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Abstract

This thesis presents a report on a non-enzymatic electrochemical sensor
consisting of a screen-printed carbon electrode (SPCE) modified with graphene oxide-
poly(acrylic acid)-palladium nanoparticles (GO-PAA-PANPs). The sensor was used in a
system to determine glucose concentration by flow injection amperometry (FI-Amp).
PANPs were synthesized on GO-PAA by electroless deposition. The GO-PAA-PANP-
modified SPCE showed excellent electrocatalytic performance for the oxidation of
glucose. The surface morphology of the modified electrode was characterized by
transmission electron microscopy (TEM) and Fourier transform infrared (FT-IR)
spectroscopy. The electrochemical behaviors of glucose on the different modified
surfaces were also studied by cyclic voltammetry and amperometry. To achieve the
optimal electrocatalytic oxidation of glucose at the GO-PAA-PANPs/SPCE, amount of
GO-PAA-PANPs, the applied potential, sample volume and flow rate of the FI-Amp
system were optimized. Under the optimal conditions, the current response when the
glucose standard was injected provided a detection limit of 22 pmol L?, a limit of
quantitation of 76 umol L! and two linear ranges: 50 to 15,000 pmol L' and 15,000 to
60,000 umol L™ This sensor had excellent sensitivity, good repeatability and high
selectivity. The fabricated sensor was applied to detect glucose in biological fluid
samples, and the results were in good agreement with those obtained from the

standard hexokinase-spectrophotometric clinical method.
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The Relevance of the Research Work to Thailand

The subject of this Master of Science Thesis in Chemistry is a non-enzymatic
glucose sensor, based on the dispersion of graphene oxide-poly(acrylic acid)-palladium
nanoparticles on a screen-printed carbon electrode. The sensor was incorporated into
a flow injection-based amperometric (FI-Amp) detection system. This method will be
useful in the detection of glucose in biological fluid samples. The fabricated GO-PAA-
PANPs modified SPCE can be applied to detect other analytes.



Contents

Page
List of Tables Xii
List of Figures Xii
List of Abbreviations XVi
CHARPTER 1 : Introduction 1
1.1 Background and rationale 1
1.2 Physical and chemical properties of glucose 3
1.3 Glucose and diabetes mellitus 6
1.4 Analytical methods for glucose detection 7
1.4.1 Conventional techniques 7
1.4.2 Electrochemical technique 8
1.4.2.1 Cyclic voltammetry 9
1.4.2.2 Amperometry 10
1.4.2.3 Flow injection amperometry 11
1.5 The improvement of electrochemical sensing 12
1.5.1 Metal nanoparticles 12
1.5.2 Graphene oxide 14
1.5.3 Poly (acrylic acid) 16
1.6 Objective of the research 18
1.7 Benefits 18
CHARPTER 2 : Experimentals 19
2.1 Materials 19
2.2 Apparatus 19
2.3 Preparation of standard solution 20
2.4 Preparation of GO-PAA-PANPs and electrode modification 20

2.5 Electrochemical measurements 21



Contents (continue)

2.6 Optimization of the system
2.6.1 Amount of GO-PAA-PdNPs on SPCE
2.6.2 Glucose oxidation potential
2.6.3 Flow rate and sample volume

2.7 Analytical performances
2.7.1 Linearity
2.7.2 Limit of detection and quantification
2.7.3 Selectivity
2.7.4 Repeatability
2.7.5 Reproducibility
2.7.6 Stability

2.8 Real sample analysis
CHARPTER 3 : Results and discussion

3.1 Characterization
3.1.1 Electrode characterization
3.1.2 Electrochemical behaviors
3.1.3 Effect of scan rate

3.2 Optimization of flow injection system
3.2.1 Amount of GO-PAA-PdNPs on SPCE
3.2.2 Glucose oxidation potential
3.2.3 Flow rate and sample volume

3.3 Analytical performance
3.3.1 Linearity, limit of detection and quantification
3.3.2 Selectivity
3.3.3 Repeatability and reproducibility

Page
23
23
23
24
24
24
25
25
26
26
26
27
28
28
28
33
38
39
39
41
43
45
45
48
51



Xi

Contents (continue)

Page
3.3.4 Stability 57
3.3.5 Analysis of blood serum samples 64
CHARPTER 4 : Conclusions 67
References 68
Appendix 81

Vitae 85



1.1
3.1

3.2

3.3

34

3.5

3.6

3.7

3.8

3.9

3.10

3.11

List of Tables
Table
Physical and chemical properties of glucose
The comparison of the regression equation between SPCE, GO/SPCE,
GO-PAA/SPCE, GO-PANPs/SPCE and GO-PAA-PANPs/SPCE
The effect of amount of GO-PAA-PANPs modified on SPCE of glucose
determination in concentration of 0.10 to 1.00 mmol L™ (n=3)
The effect of applied potential of GO-PAA-PANPs modified on SPCE
of glucose determination in concentration of 0.10 to 1.00 mmol L™
(n=3)
Effect of flow rate and sample volume on the current response of
GO-PAA-PANPs modified on SPCE of glucose determination in
concentration of 0.10 to 1.00 mmol L™ (n=3)
Comparison of the analytical performance of the developed
nonenzymatic glucose sensor with other sensors for the
determination of glucose
The influence of interfering compounds on the current response of
glucose determination at 5.00 mmol L? (n = 3)
The repeatability of the GO-PAA-PANPs/SPCE on the current response
of fifteen replications for each of three concentrations of 0.50, 1.00
and 2.50 mmol L glucose
The reproducibility of the GO-PAA-PANPs/SPCE on the current
response from the six electrodes
The reproducibility of the GO-PAA-PANPs/SPCE on the sensitivity
from the six electrodes
The stability of the GO-PAA-PANPs/SPCE of glucose determination for
450 repeating injections of concentration of glucose at 0.25 mmol L™
The determination of glucose in blood serum samples (n = 3) and

the recovery test of glucose from blood serum samples

Xii

Page

36

39

a1

a4

a6

a9

55

56

58

65



1.1
1.2
1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.1
2.2

3.1

3.2

List of Figures
Figure
The chemical structure of glucose
Five different isomers of glucose
(A) The typical potential-excitation waveform for analog cyclic
voltammetry
(B) The typical current response of cyclic voltammogram for a
reversible case
(A) The typical excitation waveform for amperometry
(B) Amperogram of a typical current response as a function of time of
flow injection.
The flow injection ampermetry system (FI-Amp)
The behavior of electrocatalytic oxidation of glucose at metallic-
palladium modified electrode.
The structure of graphene oxide
The chemical structure of poly (acrylic acid)
Coordinate covalent bond between metal ion (M™) and poly (acrylic
acid)
The scheme of the preparation of the GO-PAA-PANPs-modified SPCE
The scheme of batch system (A) and the flow injection amperometric
(FI-Amp) measurement (B) for glucose determination.
(A) TEM images of GO-PdNPs
(B) TEM images of GO-PAA-PANPs
(C) FT-IR spectra of GO
(D) FT-IR spectra of GO-PAA
(E) FT-IR spectra of GO-PAA-PANPs
Cyclic voltammograms obtained from different modified SPCEs in 5

mmol L [Fe(CN)6]*"* containing 0.1 M KCl

Xiii

Page

10

11

13

15

16

17

21
22

29

30



3.3

34

3.5

3.6

3.7

3.8

3.9

3.10

3.11

List of Figures (continue)
Figure
Nyquist plot of the bare SPCE (a), GO/SPCE (b), GO-PAA/SPCE (c), GO-
PANPs/SPCE (d) and GO-PAA-PANPs/SPCE (e) in 5 mmol L™
([Fe(CN)4]*"* containing 0.1 M KCl
(A) Cyclic voltammetry of bare SPCE, GO/SPCE, GO-PAA/SPCE, GO-
PANPs/SPCE and GO-PAA-PANPs/SPCE at a scan rate of 0.05V s in 0.1
mol L™ NaOH without glucose
(B) Cyclic voltammetry of bare SPCE, GO/SPCE, GO-PAA/SPCE, GO-
PANPs/SPCE and GO-PAA-PANPs/SPCE at a scan rate of 0.05 V s in
0.1 mol L™ NaOH with 1.00 mmol L™ glucose
Comparison of the sensitivity between SPCE, GO/SPCE, GO-PAA/SPCE,
GO-PANPs/SPCE and GO-PAA-PANPs/SPCE
The calibration plot of the anodic peak currents versus the square
root of scan rates
The sensitivity (0.10-1.00 mmol L™ glucose) of the developed sensor
to different amounts of GO-PAA-PANPs (sample loop 200 uL; flow
rate 0.75 mL min™; applied potential 0.00 V)
The effect of different applied potentials on the sensitivity (0.10-1.00
mmolL! glucose) of the fabricated sensor (amount of GO-PAA-PANPs
80 ug; sample loop 200 plL; flow rate 0.75 mL min™)
The effect of the flow rate and sample volume on the current
response (0.9 mmol L glucose) of GO-PAA-PANPs/SPCE (amount of
GO-PAA-PANPs 80 pg; applied potential -0.10 V)
(A) Fl- Amperogram of GO-PAA-PANPs/SPCE at different
concentrations of glucose
(B) The calibration curve of the current response of the fabricated
sensor versus glucose concentrations (0.05-60.0 mmol L™)
(A) The current responses of the detection of 5.00 mmol L™ glucose
at interfering compound concentrations of 0.10 mmol L™ AA, 0.50

mmol L™ UA, 12.0 nmol L™ DA and 100 mmol L Cl

Page

32

35

37

38

40

a2

43

ar

50



3.11
3.12

3.13

3.14

List of Figures (continue)
Figure
(B) 10 times higher concentrations of interifering compounds

The current responses of the proposed sensor obtained from fifteen

measurements for each concentration (0.50, 1.00 and 2.50 mmol L?).

(A) The current responses from six GO-PAA-PANPs/SPCE

(B) The sensitivity of six fabricated electrodes for the detection of
glucose (0.10-1.00 mmol LY.

(A) Operational stability of the fabricated sensor

(B) Cyclic voltammogram of the GO-PAA-PANPs/SPCE in 0.1 mol L™

NaOH before and after measuring glucose

XV

Page
50
52

54

63



Amp
AOAC
cv

EIS
FT-IR
FI-Amp
GO
LOD
LOQ
PAA
PdANPs
RSD
SPCE
TEM

List of Abbreviations
Amperometry
Association of Official Analytical Chemists
Cyclic voltammetry
Electrochemical impedance spectroscopy
Fourier transform infrared spectroscope
Flow injection amperometry
Graphene oxide
Limit of detection
Limit of quantification
Poly (acrylic acid)
Palladium nanoparticles
Relative standard deviation
Screen printed carbon electrode

Transmission electron microscope

XVi



CHARPTER 1

Introduction

1.1 Background and rationale

Diabetes mellitus is a chronic disease and is one of the leading causes
of morbidity, death and major health problems worldwide [1]. It is caused by deficient
insulin secretion or the inefficient response of the produced insulin, or both [2]. The
International Diabetes Federation (IDF) predicts that the number of diabetic patients in
the world will increase to 642 million by 2040 [3]. For these patients, the daily
determination of blood glucose levels is necessary to ensure diagnosis and treatment
[4]. Normally, the concentration of glucose in human blood is 4.1 to 5.6 mM [5]. An
abnormally high slucose level in the body can create risks to organs, nerves and blood
vessels which lead to comorbidities such as renal failure, loss of vision, retinopathy,
high blood pressure, heart attack and strokes [6-9]. Thus, fast, accurate, and highly
sensitive sensors are vital for effective glucose monitoring [10]. Methods developed for
the detection and analysis of glucose include chromatography [11], fluorescence
sensing [12], Raman spectroscopy [13] and electrochemical sensing [14, 15]. Among
these methods, electrochemical sensing is receiving increased attention due to its
simplicity, high sensitivity, excellent selectivity, fast response and ease of operation
[16, 17]. Flow injection amperometry (FI-Amp) is an interesting approach to detect and
analyse with high throughput, good precision, fast analysis and high reproducibility [18,
19]. FI-Amp systems also reduce the adsorption effect from sample contamination
due to the reduced contact time between the electrode surface and the sample [20].
For these reasons, FI-Amp was chosen as the basis of the monitoring system in this

work.



Electrochemical glucose sensors can be classified as enzymatic or non-
enzymatic. Enzymatic sensors show good selectivity, high sensitivity, low detection
limits, and are successfully applied in clinical areas [21, 22]. However, a simple, stable,
reliable, and sensitive sensor for the measurement of glucose levels in blood samples
is still to be developed. Over the past decade, the development of non-enzymatic
glucose sensors has increased at a considerable rate. Several transition metal
nanoparticles (MNPs), have been fabricated, using gold (Au) [23, 24], platinum (Pt) [25,
26], and palladium (Pd) [27, 28], and applied as non-enzymatic glucose sensors. These
metals have a unique electronic structure consisting of unfilled d-orbitals and unpaired
d-electrons which can be used to detect electrocatalytic activity toward glucose [29].
Pd is particularly attractive due to its excellent electrocatalytic activity and good

stability [30-32].

To improve the electrocatalytic performance of MNPs, carbon-based
nanomaterials such as carbon nanotubes (CNTs) [33], ordered mesoporous carbon
(OMQ) [4] and graphene oxide (GO) [21] have been proposed as ideal supports for the
immobilization of MNPs. In particular, GO serves as a good supporting material due to
its large surface area, low cost, high conductivity and ease of functionalization [34, 35].
However, the synthesis of MNPs on a carbon support still has serious problems of
aggregation and low dispersion, which result in poor electrocatalytic performance and
stability [36]. To improve stability, polymers such as polyaniline [37, 38], poly(vinyl
alcohol) [39, 40], poly(ethylene glycol) [41, 42], poly(diallyldimethylammonium
chloride) [31, 43] and poly(acrylic acid) (PAA) [44, 45] have been employed as stabilizing
materials for MNP synthesis. Among these compounds, PAA is interesting because, in
aqueous solutions, before reduction to form PdNPs, it produces carboxylate anions
that bind with palladium ions (Pd?*) via coordinate covalent bonds. This behavior
reduces aggregation and increases dispersion of PdNPs on the GO surface [44, 46, 47].
As for the electrode, a portable, disposable and economical screen-printed carbon
electrode (SPCE), which comprises a working electrode, a reference electrode and an
auxiliary electrode in one piece, is an attractive choice [48]. Compared to the

conventional 3-electrode system, SPCEs use smaller amounts of reagents and samples



[49, 50]. Therefore, modification of an SPCE with the prepared GO-PAA-PANPs may
present new opportunities for the fabrication of high-performance electrochemical

Sensors.

This thesis is the first report of the modification of a screen-printed
carbon electrode (SPCE) with graphene oxide-poly (acrylic acid)-palladium
nanoparticles (GO-PAA-PANPs) for the determination of glucose in a flow injection

amperometric (FI-Amp) system.

1.2 Physical and chemical properties of glucose

Glucose is a simple sugar (monosaccharide) in the class of carbohydrates
(Figure 1.1). The molecular formula of glucose is C¢H1,O0¢. In powder form, glucose is
easily soluble in water. The structure of glucose consists of six carbon atoms and
functional groups of alcohol, aldehyde (in the linear form) and ester (in the ring form).
Glucose can be classified as an aldose, a word describing sugars that have an aldehyde
group in the molecule. The suffix —ose denotes a sugar and the stem ald- signifies an
aldehyde group. Some physical and chemical properties of glucose are listed in Table
1.1. The glucose molecule can have an open-chain structure and a ring structure that
is formed by an intramolecular reaction between the C-5 hydroxyl group and the
aldehyde C atom. Altogether, five different isomers of glucose are possible (see Figure

1.2.).



CH,OH
O

OH

OH OH
OH

Figure 1.1 The chemical structure of glucose

Table 1.1 Physical and chemical properties of glucose [51]

Property Description
Appearance White, crystalline
Melting point 150 °C

Density 1.5620 g cm? (at 18 °Q)
Molecular weight 180.16 g mol™
Solubility in:

Water Very soluble

Ethyl ether Insoluble

Ethanol Slightly soluble

Pyrimidine Soluble
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1.3 Glucose and diabetes mellitus

Glucose is found in honey and fruits and is the main sugar in the body
of higher animals [51]. Normally, the concentration of glucose in human blood is 4.1
to 5.6 mM [5]. Abnormally high blood slucose levels over a prolonged period can
cause diabetes mellitus. Increased glucose levels in the blood can be caused by the
insufficient production of insulin (Type 1 diabetes) or the ineffectiveness of produced
insulin (Type 2 diabetes), or both [2]. Insulin is a peptide hormone that regulates blood
glucose levels [52]. For both type of diabetes, the daily determination of blood glucose
levels is necessary to ensure diagnosis and treatment by injection of the insulin
essential to the body [4, 6]. Lack of insulin can increase the glucose level in the blood,
which can damage kidneys, eyes, nerves and heart, leading to comorbidities such as
renal failure, vision loss, retinopathy, high blood pressure, heart attack and strokes [6-
8]. The International Diabetes Federation (IDF) predicts that the number of diabetic
patients in the world will increase to 642 million by 2040 and that the mortality rate
of diabetic patients will be the seventh highest [3, 53]. However, many reports have
demonstrated that rigorous control of blood glucose levels can improve the survival

rate of diabetic patients [54-58].



1.4 Analytical methods for glucose detection

1.4.1 Conventional techniques

Several analytical approaches are used for the laboratory
determination of ¢lucose. Typical conventional techniques include gas
chromatography coupled with thermal conductivity detection [59], anion exchange
chromatography coupled with pulsed amperometric detection [11], high-performance
liquid chromatography (HPLC) coupled with circular dichroism (CD) detection [60], gas
chromatography combined with mass spectrometry [61, 62], isotope-dilution liquid
chromatography-tandem mass  spectrometry[63], Fourier transform infrared
spectroscopy (FT-IR) [64], nuclear magnetic resonance [65], fluorescence [66-68],
chemiluminescence [69] and UV-visible spectroscopy [70]. Capillary electrophoresis
with diode array detection [71] has also been developed. However, these techniques
suffer from limitations such as complicated pretreatment steps and high costs incurred
for equipment and laboratory time [1, 59, 72]. Therefore, an effective analytical

technique should eliminate these problems.



1.4.2 Electrochemical technique

The electrochemical method is an interesting analytical approach for
the determination of glucose. The method supports high throughputs with good
precision, high sensitivity, fast analysis and g¢ood reproducibility [18, 19].
Electrochemical sensors for the detection of glucose can be enzymatic or non-
enzymatic. Enzymatic sensors have shown good selectivity and high sensitivity [21, 22]
but they have some limitations, such as the high cost of enzymes, complicated
immobilization process and poor reproducibility [73]. Moreover, enzymatic modified
electrodes easily lost catalytic activity as a result of environmental conditions of
temperature, pH value and humidity [74, 75]. To overcome the above problems,
various transition metal nanoparticles (MNPs) have been applied as non-enzymatic

glucose Sensors.

Transition metals have special electronic structures of unpaired d-
electrons and unfilled d-tracks which enhance electrocatalytic activity toward glucose
[29]. Electrode modifications with gold included nitrogen doped graphenecarbon
nanotubes decorated with gold nanoparticles [23], chitosan cryogel with embedded
gold nanoparticles decorated multiwalled carbon nanotubes [15] and gold nanocages
[76]. Modifications with platinum included platinum nanoflowers supported on a
graphene oxide modified glassy carbon electrode [77], a graphene and platinum
nanoclusters modified glassy carbon disc electrode [26] and a glassy carbon disc
electrode modified with platinum nanoparticles decorated on carbon nano-onions
[78]. Modifications with palladium metal included palladium nanoparticles supported
on a MWCNTs modified electrode [33], a glassy carbon electrode modified with
palladium nanoparticles supported on functionalized carbon nanotubes [32] and a
glassy carbon electrode modified with ionic liquid-derived fibrillated mesoporous
carbon decorated with palladium nanoparticles [4]. Despite this wide array of
modifications, the performance of non-enzymatic slucose sensors can still be

improved.



1.4.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most widely used methods of
investigating the electrochemical properties of electroactive species on the surface of
an electrode. CV is performed by sweeping the voltage of a working electrode forward
from the initial potential V; to potential V, and back to V; (Figure 1.3A). A cyclic
voltammogram is achieved by plotting the current response versus the applied
potential (Figure 1.3B). This technique was employed in this work to study the

electrochemical properties of glucose at SPCEs modified in different ways [79].

Potential (V)
Current (A)

Potential (V)
Time (s)

Excitation waveform Response waveform
Figure 1.3 The typical potential-excitation waveform for analog cyclic voltammetry

(A): The typical current response of cyclic voltammogram for a reversible case (B)

(Modified from Allen and co-worker [80])
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1.4.2.2 Amperometry

Amperometry is an electrochemical technique commonly used for the
determination of an analyte. It is based on the measurement of the current response
as a function of time by applying a fixed potential to a working electrode (Figure 1.4).

In this thesis, the technique was applied for the detection of glucose.

Potential (V)
Current (A)

THows) Time (s)

Figure 1.4 The typical excitation waveform for amperometry (A): amperogram of a

typical current response as a function of time of flow injection (B) (Modified from Allen
and co-worker [80])
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1.4.2.3 Flow injection amperometry (FI-Amp)

The advantages of a flow injection system coupled with amperometric
detection are its high throughput, good precision, fast analysis and high reproducibility
[18, 19]. Moreover, the reduced contact time between the electrode surface and the
sample in an FI-Amp system can reduce the adsorption effect from sample
contamination [20]. FI-Amp has been employed for the analysis of compounds such
as formalin [81], carbofuran [82], oxcarbazepine [83], nitrite [50], sulfite [84], chlorine
[85], cotinine [86] and hydrazine [87]. In this work, the technique was used for the
determination of glucose (Figure 1.5).

-

Sample

Injection ||
i loop 41 DROPSENS
valve y /
O |
e Potentiostat

Flow cell

NaOH Waste

Computer

Figure 1.5 The flow injection ampermetry system (FI-Amp)
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1.5 The improvement of electrochemical sensing

1.5.2 Metal nanoparticles

The various transition metal nanoparticles (MNPs) applied as non-
enzymatic glucose sensors include gold (Au) [23, 24], platinum (Pt) [25, 26], and
palladium (Pd) [27, 28]. These metals have exclusive electronic structures of unfilled
d-tracks and unpaired d-electrons which enhanced electrocatalytic activity toward
glucose [29]. Pd and Pt showed particularly good electrocatalylic properties for non-
enzymatic glucose detection but Pd was more attractive than Pt since it was less
expensive and showed higher electrocatalytic activity for glucose oxidation in alkaline
media [88]. Several research works have used palladium-modified electrodes for the
determination of glucose. Lu et al. (2011) synthesized palladium nanoparticle-
graphene nanohybrids to modify a glassy carbon electrode for the amperometric
determination of glucose in human serum samples [21]. Chen et al. (2010) prepared
a functionalized carbon nanotube-palladium nanoparticles nanocomposite to modify
a g¢lassy carbon electrode for quantification of glucose in urine samples by
amperometry [32]. Ye et al. (2015) developed a non-enzymatic sensor for the
measurement of glucose by an amperometric technique using Pd nanocubes on the
surface of a glassy carbon electrode [28]. Also, Haghighi et al. (2015) modified a glassy
carbon electrode with ionic liquid-derived fibrillated mesoporous carbon-palladium
nanoparticles for the detection of glucose by amperometry [4]. The electrocatalytic
oxidation of glucose in the presence of Pd can proceed as described below in reactions

(1), (2) and (3) and in Figure 1.6 [2, 28].
Pd + glucose — Pd-glucose,q, + H" + € (1)
Pd(OH), + glucose — Pd + gluconolactone + H,O (2)

Pd + 20H — Pd(OH), + 2e (3)



Glucose Gluconolactone

)

Pd(OH), Pd

X

e

Electrode

Figure 1.6 The behavior of electrocatalytic oxidation of glucose at a metallic

palladium-modified electrode
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1.5.3 Graphene oxide

The carbon nanomaterial graphene oxide (GO) is a single-layer sheet of
graphite oxide. Structurally, GO consists of different oxygenated functional groups of
epoxy, hydroxyl, quinone, lactone, phenol, carbonyl and carboxyl (Figure 1.7) [89]. Due
to its large surface area, low cost, higsh conductivity and ease of functionalization, it
was a good supporting material for the immobilization of MNPs [34, 35]. Several
research groups used GO as a supporting material for MNPs. Hoa et al. (2015) prepared
graphene oxide hydrogel and platinum nanoparticles to modify the surface of a glassy
carbon electrode for the determination of glucose [90]. Wu et al. (2013) developed a
non-enzymatic glucose sensor using graphene oxide-platinum nanoflowers on a glassy
carbon electrode. Wu et al. (2012) also modified a glassy carbon electrode with
synthesized graphene oxide-palladium nanoparticles for the detection of ascorbic acid
[91] and Kokulnathan et al. (2018) developed an electrochemical chloramphenicol
sensor using graphene oxide with palladium nanoparticles on a glassy carbon electrode
[92]. However, the synthesis of MNPs on a GO support still has problems of aggregation
and low dispersion due to restacking interactions and van der Waals forces between
GO sheets. These interactions caused poor electrocatalytic performance and low
stability [36, 93]. To overcome the above problems, it is extremely important to

functionalize GO with a stabilizing material.
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Figure 1.7 The structure of graphene ox
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1.5.4 Poly (acrylic acid)

Poly (acrylic acid) (PAA) is an anionic polyelectrolyte that has a lot of
carboxylic groups in single side chains (Figure 1.8). It is an interesting polymer for
stabilizing MNPs since, in aqueous solution, it can produce carboxylate anions that bind
with metallic cations via coordinate covalent bonding. This behavior reduced
aggregation and increased dispersion when MNPs were reduced with the reducing agent
(Figure 19) [44, 46, 47]. Therefore, PAA is an interesting stabilizer if the surface of GO is

to be employed as an ideal support for functionalization.

COOH COOH COOH

Figure 1.8 The chemical structure of poly (acrylic acid)
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Figure 1.9 Coordinate covalent bond between metal ion (M™) and poly (acrylic acid)
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1.6 Objective of the research

To develop a non-enzymatic glucose sensor coupled with a flow-
injection amperometric system based on a GO-PAA-PdNPs-modified screen-printed

carbon electrode.

1.7 Benefits

It is expected that a non-enzymatic glucose sensor can be designed
and produced that is rapid, low cost, easy to use, highly sensitive and stable and
demonstrates good repeatability. The fabricated sensor can be used for the

determination of glucose in human serum samples.
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CHARPTER 2

Experiments

2.1. Materials

Sodium hydroxide and sodium chloride were from Merck KGaA
(Darmstadt, Germany). Dopamine (DA, 298.0%) and uric acid (UA, >98.0%) were from
Fluka (Buchs, Switzerland). Ascorbic acid (AA) was from Ajax Finechem. D-(+)-glucose
reagent grade (299.5%), poly-(acrylic acid) (PAA, MW = 1,800), PACl, and graphene
nanoplatelets were from Sigma-Aldrich (St. Louis, USA). Before use, the nanoplatelets
were treated with concentrated H,SO, and HNO; solution at a ratio of 3:1 (v/v), filtered

and dried overnight at 60 °C to form graphene oxide (GO).

2.2 Apparatus

Cyclic voltammetry and amperometric experiments were performed
using the BiPotentiostat/Galvanostat pStat 400 (DropSens., Asturias, Spain) controlled
by DropView 8400 software. Electrochemical impedance spectroscopy (EIS) was
performed using an AUTOLAB (Metrohm Autolab B.V., Utrecht, Netherlands)
potentiostat-galvanostat with Nova 1.11 software. Surface morphology of the modified
electrodes was investigated by transmission electron microscopy (TEM) (JEM-2010,

JEOL, USA) and Fourier transform infrared spectroscopy (FT-IR) (Lumos, Bruker, UK).
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2.3 Preparation of standard solution

The stock of glucose standard solution 100.0 mmol L was prepared by

dissolving glucose in 0.1 mmol L™ NaOH solution.

2.4 Preparation of GO-PAA-PdNPs and electrode modification

Thirty milliliters of GO suspension (1.0 mg mL™! in water) was mixed with
20 mL of PAA (15 wt%) using an ultrasonic bath for 2 h and kept overnight under stirring
at room temperature. The mixture was then filtered and dried overnight at 60 °C to
obtain GO-PAA. To synthesize GO-PAA-PANPs, 50 mL of 0.20 mg mL™' GO-PAA
dispersion was mixed with 2.0 mL of 0.020 mol L™ PdCl, solution and adjusted to pH
10 under stirring. Then, 4.0 ¢ of sodium borohydride were slowly added into the
mixture under stirring at room temperature. The obtained GO-PAA-PANPs were filtered
and washed with ethanol and double-deionized water. The solid was then dried at 60
°C for 12 h. To modify the SPCE (Zensor TE100 electrodes, graphite working electrode,
Ag/AgCl pseudo-reference electrode, and graphite auxiliary electrode), 8.0 pL of 10 pg
UL GO-PAA-PANPs containing 0.25 % Nafion, were drop casted onto the working
electrode and dried at 60 °C (Figure 2.1).
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Figure 2.1 The scheme of the preparation of the GO-PAA-PdNPs-modified SPCE

2.5 Electrochemical measurements

The electrochemical properties of a bare SPCE, a GO/SPCE, a GO-
PAA/SPCE, a GO-PANPs/SPCE and a GO-PAA-PANPs/SPCE were characterized by cyclic
voltammetry (CV) from -0.70 to 0.60 V at a scan rate of 50 mV s in 0.10 mol L™ NaOH
(Figure 2.2A). The electrochemical cell was filled with 5.0 mL of 0.10 mol L™ NaOH and
a few microliters of glucose standard solution were dropped in. The oxidation current
response of glucose was measured and analyzed. The FI-Amp system consisted of a
six-port injection valve (Valco Instrument, USA), a peristaltic pump (Miniplus 3, Gilson,
France) and a lab-built flow cell containing the GO-PAA-PdANPs-modified SPCE. The
electrode was connected to the DropSens pStat 400 potentiostat. Glucose standard
solutions were prepared in 0.10 mol L™ NaOH (the carrier electrolyte) and injected via
the six-port injection valve. The amperograms were recorded with DropView 8400

software (Figure 2.2B).
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Figure 2.2 The scheme of batch system (A) and the flow injection amperometric

(FI-Amp) measurement (B) for glucose determination
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2.6 Optimization of the system

To obtain good electrocatalytic performance during glucose detection
at the GO-PAA-PANPs/SPCE, the operational conditions of the flow injection system
were optimized. The operational parameters were the amount of PdNPs-PAA-GO
applied to modify the electrode, the applied potential, the flow rate and the sample
volume. Each parameter was optimized using 0.1 mol L™ NaOH solutions containing
0.10, 0.25, 0.50, 0.75 and 1.00 mmol L of glucose. The optimized conditions that

provided the highest sensitivity were considered optimal.

2.6.1 Amount of GO-PAA-PdNPs on SPCE

The amount of GO-PAA-PANPs drop casted on the SPCE was studied in
the range of 20.0 to 120.0 pg (20, 40, 60, 80, 100 and 120 pg). The amount of GO-PAA-
PANPs that gave the highest sensitivity was chosen as the optimal condition for the

next parameter.

2.6.2 Glucose oxidation potential

For electrocatalytic detection of glucose, the oxidation potential is an
important factor in the system’s performance. The influence of the applied potential
covering the oxidation peak was investigated in the range of -0.30, -0.20, -0.10, 0.00,
0.10 and 0.2 V. For further experiments, the applied potential that provided the highest

sensitivity was selected as the optimal condition.
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2.6.3 Flow rate and sample volume

The performance of the flow-based sensor was evaluated at various
flow rates (0.25, 0.50, 0.75, 1.00, and 1.25 mL min™) and sample volumes (50, 100, 200,
300 and 400 pL). These parameters were optimized together by injecting 0.9
mmol L glucose at different flow rates and sample volumes. The combined flow rate
and sample volume that provided the highest current response was considered the

optimal condition.

2.7 Analytical performances

The analytical performances of the GO-PAA-PANPs modified SPCE in the
FI-Amp system were studied under the optimal conditions for glucose determination

as follows.

2.7.1 Linearity

The linearity was determined by using slucose standard solutions
between 0.05 and 60.00 mmol L™ in the FI-Amp system. The linear dynamic range was
determined by plotting the current responses and concentrations of glucose. The

correlation coefficient (r) of the linear dynamic range should be greater than 0.99 [94].
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2.7.2 Limit of detection and quantification
The limit of detection (LOD) is the lowest concentration of an analyte

that can be determined. The detection limit can be calculated from the equation
LOD = 3S./b.

where S, is the standard deviation of intercept and b is the slope of the calibration

curve [95].

The limit of quantification (LOQ) is the lowest concentration of an
analyte in a sample that can be quantitatively estimated and is calculated from the

equation

LOQ = 10S,/b

2.7.3 Selectivity

The selectivity of a non-enzymatic glucose sensor is vital in the diagnosis
and management of diabetic patients. Therefore, the influence on the determination
of glucose from interfering compounds, such as ascorbic acid (AA), dopamine (DA), uric
acid (UA) and chloride ion (Cl) which commonly co-exist with glucose in blood
samples, was studied under optimal conditions. To test these interferences, a series of
solutions containing 5.0 mmol L™ of glucose was mixed with 0.100 mmol L™ AA, 0.50
mmol L' UA, 12.0 nmol L™ DA and 100 mmol L™ Cl. These concentrations are higher
than the normal levels of these interferents in blood [5]. Each mixture was diluted 10
times before measurement with the proposed glucose sensor. The current responses
to 5.0 mmol L glucose with and without interfering compounds were compared and

analyzed.
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2.7.4 Repeatability

Repeatability  implies the acceptance between  successive
determinations of the same analyte. It was studied by measuring fifteen replications
of each of three concentrations in the range of the lower linearity, i.e. 0.50, 1.00 and
2.50 mmol L. Acceptability was estimated from the relative standard deviations

(RSDs).

2.7.5 Reproducibility

Reproducibility explains the closeness of acceptance between the
obtained responses from the same process under different conditions (different
modified electrodes). Six sets of the fabricated electrode were prepared on different

days for measuring each concentration of glucose (0.10, 0.25, 0.50, 0.75 and 1.00 mM).

2.7.6 Stability

Under the optimal conditions, the GO-PAA-PANPs modified SPCE was
assessed for operational stability by repeatedly measuring the current response of one
fabricated electrode to consecutive injections of 0.25 mmol L glucose. Each current
response was converted to a percentage of the initial current response. The electrode
was considered stable for as long as the current response remained within +10% of

the first injection.
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2.8 Real sample analysis

Blood serum samples from Hatyai Hospital, Hat Yai, Songkhla, Thailand,
were spiked with known amounts of glucose and then diluted with 0.10 mol L™ NaOH
before analysis (final concentration of glucose at 0.10, 0.25, 0.50, 0.75 and 1.00 mmol
L?). The sensitivities of the standard curve and that of spiked serum samples were
compared by two-way ANOVA to determine any matrix effect. Samples at dilutions
that showed no matrix effect were then tested using the non-enzymatic sensor. Results
from the sensor and the standard hexokinase-spectrophotometric method were

statistically compared by the Wilcoxon signed rank test.

Recovery describes the closeness of acceptance between the true value
and the found value. It expresses the accuracy of an analytical method. The accuracy
was studied by adding different concentrations of glucose into blood serum samples
(final concentration of glucose at 0.10, 0.25, 0.50, 0.75 and 1.00 mmol L™). In this work,

the % recovery was calculated from the equation

Recovery (%) = ((Cspiked - Ccontrol sampte) X 100)/Cconcentration to know

in which Cyeq is the concentration of a fortified sample, Ceonirol sample 1S the
concentration of an unfortified sample and Cconcentration to know IS the concentration of an

analyte added to the test sample.

The percentage of recovery depends on the concentration of the
analyte added to the sample and should be determined for at least three different
concentrations covering the analytical range. The values should be consistent with
acceptable percentages of recovery. In this thesis, the acceptable value were those

prescribed in AOAC guidelines [94].
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CHARPTER 3

Result and discussion

3.1 Characterization

3.1.1 Electrodes characterization

A TEM image of the GO-PdNPs without PAA shows aggregated PANPs on
the GO support (Figure 3.1A), while the one with PAA (Figure 3.1B) had a more uniform
distribution of PANPs. This latter feature increases the surface area and hence the
effective active sites. The FT-IR characterization shows the GO spectrum (Figure 3.1C)
with an OH stretching band at 3452 cm™, symmetric and antisymmetric CH, stretching
vibrations at 2940 and 2868 cm™, a carbonyl group (C=0) band at 1640 cm™ and a
carboxyl group (~COOH) stretching band at 1,384 cm™ [96, 97]. When GO was
functionalized with PAA, the bands at 3450, 1,638 and 1384 cm! corresponding to the
hydroxyl group (-OH), carbonyl group (C=0) and carboxyl group (-COOH) increased in
intensity (Figure 3.1D) [44, 50, 98], that is, the PAA covered the GO surface. When Pd?*
was deposited on the GO-PAA to generate GO-PAA-PANPs (Figure 3.1E), the OH
stretching band at 3452 cm and the carbonyl group (C=0) band at 1640 cm™
significantly decreased. The disappearance of the carboxyl group (~COOH) stretching
band at 1,384 cm in this case may be caused by a new interaction between PdNPs
and the carboxyl groups of PAA-GO, which can be described by a two-step procedure.
First, the carboxylate ion of PAA-GO interacted with the Pd®* through a coordinate
covalent bond. Second, Pd?* was reduced by sodium borohydride and converted into

PANPs on GO-PAA [50, 99, 100].
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Figure 3.1 TEM images of (A) GO-PdANPs, (B) GO-PAA-PANPs and FT-IR spectra of (C) GO,
(D) GO-PAA and (E) GO-PAA-PdNPs.
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Electrochemical characterization of the modified electrode by CV with
5.0 mmol L [Fe(CN)]** in a 0.10 mol L! KCl solution is shown in Figure 3.2. With the
SPCE (trace a), well-defined redox peaks of the marker were observed. The GO-
modified SPCE (trace b) showed an increased peak current due to its good conductivity.
When the GO-PAA/SPCE was tested (trace ), the nonconductive properties of PAA
reduced the peak current. Meanwhile, the GO modified with the conductive PdNPs
(trace d) showed a marked increase in the current response. In the case of GO-PAA-
PANPs/SPCE, the redox peak currents (trace e) were more than double those of the
GO-PdNPs/SPCE, indicating an effective enhancement of the current response by the
combined properties of the GO, PANPs and PAA.

80 -
60 -
40 -
20 -
S 04 @
2 N (c)
5 =0 (b)
5.0 {1 (a) SPCE
= 6 4 (o ——— (b) GO/SPCE
(¢) GO-PAA/SPCE
80 - —— (d) GO-PANPs/SPCE
-100 4 (e) GO-PAA-PANPs/SPCE
-120 T T T T
-0.30 -0.10 0.10 0.30 0.50
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Figure 3.2 Cyclic voltammograms obtained from different modified SPCEs in 5.0
mmol L [Fe(CN)]*”* containing 0.10 mol L™ KCL.
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Electrochemical impedance spectroscopy (EIS) was used to study the
electron transfer between the electrolyte and the electrode surface. The electron
transfer resistance (Ret) can be estimated from the semicircle diameter of the Nyquist
plot impedance spectrum. The Nyquist plot can be measured by fitting it to an
equivalent electrical circuit (Randles circuit). EIS was measured under the following
conditions: frequency between 100 kHz and 0.01 Hz, frequency number of 50 and an
amplitude of 0.25 V. Figure 3.3 shows the plots of the different electrodes in 5.0
mmol L [Fe(CN)]*”* containing 0.10 mol L KCl. The semicircle diameter of the
GO/SPCE (trace b, Ret = 1,192 Q) decreased dramatically compared with that of the
bare SPCE (trace a, Ret = 3,139 Q) due to the high surface area and good conductivity
of GO. After GO-PAA was modified on the SPCE, the nonconductivity of PAA caused
the R. to become larger (trace ¢, Ret = 2,356 Q). In contrast, the GO-PANPs/SPCE (trace
d), with the PdANPs having good conductivity, enhanced the electron transfer at the
surface of the electrode, which was reflected by the very small Ry of 115 Q.
Meanwhile, the GO-PAA-PANP-modified SPCE (trace e) demonstrated linearity with a
very small semicircle (Ry = 33 Q). These results showed that the GO-PAA-PANPs can

improve the electron transfer and conductivity of the electrode.
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Figure 3.3 Nyquist plot of the bare SPCE (a), GO/SPCE (b),GO-PAA/SPCE (c), GO-
PANPs/SPCE (d) and GO-PAA-PANPs/SPCE (e) in 5.0 mmol L™ ([Fe(CN)s]*”*> containing
0.10 mol LT KCL
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3.1.2 Electrochemical behaviors

The CVs of a bare SPCE (Figure 3.4A (trace a)), GO/SPCE (Figure 3.4A
(trace b)) and GO-PAA/SPCE (Figure 3.4A (trace ¢)) in 0.10 mol L NaOH showed no
current peaks. For the ones modified with GO-PdNPs (Figure 3.4A (trace d)) and GO-
PAA-PANPs (Figure 3.4A (trace e)), three current peaks were observed [28]. In the anodic
sweep, a small peak at a potential of approximately -0.40 V (peak I) was observed due
to the desorption of hydrogen atoms, which diffuse from the inside of the Pd lattice
to the surface. A potential peak due to oxidation on the Pd surface and the formation
of Pd oxide is also observed at approximately —0.20 V to 0.25 V (peak I, reactions 1, 2
and 3). In the cathodic sweep, the reduction of Pd oxide occurred at a potential of

-0.32 V (peak II, reaction 4).

Pd + OH — Pd-OH,4, + H,O + € (1)
Pd-OH,4s + OH — Pd-O (Pd oxide) + H,O + € (2)
Pd-OH,y. + Pd-OH,y, — Pd-O (Pd oxide) + H,0 (3)
Pd-O (Pd oxide) + H,O + 2e” — Pd + 20H" (4)

Furthermore, the cathodic peak attributed to the reduction of Pd oxide can be used
to calculate the surface coverage (I, mol cm™2) of the catalytic activity by the equation
[ = Q/nFA, where Q is the charge from the integration of the cathodic peak of Pd
oxide, n is the number of electrons in the reaction (n = 2), F is Faraday’s constant
(96,487 C) and A is the geometric area of the SPCE (0.070 cm?). The surface coverages
of the catalytic activity of the GO-PAA-PANPs/SPCE and GO-PdNPs/SPCE (n = 3) were
(8.56 + 0.05) x 10°® and (4.19 + 0.07) x 10°® mol cm™, respectively. The 2-fold higher
surface coverage of the GO-PAA-PANP/SPCE was due to the presence of PAA, which
acted as a stabilizing agent and increased the dispersion of PdNPs on the surface of

GO.
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The addition of 1.0 mmol L™ glucose into 0.10 mol L™} NaOH showed
no significant change in the current peak for the SPCE (Figure 3.4B (trace a)), GO/SPCE
(Figure 3.4B (trace b)) or GO-PAA/SPCE (Figure 3.4B (trace ¢)), indicating no catalytic
activity of glucose. For the GO-PAA-PANPs/SPCE (Figure 3.4B (trace d)) and GO-
PANPs/SPCE (Figure 3.4B (trace e)), the anodic current peak of glucose at a potential
of approximately 0.0 V was clearly observed. The electrocatalytic oxidation of glucose
in the presence of Pd can be described as follows [2, 28]. At a potential of
approximately -0.50 V, glucose adsorbs and accumulates on the Pd surface to form an
adsorbed intermediate and then releases one proton per glucose molecule (peak IV,
reaction 5). The hydroxyl ion adsorbed on the surface of Pd catalyzes the oxidation of

the adsorbed intermediate, which leads to a broad peak at this potential.

Pd + glucose — Pd-glucose,ys + H* + & (5)

Palladium hydroxide (Pd(OH),) can oxidize glucose to gluconolactone and itself

generates Pd at a potential of approximately 0 V (peak V, reaction 6).

Pd(OH), + glucose — Pd + gluconolactone + H,0O (6)

Then, Pd undergoes a two-electron oxidation to form Pd(OH), (reaction 7).
Pd + 20H — Pd(OH), + 2e (7)

Between GO-PAA-PANPs and GO-PdNPs, the electrocatalytic oxidation of
glucose by the GO-PAA-PANPs/SPCE provided a better signal. The sensitivities (standard
glucose at 0.10, 0.25, 0.50, 0.75 and 1.0 mmol L) of both electrodes also confirmed
the aforementioned results, where the GO-PAA-PANPs/SPCE exhibited a 2-fold higher
sensitivity than the GO-PdNPs/SPCE (Table 3.1 and Figure 3.5C). Therefore, the GO-PAA-
PANPs/SPCE provided good electrocatalytic performance for the determination of

glucose.
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Figure 3.4 Cyclic voltammetry of bare SPCE, GO/SPCE, GO-PAA/SPCE, GO-PANPs/SPCE
and GO-PAA-PANPs/SPCE at a scan rate of 0.050 V s™!in 0.10 mol L™! NaOH without

glucose (A) and with 1.0 mmol L™ glucose (B).
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Table 3.1 The comparison of the regression equation between SPCE, GO/SPCE, GO-
PAA/SPCE, GO-PANPs/SPCE and GO-PAA-PANPs/SPCE

Type of electrodes Regression equation r
SPCE - -
GO/SPCE - -
GO-PAA/SPCE - -
GO-PdNPs/SPCE y = (2.80+0.02)x + (0.08+0.01) 0.9992

GO-PAA-PANPs/SPCE y = (5.46+0.05)x + (0.32+0.03) 0.9985
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3.1.3 Effect of scan rate

The electrochemical behavior of the GO-PAA-PANPs/SPCE at different scan
rates from 20 to 80 mV s~ ! for a solution of 0.50 mmol L™ glucose in 0.10 mol L™
NaOH was first studied by CV. The anodic peak current for the oxidation of glucose
was found to be linearly correlated with the square root of the scan rate (v/?) and had
a linear regression equation of |, (MA) = (0.0141+0.0002)v"* (mV/s)"% + (0.033+0.002)
(mA) (r = 0.9989) (Figure 3.6). These results confirmed that the electrocatalytic
oxidation of glucose at the GO-PAA-PANPs/SPCE was controlled by the diffusion
process [33, 101-103].
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Figure 3.6 The calibration plot of the anodic peak currents versus the square root of

scan rates.
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3.2 Optimization of the flow injection system

To obtain good electrocatalytic performance of glucose detection at
the GO-PAA-PANPs/SPCE, the operational conditions of the flow injection system were
optimized. The parameters were tested with 0.10, 0.25, 0.50, 0.75 and 1.0 mmol L™
glucose in 0.10 mol L™ NaOH solution. The optimal condition was the one that

provided the highest sensitivity.

3.2.1 Amount of GO-PAA-PdNPs on SPCE

The effect of the amount of GO-PAA-PANPs on the electrocatalytic
performance of glucose was studied in the range of 20 to 120 pg (Table 3.2 and Figure
3.7). The sensitivity reached a maximum, i.e., the maximum electrocatalytic activity of
GO-PAA-PANPs for the oxidation of glucose, at 80 pg and then leveled off at higher
amounts. A similar result was observed in a previous report [104]. Therefore, 80 pg of

GO-PAA-PANPs was used for further experiments.

Table 3.2 The effect of amount of GO-PAA-PANPs modified on SPCE of glucose

determination in concentration of 0.10 to 1.00 mmol L (n=3)

Amount of GO-PAA-PdNPs (ug) Regression equation r
20 y = (1.55+0.01)x + (0.04+0.01) 0.9991
40 y = (3.58+0.03)x + (0.18+0.02) 0.9991
60 y = (3.95+0.02)x + (0.11+0.01) 0.9998
80 y = (4.64+0.02)x + (0.10+£0.01) 0.9997
100 y = (4.68+0.02)x + (0.04+0.01) 0.9998

120 y = (4.64+0.02)x + (0.21+0.01) 0.9999
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Figure 3.7 The sensitivity (0.10-1.00 mmol L' glucose) of the developed sensor to
different amounts of GO-PAA-PANPs (sample loop 200 pL; flow rate 0.75 mL mint:
applied potential 0 V).
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3.2.2 Glucose oxidation potential

For the electrocatalytic activity of glucose, the oxidation potential is an
important factor in the system’s performance. The influence of the applied potential
covering the oxidation peak was investigated in the range from -0.30 to 0.20 V. The
sensitivity of the responses increased as the applied potential increased from -0.30 to
-0.10 V and then gradually decreased (Table 3.3 and Figure 3.8), corresponding well
with the CV (Figure 3.4B). Therefore, for subsequent experiments, an applied potential

of -0.10 V was chosen.

Table 3.3 The effect of applied potential of GO-PAA-PANPs modified on SPCE of

glucose determination in concentration of 0.10 to 1.00 mmol L™ (n=3)

Applied potential (V) Regression equation r
-0.30 y = (2.48+0.21)x + (0.55+0.13) 0.9892
-0.20 y = (3.82+0.25)x + (0.57+0.15) 0.9935
-0.10 y = (5.46+0.05)x + (0.32+0.03) 0.9985
0.00 y = (4.64+0.02)x + (0.10+0.01) 0.9997
0.10 y = (3.24+0.01)x + (0.19+0.01) 0.9997

0.20 y = (1.79+0.02)x + (0.28+0.01) 0.9982
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Figure 3.8 The effect of different applied potentials on the sensitivity (0.10-1.00
mmollL! glucose) of the fabricated sensor (amount of GO-PAA-PANPs 80 pg; sample
loop 200 pL; flow rate 0.75 mL min™).
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3.2.3 Flow rate and sample volume

To achieve good performance of the flow-based sensor, the flow rate
(0.25-1.50 mL min?) and sample volume (50-400 pL) were optimized together by
testing 0.90 mmol L™ glucose. For each flow rate, the oxidation response of glucose
increased with the sample volume and reached saturation at 200 pL (Table 3.4 and
Figure 3.9). For each sample volume, the oxidation response of glucose increased up
to 0.75 mL min™! and remained almost constant at higher values. Although the sample
volumes of 200, 300 and 400 pL at flow rates of 0.75, 1.00 and 1.25 mL min! provided
similar current responses, the large sample volume caused a broad current response
and a long analysis time, while the high flow rate was disturbed by back pressure and
bubbles. To avoid the aforementioned problems, a flow rate and sample volume of

0.75 mL min"! and 200 uL, respectively, were chosen as the optimal conditions.

x I T = T ke
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4 - = b a (mL min'l)
| - 0.25
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W 075
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' 1.50
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1

Figure 3.9 The effect of the flow rate and sample volume on the current response
(0.90 mmol L™ glucose) of GO-PAA-PANPs/SPCE (amount of GO-PAA-PANPs 80 ug;
applied potential -0.10 V).



aq

Table 3.4 Effect of flow rate and sample volume on the current response of GO-
PAA-PANPs modified on SPCE of glucose determination in concentration of 0.10 to

1.00 mmol L (n=3)

Sample volume Current (uA)

(pL)
Flow rate 50 100 200 300 400
(mL min™)
0.25 3124002 3.64+0.02 4.25+0.04 4.24+0.05 6.29+0.03
0.50 3.80+0.03 4.39+0.03 4.79+0.03 4.79+0.05 4.75+0.07
0.75 0.6140.02 5.07x0.03 550£0.03 55:0.03  5.5+0.06
1.00 0.61+0.02 4.98+0.05 556+0.04 5.55:0.04 5.49+0.06

1.25 4.59+0.03 5.10+0.03 5.54+0.09 5.55+0.04 5.55+0.06
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3.3 Analytical performance

3.3.1 Linearity, limit of detection and limit of quantification

Under the optimal conditions, the analytical performance of the
GO-PAA-PANPs/SPCE for glucose determination was studied between 0.050 and 60
mmol L in the FI-Amp system. Figure 3.10A shows an example of the amperometric
responses of different concentrations of glucose. The current responses increased with
increasing glucose concentrations. A sample throughput of 48 h™' was achieved. The
calibration plot between the current responses and glucose concentrations exhibited
two linear ranges, i.e., from 0.050 to 15 mmol L? and from 15 to 60 mmol L, with
different sensitivities (Figure 3.10B). This is likely due to the different activities of the
electrode surface with low and high concentrations of glucose. Due to a large number
of active sites with respect to the total number of glucose molecules, the sensitivity
is high at lower glucose concentrations. However, with higher concentration, there
were relatively less active sites (mainly at the surface of the electrode), and thus, a
decrease in the sensitivity occurred [105]. Another possible explanation is the transition
from a monolayer of adsorbed glucose on the GO-PAA-PANPs/SPCE surface into a more
complex multilayer [106]. The detection and quantitation limits were calculated based
on 3 and 10 standard deviations of the intercept divided by the slope of the calibration

curve and were found to be 22 and 76 pmol L, respectively.

The GO-PAA-PANPs/SPCE was compared with other palladium-modified
electrodes for the nonenzymatic determination of glucose (Table 3.5). The developed
glucose sensor exhibited a wide linear range, the lowest detection limit and detection
potential, and the highest sensitivity. These excellent figures of merit could be
attributed to the combination of the unique properties of each material employed in
the electrode modification. In particular, the PAA increases the distribution of PdNPs
on the GO surfaces, leading to an excellent electrocatalytic performance for the

determination of glucose.
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Table 3.5 Comparison of the analytical performance of the developed nonenzymatic

glucose sensor with other sensors for the determination of glucose

Modified Potential Detection Linear Sensitivity Reference
electrode detection limit range (WA mmolt L cm?)
V) (mmol L'Y)  (mmol LY)
Pd nanocube/GCE -0.05 - 1-10 34 [28]
PdNPs-CNTs/GCE 0.025 - 1-10 11 [107]
11-20 6.3
Pd/IFMC/GCE 0.40 200 1-55 - [4]
Pd-CSP/C/GCE -0.05 237 1-8 17.7 [108]
PANPs-FCNTs/GCE 0.40 - 0-46 114 [32]
GO-PAA-PANPs/SPCE -0.10 22 0.05-15 75 This work
15-60 37
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Figure 3.10 (A) FI- Amperogram of GO-PAA-PdNPs/SPCE at different concentrations of

glucose. (B) The calibration curve of the current response of the glucose sensor.
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3.3.2 Selectivity

The influence of possible interfering compounds that commonly coexist
with glucose in blood samples was studied under the optimal conditions. A series of
solutions containing 5.0 mmol L glucose mixed with 0.10 mmol L™ AA, 0.50 mmolL™
UA, 12 nmol L? DA and 100 mmol L Cl were tested. The concentrations of these
interfering compounds were higher than their normal levels in blood [5]. Each mixture
was diluted 10 times before measurement. The results showed no significant difference
between the response of glucose alone and the glucose with the interfering
compound(s) (P > 0.05) (Table 3.6 and Figure 3.11A), even at 10 times higher
concentrations (Table 3.6 and Figure 3.11B). This glucose sensor showed excellent

selectivity toward the detection of glucose in blood serum samples.
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Table 3.6 The influence of interfering compounds on the current response of glucose

determination at 5.00 mmol L! (n = 3).

Current (uA)

Sample types SD
1 2 3 Average

Glu 5.0 mmol L* 3.24 3.22 3.09 3.18 0.08
Glu 5.0 mmol LY + AA 0.10 mmol L 3.2 3.29 3.18 3.22 0.06
Glu 5.0 mmol L™ + UA 0.50 mmol L™ 3.13 3.25 3.2 3.19 0.06
Glu 5.0 mmol L + DA 12.0 nmol L 3.28 3.224 3.18 3.23 0.05
Glu 5.0 mmol L + ClU 100 mmol L! 3.15 3.28 3.24 3.22 0.07
Glu 5.0 mmol L + AA 1.0 mmol L 3.14 3.17 3.28 3.20 0.07
Glu 5.0 mmol L™ + UA 5.0 mmol L™ 3.23 3.26 3.28 3.28 0.03
Glu 5.0 mmol L™ + DA 120 nmol L 3.11 3.27 3.24 3.21 0.09
Glu 5.0 mmol L + ClU'500 mmol L 3.2 3.27 3.14 3.20 0.07
Glu 5.0 mmol L + CL 1000 mmol L 3.18 3.25 3.27 3.23 0.05
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Figure 3.11 (A) The current responses of 5.0 mmol L glucose with and without the
interfering compounds: 0.10 mmol L™ AA, 0.50 mmol L™ UA, 12 nmol L™ DA and 100

mmol L™ CUand (B) with 10 times concentrations of the interfering compounds.



51

3.3.3 Repeatability and reproducibility

The repeatability of the nonenzymatic sensor was studied by measuring
fifteen replications for each of the three concentrations in the lower range of linearity,
i.e., 0.50, 1.00 and 2.50 mmol L. The results provided relative standard deviations
(RSDs) of 0.52%, 1.51% and 1.28%, which are acceptable according to AOAC guidelines,
i.e., <7.3%, <5.3% and <3.7%, respectively [94] (Table 3.7 and Figure 3.12). To evaluate
the reproducibility, six GO-PAA-PANPs/SPCEs were prepared on different days to
monitor glucose (0.10, 0.25, 0.50, 0.75 and 1.00 mmol L) (Table 3.8 and Figure 3.13A).
The sensitivities of the six electrodes were 5.56+0.09, 5.63+0.08, 5.52+0.08, 5.58+0.08,
5.63+0.08 and 5.61+0.08 pA mmol™! L. The RSD of the average sensitivity for the six
electrode preparations was 0.92% (Table 3.9 and Figure 3.13B). These results showed

that the developed glucose sensors have good reproducibility.
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Figure 3.12 The current responses of the sensor obtained from fifteen measurements

for each concentration (0.50, 1.00 and 2.50 mmol L}).



Table 3.7 The repeatability of the GO-PAA-PANPs/SPCE on the current response of

53

fifteen replications for each of three concentrations of 0.50, 1.00 and 2.50 mmol L™

glucose.

Injection times

Concentration of glucose (mmol L?)

0.50 1.00 2.50
1 3.38 5.82 14.66
2 3.38 5.85 14.95
3 3.35 5.61 14.63
q 3.37 5.67 14.75
5 3.35 5.86 14.91
6 3.38 5.84 14.88
Current 7 3.37 59 14.75
Response 8 34 5.72 14.85
(uA) 9 3.37 58 14.96
10 3.35 5.86 14.68
11 3.33 577 15
12 3.35 5.75 14.83
13 3.38 59 14.54
14 3.37 5.69 14.35
15 3.37 5.75 14.5
Average 3.37 5.79 14.75
SD 0.02 0.09 0.19
%RSD 0.52 1.51 1.28
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Figure 3.13 (A) The current responses from six GO-PAA-PANPs/SPCE and (B) the

sensitivity of six fabricated electrodes for the detection of glucose (0.10-1.00

mmol LY.



Table 3.8 The reproducibility of the GO-PAA-PANPs/SPCE on the current response

from the six electrodes.
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Concentration of glucose (mmol L?)

Number of
electrode 0.1 0.25 0.50 0.75 1.00
El 0.53 1.77 3.16 4.45 5.64
E2 0.59 1.75 3.22 4.52 571

Current
E3 0.58 1.72 3.19 4.46 5.60
Response
E4 0.53 1.72 321 4.53 5.69
(pA)

E5 0.58 1.75 3.19 4.54 5.64
E6 0.58 1.74 3.26 4.53 5.68
Average 0.57 1.74 3.20 a.51 5.66
SD 0.02 0.02 0.03 0.04 0.04
%RSD 4.38 1.17 1.04 0.85 0.74

E : Electrode
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Table 3.9 The reproducibility of the GO-PAA-PANPs/SPCE on the Sensitivity from the

six electrodes.

Number of electrode

Regression equation

El

E2

E3

Ed

E5

E6

y = (5.56+0.09)x + (0.22+0.06)
y = (5.63+0.08)x + (0.23+0.05)
y = (5.52+0.08)x + (0.24+0.05)
y = (5.66+0.08)x + (0.19+0.05)
y = (5.58+0.08)x + (0.24+0.05)

y = (5.61+0.08)x + (0.24+0.05)

0.9959

0.9967

0.9962

0.9962

0.9991

0.9998
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3.3.4 Stability

Under the optimal conditions, a GO-PAA-PANPs/SPCE was tested for
operational stability by repeatedly measuring the current responses of continuous
injections of 0.25 mmol L? glucose (Table 3.10 and Figure 3.14A). The electrode
showed excellent stability for up to 450 injections, with an average relative response
of 100.0+2.5% (RSD = 2.5%). After 450 injections, the current response gradually
decreased to below 95%. The loss of the current response might be because of the
loss of GO-PAA-PANPs from the SPCE surface, which led to a decrease in the surface
area available on the electrocatalyst for glucose. This phenomenon was confirmed by

the decrease in the reduction peak of Pd after glucose measurements (Figure 3.14B).
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Table 3.10 The stability of the GO-PAA-PANPs/SPCE of glucose determination for 450

repeating injections of concentration of glucose at 0.25 mmol L™.

No. relative | No. relative | No. relative | No. relative | No. relative

current current current current current
(%) (%) (%) (%) (%)
1 100 26 99 51 100 76 100 101 99
2 98 27 101 52 98 77 99 102 107
3 103 28 101 53 102 78 98 103 107
a4 98 29 101 54 99 79 101 104 101
5 103 30 102 55 99 80 100 105 98
6 102 31 102 56 98 81 101 106 101
7 100 32 98 57 103 82 97 107 102
8 100 33 99 58 97 83 97 108 103
9 100 34 100 59 98 84 97 109 105
10 100 35 102 60 101 85 98 110 107
11 99 36 98 61 99 86 100 111 105
12 102 37 99 62 101 87 99 112 104
13 103 38 98 63 100 88 99 113 98
14 101 39 99 64 100 89 99 114 94
15 103 40 100 65 100 90 100 115 92
16 99 41 100 66 98 91 98 116 93
17 101 42 101 67 99 92 99 117 108
18 98 43 102 68 99 93 105 118 104
19 98 a4 100 69 95 94 102 119 100
20 99 a5 102 70 101 95 104 120 102
21 100 46 97 71 98 96 100 121 103
22 98 a7 102 72 100 97 102 122 102
23 100 a8 103 73 100 98 100 123 103
24 100 49 103 74 99 99 99 124 103
25 101 50 98 75 101 100 98 125 104
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Table 3.10 The stability of the GO-PAA-PANPs/SPCE of glucose determination for 450

repeating injections of concentration of glucose at 0.25 mmol L™ (continuous).

No. relative | No. relative | No. relative | No. relative | No. relative
current current current current current
(%) (%) (%) (%) (%)
126 104 151 102 176 98 201 100 226 106
127 100 152 98 177 101 202 95 227 97
128 100 153 100 178 95 203 96 228 102
129 102 154 104 179 99 204 100 229 97
130 97 155 100 180 102 205 102 230 100
131 102 156 97 181 100 206 101 231 101
132 103 157 98 182 98 207 105 232 101
133 106 158 94 183 100 208 101 233 101
134 102 159 101 184 99 209 98 234 100
135 99 160 103 185 101 210 103 235 102
136 98 161 99 186 103 211 103 236 102
137 99 162 98 187 102 212 101 237 103
138 99 163 98 188 97 213 100 238 106
139 98 164 98 189 102 214 98 239 103
140 100 165 100 190 100 215 99 240 102
141 101 166 100 191 101 216 98 241 104
142 101 167 103 192 98 217 104 242 104
143 100 168 99 193 100 218 99 243 98
144 97 169 100 194 99 219 96 244 101
145 104 170 95 195 102 220 100 245 98
146 101 171 98 196 98 221 94 246 105
147 102 172 103 197 96 222 95 247 98
148 97 173 98 198 102 223 105 248 105
149 97 174 103 199 99 224 101 249 98
150 97 175 100 200 94 225 99 250 104
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Table 3.10 The stability of the GO-PAA-PANPs/SPCE of glucose determination for 450

repeating injections of concentration of glucose at 0.25 mmol L™ (continuous).

No. relative | No. relative | No. relative | No. relative | No. relative
current current current current current
(%) (%) (%) (%) (%)
251 100 276 100 301 100 326 98 351 103
252 100 277 100 302 99 327 105 352 97
253 103 278 99 303 99 328 104 353 97
254 99 279 98 304 100 329 100 354 97
255 100 280 98 305 98 330 104 355 98
256 99 281 97 306 98 331 100 356 96
257 98 282 99 307 100 332 103 357 98
258 99 283 100 308 100 333 97 358 97
259 100 284 100 309 100 334 101 359 98
260 100 285 100 310 98 335 97 360 101
261 98 286 100 311 101 336 99 361 101
262 99 287 99 312 96 337 99 362 103
263 98 288 99 313 98 338 103 363 100
264 101 289 99 314 98 339 95 364 103
265 99 290 99 315 97 340 100 365 99
266 97 291 98 316 100 341 100 366 103
267 98 292 98 317 101 342 95 367 97
268 97 293 98 318 98 343 101 368 98
269 98 294 100 319 98 344 97 369 99
270 101 295 100 320 98 345 102 370 103
271 96 296 98 321 96 346 98 371 104
272 101 297 97 322 96 347 101 372 98
273 98 298 103 323 104 348 95 373 100
274 102 299 103 324 100 349 99 374 95
275 99 300 103 325 99 350 96 375 99
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Table 3.10 The stability of the GO-PAA-PANPs/SPCE of glucose determination for 450

repeating injections of concentration of glucose at 0.25 mmol L™ (continuous).

No. relative No. relative No. relative
current current current
(%) (%) (%)
376 97 401 98 426 101
377 103 402 102 a27 97
378 98 403 98 428 99
379 99 404 98 429 102
380 99 405 96 430 99
381 101 406 99 431 100
382 101 a07 98 432 101
383 101 408 100 433 97
384 99 409 100 434 98
385 101 410 98 435 97
386 101 a11 96 436 101
387 101 412 99 437 102
388 100 413 100 438 98
389 99 414 96 439 98
390 100 415 97 440 97
391 102 416 99 441 97
392 101 a17 101 442 97
393 100 418 97 443 97
394 98 419 96 aa4 98
395 99 420 102 445 97
396 101 421 102 446 97
397 98 422 101 a47 97
398 99 423 99 448 95
399 99 a24 102 449 98
400 100 425 98 450 95
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Table 3.10 The stability of the GO-PAA-PANPs/SPCE of glucose determination for 450

repeating injections of concentration of glucose at 0.25 mmol L™ (continuous).

Range of injections  Average relative current SD %RSD
1-100 99.9 1.8 1.8
101-200 100.2 3.1 3.1
201-300 100.0 25 2.5
301-400 99.4 2.3 2.3
401-450 98.6 2.0 2.0
1-450 100.0 2.5 2.5
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Figure 3.14 (A) Operational stability of the fabricated sensor; (B) cyclic voltammogram
of the GO-PAA-PANPs/SPCE in 0.1 mol L™! NaOH before and after measuring glucose.
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3.3.5 Analysis of blood serum samples

To examine the performance in practical applications, the developed
sensor was used to detect glucose in blood serum samples. The recoveries were
studied by spiking standard glucose into blood serum samples and then diluting the
samples 10 times with 0.10 mmol L™ NaOH before each measurement. The slopes of
the calibration curves obtained for the standard glucose and spiked samples were
compared by two-way ANOVA. There was no significant difference between the two
slopes (P > 0.05); therefore, there was no matrix effect. The calibration curve for the
glucose standard can be used to calculate the concentration of glucose in blood serum
samples. The results of twenty samples are listed in Table 3.11. The concentrations of
glucose obtained from the developed sensor when compared to those from the
standard hexokinase-spectrophotometric method in Hatyai hospital showed no
significant differences (P > 0.05). The recoveries obtained from glucose detection
ranged from 85 + 2 to 106 + 3% (Table 3.11). These recoveries were well within the
acceptable limits according to AOAC guidelines. Therefore, the nonenzymatic sensor

could be applied to measure glucose in blood serum samples.



Table 3.11 The determination of glucose in blood serum samples (n = 3) and the recovery test of glucose from blood serum samples

Hospital method

Fabricated sensor

%Recovery of fabricated sensor (n = 3)

Concentration of spiking (mmol L)

Sample
(mmol L) (mmol L) (n = 3) 0.10 0.25 0.50 0.75 1.00
1 7.67 7.61 £ 0.09 85+ 2 104 + 3 100 £ 3 101 + 1 98 +1
2 a.47 45+0.1 91+3 103+ 4 96.0 + 0.5 100.0 + 0.7 100 £ 1
3 5.66 5.70 £ 0.07 87 +2 102 £ 4 106.0 + 0.9 100 100.0 + 0.9
4 4.76 473 + 0.04 92 £ 2 106 + 3 103 +1 103 + 1 100.0 + 0.2
5 5.45 5.47 £ 0.05 94 + 1 96 + 3 101 £ 1 100 = 1 99.0 £ 0.2
6 8.08 8.0+ 0.1 87 +3 106 + 3 100 + 2 102 + 2 98 + 1
7 6.74 6.76 + 0.04 102 + 1 99 +2 102 £ 2 98.0 £ 0.4 101.0 £ 0.5
8 4.66 4.63 £ 0.07 100+3 103+3 99 +3 102.0 + 0.4 99.0 £ 0.9
9 7.40 73+02 97+ 3 102 £ 1 99.0 £ 0.7 101 £ 2 101.0 + 0.6
10 5.61 552 +0.08 102+4  94+3 99 + 2 97 £ 2 101.0 £ 0.4
11 8.05 82+02 100+4 1084 91+0 100 + 1 101.0 + 0.4
12 7.44 75+0.2 95+ 4 94 + 1 104 + 2 100 + 1 98 + 1
13 5.66 57+0.1 96 + 0 94 +3 101+ 2 102 £ 2 99 +1
14 7.47 7.4 +0.1 96 + 0 105+4 98 + 2 102+ 0 100 + 2
15 5.55 56 £0.1 98 + 4 94+ 0 99 +2 97 + 1 99.0 £ 0.9
16 9.46 95+ 0.1 101+3  98+3 100 + 2 98 + 1 101.0 £ 0.5
17 10.75 10.8 £ 0.2 93+ 3 102+ 3 97 + 1 101+ 1 100.0 + 0.7
18 8.38 8.4+ 0.1 95+ 3 105+ 3 98 +2 97 + 1 102.0 + 0.9
19 521 52+0.1 95+3 93+ 5 106 + 1 102.0 £ 0.4 98.0 + 0.6
20 9.16 9.4+0.3 94 + 4 101 +1 105+ 2 100 + 1 100.0 + 0.4
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CHARPTER 4
Conclusions

In this thesis, GO-PAA-PANPs were successfully prepared by electroless
deposition and were used to modify the SPCE working electrode for the determination
of glucose by FI-Amp. The combination of the unique properties of these materials
greatly improved the sensor performance. In particular, PAA increased the distribution
of PdNPs on the GO surface, thus increasing the surface area for the excellent
electrocatalytic oxidation of glucose. Under the optimal conditions, this nonenzymatic
glucose sensor provided two wide linear ranges, high sensitivity (75 uA mmol™! L cm™),

a low limit of detection (22 umol L™), a low limit of quantification (76 umol L™), good
operational stability (450 injections), good repeatability (%RSD < 1.51%), and good
recovery (85 + 2 to 106 + 3%). This strategy opens new opportunities for the

determination of glucose in biological fluid samples.



68

References

(1]

(8]

S. Chaiyo, E. Mehmeti, W. Siangproh, T. L. Hoang, H. P. Nguyen, O. Chailapakul,
et al., "Non-enzymatic electrochemical detection of glucose with a disposable
paper-based sensor using a cobalt phthalocyanine-ionic liquid—graphene
composite," Biosensors and Bioelectronics, vol. 102, pp. 113-120, 2018/04/15/
2018.

D. H. Shin, W. Kim, J. Jun, J. S. Lee, J. H. Kim, and J. Jang, "Highly selective FET-
type sglucose sensor based on shape-controlled palladium nanoflower-
decorated graphene," Sensors and Actuators B: Chemical, vol. 264, pp. 216-
223, 2018/07/01/ 2018.

K. Ogurtsova, J. D. da Rocha Fernandes, Y. Huang, U. Linnenkamp, L. Guariguata,
N. H. Cho, et al., "IDF Diabetes Atlas: Global estimates for the prevalence of
diabetes for 2015 and 2040," Diabetes Research and Clinical Practice, vol. 128,
pp. 40-50, 2017/06/01/ 2017.

B. Haghighi, B. Karimi, M. Tavahodi, and H. Behzadneia, "Fabrication of a
nonenzymatic glucose sensor using Pd-nanoparticles decorated ionic liquid
derived fibrillated mesoporous carbon," Materials Science and Engineering: C,
vol. 52, pp. 219-224, 2015/07/01/ 2015.

K. Jung, "Tietz Textbook of Clinical Chemistry and Molecular Diagnostics, Fourth
Edition. Carl A. Burtis, Edward R. Ashwood, and David E. Bruns, editors. St. Louis,
MO: Elsevier Saunders, 2006, 2448 pp., $229.00, hardcover. ISBN 0-7216-0189-
8," Clinical Chemistry, vol. 52, p. 1214, 2006.

M. H. C. E. Kenneth M. Shaw, John Wiley & Sons, "Diabetes Chronic
Complications," 2005.

S. P. Nichols, A. Koh, W. L. Storm, J. H. Shin, and M. H. Schoenfisch,
"Biocompatible Materials for Continuous Glucose Monitoring Devices," Chemical
Reviews, vol. 113, pp. 2528-2549, 2013/04/10 2013.

l. D. F. (third edition), "Diabetes Atlas," 2006.



69

W. Raza and K. Ahmad, "A highly selective Fe@ZnO modified disposable screen
printed electrode based non-enzymatic glucose sensor (SPE/Fe@ZnO),"
Materials Letters, vol. 212, pp. 231-234, 2018/02/01/ 2018.

M. Shamsipur, Z. Karimi, M. Amouzadeh Tabrizi, and S. Rostamnia, "Highly
sensitive non-enzymatic electrochemical glucose sensor by Nafion/SBA-15-Cu
(I modified glassy carbon electrode," Journal of Electroanalytical Chemistry,
vol. 799, pp. 406-412, 2017/08/15/ 2017.

L. Monti, S. Negri, A. Meucci, A. Stroppa, A. Galli, and G. Contarini, "Lactose,
galactose and glucose determination in naturally “lactose free” hard cheese:
HPAEC-PAD method validation," Food Chemistry, vol. 220, pp. 18-24,
2017/04/01/ 2017.

F. Molaabasi, S. Hosseinkhani, A. A. Moosavi-Movahedi, and M. Shamsipur,
"Hydrogen peroxide sensitive hemoglobin-capped gold nanoclusters as a
fluorescence enhancing sensor for the label-free detection of glucose," RSC
Advances, vol. 5, pp. 33123-33135, 2015.

B. Sharma, P. Bugga, L. R. Madison, A. I. Henry, M. G. Blaber, N. G. Greeneltch,
et al., "Bisboronic Acids for Selective, Physiologically Relevant Direct Glucose
Sensing with Surface-Enhanced Raman Spectroscopy," Journal of the American
Chemical Society, vol. 138, pp. 13952-13959, 2016.

A. Weremfo, S. T. C. Fong, A. Khan, D. B. Hibbert, and C. Zhao,
"Electrochemically roughened nanoporous platinum electrodes for non-
enzymatic glucose sensors," Electrochimica Acta, vol. 231, pp. 20-26,
2017/03/20/ 2017.

T. Kangkamano, A. Numnuam, W. Limbut, P. Kanatharana, and P. Thavarungkul,
"Chitosan cryogel with embedded gold nanoparticles decorated multiwalled
carbon nanotubes modified electrode for highly sensitive flow based non-
enzymatic glucose sensor," Sensors and Actuators B: Chemical, vol. 246, pp.
854-863, 2017/07/01/ 2017.

H. Dai, P. Cao, D. Chen, Y. Li, N. Wang, H. Ma, et al., "Ni-Co-S/PPy core-shell
nanohybrid on nickel foam as a non-enzymatic electrochemical glucose

sensor," Synthetic Metals, vol. 235, pp. 97-102, 2018/01/01/ 2018.



(19]

[21]

(23]

70

A. A. Ensafi, M. M. Abarghoui, and B. Rezaei, "Electrochemical determination of
hydrogen peroxide using copper/porous silicon based non-enzymatic sensor,"
Sensors and Actuators B: Chemical, vol. 196, pp. 398-405, 2014/06/01/ 2014.
M. H. Arbab-Zavar, M. Chamsaz, A. Youssefi, and M. Aliakbari, "Flow injection
electrochemical hydride generation atomic absorption spectrometry for the
determination of cadmium in water samples," Microchemical Journal, vol. 108,
pp. 188-192, 2013/05/01/ 2013.

A. Samphao, P. Butmee, J. Jitcharoen, L. Svorc, G. Raber, and K. Kalcher, "Flow-
injection amperometric determination of glucose using a biosensor based on
immobilization of glucose oxidase onto Au seeds decorated on core Fe304
nanoparticles," Talanta, vol. 142, pp. 35-42, 2015/09/01/ 2015.

F. C. de Souza, D. A. I. da Silva, M. Simées, R. B. Faria, M. A. de Melo, R. M.
Toledo, et al., "Flow injection analysis with amperometric detection for iodide
determination as a tracer in seawater reservoirs," Journal of Applied
Electrochemistry, vol. 42, pp. 585-593, 2012/08/01 2012.

L.-M. Lu, H.-B. Li, F. Qu, X.-B. Zhang, G.-L. Shen, and R.-Q. Yu, "In situ synthesis
of palladium nanoparticle-graphene nanohybrids and their application in
nonenzymatic glucose biosensors," Biosensors and Bioelectronics, vol. 26, pp.
3500-3504, 2011/04/15/ 2011.

Z. Fan, B. Liu, X. Liu, Z. Li, H. Wang, S. Yang, et al., "A flexible and disposable
hybrid electrode based on Cu nanowires modified graphene transparent
electrode for non-enzymatic glucose sensor," Electrochimica Acta, vol. 109, pp.
602-608, 2013/10/30/ 2013.

H. Jeong, D. M. Nguyen, M. S. Lee, H. G. Kim, S. C. Ko, and L. K. Kwac, "N-doped
graphene-carbon nanotube hybrid networks attaching with gold nanoparticles
for glucose non-enzymatic sensor," Materials Science and Engineering: C, vol.
90, pp. 38-45, 2018/09/01/ 2018.

E. Nunez-Bajo, M. C. Blanco-Lopez, A. Costa-Garcia, and M. T. Fernandez-
Abedul, "In situ gold-nanoparticle electrogeneration on gold films deposited on
paper for non-enzymatic electrochemical determination of glucose," Talanta,

vol. 178, pp. 160-165, 2018/02/01/ 2018.



[25]

71

T. Unmussig, A. Weltin, S. Urban, P. Daubinger, G. A. Urban, and J. Kieninger,
"Non-enzymatic glucose sensing based on hierarchical platinum micro-
/nanostructures," Journal of Electroanalytical Chemistry, vol. 816, pp. 215-222,
2018/05/01/ 2018.

G. Chang, H. Shu, Q. Huang, M. Oyama, K. Ji, X. Liu, et al., "Synthesis of highly
dispersed Pt nanoclusters anchored graphene composites and their application
for non-enzymatic glucose sensing," Electrochimica Acta, vol. 157, pp. 149-157,
2015/03/01/ 2015.

B. Singh, N. Bhardwaj, V. K. Jain, and V. Bhatia, "Palladium nanoparticles
decorated electrostatically functionalized MWCNTSs as a non enzymatic glucose
sensor," Sensors and Actuators A: Physical, vol. 220, pp. 126-133, 2014/12/01/
2014.

J.-S. Ye, C.-W. Chen, and C.-L. Lee, "Pd nanocube as non-enzymatic glucose
sensor," Sensors and Actuators B: Chemical, vol. 208, pp. 569-574, 2015/03/01/
2015.

J. Yang, Q. Lin, W. Yin, T. Jiang, D. Zhao, and L. Jiang, "A novel nonenzymatic
glucose sensor based on functionalized PDDA-graphene/CuO nanocomposites,”
Sensors and Actuators B: Chemical, vol. 253, pp. 1087-1095, 2017/12/01/ 2017.
X. Chen, G. Li, G. Zhang, K. Hou, H. Pan, and M. Du, "Self-assembly of palladium
nanoparticles on functional TiO2 nanotubes for a nonenzymatic slucose
sensor," Materials Science and Engineering: C, vol. 62, pp. 323-328, 2016/05/01/
2016.

T. Wu, T. Li, Z. Liu, Y. Guo, and C. Dong, "Electrochemical sensor for sensitive
detection of triclosan based on graphene/palladium nanoparticles hybrids,"
Talanta, vol. 164, pp. 556-562, 2017/03/01/ 2017.

X.-m. Chen, Z.-j. Lin, D.-J. Chen, T-t. Jia, Z-m. Cai, X.-r. Wang, et al,
"Nonenzymatic amperometric sensing of g¢lucose by using palladium
nanoparticles supported on functional carbon nanotubes," Biosensors and
Bioelectronics, vol. 25, pp. 1803-1808, 2010/03/15/ 2010.

B. Singh, N. Bhardwaj, V. K. Jain, and V. Bhatia, "Palladium nanoparticles

decorated electrostatically functionalized MWCNTSs as a non enzymatic glucose



(42]

72

sensor," Sensors and Actuators A: Physical, vol. 220, pp. 126-133, 2014/12/01/
2014.

A. K. Geim and K. S. Novoselov, "The rise of graphene," Nature Materials, vol.
6, p. 183, 03/01/0online 2007.

X. Li, G. Zhang, X. Bai, X. Sun, X. Wang, E. Wang, et al., "Highly conducting
graphene sheets and Langmuir-Blodsgett films," Nature Nanotechnology, vol. 3,
p. 538, 08/01/online 2008.

R. Kou, Y. Shao, D. Mei, Z. Nie, D. Wang, C. Wang, et al., "Stabilization of
Electrocatalytic Metal Nanoparticles at Metal-Metal Oxide-Graphene Triple
Junction Points," Journal of the American Chemical Society, vol. 133, pp. 2541-
2547, 2011/03/02 2011.

S. Ivanov, U. Lange, V. Tsakova, and V. M. Mirsky, "Electrocatalytically active
nanocomposite from palladium nanoparticles and polyaniline: Oxidation of
hydrazine," Sensors and Actuators B: Chemical, vol. 150, pp. 271-278,
2010/09/21/ 2010.

F. M. Zahed, B. Hatamluyi, F. Lorestani, and Z. Es’haghi, "Silver nanoparticles
decorated polyaniline nanocomposite based electrochemical sensor for the
determination of anticancer drug 5-fluorouracil," Journal of Pharmaceutical
and Biomedical Analysis, vol. 161, pp. 12-19, 2018/11/30/ 2018.

A. Kyrychenko, D. A Pasko, and O. Kalugin, Poly(Vinyl Alcohol) as a Water
Protecting Agent for Silver Nanoparticles: The Role of Polymer Size and
Structure vol. 19, 2017.

P. Sagitha, K. Sarada, and K. Muraleedharan, "One-pot synthesis of poly vinyl
alcohol (PVA) supported silver nanoparticles and its efficiency in catalytic
reduction of methylene blue," Transactions of Nonferrous Metals Society of
China, vol. 26, pp. 2693-2700, 2016/10/01/ 2016.

J. Lutze, M. A. Banares, M. Pita, A. Haase, A. Luch, and A. Taubert, "0O~((4-
Cyanobenzoyl)oxy)-W-methyl poly(ethylene glycol): a new stabilizer for silver
nanoparticles," Beilstein journal of nanotechnology, vol. 8, pp. 627-635, 2017.
Y. Hatakeyama, T. Morita, S. Takahashi, K. Onishi, and K. Nishikawa, "Synthesis
of Gold Nanoparticles in Liquid Polyethylene Glycol by Sputter Deposition and



73

Temperature Effects on their Size and Shape," The Journal of Physical
Chemistry C, vol. 115, pp. 3279-3285, 2011/03/03 2011.

S. Zhang, Y. Shao, G. Yin, and Y. Lin, "Stabilization of platinum nanoparticle
electrocatalysts for oxygen reduction using poly(diallyldimethylammonium
chloride)," Journal of Materials Chemistry, vol. 19, pp. 7995-8001, 2009.

Z.Ni, Z. Wang, L. Sun, B. Li, and Y. Zhao, "Synthesis of poly acrylic acid modified
silver nanoparticles and their antimicrobial activities," Materials Science and
Engineering: C, vol. 41, pp. 249-254, 2014/08/01/ 2014.

Z. Wang, J. Xia, X. Qiang, Y. Xia, G. Shi, F. Zhang, et al., Polymer-assisted in Situ
Growth of Copper Nanoparticles on Graphene Surface for Non-Enzymatic
Electrochemical Sensing of Glucose vol. 8, 2013.

G.-B. Cai, G.-X. Zhao, X.-K. Wang, and S.-H. Yu, "Synthesis of Polyacrylic Acid
Stabilized Amorphous Calcium Carbonate Nanoparticles and Their Application
for Removal of Toxic Heavy Metal lons in Water," The Journal of Physical
Chemistry C, vol. 114, pp. 12948-12954, 2010/08/05 2010.

T. Kim, S. Nam, S. Lim, and H. Kim, "Facile In-Situ Preparation of Poly(Acrylic
Acid)-Silver Nanocomposite Thin Films with Highly Dispersed Silver
Nanoparticles," Molecular Crystals and Liquid Crystals, vol. 568, pp. 170-178,
2012/12/03 2012.

H. Filik and A. Aslihan Avan, "Conducting polymer modified screen-printed
carbon electrode coupled with magnetic solid phase microextraction for
determination of caffeine," Food Chemistry, vol. 242, pp. 301-307, 2018/03/01/
2018.

A. Jirasirichote, E. Punrat, A. Suea-Ngam, O. Chailapakul, and S.
Chuanuwatanakul, "Voltammetric detection of carbofuran determination using
screen-printed carbon electrodes modified with gold nanoparticles and
graphene oxide," Talanta, vol. 175, pp. 331-337, 2017/12/01/ 2017.

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.



74

A. Shendurse and C. Khedkar, "Glucose: Properties and analysis," ed, 2016, pp.
239-247.

G. Wilcox, "Insulin and insulin resistance," The Clinical biochemist. Reviews, vol.
26, pp. 19-39, 2005.

S. Geneva, "Global Report on Diabetes," World Health Organization, 2016.

G. Van den Berghe, A. Wilmer, G. Hermans, W. Meersseman, P. J. Wouters, |.
Milants, et al., "Intensive Insulin Therapy in the Medical ICU," New England
Journal of Medicine, vol. 354, pp. 449-461, 2006/02/02 2006.

"Effect of intensive blood-glucose control with metformin on complications in
overweight patients with type 2 diabetes (UKPDS 34). UK Prospective Diabetes
Study (UKPDS) Group," Lancet, vol. 352, pp. 854-65, Sep 12 1998.

R. C. Turner, "The U.K. Prospective Diabetes Study: A review," Diabetes Care,
vol. 21, p. C35, 1998.

D. M. Nathan, S. Genuth, J. Lachin, P. Cleary, O. Crofford, M. Davis, et al., "The
effect of intensive treatment of diabetes on the development and progression
of long-term complications in insulin-dependent diabetes mellitus," N Engl J
Med, vol. 329, pp. 977-86, Sep 30 1993.

J. Brauker, "Continuous glucose sensing: future technology developments,"
Diabetes Technol Ther, vol. 11 Suppl 1, pp. 525-36, Jun 2009.

W.-Q. Xie, Y.-X. Gong, and K.-X. Yu, "Rapid quantitative detection of glucose
content in glucose injection by reaction headspace gas chromatography,”
Journal of Chromatography A, vol. 1520, pp. 143-146, 2017/10/20/ 2017.

S. Song, L. Sun, L. Yuan, T. Sun, Y. Zhao, W. Zuo, et al., "Method to determine
enantiomeric excess of glucose by nonchiral high-performance liquid
chromatography  using circular  dichroism  detection," Journal  of
Chromatography A, vol. 1179, pp. 125-130, 2008/02/01/ 2008.

M. L. Di Gioia, A. Leggio, A. Le Pera, A. Liguori, A. Napoli, C. Siciliano, et al.,
"Quantitative analysis of human salivary glucose by gas chromatography-mass
spectrometry," Journal of Chromatography B, vol. 801, pp. 355-358,
2004/03/05/ 2004.



[62]

75

P. N. Wahjudi, M. E. Patterson, S. Lim, J. K. Yee, C. S. Mao, and W. N. P. Lee,
"Measurement of glucose and fructose in clinical samples using gas
chromatography/mass spectrometry,” Clinical Biochemistry, vol. 43, pp. 198-
207, 2010/01/01/ 2010.

Y. Chen, Q. Liu, S. Yong, and T. K. Lee, "High accuracy analysis of glucose in
human serum by isotope dilution liquid chromatography-tandem mass
spectrometry," Clinica Chimica Acta, vol. 413, pp. 808-813, 2012/04/11/ 2012.
C. Petibois, A.-M. Melin, A. Perromat, G. Cazorla, and G. Déléris, "Glucose and
lactate concentration determination on single microsamples by Fourier-
transform infrared spectroscopy," Journal of Laboratory and Clinical Medicine,
vol. 135, pp. 210-215, 2000/02/01/ 2000.

G. F. Mason, K. L. Behar, D. L. Rothman, and R. G. Shulman, "NMR Determination
of Intracerebral Glucose Concentration and Transport Kinetics in Rat Brain,"
Journal of Cerebral Blood Flow & Metabolism, vol. 12, pp. 448-455, 1992/05/01
1992.

P. Wu, Y. He, H.-F. Wang, and X.-P. Yan, "Conjugation of Glucose Oxidase onto
Mn-Doped ZnS Quantum Dots for Phosphorescent Sensing of Glucose in
Biological Fluids," Analytical Chemistry, vol. 82, pp. 1427-1433, 2010/02/15
2010.

S. Luo, Y. Liu, H. Rao, Y. Wang, and X. Wang, "Fluorescence and magnetic
nanocomposite Fe304@SiO2@Au MNPs as peroxidase mimetics for glucose
detection," Analytical Biochemistry, vol. 538, pp. 26-33, 2017/12/01/ 2017.

S. K. Basiruddin and S. K. Swain, "Phenylboronic acid functionalized reduced
graphene oxide based fluorescence nano sensor for glucose sensing," Materials
Science and Engineering: C, vol. 58, pp. 103-109, 2016/01/01/ 2016.

M. Hao, N. Liu, and Z. Ma, "A new luminol chemiluminescence sensor for
glucose based on pH-dependent graphene oxide," Analyst, vol. 138, pp. 4393-
4397, 2013.

A. Ali, Z. Hussain, M. B. Arain, N. Shah, K. M. Khan, H. Gulab, et al., "Development

of microwave assisted spectrophotometric method for the determination of



76

glucose," Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 153, pp. 374-378, 2016/01/15/ 2016.

J. D. Oliver, M. Gaborieau, E. F. Hilder, and P. Castignolles, "Simple and robust
determination of monosaccharides in plant fibers in complex mixtures by
capillary electrophoresis and high performance liquid chromatography,”
Journal of Chromatography A, vol. 1291, pp. 179-186, 2013/05/24/ 2013.

H. Xu, C. Xia, S. Wang, F. Han, M. K. Akbari, Z. Hai, et al., "Electrochemical non-
enzymatic glucose sensor based on hierarchical 3D Co304/Ni heterostructure
electrode for pushing sensitivity boundary to a new limit," Sensors and
Actuators B: Chemical, vol. 267, pp. 93-103, 2018/08/15/ 2018.

G. Wang, X. He, L. Wang, A. Gu, Y. Huang, B. Fang, et al., "Non-enzymatic
electrochemical sensing of glucose," Microchimica Acta, vol. 180, pp. 161-186,
2013/02/01 2013.

R. Wilson and A. P. F. Turner, "Glucose oxidase: an ideal enzyme," Biosensors
and Bioelectronics, vol. 7, pp. 165-185, 1992/01/01/ 1992.

H. Bai, M. Han, Y. Du, J. Bao, and Z. Dai, "Facile synthesis of porous tubular
palladium nanostructures and their application in a nonenzymatic glucose
sensor," Chemical Communications, vol. 46, pp. 1739-1741, 2010.

R. A. Soomro, O. P. Akyuz, R. Ozturk, and Z. H. Ibupoto, "Highly sensitive non-
enzymatic glucose sensing using gold nanocages as efficient electrode
material," Sensors and Actuators B: Chemical, vol. 233, pp. 230-236,
2016/10/05/ 2016.

G.-h. Wu, X.-h. Song, Y.-F. Wu, X.-m. Chen, F. Luo, and X. Chen, "Non-enzymatic
electrochemical glucose sensor based on platinum nanoflowers supported on
graphene oxide," Talanta, vol. 105, pp. 379-385, 2013/02/15/ 2013.

J. Mohapatra, B. Ananthoju, V. Nair, A. Mitra, D. Bahadur, N. V. Medhekar, et al.,
"Enzymatic and non-enzymatic electrochemical glucose sensor based on
carbon nano-onions," Applied Surface Science, vol. 442, pp. 332-341,
2018/06/01/ 2018.

G. A. Mabbott, "An introduction to cyclic voltammetry," Journal of Chemical

Education, vol. 60, p. 697, 1983/09/01 1983.



(80]
(81]

(83]

7

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

S. Kongkaew, P. Kanatharana, P. Thavarungkul, and W. Limbut, "A preparation
of homogeneous distribution of palladium nanoparticle on poly (acrylic acid)-
functionalized graphene oxide modified electrode for formalin oxidation,"
Electrochimica Acta, vol. 247, pp. 229-240, 2017/09/01/ 2017.

M. Amatatongchai, W. Sroysee, P. Jarujamrus, D. Nacapricha, and P. A. Lieberzeit,
"Selective amperometric flow-injection analysis of carbofuran using a
molecularly-imprinted polymer and gold-coated-magnetite modified carbon
nanotube-paste electrode," Talanta, vol. 179, pp. 700-709, 2018/03/01/ 2018.

A. B. Lima, F. M. de Oliveira, T. d. J. Guedes, R. M. F. Sousa, R. A. A. Munoz, and
W. T. P. dos Santos, "Altered electrochemistry of oxcarbazepine on cathodically
treated boron-doped diamond electrode: Selective detection by pulsed
amperometric detection coupled to flow-injection analysis," Electrochimica
Acta, vol. 260, pp. 564-570, 2018/01/10/ 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.

P. Salazar, M. Martin, J. L. Gonzalez-Mora, and A. R. Gonzalez-Elipe, "Application
of Prussian Blue electrodes for amperometric detection of free chlorine in
water samples using Flow Injection Analysis," Talanta, vol. 146, pp. 410-416,
2016/01/01/ 2016.

M. F. Alecrim, F. M. Oliveira, T. J. Guedes, C. D. c. Neves, V. A. Mendonca, E. S.
Gil, et al., "Electrochemical behavior of the cotinine at a boron-doped diamond
electrode and its determination in saliva by multiple-pulse amperometry in an
FIA system," Electrochimica Acta, vol. 222, pp. 331-337, 2016/12/20/ 2016.

S. Ayaz and Y. Dilgin, "Flow injection amperometric determination of hydrazine
based on its electrocatalytic oxidation at pyrocatechol violet modified pencil
graphite electrode," Electrochimica Acta, vol. 258, pp. 1086-1095, 2017/12/20/
2017.



[91]

78

C.-C. Chen, C.-L. Lin, and L.-C. Chen, "Functionalized Carbon Nanomaterial
Supported Palladium Nano-Catalysts for Electrocatalytic Glucose Oxidation
Reaction," Electrochimica Acta, vol. 152, pp. 408-416, 2015/01/10/ 2015.

D. Chen, H. Feng, and J. Li, "Graphene Oxide: Preparation, Functionalization, and
Electrochemical Applications," Chemical Reviews, vol. 112, pp. 6027-6053,
2012/11/14 2012.

L. T. Hoa, K. G. Sun, and S. H. Hur, "Highly sensitive non-enzymatic glucose
sensor based on Pt nanoparticle decorated graphene oxide hydrogel," Sensors
and Actuators B: Chemical, vol. 210, pp. 618-623, 2015/04/01/ 2015.

G.-h. Wu, Y.-f. Wu, X-w. Liu, M-c. Rong, X.-m. Chen, and X. Chen, "An
electrochemical ascorbic acid sensor based on palladium nanoparticles
supported on graphene oxide," Analytica Chimica Acta, vol. 745, pp. 33-37,
2012/10/01/ 2012.

T. Kokulnathan, T. S. K. Sharma, S.-M. Chen, T.-W. Chen, and B. Dinesh, "Ex-situ
decoration of graphene oxide with palladium nanoparticles for the highly
sensitive and selective electrochemical determination of chloramphenicol in
food and biological samples," Journal of the Taiwan Institute of Chemical
Engineers, vol. 89, pp. 26-38, 2018/08/01/ 2018.

C. Shan, H. Yang, J. Song, D. Han, A. Ivaska, and L. Niu, "Direct Electrochemistry
of Glucose Oxidase and Biosensing for Glucose Based on Graphene," Analytical
Chemistry, vol. 81, pp. 2378-2382, 2009/03/15 2009.

A. International, AOAC guidelines for single laboratory validation of chemical
methods for dietary supplements and botanicals, 2012.

l. S. Krull and M. Swartz, "Analytical Method Development and Validation for
the Academic Researcher," Analytical Letters, vol. 32, pp. 1067-1080,
1999/01/01 1999.

Rattana, S. Chaiyakun, N. Witit-anun, N. Nuntawong, P. Chindaudom, S. Oaew,
et al, "Preparation and characterization of graphene oxide nanosheets,"

Procedia Engineering, vol. 32, pp. 759-764, 2012/01/01/ 2012.



[97]

[100]

[101]

[102]

[103]

[104]

[105]

79

Z. Ciplak, N. Yildiz, and A. Calimli, Investigation of Graphene/Ag
Nanocomposites Synthesis Parameters for Two Different Synthesis Methods
vol. 23, 2014.

L. J. Kirwan, P. D. Fawell, and W. van Bronswijk, "In Situ FTIR-ATR Examination
of Poly(acrylic acid) Adsorbed onto Hematite at Low pH," Langmuir, vol. 19, pp.
5802-5807, 2003/07/01 2003.

J. Shen, M. Shi, N. Li, B. Yan, H. Ma, Y. Hu, et al., "Facile synthesis and application
of Ag-chemically converted graphene nanocomposite," Nano Research, vol. 3,
pp. 339-349, 2010/05/01 2010.

R. V. Hull, L. Li, Y. Xing, and C. C. Chusuei, "Pt Nanoparticle Binding on
Functionalized Multiwalled Carbon Nanotubes," Chemistry of Materials, vol. 18,
pp. 1780-1788, 2006/04/01 2006.

M. Wang, Z. Ma, J. Li, Z. Zhang, B. Tang, and X. Wang, "Well-dispersed palladium
nanoparticles on nickel- phosphorus nanosheets as efficient three-dimensional
platform for superior catalytic glucose electro-oxidation and non-enzymatic
sensing," Journal of Colloid and Interface Science, vol. 511, pp. 355-364,
2018/02/01/ 2018.

H. Naeim, F. Kheiri, M. Sirousazar, and A. Afghan, "lonic liquid/reduced graphene
oxide/nickel-palladium nanoparticle hybrid synthesized for non-enzymatic
electrochemical glucose sensing," Electrochimica Acta, vol. 282, pp. 137-146,
2018/08/20/ 2018.

Y. Koskun, A. Savk, B. Sen, and F. Sen, "Highly sensitive glucose sensor based
on monodisperse palladium nickel/activated carbon nanocomposites,”
Analytica Chimica Acta, vol. 1010, pp. 37-43, 2018/06/20/ 2018.

M. Amouzadeh Tabrizi, M. Shamsipur, R. Saber, S. Sarkar, and N.
Sherkatkhameneh, "Flow  injection amperometric sandwich-type
electrochemical aptasensor for the determination of adenocarcinoma gastric
cancer cell using aptamer-Au@Ag nanoparticles as labeled aptamer,”
Electrochimica Acta, vol. 246, pp. 1147-1154, 2017/08/20/ 2017.

B. Rezaei, M. H. Esfahani, and A. A. Ensafi, "Modified Au Nanoparticles/Imprinted

Sol-Gel/Multiwall Carbon Nanotubes Pencil Graphite Electrode as a Selective



[106]

[107]

[108]

80

Electrochemical Sensor for Papaverine Determination," IEEE Sensors Journal,
vol. 16, pp. 7037-7044, 2016.

L. Tan, K-G. Zhou, Y.-H. Zhang, H.-X. Wang, X.-D. Wang, Y.-F. Guo, et al.,
"Nanomolar detection of dopamine in the presence of ascorbic acid at B
cyclodextrin/graphene nanocomposite platform," Electrochemistry
Communications, vol. 12, pp. 557-560, 2010/04/01/ 2010.

Z.-x. Cai, C.-c. Liu, G.-h. Wu, X.-m. Chen, and X. Chen, "Palladium nanoparticles
deposit on multi-walled carbon nanotubes and their catalytic applications for
electrooxidation of ethanol and sglucose," Electrochimica Acta, vol. 112, pp.
756-762, 2013/12/01/ 2013.

F. Wang, X. Niu, W. Wang, W. Jing, Y. Huang, and J. Zhang, "Green synthesis of
Pd nanoparticles via extracted polysaccharide applied to glucose detection,"

Journal of the Taiwan Institute of Chemical Engineers, 2018/09/14/ 2018.



Appendix

81



82

S JPACCON
CHEMISTRY TOWARD ‘= 2018
A SUSTAINABLE FUTURE

FEBRUARY 7—9, 2018
ICC Hat Yai in PSU. Hat Yai. Songkhia, THAILAND

Organizers : Faculty of Science, Prince of Songkla University (PSU) _
in con]unction with the Chemical Society of Thailand (CST) under the' patronage of
Professor Dr. Her Royal Highness Princess Chulabhorn Mahidol

lENARY SPEAKER

Prof. Dr. Sir J. Fraser Stoddart
Nobel Laureate in Chemistry, 2016
Northwestern University, USA

SCIENTIFIC SESSIONS I

1, Analytical Chemistry
2. Environmental Chemistry and Renewable Energy
3. Food and Agricultural Chemistry

Prof. Dr. David W. €. MacMillan
Princeton University, USA

Prof, Dr, Eric Bakker
University of Geneva, SWITZERLAND

IMPUHTANT DATES I

Reglstrahon and payment deadline for presenters :

4. Inorganic Chemistry

5. Material Chemistry and Nanotechnology

6, Natural Products, Biological Chemistry
and Chemical Biology

7. Organic and Medicinal Chemistry

8, Physical and Theoretical Chemistry

9, Polymer Chemistry

SPECIAL SESSIONS |

1. Introduction to metabolite profiling and

P ) ics for nat 'pmdﬂ“ h'

organized by Prof. Dr. Jean-Luc Wolfender,
University of Geneva, SWITZERLAND

2. Industrial Chemistry and Innovation,
organized by PACCON 2018

3. Spa and Cosmetics, organized by
PACCON 2018

December 12,2017

Early registration : July 15 - December 25, 2017
Late registration : After December 25, 2017
On-site registration ; February 7-9, 2018

SUBMISSION :

Abstract submission opens : July 15, 2017

Abstract submission deadline : October 15, 2017
Natification of abstract acceptance : November 30, 2017
Full paper submission deadline : January 15, 2018
Notification of full paper acceptance : March 15, 2018

WWW.PACCON2018.COM
PACCON2018@GMAIL.COM




83

Non-enzymatic electrochemical glucose sensor
based on galladium nanoparticles-graphene oxide
(PANPs-GO) modified electrode

Kritsada Samosomn, Nattanit Faseen, Panote Thav,
Proespichaya Kanatharana, Warakorn Limbut*

“Trace Analysis and Biosensor Research Center, Department of Applied Science, Center of Excellence
for Innovation in Chemistry, Faculty of Science, Prince of Songkla University,
Hat Yai, Songkhla 90112, Thailand
E-mail: warakorn.I@pswac.th

© PANPs-GO modified on glassy carbon electrode (GCE) for glucose detection.
© PANPs-GO/GCE exhibits excellent repeatability.
 PdNPs-GO/GCE has potential for glucose detection in biological fluid samples.
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