159573 Aaall lANvesansdunsdnazanstin ne et A awUS

YNEANMATITIU Yunna

unAngauasuitudoyaatuiinveineinusaauntnsfing 2554 Aliusnisluadetdyaig (CUIR)
\uuitudoyavestidndwoivendnus Ndsnunadudningidy
The abstract and full text of theses from the academic year 2011 in Chulalongkormn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

14
ca & ! =

WeinusiiludimilveinsfinwmunangasuSyuingimansgul Ui
aivedl N1eIYLAL
ANEINYIAERS PNAINTAIUNINIFY
Yn1sfinw 2559

fvavSURIgIaINIAlNINe NGy



ELECTROCHEMICAL DETECTION OF ORGANIC AND BIOLOGICAL COMPOUNDS WITH
MODIFIED ELECTRODE

Miss Siriwan Nantaphol

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy Program in Chemistry
Department of Chemistry
Faculty of Science
Chulalongkorn University
Academic Year 2016

Copyright of Chulalongkorn University



Thesis Title ELECTROCHEMICAL DETECTION OF ORGANIC AND

BIOLOGICAL ~ COMPOUNDS ~ WITH  MODIFIED
ELECTRODE

By Miss Siriwan Nantaphol

Field of Study Chemistry

Thesis Advisor Professor Dr.Orawon Chailapakul, Ph.D.

Thesis Co-Advisor Associate Professor Dr.Weena Siangproh, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Doctoral Degree

(Associate Professor Dr.Polkit Sangvanich, Ph.D.)

THESIS COMMITTEE
Chairman

(Associate Professor Dr.Vudhichai Parasuk, Ph.D.)

Thesis Advisor

(Professor Dr.Orawon Chailapakul, Ph.D.)

Thesis Co-Advisor

(Associate Professor Dr.Weena Siangproh, Ph.D.)
_____________________________________________________________________ Examiner

(Associate Professor Dr.Narong Praphairaksit, Ph.D.)

Examiner

(Associate Professor Dr.Nattaya Ngamrojanavanich, Ph.D.)

External Examiner

(Dr.Amara Apilux, Ph.D.)

Dean of the Faculty of Science



Agsu duiwa o nsmsatemaadliihessasdunisuararsianindaedalafadauys
(ELECTROCHEMICAL DETECTION OF ORGANIC AND BIOLOGICAL COMPOUNDS WITH MODIFIED
ELECTRODE) o fiU3nwiiveniinusudn: a. as.052550 f8anina, e.iusnwiinerdmusion: se. as.
Fon deaunsg, 156 v,

o o o 1%

Wendinusatuiinunisuazgunsaldmiviinseiasuseneunasansuainadin niiddgdns

o

st Ul umsnundunssuwaznsitadenianisunng Feauisoudseamduimdiu Iaediuusn unns

Wau3snsiainansidu-ovioiia-wea-gawmdulumediselagldirludrdduuranysidelusousiufussuu

S o o o

e fBudndu Bidanuduliarududurseglugag 05 - 5 lulesTuan§ midesidasgaveanansaiamiif
10 wiluluans Winemsieneiiuiudesiiafosnings luduiiaes Wunsiaungunsaiduimandivii
dmsunsatansaisawmesealaglfoymaturuinunlusnsdaulsianihvesialninatadaisueu Tnemsrata
muinueseLsameseaIInnsRamuUameslslasaueseenlasiiAnanufiseveaeulss Taseyniaiu
gupuilusnsazkansauiiiduisinainuiiseidnduredelanaueseanled Gaanunsoddaiyminig
sumunasduiiinugisseendinduldine Bivauilfenududunsieglurag 387 - 773.40 fadinusio
\nBams uazAdadifndignueansnsIainegil 0.99 Tadnsuseindans drwdian Iunsitaungunsalfuidmiu
nsr¥anglaauuulildioulsilaglflansnauwmitunasnesdaudstaliinfiduunanesdolusou Taslanenan

wnniifuuansaudlunisissmsinunsensendwiureanglaaluanizund lieududunssdmsunsinined

E]

¢

w939 0.01 - 7.5 fiadluans wazAdndrinsigauesnsnsivinegn 0.01 Tadluans dwid WJunisiamungunsal
TasgiuugIunseaes vt i lduuianesideluseudaudsigeyniaturuauiluaasdmsuinluldly

MsRsIvinAasLsameIea  Jon1snsiaiavhlalaenisnenouluinasisanesoanandindLazra1IRl0e19Aas

' v
s a =

[sAmeTERIULNSEA YT T uLazaTIn TelelasnuesoanlasiiAntudemadelaslukeuwelumnd 1ngld
Hudunsarndndriamaeuesnsiaianindu 0.01 - 7 fadluand way 6.5 Tadluans awddiu drwgavie 1unis
fann i g delusoumansiufugunsaiiinszivedinaaniauugiunsenudmiun1sia sz
mUSunauesiefiunsuazielsiniy wazmlaszvmusunalaneninmewmadaawaiiiinieludnansuteds
aunuiund TaegUnsainsrataihiaueiutlansaiieszsive fiofiuniunazielsndunuundousuldamnmdy
Wunssdmsunsiainegluyie 2.5 - 100 lulastuans wag 0.5 - 7.5 lulasluand audwiv dmsunisineey
lanzuiinidunisesnuuugunsaliiasisivesinaganinvugiunszaiviuulnaniusuiunisns :aiameie
wadraumiinnuelufnaniudihauwmuuniiediuussdvsnmlunsazauveslanguudaliiluniy Faduma
liarailesnmmeindstudenisudioutugunsasfnmeiuugunssauuuulifinisinavesasazans
e

Fawan1s@nwiluandliiuiniBuazaunsaliwseiiiaundunn anulilunisinezigs Sanudimeianzes

38N LLa%ﬁWll’ﬁﬂ‘WﬂW’le@’]l

a

A el aneileteldn

a = A A o Y
#1013 bAU ANYUBYD . NUINWINAN

Ynsinwr 2559 aeilate 0.1USnw19d



# # 5572838323 : MAJOR CHEMISTRY
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In this dissertation, analytical method/devices based on electrochemical detection are
described for determining the important compounds/biomarkers in pharmaceutical and medical
diagnostic applications, which can be separated into five parts. In the first part, electrochemical method
for N-acetyl-L-cysteine (NAC) detection in drug formulations was developed using boron doped diamond
(BDD) sensor coupled with flow injection analysis (FIA) system. The proposed method offers a linear
range of 0.5 - 50 pmol/L, a limit of detection (LOD) of 10 nM, excellent response precision, and high
stability. In the second part, an electrochemical cholesterol sensor was developed using silver
nanoparticles modified glassy carbon electrode (AgNPs/GCE). Hydrogen peroxide (H,0,) produced from
the enzymatic reaction was monitored for indirect cholesterol quantification. AgNPs showed the catalytic
activity of H,0, reduction, with no observed interference from easily oxidizable species. The proposed
method displayed wide linear range of 3.87 - 773.40 mg/dL with LOD of 0.99 mg/dL. In the third part, a
selective non-enzymatic slucose sensor was successfully developed using bimetallic Pt/Au modified BDD
electrode. Pt/Au nanocatalyts possess high electrocatalytic activity for glucose oxidation in physiological
conditions. A linear range of 0.01 -7.5 mM and a LOD of 0.01 mM were obtained. In the fourth part, a
silver nanoparticle-modified boron-doped diamond (AgNP/BDD) electrode coupled with paper-based
analytical devices (PADs) was developed for cholesterol detection. Cholesterol and cholesterol oxidase
(ChOx) were directly drop-casted onto the hydrophilic area of PAD followed by monitoring of H,O, from
the enzymatic reaction using chronoamperometry. A linear range and a LOD were obtained at 0.01 - 7
mM and 6.5 uM, respectively. In the final part, the disposable boron doped diamond paste electrodes
(BDDPEs) for microfluidic paper-based analytical devices (UPADs) were developed and employed for two
applications; the quantitative detection of norepinephrine (NE) and serotonin (5-hydroxytryptamine, 5-
HT), and the anodic stripping voltammetry of heavy metals. In case of biological species, the
electrochemical paper-based analytical device (ePAD) was capable of simultaneously detecting NE and
5-HT in concentration ranges of 2.5-100 pyM and 0.5-7.5 uM, respectively. For heavy metal quantitation,
a flow-through PUPAD design using square-wave anodic stripping voltammetry (SWASV) to enhance the
efficiency of metal deposition was presented, thereby improving the detection sensitivity compared to a
static ePAD system. The results demonstrated that all proposed method/sensors provide high sensitivity,
selectivity, low cost, and portability.
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CHAPTER |

INTRODUCTION

1.1 Introduction

The increasing demand of analytical methods for various applications has
encouraged the development of accurate, fast, and simple analytical techniques,
especially for pharmaceutical management and medical diagnosis. Quality control is
an essential function for the pharmaceutical productions because of their critical role
in the treatment of disease and the maintenance of good health. Effective quality
control procedures help to ensure the quality and consistency of pharmaceutical
products. Numerous analytical methods have been developed, especially liquid
chromatography-mass  spectrometry (LC/MS), and gas chromatography-mass
spectrometry (GC-MS). These techniques offer high accuracy, selectivity, and
sensitivity. However, they still have the limitations in terms of requirement of
derivatization step, time consumption, high instrumental and/or running costs as well
as intricate instrumental setup. Therefore, the method development for applying in
drug analysis is a challenge to search for the new methods that not only sive the
reliability and precision but also provide the simplicity, high throughput, low cost,
and portability of the instruments [1-3]. Electrochemical method has proven to be
very effective because of its inherent miniaturization, fast analysis time, simple
instrumentation, low cost, and compatibility with microfabrication technologies. In
addition, this technique is suitable to combine with automated analysis system [4, 5].
As mentioned above, a simple, high-throughput, and sensitive method for drug
formulation analysis based on electrochemical detection coupled with automated
flow injection analysis (FIA) system was developed in this work. N-acetyl-L-cysteine
(NAC), commonly used as a mucolytic agent to reduce sputum viscosity in chronic

asthma and bronchitis [6, 7], was used as the model to evaluate the developed



method. The motivation and details of developed method are described in Chapter

Besides using electrochemical technique for the development of analytical
method for quality management in drug analysis, this technique was also used for
the development of highly sensitive sensors for medical diagnostics. Cholesterol is
one of the most important biomarkers for cardiovascular disease and high blood
pressure [8], The enzymatic method has received great attention for cholesterol
analysis because it provides greater sensitivity and selectivity than the nonenzymatic
method. The well-known principle of an enzyme-based cholesterol sensor is
typically based on the reaction between cholesterol and the cholesterol oxidase
(ChOx) enzyme. Free cholesterol is oxidized by cholesterol oxidase to produce 4-
cholestene-3-one and hydrogen peroxide (H,O,), and the H,O, generated can be
used for indirect quantification of cholesterol [9, 10]. Amperometric measurement of
anodic current of H,0, is the most frequently monitored. However, the interference
from some species such as ascorbic acid and uric acid that are easily oxidized at high
voltage will occur during H,O, measurement resulting in the poor accuracy of
method. To overcome the weak point, the possible interference from easily
oxidizable species in biological samples can be minimized using the monitoring of
reduction current of H,O, at low applied potential instead of oxidation current of
H,O,. However, poor electrochemical reduction of H,O, on bare carbon-based
electrode is challenged during the monitoring of H,O, reduction [11]. Therefore, the
method to improve the measurement was explored. Recently, the modification of
electrode has been increasingly interested to improve sensitivity of analyte detection
and/or achieve more specific recognition. Nanomaterials, refered to materials
between 1 and 100 nanometers in size, are one of the most exciting forefront fields
in electroanalytical chemistry due to their many desirable properties. The application
of nanomaterials for the development of electrochemical sensors has attracted
growing interest and offered attractive new features including enhancing electron
transfer kinetics due to their extremely high conductivity along particular directions

and increasing signal current from the high surface area of nanostructured electrode



modifiers [12-14]. In addition, nanostructured materials can function as highly
selective and tunable catalysts, due to their unique electronic or plasmonic
structure, which is especially useful within detection systems utilizing
electrocatalysis. In this work, silver nanoparticles (A¢NP) have been considered as the
modifier for modification of the electrode surface because they have a large specific
surface area, excellent conductivity and an extraordinary electrocatalytic activity. In
addition, AgNP also shows an excellent electrocatalytic activity for H,O, reduction
[11, 15-17]. Therefore, the novel cholesterol sensor with high sensitivity and
selectivity was developed based on AgNPs modified electrode as described in

Chapter IV part A.

Despite the fact that enzyme-based sensors show good selectivity and are
highly sensitive, they are limited by their inadequate long-term stability, which
originates from the nature of the enzymes [18, 19]. As a result, there have been
enormous efforts made to alleviate these problems. One of the more appealing
approaches is the use of nonenzymatic electrochemical sensors based on the direct
electrocatalysis of analyte at the electrode. Sensors of this type have some
outstanding properties that set them apart; they are simple, reproducible and highly
stable [20, 21]. For nonenzymatic sensors, the electrochemical performance much
depends on the catalytic activity of the catalysts toward analyte reaction [22]. In
many cases, bimetallic catalysts have been shown to be superior to single metal
catalysts. The synergistic effect on the performance of heterometallic nanocatalysts
is subject to the surface electronic states, which are greatly affected by changing in
the geometric parameters of the catalysts, and are related in particular to the local
strain and the effective atomic coordination number on the surface [23, 24].
Therefore, the development of the non-enzymatic sensor based on bimetallic
nanocatalysts was demonstrated in this work. Glucose, an important biomarker for
diabetes, was used as the model to evaluate the developed sensor. The details of

this study were described in Chapter IV part B.



Besides improvement of sensitivity and selectivity, low-cost and disposable
platforms are also important aspects for the development of analytical sensors.
Paper-based analytical devices (PADs) are new platform designed to address the
growing need for simple, quantitative, and point-of-need assay platforms. PADs
provide the advantages of low cost, low sample consumption, ease of use,
portability, and disposability, making them to be ideal sensors for resource-limited
settings [25, 26]. The most common analytical detection technique for PADs is
colorimetry because analysis is relatively simple, and the technology is compatible
with smartphone-based reporting systems. However, the important challenge of
colorimetric detection is achieving the low detection limits with high sensitivity and
selectivity [27, 28]. Therefore, electrochemical detection has become the particularly
attractive partner for PADs, due to its instrumental simplicity, fast analysis times, high
sensitivity, high accuracy, simple instrumentation, and low power requirements. In
addition, it provides more stable and quantifiable signals. Typically, carbon
electrodes, especially screen-printed carbon paste electrodes (SPCEs), have been
extensively employed in PADs due to their easy fabrication, low cost, and potential
for large-scale production. Despite these advantages, SPCEs are prone to surface
fouling, which negatively impacts on analyte adsorption, electron-transfer kinetics,
and electrocatalysis, resulting in poor limits of detection and reduction of device
lifetime [29, 30]. Boron-doped diamond (BDD) is an alternative electrode for
electroanalytical chemistry due to its superior properties over more traditional
carbon and metal electrodes. BDD is a carbon-based p-type semiconductor, which
exhibits quasi-metallic conductivity at boron doping concentrations of around 1
boron atom per 1700 carbon atoms [31]. The attractive features of BDD electrodes
include remarkably low backeround currents, high mechanical robustness, stability in
strong alkaline and acidic media, very wide potential window, and high resistance to
surface fouling [32, 33]. On this basis, we developed a novel analytical platform using
PAD coupled with boron doped diamond (BDD) thin film electrode. The design and

fabrication procedure of devices were described in Chapter V part A.



Although, BDD thin film electrode is successfully applied as a working
electrode for PADs, the BDD thin film electrode still has the limitations for applying in
PADs platform in terms of limited geometry, high cost and need of cleaning step.
Conductive BDD powder was first demonstrated by Fischer and Swain in 2005 [34].
The BDD powder is easily prepared from an insulating diamond powder substrate
through  microwave plasma-assisted chemical vapor deposition (MPCVD).
Combination of the BDD powder with a conducting ink, followed by screen printing,
yields a BDD paste electrode (BDDPE), which can potentially overcome the
aforementioned limitations of BDD thin film electrode. Specifically, these BDDPE are
an attractive alternative to conventional BDD electrode in terms of lower cost,
simpler and faster electrode fabrication, and are ideal as a disposable and portable
platform.[35] Therefore, the last part of this study is to demonstrate the use of BDD
powder for the fabrication of disposable BDD paste electrode (BDDPE) in a PADs
platform. To demonstrate the scope of developed device, the BDDPE coupled with
PADs are employed for two applications; 1) for the quantitative detection of
norepinephrine (NE) and serotonin (5-hydroxytryptamine, 5-HT) and 2) for the heavy
metal analysis. The details for the fabrication of devices and applications were

described in Chapter V part B.

1.2 Objectives of the research

This research consists of three goals for development and improvement:

1. To develop analytical method for the determination of NAC in drug
formulations based on electrochemical detection using boron doped diamond

electrode coupled with FIA.

2. To improve the sensitivity and selectivity of electrochemical sensors using
the modification of electrode with nanomaterials and apply the proposed sensors for

the determination of cholesterol and glucose.



3. To develop the electrochemical device platforms with high sensitivity, low
cost, portability and disposability using PADs coupled with boron doped diamond

based electrodes.

1.3 Scope of the research

To achieve the research objectives, the scope of the research was set as

following:

1. The method for the determination of NAC was developed using boron-
doped diamond electrode coupled to FIA. The effects of experimental parameters
for NAC detection including pH, applied potential and scan rate on the response
were investigated. Under the optimal conditions, the analytical performance of the
proposed method was studied, including range of linearity, limits of detection and
quantification, repeatability and reproducibility. The developed method was also

applied for NAC determination in commercial drug samples.

2. The cholesterol sensor based on the coupling of enzymatic assay and
electrochemical detection was developed. Silver nanoparticles modified glassy
carbon electrode was fabricated by electrodeposition technique and used as the
working electrode. The developed sensor was applied to determine cholesterol in

bovine serum.

3. The non-enzymatic glucose sensor was developed using bimetallic Pt/Au
nanocatalyst modified BDD electrode. Pt/Au nanocatalyst was synthesized by
electrodeposition technique by sequentially depositing Au and Pt on the surface of
BDD electrode. The analytical performances including linearity and selectivity for
glucose detection of Pt/Au/BDD electrode were studied and compared to Pt/BDD,

Au/BDD, and commercial flat Pt electrodes.

4. A PADs coupled with silver nanoparticles modified boron doped diamond
(AgNP/BDD) electrode was designed and fabricated. Wax printing was used to create

the hydrophilic and hydrophobic areas on filter paper. The counter and reference



electrodes were fabricated on the hydrophilic area of wax-printed paper by screen-
printing in house. The AgNP/BDD electrode was used as working electrode. The

proposed device was applied as an enzymatic cholesterol sensor.

5. A BDD paste electrode (BDDPE) was prepared and used as a working
electrode for microfluidic paper-based analytical device (UPAD). The electrochemical
performance of BDDPE including capacitive current and solvent window was studied
and found in contrast with carbon paste electrode (CPE) and traditional BDD
electrodes. The developed devices were applied for the measurements of biological

species (norepinephrine and serotonin) and heavy metals (Pb and Cd).

There are six chapters in this dissertation. Chapter | is the introduction.
Chapter Il is the theory of electrochemical technique, flow injection analysis, and
paper-based analytical device. Chapter Il reports on the development of
electrochemical method for NAC determination in drug formulations. Chapter IV
presents the improvement of sensitivity and selectivity for electrochemical sensors
based on the modification of electrode with metal nanoparticles. Chapter V reports
on the development of electrochemical sensing platform using PAD coupled with
boron doped diamond based electrodes. Lastly, chapter VI is the conclusions and

future perspectives.



CHAPTER Il

THEORY

2.1 Electrochemical technique

Electroanalytical chemistry is a class of analytical chemistry techniques that
studies an analyte by measuring the electrical quantities, such as current, potential,
and charge, and their relationship to chemical parameters. Generally,
electroanalytical measurements can be divided into two principal types including

potentiometric and potentiostatic techniques.

Potentiometry is static or zero current technique in which the information
about the sample composition is obtained from the measurement of the potential
established across a membrane. Different types of membrane materials have been
developed to impart high selectivity. The most commonly used potentiometric
sensor is an lon-Selective Electrode (ISE). ISE is a membrane electrode that converts
the activity of a specific ion dissolved in a solution into an electrical potential. This
potential is measured under condition of zero current, and it varies logarithmically
with the activity (concentration) of the species generated according to the Nernst

equation.

Potentiostatic or controlled-potential technique is based on the study of
charge-transfer processes at the electrode-solution interface. The electrode potential
is being used to derive an electron-transfer reaction and the resultant current is
measured. Such a controllable parameter can be viewed as “electron pressure”
which forces the chemical species to gain or lose an electron called reduction or

oxidation, respectively. In this technique, the potential is applied from an external



source to drive the transfer of electrons in the electric circuit. The redox reaction
occurs at the surface of an electrode. The current or electrode reaction rate is
governed by the rates of processes such as mass transfer, electron transfer at the
electrode surface, chemical reactions preceding, and other surface reactions, for
example adsorption, desorption, or crystallization as shown in Figure 2.1. The
advantages of controlled-potential techniques include high sensitivity, high
selectivity, wide linear range, portable and low-cost instrumentation, and the

capability for speciation analysis.
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Figure 2.1 Pathway of electrode reaction [36]

The objective of controlled-potential electroanalytical experiments is to
obtain a current response that is related to the concentration of the target analyte.
This objective is accomplished by monitoring the transfer of electron(s) during the

redox process of the analyte:

where O and R are the oxidized and reduced forms of redox coupled, respectively.
The reaction will occur in a potential region that makes the electron transfer

thermodynamically or kinetically favorable. For a system controlled by the laws of
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thermodynamic, the potential of the electrode can be used to determine the

concentration of the electroactive species according to the Nernst equation:

2.3RT G0,
log— . eq. 2.2
nF CrOY

E=F+

where E is the standard potential for the redox reaction, C.(0,t) and Cg(0,t) are the
concentration of oxidized and reduced form, R is the universal gas constant (8.314 J
K_1 mot—l), T is the Kelvin temperature, n is the number of electrons transferred in the

reaction, and F is the Faraday constant (96,487 coulombs).

In this dissertation, the electrochemical measurements based on controlled-

potential techniques are in focus.
2.1.1 Faradaic and nonfaradaic processes

There are two types of processes that occur at electrodes including faradaic
and nonfaradaic processes. Faradaic current is the charge transferred across the
metal-solution interface which resulted from a change in oxidation state of the
electroactive species obeying Faraday’s law. The faradaic process can be simply
illustrated as follows: when the applied potential is higher than the potential of the
electroactive species, the reduction reaction occurs at the working electrode. As a
result electroactive species diffuses from the bulk solution to the electrode surface,
and the reduction product simultaneously diffuses from the bulk solution to the
electrode surface. The magnitude of this current depends on the rate of the

electrochemical reaction.

For nonfaradaic, this process does not involve charge transfer. Nonfaradaic
current is the result from the occurring of adsorption and desorption processes. In
voltammetric measurements, nonfaradaic current is termed as the background

current.[36]
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2.1.2 Mass transfer

Mass transfer is the movement of material from one location in solution to
another, arises either from differences in electrical or chemical potential at the two
locations or from movement of a volume element of solution. The mass transfer
occurs by three different modes as illustrated in Figure 2.2:

1. Diffusion is the movement of a species under the influence of a gradient of
chemical potential. lons will move from a region of high concentration to region of
low concentration.

2. Migration is the movement of a charged body under the influence of an
electric field. The positive ion species will move to the negative charged electrode,
and the negative ion species will move to the opposite way. The increase or
decrease velocity of ions depends on the potential at electrode surface. To
eliminate the migration of interesting ions, the addition of a large concentration of
electrolyte is usually applied.

3. Convection is the transport to the electrode by a gross physical movement.
The flow of fluid occurs because of natural convection (convection caused by

density gradients), and forced convection.
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Figure 2.2 The three modes of mass transport [37]

2.1.3 Voltammetry

Voltammetry is a category of electroanalytical methods which the current at
an electrode is measured as a function of potential or voltage applied to electrode.
The resulting current-potential plot is called a voltammogram. Voltammetry can be
used to analyze the electrochemical property of electroactive species that can be
oxidized or reduced at the working electrode. The potential of electrode is the
controlled parameter which causes the electroactive specied to be oxidized or
reduced. When the potential of electrode is applied to more negative direction, it
becomes more strongly reducing, and the reduction reaction occurs. In contrast,
when the potential of electrode is applied to more positive direction, it becomes
more strongly oxidizing, and the oxidation reaction occurs. Voltammetry can be
classified as many types such as linear sweep voltammetry, polarography, cyclic
voltammetry, staircase voltammetry, normal pulse voltammetry, differential pulse
voltammetry, square wave voltammetry, anodic stripping voltammetry, cathodic

stripping voltammetry, and adsorptive stripping voltammetry.
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The voltammetric techniques used in this dissertation including cyclic
voltammetry, differential pulse voltammetry, square wave voltammetry, anodic

stripping voltammetry, amperometry, and chronoamperometry, are described.
2.1.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a very popular technique for initial electrochemical
studies of developed electrochemical system. This technique has proven very useful
in obtaining qualitative information about electrochemical processes such as location
of redox potentials of the electroactive species, a number of intermediates, a
number of reaction steps, and the stability of the product from the electrochemical

reaction. However, CV is rarely used for quantitative application [38-40].

In a cyclic voltammetry experiment, the working electrode potential (in an
unstirred solution) is scanned linearly versus time as a triangular potential waveform
as shown in Figure 2.3a. The potential is scanned linearly from an initial value to a
set value (known as the switching potential), after the set potential is reached, the
working electrode potential is scanned in the opposite direction to retun to the
initial potential. While the potential is being scanned, the resulting current is
measured by potentiostat. The resulting plot of current versus potential is called a

cyclic voltammogram.

The expected cyclic voltammogram of a reversible redox couple during a
single potential cycle is illustrated in Figure 2.3b. It is assumed that there is only the
oxidized form O in the initial solution. Thus, the potential is scanned in a negative
direction for the first half-cycle, starting from a potential where no reduction occurs.
When the applied potential reaches to the formal potential () for the redox
process, a cathodic current begins to increase and it is then reached as a peak.
During the potential is scanned to negative region in which the reduction process
takes place, R molecules are generated and accumulated near the surface. After the

applied potential traverse at least 90/n mV beyond the observed cathodic peak, the
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potential sweep is reversed to the positive direction. R molecules are reoxidized

back to O, and the anodic peak is observed [38, 39].
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Figure 2.3 (a) Potential-time excitation signal in cyclic voltammetric experiment (b)

typical cyclic voltammogram for a reversible process [39]

For reversible system, at 25 °C, the concentration is related to peak current

by the Randles-Sevcik equation[37]:

i, = (2.69x10°)n>?ACDAV 2. eq. 2.3

where n is the number of electrons, A is the electrode area (in cmz), C is the

concentration (in mol cm’3), D is the diffusion coefficient (in cm2 sfl), and v is the scan
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rate (in Vs ). The peaks position on the potential axis (E,) is related to the formal
potential of the redox process. For a reversible system, the formal potential is

centered between E,, and £,

The separation between the peak potentials is given by:

0.059

AEp:Ep,a_ Ep,C:

n

Therefore, the number of electrons transferred in the redox reaction can be
determined using the separation of cathodic and anodic peak potentials. For
example, a redox reaction that has one electron transferred exhibits AE,, of about 59
mV. For a reversible wave, £ is independent of scan rate. In addition, the current is
proportional to the square root of the scan rate, which indicates the electrochemical

process is controlled by diffusion [41, 42].

2.1.3.2 Differential-Pulse Voltammetry

Differential-pulse voltammetry (DPV) is an extremely useful technique for
measuring trace levels of organic and inorganic species. The waveform of DPV is
showed in Figure 2.4a. The fixed-magnitude pulses which superimposed on a linear
potential ramp, are applied to the working electrode. For each pulse, current is
measured at two points. The first point is before the application of the pulse (t;), and
the second point is at the end of the pulse when the charging current has decayed
(ty). The first current (iy) is instrumentally subtracted from the second current (i,), and
this current difference (Ai =i, - i,) at these points for each pulse is determined and
plotted against the base potential. Figure 2.4b shows the resulting differential pulse
voltammogram. The peak height is directly proportional to the concentration of the

corresponding analytes.
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Figure 2.4 (a) Excitation signal for differential-pulse voltammetry (b) Differential-pulse

voltammogram

2.1.3.3 Square-wave anodic stripping voltammetry

Square-wave anodic stripping voltammetry (SWASV) is a particularly attractive
electrochemical technique for measuring trace heavy metals. This technique
combines the advantages of square-wave voltammetry and anodic stripping
voltammetry.  Square-wave voltammetry (SWV) is a potential electrochemical
technique among the various pulse techniques for analytical applications. The
waveform of SWV composed of a symmetrical square wave, superimposed on a base
staircase potential as shown in Figure 2.5a. Current samples are taken twice per

cycle, once at the end of the forward pulse (t) and once at the end of the reverse
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pulse (t,). The forward current arises (i) from the first pulse per cycle, which is in the
direction of the staircase scan. The reverse current (i) is taken at the end of the
second pulse, which is in the opposite direction. A difference current (Ai) is
calculated as ir — (-i,). Since the opposite signs of forward and reverse current, the net
current is larger than either the forward or reverse components, resulting in an
excellent sensitivity of this technique. When the difference in current is plotted, the

shape of the square wave volrammogram is obtained as shown in Figure 2.5b.
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Figure 2.5 (a) Excitation waveform for square-wave voltammetry (b) square-wave

voltammogram
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For anodic stripping votammetry, there are two steps of deposition
(accumulation) and stripping (measurement). Potential waveform is shown in Figure
2.6. In the first step of deposition, target metal ions are electrochemically deposited
onto the electrode surface by applying an appropriately cathodic potential. This step
is typically performed under controlled stirring conditions. Then, the deposition is
ceased and the deposited metal is oxidized or stripped from the electrode, back into
the solution, by scanning the square-wave potential sweep from negative to positive
direction. The resulting anodic diffusion current is then used to determine the

concentration of the metals.

+— Deposition step — Stripping step —

M"(aq) + ne —> M(s)
=
1=
0
°
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Figure 2.6 (a) Potential waveform for square-wave anodic stripping voltammetry (b)

the resulting voltammogram

2.1.4 Amperometry

Amperometry is one of the most widely used detection method for

electrochemical sensors. Amperometric detection involves the use of a potentiostat
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for applying a constant potential to the working electrode, relative to a reference
electrode. The current, produced from redox reactions that occur at the working
electrode surface, is measured. With a conventional three-electrode setup, an
auxiliary electrode is also used to ensure that no current passes through the
reference electrode and to minimize ohmic potential drops. The resulting current is
directly proportional to the number of moles of analyte oxidized or reduced at the

electrode surface. This can be described by Faraday’s law [36]:

where Coulombs (Q) is obtained from the peak area for a particular analyte, and
directly proportional to the number of moles (N) of product converted at the
electrode surface, the number of electrons (n) transferred in the redox reaction, and

Faraday’s constant (96485 C/mol)

2.1.5 Chronoamperometry

Chronoamperometry is another powerful method for quantitative analysis.
With the chronoamperometry, the current is measured versus time as a response to
a sequence of potential pulse. As in the potential waveform (Figure 2.7a), the
potential of the working electrode is held at E; at the beginning of the transient
experiment. At t=0, the potential is instantaneously changed to a new value E;, and

corresponding current time response is recorded as shown in Figure 2.7b.
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Figure 2.7 (a) potential-time waveform for chronoamperometry (b) the resulting

current-time response [37]

2.1.6 Electrochemical cell/instrumentation

Typically, voltammetric measurements are performed in a three electrode
system to maintain a stable reference potential. The three electrodes contain
working electrode (WE), reference electrode (RE), and auxiliary/counter electrode
(CE). These electrodes are immersed in an electrolyte solution. The most frequently
used electrolytes are liquid solutions containing ionic species in either water or a
non-agueous solvent. Additionally, the solvent/electrolyte system must be of

sufficiently low resistance [43].
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2.1.6.1 Potentiostat

A potentiostat is a device used to keep a WE at desired potential with respect
to a RE. This is done by a current which is passed from the working electrode to a

CE. The arrengement of the potentiostat and the electrodes is sketched in Figure 2.8.

Reference
electrode . Readout
Feedback

amplifier \
I <O - Working electrode
| . Counter electrode
EAF’PL
Scan
amplifier

Figure 2.8 Schematic diagram of a three-electrode potentiostat [38]

2.1.6.2 Working electrode

Working electrode (WE) is an electrode in electrochemical cell that responds
to the target analytes. WE should have large potential range suitable for both anodic
and cathodic reactions. In addition, it should possess long term stability and an easily
reproducible surface. WE is usually made from inert metals or carbon such as glassy
carbon, boron doped diamond or screen-printed carbon. Although metal-based
electrodes exhibit higher electron transfer rate than carbon-based electrode, carbon
electrodes are still popular because of their broad potential window, low
background current, rich surface chemistry, low cost, chemical inertness, and
suitability for various sensing and detection applications. The properties of different

types of carbon electrodes used in this dissertation are discussed below.
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2.1.6.2.1 Glassy carbon electrode

Glassy carbon electrode (GCE) has become an interesting and widely applied
electrode material which possesses the properties of both glassy and ceramic
materials combined with graphite. The structure of glassy carbon involves thin,
tangled ribbons of cross-linked graphite-like sheets. This electrode needs the surface
pretreatment step to create active, and reproducible glassy-carbon electrodes and to
enhance their analytical performance. The surface pretreatment is usually performed
by polishing with successively smaller alumina particles (down to 0.05 mm). The
electrode should then be rinsed with deionized water before use. GCE is suitable to
use as an electrochemical sensor due to its excellent mechanical and electrical
properties, wide potential window, chemical inertness (solvent resistance), and

relatively reproducible performance [38]1
2.1.6.2.2 Boron doped diamond electrode

Boron doped diamond (BDD) is a carbon-based p-type semiconductor, which
exhibits quasi-metallic conductivity at boron doping concentrations of around 1
boron atom per 1700 carbon atoms [44]. Diamond is a cubic lattice structurally, the
complete sp3 hybridisation of carbon results in extensive tetrahedral bonding
throughout the lattice, leading to many extreme properties such as hardness, very
high thermal conductivity and extremely high electrical resistivity. Naturally, diamond
is a good insulator with a large band gap of 5.4 eV. The semiconductor behavior can
be generated after doping diamond crystals with impurities. Boron is the preferred
dopant because boron atoms can effectively take up the same position as displaced
carbon atoms, with relatively small activation energy (0.37 eV). Some of the valence
band electrons are thermally promoted to the boron acceptors, leaving free
electrons in the dopant band and holes in the valence band to support the flow of
current. The electrical conductivity of the BDD is influenced by the boron-doping
level. If the doping level is increased, the BDD becomes more metallic. As shown
Figure 2.9a, the conventional BDD electrodes are typically grown on Si (111) wafer or

TiO, substrates by chemical vapour deposition (CVD). Carbon source (methane or
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acetone) and boron source (B,Hg or B(OCHs)s), are fed into the CVD reactor chamber
in the presence of hydrogen (H,) [45, 46]. The attractive features of BDD electrodes
include remarkably low background currents, high mechanical robustness, stability in
strong alkaline and acidic media, very wide potential window, and high resistance to

fouling.[47, 48]
2.1.6.2.3 Boron doped diamond paste electrode

Boron doped diamond paste electrode (BDDPE) is demonstrated to overcome
the conventional BDD electrodes which are incompatible with point-of-care sensors,
in terms of limited geometry, manufacturing time, and cost. In 2005, conductive BDD
powder was first fabricated by Swain group [34]. The BDD powder is easily prepared
from an insulating diamond powder substrate (8-12 pm diameter) through
microwave plasma-assisted chemical vapor deposition (MPCVD). The BDDPE can be
easily fabricated by mixing the BDD powder with a conducting ink, following by
screen printing (Figure 2.9b) [49]. The BDDPE is an attractive alternative compared to
conventional BDD electrodes in terms of low cost, simple and fast electrode

fabrication, and is ideal as a disposable and portable platform.

Figure 2.9 (a) Freestanding BDD electrode[45] (b) BDDP-printed electrode [49]

2.1.6.2.4 Nanomaterial modified electrode

The modification of conventional electrodes for enhancing current response
and/or detection selectivity is very important in the development of electrochemical

sensors. Nanomaterial modified electrode is known to have a number of attributes
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that make them highly appealing to electrochemists, especially for use in
electroanalysis.  The properties of materials with nanometer dimensions are
significantly different from those of atoms and bulks materials. These include high
surface area, high catalytic activity, and allowing for the use of much less material

[12, 13].

Metal nanoparticles such as Au, Ag and Pt, have been attracting great
attention for modifying electrodes due to their unique electronic and catalytic
properties [31, 41, 50]. The modification of electrodes with nanoparticulate metal
species not only increases active surface area and enhances diffusion, but also
makes the electrode sensitive to analytes that would not be ordinarily observed at
the bare electrode. Metal nanoparticles exhibit high catalytic activity and facilitate
electron transfer for many electrochemical reactions. Electrodeposition is a highly
convenient and attractive technique for modifying electrode materials.
Electrodeposition process uses electric current to reduce dissolved metal cations, so
the reduced metals form a thin coherent metal coating on an electrode [41, 51]. This
technique is outstanding in terms of simple, quick, reproducible, and can adapt to a
wide range of substrates. In addition, it requires little or no advanced equipment with

expensive technology.

2.1.6.3 Reference electrode

Reference electrode (RE) is of constant potential. RE should have a well-
defined, stable equilibrium electrode potential unaffected by the electrolyte species.
Most common primary reference electrode is Ag/AgCl electrode which is composed

of an Ag wire immersed in a solution saturated with AgCl and KCl [36].

2.1.6.4 Counter electrode

Counter electrode (CE) permits the passage of current in an electrochemical
reaction through it without disturbing the potential of the reference electrode. Pt
electrode is often the best choice in this regard due to its inertness and speed which

most electrode reactions occur at its surface [36].
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2.2 Flow injection analysis

Flow injection analysis (FIA) is an automated analytical processing technique
based on the injection of a definite liquid sample solution volume into an
unsegmented continuously flowing stream, followed by the detection of the
interested analyte. Schematic diagram of the basic FIA system is shown in Figure 2.10.
which consists of a pump, injection valve, a reaction coil tubing, and a detector with
flow-through cell connected to a recorder for recording the signal. FIA is compatible
with a variety of chemical processes and detection systems. Additionally, it offers
several advantages in terms of considerable decrease in sample (normally using 10
to 50 pL) and reagent consumption, high sample throughput (50 to 300 samples per
hour), high reproducibility, reliability, and ease of automation [52, 53].

Pump
Carri Sample Reactor  Detector
arrier
A—
Reagent & ' ’
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Figure 2.10 Schematic diagram of flow injection analysis system[53]

2.3 Paper-based analytical device

Paper-based analytical devices (PADs) are analytical devices that use a paper
as the substrate. The hydrophobic material is deposited on the paper substrate and

acting as the barrier for confining the aqueous or sample solution. PADs have
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emerged as a promising technology to address the growing need for simple,
quantitative, and point-of-need assay platforms. These devices provide the
advantages of low cost, low sample consumption, ease of use, portability, and ease
of disposability, making them ideal sensors for resource-limited settings. Moreover,
flow can be generated via capillary forces, precluding the need for mechanical or

electrical pumps [25, 54].

2.3.1 Fabrication

The hydrophobic barriers which constrain the flow can be easily fabricated by
a variety of methods, such as wax printing[55], photolithography[56], or printing of
hydrophobic polymers[57, 58]. In this dissertation, wax printing was chosen to create
the paper pattern. The wax pattern can be easily designed by computer. The
hydrophobic walls of wax can be patterned in the paper using a commercially
available printer and hot plate. As shown in Figure 2.11, the fabrication process
involves two core operations: (i) printing patterns of wax on the surface of paper and
(i) melting the wax into the paper to form complete hydrophobic barriers. Wax
printing is outstanding in terms of low cost, fast, simple, and no mask required.

Additionally, it is particularly well-suited for large scale production.
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Figure 2.11 Wax printing process [55]

2.3.2 Detectors

One critical step for PADs is the ability to quantify the analyte. Various
classical detection motifs such as colorimetry [59], electrochemistry [44],
electrochemiluminescence [60], chemiluminescence [61], and fluorescence [62],
have been applied for PADs. Colorimetry is the most common analytical detection
technique for PADs because analysis is relatively simple. The colorimetric device
configurations work on the principle that visible colors result from the reaction
between analyte and chromogenic reagents (Figure 2.12). The chromogenic reagents
are chosen to selectively react with the analyte with minimal interference from other
substances. The color intensity is proportional to analyte concentration. In addition,
colorimetric detection is compatible with smartphone-based reporting systems.
However, the important challenge for colorimetric PADs is achieving low detection

limits with high sensitivity and selectivity.
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Figure 2.12 Colorimetric paper-based analytical device [63]

Electrochemistry is an attractive alternative because detection limits are
lower and sensitivity is higher. Electrochemical paper-based analytical device (ePAD)
was first demonstrated by Dungchai et al. in 2009 [56]. This detection motif is a
particularly attractive partner for PADs, due to its instrumental simplicity, fast analysis
times, high sensitivity, high accuracy, simple instrumentation, and low power
requirements. For the fabrication of ePAD, three electrodes including working,
reference, and counter electrodes, are typically prepared on the paper substrate as
shown in Figure 2.13. The electrode materials that have been demonstrated for
ePAD, include carbon, metals, and nanoparticle. These materials were fabricated by a
variety of techniques including screen/stencil-printing, pencil/pen drawing, inkjet-

printing and wire placement.
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Figure 2.13 Basic design of electrochemical paper-based analytical device [56]
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Abstract

A boron doped diamond (BDD) electrode coupled to flow injection analysis
(FIA) was firstly developed for determination of N-acetyl-L-cysteine (NAC) in drug
formulations. The effects of experimental parameters including pH, applied potential
and scan rate on the response were investigated. FIA amperometry was applied as an
automatic method for the quantitative detection of trace amounts of NAC. A wide
linear range of 0.5 - 50 umol/L and a low detection limit of 10 nmol/L were
obtained. The results of amperometric determinations show a very good
reproducibility, and the RSD for the measurement based on 10 measurements was
<3.7% and <4.1% for intra- and inter-day, respectively. The benefits of the proposed
method are fast, simple, sensitive and no requirement of complicated operational

steps.
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3.1 Introduction

N-acetyl-L-cysteine (NAC) is a small molecular weight thiol compound. It is
an acetylated form of the amino acid L-cysteine. NAC is employed as a mucolytic
agent that is commonly used to reduce sputum viscosity in chronic asthma and
bronchitis and to reduce the viscosity of ophthalmic secretions[1, 6]. In addition,
NAC has proven to be a very important antioxidant in a wide variety of situations: it
decreases membrane damage by superoxide-generating systems in porcine aortic
endothelial cells, decreases the toxicity of diquat to hepatocytes, protects animals
against paracetamol toxicity, protects against UV-B-induced, against cardiovascular
and respiratory diseases. It is also very beneficial in treatment of human
immunodeficiency virus infection [64-66]. Presently with it was used in cancer

treatment, NAC is one of the most promising chemopreventive agents [67].

As mentioned, NAC has received considerable attention, due to its
pharmaceutical and clinical importance. Therefore, there is a pressing need to
develop fast and sensitive method for the determination of NAC, particular in quality

management in drug analysis.

Numerous laboratories based analytical methods have been developed to
detect and quantitate levels of NAC in aqueous solutions as well as in biological
fluids. Most of the methods involve reversed-phase high-performance liquid
chromatography (RP-HPLC) using various detectors such as UV [68-73].  Liquid
chromatography-UV-mass spectrometry (LC-UV-MS) or liquid chromatography-tandem
mass spectrometry (LC-MS-MS), these are a relatively new method of quantitative
analysis, which is usually used in the detection of impurities present along with NAC,

in pharmaceutical formulations [1, 74, 75].

In a number of all mentioned application, the time delay in the derivatization
steps are unacceptable. Moreover, the analyzing cost is high and analyzing
instrument generally requires an experience operators. In order to improve on these
weak points, electrochemical detection was taken to be a candidate for a novel

analysis  system. In literature, NAC was electrochemically detected using
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voltammetric method. Generally, the oxidation of NAC at a glassy carbon electrode
(GCE) has a very poor electrochemical response, while it is very complicated at Hg,
Au, and Pt electrodes [76, 77]. Thus, different chemically modified electrodes were
continuously developed to solve the analytical problem [78-85]. Anyhow, there still

remains an important problem of reproducibility in electrode preparations.

Boron doped diamond thin film (BDD) electrode is an alternatative electrode
that possesses many of the same attributes as conventional electrodes and,
therefore, appears to be a viable material for the electroanalytical measurement.
The unique properties of BDD electrode in term of (i) large overpotentials for
hydrogen evolution and oxygen reduction, (i) a large overpotential for oxygen
evolution (large positive window), (iii) low background current, (iv) resistance to
electrode fouling, (v) slightly adsorption onto electrode surface; which make it
ideally suited for various applications [86]. For examples, BDD electrodes have
successfully been applied as electrochemical sensor for direct determination of
albendazole[87], simultaneous determination of hydrochlorothiazide and losartan
[88], and this electrode was also applied for fast and simultaneous determination of

nimesulide and paracetamol with batch injection analysis [89].

As a continuation of our previous works on the use of BDD electrode in
applications, in the next section, BDD electrode was utilized to investigate the
electrochemical property of NAC using cyclic voltammetry. For the following part,
the BDD electrode will be applied as a detector in flow injection analysis system for
the determination of NAC. The promising properties of BDD electrode coupled to
on-line FIA showed potential to detect very low concentration of NAC. As
mentioned, this is our first report on the use of BDD electrode for NAC analysis in
drug samples. Good analytical detection performances were observed with limits of
detection in the nano molar range, good sensitivity, and excellent response precision,
and stability. Data for the detection of this analyte in five different samples are
presented. The ultimate goals of this research were to (i) investigate the feasibility of
detecting low amount of NAC in real samples using BDD electrodes, (ii) obtain a

complete set of detection figures of merit for NAC present in the different drug
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samples, and (i) validate the method through comparison measurements using
HPLC-UV. The originated sensitivity in this approach making the BDD electrode is
very suitable for the detection of minor amounts of NAC in pharmaceutical and

clinical preparations.
3.2 Experimental
3.2.1 Chemicals and Reagents

All chemicals were of analytical grade or better and were used without
further purification. All solutions and subsequent dilutions were prepared in
deionized water. Phosphate buffers (pH 5-8), 0.1 mol/L, were prepared from 0.1
mol/L potassium dihydrogen phosphate (Merck) and 0.1 M disodium hydrogen
phosphate (Fluka). Phosphate buffer (pH 2.5) was prepared from 0.1 mol/L potassium
dihydrogen phosphate and the pH was adjusted with orthophosphoric acid (85%,
Carlo Erba). Phosphate buffer (pH 9), 0.1 mol/L, was prepared from 0.1 M potassium
dihydrogen phosphate and the pH was adjusted with 0.1 mol/L sodium hydroxide.
The standard N-acetyl-L-cysteine (Sigma) solutions were freshly prepared with the

same buffer prior to use.

3.2.2 Electrode

The experimental conditions and the apparatus used for the diamond film
growth have been described in detail elsewhere [87]. The films were prepared by
deposition of the BDD thin films on highly conductive n-Si (111) substrates by
microwave plasma-assisted chemical vapor deposition. Deposition was usually
carried out for 10 hr to achieve a film thickness of approximately 30 mm. The
nominal B/C atomic ratio in the gas phase was 1 : 100, and the typical boron-doping
level in the film was ca. 10°" cm . The BDD electrodes were rinsed with ultrapure
water prior to use. The GC electrode was purchased from Bioanalytical System, Inc.
(area 0.07 cm”). Pretreatment involved sequential polishing with 1 and 0.05 micron of
alumina/water slurries on felt pads, followed by rinsing with ultra-pure water prior to

use.
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3.2.3 Voltammetric Study

Electrochemical measurements were recorded using an Autolab Potentiostat
100 (PG100) (Metrohm, Switzerland) with a standard three-electrode configuration.
The planar working BDD electrode was pressed against a smooth ground joint at the
bottom of the cell, isolated by an O-ring. The geometric area of the working
electrode is 0.07 cm”. A platinum wire served as the auxiliary electrode and Ag/AgCl
was used as the reference. Placing the backside of the Si substrate on a brass plate
made ohmic contact. A GC electrode (0.07 cmz, Bioanalytical System, Inc.) was also
used as a working electrode in the comparison study with the BDD electrode. Cyclic
voltammetry was used to probe the electrochemical reaction. The electrochemical
measurements were housed in a Faradaic cage to reduce electronic noise. All

experiments were done at room temperature.

3.2.4 Flow Injection Analysis with Amperometric Detection

The FIA system consisted of a thin layer flow cell (Bioanalytical System, Inc.),
an injection port (Rheodyne7725) with a 20-uL injection loop, a peristaltic pump
(Ismatec), and an electrochemical detector (PG100). The carrier stream, 0.1 M
phosphate buffer (pH 9), was regulated by a reagent delivery module at a flow rate
of 1 mL/min. A pulse dampener was used in series to reduce the pulsation
introducing by the alternation of the roller of the peristaltic pump. The thin layer
flow cell consisted of a silicone gasket as a spacer, Ag/AgCl as the reference
electrode, stainless steel tube as an auxiliary electrode and outlet. The experiments
were performed in a copper Faradaic cage to reduce electrical noise. A
hydrodynamic voltammogram was obtained before the amperometric determination
was carried out. The peak current after each injection was recorded, together with
the corresponding background current. These data were plotted as a function of
applied potential to obtain hydrodynamic voltammograms. The amperometric
measurements were carried out at the potential giving a maximum signal to-

background (S/B) ratio in the hydrodynamic voltammograms.
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3.2.5 Sample Preparations

Tablets, powder containing NAC obtained from local drugstores were
analyzed. The drug tablet was homogenized in an agar mortar. The amount of the
powdered mass analyte was dissolved in 100 mL of 0.1 mol/L phosphate buffer (pH
9). This solution was diluted in such a way that the concentration of NAC in the final

test solution was within the linear dynamic range (0.5-50 pmol/L).

3.3 Results and Discussion
3.3.1 Voltammetric Study

Cyclic voltammetry was initially used as means of examining and comparing
the electrochemical signal of two electrodes (BDD electrode and GC electrode) to
NAC. Figure 3.1a details the voltammetric response obtained at BDD electrode when
it was placed in a 0.1 mol/L phosphate buffer (pH 9) solution, containing 1 mmol/L
NAC whilst Figure 3.1b details the response of the GC electrode under analogous
conditions. Analysis of the cyclic voltammograms recorded prior to the addition of
NAC reveals that the response at each electrode produces no appreciable oxidative
signals over the potential range studied (0.0-1.2 V). Furthermore, a comparison of the
background currents observed at each electrode reveals that the BDD electrode
exhibits a lower capacitance consistent than GC electrodes. Upon the introduction of
NAC to the solution the response at the BDD electrode shows a new well defined
electrochemical signal emerging at +0.5 V which obtains a current plateau at +0.85 V.
In contrast, the NAC response obtained at the GC electrode shows ill-defined peak,
which increase in the oxidation current at +0.4 V. This current continues to rise with
increasing potential but unlike the BDD electrode no defined oxidation wave is
observed. Upon reversal of the scan direction no new reductive processes are
observed in the potential range studied at each electrode. This is consistent with the
electrochemically oxidized species of NAC undergoing a chemically irreversible

reaction.
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Figure 3.1 Cyclic voltammograms for a) BDD and b) GC versus Ag/AgCLin 1.0 mM NAC
in 0.1 M phosphate buffer pH 9 (solid lines) and 0.1 M phosphate buffer pH 9

(dashed lines) Sweep rate, 50 mV/s; area of electrode, O.O7cm2.

3.3.2 Effect of pH Value on the Electrochemical Behavior of NAC

In order to obtain the optimum electrochemical responses of NAC, it is
important to examine the effect of buffer pH. Phosphate buffer, 0.1 mol/L, was used
as the supporting electrolyte for investigating the electrochemical property of NAC.
The experiments were performed at pH 2.5, 5.0, 6.0, 7.0, 8.0, and 9.0. The obtained
results showed that NAC can be oxidized in neutral and alkali medium. The peak
potential was shifted towards to more negative when the pH value increased (data
not shown). This remark can be explained using the electrooxidation of sulfur-
containing compounds at BDD electrode. It involved the dissociation of the proton
from the thiol group, followed by the electrochemical oxidation of NAC anion. So at
higher pH value, NAC is easy to lose the proton and to produce more stable reduced
from. The highest oxidation current peak was obtained from using phosphate buffer

pH 9. Thus, this pH was selected as the suitable pH for all subsequent experiments.
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3.3.3 Scan Rate and Concentration Dependence

In order to verify that this oxidative reaction is diffusion controlled, a study
into the effects of scan rate on the electrochemical signal was undertaken. The
corresponding voltammetric responses varied with scan rate with the current plateau
increasing linearly with the square root of the scan rate (R* = 0.9993) as shown in
Figure 3.2. Such dependence indicates that the oxidation of NAC is indeed diffusion
controlled. Using the information obtained from the linear regression of the inset
shown in Figure 2. (y = 30.269x + 0.1649), Andrieux and Saveant theoretic model
(Equation 1) [90] can be used to calculate a diffusion coefficient (D). The D,
obtained was found to be 2.096 x 10° cm’ s . This value is in close agreement with

that obtained from previous work [91].
I, = 0.896FAC, Dy “(F/RT)"* vV (1)

C, is the NAC concentration (1 x 10'6 mol cm-?)), D, is the diffusion coefficient of NAC,

F is Faraday constant, R = 8.31447 J mol” K, T = 298 K and A = 0.07 cm”.

From the cyclic voltammogram, the oxidation of NAC is an irreversible
process. Thus, the Randles-Sevcik relationship (Equation 2) can be used to determine

the number of electron involved.

Jp = (2.99><105)n[(1_a)na]1/2]Dé/2C1/2 )

S

In order to estimate the value of n, it is first necessary to calculate the value
of (1-0)ng. In irreversible systems, an approximate calculation is based on the linear
relationship between the anodic peak potential (£p) and logv (y = 0.1255x + 0.9894).
Using Equation 3, the relationship between the slope and the factor (1-a)n, was

found to be 0.235.

0.1255 = 1.15RT/[(1-0)n IF (3)

After calculating the value of (1-0Un,, using Equation 2 and the previously
estimated NAC diffusion coefficient, it was possible to calculate the number of
electrons involved in the electrooxidation of NAC is n = 2.15 = 2 which accordance

with previous literature [91]. Next, the analytical utility of using the BDD electrode
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was examined. The variation in the voltamsmetric currents was analyzed as a function
of the NAC concentrations. The response of the BDD electrode was found to be
linear over the concentration range 0.01 - 3.0 mmol/L and produced a limit of

detection at S/B > 3 of 50 ymol/L. The data was illustrated in Figure 3.3.
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Figure 3.2 Cyclic voltammogram for 1 mM NAC in 0.1 M phosphate buffer (pH 9) at
boron-doped diamond electrode for a series of potential sweep rates; area of

electrode, 0.07 cm’.  The calibration curve of relationship between current (uA) and

(sweep rate)”” was also in the inset of this fisure.
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Figure 3.3 Cyclic voltammogram for NAC in 0.1 M phosphate buffer (pH 9) at boron-
doped diamond electrode for a series of NAC concentrations. The potential sweep
rate was 50mV/s; area of electrode, 0.07 cmz. The calibration curve is shown in the

inset.

3.3.4 Hydrodynamic voltammetry

Hydrodynamic voltammetry is a suitable method to obtain the appropriate
potential applied to the FIA/amperometic detection. In this study, standard solution
of NAC was repetitively injected while the FIA/amperometry operating potential was
increased from 0.5V to 1.0 Vin 0.1 V increments over the range from 0.5 - 0.8 V and
in 0.5 V increment for 0.8 - 1.0 V, respectively. Figure 3.4a displayed the
hydrodynamic voltammogram of the standard solution containing 100 umol/L NAC.
When the applied potential increased the current response of NAC also increased,
and no reached to maximum value. Hence, the S/B ratio was calculated from the
Figure 3.4a at each point to create a graph as a function of S/B ratios and applied
potential (Figure 3.db) to obtain the maxima potential point. To get the best
sensitivity and signal to noise ratio, +0.85 V was chosen as an optimal detection

potential.
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Figure 3.4 (a) Hydrodynamic voltammogram of (-O-) 0.1 M phosphate buffer (pH 9,
background current) and (-[3-) 100 uM of NAC in 0.1 M phosphate buffer (pH 9) with
four injections of analysis, using 0.1 M phosphate buffer (pH 9) as a carrier solution.

(b) Hydrodynamic of signal- to- background ratio. The flow rate was 1 mL/ min.

3.3.5 Flow injection analysis with amperometric detection

After optimizing the suitable detection potential for the FIA procedure,
amperometric measurements were carried out in phosphate buffer (pH 9) containing
different NAC concentration in order to obtain the analytical curve. The FI current-
time response for different NAC concentrations showed linear relationship between
the current values (at +0.85 V) obtained and the NAC concentrations exhibited from
0.5 pmol/L to 50 umol/L with a correlation coefficient of 0.9989. To higher
concentrations than 50umol/L occurs the deviation of linearity. The detection limit
obtained from experiment was found to be 10 nmol/L (S/N = 3). Compared to
previously published works, particularly those that using the chemically modified
electrodes [78-85], the proposed method provided the lowest detection limit. This

indicates that a BDD electrode is ultrasensitive for the detection of NAC.
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3.3.6 Detection of NAC in commercially available drugs

In order to investigate the analytical of proposed method, FIA amperometric
procedure was applied for the determination of NAC in commercially available drug
samples. The NAC content was determined by standard addition method that also
shown in Figure 3.5. The recovery of this method was determined by measuring the
percentage of recovery after sample solutions have been spiked with known
amounts of standard compounds. Table 1 showed the recovery for intra-day and

inter-day from the determination of NAC using this proposed method.

The precision of the method was obtained on the basis of intra-assay. Three
concentrations of added solution (0.33, 0.67, 1.31 pg/mL) were chosen for
investigation in order to check the results obtained from low, medium and high
concentrations with respect to the probable range of interest in samples. Results
obtained from ten injections were within 3.7 % of the relative standard deviation
(RSD). The RSD values for day-to-day assays of NAC were also investigated. It was
found that in the same laboratory within one week the RSD values did not different
more than 4.1 %. These results implied that BDD detection exhibited a high
reproducibility and accuracy. Moreover, we have tested BDD electrodes for long-
term stability under continuous operation (50 injections).  They exhibited highly
reproducible responses from day to day; also, the response was reproducible after
several days of exposure to the laboratory atmosphere. Recoveries obtained from
the proposed method were found over the ranges of 94.4 - 103.6% for intra-day,
while the inter-day recovery of NAC varied over the range of 93.0 - 102.7%,

respectively.

This gquantitative measurement revealed that the experimentally calculated
values closely matched the manufacturer’s claim in all five supplements examined
shown in Table 2. These results were compared to those obtained by the HPLC-UV
method [8] and statistically analyzed using the paired t-test at the 95% confidence
interval. The paired two-tail test gave calculated t values (0.997) below the critical t-
value (2.447), therefore agreeing the null hypothesis. The data, summarized in Table

2, reveal that the results of FIA coupled with BDD amperometry are of comparable
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accuracy to, and not significantly different from, those values obtained by the

traditional HPLC-UV method.
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Figure 3.5 Flow injection analysis results for determination of NAC in commercially
available tablets. Using the standard addition for the added NAC: (a) 0.00 pg/mL, (b)
0.33 pg/mL, (c) 0.65 pg/mL, (d) 0.98 ug/mL, (e) 1.31 ug/mL, (f) 1.63 pg/mL.

3.4 Conclusions

The results of this investigation show that BDD electrode is attractive material
for further investigations concerning the determination of NAC. Cyclic voltammetric
studies show the superiority of BDD electrode over GC electrode in terms of
reproducibility, sensitivity and low background current (capacitive current). The
anodic peak currents increase compared with that on a GC electrode. The effect of
the scan rate on the peak current shows that the electrochemical process of NAC on

BDD electrode was controlled by the diffusion of the species.

Experiments in FIA were performed to characterize the BDD electrode as an
amperometric sensor for the detection of NAC. It can be successfully adopted to
detect NAC. The method showed to be fast, simple, precise and highly sensitive

among other interesting features of the method proposed which make it applicable
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to NAC analysis and quality control of pharmaceutical samples. The results indicated
that this method has been satisfactorily applied to the determination of NAC in
commercially available drug with corresponding to the label and standard method.
In conclusion, FIA coupled with BDD amperometry provides an attractive alternative
method for the determination of NAC in drug samples, among others, and may also

be useful for biomedical and clinical investigation of NAC levels.
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CHAPTER IV

IMPROVEMENT OF SENSITIVITY AND SELECTIVITY FOR
ELECTROCHEMICAL SENSOR BASED ON ELECTRODE MODIFICATION

There are two parts for this chapter. Past | presents sensitive and selective
electrochemical sensor using silver nanoparticles modified glassy carbon electrode
for determination of cholesterol in bovine serum. Past Il reports bimetallic Pt-Au
nanocatalysts electrochemically deposited on boron-doped diamond electrodes for

nonenzymatic glucose detection.
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Abstract

For the first time, a newly sensitive and simple method for the determination
of cholesterol based on coupling of enzymatic assay and electrochemical detection
has been developed. Silver nanoparticles modified glassy carbon electrode
(AgNPs/GCE) was fabricated by electrochemical deposition technique and used as the
working electrode. The electrochemical performances were investigated by cyclic
voltammetry and chronoamperometry. Under the optimized conditions, a linear
relationship between the reduction current and cholesterol concentration was found
in the range of 3.9 mg/dL to 773.4 mg/dL with a detection limit of 0.99 mg/dL. The
proposed method was applied to determine cholesterol in bovine serum. The
recoveries obtained were within the range of 99.6-100.7%, which indicated that the
presented method is applicable to determine cholesterol in bovine serum. In
addition this electrochemical sensor displayed very high specificity to cholesterol
with no observed interference from easily oxidizable species such as ascorbic acid
and uric acid. All these excellent performances of the developed sensor indicated
that this sensing platform could be easily extended to the detection of other

important biomarkers.
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4.1 Introduction

Cholesterol is an important biomarker for various diseases. It acts as a major
structural constituent of plasma membranes and is a precursor of biological
substances, such as bile acid, vitamin D and steroid hormones [8]. High cholesterol
level in blood serum is a major factor for several diseases, such as coronary heart
disease, myocardial infarction and arteriosclerosis hypertension, while low
cholesterol level may result in hypolipoproteinemia, anemia, septicemia,
malnutrition, hyperthyrea and hepatopathy [92].  The normal total plasma
cholesterol for an individual is less than 5.2 mM (200 mg/dL), with a high level being
considered as more than 6.2 mM (240 mg/dL) [93]. Hence, accurate, sensitive and
fast monitoring of cholesterol levels is of great importance in clinical
analysis/diagnosis. In addition, the development of quantitative methodology for
determination of cholesterol is significant and challenging to develop reliable
cholesterol sensors.

The analytical methods for cholesterol determination can be classified into
two groups: nonenzymatic and enzymatic methods. In general, the enzymatic
method provides more selectivity than nonezymatic method and has been
employed in routine clinical laboratory. The determination of cholesterol by

enzymatic method is based on the following mechanism [9];

ChE
Cholesterol ester + H,O — cholesterol + fatty acids
ChOx
Cholesterol + O, — d4-cholestene-3-one + H,0,

The cholesterol ester will be hydrolyzed by cholesterol esterase (ChE) to
produce free cholesterol and fatty acids. Then free cholesterol is oxidized by oxygen
in the presence of cholesterol oxidase (ChOx) to produce 4-cholestene-3-one and
hydrogen peroxide (H,O,). The measurement of H,O, can be used for the indirect
quantification of cholesterol.

Up to now, several cholesterol determination techniques have been
published including colorimetric [94], spectrophotometric [95], high performances

liquid chromatography (HPLC) [96] and electrochemical method [42, 97].
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Electrochemical method is the most frequency applied for cholesterol determination
via the monitoring of oxygen consumption or the production of H,O, during the
enzymatic reactions. Amperometric measurement of H,0, is the most frequently
monitored and proposed. However, the suffering from some easily oxidized species
such as ascorbic acid and uric acid at high overvoltage will be occurred at the same
time. Therefore, the accuracy of method is limited. To overcome the weak point,
the possible interference from easily oxidizable species in biological samples can be
minimized using modified working electrode with selective catalyst or using the
reduction of H,0, at low applied potential instead of oxidation of H,0,.

In recent years, metal nanoparticles have been used in wide applications in
electrochemical sensors.  Among the metal nanoparticles, silver nanoparticles
(AeNPs) are one of the most well-developed materials and have been used to
modify the surface of working electrodes because they are inexpensive in relative
comparison with those other materials, possess good chemical and physical
properties, providing excellent electron transfer rates, and greatly decrease the
overpotential of oxidizing or reducing agents produced from enzymatic products. In
previous studied, AgNPs were shown excellent electrocatalytic activity for H,0O, and
size distribution of AgNPs played an important role in their electrocatalytic activity
[11, 15-17].

Electrochemical cholesterol biosensor based on electron transfer between an
electrode and immobilized cholesterol oxidase has been focused for cholesterol
research because they show advantages such as high sensitivity, selectivity and
suitable for real time detection [10, 98]. However the use of enzyme immobilized
on electrode surface had limitations because the enzyme is easily denature during its
immobilization procedure. In addition, the reduction of substrate-enzyme complex
formation due to steric hindrance and high cost of the supporting material or its
immobilized procedure were reported. Moreover, the activity of enzyme is often to
be affected by pH, temperature, humidity and toxic chemicals [99]. In addition, the
reduction of substrate-enzyme complex formation due to steric hindrance and high

cost of the supporting material or its immobilized procedure were reported.
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Moreover, the activity of enzyme is often to be affected by pH, temperature,
humidity and toxic chemicals [99].

To overcome those problems, the use of coupling between the enzymatic
assay and electrochemical detection has been demonstrated [10]. ChOx were added
in the solutions instead of the immobilization on electrode surface to catalyst the
reaction of cholesterol and generated H,0O, will be recorded immediately. In this
work, we report a sensitive, selective and simple method using silver nanoparticles
modified glassy carbon electrode (AgNPs/GCE) to achieve a new nanosensor for the
determination of cholesterol. AgNPs possess the catalytic activity of H,O, reduction
occurred at low overpotential. The proposed method showed high selectivity for
cholesterol detection without disturbance from interference such as ascorbic acid
and uric acid.

To the best our knowledge, there is no record for the using of AgNPs/GCE to
detect cholesterol in real samples. The results show AgNPs/GCE displayed excellent

performance, wide linear range, and low detection limit of cholesterol detection.

4.2 Experimental
4.2.1 Apparatus

All electrochemical experiments were performed with a model
PGSTAT 101 Autolab Electrochemical System controlled with the NOVA software
package (Kanaalweg 29-G 3526 KM Utrecht, The Netherlands). Three-electrode
system was used, where an Ag/AgCl (3 M KCl) electrode served as the reference
electrode, a platinum wire electrode served as the auxiliary electrode and AgNPs/GC

electrode served as working electrode.

4.2.2 Reagents and solutions

Cholesterol, cholesterol oxidase (ChOx) from Streptomyces sp.
(25U/mg) and lipid cholesterol rich from adult bovine were purchased from Sigma

(St. Louis, MO). Potassium dihydrogen phosphate (KH,PO,) was purchased from Carlo
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ErbaReagenti-SDS (Val de Reuil, France). Hydrogen peroxide (H,0,), disodium
hydrogen phosphate (Na,HPO,), potassium chloride (KCl) and boric acid (H;BO3) were
purchased from Merck (Darmstadi, Germany). Silver nitrate (AgNO;) was purchased
from POCH S.A. (Poland). Glacial acetic acid (CH;COOH) was purchased from Fisher
Scientific (Pittsburgh, PA). Phosphoric acid (H;PO,4, 85%) was purchased from Carlo
Erba (Rodano, MI, USA). Stock solution of cholesterol was daily prepared by
dissolving cholesterol in the mixture of triton X-100 and isopropanol. This stock
solution was further diluted to make difference concentrations of cholesterol in 0.05
M phosphate buffer pH 7.4 containing 0.1 M KCl. The solution was stirred with
magnetic bar at 60 °C to obtain a homogeneous solution. Stock solution of ChOx
was prepared freshly by dissolving in 0.05 M phosphate buffer (pH 7.4). All standard
and sample solutions were prepared by using high purity water from MilliQ Water
System (Millipore, USA, R > 18.2 MQ cm). All chemical were of analytical reagent

grade and used without further purification.

4.2.3 Preparation of AgNPs/GC electrode

The procedure for preparation of silver nanoparticles modified glassy
carbon electrode was adapted from Ref. [100]. Prior to use, glassy carbon electrode
(GCE, diameter 3 mm) was polished with 1.0 and 0.2 pm alumina powder,
respectively and sonicated in ethanol and then in deionized water for 1 min each.
Silver nanoparticles (AgNPs) have been deposited onto glassy carbon electrode
surface from a solution of AgNOs in Britton-Robinson (pH 2.0) which prepared by
mixing of 0.04 M H3BOs, 0.04 M H;PO, and 0.04 M glacial acetic acid and adjust with
0.2 M sodium hydroxide. Electrodeposition was carried out by applying an

accumulation potential during a time with stirring.
4.2.4 Electrochemical measurements

Cholesterol oxidase was pipetted into the electrochemical cell
containing 1 mL standard/sample solution and stirred for 1 min. Three-electrode

system was immersed in the solution. Then, the measurement using
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chronoamperometry at -0.5 V for 50 s was performed. All experiments were

performed at room temperature.

4.2.5 Bovine serum analysis

The labeled concentration of cholesterol in adult bovine serum was used to
represent the biological sample. The serum sample was prepared by dissolving of
adult bovine serum powder in triton X-100 and isopropanol, and then diluted with
0.05 M phosphate buffer pH 7.4 containing 0.1 M KCl. The solution was stirred with
magnetic bar at 60 °C.

4.3, Results and discussion

4.3.1 Electrochemical detection of standard H,0, and standard

cholesterol

For an electrochemical determination of cholesterol, the
measurement of the H,0, produced from cholesterol oxidation can be used for the
indirect quantification of cholesterol [101]. In this study, silver nanoparticles
modified glassy carbon electrode (AgNPs/GCE) was fabricated by deposition of silver
at -0.6 V for 200 s using solution of 5 mM AgNOj; in Britton-Robinson (pH 2.0). The
experiment was start from using 1 mM standard H,0, in 0.05 M phosphate buffer pH
7.4 containing 0.1 M KCl to investigate the electrochemical response of H,O, using
cyclic voltammetry. The cyclic voltammograms of standard H,O, measured on the
AgNPs/GCE and on unmodified GCE were shown in Figure 4.1a. At AgNPs/GCE the
reduction of H,0, is observed at the potential about -0.4 V. In contrast, no significant
voltammetric currents were observed at unmodified electrode. The results indicated
that this modified electrode could be a promising sensor for sensitive detection of
H,O,. Subsequently, the cyclic voltammograms of H,O, produced from the reaction
between cholesterol and ChOx measured at AgNPs/GCE was shown in Figure 4.2b.
This indicated that the proposed AgNPs/GCE can be used as a newly sensor for

cholesterol detection.
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Figure 4.1 (a) Cyclic voltammograms of 1 mM standard hydrogen peroxide (H,O,) in
0.05 M phosphate buffer pH 7.4 containing 0.1 M KCl measured on AgNPs/GC
electrode and bare GC electrode under scan rate was 100 mV/s. (b) Cyclic

voltammograms of 1 mM cholesterol measured on AgNPs/GC electrode.

4.3.2 Optimization of the conditions for modified electrode

To obtain a good electrochemical response for the reduction of H,0,,
concentration of AgNOs,;, deposition potentials and deposition times were

investigated.  First, the deposition potentials were optimized, the cathodic peak
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currents of H,0, is gradually increased from -0.5 V to -0.6 V and then decreased with
the potentials shifting negatively to -1 V. The highest peak intensity was reached at
the deposition potential at -0.6 V. Next, the effect of deposition times on the peak
currents was investigated in the range from 100 s to 350 s. The cathodic peak
current is maximum at the deposition time is 200 s. Moreover, the effect of AgNO;
concentrations was also studied. The optimized value for the concentration is 0.6
mM AgNO;. In summary, the optimal conditions for modified electrode are -0.6 V

deposition potential, 200 s deposition time and using 0.6 mM AgNOs.

4.3.3 Effect of type and concentration of chloride salts

From literature reviews, the addition of mixture of chloride salts into
the supporting electrolyte had a significant impact on the sensitivity of methodology.
Therefore, the optimization of type and concentration were carried out for the
electrochemical detection of H,O,. The effects of several salts such as NaCl, KCl,
mixture of NaCl + KCl and K,SO4 were tested by using all concentrations at 0.1 M.
The peak current was taken into consideration in order to choose the salts. Among
these, KCl gave the best response; hence, KCl was selected as a suitable salt added

into supporting electrode for all experiments.

Next, the effect of concentration of KCl on the current was investigated. The
concentration values were examined in the range of 0.025-0.5 M using solution
containing 1 mM H,O,. The maximum peak current was achieved at concentration
of 0.1 M KCl. Decrease in the current responses was observed when the
concentrations of KCl were greater than 0.1 M. Therefore, the 0.1 M KCl was

selected as the optimum concentration for the proposed method.

4.3.4 Effect of ChOx concentration for cholesterol detection

The effect of ChOx concentration on the cholesterol detection was studied
within the range from 0.08 to 0.56 U/mL ChOx using 38.7 mg/dL of cholesterol

substrate.  Figure 4.2 showed that the rapid increase of cathodic current was
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obtained when the amount of enzyme increased from 0.08 U/mL to 0.4 U/mL and
then reached a plateau. Therefore, the optimum concentration of ChOx was

determined as 0.4 U/mL and used for all experiment.

-100

-80 -
< -60
=
g i
3 -40 - /,/

20 -

0 T T T T T
0 0.1 0.2 03 0.4 0.5 0.6

Concentration of ChOx (U/mL)
Figure 4.2 Effect of the cholesterol oxidase for determining 38.7 mg/dL cholesterol in

0.05 M phosphate buffer pH 7.4 containing 0.1 M KCL.

4.3.5 Effect of dissolved oxygen into solution for electrochemical

detection

Owing to this system, the experiment was recorded by monitoring the
reductive peak of H,O,. Thus, it is necessary to check the effect of dissolved oxygen
into solution after enzyme reaction occurred on the electrochemical reduction of
H,O,. From the results, it can be observed that comparing the net reductive currents
(after subtraction of background) obtained from purge and without purge N, before
analysis, there are no significantly different. It means that there is no effect of
oxygen on the reduction of H,O, for this assay. Then, the measurement of H,0O,

produced from reaction can be carried out under the atmospheric environment.
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4.3.6 Chronoamperometric study for cholesterol determination

Chronoamperometry was selected for electrochemical quantitation of
cholesterol due to its high sensitivity and wide applications. The sensitivity and
selectivity of electrochemical detection depended on the selection of the applied
potentials. In order to obtain a good analytical performance for allowing cholesterol
determination, the effect of detection potential on the reduction of H,O, at
AgNPs/GCE was optimized in the range of -0.4 V to -0.8 V. The results shown in
Figure 4.3a, cathodic currents increased as the negative detection potential
increased, but the background current also increased because the reduction of
oxygen occurred at the potential more than -0.5 V [101]. On the basic of sensitivity
and selectivity, a hydrodynamic voltammogram of signal-to-background ratios (S/B)
were investigated instead of using only reduction currents. The current signal was
shown in Figure 4.3b. The S/B ratio measured at -0.5 V provided a maximum signal,
therefore, an applied potential of -0.5 V was chosen for further chronoamperometric

measurement.
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Figure 4.3 (a) Hydrodynamic voltammograms of 38.7 mg/dL cholesterol (blue line)

and background (blue line) for 50 s sampling time. (b) Hydrodynamic voltammogram

of signal-to-background ratios extracted from the data shown in part a.

4.3.7. Analytical performance

AgNPs/GCE was used as working electrode for measurement of different

cholesterol concentrations and the amperometric current responses were recorded

at a steady state current of 50 s as shown in Figure 4.4a. A calibration curve was

obtained from relationship between cholesterol concentrations versus the current
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response as showed in Figure 4.4b. The signals were proportional to the
concentration of cholesterol over the range of 3.9 mg/dL to 773.4 mg/dL with a
correlation coefficient of 0.9966. The detection limit (LOD) was calculated as the
concentrations which produced the signal at 3 times of the standard deviation of a
blank and found to be 0.99 mg/dL. The results obtained from the proposed method
covered a wide range of cholesterol concentrations. The apparent Michaelis-Menten
constant (K ), which gives an indication of the enzyme-substrate kinetics, can be

estimated from the Lineweaver-Burk equation:

11 K, 1
L R
/SS /max /max C

where | is the steady-state current, /__ is the maximum current measured

max
under saturated substrate condition, and C is the cholesterol concentration. The K|
value was determined by the analysis of the slope and intercept for the plot of the
reciprocals of steady-state current versus cholesterol concentration and found to be
64.2 mg/dL (1.66 mmol/L). From the Km values, this work gave the higher value,
which means that the affinity between cholesterol and cholesterol oxidase is
relatively small as compared to that mentioned in other works. The major reason is
that the cholesterol oxidase functioning in this work is not fixed on the electrode,
and the affinity between cholesterol and cholesterol oxidase is so weak that it does
not give high current. Nevertheless, the proposed method provided a relatively high

sensitivity and a low detection limit. In addition, a linear range covers the applicable

region which makes the measurement of sample can be performed without dilution.
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Figure 4.4 (a) Chronoamperograms of 0-773.4 mg/dL cholesterol determination at -
0.5 V vs. Ag/AgCL. (b) The calibration graph of cholesterol over the concentration
range of 3.9 mg/dL to 773.4 mg/dL.

The performance of proposed cholesterol sensor compared to previously
report was shown in the Table 4.1. [t is confirmed that the presented cholesterol
sensor exhibited good sensing performance. Our sensor offers the wide detection
range and lower detection limit, except the use of ChOx-IL/PB/GCE. However, the

proposed sensor still has advantage in term of easily preparation of sensor. It did not
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require to immobilize enzyme into the sensor. This indicated that the proposed is

simple and suitable to apply for the determination of cholesterol in clinical

diagnostics.

Table 4.1 Comparison of different modified sensors for cholesterol determination

Electrode Linear range Detection limit Ref.
ChOx/PANI/ITO 25-400 mg/dL 25 mg/dL [102]
AuE/dithiol/AuNPs/MUA/ 0.04-0.22 mM 34.6 uM [103]
ChOx
NiFe,O4/CuO/FeO- 5-500 mg/dL 31.3 mg/dL [104]
CH/ChOx
ChOx-IL/PB/GCE 0.01-0.4 mM 4.4 uM [105]
(PAH-MCNTs- 0.18-11 mM 0.02 mM [106]
GNPs/HRP),/(PAH-

MCNTs—GNPs/ChOx),

Nafion/ChOx/-Fe,0,/Ag 0.1-8.0 mM 18 UM [107]
AGNPs/GCE 3.9-773.4 mg/dL 0.99 me/dL This
(0.1-20 mM) (25.8 uM) work

4.3.8 Bovine serum analysis

As mentioned, cholesterol is an important part of a healthy body. In
order to verify the reliability of method for cholesterol determination in clinical
diagnostics, the proposed sensor, AgNPs/GCE, was applied to determine cholesterol
in bovine serum. The label cholesterol concentrations were 50, 100, 150 and 250
mg/dL, respectively. The concentration of cholesterol in bovine serum sample was
calculated from standard calibration curve. The results were listed in the Table 4.2.

It can be observed that the determined values are highly correlated with the labeled
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values. The relative errors are less than 1%. The values of the recovery obtained
were in the range of 99.6-100.6 %. The results demonstrated that this proposed
method was successful used for determination of cholesterol in bovine serum
without any sample preparation. This indicated that the proposed method could be

applied for biological samples.

Table 4.2 Determination of cholesterol in bovine serum samples

Labeled Determined
Relative error

Sample concentration value* %RSD . % Recovery
(mg/dL) (mg/dL) %)
A 50 49.8+3.6 7.2 -0.3 99.6
B 100 100.7£5.1 5.0 +0.7 100.7
C 150 151.3+8.2 54 +0.8 100.8
D 250 2515 E115S 4.5 +0.6 100.6

4.4, Conclusions

In summary, we have demonstrated the use of simple
electrochemical method for cholesterol determination in bovine serum sample for
the first time. The determination of hydrogen peroxide produced from cholesterol
reaction can be used for the indirect quantification of cholesterol. Electrochemical
deposition technique was performed to create AgNPs/GCE and used as working
electrode for measurement the reduction of hydrogen peroxide. The catalyst of
silver nanoparticles possesses the catalytic activity of hydrogen peroxide reduction,
which no observed interference from easily oxidizable species such as ascorbic acid
and uric acid. In addition, the main advantages for the use of AgNPs/GCE are in term
of high sensitivity, high accuracy, and simple fabrication. Reproducible signal from
%RSD for intra- and inter-day were below 7.5%. These results indicated that the high

reproducibility was obtained using this system for long time.



62

Part Il:

Bimetallic Pt-Au nanocatalysts electrochemically deposited on boron-

doped diamond electrodes for nonenzymatic glucose detection

Siriwan Nantaphol.a Takeshi Wa‘tanabe,b Naohiro Nomura,b Weena Siangproh,C Orawon

Chailapakul,a* and Yasuaki Einagab’d*

’ Department of Chemistry, Faculty of Science, Chulalongkorn University, Patumwan,

Bangkok 10330, Thailand

> Department of Chemistry, Keio University, 3-14-1 Hiyoshi, Yokohama 223-8522,

Japan

‘ Department of Chemistry, Faculty of Science, Srinakharinwirot University, Wattana,

Bangkok 10110, Thailand

dJST—ACCEL, 3-14-1 Hiyoshi, Yokohama 223-8522, Japan

* Corresponding author

Biosensors and Bioelectronics, (in press), 2017



63

Abstract

The enormous demand for medical diagnostics has encouraged the
fabrication of high-performance sensing platforms for the detection of glucose.
Nonenzymatic glucose sensors are coming ever closer to being used in practical
applications. Bimetallic catalysts have been shown to be superior to single metal
catalysts in that they have greater activity and selectivity. Here, we demonstrate the
preparation, characterization, and electrocatalytic characteristics of a new bimetallic
Pt/Au nanocatalyst. This nanocatalyst can easily be synthesized by electrodeposition
by sequentially depositing Au and Pt on the surface of a boron-doped diamond
(BDD) electrode. We characterized the nanocatalyst by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and voltammetry. The morphology and composition of
the nanocatalyst can be easily controlled by adjusting the electrodeposition process
and the molar ratio between the Pt and Au precursors. The electrocatalytic
characteristics of a Pt/Au/BDD electrode for the nonenzymatic oxidation of glucose
were systematically investigated by cyclic voltammetry. The electrode exhibits higher
catalytic activity for glucose oxidation than Pt/BDD and Au/BDD electrodes. The best
catalytic activity and stability was obtained with a Pt:Au molar ratio of 50:50.
Moreover, the presence of Au can significantly enhance the long-term stability and
poisoning tolerance during the electro-oxidation of glucose. Measurements of
glucose using the Pt/Au/BDD electrode were linear in the range from 0.01 to 7.5 mM,
with a detection limit of 0.01 mM glucose. The proposed electrode performs
selective electrochemical analysis of glucose in the presence of common interfering
species (e.g., acetaminophen, uric and ascorbic acids), avoiding the generation of

overlapping signals from such species.
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4.5 Introduction

Owning to the recent increase in the number of people suffering from
diabetes, the development of highly sensitive glucose sensors with high reliability,
fast response, and excellent selectivity has become more urgent. In general,
electrochemical techniques hold great promise for the construction of glucose
sensors since these techniques have the advantages of simplicity, high sensitivity,
high accuracy, and a low power requirement [108, 109]. There are essentially two
categories of electrochemical glucose sensors: enzymatic and nonenzymatic sensors
[110-113]. Despite the fact that enzyme-based sensors show good selectivity and are
highly sensitive, they are limited by their inadequate long-term stability, which
originates from the nature of the enzymes [18, 19, 114]. As a result, there have been
enormous efforts made to alleviate these problems. One of the more appealing
approaches is the use of nonenzymatic electrochemical sensors based on the direct
electrocatalysis of glucose at the electrode. Sensors of this type have some
outstanding properties that set them apart; they are simple, reproducible and highly
stable [20, 21, 115]. For nonenzymatic g¢lucose sensors, the electrochemical
performance much depends on the catalytic activity of the catalysts toward glucose
oxidation. With this perspective, the search for electroactive materials with the ability
to electro-oxidize glucose with fast kinetics and at a low overpotential is foremost.
Various catalytic materials such as the noble metals (Au [18, 116], Pd [114], and Pt
[117-119]), and the transition metal (Ni [20, 120, 121], Cu [122, 123], and Co [124])
and their oxides (NiO/Ni(OH), [125-127], CuO [128], and Co30q4 [22, 129, 130]) have
been applied. The transition metals and their oxides have good catalytic properties
and are highly sensitive to sglucose oxidation. However, an alkaline solution is
frequently required for these and thus they are impractical for clinical diagnosis. Pt is
a special metal in view of its high electrocatalytic activity toward glucose oxidation in
neutral media. However, the loss of catalytic activity due to the accumulation of
chemisorbed intermediates from the glucose oxidation process is a critical limitation

that prevents the direct application of Pt in the fabrication of glucose sensors.
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Development of bimetallic Pt-based materials is thought to be an effective
way of addressing this limitation. In many cases, bimetallic catalysts have proven to
have superior catalytic efficiency than single metal catalysts. The synergistic effect on
the performance of heterometallic nanocatalysts is subject to the surface electronic
states, which are greatly affected by changes in the geometric parameters of the
catalysts, and are related in particular to the local strain and the effective atomic
coordination number on the surface [23, 24, 131]. Great efforts have been dedicated
to modifying Pt surfaces by adding metals such as Ru, Pb, Cu, and Ni to them [23,
115, 132-134]. Compared to monometallic Pt, bimetallic Pt has distinct synergistic
characteristics and offers electrodes with highly desirable electronic and catalytic
properties. It has been demonstrated that a bimetallic alloy of Pt,Pb catalyzed
glucose oxidation not only at a more negative potential than a pure Pt electrode but
also with a much higher current response [133]. In addition, the atomic ratio between
Pt and Pb also affected the catalytic ability and the sensitivity for sensing glucose
[112]. Au is another interesting metal that also displays catalytic activity toward the
oxidation of glucose in neutral media. As a result of its filled d orbitals, it is more
stable toward oxidation and poisoning during experiments than Pt [18]. In another
previously published report, Au clusters were shown to have a stabilizing effect on
an underlying Pt surface under highly oxidizing conditions and to suppress Pt

dissolution during potential cycling, without decreasing the catalytic activity [135].

The key idea of this work is to combine Pt and Au to improve the
electrocatalytic activity and the tolerance to poisoning. A BDD electrode modified
with a bimetallic Pt/Au nanocatalyst (Pt/Au/BDD) was used as an effective non-
enzymatic glucose sensor. BDD was used for the substrates for the electrodes
because of its superior electrochemical properties such as the wide potential
window, high resistance to fouling, and low background current. Bimetallic Pt/Au is
easily prepared using electrodeposition techniques by sequential depositing Au and
Pt on the BDD electrode surface. The electrocatalytic activities of the modified
electrodes toward g¢lucose oxidation were studied. The effects of various

electrodeposition processes and the composition of the Pt-Au catalyst in preparing
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the modified BDD electrodes on the electrocatalytic activity and the sensitivity for
glucose oxidation were also investigated. The linearity, LOD, the sensitivity, and the
selectivity obtained from these electrodes were compared to Pt/BDD and Au/BDD
electrodes, and a commercial flat Pt electrode. We found that significant
improvements in the response to glucose improvements were obtained with the

Pt/Au/BDD electrode as well as excellent stability, selectivity and reproducibility.

4.6 Experimental section
4.6.1 Chemicals

Potassium tetrachloroaurate(lll) (K[AuClyl), potassium tetrachloroplatinate(ll)
(K,[PtCly]) and glucose were purchased from Wako Chemicals. All the chemicals were
used as received without any further purification. Deionized water (18.2 MQ cm) was

used in all the experiments.
4.6.2 Preparation of the modified electrodes

The BDD electrodes were grown on Si (111) wafers using a microwave plasma-
assisted chemical vapor deposition system (Astex Corp.) Acetone and B(OCHs); were
used as the carbon and boron sources, respectively, with an atomic ratio of B/C =
1%. Electrodeposition was used to prepare the modified electrodes. K[AuCl,] and
K,[PtCly] were each dissolved in solutions of 0.2 M H,SO,. One-step electrodeposition
was performed in a mixture of 1 mM K[AuCly] and 1 mM K,[PtCly] by applying an
accumulation potential of -0.5 V for 180 s. The modified electrode was then rinsed
with water to remove physically adsorbed substances. This modified electrode is
denoted as the AuPt/BDD electrode. For two-step sequential electrodeposition, two
types of modified electrodes were prepared. The first is a Pt/Au/BDD electrode. This
was prepared by depositing Au onto the BDD surface using the 1 mM K[AuCl,]
solution. Then, Pt was deposited onto the Au layer using the 1 mM K,[PtCl,] solution.
The second is an Au/Pt/BDD electrode. To prepare this, the order in which the
metals were deposited was reversed; the Pt was deposited first, and the Au second.

Au/BDD and Pt/BDD electrodes were also prepared using one-step electrodeposition
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procedures with 1 mM K[AuCl,] and 1 mM K,[PtCl,] solutions, respectively. These

were used for comparison.
4.6.3 Apparatus and Electrochemical Measurements

The modified electrodes were characterized by field-emission scanning
electron microscopy (FESEM, JEOL JSM-7610F at 15 kV) and X-ray diffraction (XRD,
Bruker AXS D8 DISCOVER). Electrochemical experiments were performed on an
ALS852D (ALS/CH Instruments) electrochemical analyzer at room temperature (25 °C).
A three-electrode cell with a sample volume of 80 pL, a Ag/AgCl reference
electrode, a Pt wire as a counter electrode, and the modified BDD as a working

electrode, was employed.

4.7 Results and discussion
4.7.1 Characterization of the modified electrodes

FE-SEM images of the different nanomaterials are shown in Figure 4.5a-e. For
the Au/BDD electrode, the Au nanospheres are evenly dispersed across the BDD
surface, as shown in Figure 4.5a. The image of the Pt/BDD electrode in Figure 4.5b
clearly shows that direct electrodeposition of Pt™" on the bare BDD surface has led
to the aggregation of thin Pt sheets to form a flower-like morphology. The AuPt/BDD,
shown in Figure 4.5¢, displays a flower-like structure comprising numerous small
nanoparticles. In the case of the Pt/Au/BDD electrode, shown in Figure 4.5d, for
which the Pt particles were deposited onto the layer of Au particles, a thin sheet of
uniformly dispersed Pt particles with high density can be seen. For the Au/Pt/BDD
electrode, for which the Au particles were deposited onto the Pt particles, the FE-
SEM image shows an aggregate of many tiny Au and Pt particles leading to the

formation of flower-like structures of various sizes (Figure 4.5¢).

The crystalline structures of the Au-Pt nanostructures on the BDD electrode
surfaces were verified by XRD analysis as shown in Figure 4.5f. For the Pt/BDD and
Au/BDD electrodes, major characteristic peaks at c.a. 39.81° (line a) and 38.31° (line b)

were observed, indicating the crystalline nature of Pt and Au, respectively.[136] For
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AuPt/BDD (line ¢), the diffraction peak has shifted to a higher 20 value than pure Pt
but smaller than that of pure Au, confirming the formation of a AuPt alloy.[137] The
Pt/Au/BDD (line d) and Au/Pt/BDD (line e) electrodes both have large and small
diffraction peaks at the same positions as pure Pt and Au, respectively. These results
indicate that the formation of the Au-Pt nanostructures on the Pt/Au/BDD and

Au/Pt/BDD electrodes, are in the form of a bimetallic mixture rather than an alloy.

Intensity (a.u.)
%

36 38 40 42
2 Theta (degree)

Figure 4.5 FE-SEM images of (a) Au/BDD, (b) Pt/BDD, (c) AuPt/BDD, (d) Pt/Au/BDD, and
(e) Au/Pt/BDD electrodes, respectively. (f) XRD patterns of Au/BDD (line a), Pt/BDD
(line b), AuPt/BDD (line c), Pt/Au/BDD (line d), and Au/Pt/BDD (line e), respectively.

4.7.2 Electrocatalytic Activity toward Glucose Oxidation in Neutral Media

The nonenzymatic oxidation of glucose at unmodified BDD, Pt/BDD, Au/BDD
and Pt/Au/BDD electrodes was studied using cyclic voltammetry, and their
electrocatalytic characteristics were compared. For the simple BDD electrode (Figure
4.6a), no redox peaks in the potential range from 0 to 1.2 V were observed in the
absence and presence of 5 mM glucose in 0.1 M PBS (pH 7.4) containing 0.1 M NaCl.
In contrast, the CV curve for the Pt/Au/BDD electrode (Figure 4.6b) without glucose
displays hydrogen adsorption/desorption peaks at negative potentials, a flat double

layer region at intermediate potentials, and metal oxide formation/reduction peaks



69

at positive potentials. After adding 5 mM glucose, an anodic peak appears at a
potential of around -0.087 V. This is marked as the onset of glucose oxidation. During
the positive scan, multiple oxidation peaks were observed. The first anodic peak can
be attributed to the electrochemical adsorption of glucose on the surface, forming a
layer of glucose intermediates. On moving the potential to more positive values, the
adsorbed glucose was oxidized, resulting in an oxidation peak above 0.2 V. In the
negative scan, a reduction peak at 0.1 V appears. This can be attributed to reduction
of the surface oxide, which had grown at the high positive potential. With reduction
of the surface oxide, more surface-active sites became available for the oxidation of
glucose, resulting in a large and broad oxidation peak. These phenomena were in
accordance with those reported in previous publications [138, 139]. The anodic
current observed after adding glucose to the supporting solution demonstrates the
electrocatalytic activity of the Pt/Au/BDD electrode for glucose oxidation. For
comparison, the electrochemical responses for glucose oxidation at the Pt/BDD
(Figure 4.6c) and Au/BDD (Figure 4.6d) electrodes were also investigated. The CV
curves obtained for these electrodes displayed similar characteristics for glucose
oxidation as the Pt/Au/BDD electrode, but the peak current obtained with the
Pt/Au/BDD electrode was larger than that obtained with the Pt/BDD and Au/BDD
electrodes. In addition, the oxidation peak potential with the Pt/Au/BDD electrode (-
0.087 V) was lower than that with the Pt/BDD (-0.065 V) and Au/BDD (-0.045 V)
electrodes, demonstrating that the Pt/Au/BDD electrode providesthe highe st

catalytic activity toward sglucose oxidation in neutralmedia compared with BDD

electrodes modified with Pt or Au only.
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Figure 4.6 Cyclic voltammograms for (a) unmodified BDD, (b) Pt/Au/BDD, (c) Pt/BDD,
and (d) Au/BDD electrodes in the absence (red dashed line) and presence of 5 mM

glucose (black solid line) in 0.1 M PBS (pH 7.4) containing 0.1 M NaCl. Scan rate: 50
mV/s.

We also investigated the influence on glucose oxidation of the different
electrodeposition procedures for forming the bimetallic electrodes. Figure 4.7 shows
the CVs recorded in 5 mM glucose using the Pt/Au/BDD, Au/Pt/BDD, and AuPt/BDD
electrodes. The glucose oxidation peak for the Pt/Au/BDD electrode is the highest,
demonstrating that the nanocatalyst with Pt nanoparticles on top of Au
nanoparticles had higher electrocatalytic activity for glucose oxidation than
nanocatalysts in the form of a bimetallic alloy of AuPt, or with Au nanoparticles on

top of Pt nanoparticles. Thus, the catalytic performance of the electrode depends on
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the process by which the Pt and Au nanostructure is formed on the surface of the

BDD electrode.

Current (JLA)

| | | | | |
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Potential (V vs. Ag/AgCl)

Figure 4.7 Cyclic voltammograms for 5 mM glucose in 0.1 M PBS (pH 7.4) containing
0.1 M NaCl at AuPt/BDD (black line), Au/Pt/BDD (green line), and Pt/Au/BDD (red line)

electrodes. Scan rate: 50 mV/s.

4.7.3 Optimization parameters

On the basis of the above discussion, it is clear that the Pt/Au/BDD electrode
has the best performance for the electro-oxidation of glucose. Here, we focus on
optimizing this bimetallic nanomaterial. The electrodeposition parameters including
the deposition potentials, the total concentration and the molar ratio of the Au and
Pt precursors may be important aspects for fabricating sensors with the best
electrocatalytic properties. The effect of the deposition potentials for Au and Pt on
the glucose oxidation current are shown in Figure 4.8a and 4.8b, respectively. The
increase in deposition potential has resulted in a significant increase in the glucose

current response, which can be attributed to the increase in the amount of metal
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electrodeposited on the electrode surface. This may be related to the increase in
film thickness as well as the increase in nucleation during the electrodeposition
process. However, at more negative deposition potentials, beyond -0.4 V for Au and -
0.5 V for Pt, the Pt/Au/BDD electrodes have lower analytical performance. This may
be because that large amount of metal has aggregated leading to a decrease in

catalytic performance.

The total concentration and molar ratio of the Pt and Au precursors were
also investigated. The concentrations of K[AuCly] and K,[PtCly] were examined at a
fixed molar ratio of 1:1 for the K[AuCl,4] and K,[PtCly]. The relationships between the
current and the number of measurements and the concentration were considered.
The number of measurements is defined as the number of cycles before the current
signal decreases by 7% from the first cycle. As shown in Figure 4.8c, the maximum
current and the highest number of measurements were obtained at 1 mM
concentrations of K[AuCly] and K,[PtCl,] (i.e., the total concentration was 2 mM).
Subsequently, the molar ratio of K[AuCl,] and K,[PtCl,] was examined (the total
concentration was kept at 2 mM). As shown in Figure 4.8d, the signal current
increases with increasing Pt:Au molar ratio, indicating the catalytic activity depends
mainly on the amount of Pt. However, for both high and low molar ratios, the
response of electrode was unstable which might be due to the loss of activity as a
result of the accumulation of chemisorbed intermediates leading to the
electrocatalyst blocking the surface. On the other hand, with a molar ratio of 50:50,
the electrode not only gave high current but was also highly stable. Interestingly, it
has been reported that the presence of Au might address the poisoning problem of
Pt catalysts, changing the electronic band structure of Pt by modifying the strength of
the surface adsorption, which is an essential factor for improving the catalytic

performance and efficiency of Pt catalysts.[140]
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Figure 4.8 Effect of electrodeposition conditions on nonenzymatic glucose oxidation.
Dependence of the current on (a) the deposition potential of Au, (b) the deposition
potential of Pt, (c) the concentration of the Au and Pt precursors and (d) the molar

ratio of Au and Pt precursors.

4.7.4 Analytical performance

After characterizing the modified electrodes with cyclic voltammetry, the
analytical performances were examined using chronoamperometry, because this is
more sensitive, leading to lower detection limits. In addition, for long-term
applications, it is an easier detection method to implement [56]. First, optimization of
the applied potential to achieve the greatest sensitivity for glucose oxidation was
carried out. The applied potential was studied in the range from 0 to -0.25 V. The
highest signal current was achieved at a potential of -0.15 V. Therefore, this was

selected for further experiments.

Measurement number
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The chronoamperometric response for glucose at the surfaces of the
Pt/Au/BDD (Figure 4.9a), Pt/BDD (Figure 4.9b) and Au/BDD (Figure 4.9¢) electrodes,
and that of a commercial flat Pt (Figure 4.9d) electrode in 0.1 M PBS (pH 7.4)
containing 0.1 M NaCl were studied, and their analytical performances were
compared. With increasing glucose, the oxidation peak currents increase gradually
suggesting that these peaks were indeed due to the oxidation of glucose. Calibration
curves derived from the chronoamperometric data are shown in Figure 4.10. This
indicates that the Pt/Au/BDD electrode has the best analytical performance. The
response of this electrode is linear in the concentration range from 0.01-7.5 mM with
an experimental limit of detection (LOD) of 0.01 mM. The Pt/BDD electrode had
higher sensitivity but a narrower linear range than the bulk Pt electrode. This smaller
linear range may have been caused by poisoning; the accumulation of intermediates
on the electrode surface may have blocked some active surface sites resulting in the
short linear response. The sensitivity of the Au/BDD electrode was poor, due to the
low catalytic activity for glucose oxidation. The linear range, detection limit and the
sensitivity of the electrodes are summarized in Table 1. The lower and upper limits
of the linear range of the Pt/Au/BDD electrode cover the physiological range (3.5 -
6.1 mM) [115], suggesting that this is a very promising electrode configuration for

analytical applications.
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Figure 4.9 Chronoamperograms for different concentrations of glucose in 0.1 M PBS
(pH 7.4) containing 0.1 M NaCl with (a) a Pt/Au/BDD electrode, (b) a Pt/BDD electrode,

(c) a Pt electrode, and (d) a Au/BDD electrode. The applied potential in each case
was -0.15 V.



76

18
15|
PY/Au/BDD
12 1
<
= 9 ; PYBDD
=
o 6 Au/BDD
]
O A
3L ed A
§ flat Pt
0k
0 2 4 6 8 10

Glucose concentration (mM)

Figure 4.10 Calibration curves for the chronoamperometric tests shown in Figure S1.
The working electrodes are a commercial flat Pt (blue) electrode, and Au/BDD
(green), Pt/BDD (red) and Pt/Au/BDD (black) electrodes. The applied potential was -
0.15 V with a sampling time of 50 s.

Table 4.3 Summary of the performances of the electrodes

Linear range  Detection limit

Electrode Linear equation
(mM) (mM)
commercial flat Pt y = 0.3426x + 0.299 1-10 1
Au/BDD y = 0.3685x + 0.7539 0.5-10 0.5
Pt/BDD y = 0.3685x + 0.7539 0.05-5 0.05

Pt/Au/BDD y = 1.6962x + 3.6369 0.01-7.5 0.01
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4.7.5 Effects of chloride ions

Chloride ions may have a serious poisoning effect on metal or alloy
electrocatalysts leading to loss of activity for the oxidation of glucose [141]. Thus,
the influence of chloride ions was examined by cyclic voltammetry. Different
concentrations of NaCl were added to the supporting electrolyte (0.1 M PBS). The
results show that chloride ions (0.05-1 mM) lead to only minimal changes in current
for 5 mM glucose compared to that recorded in the absence of chloride ions (Figure
4.11). In addition, the oxidation peak potential remains unchanged with the presence
of chloride ions. This means that chloride ions have no noticeable poisoning effect
on the Pt/Au catalyst, and the sensor can be used for glucose sensing even in the

presence of high concentrations of chloride ions.

Current (JLA)

0 0.05 0.1 0.25 0.5 1
Chloride concentration (M)

Figure 4.11 The electrochemical response of 5 mM glucose in 0.1 M PBS (pH 7.4)

containing different concentrations of NaCl
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4.7.6 Selectivity

An important parameter for a biosensor is its ability to distinguish between
interfering species and the target analyte in physiological environments. Although the
normal physiological level of glucose (3.5-6.1 mM) is much higher than that of other
redox-active interfering species such as ascorbic acid (AA) (~0.1 mM) uric acid (UA)
(~0.02 mM), and AP (~0.1 mM), their electron transfer rates are higher than that of
glucose. As a result, the oxidation current for them is comparable to that of glucose.
Therefore, AA, UA, and AP are major interfering species for the detection of glucose.
The CV scans of 5 mM glucose, 0.1 mM AA, 0.2 mM AP, and 0.5 mM UA with different
types of electrodes were investigated. The CVs obtained with the Pt/Au/BDD and
Pt/BDD electrodes, and the commercial flat Pt electrode, are shown in Figure 4.12a-c,
respectively. For these modified electrodes, the onset potential for glucose oxidation
is much lower than the one recorded for AA, UA, and AP oxidation. On the other
hand, the CV scans with the Au/BDD electrode showed overlapping between the
glucose and AA oxidation peaks (Figure 4.12d). To confirm the results, the
amperometric responses of glucose and the interfering species were further
investigated. The results are shown in Table 4.4. For the Pt/Au/BDD, Pt/BDD and Pt
electrodes, the interfering species led to only minimal changes relative to the
response current to 5 mM glucose, generally less than +5.0%, compared to that
recorded in the absence of the interfering species. This means that these substances
did not interfere in the determination of g¢lucose, and the sensors have high
selectivity. In contrast, the current when using the Au/BDD electrode increased by
20% after adding AA, demonstrating that the selectivity between glucose and AA was

poor for this electrode.
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Figure 4.12 Cyclic voltammograms for the oxidation of 5 mM glucose (blue), 0.1 mM
AA (red), 0.5 mM UA (black), and 0.2 mM AP (green) obtained with the Pt/Au/BDD

electrode (a), the Pt/BDD electrode (b), the commercial flat Pt electrode (c), and the
Au/BDD electrode (d).
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Table 4.4 The effect of interfering species on glucose determination for the modified

electrodes.
Electrode Glucose + interference (lgwcoseinterference/lgtucose) X 100
Glucose + UA 103.42
Pt Glucose + AA 101.14
Glucose + AP 98.86
Glucose + UA 97.71
Pt/BDD Glucose + AA 96.58
Glucose + AP 101.34
Glucose + UA 103.36
Glucose + AA 122.39
Au/BDD
Glucose + AP 104.73
Glucose + UA 100.44
Glucose + AA 96.19
Pt/Au/BDD
Glucose + AP 99.27

4.7.7 Reproducibility and repeatability

The reproducibility of the electrode is expressed in terms of the relative
standard deviation (RSD) for six Pt/Au/ BDD electrodes under the same conditions
and concentration of glucose (5 mM) using six prepared electrodes in parallel. It was

found that the six electrodes, made independently, had acceptable reproducibility
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with a relative standard deviation of 3.2%. To test the repeatability of the Pt/Au/BDD
electrode, we performed 15 successive measurements at a glucose concentration of
5 mM. The relative standard deviation was 3.6%, revealing an acceptable

repeatability.

4.8 Conclusions

In summary, a novel modified BDD electrode with bimetallic Pt/Au can be
conveniently prepared using a simple electrodeposition process. This electrode is
especially suited for use as a nonenzymatic glucose sensor owing to its high
electrocatalytic activity for glucose oxidation in physiological conditions, its high
resistance to poisoning by chloride ions, and its high selectivity for the detection of
glucose. It is capable of sensing glucose chronoamperometrically at a negative
potential of -0.15 V (Ag/AgCl), where the interference from the oxidation of common
interfering species such as AA, AP, and UA are effectively avoided. A wide linear range
of 0.01 mM to 7.5 mM and a low detection limit of 0.01 mM were obtained. This
novel catalytic material has the potential to be used in catalysis, for sensors and so

on.
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CHAPTER V

DEVELOPMENT OF BORON DOPED DIAMOND ELECTRODE FOR PAPER-
BASED ANALYTICAL DEVICE

There are two parts for this chapter. Past | reports a novel paper-based
device coupled with a silver nanoparticle-modified boron doped diamond electrode
for cholesterol detection. Past Il presents boron doped diamond paste electrodes

for microfluidic paper-based analytical devices.
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Abstract

A novel paper-based analytical device (PAD) coupled with a silver
nanoparticle-modified boron-doped diamond (AgNP/BDD) electrode was first
developed as a cholesterol sensor. The AgNP/BDD electrode was used as working
electrode after modification by AgNPs using an electrodeposition method. Wax
printing was used to define the hydrophilic and hydrophobic areas on filter paper,
and then counter and reference electrodes were fabricated on the hydrophilic area
by screen-printing in house. For the amperometric detection, cholesterol and
cholesterol oxidase (ChOx) were directly drop-cast onto the hydrophilic area, and
H,O, produced from the enzymatic reaction was monitored. The fabricated device
demonstrated a good linearity (0.39 mg dL” to 270.69 mg d|_>1), low detection limit
(0.25 mg dL ™), and high sensitivity (49.61 A mM ™ cm ). The precision value for ten
replicates was 3.76 % RSD for 1 mM H,O,. In addition, this biosensor exhibited very
high selectivity for cholesterol detection and excellent recoveries for bovine serum
analysis (in the range of 99.6-100.8 %). The results showed that this new sensing
platform will be an alternative tool for cholesterol detection in routine diagnosis and
offers the advantages of low sample/reagent consumption, low cost, portability, and

short analysis time.
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5.1 Introduction

Cholesterol is an essential component of the mammalian cell membrane and
is a precursor of bile acid and steroid hormones. However, abnormal cholesterol
levels are related to several diseases, such as hypertension, coronary heart disease,
arteriosclerosis, brain thrombosis, lipid metabolism dysfunction and myocardial
infarction [92]. Thus, the monitoring of the cholesterol level is very important for
disease control and prevention. Various analytical strategies for cholesterol assays
have been developed that can be sub-classified into two groups, including a
chemical and an enzymatic method [142-145]. Currently, the enzymatic method has
received greater attention for cholesterol analysis because it provides greater
sensitivity and selectivity than the chemical method. The well-known principle of an
enzyme-based cholesterol sensor is typically based on the reaction between
cholesterol and the cholesterol oxidase (ChOx) enzyme. Free cholesterol is oxidized
by cholesterol oxidase to produce 4-cholestene-3-one and hydrogen peroxide (H,0,),
and the H,0, generated can be used for indirect quantification of cholesterol [9, 10,
146]. The electrochemical method, especially the electrochemical biosensor, is
extremely attractive for the determination of cholesterol because the
electrochemical  biosensors provide high  sensitivity, require inexpensive
instrumentation, and are suitable for real-time analysis. Previously, several methods
have been used to immobilize the enzyme onto an electrode, such as entrapment in
a polymer [147], covalent linkage with glutaraldehyde [148] or a polymer [149], and
electrostatic adsorption [150].  Although these sensing platforms provide good
performance for cholesterol detection, limitations still remain in terms of time
consumption, detection performance and the ease with which the enzyme is
denatured during its immobilization. To overcome this drawback, it is necessary to
design and fabricate a new cholesterol sensor that offers simple fabrication, an easy
immobilization step, and a short analysis time.

Recently, filter paper has received interest as a potential material for sensor
applications due to its large surface area and low cost. In 2009, electrochemical
detection on a paper-based analytical device (PAD) was first developed by Dungchai

and coworkers [56]. This platform became a new alternative analytical device and
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was applied in many application areas [151-156]. Their simplicity of fabrication,
portability and disposability coupled with the small volume of reagent/sample
solution required for PADs make them suitable and very appealing for the
development of new clinical diagnostic tools. Moreover, the biocompatibility of filter
paper makes it suitable for immobilization of enzymes or other bioreceptors [61, 157,
158]. However, the traditional paper-based electrochemical devices with a three-
electrode system (consisting of a working electrode (WE), a counter electrode (CE),
and a reference electrode (RE)) still have some limitations, including low sensitivity
because of a small electrode area and the use of carbon ink as a working electrode
(56, 159].

To solve these problems, the use of a commercial electrode coupled with
PAD was considered. Boron-doped diamond (BDD) thin films are novel carbon-based
materials that have very attractive properties compared to other conventional
electrodes in terms of (i) wide electrochemical potential window; (i) low and stable
background current; (i) resistance to electrode fouling; (iv) high response
reproducibility and long-term response stability; and (v) biocompatibility. As
advantages, we can conclude that the BDD electrodes provide the potential for
electroanalysis application with high sensitivity [160-162]. To eliminate possible
interference from easily oxidizable species in biological samples, cholesterol
detection and measurement via the monitoring of H,O, reduction is proposed in this
work. Unfortunately, the reduction of H,O, cannot be observed on a bare BDD
electrode. Therefore, silver nanoparticle (AgNP) has been considered as the modifier
for modification of the BDD surface because they have a large specific surface area,
excellent conductivity and extraordinary electrocatalytic activity. Moreover, AgNP
also show an excellent electrocatalytic activity for H,O, reduction [11, 15, 16, 101].

On this basis, we have developed a novel cholesterol biosensor based on a
silver nanoparticle-modified boron-doped diamond (AgNP/BDD) electrode with PAD.
An electrodeposition method was used to deposit AgNP onto the BDD electrode
surface. The resulting device possessed the advantages of simple fabrication, small
sample volume/reagent requirements, low cost and short analysis time. In addition,

the AgNP/BDD electrode exhibited a highly sensitive and selective response to detect
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cholesterol without disturbance from interfering compounds such as ascorbic acid,
uric acid, and glucose. To the best of our knowledge, this the first report of the
coupling of an AgNP/BDD electrode with PAD to fabricate a cholesterol biosensor.
The results show that this device displayed excellent performance, a wide linear

range, and a low detection limit for cholesterol detection.

5.2 Experimental
5.2.1 Chemicals and materials

Cholesterol and cholesterol oxidase (ChOx) from Streptomyces sp. (25 U/mg)
and lipid cholesterol enriched from adult bovine serum were purchased from Sigma
(St. Louis, MO). Potassium dihydrogen phosphate (KH,PO,) was purchased from Carlo
Erba Reagenti-SpA (Val de Reuil, France). Hydrogen peroxide (H,0,), disodium
hydrogen phosphate (Na,HPOy,), potassium chloride (KCl) and boric acid (H3BO) were
purchased from Merck (Darmstadt, Germany). Silver nitrate (AgNO3) was purchased
from POCH S.A. (Poland). Glacial acetic acid (CH;COOH) was purchased from Fisher
Scientific (Pittsburgh, PA). Phosphoric acid (HsPO,4, 85%) was purchased from Carlo
Erba (Rodano, MI, USA). Carbon ink and silver/silver chloride (Ag/AgCl) ink were
obtained from Gwent Group (Torfaen, United Kingdom). Filter paper grade no. 1 (size,
46 x 57 cm’) was purchased from Whatman. A stock solution of cholesterol was
prepared daily by dissolving cholesterol in a mixture of Triton X-100 and isopropanol.
This stock solution was further diluted to make different concentrations of
cholesterol in 0.05 M PBS pH 7.4. The solution was stirred with a magnetic bar at 60
°C to obtain a homogeneous solution. Stock solution of ChOx was freshly prepared
by dissolving in 0.05 M phosphate buffer (pH 7.0). All chemicals were used without

further purification.

5.2.2 Sample preparation

The labeled concentration of cholesterol in adult bovine serum was used to

represent the serum sample. The serum samples were prepared by dissolving adult
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bovine serum powder in Triton X-100 and isopropanol, and diluting with 0.05 M PBS
pH 7.4. The solution was stirred with a magnetic bar at 60 °C.

5.2.3 Preparation of AgNP/BDD electrode

A simple one-step electrodeposition method was used for the electrode
modification. A three-electrode system (Ag/AgCl (3 M KCl) electrode as the reference
electrode (RE), a platinum wire as the counter electrode (CE) and a BDD electrode as
the working electrode (WE)) was used in this work. Electrodeposition of AgNPs onto
the BDD electrode surface was accomplished by dipping the electrode in a solution
of AgNO; in Britton-Robinson buffer (pH 2) and applying a potential with stirring. The
electrode was then rinsed with water to remove any physically adsorbed substances

on the electrode.

The electrodeposition parameters for the modification of the electrode
including deposition potentials, deposition times, and concentrations of AgNO; could
affect the performance of the electrochemical response for the H,O, reduction,
which should be optimized to increase the sensitivity. The ranges of each parameter

optimized are shown in Table 5.1.

Table 5.1 Summary of the experimental parameters for modification of electrode

Parameters Range tested Optimum value
deposition potentials (V vs Ag/AgCl) (-0.3) - (-0.7) -0.5
deposition times (s) 25 - 300 150
concentrations of AgNO5 (mM) 0.25-10 5

5.2.4 Fabrication of cholesterol sensor and analytical procedure

In this work, wax printing and filter paper (Whatman No. 1) were selected for

the construction of the devices according to a previously reported method[28]. The
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patterned PAD was designed by the Adobe Illustrator, and then the patterns were
printed onto paper using a wax printer (Xerox Color Qube 8570, Japan). The printed
PAD was heated on the hot plate at 175 °C for 50 s to melt the printed wax so that it
penetrated through the paper to form the hydrophobic and hydrophilic patterns.
Screen-printing in-house was used to fabricate CEs and REs. Carbon ink was used for
the CE. Ag/AgCl ink was used for the RE and conductive pads. The screen block was
designed using Adobe Illustrator software and constructed by Chaiyaboon Co.
(Bangkok, Thailand). The CE and RE were screened onto the hydrophilic area on the
top of the PAD. The double-sided adhesive tape was punched to create a 1.0 cm
diameter hole. This double-sided adhesive tape was used to attach the bottom of
the PAD and the AgNP/BDD electrode to complete the device. For the
determination of cholesterol, an optimal volume of ChOx was drop-cast and dried
onto the hydrophilic zone of the PAD. Then, 10 pL of standard/sample cholesterol
solution was dropped, and electrochemical measurements were performed with a
model PGSTAT 101 Autolab Electrochemical System controlled with the NOVA
software package (Kanaalweg 29-G 3526 KM Utrecht, The Netherlands) at room
temperature (22 + 1 °C). The overall fabrication and analytical procedure for the

determination of cholesterol are shown in Figure 5.1.
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2. std. cholesterol/sample R

Figure 5.1 Schematic representation of the fabrication and analytical procedure for

the cholesterol sensor based on the coupling of the AgNP/BDD electrode with PAD
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5.3. Results and discussion
5.3.1 Device design

The coupling of the AgNP/BDD electrode with PAD for the fabrication of a
cholesterol biosensor was designed to improve the electrochemical performance of
the PAD using the BDD electrode as the WE instead of the traditional carbon screen-
printed electrode. A low background current at the BDD electrode can enhance the
sensitivity for the cholesterol detection. Moreover, the device that we have
designed can reduce the consumption of standard/reagent solution and reduce the
time required for the enzyme immobilization step by direct drop-casting of ChOx
onto the hydrophilic zone of the PAD. The enzyme is immobilized on the filter
paper by the adsorption process. After addition of the cholesterol solution, ChOx
catalyzes the oxidation of cholesterol to generate H,O, and cholest-4-en-3-one. The
electrochemical reduction of H,O, occurs at the modified electrode after a suitable
potential is applied. The cathodic currents of H,O, are recorded and used to
determine the concentration of the cholesterol in the samples. The mechanism of
cholesterol detection is shown in Figure 5.2.

Cholesterol 02 HzO

by

Choleéteh#S-one

H,0,

e AgNP

Figure 5.2 Schematic representation for the cholesterol detection processes on the

AgNP/BDD electrode coupled with PAD
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5.3.2 Surface morphology of AgNP/BDD electrode

Scanning electron microscope (SEM) was used to characterize the surface
morphology of bare BDD electrode and AgNP/BDD electrode as shown in Figure 5.3a
and Figure 5.3b, respectively. After electrodeposition of AgNPs, a number of
nanoparticles were clearly seen. The size of AgNPs was in the nanoscale. Some
bigger particles may be possibly caused by the aggregation. The distribution of AgNPs
on the electrode surface led to increase the surface area and improve the

electrochemical sensitivity of the modified electrode.
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Figure 5.3 SEM images of (A) bare BDD electrode and (B) AgNP/BDD electrode
prepared by electrodeposition at a potential of —-0.5 V during 50 s from a pH 2
Britton-Robinson containing 5 mM AgNO;

5.3.3 Electrochemical behavior of standard H,0, and cholesterol on the

AgNP/BDD electrode coupled with PAD

Cyclic voltammetry was initially employed to investigate the electrochemical
behavior of H,O, on the AgNP/BDD electrode coupled with PAD. The cyclic
voltammograms (CVs) in the absence and presence of 1 mM H,0O,, recorded at the

bare BDD electrode and the AgNP/BDD electrode, corresponding to the background
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at the scan rate of 100 mV s are shown in Figure 5.4a. The cathodic peak of H,0,
did not appear at the bare BDD electrode, supporting the observation that this
electrode has no electrochemical activity toward H,O,. For the AgNP/BDD electrode,
a well-defined cathodic peak of H,O, can be observed at a potential of
approximately -0.61 V vs. Ag/AgCl, suggesting that the use of the BDD electrode

modified with AgNPs can promote the electron transfer in the H,0, reduction.

Subsequently, the electrochemical behavior of the H,0, produced from the
reaction between cholesterol and ChOx was investigated on an AgNP/BDD electrode
coupled with the PAD. The results are shown in Figure 5.4b. The cathodic peak of
the H,O, that was produced appeared at a potential of approximately -0.71 V. The
reduction peak potential of the H,0O, that was produced shifted to a more negative
value compared to the reduction peak potential of standard H,O, because of the
effect of the Triton X-100 that was used as the surfactant for dissolving the
cholesterol. The results indicated that the proposed device can be used as a new
biosensor for cholesterol detection. Then, the effect of the enzyme volume on the
cathodic current of 38.7 mg/dL of cholesterol was investigated in the range of 0.2-1.0
pL. The optimum volume of enzyme was 0.8 pL, and this volume was used for all

experiments.

In addition, the effect of dissolved oxygen in the solution was investigated by
monitoring the reduction current of H,O, in this system, because the effect of O,
during the electrochemical measurements is an area of concern. From the results,
the net reduction currents (after the subtraction of the background) from before and
after the N, purge were not significantly different, which agrees with the previous
literature [51]. Thus, the cholesterol detection can be carried out in an atmospheric

environment.
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Figure 5.4 (a) CVs of the bare BDD electrode (purple line) and the AgNP/BDD
electrode (blue line) in 0.05 M PBS, pH 7.4. CVs of reduction of 1 mM H,0, at the
bare BDD electrode (green line) and AgNP/BDD electrode (red line). Scan rate: 100

mV's . (b) CVs of the AgNP/BDD electrode in the absence (blue line) and presence
of 38.7 mg/dL cholesterol.
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5.3.4 Effect of the scan rate

The effect of the scan rate is the most important experimental parameter for
evaluating the mass transfer of the reactant toward the electrode via diffusion or
adsorption control. Figure 5.5 shows cyclic voltammograms of 1 mM H,0O, in the
potential range of 0 V to -1 V vs. Ag/AgCl with different scan rates at the AgNP/BDD
electrode coupled with PAD. At the scan rate from 10 to 100 mV s_l, the peak
current (ip) of H,0, was proportional to the square root of the scan rate ) (inset,
Fig. 2; linear regression equation: y = -23.158x + 27.895 with Rz = 0.9946). The results

suggested that the mass transfer in this system was a diffusion-controlled process.
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Figure 5.5 CVs for 1 mM H,O, in 0.05 M PBS (pH 7.4) at the AgNP/BDD electrode
coupled with PAD for a series of scan rates (10, 20, 40, 60, 80, and 100 mV sfl). The

relationship between cathodic current (uA) and (scan ra’te)o'5 is shown in the inset.

5.3.5 Selection of applied potential

Due to its high sensitivity and wide applicability, chronoamperometry was
selected for the electrochemical determination of cholesterol. The sensitivity and

selectivity of electrochemical detection depended on the selection of the applied
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potential. To achieve the lowest detection limit and highest selectivity, the
dependence of the current response of the fabricated biosensor on H,0, reduction at
applied potentials ranging from -0.5 to -1 V vs. Ag/A¢Cl was examined in 0.05 M PBS
(pH 7.4) containing 1 mM H,0,. Figure 5.6a shows the i-E curve of the reduction
current of 1 mM H,0, and the background current at each potential. The reduction
current of H,O, and the background current were significantly increased by increasing
the detection potentials. On the basis of sensitivity and selectivity, a hydrodynamic
voltammogram of signal-to-background (S/B) ratios was considered instead of using
only reduction currents. The results are shown in Figure 5.6b. The signal ratio
reached a maximum at the detection potential of -0.7 V vs. Ag/AgCl. Therefore, an
applied potential of -0.7 V vs. Ag/AgCl was selected for the chronoamperometric
measurement in the following experiments.
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Figure 5.6 (a) Hydrodynamic voltammograms of 38.7 mg/dL cholesterol (blue line)
and background (blue line) for 20 s sampling time. (b) Hydrodynamic voltasmogram

of signal-to-background ratios extracted from the data shown in part a.

5.3.6 Analytical performance

The relationship between the cathodic current and the concentration of
cholesterol was examined at the optimal detection potential of -0.7 V vs. Ag/AgCl
and recorded at the apparent steady state current of 20 s. Figure 5.7 shows the
chronoamperograms of cholesterol calibration using the fabricated biosensor. The
cathodic current increased with increasing cholesterol concentration due to the
reduction of H,O, generated by the enzymatic reaction. The linearity of the
calibration curve is shown in the inset. The cathodic currents exhibited a linear
correlation with the cholesterol concentration across the range from 0.39 to 270.69
mg dL" (correlation coefficient of R* = 0.9967) with a sensitivity of 49.61 pA mM” cm’
2, which was calculated by dividing the slope of the calibration curve by the
electrode surface area. The limit of detection (LOD) was estimated as the
concentration that produced three times the standard deviation of the blank sample

and was found to be 0.25 mg d. Previously, the national cholesterol education
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program (NCEP) has reported that the normal level of total blood cholesterol in a
human is lower than 5.18 mM (200 mg dL [93]. This information shows that the
fabricated biosensor covers a wide range of cholesterol concentrations and can be
applied for cholesterol detection in the clinical diagnostics. The apparent Michaelis—
Menten constant (K},) that gives an indication of the enzyme-substrate kinetics can

be estimated based on the Lineweaver-Burk equation: 1/l = (Ky/l,,,X1/C) + 1/I

max max?

where [ is the steady-state current, /. is the maximum current measured under
the saturated substrate conditions, and C is the cholesterol concentration. The K},
value of the system in this work was found to be 6.48 mM or 250.43 mg d.”’. The
performance of the proposed cholesterol biosensor compared to the previously
reported value is shown in Table 5.2. The results confirm that the proposed novel
cholesterol biosensor exhibited excellent sensing performance. Moreover, our

proposed biosensor offers the advantages of a simple and fast immobilization

process.
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Figure 5.7 Chronoamperograms of cholesterol (0, 0.4, 19.3, 38.7, 77.3, 116.0, 154.7,
193.4, 232.0, and 270.69 mg del) determination at -0.7 V vs.Ag/AgCl. The calibration

plot of the cathodic currents at 20 s of sampling time for the determination of

cholesterol is shown in the insert.
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Table 5.2 Comparison of analytical performances of different electrochemical

biosensors for the determination of cholesterol

Cholesterol biosensor Immobilization method Linear range LOD
(mMm) (LM)
GCE/PTH/ChOx/HRP [163] covalent linking 0.025-0.125 6.3
Nafion/ChOx/-Fe,03/Ag co-immobilized 0.1-8.0 18
[107]

with a-Fe,O; micro-
pine shaped

hierarchical structures

ChOx/Pt-Au@ZnONRs/CS- adsorption 0.0001-0.7593 0.03
MWCNTs/GCE [164]

ChOx/AuPt-Ch-IL/GCE cross-linking 0.05-6.2 and 10
[165] 6.2-11.2
ChOx-CS/Hb-CS/GCE encapsulation 0.01-0.6 9.5
[166]
AuE/dithiol/AuNPs/MUA/C covalent attachment 0.04-0.22 34.6
hOx [103]
(PAH-MCNTs— electrostatic interaction 0.18-11 20

GNPs/HRP),/(PAH-MCNTs—
GNPs/ChOx), [106]

G/PVP/PANI adsorption 0.05-10 1

nanocomposites [42]

AgNPs/BDDE coupled with adsorption 0.39-270.69 mg 6.5
PAD (this work) dL " or 0.01-7 mM
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The repeatability of the sensor was evaluated. One fabricated sensor was
evaluated by repeating the measurement of 1 mM H,0, ten times. The relative
standard deviation (RSD) was 3.76%, indicating that the biosensor measurement was
highly repeatable. Moreover, the reproducibility of the sensor was also evaluated
using chronoamperometric detection of 37.8 meg/dL cholesterol. The RSD of five
different sensors under the same conditions was found to be 3.5%, indicating that

the fabricated biosensor had acceptable precision.

5.3.7 Interference study

The selectivity is an important factor for evaluating the performance of
sensors. The effects of common interfering molecules that coexist with cholesterol
in serum, such as glucose (Glu), ascorbic acid (AA), and uric acid (UA) were
investigated. Glu (1 mM), AA (0.2 mM), and UA (0.2 mM) were added into 38.7 mg
dL" cholesterol standard solution separately and then measured by the fabricated
biosensor. The results showed the negligible effect of these interferences on the
current response of the fabricated cholesterol sensor as shown in Figure 5.8. The
current ratios between the presence and absence of the interferences were found to
be 1.02, 1.01, and 0.99 for glucose, AA, and UA, respectively. Thus, highly selective
detection of cholesterol was obtained using the proposed method. All the above
results demonstrated that the use of the AgNP-modified BDD electrode facilitates the
low potential amperometric detection of cholesterol and enhances the selective

ability of the biosensor.
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Figure 5.8 The interference effect of 1 mM Glu, 0.2 mM AA, and 0.2 mM UA in the
detection of 1 mM cholesterol in 0.05 M PBS, pH 7.4.

5.3.8 Sample analysis

To demonstrate the possible clinical applications, the cholesterol sensor was
used to determine the cholesterol level in bovine serum. The results are listed in
Table 5.3. The cholesterol concentrations determined by the fabricated sensor are
in good agreement with the concentration of the cholesterol labeled in the bovine
serum sample. The values of the recoveries obtained were in the range of 99.6-

100.8 %. These results clearly indicate that the proposed method can be applied to

measure cholesterol in bovine serum.
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Table 5.3 Determination of cholesterol in bovine serum samples

Sample Labeled Determined %RSD Relative % Recovery
concentration value error
(mg/dL) (mg/dL) (%)
A 40 40.6+1.4 34 +1.5 99.6
B 60 61.3+1.8 3.0 +2.1 100.7
C 80 79.4+1.0 1.0 -0.3 100.8
D 100 99.6+1.0 3 -0.7 100.6

5.4 Conclusion

In summary, we have demonstrated a novel design for an electrochemical
paper-based analytical device based on an AgNP-modified BDD electrode with PAD
for use as a cholesterol biosensor. This novel cholesterol biosensor offers the
advantages of simple fabrication, no requirement for an enzyme immobilizing step,
low consumption of reagents/sample, low cost, and short analysis time. The most
significant characteristics of this cholesterol biosensor are its wide linear range, low
limit of detection, high sensitivity, good reproducibility, and freedom from
interference from easily oxidizable species such as glucose, ascorbic acid, and uric
acid. In addition, this fabricated biosensor was successfully applied to the

determination of cholesterol in bovine serum.
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Abstract

Boron doped diamond (BDD) electrodes have exemplary electrochemical
properties; however, widespread use of high-quality BDD has previously been limited
by material cost and availability. In the present article, we report the use of a BDD
paste electrode (BDDPE) coupled with microfluidic paper-based analytical devices
(UPADs) to create a low-cost, high-performance electrochemical sensor. The BDDPEs
are easy to prepare from a mixture of BDD powder and mineral oil and can be easily
stencil-printed into a variety of electrode geometries. We demonstrate the utility and
applicability of BDDPEs through measurements of biological species (norepinephrine
and serotonin) and heavy metals (Pb and Cd) using uPADs. Compared to traditional
carbon paste electrodes (CPE), BDDPEs exhibit a wider potential window, lower
capacitive current, and are able to circumvent the fouling of serotonin. These results
demonstrate the capability of BDDPEs as point-of-care sensors when coupled with

WPAD:s.
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4.5 Introduction

Since microfluidic paper-based analytical devices (UPADs) were first reported
in 2007 for multiplexed diagnostic detection [167], they have emerged as a promising
technology to address the growing need for simple, quantitative, and point-of-need
assay platforms. PPADs provide the advantages of low cost, low sample
consumption, ease of use, portability, and ease of disposability, making them ideal
sensors for resource-limited settings [54]. Moreover, flow can be generated via
capillary forces, precluding the need for mechanical or electrical pumps [168]. The
hydrophobic barriers which constrain the flow can be easily manufactured by a
variety of methods, such as wax printing [63], photolithography [56], or printing of
hydrophobic polymers [25, 57]. Furthermore, pPADs are compatible with many
classical detection motifs such as colorimetry [59, 63], electrochemistry [56, 169],
electrochemiluminescence [60, 170], chemiluminescence [61, 171], and fluorescence

(62, 172].

Electrochemical detection is a particularly attractive partner for uPADs, due to
its instrumental simplicity, fast analysis times, high sensitivity, high accuracy, simple
instrumentation, and low power requirements. Electrochemical paper-based
analytical devices (ePADs), first reported in 2009 by Dungchai et al. [56], have used
various electrode materials (e.g., carbon, metals, microwires, and nanoparticles) and
fabrication techniques (e.g., screen/stencil-printing, pencil/pen drawing, inkjet-printing,
and wire placement) [42, 159, 173-178]. Carbon electrodes, especially screen-printed
carbon paste electrodes (CPE), have been extensively employed in ePADs due to
their easy fabrication, low cost, and potential for large-scale production [179, 180].
Despite these advantages, CPEs are prone to surface fouling, which negatively
impacts on analyte adsorption, electron-transfer kinetics, and electrocatalysis,
resulting in poor limits of detection and a reduced device lifetime [29, 30, 181]. The
electrochemical response of the CPEs is also heavily dependent on the
manufacturing process, where key small technical details are difficult to include in
publications or reports. Furthermore, commercial CPE are often more expensive than

their homemade counterparts, and are limited by the available geometries and



105

functionalities of the electrodes. Finally, though other electrode materials have been
employed as disposable electrodes, such as sputtered Au or Pt, these are often
more difficult in terms of time and cost to make, and are significantly more prone to

surface fouling than CPEs, limiting their applicability.

Boron doped diamond (BDD) is a carbon-based p-type semiconductor, which
exhibits quasi-metallic conductivity at boron doping concentrations of around 1
boron atom per 1700 carbon atoms [31]. The attractive features of BDD electrodes
include remarkably low background currents, high mechanical robustness, stability in
strong alkaline and acidic media, very wide potential window, and a high resistance
to fouling [182-184]. As with the vast majority of carbon-based electrode materials,
the particular properties of the BDD depend on the synthesis and processing. For
example, freestanding BDD electrodes exhibit very low background currents and a
particularly wide potential window, due to the minimal sp2 carbon content, but are
often difficult and costly to manufacture and process, requiring highly specialized
machinery and techniques for polishing and sealing [185]. In contrast, thin-film BDD
electrodes are easier to manufacture; they are typically grown by chemical vapor
deposition on a silicon wafer substrate [21, 186]. However, the electrochemical cell is
typically clamped to the thin-film electrode [187], which limits the available
electrode and cell geometries and applications. Freestanding and thin-film BDD
electrodes have been previously coupled with microfluidic devices to combine the
electrochemical advantages of BDD with the higher sensitivities and lower detection
limits afforded through convective flow [188, 189], and this remains an active
research area in the field [190, 191], However, currently available commercial and
academic BDD electrodes are incompatible with point-of-care sensors, in terms of

limited geometry, manufacturing time, and cost.

Conductive BDD powder was first demonstrated by Fischer and Swain in 2005
[192]. The BDD powder is easily prepared from an insulating diamond powder
substrate (8-12 um diameter) through microwave plasma-assisted chemical vapor
deposition (MPCVD). Combination of the BDD powder with a conducting ink, followed
by screen printing, yields a BDD paste electrode (BDDPE), which can potentially



106

overcome the aforementioned limitations of conventional BDD electrodes [35, 49,
193]. Specifically, these BDDPE are an attractive alternative to conventional BDD
electrodes in terms of lower cost, simpler and faster electrode fabrication, and are
ideal as a disposable and portable platform. Additionally, previous investigations with
a simple BDDPE have demonstrated reduced electrode fouling for dopamine
electrooxidation compared to CPEs, suggesting that the BDDPE will outperform

conventional CPEs [49].

In this work, we demonstrate the use of BDD powder for the fabrication of
disposable BDDPEs in a pPAD platform. Electrode performance is contrasted with
conventional CPEs and traditional BDD electrodes. To demonstrate the scope of this
device, the BDDPE ePADs are employed for two applications; the quantitative
detection of norepinephrine (NE) and serotonin (5-hydroxytryptamine, 5-HT) and the
anodic stripping voltammetry of heavy metals. The simultaneous determination of
NE and 5-HT is of great importance, as low levels of NE and 5-HT have been related
to several disorders, including depression, migraine, and anxiety [194]. However,
previous investigations with CPEs have found significant electrode fouling with 5-HT
[170, 195]. BDD is expected to alleviate this problem due to the chemical inertness
of the surface, as has been previously shown on conventional freestanding and thin-
film electrodes [196, 197]. Additionally, NE and 5-HT have similar electrooxidation
potentials on carbon electrodes, making co-detection challenging [198]. Therefore, an
electrochemically reduced graphene oxide (ERGO)-modified BDDPE is used herein for
simultaneous NE and 5-HT detection due to its high electroactive surface area, rapid
electron transfer, and small charge-transfer resistance. In addition, we further
demonstrate the application of BDDPEs in a flow-through uPAD, for the simultaneous
determination of two heavy metals, Cd(ll) and Pb(ll). The presence of these toxic
elements in the environment is of particular concern due to their adverse effects on
ecosystems and human health [199, 200]. Using a flow-through design, coupled with
square-wave anodic stripping voltammetry (SWASV), preaccumulation can be carried
out online, enhancing the efficiency for the metal deposition and, consequently,

improving the detection sensitivity. Aside from their individual importance as
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analytical targets, NE, 5-HT, Cd(ll), and Pb(ll) are important analytes as they allow
direct comparison to other studies which have previously investigated these species
using CPEs, freestanding BDD electrodes, and thin-film BDD electrodes, in order to

demonstrate the significant potential of BDDPE as point-of-care sensors.

5.6 Experimental section
5.6.1 Materials, Equipment, and Chemicals

BDD powder was prepared through a previously reported procedure [49]. In
short, natural diamond powder (Micron+SND, Element Six, particle diameter <500
nm) was washed in aqua regia and 30% hydrogen peroxide at 60 °C for 30 min to
remove possible metallic contaminants, followed by rinsing with Milli-Q water and
drying. To grow BDD on the substrate powder surface, the pretreated diamond
powder was spread on a molybdenum susceptor and subjected to MPCVD for 8 h,
using previously described conditions [49]. Finally, the BDD powder was ground using
a mortar and pestle and oxidized in air using a muffle furnace at 425 °C for 5 h to

remove graphitic impurities, resulting in an oxygen-terminated surface [201].

Graphene oxide (GO) was acquired from XF Nano, Inc. (Nanjing, China). 5-HT
was acquired from Alfa Aesar (WardHill, MA). NE, potassium phosphate monobasic,
sodium phosphate dibasic, and standard solutions of all metals Cd(ll), Pb(ll), and Bi(lll)
were acquired from Sigma-Aldrich (St. Louis, MO). Acetic acid, sodium acetate, and
light mineral oil were acquired from Fischer Scientific (New Jersey). Potassium
ferrocyanide (Fe(CN)éaf) was acquired from Mallinckrodt (St. Louis, MO). All chemicals
were analytical grade and used as received, and all solutions were prepared by using
purified water (18.2 MQ cm) from a Milli-Q Millipore water purification system.
Whatman 1 chromatography paper was acquired from Fisher Scientific (Pittsburgh,
PA). A XEROX Phaser 8860 printer was used to print wax patterns on pPADs following
established protocols. An Isotemp hot plate from Fischer Scientific, set at 150 °C, was
used to melt the wax on the paper. Ag/AgCl ink from Gwent Group (Torfaen, U.K)

was used to construct the conducting pads and reference electrode (RE). Carbon ink
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from Ercon Incorporated (Wareham, MA) was used for the construction of the

counter electrode (CE).
5.6.2 Device Fabrication

Wax printing and Whatman 1 chromatography paper were selected for the
construction of the devices following previously reported methods [41]. The CE, RE,
and conducting pads on wax-printed paper were stencil printed in-house. For
fabrication of the BDD paste working electrode (WE), stencil-printed Ag/AgClL on a
transparency sheet substrate was prepared as a conducting pad. To minimize BDD
paste consumption, a second stencil containing three smaller openings (0.1 mm x 2
mm rectangles) was fabricated using a laser engraving system (Epilog, Golden, CO).
The BDD paste WE was prepared by mixing BDD powder and mineral oil (70:30, w/w)
and stencil-printed onto the mask. A photograph of the BDDPEs is shown in Figure
5.9a. Double-sided tape was used to attach the CE (stencil-printed carbon) and RE
(stencil-printed Ag/AgCl) section to the WE section. Figure 5.9b shows the device
design for NE and 5-HT detection, which was carried out by pipetting a 50 pL aliquot
atop the BDDPE. For heavy metal analysis, a flow-through pattern UPAD was
designed, consisting of a sample zone (where a 50 pL sample aliquot was added), an
electrochemical detection zone, and a hydrophilic area at the outlet of the paper

channel, as shown in Figure 5.9c.
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(a) BDD Paste

(c) Hydrophobic

Zone

Sample
Zone

Electrochemical Hydrophilic
Detection Zone Zone

Figure 5.9 Device design for BDDPE, (a) photograph of the BDDPE, (b) ePAD design for
NE and 5-HT analysis, (c) yPAD design for the measurement of Pb and Cd, (d) SEM
image of BDDPE.

Further details of the fabrication procedures are provided in the Figure 5.10.
Wax printing and Whatman #1 chromatographic paper were selected for the
construction of the devices. Paper-based microfluidic patterns were designed by
computer-aided design software (Adobe Illustrator). Figure 5.10a shows the
preparation of paper-based device for NE and 5-HT analysis. The black portion is
hydrophobic while the white part is hydrophilic. The wax patterns were printed on
Whatman #1 paper sheet using a solid ink printer (XEROX Phaser 8860 or 8870). The
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printed paper was heated between the two metal plates placed on a hot plate at
150 °C for 2 min, which caused the wax to permeate through the paper, forming the
three-dimensional hydrophobic barriers that confined liquid flow. After hydrophobic
barrier creation, in-house screen-printing was used for fabricating CE, RE and
conducting pads. The screen-printing blocks were designed using Adobe Illustrator
and constructed by Chaiyaboon Co. (Bangkok, Thailand). Firstly, the silver ink was
screened on the hydrophilic circle of 8 mm in the center of the square to fabricate
RE and conducting pads and dried at 65 °C for 30 min. After that, the carbon ink was
screened to fabricate the CE. Finally, the screen-printed electrodes were dried at 65

°C for 30 min to remove any remaining solvent.

Figure 5.10b shows the fabrication of the working electrode (WE). Stencil-
printing in-house was used for the construction of the conducting pads by stenciling
the Ag/AgCl ink onto the transparency sheet. Three layers including the top layer of
double-side sheet tape (for attaching the WE layer with CE and RE layer), the middle
layer of transparency sheet, and the bottom layer of double-sided sheet tape (for
attaching the laser mark with conducting pad), was used to fabricate the WE mask.
The three channels (100 pm x 2 mm per each) were drawn using CorelDRAW X5 and
created on the three-layer sheet using laser engraving system (30W Epilog, Golden,
CO) (Figure 5.10¢). After that, the laser mask was positioned on the conducting pad of
transparency sheet. The BDD paste prepared by mixing BDD powder and mineral oil
(70:30, w/w) was then filled into the channels. Finally, to complete the device, the
double-side tape was used to attach the RE and CE part with WE part, as shown in
Figure 5.10d.

The preparation of device for metals analysis is shown in Figure 5.10e. The
fabrication procedure is similar to the fabrication of device for NE and 5-HT analysis
but uses a different wax-pattern design. The wax-printed paper for metals analysis
consisted of the sample zone, the electrochemical detection zone, and the
hydrophilic area at the outlet of paper channel to wick solution over the working
electrode. The electrochemical detection zone consists of three layers: (i) CE and RE

fabricated on the hydrophilic area of the wax pattern paper, (i) Whatman #1 paper
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piece inserted between the stencil-printed electrodes paper layer and WE layer to

improve the efficiency for the flow of solution on the channel, and (iii) the BDD paste

electrodes.
(@)
— — — —
‘Whatman #1 paper Wax pattern Screen-printed Screen-printed carbon Punched device
Size 12 mm x 16 mm  Circle diameter 8 mm Ag/AgCl Hole diameter 4 mm

(d)
Transparency sheet Screen-printed Mask pattern
Size 12 mm x 16 mm Ag/AgCl

Placed mask patterned on Filled BDD paste
Ag/AgCl substrate

Double side tape @
Transparency sheet L-aser cutted i
— i
v

Double side tape ! > \
Channel size \/I,/ g
100 pM X 2 mm

©

Hydrophobic  Hydrophilic
Zone Zone

©

Detection Zone

Z
one Screen-printed
electrodes

Whatman #1

o

Figure 5.10 (a) The preparation of wax-patterned paper for NE and 5-HT analysis,
and the fabrication of CE and RE. (b) The preparation of BDDPE. (c) The preparation
of mask pattern for WE. (d) Combination of the BDDPE with RE and CE for the device

construction and the photograph of device. (e) The preparation of device for metals

analysis.
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5.6.3 Electrochemical Detection

All electrochemical experiments were performed with a model 660B
potentiostat (CH Instruments, Austin, TX) at room temperature (22 + 1 °C). For NE
and 5-HT detection, an ERGO-modified BDDPE was used as the WE. Standard
solutions of NE and 5-HT were prepared in 0.1 M phosphate buffer (PBS) pH 8.0, and
a 50 pL aliquot was used for the experiments. For differential pulse voltammetry
(DPV), an amplitude of 60 mV, potential increment of 4 Hz, and a pulse width of 0.05

s were used.

For Pb and Cd detection, SWASV was employed with the flow-through device
for the simultaneous determination of Cd(ll) and Pb(ll). All standard metals were
prepared in 0.1 M acetate buffer pH 4.5. Bismuth-modified BDDPE were used as WE,
prepared by chronoamperometry in a 4 ppm Bi(lll) solution at -1.2 V for 20 min. A 50
uL aliquot was added to the sample zone, and SWASV was performed after the
solution flowed to electrochemical detection zone (ca. 1 min). SWASV used a
frequency of 25 Hz, potential increment of 15 mV, and an amplitude of 50 mV, with
an electrochemical deposition step at -1.2 V for 5 min, an equilibration period of 5 s,

and a square wave voltammetric stripping range of -1.1 to -0.5 V.

5.6.4 Preparation of ERGO modified BDD paste electrodes

1 mg/mL GO solution was prepared by dissolving 1mg of GO sheet in 1 mL of
0.1 M phosphate buffer solution (PBS) pH 7 with sonication for 1 h to generate a
homogeneous solution. Next, 50 pyL of GO solution was drop casted onto the
electrode surface. Cyclic voltammetry was employed for reducing of GO by applying
the potential in the range of 0 to -1.5 V at the scan rate of 50 mV s for 20 cycles.
Finally, the modified electrode was rinsed with deionized water and kept at the

room temperature to dry.
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5.7 Results and discussion
5.7.1 Characterization of BDD Paste Electrodes

The BDDPE morphology was characterized by scanning electron microscopy
(SEM) as shown in Figure 5.9d. The BDDPE has a homogeneous distribution of ~1 um
sized particles, with a surface roughness of tens of micrometers, which is in
agreement with previous studies on BDDPEs [49]. Furthermore, the boron
concentration can be estimated from the carrier concentration of the thin-film
growth material, through a Hall effect measurement [202], yielding a boron
concentration of ~10°~10"" boron atoms/cm3, suggesting the BDDPEs should have
metallic conductivity [203]. The BDDPE quality was then characterized and
contrasted with a CPE via double layer capacitance (Cyq) and solvent window
measurements, as shown in Figure 2, parts a and b, respectively. Cyclic
voltammograms (CVs) were run between -0.1 and 0.1 at 0.2 V s in0.1 M KNO,, and
Cq of each electrode was determined at 0 V versus screen-printed Ag/AgCl using

[185]

lavera 42

=T
VA

geometry

where i, e is the current average from the forward and reverse sweep in
amperes, v is the scan rate in volts per second, and Ageometic 1S the geometric
electrode area in square centimeters. The capacitive currents at CPEs and BDDPEs
were 61.74 + 0.36 and 42.29 + 0.24 pF cmfz, respectively (n = 3 electrodes, Figure
5.11a). The BDDPE capacitance compares favorably with conventional BDD electrodes
reported in the literature [185], considering the simple electrode fabrication and
application. For example, thin-film BDD electrodes are typically 3.9-381 pF cm ” and
freestanding BDD electrodes are typically 2.9-11 pyF e’ [185].

The potential window was recorded for each electrode material using CV in
0.1 M KNO5 at 0.1 V s (Figure 5.11b). Using the definition of BDD solvent window as
the anodic and cathodic potential limits to generate a current of 0.4 mA cm ™ from

water electrolysis [185], the solvent window of the BDDPE was found to be 2.25 V.
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For the CPE, the potential window is much narrower as shown in Figure 5.11b. The
solvent window of our BDD electrodes compare well with thin-film BDD electrodes
(2.30-1.38 V) and freestanding BDD electrodes (4.11-3.53 V).[185] In addition, a peak
was observed at ~+1.5 V in the BDDPE CV, characteristic of non-diamond carbon
species (sp2 carbon) or impurities situated in the grain boundaries of the diamond
surface, as is expected for paste or thin-film electrodes [185]. The capacitance and
solvent window data confirm that BDDPEs have smaller background currents and
wider potential windows than the CPEs typically employed with ePADs, which should

translate to improved limits of detection (LOD).
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Figure 5.11 (a) CVs in 0.1 M KNO; recorded at a v of 0.2 V s over the potential
range -2 to 2 V for the BDDPEs (red line) and -1.8 to 1.8 V for the CPEs (blue line). (b)
CVs in aerated 0.1 M KNO3 recorded at 0.2 V 5™ over the potential range -0.1 to 0.1 V
for the BDDPEs (red line) and CPEs (blue line). (c) CVs performed with the BDDPEs
(blue line), CPEs (black line), ERGO modified BDDPEs (red line), and ERGO modified
CPEs (green line), at 0.05 Vs, using 4 mM Fe(CN); in 0.1 M KCL.

The electrochemical characteristics of the electrodes were investigated
through measurement of the peak currents and peak-to-peak separation (AE,) of the
inner-sphere redox couple, Fe(CN)64_, via CV. As shown in Figure 5.11c, symmetrical
voltammograms are observed for Fe(CN)édf electrooxidation with BDDPEs and CPEs
(AEID = 410 + 10 and 400 + 20 mV, respectively, n = 3 electrodes). After modification
with ERGO, the ERGO-BDDPEs exhibited symmetrical cathodic and anodic peaks and
greater electrochemical reversibility than the ERGO-CPEs, as illustrated through
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smaller AEp (200 + 30 and 280 + 30 mV, respectively). The large AEp, for the BDDPEs
are indicative of ohmic resistive effects, likely originating from the nonohmic contact
between the BDD powder and the mineral oil or Ag/AgCl screen-printed contact pad.
This hypothesis is supported by AE, of 75 and 89 mV for the outer-sphere couples
FCTMA' and Ru(NH,),* (1 mM in 0.1 M KNOs, not shown).

5.7.2 Serotonin and Norepinephrine Detection

The two electron irreversible electooxidation of serotonin (5-HT) is known to
produce hydroxylated products, dimers, and other species that can irreversibly
adsorb to the electrode, fouling the surface [195]. Electrode fouling decreases
sensitivity, making 5-HT determination on carbon electrodes challenging. Previous
studies have shown BDD is not as prone to 5-HT fouling due to the relative surface
inertness [204]. Parts a and b of Figure 5.12 show CVs for 10 uM 5-HT at a BDDPE and
CPE, respectively. Well-defined oxidation peaks were observed for both electrodes
for the initial CV. The decrease of oxidation peak current and peak potential shift
after the first cycle are indicative of electrode fouling, although the fouling is less
severe for BDDPEs compared to CPEs. We attribute this phenomena to the lower

adsorption of the organic species on BDDPEs when compared with CPEs [49].

In order to improve resistance to electrode fouling, electrode pretreatment
was tested to reactivate the electrode surface. Several methods have been
described for the pretreatment of BDD thin-film electrodes. Duran et al. investigated
the effect of anodic, cathodic, or a combined anodic and cathodic galvanostatic
polarization on the response of a diamond microelectrode for two inner-sphere
redox couples, Fe(CN)64_ and 5-HT. Cathodic pretreatment and combined
pretreatment performed by the anodic step followed by the cathodic step were
found to be effective for activating a fouled microelectrode [29]. Similarly, Sarada et
al. showed the CV of 5-HT at a BDD electrode before and after pretreating the
electrode by oxidizing the surface in PBS. Relative to a fresh diamond electrode, the

5-HT oxidation peak potential and current for a diamond electrode after anodic
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pretreatment remained unchanged [196]. Therefore, the effect of anodic
pretreatment on the electrochemical response of BDDPEs was investigated for 5-HT
as shown in Figure 5.12. Figure 5.12c shows the effect of anodic cleaning on the
response of fouled BDDPEs by comparing the DPV of 10 uM 5-HT on BDDPE before
and after treatment. Three DPVs were performed on the same electrode without a
cleaning step, resulting in an oxidation current decrease and positive peak potential
shift, likely due to the adsorption of a quinone as the oxidation product of 5-HT
[195]. Subsequently, anodic pretreatment was carried out by oxidizing the fouled
electrode with at +1.2 V for 5 min in PBS solution, leading to a peak current and
peak potential similar to those of the fresh BDDPEs (red dashed line). These results
indicate that the BDDPE was returned to its native activity state after anodic

treatment, and subsequently anodic treatment was used for all 5-HT and NE

measurements.
b
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Figure 5.12 Three successive CVs of 10 uM 5-HT for (a) BDDPEs and (b) CPEs in 0.1 M
PBS (pH 8.0) at 0.05 V 5™ (c) Three consecutive DPVs of 10 pM 5-HT in 0.1 M PBS (pH
8.0) at a BDDPE before (solid lines) and after (red dashed line) anodic polarization.

Next, the electrochemical behavior of NE and 5-HT on BDDPEs was
investigated by CV (Figure 5.13a). Due to their similar oxidation potentials, NE and 5-
HT could not be discriminated using bare BDDPEs. Therefore, ERGO was chosen to
modify the BDDPEs in an attempt to enable simultaneous detection of both
analytes. CVs of BDDPEs and ERGO-BDDPEs at varying scan rates from 0.01 to 0.1 V 57!
using Fe(CN)64_ are shown in Figure 5.14, parts a and b, respectively. AE, at the



117

unmodified BDDPEs increases from 190 + 4 mV at 0.01 V's ' to 387 + 7 mV at 0.1 V
s whereas AE, at the ERGO-BDDPEs increases from 120 + 5 mV at 0.01 V s o 280
£ 7 mVat0lVs . The lower AE, for the ERGO-BDDPEs implies faster electron-
transfer kinetics from the ERGO modification [142]. Figure 5.14c shows a linear
dependence of the peak current versus square root of the v for both unmodified and
modified electrodes, indicating that the electrochemical processes at both

electrodes are diffusion controlled [205].
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Figure 5.13 CVs performed with bare BDDPEs (a) and ERGO-BDDPEs (b) for the
oxidation of 25 uM NE (red line) and 10 uM 5-HT (black line) in 0.1 M PBS (pH 8.0).
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Figure 5.14 CVs for 4 mM Fe(CN)éd- in 0.1 M KCl at (a) the BDDPE and (b) the ERGO-
BDDPE on ePAD for a series of scan rates (0.01, 0.02, 0.04, 0.06, 0.08, and 0.1 V 571). (@)

The relationship between peak current and (scan ra‘te)l/2

The surface area of the electrodes was determined by using Randles-Sevcik

equation [206]:

*

i, =(2.69x10°)n* ADAv 2 C

(0]
where iy, is the peak current in amperes, A is the area of the electrode in square
centimeters, C,* is the concentration of electroactive species in millimoles per liter,

and D is the diffusion coefficient in square centimeters per second. Given D, = 7.26 x
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1076 cm2 571 for Fe(CN)647[207], A for each electrode can be calculated from the
slope of the i, versus v plot. The surface areas (A) of the electrodes were found to
be 8.66 x 10~ and 16.7 x 10~ cm’ for the BDDPEs and ERGO-BDDPES, respectively.
The results demonstrated the ERGO layer is effective at increasing the electroactive

surface area.

CVs of NE and 5-HT at the ERGO-BDDPE are shown in Figure 5.13b. Following
modification, the E,, of NE decreased from 0.13 + 0.0047 to -0.006 + 0.0052 V, while
the E,, of 5-HT decreased from 0.14 + 0.0061 to 0.12 + 0.0035 V, showing a clear
separation in NE and 5-HT oxidation peaks. To evaluate the mass transfer of the
analytes toward the electrode, CV was performed at different scan rates. As seen in
Figure 5.15, parts a and b, the anodic peak currents of NE and 5-HT oxidation
increase with increasing v as predicted. Moreover, the peak currents of both
compounds are linearly proportional to the square root of v in the range of 0.01-0.1

Vv 571, suggesting that the electrochemical processes are diffusion-controlled.
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Figure 5.15 CVs for (a) 25 pM NE and (b) 10 uM 5-HT in 0.1 M PBS (pH 8.0) at the
ERGO-BDDPE for a series of scan rates (0.01, 0.02, 0.04, 0.06, 0.08, and 0.1 V s—l). The
relationship between signal current and (scan rate) (y = 6.449x - 0.202, R2 = 0.998
for NE and y = 4.491x + 0.015, R2 = 0.997 for 5-HT) are shown in the inset.
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5.7.3 Analytical Performance

Next, DPV was employed for the simultaneous determination of NE and 5-HT.
The linear range of NE and 5-HT was studied at ERGO-BDDPEs, with a fixed
concentration of the other species. As shown in Figure 5.16, parts a and b, the peak
currents of NE or 5-HT increased linearly with the concentration. For NE detection, a
linear calibration plot was found over a range of 2.5-100 M with a sensitivity of
0.030 A p!\/\_l and correlation coefficient (RZ) of 0.9991. For 5-HT, a linear calibration
plot was obtained over a range of 0.5-7.5 UM with a sensitivity of 0.069 pA p!\/l_1 and
R2 of 0.9938. The experimental LODs were 2.5 and 0.5 pM for NE and 5-HT,
respectively. Although this device exhibits higher LOD values than other BDD

electrode materials [196, 204], it has other advantages in terms of ease of use, low

cost, and disposability.
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Figure 5.16 (a) DPVs of different concentrations of NE in the presence of 2.5 uM 5-HT
in 0.1 M PSB (pH 8.0), NE concentrations are: 2.5, 5, 10, 15, 20, 25, 50, and 100 pM. (b)
DPVs of different concentrations of 5-HT in the presence of 10 pM NE in 0.1 M PBS
(pH 8.0), 5-HT concentrations are: 0.25, 0.5, 1, 2.5, 5, and 7.5 uM, with corresponding
calibration plots of (c) NE and (d) 5-HT.

Next, the device repeatability was evaluated through repeated measurements
of 10 uM NE and 5 uM 5-HT (n = 10, not shown). The relative standard deviations
(RSDs) were 6.93% and 8.43%, for NE and 5-HT, respectively. The intra-device
reproducibility was evaluated using DPV detection of 10 uM NE and 5 pM 5-HT. The
RSDs of six different devices under the same conditions were found to be 6.02% and
7.68%, for NE and 5-HT, respectively. All of these values are in line with other ePAD

systems.

5.7.4 Detection of Heavy Metals

The contamination of the environment by heavy metals [e.g., Cd(Il) and Pb(Il)]
remains a serious problem because of their environmental persistence and high
toxicity [208]. In order to show the scope of the developed sensor, BDDPEs were
employed for heavy metal determination. SWASV is a particularly attractive

electrochemical technique for trace heavy metal determination, as it greatly reduces
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the background noise arising from capacitive charging currents during the potential
scan [209]. Conventional ASV measurements consist of two steps: first, in the
preconcentration step, metal ions are electrochemically deposited onto the
electrode surface, typically under controlled stirring conditions. Then, the stirring is
ceased and the deposited metal is oxidized or stripped from the electrode, back into
the solution. The resulting anodic diffusion current is then used to determine the
concentration of the metal. However, this approach is not ideal for in-field
measurements due to the practicality and difficulty of synchronizing stirring and ASV

procedures.

To overcome this limitation, BDDPEs on static and flow-through PADs were
applied for the simultaneous determination of Cd(ll) and Pb(ll), using SWASV. For
simplicity, the preconcentration step was performed without stirring, which will affect
the device sensitivity as preaccumulation of analytes in stripping is limited by
diffusion. Therefore, to increase electrode sensitivity, Bi was used to modify BDDPEs,
forming a metal-bismuth alloy on the electrode surface, which facilitates the
nucleation process during metal ion deposition [210]. The PADs were designed as a
flow-through pattern by adding a hydrophilic area in the outlet of a paper channel
(Figure 5.9¢). This design allows the continuous wicking of solution across the
electrodes in the preconcentration step, facilitating the accumulation of metals onto
the electrode surface [211]. During the preconcentration step, -1.2 V was applied for

5 min, providing enough time to stop the flow before the stripping step.

Figure 5.17 shows the SWASV for static and flow-through devices for the
simultaneous detection of 50 ppb Cd(ll) and Pb(ll). The voltamsmogram obtained from
the flow-through PADs, in which the sample solution continuously flowed in the
paper microchannel, showed well-defined separated peaks for Cd(ll) and Pb(ll), at
-0.93 and -0.67 V versus the Ag/AgCl reference electrode, respectively. In contrast,
the voltammogram obtained from the static PAD, in which the sample solution was
directly dropped onto the electrodes, showed a much lower current signal. These
results demonstrate that the flow-through PADs exhibit a much higher sensitivity than
the static system [4.3 and 3.1 times higher for Cd(ll) and Pb(ll), respectively]. This is
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likely due to the increased mass transport as a result of convection through PAD,

enhancing the efficiency of the metal accumulation.
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Figure 5.17 SWASV for a 50 ppb solution of Cd(Il) and Pb(ll) in 0.1 M acetate buffer

(pH 4.5), using a static system (black line), and flow through system (red line).

The analytical performance of the flow-through PADs for Cd(ll) and Pb(ll)
determination was evaluated using SWASV under the optimized experimental
conditions. SWASV of different concentrations of Pb(ll) and Cd(ll) are shown in Figure
5.18a. The resulting calibration plots were linear over the concentration range from 1
to 200 ppb for Pb(ll) and 25-200 ppb for Cd(Il) (Figure 5.18b) with sensitivities of
0.305 and 0.218 pA prl, respectively. The experimental LODs were 1 and 25 ppb
for Pb(ll) and Cd(ll), respectively. These results indicate that the devices are not only
simple and inexpensive, but also provide the good linearity and LODs compared to
alternate methods which are often more expensive and require complicated
fabrication procedures [212-214]. While these detection limits are higher than other
optimized materials using Bi co-deposition, the LOD value of Pb is below the EPA
action limit of contaminants in drinking water and also demonstrate applicability of

the system to inorganic as well as organic analytes.
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Figure 5.18 (a) SWASV of Cd(Il), and Pb(Il) from 1-200 ppb, in 0.1 M acetate buffer (pH
4.5) using the flow through YPAD, with low concentrations (1-25 ppb) in the inset. (b)
Corresponding calibration curves for increasing concentrations of Pb(ll) (1-200 ppb,
sensitivity = 0.0305 pA/ppb, R?2 = 0.991) and Cd(Il) (25-200 ppb, sensitivity = 0.0218
UA/ppb, R = 0.9938).

The effects of some possible interferences [Mn(ll), Cr(lll), Fe(lll), Zn(ll), Cu(ll),
Ca(ll), Na(l), and K()] were investigated by adding them into a solution containing 50
ppb of Cd(ll) and Pb(ll) in 0.1 M acetate butter pH 4.5. The tolerance ratio is defined
as the mass ratio of interfering species relative to the target metal that makes a

change in peak current of +5%. By limiting the scanning potential in the system from
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-1.1 to -0.5 V, the maximum tolerable concentrations of foreign species are shown
in Table 5.4. These findings indicate that the aforementioned common metal ions do

not interfere with the determination of Cd(ll) and Pb(ll).

Table 5.4 Tolerance ratio of interfering metal ions in the electrochemical

determination of 50 ppb of Cd(ll) and Pb(ll) on flow-through devices

Tolerance Ratio (by mass)
Interfering Metals

Cd(in) Pb(Il)
Mn(Il) 100 100
Cr(lln) 50 100
Fe(lll) 100 50
Zn(ll) >500 >500
Cu(ll) 10 100
Ca(ll) >500 >500

To demonstrate the method applicability, flow-through pPAD devices were
used to detect Cd(Il) and Pb(ll) in spiked drinking water samples. The drinking water
samples were bought from a local supermarket (Bangkok, Thailand). For analysis, the
drinking water was diluted (1:5) with acetate buffer (pH 4.5) and recovery studies
were carried out by spiking Cd(Il) and Pb(ll) to the drinking water samples at three
different concentrations (5, 25, and 59 ppb). The percentages of recoveries were
found in a range from 93.01% to 103.10% and the acceptable %RSD (n = 3) was
below 4.77% (Table S2). In addition, the unknown samples were determined by both
the proposed method and a standard method (inductively coupled plasma optical
emission spectroscopy, ICP-OES) (Table S3). The results from the developed method
were in good agreement with those from the ICP-OES method. These results clearly

indicate the ability to measure Cd(Il) and Pb(ll) levels in drinking water samples.
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5.8 Conclusions

In this work, we report for the first time the fabrication and electrochemical
characterization of BDDPE for uPADs. The BDDPE exhibits very useful electrochemical
properties such as wide solvent window, low background currents, and resistance to
surface fouling, which play an important role in the analytical performance of
electrochemical sensors. The BDDPEs demonstrated here can be easily fabricated
and integrated with ePADs. In addition, the BDDPEs are cheaper and more amenable
to disposable and portable platforms compared with conventional BDD electrodes
(the prices are ~$0.1/each and $310/each for BDDPEs and polycrystalline BDD
electrodes, respectively). To demonstrate the scope of the BDDPEs, the material is
applied in ePAD and pPAD formats for the quantitative detection of biological
species and heavy metals. In case of biological species, the ePAD device was capable
of simultaneously detecting NE and 5-HT in wide concentration ranges and with low
limit of detections. In addition, electrode fouling from 5-HT electrooxidation is easily
overcome through anodic electrode treatment, opening this sensor for use with
multiple measurements (e.g., testing of 20 different samples in situ with one
electrode). For heavy metal quantitation, a flow-through UPAD design with SWASV
enhances the efficiency of metal deposition, thereby improving the detection
sensitivity compared to a static ePAD system. The developed sensor is applicable to
a range of analytes and, through overcoming analytical challenges such as electrode
fouling and peak shielding, should open up ePADs and pPAD to wide adoption across

a range of fields.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The conclusions were separated into five parts as follows:

Part I: Ultrasensitive and simple method for determination of N-Acetyl-L-Cysteine in
drug formulations using a diamond Sensor

A highly sensitive BDD sensor coupled with FIA was firstly reported for
determining NAC in drug formulations. The effects of basic experimental parameters
including pH, applied potential and scan rate on the response of the BDD electrode
were investigated. The FIA amperometric method was applied as a sensitive method
for trace detection of NAC. A linear range of 0.5 - 50 umol/L and a detection limit
of 10 nmol/L (5/N=3) were obtained. Single BDD sensor could be used up to 50
times with no problem from electrode fouling. The results of amperometric
determinations show a very good reproducibility, and the R.S.D. for the measurement
based on 10 measurements was <3.7% and <4.1% for intra- and inter-day,
respectively. Additionally, the BDD sensor was also applied for determining NAC in
real samples from various pharmaceuticals. The results indicated, as compared with
those of conventional methods, the proposed sensor offers the advantages of fast

analysis time, simplicity, and no requirement of complicated operational step.

Part Il: Sensitive and selective electrochemical sensor using silver nanoparticles
modified glassy carbon electrode for determination of cholesterol in bovine serum

A highly selective and sensitive cholesterol sensor based on coupling to
enzymatic assay and electrochemical detection was developed. Hydrogen peroxide
produced from cholesterol reaction was monitored for the indirect quantification of
cholesterol. The working electrode of AgNPs/GCE was fabricated by one-step

electrochemical deposition technique. AgNPs possesses the catalytic activity of
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hydrogen peroxide reduction, which no observed interference from easily oxidizable
species such as ascorbic acid and uric acid. Under the optimized conditions, a linear
range was found to be of 3.9 - 773.4 mg/dL with a detection limit of 0.99 meg/dL. In
addition, this electrochemical sensor displayed very high sensitivity, high accuracy,
simple fabrication, and high reproducibility for measuring cholesterol. The proposed
method was successfully applied to determine cholesterol in bovine serum which

provided the results in good agreement with label.

Part lll: Bimetallic Pt-Au nanocatalysts electrochemically deposited on boron-doped
diamond electrodes for nonenzymatic glucose detection

A non-enzymatic glucose sensor was developed using bimetallic Pt/Au
modified BDD electrode. Pt/Au nanocatalyst can easily formed using
electrodeposition of sequentially depositing Au and Pt on BDD electrode surface. The
Pt/Au modified BDD electrode is especially suitable to be used as a nonenzymatic
glucose sensor owing to its high electrocatalytic activity for glucose oxidation in
physiological conditions, and its high resistance to poisoning by chloride ions. A wide
linear range of 0.01 -7.5 mM and a detection limit of 0.01 mM were obtained.
Additionally, the proposed electrode displayed selective electrochemical analysis of
glucose in the presence of common interfering species (e.g., acetaminophen, uric and
ascorbic acids), eliminating overlapping signals from such species. The results
demonstrated that this novel catalytic material have had the potential to be used in

catalysis for sensors and so on.

Part IV: A novel paper-based device coupled with a silver nanoparticle-modified
boron-doped diamond electrode for cholesterol detection

A new electrochemical sensing platform based on the combination of AgNP-
modified BDD electrode with PAD was proposed and used as a cholesterol biosensor.
The novel cholesterol biosensor offered the advantages of simple fabrication, no
requirement of an enzyme immobilizing step, low sample volume, low cost, and

short analysis time. A linearity (0.39 mg dL” to 270.69 mg del), a detection limit (0.25
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me dL’), sensitivity (49.61 L A mM " cm’), and high precision, were obtained. In
addition, the proposed biosensor exhibited very high selectivity for cholesterol
detection and excellent recoveries for bovine serum analysis (in the range of 99.6-
100.8 %). Therefore, this new sensing platform will be an alternative tool for

cholesterol detection in routine diagnosis.

Part V: Boron doped diamond paste electrodes for microfluidic paper-based
analytical devices

BDDPE was introduced to be used as a novel working electrode for ePADs.
The BDDPE exhibited a wider potential window and lower background current in an
aqueous electrolyte, and higher resistance to fouling by serotonin oxidation products
when compared with carbon paste electrodes. To demonstrate viability of the
proposed electrodes, they were applied for the quantitative detection of biological
species and heavy metals. In case of biological species, the device was capable of
detecting NE at a concentration range of 2.5-100 uM and 0.5-7.5 uM for 5-HT. In
addition, the fouled electrode from an adsorbed quinone which is an oxidized
product of serotonin could return to its native state of activity by oxidizing the
surface at highly positive potential. For measuring heavy metals, using flow through
design with square-wave anodic stripping voltammetry (SWASV) technique could
enhance the efficiency of the metal deposition on electrode surface. This approach
could improve the sensitivity of detection which exhibited a much higher sensitivity
than the normal static system. The results showed that the developed sensors were
applicable to a wide range of analytes. This finding demonstrated the overcoming
analytical challenges such as electrode fouling and peak shielding, and should open

up ePADs and pPAD to various applications.

6.2 Future works

BDDPE is very attractive material for fabrication of working electrode due to

there is variety of electrode geometries, and can be easily integrated with low-cost
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sensors. Additionally, BDDPE exhibits outstanding electrochemical properties in terms
of providing a wide potential window and low capacitive current and also have high
fouling resistance. Therefore, BDDPE coupled with uPADs has the tendency to be
applied for simultaneously detecting multi-analytes in complicated samples. For
example, the designed device will contain various zones for adjusting specific
conditions of each analyte. The analysis will be simultaneously performed under its
optimized conditions. The proposed device will reduce the complexity of analysis
and provide many options to increase sensitivity and selectivity for chemical or

biochemical analysis in various fields.
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