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Abstract

This thesis focuses on the development and evaluation of the
performance of electrochemical transducer for direct and indirect detection of affinity
biosensors. Indirect detection of affinity reactions were investigated with
potentiometric ion-selective electrode. The detection rely on sandwich assay where
target analyte was bound to immobilized bioaffinity molecules on the gold substrate
and secondary bioaffinity molecule conjugated with CdS quantum dot label was
further added. Then, CdS was dissolved with H,0, yielding a diluted electrolyte
background suitable for potentiometric detection of released Cd*" with polymeric
membrane Cd*-selective microclectrode. Two affinity binding pairs were studued,
thrombin aptamer-thrombin and DNA-DNA (DNA hybridization). This is the first
time for both of these affinity pairs that they are demonstrated with ion-selective
microelectrode.

For thrombin aptamer-thrombin binding, ion selective microelectrode gave the
linearity range of 10-250 ppb with a limit of detection at 5 ppb, corresponding to 28
fmol in 200 pl or 0.14 nM. In case of DNA hybridization, it can detect the target
DNA with high selectivity, including effective discrimination against 2-base
mismatched DNA and show a wide linear dynamic range of 0.01-500 nM with the
limit of detection at 10 pM or 37 pg or 2 finol in 200 pl.

Direct detection of affinity biosensor was performed by potentiostatic
capacitance measurments. Bioaffinity molecules were immobilized on self-assembled
monolayer (SAM) of thioctic acid on working gold electrode (WE). The binding
between target analyte and immobilized bioaffinity molecule on gold electrode cause
the capacitance to decrease. The capacitance due to the direct atfinity reaction could

then be determined from the cureent response when a potential step was applied.
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Three affinity binding pairs, histone-DNA, lac repressor protein-plasmid DNA and
DNA-tetracyclines (F'Cs) were investigated in a flow injection system.

The DNA detection was investigated by immobilized histone on the
electrode surface. Histones from calf thymus and shrimp were immobilized on gold
electrodes covered with self-assembled monolayer (SAM) of thioctic acid. Each of
these histones were used to detect DNA from calf thymus, shrimp and E. coli. The
studies indicated that histones can bind better with DNA from the same source and
give higher sensitivity than the binding with DNA from different sources. Under
optimum conditions, both histones from calf thymus and shrimp provided the same
lower detection limit of 107 ngl'l for DNA from different sources i.e., calf thymus,
shrimp and E.cofi. For the affinity reaction between calf thymus histone and DNA
two linear ranges, 107 to 102 ng ! and 10" to 10° ng !, were obtained. The
immobilized histones were stable and after regeneration good reproducibility of the
signal could be obtained up to 43 times with a %RSD of 3.1. When applied to analyze
residual DNA in crude protein extracted from white shrimp good recoveries were
obtained between 80-116 %.

Further application of capacitive transducer is plasmid DNA detection
with immobilized /ec repressor protein. Under optimum conditions, a study of the
influence of different isoforms of plasmid DNA were detected by injecting
supercoiled plasmid DNA (sc pDNA) and open circular (relaxed form) plasmid DNA
(oc pDNA) into the capacitive biosensor system. The observed capacitance signal
from open circular or relaxed form was similar to that of supercoiled plasmid DNA.
The linear ranges were the same for both isoforms, from 0,0001 to 0.1 ng ml! and 1 to
1,000 ng mi”, with lower detection limits of 0.002 pg m1™ and 0.03 pg ml™ for open
circular and supercoiled plasmid DNA, respectively (Table 10.3). The immobilized
lac repressor protein on self-assembled monolayer (SAM)} gold electrode was stable
and could be reused up to more than 40 times with RSD lower than 4.0 %.

In addition, this technique was also applied for screening detection of
tetracycline by immobilized double-stranded DNA on gold electrode surface. Under
optimum conditions, influence of three different compounds of tetracycline(s), i.e.,
tetracycline (TC), chlortetracycline (CTC) and oxytetracycline (OTC), to immobilized
dsDNA was studied. It showed a linear dynamic range of 107-10° pgl” for
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tetracycline and chlortetracycline, and 107- 10° ug 1 "' for oxytetracycline. The
detection limit was 10° pgl” for tetracycline and chiortetracycline, and 0.5%x10™ for
oxytetracycline (Table 10.3). The immobilized DNA was stable and after regeneration
good reproducibility of signal could be obtained up to 54 times with % RSD < 4,
When applied to analyze residual tetracycline in wastewater from hospital recoveries
were obtained between 71-102%. The presence of tetracyclines {TCs) in wastewater

sample could be detected by both biosensor and HPLC.
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The Relevance of the Research Work to Thailand

The purpose of this Doctor of Philosophy Thesis in Chemistry
(Analytical Chemistry) is to develop and evaluate the performance of electrochemical
transducer for direct and indirect detection of affinity binding. Poteniometry with ion-
selective microelectrode was developed for indirect detection of target DNA and
thrombin protein. For direct detection, capacitive transducer was investigated for the
detection of genomic DNA, plasmid DNA and tetracycline. Both indirect detection
with potentiometric ion-selective microelectrode and direct detection with capacitive
transducer provide good performance i.e., high sensitivity, selectivity, accuracy and
precision and short time analysis. They can be applied for the quantitative analysis of
trace amount of target analyte by, for examples, several governmental organization in
Thailand which are

- Ministry of Public Health

- Ministry of Industry

- Ministry of Environimentat

- Ministry of Education
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Chapterl

Introduction

1.1 Background and Rationale
Currently there is a need for the determination of trace amounts of

target analytes present in food, biological products, environmental or medical
samples, especially when the samples contain a very low conceniration of target
analyte and are in the presence of interfering substances. An ideal analytical device
would be one that is specific and sensitive to the target analyte with no sample
pretreatment and at the same time is simple to use, not expensive and provide fast
analysis. One possible approach is an affinity biosensor. In recent years affinity
biosensors have been developed to detect the binding of target analytes to their
specific bioaffinity molecules immobilized on the surface of transducers (Gizeli and
Lowe, 1996; Luppa ef al., 2001; Wang, 2000}. Bioaffinity molecules that have been
used include antibodies, receptor proteins, nucleic acids and aptamers (Carmon ef al.,
2005; Drummond et al., 2003; Hock, 1997; Tombelli ef al., 2005a; 2005b; 2005¢). A
variety of signal transducers have been interfaced to affinity biosensor such as,
electrochemical, piezoelectric and optical (Zhai ef al., 1997; Luzi et al., 2003; Rogers,
2000).

In general, two different assay formats, indirect (labeled) and direct
(label-free), are used in an affinity biosensor (Ghindilis et al., 1998; Luppa et al.,
2001). In the case of indirect assays, the detection of the analyte and bioaffinity
recognition molecule relies on the determination of a label molecule which can be
detected through either sandwich or competitive assay format. Either bioaffinity
molecule or analyle has to be labeled with a sinal-generating component. A labeled
component is therefore used to generate a signal which enables quantification of the
analyte. This label can be optical, electrochemical or mass related and thus permits
the use of these transduction principles (Baeumner, 2003). Although this type of
analysis is rather inconvenient because of the need of label molecules, which may be
complicated and time-consuming (Cui ef al., 2003). However, it can help improve the

sensitivity of the detection (Wang et al., 2003; Wu et al., 2007)




In contrast, in the direct format, an affinity reagent is immobilized on
the surface and binding of corresponding analyte is detected directly, This type of
assay is only applicable in combination with particular principles, which allows the
determination of change of the physical properties of the surface during the affinity
complex formation. These can be the change in mass, refractive index, impedance or
capacitance {Berggren and Johansson, 1997; Berggren ef al., 1998; 2001; Botidean et
al., 1998; Cui et al., 2003; Hedstrom ef al 2005; Limbut ef al., 2006a; 2006b; 2007;
Sung et al ., 2006; Thavarungkul; 2007; Wu et al.,, 2005; Nguyen ef al., 2007;
Vaisocherova et al, 2007, Wang et al., 2004; Zhou et al., 2002). The main
disadvantages of these binding event are limited to the event itself and mainly applied
to single analyte (Bacumner, 2003; Bilitewski, 2006). However, the advantages of
direct affinity are simplicity (does not require label molecules), fast, incomplicated
and possibility for real-time measurement.

Among the various types of transducers that have been applied for
affinity biosensors electrochemical transducer is in general more superior because of
the rapid response, simple handling and low cost (Palecek and Fojta, 1994; Wang,
1999). Electrochemical transducer employed for indirect (labeled) affinity biosensor
are based on amperometric (Grindilis ef al., 1998; Kaku et al., 1993; Kaneki ef al.,
1994), conductimetric (Segeyeva et al., 1998) or potentiometric principle (Benilova ef
al., 2006; Boitieux et al., 1981; Chumbimuni-Torres ef al., 2006; Fonong and
Rechnitz 1984; Gebauer and Rechnitz, 1982; Koncki ef al., 1998; Thiirer ef al 2007).
The labels are mostly enzymes (Grindilis ef al., 1998; Kaneki et al., 1994) and
nanoparticles (Chumbimuni-Torres ef al., 2006; Thiirer et al 2007; Wang et al., 2002;
Wang ef al., 2003), the latter has recently received considerable attention.
Nanoparticle-based electrochemical detection includes, for examples, the use of gold
(Dequaire ef al., 2000; Das ef al., 2006), silver (Chumbimuni-Torres et al., 2006;
Wang et al., 2003) and semiconductor nanocrystal tracer (Choi et al., 2006; Liu ef al.,
2004). These nanoparticle-based electrochemical method commonly rely on anodic
stripping voltametry (ASV) due to its intrinsic preconcentration step that allows one
to achieve ultratrace level detection limit (Wang, 1985).

Potentiometric detection using ion-selective electrodes (ISEs) is also

an attractive principle for trace level analysis in confined samples. In potentiometry




the direct relationship between analyte activity and observed potential suggests that
no scaling laws exist, because of this, there is no expected deterioration of the signal
or detection limit as the sample volume is reduced. This rather unique result has made
potentiometry as a preferred method when dealing with ultra—miniaturizéd systems
(Rubinova ef al., 2007). Recent improvements in the detection limits of ion-selective
electrodes based on polymeric membranes containing selective receptors (ionophores)
making it possible to use miniaturized ISEs to detect femtomole amounts of ions in
microvolume samples (Malon ef @f., 2006; Rubinova ef al., 2007). Application of
ISEs for ultrasensitive immunoassays in connection with nanoparticle amplification
labels has also been reported (Chumbimuni-Torres ef al., 2006; Thiirer et al., 2007).
Therefore, we would like to investigate this further and a part of the work present in
this thesis describes the investigation of indirect electrochemical detection of
bioaffinity reaction based on potentiometric jon selective electrodes to detect aptamer-
protein binding and DNA hybridization in sandwich assay employing CdS quantum
dot labels. To our knowledge no one has applied this transducer to detect these types
of affinity binding.

In the case of label-free electrochemical affinity biosensor, several
transducer principles have been employed ie., potentiometric (Tang ef al., 2005;
1987; Yuan et al., 2004), amperometric (Ramanaviciene and Ramanavicius, 2004),
conductimetric (Kanungo ef al., 2002; Yagiuda et al., 1996) and impedimetric (Berdat
et al., 2006; Bonanni ef al., 2006; Cooreman et al., 2005; Bugeni, 2003; Radi et al.,
2005; Thavarungkul., 2007; Zou et al., 2007). In addition capacitive detection system
has also been considered as a highly sensitive approach (Berggren and Johansson,
1997; Berggren et al., 1998; Bontidean et al., 1998; 2000; Hedstrom et al., 2005; Hu
et al., 2002; 2005; Jiang et al, 2003; Limbut ef al., 2006a; 2006b; 2007). These
transducer have advantages such as sensitive, can detect the analyte directly without
the need for label within short analysis time (Berggren, 2001; Ghindilis ef al., 1998;
Luppa ef al., 2001). For these reasons, another part of this thesis investigated the
detection of bioaffinity interaction with analyte by a label-free capacitive transducer.

These were done through the study of three affinity binding pairs.




1.2 Objectives of the research
The aims of these studies are to develop and evaluate the performance

of potentiometric ion selective electrodes and capacitive transducers to analyze
bioaffinity binding. To achieve these objectives, five subprojects were conducted
using these two electrochemical detection principles. Two projects were performed
by indirect-potentiometric ion selective electrode which are applied for the first time
to study the biaffinity interaction of}

1. aptamer-protein

2. DNA hybridization

The other three projects investigated by direct capacitive affinity
biosensors were;

1. direct detection of affinity binding between histone protein and
DNA.

2. monitoring of plasmid DNA by affinity binding to /ac repressor
protein

3. study the affinity binding of nucleic acid to tetracycline.

1.3 Benefits
It is expected that both potentiometric ion selective electrodes and

capacitve transducers, with all their advantages, i.e., high sensitivity, selectivity,
accuracy and precision, and short time analysis, will become an alternative approach
to detect trace amount of affinity binding analyte which can be applied for many areas

including diagnosis, food processing and environmental monitoring,




Chapter 2
Affinity Biosensors

2.1 Biosensor
A biosensor is an analytical device incorporating biological sensing

element and transducer. The biological sensing element is responsible for the
selective recognition of analyte and generating the physicochemical signal monitored
on the transducer, which converts an observed change into a measurable signal,
usually an electrical signal whose magnitude is proportional to the concentration of
specific chemical or set of chemicals (Eggins, 1996; Turner, 1987) (Figure 2.1). Many
types of biological sensing elements have been used in biosensor, these are enzyme,
whole cell, tissue, nucleic acid, antigen, antibody and receptor. The transducer ¢an be
electrochemical, optical, piezoelectric and calorimetric (Eggins, 1996; Thévenot et al,

1999).

Figure 2.1 Schematic illustration of the components of a biosensor

Since biosensors offers advantages over classical techniques in term of
selectivity and reduces cost of analysis (Collings and Caruso, 1997), potential for

miniaturization, facility of automation, simple and portable equipment vavious
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construction for fast analysis and monitoring, it was applied in fields, such as
industrial process control, health care and environmental monitoring (Castillo et al,
2004; Turner, 1987). In general, depending on the recognition properties of most
biological components, two biosensor categories are recognized which are catalytic
and affinity biosensors (Figure 2.2) (Thévenot ef al, 1999; 2001)

Catalytic biosensors are based on the detection of the change of the
solution property, consumption of the substrate or the product of the conversion
reaction of substrate by the biological sensing element. Biological sensing elements
commonly used in catalytic biosensors are enzymes (mono or multienzyme), whole
cells {microorganism, such as bacteria, fungi, eukaryotic cell, yeast) cell organelles
and plant or animal tissue slices (Davis et al., 1995). Transducer frequently used for
biocatalytic reaction are electrochemical, piezoelectric, optical and calorimetric (Lei
et al., 2006; Mello et al., 2002; Thévenot et al., 1999; 2001) (Figure 2.2a)

For affinity biosensor, the operation is based on the interaction of
analyte with macromolecules. Thus, equilibrium is usually reached and there is no
further consumption of analyte by immobilized bioaffinity recognition element
(Figure 2.2b) (Theévenot ef al., 1999). Several types of bioaffinity molecules have
been used in biosensors, including antibodies, receptor protein, nucleic acid and
aptamer and these have been reviewed by many authors (Carmon et al., 2005;
Drummeond ef al., 2003; Hock, 1997; Tombelli et al., 2005a; 2005b; 2005¢). A variety
of signal transducers have been interfaced to affinity biosensor such as,
electrochemical, piezoelectric and optical which may also be found in several reviews
(Junhui et al., 1997; Luzi et al., 2003; Rogers, 2000). Interest in affinity biosensors is
based on the fact that there is a wide range of affinities available and these will help to
expand the number of analytes that can be selectively detected. Potential application
areas for affinity based biosensor include diagnosis, food processing and
environmental monitoring (Kurosawa et al., 2006; Rogers et al., 2000; Tombelli ef

al., 2005a; 2005b; Wu et al 2007)




a.) Catalytic biosensor

&
9%@@ Product

—-
Substrate
Biomolecule
- Enzyme
- YWhole cell
- Tissue
b.) Affinity biosensor

Biomolecule Analyte
- Antibody - Antigen
- Receptor protein - Hormone
-DNA - DNA
- Aptamer -Drug
- Protein

Figure 2.2 Biosensor types a) catalytic biosensor, b) affinity biosensor

2.2 Assays format for affinity biosensor

There are two different assay formats in affinity biosensors, direct

(label-free) and indirect (labeled) (Ghindilis ef al., 1998; Luppa et al., 2001)




2.2.1 Direct assay

In this type of assay analyte is bound by its bioaffinity elements and is
detected directly (Figure 2.3). This direct assay format is only applicable in
combination with particular principle, which allows the determination of change of
the physical properties of the surface during the affinity complex formation such as
electrochemical transducer to detect the potential, current, resistance or capacitance
change at the surface of the transducer (Bart ef al., 2005; Berggren and Johansson,
1997; Berggren et al., 1998; 2001; Botidean ef al., 1998; Hedstrém et al 2005; Limbut
et al., 2006; 2007; Thavarungkul; 2007, Wu e al., 2005), optical transducer to detect
the change in optical properties (Cui ef al., 2003; Nguyen et al., 2007; Vaisocherova
et al, 2007, Wang et al., 2004) and piezoelectric transducer to detect the change in
mass (Shen et al., 2005; Skladal et al., 2004; Sung et al ., 2006; Zhou et al., 2002).

Figure 2.3 Direct assay format for affinity biosensor

2.2.2 Indirect assay

For this assay, the detection of the binding between analyte and its
bioaffinity recognition molecule relies on the determination of a label molecule. A
great variety of labels have been applied in indirect assay. They can be enzymes such
as horseradish peroxidase, alkaline phosphatase, glucose oxidase, catalase, laccase
(Ghindilis ef al., 1992; Kaku et al, 1993; Kaneki et al., 1994); electroactive
compound such as ferrocene (Mir and Katakis, 2008; Radi ef al., 2006a; 2006b; Wu et

al., 2007); fluorescence such as rhodamine, fluorescene, ruthedium diimine complex




(Karlstrom and Nygren, 2001; Oillic er al., 2007, Ramanavicious et al., 2007,
Watterson et al., 2002) and nanoparticles such as gold, silver and quantum dots
(Wang ef al., 2002; Wang et al., 2003).

The two widely used principles for labeled afﬁnjtj Sensor are
competitive and sandwich assays. In a competitive assay format the analyte (target)
competes with the labeled target analyte, which is added in defined constant amount,
to the binding sites presented by the immobilized binding bioaffinity recognition
molecules (Figure 2.4a). In this format the degree of binding of the label molecule
decreases with increasing analyte concentration.

In the other category, sandwich assay, the analyte is captured between
two binding partners (Figure 2.4b), of which one is immobilized and the other labeled
and added either together with the sample or in the second step after incubation of the
sample and removal of unbound constituents. In this assay yields the signal is directly

proportional to the analyte concentration (Baeumner, 2003; Bilitewski, 2006).
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a). Competitive assay format

Signal is generated by 2
is indirectly proportional to
the concentration of EXm3

b). Sandwich assay format

Signal is proportional to
the concentration of

Figure 2.4 Two main types of labeled affinity sensor. a) competitive, b) sandwich

assay
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2.3 Types of affinity biosensor

Affinity sensors utilize selective binding of certain biomolecules
toward specific target species. The bicaffinity recognition process is governed by the
shape and size of receptor pocket and the interested ligands (analytes). The high
specificity and affinify of these biochemical binding reaction leads to highly sensitive
sensing devices (Wang, 2000). Affinity biosensor can be named, based on the
bioaffinity sensing molecules, as immunosensors (Ghrindilis et at., 1992; 1998; Hock,
1997; Killard et al,, 1995; Rorers, 2000}, receptor biosensors (Rogers, 2000;
Subrahmanyam ef al., 2002), DNA biosensor {(Rauf et al., 2007; Tombelli ef al.,
2005¢c; Wang ef al., 1997; 2001; Zhou et al, 2002), nucleic receptor (aptamer)
biosensors (Bang ef al., 2005; Hansen ef al., 2005; Hianik et l., 2005; Ikebukuro et
al., 2005; Rodriguez., ef al 2005) and DNA-protein biosensors (Abrahamsson, et al.,
2004; Bontidean ef al, 2001; Miao et al., 2008).

2.3.1 Immumlsensor

Most reported affinity biosensors are based on an immunological
reaction involving the shape recognition of antigen (Ag) by the antibody {(Ab) binding
site to form the antibody/antigen (Ab/Ag) complex (Rogers, 2000; Wang, 2000).
Antibodies are immune system-reacted proteins called immunoglobulins, generated in
response to the challenge of an immunogen (i.e., antigen) in thé host cell (Killard et
al., 1995; Rogers, 2000). Antibody are structurally similar and divided into five major
classes i.e., IgA, IgD, IgE, IgG and IgM (Gizeli and Lowe, 2002; Hermanson ef al.,
1992). They are differed in size, chargé, amino acid composition and carbohydrate
content. There are two types of antibodies i.e., polyclonal antibody and monoclonal
antibody. Polyclonal antibodies (pAb) have an affinity for the target, and are directed
to different bonding site with different binding affinity. Monoclonal antibodies
(mAD), because they are produced from one type of immune cell, have higher
sensitivity and selectivity than polyclonal antibody and are, therefore, preferred

(Vestergard ef al., 2007).
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Antibody molecules consist of two identical heavy chains (H) and two
identical light chains (L) (Figure 2.5). The two heavy chains are held together by
disulfide (-s-s-) linkages. Light chains are also attached to the heavy chain by
disulﬁde bonds so that one light chain associates with one heavy chain. Aﬁtibodies are
typically represented schematically as “Y shaped” structure. Antibody binding sites
are located at the end of the two arms (Fab units) of this “Y shaped”. The tail end of
the “Y” referred to as Fc unit, is less variant and contain species-specific structure,
commonly used as antigen for production of species-specific antibodies (Rogers,

2000).

Antigen-binding site Antigen-binding site
*H,N Hyt
!
( 4 Antigent binding
. . fragment (Fab
Light chain & (Fab)
)
3
| Crystallizable
Heavy chain —— fragment (Fc)
J

‘00C COO-

Figure 2.5 Structure of antibody

The interaction between antigen and antibody is dependent on the
complementary of the fit of antigenic determinate to the binding site of antibody. The
binding force present in the antibody—aﬁtigen complex are non-covalent forces such as
electrostatic interaction, hydrogen bonding, hydrophobic interaction and Van der
Waals interaction (Gizeli and Lowe, 2002). Because the interaction of antigen-
antibody has high affinity and specificity, it has been widely employed in biosensing
systems as has been shown in a number of reviews (Ghrindilis et at., 1992; 1993;
Hock, 1997; Killard et al., 1995; Rogers, 2000).

In immunosensors either an antigen or antibody is immobilized on

solid-state surface and participated in bioaffinity interaction with the other
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component, allowing detection and quantification of an analyte of interest. Several
reviews have reported the use of many type of transducers which are electrochemical
(Berggren, 2001; Guan ef al, 2004, Jonathan and Daniel, 2007) optical (Homola,
2003; 2008; Mu, 2001; Patel, 2002; Yang and NgO, 2000) and transdﬁcef sensitive to
change in mass (Chu ef al., 1995; Kurosawa ef al., 2006; Lu et al., 2000). The sensor
may operate either by a direct assay i.e., the change in the property produced directly
by antigen-antibody binding reaction and detected in real time, or an by indirect
assays requiring a label on one of the biomolecule to produce a change in the label
molecule property to be measure. Potentials application that have been presented in

several reviews are clinical analysis (Lin and  Ju, 2005; Luppa et «l, 2001),

environmental monitoring {Baceumner, 2003; Jiang et al., 2008; Marco and Bacelo,
1996) and food processing (Baceumner, 2003; Jiang ef al., 2008; Ligler et al, 2003;
Ricci et al., 2007).

2.3.2 Receptor biosensor

Molecular receptors are cellular, typically membrane, proteins that
bind specific chemicals (ligands) in a manner that results in the conformation change
triggering a cellular response (Rogers, 2000; Subrahmanyam et al., 2002). Unlike
most antibody binding (aimed at specific substance), receptors tend to bind classes of
substance possessing common chemical properties that dictate the binding affinity
(Wang, 2000). Membrane receptors are diverse due to there different structure and
functionality in the cell, Three difference classes can be categorized, which are
channel receptors, G-protein linked receptors, receptor with single transmembrane

segments (Haga, 1995)

- Ion channel receptor

Ton channel receptors are mainly oligomers composed of
heterogeneous subunits, incorporating function into oligomeric structure. Their
function is rapid communication in the nervous systemn. Ligands specific for this class
of receptor include neurotransmitter, such as acetylcholine, glutamate and serotonin

(Subrahmanyam et al., 2002. Haga et al., 1995; Uto et al., 1990).
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- G -protein linked receptor

G-protein linked receptors mediate the cellular response to an
enormous diversity of signaling molecules. The species of this receptor are diverse
and include amine, amino acid, nucleotide, lipid, peptide and protein. The ligands
belonging to this class are important target analyte for sensor technology include all
neurotransmitters, most hosmone and autocoids (Haga ef al., 1995; Ryan Preston and

McFadden, 2001; Subrahmanyam ef al., 2002).

- Receptors with single transmembrane segments

A group of receptors with single transmembrane segments include
growth factors, such as epidermal growth factors , fibrobrast growth factors and nerve
growth factors. Typical ligands for this type of receptor are protein such as
phosphorylase C, GTPase-activating protein (Klammt et al., 2007; Lundstrém and
Svensson, 1998; Subrahmanyam et al., 2002).

~ Receptor- based biosensors have been developed to detect several
target analyte such as, viruses and bacteria (Biotn et al., 2004; Hoffiman et al., 2000;
Ma et al., 1998), hormones (Granek and Rishpon, 2002; Seifert ef al., 1999), nitrogen
monoxide (Barker ef al., 1998; 1999), toxin (Ngundi, 2006; Song and Swanson, 199;),
drugs (Bertucci ef al., 2003) and metal ion (Ito, 2001).

There are many types of transducers used to detect the binding of
analyte (ligand) to an immobilized ligands, i.e., electrochemical (Granek and Rishpon,
2002; Tien et al., 1997), optical (Bertucci et al., 1998; Kamel et al., 2005) and
piezoelectric (Michazik ef al., 2005; Sung et al., 2005). The operation is measured
either indirectly by labeling one of the components, such as sandwich type assay by
enzyme labels (Wendler et ol ., 2005) or fluorescent labels (Rogers ef al., 1992) or
directly due to the change in the property produced by receptor-ligand binding
| reaction (Granck and Rishpon, 2002; Kamel et al., 2005; Michazik ef al., 2005)

Although this technique is promising for specialized analyses, reports
on receptor based biosensor are relatively few compared to immunosensors. This is
mostly likely because these devices are difficult to design and the biological receptor
proteins or tissues containing them are difficult to isolate and are rather unstable

(Rogers, 2000; Subrahmanyam, ef al., 2002)
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2.3.3 DNA biosensor

Deoxyribonucleic acid, DNA, is the molecule that encodes genetic
information. It is coiled to form double helix or double strand DNA held together
with hydrogeﬁ bonds between base pairs of nucleotide. The four nucteotides in DNA
contain the bases adenine (A), guanine (G), cytosine (C) and thymine (T). In nature,
base pairs form only between A and T and between G and C (Junhui ef af., 1997).

The use of DNA based biosensors are mostly based on the highly
specific hybridization of complementary strands of DNA molecules which are
important for detecting the specific base sequence in human, viral and bacterial
nucleic acids, with applications ranging from the detection of disease-causing (Chee
et al., 1996 Li, et al., 2007; Meric et al., 2002), food contaminating organisms to the
forensic and environmental research (Lazerges ef al., 2006; LaGier et al., 2005; Zezza
et al, 2006). In addition the interaction of DNA with small molecular weight
molecules have been developed for rapid screening of some target pollutants or diugs

(Chiti et al., 2001; Erdem and Ozoz, 2002).

2.3.3.1 DNA hybridization biosensox

DNA hybridization biosensors commonly rely on the immobilization
of a single strand (ss) oligonucleotide probe onto a transducer surface to be
recognized by hybridization with its complementary sequence. The binding of the
surface-confined and its complementary target strands is translated into an electrical
signal (Figure 2.6). Potential application for detection of specific DNA sequence
based on DNA hybridization is significant in many area including clinical for
diagnosis of genetic diseases (Li, ef af., 2007; Meric ef al., 2002), in environmental
and food areas for the detection of genetically modified organism (GMO) or
pathogens (Capini et al., 2004; Chiti ez al., 2001; Erdem and Ozoz, 2002). Many types
of signal transducers reported for DNA hybridization biosensor may be found in
several reviews and are based on electrochemical (Li ef al., 2007; Lin et al., 2007;
Mandong et al., 2007; Rauf ef al., 2007; Wang et al., 1997; 2001), piezoelectric (Hur
et al., 2005; Skiidal ef al., 2004; Tombelli et al., 2005¢; Wu et al., 2007;Zhou et al
2002) and optical detection principles (Kim et al., 2007; Lenigk ef al., 2007; Niu et
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al., 2007; Schmidt et al., 2002; Wu; ef al., 2007; Zezza ef al., 20006). Similar to other
affinity biosensors, DNA biosensors can be operated cither in direct assays i.e., the
change in the property is produced directly by hybridization (Li ef ¢/., 2007; Tombelli
et al., 200; Zezza et al., 2006; Zhou et al., 2002) or as indirect assay fofmat. Labels
include electroactive molecules e.g. methylene blue, ferrocene, used in
electrochemical (Erdem et al., 2000; Marraza et al., 1999; Meric ef al., 2002; Wang et
al., 1998), nanoparticle (Hanaee et al., 2007; Kalogianni et al., 2006; Storhoff et al.,
2004; Wang et al 2001), enzyme (Alfonta et al., 2001; Kim et al., 2003;) or
fluorescence labels (Buke et a/., 2003; Mao et al., 2004; Talavera et al., 2000).
Because the base-pairing interaction between complementary sequence
are both specific and robust, the DNA hybridization biosensor is especialy well
suitable for clinical, environmental and food applications (Drummond ef al., 2003).
However, some of the immobilized oligonucleotide probes can lie flat on the surface
of the transducer, making it become inaccessible to hybridization which lead to a

decrease in sensitivity and specificity (Pang ef al., 1996).

Signal

Figure 2.6 Steps involved in DNA biosensor

2.3.3.2 DNA-small molecule biosensor

There is also an increased use of nucleic acid as a tool in recognition
and monitoring of a number of compounds of analytical interest. This technique is
based on the molecular interaction between the DNA and the target toxic pollutants

such as polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons,
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aflatoxin, and aromatic amines, herbicides (Chiti ef al., 2001; Marazza ef al., 1999;
Oliveira-Brett ef al., 2002) or drug , i.e. antibiotic (Nawaz et al., 2006; Oliveira-Brett
et al., 2002; Erdem and Ozsoz, 2002; Piedade et al., 2002;) in order to develop
devices for rapid screening of these compounds. |

The binding of molecules which are small aromatic ligand molecules
to DNA double helical structure involves electrostatic interactions with the negatively
charged nucleic sugar-phosphate structure (which is generally nonspecific), in a way
of an intercalative penetrating into the DNA double-helix between adjacent base pairs
and minor and major DNA grooves binding of the side groups of the molecules via
hydrogen bonds, electrostatic interactions, or van der Waals contacts, with edges of
base pairs or sugar—phosphate backbone (Gherghi, ef al., 2004; Rauf et al., 2005;
Erdem and Ozsoz, 2002) (Figure 2.7).

Minor DNA groove
binding

== Intercalative penetrating
Major DNA groove —»% =
binding BV SN

=il v Surface of DNA double
helix binding .

\Sugar-phosplmte

‘—?-_g backbone

Figure 2.7 Binding way of the small molecule to double helix DNA

The doﬁble strands of DNA (ds DNA) is immobilized on the
transducer, the binding of small molecules to DNA results in a significant change in
the DNA conformation affecting the transduction signal. Some interaction studies
based on the ability of compounds to interact directly with DNA and employing the
biosensor technology have already been reported by some authors using different
transducers, mainly electrochemical and optical. In particular, electrochemical
transducers by detecting the change in the DNA redox properties (i.e. in the oxidation

of the in guanine base) (Marazza ef al., 1999; Wang et al., 1996; Wang et al., 1997)
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or detect the amount of electroactive analyte trapped on DNA layer (Chiti et al., 2001,
Wang et al., 1996), surface plasmon resonance (SPR) was also used for detecting this
binding (McKnight ef al., 2004; Tombelli ez al., 2002; Wang ef al., 2002).

Although this device has been increasing the used for écreening of
many compounds of inferest with high level of sensitivity together with a rapid
analysis time (Chitti et al., 2001). However, it is not selective to only one compound

and hence further confirmation with standard method is required {Rauf ef al., 2005).

2.3.4 Nucleotide receptor (Aptamer)-ligand biosensors

Aptamers are oligonucleotide (DNA or RNA) that are commonly
evolved via a combinatorial chemistry technique known as a systematic evolution of
ligands by exponential enrichment (SELEX) which is a technique for screening large
libraries of oligonucleotide by iterative process of in vitro selection and purification
(Ellington and Szostak, 1990; Tuerk and Gold, 1990). The SELEX method has
permitted the identification of RNA/DNA molecules, from very large populations of
random sequence oligomers (DNA or RNA libraries), which bind to the target
molecules with very high affinity and specificity. Selections are frequently carried out
with DNA/RNA pools due to known ability of DNAs/RNAs to fold into the complex
structures which can be a source of diversity of their function. They can be selected
using a variety of targets from small molecules to whole cell organism (Pestourie ef
al, 2005).

High affinity aptamers have been selected to bind many different
targets such as organic dyes (Ellington and Szostak, 1990), amino acids (Famulok
and Szostak, 1992), antibiotics (Schurer et al., 2001; Tereshko et al ., 2003), peptides
(Baskerville et al., 1999), proteins (Wen ef af.,, 2001) and vitamins (Wilson ef al.,
1998). Aptamers show a very high affinity for their targets, with dissociation constant
typically from micromolar to low picomolar, comparable to those of some
monoclonal antibodies, sometime even better (Jenison ef a/., 1994). The high affinity
of aptamers for their targets is given by their capability of folding upon binding their
target molecules, they can incorporate small molecules into their nucleic structure or

integrate into the structure molecules such as proteins (Herman and Patel, 2000).
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In compatison to antibodies, several reviews have reported that
aptamer receptors have a nqumber of advantages that make them very promising in
analytical and diagnosis applications. The main advantage is the overcoming of the
use of animals for their production. Most antibody production starts in biological
systems by inducing an immune response to the target analyte, but the immune
response can fail when the target molecules has a structure similar to endogenous
protein . In addition, generation of antibodies in vivo means that it is the animal
immune system that selects the sites on the target protein to which the antibody bind.
The in vivo parameters resirict the identification of antibodies that can recognize
targets only under physiological conditions. Moreover, the aptamer selection process
can be manipulated to obtain aptamers that bind a specific region of the target and
which specific binding properties in different binding conditions. After selection,
aptamers arc produced by chemical synthesis, modifications in aptamer can be
introduced enhancing the stability, affinity and specificity of molecules. Finally,
because of their simple structure, sensot layers based on aptamer can be regenerated
more easily than antibody-based layer, are more resistant to denaturation and have a
longer shelf life (Cai et al., 2006; Osullivan, 2002; Tombelli et al., 2005a; 2005b;
2005¢)

Because of a multitude of advantages of aptamers over antibody, there
has been strong a interest for the application of aptamers as biocomponent in
biosensors. A number of reviews reported that proteins are the most commonly
studied binding pair of aptamer based biosensors such as thrombin (Bang ef al., 2005;
Hansen ef al., 2005; Hianik ef al., 2005; Ikebukuro ef al., 2005; Xiao, ef al., 2005),
lysozyme (Hansen ef al., 2005; Rodriguez., ef al 2003), human IgE (Xu ef al., 2005),
HIV-1 Tat protein (Minunni ef al., 2004) and a platelet derived growth factor
(PADGF-BB) (Fang et al., 2001; Huang ef al., 2005). The use of aptamers as Sensors
for small molecules has not been studied nearly as extensively as protein targets.
Small molecules are more difficult to develop than protein sensors since there are far
fewer moieties for aptamer binding (Wen et al., 2001). There are only a few reports
for aptamer based sensot for small molecule, such as cocaine (Baker et al., 2006).

The binding of analyte to an immobilized aptamer can be measured

indirectly by enzyme labels (Ikebukuro ef al., 2005; Mir ef al., 2006; Baldrich et al.,




: [ Sy yRLY
-'zr.iylpv.-;wz:%ux:i;:mn oo arin

Lig iruversty 20

2005) or nanoparticle labels (i.e. gold, silver or quantum dot) (Hansen et al., 2005;
Huang et al., 2005; Mathew Levy, 2005; Palov et al, 2004). Many types of
transducers have been developed with aptamers immobilized on the sensing surface
which are electrochemical (Baldrich ef al., 2005; Ikebukuro et al, 2005), or
fluorescence (Fang ef al., 2001; Heyduk and Heyduk, 2005; Jhaveri, ef af, 2000). The
binding has also been measured directly by optical (Tombelli et al, 2005},
piezoelectric (Hianik ef al., 2005; Minumni ef al., 2004; Tombelli ef al., 20052a;
2005b) and electrochemical transducers (Cai et al, 2006, Cheng et al., 2007;
Rodriguez et al., 2005; Xiao, et al., 2005; Xu et al., 2006).

2.3.5 Protein binding DNA biosensor

The complex of protein-DNA binding in chromosomes (histone-DNA)
(Cui et al., 2005) or in cellular processes occur in transcription, recombination,
restriction or replication (Miao ef al., 2008; Pandolfi, 2001; Wang ef al., 2006) has
attracted attention to apply these bindings for a new type of affinity biosensor for
medical diagnosis and target for drug development (Pandolfi, 2001). For example,
immobilized DNA to detecting the transcription factor that regulated a wide variety of
biological process such as inflammation, apoptosis and cancer (Miao ef al., 2008). In
contrast, proteins can be applied as immobilized recognition element to detect DNA.,
For example, immobilized histone protein for detecting DNA in a lysed cell culture
which is important in biotechnotogy production process {Abrahamsson, et al., 2004).
The binding of analyte to an immobilized bioafinity molecule can be measured by
electrochemical or optical transducers (i.e., surface plasmon resonance) which may be
found in several reports (Abrahamsson, et al., 2004; Bontidean ef af, 2001; Miao ef
al., 2008; Wang et al., 2000).




21

2.4 Detection principle of affinity biosensor

Many types of transducers have been used to detect binding in affinity
biosensors. Most of these transducer are based on optical, piezoelectric and

electrochemical principles (Junhui ef al., 1997; Luzi ef af., 2003; Rogers, 2000).

2.4.1 Optical transducer

Optical transducer can employ a number of techniques to detect the
presence of a target analyte. They are based on a method to detect the change in
absorbance (Deinum et al., 2002), luminescence (Burke ef al., 2003; Cummins et al.,
2000) or refractive index (Homola ef al., 1999; 2003).

For label-free optical detection, surface plasmon resonance (SPR) is
now being a widely used technique. In principle, the SPR measure the refractive index
change caused by the binding of an analyte to bioaffinity recognition molecules
immobilized on the sensor surface (Patel, 2002). The interaction is monitored in real
time and the amount of bound ligand and rates of association and dissociation can be
measured with high precision (McDonnell, 2001; Pattnaik, 2005),

The SPR phenomenon occurs when plane polarized light is reflected
from a gold film deposited on a glass support (Liedberg, 1983). Photons interact with
the free electron cloud {plasmon) in the metal film at a specific angle, the SPR-angle,
and cause a drop in the reflected light. Refractive index changes near the surface give
rise to a shift of the resonance angle. The shift is directly proportional to the mass
increase and mass concentration can thus be measured (Homola ef al., 1999; 2003;
McDon nell, 2001; Pattnaik, 2005). The analysis principle is summarized in Figure
2.8.

Application of SPR to biosensors has shown promise in determination
of concentrations, kinetic constants and binding specificity of individual biomolecular
interaction steps. Antibody—antigen interactions, peptide-protein, DNA hybridization,
biomolecule—cell receptor interactions, and DNA/receptor-ligand interactions can all

be analyzed. However, SPR method has a major disadvantage for bioanalytical
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applications. It is difficult to detect low concentrations or low molecular mass

anatytes (Dong and Chen, 2002; Orazio, 2003).

Light Light
source detecy

Sensor chip with
gold film

analyte Flow channel

Free analyte

Sensorgram

Figure 2.8 Typical set-up for a surface plasmon resonance biosensor. The SPR angle
shift (from 1 to 2 in diagram) when biomolecules bind to the surface and change the
surface layer. This change in resonance angle can be monitored in real time as plot of

resonance signal versus time (Adapted from Shankaran et ¢, 2007)

Optical affinity biosensors based on the detection of " label molecules
are more cornmonly used. Fluorescent labels serve as marker which are responsible
for the high sensitivity of assay (Ghlidilis et al., 1998; Mallat and Barcel6, 2001,
Medyantseva et al.,, 2001). The two assay format of indirect affinity detection ,i.e.
competitive and sandwich assay, can be detected. Bioaffintiy molecules were
immobilized on the surface of the transducer or waveguides, the complex formation
of the fluorescent labeled bioaffinity molecules on this region is detected by
photodiode or photomultiplier tube when the label is excited by the incident light
from light source (Figure 2.9} (Gizeli and Lowe, 2002). Fluorescent label molecules
often used are organic dye fluorescence molecules such as thiozole orange, editidium
bromide, cyanide dye {Cy5) (Bakaltcheva et al., 1998; 1999; Hock, 1997; Jakeway
and Krull, 1999; Wang and Ulrich, 2005) or quantum dot nanoparticle labels (Cui et
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al ., 2007; Deng et al., 2007; Kerman et al., 2007; Lee et al., 2004; Liu et al., 2007,
Shen ef al., 2007; Yeh et al., 2005; Zhu et al., 2004).

ﬁ- Fluorescent label molecule

Figure 2.9 Hlustration of two types of labeled affinity biosensor based on optical

detection; a) sandwich and b) competitive assay

Optical detection of enzyme labels has also been used in the
development of affinity sensor. In principle, enzymes are able to catalytes reaction of
substrate transformation accompanied with formation of fluorophore product that is
used for quantification of the analyte. However, enzyme labeled based optical
detection have only been successful and described by a few reports (Ermenko ef al.,
1998; Ramanavicius ef al., 2007)

| Label based optical detection have been applied for different affinity
interactions such as immunosensors (Bakaltcheva et al., 1998; 1999; Hock, 1997; Liu
et al., 2007, Deng et al., 2007; Ermenko et al., 1998, Ramanavicius et al., 2007),
DNA hybridizations (Almadidy et al., 2002; Aslan ef al., 2006; Bourdon et al., 2001;
Celep et al., 2003; Jakeway and Krull, 1999; Kim ef al., 2006; Wang and Ulrich ,
2005) and receptor-ligand (Gokulrangan et al., 2005; Liv et al., 2007; McCauley ef
al., 2003).

The high sensitivity of fluorescence detection from labeled molecules
is the main advantage of this assay. However, the limitations of this technique are the

background signals and spectral overlap (Ghindilis ef al., 1998).
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2.4.2 Piezoelectric transducer

Piezoelectrics are materials, such as quartz (Si0;), lithium niobate
(LiNbO), zinc oxide (ZnO), gallium arsenide (GaAs) and lithium tantalite (IiTa03)
(Clair ef al., 1996), that may be brought into resonance ‘by the appii'cation of an
external alternating electric field. The frequency of the resulting oscillation is
determined by the mass of the crystal. In principle, the crystal of the piezoelectric
biosensor is coated with the appropriate biomolecule that selectively interacts with the
analytes, subsequent binding increases the mass of the coated crystal and this alters its
basic frequency of oscillation. Piezoelectric for affinity biosensor may classify in two
modes which are bulk acoustic wave (BAW) and surface acoustic wave (Bunde et al.,

1998; Marco and Barcel, 1996) (see Figure 2.10)

(i) Bulk acoustic wave (BAW)

This device is quartz crystal microbalance (QCM) which consists of
thin quartz disk with electrode plated on its two sides (Figure 2.10a). The binding of
the analytes occurs on the coated surface of a piezoelectric crystal connected to an

oscillator circuit. Resonance occurs in the entire mass of the crystal. If bioaffinity
‘ receptor-coated crystal is placed in an atmosphere containing the selected analyte the
affinity reaction will produce an increase in the mass of the crystal. The resonant

frequency will therefore decrease according to the Sauerbrey equation:

C Qf 2Am
Af=—> 2.1)
A
Where Af is the change in fundamental frequency, Cq is the sensitivity (which for
quartz = 2.26x10°® cm? g™), fis the resonant frequency of the crystal, A is the area of

the crystal, and Am is the mass change deposited (Collings and Caruso, 1997).

(i) Surface acoustic wave (SAW)
In SAW device, electrodes are on the same side of crystal known as an
interdigital transducer (Figure 2.10b). In this method, the osciliation of piezoelectric

crystal is at a higher frequency and an acoustic wave is generated by application of an
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alternative voltage across a pattern of metal electrode. The adsorption of sample to
crystals slow the acoustic wave, the velocity change is proportional to the analyte
concentration and causes a shift of frequency (Marco and Barcelo, 1996, Morgan, et
al., 1996). The frequency shift of piezoelectric crystal is proﬁortionall to the mass
"change according to the Sauerbrey equation.

Piezoelectric transducer were successfully used for many different of
the binding between bioaffinity-analyte detection, such as, immunosensor (Chu ef al,,
1995; Konig and Gratzel 1994; 1995; Lu ef af., 2000; Shen ef al., 2005; Su et al.,
1999, Suri et al, 1995; Tajima et al, 1998; Yang and Chen, 2002), DNA
hybridization (He and Lin, 2004; Hur ef al., 2005; Skladal ef al.,.2004; Tombelli es
al., 2005 a; 2005b; Zhou et al., 2002) and DNA/receptor-ligand interactions (Minunt
et al., 2004; Tombelli et al., 2005).

(a) Bulk-acoustic wave (BAW)  (b) Surface acoustic wave (SAW)

+—— Electrode

gicciradt

- Piezoelectric crystal

Piezoelectric crystal

f

Piezoelectric crystal

Af=1,-f,

Figure 2.10 Schematic of piezoelectric biosensors. The frequency of oscillation of a
piezoelectric material is dependent on its mass. (a) On a bulk acoustic wave (BAW),

(b) On surface acoustic wave (SAW)

The advantage of piezoelectric transducer for affinity biosensor lies in

the direct measurement of affinity interaction. In this case, no label is necessary and
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no additional chemicals are used. Limitations of this technology is the interferences

produced when used on liquid media (Geddes et al., 1994; Kosslinger et al., 1992}

- 2.4.3 Electrochemical transducer

Electrochemical transducers offer good possibilities for sensitive
detection of target analyte (i.e., antigen, protein, DNA). Electrochemical detection of
affinity interaction are used for both direct assays (Bart ef al., 2005., Berggren and
Johansson, 1997; Berggren et al., 1998; 2001; Botidean et al., 1998; Hedstr6m et a.,1
2005; Limbut ef al., 2006; 2007; Thavarungkul; 2007; Wu et al., 2005) and indirect
assays.

Electrochemical transducers are, in general, superior to other
transducers because of their rapid response, simple handling and low cost (Palecek
and Fojta, 1994; Wang, 1999). Therefore, electrochemical transducer for affinity

binding are preferred and this is the subject of a review in the next chapter.




Chapter 3

Electrochemical Detection of Affinity Biosensors

Electrochemical detection is the measurement of electrical properties
such as current, potential, or charge, and their relation to chemical or biological
compounds which provides a sensitive method for trace analysis of these materials.
For affinity biosensor, electrochemical detection employs several transduction
principles, i.e., amperomefric (Grindilis et al., 1998; Kaku ef al., 1993; Kaneki ef al.,
1994), voltammetric stripping (Gonzalez Garcia and Casta Garcia, 1995; Liu and Lin,
2005; Wang ef al., 2002), conductimetric (Kanungo et al., 2002; Segeyeva et al.,
1998; Yaguida et al., 1996) , impedimetric (Berdat et al., 2006; Bonanni et al., 2006;
Cooreman et al., 2005; Eugenii, 2003; Radi et al., 2005; Thavarungkul., 2007; Zou e?
al., 2007), potentiometric (Benilova et al., 2006; Boitieux et al., 1981; Chumbimuni-
Torres et al., 2006; Fonong and Rechnitz 1984; Gebauer and Rechnitz, 1982; Koncki
et al., 1998; Thiirer et al 2007). and capacitive (Berggren et al., 1998; 2001;
Bontidean et af 1998; 2003; Hedstrém et al., 2004; Hu, ef al., 2002; 2005; Jiang ef af.,
2003; Limbut et al., 2006a; 2006b; 2007).

As described in chapter 2 (section 2.2), there are two assay formats in
affinity biosensors, i.e., direct and indirect, and electrochemical detection can be
applied for both types of assay. In this chapter direct and indirect electrochemical

detection for affinity biosensors are reviewed.

3.1 Direct electrochemical detection

This technique is based on the detection of the change in physical
properties as a result of the bioaffinity complex formation. The surface of the
electrochemical transducer (electrode) modified by bioaffinity agent is the basis for
detection (Ghindilis et al., 1998). The complex formation leads to a modification of
surface property and results in a change in the transducer signal. Resistance or
capacifance change detection based on the impedimetric and capacitive transducer,
were usually reported as the detection principle for direct affinity biosensors (Bart et

al., 2005; Berggren ef al., 1998; Bontidean ef al., 1998; Grant et al., 2006; Hedstrom
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et al., 2005; Hleli et al., 2006a; 2006b; Hu ef al., 2002; 2005; Jiang et al., 2003; Jic et
al., 1999; 2000; Kim et al., 2003; Limbut et al., 2006a; 2006b; 2007, Rahman et al.,
2007; Thavarungkul ef al., 2007}

3.1.1 Impedimetric affinity biosensors

Electrochemical impedance spectroscopy (EIS) is a powerful tool for
the analysis of interfacial properties change of modified electrodes upon
biorecognition events occurring at the modified surface. Impedance measurement
provides detail information on capacitance/ resistance change occurring at conductive
or semiconductive surfaces (Guan ef al, 2004; Katz and Willner, 2003).
Electrochemical transformations occurring at the electrode/electrolyte interface can be
explained based on the theory of the electrical double layer (Figure 3.1a). When a
potential is applied to an electrode, a double layer of charges takes place at the
electrode/solution interface due to its conducting propriety. Excess charge on the
metallic phase gets organized at the solution interface, causing a charge separation. As
a result, two layers of charges with opposite polarity get organized at the
electrode/solution interface, forming the double layer of charges as represented in
Figure 3.1a. (Bard and Faulkner, 2001). In solution, three different theoretical layers
can be distinguished: the inner Helmhoitz plane (IHP), the outer Helmholiz plane
(OHP) and the Gouy-Chapman diffuse layer (GCDL). The IHP is the closest to the
electrode, and is made of solvent molecules, e.g. water, which are polarized, thus
oriented. The following layer is the OHP, where solvated ions can approach the
surface. The interaction between charged metal and solvated ions is governed by
long-range electrostatic forces. The solvated ions are non-specifically adsorbed, as the
interaction is independent from chemical properties. The next layer is the GCDL,
which extends from the OHP to the bulk solution (Bard and Flulkner, 2001;
Packirisamy and Kolb, 1996; Schmickler, 1996; Wang, 2001).

The layers have different electrostatic potential (Figure 3.1a): the
potential energy decreases linearly from IHP to OHP, and exponentially through
GCDL. The two regions with linear and exponential decay are the electrical double
layer (EDL). The occurring of electrochemical transformer at electrode/electrolyte

interface can usually be modeled by an electronic equivalent circuit, also called a
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Randles circuit (Figure 3.1b). The component consist of a double layer-capacitor
(Cuan) in parallel with a polarization resistor (also known as a charge-transfer resistor)
(Re) and a Warburg impedance (Z,,), connected in series with resistor that measures
the resistance of the -electrolyte solution (Rs). Some of these compoﬁents can be

extracted from the corresponding experimental impedance spectrum,

Potential

|
:-CH:

Yl

Figure 3.1 Schematic represent of a simple electrified interface at electrode/electrolyte
solution interface; (a) double layer region which consist of Helmholtz planes
( i.e.,Inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP)) and diffusion
layer, Cy is the capacitance due to Helmholtz la yer and Cpp is capacitance due to the
diffusion layer; (b) Randle equivalent circuit representing each component at interface
and in solution during electrochemical reaction is shown for comparison with physical
components. Cq, double layer capacitor; Re, charge transfer resistor; W, Warburg
resistor; R, solution resistor) (Modified from Bard and Flulkner, 2001; Park and Yoo,
2003; Wang, 2001).
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The two components of the electronic scheme, R and Z,,, represent the
bulk properties of the electrolyte solution and diffusion features of the redox probe in
the solution. Therefore, these parameters are not affected by chemical transformation
occurring at the electrodersurface. The other two compronents in the schéme, Cal and
Re depend on the dielectric and insulating features at the electrode/electrolyte
interface and are controlled by the surface modification of the electrode. In fact, the
electron transfer resistance, Re, controls the interfacial support (Alfonta et al., 2001;
Katz et al., 2001).

The impedance is calculated as the ratio between the system voltage
phasor, U(®), and the current phasor, #w), which are generated by a frequency

response analyzer during experiment, similarly to the Ohm’s law

Z(w) = % o=2J1f (3.1)

where o and f (excitation frequency) have units of rad.s™ and Hz, respectively. To
make the derivation of the equation and its interpretation straightforward, the
contribution of the Warburg component, resulting from the diffusion of the ion from
buik solution to the electrode interface, is neglected since it is small due to the limited
of distance that ions must diffuse (Mansfeld et al., 1998; Park and Yoo, 2003). A
straightforward impedance expression of equivalent circuit can be derived by
applying Ohm’s law to two components connected in parallel. One of these is R, and

the other is 1/(jwCq)), in which Cy is the double layer capacitance.

Z{o(=R_ + R
I+jo R,C,

R J wwezl Cy

ef

+ pu—
* 1+ w’RiC, 1+@’RLCS

(3.2)

‘Where j=xf-_1
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The complex impedance of equation 3.2 can be presented as the sum
of real, Z,. (®), and imaginary, Zix(®), components (Equation 3.3) that originate
mainly from resistance and capacitance of the cell, respectively (Bard and Faukner,
2001; Katz and Willner, 2003; Park and Yoo, 2003). '

Z(@) = Z,,(0) + JZ,,(0) (33)

A Nyquist plot, a plot between imaginary part (Z;y) and real part (Z)
is usually performed. Figure 3.2 shows an example of Nyquist plot where a typical
shape of a Faradaic impedance spectrum is presented in the form of an impedance
complex plane diagram. This includes a semicircle region lying on the axis followed
by straight line. The semicircle portion, observed at high frequencies, corresponds to
the electron transfer-limited process, whereas the linear pait is characteristic of the
lower frequency range and represents the diffusionally limited electrochemical
process (Figure 3.2 a). In the case of very fast electron transfer process, the
impedance spectrum could include only the linear part (Figure 3.2b), whereas a very

low electron transfer step resulted in a large semicircle region (Figure 3.2¢).
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frequency

frequency

Figure 3.2 Faradaic impedance spectra presented in the form of a Nyquist plot for
modified electrode is controlled by; a) diffusion of the redox probe (low frequencies)
and the interfacial electron transfer (high frequencies). b) diffusion of the redox

probe. c) the interfacial electron transfer (Modified from Katz and Willner, 2003).

At high frequencies the frequency-dependent term of Equation 3.2
vanished, resulting in Z(0) = Z.{(®) = Rs, which is an intercept on Z(®) axis on high
frequency side. For low fiequency, Equation 3.2 becomes Z{m) = R +Re which is an
intercept on Z(®) axis on the low frequency side. At the frequency where the
maximum Zin(®) is observed, the straightforward relationship Re.Cyt = 1/®pax =
1/(2Jf,04x) can be obtained and this indicates how the reaction take place. If Ret.Cyt 18
known, Cg can be obtained because Ry is already known from the low frequency
intercept on the Z(w) axis. Thus, the Nyquist plot gives all the necessary information
about the electrode/electrolyte interface and the reaction (Katz and Wilnelner, 2003;
Park and Yoo, 2003; Tang et al., 2004).

, For affinity binding, impedance measurement is an effective technique
to probe the interfacial properties of bioaffinity molecule-analyte reaction at modified

electrode surface (Kharotonov et al., 2000; Tang et al., 2004). When the specific
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analyte bind to the surface immobilized bioaffinity molecules the electron transfer

resistance (Re) will increase, which relates to a large semicircle in the Nyquist plot

(Figure 3.3).

im

1
1
I
1
I
I

—

S Rs+ Ret(biogfﬁnity) R§+ Ret(bioafﬁnity—ana[yte)

»

Zeo

Figure 3.3 Typical Nyquist plot of immobilized bioaffinity molecule on the electrode

surface (a) and complex of specific analyte-bioaffinity molecule (b) (Modified from

Kharotonov et al., 2000, Tang et al., 2004)

The change of the electron fransfer resistance (AR is the difference

between the value of electron transfer resistance after specific analyte binding to

bioaffinity molecules (Ryiafinity-anaiyte) and the electron-transfer resistance of the

immobilized bioaffinity molecules (Ryjoafiinity) (Katz and Wilnelner, 2003; Knaritonov

et al., 2000; Tang et al., 2004).

AR = Reypicafiinity-anatyte) = Retpioatfinity)

(3.4)
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Impedimetric affinity biosensors based the change of electron transfer
resistance (AR¢) detection from Nyquist plot has been developed for many analyte-
bioaffinity molecule interaction, particular directly detection (label-free) such as
antibody-antigen (immunosensor) (Grant et al., 2005;; Hleli et al., 20055; 2006b; Jie
et al., 1999; Navrétilov4 and Skl4dal, 2004; Rahman et al., 2007; Tang et al., 2004),
DNA hybridization (Berdat et al., 2007; Cai et al., 2004; Gautier et al., 2007; Li et
al., 2007; Ma et al., 2006; Peng et al., 2007; Vagin et al., 2002; Yang et al., 2007) and
aptamer-protein reaction (Cai ef al, 2006; Radi and OSalivan, 2006a; 2006b;
Rodriguez ef al., 2005, Zayats et al., 2000).

Although the evaluation of electron transfer resistance through
impedance was an effective method to prove the electron transfer resistance features
of the surface of the modified electrode. However, the data of this principle detection
is difficult to interpret and it is not suitable for real-time measurements (Bordi ef al.,
2002; Guiducci et al., 2004).

In addition, in Nyquist plot the capacitance (Cq)) can also be obtained
at the frequency (@) and o, in Figure 3.3) where the maximum Z;,(®) is observed and
the change of capacitance (ACq) was also used as indication of affinity binding. 1t

will be described in further section.

3.1.2 Capacitive affinity biosensors

The measurement of capacitance is based on the change in dielectric
properties or charge distribution when bioaffinity-analyte complex form on the
electrode surface (Berggren et al., 2001; Gebbert et al., 1992). Capacitive affinity
biosensor can be designed in two different ways, either by measuring the capacitance
between parallel metal plates (Gebbert ef al., 1992) or by measuring the capacitance
at the electrode/solution interface (Berggren and Johansson, 1997; Berggren et al,,
1998; Bontidean ef al., 1998; 2000; Hedstrtém et al., 2005; Hu ef al., 2002; 2005;
Limbut 2006a; 2006b; 2007).
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In the first approach, the capacitance between parallel metal plate
separated by a certain distance and with a dielectric in between, The capacitance can
be described by

C= (3.5

Where, € is dielectric constant of material between the plates, g is the electric
constant for vacuum, A is the area of the plate and d is the distance between the
plates. When the bioaffiny molecule is immobilized on one plates the capacitance can
be detected as a _change of the thickness of a layer immobilized and/or as a change in
the dielectric constant causes by the binding or releasing of analyte (Figure 3.4a). In
the case of interdigitated eclectrodes with bioaffinity molecule immobilized in
between, the forming of the complex will change the diclectric properties between the

electrode causing the change in capacitance (Figure 3.4b).
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(a) Parallel metal plates

eree s

(b) Interdigitated electrode
Electrolyte

Figure 3.4 Schematic diagram of capacitive affinity biosensor based on two metal
plates (a) capacitance change due to the change in distance and/ or dielectric constant
between two plates and (b) due to the dielectric constant using interdigitate electrode
(Modified from Gebbert et al., 1992: Berggren ef al., 2001) |

The disadvantages associated with this approach are difficulties in
producing a short and reproducible distance between two plates, and its sensitivity to
changes in the bulk solution (Berggren ef al., 2001).

The second approach, the capacitance is measured at metal/solution
interface. In this case the capacitance measurement principle is based on the theory of
electrochemical double layer (EDL) as described previously in section 3.3.1. The
structure is equivalent to a parallel-plane capacitor. For two capacitors connected in
series (Figure 3.1a), the double layer capacitance (Cgj) is the final total capacitance

(Cior) which can be calculated as;

= = + 3.6
Ca Cu Gy Cpu (3©)
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Where Cy is the capacitance due to the Holmholtz layer and Cpy, is the capacitance
due to the Gouy-Chapman diffusion layer (GCDL).

In biosensor, the electrode surface has been modified by the sensing
fayer. Therefore, the electrical double (ECL) is obligated away from tﬂe electrode
surface. Figure 3.5 shows an example of a bioaffinity element-based capacitive
biosensor ¢lectrode modification, where self assembled monolayer (SAMs) is used as

the immobilization method, bioaffinity molecules is attached to the electrode surface.

—lH

O==
Q
.

CSAM Cbioécan

Figure 3.5 Schematic representation of affinity biosensor based capacitive biosensor

and electrical double tayer organized on the electrode solution interface

The capacitance at such a surface can be described to be built up of
several capacitance in series (Figure 3.5). The two capacitors constitute the insulating
layer on the electrode surface. These capacitors include the anchoring thiol of SAM
(Csam) and the immobilized of bioafifinity molecule layer (Cpio), respectively.

Binding of analyte to the bioaffinity recognition Iayer is described by Ca,. The last
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capacitor is described by the concentration dependent diffusion layer (Cpr) extending

out into the bulk of solution. The total capacitance (Ci) can then be described by

1 1 1 1 1
= + + + (3.7)
C tot C SAM C bio Can C DL

There are several ways to determine electrical double layer (EDL) as
capacitance such as, cyclic voltammetry (Ding et al., 2005; Lang et al., 1994), current
step (Bard and Faukner, 2001), impedimetric (Betty et al., 2007; Li et al., 2005; Wu
et al., 2005; Yang et al., 2005) and potential step {Berggren and Johansson, 1997,
Berggren ef al., 1998; Bontidean ef al., 1998; 2000; Hedstrom ef al., 2005; Hu et al.,
2002; 2005; Jiang ef al., 2003; Limbut ef al., 2006a; 2006b; 2007). However, in
affinity biosensor, impedimetric and potential step are the most commonly used for

determining the capacitance.

3.1.2.1 Impedimetric

As described in section 3.1.1 impedance measurement provides detail
information on capacitance/resistance change occuring at electrode/electrolyte
interface. From the Nyquist plot (Figure 3.3.) the capacitance can be obtained at the
frequency (®; and ®;) which observed at the maximum value of Zi, (®). The
capacitance can be given by the relationship Re..Ca = Ve = 1/(2)f.,) and Cy can
be obtained, because Ry is known from the intercept on the Z, (). Therefore, the
value of the capacitance of the immobilized bioaffinity molecule (Chioafiinity) and after
specific analyte binding to bioaffinity molecule (Chicaninity-anaiyte) Were obtained at the
maximum frequency ; and ®;, respectively. The change of the capacitance (ACy) is

calculated by
(ACa1) = Caioaffinity-anatyte) = Coi(bioafinity) (3.8)
Although the detection of the capacitance change (ACy) from Nyquist

plot has been developed for a number of affinity binding pairs such as antibody-

antigen (immunosensor) (Grant et al., 2005; Jie et al., 1999), aptamer-protein
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reaction (Liao and Ciu, 2007). However, the data of this principle detection is difficult
to interpret and it is not suitable for real time measurement.

To detect the change in real time, impedance due to the capacitance
can be monitored at a certain fréquency. This can be done bjr the Bode i)lot i.e., the
plot of the phase shift versus of log frequency (Figure 3.6). The phase shift is zero
when the impedance is mainly resistive and becomes more capacifive as the phase
shift gets closer to 90° (Park and Yoo, 2003; Wu ef al., 2005). Therefore, the optimal
frequency to detect the capacitance change could be found at phase angle closest to
90° in the Bode plot (Figure 3.6 ). At this frequency the capacitance change can be

derived from the imaginary part, Ziy, of the complex impedance spectra.
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Figure 3.6 Bode plot of phase angles versus the log of frequency.

The detection of capacitive in real time from impedimetric has been
developed for many analytes in immunosensor detection such as interferon-y (Bart et
al., 2005) and penicillin G (Thavarungkul; 2007). Although the capacitance can be
monitored in real time from impedimetric, however the instrumentation is expensive

(Berggren et al., 1997; 1999)
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3.1.2.2 Potential step

In this technique the capacitance is obtained from the current response
measured at the electrode/solution interface in a potentiostatically controlled
experimental by applying an electrical perturbation signal to the electrode (Berggten
et al, 1998, 2001). For the capacitive affinity biosensor where the electrode is coated
by an insulating layer, an accurate equivalent circuit should be Ry{(R{Cqp) as shown in
Figure 3.7a. Because the electrode is insulated, Ry (Ohmic resistance of insulating
layer) is much more than R,. This made R acting like an open circuit and the system
could thus be simplified as an RyCy equivalent circuit. The simple model of resistor

and capacitor in series (RiCq model) (Figure 3.7b) has been used successfully for

evaluation of capacitance for the electrode/solution interface system (Berggren ef al.,
1998; Bontidean ef al., 1998; 2000; Hedstrém et al., 2005; Hu et al., 2002; 2005;
Jang ef al., 2003; Limbut ef al., 2006a; 2006b; 2007).

(b)

Figure 3.7 (a) Ry(R¢Cq) equivalent circuit, where Ry is the Ohmic resistance of
insulating layer that is much higher than R, making its act like an open circuit. (b)
Simple RsCq equivalent circuit, R, is the resistance of the solution and Cy; the double

layer capacitance.

When a defined potential perturbation, also.called potential pulse, is

applied to a working electrode for a defined period (Figure 3.8a). The resulting
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discharging cuwrrent decays exponentially (Figure 3.8b). R;Cg circuits, where a
resistance and capacitance are connected in series, show a behavior well described by

the theoretical exponential decay, expressed in Equation 3.9.

i() =Rlexp(-R o) (3.9)

$ s ot

where i(t) is the current response as a function of time, u is the applied pulse
potential, Ry is the resistance of the solution and Cy is the total capacitance at the
electrode/solution interface.

As a linear relationship exits between In i(t) and t, Ci, and R, can be
calculated from the linear least-square filting (Figure 3.9) of the natural logarithm of
Equation 3.9,

t
R,C

Ini(t) =1an‘%— (3.10)

s ot

Then, Cio and R can be obtained from the slope and intercept of the linear least
square of In i(t) versus t (Berggren and Johansson 1997; Berggren ef al., 1998; 2001;
Biotdean et al., 1998; 2001).

(a)

Potential (mV)

Time (msec)

(b)

Currenct (pA)

Time (msec)
Figure 3.8 Potentiostatic step method to evaluate capacitance (a) applied potential

pulse and (b) resulting current decay.
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Intercept = In 2
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Time
Figure 3.9 Logarithm of current vs fime

This technique of capacitance measurement can provide label-free
detection of affinity reaction with high sensitivity and specificity. More importantly
it has been shown to be able to detect compound at very low concentration. (Berggren
and Johansson, 1997; Berggren ef al., 1998; Bontidean et al., 1998; 2000; Hedstrom
et al,, 2005; Hu et al., 2002; 2005; Jiang et al., 2003; Limbut et al., 2006a; 2006b;
2007). For these reasons, a part of this thesis investigated the detection of bioaffinity
interaction with analyte by label-free capacitive measurement obtained form potential
step.

| For capacitive detection, a special immobilization technique is
required, since the detection relies on the detection of interfacial changes originating
from biorecognition events af the eclectrode surface (Katz and Willner, 2003),
therefore, the electode surface has to be electrically insulated. Self assembled
monolayer (SAM) is one possible method that can fulfill this requirement (Wrobel,
2001) and is particularly suitable immobilization technique for capacitive biosensors
(Riepl et al., 1999). SAM can be formed by spontaneous adsorption of alkanethiol on
gold surface that takes place at room temperature (Nuzzo and Allara, 1983; Porter ef
al,, 1987). The affinity between sulfur atom of alkanethiol and gold atom is allows

electrochemical insulation of the gold surface (to avoid faradic processes). It is also an
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excellent immobilization technique for proteins. Moreover, proteins are shielded from
direct contact with the metallic surface (Wadu-Mesthrige ef al., 2000). Therefore,

SAM are preferred as immobilization technique in this work.

3.2 Indirect electrochemical detection

For this technique, the detection of the binding between analyte and its
bioaffinity recognition molecule relies on the determination of a label molecule. A
great variety of labels have been applied in indirect assay such as various enzyme
(Ghindilis et al., 1992; Kaku ef af., 1993; Kaneki et al., 1994); and nanoparticle such
as gold, silver and quantum dots (Wang et al., 2002; Wang et al., 2003).

There are several electrochemical transducers to detect the electrical
signal from the binding of the analyte and its bioaf‘ﬁnity molecule such as,

amperometric, voltammetric stripping, conductimetric and potentiometric.

3.2.1 Amperometric affinity biosensors

Amperometry is the measurement of a current flow generated by an
electrochemical reaction at constant voltage (Luppa et af., 2001; Ricci ef al., 2007).
For biosensors, the technique is generally performed by using a three-electrode
system consists of a working electrode with immobilized bioaffinity molecules
(commonly made of inert metals such as platinum, gold, or carbon), a standard
reference electrode (Ag/AgCl reference electrode or saturated calomel electrode) and
an auxiliary electrode (e.g. a platimum wire). Since most (protein) analytes are not
intrinsically able to act as redox partners in an electrochemical reaction, indirect
detection of products of an enzymatic reaction are needed for the electrochemical
reaction of the analyte at the sensing electrode. Generally the detection is performed
by either sandwich or competitive assay (Djellouli et al., 2007, Fu-Chun et al., 2007,
Gau et al., 2001). In a sandwich assay the secondary bioaffinity molecule is labeled
with a enzyme and the -eclectrochemically active product from specific
enzyme/substrate reaction is determined by amperometry. The generated current is
directly proportional fo specific analyte-bioafinity molecule binding as shown in
Figure 3.10a. For competitive assays the analyte competes with the enzyme labeled

target analyte. The binding of the enzyme labeled decreases with increasing analyte
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concentration, thus, the generated current is indirectly proportional to analyte

concentration (Figure 3.10b),

(2)

Substrate

Analyte
(b)
B
Substrate _ %AAA
i
Analyte '

Figure 3.10 Schematic diagrams of the amperometric detection of affinity biosensor

based (a) sandwich and (b) competitive assay by enzyme —labeled

Several enzymes have been successfully applied as a label for this
technique which are horseradish peroxidase (HRP) (Djellouli et al., 2007; Fu-Chen et
al., 2007), glucose oxidase (Gau et al., 2001), alkaline phosphatase (Wang ef al.,
2004), and wrease (Campanella ef al., 1999). This technique has been applied for
immunosensors (Campanella ef al., 1999; Fu-chen et al., 2007), DNA hybridization
(Djelloulli et al., 2007; Gau et al., 2001; Wang ef al., 2004) and aptamer-analyte
detection (Tkebukuro et al., 2004).
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In addition, a few applications used nanoparticles as catatytic labels to
amplify the signal in this type of assay. It has been reported that nanoparticles, such as
platinom (Polsky et al, 2006) and silver (Wu ef al, 2000) show excellent
electrocatalytic activity to teduction in the presence of hydrogen peroxide and these
techniques has been successfully applied for the detection of DNA hybridization
(Polsky et al., 2006; Wu ef al., 20006).

The main advantages of amperometric affinity biosensor are low cost,
ease of operation and disposability. However it has some disadvantages such as, very
noisy response and interference from electroactive species that could be present in

the sample solution (Ghlindilis ef al., 1998; Gooding et al., 2001).

3.2.2 Yoltammetric stripping affinity biosensors

Stripping analysis is an extremely sensitive electrochemical technique
for measuring trace metals, This technique comprises a variety of electrochemical
approaches having a step of preconcentration onto the electrode prior to voltametric
measurement. The major advantages of stripping voltammetric to direct voltammetric
measurement is that preconcentration factors of 100 to more than 1,000 can be
achieved (Wang 2000). In general, affinity binding detection based on stripping
analysis, indirect detection with nanoparticle as labeled molecules such as gold, silver
nanoparticles and quantum dots are the most used (Cui et al., 2003; 2007; Dai et al,,
2006; Dequair ef al., 2000; Hansen et al., 2006; Lui et al.,, 2004; 2007; Wu et al.,
2007). In the group of stripping voltammetry involving electrolytic preconcentration
there are several well-known schemes such as anodic stripping, cathodic stripping or
adsorptive stripping voltammetry. Among the stripping methods, anodic stripping
voltammetry is currently the most used technique for affinity binding detection (Wang
et al., 2003). |

In anodic stripping voltammetry (ASV) the metals are preconcentrated
by electrodeposition onto the electrode. The deposition is done by cathodic deposition
at a control time and potential. The potential is then scanned anodically, during scan
deposited metal on the electrode are reoxidized, stripped out of the electrode which is

a function of metal standard potential (Figure 3.11).
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Figure 3.11 Anodic stripping voltametry: (a) the potential -time wave form , (b) along
with voltammogram (Modifoed from Wang, 2000; Esteban and Cassassas, 1994)

The application of anodic stripping voltammetric techniques for
affinity binding detection with nanoparticle labels is based on either direct methods,
without any previous chemical dissolution of nanoparticles (Gonzalez Garcia and
Casta Garcia, 1995; Liu and Lin, 2005; Kerman et al., 2004; Pumela et al., 2005;
Wang et al., 2002) or indirect methods based on previous dissolution of nanoparticles
obtained and analyzing the cotresponding ions (Cui et al.,, 2003; 2007; Dai et al.,
2006; Dequair et al., 2000; Lui et al., 2007).

Direct voltammetric detection of nanoparticles comprises solid-state
analysis, where the metal forming nanoparticles are detected electrochemically
without any preliminary dissolution steps to liberate the metal ions in solution.
However, this type of detection needs direct contact between electrode surface and the
nanoparticle labels. A general procedure of these method is that the target is first
captured by an immobilized bioaffinity molecule on the solid-substrate, then the
secondary bioaffinity molecules with nanoparticle labels is added. Finally the

nanoparticle label is directly stripped on the electrode ( Figure 3.12)
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Figure 3.12 Direct anodic stripping voltametric detection of affinity binding based on

nanoparticle label (Modified from Kerman ef a/., 2007)

This direct stripping voltammetric detection has been developed for
some analyte-bioaffinity interactions such as immunosensors (Ambrosi ef al., 2007,
Gonzalez Garcia and Costa Garcia, 1995) and DNA (Kerman et al., 2007; Pumera et
al., 2005).

For indirect analysis, very sensitive nanopatricle label detection can be
performed by oxidative dissolution of nanoparticles into the corresponding metal ion
by anodic stripping. This technique was investigated by dissolution of metal
nanoparticle labels after binding to target analyte by using the chemical reagents such
as hydrogen bromide (HBr) (Authier et al, 2001)or nitric acid -(HNO;) (Cai et al,,
2002; Liu et al., 2004) and hydrochloric acid (HCl) (Wu ef al., 2007) into the metal
ion and the solubilized metal ion was detected by anodic stripping (Figure 3.13).
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Figure 3.13 Indirect anodic stripping voltametric detection of affinity binding based

on nanoparticl label.

This technique has also been applied as the detection principle for
immosensors (Cui et al., 2007; Dequaire et al., 2000; Liu ef al., 2004; 2007) and
DNA hybridization (Authier ef al., 2001; Cai et al., 2002; Wu et al., 2007)

The main advantage of this technique is its high sensitivity, enabling it
to detect the analyte at low cencentration. However, sometime the sensitivity is lost
when non-tagging nanoparticle which occurs in the assay process may be adsorbed on

the container surface (Ambrosi et al., 2008).

3.2.3 Conductimetric affinity biosensors

This affinity biosensor transducer measures the alteration of the
glectrical conductivity in a solution at constant voltage caused by biochemical
reaction which specifically generate or consume ions {Luppa et al., 2001). There are
only a few applications of these device for directly detection of affinity binding, since
the change of the conductivity at the electrode during affinity complex formation is
small (Yagiuda et al., 1996), therefore, amplification of the conductivity signal based

on indirect detection is employed.
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For indirect detection of this assay, metal nanoparticles represent an
excellent labeling system that can generate significant conductance or resistance
changes when the binding event occurs (Ambrosi et al., 2008). This approach was
investigated by immobilizing bioafﬁnity molecules on the surface between the
electrode gaps. After the inferaction with the target analyte, the conductivity was
detected after the secondary tagging with metal nanoparticles (i.e. gold or silver)
(Figure 3.14) . The assay of conductivity has been employed for both immunosensors

and DNA detection (Park et al., 2002).

nanoparticles

Conductance,g

v

Time

Figure 3.14 Schematic diagram of a conductivity assay in which nanoparticled labeled

filled between electrodes.

In addition conducting polymer labels such as polyaniline (PANI) have
also been used for this detection assay (Muhammad-Tahir and Alocilja, 2003). The
technique relies on a sandwich assay when a secondary bioaffinity molecule

conjugated to the immobilizied bioaffinity molecules was captured between the
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clectrode gaps (Figure 3.15). PANI in a sandwich structure forms a molecular wire
and bridges two electrodes for signal generation. This assay has been successfully
used to detect food-borne pathogens by immunoassay (Muhammad-Tahir and
Alocilja, 2003). | o

Figure 3.15 Conductivity assay based conducting polymer labeled which form the

molecular wire for generating signal.

The advaniages of conductimetric affinity biosensor are inexpensive,
reproducible and disposable sensors. However. conductimetric sensor may also have
problems with nonspecificity of measurements, because the resistance or the
conductance of solution is determined by the migration of all ions present (Byfield
and Abuknesha, 1994; Morgan et al., 1996).

3.2.4 Potentiometric affinity biosensors

Potentiometric transducers are based on the determination of the
potential difference between working and reference electrode when there is no current
flowing between them. According to the Nernst equation the potential change of the
working electrode is directly proportional to the logarithm of the ion activity of the
specific analyte in solution  (Wang, 2000). The equipment required for
potentiometric measurement include working electrode (metal or membrane
electrode), reference electrode (Ag/AgCl electrode, or saturated calomel electrode)

and potential measuring device (Figure 3.16). Among the working electrodes, ion
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selective electrodes (ISEs) based on thin films of a selective membrane as recognition

element are the most commonly used.

Reference elecirode ]
lon selective electrode

{working electrode)

Inner sofution

lon selective membrane

Figure3.16 Schematic diagram of an electrochemical cell for potentiometric

measurement,

Ion-selective electrodes (ISEs) are mainly membrane-based devices,
consisting of permselective ion-conducting material, which separate the sample from
the inside of the electrode and containing the selective receptors (ionophores) which
is highly specific to the ion of interest. A potential arises when the membrane sepérate
two solution of different ion activity. The ion- recognition (binding) event generates a
boundary potential at the membrane-sample interface. Another phase boundary is
generated at the inner suface of the membrane (at the membrane- filling solution
inferface). The membrane potential corresponds to the potential difference across the
membrane (Bakker and Pretsch, 2002; Wang, 2000). The resulting potential, which
reflects the unequal distribution of the analyte ion across the boundary can be

described as

k.a.
RT 1ol ,(aq)

nF ai,(m)

E =

(3.11)

Where E is the potential produced across the membrane of the analyte ion in the
sample (outer and inner solution), k; is a fuction of the relative free energy of

salvation in both sample and membrane phase, R is the universal gas constant (8.314 J
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k! mol™), T is the absolute temperature, n is the number of the electron, F is the
faradaic constant (96,487 couloums) and a is the activity of analyte ion.

Since the application of potentiometry with ion selective membrane
electrodes for direct detection is based on a afﬁnity'reaction which provides low
sensitivity and precision (Green, 1987), the labeled assay based potentiometic ion-
selective clectrode is an alternative way for detecting affinity reaction. Recently,
potentiometric based on nanoparticle labeling (Chumbimuni-Torres et al., 2006;
Thirer ef al., 2007) and miniaturized ion-selective electrodes (ISEs) with very low
limit of detection was developed. Recent improvements in the detection limits of ion-
selective electrodes based on polymeric membranes containing selective receptors
(ionophores) make it possible to use miniaturized ISEs to detect femtomole amounts
of ions in microvolume samples (Malon et al,, 2006; Rubinova et al., 2007).
Application of ISEs for ulirasensitive immunoassays in connection with nanoparticle
amplification labels has also been reported (Chumbimuni-Torres ef al., 2006; Thiirer
et al., 2007). The first application of miniaturized ISEs for ultrasensitive nanoparticle
based detection of protein interations used a silver ion selective microelectrode for
sandwich immunoassay in connection with the capture and silver enlargement of gold
nanoparticle tracers (Chumbimuni-Torres ef al., 2006). The silver was then dissolved
with hydrogen peroxide into silver ions. These were subsequently detected with a
solid contact Ag'-selective microelectrode (Figure 3.17) This approach may form the

basis for highly sensitive bioaffinity assays.
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Figure 3.17 Potentiometric detection of sandwich immunoassay based on capture gold

nanoparticles and the deposition and subsequence dissolution of silver, which was
detected with Ag-ISE.

More recently, the use of potentiometric bioaffinity assay for protein
using cadmium-selenide quantum dot (CdSe) as a label on a secondary antibody
(Thuerer et al., 2007) was reported, with a sandwich immunoassay format. CdSe
labels were directly dissolved with hydrogen peroxide in microtiter plates without
further chemical enhancement and the released cadmium ions were detected with
miniaturized Cd-ISEs.

It is expected that various biomolecular interactions can be monitored
with the assays based on different nanoparticle tracers and corresponding ISEs, The
low detection limit from this dectecition method was reached without a
preconcentration step, which is commonly used in other electrochemical transducer
such as stripping methods. However without naparticle labels, it appears theoretically
impossible for potentiometric sensor to detect the signal from bioaffiny binding. For
these reasons, another part of the work presented in this thesis describes the
investigation of indirect electrochemical detection of bioaffinity reaction based on

potentiometric ion selective electrodes.




Charpter 4

Performance Criteria

For analytical methods, the characterization of its response is
important. The performance criteria needed to be evaluated depend on the purpose of
the method (Theverniers et al., 2004). The performances of biosensors are evaluated

based on the criteria listed below.

4.1 Linear range, sensitivity and limit of detection
Affinity biosensor calibration is usually performed by using standard

solutions of analyte and plotting the response versus the analyte concentration or the
response change versus the logarithm of analyte concentration (Th&venot et al., 2001).
For any quantitative method it is necessary to determine the range of analyte
concentration over which the method can be applied (Wenclawiak et al., 2004).
Linearity range is the ability of the method to obtain test result proportional to the
concentration of the analyte between the upper and lower levels to produce a linear
response (Swartz and Krull, 1997) (Fiugure 4.1). For a good calibration curve, the
linearity range should be wide in order to cover the unknown concentration. (Hibbert
and Gooding, 2006)

Another important performance parameter is senéitivity. A method is
called sensitive if a small change in concentration or amount of analyte causes a large
change in the measured signal (Tavermniers ef al., 2004), i.e., the higher the value of
sensitivity the better. The sensitivity of the method is determined within the linear
concentration of the calibration curve. In general, sensitivity refers &0 the slope of
the linear concentration range of the biosensor calibration curve which is determined
by the ratio of the reponse change vesus analyte concenfration (AR/AC) or the
response change versus the logarithm of analyte concentration (AR/logC) (Figure 4.1)
(Thévenot et al., 2001)

54
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Response change

k 2

log [concentration]

Figure 4.1 Calibration curve showing relationships for determining linear range,
sensitivity and limit of detection (Buck and and Lindner, 1994; Eggin, 1996; Wang,
2000)

In addition to lincarity and sensitivity the - analytical limit of
determination of a method is also needed to be considered. The limit of detection
(LOD) is defined as the lowest concentration of the analyte in a sample that can be
detected, though not necessarily quantified (Swartz and Krull, 1997). There are
several methods to evaluate LOD (Miller and Miller, 2000; Taverniers ef al., 2004),
The LOD describes in this thesis follows either the [IUPAC recommendation in 1994
(Buck and Lindner, 1994) or the signal-to-noise ratio method (Taverniers ef al.,
2004). For 1994 IUPAC recommendation (Buck and Lindner, 1994), the calibration
has the shape as shown in Figure 4.1, the limit of detection (LLOD) is defined as the
concentration of analyte at which the extrapolated lincar portion of the calibration
curve intersects the baseline-a horizontal line comesponding to zero change in

response over several decades of concentration change.
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If the calibration curve has the shape as shown in Figure 4.2 the limit
of detection based on signal-to-noise wés employed. This was determined by
comparing measured signals from samples and establishing the minimum
concentration at which the analyte can be reliably detected by exceedmg the standard
deviation of blank signal (c). The LOD corresponds to that signal where the “signal -
to-noise” ratio is 3:1 (Taverniers ef al., 2004). The minimal detectable signal (Spi)

or signal at the limit of detection was obtained by Equation 4.1
Sin = 30 4.1)

The concentration at the limit of detection (Cp) was then obtained as a
function of Sy, as follows -

c, = oo ~Suus) (4.2)
m

Where m is the analytical sensitivity, and Sy is the value of the

blank response.
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Figure 4.2 Calibration graph for the detectability characteristic (Adapted from Currell,
2000)
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4.2 Selectivity
This factor is the ability to discriminate between different substrates

and concerns the range of chemical species, that can interact with the system.
Selectivity depends on the nature of the biological material (i.e. enzyme, antibody or
nucleic acid) as well as on the operation parameters (Eggins, 1996). Method for
biosensor selectivity determination can be performed by measuring the biosensor
response to interference substance. A calibration curve for each interfering substance
is plotted and compared to analyte calibration curve, under identical operating
conditions (Thévenot ef al., 2001). The selectivity of the work presented was tested
by introducing different substances that have physical or chemical characteristics
similar to the target analyte or in the presence of other interference substances, such

as those in the sample matrix.

4.3 Regencration, stability and reproducbility
The interaction between target analyte and the immobilized

biorecognition element employed in this work is via non-covalently binding, i.e.,
electrostatic interactions, hydrogen bonding, hydrophobic interactions and Van der
Waals interactions (Byfield and Abuknesha, 1994; Gizeli and Lowe, 2002; Rabbany
et al., 1994). Thus, the dissociation of the target analyte-biorecognition element
complex is possible by using a regeneration solution. Regeneration allows surfaces to
be reused many times, and this helps to reduce the cost of analysis. The regeneration
of the biosensor system presented in this thesis was evaluated by considering the
residual activity of the biorecognition electrode after regeneration. Although the
activity of the affinity biosensor can be regenerated, all biological materials
deteriorate in time, especially when they are removed from their natural environment.
This means that one of the major drawbacks with biosensors is that the biological
components usually have a fairly limited lifetime before it needs replacing. All
developments of new biosensor include studies to show how the response of the
biosensors change with time (Egginns, 1996; Thevenot et al., 1999; 2001). The
operational stability of the biosensor system presented in this thesis was investigated
by monitoring the change of the signal of biological element modified electrodes at

the same concentration of standard target analyte over a period of time.
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Reproducibility is also another important factor with any analytical
technique, but especially so with biosensors, where it is impossible fo reproduce the
quality of biological preparation as well as with ordinary chemical substances.
Reproducibility is a ‘measure of the scatter or the drift in a series of observations or
results performed over a period of time (Thévenot ef al., 1999; 2001). In biosensor
systems the expected reproducibility between replicate determinations should be less

than £ 5-10 % (the relative standard deviation, % RSD) (Eggins, 1996).




Chapter 5

Aptamer-Based Potentiometric Measurements of Proteins Using

Ion-Selective Microelectrodes

5.1 Introduction

Aptamers are nucleic acid ligands that have been designed through an
in vitro selection process called SELEX (Systematic Evolution of Ligands by
Exponential Enrichment) (Ellington and Szostak, 1999). Such aptamers hold great
promise as affinity ligands for the biosensing of disease-related proteins and for
developing protein sensing arrays (Hesselbert ef al., 2000, McCauley et al., 2003;
Osbourne et al., 1997; OSuvillan, 2002; _Stadtherr et al., 20005; Xu et al., 2005).
Owing to their relative ease of isolation and modification, good stability, and wide
applicability, they appear to be excellent alternatives to antibodies (Jayasena, 1999;
Luzi et al, 2003). The attractive biosensing properties of aptamer recognition
elements have been illustrated in connection with a colorimetric method, but the
lower detection limit was only in the pM range (Liv and Lu, 2004; Stojanovic and
Landry, 2002). Another detection scheme has been based on changes in fluorescence
properties upon binding the fluorophore-labeled aptamer to the target (Fang ef al.,
2001; Heyduk and Heyduk, 2005; Jhaveri ef al., 2000; Stojanovic et al., 2001).
However, this fluorescence response is usually weak and, owing to the difficult design
of signaling aptamers, the method is not easy to generalize, Lower detection limits in

the 10 nM range have been obtained with piezoelectric analyzers (Bini ef al, 2007).

In recent years, different electrochemical strategies have been
developed for monitoring the interaction between aptamer and target analytes. The
electrochemical methods are, in general, superior to the optical ones because of rapid
response, simple handling, and low cost (Palecek and Fojta, 1994; Wang, 1999;
2000). Electrochemical aptamer biosensors are based, among others, on a binding-
induced label-free detection (Cai et al., 2006; Cheng et al., 2007; Rodriguez et al.,
2005; Xiao et al., 2005; Xu et al., 2006), on enzymes (Baldrich ef al., 2004;
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Ikebukuro ez al., 2005), or on nanoparticle labels (Hansen ef al., 2006).
Excellent values in the fM range have been achieved with impedance spectroscopy
and amplification by chemical means to denature the protein captured by an aptamer
on the elecirode surface '(10 ™M) Xu ef al, 2006) and, very iecently, by '
electrogenerated chemiluminescence via target protein-induced strand displacement
(1 M) (Wang et al, 2007). Recently, the nanomaterial-based electrochemical
detection of proteins has received considerable attention, The methods include the use
of gold nanoparticles (Das et al., 2006; Deqaire et al,, 2000) or semiconductor
nanocrystal fracers (Choi et al., 2006; Liu et al., 2004). Usually, detection is made by
anodic stripping voltammetry (ASV), which due to its intrinsic preconcentration step
allows to achieve ultra-low detection limits (Wang, 1985).

Potentiometry - with ion-selective electrodes (ISEs) represents an
attractive tool for trace metal analysis in confined samples. Since with this method,
the direct relationship between analyte activity and observed potential is independent
of the sample volume, no deterioration of the signal or lower detection limit is
expected upon reducing the volume. This is rather unique and establishes
potentiometry as a preferred method when dealing with miniaturized analytical
microsystems (Malon ef al., 2000; Robiva ef al., 2007). Recent improvements in the
detection limits of ISEs based on polymeric membranes containing selective receptors
(ionophores) have yielded sensors for the direct measurement in the subnanomolar
concentration range {Ceresa ef al., 2002). It is now possible to use miniaturized ISEs
for detecting sub-femtomole amounts of ions in microvolume samples (Malon et al.,
2006; Robiva et al., 2007).

Recently, potentiometric microsensors have been demonstrated. They
ave very atfractive for ultra-sensitive immunoassays in connection with nanoparticle
amplification labels (Chumbimuni-Torres et af., 2006). By reducing the sample
volume and using quantum dot tags, the lower detection limit has been improved to
<10 ng ml™ (Thiirer et al., 2007). This project reports for the first time the use of a
potentiometric microsensor for monitoring biomolecular interactions of an aptamer
coupled to cadmium sulfide (CdS) tags. We use an aptamer known to bind the blood-
clotting protein thrombin as a model system (Bock ef al, 1992). Thrombin, the last

enzyme protease involved in the coagulation cascade, converts fibrinogen to insoluble
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fibrin, which forms the fibrin gel either in physiological conditions or a pathological
thrombus. The concentration of thrombin in blood can vary considerably. However,
since a trace level of thrombin (high picomolar range) in blood has been found to be
associated with coagulation abnormalities (Bichler et al., 1_995), it is important to

assess this protein with high sensitivity.

5.2 Materials

Thrombin from human plasma, Tris-HC], 6-mercapto-1-hexanol,
tris(catboxethyl)  phosphine (TCEP), potassium dihydrogenphosphate, and
dipotassium hydrogenphosphate were purchased from Sigma (St. Louis, MO). The
nucleic acid aptamers were obtained from Integrated DNA Technologies Inc.
(Coralville, IA). The following oligonucleotide sequences were used:

Aptamer 1 (primary aptamer): 5“HS-TTT TTT TTT TGG TTG GTG TGG TTG G-3'
Aptamer 2 (secondary aptamer): 5'HS-TTT TTT AGT CCG TGG TAG GGC AGG
TTG GGG TGA CT-3".

Chemicals for the synthesis of CdS quantum dots, sodium bis(2-
cthythexyl) sulfosuccinate (AOT), Cd(NOs),, NayS, cystamine, sodium 2-
mercaptoethane sulfonate, and the solvents were obtained from Sigma. The
ionophores, N,N,N',N'-tetradodecyl-3,6-dioxaoctanedithioamide (ETHS5435), N.N-
dicyclohexyl-N', N'-dioctade- cyl-3-oxapentane di amide (ETH 5234), the lipophilic
cation exchanger, sodium tetrakis [3,5-bis(trifluo-romethyl)phenyljborate (NaTFPB),
the lipophilic salt, tetradodecylammo- niumtetrakis(4-chlorophenyl)borate (ETH 500),
2-nitrophenyl octyl ether (0-NPOE), poly(vinyl chloride} (PVC), and tetrahydrofuran
(THF) were purchased in Selectophore® or puriss grade from Fluka {Buchs,
Switzerland). The solvent, CH,Cl; and H,0,, were obtained from Fisher (Pittsburgh,
PA). Poly(3-octylthiophenc) (POT) was synthesized as reported (Jarvinen er al.,
1995) In brief, polymerization of 3-octylthiophene was carried out in a chloroform
solution containing 0.13 M of the monomer and 0.5 M of FeCl. The monomer was
slowly added to the mixture of FeCls and chloroform. Polymerization time was 25
minutes and temperature 20 °C. The polymer was precipitated from a mixture by

adding ethanol and hydrochloric acid. It was then dissolved in chloroform and
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washed with water to separate the unreacted ferric chloride and insoluble material and
7 % ammonia solution was added to further separate the insoluble material and
washed again with water. After the final wash it was dried under vacoum at room
temperature. The methyl inethacrylate-decyl methacryiate (MMA-DMA) copolymér
matrix was synthesized using a procedure reported previously (Qin et al., 2002).
Methacrylic copolymers were synthesized via thermally initiated free radical solution
polymerization. Each monomeric unit were added to 5 ml of dry ethyl acetate. The
solution was purged with N, for 10 minutes before adding 3.4 mg of the initiator
2,2’-azobis(isobutyronitrile) (AIBN). The homogencous solution was continuously
stirred and the temperature was ramped to 85 °C, which was maintained for 16 h.
After the reaction was completed, the solvent was evaporated and the polymer was
redissolved in 10 ml of dioxane. The polymer solution was added drop wise to 800 ml
of distilted water under vigorous stirring. The white precipitate was collected and
dissolved in 25 ml of methylene chloride, followed by water removal with anhydrous
NazS0Oy4 and filtering. The solvent was evaporated and the transparent polymer was air
dried. All stock and buffer solutions were prepared using autoclave doubly deionized
water (18.2 M cm)

5.3 Methods

5.3.1 Preparation of cadmium ion selective microelectrode (Cd-ISE).

5.3.1.1 Cd-ISE Membrane

The Cd-ISE membrane was prepared by dissolving 60 mg of the
following components in CH,Cly (0.8 ml); ETH 5435 (1.27 wt%, 15 mmol kg_f),
NaTFPB (0.46 wt%, 5 mmol kg™), ETH 500 (1.15 wit%, 10 mmol kg™') and
copolymer MMA-DMA (97.12 wt%). The membrane solution was degassed by
purging it with N, before use. The membrane for the Ca-ISE, used as a
pseudoreference electrode, was prepared by dissolving 140 mg of the following
components in THF (1 mi): ETH 5234 (0.87 wt%, 10.9 mmol kg™), NaTFPB (0.47
wit%, 5.12 mmol kg™, PVC (32.2 wi%), and o-NPOE (66.3 wt%). The solution was
left to evaporate for 1 h, 20 pl was then filled info a 100-pl pipette tip and left to dry
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for at least 24 h. Then, the membrane was conditioned in 100 ml of 107> M CaCl, for
1 day.

5.3.1.2 Microelectrode

The solid contact Cd**-selective microelectrode was prepared by using
a 2 cm long Au wire (200 pm diameter) as solid substrate soldered to a Ag wire for
electric contact. Before use, the Au wires were thoroughly cleaned with 10% sulfuric
acid and rinsed with water, thenAdried with acetone, and left in CHCl; for 5 min. The
solution of Poly (3-octylthiophene) (POT) (25 mM with respect to the monomer in
CHCls) was applied along the Au wire by drop-casting at least three times or until the
color of the wire became black, and then left to dry. The wires were inserted into a
polypropylene tip so that they were level with the end of the micropipette tip as
showed in Figure 5.1. Finally, 20 pl of the membrane cocktail, previously prepared,
was dropped into the tip of the micropipette tip, on the top of the wire. The process
was repeated three times at 15 min intervals and -allowed to dry for 2-3 h for the total
evaporation of CHzCl; . The microelectrodes were conditioned, 1 day each, first in
10> M CdCl, and subsequently in 10 M CdCl, with 10 M CaCl, .

Micropipette tip

Au wire

Cd-selective membrane

Figure 5.1 Solid contact Cd-ISE microelectrode
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5.3.2 Preparation of CdS quantum dof nanocrystals

Quantum dot (QD) nanoparticles were prepared using a slightly
modified procedure reported previously (Willner et al., 2001). First, sodivm bis(2-
ethylhexyl) sulfosuccinate (AOT) (14.0 g) was dissolved in a mixture of n-hexane
(200 ml) and water (4 ml). The resulting solution was separated into two sub-volumes
of 120 ml and 80 ml. A 0.48 ml-aliquot of a 1 M Cd(NO3), solution was added to the
120 ml sub.-volume, while 0.32 mi of a 1 M Na,S solution was added to the 80 ml
sub-volume. The two solutions were stirred for 1 h, then mixed and stitred for an
additional hour under N3. The quantum dots were capped by adding cystamine (0.34
ml, 0.32 M) and sodium 2-mercaptoethane sulfonate (0.66 ml, 0.32 M) and mixing
under N for 24 h. Evaporation of hexane in vacuo yielded the CdS quantum dot

nanocrystals, which were washed with pyridine, hexane, and methanol.

5.3.3 Thrombin aptamer immobilization and binding assay using sandwich
format

Schematic represent of the immobilization of aptamer; its binding with
thrombin and the detection are shown in Figure 5.2, The procedure is described as

follows;

Figure 5.2 Representation of the analytical protocol: A) Formation of a mixed
monolayer of thiolated aptamer on gold substrate; B) thrombin addition and binding
with aptamer; C) secondary binding with CdS-labeled aptamer, D) dissolution of CdS

label followed by detection using a solid-contact Cd**-selective microelectrode.
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5.3.3.1 Preparation of oligonucleotide aptamer on gold surface

The immobilization of oligonucleotides was based on mixed self-
assembled monolayer (Fig 5.2A), follows a previous report (Hansen ef al., 2006).
Cleavagé of dithiol protecting group. Thiolated aptamers were received with disulfide
protecting groups. The disulfide-protected nucleotides (100 pM, 10 pul) were diluted
with autoclave water to 100 ul and treated with 1 mg of tris(carboxethyl) phosphine
(TCEP) for 30 min, followed by purification using a MicroSpin™ G-25 column
obtained from Amersham Biosciences (Buckinghamshire, UK).
Gold substrates. The gold substrates were obtained from Denton Vacuum LLC
(Moorestown, NJ), machine cut (Advotech Company Inc., Tempe, AZ) to identical
pieces (6.0 x 3.0 x 0.2 mm®), assuming a uniform thickness.
Preparation of mixed monolayers. Gold substrates were cleaned in Piranha solution
and rinsed with water prior to use. (Safefy note: the Piranha solution should be
handled with extreme caution.) The oligonucleotide monolayer was generated by
treating the gold substrates with a 1 uM thiolated oligonucleotide aptamer solution
(100 pl) in a potassium phosphate buffer (1 M, pH 8.0) overnight, followed by
removal of the solution. The surface of the gold substrates was then blocked by a 10-
min treatment with 6-mercapto-1-hexanol (0.1 M, 100 ul), followed by washing with

water,

5.3.3.2 Preparation of CdS quantum dot-oligonucleotide aptainer conjugates

The CdS-oligonucleotide conjugate was prepared by using a modified
protocol published earlier (Hansen et al., 2006, Wang et al., 2002). First, CdS
quantum dot suspension (0.2 mg ml™, 500 pl) was exposed to 750 nM of thiolated
oligonucleotide secondary aptamer (aptamer 2). The mixture was stirred overnight at
room temperature. The quantum dot-aptamer conjugate was collected by
centrifugation at 10,000 rpm for 45 min, removal of supernatant, and resuspension in
binding buffer (50 mM Tris-HCI, 100 mM NaCl, 5 mM KCl, and 1 mM MgCl,; pH
7.4)
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5.3.3.3 Sandwich aptamer-protein assay

The aptamer-modified gold substrates were incubated for 1 h with the
desired amount of thrombin (Figure 5.2 B) in binding buffer (100 pl) followed by
washing with washing buffer (50 mM Tﬁé-HCl, 0.1% Tween 20; pH 7 4) Then, the
gold substrates were incubated with quantum dot-oligonucleotide secondary aptamer
for 60 min at room temperature as shown in Figure 52C. The supernatant was
removed, the gold substrates were washed twice with washing buffer (each 100 pl),
and transferred to new microwells, where they were washed 4 times, again with the

washing buffer (each 100 pl) and twice with water.

5.3.3.4 Disselution and detection

Hydrogen peroxide was used for the dissolution step since it was
observed that it can efficiently oxidize the CdS quantum dots after carefully
optimizing concentration and reaction time (Thilrer et al., 2007). In the final assay,
dissolution of CdS was carried out by the addition of 0.01 M H;0O; in 107* M CaCl,
(100 pl) for 1 h to ensure complete oxidation and detect the released cd* by
potentiometric cadmium ion-slective electrode (Figure 5.2D). The detection was
performed in microwells (Corning Inc., NY). Prior to the measurements, each well
was pretreated with 10% HNO; overnight to removed any trace metal which might be
on the surface of the well and then washed at least 5 times with deionized water and

left to dry,

5.3.4 Potentiometric Measurements

Potentiometric measurements were performed in stirred solutions at
room temperature (22 °C) with a PCI MIO16XE data acquisition board (National
Instruments, Austin, TX) connected to a four-channel interface (WPI, Sarasota, FL).
Measurements were performed in ELISA microwells containing 180 pl of 107 M
CaCl; and adding 20 ul of sample, using a Cd-ISE as working electrode and a Ca-ISE

as reference and a small magnetic stirring bar as shown in Figure 5.3.
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Figure 5.3 Schematic view of potentiometric measurement in 200 pf of ELISA

microwells.

5.4 Results and discussion

5.4.1 Characterization of Cd*"jon selective microelectrode

Solid-contact ISEs with nanomolar detection Hmits can now be
routinely prepared for different ions (Chumbimuni-Torres et af, 2006). Such
electrodes are easily miniaturized to operate in samples of very small volume (Malon
et al., 2006; Robinova et al., 2007). In this work, a novel solid-contact Cd**-selective
microelectrode has been developed, which is based on the copolymer matrix MMA-

DMA and the ionophore ETH 5435 (Ion ef al., 2006).

The novel Cd-ISE was first characterized in large samples of 100 ml.
As shown in Figure 5.4A, with a background of 107 M CaCly, it displays a very good
lower detection limit of 100 pM. In microwell plates of 200 pl sample volume, the
detection limit is higher one order of magnitude (Figure 5.4B). Yet, it is still in the
nanomolar range (1 nM) with the same background. The reproducibility of the solid-
contact microelectrodes in 200-pl samples was evaluated by recording three different
calibration curves over the concentration range of 107'°-107° M. After each

measurement, the electrode was washed for 5 min to eliminate possible memory
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68

and the relative standard deviation of the EMF for each concentration was <1 mV.

EMF (mV)

350

300 f

250

200 f

150

100 |

50 f

log ag, (M)

Figure 5.4 Calibration curves of solid-contact Cd?"-selective electrode: A) in 100-ml

and B) in 200-ui samples with 107 CaCl, as background using ELISA microplates.

Table 5.1 The EMF values of the Cd-ISE in 200 pl sample volume for the

concentration of CdCl, in range of 101%-10° M

EMF (mV)
Adding time log Concentration of CdCh,  log [CACL) (M) Linar cqaiion r
-100 0 80 70 60 59
! 91134 | 2006 | 2569 | 26405 | 29563 | 30671 | y29.2:08x+47036 | 0999
2 2187 | 2w | 23627 w347 | 204712 | 1739 | y=20.4+08x+47246 | 0999
3 o176 | 205t | 23539 | 26448 | 29542 | 32809 | y=20.540.9x+47346 | 0999
Avemge | 2116202 | 2127406 | 2348405 | 2633405 | 2969205 | 3274407
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For selectivity measurements, the Cd-ISE membranes were conditioned
in 10> M CaCl, for 2 days in order to avoid primary ions leaching from the
membrane (Bakker, 1997). For interfering ion such as Ca?*, H' and Na', a calibration
curve was recorded and the selectivity coefficients were calculated using the separéte
solutions method (Bakker ez al 2000). The caliblation plot were determined in pure
cadmium and interfering with a series of solutions with varying the concentration .
The selectivity coefficients were then calculated according to Equation 1 from a

cadmium and an interfering sample at equal concentration

(5.1)

pot
10 cd)] —

2F{E. - E
{ i Cd}+10g %%_'
2.303RT i

where J represents the interfering ion, K, g;; is the selectivity coefficient, z; is the

valency of the interfering ion tested, Ecq and Ej are the potential outputs in testing
solution, « is the activity of the interfering and primary ion, R is the gas constant, F is
the Faraday constant and 7T is the absolute temperature. Table 5.2 shows that the
membranes exhibit good selectivities for the relevant interfering ions, Ca**, H' and

Na’with the corresponding logarithmic selectivity coefficients.

Table 5.2 Selectivity coefficient (logK pot J) determined by the separation solution

Cd,
method.
Selectivity coefficent
lon log K g;,tj
cd* 0.00
Ca™* -7.04
H 3.88

Na' -4.59
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Owing to the high selectivity of Ca®*, it was selected as the background electrolyte
together with a Ca®'-selective pseudoreference electrode. For this purpose, the

selectivity of the Ca-ISE for Cd* was again, determined by separation solution

method, and found to have the valuelog Koo', =-3.15, which is sufficiently high.

5.4.2 Thrombin determination using Cd*" selective microelectrode

Our goal is to show that protein (thrombin) can be quantified by
potentiometric detection of Cd** release from the CdS quantum dots used as a label,
couple to aptamer via a simpler assay setup, that allows us to improve the detection
limit and the time of the assay and to create a more robust methodology for bioassay,
using ion selective microelectrodes with low detection limit.

In the experiment, sandwich assay was used and two different
aptamers, binding to the protein at different sites, were chosen as shown in 5.2. The
sandwich assay for aptamer-thrombin binding, involving the immobilization of
thiolated primary aptamer on gold substrate (A), along with binding with thrombin
(B), followed by adding a secondary aptamer conjugate to CdS-QD tags (C). Then,
the quantum dot is dissolved with 0.01 M Hy0; and the released Cd”" is detected with
Cd**-ISE (D).

Optimization of some parameters of the aptamer-thrombin interaction
when performing the measurement according to Figure 5.2 was needed to improve
the detection of thrombin with the ion selective microelectrode, and these were

studied as follows.

5.4.2.1 Concentration of hydrogen peroxide (H,0;) and reaction time for

dissolution of Cd**

For aptamer-based protein detection, the CdS quantum dot labels were
oxidized with 0, since HNO3, the standard oxidizing agent for anodic stripping
voltammetry (ASV) (Hansen et al., 2006), would deteriorate the lower detection limit
due to proton interference. The influence of HyO; on the response of the solid-contact
microelectrodes was examined by using three different concentrations of hydrogren

peroxide , I M, 0.1 M and 0.01 M for the dissolution of cadmium. Figure 5.5 shows




71

the potentiometric response of the Cd*"-selective electrode immersed in 200-pl wells
containing different concentrations of H,O,. The response gradually increases and
gives final potential readings after 15 min. While an increase in its concentration
accelerates the dissolution (’I‘ln'ﬁer et al., 2007) no inﬂuencé on the plotentiometric
response was observed at <0.01 M H,0,. A concentration of 0.01 M H,0O, was
selected for further experiments since some signal drifts were observed with 0.1 M

Hy0,, which was probably due to the interaction of H,O, with the conducting

polymer.
260
250 - 1.0 M H,0,
’0 1M H,0,
< 240 s
E
. 0.01 M H,0,
=
I8}
210 1
200 Y T ' T
0 10 20 30 40 50
Time (min)

Figure 5.5 Time response for the Cd**-ISE in a 200 pul sample well, containing the

indicated H,O2 concentrations.

5.4.2.2Influence of incubation time

The effect of the incubation time of the aptamer-thrombin binding was
examined over the range of 15-60 min (Figure 5.6). With 1000 nM immobilized
primary aptamer and 100 ppb of thrombin, the EMF increased with increasing binding
time, but at times longer than 45 min, the increase was no longer very significant.
B-ased on these results, an incubation time of 60 min wés chosen for all further

experiments.
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Figure 5.6 Responses at different incubation times between immobilized 1000 nM
primary aptamer and 100 ppb of thrombin in 15, 30, 45, and 60 min {error bars: SD,
N = 3). Potentiometric measurements were performed in 200-pl samples with 10 M

CaCl; as background electrolyte and a Ca-ISE as reference electrode.

5.4.2.3 Influence of the concentration of secondary aptamer

The concentration of the CdS-labeled secondary aptamer was varied
between 250 and 1000 nM wusing 1000 nM primary aptamer and 100 ppb thrombin,
The signal increased with increasing concentration but this trend declined at >500 nM
(Figure 5.7). Since the nonspecific adsorption slightly increased at 1000 nM

concentration, 750 nM was chosen for subsequent experiments.
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Figure 5.7 Response to various concentration of secondary aptamer with 100 ppb of
target thrombin previously bound to 1000 nM primary aptamer (error bars: SD, N =
3).

5.4.2.4 Selectivity of thrombin aptamer

The selectivity of the thrombin aptamer was tested with the assay
parameters as selected above . Two proteins i.e lysozyme and IgG, found in serum
(Bjorhall et al., 2005; Chen et al., 2008), were used to test the selectivity of the
system for thrombin. As shown in Figure 5.8, 500 ppb of lysozyme or IgG showed
EMTF responses that were not significantly higher than for the control and less than

half of the response to a 10 times smaller concentration of thrombin,
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Figure 5.8 Potentiometric responses of the Cd*-selective electrode for the control
(zero target), 500 ppb lysozyme, 500 ppb IgG (as noncomplementary targets), 50 ppb
thrombin, , and 100 ppb thrombin (as complementary target) after aptamer-thrombin

interaction.

5.4.2.5 Calibration curve

The results of a typical series of measurements with thrombin
concentrations from 5 to 1000 ppb are shown in Figure 5.9. The EMF response of the
Cd-ISE vs. log [thrombin] is close to linear and offers a sufficient concentration
dependence suitable for thrombin measurements over a wide dynamic range of 10—
250 ppb. The EMF value at the lowest concentration of 5 ppb was 1.88 mV above the
control and the standard deviation of the noise of the control was 0.15 mV (N=13, 1
min). Thus, the lower limit of detection is ca. 5 ppb. This corresponds to 28 fimol of
thrombin in 200-p1 samples or 0.14 nM and compares well to results obtained with
other reported sensors such as piezoelectric transducers (Bini et al., 2007; Hianik et
al., 2005) or clectrochemical sensors (of the order of 10 nM) (Hianik ez al., 2005; Mir
et al., 2006; Xiao et al., 2005).[1-3] Significantly lower detection limits were obtained
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with impedance spectroscopy and amplification by chemical means to denature the
protein captured by an aptamer on the electrode surface (10 M) (Xu ef al., 2006) and,
very recently, by electrogenerated chemiluminescence via target protein-induced

strand displacement (1 fM) (Wang et al., 2007).

170 { y=(19.1£0.6)x + (167.5:0.8) -/ _a
&
g 160
=
% 150

140 1

«-"
130 Flcm -
-2.0 15 1.0 -0.5 0.0

log (thrombin [pg ml-1])

Figure 5.9 Potentiometric moniforing of thrombin concentration via CdS quantum dot
label in 200-ul microwells with the aptamer-thrombin sandwich assay (error bars: SD,

N=3).

5.5 Conclusions

For the first time, we demonstrate that ion-selective microelectrodes
can be used for monitoring protein-aptamer interactions with semiconductor
nanocrystal labels in an ELISA microplate format. It is important to emphasize that a
low detection limit of 5 ppb or 28 fmol of thrombin was reached withqut a
preconcentration step typically used in other electrochemical techniques. This was
possible in conjunction with a reduction of the sample volume and the excellent lower
detection limit of the Cd-ISE used. It is expected that various biomolecular
interactions can be monitored with similar assays based on different nanoparticle

tracers and corresponding ISEs,




Chapter 6

Potentiometric Detection of DNA Hybridization

6.1 Introduction

The detection of sequence-specific DNA is of central importance to the
diagnosis and treatment of genetic disease, for the detection of infectious agents, drug
screening and reliable of forensic science (Millan et al., 1993; Ohmichi et al., 2005;
Pina et al., 2004). Various methods have been successfully used to detect sequence
selective DNA hybridization, including optical (Cao et al., 2002; Piunno et al., 1995;
Taton ef al., 2000), electrochemical (Cai et al., 2003; Wang ef al., 2001; 2003; Zhu ef
al., 2004) and piezoelectric (Tombelli et al., 2006; Wu et al., 2007). Among them,
electrochemical methods have received considerable attention in connection to the
detection of DNA hybridization because of their high sensitivity, compatibility,
portability, low cost, minimal power requirement and independence of sample
turbidity or optical pathway (Wang, 2002).

Various strategies have been developed for such electrical transduction
of DNA hybridization. These include monitoring the increased electrochemical
response of a redox active indicator (that recognizes the DNA duplex) (Marrazza et
al., 1999; 2000;Millan and Mikkelsen, 1993) and probing hybridization-induced
changes in the intrinsic signal of nucleic acids (Johnston ef al., 1995; Wang et al.,
1998) or of other interfacial properties (Berggren et al., 1999). The overall sensitivity
of such electrochemical assays can be improved by using a label that can be detected
with high sensitivity. Oligonucleotide bearing enzyme labels (Alfonta et al.,
2001;Kim ef al., 2003), electroactive (Thara ef al., 1997) or nanoparticle label (Cai et
al., 2003; Wang et al, 2001; 2002; 2003; Zhu et al., 2004) have been used to
generate highly sensitive electrical signals.

The use of nanoparticle-based electrochemical detection of DNA has
recently received considerable attention. These include the use of gold nanoparticles
(Wang et al., 2002; 2003), silver (Wang et al, 2001; 2003) semiconductor
nanocrystal fracer (Wang ef al 2002; 2003; Zhu et al., 2004), as well as carbon
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nanotube (Wang ef al., 2003). These nanoparticle-based electrochemical method
commonly tely on anodic stripping voltametry (ASV) due to its intrinsic
preconcentration step that allows one to achieve ultratrace level detection limit
(Wang, 1985). ' '

As described in chapter 5, potentiometry with ion-selective electrodes
(ISEs) is attractive for trace level analysis. Miniaturized electrode have been designed
with excellent lower of detection limit in small sample volume (Ceresa et al., 2002;
Malon et al., 2006; Robinova et al., 2007) and are applied based on nanoparticles,
including quantum dots as labels for the detection of proteins (Chumbimuni-Torres ef
al., 2006; Thiirer et al., 2007). Therefore, this project reports for the first time the use
of a potentiometric microsensor for monitoring DNA hybridization based on
sandwich assay by conjugated cadmium sulfide quantum dot (CdS) as a label with
secondary DNA probe and detect the cadmium release ion with cadmium ion-

selective elecirode.

6.2 Materials

Tris-HCI, 6-mercapto I-hexanol, potassium dihydrogenphosphate and
dipotassium hydrogenphosphate were purchased from Sigma (St. Louis, MO).
Nucleic acids were obtained from Integrated DNA Technologies Inc (Coralville, 1A).
The following oligonucleotide sequences were used:
Probe 1: 5’-SH-GAC CTA GTC CTT CCA ACA GC-3°
Probe 2: 5°- GGG TTT ATG AAA AAC ACT TTT TTT TT-SH-3’
Target: 5°-AAA GTG TTT TTC ATA AAC CCA TTA TCC AGG ACT GTT TAT
AGCTGT TGG AAG GAC TAG GTC-3°
Non complementary; 5°-TTC CTT AGC CCC CCC AGT GTG CAA GGG CAG
TGA AGA CTT GAT TGT ACA AAA TAC GTT TTG-3’
2-base mismatch: 5-AAA GTG TTT TTC ATA AAC CCA TTA TCC AGG ACT
GTT TAT AGCTGT TTG AAG GGC TAG GTC-3

Chemicals for the synthesis of CdS quantum dots, preparation of the

cadmium ion- selective membrane and calcium ion-selective membrane are as
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described in section 5.2, all stock and buffer solutions were prepared using autoclaved

double deionized water (18.2 M cm).

6.3 Methods

Cadmium ion selective microelectrode (Cd-1SE) and calcium ion-
selective electrode were prepared as described in section 5.3.1. Cadmium sulfide

quantum dot was synthesized as described previously in section 5.3.2

6.3.1 DNA immobilization and detection

In the experiment, sandwich assay was used for DNA hybridization
detection where the target DNA is captured by the primary DNA probe modified
previously on the gold substrate, followed by adding the secondary DNA probe
conjugated previously to the cadmium sulfide quantum dots (CdS), used as label. The
CdS is then dissolved with hydrogen peroxide to yield diluted electrolyte backgrounds
solution suitable for the potentiometric detection of the released cadmium ions with a

polymer membrane cadmium ion-selective microelectrode as shown Figure 6.1 .

targef DNA

OH

OH% OH
Z
§8 g 8

Figure 6.1 Representation of analytical protocol : (A) Formation of mixed monolayer
of DNA probe on gold subsirate: (B) hybridization with target DNA: (C) second
hybridization with CdS-labeled probe and (D) dissolution of CdS tag followed by

detection using ion selective electrode.
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The immobilization of oligonucleotide, binding assay and detection
were investigated, modified slightly as from the one reported previously in section

5.3.3. The steps are described as follows;

6.3.1.1 Preparation of the oligonucleotide probe on the gold surface

Cleaving the dithiol protecting group. The disulfide-protected nucleotides (100 uM,

10 pl) were diluted in autoclave water to 100 plf and treated with Tris(carboxethyl)
phosphine (I'CEP) (1 mg) for 30 min, followed by purification using a MicroSpin™™

(3-25 column obtained from Amersham Biosciences (Buckinghamshire, UK).

Preparation_of the gold substrates. The gold substrates were obtained from Denton

Vacuum LLC (Moorestown, NJ), machine cut (Advotech Company Inc., Tempe, AZ)

to identical pieces (of 6 x 3 x 0.2 mm size), assuming a uniform thickness.

Preparation of the mixed monolaver. The gold substrates were cleaned first in Piranha

solution and rinsed with water prior to use. (Safety note: the Piranha solution should
be handled with extreme caution.) The oligonucleotide monolayer was generated by
treating the gold substrates with 100 ul of a thiolated-oligonucleotide solution in
phosphate buffer (0.05 M, pH = 7.0) for ovemight, followed by removal of the
solution. The surface of the gold substrates was then blocked By a 10 min treatment

with 6-mercapto-1-hexanol (0.1M, 100 pl), followed by washing with water,

6.3.1.2 Preparation of CdS quantum dot — oligonucleotide conjugate

500 ul of CdS quantum dot suspension (0.2 mg ml'l) was exposed to
the thiolated oligonucleotide secondary DNA probe (probe 2). The mixture was
stirred overnight at room temperature (27 °C). The quantum dot-DNA conjugate was
collected by centrifugation at 10,000 rpm for 45 min, removal of supernatant, and
resuspension in hybridization buffer (750 mM NaCl, 150 mM sodium citrate).
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6.3.1.3 Sandwich DNA hybridization assay
The oligonucleotide modified gold substrates were incubated for 1
hour with desired amount of target DNA in 100 pl of hybridization buffer followed
| by washing with washing Buffer (50 mM Tris-HCI, 0.1% Tween 20; pH 7.4). ’Ihen,.
the gold substrates were incubated with quantumn dot-oligonucleotide secondary probe
for 60 min at room temperature. The supernatant was then removed, the gold
substrates were washed twice with 100 ul of washing buffer, and transferred to new
vials , washed for another 4 times with 100 pl of washing buffer and 2 times with

water .

6.3.1.4 Dissolution and Detection

Hydrogen peroxide was used for dissolution step since it was observed
that it can efficiently oxidize the cadmium quantum dots. In the final assay,
dissolution of Cd was carried out by the addition of 100 pul 0.01 M H,0; (in 10* M
CaCly) and left for one hour to ensure complete oxidation. Potentiometric detection

followed the condition as described in section 5.3.4

6.4 Results and Discussion

As described in section 5.4.1 the developed miniaturized solid-contact
Cd-ISE showed a lower limit of detection of 107° and 10® M Cd* in samples of 100
mland 200 ul (microwell plates), respectively and it exhibits good selectivity for
the relevant ions, with logarithmic selectivity coefficients of -7.04 (Ca®"), -3.88 (H),
and -4.59 (Na")

The new potentiometric nucleic acid measurements rely on a sandwich
DNA hybridization for capturing a secondary oligonucleotide bearing CdS-
nanocrystal tags. As shown in Figure 6.1, the target DNA (60-mer) is hybridized to
the surface-anchored thiolated DNA probe (20-mer) on the gold substrate (Figure
6.1A-B), followed by the capture of the secondary DNA probe (26-mer) conjugated to
the CdS label (Figure 6.iC). The nanocrystal is then dissolved in H2O, to yield Va

dilute electrolyte background solution suitable for the potentiometric detection of the
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released Cd*" with a polymer membrane Cd*'-selective microelectrode (Figure 6.1D).
The key parameters of the DNA sandwich hybridization assay were
optimized in order to make more efficient the detection of DNA with the ion selective

microelectrode, and these parafneters were studied as follows.

6.4.1 Concentration of primary DNA probe ( Probel}

The effect of the concentration of primary DNA probe used in the
immobilization was studied using 1000 nM secondary DNA probe. The results of
binding between 100 nM taiget DNA with different concentration of primary DNA
probe (probe 1) are shown in Figure 6.2. The stable EMF signal was found at 1000
nM of primary DNA probe. Therefore, 1000 nM of primary probe was chosen for the

following experiments.
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Figure 6.2 Effect of concentration of immobilized primary DNA probe to 100 nM of
target DNA using 1000 nM of secondary DNA.

6.4.2 Incubation time between primary DNA probe and target DNA

The effect of the incubation time used in the binding between primary -

DNA probe and target DNA was then studied. The results from the binding between
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1000 nM of immobilized primary probe and 100 nM of target with different
incubation times followed by capture of 1000 nM of secondary DNA probe are shown
in Figure 6.3. The signal increased as the time with binding time and 60 min gave the
stabilized response. Therefore, 60 ‘min of incubation time was chosen for further

work.

¥ LI L) L]

30 45 60 75

Incubation time (min)

Figure 6.3 Responses of different incubation times between 1000 nM of immobilized

primary probe, 100 nM of target DNA and 1000 nM secondary probe.

6.4.3 Concentration of secondary probe (Probe 2).

The effect of the secondary probe was investigated by immobilizing

1000 nM of primary probe on gold substrate and added 100 nM of target DNA. The

signal obtained for the different concentration of secondary probe were evaluated.
Figure 6.4. shows that the signal increased with secondary DNA probe concentration
and stabilized at 1,000nM. Therefore, 1,000 nM of secondary probe was chosen for

further experiments.




83

195 -

190 -

185 -

EMF (mV)

180 1

175 1

500 750 1000 1250
Secondary DNA probe (nM)

Figure 6.4 Responses of different concentrations of secondary DNA probe with 100
nM target bound to 1000 nM primary probe.

6.4.4 Incubation time between secondary DNA probe and target DNA

The effect of the incubation time used in the binding between
secondary DNA probe and target DNA was studied. The results from the binding
between 1000 nM of secondary probe and 100 nM target (previously bound to 1,000
nM of primary probe) with different incubation times are shown in Figure 6.5 The
signal increased with binding time and 60 min gave the stabilized response.

Therefore, 60 min of incubation time was chosen for further work.
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Figure 6.5 Responses of different incubation times between 1000 nM of secondary
probe and 100 nM target DNA.

6.4.5 Sclectivity

Two different DNA sequences, noncomplementary and 2-base
mismatch, were used to test the selectivity, using 500 nM of the respective DNA .
Figure 6.6, illustrates the recorded EMF signal of DNA hybrization without the
target, with noncomplementary and 2-base mismatch DNA and two different target
DNA concentrations. The resulting signal of noncomplementary and 2-base mismatch
are similar to those obtained with the control, such behavior indicates the good

selectivity of the hybridization assay.
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Figure 6.6 Potentiometric responses of the cadmium-selective electrode for the
control (zero target), 500 nM noncomplementary, 500 nM 2-base mismatch, 10nM
of target and 100 nM of target DNA (as complementary targets) after DNA
hybridization.

6.4.6 Calibration curve

The quantitative aspects are documented by a calibration experiment
over a concentration range of 0.01-1000 nM target DNA. The resulting calibration
plot in Figure 6.7 exhibits a well-defined concentration dependence suitable for DNA
analysis, with a wide dynamic range of 0.01-500 nM target DNA. The EMF at the
lowest measured concentration of 10 pM was 2.96 mV above that of the control, and
the standard deviation of the noise of the control was 0.17 mV (¥ = 13, 1 min).
Taking into account the conservative definition of the potentiometric detection limit
by which the signal must be three times higher than the standard deviation of noise in
background solution (Bakker and Pretsch ,2005). Thus, the lower limit of detection is
10 pM or 37 pg (2 finol) of the target DNA in the 200 pl sample. These values
compare favorably with those reported for other electrochemical DNA hybridization

assays using similar nanoparticle labels (20 pM) (Wang ef al., 2002).
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Figure 6.7 Potentiometric monitoring of DNA concentration via CdS quantum dot

label in 200 uL microwells with the DNA hybridization sandwich assay.

6.5 Conclusions

We have demonstrated for the first time the use of potentiometric
transducers for detecting DNA hybridization. The use of Cd**-selective
microelectrodes is particularly useful for a microplate operation in connection with
CdS nanocrystal tags. The extremely high sensitivity and fmol detection limit of the
microelectrode are coupled with a high selectivity of the bioassay, including effective
discrimination against 2-base mismatched DNA, The low detection limit was reached
without a preconcentration step commonly used in other electrochemical transduction
schemes, The new potentiometric detection route can be extended to a wide range of

genetic tests in connection with different nanopafticle tags.




Chapter 7

Capacitive Biosensor for Quantification of Trace DNA

7.1 Introduction

DNA quantification is critical for many biological studies since it is
often used as a reference for measurements of other biologically active components in
biological fluids and genetic diagnosis (Georgiou and Papapostolou ef al., 2006;
Huang ef al., 2002; Prem Kumar ef al., 2005). In biological and biopharmaceutical
products, such as monoclonal antibodies, lymphokines and vaccines, quantification of
residual cellular DNA from the host cell in the purification process is also important
since they have to meet specific requirements regarding contaminating cellular DNA.
Guidelines of The World Health Organization (WHO) published in 1986 recommend
that the residual cellular DNA permitted in purified product contain less than 100 pg
per dose (WHO, 1987). In 1997, these increased to 10 ng per dose (WHO, 1998)

The quantification method commonly used for residual DNA
determination is real time quantitative polymerase chain reaction (Q-PCR) (Lovatt,
2002). Other biochemical assay methods include spectrophotometry where DNA
absorbs maximally around 260 nm (Samuel et a/., 2003), densitometric scans of gels
from agarose or polyacrylamide electrophoresis (Projén et al, 1983),
chemiluminescence (Ma et al., 2004), spectroflu- orimetric and resonance light
scattering (RLS) methods (Li ef al., 2002; Wang et al., 2005). Each method has its
strengths and weaknesses in term of sensitivity, specificity, running time, robustness,
material safety/toxic waste, reagent stability and cost (Li ef al., 2002; Ma et al., 2004).
For example, in the case of fluorescence method, many fluorescent reagents have
been used to enhance the fluorescence intensity for DNA determination, such as
ethidiumbrodide, 4,6-diamidino-2-phenyllindole, bis-benzimidazole dye Hoechst
33258. However, the preparation of reagents is inconvenient (Wang ef al., 2005) and
some reagents, such as ethidiumbromide is a carcinogen (Link and Tempel, 1991).

Therefore, development of alternative methods which are more convenient and have
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high sensitivity and specificity for the detection of DNA is desirable and use of
affinity biosensors is an interesting approach.

Affinity biosensors are based on a binding interaction between the
‘immobilized biomolecule and the analyte of interest (Mattiasson, 1984; Wang, 2000).
Affinity biosensors can be categorized as label-free (direct) and labeled. Between the
two, label-free affinity biosensor is more attractive since it requires less steps. To detect
the affinity binding reaction, capacitive transducers have been applied and found to be
very sensitive (Berggren ef al., 2001. Berggren ef al., 1998; Berggren and Johansson et
al., 1997, Botidean et al., 2003; Botidean 1998; Hedstrom et al., 2005; Hu et al., 2002
Limbut ef al., 2006). To detect DNA, it may be possible to apply histones as
recognition element since histones are the basic proteins which are complexing with
DNA in vive to form the nucleosome (Helliger ef al., 1998) as shown in Figure 7.1. The
four core histones (H2A, H2B, H3and H4) form an octamer, which DNA is wrapped
around to form the nucleosome particle and the histone H1 acts as the linker between
the constituents of the nucleosome particle (Allan ef al., 1981; Yoshikawa et al., 2001).

In this work we investigated the application of a flow-injection
capacitive biosensor for the rapid determination of DNA based on the affinity binding
of DNA to histone by immobilizing whole histone on a gold electrode surface via self-
assembled monolayer SAM of thioctic acid. The technique was tested using DNA
substrates from various sources, i.e. calf thymus, shrimp and E.coli. The signals of the
binding reaction of calf thymus and white shrimp histones to DNA were also compared.
This system was also validated with real samples by using it to determine genomic

DNA contamination in crude shrimp protein preparation.
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Linker histone

Core histone

DNA out

Linker histone Core histone

Figure 7.1 Wrapping of DNA around nucleosome core, Nucleosome composed of the
pair of histone, H2A, H2B, H3 and H4 to form an octamer core structure and H1 acts as

the linker between nucleosome particle.(Adapted from Reece, 2004).

7.2 Materials

Deoxyribonucleic acid (DNA) and histone from calf thymus, N-3-
(dimethyl-amino-propyl-N"-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuc-
cinimide (N-Hydroxy-2,5-pyrrodinedione, NHS) and white saponin were purchased
from Sigma-Aldrich (Steinheim, Germany). Thioctic acid and 1-dodecanethiol were
obtained from Aldrich (Milwaukee, USA). All other chemicals were of analytical
grade. Solutions and buffers used in the capacitive biosensor system were prepared
with deionized water. Before use, buffers were filtered through an Albet® nylon
membrane filter with pore size 0.20 pm with subsequent degassing. DNA from white
shrimp (Penaeus merguiensis)  was provided by Center for Genomic and
Bioinformatic Research, Faculty of Science, Prince of Songkla University, Songkhia,
Thailand. E.coli DNA was obtained from Department of Biotechnology, Lund
Universitiy, Sweden and purified by using Freez’N Squeeze DNA gel extraction spin
column (Bio-Rad, USA). Histone from white shrimp (Penaecus merguiensis)
erythrocyte nucleoprotein was prepared by using a slightly modified procedure from

that reported by Murray (Mwiray et al., 1968). In brief, shrimp erythrocytes were
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lysed by vigorous stirring with white saponin solution (0.6% (w/v) in 0.14 M NaCl).
Nuclei were collected by centrifugation at 500xg for 1 h. Whole histone was then
extracted from the nuclei with 0.2 M HS804 and centrifuged at 18,570xg for 1 h.
EthanolAwas added to precipitate histones which were collected by centrifugation and

washed 3 times with ethanol.

7.3 Methods

7.3.1 Immobilization of histones

Gold electrodes were polished (Gripo® 2V polishing machine, Melkon
Instrument Ltd, Bursa, Turkey) uvsing slurries of alumina oxide powder with particle
diameters 5, 1 and 0.3 pm (Melkon Instrument Ltd , Bursa, Turkey) and then cleaned
through sonication in deionized water and absolute ethanol, 15 min each. They were
then washed with deionized water, followed by electrochemical etching in 0.5 M
H,S504 by cyclic potential from 0 to + 1.5 V vs Ag/AgCl reference electrode with a
scan rate of 0.1 V s’ Finally they were dried with pure nitrogen gas. To immobilize
histones, electrodes were placed in an ethanolic solution of 250 mM thioctic acid. A
self-assembled monolayer, SAM, was formed of thioctic acid and after 12 hours the
electrodes were carefully washed with absolute ethanol and then dried in a stream of
pure nitrogen. Thioctic acid on the electrode was activated in EDC:NHS solution
(EDC 1% (v/v), NHS 2.5 % (v/v)) in 0.05 M sodium phosphaté buffer pH 5.00 with
0.05 M KCl for 5 h to infroduce reactive groups that can covalently bind to
aminogroups of histone molecules. After washing with 50 mM sodium phosphate
buffer (pH 7.20), 20 ul of appropriate concentration of histone was placed on each
electrode and the reaction took place at 4 °C for 24 h. Finally, the electrodes were
washed with phosphate buffer and immersed for 20 minutes in 10 mM of 1-
dodecanethiol in ethanol to block any pinhole on the gold electrode surface. During
the immobilization steps, the degree of insulation from different layers on the
electrode surface is demonstrated by cyclic voltammetry measurements performed in
a three electrode electrochemical batch cell containing 5 mM K;[Fe(CN)g) and 0.1 M
KCl, at a scan rate of 0.1V s, The modified gold electrode was used as the working
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electrode, Ag/AgCl as a reference electrode and a platinum rod was the auxiliary
electrode. The electrodes were coupled to a potentiostat (ML 160, AD Instruments,

Australia) connected to a computer.

7.3.2 Capacitance measurements

A flow-injection (FI) technique was applied to determine DNA in the
capacitive biosensor system (Figure 7.2). The electrode modified with histone was
inserted as the working electrode in a three electrode flow cell with a dead volume of
10 pl. A stainless steel tube was used as the auxiliary electrode and outlet and a
custom built Ag/AgCl was used as reference electrode. They were connected to a
potentiostat (ML 160, AD Instruments, and Australia), Capacitance measurements
were performed by applying a +50 mV potential pulse, one pulse per minute to the
modified gold electrode. The resulting current response from each pulse was sampled
with a frequency of 40 kHz. The capacitance of the electrode surface was calculated

from the current response,
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Figure 7.2 Schematic diagram of the flow injection capacitive biosensor system. The
total capacitance measured at the working electrode/solution interface (Ciy) comes
from Csam; the capacitance of self-assembled thioctic acid monolayer, Chrisione; the

capacitance of histone layer and Cpya; the capacitance DNA analyte interaction.
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7.3.3 Optimization of the capacitive biosensor

QOperating conditions of the flow injection capacitive biosensor system
were optimized for the affinity binding between DNA and histones from calf thymus.
Parameters affecting the capacitive response were studied. These include
regeneration solution (type, pH and concentration), sample volume, flow rate, and
carrier buffer (type, pH and concentration). The parameters were optimized one by
one by comparing responses obtained after injections of standard DNA solution, three
replications for each test value. The optimum of each parameter was determined as a
compromise between the sensitivity (slope of the calibration curve) or capacitance
changes and analysis time. Using the obtained optimum conditions, the performances
of the system i.e., linear range, lower detection limit, selectivity were investigated.
Effects of histones and DNAs from different sources i.e. calf thymus and white

shrimp were also tested.

7.3.4 Determination of trace amount DNA in real sample

A crude protein extract from white shrimp was used as a representative
of a real sample. This extract is used in the study of protein interaction with white
spot syndrome virus in shrimp. In the preparation process, DNA was removed by
DNasel treatment and residual DNA is generally detected by UV spectrometry. To
test the capacitive biosensor system, residual DNA in the extract was analyzed under

optimum conditions, including the study of matrix effect and recovery.

7.4 Results and discussion

7.4.1 Insulating property of working electrode

Capacitive measurements require a proper insulation of the electrode
surface in order to prevent disturbing redox reactions at the applied potential. The
degree of insulation obtained at different layers in the electrode preparation was

studied with cyclic voltammetry by using the permeable redox couple K3 [Fe(CN)g] as
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shown in Figure 7.3. The clean gold clectrode surface was first studied (Figure 7.3a),
the reversible peaks for oxidation and reduction are observed during cycling of
potential, with the self-assembled layer of thioctic acid covering the electrode, the
redox peaks were significantly reduced (Figure 7.35). Immobilization of histone
protein on the electrode surface further increased the insulating properties of the
electrode (Figure 7.3c¢). After freating with 1-dodecancthiol, the redox peaks

disappeared completely (Figure 7.3d) because the electrode became totally insulated.
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Figure 7.3. Cyclic voltammograms of a gold electrode obtained in 5 mM K3[Fe(CN)g]
containing 0.1 M KCI solution at scan rate of 0.1 V s™. All potentials are given vs
Ag/AgCl. (A) clean gold, (B) thioctic acid covered gold, (C) histone modified

thioctic acid couple gold, and (D) as in (C) but afer 1-dodecanethiol treatment.

7.4.2 Capacitance measurement of the binding between immobilized histone and

DNA

The capacitance of the binding event befween histone and DNA is

determined from the current response collected with a frequency of 40 kHz when a
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potentiostatic step of 50 mV is applied on the electrode. The first two values were
discarded and the next ten current values were used for the evaluation of the

capacitance. The transient response for current vs time could be described by

) (7.1)

i(0) = Q—exp(—

s Rsctot

where i(t) is the current response as a function of time, u is the applied pulse potential,
R, is the resistance of the capacitive electrode with binder immobilized but without
target bound, Cyy is the total capacitance over the immobilized layer measured at the
working electrode/solution interface and t is the time elapsed after potentiostatic step
was applied (Berggren and Johansson, 1997). The capacitance is calculated by taking
the logarithm of the current and Eq. (7.1) becomes

u {
ni(t)=ln—-—
3 R C

H s {0t

(7.2)

From the graph of Ini(t) vs t, Rsand Cycan be calculated from the intercept and the
slope, respectively (Berggren and Johansson, 1997). The affinity binding between
DNA and the immobilized histone molecules on the working electrode will result in
an increase of the thickness of the layer and this would cause Cyq to decrease (Figure
7.2). Figure 7.4 shows an example of a plot of the calculated Cyy; value with respect to
time where the capacitance change (AC), ACy) due to the binding can be determined.
Since the interaction between DNA and histone are via non-covalent bonds, DNA
could be dissociated from the histone on electrode surface by using regeneration

solution.
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Figure 7.4 An example of the capacitance (Ciy plots as a function of time. The
binding between histone and DNA cause the capacitance to decrease (AC;) with
subsequent signal increase due to dissociation under regeneration conditions. After

regeneration of the system can be reused to detect a new injection of DNA (ACy).

7.4.3 Optimization of the flow injection capacitive biosensor
%

7.4.3.1 Regeneration solution

The biosensor needs regeneration of the sensor surface before the
measurement can be repeated. The goal is to break the non-covalent binding between
DNA analyte and histone immobilized on the gold surface, while maintaining the
activity of the protein.

To evaluate the performance of the regeneration solution, the
percentage of residual activity (% residual activity) of the immobilized histone was

calculated from capacitive change given by a consecutive binding between DNA (1
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ng I'' with sample volume 300 pl) and histone before (AC;) and after (ACy)

regeneration (Figure 7.4) according to the equation.

AC, x100

7.3
o (7.3)

%Residual activity =

Three difference types of regenerating agent were compared, i.e., high ionic strength,
Tow pH and high pH. As can be seen in Table 7.1, high ionic strength (KCI) and high
pH (NaOH) were shown to be ineffective with low percentage residual activity and
they required a long time for regeneration, However, at low pH. i.e. 50 mM glycinc-
HCY, pH 2.4 gave a better percentage residual activity than HCI pH 2.4, therefore,
glycine-HCl was further investigated to see the influence of concentration ranging -
and. At 25 mM residual activity of 93 % was achieved, whereas almost 97 % residual
activity was gained at pH 2.4. Therefore, a concentration of 25 mM glycine-HCI, pH

2.4 was chosen in the continued experiments.
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Table 7.1. Assayed and optimized conditions of the type, pH and concentration of

regeneration solution, The efficiency of DNA removal from the histone immobilized

on the electrode was studied by injecting 1 ng 1" of standard DNA solution.

Parameter of Invetigation condition Efficiency of DNA removal Regeneration
regeneration solution (Yaverage residual activity) time (min)
50 mM glycine — HCI, pH2.4 87+ 2 13-16
Type HClpH 2.4 832 12-14
50 mM NaOH 70+£4 1721
50 mM KCl 544 35-45
10 mM Glycine- HCI, pH 2.4 8142 10-12
25 mM Glycine- HCL, pH 2.4 9343 13-16
Concentration 50 mM Glycine- HCl, pH 2.4 g85+2 14-18
75 mM Glycine- HCl, pH 2.4 CEY 14-19
100 mM Glycine- HCI, pH 2.4 5813 15-21
25 mM Glycine- HCH pH 2.2 86+3 12-13
pH 25 mM Glycine- HCl, pH 2.4 9743 12-15
25 mM Glycine- HCl, pH 2.6 882 i2-16
25 mM Glycine- HCI, pH 2.8 311 13-17

7.4.3.2 Buffer solution

7.4.3.2.1 Type

Initially two widely used biochemical buffer types were tested, 10 mM
sodium phosphate buffer (SPB) and Tris-HC! buffers, by injected standard DNA

between 0.1 and 100 ng 11, There is no difference between sensitivity (slope of
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calibration curve) of sodium phosphate and Tris-HCI buffers (Figure 7.5) However,
when comparing the signals at the same concentration of DNA, Tris-HCl gave a
higher response and more steady baseline. Therefore, Tris-HICl was chosen to use for

further experimeht.
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Figure 7.5 Response of the flow injection capacitive biosensor system to DNA using

difference buffer solutions.

7.4.3.2.2 Concentration

Different concentrations of the Tris-HClI buffer pH 7.2 were then
tested. The highest change in the capacitive signal from injections of 1 ng ' DNA
was found to be at 5 mM (Figure 7.6) but a more steady baseline was obtained at 10

mM so this concentration was selected for further experiments.
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Figure 7.6 Response of the capacitive biosensor system fo 1 ng 1! at different

concentrations of Tris- HCl buffer at pH 7.2.

7.4.3.23 pH

The influence of pH during the binding reaction was studied between
7.00 to 8.00 for the same concentration of DNA at 1 ng 1" in 10 mM Tris-HC1 buffer
solution. Figure 7.7 shows that the maximal capacitive change in capacitive was
found at pH 7.00. Since the binding force of this affinity pair is mainly
electrostatic, between the positive of histone and negative of phosphate group of DNA
(Reece, 2004) and the isoelectric point of histone is around 10 (Yan et al., 2003}, so at
pH 7.00 histone has more positive charge to bind with the negative charge of
phosphate group in DNA. Therefore, 10 mM Tris-HCI, pH 7.00 was used in the

continued experiments.
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Figure 7.7 Effect of the pH of Tris-HCI buffer solution on response to 1 ng "' DNA.

7.4.3.3 Flow rate

The effect of flow rate was investigated by injecting 300 ul of 1 ng1*
of DNA solution at different flow-rates (50-500 ul min™). The capacitance change
decreased as the flow rate increased due to the reduction of binding interaction time.
The flow rate of 50 il min™ gave the highest response (Figure 7.8), however, nearly
the same response was also obtained at 100 pl min”, but the analysis time was much

shorter (=14 min compare to 50 pl min”= 18 min ) so, 100 pl min™ was chosen.
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Figure 7.8 Response of the flow injection capacitive biosensor system at different

flow rate.

7.4.3.4 Sample volume

Generally, an increase in response can be achieved with an increase in
sample voiume. Therefore, the effect of sample volume on capacitance change to 1 ng
"' of DNA standard was studied from 50-400 pl. The change in capacitance signal
increased with sample volume until 250 u! and become steady (Figure 7.9), therefore,

250 pl was chosen for further study.

Table 7.2 summarizes the optimized parameters, the values tested and

the optimum values.
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Table 7.2. Assayed parameters and optimized values of the capacitive system.

Capacitive change is from the injection of T ng I of calf thymus DNA.,

Investigated Capacitive change Analysis timne .
Parameter 5 ) Optimized values
values (-nF em™) (minute)
5 164 £ 25 12
Concentration of buffer
i0 160+ 5 14
Tris-HCL, pH 7.2
25 103+5 15 10
(mM)
50 68+ 4 17
100 18+5 19
7.00 1+l 14
7.20 71+6 14
pH of buffer 7.40 3743 14 700
10 mM Tris-HCI 7.60 3243 14 '
7.80 26+2 14
8.00 15+2 14
50 169+ 10 i8
Flow rate (11l min™) 100 165+3 14 100
250 116+3 12
500 65+ 13 8
50 2943 10
100 65+ 5 i1
150 76+5 i2
Sample volume (p1) 200 99+ 2 12 250
250 106+ 4 13
300 10415 4
400 106+2 17
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7.4.4 Reproducibility

To test whether the response of the histone modified electrode can be
reproduced after the removal of DNA by regeneration solution, the same
concentra—tion of 1 ng 1 of DNA wés injected into the system _with subsequent
regeneration, The change of capacitance signal after regeneration was used to
calculate the percentage of residual activity of the histone electrode by comparing the
response to the initial capacitance change. The histone immobilized on the self
assembled monolayer method retained 95.2 # 3.1 % of its ability to bind to DNA
after 43 times of regeneration and the residual activity after this point dropped below
90 % (Figure 7.10). The results indicate that the immobilized histone electrode can be
reused with good reproducibility up to at least 40 times. The reduction in histone
binding ability may be caused by the loss of protein from electrode surface, loss of
SAM layer or fouling of the sensor surface by proteins deposits. The latter hypothesis
was tested by using voltammetry. The voltammogram of the electrode after fifty
analysis cycles showed no redox peaks (Figure 7.11). This indicated that the SAM
layer on the gold ¢lectrode remained intact. Therefore, the decrease of residual

activity was likely due to the loss of histone and/or its binding activity.
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Figure 7.11 Cyclic voltammogram of modified gold electrode obtained in 0.05 M
(K3[Fe(CN)s] solution, (a) is the response when on the electrode surface was blocked
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7.4.5 Linear dynamic range and detection limit

Standard calf thymus DNA solutions ranging from 1x107 ng I to
1x10° ng 17 were injected with intermittent regqneration steps using 25 mM glycine-
HCI, pH 2.4. Figure7.12 shows the calibration curve for DNA under optimal
conditions. The plot between capacitance change and logarithm of DNA
conceniration showed two linear ranges with different sensitivity , i.e., from 10° ng
" to 10% ng It and 10" ng 1! to 10% ng 11, This phenomenon might be explained in
two different ways: the effect may be caused by different degrees of affinity for DNA
by the different histones. In this work, whole histone of calf thymus which includes
histone H1, H2A, H2B, H3 and H4 was immobilized. Since it was reported that DNA
has higher affinity binding to histone H1 than the other four histones (Cui ef al.,
2005), it is possible that at low concentration only histone H1 plays a major role in
DNA binding. When concentrations increase, DNA then binds with other histones as
well. Therefore, the sensitivity is higher at high DNA concentration. Another
interpretation is that DNA at low concentrations can be present in a more extended
form and thus possibly be bound tighter to the sensor surface mainly by ionic
interactions, while at higher concentrations, DNA may have more of a secondary
structure and bind more specifically to the immobilized histones. From the results, the
detection limit was found to be 107 ng 17 based on IUPAC Recommendation 1994
(Buck and Lindner, 1994).
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Figure 7.12 Capacitance change vs. the logarithm of calf thymus DNA concentration

detected by immobilized calf thymus histone modified electrode under optimum

conditions (100 pl min™' flow rate, 250 pl sample volume, 10 mM Tris-IICI buffer,
pH 7.00).

7.4.6 Selectivity

Since different sources of DNA or histones may affect the binding and,
hence, the response of the capacitive system, it is important to investigate this. First,
the effect of DNA source was studied by using immobilized calf thymus histone to
detect DNA from calf thymus, white shrimp and E. cofi. The calibration curves were
investigated between 10™ ng It and 102 ng I'" and these are shown in Figure 7.13a.
The sensitivity (slope of calibration curve) obtained with calf thymus DNA was about
four folds higher than the one obtained from white shrimp DNA, and the lowest
sensitivity was obtained from E.coli DNA. This is probably due to the size of DNA,
longest DNA is from calf thymus, followed by shrimp and E.coli (qualitative
comparison of sizes was tested by using agarose gel electrophoresis). The layer on the
electrode surface with a longer DNA should be thicker and this would cause Ceo 0
decrease more than when a shorter DNA was bound, so calf thymus DNA would give

the highest response. Although the sensitivity of the system to each DNA is different,




109

the fower limit of detection is the same. That is, when the system was used fo detect
the DNA of calf thymus, white shrimp, or E. coli the lower limit of detection is 10°
ng I’

Histones from a different source, i.e. white shrimp, were then
immobilized on gold electrodes at the same concentration as that of calf thymus
histones (50 pg ml™) and studied by injecting DNA from calf thymus, white shrimp
and E.coli (Figure 7.13b). The results show that shrimp histone can also bind with
DNA from all three sources with the same lower limit of detection of 10® ng I''. That
is, neither calf nor shrimp histone is selective with its DNA. However, from these
results it can be seen that histone can bind better with DNA  from the same source

and give higher sensitivity than the binding with DNA from different sources.
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Figure 7.13 Calibration curve for DNA from calf thymus, white shrimp and E.coli
with (a) immobilized calf thymus histone and (b) white shrimp histone.
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7.4.7 Determination of residual shrimp DNA

Determination of residual DNA was carried out using a particle free
homogenate of shrimp protein as real sample. This exract is normally used in the
study of profein interaction with white spot syndrome virus. Since the protein in the
extract may interfere with the detection of residual DNA via non specific binding to
the surface of the modified electrode, bovine serum albumin (BSA) was used to test
this influence. Using the electrode with immobilized calf thymus histone, the response
due to BSA at the concentration range 0.01 to 100 ng I'" were about the same and
were much lower than the response from DNA (Figure 7.15). It can be suggested that

non specific binding from proteins do not play an important part in the response.
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Figure 7.15 Response of the histone to DNA and bovine serum albumin (BSA)

When analyzing real samples, the matrix may also cause some
interference to the response. Matrix interference can iead to either a suppression or
enhancement of the sample signal compared to the calibrate signal for the same
analytes (Eurachem-Guide, 1998). The influence of the matrix in real sample was
studied by using immobilized shrimp histone. Crude shrimp protein sample without
DNA (prepared by adding excess DNasel to digest residual DNA) was spiked with
known amount of shrimp DNA at 0.1 to 1.5 pg I and these were used to performed
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the matrix matched calibration curve, Calibration curve was also perform using
standard solution in the same concentration ranges (standard calibration curve). The
assay for each concentration was carried out in friplicate and the average sensor
response and standard deviation were calculated. The slope of standard calibration
curve and matrix matched calibration curve were compared if there is no significant
difference between slope of the two curves, it indicates that the matrix has no effect
on the response of the capacitive system. Figure 7.16, indicating that there was effect
of matrix interference on the sensor response (IUPAC Technical Report, 20002). The
slope were also compared by two way ANOVA (analysis of variance) calculated by R
solfware (R Development Core Team, 2006). The results showed that the slope of
regression lines of standard and matrix matched calibration curves were significantly
different (P <0.05).

One way of reducing the matrix effect is by dilution. Since the LOD of
this system is very low (10 ng I', it is possible to dilute the sample several times.
This will be appropriate when the concentration of DNA is high, e.g. when DNA is
product of process. However, when the defection is for residual DNA only trace

amount will exist, in this case matrix matched calibration should be employed.

7.4.7.1 Matrix matched calibration

Matrix matched calibration was used for the detections of the {race
amount of DNA. The response when injecting crude shrimp protein sample (n=3)
were used to calculate the concentration of residual DNA from the matrix matched
calibration curve and no DNA was detected.

To further validate the capacitive detection system with real samples,
the recovery of spiked DNA (0.1-1.5 pg ' in crude shrimp protein samples were
tested. The analysis was carried out with immobilized shrimp histone. The responses
obtained from spiked shrimp protein sample were used to calculate the concentration
from the matrix matched calibration curve. Recovery percentage was evaluated by

the following equation:
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€17%
% Recovery == —C—HXIOO (7.4)

3

where C; is the concentration of analyte measured in the spike samplé, C, is the
concentration of analyte measured in the blank and Cs is the concentration of analyte
spiked into the sample (Taverniers ef al, 2004) . From the results (Table 7.3),
percentage of recovery and relative standard deviation of all spiked DNA (in pgl’
Irange) in crude shrimp protein are acceptable. Since the acceptable recovery in the

_pgl! level is 40-120% and R.S.D. is 30-45.3% (Taverniers ef al., 2004).
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Figure 7.16 Standard and matrix matched calibration curve of crude shrimp protein

sample
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Table7.3. Recovery of shrimp DNA from spiked crude shrimp protein (n=3); using

Matrix matched calibration (Section 7.,3.1) and Dilution methods (section 3.7.2)

Immobilized shrimp histone TIinmobilized calf thymus histone
. . Sample | Sample 2 Samplel Sample 2
Spiked concentration Recovery R.SD. | Recovery R.S.I. | Recovery R.S.D. | Recovery R.S.D.
(%) (%) (%) (%) (%) (%) {%) (%)
Maitrix matched
calibration (pg]’!)
0.10 8018 22 - - - - - -
0.50 116+ 15 13 - - - - - -
1.0 107x7 7 - - - - - -
1.5 100+ 6 G - - - - - -
Dilution
(ng ')
10 73+2 3 88123 26 77+6 8 95117 18
50 109+5 5 9817 17 115% 15 13 117+ 22 19
100 103+4 4 1134 4 101+ 6 6 1i6+18 16
150 110+ 1 1 108+ 5 3 106+ 7 7 10119 9.
7.4.7.2 Dilution

Crude shrimp protein samples were spiked with shrimp DNA at 10 ng
1! to 150 ng I'! and diluted 10,000 times (followed Thavarungkul et al., 2007) with 10
mM Tris-HCl buffer pH 7.0. These were analyzed (n=3) and the calibration curve
was compared to that of the standard solution. The experiment was carried out by two
capacitive biosensor systems, one with immobilized shrimp histone and the other
with calf thymus histone. The slope of the spiked curve and calibration were also
compared by two way ANOVA. The results show no difference between slope of two
curves, indicating that there were no matrix effect for the diluted samples for both
immobilized calf thymus histone (Figure 7.17 a) and immobilized shrimp histone
(Figure 7.17 b), that is, the matrix effect can be reduced by dilution. Therefore, the
standard curve could be used to determine the residual DNA contamination in diluted
real sample.

The recovery of spiked shrimp DNA at 10 ng 1" to 150 ng I in crude
shrimp protein sample was tested. The spiked samples were then diluted 10,000 times
with Tris-HCl buffer pH 7.0 to reduce the matrix effect. The analysis was also carried

out.by two capacitive biosensor systems, one with immobilized shrimp histone and
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the other with calf thymus histone. The capacitance changes obtained from the
capacitive systems were used to calculate the concentrations from the calibration
curve of standard obtained prior to the test. From the results (Table 7.3) percentage of
recovery and relative standard deviation of all spiked DNA (in ngl'range) in crude
shrimp protein are acceptable (Taverniers ef al., 2004} (acceptable recovery in the
pgl’ level is 40-120% and R.S.D. is 30-453%). These results show that the

developed capacitive biosensor is suited for quantification of DNA.
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Figure 7.17 The standard curve and spiked curve for the study of matrix interference
of crude shrimp sample; (a) for immobilized calf thymus histone and (b) immobilized

shrimp histone,
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The spiked sample were also measured by UV spectrometry at Aze.
However, no response was obtained from any of spiked samples (DNA at 10- 150
ng I')) since the limitation of this method is 5 pg ml™? (Noites et al., 1999) . That is,

the developed capacitive system can detect DNA at a much Iower concentration,

7.5 Conclusions

The results demonstrated the possibility of using the capacitive
biosensor system for direct assay of affinity binding between DNA and histone
protein on self-assembled thioctic acid monolayer modified electrode. For the system
using calf thymus histone to detect calf thymus DNA, it provides a low detection limit
of 107 ng I'! and wide linear ranges 10°-102 ng 1! and 107 -10? ng I'’. Since histone
from one source can also detect DNA from other sources, this system is suitable for
screening DNA contaminants independent of their origin. However, if the source of
DNA is known a calibration curve can be constructed and this system can be used to
quantify the amount of DNA which will be useful for a number of biotechnology
processes. This method can be used to investigate DNA in sample with difference
matrixes. In case of tracc DNA level, matrix matched calibration curve can be
applied, for example, residual DNA in biological or biopharmaceutical products. For
high level DNA detection such as in lysis cell sample, the matrix interference can be
reduced by dilution where the standard curve could be used to determine the DNA in
diluted real sample. Major advantage of this system over gel electrophoresis,
spectrophotometric or spectrofluorometic technique is the fact that DNA  can be
determined without using any dye staining such as ethidium bromide (Ebr) or other
fluorescence stains that are a powerful carcinogen. In addition, analysis time of this
technique (13-15 min) was much shorter than other DNA quantitation methods
(30min-5h) (Projan et al., 1983; Schmidt et al, 1996) Using the appropriate
regeneration solution, good reproducibility was obtained. The electrode can be reused

up to at least 40 times and this helps to reduce the cost of analysis.




Chapter 8

Capacitive Biosensor for Plasmid DNA Detection

8.1 Introduction
DNA vaccination and gene therapy are cxpected to be a fast growing

therapeutic area in the next decade. In DNA vaccination, nucleic acids are
administered to the patient with the intent of initiating an immune response to the
antigen or protein encoded by the DNA. In gene therapy, nucleic acids are introduced
to restore, cancel or enhance an imperfect gene function (Kepka et al., 2004; Kim et
al., 1998; Zhang et al., 2002). These result in a need for quantities of gene vectors
such as plasmid DNA (Gustavsson ef al., 2004; Kepka et al., 2004; Wahiund et al.,
2004)

Plasmid DNA are extra-chromosomal closed circular double-stranded DNA
molecules found most frequently, but not exclusively, in bacteria. They replicate
independently of the cell chromosome, and typically carry genes that code for
antibiotic resistance, toxin production and breakdown of natural products (Clemson
and Kelly., 2003). Plasmids for gene therapy are usually produced in Escherichia coli
host by fermentation (Prazeres et al., 1998). For the purification of plasmid DNA,
various chromatographic techniques are normally used (Ferreira et al, 1998;
Gustavsson et al., 2004; Kepka et al., 2004; Noites ef al., 1999). Plasmid content in a
preparation is typically accessed using gel electrophoresis with subsequent gel
staining, photography and densiometric scanning, Typically, when producing plasmid
DNA small amounts of the substance are reirieved. Hence, sensitive analytical
methods are required.

The most common methods for determining plasmid DNA
concentration are based on gel electrophoresis or spectrophotometric methods where
the molecule absorbs maximally around 260 nm. This latter method is accurate and
reproducible when applied to purified samples. However, it is relatively insensitive,
measuring DNA concentrations above 5 pg/ml (Noites ef al, 1999). DNA
concentration can also be determined from densitometric scans of agarose or

polyacrylamide gel electrophoresis (Projan ef al., 1983). However, analysis can take
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between 3 and 5 h. Capillary electrophoresis and certain chromatographic techniques
can also be used for this purpose (Middaugh ef al., 1998; Schmidt ef al., 1999). Most
of these methods are time consuming and labour intensive and typically require
relatively large amounts of sample (Levy et al., 2000), which may hamper their use
for rapid monitoring of plasmid DNA. Therefore, development of new methods with
high sensitivity and specificity for the detection of plasmid DNA is desirable and
affinity biosensors are an interesting approach.

As described in chapter 7, electrochemical based capacitive
transducers are attractive for label-free affinity biosensors since these device give
high sensitivity, specificity, are label-free and have been developed to detect
compounds at low concentration, (Berggren and Johansson, 1997; Berggren et al.,
1998; Bontidean ef al., 1998; 2000; Hedstrom et al., 2005; Hu et al., 2002; 2005;
Jiang et al., 2003; Limbut ef al., 2006a; 2006b; 2007).

To detect plasmid DNA of a prokaryote such as E. coli, a capacitive
measurement was applied to construct a biosensor based on immobilized lactose
repressor (lac repressor) recognition element. Lac repressor is one member of a large
family of related proteins, found both in E. cofi and other prokaryotes. The lac
repressor derived from E. coli is a tetrameric protein (Suckow et at., 1996) with binding
sites for inducer molecules and lactose operator (lac oprerator), which is a group of
genes located on the DNA material (Butler et at,, 1977; Bell and Lewis., 2001; Record
et at., 1977). Both electrostatic and hydrophobic forces are involved in the specific
binding of /ac repressor with lac operator (deHaseth ef al., 1977 ; Record et af .,1977).

In this work we describe a flow-injection capacitive biosensor for the
rapid defermination of plasmid DNA concentration by immobilizing lac repressor on
gold electrode surface via SAM of thioctic acid. The technique was tested using
different isoforms of plasmid DNA that contain a lac operator, such as supercoiled

DNA (sc pDNA) and open circular plasmid DNA (oc pDNA).

8.2 Materials

Lac repressor protein and E.cofi cells BMH8117 (genotype: F', A(lac-
proAB) thi, gyrd (Nal® ), SupE, 1), Ap" harbouring a p310 plasmid (2455 bp)
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containing the lac ideal operator and ampicillin resistance gene (Hanora et al, 2006)
were provided by Dr. Ashok Kumar from Indian Institute of Technology, Kanpur,
India. Thioctic acid, I-dodecanethiol and N-3-(dimethylamino-propyl-¥'-
ethylcarbodiimide hydrochloride (EDC) were from Sigma-Aldrich (st Louis, USA).
All other chemicals used were of analytical grade. Solutions and buffers were
prepared using Milli-Q gradient uvltra pure water (Millipore, Bedford, MA, USA).
Before use, buffers were filtered through a millipore filter with pore size 0.22 pm with
subsequent degassing. Monolith columns produced from macroporous polyacryalmide
gel (2.5 cmx1 cm i.d., bed volume of 2 ml), with a pore size of 1-100 pm (Plieva et
al., 2004; 2005), were provided by Protista Biotechnology AB (Lund, Sweden). The
monolith column was grafted with (2-(methacryloyloxy)ethyl)-trimethyl ammonium
chloride to infroduce ion exchange groups on the surface and produce poly META-

grafted cryogel column (Hanora ef al, 2006).

8.3 Methods
8.3.1 Preparation of plasmid DNA from E. cofi.

8.3.1.1 Bacterial culture and isolation of plasmid DNA

E. coli cells (200 pl in glycerol) were grown in Luria-Bertani (LB)
medium (Kumar et at, 2003) supplemented with 100 mg ml? of ampicillin, at 200

rpm, 37 °C. The overnight cell cultures were harvested by centrifugation at 16,300xg

in a Sorvall GSA rotor (WIFUG AB, LAB CENTRIFUGES, Stockholm, Sweden) for
10 min at 4 °C and the supernatants were removed. The pellet was suspended by
gentle stirring in 2.16 m! of suspension buffer (61mM glucose, 50mM EDTA, 10mM
Tris-HCl, pH 8). Then 4.68 ml of lysis buffer (02MNaOH, 1% (w/v)
sodiumdodecylsulfate (SDS)) was added while stirring until a complete mix was
achieved. An ice-cold neutralising solution was then added (3.54 ml of 3M potassium
acetate, pH 5.5) to the lysate. The solution was kept on ice for 20 min. A white
precipitate was formed containing SDS, genomic DNA, protein and cell debris. The

non-clarified cell lysate was kept at 20 °C until further processing.
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8.3.1.2 Plasmid DNA purification

For plasmid purification, two chromatographic methods were used, ion
exchange and size-exclusion chlomatography For the removal of protem and
organelles a PolyMETA cryogel was utilized. The cryogel column (12 x 32 mm? )
was connected to a Biologic Duo-Flow fast protein liquid chromatography (FPLC)
system (BIO-RAD, USA) and equilibrated with 0.5 M NaCl in Tris-HCI, pH 8.00.
One milliliter of sample was injected and eluted with 4.0 ml min™ of a salt gradient
from 0.0 to 2.0 M NaCl in the same buffer, pH 8.00. The eluted peaks were
spectrophotometrically detected at the wavelengths 260 and 280 nm. Thereafter, size-
exclusion chromatography (SEC) was performed to separate and remove RNA from
the product. The SEC purification was carried out by using sephadex G-15 packed in
a column with dimensions 10 x 400 mm connected to FPLC. The column was
equilibrated with 25 mM Tris-HCl, pH 8.00. Two milliliters of elutant sample from
jon-exchange chromatography run was injected and runned at a flow rate of 0.5 ml
min’! and the eluted peaks were detected at 260 and 280 nm.

The interchange between supercoiled plasmid DNA (sc pDNA) to
open circular plasmid DNA (oc pDNA) was performed using a thermal transition
method described by Uedaira and coworkers (Uedaira ef al., 1994). To force the
plasmid to become open circular form, purified supercoiled plasmid DNA was heated
at 95 °C for 15 min and incubated for 5 min on ice. The solution was injected into a
size-exclusion chromatography to separate the open circular form from supercoiled
plasmid DNA which was carried out by using Sepharyl S-1000 packed in a glass
column with diameter 10 x 92 mm connected to FPLC.

The purity of supercoiled and open circular plasmid DNA were
analysed by 1.0 % agarose gel electrophoresis in TBE buffer (0.089 M tris-borate,
pHS8.0, 2 mM EDTA) at 80 V for 2 h. The pDNA concentration was determined by
UV absorbance at 260 nm.

8.3.2 Preparation of lac repressor modified electrodes
Lac repressor was covalently immobilized onto the capacitive

biosensor transducer constructed of a gold rod (& 3 mm, 99.99% purity) connected to
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a stainless steel holder. Prior to immobilization, the gold electrodes were cleaned by
thoroughly polishing with alumina slurries down to 0.1 pm in particle size (Struers,
Denmark). After washing with distilled water, the electrodes were mounted in teflon
holders and plasma cleaned (Mod. PDC-3XG, Harrich, New York) for 10 minutes.
Immediately thereafter the electrodes were placed in an ethanolic solution of 2 %
(w/v) thioctic acid. The thioctic acid self-assembled electrodes were then carefully
washed with absolute ethanol and dried in a stream of ultra pure nitrogen. The thioctic
acid on the electrode was activated in 1% {w/v) solution of EDC in dried acetonitrile
for 5 h to transform the carboxyl group to an activated ester intermediate. After
washing with 100 mM potassium phosphate buffer (pH 8.00), the electrode was
incubated in 0.1 mg/ml of lac repressor solution in phosphate buffer at 4 °C for 24 h.
Finally, the electrode was washed with phosphate buffer and immersed for 20 minutes
in 10 mM of 1-dodecanethiol in ethanol to block any pinhole on the gold electrode

surface,

8.3.3 Capacitive measurement

The electrode modified with lac repressor was inserted as the working
electrode in a three electrode flow cell with a volume of 10 pl. As reference and
auxiliary electrodes, a platinum wire and a platinum foil were used, respectively. An
extra Ag/AgCl reference was placed in the outlet flow, as can be seen from Figure
8.1. The electrode was coupled to a fast potentiostat via a data acquisition and control
unit (Keithley Instruments, Inc. Tuanton. MA, USA). Capacitance measurements

were performed by applying a +50 mV potential pulse to the modified gold electrode.
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Figure 8.1 Schematic diagram showing the flow injection capacitive biosensor
system, The electrode modified with lac repressor was inserted as the working
electode in a three electrode flow cell with a volume of 10 pl. As reference and
auxiliary electrodes, a platinum wire and a platinum foil were used, respectively. An

extra Ag/AgCl reference was placed in the outlet flow.

8.3.4 Cyclic voltammetry measurements

Cyclic voltammograms were recorded in a three electrode
electrochemical batch cell containing 5 mM K;{Fe(CN)g) and 0.01 M KCl, at a scan
rate of 10 mV s'. Gold electrodes, unmodified or from different stages in the
preparation procedure, were used as working electrode. A saturated calomel electrode
(SCE) was used as a reference and a platinum wire constituted the auxiliary electrode.
The electrodes were coupled to a potentiostat (Bioanalytical system. Inc., West

Lafayette, IN, USA) connected to a computer.
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8.3.5 Optimization of the capacitive biosensor

The operating conditions for the capacitive biosensor and the flow
injection analysis (FIA) system were optimized with regard to the affinity binding
between plasmid DNA and the Jac repressor protein. Parameters affecting the
capacitive response were studied. i. e, pH and the concentration of regeneration
solution, flow rate of carrier buffer solution and type, pil and concentration of carrier
buffer solution. The parameters were optimized one by one through injections of

supercoiled plasmid DNA.

8.4 Results and Discussion

8.4.1 Plasmid DNA quality

The quality of plasmid isolated in the eluting fraction of the column
was tested by performing FPLC analysis. Gel electrophoresis was used to indicate the
isolation of supercoiled form from other plasmid variants (Figure 8.2a). Agarose gel
electrophoresis showed that the purified plasmid was the supercoiled form with a size
of 2455 bp, the same size found by Hanora ef al. (Hanora et al, 2006). Gel
electrophoresis was also used to indicat the band of the open circular plasmid DNA
which changed from its supercoiled form by heating (Figure 82b, lane 3-6) and
Figure 2¢ shows gel electrophoresis of the only band of the open circular (lane 2
and 4) which was separated from supercoiled plasmid DNA by using size-exclusion

chromatography.
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Supercoiled

Single strand
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Figure 8.2 (a) Agarose gel electrophoresis of plasmid DNA from clarified lysate.
Lane 1 and 6, supercoiled DNA ladder; lane 2, clarified lysate ; lane 3, after size-
exclusion chromatography; lane 4 and 5, after pre-concentration with isopropanol. (b)
Agarose gel electrophoresis when the interchange between supercoiled plasmid DNA
(sc pDNA) to open circular plasmid DNA (oc pDNA) was performed using a thermal
transition. Lane 1, purified supercoiled plasmid DNA (before heating); lane 2, empty;
Jane 3-6, after heatt 95 °C for 15 min and (c) showing the band of open circular form

(lane 2 and 4) afler purification by using siz-exclusion chromatography.

8.4.2 Insulating property of working electrode

Capacitive measurements require a proper insulation of the electrode
surface in order to prevent disturbing redox reactions at the applied potential. The
degrée of insulation obtained at different layers in the electrode preparation was

studied with cyclic voltammetry by using the permeable redox couple K;[Fe(CN)g] as
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shown in Figure 8.3. The polished but otherwise unmodified electrode surface was
first studied (Figure 8.3A), with the self-assembled layer of thioctic acid covering the
electrode, the redox peaks were significantly reduced (Figure 8.3B). Immobilization
of lac repressor protein on the electrode surface further increased the insulating
property of the electrode (Figure 8.3C) whereas after blocking with 1-dodecanethiol,
the redox peaks disappeared completely (Figure 8.3D).

Current (pA)
én
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Figure 8.3. Cyclic voltammograms of a gold electrode obtained in 5 mM K3[Fe(CN)s]
containing 10 mM KC! solution at a scan rate of 10 mV s, All potentials are given vs
SCE. (A) clean gold, (B) thioctic acid covered gold, (C) lac repressor modified

thioctic acid couple gold, and (D) as in (C) but after 1-dodecanethiol treatment,

8.4.3 Capacitance measurement

The measurement of capacitance of the binding event between
immobilized lac repressor protein and plasmid DNA was done as described
previously in chapter 7 section 7.4.2. However, in this system the capacitance values
are evaluated directly in the program, plotted as a function of time (real time and

shown on the monitor and stored in computer (Berggren et al., 1999). Figure 8.4
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shows the change in capacitance due to affinity binding between plasmid and lac
repressor protein on the working electrode. When plasmid DNA was injected into the
flow cell inbound to lac repressor immobilized on the electrode causing the thickness

to increase and this would decrease the total capacitance (Cior) as shown in Figure
8.4,
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Figure 8.4 Schematic view of the capacitance (C) as a function of time resulting from
the binding between lac repressor and pDNA with subsequent signal increase due to
dissociation under regeneration conditions where Csay is the capacitance of the self-
assembled thiol monolayer, Ci,. x; the capacitance of /lac repressor protein layer,
Cypna ; the capacitance of plasmid DNA analyte interaction and Ciou; the total

capacitance change measured at the working electrode/solution interface.

8.4.4 Optimization of the capacitive biosensor system
8.4.4.1 Regeneration solution

The vast majority of biosensor methods need regeneration of the sensor
surface before the measurement can be repeated. The optimization of regeneration

conditions is of general interest. The goal is to break the non-covalent binding
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between plasmid DNA analyte and /ac repressor immobilized on the gold surface,
while maintaining the activity of the protein.

The performance of the regeneration solution was evaluated by the
percentage of residual activity (% residual activity) as described in section 7.4.3.1.
Two types of regeneration solutions were compared, glycine-HCI and citric-NaOH by
injecting 250 pl of these regeneration solutions with a flow rate of 100 pl min” . As
can be seen in Table 8.1 glycine-HCI gave a better percentage residual activity of
more than 90 %. The pH (2.30 to 2.60) and concentration {10-100 mM) of glycine-
HCI regeneration buffer were then optimized. At pH 2.40 residual activity of 98 %
was achicved, whereas almost 97 % residual activity was gained at 50 mM glycine-
HCI concentration, However, when comparing this result with that of 25 mM (94 %
of residual activity) other effects needed to be taken in to consideration. At the lower
concentration a much higher residual base line stability could be achieved. It can also
help to avoid the deterioration of the insulating SAM layer which can be a result of
high concentration effects (Jiang ef al., 2003). Therefore, in this work a concentration

of 25 mM glycine-HCI was chosen in the continued experiments.
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Table 8.1. Assayed and optimized values of the type, pH and concentration of
regeneration solution with sample volume of 250 pl and 100 pl min? of flow rate.
The efficiency of plasmid DNA removal from the Jac repressor immobilized on the

electrode was studied By injecting 10 ng ml? of plaémid DNA standard.

Regeneration Percentage of average
Values
solution residual activity (n=3)
50 mM Glycine buffer pH 2.40 92+3
Type
50 mM Citric-NaOH buffer pH 2.40 59+6
50 mM Glycine buffer pH 2.30 7745
50 mM Glycine buffer pH 2.40 98 +5
pH
50 mM Glycine buffer pH 2.50 95+4
50 mM Glycine buffer pH 2.60 81+6
10 mM Glycine buffer pH 2.40 84+5
25 mM Glycine buffer pH 2.40 94 +3
Concentration | 50 mM Glycine buffer pH 2.40 97+6
75 mM Glycine buffer pH 2.40 84+7
100 mM Glycine buffer pH 2.40 5519
8.4.4.2 Buffer solution

8.4.4.2.1 Type

It is necessary to minimize the ionic strength in the carrier and sample
buffers to prevent a high background which will suppress the analyte signal. Initially,
three widely used biochemical buffers were tested as carrier and sample buffers in the
capacitive biosensor system, 10 mM of sodium phosphate buffer (SPB), potassium
phosphate buffer (PPB) and Tris-HCI buffers pH 7.2 The experiment was performed
by injecting standard of plasmid DNA from 1 to 1000 ng ml”, The results shows that
the highest sensitivity (slope of calibration) was obtained from Tris-HCI buffer
(Figure 8.5) and gave steadiest baseline, therefore, Tris- HCI was chosen for further

study.
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Figure 8.5 Response of the flow injection capacitive biosensor system from different

buffer solufion.

8.4.4.2.2 pH

The influence of pH of 10 mM Tris-HCl during the binding between lac
repressor protein and plasmid DNA was further studied between 7.00 and 8.20 for the
same concentration of plasmid DNA (10 ng ml"). Figure 8.6 shows that the maximal
capaciance change was found at pH 7.40. The isoelectric point of /ac repressor is
9.2-9.9 (Alexeyev and Winkler, 2002), this suggests that for the pH range
investigated Jac repressor has a net positive charge that can bind with the negatively
charged DNA phosphate backbone (Bulter ef al., 1977) and at pH 7.4 the binding is

maximal, Therefore, this pH was used in the continued experiments.
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Figure 8.6 Effect of the pH of Tris-HCI buffer solution.

8.4.4.2.3 Concentration

The responses of injected 10 ng mi! of plasmid DNA to the lac
repressor modified electrode were also tested with different concentrations of the tris-
buffer between 10 and 100 mM . The result of the optimization of the concentration
for Tris-HCI1 buffer pH 7.4 found that highest change in the capacitive signal was
found to be at concentration 10 mM (Figure 8.7). At 100 mM base line is not stable
and signal after injection of plasmid DNA can not be detected. This result might be
explained that at the high concentration of Tris-HCl the ion in solution can penetrate
into the insulating layer of the electrode, the layers on the electrode should be
destroyed. Therefore, 10 mM of Tris-HCI buffer was chosen to use as the carrier and

sample buffers.
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Figure 8.7 Response of the capacitive biosensor system to different concentration of

Tris- HCI buffer at pIl 7.4.

8.4.4.3 Flow rate

The flow rafe of the solution through the capacitance flow cell is the
main factor affecting the yield of interaction between analyte and immobilized
biorecognition element on the transducer and hence the response of the system. The
effect of the flow rate was investigated by injecting 250 pl of different concentrations
of plasmid DNA solution increasing from [ ng mi? up to 1000 ng ml’. The
calibration curves obtained for the different flow rates, ranging from 100 to 500 pl
min” were evaluated. The capacitance changes and the sensitivities increased as the
flow rate decreased due to the increasing time for the binding interaction. However,
the analysis times also increased in a proportional fashion. Hence, a flow rate of 100
pl min!' (Figure 8.8) was chosen for further study, although its analysis time (9 min)
was longer than at 250 pl min™ (6 min), its sensitivity was 44% higher.

The optimized condition for flow injection capacitive system of the
binding between immobilized /ac repressor protein and plasmid DNA are also

summarized in Table 8.2
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Figure 8.8 Response of the flow injection capacitive biosensor system at different
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Table 8. 2. Assayed and optimized values of parameters for plasmid DNA analysis by

a capacitive biosensor system

Capacitive Analysis
Parameter Investigated values Sensitivity change values time Optimum
(-nF ml ng'*cm'z) (-oF cm™®) {minute}
PPB 7.5 - 9
Buffer type .
SPB 7.0 - 9 Tris-HCl
10 mM, pH7.2
Tris-HCI 3.0 - 9
pH 7.060 - 39+8 9
pH 7.20 - 40+ 4 8
pH of buffer pH 7.40 - 64+6 9
10 mM Tris HC1 pIl 7.60 - 44+ 5 10 7.4
pH 7.80 - 2347 9
pH 8.00 - 3746 9
pH 8.20 - 34+6 9
10 mM - 54+4 9
Concentration of
25 mM - 20+2 11
buffer Fris-HCl 10 mM
Pl 74 50 mM - 20+ 1 12
100 mM - nd -
100 6.2 - 9
Flow rate
250 4.3 - 160
(i1 min™")
500 35 - 4
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8.4.5 Reproducibility of the lac repressor electrode

After regeneration, to remove plasmid DNA analyte from the lac
repressor immobilized on the electrode, plasmid DNA was detected repeatedly by the
regenerated electrode, The reproducibility of the lac repressor modified electrode was
evaluated by injecting the same concentration of plasmid DNA (10 ng ml ™) for 40
times and measuring the capacitance change (AC). The average response was 459 &
1.8 nF cm™ (relative standard deviation, RSD=3.9%) (Figure 8.9). The results
indicated that the fac repressor electrode can be reused with good reproducibility for

af least up to 40 times.
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Figure 8.9 Reproducibility of the response from Jac repressor modified electrode to
injection of 250 pl standard plamid DNA ( 10 ng mi™) with regeneration steps

between each individual assay.

8.5 Response for plasmid DNA with different molecular forms

Under optimum conditions (Tables 8.1 and 8.2) the flow injection
capacitive system of the influence of the isoforms of the plasmid DNA, supercoiled

and open circular (relaxed form) plasmid DNA was studied. Two linear ranges with
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different sensitivity were obtained for both forms, 0.0001-0.1 ng ml™? and 1-1000 ng

ml? (Figure 8.10).The detection limit (signal to noise ratio of 3:1, 30) (Miller and

Miiler, 2000) for open circular plasmid DNA was 0.002 pg ml” compared to 0.03 pg

ml™! of supercoiled plasmid DNA. From the results, the 'rcsponse or sensitivity

obtained from both sc pDNA and oc pDNA are not so different which indicated that

Jac repressor capacitive biosensor can be applied to detect either supercoiled, open

circular or the mixture of both forms in purified plasmid DNA with the same result.

It is well - suited for DNA quantification, which gave detection limit lower than other

techniques such as gel electrophoresis, spectrophotometry and capillary
electrophoresis (Middaugh et al., 1998; Noites et al., 1999).
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Figure 8.10 Calibration curve of supercoiled and open circular plasmid DNA at

optimum conditions, showing two linear ranges with difference sensitivity from

0.0001 to 0.1 ngmI™and 1 to 1000 ng mi™.
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8.6 Conclusions

This work, demonstrated the possibility of using the capacitive
biosensor system to directly assay the interaction between pIasmld DNA, containing
lac operator and fac repressor protem on self-assembled tmoctlc acid monolayer
modified electrode. It provides a lower detection limit of 0.03 pg. ml™? for supercoiled
plasmid and 0.002 pg ml” for open circular form . The system can be used for direct
determination of purified plasmid DNA with contains only supercoiled, open circular
form or both, A major advantage of this system over gel electrophoresis or
spectrophotometric technique is the fact that plasmid DNA can be determined
without using any dye staining such as ethidium bromide (Ebr) or other fluorescence
stains that are a powerful carcinogen. In addition, analysis time of this technique was
9-11 min was much shorter than other DNA quantitation methods (30min-5h) (Projan
et at.,1983; Schmidt ef al., 1996). Using the appropriate regeneration solution, good
reproducibility was obtained. The electrode can be reused up to more than 40 times

and this helps to reduce the cost of analysis.




Chapter 9

Capacitive DNA Biosensor for Tetracyclines Detection

9.1 Introduction

The presence of pharmaceutical compounds (e. g. anti-flammafories,
lipid regulators, antibiotics etc.) in environmental samples including surface, ground
and drinking water, that may have possible adverse effects on humans and ecological
systems, has considerably increased (Santiago Valverdi et al., 2006). After they have
been administered, a considerable amount of some of these pharmaceuticals are
excreted unmetabolized and can persist in the environment. Because these
compounds are only partially eliminated in waste water treatment plants, they can be
found in their effluents (Golet et al., 2001; Stumpf et al.,, 1999; Temes et al., 2001)
and can ,therefore, reach the water (Hirsch ef al., 1998; Stumpf ef al., 1999; Winkler
etal., 2001).

Tetracyclines (TCs) constitute a group of antibiotics, their basic
structure consist of a hydronaphthacene backbone containing four fused rings (Figure
9.1) (Yang et al., 2005; Zhu et al., 2001). They are extensively used in human and
veterinary medicine to treat and prevent bacterial infection (Kim et al., 2005; Santiago
Valverdi et al., 2007; 2006; Yang et al., 2005). These compounds have been widely
used for both prevention and treatment of disease and as feed additives to promote
growth in animals (Lindsey ef al., 2001; Nozal ef al., 2004, Re\}erté et al., 2003; Zhu
et al., 2001). They have also found application in preserving harvested fruit and
vegetables, exterminating insect pest (Heméndez ef al., 2003). Their widespread use
has raised the suspicion that it might be excreted or leak into ground and surface

water.
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Compound R, R, R, Ry
Tetracycline H OH CH, H
Chlotetracycline Cl OH CH, H
Oxytetracycline H OH CH, OH
Doxycycline H H CH, OH
Demeclocycline Cl OH H H

Figure 9.1 Structure of tetracycline and its derivatives (Modified from Santiago
Valverde ef al., 2007).

Recently, concerns have been raised regarding public health issues
over the occurrence of antibiotics in the environment (Halling-Serren et al., 1998), as
well as by indications of increased bacterial resistance in waste influence from
hospitals and pharmaceutical plants (Goni-Utriza et al., 2000; Guardabasi et al,
1998). The occurrence and fate of tetracycline antibiotic in wastewater and the
possible contamination of ground water is largely unknown (Guardabasti ef al., 1998;
Halling-Serren ef al., 1998). There is thus a need for a sensitive and rapid analytical
method for quantifying tetracyclines in waste, ground and surface water.

Liquid chromatography (LC) with different detectors such as
fluorescence (Croubels ef al., 1997; Santiago Valverdi ef al., 2006; Wan ef al., 2005),
UV (Anderson et al., 2005; Cooper ef al., 1998), diode array (Ding and Mou, 2000)
and mass spectrometry (Carson ef al., 1998; Cherlet ef al,, 2003; Yang ef al., 2005,
Zhu et al., 2001) is the most widely use technique for determination of tetracyclines

(TCs) residuals. However, the large amount of volatile organic solvents used in LC
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mobile phase are still undesirable for most analyses. Column contamination is an
additional disadvantage of LC system (Nazal ef al., 2004). In recent years, capillary
clectrophoresis (CE) has gained increasing interest as a powerful tool by virtue of its
high efficiency and resolution, short analysis time and its low sample and solvent
consumption relative to LC. However, CE are not applied to determine TCs residues,
mainly due to the lack of sufficient sensitivity for practical applications and the
interference suffered from complex matrices (Oka et al, 2000). In addition, as
pharmaceuticals appear at low concentrations in environmental, enrichment steps are
needed before applying LC or CE technique. The techniques have been commonly
used for preconcentration including liquid-liquid extraction (LLE) (Haller et al,
2002), solid- phase extraction (SPE) (Golet et al., 2001; Kamel et al., 1999; Temes et
al., 2001) and solid-phase microextraction (SPME) (Moeder et al., 2000). All of these
techniques are usually accomplished by time consuming extraction steps. Cleaning
procedures often use toxic organic solvent, which are not environmentaly friendly.
Therefore, an alternative method with fewer steps and lesser impact to the
environmental is required and affinity biosensors have shown great promise for the
task of environmental monitoring and control (Wang et al., 1997).

In recent decades nucleic acid have been increasingly used as a tool in
the recognition and monitoring of many compounds of interest. Nucleic acid layers
combined with transducers produce a new kind of affinity biosensor for rapid
screening of small molecular weight molecules including targét -toxic pollutants such
as polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbon, aflatoxin, and
aromatic amines, herbicides (Chiti et al., 2001; Marazza ef al., 1999; Oliveira-Brett ef
al., 2002) or drug , i.c. antibiotic (Erdem, 2002; Nawaz et al., 2006; Oliveira-Brett ef
al., 2002; Ozsoz and Piedae et al., 2002). As described in chapter 2 (section 2.3.3.2)
these molecules can interact with the DNA double helical structure in many ways,
including electrostatic interaction with the negatively charged nucleic sugar-
phosphate structure, intercalation between adjacent base pairs and minor and major
DNA grooves binding of the side groups of the molecules via hydrogen bonds,
clectrostatic interactions, or van der Waals contacts, with edges of base pairs or
sugar-phosphate .backbone (Erdem and Ozsoi, 2002; Gherght, et al., 2004; Rauf et

al., 2005). Consequences of these binding interaction involve the conformation
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changes to both the DNA and analyte molecules to accommodate formation (Erdem
and Ozsoz, 2002).

It has been reported that tetracycline and its derivatives can act both as
surface binder and intercalator with DNA, involving the electrostatic and hydrophobic
binding force (Khan and Musarrat, 2000). To detect tetracycline, it may be possible to
apply this principle of interaction by using double stand DNA as recognition element.
It should be noted that these affinity biosensors for tetracycline detection is not
specific. However its high level of sensitivity together with a rapid analysis time
(Chitti et al., 2001) would be an advantageous if it is used to precede the currently
used chromatographic methods. When tetracyclines are detected by a biosensor
technique the result should then be confirmed with standard method, and to our
knowledge no one has applied this principle of affinity binding to detect tetracyclines
(TCs).

In this work we describe a flow-injection capacitive biosensor to be
used as a rapid screening step for the determination of tetracyclines {TCs) in water by
immobilizing double-stranded DNA on gold electrode surface via SAM of thioctic
acid. The technique was tested using tetracycline (TC, parent molecule) and its
derivative i.e., chlortetracycline (CTC) and oxytetracycline (OTC). This system was
also validated with real samples by using it to determine residue tetracylines in
wastewater treatment ponds of a hospital and compared to the results obtained from
HPLC-UV.

9.2 Materials

Double-stranded calf thymus DNA (dsDNA), N-3-(dimethylaminopro-
pyl-N-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (N-Hydroxy-
2,5-pyrrodinedione, NHS) were purchased from Sigma-Aldrich (Steinheim,
Germany). Oxytetracycline  hydrochloride, tetracycline hydrochloride and
chlortetracycline hydrochloride were purchased from Sigma (USA). Thioctic acid and
1-dodecanethiol were obtained from Aldrich (Milwaukee, USA). All other chemicals
were of analytical grade. Solutions and buffers used in the capacitive biosensor
system were prepared with deionized water, Before use, buffers were ﬁltéred through

an Albet® nylon membrane filter with pore size 0.20 pm with subsequent degassing,
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9.3 Methods
9.3.1 Immobilization of double-stranded DNA (dsDNA}

The condition used for immobilization of dsDNA to gold surface
modified with self-assembled monolayer of thioctic followed the process as described
in chapter 7. The thioctic acid on the electrode was activated in EDC:NHS solution
(EDC 1% (v/v), NHS 2.5 % (v/v) in 0.05 M phosphate buffer pH 5.00 with 0.05 M
KC1 for 5 h. After washing with 50 mM phosphate buffer (pH 7.20), 20 pl of 50 pg
mi™t ds DNA was placed on the electrode and the reaction took place at 4 °C for 24 h.
Finally, the electrode was washed with phosphate buffer and immersed for 20 minutes
in 10 mM of 1-dodecanethiol in ethanol to block any pinhole on the gold electrode
surface. As described by Huang et al. (Hvang ef al., 2000), DNA molecules are
attached on the carboxylate-terminated alkanethiol self-assembled monolayers
(SAMs) on the gold surface via the N-hydroxysuccinimide (NHS)/ N-3-
(dimethylaminopropyl-N -ethylcarbodiimide hydrochloride (EDC) cross-linking
reaction. The DNA attachment is attributed to the formation of amide bond between
the carboxylate groups and the amino groups ont DNA bases. The reaction mechanism

for DNA immobilized on self-assembled thioctic monolayer is shown in Figure 9.2.
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R

Ap————————— % DS SR
= {-dodecanethiol " =
DNA immobilized on SAM 4 DNA Immobilized on SAM

Figure 9.2 Schematic reaction mechanism for dsDNA immobilized on a self-
assembled thioctic monolayer ( Modified from Huang et al., 2000; Limbut ez al.,
2006a).

During the immobilization steps, the degree of insulation at different
layers on the electrode surface is demonstrated by cyclic voltammetry measurements
performed in a three electrode electrochemical batch cell containing 5 mM
Ks[Fe(CN)s} and 0.1 M KCl, at a scan rate of 0.1V s1, Gold electrodes, from the
preparation procedure, were used as working electrodes. Ag/AgCl was used as a
reference electrode and a platinum rod was the auxiliary electrode. The electrodes
were coupled to a potentiostat (ML 160, AD Instruments, Australia) connected to a

computer.

9.3.2 Capacitance measurements

The experiment set-up of the flow-injection based capacitive affinity biosensor
system is as described in section 7.3.2 (Figure 7.2). When the tetracyclines was
injected into the flow éell it bound to DNA causing. the total capacitance (C) at the

working clectrode/solution interface to change. The affinity binding between
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tetracycline and the immobilized dsDNA on the working electrode will result in an
increase of the thickness of the layer and this would cause Cyy to decrease (Figure
9.3). The measurement of Cy; was done every minute and the results were later plotted

" as a function of time. Figuré 9.4 shows an example of the capacitance changes (ACj,

AC;) due to the binding of tetracycline and dsDNA.

I

B

O
-
o

Cc
DNA 1 1

> 1.1, +

Ctot CSAM CDNA CTC

DNA thioctic modified
gold electrode

Figure 9.3 Schematic representation of the different layers on the electrode surface.
The total capacitance measured at the working electrode/solution interface (Cio)
comes from Csapm; the capacitance of self-assembled thioctic acid monolayer, Cpya;
the capacitance of DNA layer and Cic; the capacitance of tetracyclines analyte

interaction.
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Figure 9.4 An example of the capacitance (Cro) plots as a function of time. The
binding between tetracycline and DNA cause the capacitance to decrease (AC;) with
subsequent signal increase due to dissociation under regeneration conditions. After
regeneration of the system can be reused to detect a new injection of tetracycline

(ACy).

9.3.3 Optimization of the flow injection capacitive biosensor

The operating conditions for the capacitive biosensor and the flow
injection analysis (FIA) system were optimized. Parameters affecting the capacitive
response were studied including type, pH, concentration of regeneration solution,
type, pH, concentration of carrier buffer solution, flow rate of carrier buffer solution
and sample volume. The parameters were optimized one by one through injections of

parent compound of tetracycline (TC).
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9.3.4 Determination of the amount of tetracyclines in real sample

Wastewater samples were collected from wastewater treatment pond of
Songklanakrind Hospital, Prince of Songkla University. The samples were collected
twice times from two sampling sites, i.e., prior to the treatment ponds and after the
treatment ponds. Before testing, wastewater samples were filtered through a 0.22 pm
nylon membrane to eliminate suspended matter. To test the capacitance biosensor,
matrix effect, recovery and tetracyclines in wastewater were analyzed under optimum
conditions.

For comparison, the samples were also tested by an HPLC with UV
detector (Water, USA) at the wavelength 385 nm with ultra C18 5 pm 250 mm.x
4.6mm ID. (REstek, USA) column. The HPLC conditions were 0.8 ml min? of
mobile phase (0.1 M oxalic acid-methanol-acetronitrile (65:15:20 v/v/v) and 20 pl

sample volume (Vongsavatsot, 2008)

9.4 Results and Discussion
9.4.1 Electrochemical performance of the immobilization process

The degree of insulating was examined using cyclic voltammetry with
a permeable redox couple of as shown in Figure 9.5. The redox peaks decreased
steadily after each step of immobilization and after the last step, because the

electrode became totally insulated.
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Figure 9.5 Cyclic voltammograms of a gold electrode obtained in 5§ mM Ks[Fe(CN)¢}
containing 0.1 M KCI solution at scan rate of 0.1 V s, All potentials are given vs
Ag/AgCl, (A) clean gold, (B) thioctic acid covered gold, (C) dsDNA modified
thioctic acid couple gold, and (D) as in (C) but afler 1-dodecanethiol treatment.

9.4.2 Optimization of flow injection capacitive biosensor
9.4.2.1 Regeneration solution

Since the interaction between tetracycline and the immobilized dsDNA
via electrostatic and hydrophobic binding force (Khan et ak., 2003), tetracycline can
be removed from DNA by using regeneration solution. Four different types of
regenerating agent were compared, Z.e., glycine-HCl, HCI, NaOH and KCl. The
performance of these regeneration solution was evaluated by the percentage of
residual activity (% residual activity), as described in chapter 7 (section7.4.3.1), from
capacitive change given by consecutive binding between 100 ngl™ teracycline (with
sample volume 250 p1) and dsDNA before (AC,) and after regeneration (ACy) (Figure
9.4) by injecting 250 pl of these regeneration solutions with a flow rate 100 pl min,
As can be seen in Table 9.1, 25 NaOH gave the better percentage residual activity of

more than 90% , therefore, NaOH was further optimized to see the influence of the
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concentration. The best of residual activity (91% ) was achieved at 25 mM.

Therefore, 25 mM NaOH was chosen in the continued experiments.

Table 9.1. Assayed and optimized conditions of the type, and concentration of

regeneration solution. The efficiency of tetracycline removal from the dsDNA

immobilized on the electrode was studied by injecting 100 ng 1" of standard

tetracycline solution.

Parameter of

regeneration solution

Invetigation condition

Efficiency of DNA removal

(%average residual activity)

Regeneration

time (min)

25 mM glycine—HC], 78+ 2 13-16
pH 2.5
Type
HCIpH 2.5 7944 12-14
25 mM NaOH 921 14-17
25 mM KCl 58+2 35-40
10 mM 71+8 12-14
20 mM 86+6 13-14
Concentration of NaOH | 25 mM 91+3 14-17
30 mM 85+2 14-18
40 mM 74+1 15-19
50 mM 58+3 15-21
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9.4.2.2 Buffer solution
9.4.2.2.1 Type

The influence of the type of buffer used in the flow injection capacitive
biosensor system was investigated. Initially, three widely used biochemistry buffer
were tested as carrier and sample buffers 10 mM of Tris-HCl buffer, sodium
phosphate buffer (SPB) and potassium phosphate buffer (PPB) pH 7.2. The
experiment was performed by injecting standard tetracycline (TC) between 1 ng to
1000 ng 1!, There is no difference in sensitivity (slope of calibration curve) between
Tris-HCI, sodium phosphate and potassium phosphate (Figure 9.6). However, when
comparing the signals at the same concentration of tetracycline, Tris-HCI gave the
higher response and more steady baseline. Therefore, Tris-HCI was chosen to use for

further experiment.
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Figure 9.6 Response of the flow injection capacitive biosensor system from different

buffer solutions.
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9.4.2.2.2 pH

\ The influence of pH between 7.00-7.80 of 10 mM Tris-HCl during the
binding reaction between tetracycline and DNA was studied for the same
concentration of tetracycline (100 ng I'Y. Figure 9.7 shows that the maximal
capacitance change was found at pH 7.2. Since the binding involves the intercalation
of tefracyclines between two adjacent bases of DNA (Khan and Musarrat, 2000) and
normally the DNA intercalation, which is hydrophobic, prefers the intercalating
between molecules with zero charge and it is found that at pH below 7.6, tetracycline
shows no net charge (Andersen et al., 2005). Therefore, it is easier for tetracycline to
intercalate into the DNA double helix at pH below 7.6, and 7.2 is found to be

maximal.
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Figure 9.7 Effect of the pH of Tris-HCI buffer solution on response to 100 ng 1t

tetracycline

9.4.2.2.3 Concentration

The responses of dsDNA modified electrode to 100 ng 17 of
tetracycline were then tested with different concentrations of Tris-HCI buffer pH 7.2
between 5 and 40 mM. The highest change in the caﬁacitive signal was found to bé at

10 mM so this concentration was selected for further experiments.
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Figure 9.8 Response of the capacitive biosensor system to 100 ng I at different

concentrations of Tris-HCI buffer pH 7.2

9.4.2.3 Flow rate

In a flow injection capacitive biosensor system, the flow rate of buffer
passing through the capacitive flow cell is the main factor affecting the yield of
interaction between tetracycline and immobilized dsDNA on the electrode surface. So
optimization of the flow rate is necessary. The experiment was investigated by
injecting 250 pul of 100 ng 1of tetracycline solution at different flow rates (25-200 pl
min”). The capacitance change decreased as the flow rate increased due fo the
reduction of binding interaction time. However, the analysis time also increased in a
proportional fashion. The flow rate of 25 pl min™ gave the highest response (Figure
9.9), however, nearly the same response was also obtained at 50 ul min” but the

analysis time was shorter so, 50 pl min™ was chosen.
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Figure 9.9 Response of the flow injection capacitive biosensor at different flow rate

9.4.2.4 Sample volume

The effect of sample volume was investigated by injecting 50-400 pl
of 100 ng I"'. The change in capacitance signal increased with volume until 250 pl
(Figure 9.10) after which the capacitance change reached a maximum plateau. So 250
ul was chosen becaused it has the lower analysis time than 300 and 400 pl.

The optimum conditions of the flow injection system are summarized

in Table 9.2
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Table 9.2, Assayed parameters and optimized values of the capacitive system.

Cai)acitive change is from the injection of 100 ng 1! of tetracycline.

Capacitive change Analysis time
Parameter Investigated values 5 ] Optimum
(-nF cm™) {minute)

7.60 35%1 15

pHof 10 mM 720 40+ 1 15 72
Tris-HCI 7.40 31£2 15
7.60 30+2 15
7.80 201 15
5 40+ 1 11
Concentration of Tris- 10 4412 12

HCl buffer pH 7.2 15 41 x1 12 0
(mM) 20 38+t 14
25 3412 15
30 26+2 16
40 1742 16
25 4443 18

Flow rate (ul min™") 50 44+£1 16 50
160 38+2 15
150 27+1 13
200 1943 11
50 12+1 10
100 16 +1 2
150 2242 12

Sample volume (ul) 175 331 13 250
200 4242 14
250 46+2 15
300 48 + 1 17
400 50+1 18
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9.4.3 Reproducibility

The reproducibility of dsSDNA modified electrode was evaluated by
monitoring the capacitance change (-nF cm'z) at the same concenfration of standard
tetracycline (100 ng Y. After each analysis, 250 il of 25 mM NaOH was injécted to
break the binding between tetracycline and dsDNA. The percentage of residual
activity of dsDNA modified clectrode versus the number of injections is shown in
Figure 9.11. The result showed that dSsDNA immobilized electrode provided 96 + 4%
of its original response during 54 injections. The residual activity decreased rapidly
after this point. The reduction of the activity may be caused either by the loss of DNA
activity or loss SAM layer afler prolonged use. The latter hypothesis was tested by
using voltammetry. The voltammogram electrode after 63 analysis cycles showed no
redox peaks (Figure 9.12). These indicated that the SAM layerwas still intact on the
electrode. Therefore, the decrease of residual activity was likely due to the loss of

DNA and/or its binding activity.

120
’0
5 ' .
100 Joereosrariia M"" T ’ n: .lll adan *
8 e T L
o *9
— L 2
§ 80 A y=-0,071x +98.5 . .0
8 « *
[
Q60 -
M
Q
% 40
8
et
[1}]
o
o 20 1
o.
10 20 30 40 50 60

Injection time

Figure 9.11 Reproducibility of the response from dsDNA modified electrode to
injection of 250 pl standard tetracycline (100 ng I'"y with regeneration steps between

each individual assay
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Fugure 9.12 Cyclic voltammogram of modified gold electrode obtained in 0.05 M
(Ks[Fe(CN)4] solution, (a) is the response when on the electrode surface was blocked

by 1-dodecane thiol before used and (b) after used for 63 times

9.4.4 Response for dsDNA with Tetracycline(TCs)

The response of the immobilized dsDNA to three different compounds
of the most commonly used tefracycline(s) were studied, ie., the parent compound
(Tetracycline, TC), chlortetracycline (CTC) and oxytetracycline (OTC). Figure 9.13
shows their structure when compared with tetracycline (TC), the carbon atom of
chlortetatracycline (CTC) and oxytetracycline were substituted with Cl and OH at

carbon atom at position 7 and 5, respectively.
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Figure 9.13 Structure of Tetracycline , Chlortetracycline and Oxytetracycline

Calibration curves of the three compounds under optimum conditions
(Table 9.1 and 9.2) are shown in Figure 9.14. The plot between the capacitance
change and the concentration of tetracycline show the linear dynamic range from 10
to 10° pgl® for tetracycline and chlortetracycline and 103 10° pg 1 ' for
oxytetracycline. From the results, the detection limit for tetracycline, chlortetracycline

were found to be 107 pgl'I and 0.5x10™ for oxytetracycline.
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Figure 9.14 Calibration curves of tetracycline, chlortetracycline and oxytetracycline

at optimum conditions.

From the result, the response from oxytetracycline was lower than tetracycline
and chlotetracycline. This can be explained by the effect of their structure on the
intercalative binding into the DNA double helix. Since oxyteracycline has a hydroxyl
group (-OH) at C5 in place of H in the tetracycline molecule (Figure 9.13). This can
cause a steric effect between DNA and oxytetracycline molecule making it more
difficult to intercalate into DNA than chlortetracycline that has Cl substitution at C7
(Figure 9.13). When comparing the response between chlortetracycline and
tetracycline, chlortetracycline gave slightly higher response. It is possible that the
substitute Cl of chlortetracycline may participate in the binding on the surface of

DNA (Khan and Musarrat, 2000).

9.4.5 Mixture of different tetracyclines

In real sample there would be a mixture of different compounds of
tetracycline and these were tested. The measurement of each compound  was first
determined, then combination of two compounds at different concentration and finally

the combination of three. Figure 9.15 shows that responses obtained from the




158

mixture were not equal to the sum of individual of each compound. This is because
the interaction between the three compounds of tetracycline might be competitively
binding with DNA.
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Figure 9.15 Effect of tetracycline (TC), chlortetracycline (CTC) , oxytetracycline
(OTC) and their mixture on binding with dsDNA

From these results if the type of tetracycline is not known, this
biosensor systems can be used for screening. Since tetracycline has many compoumd
and bind to DNA with different degree, parent compound of tetracycline (TC) was

suitablie to use as representative for tetracycline screening.

9.4.6 Determination of tetracyclines in wastewater

To test the capacitive biosensor system tetracyclines residues in
wastewater were determined. Tetracycline was chosen because it is the parent
compound and also gave the highest response (Figure 9.14). Wastewater samples
were collected from water freatment pond of Prince of Songklanakarind Hospital,

Prince of Songkla University. The samples were collected from two sampling sites
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i.e, treatment and after treatment. To study the influence of matrix effect on the
capacitive biosensor response, wastewater fiom two sampling sites were spiked with
standard tetracycline from 0.2 pgl'1 to 0.8 pgl’, these were used to perform a “spiked
curve”. A calibration curve was also perfonﬁed using “standard curve” at the same
concentrations. The assay for each concentration was carried out in triplicate and the
average sensor response and standard deviation were calculated.

The slope of standard curve and the spike sample curve were compared
by two-way ANOVA fest (analysis of variance) calculated by R software (R
Development Core Team. 2006) to test whether they differ significantly. If no
difference was found, it indicated that the matrix has no effect on the response of the
sensor (IUPAC Technical Report, 2002). Figure 9.16 indicated that there was the

matrix effect in both wastewaters (untreated and treated waste water).

100
B Spiked curve (untreated wastewater)

—_ y= (55:3)x+ (4115)
o“E 80 - A Spiked curve (treated wastewater)

5]

= ’ Standard curve

2 60 - y= (4043)x+ (3914)
&

Koy

[3]

3 _

e 407 y= (16.0£0.8)x+ (40+3)
£

]

S 20 -

(3]

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 !

Concentration of tetracycline (pg )

Figure 9.16 Standard calibration curve and spiked curve of untreated and treated

wastewater
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One way of reducing the matrix effect is by dilution. Wastewater
samples were diluted 100 and 1,000 times dilution were tested and found that there
was no significantly difference between the slopes of the spiked diluted sample and
standard curve when the wastewaters were diluted 1,000 times as shown in 'Figure

9.17. That is the matrix effect can be eliminated by dilution.

W
4,1

y = (17.8£0.8)x + {15.3£0.3)
y = (17.32£0.7)x + {15.5£0.2)

IR Spiked curve (untreat wastewater)

(93]
L]
)

A Spiked curve (treat wastewater)

’ Standard curve

N
[4)]
1

y = (16.720.7)x + (14.5% 0.1)

o)
o
1

Capacitance change (-nF crr'|2)
o

T T L L] L] ] 13 L3

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Concentration of tetracycline (ngl)

Figure 9.17 Standard calibration curve and spiked curve of untreated and treated

wastewater after 1,000 times dilution

The recovery of tetracycline was tested by spiking all wastewater
sample with tetracycline at 0.2 pgl’ to 0.8 pgl. The spiked samples were then
diluted 1,000 times with Tris-HCI buffer pH 7.20 to reduce the matrix effect. The
response obtained from spiked wastewater were used to calculate the concentration
from the calibration curve. Recovery percentage was evaluated as described in chapter

7 (section 7.4.7.1) and the obtained recoveries are summarized in Table 9.3.




Table 9.3 Recovery tetracycline from spiked wastewater (n=3)
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1* sampling 2™ sampling
Spiked concentration Untreaf wastewater Treated wastewater | Untreat wastewater Treated wastewater
(ng 1) Recovery R.S.D. (%) |Recovery RSD.(%) [Recovery R.SD.(%) [Recovery R.S.D. (%)
(%) (%) (%) (%)
0.2 95 £ 10 ik 848 10 7215 7 102 6 6
04 765 6 84 x7 7 71210 9 95+ 3 3
0.6 a x4 4 96+3 3 93 2t 1 80+3 3
038 97 £ 1 1 90+3 3 97+ 3 3 94 12 2

The

percentage of recovery and relative standard deviation of

tetracycline spiked in all wastewater samples are acceptable for this concentration

range (Taverniers et al., 2004) (in the pgl? level is 40-120 % and R.S.D. is 30-

45.3%).

The concentrations of tetracycline in wastewater samples were

detected as shown in table 9.4

Table 9.4 Concentration Tetracycline obtained by capacitive biosensor

) Detected concentration of tetracycline (ngi™)
Sampling .
’ Untreated wastewater Treated wastewater
ime
pond pond
it 9643 6342
2 102+ 5 68+3

9.4.7 Comparison between capacitive and HPLC

Tetracycline in the same wastewater samples was analyzed using

HPLC with UV detector at 365 nm, Since in HPLC techniques the mixture of three

compounds can be separated and showed the chromatogram peak of OTC, TC and

CTC at different retention times (Figure 9.18). So the measurement of tetracylines

with HPLC was done by mixing the OTC, TC and CTC and injected into the system.
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Figure 9.18 Chromatogram of OTC, TC and CTC

Preliminary study with HPLC indicated that it could determine OTC,
TC and CTC in the range of 0.2 to 0.8 mg I'!. The measurement of tetracycline with
HPLC was carried out by standard addition method. Wastewaters spiked with the
mixed standard solution of OTC, TC and CTC at 0.2, 04, 0.6 and 0.8 mgl'1 were
injected into the HPLC. Standard addition calibration was prepared by plotting the
peak area of OTC, TC and CTC versus corresponding spiked concentration. Its
regression line was calculated in the normal way, but space was provided to
extrapolated to the point on the x-axis at which y=0. The negative intercept on the x-
axis corresponded to the concentration of analyte in sample.

Figure 9.19 shows an example of the standard addition calibration

curve of tetracycline (TC) from in untreated wastewater of 1* sampling.
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Figure 9.19 Standard addition calibration of tetracycline in untreated wastewater

sample.

Table 9.5 shows concentration of OTC, TC and CTC in wastewater analyzed

by standard addition method

Sampling

time

15!
zl'ld

Detected concentration of tetracyclines (ngl™) £SD

Untreated wastewater pond

Treated waste water pond

oTC TC CTC | Total | OTC TC CTC Total
13.6+£0.5 | 159+ 04 | ND |29.5406| ND | 11.4+£02| ND | 11.4+02
14.5:04 | 16.5£0.6 | ND | 31.0+0.7{ ND |10.3+04| ND | 10.3x04

ND= Not detecable.
Total= OTC+TCHCTC

The results from biosensor (Table 9.4) and HIPLC (Table 9.5) for

analyzing residue tetracycline before and after treatment show the same trend ie,
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residue tetracyclines were found in the unireated wastewater pond more than the
treated one. When comparing the results from the biosensor and HPLC, the total
amount of residues tetracycline determined by HPLC method are lower than to those
obtain from the biosensor system. It is lokely that the immobilized DNA in the
biosensor not only bind with tetracyclines but also other DNA binding compounds.
These maybe other compounds of tetracycline family, e.g. doxycline, demeclocycline,
or other drug contaminant in wastewater sample such as mitomyein, mitoxantrone,
antamycin, or toxic compound in wastewater such as polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbon, aflatoxin, and aromatic amines, herbicides.

Although this biosensor system is not able to distinguish specific
compounds in wastewater but it could be convenient to use as monitoring or screening
tool for tetracycline compounds. The major advantage of biosensor screening that it
allows the analysis of a large number of samples and only the positive ones need to be

further tested by conventional methods such as chromatography method.

9.5 Conclusions

The developed capacitive DNA biosensor can be used to detect
tetracycline in wastewater sample with good sensitivity and low detection limit. In
addition, using the appropriate regeneration sofution, good reproducibility was
obtained, The electrode can be reused up to at least 54 times and this helps to reduce
the cost of analysis. The result obtained by these capacitive biosensor provide a good
recoveries. The presence of tetracyclines (I'Cs) in wastewater sample could be
detected by both biosensor and HPLC. The advantages of these system are easy to
operation, and that sample can be tested without any preconcentration. Otherwise it
can be readily applied for screening tetracycline or other drugs residual prior to the

currently used chromatographic method.




Chapter 10

Conclusions

In this thesis, development and evaluation of the performance of
electrochemical affinity biosensors has been investigated. The binding of target
analyte with immobilized bicaffinity molecules are based on indirect (labeled) or
direct (label-free) assay and detected with electrochemical transducers.

The investigation of indirect electrochemical detection of bioaffitity
reaction is based on potentiometry with ion-selective microelectrode. The detection
relies on sandwich assay where target analyte was bound to immobilized bioaffinity
molecules on the gold substrate and secondary bioaffinity molecule conjugated with
CdS quantum dot label was further added. CdS was later dissolved with HyO, yielding
a diluted electrolyte background suitable for potentiometric detection of released o
with polymeric membrane Cd**-selective microelectrode. This was performed in a
200 pl of solution with 10" M CaCl, as background using a Ca-ion selective
microelectrode as reference electrode. Two affinity binding pairs, thrombin aptamer-
thrombin and DNA-DNA (DNA hybridization), were investigated as described in
chapters 5 and 6, respectively. This is the first time for both of these affinity pairs that
they are detected with potentiometric ion selective electrode.

For thrombin aptamer-thrombin binding, ion selective microelectrode
is clearly suitable for the measurement. It gave the linearity range in the range of 10-
250 ppb with a limit of detection at 5 ppb, this corresponding to 28 fmol in 200 pl
or 0.14 nM. Table 10.1 shows the comparison between analytical assay of
potentiometry with ion selective electrode and other biosensors for aptamer-thrombin
binding detection. The performances of this system are much better than most study.
The only exception being the lower detection limit obtained by Hansen et al. (20006).
Since the detection was performed by anodic stripping voltammetry (ASV), i.e., it has
a step where the analyte was preconcentrated onto the electrode prior to measurement
that allows the t(_achnique to achieve ultra-low detection limit. However, the detection

required more steps than direct potentiometry with ion-selective “electrode.
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For of DNA hybridization detection, this ion selective can detect the
target DNA with high selectivity. It can effectively discriminate against a 2-base
mismatched DNA. This technique also showed a very wide linear dynamic range of
0.01-500 nM with the. limit of detection at 10 pM or 37 pg or 2 tinol in 200 pl. Table
10.2 compares the performance of potentiometry with ion selective electrode
developed in this work and other biosensors for DNA hybridization detection. It can
be seen that this system can provide comparable or better performance than the
existing systems.

The results form Table 10.1 and 10.2 indicate that potentiometer ion
selective electrode can be applied for indirect detection of target DNA and protein.
This technique shows extremely high sensitivity, low detection limit when compared
to other biosensors for DNA and protein detection. It is expected that various
biomolecular interaction can be monitored with similar assay based different

nanoparticles and corresponding ISEs,
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For label-free affinity biosensor, the detection was performed by
capacitive transducer. This affinity biosensor is based on-the immobilization of
bioaffinity molecule via a self-assembled monolayer (SAM) of thioctic acid on working
gold electrode (WE). Binding of target analyte with immobilized bioaffinity molecule on
the electrode cause the capacitance to decrease. The capacitance due to the direct affinity
reaction could then be determined using a potential step method coupled to flow injection
system. Three affinity binding pairs, histone-DNA, /ac repressor protein-plasmid DNA
and DNA-tetracyclines (TCs) were investigated as described in chapters 7, 8 and 9,
respectively.

For the first capacitive direct affinity biosensor, DNA was detected by the
immobilized histone on the electrode surface. Histones from calf thymus and shrimp
were immobilized on gold electrodes covered with self-assembled monolayer (SAM) of
thioctic acid. Each of these histones were used to detect DNA from calf thymus, shrimp
and E. coli. The studies indicated that histones can bind better with DNA from the same
source and give higher sensitivity than the binding with DNA from different sources.
Under optimum conditions, both histones from calf thymus and shrimp provided the
same lower detection limit of 107 ngl” for DNA from different sources i.e., calf thymus,
shrimp and E.coli. For the affinity reaction between calf thymus histone and DNA two
linear ranges, 10 to 10 ng 1" and 10" to 107 ng I', were obtained (Table 10.3). The
immobilized histones were stable and after regeneration good reproducibility of the
signal could be obtained up to 43 times with a %RSD of 3.1. When applied to analyze
residual DNA in crude protein extracted from white shrimp good recoveries were
obtained between 80-116 %.

Further application of capacitive transducer is plasmid DNA detection
with immobilized lac repressor protein. Under optimum conditions, a study of the
influence of different isoforms of plasmid DNA was detected by injecting supercoiled
plasmid DNA (sc pDNA) and open circular (relaxed form) plasmid DNA (oc pDNA) into

the capacitive biosensor system. The observed capacitance signal from open circular or
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relaxed form was similar to that of supercoiled plasmid DNA. The linear ranges were the
same for both isoforms, from 0.0001 to 0.1 ng mI™ and 1 to 1,000 ng ml?, with lower
detection limits of 0.002 pg ml" and 0.03 pg ml” for open circular and supercoiled
plasmid DNA, respectively (Table 10.3). The immobilized /ac repressor protein on self-
assembled monolayer (SAM) gold electrode was stable and could be reused up to more
than 40 times with RSD lower than 4.0 %.

A major advantage of capacitive for detection of DNA and/or plasmid
DNA over conventional method i.e., gel electrophoresis or spectrophotometric technique,
is that it can determine DNA without using any dye staining such as ethidium bromide
(Eby) or other fluorescence stains that are a powerful carcinogen. In addition, analysis
time of capacitive biosensor system was much shorter than other DNA quantitation
methods (30min-5h) (Projan ef af.,1983; Schmidt ef al., 1996).

In addition, this technique was also applied for screening detection of
tefracycline by immobilized double-stranded DNA on gold electrode surface. Under
optimum conditions, influence of three different compounds of tetracycline(s), ie.,
tetracycline (TC), chlortetracycline (CTC) and oxytetracycline (OTC), to immobilized
dsDNA was studied. It showed a lincar dynamic range of 10*-10? pgl™? for tetracycline
and chlortetracycline, and 103 10° ug 1! for oxytetracycline, The detection limit was
10° pgl™ for tetracycline and chlortetracycline, and 0.5x 107 for oxytetracycline (Table
10.3). The immobilized DNA was stable and after regeneration good reproducibility of
signal could be obtained up to 54 times with % RSD < 4. When applied to analyze
residual tetracycline in wastewater from hospital recoveries were obtained between 71-
102%. The presence of tetracyclines (TCs) in wastewater sample could be detected by
both biosensor and HPLC. The advantages of these system are easy to operate, sample
can be tested without any preconcentration. It can be readily applied for screening

tetracycline or other drugs residual prior to the currently used chromatographic method.
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Table 10.3 summarized the performance of all flow injection capacitive
biosensor, The results show that the flow injection capacitive affinity biosensor system
can be applied for direct detection of several target analytes. This technique is highly
sensitive and required short analysis time. The detection limit of the system is very low,
making this techniques a good é.ltemative approach to detect trace amount of affinity
binding analytes. It is expected that this technique can definitely be applied to other
affinity binding pairs.
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In this thesis the results indicate that both indirect detection with
potentiometric ion selective electrode and direct detection with capacitive transducer
can provide good performances, i.e, high sensitivity, selectivity, accuracy and
precision and short time analysis. ‘ |

For potentiometric ion selective electrode, although it needs label
molecules which requires additional steps in the detection process, the sensitivity and
limit of detection for aptamer-thrombin and DNA hybridization demonstrated in our
work were much improved (Tables 10.1 and 10.2). That is, for the detection of trace
amount of affinity binding analyte, indirect potentiometric with ion selective electrode
can be employed.

In case of capacitive transducer the binding of analyte with
immobilized bioaffinity molecules is detected directly and can provide very low
detection limit in the range of ng 1" to pg 1. The advantages of capacitive transducer
is that the analysis step is simple (does not require label molecules), fast,
incomplicated and possible for real-time measurement. It can be an alternative
approach for direct detection of trace amount of analyte which can be applied for

many areas including diagnosis, food processing and environmental monitoring.
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Ve here report on the first example of an aptamer-based
potentlometric sandwich assay of proteins, The measure-
ments are based on CdS guantum dot labels of the
secondary aptamer, which were determined with a novel
solid-contact Cd2+-selective polymer membrane electrode
after dissofution with hydrogen peroxide, The electrode
exhibited cadminm fon detection limits of 100 pMin 100
mL samples and of 1 aM in 200 yL microwells, using a
calctum-selective electrotle as a psesdoreference elec-
trode, As & prototype example, thrombin was measured

in 200 gl samples with a lower detection limit of 0.14

oM corresponding fo 28 fnol of analyte. The resulis show
great promise for the potentiometric determination of
proteins at very low concentrations in microliter samples.

Aptamers are nucleic acid ligands that have been designed
through an ir vitre selection process called SELEX (systemalic
evolution of ligands by exponential enrichment).! Such aptamers
frold great promise as affinily ligands for the biosensing of disease-
related protcins and for developing proteinsensing arrays?-?
Owing to their relative ease of {solation and medification, good
stability, and wide applicability, they appear fo be excellent
alternatives to antibodies.®® The attractive biosensing properties
of aptamer recognition elements have been illustrated in connec-
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fion with a coforimetric methed, but the lower detection limit was
only in the micromolar range.*! Another detection schieme has
been based on changes in fluorescence properties upoa binding
ihe Mluorophore-labeled aplamer to the target."* "1 However, this
{luprescence response is ustally weak, and owling to the difficult
design of signating aptamers, the methed is not easy to generalize.
Lower detection limits in the 10 oM range have been obtained
with piezoelectric analyzers ¥

In recent years, different electrochemical strategies have been
developed for menitoring the interaction between aptamer and
target analytes. The electrochemical methods are, in general,
superior fo the optical oncs because of rapid response, simple
handling, and tow cost.)*? Elecivochemical aptamier biosensors
are based, among others, on a bindinginduced labeliree
defection? 55 on enzymes, % or on nanoparticle labels.? Excel-
Tent values in the femtomolar range have been achieved with
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Scheme 1, Representation of the Analylleal Protocoj?

Thrombin

€h

15E
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D

a (A} Formation of a mbted monolayer of ihiolated aplamer on gold substrate; (B) thrombin addition and binding with aptamer; {C)
secondary binding with CdS-labeled aptamer; (D} dissolution of CdS abet followed by defection using & solidcontacl Cd2-selective

microelectrode.

surface (10 fM)*S and, very recently, by electrogenerated chemi-
luminescence via target proteininduced strand displacement (1
M).2 Recently, the nanomaterialbased electrochemical detection
of proteins has received considerable aftention. The methods
include the use of gold nanoparticles®™t or semiconducior
nanocrystal tracers™® Usually, delection is made by anodic
stripping voltammelry (ASY), which due te ils intrinsic precon-
centration step allows one fo achieve ultralow detection timits2

Potentiometry with ionscleclive electrodes (ISEs) represents
an atfractive teol for trace metal analysis in confined samples.
Sirce, with this methed, the divect relationship between analyte
activity and observed potential is independent of the sample
volume, no deterioration of the signal or lower deteciion limit is
expected upon reducing the volume, This is rather unique and
establishes potenfiometry as a preferred methed when dealing
with miniaturized analytical microsystems 3%

Recent improvements in the detection linsits of ISEs based on
polymeric membranes confalning selective receptors (ionophores)
have yielded sensors for the direct measurement in the subna-
nomotar concentration range® It is now possibiz to use miniatur-
ized ISEs for detecting subfemtomole amounts of iens in mice
volume samples ™34

Recently, we have demonstrated that such potentiometric
microsensors are very attraciive for ulirasensilive immunoassays
in connection with nanoparticle amplification 1abels® By reducing
the sample volume and using quantum dot fags, the fower

{29) Wang, X.; Phou, §; Yun, W; Xk, §; Chang, Z; He, P, Facg, Y. Aol CRim.
Acta 2007, 593, 242248,

(30} Deire, M Degrand, ©,; Limoges, B, Axgl. Chens. 2000, 72, 55215528

(31) Das, I; Aziz, ML A; Yang, H. | £m. Chemn, Soe. 20086, 128, 1600216023,

(37} Liu, G; Wang, J; Kim, §; fan, M. R Axal. Chewr. 2004, 76, 7126-7(30

(33 Chot, ). Ho; Chen, K. H.; Strano, M. 8. [ Am. CResn. Soc 2008, 128, 15584~
15585,

(39) Wang, 1. Soipping Analsis; YCH: New York, 1985

{35) Rubinova, N.; Chumbimud Torres, I ; Bakker, E. Sens. Actwators, B 2007,
12£, 135141,

{36y Malon, A; Vigassy, T.; Bakker, E; Preiech, E. /. Am. Chom See. 2006,
128, 81548155,

{37} Ceresa, A; Radu, A ; Bakker, A; Pretsch, E. Awal. Chem, 2002, 74, 4027—
£036.

(3% ChumbinwniTorres, K. Y. Dai, Z; Rubinova, Ni; Xiang, Y Proisch, E;
Wang, J; Bakker, E. J. Am. Chom. Soe. 20006, 128, 1367513677,
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detection limit has been improved fo <10 ppb.® Here, for the first
time, we demonstrate the use of a potentiometric microsensor
for monitoring biomokecular interactions of an aplamer coupled
to nanocrystal tags. As Mlustrated in Scheme 1, the target protein
is captured by the thiolaled aptamer anchored on the surface of
a gold substrate, Then, a secondary aptamer with €dS nanoparticle
fabels is added, upen whick CdS is dissolved with H;04, yielding
a dilufe eledrolyte background suitable for the potentiomelric
detection of the released Cd®t with a polymer membrane Cd?*-
selective microelecirode.

In this work, we use an aptamer koown to bind the blood-
clofting protein thrombin as a model system.® Thrombin, the Iast
enzyme protease involved in the coagulation cascade, converts
fibrinogen to insoluble fibrin, which forms the fibsin gel either in
physiological condifions er a palhological thrembus. The concen-
tration of thrombin in blood can vary considerably. However, since
a trace Jevel of thrombin (high picomolar range} in blood has been
found to be associated with coagulation abnormalities ! it is

_important to assess this protein with high sensitivity.

EXPERIMENTAL SECTION

Reagents. Thrombin from human plasma, TRIS'HC, 6-mer-
capto-1-hexanol, tris{carboxethyl) phosphine (ICEP), potassium
dihydrogenphosphate, and dipotassium hydrogen phosphate were
purchased from Sigma (5t Louis, MO). The nucleic acid aplamers
were obtalned from Integrated DNA Techinologies Inc. (Coralville,
IA). The icliowing ofigonucleotide sequences were used: aptamer
1 (primary aptamer), SSHS-TTI'TTET TTTTGG TIG 6TG TGG
TTG G-%'; aptamer 2 (secondary aplamer}, 5*HS-TIT TTT AGT
CCG TGG TAG GGC AGG TT'G GGG TGA CT-3.

Chemicals for the synthesis of CdS quantum dots, sodium bis-
{Zethylhoxyl) sulfosuccinate (A0T), CA(NOgs, NasS, cystamine,
sodivm Zmercaptoethane sulfonate, and the solvents were ob-
tained from Sigma The ionophores, NN N-fetradodecyl-3,6-
dioxacctanedithioamide (ETH 5438), N MN-dicyclohexyl-N' N

39) Thiirer, R; Vigassy, T.; Hirayamia, M.; Wang. J; Bakker, E; Pretsch, E.
Anal. Chean. 2007, 72, SIDF-5110.

(40) Bock, L. C.; Griffin, L. €} Latham, L. A; Vernas, E. H.; Toolk, J. I. Nahoe
1992, 355, 561556,

€413 Bichler, L; Heit, I; Dwen, W, G, Thromb, Res. 1096, 84, 259293,




diectadecyl-3-oxapentanediamide (ETH 5234}, thelipophilic cation
exchanger, sodium fetrakis]3,5-bis triflucromethylyphenylfborate
(N<TFPB), the lipophilic salf, tetradodecylammontum tetrakis{4-
chiorophenyDborate (ETH 500), 2-nitrophenyl octyl elher {o-
NPOE}, poly(vinyl chloride) (FVC), and tetrahydrofuran {THIF)
were purchased in Selectophore or puriss. p. a. grade from Fluka
{Buchs, Switzedand}, The solvent CHzCh and HsOp were obtained
from Fisher (Pitisburgh, PA). Poly (3-octylthiophene) (POT) was
synthesized as reported® and purified according o the patent
application.® The methy! methacrylate—decyl methaaylate (MMA—
DMA} copolymer matrix was oblained as described previously.t
All stock and buffer solutions were prepared using doubly
deionized water (182 MQ cm).

Preparation of Oligonucleotide Aptamer on Gold Surface.
The iinmobilization of oligonucieotides was based on a previously
reported prolocol® Thiolated aptaniers were received with dis-
ulfide protecting groups.

Cleavage of Dithiel Profecting Group. ‘The disulfide-protected
nucleolides (100 #M, 10 41) were dituted with autoclave water to
100 gL and treated with TCEP (1 mg) for 30 min, followed by
purification using a MicroSpin G-25 column obtained from Am-
ersham Biosciences (Buckinghamshire, UK).

Gold Subsirates, The gold substrates were oblained from
Denton Vacuum LLC (Moorestown, NJ), machine cut (Advotech
Company Inc,, Tempe, A7) to identical pieces (6 x 3 % 0.2 mm?),
assuming a uniform thickness.

Preparation of Mixed Monolayers. Gold substrates were cleaned
in Piranha solution and rinsed with water prior to use. (Sufety
note: the Piranha solulion should be handled with exireme
caution.) The ofigonuclestide monolayer was generated by treating
the gold substrates with a 1 M thiolated oligenucleotide aptamer
solution (100 pI) in & potassium phosphate buffer (1 M, pH 3.0}
overnight, followed by removal of the solution. The surface of the
gold substrates was then blocked by a 10 min treatment with
Smercapto-Lhexanol (0.1 M, 100 #L}, followed by washing with
water.

Preparation of CdS Quantuin Dot Nanocrystals, The
quantusn dot nanoparticles were prepared using a slighlly modified
procedure reported previously. & Fivst, AOT (14.0 g) was dissolved
in a mixture of shexane (200 mL) and water (4 mL}. The resulting
solution was separaled into two subvolumes of 120 and 80 ml. A
0.48 mL aliquot of 2 1 M Cd(NO3)2 solution was added to the 120
il subvolume, whereas 0.32 ml,of a 1 M Na,S soltion was added
to the 80 mL subvolume. The two solutions were stirred for 1 b,
then mixed and stired for an additional howr under Np. The
quantum dofs were capped by adding cystamine (0.34 ml, 0.32
M) and sodivin 2-mercaptoethane sulfonate {0.66 ml, 0.32 M)
and mixing under Nj for 24 h. Evaperation of hexane in vacuo
yiclded the CdS quantum dot nanociystals, which were washed
with pyridine, hexane, and methanok

Preparation of {dS Quantum Dot—Oligonuclestide Aptam-
er Conjugades, The CdS—oligonucleofide conjugate was prepared

{42) Jarvinen, H.; Lahtinen, L.; Nisman, J; Homad, O.; Tammi, A-L Sk Mef,
1005, 63, 299200,

{43) Xiso, &; Qin, C: Qiy, €. X, U.S. Patent Application 20040254338, Z004.

A4y i, Yoy Peper, §; Bakker, E. Eledtmauslysis 2002, 14, 13751384,

{45) Witlner, | Petohsky, P Wasserman, § Anges. Chen Int, E4 2001, 40,
1861—-165¢8
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by using a modified protocol published eartier®# First, CdS
quantum dot suspension (0.2 mg mE-1, 500 #L} was exposed fo
750 nM of the fhislated oligonucleotide secondary aplamer
{aptamer 2). The mixture was stirred overnight at room temper-
ature, The quantum dot-—-aptamer conjugate was collected by
centrifugation at 10 000 rpm for 45 min, removal of supernatant,
and resuspension in binding buffer (50 mM TRIS-HCI, 100 mM
Na(l, 5 mM KCl, and 1 mM MgCly; pH 7.4)

Sandwich Aptamer—Protein Assay. The aptameemeodified
gold subsirates were incubated for 1 h with the desired amount
of thrombin in binding buffer (100 L) followed by washing with
washing buffer (50 mM TRIS/HCI, 0.1% Tween 20; pH 7.4). Then,
the gold subsirates were incubated with quantum dot—vligonucle-
otide secondary aptsmier for 1 h at room temperature. The
supernatant was removed, the gold substrales were washed twice
with washing buffer (each 100 pl), and banslerred to mew
microwells, where they were washed four imes again with the
washing bufler {each 100 uI) and twice with water,

Dissolution and Detection. Hydrogen peroxide was used for
the dissolulion step since it was observed that it can efficiently
oxidize the CdS quantum dots after carefully optimizing concen-
tration and reaction time.® Prelintinary experiments of dissolving
€4S quantum dots with 0.01 M Hz0; and potentiometric defection
of the released Cd** showed that it was fully oxidized after 15
min. In the final assay, disselution of CdS was canried out by the
addition of 0.01 M Ha0y in 1074 M CaCl; {100 4I) for L h to ensure
complete oxidation. The detection was performed in polystyrene
microtiter plates {Corning Inc., NY). Prior o the measurements,
each microwell was pretreated with 10% HNO; overnight and then
washed at east five times with deionized water and left to dry.

Ion-Setective Electrode Membranes. The Cd ISE mem-
brane was prepared by dissolving 60 mg of the following
components in CHxClz (0.8 ml): ETH 5435 (1.27 wit %, 15 mmol
kg™, NATFPB (0.46 wi %, 5 amol kgD, ETH 500 {1.15 wi %, 10
mmol kg™, and copolymer MMA-DMA (97.12 wt %). The
membrane solution was deaerated by purging it with N; before
coating the microelectrodes. The membrane for the Ca ISE used
as a reference electrode was prepared hy dissolving 140 mg of
the following components in ‘THE (I ml): KTH 5234 (0.87 wt %,
10.9 mmol kgD, NZTFPB (0.47 wt%, 5.1Zmmol kg™, PVC (32.2
wt %}, and o NPOL (66.3 wi %). The solution was left fo evaperate
for 1 h, after which it was filled into a 100 sL pipet tip and left to
dry for at least 24 h. Then, the membrane was conditioned in
1073 M Ca(l, for 1 day.

Microelectrodes. The solid-contact Cd?*selective microelec-
irede was prepared by using a 2 cm long Au wire (200 pm
diameler} as solid substrate soldered to a Ag wire for eleciric -
contact. Before use, the Au wires were thoroughly cleaned with
10% sulfuric acid and rinsed with water, then acetone, and left in
CHC, for 5 min. The solution of POT (256 mM with respect to
the monomer in CHCl:) was applied along the length of Au wire
at Jeast three fimes or until the color of the wire became black.
After ihe Au wires were Tully covered with POT they were Jeft to
dry. The wires were then inserted into a polypropylene tip so thal
they were level with the end of the micropipelte tip. Finally, the
membrane cockéail was applied to the top of the wire covered

(45) Wang, J.: Liu, G.; Polsky, R; Merkoci, A Elechochem. Compiun. 2002, 4,
22726,
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Figure 1. Cafbration curves of 8 solid-conlact Ca?*-selective elecirode in (A) 100 mdand (B) 200 41 sampies with 10— M CaCl; as background

using ELISA microplates.

with POT for three times at 15 min intervals and allowed to dry
for 2—3 b until full evaporation of CHy(h, The microclectrodes
were conditioned first in 1073 M CdCla and subsequently in 1072
M CdCl: with 164 M CaCl (1 day each). Measorements wele
performed in ELISA microwells containing 188 L of 1074 M CaCly
and adding 20 u. of sample, using a Ca ISE as reference and a
small magnefic stiming bar. All stock solutions used for measure-
ments were freshly prepared daily.

For selectivily measurements, the Cd ISE membranes were
conditioned in 10~ M CaCl, for 2 days in order tv avold primary
jons leaching from the membrane#? For each ion, a calibration
curve was recorded and the selectivity coelficients were caleulated
using the separate solutions method.® For measurements in 100
mL samples with a customary referenca electrode, the electromo-
tive force {emf} values were corrected for liquidunction potentials
according to the Henderson equation. Activity ceefficients were
calculated by the Debye—Hiickel approximation.

FElectromofive Force Measurements. Potentiometric mea-
surements were performed in stirred solutions at room temper-
ature (22 °C) with a PCI MIOISXE data acquisition board
{(Nationa! Instruments, Austin, TX) connected to a fourchannel
high Z interface (WP, Sarasofa, FL).

RESULTS AND DISCUSSION
Solid-contact 1SEs with nanomolar detection limits can now

be routincly prepared for different ions.® Such electrodes are
easily niniaturized to operate in samples of very small volume 5%
In this work, a novel solid-contact Cd**sclective microelectrode
Tus been developed, which is based on the copolymer matrix
MMA-DMA and the jonephore ETH 54358

The novel Cd 1SE was first characterized in large samples of
100 mL. As shown in Figure 1A, with a background of 1074 M
CaCl, it displays a very good lower detection limit of 100 pM. In
nticrowell plates of 200 gL sample volume, the detection Bmil is
less good by 1 order of magnitude (Figure 1B), Yet, it is still in

{£D Bakker, E. Axol Grern. 1997, 69, 10611065,

(48) Bakker, E; Pretsch, E; Bblmann, P. Awzl. (hem. 2000, 72, 1127- 1133,

(49) Chumbimemi Terves, K. Y.; Rubinova, N Radu, A; Kubola, 1. 'T.; Bakker,
B. Axal, Chem, 20008, 78, 13181322,

(50) Ton, A; Bekker, B.; Pretsch, E. Anal Chin Ackr 2001, 440, 71-79.
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the nanomolar range (1 nM) with the same background. Although
we do not expect deterioration of the detection limit upon reducing
tie sample volume, the changes observed here are likely at-
tributed to impurities due to the unfavorable surfacetovolume
ratio of the small sample, The reproducibility of the solid-contact
microelectrodes in 200 pil. samples was also evaluated by record-
ing three different calibration curves over the concentralion range
of 1071 to 305 M. After each measurement, the electrode was
washed for 5 min fo eliminate possible memory effects, The
standard deviation of the eml for each concentration was <1mV.
Another important performance parameter is the Tong-ferm stabil-
ity of the ISE. Daring continuous experiments, it was observed
that the electrodes are capable of measuring more than 45 samples
with good response times and a standard deviation of <1.5 mV.
After recatibration, they can be used for more analyses, After 1
month, the Cd ISEs showed a loss of detection limit by hatf an
order of magnitude.

The membranes exhibit good selectivities for the relevant
interfering lons, Ca?*, Na¥, and H* with the corresponding
logarithmic selectivity coefficients, log KT, of —7.04, ~3.85,
and —4.58, respectively. Note that the selectivity over sodium ions
is inferior relative to a recently reported liquid inner contact
cadmium ISE based on the same fonophore® This might be
explained by intermixing of POT and the membrane during
casting, resulting in some selectivity deterioration. Owing to its
high leve! of discrimination, Ca?t was selecled as the background
electrolyte together with & Ca?tselective electrode as the refer-
ence electrode. For this purpose, the selectivity of the Ca ISE for
Cdt, log Koy = —~8.15, is sufficiently high.

For aptamer-based protein defection, the CdS quantum dot
fabels were oxidized with H;0, since HNOy, the standard oxidizing
agent for ASV,? would deferiorate the lower deteciion Hmit due
to proton interference, The influence of HO; on the response of
the sofid-contact microelectrodes was examined by taking calibra-
tion curves in the range of 1073 {6 1071 M Cd#* at different
background concentrations of Hey {103 to 10-1 M). Although
an increase in ils concentration accelerates the dissolution,™ no
influence on the petentiometric response was observed at <1072
M H;0,. A concentration of 102 M H,0; was selected for further
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Figure 2. Response of different incubation limes between im-
mobiiized 1000 nM primary aptamer and 100 ppb of thrombin in 15,
30, 45, and 60 min (emor bars: S0, N = 3} Potenliomelric
measurements were performed #1200 xlsemples with 10~ M CaCl,
as background eleclrolyte and a Ca ISE as reference elecliode.

experiments since some signa! drifts were obscived with 107 M
H,0,, which was probably due to the interaction of HyO, with the
conducting polymer.

Next, the possible interference by the other components of
the assay was investigated. When performing the measurement
according to Scheme 1 but without labeling the secondary
aptamer, as expected, no change of the emf was observed upon
additfon of HO; after binding the secondary aptamer. On the olher
hand, when using the CdS quantum dotlabeled secondary
aptamer, the control samples, i.e., zero farget, lysozyme, and IgG,
initially showed emf changes that were similar to those obtained
with the target {data not shown). Hence, to reduce such nonspe-
dficadsorption effects, the washing steps were improved induding
a transfer into new microwells (see the Experimental Section).

The effect of the incubation ime of the aptamer—thrombin
binding was examined over the range of 15—60 min (Figure 2)
using a 100 ppb thrombin selutien, which gives sbout half the
maximum signal in this assay {see below). For this case, the emf
increased with increasing binding time, but at times longer than
45 min, the increase was no longer significant. On the basis of
these resulls, an incubation fime of 60 min was chosen for all
further experiments.

The concentration of the CdSJabeled secondary aptamer was
varied between 250 and 1000 nM using 1000 nM primary aptamer
and 160 ppb thrombin (Figure 3). The signal increased with
increasing concentration, but this trend declined at >500 nhf.
Since the nonspecific absorption stighily increased al 1000 aM
concentration, 750 nb was chosen for subsequent experiments.

The selectivity of the thrombin aptamer was tested with the
assay parameters as selecled above. As shown in Figure 4, 500
ppb of lysozyme or IgG showed emf responses that were not
significantly higher than for the coalrol, corresponding fo about
0:25 pbb of cadmium ions, This residual cadmium ton Jevel may

" patly originate from impurities in the water and reagents that
were used. In contrast, the response to a 10 fimes smaller
concentration of thrombin was found te be about 6 times ligher
in cadmium jon concentration {18 ppb, note the logarithmic
response characteristics of the ISE).

The resulis of a typical series of measurements with thrombin
concenlrations from 5 te 1000 ppb are shown in Figure 5. The
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Figure 3. Response lo 250, 500, 750, and 1000 ah secondary
aptamar with 100 ppb of target thrombin previously bourd 1o 1060
nM primary aplamer {efror bars: §D, N = 3). Other conditions are
as in Figure 2.
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Figure 4. Polentomelic responses of the Ci?*-sdleclive electrode
for {a) the conlrot {zero target), (b) lysozyme, 500 ppb, and (¢} 560
ppb 190G (as noncomplementary targels), {(d} throtobin, 50 ppb, and
{e) thrombin, 100 ppb (as complementary latgel) afler aplamer—
thrombin interaction. Cther conditions are as in Figure 2.
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Figure 5. Polenfiomstric monitoring of thrombin concentration via
CdS quantum dol iabsl in 200 pl microwells with the aplamer—
thrombin sandwich assay {error bars: S, N = 3}. Other conditions
are as In Figure 2.

emf response of the Cd ISE versus log{thrombin} is cose to linear
and offers a sufficient concentration dependence suitable for
thrombin measurements over a dynanie range of 10—250 ppb
and with a lower detection imit of ca. 5 ppb. This corresponds to
28 fmol of thrombin in 200 1L samples or 0.14 nM and compares
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well to results obfained with other reporfed sensors such as
piezoeleciric bansducers (ca. 10 oMY and 1 nh®™) or elecire-
chemicat sensors {of the order of 10 nh} 24502 Significantly lower
dedection limits were obtained with impedance spectroscopy and
amplification by chemical means to denature the protein caplured
by an aptamer on the electrode surface (1§ IM)* and, very
recently, by electrogenerated chemiluminescence via target
proteininduced strand displacement (1 fM).2

CONCLUSIONS
For the first time, we denonstrate that fon-seleciive micro-

electrodes can be used for monitoring protein—asptamer interac-
tions with semiconducfor nanocrystal labels in an ELISA micro-
plate format. It is imporiant to emphasize that a low detection
Hmit of 5 ppb or 28 fmol of thrombin was reached without 2

(51) Hianik, T; Ostated, V.; Zajwoord, Z; Stolkeva, E.; Extugyn, G. Bioory. Med.
hem, Lzt 20035, 15, 291295,
(52) Mir, M; Vreeke, M; Katakis, L. Efedmdhonr. Comumun. 2000, 8, 505511
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preconcentration step typically used in other electrochemical
techniques. This was pessible in conjunction with a reduction of
the sample volume and the excellent lower defection Jimil of the
Cd ISE used. It is expected that varieus biomotecular interactions
can be monitored with similar assays based on-different nano-
particle tracers and corresponding ISEs.
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Tremendous fundamental advances over {he past decade have
led to dramatic improvemeats in the performance of ion-selective
electrodes (ISEs).! In particular, new insights info the principles
dictating the limits of detection (LODs) of such poteatiometric
sensors have fed to ISEs capable of convenient measurements down
to (ke sebnanomolar (parts per tnitton) level? Recent efforts have
also demonstrated that potentionietric sensors with fow LODs can
be miniaturized to allow trace (subfemtomole) measurements in
very small {microliter) sample volumes ? Such major improvements
in the performance of ISEs have facilitated new applications for
which potentiometric sensors have not been used traditionally. For
cxample, 1ecent progress in our laborafories has led to highly
sensifive inmunoassays of proteins based on diffesent ISE trans-
ducers.*

Here, we demonstrate for the first time the use of potentiometric
microsensors for monitering DNA kybridization. The detection of
sequence-specific DNA is of central importance in the diagnosis
and freatment of genetic diseases, detection of infectious agents,
drug screening, and in forensic science.® Various approacles have
been successfully used to detect sequence-selective DNA hybridiza-
fion, including optical f electrochemical? and piezoelectric nieth-
ods § Electrochemical methods for detecting DNA hybridization
have received considerable attention because of their Irigh sensitiv-
ity, portability, fow cost, minimal power requitement, and/or
independence of sample tubidity or optical pathway.® Various
amperometric and voltammetric defection strategies™® have been
used for transducing electronically DNA hybridization events based
on oligonucleotide-bearing enzyme tags,” redox tracers)? ot
nanoparticle Iabels (1e., gold nanoparticles, silver tags, and
semitconducter nanocrystals).}?

The sniew potentiometric vucleic acid measurements rely on a
sandwich DNA hybridization for capturing a secondary oligonucle-
ofide bearing CdS-nanoceystal tags. As illustrated in Scheme 1, the
target DNA (60-mer} is hybridized (B} to the surface-anchored
thiolated DNA probe (20-mer) on the gold substrate (A), followed
by the captuse of the secondary DNA probe (26-mer) conjugated
to the CdS lzbel {C). The nanocysial is then dissotved in HyOy o
yield a dilute electrofyte background solution suitable for the
potentiometric detection of the released Cd** with 2 polymer
membrane Cd*+-selective microelectrode (D).

The assay was based on a recently developed miniatunzed solid-
contact C4-ISE showing a lower LOD of 1071 and 1077 M Ca?*
insamples of 100 mL and 200 #L. (microwell plates), respectively ¢

1 Pardve Universily.,
T Arizona State Univessity.
§ Prince of Scagkls Umversity.
YETH Zanich
L Oygtin University of Technology.
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Scheme 1. Ste[ges fnvolved in ihe Nanoparticle-Based
Potentiometric

tection of DNA Hybridization®

Toeget '

A DHA

# (A} Formation of a mixed monolayer of DNA probe on gold substrate;

(B) hybridization with farget DNA; {C) second hybridization with C4S-

labeled probe; (D) dissolution of the CdS tag, followed by detection nsiog
1 Cd¥_selective electrode.

1t exhibits excellent selectivity for the relevant ions, with logadthnc
selectivity coefficients of —7.04 (Ca??), —3.88 (1Y), and —4.59
(Nat). A miniaturized liguid-contact C2-ISE was used a5 a
pseudoreference electrode

The key paranters of the DNA sandwich hybridization assay
were optimized as follows (cf. Supposting Information). The
optimial concentration of the primary and secondary {CdS-nanoc-
fystal-labeled) DNA piobe was exch 1 zM, and the opfimal time
for both hybridization steps (cf. Scheme 1) was 60 min.

The high selectivity of the new DNA detection is illustrated in
Figure | displaying the potentiometric responses of the Cd**-
selective microclectrode fo (3) control solution (zero fargel). ()
500 oM of a noncomplementary DNA, {¢) 500 aM of 2-base
mismatch DNA, aad to two significantly lower levels of the target
DNA of (d) 10 nM and () 108 nM The responses to the
noncomplementary and the 2-base mismatch DNA are similar fo
those obtained with the control solution Larger signals are observed
for sipnificantly lower {nanomolas) concentrations of the target
DNA_ Notice in particular the effective discrimination against the
farge excess (500 aM) of mismatch DNA (£} vs 10 8M target DNA
{d). Such behavior confinms the good setectivity of the hybrdization
assay. Considering the logarithmic response of the CA-ISE, the
potential differences comespond to 2.8 oM for the 500 nM 2-base
mismatch DNA {¢) and 21 nM Cd** for the 10 nM target DNA
{d), that is, fo a ~B-fold lower amount of captured fags for a 50-
fold excess of the 2-base mismatch DNA.

The quantitative aspects are documented by a calibration
experiment over 2 concentration range of 0.01- 1000 oM target
DNA. The resulting calibration plot in Figure 2 exhibits 2 well-
defined concentration dependence suitable for DNA analysis, with

10.1021430TT6LE7 COC: $40.75 € 2008 Amesican Chemicatl SocTely
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CORNUNICATIONS

[

Time

Figure 1. Potentiometric responses of the Cd? _salective eloctrode to: (2)
cantrol solution {107 M CaCly, zero target), (1) 500 6M noscomplementary
DNA, () 500 oM 2-base mismatch DNA, (d) 10 nhl tmiget DNA, and (e}
100 nM tzapet DNA (o3 complementary targets) after DNA hybridization.
Potentiontetric measwrements were perfomted in 200 #1. of solutions with
1071 M CaCly as background {shown as baseline traces) with a C2.ISE as
pseudoreference electrode.

EMF

-20 EE 8.0 1.0 20 3.0
o9 (ONA InM]}

Figure 2. Calibration plot for the potentiomelsic monitoring of DNA with

& sandwich array based on C4S quantum dot tags in 20041 microwells

(esror bars: SD, N¥= 3). The dashed fine comesponds fo tontrol signat {go

target). Other conditions as in Figuee 1,

a wide dynamic range of 0.01—300 b farget DNA. The EMF at
the towest measured concentration of 10 pM was 2.96 mV above
ihat of the confrol, and the standard deviation of the noise of the
control was (.17 mV (W= 13, 1 min). Thes, the lowesr LOD is 10
pbi or 37 pg {2 fmol} of the target DNA in tie 200 4L sample.
These values compare favorably with those reported for other
electrochemical DNA hybridization assays using sinular nanopar-
ticle labels b

In conclusion, we have demonstrated for the first time the use
of potentiometric transducers for defecting DNA hybndization. The
use of CA**-selective microelectrodes is particularly vseful for 2
microplate operation in eonnection with CdS nanocrystal tags. The
extremely high sensitivity and finol detection fimit of the micro-
electrode are coupled with 2 high selectivity of the bicassay,
incloding efective discrimination against 2-base mismatched DNA.
Note thai the low detection limit was reached without a precon-
ceatration step commanly used in other electrochenrical transduction
schemes. The new poteatiometric detection route can be extended
to @ wide range of genetic tests in commection with different
nanoparticle tags.
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Supporting Information Avaflable; Optimization of the DNA
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