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ABSTRACT

Cholera is an importance acute diarrheal disease caused by the toxin Vibrio
cholerae. The rapid detection of this organism is necessary for effective control of this
disease. The detection of ctx gene encoding for cholera toxin using specific DNA
probe is extremely useful to meet this requirement.

DNA biosensors based on nucleic acid hybridization have rapidly been developed
due to their increasing importance in the diagnosis of diseases. Quartz crystal
microbalance (QCM) has been used for detecting DNA hybridization, due to its
sensitivity, inexpensiveness, and suitability for direct and label-free monitoring
hybridization of complementary strands of oligonucleotides. The aim of this study was
to develop a QCM system for rapid detection of the cholera toxin gene (ctx gene) from
the product of the polymerase chain reaction (PCR) of this specific gene.

Gold electrode of 5 MHz AT-cut quartz crystal was modified with self-assembled
monolayer of mercaptopropionic acid (MPA). Then, avidin was immobilized after the
activation of MPA  with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride and N-hydroxysulfosuccinimide. This avidin coated gold electrode
surface was used for attachment of 5’-biotinylated oligonucleotide probe containing
ctx sequence. The primer for ctx gene was utilized for ctx sequence amplification by
PCR. The denatured PCR product was applied to the quartz crystal active surface
containing the cholera toxin probe for detection of specific hybridization of both
molecules. Decreasing of oscillation frequency was monitored as an indicator of
hybridization events.

The optimal concentrations of MPA, avidin, and 5’-biotinylated oligonucleotide
probe were 10 mM, 0.1 mg/ml and 1uM, respectively. The oscillation signal detected
by this sensor showed that all of eleven V. cholerae O1 were positive for ctx gene. No
significant frequency shift was observed from the eleven bacterial strains belonging to
non-cholera. This QCM system performed with high sensitivity and specificity and is
therefore suitable for detection of ctx gene of Vibrio cholerae O1 within 20 minutes
after PCR.

KEY WORDS: QUARTZ CRYSTAL MICROBALANCE, CHOLERA
VIBRIO CHOLERAE, CTX GENE, DNA BIOSENSOR.
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CHAPTER I
INTRODUCTION

Cholera is a life-threatening diarrheal disease and continues to be an important
cause of morbidity and mortality in many areas of the world. Cholera remains a public
health problem in most developing countries including Thailand, where poor
sanitation, health care limited, and drinking-water contaminated (1, 2). Vibrio
cholerae is the causative agent of cholera. The disease is spread by the fecal-oral
route. Transmission occurs primarily through water contaminated with human feces,
infection also may be spread within households and by contaminated foods and
drinking water (2). Clinical manifestation of cholera is characterized by passage of
voluminous stools with rice water appearance that rapidly leads to dehydration. In
severe cholera, the stools rapidly gain the characteristic of rice water. Such severe
dehydration can lead to death within hours of the onset of the symptoms unless fluids
and electrolytes are rapidly replaced (3).

Since 1817, cholera had swept the world in seven major pandemics. The seventh
began in 1961 and continues to the present. Until 1992, all strains associated with
epidemic cholera were serogroup O1 which consists of two biotypes: the classic strain
and EI Tor types, base on specific phenotypic characteristics. The classic strain of V.
cholerae was first isolated by Robert Koch in 1883 and was the prevalent biotype
causing cholera pandemics before 1961. The EI Tor biotype is responsible for the
seventh pandemics that started in 1961, with over 250,000 deaths worldwide (1, 3). In
1992, a large cholera outbreak in India and Bangladesh was caused by a non O1 V.
cholerae strain later identified as serotype O139 with synonym Bengal (4).

Only two serotypes V. cholerae Ol and O139 have been characterized as
toxigenic and recognized as the causative agent of epidemic and pandemic cholera (5,
6, 7, 8). Cholera is characterized by a severe watery diarrhea caused by toxigenic V.

cholerae, which colonize at the small intestine and produce an enterotoxin, named
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cholera toxin (CT). Some isolates of V. cholerae O1 and O139 do not produce CT and
do not possess the genes encoding CT, and are not involved in epidemics (3). Thus,
the identification of cholera enterotoxin production is an important step to further
differentiate the toxigenic strain of V. cholerae. The isolation of the organisms using
conventional bacteriological technique is the gold standard and to determine whether
isolates are toxigenic by slide agglutination test with antisera. However, the process of
biochemical testing is laborious and time-consuming. The immunological methods
provide highly sensitive and specific results, but involve multiple steps in sample
preparation (5).

There are many techniques that can be used as alternative ways for detection of
this causative agent directly from patient’s stool such as dark-field or phase contrast
microscopy, latex agglutination and ELISA. Molecular methods including DNA
probes and Polymerase chain reaction (PCR) are also available. DNA probes assay is
multistep, manual, and relatively slow (9).

The PCR reaction also uses commercial available reagents and protocols; the
automation of the process using a thermo cycling for amplifying a nucleic acid target
ensures high reproducibility with respect to temperature and reaction time. PCR has
been claimed to be a very sensitive and specific method that amplifies a fragment of
the cholera toxin A subunit gene (ctx A) for detection toxigenic V. cholerae O1 (8, 9).
However, the most common method used for analysis of PCR products is based on
ethidium bromide staining of DNA fragments separated by electrophoresis. Moreover,
ethidium bromide which is a common staining agent is carcinogenic (10).

Recently, there has been increasing interest in biosensor technology for
oligonucleotide hybridization detection using procedures, which not require the use of
labels. The quartz crystal microbalance (QCM) is a promising candidate for the
detection of DNA hybridization. DNA biosensors are simple and inexpensive.
Developments of QCM specific DNA sensors for the detection of many pathogenic
bacteria have been reported such as Aeromonas spp. (10), Escherichia coli (11), and
Psudomonas aeruginosa (12). According to the high sensitivity and specificity, easy to
use and rapid detection for Vibrio cholerae, using QCM based DNA sensor
technology will be studied.
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OBJECTIVES
1. To develop the detection method for Vibrio cholerae ctx gene by using the
QCM based DNA sensor system.
2. To optimize the assay for Vibrio cholerae ctx gene determination.
3. To evaluate the specificity of specific DNA sensor system for detection of V.

cholerae ctx gene.
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CHAPTER 11
LITERATURE REVIEW

2.1 Vibrio cholerae

2.1.1 Structure, Classification and Antigenic Types

Vibrio cholerae is a facultative anaerobic, gram-negative non-spore
forming curved rod bacterium belonging to the family of Vibrionaceae. The bacterium
is oxidase positive, reduces nitrate, and motile by mean of a single polar flagellum.
Vibrios are sensitive to low pH and die rapidly in solution with pH below 6.0.
However, they are quite tolerant of alkaline condition and are able to grow in the
medium containing 0 to 3 % NaCl (13). The organisms classified by biochemical tests
and are further subdivided into serogroups based on the somatic “O” antigen. The “O”
antigen provides the major antigenic variability of the cell surface (14). Up to now, the
organism is classified with over 200 “O” serogroups (4). The O1 serogroup exists as
two biotypes, classical and El Tor; antigenic factors allow further differentiation into
two major serotypes-Ogawa and Inaba. The characteristic used to distinguish the
classical and El Tor biotypes are given in Table 2.1. Other criteria for biotyping
including  Voges-Proskauer reaction, polymyxin B  susceptibility, and
hemagglutination of chicken erythrocytes are the most useful characteristics for
biotyping. Strains of the Ogawa serotype are said to express the A and B antigens,
while Inaba strains express only the A and C antigens. A third serotype (Hikojima)
expresses all three antigens but is rare and unstable (14). The members of V. cholerae
O1 according to biotypes, serotypes and “O” antigens are summarized in Figure 2.1.

The early cholera outbreaks can mainly be attributed to the serotype group
Ol, the classical biotype. However, the seventh outbreak was due to an O1 biotype El
Tor (15). In 1992, a new serogroup, O139, appeared for the first time and was
responsible for the latest greatest cholera outbreak. Before the discovery of the V.

cholerae 0139, only serogroup O1 was known to cause epidemic cholera, so the O139
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serotype is likely to be the cause of the next (eighth) pandemic of cholera (15). Strains
identified by biochemical tests as V. cholerae that do not agglutinate with O1 or O139
are referred to as non-O1 non-O139 V. cholerae (3).

Like all vibrios, V. cholerae O1 and O139 are positive for indophenol
oxidase and ferment a variety of sugar without gas production. Like El Tor biotype, V.
cholerae O139 is positive for Voges-Proskauer reaction, agglutination of chicken
erythrocytes and shows variable hemolysis of sheep. V. cholerae 0139 is
indistinguishable from typical El Tor V. cholerae O1 strains. However, this organism
does not produce the O1 LPS and lacks at least some of the genetic material necessary

for production of the O1 antigen (17).

Table 2.1 Differentiation of Classical and El Tor Biotypes of V. cholerae O1 (3)

Result for biotype:
Test or property
Classical El Tor
Hemolysis 7 +)
Agglutination of chicken erythrocytes — +
Voges-Proskauer — +
Inhibition by polymyxin B (50-U disk) + —
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Biotype El Tor Classical
Serotype Ogawa Inaba (Hikojimal Ogawa Inaba {Hikajima}
Antigens AB AT A B C) AB AG (A. B, C)

Figure 2.1 Biotype and Serotype of Vibrio cholerae O 1 Antigen (14)

2.1.2 History and Epidemiology of Cholera

Outbreaks of V. cholerae are spread among people by the fecal—oral route,
usually in environments with poor sanitation. Humans apparently are the only natural
host for V. cholerae (18). Until now, there are seven pandemic of cholera as shown in
Table 2.2 with many deaths from each pandemic. In 1817, the first cholera pandemic
began with spread of the disease outside the Indian subcontinent along trade routes to
the west as far as southern Russia (16). During the second and third pandemics, John
Snow showed the association of the disease with contaminated drinking water that
supported the theory of waterborne transmission of cholera (19). During the fifth
pandemic, Robert Koch isolated the causative agent of cholera, referred to as “comma
bacilli” from rice water stools of patients in Egypt (20). The sixth pandemic and
presumably the fifth pandemic were caused by V. cholerae O1 classical biotype. The
seventh pandemic was the most extensive of the geographic spread, and the causative
agent was V. cholerae Ol of the El Tor biotype, and this biotype has been completely
displaced worldwide. In late 1992 through 1993, the epidemics of cholera in the Indian
subcontinent and the neighboring countries of Asia were caused by V. cholerae O139.
Therefore, it was speculated that V. cholerae O139 might be the causative agent of the
eight pandemic of cholera and as shown in Table 2.2 (21).
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In Thailand, V. cholerae O1 biotype El Tor has been reported to be a

major cause of cholera. Only two serotypes: Ogawa and Inaba were recognized. At

presents, the morbidity and mortality of cholera in Thailand are not as high as in the

past, although the transmission of cholera still exists among certain groups of

population with poor sanitation, malnutrition, overcrowding and inadequate medical

services, both in urban and rural areas (22).

Table 2.2 Cholera Pandemics (18)

No Years Origin Pandemic organism
| 1817-1823 India Unknown
2 1829-1851 India Unknown
3 1852-1859 India Unknown
4 1863-1879 India Unknown
5 1881-1896 India V. cholerae O1, classical biotype
6 1899-1923 India V. cholerae O1, classical biotype
7 1961-present Sulawesi, Indonesia V. cholerae O1, El Tor
8" 1992-present Madras, India V. cholerae O139

" Swerdlow and Ries, (1993) (21)




Jittra  Saesor Literature Review / 8

2.1.3 Pathogenesis

Infection due to Vibrio cholerae begins with the ingestion of
contaminated food or water containing this organism. Many factors play the key role
in severity of symptoms such as the dose of ingested bacteria, the effect of gastric
acid, and the patient’s blood type (16). The pathogenesis of cholera depends on
colonization of the small intestine by the organisms and secretion of enterotoxin. The
organisms are particularly sensitive to stomach acid. Surviving virulent organisms
may adhere to and multiply on the epithelial cells that line along the small intestine,
where they secrete the potent cholera enterotoxin called choleragen. This enterotoxin
can reproduce the symptoms of cholera even in the absence of the Vibrio organisms
(14).

Cholera enterotoxin (CT) consists of two subunits. The A subunit has a
molecular weight of 27.2 kDa and is responsible for adenylate cyclase activation in
small intestinal epithelial cells, leading to the loss of fluid and electrolytes. This cause
the tremendous loss of fluid associated with cholera. The B subunit consists of five
identical elements with a molecular weight of 11.5 kDa each and is responsible for
binding to the epithelial cell surface receptor, GM1 ganglioside (23).

The A subunit is proteolytically cleaved to yield two polypeptide chains,
Al and A2 peptides. After proteolytic cleavage, the Al and A2 peptides are still linked
by disulfide bond before internalization (24). After the B subunit binds to sugar
residues of ganglioside GM1 on the cell lining the villi and crypts of the small
intestine, the A subunit dissociates from the B subunit and penetrates the cell
membrane. The disulfide bond that joins A1 and A2 subunits is broken and the Al
subunit is activated. The activated Al subunit enzymatically transfers the adenosine
diphosphate (ADP) ribose from a nicotinamide-adenine dinucleotide (NAD) to the
guanosine triphosphate (GTP)-binding regulatory protein associated with membrane-
bound adenylate cyclase activity. This action leads to increased cyclic-AMP
production, which stimulates mucosal cells to pump large amounts of chloride ion
(CI) into the intestinal contents. Water, sodium ion (Na") and other electrolytes in
mucosal cells are replaced from the blood. Thus, the toxin-damaged cells become

pumping system for water and electrolytes causing the diarrhea, loss of electrolytes
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and dehydration that are characteristic of cholera (18, 25). Morbidity and death are due
to dehydration and electrolyte imbalance.

In V. cholerae, the major virulence-associated genes which encode CT
and colonization factors are part of the larger genetic elements composed of clusters of
genes. The first is the CTX genetic element. The gene encoding the A and B subunits
are designated ctxA and ctxB, expressed as a single transcriptional unit (16). The
second region is a large pathogenicity island for V. cholerae (VPI), which carries

genes for the pilus colonization factor TCP (26).

2.1.4 Identification of Vibrio cholerae

Identification of V. cholerae is usually achieved through the conventional
bacteriological technique. V. cholerae is commonly isolated on a selective medium,
thiosulphate-citrate-bile-salts-sucrose (TCBS agar). The sucrose-fermenting V.
cholerae isolates are readily detected as large, yellow, and smooth colonies.
Suspected V. cholerae isolates can be transferred from primary isolation plate to a
standard series of biochemical media used for identification of members of the
Enterobacteriaceae and Vibrionaceae families (27). The crucial test for distinguishing
V. cholerae from members of Enterobacteriaceae is the oxidase test; V. cholerae gives
a positive result but Enterobacteriaceae are oxidase negative. Vibrios are more
susceptible to refrigeration than enteric bacilli, therefore, specimens in transport media
should be shipped to the laboratory without refrigeration (3).

The key confirmation for identification of V. cholerae O1 is agglutinated
with polyvalent O1 antiserum raised against the O1 antigen considered as V. cholerae
O1 with monospecific either Ogawa and Inaba. The non-agglutinate V. cholerae with
Ol should be considered as V. cholerae non-O1 and further confirmed the
agglutination with O139 polyvalent (18). However, the conventional culture method
is time consuming, expensive, and may lack the necessary sensitivity particularly for
clinical samples from patients previously treated with antibiotics or traditional home
remedies or for poorly handled samples (3).

The rapid identification of V. cholerae is very important for
epidemiological study. Several techniques have been used to detect the organism in

stool samples, such as dark-field microscopic examination of cholera stools to
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demonstrate the characteristic of darting or shooting star motility of V. cholerae,
particularly when the concentrations of vibrios are higher than 10° per ml of stool.
Addition of specific polyclonal or monoclonal antibodies directed against the O1
antigen results in inhibition of their motility (28). The fluorescent antibody technique
has been applied to identify V. cholera O1 in stool specimens (18). This technique is
not widely used since it requires expensive equipment and has low sensitivity.

The identification of cholera toxin (CT) production is an important step in
the diagnosis of cholera, because only toxin-producing strains have been associated
with severe, watery diarrhea and epidemics (5, 6, 7, 8). To determine whether V.
cholerae O1 and O139 isolates are toxigenic, immunological tests for the detection of
CT are used such as a latex agglutination test and an enzyme-linked immunosorbent
assay (ELISA). A latex agglutination assay to detect CT was reported to be less
complicated and less time-consuming than the ELISA method (29). The modifications
of an ELISA using purified GM; ganglioside receptor as the capture molecule of the
toxin (GM,;- ELISA) are now more commonly used to assay CT (30). A highly
sensitive bead ELISA, which uses polystyrene beads coated with anti-CT antibody as
the solid phase, can detect CT directly in stool specimens (31).

A variety of molecular approaches to the laboratory diagnosis of cholera
and toxin detection have been developed. DNA probes have been extremely useful in
distinguishing those strains of V. cholerae Ol that contain ctx gene from other
bacterial agents. This distinction is particularly important in examining environmental
isolates of V. cholerae O1 since the great majority of these strains lack czx gene (260).
The first application of DNA probes to distinguish toxigenic from nontoxigenic strains
utilized sequences encoding the closely related heat-labile enterotoxin (LT) of
enterotoxigenic Escherichia coli (ETEC). The public health concern was that these
strains might contain minor mutations in genes encoding CT and therefore might
possess the genetic potential to revert to toxigenicity. The DNA hybridization studies
with the LT probe showed that strains did not contain toxin gene sequences and
therefore could not revert to toxigenicity (32).

A number of DNA fragment probes and synthetic oligonucleotide probes
have been developed to detect ctx sequences. Two synthetic oligonucleotide probes

employing nonisotopic labels have been used to identify toxigenic V. cholerae O1
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directly from primary isolation plates. An alkaline phosphatase-labeled ctx probe
described by Wright et al. was capable of detecting toxigenic V. cholerae on
nonselective media (5). The probe successfully detected all stool samples with more
than 10* V. cholerae organisms per gram of stool. Yoh et al. also used these assay for
detecting ctx gene in clinical stool specimens from patients recently returning from a
cholera-endemic country. The test with this probe requires around 3 hours for
obtaining results after picking up the colonies from TCBS agar or a plate of vibrio
agar (6).

The use of polymerase chain reaction (PCR) is becoming more important
in the diagnosis of many infectious diseases since this method is more rapid and
specific, and possibly more sensitive than currently available diagnosis tests. The PCR
method would be more rapid than the DNA probe method in detecting the ctx gene
because PCR amplifies the target sequence in vitro to a detectable level in a short time
by using standardized reagents and specific equipment. Unlike traditional cultivation
methods that are limited to detecting viable organism, the PCR technique requires only
remain intact DNA not viable cells (33). The ctx genes are highly conserved among
strains of V. cholerae, therefore sequence variation that might lead to poor annealing
of the oligonucleotides primers, does not seem to be a problem (3). The PCR method
gave 100 % agreement with a culture method. A problem for detection of DNA
fragments in stool samples by PCR assay is the inhibitory substances that sometimes
presents in the samples, hence the inhibitors of the PCR assay have to be removed by
centrifugation and diluting the remaining activity of the inhibitors (3, 7). Shirai et al.
reported three sets of primers that amplified regions of ctxA. The best result was
obtained from the set of primer 302-bp region, and could detect as little as 1 picogram
DNA or three viable cells from broth cultures after 40 cycles of amplification (8). A
highly sensitive PCR assay has been applied to detect the gene for the CT-subunit A
(ctxA) in rice water stools without DNA extraction (34). Ramamurthy et al reported
302 bp product of PCR comparing to bead-ELISA and culture method in watery stool
specimens. PCR amplification of the cholera toxin gene was shown to be more
sensitive method than bead-ELISA and a culture method for detecting cholera toxin

(39).
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2.2 Biosensor

2.2.1 Definition and Principle of Biosensors

Nowadays, research trends are suggested newly developing chemical and
biological sensors, which are simple and inexpensive to design. Biosensor is an
analytical device made by attaching a biological substance to a suitable transducer,
which converts the biological response into electric signal as shown in Figure 2.2. A
biosensor consists of a biological sensing element with a transducer to produce a
signal proportional to target analyses. A variety of biological components can be used,
including enzymes, antibody, affinity ligand, oligonucleotide, receptor and peptide,

which specifically react with target analyses (36).
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Figure 2.2 General Configuration of Biosensor (37)
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The transducer alone not able to monitor the analyte, but it senses the
biochemical event. When biological molecules interact with target analyses, there is a
change in one or more physical-chemical parameters associated with the interaction
such as generation of ions, gases, electrons, heat or mass. The quantities of these
indicating signals are converted into electrical signals by relevant transducers,
amplified and displayed in a suitable device (37).

The critical features of the biosensor are the selectivity of the bioreceptor
for the specific target analyte and to maintain this selectivity in the presence of other,
potentially interfering (38). From these features, the specificity of biosensor depends
on the properties of the biological component which function is to provide selectivity
and specificity for target analyses. Whereas, the sensitivity are depends on both the
biological component and transducer due to significant of reaction between biological

substances and target analyses and a high efficiency of transducer (36).

2.2.2 The Biological Recognition
The biological recognition often called a bioreceptor is a biological
molecular species or a living biological system that utilizes a biochemical mechanism
for recognition. The biological recognition is also the most crucial, being responsible
for the selective recognition of the analyte, generating the physicochemical signal
monitored on the transducer (39). The biological component of biosensor can be

dividing into two distinct types, catalytic, and affinitive biosensors.

2.2.2.1 Biocatalytic Recognition Element

Biocatalytic sensors are based on the recognition and binding of an
analyte followed by a catalyzed chemical conversion of the analyte from a non-
detectable from to a detectable from, which are detected and recorded by a transducer
(39). Biocatalysts include single-enzyme systems, multiple enzymes, organelles,
particles (mitochondria, cell wall), whole cells or microorganisms (such as bacteria,
fungi, yeast), and slices of animal or plant tissue.

Biosensors that use microorganisms, plant or animal tissue, as
biocomponents, have the advantage of unnecessary tedious procedures of extraction

and purification, while the enzyme is used as an active component. Microbial sensors
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are less sensitive to the inhibition for other compounds present in the sample, are more
tolerant to the pH variations, temperature and generally have a longer lifetime. These
devices are based on the contact of electrodes and immobilized living cells, and they
are easily regenerated, for immersion in a solution of nutrients. On the other hand, it is
not always possible to take a biomolecule a way from its natural environment and
integrate it on a sensor (protein unfolding) (40). The biosensors with these
characteristics present a slow response and low selectivity of that gotten with isolated

enzymes, due to a variety of metabolic processes occurring in a living cell (41).

2.2.2.2 Bioaffinity Recognition Element

The term bioaffinity sensor refers to a device incorporating
immobilized biological receptor molecules that can reversibly detect receptor-ligand
interactions with a high differential selectivity and in non-destructive mode (42). This
biosensor operation is based on the interaction of the analyte with biological
components, such as antibodies, nucleic acids, lectins, cell membrane receptors and
hormone receptors, that has been isolated or engineered (39). In bioaffinity sensors a
stoichiometric binding event takes place and the associated physicochemical changes
are detected by an appropriate transducer (38).

The most developed examples of biosensors using bioaffinity
receptors are based on immunochemical reactions. The potential use of
immunosensors is due to their general applicability any compounds can be analysed as
long as specific antibodies are available and to the specificity and selectivity of the
antigen—antibody reaction and the high sensitivity of the method, depending on the
detection method used (40). In order to increase the sensitivity of immunosensors,
enzyme fluorescent compounds, electrochemically active substrates, or avidin—biotin
complexes are used to label either the antigen or the antibody (39, 43).

The attachments of single-stranded deoxyribonucleic acid (DNA)
to a transducer with its ability to recognize and bind to its complement are developing
(10, 11, 12, 41, 44).

Although this bioaffinity based biosensor are specificity and
selectivity but the disadvantage of bioaffinity based biosensors are depend on the

equilibrium reactions, they generally present a very narrow linear operating range of
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concentration and are often unable to monitor continuously the analyte concentration.
Furthermore, some of these biosensors may be difficult to operate in a biological

matrix because their sensing layer has to be direct contact with the sample (39).

2.2.3 Type of Transducer in Biosensor

The transducer element of a biosensor is used to convert the biological
recognition step into the measurable signal that can be detected and displayed. It is
usually to desire have some relations between the concentrations of an analyte in the
sample and the intensity of the generated signals. The transducer can be accomplished
through several of methods (37). Four main types of transducer have been used in
biosensor technology. These are exploited the measurement of the change in
electrochemical (potentiometry, amperometry or conductimetry), mass (piezoelectric
crystal or acoustic wave), heat (calorimetry) and optical change (luminescence,

fluorescence, reflective index, surface plasmon resonance and waveguide) (38).

2.3 DNA Sensor

In recent year, the detection of specific DNA sequences has always been an
important issue in the biomedical field due to many applications in clinical diagnostics
and analytical proposes. In general, the detection of particular DNA sequences is
carried out using gel electrophoresis of DNA fragments amplified by the polymerase
chain reaction (PCR) using primers that are sequence-specific for the chosen region of
DNA. Although it is simple and effective for detection for PCR products, gel
electrophoresis cannot determine whether the sequence of the amplified target DNA is
the same as that intended. Moreover, ethidium bromide, which is a common staining
agent, is carcinogenic (44).

As an alternative to gel electrophoresis, DNA probes have been widely used for
detection of specific DNA sequences. In this method, the probe is generally labeled
with a radioisotope, enzymes, and fluorescent tag; these labeling and detection
procedures require long and tedious steps (10).

Recently, it has been increasing interest in the detection of specific DNA

sequences using methods that do not require the use of labels. Biosensor based on the
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hybridization of DNA is termed as DNA biosensor. This biosensor offers a promising
alternative for being a fast hybridization, inexpensive and simple nucleic assay (42).

Generally DNA stands for deoxyribonucleic acid which is a structure of sugar,
phosphate and a base combined into a complex double helix as shown in Figure 2.3.
The two strands in the helix are complementary to each other, which mean that each
DNA strand contains the template information for synthesis of a new copy of the other
strand. The single stranded DNA (ssDNA) is relatively stable, but on removal of the
heat source or extreme pH, the DNA molecule will reanneal in to double stranded
configuration. Reannealing between the ssDNA from different sources is called
hybridization (45). The biological recognition mechanism, generally, involves
hybridization of DNA. The opposing strands are held together by base pairing between
the two strands: G is always paired with C by three hydrogen bonds and A is always
paired with T by two hydrogen bonds that can be broken by heat or high pH. This
base-pairing property in DNA forms the basic for the specificity of bioregconition in
DNA biosensors (36). These biosensors are often based on immobilization of a single-
stranded DNA (ssDNA, also called a probe) on the surface of the transducer element
and recording the variations of the transducer signal caused by the hybridization
between the probe and the complementary strand in solution (35).

Methods used for the direct detection of DNA binding through base pairing
without using specific labels have been reported based on electrochemical (46), optical
(47), and piezoelectric (10, 48, 49). However, among biosensing devices, piezoelectric
appears to be a suitable and convenient tool for direct and label free monitoring

hybridization of complementary strands of oligonucleotides (10).
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Pyrimidine

Figure 2.3 Configurations of Deoxyribonucleic Acid and the Hybridization
Principle (50)

2.4 Piezoelectric DNA sensor

The term “piezoelectric” derived from the Greek word piezen meaning “to press”.
Hence, the piezoelectric effect hinges on “pressure electricity”. The theoretical
foundation for the use of piezoelectricity was first pioneered by Raleigh in 1885, but
the first through investigation was performed in 1880 by Jacques and Pierre Curie (51),
who observed that a mechanical stress to a quartz crystal induced an electrical potential
across the crystal surface.

Shortly afterward, the converse piezoelectric effect to a mechanical strain
produced by application of the electric potential across the crystal was discovered.
This effect is sometimes referred to as the converse piezoelectric effect. The motor
generator properties have long been associated with underwater sound transducers

(sonar), and electromechanical devices such as speakers, and microphones.
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Piezoelectric effects can be found in natural crystals but are very rare in nature. It has
to go through a polarization process to obtain the piezoelectric properties (52).

The utility of the piezoelectric device as a mass sensor arises from the linear
relationship between the change in the mass at the crystal surface and the change in its
resonant frequency (52). The vibration of piezoelectric crystals produces an oscillating
electric field in which the resonant frequency of the crystal depends on parameters
associated with the phases adjacent to the crystal and on the physical properties of the
crystal itself (e.g. sizes cut density and shear modulus). By placing the crystal in an
oscillating circuit, the frequency can be measured as a function of the mass (53).

Sauerbrey had provided the first treatment of the mass loading. The concern in
this work was simply in determining the thickness of thin layers adhering to a surface
by microweighing. The change in mass is identified by a corresponding change in the
frequency of vibration of the crystal. The fundamental frequency increases as the
piezoelectric thickness decreases. The change in frequency (A F) resulting from any

added mass (Am) to the device can be described by the Sauerbrey equation (54).

|=2f/Am

AF =
AVH,P,

where AF= measured frequency shift, in Hz;
f . the fundamental oscillation frequency of the crystal, in MHz;
Am = mass change, in g;
A = piezoelectrically active area (area of electrode surface), in cm’;

4, = shear modulus of quartz, 2.947 x 10" g/em?;

p, = density of quartz, 2.648 g/cm3.
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From this equation insert the constant value in the equation, it can write:

Am
AF=-23x10° f 27

The Sauerbrey equation is only strictly applicable to uniform, rigid, thin-film
deposits. Due to this the QCM was for many years just regarded as a gas-phase mass
detector. Not until the beginning of 1980°s scientists realized that a quartz crystal can
be excited to a stable oscillation when it was completely immersed in a liquid. Much
of the pioneering work in liquid phase QCM measurements have been done by
Kanazawa and coworkers (55), who showed that the change in resonant frequency of a
QCM taken from air into a liquid is proportional to the square root of the liquid’s

density-viscosity product:

AFz-f 32 npe )12
P,

where AF = measured frequency shift, in Hz;
f = the fundamental oscillation frequency of the crystal, in MHz;
n = viscosity of the liquid in contact with the crystal;
p = density of the liquid in contact with the crystal;

4, = shear modulus of quartz, 2.947 x 10" g/em?;

p, =density of quartz, 2.648 g/cm3.
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Two types of piezoelectric device are available surface acoustic wave (SAW) and

the piezoelectric crystal.

2.4.1 Surface Acoustic Wave (SAW)

SAW crystal is oscillating at several hundred megahertz, instead of 9-14
MHz for the piezoelectric crystal. In this technique an acoustic wave is generated by
application of an alternating voltage across a pattern of interlaced metal electrode (e.g.
gold). The electrodes are on the same side of the crystal. Interdigital transducers act as
a transmitter and receiver to excite a wave that travels across the crystal face as show
in Figure 2.4. These devices are more mass sensitive than piezoelectric quartz crystal
because mass sensitivity is directly related to the operating frequency. Although SAW
devices are more mass sensitive than piezoelectric quartz crystal but some SAW
devices exhibit a variety of problems when applied to a biological sensing system

because biological solutions can severely attenuate surface acoustic wave (53).

Input electrode Quiput elecirode

Acoustic wave

Figure 2.4 A Typical Surface Acoustic Wave Device (53)
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2.4.2 Piezoelectric Quartz Crystal

A piezoelectric resonator is made of piezoelectric material where the
material has a specific dimension and orientation with respect to the crystallographic
axes of the material. The resonator also consists of one or more pairs of conducting
electrodes which are deposited by vacuum vaporization (56). The electric field applied
between the electrodes cause mechanical vibrations or oscillation at a particular
frequency in the resonator, where the frequency is a function of the thickness of the
crystal. These vibrations or oscillations also produce a reverse electrical potential. The
effect caused by the interaction coupling between the mechanical properties of the
piezoelectric resonator and the electrical potential is called the piezoelectric effect,
which was discovered by the Curie brothers in France in 1880 (51).

The piezoelectric effect is explained by the displacement of ions in crystals
that have a nonsymmetrical unit cell. When the crystal is compressed, the ions in each
unit cell are displaced, causing the electric polarization of the unit cell. Crystals
which acquire a charge when compressed, twisted or distorted are said to be
piezoelectric (56). Piezoelectric materials transform electrical energy into mechanical
and vise verse. This property depends on displacements in the atomic structure which
causes dipole moments in the material. Molecular dipoles in the piezoelectric crystals
are aligned in small areas called domains, and these domains possess a net dipole
moment. When a field is applied, the dipole moments will group into domains which
will be aligned along the field lines (57).

QCM resonators are covered with noble metals such as gold or silver,
usually by evaporation on to the quartz surface as can be seen in Figure 2.5. The
quartz crystal can be used directly as electrodes or undergo further surface
modification. Many types of materials (quartz, tourmaline, oriented zinc oxide or
aluminium nitride) exhibit the piezoelectric effect, but the properties of quartz make it

the most common crystal type used in analytical application (56).



Jittra  Saesor Literature Review / 22

/ Quartz wafer

Gold electrode

Figure 2.5 Schematic of a Typical Piezoelectric Crystal

Quartz crystals are the crystalline form of silicon dioxide, SiO2 which is
relatively abundant in nature. However, in order to use this material for commercial
applications, a high pure form of the quartz crystal unit is required. The stable form of
the quartz above 573°C is called “high-quartz” or “betaquartz” where the low-quartz
or alpha-quartz can be obtained from the quartz below this temperature. Alpha-quartz
type of the crystal is the only form that is used for the resonator applications (58).

The special property of piezoelectric quartz crystals is that they transform
electrical energy into mechanical energy and vice versa. The material is extremely
stable and has a high repeatability from one sample to another (53). In addition, quartz
crystal’s great physical and chemical stability makes it possible to deposit, such as a
gold coating which can be used to detect resonance frequency changes (10, 42, 48, 49,
57). This occurs whenever a biological interaction takes place on the sensing surface
of the piezoelectric sensor by observing changes in the physical behavior of the system
(56).

A piezoelectric quartz crystal resonator is a precisely cut slab from a
natural or synthetic crystal of the quartz. The quartz crystal plate must be cut in a
specific orientation with respect to the crystal axes (56). These first quartz crystal

controlled oscillators were based on X-cut crystals, which have the drawback of being
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very temperature sensitive. Therefore, the X-cut crystals are nowadays used in
applications where the large temperature coefficient is of little importance, such as
transducers in space sonar (58).

Quartz crystal can be cut in different angles, which gives different type of
quartz crystal plates with special properties. Two of these different crystal plates are
AT- and BT-cut plates shown in Figure 2.6. These cuts belonging to the rotated Y-cut
family, the AT- cuts The AT —cut refers to quartz wafers cut at +35° 15 angle from
the Z axis. (53). For the majority of piezoelectric work in analysis, AT-cut crystal has
been used. The advantage with the AT-cut quartz crystal is that it has a temperature
coefficient near zero, indicating the resonant frequencies are stable over a wide range

of temperature. AT- cut crystal oscillate in the thickness shear mode (51).
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Figure 2.6 The Orientation Angle of AT-cut and BT-cut Quartz Crystal (53)
The AT-cut plate has an angle of about 35° 15 to the light axes of the

quartz crystal.
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Other terms used to reference or to describe a piezoelectric quartz crystal
are: quartz crystal microbalance (QCM) and thickness shear mode (TSM). The AT-cut
quartz crystals as a piezoelectric material can function in a “microbalance” mode as
quartz crystal microbalance. TSM is used because it describes the motion of the
crystal’s vibration (56). Quartz crystal units have different vibration modes which are
grouped into flexure, extensional, face shear and thickness shear mode. The latter is
also divided into fundamental mode and third overtone thickness shear as show in
Figure 2.7. The thickness shear mode of vibrations is the type of vibrations that the

AT-cut resonator uses (57).

! Q =

——— —

Thickness Shear Fundamental Mode Third Overtone
Mode Thickness Shear Thickness Shear

Figure 2.7 The Thickness Shear Mode Vibration (57)
The thickness shear mode vibration can be divided into fundamental mode

thickness shear and third overtone thickness shear.
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When an appropriate alternating electrical potential is applied to gold
electrodes on opposite sides of the piezoelectric crystal, the crystal will oscillate at a
characteristic frequency. As the analyte binds the coated surface, there is an increase
in mass at the interface, which will decrease the oscillation frequency. The observed
frequency change is directly proportional to the increase in mass and correlated with
analyte binding (59).

There are two methods to generate a signal using QCM resonator. One is
the most common method based on the quartz crystal being the frequency determinate
element of the oscillator circuits. The crystal itself is part of an oscillator circuit. This
mode of operation is termed active, since the crystal is excited to its resonance
frequency and the oscillator circuit compensates for the energy loss. In the second
method, the crystal is connect to an external instrument generate an alternating voltage
at various frequencies across the crystal. By this mode of operation, the vibrational
frequency is not determined by the crystal, the phase and amplitude of the crystal in
response to electrical excitation is measured (56).

Measuring system for affinity have been studies. A flow system, the
crystal is usually sandwiched between two soft rubber O-rings. Holders for crystals
suitable immersion in solution are also available. One side of the crystal should only
contact the working solutions. A more important limitation of the QCM is that it
cannot be directly used in fluids with low electrical impedance because the electrical
coupling between the electrode faces is much more efficient than electromechanical
coupling via the piezoelectric effect. In practice, this problem is readily overcome by
isolating one face of the crystal against an air space (38). The flow delivery system
consists of peristaltic pumps that provide the flow rates. This detection can be done in
real time. However, using flow system ensures a proper mixing of the solution, that
the rate controlled kinetics might be assumed. Oscillating circuit driving the crystal
should provide enough energy to the crystal for smooth oscillation in the presence of
liquid (60). The simplest approach is to monitor frequency shifts in air after
adsorption of the biomolecules in fluids and drying of the surface. This technique
allows only the determination of final frequency values with large errors arising from
the continuous change between air and liquids (57). The resonant frequencies obtained

vary considerably compared to those gathered from measurements in liquid, since the
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water content of the biomolecules influences the response of the quartz significantly
(10, 42, 49). The advantage of this technique is given that Sauerbrey equation might
be valid under this condition.

As highlighted previously, the mass of the thin layer attached to the
surface of a crystal can be calculated from a measured change in the resonant
frequency of the device. This technique has been investigated for monitoring nucleic
acid hybridization by immobilized the crystal with a nucleic acid probe and detecting
the mass change after hybridization with a specific target sequence in a solution.
Fawcett et al. were the first to describe a piezoelectric biosensor for DNA by
immobilizing ssDNA onto the quartz crystal and detecting the mass change after
hybridization (61). It is convenient to amplify the target DNA sequences using the
polymerase chain reaction prior to the QCM measurement. In this way, the lacZ gene
of Escherichia coli bacteria were determined (11). The detection of Aeromonas
hydrophila was also reported (10). Recently, QCM were considered as a convenient
tool for detection of genetically modified organisms (62). The advantages of this
technique are not only the high sensitivity and low limit of detection, but also the label
free operation. Additionally, frequency change can be followed in real time (10).

Actually, the principle limitation of the quartz crystal microbalance is
non-specific adsorption of molecules present in real matrices. QCM is a mass sensor
surface and any molecule able to bind or to be adsorbed on the surface is a
potential interference. However, previous experiments with piezoelectric, DNA probes
and hybridization of oligonucleotides clearly demonstrate that using appropriate
immobilization chemistry, non-specific binding can be effectively minimized (10, 59).

The sensitivity of piezoelectric biosensor can be improved by using
crystals of higher frequencies, but these devices are often difficult to operate in liquids
because of fragility and frequency stability problems (48). Alternatively, the
selectivity can be improved by improving the quality of the surface of the crystal and

the immobilization procedure.
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2.5 Probe Immobilization

Since the immobilization technique used to attach the biological material to the
sensor surface is crucial to the operational behavior of the biosensor strategies for the
development of immobilization techniques are essential for practically useful
biosensor. Many strategies have been involved for the immobilization of biomolecules
for different surfaces. The chosen immobilization method must retain the stability and
activity of the bound biological receptor. Some problems, such as conformational
change affecting the functional activity, adsorption with random orientation,
detachment of the protein and fragility of the membrane resulting in less sensitivity
and short longevity, still exist (63).

Many factors can have an effect on the immobilization of the receptor molecules.
The properties of the reaction solution e.g. pH, ionic strength, and substances in the
solution can lead to side reactions of the coupling reagent (64). Several results of
biological and medical interest could not be repeated because the immobilization
procedure. Immobilization not only helps in forming the required close proximity
between the biomaterial and the transducer, but also helps in stabilizing it for reusing
(65).

The commonly used probes are single-stranded DNA (ssDNA) sequences or
oligonucleotides, which are synthesized in situ or obtained synthetically with DNA
synthesizers and afterwards immobilized on a transducer surface. The successful
attachment of a biological receptor onto an electrode surface is considered the most
critical step in the development of biosensors. The immobilization of the nucleic acid
probe onto the transducer surface plays an important role in the overall performance of
the DNA sensor (49, 53, 63). The immobilization step should lead to well defined
probe orientation, readily accessible to the target. Depending upon the nature of the
physical transducer, various schemes can be used for attaching the DNA probe to the
surface. These include the use of direct physical adsorption on a solid surface,
entrapment in a matrix, covalent coupling to functional groups on the electrode,
thiolated for self assembly monolayer (SAMs) onto the gold transducer and the use
of biotinylated DNA for a complex formation with a surface confined avidin (60).

The simplest and oldest procedure is physical adsorption. The adsorption method

does not require chemical modification of the biological components. Physical



Jittra  Saesor Literature Review / 28

adsorption involved van der Waals forces, ionic binding or hydrophobic forces but it
suffers from poor stability because of its weak bounds resulting from van der Waals.
In addition, the adsorbed biomaterials are exposed to changes during measurements in
the pH, temperature, and ionic strength (38). In general, biomolecules adsorbed
through adsorption exhibit a certain degree of reversibility, and with few exceptions,
the forces involved in the binding are not very strong. Hence, biosensors employing
adsorbed biomolecules are mostly insensitive and display a large degree of non-
specificity. In many cases where biomolecules have been effectively bound to solid
surfaces through adsorption, they have denatured in the process, thereby losing their
biospecific activity (67).

An alternative approach to the attachment of biomolecules to sensor surfaces is
through covalent binding, where biomolecules have been immobilized on solid
surfaces through the formation of defined linkages. Covalent binding of biomolecules
to the surface is a favored method and procedures resulting in minimal loss of
biomolecules activity have been employed (67, 68). This method has been employed
to improve uniformity, density and distribution of the bound proteins, as well as
reproducibility of the surfaces. Problems associated with instability, diffusion and
aggregation, or inactivation of proteins which are common when biomolecules are
trapped on sensor surfaces by polymer matrices, can be overcome by using covalent
immobilization. Reagents such as gluteraldehyde, carbodiimide and succinimide esters
are extensively used for covalent immobilization (67).

The immobilization technique that based on the interaction between biomolecules,
one being immobilized on the transducer surface and the other one being attached to
one of the extremes of the oligonucleotide. The avidin/streptavidin—biotin affinity
system is the most commonly used due to the high affinity complexation constant (48,
49, 59, 62). This binding force is almost equal to that of a covalent bond and can be
only broken under drastic condition. The successive immobilization of avidin and the
biotinylated biomolecules was made possible due to the strong avidin-biotin
interaction (binding constant, 10'> M™). This strategy presents the advantages of
avoiding the used of chemical reagents that may damage more fragile biological
species, anchoring biomolecules only at the surface of the film which induces a high

sensitivity, and being versatile through the wide variety of commercially available
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biotin conjugates. This high binding force combined with the simplicity of the
procedure, makes the technique very attractive to immobilize DNA strands (69).

Among these well known and traditional methods, self-assembled monolayer
(SAMs) immobilization is finding more followers, as it provides advantages in term of
simplicity, and efficiency (70). SAMs can be prepared in the laboratory by simply
dipping the desired substrate in the required millimolar solution for a specified time
followed by through washing with the same solvent and drying (64).

Many published papers showed that immobilization techniques based on direct
adsorption, resulted in appropriate sensor signals, but immobilization procedures using
thiols or the interaction between avidin and biotinylated molecules, provided a long
sensor lifetime and an increased stability against degradation during the regeneration

process (69, 70).

2.6 Self-Assembled Monolayer

The field of the spontaneous organization (self-assembly) has grown rapidly since
the discovery of these structures and their ability to modify the physical and chemical
properties of a surface. (70). A self-assembled monolayer (SAMs) is a molecular
assembly obtained by immersion of an appropriate substrate into a solution containing
molecules that specifically interact with the surface. The term ‘“Self-assembly”
involves the arrangement of atoms and molecules into an ordered or even aggregate of
functional entities without the intervention of mankind towards an energetically stable
form (71). SAMs are distinguished from ordinary surfactant monolayers by the fact
that one end of the molecule is designed to have a favorable and specific interactions
with the solid surface of interest (the substrate). This results in the formation of a
stable monolayer film that remains intact even after the substrate is removed from
solution (72).

Due to the specific interaction between molecule and substrate, the adsorption can
often be carried out in a variety of solvents, polar and non-polar, allowing greater
flexibility in molecular design. Therefore, in the types of surface properties that can be
modified and controlled. Since the monolayer films are thin and homogeneous, they
have found frequent use as model surfaces in research applications. The interest in

these films in their potential as inexpensive and versatile surface coatings for
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applications including control the adhesion, chemical resistance, biocompatibility,
molecular recognition for sensor applications, and many others (73).

In particular, the simple procedure involved in immobilizing self-assembly
monolayer make them attractive strategy for achieving better control in the orientation
and molecular organization of biomolecules at interfaces. SAMs are easy formations
of ordered, pinhole free and stable monolayer. More significantly the easy procedure
for SAMs formation and compatibility with metal substrates (such as gold, silver etc.)
for electrochemical measurements enable special benefits for biosensor applications.
Only minimum amount of biomolecules is needed for immobilization on SAMs (70).
SAMs formation using a very dilute solution gives ordered monolayer whereas a high
concentration and long time favor multiplelayer formation (72). SAMs mimics the
cellular microenvironment of lipid bilayer structures providing novel substrates for
immobilized biomolecules such as antibodies, enzymes nucleic acids) or biological
system (such as whole cells, receptors). The chemical stability of the monolayer even
after its coupling with the immobilizing molecules with its associated specificity for
biological sensing integrated with any transducer (70).

Self-assembly of organic monolayers was first noted in the 1950s when it was
found that dilute solutions of long chain alcohols would spontaneously adsorb onto
clean glass surfaces rendering them hydrophobic (73). However these layers, based on
simple physical adsorption were unstable and easily removed. The first types of
strongly bound chemisorbed monolayers were those developed using siloxane
chemistry where a silicon surface is etched so as to clean and coat the surface with
active silanol (Si-OH) groups. These reacted with dilute solutions of long chain alkyl
chlorosilanes to form siloxane attachments to the surface as shown in Figure 2.8.
Reaction with adventitious water caused further hydrolysis and condensation of
unreacted Si-Cl bonds, leading to formation of a stable, polysiloxane structure and

robust monolayer (74).
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Figure 2.8 Deposition of a Self-Assembled Polysiloxane to the Silicon Surface (74)

Sulphur compounds are known for their reactivity towards noble metals, for
example, hydrogen sulphide is one of the culprits for the tarnishing of silver. Although
a variety of substrates are possible candidates for deposition of sulphur moieties, gold
is the most commonly used (60). Also gold relatively easy to clean, does not easy to
oxidize and any weakly physical adsorbed impurities are displaces by the sulfur
species (71). Although different molecules (silanes, carboxylic acids, pyridines,
sulphites and thiols) can be immobilized on different surfaces (silver, gold, platinum,
copper, mercury and glass), thiol as well as other sulfur containing compounds are the
most commonly used to form SAMs especially in conjunction with gold surfaces and
providing an anchoring layer for DNA, but other species such as disulphides, thiones,
etc. have been used (75). The stability and organization of the SAMs depend on the
forces of attraction between the immobilized molecules, and the binding force between
the surfaces and the binding group (70). Thiols on gold form very well-assembled
monolayers which are highly resistant to washing due to the strong chemisorption of
the sulphur atoms.There is a rapid reaction between a —SH group (for a thiol) and a
gold atom with formation of an S-Au bond. After the initial fast adsorption of the
thiols, the alkyl side chains then assemble together to maximize the van der Waal’s

interactions between them (75). Molecules such as hexadecanethiol lead to well-
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packed quasi-crystalline monolayers whereas shorter thiols such as hexanethiol give
liquid-like monolayers.

The incorporation of functional moieties such as chromophores, electroactive
groups, or molecules that can bond within the SAMs (i.e. covalent between adjacent
molecules or non-covalent hydrogen bonding) enable capabilities in sensing, electron
transfer, molecular recognition, and other area (70, 71). The formed of self-assembled
monolayers are quite convenient for further the next immobilization step. Special
reagents such as 3, 3-dithiodipropionic acid di (N-hydroxysuccinimide ester) (DTSP),
N- hydroxysulfosuccinimide (NHS) attach on the surface and provide reactive NHS-
groups suitable for immediate coupling of biomolecules with free amino groups (48,
49, 71).

Owing to the strong gold—sulfur and chain—chain interactions, SAMs are robust
and highly stable under mild conditions. The well packed chains constitute a physical
barrier to molecules in solution and are often electronically insulating. The interfacial
properties of the layers are determined by the terminal groups that are exposed to the
surface (75).

In biology, the immobilization of biologically active molecules is important for
preparing substrates used in diagnostic assays (68). Attachment of a targeted
functional molecule to a gold surface has been achieved mostly by self-assembly of
the appropriate functionalized thiol, leading to the desired configuration in a single
step. Formation of SAMs is essentially an organization of molecules at the solid liquid
interfaces induced by strong chemisorption between the substrate and the head group.
Functional groups can also be attached by surface reactions. It is important to address
surface reactions on SAMs. The main objective is to attain the capability of
assembling individual molecules into highly ordered architectures for obtaining a
desired function (70). Many organic reactions that work well in a solution appear to
be difficult to perform on surfaces because of steric hindrance and reactions with
bulky transition states (76). Furthermore, monolayers are difficult to purify from by
products or unreacted materials attached to the surface. In practice, most synthetically
useful surface reactions are carried out on amino-, and carboxyl-terminated SAMs

because these reactions give quantitative yields.
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2.6.1. Amino-terminated SAMs

Amidation is one of the most widely used surface reactions on SAMs.
Cystamine/cysteamine and p-aminothiophenol are common used and result in
available surface amino groups. Surface amino groups can be easily converted to
amides by coupling with a carboxylic acid. An aminotrithiol has been used for SAM
formation (Figure 2.9) (75). These results indicate high yields of surface coupling and

significant local order within the two-dimensional array.
Cystemine adsorbs spontaneously only gold surface forming a uniform and

active amino-terminated monlayer (75).

i
=
S s

pyrenyl butanoic acid cysteamine

Figure 2.9 The Amino-Terminated SAMs (75)
Surface amino groups can be easily converted to amides by coupling with

a carboxylic acid.
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2.6.2. Carboxylic acid- terminated SAMs

Chemical modification of carboxylic acid-terminated SAMs always
involves an activation step. Various methods for carboxylic acid activation on self-
assembled monolayers have been reported. Carboxylic acid-terminated surfaces are
usually activated by conversion to the anhydride (48, 49, 56). Active esters are usually
formed by treating the carboxylic acid-terminated SAM with N-hydroxyl succinimide
in the presence of a coupling reagent such as 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC) (Figure 2.10).
The stability of SAMs surfaces to thiolnyl chloride and the steric

limitations inherent in the anhydride and active ester approaches limit the utility (77).

Figure 2.10 The Attachment of Proteins on Carboxyl-Terminated SAMs

via the Formation of an Active Ester (75)
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In particular, SAMs are commonly used in DNA sensor formats, as they
confer ordered, stable, simple and easy immobilization. However, the packing density
has to be controlled by an optimize concentration for achieving high efficiency of
hybridization (64).

As previously mentioned, the immobilization step is a key factor in the
performance of the sensor. Immobilizing catalysts on SAMs has been successfully
performed for a number of systems (48, 49, 56). In this direction, Caruso et al.
immobilized oligonucleotides directly on the gold quartz crystals, by forming a self-
assembled monolayer, and also used biotin-oligonucleotides to immobilize them on
avidin-modified gold quartz crystals (48). Zhou ef al. compared different
immobilization methods (direct chemical bonding and avidin-biotin interaction) and
different immobilization architectures (oriented oligonucleotide monolayer and
multilayer created by self-assembling of alternating DNA and polymers). They
observed that biotinylated DNA films provided fast sensor responses and high
hybridization efficiencies, due to the spacer group that conferred better accessibility,
and that multilayered films increased the sensor sensitivity, indicating that the
complementary DNA can penetrate into the multilayered sensing film, but also
increased the sensor response time because of the more difficult transport of the
complementary sequence (56). Tombelli ef al. compared four different immobilization
methods. All methods tested based on the use of self-assembled monolayer. Three of
them immobilized procedure involed the interaction between streptavidin and
biotinylated probe, which has been widely used for the immobilization of biotinylated
probes. From the comparison, the best procedure resulted to be the one based on
dextran and streptavidin, which has been applied to the development of DNA
piezoelectric biosensors for the analysis of real samples. However this method

required about 3 days for the coating of the crystal with carboxylated dextran (49).
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CHAPTER 111

MATERIALS AND METHODS

3.1 Materials

3.1.1 Equipments and Instruments
3.1.1.1 Analytical balance, Model XT 220A, Precisa Instruments AG,
Switzerland.
3.1.1.2 Autoclave, Model Hiclave HV-85, Hirayama, Japan.
3.1.1.3 Automatic pipettes
3.1.1.3.1 (0.1-2) ul, BIO-RAD, USA.
3.1.1.3.2 (1-10) pl, Rainin, USA.
3.1.1.3.3 (2-20) ul, Gilson, France.
3.1.1.3.4 (10-100) pl, Gilson, France.
3.1.1.3.5 (20-200) ul, Gilson, France.
3.1.1.3.6 (100-1000) ul, Gilson, France.
3.1.1.4 Electrophoresis sets (horizontal) chamber and power supply,
ThermoEC, USA.
3.1.1.5 Electronic UV Transilluminator.
3.1.1.6 Freezer-80 °C, Model 8619 ULT Freezer, ThermoEC, USA.
3.1.1.7 Incubator for 37°C, Model Jermaks, USA.
3.1.1.8 Microcentrifuge, Model Spectrafuge 16 M, Nation Labnet, USA.
3.1.1.9 Micro tubes
3.1.1.9.1 0.2 ml, Axygen scientific, USA.
3.1.1.9.2 1.5 ml, Axygen scientific, USA.
3.1.1.10 PCR Model i-Cycler , BIO-RAD, USA.
3.1.1.11 pH meter, Model MP220, Mettler Toledo, Switzerland.
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3.1.1.12 Quartz Crystal Microbalance System, Model PM-700 Series Plating

Monitor, Maxtek, USA.

3.1.1.13 Quartz crystal (5 MHz AT-cut) with polished gold electrode, Maxtek,

USA.

3.1.1.14 UV-VIS Spectrophotometer, Model CE 2040, Cecil, England.
3.1.1.15 Waterbath, Unitronic, USA

3.1.2 Chemicals

The chemicals used in this experiment were analytical and molecular

biological grades.

Acetic acid, Merck, Germany.

Avidin, Sigma, USA.

Disodium hydrogen phosphate (Na,HPO.), Merck, Germany.

Ethyl alcohol, Merck, Germany.

Ethylene diamine tetraacetic acid (EDTA), Bio Basic, USA.
1-Ethyl-3-(3-dimethylaminopropril) carbodiimide (EDC), Sigma,
USA.

N-[2-hydroxyethyl] piperazine-N’-(2-ethanesulfonic acid) (HEPES),
Sigma, USA.

Hydrochloric acid (HCI), Merck, Germany.

Hydrogen peroxide 30% (H,0,), Carlo Erba Reagent, Italy.
3-Mercaptopropionic acid, Sigma, USA.

N- hydroxysulfosuccinimide (NHS), Fluka, Switzerland.

Sodium chloride (NaCl), Merck, Germany.

Sodium hydroxide (NaOH), Merck, Germany.

Sulfuric acid (H,SO4), Merck, Germany.

Tris base (Ultra Pure), Research Organic , USA.
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3.1.3 Culture Mediums
The media were used for all necessary bacterial culture as the following

lists.
e Agar, Difco, USA
e Bacto-tryptone, Difco, USA.

e Bacto-yeast extract, Difco, USA.

3.1.4 Reagents and Chemicals for Genomic DNA Extraction
e Viogene® Genomic DNA Extraction Miniprep System.
LYS buffer.

Proteinase K

EX buffer

WS buffer

Ethyl alcohol.

Tris EDTA buffer pH 8.0 (TE buffer).

3.1.5 Reagents for PCR

10x PCR buffer, Promega, USA.
MgCl,, Promega, USA.

dNTP mix, Promega, USA.

Taq polymerase, Promega, USA.

3.1.6 Agarose Gel Electrophoresis
e Agarose, Bio Basic, USA.
e 2x loading dye, Fermentas, USA.
e 1x TAE buffer
e 100 bp DNA Marker, Fermentas, USA
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3.1.7 Oligonucleotides

All Oligonucleotides for this experiment are listed in Table 3.1. The ctx
probe oligonucleotide is responsible for ctxA sequence of Vibrio cholerae O1 from
position 470 to 507 (from initiation codon ATG). This oligonucleotide was used as a
DNA probe for identification of V. cholerae O1 in the report of Yoh et al. (6). The
ctx1 was used for studying the responses of the synthetic czx target by specific DNA
sensor. Specific primers for ctx gene were designed by using Primer 3 online program.
The ctx2 and ctx3 oligonucleotides were used as the first primer pair for Polymerase
Chain Reaction (PCR). The 500 base pair (bp) PCR amplicon from this primer pair
has contained the sequence complementary with ctx probe. The second primer pair
was composed of the ctx4 and ctx3 oligonucleotides. The 202 bp PCR amplicon from

this primer pair has also contained the sequence, which complementary with ctx probe.

Table 3.1 Designated Oligonucleotides for Development of ctx Gene Sensor

All oligonucleotides in Table 3.1 were synthesized by Bio Basic, USA.

Name Function Nucleotide Sequence 5> —=> 3’
ctx probe DNA probe TTT TTT TTA ATA GGG GCT ACA
GAG ATA GAT ATT ACA GT

ctx1 Complementary to ctx |[ACT GTA ATA TCT ATC TCT GTA
probe GAG ATA GAT ATT ACA GT

ctx2 Forward primer 1 CGG GCA GATTCT AGA CCTCCT G

ctx3 Reversed primer GAT GAT CTT GGA GCA TTC CCA C

ctx4 Forward primer2 GGT ATC GAG TTC ATT TTG GGG TG
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3.1.8 Samples for Bacterial DNA Extraction
The organisms used in this study were provided by Department of Clinical
Microbiology, Faculty of Medical Technology, Mahidol University. They were
identified by biochemical testing according to the standard protocol for bacterial
identification (gold standard method) (27). They are consisted of:
e Eleven samples of cholerae organisms: Vibrio cholerae O1 strains including both
classical and El Tor biotypes and Inaba and Ogawa serotypes.
e Eleven samples of non-cholera organisms consisted of Vibrio cholerae non
agglutination with antisera O1, V. parahemolyticus, V. mimicus, V. fluvialis, V.
alginolyticus, V. furnisii, Aeromonas fecalis, Eschericia coli LT, Pseudomonas

aeruginosa, Salmonella typhi and Shigella flexneri, respectively.

3.2 Reagents Preparation
3.2.1 Luria-Bertani (LB) Medium

The LB medium was prepared by dissolving 10 g of Bacto-tryptone, 5
g of Bacto-yeast extract, 10 g sodium chloride in 900 ml of deionized water. The pH
of the medium was adjusted to 7.0 with 5N sodium hydroxide. The volume of the
solution was adjusted to 1 liter with deionized water. Four ml of this media was
aliquot to 15 capped test tubes and sterilized by autoclave at 121 °C, 15 psi for 15
minutes and kept at 4 °C. To prepare the LB agar, 15 g of agar was melted in 1 liter of
LB broth and autoclaved at 121 °C, 15 psi for 15 minutes before pouring in to sterile
plates and kept at 4 °C. Warming up of the medium to room temperature was

preferable prior using.

3.2.2 10X Tris-EDTA Buffer, pH 8.0 (100 mM Tris base, 10 mM EDTA,

TE Buffer)
The solution of 10x Tris-EDTA buffer pH 8.0 was prepared by
dissolving 12 g of Tris base and 2.9 g of EDTA (acid) in 900 ml of distilled water. The
pH of the TE buffer was adjusted to 8.0 with 6N HCI. The total volume of the solution

was adjusted to 1 liter with distilled water and sterilized by autoclave at 121 °C, 15 psi
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for 15 minutes. This solution was kept at room temperature. The 10X TE stock

solutions were diluted to working solution of 1X TE before used.

3.2.3 Proteinase K Solution 10 mg/ml
Ten milligrams of proteinase K powder was dissolved in 1 ml of

distilled water. This solution must be aliquot in the small vials and then kept at —20

°C. Warming up of the solution to 37 °C was preferable prior using.

3.2.4 50X TAE Buffer, pH 8.0
The solution of 50X TAE buffer, pH 8.0 was prepared by dissolving
242 g of Tris base, 37.2 g of EDTA and 57.1 ml of acetic acid in distilled water to a
total volume of 1 liter. The solution was kept at room temperature. The 50X TAE

stock solution was diluted to working solution of 1X TAE before used.

3.2.5 1.2 % Agarose Gel
The solution of 1.2 % agarose gel was prepared by dissolving 1.2 g of
agarose in TAE buffer to a total volume of 100 ml. The agarose was melted by

microwave oven, mixed thoroughly, applied comb, and poured onto gel support.

3.2.6 Piranha Solution
One part of 30% H,0O, was added with three parts of H,SO, Piranha
solution must be handled with extreme care, and only adequate amount should be

prepared at using times.

3.2.7 HEPES Buffer, pH 7.5 (0.05 M HEPES, 0.2 M NaCl)
The solution of HEPES buffer, pH 7.5 was prepared by dissolving 11.9
g of HEPES and 11.7 g of NaCl in 900 ml of distilled water. The pH of the HEPES
buffer was adjusted to 7.5 with 6N HCI. The total volume of the solution was adjusted

tol liter with distilled water.
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3.2.8 Preparation of Avidin Solution
The various concentration of avidin solutions were prepared by

dissolving 0, 0.01, 0.025, 0.05, 0.10, and 0.20 mg of avidin, respectively with HEPES

buffer, pH 7.4 to a total volume of 1 ml. These solutions were kept at 4 °C.

3.2.9 Immobilization Buffer (300 mM NaCl, 20 mM Na,HPO,, 0.1 mM

EDTA, pH 7.4)
The immobilization buffer was prepared by dissolving 17.5 g of NaCl,
2.8 g of Na,HPO, and 0.04 g of EDTA in distilled water to a total volume of 1 liter
and sterilized by autoclave at 121 °C, 15 psi for 15 minutes. The solution was kept at

room temperature.

3.2.10 Hybridization Buffer (150 mM NaCl, 20 mM Na,HPOy, 0.1 mM

EDTA, pH 7.4)
The hybridization buffer was prepared by dissolving 8.8 g of NaCl, 2.8
g of Na,HPO, and 0.04 g of EDTA in distilled water to a total volume of 1 liter and
sterilized by autoclave at 121 °C, 15 psi for 15 minutes. The solution was kept at room

temperature.

3.2.11 Preparation of MPA Solution
The MPA solutions at concentration of 1, 5, 10, 15 and 20 mM were
prepared by pipetting 0.87, 4.4, 8.7, 13.1, and 17.4 ul of MPA, respectively, to

relevant volume of ethyl alcohol to get a total volume of 10 ml.

3.2.12 Preparation of 5’-Biotinylated ctx Probe Solution
The solutions of 0.25, 0.50, 0.75, 1.00 and 1.5 uM 5’-biotinylated ctx
probe were prepared by pipetting 0.5, 1, 1.5, 2, and 3 ul of 100 uM 5’-biotinylated ctx
probe, respectively, to relevant volume of hybridization buffer to get a total volume of

200 pl.
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3.3 Methods

3.3.1 Bacterial DNA Extraction
Various strains of bacteria as listed in 3.1.8 were grown in 4 ml of LB
broth and incubated at 37 °C with gentle shaking for 16-18 hours. Genomic DNA was
extracted by Viogene® Genomic DNA Extraction Miniprep System. One milliliter of
broth culture was transferred into a microcentrifuge tube, and then centrifuged at 7,500
rpm for 10 minutes to collect a cell pellet. The bacterial cells were resuspended by
adding 200 pl of LYS Buffer and 20 pl of proteinase K and placed at 60 °C for 1 hour
for digesting the membrane of the bacterial cells. Two hundreds pl of EX Buffer was
added to the mixture, vortexed and incubated at 70 °C for 10 minutes. Ethyl alcohol,
210 pl was added to the mixture and mixed well. All of the mixture was transferred
into the Mini-column and centrifuged at 8,000 rpm for 2 minutes. The Mini-column
was placed onto a new collection tube. The Mini-column was washed twice with 0.5
ml of WS Buffer and centrifuged at 8,000 rpm for 2 minutes and discarded the flow-
through after centrifugation. The Mini-column was placed onto the new micro tube
and eluted DNA with 200 pl of preheated TE buffer pH 8.0 to 70 °C. The Mini-
column was stood for 5 minutes and centrifuging at 14,000 rpm for 5 minutes. The

eluted DNA was store at -20 °C until used.
Total DNA concentration was measured by spectrophotometric analysis.
The optical density (OD) reading at 260 nm was used for calculating the concentration
of nucleic acid in the sample. One OD at 260 nm is equivalent to proximately 50

pg/ml of double- stranded DNA (77).

3.3.2 Preparation of ctx Sensor
3.3.2.1 Quartz Crystal Surface Modification
The gold electrode surface was cleaned with piranha solution
for 2 minutes. The crystals were then thoroughly washed with distilled water and used
immediately afterwards. The initial resonance frequency (fy) was recorded as the
baseline after air-dried. The cleaned quartz crystal was soaked into the optimal

concentration of 3-mercaptopropionic acid (MPA) at room temperature for 1 hour,
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rinse with ethyl alcohol and distilled water, and allowed to dry. To activate the
monolayer, 10 pl of 200 mM 1-ethyl-3(3-dimethylaminopropil) carbodiimide (EDC)
was placed on the surface, followed immediately by adding 10 pl of 50 mM N-
hydroxysulfosuccinimide (NHS). These solutions were left to react on the surface to
interact with MPA monolayer formed on the gold electrode at room temperature for 30
minutes. The surface was then rinsed with water and air-dried. Ten hundreds
microliters of the optimal concentration of avidin was placed on the electrode surface
at room temperature for 1 hour. Then, the surface was rinsed again and air-dried. The
resonant frequency was measured (f;) again. Then, the quartz crystal was then exposed
to a 1 mM ethanolamine at room temperature for 30 minutes, washed the excess

ethanolamine out with distilled water and immobilization buffer.

3.3.2.2 Immobilization of ctx Probes
Twenty microliters of ctx probes as described in section 3.1.7,
was placed over the gold electrode surface at room temperature for 20 minutes. After
rinsing with immobilization buffer and distilled water, and air-drying, the resonant
frequency (f,) was measured to determine the attachment of DNA probes on the avidin
layer of gold electrode. The quartz crystal at this stage was ready for the hybridization

and called this crystal as “ctx sensor”.

3.3.3 Hybridization Experiments

The hybridization with the target oligonucleotides was performed on
ctx sensor. Twenty microliters of the target oligonucleotides was placed on by adding
20 pl of the target oligonucleotides on the surface of gold electrode which has
biotinylated DNA probe (ctx sensor) at room temperature for 20 minutes. This ctx
sensor was washed well with hybridization buffer and distilled water to remove the
unbound oligonucleotides, then dried in air and the new frequency (f3) was measured.
The frequency difference (AF) between the resonance frequencies of the value
displayed before and after the hybridization was determined (AF = frequency of the
immobilization probe on the crystal (f;) minus frequency of the hybridization reaction

(f3), with £,> f 3). A shift in the frequency difference (AF = £, - f3) was related to the
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amount of DNA to hybrid with the nucleic acid probe to immobilized on the quartz

crystals.

3.3.4 Study of Optimal Conditions for Quartz Crystal Preparation
The optimal concentration of MPA, avidin, and 5’ biotinylated probe
were studied to prepare an effective ctx sensor for measurement of specific DNA

sensor as following:

3.3.4.1 Optimization of MPA Self Assembly

Self assembly monolayer of MPA on gold surface of quartz
crystal was performed at room temperature for 1 hour by placing various concentration
of MPA solution. The concentrations of MPA ranging from 1, 5, 10, 15, and 20 mM
were applied on the gold surface as described in 3.3.2.1. Then, 10 pl each of EDC and
NHS were consecutively placed over the gold surface to activate the monolayer. One
hundred microliters of 0.2 mg/ml avidin was applied over this activated gold surface at
room temperature for 1 hour. The changing of crystal resonant frequency was
measured complete dry of surface. The lowest concentration of MPA with highest

resonant frequency change was chosen for avidin immobilization concentration.

3.3.4.2 Optimization of Avidin Immobilization
Each avidin solution at the concentration of 0, 0.01, 0.025, 0.05,
0.10, and 0.20 mg/ml was placed on the optimal MPA modified quartz crystal from
3.3.4.1 at room temperature for 1 hour. Then, the different of resonant frequency was
monitored for effectiveness of avidin immobilization. The avidin at the lowest
concentration giving the highest change of resonant frequency was optimal. This

optimal concentration was chosen for 5’-biotinylated ctx probe immobilization.

3.3.4.3 Optimization of the 5’-Biotinylated ctx Probe
Immobilization
The concentrations of 5’-biotinylated ctx probe ranging from
0.00, 0.25, 0.50, 0.75, 1.00 and 1.5 puM, were selected to study the optimal

concentration for ctx probe immobilization. Each concentration was applied on the
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quartz crystal at room temperature for 20 minutes with avidin binding to MPA/EDC/
NHS monolayer. Then, the resonant frequency of crystal was read to evaluate the
amount of immobilized ctx probe. The lowest concentration of 5’-biotinylated ctx
probe providing the maximum resonant frequency change, was chosen for using as ctx

Sensor.

3.3.5 Dose Responses Study of ctx Sensor for Synthetic ctx Target

Hybridization

The optimum concentrations of MPA, avidin, and ctx probe chosen
from section 3.3.4.1, 3.3.4.2, 3.3.4.3 were applied for preparation of ctx sensor. The
different concentrations of the synthetic complementary oligonucleotide to the probe
immobilized on the crystal were performed for hybridization assay at room
temperature for 20 minutes. This experiment used oligonucleotide target at the
concentration of 0.00, 0.25, 0.50, 0.75 and 1.0 uM, respectively. The dose response
curve of DNA target hybridization will be demonstrated by plotting the resonant

frequency change as a function of target concentration.

3.3.6 Study of ctx Sensor Regeneration

Four quartz crystals were assayed with 1.0 uM of the synthetic target
solution. Each crystal was added with 50 pl of 1 mM HCI solution for 1 minute to get
rid the hybridized target out of ctx probe on quartz crystal. Then, this regenerated ctx
sensor was applied with 1.0 uM of synthetic complementary oligonucleotides at room
temperature for 20 minutes after washed with hybridization buffer. The resonant
frequency was read after washing the excess fraction out and drying the quartz surface.
The resonant frequency change was plotted over the assay time of each ctx sensor. The
resonant frequency was compared to the previous reading. The next round of
regeneration was performed until presentation of significant change of resonant

frequency.
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3.3.7 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was performed using the primer
pairs ctx2 / ctx3 and ctx 4 / ctx 3 as described in 3.1.7. The extracted DNA was diluted
to 1 ug with TE buffer, pH 8.0 (77). The reaction was amplified in final volume of 25
pl containing 1 pg of extracted DNA sample, 1x PCR buffer, 1.5 mM MgCl,, 0.2 mM
of deoxynucleoside triphosphate dNTP mix (dATP, dTTP, dCTP, dGTP), 20 pmol
forward and reverse primers and 1 U/ul of Taq Polymerase. The PCR was carried out
for 35 cycles, one cycle at 94 °C for 3 minutes, 35 cycles of PCR consisting of
denaturation at 94 °C for 30 seconds, annealing temperature at 60 °C for 30 seconds,

extension at 72 °C for 3 minutes. The final extension was done at 72 °C for 3 minutes.

3.3.8 Detection of PCR Amplicon

3.3.8.1 Detection of PCR Amplification by Agarose Gel

Electrophoresis
The PCR products were determined by 1.2 % agarose gel
electrophoresis in a horizontal chamber with the gel submerged in TAE buffer. Two
microliters of each amplified sample was mixed with 1 ul of loading dye and slowly
leaded into each well of the agarose gel, then electrophored at 100 volts for 45
minutes. The gel was stained with ethidium bromide solution for 10 min and then
destained with decolorized solution for 10 minutes. The separation of DNA bands
were visualized by UV transilluminator and compared to 100 bp DNA Marker for

determination of DNA size.

3.3.8.2 Detection of PCR Amplicon by ctx Sensor
Extracted DNA from V. cholerae O1 was amplified the ctx
sequence with two primer pairs, ctx2 / ctx3 and ctx 4 / ctx3. The PCR amplicons were
diluted with hybridization buffer. The dilution was ranging from 0.01, 0.02, 0.05, 0.10
and 1.00 uM. All of these solutions were denatured by heating denaturation as
described in 3.3.9. The denatured target DNA solution was assayed on specific ctx
sensor. The optimal primer pair and the dilution of PCR amplicons that gave the

highest change of resonant frequency in ctx sensor were chosen for the final report.
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3.3.9 Double Stranded Amplified DNA Denaturation (Thermal

Denatured Samples)

The amplicons obtained by PCR have a double helix structure and the
two strands must be separated (denatured) to allow hybridization with the probe
immobilized on the sensor surface. The amplified samples were denatured by heating
at 95 °C for 2 minutes and then cooled in ice for 1 minute. The denatured samples
were immediately applied to the ctx sensor. The hybridization reaction was allowed to

proceed at room temperature for 20 minutes.

3.3.10 Bacterial DNA Sample Analysis by ctx Sensor
Extracted DNA from 11 cholera and 11 non-cholera, as described in
section 3.1.8, were amplified the ctx sequence by optimal primer pair. Each PCR
amplicon was detected for the ctx sequence on both agarose gel electrophoresis and
specific DNA sensor. The PCR amplicon was diluted to the optimal dilution of PCR
amplicon and denatured by the heating denaturation as describe in 3.3.9 before
assayed on ctx sensor. The results from both methods were compared to determine the

specificity of system.
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CHAPTER IV
RESULTS

4.1 Preparation of ctx Sensor

The immobilization of biotin-DNA on avidin involved in this study was
schematically illustrated in Figure 4.1. Firstly, the gold surface was cleaned with
piranha solution. The self assembled monolayer of MPA was formed on the gold
electrode of quartz crystal. The activation of the MPA modified crystal with EDC and
NHS was done and followed by covalent coupling with avidin. The carboxylic end of
the MPA was chemically replaced with a good leaving group via the activated O —
acrylurea intermediate by treating the monolayer with EDC and NHS. The
immobilization of the avidin to the activated sulfides monolayer was done by the
formation of the covalent amide group between the activated monolayer and the avidin
in exchange of the leaving group of the activated sulfide monolayer. The quartz crystal
then immersed in the ethanolamine to convert the residual carboxyl group to B-

hydroxyethylamide. Biotinylated oligonucleotide was then bound to the avidin surface.

4.2 Study of Optimal Conditions for Quartz Crystal Preparation

4.2.1 Optimization of 3-Mercaptopropionic Acid (MPA) Self Assembly

The optimum amount of MPA on the surface of crystal was determined
for the effective immobilization of 0.2 mg/ml avidin. The MPA self assembly
monolayer could not investigated due to the small molecular structure of this short
chain thiol compound. However, the MPA layer plays an important key in the
immobilization of avidin. In order to study the optimal concentration of MPA, the
avidin immobilization after MPA monolayer creation was observed as shown in
Figure 4.2. The frequency changes were obtained from the difference between the

frequency value of avidin (f;) and the one recorded (fy) as baseline before binding the
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Figure 4.1 Schematic Illustration of the Immobilization of Biotinylated

Oligonucleotides on Avidin-Modified Quartz Crystal Electrodes (48)
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Figure 4.2 Resonant Frequency Change by Avidin Immobilization after MPA

Monolayer Forming on Gold Surface of Quartz Crystal

Each quartz crystal was soaked into the MPA at concentration of 1, 5, 10,
15, and 20 mM, followed by 200 mM EDC and 50 mM NHS. Then, 0.2 mg/ml of
avidin was placed on the surface of the crystal at room temperature for 1 hour. The
resonant frequency was measured and calculated for the frequency change from bare
gold electrode of quartz crystal. The resonant frequency was plotted as a function of

MPA concentration. Each data point represents the mean = SD (n = 3).
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crystal with MPA and avidin (AF = f, — f;). The highest frequency change was
obtained from MPA at the concentration of 10 mM or higher. This optimized MPA
concentration was then used to modify on the quartz crystal surface for the other

immobilization experiments.

4.2.2 Optimization of Avidin Immobilization

The optimum amount of avidin on the quartz crystal was identified for
ctx sensor preparation. The reduction of resonant frequency (Hz) was observed after
avidin immobilization onto MPA/EDC/NHS monolayer of crystal surface as shown in
Figure 4.3. The frequency changes were represented by the frequency differences
between the frequency value of after (f;) and before (fp) avidin immobilization (AF =
fo— f1). The results obviously showed that the higher avidin concentration gave the
bigger frequency change up to the concentration of 0.05 mg/ml. The Figure 4.3 also
showed the saturation of immobilization when using the concentration of 0.1 mg/ml or
higher.

The results from Table 4.1, as mention above the mass increase due to
avidin immobilization on gold surface of the quartz crystal can be calculated from the
resulting frequency change (AF) by the Sauerbrey equation (54). For 5 MHz quartz
crystals, a frequency change of 1 Hz corresponds to a mass increase of 23 ng. One
hundred microlitters of avidin with concentrations from 0.00 -0.20 mg/dl were used in
this experiment. The changes in frequency associated with immobilizing to the quartz
crystal can be enumerated to mass changes in 0.71, 1.12, 1.75, 1.91 and 1.95 ng,
respectively.

The efficiency of avidin immobilization was calculated as shown in
Table 4.1. The highest efficiency was 71.0 % when using 0.01 mg/ml of avidin. The
frequency changes (AF) increased with an increasing of the concentrations of the
avidin. The highest frequency change was obtained from 0.20 mg/ml avidin. However,
the immobilized efficiency of 0.20 mg/dl avidin was markly decreased with the higher
amount of avidin. This experiment presented that the concentration of avidin could be
used between 0.1-0.2 mg/dl. However, the higher amount of avidin (0.2 mg/dl)

showed no longer increases in immobilized mass and efficiency. Therefore, the results
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Figure 4.3 Resonance Frequency Change of Quartz Crystal by Avidin

Immobilization

Ten mM of MPA was monolayered on the crystal surface. The
avidin solution at the concentration 0.00, 0.01, 0.025, 0.05, 0.10, and 0.20 mg/dl were
immobilized on this modified surface at room temperature for 1 hour. The resonant
frequency was observed and calculated for the frequency change from the original
quartz crystal. The resonant frequency was plotted as a function of avidin
concentration. These were represented by the frequency differences between the
frequency value of after (f;) and before (fy) avidin immobilization (AF = f, — f;). Each

data point represents the mean = SD (n = 3).

0.25
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guided to choose 0.1 mg/ml of avidin solution as the optimized concentration for ctx

sensor preparation.

Table 4.1 The Amount and Efficiency of Avidin Immobilization of Gold Surface
of 5§ MHz AT-cut Quartz Crystal

Avidin concentration Frequency Mass Immobilized Efficiency
(mg/dl) change (Hz) (ng) (%)
0.01 41.8 0.71 71.0
0.025 51.73 1.19 47.5
0.05 76.05 1.75 35.0
0.1 83.08 1.91 19.1
0.2 84.80 1.95 9.8

4.2.3 Optimization of the 5’- Biotinylated ctx Probe Immobilization

The optimization of ctx probe concentration was done by varying the
amount of ctx probe (between O - 1.5 uM). This probe was immobilized on the crystal
via avidin-biotin interaction. The biotinylated ctx probe immobilization could not
perform with dried surface due to the denaturation of avidin. Therefore, with this
limitation, the frequency changes were represented by the frequency differences
between the frequency value of biotinylated ctx probe immobilized onto the avidin
coated quartz crystal (f,) and frequency value of original quartz crystal (fy) before
immobilization (AF = fy—f;). The binding reaction of biotinylated single-strand DNA
on the avidin-modified surface was completed at room temperature within 20 minutes.

The frequency change (AF) increased depending on an increasing of the concentration
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Figure 4.4 Relationship between Amount of ctx Probe and Frequency Change

The avidin-modified surface of quartz crystal 10 mM of MPA, and 0.1
mg/ml of avidin were immobilized with ctx probe at concentration of 0, 0.25, 0.50,
0.75, 1.00, and 1.50 uM at room temperature for 20 minutes. The resonant frequency
was observed and calculated for the frequency change from the original crystal. The
frequency changes were represented by the frequency differences between the
frequency value of biotinylated ctx probe immobilized onto the avidin coated on gold
electrode (f2) and frequency value of original quartz crystal (fy ) before immobilization

(AF = fy- £,). Each data point represents the mean + SD (n = 3).
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of the ctx probe. At higher amount ctx probe (1.5 uM), the frequency change due to
ctx probe immobilization was no longer dependence on the probe amount as shown in
Figure 4.4. The highest frequency change was obtained from 1.0 uM of ctx probe.
Therefore, 1.0 uM of ctx probe was chosen to obtain the maximum frequency change

in the experiment.

4.3 Dose Response Study of ctx Sensor for Synthetic ctx Target

Hybridization

Ten mM of MPA, 0.1 mg/ml of avidin, and 1.0 uM of ctx probe were applied in
process of preparation of ctx sensor. The main concept of this assay is based on the
hybridization between ctx probe and synthetic ctx target (ctx1). The assay procedure
was performed as previously described in the method of 3.3.5. The result was shown
in Figure 4.5. It was found that the frequency changes increased in relation with the
amount of synthetic complementary oligonucleotide between 0-1.0 uM. Therefore, it
implied that the concentrations of MPA, avidin and ctx probe were optimized for study

in other experiments.

4.4 Study of ctx Sensor Regeneration

After each hybridization reaction, the formed DNA duplex was forced to
dissociate in the presence of ImM HCI for 1 minute. Then, this regenerated ctx sensor
was applied with 1.0 uM synthetic complementary oligonucleotides with the method
described in 3.3.6. The results found that DNA hybridization on the used ctx sensor
can be successfully performed almost 5 times of regeneration without significant

decreasing their sensitivity as shown in the Figure 4.6.

4.5 Detection of PCR Amplicon by ctx Sensor

The ctx gene of Vibrio cholerae O1 was amplified by using two primer pairs,
ctx2/ctx3 and ctx4/ctx3. The PCR amplicons were diluted with hybridization buffer
ranging from 0.01, 0.02, 0.05, 0.10, and 1.0 uM. All of these PCR amplicons were
denatured by heating denaturation as following; heated at 95°C for 2 minutes, chilled

in ice bath for 1 minute, stood at room temperature for 1 minute and hybridization
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Figure 4.5 Curves for the Synthetic Complementary Oligonucleotides

MPA at concentration of 10 mM, 0.1 mg/ml of avdin, and 1.0 uM of ctx
probe were used for ctx sensor preparation in this study. Synthetic complementary
DNA at concentration of 0.0, 0.25, 0.5, 0.75, and 1.0 uM were hybridized with the ctx
probe at room temperature for 20 minutes. The resonant frequency was measured and
calculates for the frequency change. The frequency changes were represented by the
frequency differences between this final value (f3) and the MPA/avidin/ctx probe
immobilization (f;) as the baseline before the hybridization reaction (AF = f, — f3).

Each data point represents the mean + SD (n = 3).
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Figure 4.6 Regeneration Stability of ctx Sensor

Ten mM of MPA, 0.1 mg/dl of avidin and 1.0 uM of ctx probe were used
for ctx sensor preparation in this study. Synthetic complementary oligonucleotide at
1.0 uM was applied on the ctx sensor at room temperature for 20 minutes. Each crystal
was added with 10 pl of ImM HCI at room temperature for 1 minute, after
hybridization process. This regenerated ctx sensor was applied with 1.0 uM synthetic
complementary oligonucleotide with the method described in 3.3.6. the frequency
value was calculated as difference between frequencies obtaining before and after

hybridization-regeneration.



Fac.of Grad. Studies, Mahidol Univ. M.Sc. (Medical Technology) / 59

assayed on specific ctx sensor immediately. The results were shown in Figure 4.7 and
Figure 4.8. It was found that PCR amplicon from ctx2/ctx3 primer (500 bp in size)
gave the resonance of frequency change higher than from ctx4/ctx3 primer (202 bp in
size). It means that ctx2/ctx3 primer pair produced PCR amplicon which high
sensitivity for this specific ctx sensor. Therefore, ctx2/ctx3 primer pair is an
appropriate for using as primer pair of PCR procedure in this sensor system. However,
the frequency change did not increase with a further increasing of concentrations.
Therefore, the hybridization reaction with PCR amplicon 500 bp was used at 0.02 uM
before assay on specific ctx sensor. The frequency change was represented by the
frequency differences between frequency value of PCR amplicon (f3) and the
frequency value of the ctx probe via avidin immobilized (f;) as the baseline before the

hybridization reaction (AF = f, — f3).

4.6 Bacterial DNA Samples Analysis by ctx Sensor

Extracted DNA samples from 11 cholera and 11 non-cholera, as described in
section 3.1.8, were amplified for czx sequence. The PCR was accomplished with
ctx2/ctx3 primer pair and annealing temperature at 60°C. Each PCR amplicon was
detected the ctx sequence on 1.5 % agarose gel electrophoresis. The results were
shown in Figure 4.9. It was found that all of PCR amplicon from 11 cholera samples
presented the specific band around 500 bp which the sequence of ctx gene. Whereas,
all of 11 non-cholera sample were not presented DNA band in gel electrophoresis. For
determination of the specificity of ctx sensor, the PCR amplicon was diluted at 0.02
UM and denatured by heating denaturation before performing the hybridization assay.
Figure 4.10 illustrated the frequency changes from PCR amplicon of 11 cholera and 11
non-cholera samples. The QCM ctx sensor revealed parallel results as agarose gel
electrophoresis. There were significant differences (p=0.02) between the frequency
value of cholera and non-cholera. Eleven cholera samples were decreased in frequency
value (Hz) after the hybridization reaction with ctx probe. The interaction with 11 non-
cholera samples did not result in a significant measurable frequency and also did not
observe the band of PCR amplicon. Both of those results were well correlated. It can

be concluded that specific ctx sensor with ctx probe had high specificity for detection.
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Figure 4.7 Frequency Change of Diluted PCR Amplicon by Specific ctx Sensor of
Vibrio cholerae O1

The ctx gene of Vibrio cholerae O1 was amplified by using two primer
pairs, ctx2/ctx3 and ctx4/ctx3. The PCR amplicons were diluted with hybridization
buffer between 0.01-1.0 uM. Heating denaturation was done before hybridization

assay on specific ctx sensor as described in the method of 3.3.8.2.

( I:' =202 bp PCR product I:' = 500 bp PCR product)
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Figure 4.8 Frequency Change of Diluted PCR Amplicon by Specific ctx Sensor of
Vibrio cholerae O1 El Tor Serotype Ogawa #1034

The ctx gene of Vibrio cholerae O1 El tor serotype Ogawa #1034 was
amplified by using two primer pairs, ctx2/ctx3 and ctx4/ctx3. The PCR amplicons
were diluted with hybridization buffer between 0.01-1.0 uM. Heating denaturation
was done before hybridization assay on specific ctx sensor as described in the method

of 3.3.8.2.

( I:' =202 bp PCR product I:' = 500 bp PCR product)
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Figure 4.9 Analysis of PCR Amplicon by Agarose Gel Electrophoresis.

The extracted DNA was diluted to 1 pg with TE buffer, pH 8.0. DNA
sample was run in agarose gel electrophoresis with 100 volts for 45 minutes. Lane M =
100-base-pair-DNA ladder, lane 1 to lane 11 were cholera samples presented the
specific band around 500 bp which the sequence of ctx gene. Lane 12 was show the

non cholera sample (Pseudomonas aeruginosa).
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Figure 4.10 Frequency Changes of PCR Amplicon from Different Bacteria

Eleven cholera and eleven none cholera DNA samples were amplified for
ctx sequence by using ctx2/ctx3 as primer pair. The PCR amplicons were diluted at
0.02 pM and heating denatured sample to the immobilization crystal. The frequency
values were measured. A significant differences (p=0.02) in DNA samples was

observed between cholera and non-cholera groups.
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CHAPTER V
DISCUSSION

Epidemic of cholera caused by toxigenic Vibrio cholerae belonging to the O1 or
0139 serogroups are a major public health problem in many developing countries
including Thailand (2). The disease is spread by fecal-oral route, thus contaminated
food and water including poor hygiene and sanitation play the important role in the
spreading of this disease. The disease is an acute dehydrating diarrhea caused by the
potent enterotoxin, cholera toxin (CT). Although these two serogroups have been
associated with epidemic disease, there are also strains of these serogroups which do
not produce CT, do not cause cholera, and are not involved in epidemics (5, 6, 7, 8).
The conventional bacteriological isolation and identification of isolated organisms is
accepted as a gold standard and still performed routinely in all clinical laboratories
around the world (27). However, this method requires a few days for obtaining the
result and not involve to detection CT. Many alternative approaches for CT detection
of Vibrio cholerae have been developed, such as ELISA (3) and PCR for detection of
cholera toxin gene (5, 7).

Since DNA biosensor assay offers a promising alternative for fast, inexpensive
and simple for detection of DNA hybridization. The quartz crystal microbalance
(QCM) method is a well established technique for the measurement of the mass
changes that are based on the relationship between changes in mass of materials
attached to the crystal and oscillation frequency of the crystal (10). QCM appears to be
a suitable and convenient tool for monitoring hybridization of complementary strands
of oligonucleotides because no label is required to reveal the interaction between a
strand immobilization (probe) on the sensor surface and the corresponding interacting
molecule (the complementary strand) in solution (48, 49). QCM based DNA
biosensors have been developed for the detection of bacteria such as Aeromonas spp.
(10), Escherichia coli (11) and Pseudomonas aeruginosa (12). In order to develop the

detection of ctx gene of V. cholerae, quartz crystal microbalance was chosen. The
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DNA sensor was selected on the basis of the successful achievement of DNA
hybridization for the rapid detection of ctx gene V. cholerae.

There are two major issues that must be dealt with in order to produce a sensitive
and specific QCM based DNA biosensor for detection of the target of interest: (i) the
strategy used for oligonucleotides probe immobilization on the quartz crystal and (ii)
the optimization of experimental conditions to minimize nonspecific hybridization. In
this study, the 5’-biotinylated oligonucleotides probe immobilization was attached on
avidin via MPA formed self assembly monolayer to the gold surface. Immobilization
not only helps in forming the required close proximity between the biomaterial and the
transducer, but also helps in stabilizing it for reused (65). This immobilization
technique is widely reported to be one of the most efficient and simple immobilization
methods available (49, 59). The main advantage of this method is that non-specific
amplification can be decreased since only a perfect hybridization between the
templates and the oligonucleotide probe.

The concentrations of MPA, avidin, and 5’-biotinylated oligonucleotides probe
immobilized onto the quartz crystal had been determined for the optimal conditions.
The specific DNA sensor was performed self assembly monolayer of MPA. The
adsorption of MPA on the quartz crystal and its subsequent reaction with EDC and
NHS were not capable to monitor by QCM because the observed resonant frequency
changes for short-chain thiols which conceals any frequencies decrease due to
adsorption and since the EDC/NHS treatment step produces no measurable frequency
change by QCM (49). Avidin adsorption (from a 0.2 mg/ml) was monitored in order to
study the optimal concentration of MPA. The concentration of MPA was optimized
and the result was shown as Figure 4.2. Compare with the initial resonant frequency
(fo) of the crystal, the observed decrease in resonant frequency of avidin (f;) implied
the formation of MPA monolayer over the quartz crystal. It was found that the
frequency shift did not increase with a further increase of MPA concentration (20
mM). These results could be explained that the excess of MPA led to saturation
response of the avidin immobilization or the steric hindrance of MPA to avidin
immobilization. Therefore, the concentration of MPA 10 mM, was chosen as the

optimum concentration for the preparation of ctx sensor.
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The concentration of the avidin was optimized for using in QCM based DNA
biosensor. In this study, the concentration of MPA was used at 10 mM for self
assembly monolayer formed on the electrode surface. The result was shown in Figure
4.3. It was found that the frequency change increased when increasing the
concentration of the avidin. However, at higher amount (0.2 mg/dl), the frequency
change due to avidin coupling was no longer dependent on the avidin amount. The
immobilized efficiency was shown in Table 4.1, the highest immobilized efficiency
was 71.0 % when used 0.01 mg/ml of avidin. The highest frequency change was
obtained from 0.20 mg/ml of avidin. But 0.1 mg/ml of avidin was no significant
difference from 0.20 mg/ml of avidin and the immobilized efficiency no longer
increases in the higher amount of avidin. The excess of avidin immobilization can
produce the saturation response of the avidin immobilization or interfere by the steric
hindrance for the hybridization between ctx probe and target. Therefore, the
concentration of avidin at 0.1 mg/ml was chosen as the optimum concentration for this
study.

The immobilized efficiency in Table 4.1 showed that 0.1 mg/ml of avidin
solution can be immobilized on quartz crystal with the efficiency of 19.1 %. Thus, the
remaining avidin solution could be reused again due to avidin immobilized efficiency
on the quartz crystal.

The amount of the 5’-biotinylated ctx probe was also optimized. The effect of
probe immobilization evidently plays the role in the hybridization reaction. In this
study, the optimal concentration of MPA and avidin were 10 mM, and 0.1 mg/ml,
respectively, for modification of quartz crystal surface before ctx probe
immobilization. The frequency change in this step was measured from the difference
between the initial frequency and the final frequency that 5’-biotinylated ctx probe
was immobilized onto the avidin coated quartz crystal. Because of avidin denaturation,
the avidin coated QCM used for further biotinylated ctx probe immobilization and
hybridization experiments, drying of avidin layer was avoided (48, 56). The result
with the 5’-biotinylated ctx probe immobilization was also illustrated in Figure 4.4.
The frequency change due to the probe immobilization increases with increasing
concentrations of ctx probe. The decreaseing of resonant frequency has linear function

with the concentration of up to 1.0 uM. The higher concentration shows the saturation
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feature, so that the frequency shift is no longer sensitive to increase in concentration.
Since the avidin immobilization plays the keys role in the immobilization of
biotinylated ctx probe via avidin—biotin interaction. Therefore, the amount of ctx
probe higher than 1.0 uM has limitation to amount of avidin for ctx probe
immobilization. The amount of 5’-biotinylated ctx probe at 1.0 uM was chosen for
immobilization on the modified electrode surface of quartz crystal in ctx sensor
preparation.

The non-covalent interaction of avidin with biotin is characterized by an affinity
constant of 10" M. This is among the highest formation constants reported in
biology, and this high affinity ensures that, the complex is not disturbed by change in
pH, the presence of manipulations such as multiple washings when the complex is
immobilized (69). Avidin binding to biotin is specific enough to ensure that the
binding is directed only to the target interest. The tetrameric form of avidin is required
for tight binding of biotin. Subunit interaction of avidin is required for the tight
binding of biotin; the binding apparently is random (78).

The results obtained from the immobilization of 0.1 mg/dl avidin, the average
frequency change (AF) is -83.08 Hz and corresponds to a mass increase of 1.91 g
according to Sauerbrey equation. The immobilization of biotinylated-DNA via
interaction with avidin was confirmed by the decreasing of frequency. The binding
reaction of biotinylated-DNA on the avidin modified surface was completed within 20
minutes. The saturated absorption was observed at 1.0 uM biotinylated-DNA
immobilization with resonant frequency shift at 101.63 Hz. The frequency changes
were represented by the frequency differences between the frequency values of
biotinylated-DNA immobilized onto the avidin coated quartz crystal and frequency
from the optimization of 0.1 mg/dl avidin immobilization. Then, the frequency change
(AF) is 19 Hz and corresponds to a mass increase of 0.46 pg according to Sauerbrey
equation. From the frequency change of avidin immobilization and the frequency
change of biotinylated-DNA, the molar ratio of both molecules is 1: 1.71. This result
is comparable to the 1:2 molar ratio of avidin/biotin in other similar assay system (48,
59).

The 30 mer synthetic oligonucleotide as DNA target, which complementary to

ctx probe, was used to perform the response curve of specific ctx sensor. The result
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was shown in Figure 4.6. The frequency shift proportional increases to the amount of
DNA target, the curve shows a linear range between 0-1.0 uM. The higher
concentration gives the saturation of the signal. The results obtained from the
immobilization of avidin and the biotinylated oligonucleotide probe concluded that the
immobilization procedure involving the interaction between avidin and biotin was
suitable for the immobilization of an oligonucleotide probe to a gold surface of a
quartz crystal. The frequency shifts induced by the hybridization reaction were
detectable with all the tested concentrations. It implied that those optimal
concentrations of MPA, avidin and biotinylated ctx probe were appropriated for study
in this experiment.

The reusability of the crystal used is a crucial part to develop the sensor. The
specific ctx sensor was repeat performed to determine the reusability of this sensor
(Figure 4.5). The results found that it can be reused almost five assay times without
decreasing of detectable activity by using HCI 1 mM as regeneration solution.
However, in the fifth assay, half of ctx sensor had significant lost of ctx probe activity.
The regeneration with 1 mM HCI probably damaged the immobilization of avidin on
monolayer or the immobilization of ctx probe or the monolayer itself.

The detection of genomic DNA target by using a quartz crystal microbalance
DNA biosensor normally has less probability to hybridize with DNA probe due to the
steric hindrance effect of DNA secondary structure and lower amount of specific DNA
sequence than the detection limit of general analytical technique. The alternative
solution to solve this problem is to amplify the sample by polymerase chain reaction
(PCR). Since the high specificity of PCR amplicon is important for this ctx sensor.
The temperature used for the annealing step is critical for PCR. If the annealing
temperature is too high, the oligonucleotide primers anneal poorly, and then the yield
of amplified DNA is very low. If the annealing temperature is too low, non specific
annealing of primers may occur, resulting in the amplification of unwanted segments
of DNA (77). In this study, the similar protocol of PCR amplification was use as
Indrawattana N. Msc. thesis (22) and previous studies showed that annealing
temperature at 60 °C was optimum for amplification czx sequence and yield the PCR

amplicon with high specificity (8, 9).
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The extracted DNA samples for amplification of ctx sequence were performed.
The results from Figure 4.7-4.8 showed that both primer pairs could be used to
amplify ctx sequence from 1 pg of extracted DNA. Therefore, 1 ug of DNA sample
was successfully used for DNA sample processing with the annealing temperature of
60 °C.

Two primer pairs for amplified PCR product were used in this study. Then, the
sensitivity of both PCR amplicons was measured on the specific DNA sensor to select
the best primer pair. The result form Figure 4.7-4.8 showed that 500 bp PCR amplicon
gave higher frequency shift than 202 bp PCR amplicon. Therefore, the ctx2/ctx3 was
chosen as primer pair in this PCR study.

The amount of PCR amplicon (DNA target) has effected to the determination of
specific ctx sensor. If the hybridization buffer was added with PCR amplicon, which
lower or higher than limit of detection, this sensor could not properly perform for the
actual value due to out of signal detection window. Then, the dilutions of PCR
amplicon were measured for this sensor. Hybridization experiments were conducted
with ctx probe immobilized quartz crystal exposure to the target DNA sequence at
different concentrations (0.02- 1 uM). The results showed in Figure 4.7-4.8. It
indicated that the binding of target DNA sequences was inhibited when an excess
amount of target DNA sequence complementary to the DNA probe. This is due to the
formation of double-stranded in the solution by the two single strands of the target
DNA at high concentration. All of the PCR amplicons were double strand DNA and
denatured to single strand before hybridization by heating denaturation. The higher
amount of double strand DNA target than probe will be the competitive to the probe.
The single strand DNA target will re-anneal to its complementary strand. Therefore,
the optimum concentration range of the target DNA sequence is between 0.01 -0.05
uM for hybridization. The DNA target at concentration of 0.02 uM was chosen to use
in this experiment.

The specificity of specific ctx sensor is also an important key for this
determination. DNA extract from eleven cholera and eleven non-cholera samples were
amplified for ctx sequence. All of the PCR amplicons were determined the ctx
sequence on both agarose gel electrophoresis and specific ctx sensor. All of eleven

cholera DNA samples gave positive response (decreasing of frequency after
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hybridization) for the specific ctx sensor and also revealed parallel result as bands of
PCR amplicon on agarose gel electrophoresis.

The hybridization with the ctx positive samples produced different frequency
change. This could be explained by the use of PCR and the denaturation procedure
result in an undefined concentration of the single strand DNA, and then the PCR
product could present different concentrations. Therefore, a calibration control cannot
be performed. Moreover, the synthetic oligonucleotides had a length 30 bases whereas
the samples from amplification have 500 bases. Similar experiments were performed
with non cholera samples. In cases of non-cholera samples, the results found that all of
non-cholera samples did not present the band of PCR amplicon. The determination on
specific ctx sensor found that non-cholera samples provided response frequency shift
less than 10 Hz. This result is comparable to other similar system, which the negative
samples provided response less than 5 Hz (10, 49, 56). However, this system should be
used more samples to figure out the cut off point for accurate interpretation.

This modified scheme requires about 4 hours for the immobilization probe on
crystal. But this study did not determine the shelf-life of the ctx sensor. However,
Tombelli et al. (10, 49) and Caruso et al. (48) had reported the coated crystal in the
similar system. Generally, it could be kept at 4 °C for several weeks without losing
their activity.

The disadvantage of the system versus the gel electrophoresis post PCR detection
is from several washing and drying steps. Using of liquid phase flow system instead of
gaseous phase measurement would be an interesting solution to solve this drawback
However, the detection of V. cholera ctx gene by using this specific ctx sensor
provides many advantages including the label free DNA hybridization reaction (no
toxic compounds are required, i.e. ethidium bromide), and the reusability of the sensor
surface for almost 5 measurements. Highly specificity of this ctx sensor could have a
great application in the medical diagnostics, food quality control, environmental

monitoring.
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CHAPTER VI
CONCLUSION

This ctx sensor was demonstrated for successful detection of Vibrio cholerae ctx

gene. The concluded were as following:

1.

The optimal concentration of MPA, avidin and 5’-biotinylated DNA probe for
immobilization of specific DNA probe on gold surface of quartz crystal were
10 mM, 0.1 mg/ml and 1 uM, respectively.

The ctx sensor was successfully applied for the detection of V. cholerae ctx
gene. The oscillation signal of quartz resulted showed all of eleven V.
cholerae were positive for ctx gene, while the eleven non-cholera bacteria
failed to produce PCR amplicon of ctx gene.

This ctx sensor performed high specificity for detection of ctx gene of V.
cholerae within 20 minutes after PCR.

The ctx sensor could be reused almost five times without decreasing of
detectable capability.

This work supported for the possibility of applying quartz crystal

microbalance systems to detect other bacteria via specific DNA sequence.
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