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A novel electrochemical immunosensor based on graphene/polyaniline
nanocomposite modified electrode is successfully developed for the detection of
neutrophil gelatinase-associated lipocalin (NGAL), a biomarker of acute kidney injury (AKI).
The modified electrodes are fabricated by electrospraying of graphene/polyaniline (G/PANI)
nanocomposite to increase electrode surface area and conductivity followed by
electropolymerization of aniline to enhance the amino group (-NH,) on the electrode
surface for antibody functionalization. Here, the factors affecting the electrode surface area
and electrochemical sensitivity, such as aniline concentration, and scan number of
electropolymerization are investigated and optimized. The morphologies of modified
electrodes are characterized by scanning electron microscopy (SEM), transmission electron
microscope (TEM), and atomic force microscopy (AFM). The electrochemical characteristics
of modified electrode are investigated using cyclic voltammetry (CV). The CV results show
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the substantial increase of both anodic and cathodic peak currents of [Fe(CN)4]
modified electrode compared to an unmodified electrode indicating the improved
electrochemical sensitivity of the system. For immunosensor application, the
electrochemical detection of NGAL relies on the increase of oxidation current during the
binding between antigen (NGAL) and antibody. In this study, NGAL binds to NGAL antibody
attached on electropolymerized aniline on the modified electrode. Under optimum
condition, a linear relationship between oxidation current and NGAL concentration is found

in a range of 50-500 ng/mL and a limit of detection is found to be 21.13 ng/mL. Eventually,
the proposed system is applied for the detection of NGAL in biological fluid (e.¢. urine).
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CHAPTER |
INTRODUCTION

1.1 Introduction

Acute kidney injury (AKI) or acute renal failure (ARF) is defined as an abrupt in
kidney function. AKl is characterized by a rapid reduction in kidney function resulting
in a failure to maintain fluid, electrolyte and acid-base homoeostasis [1-5]. Therefore,
AKl sensor has been developed to increase the accuracy and sensitivity for treatment
of patients. A loss of kidney function is discovered by measuring of the urine output.
Previously, AKl was diagnosed by the determination of serum creatinine (SCr) [6-9].
However, the concentration of SCr is not significantly change until loss of at least
50% of kidney function [10-12]. Thus, it is seriously to investigate a new biomarker for
AKI| diagnosis. The biomolecules used as the injury markers for AKI consist of urinary
interleukin-18 (IL-18), neutrophil gelatinase-associated lipocalin (NGAL), kidney injury
molecule-1 (KIM-1), and cystatin C [13-15].

Neutrophil gelatinase-associated lipocalin (NGAL) is a promising novel AKI
biomarker [16-18] because NGAL is easily detected in both human urine and blood
[19, 20] and it increases in urine and plasma of surgery patients within 2-6 h. Thus,
NGAL is selected as a useful biomarker for AKI diagnosis. Various analytical
techniques have been used for the quantitative determination of NGAL such as
western blot [18, 21], immunoblotting [10], and enzyme-linked immunosorbent assay
(ELIZA) [22, 23]. However, those techniques still have some limitations, such as
expensive instrument and time consuming. To solve these problems,
electrochemical technique has been focused. Electrochemical detection has become
a technique of interest due to its highly sensitivity, portable field- based size, ease of
use, and low cost. Moreover, the electrochemical technique can be used
simultaneously for quantitative and qualitative analyses [24-26]. For electrochemical
analyses, modification of working electrode is required to improve the surface area
and electrochemical sensitivity. Electrospraying technique is selected for electrode

modification because the small size of droplet can be created on the electrode



surface [27, 28] leading to increased electrode surface area and electrochemical
sensitivity. Various nanomaterials have been used for electrode modification such as
carbon based nanomaterial (e.g. graphene, carbon nanotube) and metal based
nanoparticles. Graphene (G) is one of carbon-based nanomaterial that attracts a great
attention due to its remarkable properties, large specific surface area, high
electrochemical conductivity, high stability, and low cost [29-31]. To prevent the
agglomeration of G, conducting polymer has been chosen to combine with G and
enhance the conductivity of electrode. In this work, polyaniline (PANI) is selected
because of its low cost, ease of synthesis, good environmental stability, reversible
redox reaction and biocompatibility [32, 33]. Moreover, it processes a large number
of amino groups facilitating the immobilization of biomolecules. To increase amino
groups of PANI on the electrode surface, electropolymerization of aniline is selected

to create PANI on the electrode surface.

Herein, a novel AKI sensor is developed by electrospraying of G/PANI
nanocomposites followed by electropolymerization of aniline monomer on working
electrode. The electopolymerized aniline on G/PANI nanodroplet modified electrode
is used to produce a large number of amino groups on electrode surface for
functionalization of NGAL capture antibody using EDC/NHS covalent coupling. Then
the modified electrode is used for the determination of NGAL. The performances of
the developed sensor are optimized and applied for the determination of NGAL in

complex biological fluid, such as human urine.
1.2 Research Objective
Two main goals of this dissertation are:

1. To develop high surface area and high conductivity of electrode for

biosensor application.

2. To apply this proposed electrochemical sensor for the determination of

NGAL in real biological fluid.



1.3 Scope of research

In this study, a novel electrode based on G/PANI is developed for NGAL
determination. Graphene/polyaniline nanocomposite solution is electrosprayed on
an electrode followed by electropolymerization of aniline by cyclic voltammetry.
Then, the modified electrode is functionalized by NGAL capture antibody using
EDC/NSH coupling.. The factors that affect to the electrochemical sensitivity of
modified electrode, such as concentration of aniline monomer, number of scan for
electropolymerization, and scan rate for electropolymerization are investigated and
optimized. Eventually, the developed system is applied for the determination of

NGAL in real biological fluid (e.¢. human urine).



CHAPTER Il
THEORY AND LITERATURE REVIEW

In this chapter, definitions and basic principles for understanding in sensor

and electrochemical analysis are explained. The nanomaterials for electrode

modification, such as g¢raphene and polyaniline are discussed. Finally, NGAL-a

biomarker for acute kidney injury diagnosis is introduced.

2.1

Sensor
2.1.1 Principle
Biosensor is an analytical device that specifically designed for the
analyses of biomolecules. It converts the concentration of analytes into the
measurable signal by recognizing a biological component and transferring it to
the transducer. A schematic diagram of basic biosensor is showed in Figure
2.1.
(d) Micro-
(a) Bioreceptor (b) Transducer electronics
<X :
Enzyme Electrochemical transducer )
- Nucleic acids (Conducting polymers) (c) Processing
<X <] Immunochemicals  [m§Optical transducer =) Amplifier >y Data
@ | Organelle, Tissues etc.| Piezoelectric crystals etc. Display
A A

Figure 2.1 A Schematic representation of biosensor [34].

The main components of biosensor consist of bioreceptor, transducer,
amplifier, and microelectronics. For biosensor application, the bioreceptors
such as enzyme, nucleic acid, immunochemical, organelle, and tissue
recognize a specific analyte. Bioreceptors have been used as sensing probes
in biosensor fabrications that connect with transducer. The transducer such as

electrochemical transducer, optical transducer, and piezoelectric crystals



changed the signal resulting from the interaction of biological analyte and

bioreceptor and biosensor reader device are amplify the signal respond.

Common types of sensors are resonant biosensor, optical-detection
biosensor, thermal-detection biosensor, ion-sensitive FET biosensor and
electrochemical biosensor. In this study, electrochemical sensor is selected

due to its simplicity, sensitivity, portability, and high specificity.

2.1.2 Immunosensor

The immunosensor is classified as optical, mass-sensitive or
electrochemical according to the detection technique. The electrochemical
immunosensor, according to the monitoring, is classified as amperometric,
potenciometric, impedimetric and condutometric detection [35]. The
specificity of the molecular recognition of antigen and antibody to form a
stable complex is the basis. The concept of these analytical methods is
based on the ligand-binding reaction between the target analyte. Antibodies
are proteins generated by the immune system to identify bacteria, viruses,
and parasites. The affinity between antibodies and antigens is very strong.
Antibodies are immobilized in polymer matrix. The interaction of antibody
and its target antigen changes in conductance, mass or optical properties, are

detected directly with different transducers (Figure 2.2).

For electrochemical immunosensor, the interaction between antibody
and antigen is converted to electrical signal, such as an electric current
(amperometric  immunosensor), a voltage difference (potentiometric

immunosensor), or a resistivity change (conductimetric immunosensor) [36].



Au electrode "

substrate

Figure 2.2 Schematic representation of the electrochemical detection of enzyme-

linked immunoassay (ELISA) with antigens immobilized onto a gold electrode [36].

2.2 Electrochemical detection

Electrochemical detection has become a technique of interest due to its
highly sensitivity, portable field- based size, ease of use, and low cost. Moreover, the
electrochemical technique can be wused simultaneously for quantitative and
qualitative analyses [24]. Electrochemistry is the study ofthe reduction and oxidation
process of electroactive species. These reduction and oxidation reaction or redox
reduction can provide about concentration, kinetic, reaction mechanism, and other
deportment of species in solution. Electrochemical cells are differentiated into 2
types (potentiometry and potentiostatic). Potentiometry or galvanic cells are
containing a spontaneous reaction, which based on electrodeposition of a charge
potential in a zero current state. Potentiostatic technique is a dynamic (nonzero-
current) process that stimulated an electrochemical cell with controlled potential

and measured the current respond of electron-transfer reaction.

For sensor application, many methods based on potentistatic techniques are
used for electrochemical sensor such as cyclic voltammetry (CV), square-wave
voltammetry (SWV), and amperometry. In this study, cyclic voltammetry and

amperometry are used for electrochemical immunosensors.



2.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is widely used in electrochemical analysis and
is @ common electrochemical technique for initial study in electrochemical
analysis. The electrochemical responses from CV show the redox properties
of molecule in a solution [37]. For cyclic voltammetry (figure 2.3), the
potential of working electrode is scanned form the initial potential (EO) to
maximum potential (E™) at a fixed scan rate (V/s). Figure 2.3b shows cyclic
voltammogram of a standard ferri/ferro cyanide ([Fe(CN)é]&m’), a reduction and
oxidation of [Fe(CN)é]}M_ generate anodic and cathodic currents in and out of
the working electrode [38, 39]. The anodic (i,,) and cathodic (ip) current peaks
can be used to predict electron transfer kinetic in the redox reaction. The
peak current is directly proportional to the analyte concentration, C, and scan

rate, v.

d Voltage b
M

Vi

Current

Vi

Voltage

Figure 2.3 Potential excitation waveforms and output electrochemical responses for

cyclic voltammetry

The Randles-Sevcik equation predicts that the peak current should be
proportional to the square root of the scan rate when voltammograms are

taken at different scan rates.

b=(269x10)n" DV AC 2.1)



Where n: the number of electrons appearing in half-reaction for the

redox couple

D: The analyte’s diffusion coefficient (cm’/s)
Vi Scan rate (mV/s)

A: The electrode area (sz)

C: concentration (mol cm_3)

2.3.2 Amperometry

Amperometry is an electrochemical technique, which is very powerful
for quantitative analysis. The current is recorded as a function of time, at a
constant potential and the response signal is plotted between current and
time. A diagram of waveform in a basic potential excitation step and

chronoamperogram of the response from is showed in Figure 2.4.

' 0
0 t 0 ¢

Figure 2.4 Potential excitation waveforms and output electrochemical responses for

amperometry [40].

2.4 Electrode modification

Electrochemical measurement is composed of three electrode system,
reference electrode, counter electrode, and working electrode. The working
electrode is the most important to enhance the electrochemical sensitivity and

surface area. For electrochemical biosensor, working electrode is fabricated to small



size for make it portable. Nevertheless, the small size of working electrode limits the
surface area and electrochemical sensitivity. Thus, modification of working electrode

is required to improve the surface area and electrochemical sensitivity.

2.4.1 Nanomaterials

Various nanomaterials have been used for electrode modification such
as carbon based nanostructures and metal based nanoparticles. In recent
years, carbon nanomaterial has attracted a great attention due to its
remarkable properties, i.e. large specific surface area, high electrochemical
conductivity. Carbon nanomaterials such as carbon nanotube, carbon
nanofiber, graphite, fullerene, and graphene have been used for electrode

modification.

Graphene (G) is considered the basic building block of all graphitic
forms including carbon nanotubes (CNTs), graphite and fullerene [30]. G is one
of carbon-based nanomaterials that attracts a great attention due to its
remarkable properties including large specific surface area, high
electrochemical conductivity, high stability, and low cost. G possesses a single
layer of carbon atom in a closely packed honey comb two dimensional
lattice. G can be described as one-atom thick layers of graphite affect to lose
of properties such as specific surface area and electrochemical conductivity

[29].

Graphene Nanodiamonds  Nanofibers Nanocones  Fullerenes Nanotubes

Figure 2.5 Carbon based nanomaterials [30].
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2.4.2 Conductive polymer

In the recent studies, it has been reported that using conductive
polymer for the dispersion of G can enhance the electrochemical sensitivity
[26, 29]. Different conducting polymers have been used for electrode surface
modification, such as polyaniline (PANI) [33, 41], polypyrrole (PPy) [42, 43],
and poly(3,4- ethylenedioxythiophene) (PEDOT) [44, 45]. Among all, PANI is a
promising material due to its low cost, ease of synthesis, sood environmental

stability, reversible redox reaction and biocompatibility.

The different structures of polyaniline are showed in Figure 2.6
including leucoemeraldine base (LEB), pernigraniline base (PNB), and
emeraldine. The emeraldine form of polyaniline, is often referred to as
emeraldine base (EB), with obtained in acidic condition and only conducting
form due to the conjugate electron system and electron delocalization in ES
to EB. EB is regarded as the most useful form of PANI due to its high stability
at room temperature and moreover its doped form (emeraldine salt; ES) is

electrically conducting [46].

PANI is an interesting material for biosensor interface because it can
act as an effective mediator for electron transfer in redox or enzymatic
reaction. Amino group of polyaniline are effective to binding and
immobilization of biomolecules using covalent binding. The binding of amino
group and analyte is detected the physical properties changes at the surface

of electrode sensing.
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Figure 2.6 Generalized oxidative and non-oxidative doping of polyaniline. There are

three oxidation states leucoemaraldine, emaraldine and pernigraniline [47].

In the recent studies, the nanocomposites of G and conducting
polymers are more compatible for electrode fabrication and

biofunctionalization.

Wisitsoraat et al. [44] developed enzyme-based sensor using
graphene-poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (GP-
PEDOT:PSS) modified screen printed carbon electrode (SPCE) for
electrochemical detection of glucose. Glucose oxidase (GOD) enzyme is
immobilized on GP-PEDOT:PSS by slutaraldehyde cross linking. The sensor

shows good stability and sensitivity.
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Figure 2.7 Mechanisms of the direct electron transfer between GOD and SPCE

through graphene in PEDOT:PSS and glucose detection in reduction regime [44].

2.5

Fan et al [33] prepared an electrochemical sensor based on
graphene-polyaniline (GR-PANI) nanocomposite for the determination of 4-
aminophenol (4-AP). This sensor exhibits enhanced voltammetric response at

GR-PANI modified GCE with high sensitivity.

Zhuang et al. [48] prepared overoxidized polypyrrole/graphene
modified glassy carbon electrode (PPyox/graphene/GCE) for dopamine sensor.
PPyox/graphene/GCE  exhibits favorable electron transfer kinetics and

electrocatalytic activity towards the oxidation of dopamine.

Xu et al. [49] developed a novel sglucose biosensor using
graphene/polyaniline/gold nanoparticles (AuNPs) nanocomposite modified
glassy carbon electrode (GCE). The graphene/PANI/AUNPs nanocomposite is
more biocompatible, high selective and sensitive determination of glucose

with improved analytical capabilities.

Electrospraying technique

In this study, the electrospraying technique was employed to improve active

surface area of the electrode.
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The electrospraying process is a simple one-step technique that uses external
electric field to induced charges, with similar polarity, on the surface of liquid
droplet. For liquid with low molecular weight or a dilute polymer solution, the
repulsive Coulombic force among these surface charges cause a large drop to break
up into smaller droplets with size in the micro- to nanoscales [50]. The
electrospraying process is conceptually simple; a polymer solution is loaded into
syringe at a constant rate using syringe pump. Applying a high electrical force to
polymer solution, the applied voltages used typically kilovolt up to 30 kV. The

polymer solution is ejected from syringe needle to ground collector [51].

Glass Slide
Polymer Solution i Collector Screen
[} l Needle

.zl

o —

[~

Syringe S
Metering Pump
—_— Polymer Droplets

4

High Voltage Power Supply

Figure 2.8 Equipment setup for electrospraying Process

The electrospraying parameters are effect on droplet size and morphology
such as viscosity, electrical conductivity, particle size, distribution, encapsulation
efficiencies, loading capacities and in vitro release profiles [50]. Previous studies,
electrospinning and electrospraying technique have been used for electrode

modification.

Ruecha et al. [27] developed the electrochemical sensor using G/PVP/PANI
nanocomposite modified paper based for choresterol detection. The modified
electrode also exhibits excellent electrocatalytic activity towards the oxidation of

hydrogen peroxide (H,O,).
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Figure 2.9 Fabrication of G/PVP/PANI nanocomposite modified paper based for

choresterol detection [27].

Rodthongkum et al. [29] reported a highly sensitive electrochemical system
based on electrospun graphene/polyaniline/polystyrene (G/PANI/PS) nanofiber-
modified screen-printed carbon electrodes has been developed for dopamine (DA)
determination. This G/PANI/PS modified electrode increased the surface areas and

electrochemical sensitivity of system.

— G/PANI/PS modified electrode
— Unmodified electrode

-
5
-
E
G/ PAN" PS Electrospinning fabrication Electrochemistry
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Ag/AgCl st
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to the solution
‘\ 4
r—

04cm

Figure 2.10 Electrospinning fabrication of G/PANI/PS nanofibers [29].

Promphet et al. [26] fabricated G/PANI/PS porous nanofibers on the screen-

printed carbon electrode for simultaneous lead and cadmium detection. The
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electrospun G/PANI/PS nanoporous fiber showed the higher surface area then unmodified

electrode and higher electrochemical sensitivity.

2.6 Acute Kidney injury

Acute kidney injury (AKI) or acute renal failure (ARF) has been reported in 5 to
7% of hospitalized patients [1-4], with a serious complication and an associated
mortality rate in excess of 50% [22, 52, 53]. AKl is a loss of kidney function within
over hours, days, and weeks. AKI is associated renal perfusion (42%), major surgery
(18%), radiocontrast exposure (12%), and aminoglycoside administration (7%) [4, 54].
The factors are involved with kidney injury such as hemodynamic, inflammatory, and
nephrotoxic. AKl increases the risk factor of death after cardiac surgery [55, 56]. Thus,
AK| diagnosis has been developed to increase the accuracy and sensitivity for
diagnosis and treatment of patients. A loss of kidney function is discovered by a

measured in urine output.

Typically, AKl is diagnosed by the determination of serum creatinine (SCr) [6-
9]. The minimal change of SCr increases the risk factor of death and decreases in
survival. Unfortunately, the use of SCr to monitor kidney function has limitation for
AK| diagnosis; the increase of SCr is insensitive, the concentration of SCr is not
significantly change until loss of at least 50% of kidney function [10]. Thus, it is
crucial to investigate a new biomarker for early AKI diagnosis. The biomolecules used
as the injury markers for AKI are urinary interleukin-18 (IL-18), neutrophil gelatinase-

associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and cystatin C [13-15].

2.7 Neutrophil gelatinass-associate lipocalin

Neutrophil gelatinase-associated lipocalin (NGAL) is the most promising
biomarker for diagnosis of AKI [16, 17]. NGAL is identified as a 25 kDa protein,
covalently bound to gelatinase from human neutrophils. This protein is expressed at
a very low concentration in human tissue, kidney, lung, stomach, and colon [18, 21,

22, 57]. NGAL is commonly found in both human urine and human blood. The extent
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of NGAL increases in serum of patients with infection, asthma or pulmonary disease,
and emphysematous lungs [13]. It is an important prognosis and diagnosis biomarker
for several medical conditions [58]. The diagnosis using SCr expression usually takes 1
to 3 days after surgery but the increase of NGAL in both urine and plasma takes only
2-6 h. In general, NGAL concentration associates highly with SCr concentration [10]
and NGAL concentration usually increases before SCr concentration [21]. In this
study, NGAL is selected as a biomarker for early AKI diagnosis. Various analytical
techniques have been reported for quantitative determination of NGAL, such as
western blot [18, 21], immunoblotting [10], and enzyme-linked immunosorbent assay

(ELISA) [22, 23].

Mishra et al. [18] studies children undergoing bypass, urine and blood
samples were analysed by western blots and ELISA for NGAL expression.
Concentrations in urine and serum of NGAL represent sensitive, specific, and highly

predictive early biomarkers for acute renal injury after cardiac surgery.

Wagener et al. [10] studied cardiac surgical patients, NGAL analysis by
quantitative immunoblotting. Urinary NGAL may therefore be a useful early

biomarker of ARD after cardiac surgery.

However, these techniques require an expensive instrument and they are

time consuming. To solve these problems, electrochemical technique is selected as

an alternative tool for NGAL detection.

Electrochemical detection has become a technique of interest due to its high
sensitivity, portable field- based size, ease of use, and low cost. Moreover, it can be
used simultaneously for both quantitative and qualitative analyses. Nowadays,
electrochemical sensor has been widely used in various application fields, such as

food contaminant, environmental pollutant as well as clinical diagnosis [24, 25].

Kanan et al. [59] developed a label-free electrochemical immunosensor for
the detection of neutrophil gelatinase-associated lipocalin (NGAL). The

electrochemical immunosensor exhibited high sensitivity (1 ng mL_1).
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2.8 Enzyme-linked immunosorbent assay

Enzyme-linked immuosorbent assay (ELISA) is a conventional technique, used
to measure the concentration of target analyte (e.g. protein) via antigen-antibody

interaction. This technique has been commonly used for medical diagnosis.

2.8.1 Direct ELISA

Initially, antigen is adsorbed on the plate, then bovine serum albumin (BSA) is
added to block other proteins. The enzyme-antibody complex is added to the plate
and enzyme-antibody complex bind to antigen on the plate surface with antigen-
antibody reaction. After, the excess enzyme-antibody complex is washed off using an
appropriate buffer. The enzyme substrate is adding and detected illustrating the

signal of antigen.
Direct ELISA Capture ELISA

—

Specific
antibodies

in patient x

serum u /O
PR3 \ /Monoclonal
/ — antibody

Figure 2.11 Overview of ELISA procedures for ANCA detection [60].

=

2.8.2 Sandwich ELISA

Antigen is immobilized on the plate. Then, sample is add to plate and bind to
antigen with covalent bonding. Label detection antibody is adding to the plate. The
reaction of label detection antibody and substrate produces a detectable signal,

most commonly a color change in the substrate.
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Figure 2.12 Schematic of the developed GNP-based sandwich immunoassay

procedure for human lipocalin-2.

Vashist et al. [58] developed a highly sensitive immunoassay using graphene
nano platelets (GNPs) on ELISA plate for the rapid detection of human lipocalin-2

(LCN2). The developed immunoassay correlated well with the conventional ELISA.



CHAPTER IlI
EXPERIMENTAL

3.1 Chemicals and materials

3.1.1 Graphene nanopowders were purchased from SkySpringNanomaterials.

Inc, (Houston, TX, USA).

3.1.2 The NGAL and capture NGAL antibody were purchased from R&D

system and used as received.

3.1.3  Polyaniline emeraldine base (M, = 65,000), (+)-camphor-10-sulfonic
acid (CSA), polystyrene (M,, = 180,000), potassium ferricyanide (Ks;[Fe(CNg)]), potassium
ferrocyanide (K,[Fe(CNg)), 1-ethyl-3-(3-dimethyaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimde (NHS) were purchased from Sigma-Aldrich (St, Louis, MO, USA).

3.1.4  Potassium  dihydrogen  phosphate  (KH,PO,),  chloroform,
dichloromethane, N,N-dimethylformamide (DMF) were obtained from Carlo Erba

Reagents (Milano, Italy).

3.1.5 Disodium hydrogen phosphates (Na,HPO,), potassium chloride (KCl)

were purchased from Merck (Darmstadi, Germany).

3.1.6 Carbon ink and silver/silver chloride ink were obtained from Gwent

group (Torfaen, United Kingdom).
3.1.7  Filter paper (grade no.1, 46x57 cm) was purchased from Whatman.

3.1.8 Phosphate buffered solution (PBS) was prepared by dissolving 0.144%
(w/v) Na,HPOs3, 0.024% (w/v) KH,PO, in MilliQ water.

All solutions were prepared using DI water from MilliQ water system

(Millipore, USA, R > 18.2 MQem )
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3.2 Apparatus

All electrochemical measurements including cyclic voltammetry and
amperometry were performed on a YAUTOLAB type Il potentiostat (Metrohm Siam
Company Ltd., Switzerland) controlled by the General Purpose Electrochemical
System (GPES) software. A three of electrode system was fabricated and used in this
work. A screen-printed carbon electrode with 4 mm diameter was used as a working
electrode (WE). For electrode modification, electrospraying and cyclic voltammetry
were selected for modification of G/PANI nanocomposite, and electropolymerization
of aniline, respectively. A JSM-6400 field emission scanning electron microscope
(Japan Electron Optics Laboratory Co., Ltd, Japan) with an accelerating voltage of 15
kV and JEM-2100 transmission electron microscope (Japan Electron Optics Laboratory

Co., Ltd, Japan) were used for the electrode characterization.

3.3 Preparation of solution
3.3.1 0.5 M Potassium chloride solution

Potassium chloride (KCl) solution was used as supporting electrolyte
of a standard ferri/ferro cyanide [Fe(CN)é]}/A’,prepared by dissolving KCl (9.32
g) in 250 mL DI water

3.3.2 5 mM Ferri/ferro cyanide solution
0.1646 ¢ potassium ferricyanide (Ks[Fe(CNg)]) and 0.2112 ¢ potassium
ferrocyanide (Kq[Fe(CNg)]) were mixed and dissolved in 100 mL of 0.5 M KCL.

3.3.3 0.1 M Phosphate buffer solution pH 7.0

1.4051 ¢ potassium dihydrogen phosphate (KH,PO;) and 2.0833 ¢
disodium hydrogen phosphates (Na,HPO4) were dissolved in 250 mL of DI

water.
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3.3.4 G/PANI composite solution

G/PANI nanocomposite solution was prepared by dispersing 2 mg/mL
of G in DMF solution containing (2 mg/mL) of PVP, and then placing it in an
ultrasonicator for 12 hr. For the preparation of PANI solution, 0.40 ¢ of PANI
emeraldine base was doped with 0.52 ¢ camphorsulfonic acid and dissolved
in chloroform. PANI solution was stirred at 1000 rpm for 6 h and filtered to
obtain a clear PANI solution. Then, G and PANI solution were mixed together

to provide G/PANI nanocomposite solution.

3.3.5 Aniline solution

Aniline monomer solution was used for electropolymerization. 0.1 M
aniline solution was prepared by dilution of 0.229 mL 99.5% aniline in 25 mL
of 0.5 M H,SO,.

3.3.6 Urine sample

Urine sample was collected from the human. After collection, the
human urine samples were centrifuge at 1600 rpm (Cole-Parmer, USA) for 20

min and then the supernatants were kept for further analyses.

Electrode preparation

A three-electrode system (working, counter, and reference) was fabricated on

a polyvinyl chloride (PVC) substrate using a screen-printing technique. The patterned

electrode was designed by Adobe Ilustrator, and an ink-blocking stencil was

fabricated by Chaiyaboon Co. (Bangkok, Thailand). Firstly, silver/silver chloride ink was

screened on the PVC substrate as a reference electrode and conductive pad. Then,

carbon ink was screened on the top of patterned silver/silver chloride layer as a

working and counter electrode as showed in Figure 3.1. Finally, the screen-printed

electrode was placed in the oven at 50 °C for 1 h to remove the remaining solvent.
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Figure 3.1 The schematic drawing of the preparation procedure for the G/PANI

3.4.1 Electrode modification

Electrospraying was selected for electrode modification by G/PANI
nanocomposite solution. For electropolymerization of aniline on G/PANI

modified electrode, cyclic voltammetry was employed.
3.4.1.1 Electrospraying of G/PANI nanocomposite

G/PANI nanocomposite solution was prepared by mixing G and
PANI solution, and it was used for electrode modification by
electrospraying. The nanocomposite solution of G/PVP/PANI was

added in a syringe and applied a high voltage at 7.5 kV to the
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solution. The flow rate for electrospraying was controlled at 1.0 mL/h

and a distance between needle and collector is fixed at 5 cm.

G/PANI nanocomposite
solution

Electrode modification —I | I
by electrospraying
Figure 3.2 Electrospraying of G/PANI nanocomposite solution on a screen printed
carbon electrode.

3.4.1.2 Electropolymerization of aniline

Electropolymerization of aniline on G/PANI modified electrode
by CV was carried out. The factors affecting the modified electrode
surface area and electrochemical sensitivity, such as aniline monomer
concentration and scan number of electropolymerization were
studied. The concentration of aniline was investigated in a range of
0.01 - 0.10 M. The number of scan was performed in a range of 2 to
10 cycles with 100 mV/s scan rate and a potential range of -0.5 to

+1.0 V.

3.5 Electrochemical detection

All the electroanalytical measurements were performed on a JAUTOLAB type
Il potentiostat (Metrohm Siam Company Ltd.) with a three-electrode system.

3.5.1 Cyclic voltammetry

For cyclic voltammetric measurement, the potential was scan from -
0.5V to +1.0 V for electropolymerization of aniline monomer, -0.5 V to +0.1 V

for ferri/ferrocyanide detection and -0.2 V to +0.6 V for NGAL detection.
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3.5.2 Amperometry

A hydrodynamic voltammetry was studied to optimize the detection
potential of NGAL in a range of 0.1-0.6 V. The current are measured with
different potentials and a suitable potential is selected. Then, the anodic

current was recorded at a constant time of 75s.

3.6 Determination of NGAL

A modified electrode was developed for biological immobilization, amino
group (-NH,) on the surface of the modified electrode was used for functionalization
of NGAL antibody by covalent bonding using EDC/NHS coupling. To immobilize NGAL
antibody on the modified electrode, EDC, NHS and NGAL antibody was mixed
together in a ratio of 1:1:1, and dropped on the modified electrode surface. Then, it
was incubated in a dark area for 3 h at a room temperature. After that, the excessed
antibody was removed by using PBS and DI water, respectively. For NGAL detection,
the solution of NGAL was dropped onto the electrode surface, and incubated for 30
min at room temperature; NGAL is detected due to the interaction between antibody
and antigen. Before detection, the immobilized electrode was washed using PBS and
DI water to remove the un-binding antigen-antibody. Finally, 0.1 M PBS (pH 7.0) was

dropped on electrode for the determination of NGAL using electrochemistry.

3.7 The performance of electropolymerized aniline on G/PANI

nanocomposite modified electrode

3.7.1 Calibration curve

The electrochemical responses of electropolymerized aniline on
G/PANI  nanodroplet modified electrode were measured at different
concentration of NGAL in a range of 50-500 ng/mL. For amperometric

detection, the ammperometric responses were record at 75 s as a steady
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state. The calibration curve of NGAL was created by plotting between the

ammperometric responses at different concentration of NGAL.

3.7.2 Limit of detection

Limit of detection (LOD) was calculated by using LOD=3S,/m
equation, when S, is a standard deviation of the blank (estimated by five
replicates determination of the blank signals) and m is a slope of calibration

curve.

3.7.3 Limit of quantitation

Limit of detection (LOD) was calculated using the equation of
LOD=10S,/m, when S, is a standard deviation of the blank (estimated by five
replicates determination of the blank signals) and m is a slope of calibration

curve.

3.8.4 Interference study

Many substances such as bovine serum albumin (BSA) interfere the
detection of NGAL in human urine sample. Therefore, the selectivity of the
modified electrode was studied. For the assessment of BSA interference, the
amperometric response of NGAL in the presence of BSA was measured and

compared with background and NGAL signal.

3.8 Real sample study

Standard addition method was selected for the detection of NGAL in urine
sample. The standard solutions of the NGAL were added into undiluted human urine
samples in a ratio of 1:1. All samples were analyzed on electropolymerized aniline

on G/PANI nanocomposite modified electrode using amperometric detection.



CHAPTER IV
RESULTS AND DISCUSSIONS

In this chapter, the results of preparation of electropolymerized aniline on
G/PANI nanacomposite modified electrode and NGAL determination are discussed.
These results including factors affecting for electropolymerization and
electrochemical sensitivity of modified electrode, electrode surface morphology,
analytical performance of modified electrode, interference study, and real sample

analysis are studied and discussed

4.1 Optimization of electrode modification

A novel electrochemical immunosensor based on G/PANI nanocomposites
has been developed for the sensitive determination of NGAL as a biomarker for AKI
diagnosis. The modified electrodes were prepared by electrospraying of G/PANI
nanocomposites to increase the surface area and electrochemical sensitivity of
working electrode. Then, electropolymerization of aniline monomer was used to
generate PANI film on G/PANI nanacomposite modified electrode for increasing the
electrochemical conductivity and creating the amino groups on the modified
electrode for capture antibody functionalization. The schematic diagram of
electropolymerized PANI on G/PANI nanacomposite modified electrode for NGAL
detection was shown in Figure 4.1. The electrospraying parameters were optimized as
shown in the previous report [27]. In this work, the parameters of
electropolymerization of aniline by CV including number of cycle (scan number) and

aniline monomer concentration were studied and optimized.



27

E RE (Ag/AgCl
CE(PY (Ag/AgCl) O

NH; "
o NH, 0
IR NH; "
) -i-G-— N, <> 3.,

o o { 2
v - - NH - °
. Aniline NH; <> N

G-PANI s o 6w
composite solution Electrospraying Electropolymerization mmoblization o

NGAL antibody Determination of NGAL protein
Figure 4.1 Schematic diagram of electropolymerized PANI on G/PANI modified
electrode for NGAL detection.

4.1.1 Scan rate

To studies the effect of scan rate for electropolymerization, potential
cycling was applied between -0.5 to 1.0 V at various scan rate for
electropolymerization (60 — 110 mV/s) in 0.1 M aniline for 4 cycles. The scan
rate is related to the formation and growth of polyaniline on electrode
surface. Scan rate controls polymerization of aniline monomer and amount of
amino group on the electrode surface. In this study, scan rate plays less
important role on the sensor performance (Figure 4.2). A constant scan rate of

100 mV/s is selected for further experiments.
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Figure 4.2 Cyclic voltammograms of 1.0 mM [Fe(CN)é]}M_ at various scan rate for
electropolymerization of 0.1 M aniline and of the anodic peak current (ip, ) obtained

from the cyclic vothammetry of 1.0 mM [Fe(CN)”"" in 5 mM KCL.

4.1.2 The number of cycles

One of the most important parameters for enhancing the surface area
and electrochemical conductivity of electropolymerized PANI on G/PANI

nanacomposite modified electrode is the number of cycle.

The number of cycle for electropolymerization of aniline controls the
thickness of PANI on the modified electrode surface. The number of cycle
was studied in a range of 2 to 10 cycles in 0.1 M aniline at 100 mV/s as shown
in Figure 4.3. The anodic peak currents of standard ferri/ferrocyanide
([Fe(CN)é]}M_) increase when the number of cycle increase with 4 cycles of
scan having the highest anodic peak current. When the number of cycle
increases more than 4 cycles, the oxidation peak of polyaniline, at 0.8-0.9 V
observed on the modified electrode surface. However, the peak potential
difference values (AE,) of the modified electrode also increases indicating
longer rate of electron transfer kinetic, which lead to undesirable peak
broaden. The AE, could be attributed to an increase of PANI layer thickness
on electrode surface at higher scan cycles (Figure 4.4). Therefore, four cycles

was chosen for electropolymerization of aniline in this study.
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Figure 4.3 Cyclic voltammograms of 1.0 mM [Fe(CN)G]z_M_ at various scan number for

electropolymerization of 0.1 M aniline at 100 mV/s and of the anodic peak current

(ipa ) obtained from the cyclic vothammetry of 1.0 mM [Fe(CN)J™"" in 5 mM KCL.
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Figure 4.4 The SEM images of electropolymerization of aniline on G/PANI
nanocomposite modified electrode in difference scan number, 2 cycles (a), 4 cycles

(b), 8 cycles (o), and 10 cycles (d) with 5000x magnification.

4.1.3 Aniline monomer concentration

To study the effect of aniline concentration on the electrochemical
sensitivity of electropolymerized aniline on G/PANI nanacomposite modified
electrode, different concentrations of aniline monomer were investigated in a
range of 0.01 - 0.10 M at scan rate 100 mV/s, 4 cycles. The cyclic

-/0-
]3 at different concentrations of aniline

voltammograms of 1.0 mM [Fe(CN)y
were shown in Figure 4.5. The increase of aniline concentration significantly
increases the anodic peak current of 1.0 mM [Fe(CN)é]}m_ and electrochemical
sensitivity of modified electrode due to when increased the concentration of
aniline leading to polymerization of aniline monomer on the electrode
surface. In this study, 0.10 M of aniline provided the highest anodic peak

current, so, it was selected for the electropolymerization of aniline. Moreover,

increasing the aniline concentration enhances the polyaniline on the
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electrode surface and increased the electrochemical respond. Unfortunately,
the amount of polyaniline on the electrodes surface risk of dislodged.
Therefore, the concentration of aniline 0.10 M was chosen for
electropolymerization in further experiments. The optimized parameters that
were used for electropolymerization of aniline are 4 cycles of scan number

and 0.10 M of aniline concentration at scan rate 100 mV/s.
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Figure 4.5 Cyclic voltammmogram of 1.0 nM [Fe(CN)é]}/q_at various concentration of
aniline monomer for electropolymerization on G/PANI nanacomposite modified
electrode and anodic peak current obtain from cyclic voltammogram of 1.0 mM

[Fe(CN)”*
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The morphology of modified electrode was characterized by SEM as
shown in Figure 4.6. The unmodified carbon electrode surface appeared to
be relatively smooth with nanoscopic droplets covered uniformly on it (Figure
4.6a). With 0.01 M aniline electropolymerization, numerous micro-particle
structures, presumed to be polyaniline, of various shapes formed and
distributed on the entire electrode surface, as shown in Figure 4.6b. The
increase of aniline concentration from 0.01 M to 0.05 M led to a size
reduction and apparent denser packing of these new surface structures, as
shown in Figure 4.6c. Morphology of the surface changed significantly at 0.1
M aniline concentration where a fairly uniform of the polyaniline fibrous
network, with numerous nanopores distributed homogenously on the film,
appeared to cover the entire surface of the electrode. At higher
concentration of aniline, the SEM image in Figure 4.6e showed thicker buildup
of polyaniline fibrous layer on the electrode surface which can lead to

decreased surface area of electrode and risk of dislodged.
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Figure 4.6 The SEM images of unmodified electrode (a) and electropolymerization of
aniline on G/PANI nanocomposite modified electrode in difference concentration of

aniline, 0.01 M (b), 0.05 M (c), 0.1 M (d), and 0.2 M (e) with 5000x magnification.

4.2 Electrode characterization

4.2.1 Physical characterization

The dispersion of G on electrosprayed G/PANI nanocomposite
modified electrode was characterized by transmission electron microscopy
(TEM). A TEM image (Figure 4.7a) confirms that G is randomly distributed and
dispersed inside of nanocomposites without severe agglomeration, and the
electron diffraction pattern of G (Figure 4.7b) is corresponded well with the

previous report [31].
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Figure 4.7 TEM image of random G distribution within the G/PANI nanacomposite and

electron diffraction pattern of graphene.

Moreover, the morphology of electropolymerized aniline on G/PANI
nanocomposite modified electrode and unmodified electrode were
characterized by scanning electron microscopy (SEM) as shown in Figure 4.8.
The SEM images of electropolymerized aniline on G/PANI nanocomposite
modified electrode showed a homogenous thickness and porous network
when compared with unmodified electrode. The electropolymerized aniline
on the G/PANI nanocomposite modified electrode was green color and
strongly attached to the modified electrode surface. The 3D polymer growth
and roughness morphology of polyaniline on the electrode surface can be
uniformly generated on the modified electrode surface that was confirmed
by SEM image (Figure 4.8b). PANI layer increases the amount of amino groups
on the electrode surface, facilitating the biofunctionalization on the modified

electrode surface in the next step of experiment.



35

Figure 4.8 SEM images of unmodified electrode and the electropolymerized aniline

on G/PANI nanocomposite modified electrode with 5000x magnification.

To characterize the surface of electropolymerized aniline on G/PANI
nanacomposite modified electrode, atomic force microscopy (AFM) was
selected. The AFM images of modified electrode showed higher surface area
and higher roughness than unmodified and G/PANI nanocomposite modified
electrode. The surface roughness of electropolymerized aniline on G/PANI
nanacomposite modified electrode was found to be 0.1566 um (Figure 4.9¢).
For unmodified electrode and G/PANI nanocomposite modified electrode, the
surface roughness was found to be 0.0687 um and 0.1503 pm, respectively

(Figure 4.9a and b).
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Figure 4.9 AFM images of unmodified electrode (a), G/PANI nanocomposite modified
electrode (b), and electropolymerized aniline on G/PANI nanocomposite modified

electrode (c).

4.2.2 Electrochemical characterization

The electrochemical characteristics of the modified electrode were

""" redox couple. As

monitored by cyclic voltammetry, using a standard [Fe(CN)g
shown in Figure 4.10, cyclic voltammetry was performed on different electrodes
consisting of electropolymerized aniline on G/PANI nanocomposite modified
electrode, G/PANI nanocomposite modified electrode, and unmodified electrode.
The anodic and cathodic peak currents of [Fe(CN)é]ML showed the well-defined
peaks for all electrodes. The highest anodic and cathodic pack current was
performed on the electropolymerized aniline on G/PANI modified electrode (red line)
which was approximately 4 times higher than the unmodified electrode (green line)
and 2 times higher than the G/PANI nanocomposite modified electrode (blue line).
These results exhibit that the electropolymerized aniline on G/PANI modified
electrode improves the electrochemical sensitivity of the system. The peak potential

difference values (AEp) of standard [Fe(CN)é]}mf

measured on electropolymerized
aniline on G/PANI modified electrode (AEp=0.45; red line) decreased when compared
with AEp from an unmodified electrode (AEp=0.66 ; green line). The modified
electrode can expedite the electron transfer process of system. Then, the

electropolymerized aniline on G/PANI nanocomposite modified electrode was
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applied for capture antibody immobilization and NGAL determination by using cyclic

voltammetry.
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Figure 4.10 Cyclic voltammograms of 1.0 mM [Fe(CN),l”™" at 100 mV/s with the
unmodified screen-printed carbon electrode (green line), G/PANI nanacomposite
modified carbon electrode (blue line) and electropolymerized aniline on G/PANI

nanacomposite modified electrode (red line).

4.3 The performance of the electropolymerized aniline on G/PANI

nanocomposite modified electrodes

The electrochemical behaviors of G/PANI/PS nanoporous fiber modified
carbon electrodes were studied by using [Fe(CN)é]S_M_ as a standard redox couple.
The cyclic voltammetric measurements were performed at different scan rates. For
diffusion controlled mass-transfer electrode process, the peak current and square
root of scan rate (v'’%) is linear (Randles-Sevcik equation). As scan rate increased, the
anodic and cathodic peak currents increase. The linear relationship between peak

current and v plotted in the range from 50-100 mV/s (Figure 4.11).
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Figure 4.11 The relationship between the square root of scan rate (Vl/z) and peak

currents.

4.4

NGAL Detection

4.4.1 Cyclic voltammetry

Cyclic voltammetry was used to detect NGAL. Firstly NGAL antibody
was immobilized on the modified electrode via covalent bonding using
EDC/NHS coupling agent for specific detection of NGAL protein. The cyclic
voltammograms of NGAL and background measured on electropolymerization
of aniline on G/PANI nanocomposite modified electrode were shown in Figure
4.12. Along with cyclic voltammogram of NGAL, the NGAL antibody
incorporated with electropolymerized aniline on G/PANI nanocomposite
modified electrode shows a broad oxidation peak for NGAL around 0-0.6 V. A
dramatic increase in the anodic current signal of 90 ng/ml of NGAL in 0.1 M
phosphate buffer solution pH 7.0 at scan rate 0.5 V is observed (blue line)
when compared to the background current signal (0.1 M phosphate buffer
solution; red line), indicating that the electropolymerization of aniline on
G/PANI nanocomposite modified electrode might be electrocatalyst for

sensitive detection of NGAL.
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Figure 4.12 Cyclic voltammogram of electropolymerized aniline on G/PANI
nanacomposite modified electrode in the absent (Blue) and present (Red) of 90

ng/mL of NGAL in phosphate buffer solution (pH 7.0) at scan rate 50 mV/s.

The performances of modified electrode for NGAL detection were
studied. Three different electrodes including unmodified carbon electrode,
G/PANI nanocomposite modified electrode and electropolymerized aniline on
G/PANI nanocomposite modified electrode were shown in Figure 4.13. The
oxidation peak current of NGAL on electropolymerized aniline on G/PANI
nanacomposite modified electrode is higher than unmodified electrode and
G/PANI nanacomposite modified electrode because the amount of aniline on
the electrode surface improves the specific binding of antibody on the

electrode surface and thus increases the performance for NGAL detection.
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Figure 4.13 Cyclic voltammogram of 200 ng/mL NGAL with unmodified electrode
(blue), G/PANI nanocomposite modified electrode (red), electropolymerized aniline

on G/PANI nanocomposite modified electrode (green).

4.4.2 Amperometry

After characterization of electropolymerized aniline on G/PANI
nanocomposite  modified electrode wusing cyclic voltammetry, the
determination of NGAL was conducted wusing chronoamperometry.
Chronoamperomety was selected for the determination of NGAL due to its
high sensitivity and wide applicably. In this study, hydrodynamic voltammetry
was optimized by adjusting the detection potential in a range of 0.1-0.6 V as
shown in Figure 4.14. The anodic current signal of NGAL significantly decrease
when the detection potential is increases from 0 to +0.3 V, after that the
anodic current signal slightly increase when the detection potential increases
from 0.3 to 0.6 V; however the background current also increases.
Consequently, a signal-to-background ratio (S/B) from hydrodynamic
voltammogram was considered. Figure 4.15 showed the S/B ratio at different
detection potential.0.3 V as a detection potential was selected for further

studies because it shows the highest S/B ratio for NGAL detection.
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Figure 4.14 A hydrodynamic voltammograms of 200 ng/mL of NGAL (red line) and

background (blue line) in 0.1 M PBS pH 7.0 at a 75 s measured on

electropolymerized aniline on G/PANI nanacomposite modified electrode.
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Figure 4.15 Hydrodynamic voltammogram of the signal-to-background ratios (S/B) at

different detection potential (0.1-0.6 V).
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4.5 Calibration curve

The electrochemical responses of electropolymerized aniline on G/PANI
nanacomposite modified electrode were measured at different concentrations of
NGAL protein (50-500 ng/ml). For amperometric detection, the current responses
were recorded at 75 s as a steady state to create a calibration curve for NGAL
determination. As shown in Figure 4.16, the calibration curve was obtained as a
functional of NGAL concentration. A linearly relationship between current response
and NGAL concentration was performed in the range of of 50 to 500 ng/mL with a
correlation coefficient (R*) of 0.9984. Limit of detection (LOD) was calculated by using
LOD=3S,/m equation, limit of detection (LOD) was calculated using the equation of
LOD=10Sy/m, when S, is a standard deviation of the blank (estimated by five
replicates determination of the blank signals) and m is a slope of calibration curve.
The limitof detection (LOD) and the limit of quantitation (LOQ) for NGAL
determination were 21.13 ng/mL and 70.44 ng/mL, respectively. Eventually, this

proposed system was applied for the detection of NGAL in human urine sample.
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Figure 4.16 The calibration curve for detection of NGAL in the concentration range of

50 - 500 ng/mL in 0.1 M PBS (pH 7.0)



a3

4.6 Interference study

In human urine, many substances, such as bovine serum albumin (BSA) can
potentially interfere the detection of NGAL. Thus, the selectivity of this proposed
system was studied. For the assessment of BSA interference, various concentration of
BSA was incubated on the electropolymerized aniline on G/PANI nanocomposite
modified electrode. After washing the excess BSA using PBS and milliQ water, the
current signal of NGAL in the presence of BSA was recorded and compared with
background and 100 ng/ml of NGAL (in the absence of BSA). The oxidation current of
NGAL in the presence of BSA shows a negligible effect on the current response as

showed in Figure 4.17.
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Figure 4.17 The interference effect of BSA in PB solution and 100 ng/mL of NGAL.

4.7 Real sample

To evaluate the performance of this proposed system, electropolymerized
aniline on G/PANI nanocomposite modified electrode was used for the determination
of NGAL in human urine samples. The human urine samples were centrifuge at 1600
rom for 20 min, and the supernatants were kept for amperometric analysis using the
modified electrode. The standard solutions of the NGAL were added into sample in

the ratio of 1:1 and used for further detection. The percentages of recoveries (Table
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4.1) were found in a range of 97.45-104.37 % and the RSD was less than 5.0%. The
accuracy of this system was investigated by compared with the ELISA method as a
validation method (Table 4.2). The modified electrode was applied to measure NGAL
in patient urine samples. The % recoveries were found in the range of 93.51-104.30

%, verifying that this sensing system is highly accurate.

Table 4.1 Determination of NGAL in human urine sample.

Added (ng/mL) Found (ng/mL) Recovery (%)
100 97.45 + 0.98 97.45
200 208.73 + 1.41 104.37
400 4134 + 2.12 103.25

Table 4.2 Determination of NGAL in patient urine sample.

Urine samples ELISA (ng/mL) Found (ng/mL) Recovery (%)
1 200.00 199.50 + 13.47 99.75
2 1645.00 1642.00 + 14.67 9351

4.8 Reproducibility and stability

The reproducibility and stability of the electropolymerized aniline on G/PANI
nanocomposite modified electrode were investigated by using amperometric
detection of 200 ng/mL of NGAL. The relative standard deviations (RSD) of NGAL
concentrations were found between 1.49-9.20%. The RSD showed acceptable
reproducibility for this system. For stability of the system the electropolymerized
aniline on G/PANI nanocomposite modified electrode were kept in PBS (pH 7.0) at a
room temperature. The current respond decreased 2-9% in 1-3 day at a room
temperature. In this study, the results showed that the electropolymerized aniline on

G/PANI nanocomposite modified electrode is relatively stable for NGAL detection.



CHAPTER V
CONCLUSION

5.1 Conclusion

In this study, electropolymerized aniline on G/PANI nanodroplet modified
electrodes were successfully prepared and used for the sensitive determination of
NGAL protein. For electrospray fabrication of G/PANI nanodroplet modified electrode,
a high voltage of 7.5 kV was applied to the solution with a flow rate of 1.0 mL/h and

5 cm distance between needle and ground collector.

The optimal parameters for electropolymerized aniline on G/PANI
nanodroplet modified electrode include scan number of 4 cycles and 0.10 M of

aniline concentration at a scan rate of 100 mV/s.

Under the optimum conditions, a high-sensitivity, wide linear range and low
limit of detection for NGAL detection was achieved. The calibration plot is linearly
proportional to NGAL concentration in a range of 50-250 ng/mL. Limit of detection
(LOD) and limit of quantitation (LOQ) for NGAL were found to be 21 ng/mL and 50
ng/mL, respectively. Moreover, the results obtained from our system correspond well
with the results obtained from ELISA. Eventually, this proposed system was
successfully applied for the determination of NGAL in human urine and the percent

recoveries were found to be 97.45-104.37%.
5.2 Suggestion for future work

This novel immunosensor based on electropolymerized aniline on G/PANI
nanodroplet modified electrode might be an alternative tool for early stage diagnosis

of acute kidney injury.

The better understanding of antigen-antibody binding mechanism on
electrochemical signal (e.g. molecular modeling) and further system optimization,
such as increasing amount of amino group along with improving electrochemical
sensitivity might make this sensing platform very useful for other types of biosensors

and thus biomedical devices.
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