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CHAPTER |
INTRODUCTION

1.1 Introduction

Nowadays, the determination of biomolecules is a prevalent importance for
medical application. However, the conventional detecting techniques such as high
performance liquid chromatography (HPLC), fluorescence spectroscopy, and
chemiluminescence spectroscopy used for biological substances still have some
limitations. These techniques are expensive, time-consuming, and complicated, also
there is increasing a number of measurements of analytes performed in many
locations, including hospital point-of-care testing, non-hospital and home healthcare
settings. Among these techniques, an electrochemical technique has attracted a
great interest for employing of the modified electrodes in recent years because of its
simple measurements, qualitative and quantitative analysis, and low operating cost.
Moreover, this technique can be used to develop an electrochemical sensor in a
portable field-based size with fast response time, which is a promising device to
analyze the amount of a biological sample providing precisely analytical information
and rapidly obtained data about the health status of patients in clinical testing and
point-of-care uses.

However, one of the main challenges in the development of electrochemical
sensor is to make it sensitive and accurate, and able to determine various targeted
analytes with different properties in real samples. Thus, the modification of working
electrode is highly required, allowing for improved specific surface area,
electrochemical performance and enhanced sensor sensitivity as well as analytical
performances of sensors. The nanomaterials, including metal oxide and graphene
have been gained more attention for electrode modification of electrochemical
sensors in clinical fields because of theirs physical, chemical and electronic
properties. Metal oxide sol-gels, such as titanium oxide (TiO,) sol provide
biocompatible property in which they have been frequently proposed as prospective
for immobilization of enzymes. Besides, the metal oxides nanoparticles (e.g. copper

oxide (CuO)) have a catalytic ability towards non-enzymatic electro-oxidation of



analytes, which is one of the attractive properties for the fabrication of enzyme-fee
systems. In addition, graphene is one of the favorable materials used to modify the
working electrode surface due to its excellent electrical conductivity and high surface
area which can increase the electronic signal of analyte detection and improve
electrochemical performance of the sensor.

In general, the electrochemical sensor can be categorized in various different
ways, for instant, according to the sort of analytes or the sort of uses. Herein, we will
focus on the development of electrochemical sensors both enzymatic and non-

enzymatic systems for clinical diagnosis applications.

1.1.1 Enzymatic-based electrochemical sensors

To date, the electrochemical sensors have been increasingly developed for
enzymatic detection of lactate level in patient’s blood to diagnose some
pathological conditions or sepsis shock status [1, 2]. Lactate is a key metabolite of
anaerobic metabolic pathway and it significantly increases in the human body when
the energy demand or liver and kidney functional failure. When these conditions are
combined with the vital organ dysfunctions, the patient will develop severe sepsis [3,
4]. Thus, lactate level in patient’s blood can act as an alarm signal for severity of
illness and may also be used to develop the diagnosis and treatment for various
diseases. Lactate can be interacted with lactate oxidase (LOx) and generate to H,0,
for monitoring of electrochemical signal. Hence, the development of lactate sensor
by using an electrochemical technique has received more interest owing to its high
sensitivity and more cost effective than the conventional techniques.

The fabrication of enzymatic based electrochemical biosensor is very
challenge to make the immobilized enzymes remain functional over time since the
enzyme structure is readily denatured and the life time of biosensors is limited by
the loss of enzymatic activity. For biosensor design, the enlarge electrode surface
area is capable to enhance interaction between bioreceptors and target analytes for
sensor sensitivity improvement. The metallic foams, including nickel foam (Ni foam)
has a porous structure, which can provide a high specific surface area, high porosity

and a greater amount of enzyme entrapment. Thus, it could be an ideal electrode



platform material for the enzyme immobilization using as an electrochemical
biosensor. To improve stability of the enzymatic biosensor, metal oxide sol-gel (e.c.
titanium oxide sol: TiO,-sol) is one of the interesting materials, which has been used
to immobilize various enzymes and retain enzymatic activity on the modified
electrode surface in electrochemical sensor. Although TiO,-sol assistances to increase
the stability of biosensor, the surface modification is still highly required to enhance
the electrochemical sensitivity as well as analytical performance of the sensor.
Graphene has been one of the favorable materials used to modify the working
electrode surface due to its high electrical conductivity, high surface area, and
biocompatibility. Hence, the composite between TiO,sol and G has become a
promising material for electrode surface modification in an electrochemical sensor.
The first part aims to focus on developing the enzymatic biosensor based on
TiO,-sol/G nanocomposite modified Ni foam electrode to provide a novel device for
lactate detection. Furthermore, this proposed system will be applied for the

determination of lactate in biological samples.

1.1.2 Non-enzymatic electrochemical sensors

Although the enzymatic electrochemical sensors provide high selectivity but
it suffer from some limitations such as poor storage stability, enzyme inactivation,
high-cost, and complicated operation. These limitations stimulate the development
of non-enzymatic electrochemical sensor with simple modification procedure, low
cost, and good stability. Non-enzymatic electrochemical sensors have been widely
used for determining the presence of biological marker, such as creatinine.

Creatinine is one of the most important biomarkers for diagnosis of kidney
function and monitoring severity of kidney disease; its level generally maintains a
range of 40-150 puM in blood serum, but can exceed 1000 pM in certain medical
conditions [5]. Recently, there have been report that transition metal ions can
chelate with creatinine to form a soluble creatinine-metal complex owing to several
donor groups in the main tautomeric form of creatinine, such as Ag(1), Zn(ll), Cd(ll),
Hg(ll), Co(ll), Cu(ll) and Fe(lll) [6]. The utilization of this property is used for the

quantitative determination of creatinine. Among all, copper (Il) oxide (CuO) is an



alternative material to improve the sensitivity of electrochemical sensor of creatinine
owing to its large specific surface area, low-cost, non-toxicity, and electro-catalytic
activity. The chelating ability of CuO with creatinine has been investigated via the
formation of a soluble cupric-creatinine complex on the copper electrode and the
oxidative current of creatinine has also been generated using amperometry [7].
Hence, CuO is a promising material to apply in electrode modification for creatinine
detection via a soluble cupric-creatinine complex. To improve the electron transfer
rate and catalytic activity of the modified electrode for creatinine, an ionic liquids
(ILs) are applied as a modifier to enhance electrode performance in electrochemical
measurement. They offers electro-catalytic ability, high ionic conductivity, wide
electrochemical windows, and good biocompatibility; leading to fast signal responses,
excellent electrochemical behavior, and remarkably increased electron-transfer rate
of the sensor.

Another approach to improve the sensitivity of the electrochemical system is
through the use of carbon-based material. Graphene is a highly desirable carbon-
based material to use as a promising catalyst support in electrochemical sensing due
to its unique structure and electrical properties which improve the conductivity of
the modified electrode. Graphene-films modified on electrodes are usually prepared
by drop-casting a graphene suspension obtained from chemical reduction of
graphene oxide (GO) solution. The chemical process often employs hazardous
chemicals (e.g. hydrazine or NaBH,) as reducing agents or uses a high temperature
treatment and the as-prepared graphene tends to form irreversible agglomerates via
strong TU-TU stacking and Van der Waals interactions, which affects the reproducibility
of sensors. A green method of preparing graphene by electrochemical reduction of
GO under the mild condition is preferred [8]. This method can be more desirable
than other graphene preparation techniques because of its simple instrumental
setup, ease of fabrication, and lack of toxic reagents. The electrochemically reduced
graphene oxide (ERGO) also offers a formation of stable film on the electrode surface
without the further treatment.

To obtain a selective, rapid, disposable and low-cost device for creatinine

detection, the CuC/IL/ERGO has been modified onto SPCE coupled with a paper



based analytical device (PAD). However, the precise dispensing of CuO/IL composite
to the working electrode is a key requirement for the success of this approach. The
current electrode modification is limited to techniques such as, simple drop-casting
[9], electropolymerization [10], electrospining [11], electrospraying [12], or spin-
coating [13], all of these have significantly low precision or accuracy in solution
dispensing and volume control. Thermal inkjet based solution dispensing has been
used for deposition of assay for microfluidic system. This technique generated
accurate, reproducible, and high-throughput results for the application of dispensing
compound in well plate platforms [14]. The HP D300 dispenser is able to precisely
deposit droplets of material in the picoliter to microliter range, which can prepare an
ultra-thin film on the surface substrate. In this work, we report the first use of HP
dispenser in modification of the nanomaterial on PADs to detect creatinine.

In the second part, we developed a novel electrochemical sensor using a
disposable paper-based device coupled with an inkjet dispensing technique for non-
enzymatic sensing of creatinine. This system was fabricated by using a HP D300
dispenser to deliver the CuO/IL composite onto ERGO modified SPCEs coupled with
PADs. The modified electrode has been thoroughly characterized and tested with the
physiological inferences. The performance of this device was optimized and then
applied to the determination of creatinine concentration in a complex biological

fluid (e.g., human serum).

1.2  Objectives

- To develop an enzyme-based biosensor using titanium sol-graphene
nanocomposite modified nickel foam electrode surface

- To develop a non-enzymatic sensor using copper oxide-ionic liquid
composite and reduced graphene oxide modified electrode on a paper-based
analytical device

- To apply the proposed sensors for the detection of target analytes in

biological fluid samples



1.3  Scope of research

This study is focusing on the development of novel electrochemical sensors
based on metal oxides and graphene modified electrodes, then apply as devices for
sensitive and low-cost point-of-care measurement of the required level of

biomarkers in biological samples.



CHAPTER Il
THEORY AND LITERATURE REVIEW

Biomedical markers are biomolecules which can be used as an indicator for
evaluating organs dysfunction and health status of patients in a clinical field.
Traditional instruments in hospital laboratory have some disadvantages such as
expensiveness. Therefore, qualitative determination of biomarkers level in body

fluids is very crucial.

2.1 Biosensors

There are many definitions of the term biosensor in the literatures [15-17], it
is mostly defined as “an analytical device which combines a sensitive biological
element with a properly physical transducer to convert a biological response into a
measurable signal proportional in strength to the concentration of chemical species
in biological samples”. Biosensors can be broadly classified in function of bio-
receptors and/or the principles of signal transduction used for the detection. Fig 2.1.
Shows the general scheme of a biosensor, the bio-receptors specifically bind to the
target analytes onto an interface where a specific biological element is immobilized,
then the biological response is generated and picked up by the transducer. The
transducer converts the biological signal to an electronic signal which is amplified by
a detector circuit using the suitable reference and sent for processing by a computer
software to be converted to a meaningful physical factors describing the process
being investigated; finally, the resulting data is presented through a display to the
human operator. According to the high specificity and selectivity of biosensors, the
first biosensor is developed in 1962 for glucose determination by Clack and Lyons
[18]. Since then, biosensor technology has arisen as an interesting alternative to
traditional methods that can be applied for several applications in a wide range of
fields such as medical diagnostics, environmental monitoring, food safety, and point
of care testing. This technology has undergone important growth in recent years and
it has been facing challenges, for example reducing the required sample volume for
analysis, improving sensor sensitivity and selectivity in order to determine extremely

low concentrations of analyte in real samples, also developing miniaturized,



noninvasive, and integrated devices [19]. However, the use of an electrochemical
technique incorporated with biosensors can overcome these challenges because this
technique provides a portable-filed based size used for a small volume sample,
quantitative and qualitative analysis, and high sensitivity of the electrochemical
transducer. Thus, the electrochemical technique has been received more attention

in the development of biosensors.
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Fig. 1 Schematic of a typical biosensor [20]

2.2 Electrochemical biosensors

Electrochemical sensing technique is widely employed in many proposed and
commercialized devices because it provides high sensitivity of transducer, both
qualitative and quantitative analysis, and cost effectiveness [21]. The basic principle
of electrochemical biosensor is based on an oxidation or reduction process of the
immobilized biomolecule and target analyte producing or consuming electrons,
which affects a measurable electrical signal presented in current or potential values
[21, 22]. The produced electrochemical signals are quantitatively related to
concentrations of analyte presented in real sample. The electrochemical system
usually consists of a reference electrode (RE), a counter or auxiliary electrode (CE)
and a working electrode (WE). The RE is commonly made from Ag/AgCl and kept at a

distance from the reaction site to maintain a stable potential, while the CE provides



a connection to an electronic solution leading to input potential applied into the WE

in order to complete the circuit and allow charge to flow [23].
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Fig. 2.2 Schematic diagram of the electrochemical cell

Cyclic voltammetry and amperometry are among the electrochemical
detection techniques that often integrated with biosensing applications, their

fundamental principles are summarized below,

2.2.1 Cyclic voltammetry (CV)

CV is an electrochemical technique which measures the currents that
established in an electrochemical cell to obtain a general information of the
behavior of an electrochemical system, it is typically used to study a thermodynamic
of redox process, including the kinetic of electron transfer and couple chemical
reactions or adsorption process [24]. In addition, this technique is commonly used for
characterization of a new electrode [25], it could be used to initially characterize the
electrode to observe the electrochemical behaviors in a wide scanning window and
the interference of other reactions in this system [26]. The potential is applied to the
working electrode with the triangular potential waveform and the resulting applied
potential produces an excitation signal (Fig. 2.3a). The electrochemical result is
obtained as a cyclic voltammogram by measuring the current at the working
electrode during the potential scans, as shown in Fig. 2.3b, the CV results from a

single electron in reduction and oxidation [27].
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Fig. 2.3 A triangular potential waveform (a) and cyclic voltammogram of a reversible

redox process (b) [28]

2.2.2 Amperometry

Amperometry is a method of electrochemical analysis measuring of the
resulting current after a constant potential is applied to the working electrode and
the measurable current is linearly dependent upon the concentration of analyte.
This technique is highly quantitative and it provides excellent detection limits, good
linear range, and reproducibility [29]. Selectivity is achieved by a sensible way of the
detection potential, in which the optimal detection potential is normally determined
by using hydrodynamic voltammetry [30]. The amperometric sensing is often used in
the biosensor applications for various research fields. For example, the enzyme-
based sensors for glucose detection, in which the enzyme glucose oxidase catalyzes
the oxidation reaction of glucose to gluconic acid, where two electrons are produced
per a glucose molecule. These electrons reduce the working electrode [31]. This
technique is also employed in non-enzymatic based sensor for the determination of
metal ion presented in the aqueous solution [32].

In this dissertation, we focused on the development of electrochemical
biosensors in enzymatic and non-enzymatic systems for medical testing applications,

the basic theory of each of these system are presented below.
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2.3 Enzymatic-based electrochemical biosensor

An enzyme-based biosensor has achieved a great technological relevance in
the last decades because it provides selective interaction with their target substrates,
which have high catalytic activity for the detection. At the same time, the enzyme-
coupled electrochemical technique converts a biological response into readable and
quantified signals by an electro-active species (e.g. H202) from the enzymatic
oxidation reaction, which either consumes oxygen (e.g. all oxidase) or produces

hydrogen peroxide to generate electron (e-) according to Equation (1) and (2).

Enzyme
Substrate + O, ——y Product + H,O, (1)
HpD_;} —_— 02 + 2H* +2e {2}

This electronic signal correlates to the concentration of analyte in the
samples (e.¢. body fluids, cell cultures, and food samples). A change in electrode
potential can also be used as a measurable current in potentiometric sensors.
Eventually, a signal processor connects to transducer collects, amplifiers, then

displays as the output signal [33], as shown in Figure 2.4.

Product

T 2e —>j —>
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Analyte Biological  Transducer Signal
(Substrate)  recognition  (Electrode)

molecule

(Enzyme)

Fig. 2.4 A typical enzymatic-based electrochemical biosensor [34]

In the electrochemical detection, the WE represents the most important
component in this system because it is an interface architecture where a specific bio-

receptor take place and generate a signal. Thus, the WE should possess high specific
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surface area, electrical conductivity, and stability allowing for increased interaction
between immobilized biomolecule and analyte, enhanced sensitivity, and improved
long term usage of sensors. To develop the suitable electrode, the materials used for
the electrode modification is very important for enhancing the electrochemical

performances of sensor.

2.3.1 Nanomaterials for electrode modification in the enzymatic
biosensor

For the design of enzymatic electrodes, the primary concern for selection of
an electrode material is usually based upon the electrical conductivity and material
hardness [35]. Moreover, the architecture and surface area of support material are
essential for the electrode modification and enzyme immobilization. Since a high
surface volume to ratio and a large surface area of electrode is capable to allow the
entrapment of great amount of enzyme leading to the promotion of mass
transportation and enhancement of interaction between enzymes and target
anaytes. Also, the sensor can express the high-performance sensing system and

reduce relatively response times for the detection of biomarkers in the real samples.

2.3.2 Nickel foam (Ni foam)

Ni foam is a porous material, which have attracted much attention in the
scientific applications owing to its high electrical conductivity, high mass transfer
ability, and its three-dimensional (3D) cross-linked grid structure, which can provide a
high specific surface area and high porosity. The open-pore architecture of Ni foam
offers distinctive physical and chemical characteristics in interacting with atoms, ions,
and molecules on its surface and along its porous networks [36]. Additionally, Ni
foam has shown the great advantages over nanoparticles-modified electrodes in
term of commercial availability and easy-to-scale up production because of its high
sensitivity, excellent mechanical strength, and low toxicity [37]. Thus, it is
considerable to be the ideal platform material to immobilize enzymes or other

biomolecules for using as electrochemical sensors [38].
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To date, the electrochemical sensor based on a modified nickel foam
electrode has been rarely reported. To the best of our knowledge, Lu et al. [39]
recently reported the first use of commercially available 3D porous Ni foam as a
novel electrochemical sensing support for glucose detection. The demonstrated
linear range and limit of detection (LOD) for glucose were 0.05-7.35 nM and 2.2 uM,
respectively. The application of this glucose sensor was successfully performed in
human blood serum.

Akhtar et al. [40] developed the sensing system based on a 3D open pore Ni
foam electrode functionalized with hemosglobin (Hb) for detection of H,O,. The
finding of this research reported that Hb could maintain its biological activity and
effective electronic connections for 15 days after immobilization. In 2015, Akhtar et
al. studied the development of a simple H,O, sensor based on 3D porous Ni form
electrode functionalized with cytochrome c (Cyt c) as an electron transfer-mediating
layer between active center of Ni foam and H,O, (Fig. 2.5). The steps of the proposed
sensor fabrication are shown in Figure 3. The linear response with a detection limit
was 2 x 107 M and sensitivity was 1.95 yAmM'. The resulting electrode showed long-
term stability at 4 °C in a sealed system for 21 days and the sensing response

efficiency was 97%.
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Fig. 2.5 The immobilization of Cyt c on the Ni foam electrode surface [41]
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2.3.3 Titanium dioxide (TiO, sol)

For creation of a robust enzymatic biosensor, the immobilized enzymes must
be stable enough to retain the long-life bioactivity of the enzyme for proper
operational stability of sensor. Metal oxide (e.g. TiO,, ZrO,, ZnO,) synthesized by sol-
gel process or colloidal suspension has attracted great interest as a promising
interface for enzyme immobilization and biosensor development. Although until now
there are many types of metal oxide material, which have also been used for this
purpose [42]. TiO,-sol is an alternative material to utilize for improving the stability of
sensor owing to the superior properties, such as excellent biocompatibility,
environmentally friendly, and frequently proposed as prospective interface for the
immobilizing enzyme. Moreover, titanium is able to form coordination bonds with
amine and carboxyl groups of enzyme and maintain the enzyme-catalytic activity
[42].

Yu et al. [43] reported the TiO, sol-gel applications for the entrapment of Hb
and mimetic peroxidase to construct a novel biosensor for H,0O,. The sol-gel matrix
offers a biocompatible microenvironment for maintaining the native structure and
activity of the entrapped Hb, also very low mass transport barrier to the substrates.
This sol-gel is very efficient for preventing leakage of the Hb out of the electrode,
resulting in a long-term stability for 80 days with the currents response at 89%. The
linear range for H,0, determination was 5 x10” to 5.4 x 10 M with a detection limit
of 1.2 x 107 M.

Xu et al. [44] developed a novel H,O, biosensor based on immobilization
horseradish peroxidase (HRP) in TiO, sol-gel matrix on an electropolymerized
phenazine methosulfate (PMS) modified a glassy carbon electrode. TiO, sol-gel was a
promising substrate for immobilizing enzyme because it has high surface area for
enzyme loading and good compatibility conducing to retain biological activity of
enzyme to a large extent. The sensor stability was 80% of its original activity after
two months of operation.

Kochana et al. [45] proposed the electrode modification based on
incorporation of Meldola’s Blue (redox mediator) with multi-walled carbon

nanotubes and Nafion into a TiO, sol-gel modified graphite electrode. This composite
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was used to immobilize alcohol dehydrogenase (ADH) for determination of ethanol.
Operational stability was shown with currents values at 97% after one week storage
at 4 °C. This biosensor showed linear range from 0.05 to 1.1 mmol/L and limit of
detection of 25 pmol/L.

Tasviri et al. [46] investigated the synthesis of amine functionalized TiO,-coat
multiwalled carbon nanotubes (CNTs) using sol-gel route. They have reported that
the nanocomposite was used to immobilize glucose oxidase (GOx) to detect glucose.
The TiO, sol-gel can prevent catalytic activity of the enzyme, which indicated by the

peak currents remained at 97% after two months of storage.

2.3.4 Graphene

A carbon based nanomaterial is one of the most common used as an ideal
matrix to develop sensitivity of electrode for biosensor because of its advance
physical and electrochemical possession, such as wide anodic potential range,
chemical inertness and low residue current. In addition, carbon based matrixes can
enhance fast response time of biosensor and they can be fabricated in different
configurations. These features make them suitable for using in electrode
modification. G is introduced as an emerging carbon based nanomaterial, which has
received much popularity due to its unique electrical, thermal, mechanical, optical
and electrochemical properties. G-based electrodes have exhibited greater
performance than other carbon based electrodes in term of electro-catalytic activity
and electric conductivity. Remarkably, with its useful advantages, G has been used as
a substance to combine various kinds of functional materials to prepare as a
nanocomposite material for electrode modification [47]. Therefore, TiO,-sol/G
nanocomposites have attracted a great deal of interest and stimulated increasing in
the biosensor application.

Jang et al. [48] developed a novel glucose biosensor based on the adsorption
of glucose oxidase modified TiO, colloidal-G nanocomposite electrode. The TiO,-G
composite showed better catalytic performance for glucose redox than a G or a TiO,
electrocatalyst. The electrochemical response of the glucose biosensor was linear

against concentration of glucose ranging from 0 to 8 mM.
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Recently, Casero et al. [49] examined bionanocomposite composed of TiO,
colloidal, G, and lactate oxidase modified g¢lassy carbon electrode for lactate
determination. Compared to a sensor without TiO,-colloidal, the sensor exhibited
higher sensitivity (6.0 uM mM™), a better detection limit (0.6 uM), and a wider linear
response (2.0 uM to 0.4 mM).

According to these literature reviews, the development of a new and simple
device to detect a target analyte with a selective reaction using TiO,-sol/G composite
for electrode modification is required. Coupling the use of TiO,-sol and G is very
attractive to improve the biosensor performances, which will provide a long life

stability of enzyme while increasing electrochemical conductivity of the sensor.

2.3.5 Lactate detection

Lactate detection plays an important role in healthcare and medical diagnosis
because lactate is a key metabolite of anaerobic metabolic pathway and it
significantly increases in the human body when the energy demands or liver and
kidney functional failure [50]. When this condition is combined with the vital organ
dysfunctions, the patient will develop severe sepsis [3, 4]. A normal blood lactate
level is in range from 0.5-1 mmol/L and the level > 4 mmol/L is defined as acidosis
acid [51], but it can rise up to 25 mmol/L during the intense exertion [52]. Thus,
lactate level in patient’s blood can act as an alarm signal for severity of illness and
may also be used to develop the diagnosis and treatment for various diseases.
However, traditional techniques commonly used for lactate detection, such as high
performance  liquid chromatography (HPLC) [53], colorimetric test [54],
chemiluminescence [55], and magnetic resonance spectroscopy [56] still have some
limitations including complicated operation and expensive equipment. Hence,
development of lactate sensor by using an electrochemical technique has received
more interest owing to its high sensitivity and more cost effective than conventional

techniques [57].
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2.4 Non-enzymatic electrochemical sensor

Although the enzymatic sensors possess high selectivity but suffer from
limitations such as instability, complicated modification procedures, and critical
micro-environmental factors. Such limitations stimulate the development of non-
enzymatic electrochemical sensors with simple fabrication and good stability.
Enzyme-free electrochemical sensors have been widely used for determining
compounds in diverse field of applications, such as biomedical analysis [58], food
control quality [59], and environmental safety [60].

Kim et al. [61] developed a sensor by using NiO and Ni(OH), modified glassy
carbon electrodes for non-enzymatic detection of lactate. The analytical results
revealed that the sensor had high selectivity and sensitivity, as well as low detection
limit of 0.53 mM.

Shen et al. [62] fabricated a novel electrode by using a gold foam for non-
enzymatic sensing of glucose. Amperometric response of the modified electrode
indicated excellent catalytic activity in glucose oxidation, with a linear response in
the range from 0.5 uM to 12 mM, and a limit of detection of 0.14 uM.

In particular, the determination of biomarkers which involve the multiple
enzymes used in the specific reactions leading to complicated processes for sensor
fabrication. Thus, the non-enzymatic system is attractive alternatives to develop the
electrochemical-based sensor for determination of biological compounds in real

samples.

2.4.1 Creatinine detection

Creatinine is one of the most important biomarkers for diagnosis of kidney
function and monitoring severity of kidney disease; its level generally maintains a
range of 40-150 uM in blood serum, but can exceed 1000 uM in certain medical
conditions [5]. Conventional clinical methods for creatinine detection involve either
spectrophotometry by Jaffe reaction [63] or an enzymatic method (usually
electrochemical sensing) using multi-enzymes [64]. These methods have many
disadvantages. Spectrophotometry has been commonly used in clinical laboratories

for creatinine determination based on colorimetric detection of Jaffe reaction via the
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complex of creatinine and picrate [65]. Although this methods is simple, it non-
specific and non-selective because molecules in human biological fluids, such as
ascorbic acid, uric acid, urea, glucose, and others interfere with this technique [66].
To enhance the specificity of the system, an enzymatic electrochemical method has
been established using three enzymes, consisting of creatininase, creatinase, and
sarcosine oxidase [67]. The assay is constructed by immobilization of the enzymes
on the electrode surface and the enzymatic detection of creatinine is achieved using
CV or amperometry to monitoring an electro-active product (i.e., hydrogen peroxide)
generated from the enzymatic reaction [68, 69].

Yadav et al. [70] developed a creatinine biosensor by immobilization of multi
enzymes, including creatininase, creatinase, and sarcosine oxidase on iron oxide
nanoparticles/chitosan-g-polyaniline modified Pt electrode. The sensor showed a
linear range from 1.0 to 800.0 puM with sensitivity of 3.9 pA uM ~' cm™, and limit of
detection of 1.0 uM for the creatinine detection.

Serafin et al. [71] studied the electrochemical biosensor for creatinine based
on the immobilization of creatininase, creatinase and sarcosine oxidase onto a
ferrocene/horseradish peroxidase/gold nanoparticles/multi-walled carbon
nanotubes/Teflon composite electrode. This sensor was constructed with many
steps and complicated processes, showing the analytical results with a linear range
from 0.003-1.0 mM and limit of detection of 0.1 uM for the creatinine detection in
human serum.

Nonetheless, the enzymatic system suffers from poor storage stability, ease of
enzyme inactivation, high-cost, and complex operation [72]. Therefore, the
development of simple, low-cost, selective, and rapid measurement of creatinine is

highly desired in clinical applications.

2.4.2 Disposal paper-based analytical devices (PADs)

Development of a device for sensitive, reliable and low-cost point-of-care
measurement of disease biomarkers for early stage screening and healthcare
evaluation is a significant challenge. At present, cellulose filter paper has received

great attention and is widely applied for microfluidic sensor construction because of
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its high porosity, large surface area, and hydrophilic properties [73]. The material
provides several advantages compared to traditional substrates (ie., glass, ceramic,
and polymer), such as inexpressiveness, disposability, and biodegradability [74]. Also,
paper-based analysis requires only small sample volume and reagents which make it
suitable for point of care application [75]. The paper-based analytical device (PAD)
has been integrated with an electrochemical technique to develop easy-to-use,
rapid, and highly sensitive analytical platform. Moreover, it can simultaneously
produce qualitative and quantitative results making it is an ideal device for

bimolecular detection in biological fluids. [76, 77].

2.4.3 Nanomaterials for the electrode modification in the non-enzymatic
detection
2.4.3.1 Copper oxide (CuO)

Recently, transition metals and metal oxides has received increasing attention
as modifier due to the ability to promote electron transfer reactions at low potential,
outstanding electrocatalytic activity, good stability and low cost [78, 79]. The
transition metal ions can chelate with creatinine to form a soluble creatinine-metal
complex owing to several donor groups in the main tautomeric form of creatinine
[80]. The utilization of this property is proposed for the quantitative determination of
creatinine.

Raveendran et al. [81] developed a disposable non-enzymatic sensor utilizing
the formation of copper creatinine complex via electrodepositing copper on screen
printed carbon electrodes (SPCE), as shown in Fig. 2.7. This sensor has been
presented with a stable response and low detection limit of 0.0746 uM and a linear

rang of 6 to 378 uM for creatinine.
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Fig. 2.6 Schematic diagram of the fabrication and analytical measurement of a non-

enzyamtic sensor based on electrodepositing copper on SPCE [81]

Chen et al. [7] investigated a chelating property of copper metal and copper
oxide with creatinine via the formation of a soluble cupric-creatinine complex on the
copper electrode. The oxidative current of creatinine has also been generated using
amperometry showing a low detection limit of 6.8 pg/dL in a linear range from 25
me/dL to 1.5 peg/dL.

CuO is a p-type transition metal oxide with a narrow band gap that has been
effectively used in fabrication of electrical devices due to its large specific surface
area, low-cost, non- toxicity, and electro-catalytic activity [82]. Pint et al. [83]
fabricated a simple and highly reproducible electrode based on CuO, graphite
particles, and ionic liquid for the non-enzymatic determination of hydrogen peroxide.
The high catalytic activity of the CuO resulted in the modified electrode with
attractive properties in analytical performance, showing a wide linear range of 1.0 uM
to 2.5 mM and detection limit of 0.5 pM for the determination of hydrogen peroxide
in real samples. Nia et al. [84] reported the application of CuO with polypyrrol
nanofiber and reduced graphene oxide for the non-enzymatic detection of glucose.
The sensor exhibited a linear range of 0.1-100 mM with a low detection limit of 0.03
UM. Hence, CuO is a promising material to apply in electrode modification for

creatinine detection via a soluble cupric-creatinine complex.
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2.4.3.2 lonic liquid

To improve the electron transfer rate and catalytic activity of the modified
electrode for creatinine, an ionic liquid (IL) is applied as a modifier to enhance
electrode performances in electrochemical measurements [85]. ILs are either organic
salts or a mixture of salts, which act as a charged transferring bridge [86]. It offers
electro-catalytic ability, high ionic conductivity, wide electrochemical windows, and
good biocompatibility, leading to fast signal responses, excellent electrochemical
behavior, and remarkably increased electron-transfer rate of the sensor.

Naeim et al. [87] prepared a non-enzymatic glucose sensor based on IL
dispersed bimetallic Ni/Pd nanoparticles on reduced graphene oxide modified glassy
carbon electrodes. The electrochemical measurements revealed that the modified
electrode directly catalyzed glucose oxidase and displayed current responses with a
linear range from 0.2 uM to 10 mM and detection limit of 0.03 uM.

Li et al. [88] described a non-enzymatic electrochemical sensor for uric acid.
It is based on a carbon nanotube/IL paste electrode modified with poly(B-
cyclodextrin) via electro-polymerization. The electrochemical measurements of uric
acid was examined by CV and linear sweep voltammetry. The current response of
uric acid is linear in the 0.6 to 400 uM and in the 0.4 to 1.0 mM concentration ranges,
and the detection limit is 0.3 uM.

2.4.3.3 Reduced graphene oxide (RGO)

Another approach to improve the sensitivity of the electrochemical system is
through the use of carbon-based materials [89]. Graphene is a highly desirable
carbon-based material to use in electrochemical sensing due to its unique structure
and electrical properties which improve the conductivity of the modified electrode
[89]. Graphene-films modified on electrodes are usually prepared by drop-casting a
graphene suspension obtained from chemical reduction of graphene oxide (GO)
solution [90]. The chemical process often employs hazardous chemicals (e.g.
hydrazine or NaBH,) as reducing agents or uses a high temperature treatment [91].
The chemicals may also leave some residual epoxide groups on the reduced GO

sheet leading to loss in electron mobility [92]. The as-prepared graphene tends to
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form irreversible agglomerates via strong TU-TU stacking and Van der Waals
interactions, which affects the reproducibility of sensors [93]. A green method of
preparing graphene by electrochemical reduction of GO under mild condition is
preferred [94].

Mutyala et al. [95] proposed a green procedure for high quality graphene
synthesis  using the electrochemical reduction of graphene oxide. The
electrochemically reduced graphene oxide (ERGO) was employed to develop a non-
enzymatic hydrogen peroxide sensor, which exhibited high sensitivity, selectivity, and
finite limit of detection for H,0, sensing at low potential.

Jian et al [96] developed a high performance sensor based on gold
nanoparticles (AuNPs) deposited ERGO modified SPCE for nitrite detection. The
superior electrocatalysis of ERGO/AuNPs composite for sensing nitrite was attributed
to synergistic effects of ERGO sheets and AuNPs. The sensor presented excellent
properties for the detection of nitrite, including a low oxidation potential at 0.65V,
wide linear range from 1 to 6000 pM, high sensitivity of 0.3048 pA pM™ cm™, low
detection limit of 0.13 uM (S/N = 3), and great selectivity.

This method can be more desirable than other graphene preparation
techniques because of its simple instrumental setup, ease of fabrication, and lack of
toxic reagents. The ERGO also offers a formation of stable film on the electrode

surface without any further treatment [8].

2.4.4 Thermal ink-jet technique

To obtain a selective, rapid, disposable and low-cost device for creatinine
detection, the CuO/IL/ERGO has been modified onto SPCE coupled with a PAD in this
work. However, the precise dispensing of CuO/IL composite to the working electrode
is a key requirement for the success of this approach. The current electrode
modification is limited to techniques such as simple drop-casting [9],
electropolymerization , electrospining [10, 11], electrospraying [12], or spin-coating
[13], all of these have significantly low precision or accuracy in solution dispensing
and volume control. Thermal inkjet based solution dispensing has been used for

deposition of assay for microfluidic systems [97, 98]. This technique generated
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accurate, reproducible, and high-throughput results for application of dispensing
compound in well plate platforms [99]. The HP D300 dispenser (Fig. 2.7) is able to
precisely deposit droplets of material in the picoliter to microliter range, which can
prepare an ultra-thin film onto the surface substrate [14, 99]; however, it has been
limited to aqueous or organic assays in liquid form. Thus, the HP-300 was utilized in

the modification of the nanomaterials on PADs to detect creatinine for the first time.

a. Cross-section of HP inkjet device b. HP T8 cassette in D300 instrument
Fluid Silicon Substrate '
Thin Films

U Fluig

3 ' 1 ~
Nozzle r ]

Filter

Fig. 2.7 (a) Cross-sectional micrograph of fluidic architecture depicting gas drive
bubble formation. (b) HP dispense head array with one of eight dispense heads being
filled with a compound dropped on the HP D300 digital dispenser [99].



CHAPTER 1lI
METHODOLOGY

3.1 Chemical and reagent

Part I: Development of the enzymatic biosensor

3.1.1 Open-cell Ni foam samples (size 0.2 cm x 1 cm x 2 cm; density 0.075 g/cm®)
(Surface Coatings Technology for Metals and Materials Research Unit, (Bangkok,
Thailand))

3.1.2 Hydrogen peroxide (H,0,), (30%, v/v) (Sigma Chemical Co. (St. Louis, MO, USA))
3.1.3 Hydrochloric acid (HCl) (Sigma Chemical Co. (St. Louis, MO, USA))

3.1.4 Titanium diisopropoxide bis-(acetylacetonate) or TIAA (75% wt in isopropanol)
(Sigma Chemical Co. (St. Louis, MO, USA))

3.1.5 Lactate oxidase (LOx) (EC 1.1.3.2 from Aerococus viridans) lyophyilized powder
containing 31 Unit mg™ (Sigma Chemical Co. (St. Louis, MO, USA))

3.1.6 Isopropanol (Univar Chemical Co (Illinois, USA))

3.1.7 Ethanol (Merck (Darmstadi, Germany))

3.1.8 1, 3-propanediol (98% wt) (ACROS organics (Morris plains, NJ, USA))

3.1.9 Conductive graphene dispersion (Graphene Supermarket (New York, USA)).
3.1.10 Potassium hydrogen phosphate (K,HPO,) (Carlo Erba Reagenti-SDS (Van de
Reuil, France))

3.1.11 Sodium dihydrogenphosphate (NaH,PO,4) (Carlo Erba Reagenti-SDS (Van de
Reuil, France))

3.1.12 D-(+)-glucose anhydrous (Carlo Erba Reagenti-SDS (Van de Reuil, France))

3.1.13 Dopamine (DA) (Wako Pure Chemical Industries, Ltd. (Osaka, Japan))

3.1.14 Ascorbic acid (AA) (Wako Pure Chemical Industries, Ltd. (Osaka, Japan))

3.1.15 Sodium phosphate monobasic (NaH,PO,) (Sigma-Aldrich (St. Louis, MO, USA))
3.1.16 Dibasic potassium phosphate (K,HPO,) (Sigma-Aldrich (St. Louis, MO, USA))
3.1.17 Commercial rabbit serum (Thermo Fisher Scientific (Waltham, MA USA)).
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Part Il: Development of the non-enzymatic biosensor

3.1.18 Carbon ink (the Gwent group (Torfaen, UK))

3.1.19 Silver/silver chloride ink (the Gwent group (Torfaen, UK))

3.1.20 Aqueous graphene oxide (GO) (Graphene Supermarket (New York, USA)).

3.1.21 D-(+)-glucose (Mallinckrodt (Staines, UK))

3.1.22 Sodium dihydrogen phosphate monohydrate (NaH,PO4H,0) (Mallinckrodt
(Staines, UK))

3.1.23 Trichloroacetic acid (TCA)) (Mallinckrodt (Staines, UK))

3.1.24 Disodium hydrogen phosphate heptahydrate (Na,HPO4+7H,0O) (Mallinckrodt
(Staines, UK))

3.1.25 Copper oxide (CuO) nanopowder (US Research Nanomaterials, Inc. (Texas,
USA)). 3.1.26  Ascorbic acid (Macron Fine Chemicals™ (Pennsylvania, USA))

3.1.27 1-Butyl-2, 3-dimethylimidazolium tetrafluoroborate (IL) (Sigma-Aldrich (Buchs,
Switzerland))

3.1.28 Filter paper grade no.1 (58 cm x 60 cm) (Sigma—-Aldrich (Buchs, Switzerland))
3.1.29 Uric acid (Sigma-Aldrich (Buchs, Switzerland))

3.1.30 Urea (Sigma-Aldrich (Buchs, Switzerland))

3.1.30 Potassium  hexacyanoferrate(lll)  (Ks[Fe(CN);])  (Sigma-Aldrich  (Buchs,
Switzerland))

3.1.31 N, N-dimethylformamide (DMF) (Merck (Darmstadt, Germany))

3.1.32 Creatinine (Alfa Aesar (Massachusetts, USA))

3.1.33 Human serum (Excellence Center for Critical Care Nephrology, King

Chulalongkorn Memorial Hospital (Bangkok, Thailand))

3.2 Equipment and instrument

3.2.1  Screen-printing block (Chaiyaboon Co., Ltd. (Bangkok, Thailand))

3.2.2  CHI1240B potentiostat/galvanostat (CH Instruments, Inc., USA)

3.2.3 HP D300 digital dispenser (HP Inc., Oregon, USA)

3.2.4  Fourier Transform Raman Spectroscopy (FT-Raman; Perkin Elmer, Spectrum

GX)
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3.2.5 Fourier transform infrared spectroscopy (FTIR) (PerkinElmer Spectrum One
LabX, USA)

3.2.6  FEl Quanta 600F scanning electron microscope (SEM) (Oregon, USA)

3.2.7 JEM-6400 from scanning electron microscope (SEM) (Japan Electron Optics
Laboratory, Japan)

3.2.8 Energy-dispersive X-ray (EDX) (PerkinElmer Spectrum One LabX, USA)

329 JEM 2100 transmission electron microscope (TEM) (Japan Electron Optics
Laboratory, Japan)

3.2.10 X-ray photoelectron spectra (XPS) (Kratos Analytical Axis UltraDLD, USA)

Part I: Development of the enzymatic biosensor
3.3 Preparation of the modified Ni foam electrode for enzymatic
biosensor

) Lactate H,0,
Ni foam ¢ P

+ LOx Pyruvate

] 00 i ;
Bare LOx LOx/G  LOx/ LOX/TiO,
'. Nifoam Nifoam TiO,sol/ sol/G/
Nifoam  Nifoam
Electrode
- TiO,/graphene LOx/TiO,/graphene Electrochemical

! Electrochemical signal of
nanocomposite modified Ni foam measurement different electrodes
electrode

2H*+ 0,

Electrochemical
analyzer

LOXTIOG Nifoam

Fig. 3.1 Schematic representation of the preparation and analysis for the enzymatic
lactate biosensor based on the LOx immobilized on TiO, sol/graphene modified Ni

foam electrode for measurement of lactate.

3.3.1 Synthesis of TiO, sol/graphene nanocomposite
TiO, sol/graphene nanocomposite was synthesized by hydrolysis and
condensation of titanium alkoxides and the method was slightly modified from our
previous reports [100, 101]. For the synthesis process, 1.5 mg mL" (consisting of 23%
wt) conductive graphene dispersion was added into a vigorously stirred mixture
solution of 0.025 mole TIAA and 0.025 mole 1, 3-propanediol in a round bottom flask

at a room temperature of 30 +2 °C. The mixed solution was refluxed at 85 °C for 60
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minutes with continuous stirring by a magnetic stirrer. Then, the obtained solution
was TiOy/graphene nanocomposite solution. Following a reflux process, the
nanocomposite was distilled at 55 ° C until no liquid remained. The solution was left
to cool down to a room temperature, and diluted with isopropanol. The as prepared

nanocomposite was characterized by transmission scanning electron microscopy.

3.3.2  Modification of Ni foam electrode surface

An open-cell Ni foam was cut into small pieces of dimension 1 cm x 2 cm x
1 mm. they were cleaned using 0.05 M hydrochloric acid (HCl) in an ultrasonicator for
30 minutes, and were then thoroughly washed with ethanol and deionized water for
15 minutes each. The obtained nanocomposite was coated onto the Ni foam
electrode surface by immersing in the nanocomposite solution (10x diluted in
isopropanol) for 1 minute, then allowed to dry at room temperature and stored in a
desiccator. After being air-dried, the modified Ni foam electrode was washed with PB,
then a specific amount of enzyme was immobilized on the modified Ni foam
electrode surface, which was kept overnight at 4 °C for immobilization process. The
resulting electrode was washed 3 or 4 times by PB to remove any weakly bound

materials and stored at 4 °C until it was used.

3.3.3 Characterization of the nanocomposites and modified electrode

The morphology of TiO, sol and TiO, sol/graphene nanocomposites was
investicated by transmission scanning electron microscopy using JEM 2100
microscope (Japan Electron Optics Laboratory, Japan) at an acceleration voltage of
100 kV and a magnification of 6,000x. The characteristic peaks of the as-prepared
TiO, sol/graphene were evaluated by fourier transform infrared spectroscopy (FTIR;
PerkinElmer Spectrum One LabX, USA), fourier Transform Raman Spectroscopy (FT-
Raman; Perkin Elmer, Spectrum GX), and X-ray photoelectron spectra (XPS; Kratos
Analytical Axis UltraDLD, USA). The morphology of a Ni foam and a LOX/TiO,
sol/graphene modified Ni foam electrode was investigated by scanning electron
microscopy (SEM; model JEM-6400 from Japan Electron Optics Laboratory, Japan).

The microscope was operated at an acceleration voltage of 15.0 kV at a working



28

distance of 6.8 mm with a 50x and 1,500x magnification. The chemical composition
was analyzed by energy-dispersive X-ray (EDX) microanalysis incorporated in the SEM
instrument. Grahpene, TiO, sol and TiO, sol/graphene nanocomposite samples for
FT-IR measurements were prepared by allowing of 100 L of the corresponding stock

dispersion to air-dry on a metal plate substrate surface.

3.3.4  Electrochemical measurement

Cyclic voltammetric measurement was carried out in an electrochemical cell
with 4 mL analyte so in a circular chamber of 2.0 cm diameter and 1.5 cm height. In
all H,O, detection experiments, the potential of the cell was scanned from 0.0 to
+0.8 V at a scan rate of 50 mV 5. Amperometric measurements were performed by
placing the Ni foam electrode on a filter paper (1 cm x 2 cm), which was put onto a
working zone of screen-printed electrodes, whereby a screen-printed method of
carbon ink and Ag/AgCl ink was prepared on polyvinyl chloride substrate [102].
Amperometry was conducted to optimize the detection potential using H,0O, in PB at
a TiOy/graphene modified Ni foam electrode at different potentials in a range from
0.0 to +1.0 V for a fixed duration. The H,0, oxidation current (S) to the background
current (B) was used to obtain signal-to-background (S/B) ratios [76]. Amperometric
lactate detection at a LOx/TiO, sol/graphene modified Ni foam electrode was
conducted at an optimized potential. Then, the anodic current was recorded at
steady state for 180 s. All measurements were conducted at room temperature of 30

+2 °C.
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Part Il: Development of the non-enzymatic biosensor
3.4  Preparation of the modified electrode for non-enzymatic

biosensor

HP D300 dispenser
A

ERGO

@ CuO/IL Creatinine + CuO

Cu-creatinine complex

Screen-printed carbon Dispensing modification Non-enzymatic
electrode analytical procedure

Fig. 3.2 Schematic representation of the preparation and analytical procedure for the
non-enzymatic creatinine biosensor based on the CuO/IL composite dispensed

electrochemically reduce graphene oxide modified SPCE on a PAD.

3.4.1 Fabrication of PAD

PADs were fabricated from Whatman no. 1 filter paper (Camlab, UK) using a
wax printing method according to previous reports [76, 103]. To describe the method
briefly, the patterned paper-based sensor was designed by a graphic program (Adobe
Illustrator) and then printed onto filter paper using a wax printer (Xerox ColorQube
8570, Japan). Next, the as-prepared paper based sensor was heated on a hot plate at
175 °C for 40s to melt the wax. The area covered with wax was hydrophobic, and the
area without wax was hydrophilic. To construct the three electrode system on the
PADs, a working electrode (WE, area = 0.07 cm2) and a counter electrode (CE) were
screen-printed in-house using carbon ink. Silver/silver chloride (AglAgCL) ink was used
as a pseudo-reference electrode (RE) and conductive pad. The sensor was allowed to

dry at 55 °Cfor 1 h.

3.4.2  Preparation of the modified electrode
The ERGO modification was initially performed on the PAD using a previously
described cyclic voltammetry technique [104]. The GO solution (6.2 mg mL™) was
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diluted with 0.1 M phosphate buffer (PB) pH 6 to adjust the final concentration of
90% (v/v) GO. 100 pL of this solution was then pipetted onto the electrode surface,
and potential was applied in the range of +0.1 to -1.5 V with a scan rate of 50 mV s’
for 16 cycles. The modified electrode was then rinsed twice with deionized water.
The CuO/IL composite was prepared by dispersing 5 mg of CuO nanopowder
in 1 mL of DMF, then adding 300 pL of IL solution (10 mg mL™) into the dispersion,
followed by sonication for 1 hour. To selectively dispense CuQ/IL composite
suspension on the working electrode of the PAD, the SPCE was placed on the platen
of an HP D300 digital dispenser programmed using HP bio pattern software to define
the deposition location and parameters. CuO/IL suspension was then loaded into an
HP D300 cartridge and 400 nL was dispensed in 2 layers onto the working electrode
area. For comparison, a drop-cast CuO/IL modified ERGO/SPCE was prepared by
placing the composite solution onto the working electrode, and dried at room

temperature and atmospheric pressure.

3.4.3  Electrochemical measurement

The unmodified (bare ERGO/SPCE) and CuO/IL modified electrodes were
characterized by CV using a standard three-electrode system fabricated on a paper-
based sensor. Electrochemical detection was conducted in a solution containing 0.5
mM creatinine in 0.1 M PB pH 7.4 over the range of potentials of -1.0 to +1.0 V with a
scan rate of 50 mv s'. Amperometry was conducted to optimize the detection
potential using creatinine in PB solution on a CuO/IL/ERGO/SPCE at different
potentials in a range of -0.4 to +0.3 V for a fixed time duration. The creatinine
oxidation current (S) to the background current (B) was used to obtain signal-to-
background (S/B) ratios. Amperometric creatinine detection on CuO/IL/ERGO/SPCE
electrode was carried out at an optimized potential and the anodic current was

recorded at 5 s. All measurements were conducted at the room temperature.

3.4.4 Preparation of protein in the human serum
To obtain reliable results, the human serum was pretreated using the TCA

method to precipitate the protein [105].  Aliquots of 250 uL from each of human
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serum samples were added to individual microcentrifuge tubes, and 250 pL of 10%
(W/V) TCA was added to each tube. The resulting mixture was centrifuged for 10 min
at 6000 rpm at 4 °C and the supernatant was kept for further analysis. All samples

were analyzed by amperometry on the multiple individual paper-based sensors.



CHAPTER IV
RESULTS AND DISCUSSION

Part I: Development of the enzymatic biosensor
4.1 Characterisation of TiO, sol/graphene nanocomposites prepared by

sol-gel method

4.1.1 TEM characterization

In this study, TiO, sol/graphene nanocomposites were prepared by a sol-gel
method slightly modified from our previous reports [100, 101]. Two images of a TiO,
sol and a TiO, sol/graphene nanocomposite are shown in Fig. 4.1a and b,
respectively, indicating that the nanocomposite was visually a darker yellow
homogenous solution compared to TiO, sol. The transmission electron micrographs
of graphene, TiO, sol nanoparticles, and TiO, sol/graphene nanocomposite are
shown in Fig. 4.2a, which reveals a thin, transparent graphene layer with sharp corner,
while that in Fig. 4.2b shows that TiO, sol nanoparticles are uniformly spherical-
shaped with a size distribution in a range of 50-150 nm without agglomeration.
According to Fig. 4.2c, the nanoparticles of TiO, were well dispersed on the surface

of a two-dimensional graphene sheet as displayed in the large black sheet.

Fig. 4.1 (a) Photographs of TiO, sol and (b) TiO, sol/graphene nanocomposite
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Fig. 4.2 (a) Transmission electron micrographs of graphene dispersion, (b) TiO, sol
nanoparticles synthesized by sol-gel method, and (c) TiO, sol/graphene

nanocomposite solution

4.1.2 FT-IR characterization

FT-IR was used to verify the successful incorporation of graphene in TiO, sol
and the results are shown in Fig. 4.3. A comparison of the spectrum of graphene (Fig.
4.3a) and TiO, sol/graphene (Fig. 4.3b) shows the presence of characteristic vibration
of Ti-O-Ti at 717 cm™ [106], which is not appear in a spectrum of pure graphene (Fig.
4.3a) but similar to the spectrum of pure TiO, (Fig. 4.3c) [107, 108]. The band at 1042
cm™ in TiO, sol/graphene and was ascribed to the stretching vibration of C-OH [109].
The absorption peak at 1391 cm™ was attributed to the bond vibration of Ti-OH
[106]. Also, the broadband is near 3420 cm™ appeared in TiO, sol/graphene (Fig. 4.3b)
is assigned to the presence of hydroxyl groups of TiO, [106] and also to an
interaction of hydrogen bonding between the hydroxyl groups on the surface of

titanium oxide [106].
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Fig. 4.3 (a) FT-IR spectra of graphene, (b) TiO, sol/graphene nanocomposites, and (c)
TiO, sol

4.1.3 FTIR-Raman characterization

Raman spectra of graphene, TiO, sol, and TiO, sol/graphene nanocomposite
are shown in Fig. 4.4 to confirm the successful preparation of TiO, sol/eraphene
nanocomposite. The spectrum of graphene displays a D band at 1360 cm™ and a G
band at 1580 cm™ (Fig. 4.4a) [110], and the spectrum of TiO, sol/graphene also
contains both D and G bands (Fig. 4.4c). Moreover, the weak 2D peak at 2700 cm™ in
the TiO, sol/graphene nanocomposite corresponds to the 2D peak of graphene,
which is absent in spectrum of TiO, sol (Fig. 4.4b) [111]. Thus, the formation of TiO,

sol/grahpene nanocomposite has been confirmed via Raman spectroscopy [107].
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Fig. 4.4 (a) Raman spectra of graphene, (b) TiO, sol, and (c) TiO,/graphene

nanocomposite

4.1.4 XPS characterization

The formation of TiO, sol/graphene was also confirmed by XPS. Fig. 4.5a
shows the X-ray photoelectron spectrum of TiO, sol and TiO, sol/graphene
nanocomposite in the Ti 2p3/2 and Ti 2p1/2 binding energy regions. As for the pure
TiO,, Ti 2p3/2 and Ti 2pl/2 spin-orbital splitting photoelectrons are located at
binding energies of 455.9 and 461.8 eV, respectively, giving rise to a peak separation
of 5.9 eV, which is the same result reported by Erdem et al. [112]. The O 1s
spectrum of TiO, sol and TiO, sol/graphene is shown in Fig.4.5b, a peak for TiO, sol
was observed at 528.4 eV and the board peak of the TiO, sol/graphene can be fitted
into two symmetric peaks at 529.2 and 533.3 eV arising from Ti-O-Ti and Ti-O-C bond,
respectively, displaying a covalent bond connection between graphene and TiO,
[113]. After the formation of TiO,/graphene, a shift from 455.8 to 456.3 eV and 461.8
to 462.4 eV in Ti 2p, also 528.4 to 529.2 eV in O 1s binding energies was observed in
X-ray photoelectron spectrum of TiO, sol/graphene. All these shifts were induced by
a change of the chemical state or coordination environment [114]. In addition, C 1s
spectrum of TiO, sol/graphene nanocomposite is shown in Fig. 4.5c. Deconvolution

of C 1s peak in X-ray photoelectron spectrum presents the carbon bonds of C-C
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(284.5 eV), C-O (286.1 eV), and -COOH (288.3 eV). The minor peak corresponds to
small amount of residue oxygenate groups on graphene sheet, which are favorable
to maintain a good dispersion of the nanoparticles [115]. It is possible to form O=C-
O-Ti bonds through esterification of -OH groups on TiO, and oxygenate groups on

graphene surface. [114]
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Fig. 4.5 (a) The X-ray photoelectron spectra of Ti 2p and (b) O 1s for TiO, sol and
TiO, sol/graphene. (c) The C 1s X-ray photoelectron spectra of TiO, sol/graphene

4.2 Microstructures of modified Ni foam electrode

The as-prepared TiO, sol and TiO, sol/graphene nanocomposites were coated
on a Ni foam for 1 minute. The morphologies of Ni foam and modified Ni foam
electrodes were examined by SEM. The scanning electron micrographs of Ni foam
substrate before modification (Fig. 4.6a) shows that Ni foam is a 3D cross-linked
network architecture with an average pore size of 300-500 pm. The higher

magnification of scanning electron micrograph exhibits the rough surface with the
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grain nodule of Ni (Fig. 4.6b) as confirmed by SEM-EDX (Fig. 4.6e) and this feature has
also been observed in a previous report Akhtar et al. [41]. The 3D porous structure of
Ni foam possesses high porosity and high specific surface area leading to enhanced
accessibility of analytes to closely interact at the electrode surfaces to produce an
improved sensor sensitivity [116, 117]. The presence of TiO, sol/grahpene
nanocomposites on Ni foam surface after modification is verified by Fig. 4.6c,
indicating that Ni foam surface is completely coated by the as-prepared
nanocomposites. Although there are some micro cracks observed on the surface, Ni
substrate surface was entirely coated by the nanocomposites and this was observed
in a previous report [118]. Scanning electron micrograph-EDX was used to identify the
composition of TiO, sol/graphene nanocomposite on the Ni foam surface (Fig. 4.6f).
The nanocomposite mainly consisted of Ti, Ni, and C elements, which confirms that
TiO, sol/graphene nanocomposite was successfully deposited onto Ni foam surface.
As shown in Fig. 4.6d, an scanning electron micrograph shows a dimly rougher surface
compared to that depicted in Fig. 4.6c because of the nonconductive property of
LOx enzyme immobilized on the surface of Ni foam [119]. Overall, scanning electron
micrograph results clearly verify the successful modification of LOX/TiO, sol/graphene

onto the open-cell 3D Ni foam electrode.
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Fig.4.6 (a) Scanning electron micrograph of unmodified Ni foam (50x); (b) highly
magnified micrograph of Ni foam (1,500x); (c) TiO, sol/graphene/ modified on Ni foam
(1,500x); (d) LOX/TiO, sol/grahpene modified on Ni foam (1,500x); (e) EDX micrograph
of Ni foam and (f) EDX micrograph of TiO, sol/graphene modified Ni foam
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4.3 Application of the modified Ni foam for enzymatic electrochemical

biosensor

4.3.1. H,0, detection

4.3.1.1 Electrochemical characterization of the modified electrode

To find the optimal conditions of Ni foam surface modification as a novel
working electrode in an enzymatic electrochemical biosensor, a standard H,0,
solution was initially tested using CV. In this study, the electrochemical responses
measured at unmodified Ni foam, TiO, sol/graphene nanocomposite modified Ni
foam, TiO, sol modified Ni foam, and graphene modified Ni foam are presented in
Fig. 4.7. The cyclic voltammograms show that the anodic current signal of H,0O,
measured at graphene-modified Ni foam electrode (green line) is higher than the
others (Fig. 4.7a); however, the background current is also high (light blue line) as
shown in an inset of Fig. 4.7b. Meanwhile, the current response of TiO,/graphene
modified Ni foam in the presence and absence of H,0, is shown in Fig. 4.7b and Fig.
4.8, suggesting that it is more distinguishable from the background current than
graphene-modified Ni foam electrode (inset Fig. 4.7b) and other electrodes (Fig. 4.8),
but the anodic peak current is not clearly shown in the cyclic voltammogram which
is similar to a shape of current signal reported in a previous study [76], who detected
cholesterol via H,O, generated from a reaction of cholesterol oxidase using
graphene/polyvinylpyrrolidone/ polyaniline nanocomposite paper-based biosensor.
Due to the high background current from the cyclic voltammogram and the effect of
applied potential on the electrochemical sensing performances, Chaiyo et al. [103]
have employed hydrodynamic voltammetry to optimise a detection potential in a
quiescent system for electrochemical detection, also used S/B ratios instead of
currents only to investigate the current response from glucose detection by using a
cobalt phthalocyanine/ionic liquid/graphene composite paper-based sensor. Hence,
hydrodynamic voltammetry was applied to select an optimal potential for

electrochemical detection in this work, conducted by Section 2.6 (Fig. 4.9).
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Fig. 4.7 (a) Cyclic voltammograms of 5.0 mM H,0O, in 0.1 M PB measured on different

working electrodes with a scan rate of 50 mV s (b) cyclic voltammograms of

TiO,/graphene modified Ni foam measured in the absence and presence of 1.0 mM

H,O, at scan rate of 50 mVs™. G: graphene
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electrode

4.3.1.2 Study of the detection potential for the modified electrode

According to the hydrodynamic voltammogram, S/B was investigated instead
of current signal (Fig. 4.9b) because the anodic current of H,O, significantly increased
as the applied voltage increased (blue line) while the current of background also
increased (green line) as seen in Fig. 4.9a. At an applied potential of +0.5 V (Ag/AgCl),
which is a minimal applied potential that can differentiate the current signal from
background signal. Moreover, this low potential is also likely to minimize
interferences during lactate detection in real-life samples [120]. Hence, +0.5 V was
selected as a detection potential for all electrochemical detections. The S/B values
determined from different working electrodes are presented in an inset of Fig. 4.7a.

The S/B value measured on TiO, sol/graphene/Ni foam electrode (0.33 mA) is
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approximately 28 times higher than an unmodified Ni foam electrode (0.012 mA),
indicating this modified Ni foam might be a promising electrode for an enzymatic
electrochemical biosensor, such as lactate detection via tracking on generated H,0,,
which is an electroactive product generated from an enzymatic reaction.
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Fig. 4.9 (a) Amperometric current responses of 5 mM H,0, (blue line) and background
(green line) in 0.1 M PB solution pH 7.0 at a 180 s sampling time measured on a TiO,
sol/graphene/ modified Ni foam electrode and (b) hydrodynamic voltammogram of

S/B extracted from the data in Fig. 4.9a
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4.3.1.3 Study of TiO, sol/eraphene concentration for the electrode
modlification
Furthermore, the optimal concentration of TiO, sol and graphene used for
preparation of TiO, sol/graphene nanocomposites were investigated by CV of 5 mM
H,O, at a TiO, modified electrodes and TiO, sol/graphene modified electrodes. The
results are presented in Fig. 4.10, showing the S/B value of an optimal TiO, and
graphene concentration derived from cyclic voltammograms (inset of Fig. 4.10). In our
experiment, 0 to 16 mg mL™" TiO, sol was used in preparing a TiO,/graphene
nanocomposite. As shown in Fig. 4.10a, an optimal TiO, sol concentration is found to
be 8 mg mL™. At this TiO, sol concentration, the amount of graphene was varied (Fig.
4.10b) and 1.5 mg mL™ is an optimal concentration. Thus, a suitable mass ratio of
TiO, sol to graphene is 5:1. This ratio provided the highest S/B values toward H,0,
detection; therefore, these concentrations were selected to prepare TiO,

sol/eraphene nanocomposites for all further experiments.
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molecular weight of TiO, sol is equal to TiO, nanoparticles as the characterization

results of TiO, sol).
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4.3.2 Lactate detection
4.3.2.1 Electrochemical characterization for the lactate detection
To evaluate the ability of TiO, sol/¢raphene modified Ni foam electrode for
an enzyme based electrochemical biosensor application, detection of lactate
through H,O, generated from enzymatic reaction between lactate and LOx are
shown in Equation (1) and (2). A lactate level higher than 1.5 mM in patient’s blood
generally indicates the hyperlactatemia or lactic acidosis [51], which will lead to
severe sepsis and septic shock [52]. Thus, 1.5 mM lactate is selected for testing

electrochemical performances of our platform.

LOx
Lactate + O; —— Pyruvate + H,O> (1)
H202 —>  O2+2H" +2¢ (2)

Thus, LOx was immobilized on a modified electrode before CV of 1.5 mM
lactate in 0.1 M PB (pH 7.4) was conducted to primarily test the ability of this
electrode toward lactate. The same experiment was also conducted at an
unmodified Ni foam electrode. All results obtained are shown in Fig. 4.11a. It was
obvious that anodic current signal of lactate measured on LOx/TiO, sol/graphene
modified Ni foam electrode (red line) is higher than an unmodified electrode (blue
line) and this modified electrode showed a drastic increase of S/B value (™ 47 times)
compared with an unmodified Ni foam electrode as shown in Fig. 4.11b. This result
verifies that the combination of TiO, sol/graphene nanocomposite on Ni foam
increased the electrochemical conductivity of Ni foam electrode. Moreover, the high
porosity of Ni foam accelerated the electron transfer of analyte molecules at the

electrode/electrolyte interface, leading to enhanced sensitivity of the sensor.
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Fig. 4.11 (a) Cyclic voltammograms of 1.5 mM lactate in 0.1 M PB measured on

different working electrodes with a scan rate of 50 mV s'; (b) signal-to-background

current (S/B) extracted from the data in Fig. 4.11a. G: graphene.

4.3.2.2 Study of analytical performances of the modified Ni foam

electrode

To examine the analytical performance of LOx/TiO, sol/graphene modified Ni

foam electrode, it was used to measure lactate at different concentrations by using

amperometry (Fig. 4.12a) and the amperometric current responses recorded at
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steady state current at 180 s was used to construct a calibration plot for the lactate.
The LOX/TIO, sol/graphene modified Ni form electrode shows a linear region over
the range of 50 uM to 10 mM with a correlation coefficient of 0.9974 as shown in Fig.
4.12b. Based on the linear range, the limit of detection (LOD) and limit of
quantitation (LOQ) were found to be 0.019 mM and 0.06 mM, respectively. LOD was
estimated as the concentrations that yielded a signal at 3 times higher than the
standard deviation of a blank (n=5) [75]. The proposed sensor has lower detection
limit for lactate compared to 0.1 mM reported by Suman et al. [121], who detected
lactate by immobilizing LOx onto polyaniline-co-fluoroaniline films deposited on
indium tin oxide (ITO) coated glass plate, and 0.05 mM reported by Park et al. [122],
who detected lactate by immobilizing LOx onto osmium polymer sol-gel modified
glassy carbon electrode. Normally, the level of total blood lactate in human ranges
from 0.5 to 1.5 mM at rest [51]. Hence, this information confirms that TiO,
sol/eraphene/Ni foam could be a novel working electrode utilized for sensitive
detection of H,O, generated by an enzymatic reaction. This system might be an
alternative way for developing of sensor to detect a biomarker for the preliminary

diagnosis.



48

0.3
8.0 A ikﬁ o )
%‘ 02 | E—
E\ \‘_g
‘g' 0'00 ™ % % @ w0 1% o
E 4.0 ~ Time (s) 10 mM
5
(@]
20 1
—
00 S e o T T T T |0 mM
0 30 60 90 120 150 180
Time (s)
4.0
b
$
3.0
< .
£ L
5 2.0 1 y = 0.3303x - 0.0478
3 ;""'-, R? = 0.9974
1.0 1 -
a
.
0.0 +2 : . '
0 3 6 9 12

Lactate concentration (mM)

Fig. 4.12 (a) Amperometry measurements recorded on a LOx/TiO,/graphene/Ni foam
electrode with different concentrations (from 0.0 to 2.0 mM) and (b) a calibration

plot for lactate detection constructed from the signal measurements presented in a

(E=+05V, pH 7.4).

4.3.2.3 Study of reproducibility and stability for the lactate detection
To investigate electrode-to-electrode reproducibility, five different LOx/TiO,

sol/eraphene/Ni foam electrodes were used to detect 0.5 mM lactate by
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amperometry and the relative standard deviation (RSD) was founded to be 2.2%.
The response of five amperometric measurements toward 0.5 mM lactate on the
modified electrode yielded reproducible responses with a 3.4% RSD (Fig. 4.13a). To
evaluate the stability of this sensor, the LOx/TiO, sol/graphene/Ni foam electrodes
were stored in the sealed system at 4 °C for 8 days and the storage electrode
retained the current response towards 0.5 mM lactate in PB (0.1 M) up to 91% of its
initial response (Fig. 4.13b), verifying that the good stability of this electrode, which is
caused by the enzymatic preservation property of TiO, sol within TiO, sol/eraphene
nanocomposites [123], while using Ni foam electrode without nanocomposite
immobilized with LOx, the current response decreased to less than 50% of original

signal within 24 hr. after immobilization.
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Fig. 4.13 (a) Amperometric responses of five different LOx/TiO, sol/graphene/Ni foam
electrodes toward 0.5 mM lactate at 0.5 V (vs. Ag/AgCl) and (b) stability testing of
LOx/TiO, sol/graphene/Ni foam electrode for continuous lactate detection for 8

consecutive days at 0.50 V (vs. Ag/Ag/Cl)

In addition, the effect of TiO, sol on electrode stability was studied to
confirm that TiO, sol can retain the immobilized LOx on the modified Ni foam

electrode as shown in Fig. 4.14. The results show that LOx/TiO, sol modified Ni foam
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electrode used retain the electrode stability more than 90% of the initial sensitivity
in 8 days continuous test for measurement of 0.5 mM lactate (Fig. 4.14a), suggesting
that LOx has favorable long-term stability with TiO, sol. Nonetheless, the obtained
current response of LOx/TiO, sol modified Ni foam electrode is lower than LOX/TiO,
sol/graphene modified Ni foam electrode toward lactate analysis for 8 consecutive
days as shown in Fig. 4.1db. This verify that graphene significantly improves the
electrochemical sensitivity of electrode while TiO, sol preserves the activity of LOx

and increases the electrode stability.
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sol/LOx modified Ni foam comparing with TiO, sol/graphene/LOx modified Ni foam
obtained from studying the electrodes stability measured of 500 uM lactate for 8
days.
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4.3.2.4 Study of selective determination of lactate

To test the selectivity of the LOX/TiO, sol/graphene Ni foam electrode, the
modified electrode was used to determine lactate via amperometric measurements
in the presence of the common electrochemical interfering species, such as AA, DA,
and glucose. These compounds were investigated using the highest anticipated
concentration of AA (80 uM), DA (50 uM), and glucose (5 mM) in a normal serum [75,
124] that lactate concentration was fixed at 1.5 mM. The results of the interference
study are listed in Table 4.1. The influence of AA, DA, and glucose on the lactate
response was little under the testing conditions. Moreover, The LOxX/TiO,
sol/eraphene Ni foam electrode exhibited a high selectivity because the graphene-
based composite materials have lowered the overvoltage potential for the oxidation
of H,0, [125]. This could be possible that the interference effects were eliminated

from the electroactive species above [126].

Table 4.1 The response of LOX/TiO, sol/G/ Ni foam biosensor toward lactate and its

interfering species * (n = 3)

Lactate Lactate + AA Lactate + DA Lactate + Glu

Current’ (mA)  0-252+0.024 0252+ 0.028 0262 +0.033  0.261 + 0.040

Relative 100 100 103 104

response (%)
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4.3.2.5 Detection of lactate in a real sample

In order to evaluate the utilization of the proposed system, the measurement
of lactate in a commercial rabbit serum was studied using a standard addition
method. A blank serum is commonly used for the determination of the accuracy and
validation of a new diagnostic assay. For the sample preparation, different
concentrations of lactate (0.50, 1.00, 3.00, and 5.00 mM) were spiked into 20 pL of
the serum, which was filtered to remove the proteins and then diluted to 800 pL
with 0.1 M PB (pH 7.4). The results are listed in Table 4.2, indicating that the current
responses depended on the lactate concentration.

Table 4. 2 Determination of lactate in a rabbit serum (n = 3)

Lactate concentration (mM) % Recovery % RSD
Added Found

0.50 0.52 £ 0.02 104.0 0.8
1.00 1.03 £ 0.04 102.1 1.2
3.00 3.04 +0.20 101.5 0.7
5.00 5.09 £ 0.42 101.8 0.6

An acceptable linearity with a correlation coefficient (R?) of 0.9994 (n = 3) was
accomplished (Fig. 4.15). The percentage of recoveries were found in the range of
101.5 to 104.0% and 0.6 tol.2 %RSD, verifying that this promising system is highly

accurate.
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Part Il: Development of the non-enzymatic sensor

4.4 Paper-based analytical sensor for the non-enzymatic detection of

creatinine

4.4.1 SEM characterization of the prepared electrodes

The morphologies of unmodified and modified electrodes were characterized
by SEM as shown in Fig. 4.16. The surface of the unmodified SPCE is dominated by
isolated and irregularly shaped graphite flakes, which form the separated layers (Fig.
4.16a). The SEM micrograph of ERGO/SPCE shows wrinkle, smooth and thin sheet was
completely covered on the modified electrode surface (Fig. 4.16b). This indicates the
successful reduction of graphene oxide on the surface. Also, CuO nanocrystals are
completely deposited on the ERGO sheet modified SPCE (Fig. 4.16¢). The result from
energy-dispersive X-ray with SEM (EDX-SEM) of CuO/IL/ERGO/SPCE shows the signal of
carbon, oxygen, calcium, chloride, and copper, confirming the successful modification

of CuQ/IL/ERGO on SPCE (Fig. 4.16d).
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Fig. 4.16 (a) SEM micrograph of SPCE, (b) ERGO/SPCE, (c) CuO/IL/ERGO/SPCE at
15,000X magnification, and (d) EDX-SEM micrograph of CuO/IL/ERGO/SPCE.

The use of HP D300 dispenser for electrode surface modification can improve
the dispersion of CuO/IL, which is observed from the electrode surface as shown in
Fig. 4.17. The features of drop-casting and dispensing electrode are clearly different.
There are some aggregated particles and clusters of CuO/IL on the drop-casting
electrode surface while the electrode prepared by dispensing is composed of the
greater distribution of uniform CuO/IL particles on the electrode surface resulting in

enhancement of specific surface area, sensitivity and reproducibility of the sensor.
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Fig. 4.17 (a) SEM micrographs of CuO/IL/ERGO/SPCE obtained from dispensing and (b)
drop-casting method at 0.8 pL of Cu0O/IL.

4.4.2  Electrochemical characterization of the modified electrode

The clinically relevant range for serum creatinine in healthy humans is 0.5
meg/dL to 1.2 meg/dL (about 0.060 mM to 0.110 mM). Since the creatinine values differ
greatly with variations in muscle mass, individual measurements have far less value
than trends, giving serial measurements far more diagnostic utility and justifying the
development of simple, low-cost methods for distributed measurement. Our goal
was the development of a sensor that can indicate the presence of creatinine at
levels above the clinically “normal” range.

CV was utilized to determine the utility of CuO/IL/ERGO/SPCE modified PADs
for the detection of creatinine. The modified electrodes were examined in 0.1 M PB
(pH 7.4) containing 0.5 mM creatinine, a value indicative of compromised kidney
health. Fig. 4.18a shows the cyclic voltamsnmogram obtained from an unmodified SPCE
electrode on the PAD, measured in 0.1 mM PB (pH 7.4) with and without creatinine.
Here, it is observed that there is no faradic current in the present of creatinine. In
contrast, the cyclic voltammogram in Fig. 4.18b obtained from a CuO/SPCE shows a
significant anodic current generated in the presence of creatinine (pink line) at -0.1 V
compared to the background (black line). The oxidation peaks are attributed to the
copper undergoes electrochemical oxidation during applying the potential, the
generated cupric ions chelate with the creatinine in the solution and form a soluble

copper-creatinine complex. The increase of peak current of creatinine after increasing
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of creatinine concentration due to the increased dissolution of copper as copper-
creatinine complex. Thus, CuO/IL/ERGO/SPCE can be applied for non-enzymatic
electrochemical detection of creatinine. [81, 127].

Fig. 4.18c depicts cyclic voltammetry responses for the electrochemical
oxidation of 0.5 mM creatinine obtained on an unmodified SPCE device, a CuO/IL
device, a CuO/IL/SPCE device, a CuO/ERGO/SPCE device, and a full-complement
CuO/IL/ERGO/SPCE paper electroanalytical device. The results show that the
presence of CuO on the modified electrode generates a sensitive oxidation peak for
creatinine (pink line) when compared to the unmodified SPCE device (yellow line):
CuO is an effective copper ion source and facilitates formation of a copper-creatinine
complex [7], enabling a strong electrocatalytic oxidation of creatinine. An increase in
oxidative current from creatinine is observed upon incorporating IL in the CuO/IL
composite modified electrode, while the oxidative current peaks are shifted
cathodically (light blue and red lines). The anodic peak potential measured on the
CuO/IL and CuO/IL/ERGO/SPCE devices are decreased by 30 mV relative to
CuO/SPCE, and by 60 mV when compared to the peak potentials measured using the
CuO/ERGO/SPCE device, attributed to the presence of IL on the modified electrode
enhances the promotion of electron transfer, a strong electrocatalytic effect, and the
high ionic conductivity of IL, which decreases the oxidation potential and response
time for the measured oxidation of creatinine. A marked increase of the oxidative
current from creatinine is noticed when ERGO is integrated into the modified
electrode (green line). This significant improvement may be ascribed to the excellent

electrical conductivity of ERGO.
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Fig. 4.18 (a) Cyclic voltammograms of a SPCE,

(pH 7.4) with and without 0.5 mM creatinine,

(b) CuO/IL/ERGO/SPCE measured in PB

and cyclic voltammogram of a SPCE,

and (c) four modified electrodes in PB (pH 7.4) with 0.5 mM creatinine at a scan rate

of 50 mV s,
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Although the intensity of oxidation current on CuO/IL/ERGO/SPCE is not
significantly higher than CuO/IL/ERGO; however, S/B ratio was investigated to
optimize the modified electrode, as shown in Fig. 4.19. This result exhibits the S/B
value of CuO/IL/ERGO/SPCE is the highest compared to others verifying that the
integration of CuO/IL/ERGO/SPCE working electrodes into electrochemical PADs
enhances the electrocatalytic activity, rate of electron transfer, and electrical
conductivity of the electrode (red line). Therefore, CuO/IL/ERGO/SPCE modified

electrode improves the overall performances of the device.
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Fig. 4.19 (a) The oxidation current responses of modified electrodes compared to
background and (b) signal-to-background current (S/B) ratio extracted from the data
in (a). N/A: no detection peak.
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Moreover, CuO/IL/ERGO/SPCE electrodes produced using the inkjet deposition
approach generated a higher oxidative current for creatinine than those produced via
drop-casting; in addition, the inkjet prepared electrodes vyielded superior
reproducibility (Fig. 4.20). The HP D300 dispenser-produced devices had a more

uniform dispersion of CuCQ/IL particles, which in turn gave rise to their superior

performances.
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Fig. 4.20 (a) Cyclic voltammograms of CuO/IL/ERGO/SPCE obtained by drop-casting
and (b) inkjet dispensing measured in 0.1 PB (pH 7.4) with and without 0.5 mM
creatinine at a scan rate of 50 mv s’l, and (c) current response extracted from the

data.
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4.5 Optimization of experiment parameters

4.5.1 Effect of GO concentration and number of reduction cycles

The modification of electrode using electrochemical reduction of GO can
control the thickness and size of the produced ERGO by varying the electrochemical
parameter and GO concentration [128]. The amount of GO loading and number of
reduction cycle were the crucial factors in the electrode surface modification for the
creatinine detection. The effect of GO loading and number of reduction cycles on
the current response of creatinine were examined by CV. As shown in Fig. 4.21a, the
current response increases remarkably upon the increase of GO concentration from 0
to 0.9 mg mL™, indicating that the surface concentration of GO greatly increases and
accumulates on the electrode, which results in the higher current response of
creatinine. However, the current response tends to decrease with GO concentrations
above 0.9 mg mL™, which is likely caused by generated multiple layer of graphene
on the electrode surface, making it to have similar characteristic to graphite [104].
Therefore, 0.9 mg mL™ of GO was selected to modify the electrode and the optimal
number of reduction cycle was chosen to be 16 cycles (Fig. 4.21b). The current
response gradually decreased with more cycles, the decreased signal could be
attributed to the agglomeration of generated ERGO, which leads to the lower rate of

electron transfer between the analytes and the electrode surface.
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Fig. 4.21 (a) Influence of GO concentration and (b) number of reduction cycles on

the current signal of creatinine (0.5 mM) in 0.1 M PB of pH 7.4.

4.5.2. Effect of CuO, IL concentration, CuQ/IL loading volume, and number

of dispensing layers
To study the effect of the amount of CuO and IL on the current response of
creatinine, various electrodes were fabricated by dispensing different concentrations
of CuO in a fixed concentration of IL, and dispensing different concentrations of IL
with a fixed concentration of CuO. These modified electrodes were investigated by

detecting 0.5 mM of creatinine in PB (pH 7.4) using CV. Fig. 4.22a shows the CuO
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concentration is varied from 0.5 to 10 mg mL™ and Fig. 4.22b shows the IL
concentration is varied from 0 to 10 mg mL™. The current signal of creatinine is
compared for these ranges of CuO and IL concentrations. It is found that 5 mg ml™ of
CuO concentration and 3 mg mL™ of IL concentration produce the maximum current
response and there is no improvement in current signals with further increase in CuO
and IL concentration. Thus, 5 mg mL™ of CuO and 3 mg mL™ of IL concentration was
considered as the optimal condition for the modification of the electrode. To obtain
the suitable condition of dispensing CuQ/IL for detection of creatinine, the loading
volume of CuQ/IL and number of dispensing layers were also examined by CV. Fig.
4.22c and d shows the current responses of 0.5 mM creatinine at different loading
volume of CuQ/IL and number of dispensing layers. The current responses
remarkably rise with increase in the CuO/IL volume from 0.1 to 0.4 pL and the

number of layers from 1 to 2 layers, but the current responses decrease thereafter.
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Fig. 4.22 (a) The influence of CuO concentration, (b) IL concentration, (c) CuO/IL
composite dispensing volume, and (d) number of dispensing layer on the current

signal of 0.5 mM creatinine in 0.1 M PB of pH 7.4.
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The decrease in current signals of creatinine could be due to the formation of
thick CuQ/IL particles, which affect to electrical conductivity. Some evidences of the
increased number in dispensing layers of CuO/IL was observed under SEM (Fig. 4.23).
Considering the loading volume of CuO/IL was achieved at 0.4 pL by dispensing of 2

layers.

Fig. 4.23 SEM micrographs of CuO/IL/ERGO/SPCE obtained by inkjet dispensing at 0.4
uL of CuO/IL in (a) 1% layer and (b) 2" layers.

4.5.3. Effect of applied voltage

Amperometry was employed for the quantitative determination of creatinine
because it is a very convenient, simple and fast technique which can be easily
implemented in portable devices. The response signal can be read much faster than
with equilibrium-based techniques. In general, the applied voltage has an effect on
the sensing performance of an electrochemical sensor, thus the applied potential
was optimized in a quiescent system for electrochemical detection. After
optimization, the current response of creatinine in PB (S) to the current response of
PB (B) was used to obtain signal-to-background (S/B) ratios, which was used to
investigate the current responses from creatinine detection as shown in Fig. 4.24. As
the result, the S/B ratio evaluated at -0.1 V provides a maximum value for creatinine.
Therefore, applied potential of -0.1 V was chosen for further amperometric

detection.
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Fig. 4.24 (a) Amperometric current response of PB with 0.5 mM creatinine (orange
line) and (b) PB without 0.5 mM creatinine (blue line) for 5 s sampling time. S/B

current ratios (green line) extracted from the data in (a).
4.6 Analytical performance of the CuO/IL/ERGO/SPCE on PADs

4.6.1 Ampermetric measurements of creatinine

After obtaining the optimum condition of CuO/IL/ERGO/SPCE, the

quantification of creatinine at various concentration in 0.1 M PB (pH 7.4) was
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conducted by amperometry at a fixed potential of -0.1 V (vs. Ag/AgCl) and the
calibration plot for creatinine was constructed using amperometric current responses
at 5 s. As shown in Fig. 4.25a, the current response increases as a function of the
creatinine concentration, and the modified electrode shows a linear trend over the
range of 0.01 mM to 2 mM with a correlation coefficient of 0.99 (Fig. 4.25b). Based on
the linear range, the limit of detection and limit of quantitation were found to be
0.22 uyM and 0.74 pM, respectively. The detection limit was calculated as the
concentrations which provided the signal at 3 times the standard deviation of blank
(n=5). The analytical performances of the proposed system offer a wider linear range
and lower detection limit than other electrodes published in creatinine detections,

as shown in Table 1.
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Fig. 4.25 (a) Amperometry measurements recorded on CuO/IL/ERGO/SPCE with

different concentrations (from 0.0 to 2.0 mM) in 0.1 M PB (pH 7.4) at a fixed potential

of -0.1 vs Ag/AgCl for 30 s and (b) calibration plot for creatinine detection

constructed from the signal measurements presented in (a).
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Table 4.3 Comparison of analytical performances between the developed and

previously reported electrode in creatinine detection methods.

Working electrode

Linear range (uM)

LOD (uM)

Reference

GCE (based on

Jaffe’s reaction)

1-80

0.4

[129]

EPPG (based on

Jaffe’s reaction)

0-6000

720

[130]

ZnO-NPs/CHIT/c-
MWCNT/PANI/Pt
electrode

(enzymatic)

10-650

0.5

Fe;04-NPs/CHIT/g-
PANI (enzymatic)

1-800

1.0

[131]

Pt/SPCE

(enzymatic)

8-180

[132]

Cu/Cu electrode

(non-enzymatic)

0.6

SPCE (non-

enzymatic)

370-3600

8.6

[133]

CuQ/IL/ERGO (non-

enzymatic)

0.01-2000

This work

GCE: glassy carbon electrode; EPPG: edge plane pyrolytic graphite; CHIT: chitosan; c-

MWCNT: carboxylated multiwall carbon nanotube; PANI: polyaniline; SPCE: screen

printed-carbon electrode.

4.6.2 Interference study

The selectivity is a crucial factor in the fabrication of the sensor for practical

applications. The common interfering molecules in biological samples such as

glucose, uric acid, urea, and ascorbic acid were tested by injecting at physiological

concentration in human serum (glucose- 6 mM, uric acid- 125 uM, urea- 6 mM, and
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ascorbic 125 uM) in the presence of 100 pM creatinine. The current responses of
creatinine oxidation are insignificantly changed and found to be free from these
interferences (Fig. 4.26). The result indicates that the CuO/IL/ERGO/SPCE on PAD is
selective for the detection of creatinine in the presence of potentially active

interfering compounds.

20
&
£ 15 A
o
<
= s i [T
= 10 ~
C
(3}
©
5
S 5 -
>
(@]
0
x x ex ex 6
N & & & &2
A e Q& I
@ @2 P <P @%@ @@ v
T et T O
o

Fig. 4.26 Anodic current responses of the CuO/IL/ERGO/SPCE on PAD sensors in the
presence of 0.1 mM creatinine and different interfering compounds at physiological

concentrations.

4.6.3 Study of repeatability and reproducibility

The repeatability of the CuO/IL/ERGO/SPCE modified PADs was studied by
examining the performance of a single electrode for five repetitive measurements of
0.5 mM of creatinine in PB solution (pH 7.4) using amperometry. It is found that the
dispensing electrode shows a relative standard deviation (RSD) of 2.1%, which is
lower than the drop-casting electrode (3.0%). The fabrication reproducibility of the
modified electrode was investigated by measuring the amperometric response from
five different electrodes to 0.5 mM creatinine. The modified electrode obtained from
drop-casting has an RSD value at 6.1% while the RSD value of the electrode
prepared by dispensing is found to be at 3.8% with approximately 5 times higher

current response (Fig. 4.27). The results indicate that the utilization of dispensing
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technique not only remarkably minimizes electrode-to-electrode deviation but also

enhances the oxidative current for creatinine detection.
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Fig. 4.27 Amperometric current response for five different CuO/IL/ERGO/SPCEs
obtained by drop-casting (bars on the left) and inkjet dispensing (bars on right),
measured for 0.5 UM creatinine at -0.1 V (vs. Ag/AgCl).

4.6.4 Real sample analysis

In order to demonstrate the practical utility of the sensor, the CuO/IL/ERGO
modified paper-based device was applied to the quantification of creatinine in
human serum using the standard addition method. Prior to sample analysis, the
human serum was prepared using the TCA method as described in Section 2.6, it was
then analyzed on three independently prepared electrodes using amperometry.
Table 2 shows the creatinine determination results from six different human serum
samples and the results are corresponded well with the measurements obtained by
immunoturbidimetric assay used in a standard hospital laboratory (Chemistry

Analyser COBAS INTEGA® 400 plus).



Table 4.4 Determination of creatinine in human serum samples (n=3).

Sample Measured by Measured by RSD (%, n=3) Accuracy (%)
the hospital-used The developed

instrument (uM)  sensor (uUM)

1 62.76 63.19 = 3.00 a.74 100.70
2 74.26 73.79 £ 1.16 1.58 99.38
3 77.80 77.10 £ 2.30 2.96 100.27
4 97.24 98.35 £ 2.85 3.01 101.15
5 116.70 11437 + 2.80 2.45 98.00
6 137.90 137.00 = 1.59 1.16 99.35




CHAPTER V
CONCLUSION

In  this study, the electrochemical sensors were successfully
developed and applied for the enzymatic lactate detection and non-enzymatic

creatinine detection in biological fluids that can be concluded as following:

Part I: Development of the enzymatic biosensor

An electrochemical sensor based on nickel foam electrode modified by
titanium dioxide sol/graphene nanocomposite and lactate oxidase (LOx) has been
successfully developed for the sensing of lactate. TiO, sol/graphene nanocomposite
was synthesized by a sol-gel method and the as-prepared nanocomposite was
coated on a 3D porous Ni foam surface. After immobilizing LOx on the surface, the
electrode was applied for the detection of H,O, and lactate. The as-prepared
nanocomposite and the modified Ni foam were characterized by fourier transform
infrared spectroscopy (FT-IR), transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) verifying the well intercalation of graphene within TiO, sol
and then such material was coated on Ni foam surface. Comparing with an
unmodified Ni foam, TiO, sol/graphene modified Ni foam showed a drastic increase
in current response signal (28-fold) towards H,O, suggesting a potential application of
this system for a sensitive electrochemical sensor. Then, LOx was immobilized onto
the modified electrode for lactate sensor via H,O, detection. The existence of
graphene within the nanocomposite drastically increased the sensor sensitivity
towards H,0, detection compare to an unmodified Ni foam electrode, while the
presence of TiO, sol improved graphene dispersion within the nanocomposite and
maintained LOx activity allowing for long-term usage. Under the optimal conditions, a
wide linear range of 50 uM to 10 mM with a detection limit of 19 uM was obtained
for lactate without interfering effect from ascorbic acid, dopamine, and glucose. This
platform was sensitive enough for early diagnosis of severe sepsis and septic shock
via the detection of concerned lactate level. In addition, the proposed biosensor can

significantly improve the current response signal for lactate sensor with high
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reproducibility and high stability (RSD < 5%). Ultimately, this system was successfully
applied to lactate detection in a biofluidic sample. The results showed the potential
of the sensor as an alternative tool for early diagnosis of severe sepsis or septic

shock.

Part ll: Development of the non-enzymatic sensor

A novel PAD for non-enzymatic creatinine detection based on CuO/IL/ERGO
modified paper-based device was successfully developed. The device was fabricated
using a HP D300 for dispensing a copper oxide and ionic liquid composite onto an
electrochemically reduced g¢raphene modified screen-printed carbon electrode
(CuQ/IL/ERGO/SPCE) on a PAD. The modified electrode was characterized by
electrochemical and microscopic techniques. The electrochemical detection of
creatinine was based on the formation of a soluble copper-creatinine complex on
the SPCE using amperometry at a constant potential. Experiment results showed that
the dispensing technique provided an increased distribution of CuO/IL composite and
improved sensitivity and reproducibility of the sensor towards creatinine compared
with drop-casting. Under the optimized conditions, PAD exhibited catalytic response
towards creatinine in a wide linear range from 0.01 to 2.0 mM and a low detection
limit of 0.22 uM (S/N =3). The common physiological interferences were found to
have a negligible or minimal effect. In addition, this system was effectively performed
in a practical application for the determination of creatinine in human serum. This
novel PAD could be an alternative device for screening creatinine in clinical diagnosis
to evaluate kidney function of patients.

As summarized above, the sensors could be alternative tools for screening
lactate and creatinine level in medical diagnosis, non-hospital point-of-care testing,
including home healthcare settings which would benefit to treat the patients and

improve the quality of life.
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