfaesniananadnlansandaniin

'
a

T o o/ 1 { = 1 o/ 1 a
WANGANANAIAU Bginelsfimailet3unss PANPs-GCS w1nndn 30 Tulasns Anmnwldinsnziianas

!
A

ip9annU3unm PANPs-GCS AAnnnifinvintiduans PANPs-GCS AiRantinga W Anlun1sdarmg
Adnasnurasans Wi dsennduaanalidyaoi (Fanas (Li et of, 2015) FasilLBanm PANPs-GCS

AnnzandmSULS UL Rawhda Wi fie 30 Tulasnsu

6.5 -

4.5 -
) —/I
05 4 T T T T
20 25 30 35 40

Amount of PANPs-GCS (pg)

Sensitivity (pA.mM")

A 4 nTuaasanEARRUE s mN e Tiesia N iuFudqeRantinson PANPs-GCS uax

1350u989 PANPs-GCS maus 20-40 Tulasnsu dndiatunnsnsaasadt 0.1 Taad
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3.2 AnEAnd i Avmnzantumansasdn

nsinendnd A% unnsnsaadalansendaniiugaedtuanmalswra sousdndlnin 0.1 8 0.5
Toad ((mit 5) nudn edndinititunnsnsaedaiinduann 0.1 s 0.2 Taad ¥intiArannlmassiues
nsnaneinlansendaniuisdn wazilednd i dtinnnndn 0.2 Taad AranlApssieranasuas i
faust 0.3 89 0.5 Taad Aatuindiinfivmnsandmiunisnsainloasanganfiugngitusnmelswm fa
0.2 Taad nenaniidenBeudieudndwinilinsaesnlansandar dusaedtuenmelsumaiueudsunon
i1 (Kannan and John 2010, Allibai Mohanan et al., 2016) wudniiAntiasndn deavdnsannazaesinsunawd

anuunnIngaasnsinnenea

120 -
s 90
€
<
Z 6.0 - .
2
=
% 30 -
{ =1
@
(%2}
o'o I T T T T
0.1 0.2 0.3 0.4 0.5
Potential (V)

AT 5 nauaAsAnNERRUEssdneAtra AT e (Wi TiuS UL geRamiiAae PANPs-GCS way

Fnd il Tunsms9adn daust 0.1 8 0.5 Taad

3.3 AnEAunRsImIiingareRIINs Mafianzanlun1snsadn
maRneUBaaseesansiaetiiandnsruninadduantu dousiums 50 f9500 Gilasans
ANHANIINAADY LHBUBH1ATYDIF5F AL RNTN wudnAaaTdnsnsiraslensondanfuinduuas
ATIMAIaINLBNIRTERIENSRBtaNnngn 200 Tlasans WaseniiuBannsfinanfiunesesasiaatng
Fanunsansaaiatuszuulnadduandu uasAnundnsnisaresansinaudinszuuTnadauenii sousd
fn9n13na 0.25 s 1.00 AaAGAssewT (Nl 6) arnwaniameaseladnsnnisrafisnduann 0.25
0.5 Aadanssiaw? wudnAaulARAANTW wasfisnsnislianinnda 0.5 Raddnssew? nudien
ArnlARaianas eswnidlesnsnishisfiisdudwalilssaninmnisindeufiueslansangandiuin
TUsRmsensta Wi veufistu udsgnalsinusnsnnis mailafinluvin s fiansandanuda Wia
VendBiisne ity ioeeslaasengaiuiiFanaedonaliataulaiinszifi lianas (Promsuwan
et al, 2017) fishiBunmsanssinntnauazsnsns MaresasfivNazand s dnsruL WA dua Adh

Fmsunsasnadalansanganinie 200 WlAsans uay 0.5 AadanTsEUNT ANEsU
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Flow rate (ml.min™")
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o
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Highlights

First lab built simultaneous electrochemical sensor system based on dual working
electrodes

Novel electrochemical sensors for simultaneous determination of glucose, uric acid, and
dopamine

Two electrochemical techniques, adsorptive anodic stripping voltammetry and
chronoamperometry are utilized

The sensor has good linearity, low detection limit and good reproducibility

This sensor can determine DA, UA and glucose in blood samples with excellent accuracy
The developed method open up a new path for further simultaneous electrochemical

sensing
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Abstract

Dual working electrodes were constructed for the simultaneous determination of three
analytes. A graphene oxide-modified glassy carbon electrode (GO/GCE) was used for adsorptive
anodic stripping voltammetry to detect uric acid and dopamine while a chitosan/glucose
oxidase/prussian blue-graphite modified glassy carbon electrode (Chi/GOx/PB-G/GCE) was
used for chronoamperometric glucose detection. The fabrication and operation conditions for
both electrodes were optimized. Linearity was obtained in the ranges of 0.10-30 uM and 30-80
uM for dopamine, 0.20-10 pM and 10-30 uM for uric acid and 15-1,500 pM for glucose. The
system provide detection limits (LOD = 36/S) of 0.080 pM, 0.11 uM, and 5.7 uM for dopamine,
uric acid and glucose, respectively. This dual working electrode system showed good
reproducibility and excellent recovery for the simultaneous determination of dopamine, uric acid,
and glucose. When used to analyze dopamine, uric acid, and glucose in blood plasma samples,
the results agreed well with those from the conventional methods (>0.05), indicating the

potential of this system to simultaneously determine these three analytes in real samples.

Keywords dual working electrodes; adsorptive anodic stripping voltammetry;

chronoamperometry; dopamine; uric acid; glucose
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1. Introduction

Point-of-care (POC) testing for an aging society has become increasingly important [1,
2]. Common diseases in elderly patients such as diabetes, gout, kidney, Parkinson's and
Alzheimer's [3, 4] can be diagnosed based on the levels of certain markers, i.e., glucose, uric acid
(UA) and dopamine (DA), respectively. Independent detection of these three disease markers can
be easily achieved by three individual assays. Nevertheless, a single assay that can

simultaneously detect these three analytes from a single sample, is still lacking.

Electrochemical sensor is an interesting assessment technique due to its simplicity, high
sensitivity, rapid, low cost and has been extensively explored for the detection of glucose, UA
and DA. Since these three biomarkers coexist in samples, their simultaneous determination is
challenging. For glucose detection, it can be by both nonenzymatic and enzymatic processes. The
nonenzymatic process involves the direct oxidation of glucose and has been detected based on a
variety of materials as well as electrode structures in an alkaline pH solution [5]. However, in an
alkaline solution DA is self-polymerized to polydopamine [6, 7] and UA is deprotonated (pKa of
UA = 5.6) [8] thus, affecting their current responses. Thus, for simultaneous detection the
enzymatic process is considered. This involves the use of glucose oxidase enzyme (GOx) to
catalyze glucose oxidation and measures the glucose level by detecting H,O, generates in the
reduction [9].

In the case of DA and UA detection, when traditional bare electrodes are employed the
oxidation peaks of DA and UA appear at potentials very close to each other resulting in an
overlapping voltammetric response [10]. The situation could be improved using carbon
nanomaterials modified electrode, thus, allowing the simultaneous detection of DA and UA. In

addition there was no oxidation peak of glucose [11]. Therefore, it would be possible to detect
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these three analytes from a single sample using two electrodes, one for DA and UA and another
for glucose. Dual working electrodes have been applied, for example, for the simultaneous
determination of; glucose and lactate [12], cytochrome ¢ (CYC) and vascular endothelial growth
factor (VEGF165) tumor markers [13]. Thus, electrochemical dual working electrode systems
have great potential for the development of POC diagnostics. To the best of our knowledge, the
simultaneous determinations of three analytes using a dual working electrode system have not
yet been reported.

To simultaneously detecting multiple analytes, suitable techniques and electrode-
modification materials that can provide clear signals for each analyte are necessary. For UA and
DA detection, electrodes modified with carbon nanotubes [14], ordered mesoporous carbon [15],
and graphene oxide (GO)[16] have shown to improve the electrochemical detection performance
and enhance the detection limit and sensitivity. GO is interesting due to its excellent
hydrophobicity, large surface-to-volume ratio, good stability, biocompatibility, low cost and a
large number of oxygen species, which enhances the adsorption of UA and DA on the electrode
surface via hydrogen bonding [17-20]. This feature would be beneficial for their detection by

adsorptive anodic stripping voltammetry.

For glucose detection, a biosensor of chitosan/glucose oxidase/Prussian blue-graphite
composite-modified glassy carbon electrode (Chi/GOx/PB-G /GCE) was investigated to improve
the sensor performance in terms of stability, sensitivity and selectivity. Chitosan (Chi) is a
natural polymer that has been widely used as a matrix for enzyme immobilization due to its
excellent film forming ability and biocompatibility, high mechanical strength, and nontoxicity.
The enzyme GOx catalyzes the oxidation of glucose to H,O, and gluconolactone [21]. PB (Fe,"
[Fe"(CN)s]3) acts an electron mediator through the electrocatalysis of H2O» reduction at a low
applied potential [9]. The low potential can alleviate interferences from common coexisting

species in blood samples, i.e., ascorbic acid (AA), UA, and DA) [22].
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This research aimed to design and construct a novel dual working electrode
electrochemical sensor system for the simultaneous determination of glucose, UA, and DA
(Fig. 1A and B). GO/GCE was used as working electrode 1 (WE1) for DA and UA detection
using adsorptive anodic stripping voltammetry. Chi/GOx/PB-G/GCE was used as working
electrode 2 (WE2) for the chronoamperometry detection of glucose. The fabrication and
operating condition were optimized to obtain the highest sensitivity of the sensor. The sensor
was evaluated for its analytical performance before applying DA, UA and glucose in real blood

plasma samples.
2. Materials and methods
2.1 Materials

GO was from Cheap Tubes (Brattleboro, USA). PB-Graphite was from GWENT
(Mambhilad, Pontypool, UK). Acetic acid, potassium chloride and sodium chloride were from
Merck (Darmstadt, Germany). DA, chitosan, D-(+)-glucose, sucrose, glutaraldehyde, GOx
(127,000 units/g), potassium ferricyanide (K3Fe(CN)g), urea and UA were from Sigma-Aldrich
(St. Louis, Mo, USA). N,N-Dimethylfornamide (DMF), ascorbic acid and sodium acetate were

from Ajax Finechem (Taren Point, Australia).

2.2 Instrumentation

Surface morphology of the GCE, GO/GCE, PB-G/GCE, Chi/PB-G/GCE and
Chi/GOx/PB-G/GCE were observed by scanning electron microscopy (SEM) (Quanta 400, FEI,
USA). All electrochemical techniques were carried out using a lab built simultaneous
electrochemical sensor system based on dual working electrodes (Fig. 1A). The system consists
of an instrumentation part and a detection chamber. The instrumentation contains a potentiostat
(uStat 400 BiPotentiostat/ Galvanostat, DropSens, Asturias, controlled by dropView 8400

software), a stirrer, a touch screen monitor and a step motor to control the electrode vertical
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movement. The detection chamber is an electrochemical batch cell for the dual working
electrode system. There are four electrodes, a GO/GCE working electrode 1 (WEl), a
Chi/GOx/PB-G/GCE working electrode 2 (WE2), a Ag/AgCl reference electrode, and a platinum
wire auxiliary electrode. They are inserted into the four slots of the stand (Fig. 1B). Electrode
configuration plays a critical role in electrochemical measurement and current response of three
arrangements of the four electrodes, i.e., Y, T and Sq (square), (Supplementary Fig. STA) were
compared. The stand with these slots arrangements were designed using the Art Cam Pro 9 (a
software program). The stands were then fabricated using a computer numerical control (CNC)
drilling system (Mini CNC 3040, Panmaneecnc Shop, Thailand) with the Art Cam Pro 9

software (Supplementary Fig. S.1B).

2.3 Electrode preparation
2.3.1 Preparation of GO/GCE (WEI)

A GCE was polished using alumina slurries (5.0, 1.0, and 0.5 pm, sequentially) and
rinsed with distilled water. It was then modified by drop casting 25 pg of GO (2 mg/mL in DMF)

on the electrode surface and allowing the suspension to dry in an air oven at 60 °C.
2.3.2 Preparation of Chi/GOx/PB-G/GCE (WE2)

Chi/GOx/PB-G/GCE preparation was adapted from a reported procedure [23]. Briefly, a
PB-modified graphite solution (0.050 g mL"' in DMF) was drop casted onto a polished GCE and
left to dry in an air oven at 60 °C. One hundred microliters of chitosan (1.5 mg mL" in 1.0% v/v
acetic acid) was mixed with 2.0 pL of 5.0% glutaraldehyde before drop casting 2.5 pL of this

mixture on top of the PB-G layered GCE. Tt was immediately stored at -20 °C overnight, thawed
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at 4 °C for 1 h and rinsed with deionized water to from the chitosan cryogel. To immobilize the
enzyme, 10 pL of 5.0 % glutaraldehyde was dropped onto the modified electrode, left for 20
min, and rinsed with deionized water. Then, 2.5 uL of GOx (10 unit uL™ in 100 mM phosphate
buffer, pH 7.00) was dropped onto the modified electrode. The crosslinking between the amine
group of the GOx and the amino group of chitosan activated with glutaraldehyde was allowed to
proceed at 4 °C overnight. The Chi/GOx/PB-G/GCE, when not in used, was stored at 4 °C in 2
mL of sodium phosphate buffer (100 mM, pH 7.00) containing 0.02% of sodium azide to prevent

contamination by microorganisms.
2.4 Electrochemical measurements

Simultaneous determination of DA and UA was performed with adsorptive anodic
stripping voltammetry (WE1, GO/GCE) and chronoamperometry (WE2, Chi/GOx/PB/GCE) for
glucose. In the accumulation step, DA and UA in the solution were adsorbed on WEI at an
appropriate accumulation potential and time while stirring. During this time WE2 is turned off.
For the measuring step, stirring is stopped and the detection procedure started 10 s later when the
solution is motionless. DA and UA were stripped from the WEI into the solution by applying
anodic scans between 0.00 and 0.70 V (vs. Ag/AgCl). The oxidation peak currents of DA
(reaction (1)) and UA (reaction (2)) on WE1 were recorded. They are directly proportional to the

concentrations of DA and UA (Fig. 1B-a).
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WE?2 detected glucose by the chronoamperometry technique as shown in reactions (3) to (5):

Glucose + Oz  Goz  Gluconic acid + H,0,
K4Fey "V [Fe " (CN)s]; + 2H,0, — Fe, """ [Fe'")(CN)]; + 4OH + 4K™*
(3)
4)

Fe, ™ [Fe ™ (CN)eJs + 4K* + 4e” — KyFey ™ [Fe™(CN)]s  (5)

The oxidized form of PBox (Fes"’[Fe"’(CN)q]s) is electrochemically reduced on WEZ2, resulting

in a negative current that is directly proportional to glucose concentration (Fig. 1B-b).

2.5 Optimization of the electrode condition

To achieve the highest efficiency of the developed dual working electrode system,
optimal electrodes conditions were investigated. Optimizations were carried out by changing one
parameter and keeping the others constant. The sensitivity (slope of the linear relationship
between the current signal and the analyte’s concentration) obtained at each condition was
compared and the optimum condition was considered to be the one that provided a high

sensitivity.

For WE], the electrode conditions of the adsorptive anodic stripping voltammetry were
optimized for amount of GO (0.00 to 40.0 ug), accumulation potential (0.20 to -0.30 V) and

accumulation time (60 to 360 s) by analyzing a series of DA and UA standard solutions in the
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concentration range of from 2.00 to 10.0 uM. The responses were anodic peak current of the
adsorptive anodic stripping voltammogram at 0.32 V for DA and 0.48 V for UA. The effect of
the amount of GO were first tested with conditions; 0.00 V accumulation potential, 60 s

accumulation time.

In the case of WE2, the electrode conditions of the chronoamperometry to detect glucose
were optimized for amount of PB-G (0.050 to 0.60 mg), amount of GOx (5.0 to 50 unit) and
applied potential (-0.30 to 0.20 V). The effect of the amount of PB-G were tested with
conditions; 25 unit GOx, -0.10 V applied potential. The effect of the amount of GOx was first
tested with 0.30 mg of PB-G at an applied potential of -0.10 V. These parameters were
investigated by analyzing a series of glucose standard solutions in the concentration range of
from 100 to 500 uM. The running buffer used throughout all experiments was a 0.10 M acetate
buffer solution at pH 5.00 containing 0.10 M KCI. For glucose, the current signal was obtained
from faradaic current generated at t=1 s of chronoamperometric curve. All measurements were

performed in triplicate.

2.6 Real sample analysis

Six blood samples were collected from Hatyai Hospital, Hat Yai, Songkhla, Thailand.
The matrix of the samples were first studied by spiking them with five concentrations of UA,
DA, and glucose and diluted 200 times with acetate buffer at pH 5.00 (to reduce the matrix
effect). The slopes of the matrix-matched calibration curve and the standard curve were
statistically compared (two-way ANOVA). If the dilution provided no significant difference

(P=0.05), the matrix had no effect on the analysis and the standard calibration curve could be
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used to calculate the concentrations of the analytes. A recovery test was also performed by

spiking different concentrations of UA, DA, and glucose into blood samples.

3. Results and discussion
3.1 Effect of electrodes configuration

The cyclic votammetric responses of the three electrode configurations Y, T, Sq, with
hydroquinone as a redox marker (10, 20, 30, 40 and 50 ppm) all exhibited good oxidation and
reduction responses (Supplementary Fig. S2). Both oxidation and reduction sensitivities (slopes
of the calibration plots) were best with the Sq configuration followed by the Y and T. This is
likely because the Sq has a symmetric configuration with a minimum IR drop and this was used

in further experiments.

3.2 Characterization

Surface morphologies of the two modified working electrodes were investigated using
SEM. For WEI, the GCE showed a smooth surface (Fig. 2a). When modified with graphene
oxide (GO), the GO flakes were regularly distributed on the GCE surface (Fig. 2b). In the case of
WE?2, the smooth GCE surface (Fig. 2¢) was first covered with a layer of PB-G (Fig. 2d). With
the cryogel layer, the Chi/PB-G/GCE surface showed a porous structure (Fig. 2e). A GOx film

could be seen covered the outer surface of the cryogel after the immobilization of GOx

(Fig. 2f).
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The electrochemical behavior of the dual working electrode system was performed using
CV. In this system, the auxiliary electrode (AE) and reference electrode (RE) were equally
shared, and the connections for all electrodes were of the same length. For WE1 (GO/GCE), the
electrochemical behavior of the stepwise fabrication process was studied with 5.0 mM
[Fe(CN)6]** in 0.10 M KCI. When the GCE was modified with GO a pair of well-defined
redox peaks for [Fe(CN)6]*"* were observed with higher peak currents and smaller peak-to-peak
separation (AEp) than those of the GCE (Fig. 3a), indicated that a larger surface area and better

electrical conductivity of the GO effectively enhanced the electron transfer.

The electrochemical behavior of UA and DA were studied with 0.10 M acetate buffer
solution at pH 5.00 containing 0.10 M KCIl. When 100 uM of UA and DA were added into the
electrolyte solution a pair of anodic and cathodic peak currents of DA and one anodic peak
current of UA were clearly observed at 0.30 and 0.28, and 0.46 V vs Ag/AgCl, respectively (Fig.
3b). The GO/GCE peak currents became much higher than those of the GCE (Fig. 3b). This was
likely due to the additional surface area and electrical conductivity of the GO that improved the

adsorption of UA and DA and electrochemical detection of UA and DA on the electrode surface.

In the case of WE2, the electrochemical behavior of the GCE, Chi/PB-G/GCE, GOx/

Chi/PB-G/GCE, and GOx/Chi/PB-G/GCE with glucose was studied by CV in a 0.10 M acetate

buffer solution at pH 5.00 containing 0.10 M KCI (Fig. 3¢). No peak current was observed on the

bare GCE (Fig. 3c.i). A pair of well-defined redox peaks of PB at the potential in the range of -
0.10 to 0.50 V (vs Ag/AgCl) was observed with the Chi/PB-G/GCE (Fig. 3c.ii), indicated the
Chi/PB-G layer electroactivity. The redox peak currents decreased while the peak-to-peak
separation (AEp) increased in Fig. 3c.iii, indicating that the GOx was immobilized. This may be

attributed to the poor conductivity of the enzyme layer, which hindered the electron transfer
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toward the electrode surface. After 1.0 mM of glucose was added, the cathodic peak current
(+0.10 V) increased while the anodic peak current (+0.15 V) decreased (Fig. 3c.iv). This is
because the reduction of H,O, (reactions (4)), produced by the GOx (reactions (3)), was
electrocatalysed by PB, hence, the larger cathodic peak current (+0.10 V).

The electrochemical behavior of glucose, between 100 and 500 uM, on the GOx/Chi/PB-
G/GCE (WE2) was then studied by chronoamperometry (at +0.10 V vs Ag/AgCl) with 0.10 M
acetate buffer pH 5.00 containing 0.10 M KCI. The cathodic current change at t=1 s of the
chronoamperometric curve increased with the concentration (Fig. 3d). These results indicated the
ability of the GO/GCE and Chi/GOx/PB-G/GCE as a dual working electrode system for the

simultaneous determination of glucose, uric acid, and dopamine.

3.3 Optimization of the electrode conditions
3.3.1 GO/GCE for DA and UA
The amount of GO

The amount of oxygen species enhances the adsorption process and/or hydrogen bonding
of UA and DA on the electrode surface [20]. By varying the amount of GO on the GCE, the DA
sensitivity increased with the GO loading up to 25.0 pg then decreased (Fig. 4a) while the
increase of UA sensitivity was observed only up to 15.0 pg before decreasing. This increase at
low loading can be explained by an insufficient amount of GO on the GCE to adsorb the
analytes. However, at higher loadings, the decease of sensitivity may be due to a large number of
oxygen-containing groups in an excessive amount of GO hinder the electron transfer on the

electrode surface [24]. Since the DA concentration in real samples is less than that of UA, and
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the UA sensitivity with the GO loading at 25.0 ug is not much different from its best at 15.0 ug,

25.0 pg of GO was used for further studies.

The accumulation potential and time

The accumulation step of the adsorptive anodic stripping voltammetry method increased
the amount of DA and UA adsorbed on the electrode surface, hence improved the sensitivity and
detection limit of the sensor. The accumulation potential with the highest sensitivity was
obtained at 0.00V and -02 V for DA and UA, respectively (Fig. 4b). Due tothe DA
concentration in real samples is less than that of UA, then the accumulation potential of 0.00 V
was used for further studies. The accumulation time was then investigated between 60 and 360 s
at 0.00 V. The UA sensitivity increased all the way up to 360 s (Fig. 4c). The DA sensitivity
gradually increased with accumulation time from 60to 240 s, no significant changes were
observed for longer times, indicated the saturation of DA on the GO/GCE surface. An
accumulation time of 240 s was then selected because it was the shortest time that produced the

highest sensitivity for DA with sufficient sensitivity for UA.
3.3.2 Chi /GOx/PB-G/GCE for glucose
The amount of PB-G

Fig. 4d shows the increase in glucose sensitivity with increasing PB-G loading up to 0.30
mg, after which the sensitivity decreased. That is, when the amount of PB-G on the GCE is low
it is insufficient to catalyze the electrochemical reduction of HO,. When the amount of PB-G is

too much the sensitivity decreased most likely due to the layer on the modified electrode is
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becoming too thick and impeded electron transfer. Therefore, loading with 0.30 mg of PB-G on

the GCE was used for further studies.

The amount of GOx

The effect of the amount of GOx is shown in Fig. 4e. The biosensor sensitivity increased
with the amount of GOx, reaching the maximum at 25 unit. This trend can be explained by the
insulating nature of the enzyme molecules. When a larger amount of GOx was immobilized there
will be alarger decrease in the electrical conductivity of the biosensor surface [25, 26].

Therefore, 25 unit was used for further studies.
The detection potential

The choice of detection potential is important for achieving a low detection limit and
avoiding interference from other species.The influence of the applied potential covering the
reduction peak was investigated in the range from —0.30 to 0.20 V vs Ag/AgCl. The sensitivity
of the responses increased with the detection potential from -0.30 to 0.10 V (Fig. 4f),
corresponded well with the CV (Fig. 3c.iv). At the applied potential of 0.20 V there was no
response (NR). This is as expected since the oxidation reaction of PB began at 0.15 V onwards.

Therefore, a detection potential of 0.10 V was selected.
3.3 Analytical performance
3.3.1 Linear dynamic range, limit of detection and limit of quantification

Under the optimal conditions, simultaneous determination of DA, UA, and glucose was

performed using a dual working electrode system. Fig. 5a displays the responses where the
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anodic peak current at 0.32 V for DA and 0.48 V for UA increased with concentration. In the
case of glucose, the cathodic current change at t=1 s of the chronoamperometric curve increases

with the concentration of glucose.

Fig. 5b shows two linear response ranges for DA, 0.10-30 pM and 30-80 uM. The limit
of detection (LOD) and limit of quantification (LOQ) were calculated as LOD = 3S, /b and LOQ
= 108, /b, where S, is the standard deviation of the intercept and b is the slope of the calibration
curve and were found to be 0.080 uM and 0.27uM, respectively. A more narrow two linear
response ranges of 0.20-10 uM and 10-30 pM were obtained for UA (Fig. 5¢). The LOD is 0.11
puM and the LOQ is 0.38 uM. The appearance of two linear ranges with different sensitivities
was likely caused by the nature of the adsorbed DA and UA. At low concentrations, DA and UA
can directly adsorb as a monolayer on the GO/GCE surface, resulting in the linear ranges with
higher sensitivities; however, at higher concentrations, DA and UA adsorb in multilayers,

providing the linear ranges with lower sensitivities [27].

For glucose a linear range of 15-1,500 uM was obtained (Fig. 5d), with a LOD and LOQ

of 5.7 uM and 19.2 uM, respectively.
3.3.2 Reproducibility

The reproducibility of the two electrodes for the simultaneous determination of DA, UA
glucose and was studied by comparing the current responses of different preparations of
electrodes to 2.0, 4.0, 6.0, 8.0 and 10 uM UA and DA and 100, 200, 300, 400 and 500 uM
glucose. The six electrode preparations provided relative standard deviations (RSDs) between
1.4 and 5.0 %, 1.1% and 3.6%, and 1.0% and 2.7% for DA, UA, and glucose, respectively
(Supplementary Fig. S3). Thus, both electrodes show good repeatability and are acceptable for

simultaneous determination of DA, UA and glucose according to AOAC guidelines, i.e., 7.3%
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for 10 mg L™ and 5.3% for 100 mg L™ (10 yM DA =19 mg L, 10 yM UA = 1.7 mg L™, 500

uM glucose = 90 mg L) [28].

3.3.3 Effect of interference

To apply the developed sensor for the determination of DA, UA and glucose in blood
plasma samples, the influence of various possible interference species present in plasma was
investigated. The effect of different concentrations of ascorbic acid, urea, sucrose, K", Na" and
Cl" on the analytical signal of a standard solution of 5.0 uM DA, 5.0 uM UA and 100 pM
glucose was evaluated. Three replicate measurements were performed for each interference
concentration. The tolerance limit for interfering species, defined as the amount in the standard
solution that produced a signal that deviated from the signal produced by the standard solution
by more than 5% was determined. For DA and UA, no interference was detected in the presence
of: 20,000-fold of urea and sucrose; 10,000-fold of Na', K" and CI’; and 40-fold of ascorbic acid.
In the case of glucose, no interference was detected in the presence of 1,000-fold of urea and
sucrose; 500-fold of Na', K' and CI; and 2-fold of ascorbic acid. For ascorbic acid, at a
concentration higher than 200 pM (2-fold), interference was observed on the cathodic current
change of 100 uM glucose. However, this should not affect glucose detection in real plasma
samples. Since the concentration of ascorbic acid in normal blood is approximately 50 uM. In
addition the analysis of plasma sample will be carried out at a 200 times dilution (with the
supporting electrolyte acetate buffer pH 5.00) which will lower the effect of all interferences (see
3.3.4). These results suggest that this method can be successfully applied for the simultaneous

measurement of DA, UA and glucose in real samples.

3.3.4 Real sample analysis
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The effect of the matrix of the plasma sample was first studied by comparing the
calibration plot obtained from standard DA solutions of 1.0, 2.0, 3.0, 4.0 and 5.0 uM, standard
UA solutions of 1.0, 2.0, 3.0, 4.0 and 5.0 uM and standard glucose solutions of 50, 100, 150, 200
and 250 uM to that of the spiked samples. The samples were diluted 200 fold (dilution after
spiked) with the supporting electrolyte (acetate buffer at pH 5.00) before detection. The slopes of
the standard DA, UA and glucose and those of spiked samples showed no significant difference

(P > 0.05), thus, there was no matrix effect.

Table 1 shows the results from the dual working electrode sensor compared to those of
the standard hexokinase-spectrophotometric method for glucose measurement and uricase
method for UA measurement used by the hospital Using the Wilcoxon Signed-Rank test, these
results showed no significant difference (P > 0.05) between the two methods. Although DA in
real samples were not detectable because of the low concentration of DA in blood (0.01-1 pM)
[29], future improvement by different modified materials may allow lower concentration of DA

to be measured.

To confirm the reliability of this sensor, known concentrations of glucose, UA and DA
were added to the plasma samples to study the sensor recovery and the results are summarized in
Table 1. The system demonstrated good accuracy for glucose, UA and DA detection with
satisfactory recoveries from 99.2 + 0.4% to 100.1 + 1.2%, 98.0 = 0.5% to 101.0 = 1.0% and 97.1
+ 1.1%to 101.9 + 2.3%, respectively. These recoveries are acceptable according to AOAC
guidelines, i.e., 90-107% for 100 mg.L" and 80-110% for 10 mg.L™ (120 uM Glucose = 21.62

mgL"' 6 yM UA =1.01 mgL", 6 yM DA =0.92 mg L") [28].

4. Conclusion
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A novel electrochemical sensor was developed based on a dual working electrode system
and used for the simultaneous detection of DA, UA and glucose using adsorptive striping
voltammetry and chronoamperometry. Under the optimal conditions, this sensor has good
linearity, low detection limits and good reproducibility. The preparation of the dual working
electrode sensors is relatively simple. This sensor can determine glucose, UA and DA in blood
samples with excellent accuracy (99.2 % to 100.1 %, 98.0 % to 101.0 % and 97.1 % to 101.9 %,
respectively.), providing an alternative diagnostic tool for medicine. This system may open up a

new path for further simultaneous electrochemical sensing.
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Table legend
Table 1.

Results from the sensor (n=3) and the conventional methods for glucose, UA and DA detection
(N.D.: Not detected, a: Value provided by the hospital (Uricase method for UA measurement,
Hexokinase method for glucose measurement), b: Value determined by the dual working
electrode system) Recovery of the proposed sensor for the detection of glucose, UA and DA in

blood samples (n=3).
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Table. 1.
Sensor recovery
Referenced values * Sensor”
(mM) (mM)
Sample Spike ghucosc/ud Spike UA/UM Spike DA/UM
Number
Glucose UA DA Glucose vA DA 24 60 120 0.6 24 6.0 0.6 24 6.0
1 1943 0321 - 2017021 0.330 £ 0.008 ND. 999-06 99405 992£02 990104 992:08 995-1.1 1014-11 983128 1011+15
2 1005 0428 - 10151 026 0423 10019 ND. 9961 0.5 997111 995 05  996.07 1007 07 1000.10 1008127 999134 99.11 1.1
8 17.04 0327 - 17884 094 033610044 ND. 99.7£09 99.7:04 100110 1002-13 1004-08 999107 97.1=11 1019=-23 985109
4 9.55 0482 - 997 0.18 0.483 £ 0.066 N.D. 99809 99908 99709 989=04 985=07 988+04 994=26 99.4=20 1012=46
5 9.16 0434 - 923+ 048 0.438 +0.024 N.D. 99.7+0.5 1000=12 1000=09 995=06 983=17 99.1+1.7 1002+47  1006-34 98.1+13
6 838 0.291 - 8.26+ 005 0.287= 0.006 N.D. 100,112 99.8=0.5 99.9+011  99.1=09 99.9+1.2 98.6+0.9 99.0=-06 1009=2.0 1008 =0.5
7 6.99 0416 - 6911 0.18 0.418. 0.013 ND. 995107 998109 998104 1006 04 1010 10 996116 978 36 992113 101.0 13.0
8 694 0369 - 6.96 1 0.06 0.374: 0.010 ND. 997 04 100109 994 03 987113 995108 992115 99,120 1022 36 101821
9 933 0280 - 945+ 0.26 0.284=0.002 N.D. 99.2+04 99.4=03 997 05 980=05 100.4+0.6 982+ 1.6 983-28 101.8-4.0 99.8+26
10 7.60 0404 - 800+ 023 0.405= 0.005 ND. 99.4-03 1001404 1001204 985=14 1001=08 989405 973=27 1007 =09 972423
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Figure captions:

Fig. 1. A lab built simultaneous electrochemical sensor system with dual working electrode (A)

and the scheme of the GO/GCE (WEl) and Chi/GOx/PB-G/GCE (WE?2) preparation (B). Inset
shows the adsorptive anodic stripping voltammogram of dopamine (DA) and uric acid (UA) on
the GO/GCE (a.) the chronoamperogram of glucose on Chi/GOx/PB-G/GCE in the presence of

dopamine, uric acid and glucose at different concentrations.

Fig. 2. SEM images of WE1; (a) GCE, (b) GO-modified GCE (inset at 30,000x magnification)

and WE2; (c) GCE, (d) PB-G modified GCE, (e) chitosan cryogel modified on a PB-G layer and

(f) chitosan cryogel with immobilized GOx.

Fig. 3. Electrochemical behavior (a) CVs of the GCE and GO/GCE in a 0.10 M KCI solution
containing 5.0 mM of [Fe (CN)6]>"*. (b) CVs of the GCE and GO/GCE 0.10 M acetate buffer
solution at pH 5.00 containing 0.10 M KCI with 100 pM UA and 100 pM. (c¢) CVs of PB/GCE
(i), Chi/PB-G/GCE (ii), GOx/Chi/PB-G/GCE (iii) and GOx/Chi/PB-G/GCE with 1.0 mM
glucose (iv) in a 0.10 M acetate buffer solution at pH 5.00 containing 0.10 M KCI. (d)
Chronoamperogram response of the GOx/Chi/PB-G/GCE after adding with various
concentration of glucose (100 to 500 uM) in 0.10 M acetate buffer solution at pH 5.00

containing 0.10 M KCI.

Fig. 4. Optimization of electrode conditions (n=3): WE1 (a) the amount of GO on the GCE and
(b) the accumulation potential. (c) the accumulation time. WE2 (d) the amount of PB-G on the

GCE. (e) the amount of GOx loading. (f) Effect of the applied potential (NR: no response).

Fig. 5. (a) Responses of the sensor in the presence of 0.1 — 80 uM DA, 0.2 — 30 uM UA and 15 —

1,500 puM glucose. (b) Calibration curve of concentration of DA in the range from 0.1 to 80 uM
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(n=3). (c) Calibration curve of concentration of UA in the range from 0.2 to 30 pM (n=3). (d)

Calibration curve of concentration of glucose in the range from 15 to 1,500 uM (n=3).
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Figure 5
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WE2:RE sssss 8.00 mm WE2:RE sss=s 8,00 mm WE2:RE ###s= 800 mm

AE:RE sssss 800 mm AE:RE swsss §$00 mm AE:RE sssss 800 mm

Art Campro 9 program Computer numerical control Electrochemical batch cell stand
(CNC) drilling system

Supplementary Fig. S1 (A) Configuration of the three electrode stand configurations, i.e, Y, T

and Sq (square). (B) Process for fabrication of the electrode stand.
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Supplementary Fig. S2 The sensitivities of hydroquinone oxidation and reduction (10, 20, 30,

40 and 50 ppm) of the Y, T and Sq (square) electrodes configurations for the dual working

electrode system.



m Electrode 1 Dopamme
m Electrode 2 o I
6 m Electorde 3 %RSD :1.4-5.0
g ® Electrode 4
= 4 = Electrode 5
g Electrode 6
=z
&)
2
0
2.0 4.0 6.0 8.0 10
Concentration of DA (uM)
12 . .
u Electrode 1 Uric acid
10 u Electrode 2 é . _3
® Electrode 3 oRSD : 1.1 -6
g’ 8 | Electrode 4 o
- Electrode 5
= 6 .
& Electrode 6 he
S 4 &
0
2.0 4.0 6.0 8.0
Concentration of UA (uM)
20
= Electrode 1 Glucose
m Electrode 2
~ o & -
3 15 |mElectrode 3 YoRSD : 1.0 - 2.7 .
&% i Electrode 4
-] Electrode 5 ==
< 10 Electrode 6 -
=
&
=1 -
5 | . l
_-z -
0
100 200 300 400 500

Concentration of glucose (uM)
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Supplementary Table 1. Tolerance limit of possible interfering species for simultaneous

determination of DA, UA and glucose.

Tolerance ratio

Interferences

Apesi Dopamine: interference  Uric acid : interference  glucose : interference
Glucose 1:5,000 1:5,000 -

Uric acid 1:300 - 1:300
Dopamine - 1:400 1:100

Urea 1:20,000 1:20,000 1:1,000
Sucrose 1:20,000 1:20,000 1:1,000

K" 1:10,000 1:10,000 1:500

Na* 1:10,000 1:10,000 1:500

Cr 1:10,000 1:10,000 1:500

Ascorbic acid 1:40 1:40 1: 2
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