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ABSTRACT

A DNA sensor based lon Sensitive Field Effect Transistor (ISFET) with
protein A modification, for the detection of DNA hybridization, was investigated. In
this experiment, the surface of the ISFET was first modified with protein A via
physical adsorption. Protein A has a sticky property and can bind specifically to the
fragment crystallizable (Fc) portion of the antibody leading to the uniform orientation
for effectively binding to the antigen. In order to detect DNA hybridization, an anti-
biotin antibody was immobilized over protein A and a single-strand biotinylated DNA
probe was added to bind to a specific anti-biotin antibody. The voltage shift of
DNA/DNA hybridization was observed right after the complementary DNA target was
added over the immobilized probe. The non-complementary DNA target was also
tested as a negative control. The saturated concentrations for all steps were as follows:
1Img/ml for protein A, 1 mg/ml for anti-biotin antibody, 0.5 uM for biotinylated probe,
and 0.5 uM for synthetic DNA target. As high amount of protein A and anti-biotin
may barricade the hybridization signal detection; therefore, in this experiment 0.1
mg/ml of both protein A and anti-biotin were tested instead of their saturated
concentrations. Using this strategy, DNA hybridization of the synthetic DNA target
was successfully detected with the detection limit approximately at 0.08 uM as well as

differentiated complementary DNA from non-complementary DNA target.
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CHAPTER |
INTRODUCTION

Biosensor is a chemical/biological sensing device which incorporates with a
transducer to recognize biorecognition element and converts these biological event
into measureable signal. The biorecognition elements can be nucleic acid, antibody,
enzyme, or cell. The transduction signal can be classified into amperometric,
impedimetric, conductometric, and potentiometric based on the observed parameters
such as current, impedance, conductance, and potential, respectively. There are also
mass-based biosensors: quarzt crystal microbalance (QCM), microcantilever, and
optical biosensors such as surface plasmon resonance and fluorescence detection. lon
sensitive field effect transistor (ISFET) is potentiometric biosensor. The principle of
the potentiometric biosensor is the monitoring of the potential based on the charged
molecules deposit onto the sensing membrane. ISFET is a common type of
potentiometric biosensor. ISFETs have been increasingly developed for disease
diagnosis, biological or chemical sensing and have gained more interest as they are
simple, small in size, and cost effective. ISFET was firstly developed by Bergveld in
1970 [45]. It is used for measuring ions concentration or pH in electrolyte. The
concept of ISFET originally came from a Metal Oxide Semiconductor Field Effect
Transistor (MOSFET). The structure of ISFET is nearly identical to the structure of
MOSFET except the metal gate in MOSFET is replaced by the reference electrode in
the ISFET. This reference electrode is immersed in an aqueous solution to provide a
steady reference potential. The operation of this ISFET is basically the monitoring of
the gate potential by controlling the source drain current. The potential change
(voltage change) occurs when the charged molecules deposit onto the gate surface
when applying an electric field. ISFET can be classified based on its biorecognition
element such as DNA-based ISFET, enzyme-based ISFET, immunological-based
ISFET, and cell-based ISFET. ISFET has been developed for environmental
monitoring by measuring the nutrient level in soil [30], monitoring blood glucose [31,
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78], detection of gene mutation, and even pathogens. Recently, much attention has
given to the development of the detection of nucleic acid in research applications as
well as in clinical diagnosis. Deoxyribonucleic acid (DNA) detection is important for
many diagnosis as well as research applications such as detection of genetic disorders,
diagnosis of infectious diseases, screening of cancer related genes, and the discovery
of new drugs. Hence, detection methods for specific DNA sequences are extremely
important for early stage treatment and disease prevention. There are the alternative
ways to detect DNA hybridization such as traditional Southern blot and DNA
microarray. These techniques need a radioactive or fluorescent labeling step which is
complicated and time consuming. ISFET is one of the choices that can tackle these
problems. It is one of the techniques that can be used to detect DNA hybridization
without any labeling step. However, ISFET surface modification is necessary to create
an appropriate platform for DNA immobilization and detection of the target. Most of
ISFET modifications in the previous reports are complex and need time to modify the
surface [63]. The method is based on covalent binding by a series of chemical
reactions such as cleaning, silanizing, cross-linking, and covalent bonding. To
overcome the obstacles mentioned, in this thesis, one of the promising and simple
techniques, DNA biosensor based on protein A modified ISFET was investigated.
Protein A is advantageous as its sticky property and high affinity binding to the Fc
portion of immunoglobulins. It is usually used to immobilize the antibody on sensor
surface both physical adsorption and covalent bonding. In this study, it was used to
modify the ISFET surface as a suitable base for immobilizing antibody in a high
oriented manner. It was simple because protein A was physically adsorbed onto the

ISFET surface and required no complicated step to modify the sensor surface.
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CHAPTER I
OBJECTIVE

To develop a method for detection of DNA hybridization based on protein

A modified ion sensitive field effect transistor (ISFET).
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CHAPTER I
LITERATURE REVIEW

3.1 Biosensor

Biosensor is an analytical device which converts the molecular recognition
event into measureable signal. Generally, it comprises of three main components
including bioreceptor, transducer, and signal processor. The bioreceptor recognizes the
analyte and transducer transforms the resulting signals from the interaction between
the biorecognition element and the target analyte into detectable signal. The signal
processor collects, amplifies, and displays the signal. Biosensors can be classified
according to their bioreceptors such as enzyme-based biosensor, antibody-based
biosensor, cell-based biosensor, and DNA-based biosensor. They can also be classified
based on their transducers such as optical based biosensors (surface plasmon
resonance, fluorescence detection), mass-based biosensors (piezoelectric biosensor,
and cantilever), and electrochemical biosensors such as amperometric, impedimetric,
conductometric and potentiometric biosensors. The schematic diagram of biosensors is

shown in Figure 3.1.

\ 4
B

—_—
T Enzyme Optical
Target Antibody Cantilever
Cell Amperometric
DNA Impedimetric
Condutometric

Potentiometric
Field Effect Transistor

Figure 3.1 Schematic diagram of biosensor
The first enzyme-based glucose sensor was developed by Clark and Lyons

in 1962 [1]. The first commercial glucose sensor which applied directly on the blood

sample based on amperometric detection of hydrogen peroxide was the Yellow Spring
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Company Analyzer. It was placed in the market in 1975. Since then, many biosensors
have been developed in many research areas globally. At present, there are many
commercialized devices used in clinical and pharmaceutical markets. Additionally,
biosensor can be applied in a clinical diagnosis such as for monitoring blood glucose
[2, 3], lactate, urea, etc. [4], and for screening cancer related genes [S]. The main
characteristic of clinical use commercial biosensor is to provide a direct measurement
in undiluted blood and customer self-monitoring. It can be employed for diagnosis of
infectious diseases by detecting of infectious microorganisms or toxins for food safety
[6-9], for environmental or agricultural monitoring by detecting of chemicals such as
pesticide level in fruits, vegetables, or soil [10-12]. Moreover, the development of
biosensor for military defense is certain important by detecting the chemicals or
infectious microorganisms used in the weapons. Biosensors for monitoring the

bioterrorism pathogens have also been developed [13-15].

3.1.1 Types of biosensors

Biosensors are classified according to the transducers:

3.1.1.1 Optical biosensors

In optical biosensor, the detection is based on the adsorption,
fluorescence, or light scattering. There are two detection methods such as
fluorescence-based detection and label-free detection. In fluorescence-based detection,
the biorecognition element is labeled with the fluorescent tags. The presence of the
target is indicated by observing the presence of fluorescence. The intensity of the
fluorescence indicates the strength of the interaction between the biorecognition
molecule and the target. However, this type of technique is time-consuming and
laborious whereas label-free detection is easy to perform and required no additional
reagent. In label-free detection, it is usually measure the refractive index change
caused by the interaction of bioreceptors and the targets such as surface plasmon
resonance. Optical biosensors have been developed for detection of toxins,

contaminants, viruses or pathogens [16, 17].
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3.1.1.1.1 Surface plasmon resonance

The detection of SPR biosensor is based on the
changes in refractive index at the interface of the gold thin film when the target
analyte interacts with the bioreceptor immobilized on the sensor surface. The
refractive index change is directly proportional to the amount of the surface bound
molecules. This technique is complex, expensive and large in size since these are the
drawbacks of the technique. SPR biosensors for detection of Escherichia coli O157:
H7 and methicillin-resistant Staphylococcus aureus [18] and for DNA mutation for

cancer related gene detection have been reported [19].

3.1.1.1.2 Fluorescence detection

Fluorescence detection technique depends on the
fluorescence intensity measurement which is directly proportional to the concentration
of the target analyte. Fluorescence takes place when the molecule of the substance is
excited by absorbing the light from the ground state (low energy level) to an excited
state (high energy level) and then, it emits light to return to its original low energy
level. Commonly used fluorescent tags are fluorescein isothiocyanate (FITC), cyanin 3,
alexa flour 546, etc. Fluorescence detection can be conjugated with other techniques
such as PCR, Southern blot. In this method, the occurrence of the fluorescence
indicates the presence of the interaction between the bioreceptor and the target. Foster
resonance energy transfer (FRET) biosensor has been developed for detection of
bacteria DNA. This FRET biosensor is based on the transfer of a donor fluorophore to

an acceptor fluorophore [20].

3.1.1.2 Mass-based biosensors

3.1.1.2.1 Piezoelectric biosensor

Piezoelectric biosensor is based on the observation
of frequency change on quartz crystal microbalance (QCM) surface. The concept of
piezoelectric device generally derives from the relationship between the change in
mass on the quartz surface and the oscillating frequency. In this sensor, the

biorecognition molecule is deposited onto the piezoelectric sensing surface to interact
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specifically with the added analyte. The frequency decreases when the mass on the
quartz surface increases. Many piezoelectric biosensors have been used for clinical
diagnosis as well as research applications [21, 22]. The limitation of QCM sensor is
non-specific binding can occur since it is the mass sensor that the surface can bind to

any molecules leading the potential to interfere the interaction.

3.1.1.2.2 Microcantilever

A detection of a microcantilever is based on the
change in cantilever bending and vibrational frequency. The cantilever bending occurs
when the specific mass of the target analyte is adsorbed on the microcantilever surface.
This molecular adsorption causes the vibrational frequency change and deflection of
the microcantilever. The deflection of the cantilever is directly proportional to the
concentration of the analyte. Microcantilever sensors have been employed for
detection of pathogens. Piezoresistive microcantilever-based DNA sensor for detection

of Vibrio cholerae in food sample has been reported [23].

3.1.1.3 Electrochemical biosensors

Electrochemical biosensors have been gained more attention as
they are simple, low cost, and portability. They are simpler in equipment operation
when compared to SPR or QCM biosensors. Moreover, the portable point-of- care
testing (POCT) glucose sensor based on the principle of electrochemical sensors have
achieved the most significant commercial success. They are classified into
amperometric, impedimetric, conductometric and potentiometric based on the
observed measurable signals such as the current, impedance, conductance, and

potential, respectively.

3.1.1.3.1 Amperometric biosensor

Amperometry is the most common used of
electrochemical biosensor for pathogens detection. It is a method characterized by the
measurement of generated current from electrochemical oxidation or reduction
reactions and electrons are transferred to an appropriate electrode when applying

constant voltage. This sensor detects ions in the solution and measures the changes in
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the electric current. The variation of the concentrations of the analyte is directly
proportional to the electrons transferred and the current produced. Amperometric
biosensor can be operated either two or three electrodes including reference electrode
(Ag/AgCl), working electrode, and auxiliary electrode. The reference electrode is for
maintaining the stable potential on the working electrode and the auxiliary electrode is
employed to prevent the reference electrode from changing its half-cell potential. The
first amperometric glucose sensor is developed by Clark and Lyons in 1962 [1].
Nowadays, screen printed carbon electrode (SPCE) is widely used for detection of
pathogens as it is disposable, small in size, need minute amount of sample, low cost,
and portable. Many SPCE electrochemical biosensors based on the principle of
amperometry have been previously developed for infectious and other foodborne

pathogens [9, 24, 25].

3.1.1.3.2 Impedimetric biosensor

The impedimetric biosensor is based on the
measurement of the change in the impedance of the analyte. This sensor can be
constructed by immobilizing the bioreceptor on the electrode and the signal of the
target can be detected by observing the impedance change over the range of
frequencies. In this sensor, at low frequency, the value of the impedance increase
significantly with increasing the concentration of the target which may be due to the
fact that the target binds to the bioreceptor causing the hindrance in electron transfer.
In contrast to the high frequency, the value of the impedance increase insignificantly
with increasing the concentration of the target which is probably due to decrease in
capacitive impedance [26]. Electrochemical impedance spectroscopy (EIS)
incorporated with nanomaterials to detect DNA hybridization or antigen-antibody
reaction for infectious pathogens or other foodborne pathogens have been previously
reported [26, 27]. The integration of nanomaterials such as gold nanoparticle or carbon
nanotube into electrochemical biosensor is very popular since these nanomaterials
provide the large surface area which increases the binding reaction. Moreover, carbon

nanotubes enhance the electric conductivity of the sensing area [27].
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3.1.1.3.3 Conductometric biosensor

Conductometric biosensor measures the change in
electrical conductivity of the sample when the reaction between the biorecognition
element and the target occurs on the sensing area. In this sensor, the electrical
resistance reduces when the electrical conductance is high [28]. Using the conductive
polymers such as polyaniline, polypyrrole, polyacetylene, and polythiophene as the
transducer is attractive to the development of conductometric biosensor. Conductive
polymer causes the electrical conductance through the electrode when the sample
takes place [28]. Conductometric biosensors have been developed for detecting
foodborne pathogens for biosecurity and for detecting Mycobacterium avium

subspecies paratuberculosis [28, 29].

3.1.1.3.4 Potentiometric biosensor

Potentiometric  biosensor is monitored by
measuring the potential change of the charged molecule deposits onto the electrode
surface. Common potentiometric biosensor is ion sensitive field effect transistor
(ISFET). This potentiometric sensor works by immobilizing the bioreceptor on the
sensing surface and measures the potential change after applying the target to bind
specifically to the receptor. Basically it is based on the measurement of selectively
bind charged molecules on the sensing area and the potential shift is linear with the
concentration of the charged molecules. Many ISFET potentiometric biosensors or
ISFET modified with nanomaterials have been developed for clinical use for detecting

pathogens, or for environmental monitoring [30, 31, 32].

Biosensors are classified according to the bioreceptors:

3.1.1.4 Enzyme-based biosensor

This type of biosensor use enzyme as a bioreceptor to interact
with the target analyte. It basically measures the rate of enzyme-catalyzed reaction and
transfers the electrons to the working electrode, where the current produced can be
monitored by amperometric sensor [33, 34]. The basic concept of the enzyme-based

biosensor such as glucose sensor is based on the fact that the immobilized glucose
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oxidase (GOx) catalyzes the oxidation of B-D-glucose by molecular oxygen producing
gluconic acid and hydrogen peroxide [35]. Commonly used enzymes are horse radish
peroxidase (HRP) and B- galactosidase. There are three strategies for glucose sensing:
first generation is based on measuring oxygen consumption which was developed by
Clark and Lyons [1], second generation is based on electron acceptors called redox
mediators by transferring electrons from the enzyme to the working electrode [36],
and third generation is based on direct transfer of electrons to the surface of electrode
without mediators [37]. There are some limitations for enzyme-based biosensor since

enzyme can be affected by temperature, pH, humidity, and limited shelf life.

3.1.1.5 Antibody-based biosensor

Antibody-based biosensor or immunosensor uses the antibody
as biorecognition element to detect the specific antigen. The antibody can be
monoclonal, polyclonal, and recombinant. In this sensor, the antibody is immobilized
on the transducer to bind specifically to the applied antigen. When the antigen-
antibody reaction occurs, the transducer collects, converts, and amplifies the signal
into electrical measureable signal. The antibody can be immobilized differently such
as via physical adsorption, covalent bonding, cross-linking, entrapment and
encapsulation. The immunosensor can detect various targets of interest such as

microorganisms, bacteria toxins, viruses, or chemicals [38, 39].

3.1.1.6 Cell-based biosensor

Cell-based biosensor uses microorganism or mammalian cell
as a biorecognition element. It has the distinct advantage as it offers insight into the
physiological effect of an analyte and cell has the ability to identify minute
concentration of environmental agents. Whole cell-based biosensors for detecting
heavy metals for the assessment of environmental toxicity, for detecting pathogens or

toxins, and for pH sensing have been developed [40, 41].

3.1.1.7 DNA-based biosensor
DNA-based biosensor depends on the detection of the DNA

hybridization reaction. Nucleic acid is used as a biorecognition element in this sensor.
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A specific single-strand DNA probe is immobilized to bind specifically to the
complementary target on the transducer surface. The electrical signal produces when
the complementary target is loaded over the immobilized capture probe. DNA coils to
form the double helix where hydrogen bond formed between adenine and thymine, or
cytosine pairs with guanine. This process is called hybridization reaction. If there is no
complementary between the capture probe and the target, no duplex and no signal will
occur. The stability of hybridization reaction is based on the perfect complementary
nuclecotides on both strands. The double stranded DNA can be broken down by heat
or high pH. However, it will re-anneal in the absence of heat or high pH. The reaction
rate of the DNA hybridization can be enhanced by adding salt in hybridization buffer
which will adsorb to the phosphate backbone decreases the electrostatic repulsion of
the two single strands DNA. The nucleic acid-based biosensors seem to be more
advantageous than antibody-based biosensors since DNA can be easily synthesized
and modified with other functional group such as amino group (-NH2), thiol, biotin,
and so on whereas antibody takes time to synthesize. The DNA modified with these
functional groups can be easily immobilized on the sensor surface to bind to any target
of interest [42]. In addition, strong hydrogen bond between nucleotides of double-
stranded DNA offer specific binding as well as well control over the hybridization
event and make them difficult to denature. Recently, much attention has been given to
the development of nucleic acid detection in research applications as well as in clinical
diagnosis. Many DNA based biosensors have been reported by many researchers [11,
13, 22, 23]. Deoxyribonucleic acid (DNA) detection is important for many diagnosis
and research applications such as detection of genetic disorders, diagnosis of
infectious diseases, screening of cancer related genes, and the discovery of new drugs.
Hence, detection methods for specific DNA sequences are extremely important for
early diagnosis. There are alternative ways to detect the DNA hybridization reaction
such as traditional Southern blot, DNA microarray; however, these methods are based
on radioactive, fluorescent, and enzymatic labeling which are time-consuming and
complicated. Therefore, biosensors have emerged to address the obstacles mentioned
and DNA sensor is one of the developments of biosensor which it uses nucleic acid as
a biorecognition element. Different methods can be used to transduce this

hybridization signal into measurable signal including optical methods (surface
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plasmon resonance) [13, 19], mass-based transductions (microcantilever, quartz
crystal microbalance) [22, 23], and electrochemical biosensors [25, 27, 32]. The

schematic diagram of DNA-based biosensor is shown in Figure 3.2.
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Figure 3.2 Schematic diagram of DNA-based biosensor

Much attention has given to the development of DNA
hybridization detection based on the principle of electrochemical biosensor. Many
commercialized glucose and portable DNA biosensors based on the principle of
electrochemical has been reported [8, 10, 11, 24, 31]. The advantages of
electrochemical biosensors over the optical biosensors are label free detection, low
economical equipment cost, small in size, portable, operate well in turbid sample and
so on. The disadvantage of the optic methods is the labeling step such as fluorescence,
radioactive: since the fluorescent dyes (ethidium bromide, standard fluorescent dye)
could be toxic and carcinogenic [43]. Even though the labeling step can enhance the
sensitivity, the equipment for labeling approach based on optic biosensor is difficult to
transport, is expensive, and complicated. Furthermore, the conjugation of
nanomaterials such as nanoparticles, nanotube, nanowire, nanosheet with biosensors
hold great promise to achieve ultrasensitive detection signal because the nanomaterials

provide large surface area which increases the biomolecular recognition events on the
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sensor surface, favorable electrical signal, and electrocatalytic activity. The
incorporating of nanomaterials with biosensors for detection of pathogens or clinical
diagnosis have been reported [9, 13, 15, 27, 32]. The electrochemical biosensor for
detection of DNA hybridization can be classified according to the observed parameters
such as amperometry, impedimetry, conductometry, and potentiometry. Field effect
transistor is the potentiometric biosensor which is one of the techniques that can be

used to detect DNA hybridization.

3.2 Field Effect Transistor (FET)

Field effect transistor (FET) is a type of transistor which controls the
conductivity of a channel by varying the electric field between the source and drain
terminals in a semiconducting material. The current flow depends on the charge
density at the semiconductor surface and the potential change. This potential change
occurs due to the deposition of charged molecules on the gate sensing surface.
Although there are many types of FET including MOSFET, JFET, MESFET, CNFET,
ISFET, etc., ISFET is popular in biosensing applications and has been presented as the

first miniaturize sensor device [44].

3.2.1 lon Sensitive Field Effect Transistor (ISFET)
In this thesis, DNA hybridization detection by ISFET-based DNA sensor

was studied and discussed.

3.2.1.1 lon sensitive field effect transistor’s structure

Ion Sensitive Field Effect Transistors (ISFET) have been
increasingly developed for disease diagnosis, biological or chemical sensing and have
been gained more interest as they are simple, small in size, potential for integration
into a portable sensor chip, and cost effective. It is an ion sensitive device which uses
for measuring the concentration of ions (Na", CI', K', NH4", etc.) or pH in the
electrolyte. The gate potential is measured when the charged molecules deposit on the
gate sensing area. The current flow is directly proportional to the ion concentration in

the electrolyte. The ISFET was firstly developed by Bergveld in 1970 [45] and its



Nang Mo Hom Literature Review / 14

concept originally derived from the structure of MOSFET. Both transistors share
similar structures except the gate metal electrode in MOSFET is replaced by a sensing
membrane in ISFET which exposes directly to the electrolyte. To enable the ISFET
device to be functional, the reference electrode is dipped in an aqueous solution to
provide a steady reference potential. The selection of the materials for the gate region
is important for selectivity and sensitivity of the ISFET. Plenty of materials have been
applied for the sensing membrane of the ISFET including: Si3Ny4, SiO; [46, 47], ALLO;
[48], TayOs [49] etc. The SisN4 layer is more suitable than SiO, layer and other
inorganic oxide layers for the ISFET to be used as a sensing membrane [50]. It is
because of the fast hydration of silicon oxide layer and this leads to the non linear pH
response of the ISFET [51]. There are three terminals in the ISFET including: source
(S) 1s the terminal which the major carriers go into the channel, drain (D) is the
terminal which the major carriers come out of the channel and gate (G) which controls
the channel conductivity. The channel between source and drain terminals is covered
with the silicon oxide insulator to prevent the leakage of the current into the signal.

The illustrations of the structures of MOSFET and ISFET are shown in Figure 3.3.
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Figure 3.3  Structures of ISFET and MOSFET (a) Schematic diagram of
ISFET. (b) Schematic diagram of MOSFET.
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Figure 3.3  Structures of ISFET and MOSFET (a) Schematic diagram of
ISFET. (b) Schematic diagram of MOSFET. (cont.)

3.2.1.2 Reference electrode

The crucial component in electrochemical transducer is the
reference electrode which measures and controls the solution side potential. The
function of the reference electrode is to provide the steady reference potential
throughout the operation lifetime. This electrochemical biosensor converts the
biological response to an electrical signal which this signal is measured as the
potential provided by the reference electrode. The potential represents the energy per
unit charge which transfers the charge from one side of the interface to the other. This
electrode potentials results from the electrochemical activity, the redox process and

this electrochemical activity can be represented by the Nernst Equation [53].

d — _FRT Gred
E™d = Ey0q0 — 2= In [aox] (1)

where E is the electrode reduction potential, E° red is the standard reduction potential,
R is the universal gas constant, T is the temperature in Kelvin, z is the number of
electrons transferred per reaction, F is Faraday’s constant, and ared and aox are the

chemical activity of the reduced and oxidized species, respectively.
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In this study, silver/silver chloride (Ag/AgCl) reference electrode was used. The
simple components of the reference electrode are silver (Ag) wire coated with silver
chloride (AgCl) which immersed in a saturated filling solution, potassium chloride
(3.5 M KC) to stabilize the chloride ion concentration, all of which is enclosed in the
glass tube. The structure of Ag/AgCl reference electrode is demonstrated in Figure 3.4.
The environmental factors such as temperature, light, and the contaminated saturated
filling solution can affect the potential of the reference electrode [52]. Moreover, there
is a continuous dissolution of AgCl layer whenever the electrode operates which may
affect the activity of the ions in the electrolyte leading to the changes of the electrode
potential. It is because of the cathodic property of the AgCl is no longer available.
Additionally, the leakage of the saturated KCl through the porous glass separator also
causes the reduction of the electrode potential. These factors can affect the reference
electrode stability and accuracy. The proper reference electrode must be non-
polarizable and reversible, must have a high exchange current density, and so on [53].

The reaction of Ag/AgCl electrode can be represented as the following equation:

AgCI (s) +te & Ag (s) +CI” (aq) (2)
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Figure 3.4  Schematic diagram of silver/silver chloride (Ag/AgCl) reference
electrode
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3.2.1.3 The operation principle of the ISFET

The concept of ISFET originates from the MOSFET except the
metal gate oxide is replaced by the reference electrode which exposes to the aqueous
electrolyte to provide the steady reference potential. The concentration of the ions in
the electrolyte has an influence on the gate potential. As the ions concentration in the
electrolyte changes, the gate potential changes accordingly because of the interaction
of ions in the electrolyte with the sensing membrane [54]. The basic operation of the
ISFET is the monitoring of the gate potential by controlling the source drain current.
The potential change (voltage change) occurs when the charged molecules deposit
onto the gate surface when applying an electric field. In this study, the P type silicon
substrate and n-channel transistor was used. In this P type semiconductor, the major
charge carriers which cause the conductive channel are positively charged holes
whereas electrons are the minority charge carriers. When the positive voltage is
applied to the gate, free floating electrons are pulled toward the gate insulator causing
a depletion region under the gate. When the negative voltage is applied to the gate, the
holes are attracted toward the gate insulator creating the accumulation region. When
the further increase of positive voltage is applied to the gate, more electrons are
induced toward the gate forming a conductive channel, call inversion. In the case of n
type semiconductor, depletion region forms by pushing away the holes from the gate
leaving the negatively charged acceptor ions. The minimum gate voltage which
requires the channel to open to allow the source drain current to flow is called

threshold voltage (V).

3.2.1.4 The insulator electrolyte interface

The properties of the insulator electrolyte interface have an
influence on the ISFET’s sensitivity and selectivity. When SiO;, insulator surface
contacts with an aqueous electrolyte, silanol groups occur and an electrochemical
equilibrium with the ions in the solution (H" and OH") is happened. The hydroxyl
groups at silicon oxide surface can donate the proton leaving the negatively charged
surface group or accept the proton from the solution generating positively charged
surface group. The illustration of protonation or deprotonation of hydroxyl groups is

shown in Figure 3.5. Varying the pH will change the value of SiO, surface potential
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when the gate oxide comes in contact with the electrolyte. The charge of SiO, surface
also depends on the point of zero charge itself. The point of zero charge is the pH
value at which the electrical charge density on the surface is zero. The point of zero
charge of SiO; surface is 2-2.5 [55]. When the pH value below the point of zero
charge, the SiO, insulator surface becomes positively charged and negatively charged
at pH higher than the point of zero charge. The site binding model which describes the
equilibrium between the surface SiOH groups and the H' ions in the solution can be

depicted as the following reactions [56]:

—Si-OH < Si-O +H" 3)
—Si-OH + H'" < Si—-OH," (4)

In the case of silicon nitride (Si3N4) insulator surface, the reaction between the H' ions
in the solution and the binding sites of Si3Ny4 surface such as SiOH groups and SiNH,
groups are used to determine the surface potential. The reactions generate the surface

potential can be described as follows:

—Si-OH + H,0 < —Si-O + H;0" (5)
—Si-OH + H;0" < —Si-OH," + H,0 (6)
—Si-NH, + H" <> Si-NH; (7)
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Figure 3.5 Demonstration of the site-binding model which represents the reaction

of the proton donor or proton acceptor of the hydroxyl groups

3.2.1.5 PBS and pH sensitivity of ISFET

The ISFET is an ion sensitive device which used to measure
the concentration of the ions or pH of the electrolyte. The ISFET was used to test with
the phosphate buffer saline (PBS) in order to examine the response of the ISFET to the
concentration of the electrolyte [57]. The pure PBS and the different dilution of PBS
with deionized water were tested. The results indicated that the lower the
concentration of the PBS, the lower the current. This was because of the fewer ions
attached to the gate surface between the sensing membrane and the PBS solution and
less 1onic activity was detected on the gate surface. Since in the lower concentration of
PBS, there is lower ionic strength in the electrolyte. This causes fewer charged
molecules induce at the gate surface and lesser electrons gather at the conductive
channel. These factors cause the less current to flow from source to drain. Accordingly,
the electric characteristic of the ISFET is influenced by the concentration of the
electrolyte [57].

As mentioned, ISFET is used for measuring ion or pH in
solution. It was developed to overcome the obstacles of the pH measurement in

traditional pH measuring method such as litmus papers and glass pH electrodes. Since
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the traditional methods offer the disadvantages such as the chemical reaction may
affect the color change in the litmus paper [58]. The fragility and the bulky of pH glass
electrode make it difficult to use. It is also sensitive to the temperature higher than 60
°C [59]. The pH sensitivity of the ISFET was investigated by measuring the threshold
voltage (Vr) shift of the ISFET in the previous report [57, 60]. The results revealed
that there was the linear relationship between the threshold voltage and the pH of the
test buffer solution. The threshold voltage increased as the increased of the pH of the
buffer solution [57, 60]. The current reduced as the acidity of the solution decreased
while the current increased as the acidity in solution increased. This was due to at the
higher pH, the accumulation of the negative charges, OH ions at the sensing
membrane push electrons away from the conductive channel causing the channel
resistance to increase and lowering the drain current. Contrarily, at the lower pH, the
positive charges, H+ ions accumulated at the sensing membrane induce electrons at
the channel, thus, leading to the reduction of the channel resistance and increasing the
drain current [56, 61]. When the source drain current and voltage were set at constant,
as mentioned, the threshold voltage change with the change of pH of buffer solution,
and these also cause the change in the gate voltage of the device. The ISFET’s

sensitivity can be represented as the following equation [71]:

ull Ve 1 VVen
~ VpH  VpH

(8)

3.2.1.6 The biomolecular attachment on the gate surface of
ISFET

When the biomolecules come in contact with the gate insulator
and electrolyte interface, ion permeable membrane is produced between the sensing
membrane and the electrolyte. The change of the surface potential is generated by the
accumulation of the charged biomolecules on the gate surface. The surface potential
change is due to the occurrence of electrostatical effect between charged molecules on
the gate and electrons under the gate. The charge of protein can be negative or positive
depends on the pH of the test buffer solution. When the negative charge DNA is

deposited onto the gate surface, electrons are pushed away to form the depletion
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region under the gate causing the increasing of channel electrical resistance which
reduces the drain current to flow. Therefore, the more the anions deposit on the gate,
the less the flowing of drain current [60]. In order to detect DNA hybridization, the
charge density change which occurs on the sensor surface or within the order of Debye
length can be detected. Electrolyte solution also seems to have an influence on
hybridization detection. In a high ionic strength solution, the counter ion condensation
effect can decrease the hybridization detection. Hence, the low ionic strength solution
is necessary for the detection to be able to be detected [62].

ISFET can be applied variety of biorecognition elements to
detect the various targets of interest including: DNA [32, 64, 65], enzyme [31, 73, 74],
antibody [75, 76], and cell [40, 77]. As mentioned, there are many optional ways to
detect the DNA hybridization such as traditional Southern blot, DNA microarray and
so on. However, there are some drawbacks. The ISFET is one of the developed
techniques that used to detect DNA hybridization. Nevertheless, ISFET surface
modification is needed to create an appropriate platform for DNA immobilization and
detection of the target. Most of the ISFET modifications in the previous reports were
based on covalent bonding via a series of chemical reactions. These methods are
complex and need time to modify the surface [63]. The reactions include cleaning,
activation, silanization, crosslinking, and covalent bonding of the DNA probe on the
sensor surface. Firstly, the surface is cleaned with alcohol (ethanol) to remove the
contaminants, and then add 3-aminopropyltriethoxysilane (APTES) to introduce an
amino group on the sensor surface; next, glutaraldehyde is used as the bifunctional
cross-linking agent to finish the surface modification. After that, amino modified DNA
probe is immobilized on the cross-linking agent. Finally, the amino modified DNA
probe immobilized on the cross-linking agent is ready for DNA hybridization
detection [32, 60, 64, 65]. Schematic diagram of the surface functionalization of

ISFET is illustrated in Figure 3.6.
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Figure 3.6 Schematic diagram of the surface functionalization of ISFET

3.3 Structures, properties and applications of protein A

The protein A is generally well known protein in the field of antibody
capture protein extracellular secreted by gram positive bacilli named Staphylococcus
aureus. The molecular weight of protein A is 42 kDa consisting of five homologous
immunoglobulin (Ig) binding domains, designated domains E, D, A, B, and C which
fold into three-helix bundle. This protein especially binds to IgG. The main
characteristic of protein A is its binding specifically to the fragment crystallizable (Fc)
region of the IgG. It binds to human IgG1, IgG2, and 1gG4 but not 1gG3. It also binds
to the fragment antigen-binding (Fab) region of human IgG, IgM, IgA, and IgE which
contain the heavy chains of the Vi3 subfamily [66]. Furthermore, protein A is stable
to a wide range of heat, pH, and it can maintain its native conformation even in the

denaturing agents [67]. It also acts as the virulence factor for Staphylococcus aureus.
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This bacterium uses protein A to prevent the phagocytic engulfment. The mutant
bacterium that lacks protein A is easily phagocytosed [68].

Since protein A is a generally well known protein that has the specific
binding property to the Fc region of immunoglobulin, it has been used for purification
of immunoglobulin from many species of mammals. This protein can be used to detect
specific antibody of bacteria or viruses by conjugation with reporter molecules such as
biotin, colloidal gold, or enzymes (horseradish peroxidase (HRP), alkaline
phosphatase) in immunoassays. It has been used in ELISA by conjugation with HRP
to detect the antibody of hantavirus in serum of divergent mammals [79]. It has also
been widely used in immunosensors for modifying the surface or for conjugation with
reporter molecules to detect the target of interest. Esteban-Fernandez de Avila, et al
reported detection and quantification of Staphylococcus aureus protein A by using
magnetic beads coated with protein A and immobilized on gold screen printed
electrode and Staphylococcus aureus protein A was detected by anti-protein A
antibody immobilized over the magnetic bead coated with protein A [80]. As protein
A can be adsorbed on gold surface via electrostatic force or hydrophobic interaction, it
has been used to immobilize the antibody on gold surface for detection of specific
antigen. Detection of carbofuran by amperometric immunosensor by immobilizing
protein A onto deposited gold nanocrystal on gold electrode was reported [81]. It has
also been used to detect avian influenza by immobilizing on microelectrode for
specifically binding to Fc region of antibody of this virus [82].

As mentioned above, it may be concluded that protein A is one of the most
employed in immunoassays. Ability of protein A to adsorb on silicon surface was
characterized by atomic force microscopy measurement and X-ray photoelectron
spectroscopy and its biological activity was checked by immobilization of rabbit
immoglobulin G [70]. This simple and sticky property of protein A makes it possible
to modify the sensor surface for immobilizing antibody to orient antibody for
effectively binding to antigen. In our laboratory, protein A was previously used to
modify the ISFET surface and used as immunosensor for specifically binding to
antibody to detect urinary microalbumin [83]. In this study, protein A was used to
modify the ISFET surface as well, however, we aimed to use this system as DNA

sensor to detect DNA hybridization. Biotinylated DNA probe was used to detect the
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specific DNA target; therefore, anti-biotin antibody was coated over protein A

immobilized on the ISFET surface.
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CHAPTER IV
MATERIALS AND METHODS

4.1 Materials

4.1.1 Chemicals and Reagents

Protein A (PA), anti-biotin antibody, hydrogen peroxide (H,0,),
concentrated sulfuric acid (H,SQ,), hydrochloric acid (HCI), sodium hydroxide
(NaOH), sodium chloride (NaCl), potassium chloride (KCI), phosphate dibasic
(NazHPO,), potassium phosphate monobasic (KH,PO,), ethylenediaminetetraacetic
acid (EDTA) were purchased from Sigma-Aldrich. 5'biotinylated probe, synthetic
complementary DNA, and synthetic non-complementary DNA targets were purchased
from Invitrogen. The sequences of all oligonucleotides used in this study are listed in
Table 4.1. The formula and molecular weights of the chemicals and reagents used in

this study are shown in Table 4.2

Table 4.1 Sequences of oligonucleotides used in this study

Oligonucleotides Sequences 5 - 3’
5'biotinylated probe Bio-TTTTTT GAT TTC GTATTT ACG GAA
AAA GAGC

synthetic complementary DNA CTTTTT CCGTAAATACGAAATC
target

synthetic non-complementary GGC AAC GTC AAG ACT GGC AAGT
DNA target
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Table 4.2 Formula and molecular weight of chemicals and reagents used in

this study
Reagent and chemical name Formula Molecular weight
Protein A (PA) - 45 kDa
Hydrogen peroxide H,0, 34.01
Sulfuric acid H2SO4 98.08
Hydrochloric acid HCI 36.46
Sodium hydroxide NaOH 40.00
Sodium chloride NaCl 58.44
potassium chloride KCI 74.55
Phosphate dibasic Na;HPO, 142
Potassium phosphate monobasic KH,PO4 136.09
Ethylenediaminetetraacetic acid C10H16N20s 292.24

4.1.2 Devices and Apparatus

lon sensitive field effect transistor was supported by Thai Microelectronic
Center (TMEC). The UNI-T UT61C digital multimeter was obtained from Uni-Trend
Group Limited (Hong Kong). Readout circuit and Ag/AgCI reference electrode were
purchased from Winsense Co., LTD (Thailand). MP220 pH Meter was purchased from
Mettle Toledo Company (Switzerland). Shaking incubator, DK-SI 020 was purchased
from DAI Kl Sciences Co., Ltd., Korea. Automatic pipettes (2-1000 ul) were obtained
from Bio-Rad, USA.

4.1.3 Reagents preparation

4.1.3.1 0.1 M Phosphate Buffer Saline (PBS), pH 7

0.1 M of PBS was prepared as follow:

80g Sodium chloride (NaCl), 2g Potassium chloride (KCI),
14.4g Sodium phosphate dibasic (Na;HPO,) and 2.4g Potassium phosphate monobasic
(KH2PO,4) were dissolved in 900 ml of distilled water. The total volume was made up
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to 1 L by adding distilled water. Then, the pH of PBS was adjusted to 7 with NaOH or
HCI. Finally, the PBS was autoclaved at 121 °C for 15 min and stored at room

temperature until use.

4.1.3.2 10 mM of Phosphate Buffer Saline (PBS), pH 7
One volume of 0.1 M of PBS was diluted with 9 volume of
distilled water. The solution was then adjusted the pH to 7 and autoclaved at 121 °C

for 15 min and stored at room temperature.

4.1.3.3 1 mM of Phosphate Buffer Saline (PBS), pH 7
One mM of PBS was made by diluting one volume of 10 mM
to 9 volume of distilled water and then adjusted the pH to 7. The solution was

autoclaved at 121 °C for 15 min and kept at room temperature.

4.1.3.4 1 mg/ml PA

The concentration of PA stock solution is 52 mg/ml. 1 mg/ml
of PA was made by diluting 5 ul of PA stock solution into 510 pl of ImM PBS, pH 7.
Then this PA solution was stored at -20 °C.

4.1.3.5 0.1 mg/ml PA
Fifty ul of 1 mg/ml of PA was added to 450 ul of 1mM PBS,

pH 7, and then this solution was kept at -20 °C until use.

4.1.3.6 0.1 mg/ml of anti-biotin antibody

The concentration of anti-biotin antibody stock solution is 1.3
mg/ml. 0.1 mg/ml of antibody was made by diluting 38.46 ul into 461.54 ul of 1 mM
PBS, pH 7 to make up 500 ul total volume of antibody. Then this solution was kept at

4 °C until use.
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4.1.3.7 Immobilization buffer (300 mM NaCl, 20 mM
Na;HPO,, 0.1 mM EDTA, pH 7.4)

Dissolve 17.5 g NaCl, 2.8 g Na;,HPO, and 0.04g EDTA into
900 ml of distilled water. The final volume was made up to 1 L with distilled water.
The buffer was adjusted the pH to 7.4 with HCI and autoclaved at 121 °C for 15 min
and kept at room temperature.

4.1.3.8 Hybridization buffer (150 mM NaCl, 20 mM
NazHPO,, 0.1 mM EDTA, pH 7.4)

Dissolve 8.8g NaCl, 2.8g Na;HPO,4 and 0.04g EDTA into 900
ml of distilled water. The total volume was made up to 1 L by distilled water. Then,

the pH of the buffer was adjusted to 7.4 with HCI and kept at room temperature.

4.1.3.9 Piranha solution
Piranha solution was freshly prepared by diluted 10 volumes of

distilled water, 3 volumes of H,SO,, and 1 volume of H,0,.

4.2 Methods

4.2.1 Preparation methods

4.2.1.1 Preparation of ISFET sensing area

Before modification of the surface of the ISFET, the surface
was rinsed with freshly prepared piranha solution. 10 ul of freshly prepared piranha
solution was placed over the surface of the ISFET for 2 minutes. Then, excess piranha
solution over the surface was removed and washed with distilled water for 3 times and
dried the surface at room temperature. The baseline of the ISFET was measured in the
PBS.
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4.2.1.2 Electric measurements of ISFET

The measuring data was carried out by first joining the digital
multi-meter with the readout circuit (gate potential measuring unit). All the source,
drain terminal, and gate (reference electrode) were connected to the gate potential
measuring unit. To obtain the gate potential, ISFET and reference electrode were
immersed in ImM PBS, pH7 and placed in the dark chamber to prevent the light that
may cause effect on the sensing device. The signal of gate potential depends on the
charged molecules deposit on the gate surface of the ISFET. It was measured by
controlling a constant source-drain current of 25uA. The equipments using for

measuring are presented in Figure 4.1

gate voltage measuring unit D s

Figure4.1  Schematic diagram of the measuring device

4.2.1.3 DNA-based ISFET sensor steps
Prior to modification, the sensing area of the ISFET was

cleaned with freshly prepared piranha solution for 2 minutes to remove any organic
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contaminants over it. Then, the clean surface of the ISFET was washed 3 times in
distilled water again to remove the excess piranha solution and dried at room
temperature. The baseline of the ISFET was measured in 1ImM PBS, pH 7. The
surface of the ISFET was firstly modified by 0.1 mg/ml protein A and incubated at
room temperature for 1 hour. Then, 0.1 mg/ml of anti-biotin antibody was overlaid on
the protein A modified ISFET surface and incubated at room temperature for 1 hour.
After that, 0.5 uM of single strand biotinylated DNA probe was immobilized over the
antibody modified surface and incubated at room temperature for 1 hour. Finally, in
order to test the system of the ISFET, synthetic complementary DNA target was
immobilized on the biotinylated DNA probe and hybridized at 37 °C for 1 hour. In
every step, after incubating the immobilized reagent, the surface was rinsed 3 times in
1mM PBS, pH 7 to remove the unbound reagents and the gate potential change was
then measured. The scheme of the steps of the DNA-based ISFET sensor modification
is illustrated in Figure 4.2. Before immobilization of biotinylated DNA probe and
detection of complementary DNA target, the purchased synthetic probe and DNA
target was dissolved and make to a concentration of 100 uM with immobilization and

hybridization buffer, respectively. Then dilute into the desire concentration when use.

Protein A
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Figure 4.2  Scheme of the steps of the DNA-based ISFET sensor modification
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4.2.2 Experiments

4.2.2.1 Evaluation of ISFET quality

Different pH buffer solutions at values 4, 7, and 10 were used
to evaluate the sensitivity of the ISFET for using throughout this experiment. The
quality of each ISFET was evaluated by measuring the gate potential at each pH
solution. The relationship between the ion concentration in each pH solution and the
gate potential of the ISFET was observed. ISFET was washed with distilled water after

it was measured the gate potential in one pH solution.

4.2.2.2 Modification of ISFET surface

42221 Optimization of Protein A
Concentration

Protein A was used to modify the surface of ISFET
via physical adsorption. Six different concentrations of protein A including 0.0, 0.1,
0.25, 0.5, 1.0, and 1.5 mg/ml were used. Ten microlitres of each concentration of
protein A was applied on the surface of ISFET and incubated at room temperature for
1 hour. The excess protein A then was rinsed 3 times in 1 mM PBS, pH 7 and the gate
potential was measured. The gate potential change was calculated by the formula
AV=Vpa-Vg Where Vg is the gate potential of baseline and Vpa is the gate potential
after adding protein A. The lowest concentration which showed the highest potential
change was the optimal concentration. Nevertheless, this concentration was not
functionally tested with the antibody. Therefore, this concentration was defined as

saturated concentration.

4.2.2.2.2 Optimization of Anti-biotin Antibody
Concentration

To study the optimal concentration of anti-biotin
antibody, various concentrations of anti-biotin antibody ranging from 0.0, 0.1, 0.25,
0.5, 1.0, and 1.3 mg/ml were chosen. Ten microlitres of each concentration of anti-

biotin was immobilized over protein A modified ISFET surface via physical
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adsorption and incubated at room temperature for 1 hour. Excess antibody was washed
3 times in 1 mM PBS, pH 7 and the gate voltage then was measured. The gate
potential change was calculated by the formula AV=V ap-biotin-Vpa Where V ap-piotin 1S the
gate potential of anti-biotin and Vpa is the gate potential of protein A. As described in
the previous step, the lowest concentration of anti-biotin which displayed the highest

voltage shift was defined as saturated concentration.

4.2.2.2.3 Optimization of Biotinylated DNA
Probe Concentration

To study the optimal condition of DNA probe for
detection of DNA hybridization, various concentrations of biotinylated DNA probes at
0.0, 0.1, 0.25, 0.5, 1.0, and 2.0 uM were immobilized over the antibody via antigen-
antibody reaction. Ten microlitres of each concentration of the biotinylated DNA
probe was applied over the immobilized antibody on the surface of ISFET and
incubated at room temperature for 1 hour. The excess probe was rinsed in 1 mM PBS,
pH 7 for 3 times before measuring the gate potential. The gate voltage change was
calculated by the formula AV=V prope-V ab-biotin Where Virone IS the gate potential of the
biotinylated DNA probe and V ap-biotin IS the gate potential of anti-biotin. The lowest
concentration of the biotinylated probe which showed potential peak was chosen as the

optimal concentration to detect the synthetic complementary DNA target.

4.2.2.2.4 Detection of Synthetic Complementary
DNA Target

Various concentrations of synthetic complementary
DNA targets ranging from 0.0, 0.1, 0.25, 0.5, and 1.0 uM were used to hybridize with
the optimal concentration of the biotinylated DNA probe obtained from the previous
step. Ten microlitres of each concentration of the target was applied over the probe
immobilized ISFET surface and hybridized at 37°C for 1 hour. To evaluate the ability
of the ISFET for detecting DNA hybridization, the gate potential was measured and
the gate potential change was calculated by the formula AV=Vaget —Vprobe Where Viarget

is the gate potential of the synthetic complementary DNA target and Vprone IS the gate
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potential of biotinylated DNA probe. At the same time, a non-complementary target
was also tested and used as a negative control.

4.2.2.2.5 Detection of Non-complementary DNA
Target

Three  different  concentrations of  non-
complementary DNA targets at 0.25, 0.5, 1 uM were chosen as negative controls. Ten
microlitres of each concentration of non-complementary DNA was overlaid on the
immobilized DNA probe and incubated at 37°C for 1 hour. Excess non-complementary
DNA target was washed in 1mM PBS, pH 7 and the gate potential was measured. The
gate potential change was calculated by the formula AV=Von targer—Vprobe Where Vnon
rarget 1S the gate potential of the synthetic non-complementary DNA target and Vprobe IS

the gate potential of biotinylated DNA probe.
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CHAPTER V
RESULTS

5.1 Evaluation of ISFET quality

The sensitivity of each ISFET was evaluated by measuring the gate

potential of each ISFET in three different pH solutions values at 4, 7, and 10. The

response of the ISFET to the ion concentrations in pH solution was observed. The

results in Figure 5.1 show the linear relationship between the gate potential and

various pH solutions with correlation coefficient of 0.999. The results indicated the

good response of ISFET with different pH solutions. The sensitivity of the ISFET was

47.833+1.81mV/pH which was in the range, as predicted in the previous report, of

which the maximum sensitivity was 59mV/pH [56]. Hence, the ISFETs used

throughout this experiment were of good quality.

Figure 5.1
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Gate potential of ISFET response to various pH solutions. The
graph represents the gate potential vs. different pH. All analyses were

carried out with n=10 and error bars represent = 1SD.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Medical Technology) / 35

5.2 Modification of ISFET surface

5.2.1 Optimization of Protein A Concentration

The results of protein A at different concentrations tested are shown in
Figure 5.2. The potential changes of various concentrations of protein A from 0.0, 0.1,
0.25, 0.5, 1.0, and 1.5 mg/ml were 2+1.56, 7+1.63, 8.2+1.31, 9+2.58, 11.6£1.50, and
11.6+2.31 mV, respectively. These potential changes were calculated by the formula
AV=Vp,-Vp, the gate potential of baseline is subtracted from the gate potential of
protein A. The gate potential of protein A increased as the concentration of protein A
increased and saturated at 1 mg/ml. The results showed that 1 mg/ml of protein A was
the saturated concentration. However, in this study, both saturated concentration (1
mg/ml) and lower concentration (0.1 mg/ml) were used to optimize the antibody in the

next step as discussed in the discussion part.
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Figure5.2  Optimization of protein A concentration. The graph represents the
average values of gate potential change vs. protein A concentrations.

All analyses were carried out with n=10 and error bars represent + 1SD.
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5.2.2 Optimization of Anti-biotin Antibody Concentration

The results of the optimization of anti-biotin antibody with both 0.1 mg/ml
and 1 mg/ml of protein A are described in Figure 5.3. At protein A 0.1 mg/ml, the
potentials after adding anti-biotin shifted at 2.8+1.13, 7.1+0.73, 8.3+£2.40, 9+0.92,
10.8+1.13, and 10.75+0.95 mV at different concentration of 0.0, 0.1, 0.25, 0.5, 1.0,
and 1.3 mg/ml, respectively. At protein A 1 mg/ml, the potentials after adding anti-
biotin changed at 2.9+1.1, 6.5+1.35, 8.1+1.72, 8.7+1.33, 11.2+2.57, and 10.8+1.09
mV at concentration of 0.0, 0.1, 0.25, 0.5, 1.0, and 1.3 mg/ml, respectively. These
potential changes were calculated by using the gate potential of anti-biotin antibody
subtracted the gate potential of protein A. The results showed that 1 mg/ml of antibody
tested with both concentrations of protein A was the saturated condition. At both
concentrations of protein A after adding anti-biotin, the potential changes gradually
increased and were quite stable at 1 and 1.3 mg/ml which indicated the antibody was
saturated and no more space left for further binding. As can be seen in Figure 5.3, the
potential shifts of all concentrations of anti-biotin tested with both concentrations of
protein A (0.1 mg/ml and 1 mg/ml) displayed nearly identical to each other. From this
experiment, lower amount of protein A at 0.1 mg/ml appeared to be more appropriate
for immobilizing on the ISFET surface and this would reduce the thickness of protein
A layer. Although 1 mg/ml of antibody was the saturated condition, 0.1 mg/ml was
used to study throughout this experiment to reduce the thickness on the gate surface of

ISFET as discussed in the discussion part.
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Figure 5.3

(V] Potential change [mY)
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Optimization of anti-biotin antibody concentration with both 0.1

mg/ml and 1 mg/ml of protein A. The solid line ( ) represents the
potential change of anti-biotin with protein A 0.1 mg/ml and the dashed
line (—————- ) represents the potential change of anti-biotin with protein
A 1 mg/ml. The graph represents the average values of gate potential
change vs. anti-biotin concentrations. All analyses were performed with

n=10 and error bars represent + 1SD.

5.2.3 Optimization of Biotinylated DNA Probe Concentration
The optimal condition of the biotinylated DNA probe was studied for

DNA hybridization detection. The potential changes of the biotinylated DNA probe at

all concentrations tested are described in Figure 5.4. The potential shifts of the
biotinylated DNA probe were noticed at 2.1+1.44, 4+1.56, 4.9+0.73, 5.6+1.17, 5+0.94,
and 5.1£1.52 mV for probe concentration at 0.0, 0.1, 0.25, 0.5, 1.0, and 2.0 uM,

respectively. The potential changes were calculated by using the gate potential of

biotinylated DNA probe subtracted the gate potential of anti-biotin antibody. The

highest potential shift was at 0.5 uM and started to be stable at this concentration. The

potential shift did not further increase even with increased concentration which could

be due to the saturation of probe binding sites. The signal shifts indicated successful
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immobilization of probe. Therefore, 0.5 uM was chosen as the optimal condition to

detect DNA hybridization.
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Figure 5.4  Optimization of biotinylated probe concentration. The graph
represents the average values of gate potential change vs. biotinylated
probe concentrations. All analyses were carried out with n=10 and error

bars represent = 1SD.

5.2.4 Detection of Synthetic Complementary DNA Target

The signal shifts of synthetic complementary DNA target were measured
by applying the synthetic complementary DNA target over the optimal condition of
immobilized DNA probe obtained from 4.2.2.2.3 experiment. The results of synthetic
complementary DNA target are summarized in Figure 5.5. The potential shifts of
synthetic complementary DNA target were recognized at 1+0.7, 3.5+1.08, 4.1£1.51,
5.4%1.17, and 5.3+£1.06 mV for DNA target concentration at 0.0, 0.1, 0.25, 0.5, and 1.0
uM, respectively. The potential changes were calculated by using the gate potential of
biotinylated DNA probe subtracted the gate potential of synthetic complementary
DNA target. As can be seen in Figure 5.5, the potential changes were in upward

position up to 0.5uM and reached nearly constant at higher concentration. The signal
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shifts indicated the successful detection of DNA hybridization. According to the graph
in Figure 5.5, the limit of detection (LOD) of DNA target was determined from the
mean potential shift at 0 uM (1mV) of target plus 3SD (2.1 mV) which is equal to 3.1
mV and the value extrapolated on the X-axis (synthetic complementary DNA target
concentration) which is approximately at 0.08 uM was assumed as detection limit of

this method.
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Figure 5.5  Detection of synthetic complementary DNA target. The graph
represents the average values of gate potential change vs. synthetic
complementary DNA target concentrations. The detection limit of DNA
target was determined from the mean potential shift at 0 uM (1 mV) of
target plus 3SD (2.1 mV) which is equal to 3.1 mV and the value
extrapolated on the X-axis (synthetic complementary DNA target
concentration) which is approximately at 0.08 uM was assumed as
detection limit. All analyses were carried out with n=10 and error bars

represent + 1SD.

5.2.5 Detection of Non-complementary DNA Target
To ensure that the system did not respond to the non-complementary DNA

target and the signal shifts were obtained from the specific binding of complementary
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DNA target, various concentrations of non-complementary DNA target ranging from
0.25, 0.5, and 1 uM were tested as negative controls. The comparisons of potential
changes between complementary and non-complementary DNA targets are
demonstrated in Figure 5.6. The potential changes of all three concentrations of non-
complementary DNA targets were not significantly change. The potential shifts of
non-complementary DNA target were in 0-2 mV which were in the same range when
tested with hybridization buffer (potential shifts at 0-2 mV). The results suggested the
validity of ISFET for detection of DNA hybridization.
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Figure 5.6  Comparisons of the potential changes between complementary and
non-complementary DNA targets. The bars represent the average
values of gate potential change of complementary and non-
complementary DNA target. All analyses were carried out with n=10

and error bars represent + 1SD.
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CHAPTER VI
DISCUSSION

The developments of biosensors have gained more interest because of their
sensitivity, selectivity, small in size, cost effective, and so on. Recently, most of the
development of biosensors are based on the integration into microsystems. Biosensors
have been developed for a wide variety of applications including: environmental
monitoring, food safety, military, clinical diagnosis at the point of care system. In
order to enhance the sensitivity, the integrations of the nanomaterials into biosensor
approaches have been developed. The nanomaterials including: nanoparticles (gold
nanoparticle), carbon nanotube, nanowire, etc. are popular because of their signal
amplification due to large surface area allows more sensing space, high electrical and
thermal conductivity, and great strength [9, 13, 15, 20, 32, 65]. Moreover, the
developments of the nucleic acid detection techniques have gained more attention
since the detection of DNA sequence is critically important for the diagnostic of
inherited diseases, infectious disease, as well as cancer related genes. The detection of
single nucleotide polymorphism extremely needs higher sensitivity and specificity
methods. Therefore, developments for DNA detection techniques are very important
for early stage treatment and monitoring.

There are traditional methods for nucleic acid detection containing
Southern blot and microarray. Mostly DNA detection methods need DNA
amplification in order to enhance the signal, such as polymerase chain reaction (PCR).
Although these methods are sensitive, they are complex and time-consuming.
Moreover, PCR equipment, reagents are high cost and it is restricted for using in the
field [69]. The traditional method needs the radioactive and fluorescence labeling steps
since these are the drawbacks. lon sensitive field effect transistor (ISFET) is one of the
methods that used to detect the nucleic acid. It is simple, small in size, thus, it needs
small amount of sample. ISFET is a device for measuring ions or pH in the electrolyte.

Its concept derived from the MOSFET except the metal gate electrode in MOSFET is
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replaced by the reference electrode leaving the sensing membrane exposes to the
electrolyte. The basic operation is the monitoring the gate potential by controlling the
source drain current. The gate potential change is measured after depositing the
charged molecules onto the gate surface and applying electric field. Many
biorecognition elements can be used as bioreptors in ISFET and it was classified as
enzyme-based ISFET, DNA-based ISFET, immunosensor-based ISFET, and cell-
based ISFET. In order to immobilize the biorecognition element, the surface of the
ISFET needs modification step. Previously reported modification methods were based
on the covalent bonding (silanization) via a series of chemical reaction which are
complicated and cumbersome [63].

Therefore, the objective of this study is to develop the simple and sensitive
technique based on protein A modified ISFET for detection of DNA hybridization. In
this experiment, protein A was firstly immobilized on the gate surface of the ISFET to
build an appropriate platform to allow an anti-biotin antibody to bind effectively. This
antibody functioned as the linkage for binding specifically to the biotinylated DNA
probe for detection of DNA hybridization. Antibody immobilization and maintenance
of the functional formation on the solid support is important for high sensitivity
detection. Therefore, to overcome the random orientation of antibody immobilization,
protein A was used to immobilize the antibody to bind specifically. The technique
using protein A is very advantageous as protein A can bind specifically to the Fc
region of the antibody leading to the uniform orientation of antigen binding sites for
effectively binding to the antigen, thus maximize the antigen binding affinity of
antibody, it was also simple since both protein A and antibody were immobilized via
physical adsorption and required no additional reagent, it is easy to handle when
compared to complicated silanization technique. It is different from silanization
technique that immobilizes the antibody in random manner thus some of them may be
inhibited from binding due to steric hindrance of antigen binding domains. This
modified technique could detect the DNA target without any labeling steps. In this
experiment, all the concentrations of protein A, anti-biotin antibody, and biotinylated
DNA probe were optimized to obtain the saturated condition for detection of DNA
hybridization. Different concentrations of protein A from 0 to 1.5 mg/ml were done to

study the saturation value. The gate potential changes of protein A at all
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concentrations tested are shown in Figure 5.2. The saturated condition of protein A
was found at 1 mg/ml and this result is similar to the previous study [84]. However, in
this study, DNA hybridization occurred after modification of the surface with protein
A, anti-biotin, and the probe layers. These three steps might increase the thickness on
the gate surface and affect hybridization detection because the reaction might be too
far from the gate surface. Therefore, not only the optimal (1 mg/ml) but also the lower
(0.1 mg/ml) amounts of protein A were tested for optimization of the antibody in the
next step to choose the suitable condition. Before coating protein A layer on the
surface of the gate, the sensitivity of each ISFET was evaluated. The gate potential of
each ISFET in three different pH values namely pH 4, pH 7, and pH 10 were measured
and observed the response of the ISFET to the concentration of Hydrogen ions. The
gate potential increased as the values of the pH increased as shown in Figure 5.1. The
result indicates that there is a linear relationship between the gate potential and ions
concentration in the pH solution. This shows the good response of ISFET with
different pH solutions. The sensitivity value was 47.833+1.81mV/pH which was in the
range as predicted in the previous report of which maximum sensitivity was 59mV/pH

[56] and the sensitivity obtained is closely related with the previous reports [57, 60].

After immobilizing of protein A layer, anti-biotin antibody was
immobilizied over the protein A layer. The antibody was optimized over protein A at
both concentrations 1 mg/ml and 0.1 mg/ml. Figure 5.3 shows the data of optimization
of antibody with both concentrations of protein A. The saturated concentration of
antibody at both concentrations of protein A tested was found at 1 mg/ml. As in Figure
5.3, the potential changes of all concentrations of antibody with both concentrations of
protein A (1 and 0.1 mg/ml) showed nearly the same. From this experiment, lower
amount of protein A (0.1 mg/ml) was more suitable to immobilize antibody. Although
it was found that 1 mg/ml is the saturated condition of antibody, as discussed above in
protein A, the thickness on the ISFET surface may interfere the signal detection,
therefore, instead of using the saturated concentration (1 mg/ml), lower amount of
anti-biotin at 0.1 mg/ml was selected for the next step. Fortunately, the potential
changes could be detected after adding the biotinylated DNA probe at this lower

concentration of anti-biotin. After immobilizing of protein A and antibody at 0.1
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mg/ml, the biotinylated DNA probe was immobilized over the antibody layer to obtain
the optimal condition for DNA hybridization detection. The results revealed that the
potential change started to be stable at 0.5 uM and did not increase with increased
concentrations. Therefore, the maximal concentration of biotinylated DNA probe for
DNA hybridization detection was 0.5 uM. In order to test the system on detection of
DNA hybridization, different concentrations of complementary DNA target ranges
from 0 to 1 uM were applied over the immobilized biotinylated DNA probe. The gate
potential change increased up to 0.5 uM and found to be stable at higher concentration.
When compared 0.1 with 1 uM of the synthetic DNA target, the potential changes
were not proportionally increased with the elevated concentrations. This may be
caused by electrostatic repulsion between DNA strands at higher concentration which
might reduce hybridization event as discussed in previous study [72]. This electrostatic
repulsion can be decreased by adding salt concentration in hybridization buffer. This
salt absorbs to the phosphate backbone and decreases the repulsion. Stability of
hybridization also depends on the melting temperature and GC content of
oligonucleotides. GC pair is more stable than AT because GC pair has three hydrogen
bonds while AT has two. Therefore, with increasing the GC content causing the
hybridization reaction increases due to the higher melting temperature. According to
the discussion in the previous study, after the DNA immobilization, the negative
charge on the phosphate backbone of DNA on the sensing membrane repelled
electrons away formed the depletion region. This region increased the conduction
channel electrical resistance and decreased the drain current. Moreover, when the
concentration of the DNA increased, the drain current further reduced [60, 72]. When
the source drain current and voltage were kept at constant, the variation of the
threshold voltage was influenced by the change of the concentration of deposited
charge molecular on the sensing surface and thus, caused the variation on the gate
potential [71]. Additionally, the non-complementary DNA targets were also tested to
ensure the obtained potential changes were from specific binding with the
complementary DNA targets. The potential shifts of the non-complementary DNA
target were not significantly changed which were in the same range (0-2 mV) when
tested with O concentration (hybridization buffer) of complementary DNA target. The

LOD was calculated at the mean of potential change at zero concentration point plus 3
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SD. This modified technique using protein A could detect the DNA hybridization at
the LOD approximately at 0.08 uM. According to the results obtained in this study, it
suggested the validity of ISFET for detection of DNA hybridization and differentiation
of complementary DNA from non-complementary DNA targets. This protein A
modified ISFET DNA sensor can be further applied to detect the target of interest in
various kinds of samples including clinical samples for detection of DNA of pathogens,

gene mutation, cancer related gene and so on.
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CHAPTER VII
CONCLUSION

DNA biosensor based on protein A modified-ISFET for detection of DNA
hybridization was successfully developed with the detection limit approximately at
0.08 uM. In this study, DNA-based ISFET sensor was carried out by modifying the
sensing area of ISFET with only 0.1 mg/ml of both protein A and anti-biotin antibody,
followed by immobilization of 0.5 uM of biotinylated probe for detecting the
complementary DNA target. Protein A was used to modify the ISFET surface
successfully instead of the previous complicated silanization technique. The benefits
of this technique over silanization are its simplicity and stickiness properties because
protein A physically adsorbs to the surface of the ISFET and provides the receptors for
antibody binding in highly oriented manner whereas silanization technique is complex
and needs several hours to finish modification. Moreover, the system tested here could
be able to clearly distinguish complementary from non-complementary DNA target.
To conclude, the sensor proposed here is quite simple, sensitive and can be applied to

detect various types of targets of interest from any kinds of samples.
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