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 Tuberculosis is a disease caused by bacteria called Mycobacterium tuberculosis. It 
is among the top ten causes of global mortality and morbidity which makes it become the 
important public health problem among developing countries. Real time DNA piezoelectric 
biosensor has been developed for detection of Mycobacterium tuberculosis in clinical 
specimens. The resonant frequency responsibility of this biosensor device was up to 20 
MHz in aqueous phase. The biotin-modified oligonucleotide probe, thiol-modified 
oligonucleotide probe/mercaptohexanol (MCH), and thiol-modified oligonucleotide probe 
were immobilized on gold surfaced electrode of quartz crystal by using flow rate at 30 
μL/min. Downward shift of resonant frequency was monitored as an indicator of DNA 
hybridization. The data revealed that biotin-modified oligonucleotide probe, thiol-modified 
oligonucleotide probe/MCH, and thiol-modified oligonucleotide probe showed highest 
maximum concentration for detection at 1.0, 1.5, and 1.0 μM, respectively. The sensitivity of 
DNA detection was 0.25 μM synthetic targets, 1 μg/ml of DNA target sequence. This 
biosensor can be detected limit as 1.5×103 CFU/mL. The sensitivity can be increased by 
using avidin/gold nanoparticle at 25 %(v/v) for signal enhancement at 3’ end of DNA target 
sequence. The probe showed no cross hybridization to Mycobacterium avium and other 
microorganisms. Quartz crystal can be reused up to 10 times and kept at 4  ํC up to 4 
months without losing activity. This device demonstrated high precision and accuracy. Direct 
detection of 200 clinical specimens (150 positive samples and 50 negative samples) using 
real time DNA piezoelectric biosensor was corresponded to PCR technique. The tool could 
be beneficial for further development as portable device for low cost routine diagnosis.   
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CHAPTER 1 
INTRODUCTION 

 
Tuberculosis (TB) is a disease caused by bacteria called Mycobacterium 

tuberculosis. It can spread through the air from one person to other person by coughing, 
sneezing, or talking and breathing. Although it can attack any part of human body, it prefers 
to attack the lungs (1). M. tuberculosis is a slow-growing bacterium which needs 1-2 months 
to grow in a culture. WHO estimates that 9.27 million new cases of TB occurred in 2007, an 
estimated 44% or 4.1 million were new smear positive cases (2). Tuberculosis is among the 
top ten causes of global mortality and morbidity which makes it becomes the important 
public health problem in Thailand. In 2008, the Ministry of Public Health reported that 
approximately 55,252 persons developed the disease and 28,788 persons smear positive 
(3). The standard method of laboratory diagnosis is based on cultivation which considered 
the most accurate test due to high sensitivity and specificity, is labor-intensive and slow but 
clinical laboratories hold cultures 2 to 4 weeks to achieve maximum sensitivity (4,5). The acid 
fast stain or AFB for direct specimen examination is also conventional diagnostic tools but 
lack of sensitivity (6). Polymerase chain reaction (PCR) technique (7-11) is sensitive for 
detection of TB by using specific primers but involves in the use of ethidium bromide 
staining which is carcinogenic agent in gel electrophoresis (12,13). The analysis of restriction 
fragment length polymorphism (RFLP) of PCR product is an alternative DNA detection 
system and it has been successfully applied to species differentiation (14,15). DNA 
piezoelectric biosensor applications detection in gas phase are advantageous in that the 
frequency signal can, in some cases, be interpreted through the use of the Sauerbrey 
relation; although, the method is sensitive to errors due to hydration, humidity, and solvent 
retention. The time consuming and tedious nature of the analysis scheme suggest the dip 
and dry method (gas phase) is not likely to ever become a routinely used analytical 
procedure that it is not particularly reliable due to the complexity of sample composition, 
handling, and lack of automated and continuous operation (16,17). 

Recently, there has been an increasing interest real time piezoelectric biosensor 
technology. The first attempt to use an acoustic devise as a liquid phase sensor was by 
Konash and Bastiaans in 1980 (18). The real-time data analysis can be conducted and the 
system can be configured for on-line analysis. The system using a piezoelectric biosensor 
in a flow cell might be developed for automated or continuous operation. The relationship 
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between the oscillation frequency change of a quartz resonator in contact with liquid and 
accumulated mass had first realized by Kanazawa and Gordon in 1985 (19,20) that derived a 
relationship by expressing the change in oscillation frequency of a quartz crystal in contact 
with a fluid. The possibility to perform the piezoelectric biosensor assay in flow-injection 
mode makes the method more attractive for rapid identification of the biological analytes. 
DNA based biosensor technology is rapid and sensitive detection among them, especially 
piezoelectric biosensor by using oligonucleotide hybridization detection method. This 
biosensor has its own advantages that the detection method is label-free from radioactive or 
fluorescent tags (21,22). The piezoelectric biosensor is one of the candidate devices of 
biosensor technology for detection of DNA hybridization. DNA piezoelectric biosensor is the 
measurement of frequency change between the frequency of the oligonucleotides probe 
immobilized on quartz crystal and the frequency after the hybridization of DNA target (23). 
There are many reports about the development of piezoelectric quartz crystal specific DNA-
based biosensor for detection many pathogenic bacteria in real time such as 
Staphylococcus epidermidis (24), Escherichia coli (25), and Pseudomonas aeruginosa (26). The 
drawback of these studies is the using of PCR for the preparation of bacterial target DNA in 
DNA probe and target hybridization step. 

This objective was focused on development of the DNA-piezoelectric biosensor for 
direct detection of M. tuberculosis in real time. This method consists of the quartz crystal 
which was immobilized by using three probes as thiol-modified oligonucleotides probe, thiol-
modified oligonucleotides probe/MCH, and biotin-modified oligonucleotides that were 
designed from IS6110 sequence element specific for M. tuberculosis. All probes were 
immobilized on quartz crystal surface by using the self-assembled monolayer (SAM) 
method. This biosensor was used for detecting the target DNA by measuring the frequency 
shift. The development of sensitivity can be using mass enhancement such as avidin, gold 
nanoparticle, and avidin/gold nanoparticle. The oscillation counting device was used for 
measuring the resonant frequency of the quartz crystal in all of experiments in this study. 
The advantage of this study is using a non-amplified genomic bacterial DNA target in real 
time analysis continuous operation. This target DNA preparation without amplification will 
reduce time consuming, costs, and the tedious step of amplification. Finally, this study can 
be extended to develop the new method which is high sensitivity, specificity, cheap, easy to 
use, and rapid for detection of M.  tuberculosis in many fields of work in clinical diagnosis.  



CHAPTER 2 
LITERATURE REVIEW 

 
Tuberculosis  

Case and transmission 
The name tuberculosis was probably first used by Shonlein in 1939. Its name is an 

older epithets including phthisis and consumption of which allude the marked wasting 
characteristic of advanced disease. Non-pulmonary manifestations particularly cervical 
lymphadenitis was known as scrofula (27). 

Tuberculosis (TB) is a disease cause by bacteria called Mycobacterium tuberculosis 
whose principal reservoir is man, and also other mycobacteria belonging to the Mycobacterium 
tuberculosis complex (28) such as M. bovis or M. africaum. It is the most frequently affected to 
the lung but the disease has been termed Morbud percorpus stressing that it may involve 
virtually any organ or system of the body. Tuberculosis may ,therefore, mimic many other 
diseases and often present a serious diagnostic challenge, especially in countries where the 
disease is now rare and often overlooked.  

The infection is acquired by inhalation of droplet nuclei that contain tubercle bacilli from 
an infected person. An individual’s risk of infection depends on the extent of exposure to 
droplet nuclei and his susceptibility to infection (29). Once infected with M. tuberculosis, only a 
small proportion of individuals (about 10-12%) will develop the disease (29,30). The incubation 
period of tuberculosis is highly variable and ranges from few weeks to many decades. The risk 
of developing the disease declines steeply with time after infection. Primary tuberculosis 
appears within a short period after infection and secondary tuberculosis disease due to 
reactivation or re-infection normally appears after 5 years (31). Tuberculosis is spreaded mainly 
by patients with infectious pulmonary tuberculosis when they cough or sneeze (29). The disease 
usually affects the lungs although any organ and tissue may be affected. In absence of 
treatment, tuberculosis has a high case fatality rate, ranging from 60 to 70 percent for smear-
positive pulmonary tuberculosis and 40 to 50 percent for other forms of tuberculosis, depending 
on the site of the disease (29,31).  
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Epidemiology  
TB remains the leading cause of mortality due to a bacterial pathogen, M. tuberculosis. 

The interruption of centuries of decline in case rates of TB occurred, in most cases, was in the 
late 1980s and involved the US and some European countries due to increased poverty in 
urban settings and the immigration from TB high-burden countries. 

The World Health Organization (WHO) estimates that approximately one-third of the 
global community is infected with M. tuberculosis (32). Tuberculosis is among the top ten causes 
of global mortality and morbidity (33). The 196 countries reporting to WHO in 2008 notified 5.6 
million new and relapse cases in 2007, of which 2.6 million (46%) were new smear-positive 
cases (2)

 
(figure 1).  

After human immunodeficiency virus (HIV)/AIDS, TB is the second most common cause 
of death due to an infectious disease, and current trends suggest that TB will still be among the 
10 leading causes of global disease burden in the year 2020 (34).  

The global distribution of TB cases is skewed heavily toward low-income and emerging 
economies. The highest prevalence of cases is in Asia, where China, India, Bangladesh, 
Indonesia, and Pakistan collectively make up over 50% of the global burden. Africa, and more 
specifically sub-Saharan Africa, has the highest incidence rate of TB, with approximately 83 and 
290 per 100,000, respectively. TB cases occur predominantly (approximately 6 million of the 8 
million) in the economically most productive 15- to 49-year-old age group (32). Our 
understanding of TB epidemiology and the efficacy of control activities have been complicated 

by the emergence of drug-resistant bacilli and by the synergism of TB with HIV coinfection.  
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Figure 1   Estimated number of new TB cases in the world, 2007 (2).  
 

Taxonomy  
Tuberculosis is classified in (35) 
Phylum   Actinobacteria  
 Subclass  Actinobacteridae  

Order  Actinomycetales  
 Suborder   Corynebacterineae  

Family  Mycobacteriaceae  
 Genus  Mycobacterium  

Species   Mycobacterium tuberculosis complex  
(M. tuberculosis, M. africanum, M. bovis, M. microti)  

 
Morphology  
The mycobacteria are rod-shaped organisms, slim, and 0.2 to 0.4x2 to 10 um in size 

(figure 2, 3). They are nonmotile and do not form spores. The unusual cell wall (figure 4) 
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contains N-glycolylmuramic acid instead of the N-acetylmuramic acid present in the murein sac 
of most bacteria. The cytoplasmic membrane is encapsulated by a layer of peptidoglycan. The 
peptidoglycan backbone is attached to arabinolactan through an unusual disaccharide 
phosphate linker region. The arabinogalactan is a branched – chain polysaccharide consisting 
of a proximal galactose chain linked to a distal arabinose chain. The hexaarbinofuranosyl 
termini of arabinogalactan are esterified to mycolic acids. The mycolic acid chains are shown 
perpendicular to the cytoplasmic membrane with the exposed chains interacting with the 
mycolic chains of the trehalose dimycolate. Another major component non-covalently 
associated to the mycobacterial cell wall is the immunogenic lipoarabinomannan, which is 
attach to the cytoplasmic membrane by a phosphatidylinositol anchor. Small and hydrophilic 
solutes diffuse through water-filled protein channels, points, whereas hydrophobic compounds 
use the lipid pathway. Proteins are represented by solid oval bodies (36-39). 

Mycobacterium tuberculosis is a slim, strongly acid-alcohol-fast rod. It frequently shows 
irregular beading in its staining, appearing as connected series of acid-fast granules. It grows at 
37°C, and requires enriched or complex media for primary growth from clinical specimens. 
Growth is enhanced by 5 to 10% carbon dioxide, but is still very slow, with a mean generation 
time of 12 to 24 hours (40).

 
 

 

 
 

Figure 2  The colony morphology of M. tuberculosis (38). 
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Figure 3  Mycobacterium tuberculosis, the bacterium that causes TB infection, as seen through   
  scanning electron microscope (39).  

 
 
 

 

Figure 4  Schematic representation of the mycobacterial cell wall (36). 
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Pathophysiology  
Tuberculosis is spreaded by airborne droplet nuclei, which are particles of 1-5 um in 

diameter that contain Mycobacterium tuberculosis. Because of their small size, the particles can 
remain airborne for minutes to hours after expectoration by people with pulmonary or laryngeal 
tuberculosis during coughing, sneezing, singing, or talking (41-43). The infectious droplet nuclei 
are inhaled and lodged in the alveoli in the distal airways. M. tuberculosis is then taken up by 
alveolar macrophage. This initiates a cascade of events that results in either successful 
containment of the infection or progression to active disease (primary progressive tuberculosis). 
The risk of development of active disease for a newly infected young child is 10%, with roughly 
half of that risk occurring in the first 2 years after infection (44,45).  

After being ingested by alveolar macrophages, M. tuberculosis replicates slowly but 
continuously and spreads via the lymphatic system to the hilar lymph nodes. In most infected 
individuals, cell-mediated immunity develops 2-8 weeks after infection. Activated T lymphocytes 
and macrophages form granulomas that limit further replication and spread of the organism. M. 
tuberculosis is in the centre of the characteristically necrotic (caseating or cheese-like) 
granulomas, but it is usually not viable. Unless there is a subsequent defect in cell-mediated 
immunity, the infection generally exists and active disease may occur (46).  

 
Tuberculosis in Thailand  

TB is expected to be eradicated by the end of this century. However, an increasing 
incidence of tuberculosis in many parts of the world has led to renewed interest in the disease. 
The pandemic of HIV infection has changed TB, an endemic disease, to an epidemic 
worldwide. In Thailand, tuberculosis cases and deaths reduced year after year, until 1992 when 
the cases began to increase as a result of HIV infection. The annual risk of infection in 1997 
was estimated at 1.4%, with approximately 100,000 new TB cases developing each year. 
Fifteen per cent of tuberculosis patients are seropositive for HIV infection. Increasing 
antituberculosis drug resistance has been correlated with the high prevalence of HIV infection 
in some parts of the country. In 1995, cure rate of this disease was approximately 50% and, 
since 1996, in order to cope with the worsening situation. Despite the current economic turmoil 
of the country, the programme has now been expanded to cover over 400 of the 810 districts 
of Thailand. Also, the economic effects of tuberculosis at the household level in Thailand are 
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recently studied. Tuberculosis is a chronic disease that commonly affects the lower 
socioeconomic classes. Some patients are unable to follow the treatment regimens because of 
the financial burden. The low case detection and treatment completion rates are, in part, due to 
the inability of poor patients to cope with the expenditure (47).  

The reported distribution of TB cases by age suggests that TB transmission in Thailand 
has fallen in recent decades, but there is no other evidence to confirm this. Relatively high 
rates (for Asia) of HIV infection among TB patients underline the question of whether TB 
incidence is now falling. It is not known how much money is spent on TB control in Thailand 
because following decentralization of the information on budgets and expenditures is 
incomplete. The morbidity and mortality populations of pulmonary TB cases were reported from 
the Ministry of Public Health in 2001-2008 (3) (figure 5).  
 

 
Figure 5 TB case notifications in Thailand during 2001-2008 (3). 
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Diagnosis M. tuberculosis 
Cultivation 
Culture of Mycobacterium tuberculosis from clinical material is the ”Gold standard” for 

diagnosis of TB which normally requires 3-8 weeks. It is, therefore, not commonly used as a 
method for diagnosis of TB that detection of tubercle bacilli on the egg-based medium 
Lowenstein-Jensen (LJ) but it is slow and needs special safety procedures in the laboratory. 
Clinical laboratories hold cultures to achieve maximum sensitivity (13, 48). 

 
Ziehl Neelsen stain 
The Ziehl Neelsen (ZN) stain was the simplest, cheapest, and fastest diagnostic method 

for detection of tuberculosis. A method of staining used in bacteriology in which a smear on a 
slide is treated with carbol-fuchsin stain, decolorized with acid alcohol, and counterstained with 
methylene blue to identify acid-fast bacilli bacteria. Acid-fast organisms resist decolorization 
and appear red against a blue background when viewed under a light microscope. The stain 
may be performed on any clinical specimen but is most commonly used in examining sputum 
for Mycobacterium tuberculosis and Mycobacterium spp (6).  

 
Fluorochrome stain 
The fluorochrome stain is the screening procedure recommended for laboratories that 

possess a fluorescent microscope. The fluorochrome dye such as  auramine-rhodamine stain 
complex to the mycolic acids in acid-fast cell wall in the clinical specimen. The detection of 
fluorescing cells is enhanced by the brightness against a dark background (49).   

 
BACTEC radiometry  
The basis of the BACTEC radiometric procedure is that when mycobacteria are grown 

in a medium such as Middlebrook 7H12 supplemented with [14C] palmitic acid, growth is 
detected by measuring the release of [14C] CO2

 
which is produced by the catabolism of labeled 

palmitic acid. The BACTEC instrument automatically measures [14C] CO2. The actual 
production of [14C] CO2

 
is expressed by the instrument as ‘growth index’. The δ-napthyl-p- 

acetylamino β-hydroxy amino propriophenone (NAP) test is very reliable for differentiating M. 
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tuberculosis from all the other mycobacteria and this test has been combined with BACTEC 
radiometry successfully. Combining the BACTEC system for detecting mycobacterial growth 
with the Gen-Probe system for identification has been increasingly reported to be of great use 
in recent years (50,51).  

 
High performance liquid chromatography (HPLC)  
HPLC is a reliable and easy to perform technique. It is less costly than some of the 

other identification methods. The procedure consists of saponification of the cells followed by 
derivatisation and conversion of the fatty acids to their p-bromophenacyl esters using specific 
catalysis. The extraction procedures are specific for mycolic acids which are high-molecular 
weight δ-branched, β-hydroxy fatty acids found in Corynebacterium, Mycobacterium, Nocardia, 
and Rhodococcus. The number of carbon atoms making up the mycolic acid varies from C20

 
to 

C36 in Corynebacterium and C60
 
to C90

 
in Mycobacterium.  

This simple, rapid, and direct method for the detection of specific mycolic acid patterns 
has proved to be very useful in the species identification of mycobacteria. Standardised 
protocols are now available for both slow growing and rapid growing mycobacteria. 
Commercially available pattern recognition software is also now available and it has been 
shown to have a very high degree of accuracy for 24 species of mycobacteria including M. 
tuberculosis, M. avium complex, and M. gordonae (52,53). 

 
Nucleic acid probes for the identification of mycobacteria  
In the original Gen-Probe system, the DNA probes homologous to mycobacterial rRNA 

are labeled with 125I and required physical separation of hybridised and unhybridised probes 
before detection in a gamma counter. Now chemiluminescent nonradioactive labels are used, 
and hybridised and unhybridised probes are separated by the addition of chemical ‘selection’ 
agent. Therefore, the current assays have a more rapid and homogeneous format and allow 
detection of DNA:RNA hybrids in an illuminometer rather than a gamma counter. 
Chemiluminescent procedures require only about 45 minutes performing and the acridinium 
ester label is stable for extending the shelf life of the probe reagent considerably to about 6 
months (14).  
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Restriction fragment length polymorphism (RFLP) and polymerase chain reaction 
(PCR)  

This technique is based on the principle that if a single base difference between two 
otherwise identical pieces of double stranded DNA lies within the recognition site of a restriction 
enzyme, then digestion of both the samples with that restriction enzyme will produce different 
products which can be resolved by electrophoresis. Different banding patterns or genomic 
fingerprints for the 2 DNA samples are obtained. These differences in banding patterns can be 
refined as RFLPs which can be used to type different isolates of M. tuberculosis and have 
proved useful for species identification and for subdividing species into different RFLP types 
(14). M. tuberculosis by using PCR was developed by Van Embden et al (54). The first detection 
of M. tuberculosis based on PCR used a probe developed from the gene encoding for the 38 
kDa protein antigen b of M. tuberculosis (55). Later, the insertion sequence IS6110/IS986 was 
found in the genome of most of the members of the M. tuberculosis complex with multiple 
copies in M. tuberculosis and only a few copies in M. bovis, and protocols were developed by 
using PCR for DNA fingerprinting of clinical isolates of M. tuberculosis based on this insertion 
sequence (56).  

 
Biosensors  
Biosensors are a new nano-technology which are used in many detection. For example, 

the biosensor which is construction of antibody-based piezoelectric crystals is capable of 
detecting mycobacterial antigens in diluted cultures of attenuated M. tuberculosis, in an 
immunologically specific manner (57). The other example is an electrochemical biosensor for the 
determination of short sequences from Mycobacterium tuberculosis (MTB) DNA. The sensor 
relies on the modification of the carbon-paste transducer with 27 or 36 mer oligonucleotide 
probes (58).  

 

Identification of Mycobacterium tuberculosis  
IS6110 Insertion sequences (IS) are small mobile genetic elements, usually less than 

2.5 kb in size, that are widely distributed in most bacterial genomes. IS elements are commonly 
defined as carrying only the genetic information related to their transposition and regulation, 
unlike transpositions, which can also carry genes that encode phenotypic markers (e.g., 
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antibiotic resistance). Transposition of IS elements often causes gene disruptions that can have 
strong polar effects and in other cases can lead to the activation or alteration of expression of 
adjacent genes due to the regulatory sequences, including promoters and protein-binding 

sequences (59). From an evolutionary perspective, there are at least two distinct hypotheses 
explaining the role of IS elements in genomes. One regards the elements as genomic parasites 
that, on balance, harm their hosts (i.e., bacteria) (60). In contrast, others postulate that IS 
elements are important to their hosts for adaptive evolution, which is maintained by selection of 
occasional advantageous IS-derived mutations (61).  

IS elements in bacterial species are present in varying numbers of copies: IS1 in 
Escherichia coli strains is present in 2 to 17 copies, whereas the Shigella species contain from 
2 to 40 copies. Thierry et al. first described IS6110, a 1,355 bp member of the IS3 family that, 
when intact, is unique to the M. tuberculosis complex (62). IS6110 has an imperfect 28 bp 

inverted repeat at its ends and generates a 3 to 4 bp target duplication on insertion. Although 
"hot spots" have been noted (regions in the M. tuberculosis chromosome where IS6110 seems 

to preferentially insert), IS6110 elements are more or less randomly distributed throughout the 
genome, with copy numbers ranging from rare clones lacking any IS6110 elements to those 

with 26 copies (63,64). In 1993, van Embden and colleagues proposed a standardized method for 
performing IS6110-based Southern blot hybridization analysis (55). 

Various genes have been targeted in many PCR assays designed to differentiate 
between M. tuberculosis and M. bovis. Unfortunately, most of the assays have been invalidated 
due to lack of specificity (65). The 16S rRNA genes sequence has been used for identification of 
genus-specific mycobacteria (66). Moreover, the multiplex PCR assay employed selective 
amplification by targeting the 16S and 23S rDNA, oxyR, and IS6110 (insertion sequences) 
genes are also used for identification of M. tuberculosis. Despite differences in the fragment 
length and in GC content of selected primer pairs, Kurabachew M. et al (65)

 
were able to 

optimize the PCR condition in such a way that specific bands were produced successfully 
under the same PCR conditions. Although the 23S rDNA always presenting a single copy is the 
least explored, this gene seems to be an interesting target for differentiate M. tuberculosis 
complex from Mycobacteria. The IS6110 is a member of the IS3 family which is the most widely 
spread group of bacterial ISs and found in more than 24 different gram-positive and gram-
negative genera. A multiplex PCR-based assay targeting insertion sequence IS6110 could also 
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be used to differentiate member in M. tuberculosis complex to be specific species. The most 
strains of M. tuberculosis have IS6110 between 8 and 15 copies (67)

 
result in a good target for 

amplification (13). The oxyR gene presenting only as a single copy is as primers to distinguish 
M. bovis from M. tuberculosis (65).  
 

Biosensor technology  
The biosensor technology was first developed many decades ago. The first biosensor 

was described by Clark and Lyons in 1962 (68) for the determination of glucose. Biosensor is an 
analytical device made by attaching the biological substances to a suitable transducer, which 
converts the biological response into electrical signal as shown in figure 6. A biosensor consists 
of a biological sensing element with a transducer to produce the signal proportional to target 
analyses. 

 
 

 
 
 
 
 
 
 
 
 

Figure 6   General figuration of biosensor (69). 
 

When biological molecules interact with target analyses, there is a change in one or 
more physical-chemical parameter that associated with the interaction such as the generation 
of ions, gases, electrons, heat, or mass. The quantities of these indicating signals are 
converted into the electrical signals by suitable transducer. The transducer is used to convert 
the biological recognition into the measurable signal that can be detected and displayed (70). 
The most important characteristic of biosensor is the selectivity of bioreceptor for the specific 
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target analytes. Therefore, the specificity of biosensor depends on the properties of the 
biological component which providing the selectivity and specificity for target analytes. But the 
sensitivity depends on both the biological components and the transducer. The significance of 
reaction is related to the biological substances, target analytes, and high efficiency of 
transducer (66). 

The molecular recognition then corresponds to the association of the biological element 
and its target molecule (analyte) through an association such as: enzyme-substrate, antibody-
antigen, receptor-hormone, and complementary DNA sequencing, etc. These associations 
maximise the capacity of the biomolecules to recognise a unique substance among various 
substances (58).  

The combinations of recognition-transducer systems are numerous and this explains 
many definitions and nomenclatures of these types of sensors. The main methods of 
transduction that are the most current and well developed from both a fundamental and 
experimental point of view are: electrochemical (71), optical (72), and piezoelectric (73).  

The types of transducer have been used in biosensor. These are the measurement of 
the change in electrochemical (potentiometry, amperometry or conductimetry), mass 
(piezoelectric crystal or acoustic wave), heat (colorimetry) and optical change (luminescence, 
fluorescence, reflective index, surface Plasmon resonance and waveguide) (66). 

 

DNA based biosensor 
DNA has an important role in clinical diagnostics. DNA is arguably the most important 

of all biomolecules. The unique complementary structure of DNA between the base parts 
adenine/thymine and cytosine/guanine has been the basis for genetic analysis over the last few 
decades. The DNA techniques, including hybridization, amplification, and recombination, are all 
based on the double helix structure of the DNA. DNA is coiled to form a double helix (double-
stranded DNA, dsDNA) composed of two strands held together by hydrogen bonds as shown in 
figure 7 (74) that can be broken by heat or high pH. The single-stranded DNA is relatively 
stable, but on removal of the heat source or pH extreme, the ssDNA will reanneal into the 
double-stranded configuration. Reannealing between the ssDNA from different sources is called 
hybridization (75). The reannealing of the dsDNA is possible because nucleotide bases will re-
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form hydrogen bonds only with specific complementary bases: adenine pairs with thymine, and 
cytosine pairs with guanine. 

The stability of the hybridization depends on the nucleotides sequences of both strands. 
A perfect match in the sequence of nucleotides produces very stable dsDNA, whereas one or 
more base mismatch can increase instability that can lead to weak hybridization of strand. 

Molecular detection has shown a great potential for rapid identification of diseases and 
for food and environmental monitoring. After the recent successes in sequencing the human 
genome, the detection of specific DNA sequences in biological samples has been playing a 
fundamental role in genetic diagnostic and in the detection of pathogens in cells (76).  

 

 
 

Figure 7 Configurations of DNA and the hybridization principle (74). 
 
Generally, the detection of particular DNA sequence is carried out by gel 

electrophoresis of DNA fragments amplified by polymerase chain reaction (PCR) using primers 
which are specific complementary sequence with the chosen region of DNA. Although, gel 
electrophoresis is simple and effective for detection of PCR products, ethidium bromide which 
is a common stain is a carcinogen (77). As an alternative way to gel electrophoresis, DNA probe 
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has been widely used for detection of specific DNA sequences by hybridization. In this method, 
the probe is usually labeled with a radioisotope, enzyme, and fluorescent tag, these labeling 
and detection process require long and tedious steps (22). 

The large demand for low-cost genetic assays has lead to the development of portable 
and easy-to-use biosensors. These systems should be able to perform the analysis in a very 
short time and with a very limited amount of specimen. Micro-fabricated structures, based on 
micro and nano-technology can satisfy these requirements and also allow a high degree of 
parallelism and sensitivity.  

The biosensor technologies have been intensively investigated because of their promise 
for rapid consuming, high specificity, and low cost. Therefore, DNAbased biosensor is a 
promising alternative detection method by base pairing property in DNA. The specificity of DNA 
base pairing can be used as a biorecognition (23). This biosensor has been based on 
electrochemical (71), optical (78), and piezoelectric transducer (22,72,79,80). This I s a great potential 
market for simple, cheap, rapid, and quantitative detection of specific genes. Areas of 
application include clinical, veterinary, medico-legal, environment, and food industry. DNA-
based biosensors require any non-labeling such as radio isotope, enzyme, and fluorescence 
tag. Therefore, the piezoelectric transducer appears to be a suitable and simple device for 
direct detection and label free monitoring of complementary olignucleotide hybridization (22). 

 

Piezoelectric DNA based biosensor 
A piezoelectric (PZ) quartz crystal or quartz crystal microbalance (QCM) biosensor   (73, 

81)
 
is an extremely sensitive mass sensor, capable of measuring subnanogram levels of mass 

changes, and it consists of a thin quartz disc sandwiched between a pair of electrodes. Due to 
the piezoelectric properties of quartz, it is possible to excite the crystal to oscillation by applying 
an AC voltage across its electrodes (82).  

The term “piezoelectric” is derived from the Greek word “piezen” meaning “to press”. 
Therefore, the piezoelectric effect means “pressure electricity” The theoretical foundation for 
using piezoelectricity was first pioneered by Raleigh in 1885, but the first investigation was 
performed by Jacques and Pierre Curie in 1880 (83), who observed a mechanical stress to a 
quartz crystal which induces an electrical potential across the crystal surface. The piezoelectric 
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effects can be found in natural crystals but are very rare. The crystal has to go through a 
polarization process to obtain the piezoelectric property (84). 

The piezoelectric device as a mass sensor arises from the linear relationship between 
the change in mass at the crystal surface and the change in oscillating frequency (84). The 
vibration of piezoelectric crystals produces an oscillating electric field that the resonant 
frequency of the crystals depends on parameters associated with the phases adjacent to the 
crystal and the physical properties such as size, cut density, and shear modules (85). The 
change in mass is identified by a corresponding change in the frequency of vibration of the 
crystal.  

A resonant oscillation is achieved by including the crystal into an oscillation circuit 
where the electric and the mechanical oscillations are near to the fundamental frequency of the 
crystal. The fundamental frequency depends upon the thickness of the wafer, its chemical 
structure, its shape and its mass. Some factors can influence the oscillation frequency, like the 
thickness, the density and the shear modulus of the quartz that are constant, and the physical 
properties of the adjacent media (density or viscosity of air or liquid). As shown by Sauerbrey 
(1959), changes in the resonant frequency are simply related to the mass accumulated on the 
crystal. The fundamental frequency increases as the piezoelectric thickness decreases (86). 

Thus for detection of analytes in air (the ‘dip-and dry’) method the frequency change is 
simply related to the change in mass: 
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Where FΔ  = measured frequency shift (Hz) 

 2
0f  = the fundamental resonant frequency of the crystal (Hz) 

 mΔ  = mass change (g) 
 A = area of electrode surface (cm2) 
 qμ  = shear modules of quartz crystal = 2.947 × 1011 g/cm2×s2 
 qρ  = density of quartz crystal = 2.648 g/cm3 
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Gas phase mass sensitivity is determined by the piezoelectric quartz crystal of 
fundamental frequency as described in equation 1. Mass sensitivity increases as the 
fundamental frequency of the quartz crystal increases which the fundamental frequency 
increases as the quartz crystal thickness decreases. Thus, one approach to increase sensitivity 
is to fabricate thinner crystal which in turn increases the operating frequency and sensitivity. 
Clearly, miniaturization can only be performed within physical limits. The size cannot be 
reduced below a certain value without affecting the durability of the device. However, recent 
fabrication designs have been tested that provide fundamental frequencies of 30 MHz (87). The 
most commonly used crystals are 5–15 MHz quartz disks with a 10–16 mm diameter. For a 
fundamental frequency of 10 MHz and an electrode surface area of 0.22 cm2, the gas phase 
mass sensitivity is approximately 1 Hz per nanogram (88). 

There are two types of piezoelectric devices; surface acoustic wave (SAW) and the 
piezoelectric crystal 

1. SAW crystal can oscillate at several hundreds of MHz that are replaced by 9-14 MHz 
of the piezoelectric crystal. In this device, an acoustic wave is generated by application of an 
alternating voltage across a pattern of interlaced metal electrode such as gold. These devices 
are mass sensitive more than piezoelectric quartz crystal because mass sensitivity is directly 
related to the operating frequency. However, SAW devices present various problems when 
applied to a biological sensing system because biological materials can severely reduce 
surface acoustic wave (85). 

2. Piezoelectric quartz crystal, the piezoelectric resonator is made from piezoelectric 
materials which has specific dimension and orientation with respect to the crystallographic axes 
of material. The resonator consists of one or more pairs of conducting electrodes which are 
deposited by vacuum vaporization (89). The electric field is applied between the electrodes 
cause mechanical vibration or oscillation at the particular frequency in the resonator. These 
vibrations or oscillations will produce a reverse electrical potential which caused by the 
interaction coupling between the mechanical properties of the piezoelectric resonator and the 
electrical potential is termed the piezoelectric effect. The quartz crystal resonators are covered 
with metals such as gold, silver, or platinum by evaporation on the quartz surface, which are 
used as electrodes. There are various types of materials that exhibit the piezoelectric effect 
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such as quartz, tourmaline, zinc oxide, or aluminium nitrite, but quartz usually used in analytical 
applications (89). 

A piezoelectric quartz crystal resonator is cut slab from natural or synthetic crystal of 
the quartz. The quartz crystal plate must be cut in the specific orientation with respect to the 
crystal axes (89). The properties of a quartz crystal depend on the plane in which it is cut. The 
AT-cut is normally employed which has an orientation of approximately 35° to the z-axis or 
optical axis in figure 8. Since the AT-cut crystal has a temperature coefficient near zero, then 
the resonant frequency is stable over a wide range of temperature. Therefore, the AT-cut 
crystal has been used in majority of the piezoelectric work (83). 

  
 

Figure 8 The orientation angle of AT- cut quartz crystal (85). 
 

There are other terms to describe piezoelectric quartz crystal such as quartz crystal 
microbalance (QCM) and thickness shear mode (TSM). The AT-cut quartz crystal is a 
piezoelectric material which functions in microbalance mode as quartz crystal microbalance. 
TSM can describe the motion of crystal’s vibration (89). Quartz crystal has different vibration 
modes, which are grouped into flexure, extensional, face shear, and thickness shear mode. 
The thickness shear mode is also divided into fundamental mode and third overtone thickness 
shear. The thickness shear mode of vibrations is the type of vibrations that using AT-cut 
resonator (90). When an appropriate alternating electrical potential is applied to gold electrode 
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on opposite side of the piezoelectric crystal, the crystal will oscillate at specific frequency. If 
increasing in mass at the interface, the oscillation frequency will decrease when the analyte 
binds with the coated surface. The frequency change is directly proportional to the increase in 
mass and correlated with analyte binding (91). 

Dip and dry piezoelectric sensing (gas phase or stepwise) applications are 
advantageous in that the frequency signal can in some cases be interpreted through the use of 
the Sauerbrey relation; although, the method is sensitive to errors due to hydration, humidity, 
and solvent retention. The time consuming and tedious nature of the analysis scheme suggest 
the dip and dry method is not likely to ever become a routinely used analytical procedure. 
Furthermore, the application of solution phase piezoelectric sensing is far superior in that real-
time data analysis can be conducted and the system can be configured for automated analysis 
(17). 

 

Real time DNA piezoelectric based biosensor 
Quartz crystal sensing system to liquid phase measurement failed because the crystal 

ceased to oscillate when submerged in solution. To sense solution phase analytes either the 
sample was converted into a gas or a tedious dipping procedure was used (92,93). These 
problems have been addressed by developing oscillator circuits that allow for crystal immersion 
in solution (94) or through the use of specially designed crystal flow through and/or batch 
reaction cells where solution contacts only one crystal surface (17,94-97). 

The theoretical foundation for using piezoelectricity was first pioneered by Kanazawa 
and Gordon in 1985 (19), but the first attempt to use an acoustic device as a liquid phase 
sensor by Konash and Bastiaans in 1980 (18), who used as a liquid chromatography detector 
where one crystal face was exposed to a flowing organic solution. 
The system had poor sensitivity and reproducibility, but they demonstrated the quartz crystal 
could produce stable oscillations in liquid. 

When a crystal is dipped into a solution or real time, the oscillating frequency depends 
on the solvent used. The question as to which factors determine the frequency is important for 
understanding the mechanism of oscillation of a crystal in solution and for its potential 
development as a sensor in solution (20,98). When an over layer is thick, the relationship 
between the f and Dm is no longer linear and corrections are necessary. The coupling of the 
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crystal surface to a liquid drastically changes the frequency when a quartz crystal oscillates in 
contact with a liquid that a shear motion on the surface generates motion in the liquid near the 
interface.  

Thus for detection of analytes in liquid phase method which derived a relationship that 
expresses the change in oscillation frequency of a quartz crystal in contact with a fluid, 
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Where FΔ  = measured frequency shift (Hz) 

 2/3
0f  = resonant frequency of the unloaded quartz crystal (Hz) 

 Lρ  = density of liquid in contact with the quartz crystal 
 Lη  = viscosity of liquid in contact with the quartz crystal 
 qμ  = shear modulus of quartz crystal = 2.947 × 1011 g/cm2×s2 
 qρ  = density of quartz crystal = 2.648 g/cm3 

 
The penetration depth of this sheer wave depends on ( ( ) 2/1

0
−

qqf ρμπ . Kanasawa and 
Gordon (equation 2) (20) demonstrated stress that FΔ  in solution is linear function of 

2/1)( LLηρ  except for salts and high polymer solutions. They, in fact, tested the linearity of 
depence of the frequency decrease on 2/1)( LLηρ  using many solvents selected on the basis of 
their different viscosity, density and electrical conductivity. In 1994, Bruckenstein and shay 
observed that quartz crystal with on face exposed to dilute aqueous solutions near temperature 
induced frequency change by several kilohertz (98).  

Kanazawa and Gordon described the frequency response in fluid phases in terms of 
the physical parameters of the quartz crystal and analyte solution by considering the coupling 
of quartz crystal shear wave to a dampened shear wave propagating into the fluid (20,99). The 
depth of the shear wave penetration varied with the square root of the bulk liquid viscosity. The 
decay length corresponded to the effective thickness of the liquid in motion with the quartz 
crystal. This liquid layer was treated as a sheet of mass attached to the quartz crystal surface. 
The model treated the fluid layer as continuous which no slip boundary between the quartz 
crystal surface and the fluid was allowed. The equation was verified by contacting a single 
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quartz crystal surface with solutions of glucose and ethanol. The oscillation frequency in pure 
water was taken as a reference. The decrease in frequency varied as the solution viscosity and 
density product increased. 

Liquid phase systems are designed using a myriad of conditions. The most common 
method employs the use of a contact cell where one crystal surface is adjacent to the solution. 
The contact cell is configured in a flow or batch mode and the solution is typically introduced 
using a peristaltic or syringe pump. In flow cells, the volume of solution flowing over the crystal 
surface is commonly less than 100 mL (100,101) but some flow cells have been designed for 
solution contact volumes of up to 7 mL (102). No generalities can be made concerning the 
volume of solution in a batch contact cell which volumes range from a few microliters to 
nominally one liter. Alternatively, the whole crystal can be in contact with the solution phase. 
Here, either the quartz crystal surface is masked to avoid solution contact (103,104) or the 
oscillator circuit is designed to allow the crystal to oscillate while immersed in solution (105,106). 
Many conventional quartz crystal designs do not allow for dual electrode contact with a solution 
to avoid short-circuiting due to exposure to a common conductive solution. Further, with full 
solution contact more than just the piezoelectrically active surface interacts with the solution. 
This may cause calibration inconsistencies (107). On the other hand, immersion in solution 
allows for detection of changes in solution conductivity. This could be advantageous, or a 
serious draw back, depending on the type of analysis performed. 

This technique has been investigated for monitoring nucleic acid hybridization by 
immobilized the crystal with nucleic acid probe and detecting the mass change after 
hybridization with specific target sequence in solution, Fawcett et al (108) were the first group to 
describe a piezoelectric biosensor for DNA immobilizing ssDNA onto the quartz crystal and 
detecting the mass change after hybridization. The advantages of this technique are not only 
the high sensitivity but also the label less operation. Additionally, frequency change can be 
followed in real time (22). 

The drawback of quartz crystal microbalance is non-specific adsorption of molecules 
present in real matrices. Piezoelectric biosensor is a mass sensor which has surface for 
binding with any molecules which can potentially interfere the reaction. However, previous 
experiments with piezoelectric, DNA probes and hybridization of oligonucleotides clearly 
demonstrated that using appropriate chemistry immobilization, non-specific binding can be 



 24 

effectively minimized (22,91). Method to improve the sensitivity of the piezoelectric biosensor can 
be improved by using higher frequency of quartz, but this device is often difficult to operate in 
liquid because of fragility and frequency stability problems. Alternatively, the selectivity can be 
improved by improving the quality of the surface of the crystal and the immobilization method 
(79). 

For most biosensor techniques, a biological component is immobilized on the quartz 
crystal surface. The signal is generated in response to adsorbate recognition. The sensitivity of 
direct analyte detection through an immobilized ligand is limited by the number of binding sites 
available to interact. This is beneficial for characterization of conditions associated with a 
reaction but may be a limitation in terms of detection sensitivity. One technique used to 
increase the sensitivity of piezoelectric biosensor is to relate the first-derivative of the change in 
frequency versus time to the analyte concentration (109,110). Additionally, a number of analysis 
schemes have been proposed that do not rely on direct mass attachment to the crystal surface 
(111-113).  
  Liquid phase piezoelectric techniques for monitoring cellular process have been 
described (114,115). Piezoelectric biosensor integrated in a flow injection analysis (FIA) system 
has the advantage to work continuously and to monitor on-line the binding of the analyte A cell 
growth sensor was developed by Ebersole et al. to detect metabolites without immobilization of 
a biological entity (115). This was the first sensor capable of detecting metabolic responses and 
division rates of viable cells. The authors indicated production of metabolic acids is a useful 
marker of cell metabolism and growth and utilized this relation in their sensor design. Detection 
of metabolic processes was based on adhesion of a polymer to the quartz crystal. The polymer 
precipitated from solution in response to titration of its carboxylate groups by the metabolic 
acids which converted the polymer to its isoelectric form. Ebersole et al. also reported solution 
phase detection of DNA hybridization (116). Matsuda et al. monitored real time platelet adhesion 
in plasma (117). Moa et al. reported DNA piezoelectric sensor, based on the nanoparticle 
amplification method, was developed for detection of Escherichia coli O157:H7 by using a 
thiolated single-stranded DNA (ssDNA) probe specific to E. coli O157:H7 eaeA gene was 
immobilized onto the piezoelectric sensor surface through self-assembly (118).  Eun et al. have 
developed a piezoelectric DNA-sensor based on DNA-RNA hybridization for the detection of 
two orchid viruses, Cymbidium mosaic virus (CymMV) and Odontoglossum ringspot virus 
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(ORSV). Specific oligonucleotide probes modified with a mercaptohexyl group at the 5′-
phosphate end were directly immobilized onto 10-MHz (119). Wong et al. have demonstrated 
DNA piezoelectric biosensing method for real-time detection of E. coli O157:H7 in a circulating-
flow system was developed in this study. The thioled surface of the Au electrode could be 
immobilized by many inner Au nanoparticles, then more thiolated single-stranded DNA (ssDNA) 
probes which were specific to E. coli O157:H7 eaeA gene could be fixed through Au-SH 
bonding (120). Wu et al were developed DNA piezoelectric biosensing method for real-time 
detection of Escherichia coli O157:H7 in a circulating-flow system was developed in this study. 
Specific probes for the detection of E. coli O157:H7 gene eaeA, synthetic oligonucleotide 
targets (30 and 104 mer) and PCR-amplified DNA fragments from the E. coli O157:H7 eaeA 
gene (104 bp), were used to evaluate the efficiency of the probe immobilization and 
hybridization with target DNA in the circulating-flow quartz crystal microbalance (QCM) device 
(121). 
 

Self-assembled monolayer (SAM) probe immobilization 
The immobilization technique is used to help the biological element attached with the 

sensor surface. This step not only helps for attachment between biological element and 
transducer, but also helps in stability for reusing if the immobilization is strong enough. The 
immobilization of the nucleic acid probe onto the transducer surface plays an important role in 
performance of DNA sensor. The immobilization step leads to well defined probe orientation, 
readily accessible to the target. This process depends on the nature of physical transducer and 
method that used for attachment of DNA probe to the surface (80,85). 

There are various common immobilization methods for biosensor such as the using of 
direct physical adsorption on a solid surface, entrapment in a matrix, covalent coupling to 
functional groups on the electrode (122). The covalent binding method can improve uniformity, 
density, distribution of bound molecules, and reproducibility of surface and instability, diffusion, 
aggregation, and inactivation of biomolecules. Glutaraldehyde, carbodiimide, and succinimide 
esters are widely used for covalent binding method (123). 

The self-assembled monolayer is one of immobilization method by covalent binding. 
This method is rapidly grown since the discovery of these structures and ability to modify the 
physical and chemical property of surface. Self-assembled monolayer is molecular assembly 
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obtained by immersion of an appropriate substrate into a solution containing molecules that 
specific with the surface. The term “self assembly” involves arrangement of atoms and 
molecules into an ordered or even aggregate of functional entities without the intervention of 
mankind towards an energetically stable form (124). SAM is distinguished from ordinary 
surfactant monolayer by the fact that one end of the molecule is designed to have a favorable 
and specific interaction with the solid surface of the substrate (125). The self assembled 
monolayer have been composed from different types of simple organic molecules, such as 
alkanethiols and silane compounds on different substrate such as on metal oxide and gold 
surface substrate. The SAM system is extremely versatile and can provide a method for in vitro 
development of bio-surface. 

The simple method involved in immobilizing self-assembly monolayer makes attractive 
strategy for achieving better control in the orientation and molecular organization of 
biomolecules at interfaces. SAM is easy formation of ordered, pinhole free and stable 
monolayer. More significantly, the easy method for SAM formation and compatibility with metal 
substrates such as gold or silver provided benefits for biosensor application such as only 
needed minimum amount of molecules. The stability and organization of the SAM depend on 
the forces of attraction between the immobilized molecules and the binding force between the 
surfaces and the binding group (126). Thiols on gold form very well-assembled monolayer which 
is highly resistant to washing due to the strong chemisorption of the sulfur atoms. There is a 
rapid reaction between –SH group and gold atom with formation of S-Au bond. After the initial 
fast adsorption of thiols, the akyl side chains assemble together to maximize the van der 
Waal’s interaction (127). 

The SAM is successfully used in previous study by Caruso et al (79) 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. Zhou et al (91) 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). The 
researcher observed the biotinylated DNA films that 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 
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penetrate into the multilayer sensing film, but also increased the sensor response time because 
of the more difficult transport of the complementary sequence (91). 

Generally, detection of single copy gene by piezoelectric quartz crystal DNA-based 
biosensor requires PCR for amplifying target DNA (22,128). However, PCR is still time consuming 
and requires expensive reagents and machines. Development of piezoelectric DNA-based 
biosensor for direct detection of highly repeated sequences using nonamplified genomic DNA 
has been reported recently. Minnunni et al (128-130) detected satellite 13 DNA from genomic DNA 
of Bos taurus. They also applied this method for direct detection of single copy gene in non-
amplified genomic DNA from Nicotiana glauca tobacco plant. They detected the promoter 
region (35S) that present in various GMOs and can be used as a marker for GMO screening 
(131). They also applied this method for direct detection of sequences in nonamplified genomic 
DNA is described. The system relies on real-time and label-free detection of the hybridization 
reaction between an immobilized probe and the complementary sequence in solution. From 
above described, DNA piezoelectric biosensor can possibly be used for direct detection in non-
amplified bacterial genomic DNA. Kaewphinit et al were developed the DNA-piezoelectric 
biosensor for direct detection in non-amplified bacterial genomic DNA of M. tuberculosis. The 
method involved in immobilization of specific synthetic biotinylated probe that was designed 
from IS6110 gene-specific for M. tuberculosis (132). 

 
 



CHAPTER 3  
MATERIALS AND METHODS  

 
Oligonucleotide design  

All oligonucleotide DNA probe and complementary DNA target for the detection of M. 
tuberculosis were designed based on the nucleotide sequence of IS6110 gene retrieving from 
NCBI (Accession number AJ242908.1) (133). The gene had 2,645 bp in length and was aligned 
against IS6110 of M. microti and M. bovis. Nucleotide sequences at position 1,474 -1,493 (19 
bp) were selected for synthesis of DNA probe and complementary DNA target due to its 
specificity to M. tuberculosis. For DNA probe synthesis, the linker of TTTTTT was added to the 
5’ end with the thiol and biotin modified oligonucleotide probe (table 1). 

The accuracy of probe was confirmed by using BLAST nucleotide free program 
provided by NCBI (134). The probe is specific to M. tuberculosis putative secretion system-
associated gene cluster. This probe was thiol-modified oligonucleotide at 5’ end to form SH 
group and gold atom with formation of S-Au bond interaction and biotin-modified 
oligonucleotide probe at 5’ end to biotin labeling for used as piezoelectric DNA based 
biosensor. The synthetic complementary DNA target was chosen for hybridization with probe. 
The blocking 1 and blocking 2 were used for annealing with the ssDNA of bacterial target 
sequence after denatuaration method. This blockings were biotinylated at 3’ end to form avidin-
biotin interaction and thiol-modified oligonucleotide at 3’ end to form DNA conjugated gold 
particle for used mass enhancement as piezoelectric biosensor. For PCR-amplified DNA from 
real samples, the primer pair RMTB, FMTB specific for the IS6110 was used for the 
amplification of target DNA fragments as 209 bp.  

 
 
 
 
 
 
 



 29 

Table 1 Oligonucleotide sequences of DNA probe and complementary DNA target designed 
from IS6110 sequence. 

 
Name       Nucleotide sequence 5’ to 3’ 

Thiol-modified oligonucleotide probe  SH-(CH2)6-TTTTTTGTGGCCATCGTGGAAGCGA 
Biotin-modified oligonucleotide probe Biotin-TTTTTTGTGGCCATCGTGGAAGCGA 
Blocking 1              ATCGTGGTCCTGCGGGCTTTTTTTTT-(CH2)3-SH 
Blocking 2      ATCGTGGTCCTGCGGGCTTTTTTTTT-Biotin 
Complementary DNA target    TCGCTTCCACGATGGCCAC 
Primer FMTB      AAAGCCCGCAGGACCACGAT 
Primer RMTB      GTGGCCATCGTGGAAGCGA 

 

Isolation of genomic DNA  
Standard strain from cultivation including Mycobacterium tuberculosis (H37RVKK11-20) 

was provided from Department of Communicable Disease, Ministry of Public Health Thailand. 
Mycobacterium avium complex, Pseudomonas  aeruginosa, Escherichia coli, Staphylococcus 
aureus, and Enterococcus faecalis were collected from Department of Pathology, Faculty of 
Medicine, Srinakharinwirot University. The clinical sputum 200 samples; 150 samples as 
positive infection of M. tuberculosis and 50 samples as negative of non-M. tuberculosis and 
other microorganism were corrected from Department of Pathology, Faculty of Medicine, 
Srinakharinwirot University and Bureau of Tuberculosis, Ministry of Public Health Thailand. 

M. tuberculosis (H37RVKK11-20 strains) grown on Lowenstein-Jensen (LJ) slant 
medium was plated in 10 mL sterile normal saline tube and vertexed. After was adjusted to a 
0.5 McFarland standards scale set (BioMerieux, German) approximately 1.5×108 CFU/mL (1 
McFarland standards scale set 3×108 CFU/mL) (135). M. tuberculosis was diluted under 9 
different conditions as 108, 107, 106, 105, 104, 103, 102,101, and 100 CFU/mL from 0.5 
McFarland standards (1.5×108 CFU/mL). 

Two loops of standard strains which were cultured on LJ-medium or 0.5 μL of sputum.  
Extraction was prepared by one ml DNAzol® (Invitrogen, USA) reagent was used for extraction. 
The mixture was inverted for several times and centrifuged at 4,000xg for 10 minutes. The 
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supernatant of both methods was individually transferred to other vial and precipitated by 
adding 0.5 ml of cold absolute ethanol which showed visible DNA as a cloudy precipitate and 
then mixed again by inversion and left at room temperature for 1-3 minutes prior to 
centrifugation at 4,000xg for 10 minutes. The supernatant was discarded and the DNA pellet 
was washed twice with 0.8 -1.0 mL of 70% ethanol by inverting the tubes 3-6 times. The 
mixture was then centrifuged at 13,000xg for 10 minutes to allow DNA to settle and ethanol 
was removed by decanting. The genomic DNA was air-dried for 2 hours, and distilled water 
was added and kept at 4°C. Total DNA concentration and DNA purity were measured by 
spectrophotometer analysis. The absorbance at 260 nm was used for calculating the 
concentration of nucleic acid. One absorbance at 260 nm is equivalent to approximately 50 
μg/ml of DNA. DNA purity was calculated by using the ratio of A260/A280. The ratio of 
A260/A280 should be 1.8-2.0. 
 

Fragmentation of genomic DNA by restriction enzyme 
 The genomic DNA was digested by restriction enzyme to obtain DNA fragments 
containing the target sequence. The restriction enzyme used in this study was selected by 
using NEBcutter 2.0 freeware (136). From restriction mapping of putative IS6110 system-
associated gene cluster of M. tuberculosis, many enzymes can digest the genomic DNA of M. 
tuberculosis and result in various sizes of DNA fragments. Therefore, BstDSI (Btg I) (SIB 
enzyme, USA) was chosen for digesting the genomic DNA to obtain DNA fragment containing 
the IS6110 secretion system sequence. After digestion, the fragment containing the target 
sequence was calculated to be 218 bp long.  

Genomic DNA of partial IS6110 gene of purified M. tuberculosis DNA was performed by 
using BstDSI restriction enzyme. All reactions were manipulated in 50 μL containing genomic 
DNA in 5 μL of 10X buffer (33 mM Tris-acetate (pH 7.9), 10 mM Magnesium acetate, 66 mM 
Potassium acetate, and 0.1 mg/mL BSA), and 10 units of BstDSI restriction enzyme. Sterile 
distilled water was added to adjust volume to 50 μL. The BstDSI digestion was allowed to 
proceed at 37 °C for 14 – 16 hours. The reaction was inactivated by heating at 65 °C for 20 
minutes. The success reaction had been confirmed by electrophoresis analysis, which has 
been performed by using an agorose gel (1.5% in TBE electrophoresis buffer).  
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Synthesis of DNA-gold particle conjugates 
The protocol for the synthesis of DNA-gold particle conjugates was similar to previously 

reported (137). Twenty nm gold colloid (Sigma, USA) was contained approximately 0.01% 
HAuCl4 suspended in 0.01% tannic acid with 0.04% trisodium citrate, 0.26 mM potassium 
carbonate, and 0.02% sodium azide as a preservative. All unconjugated gold nanoparticles 
were added with thiol-modified oligonucleotide. After 20 minutes, a solution of 1 M PBS (100 
mM PB, 1 M NaCl, pH 7.0) was gradually added to the solution until the salt concentration 
reached 0.1 M. This solution was aged for 16 hrs at room temperature. After that, the solution 
was centrifuged, and the precipitate was washed by 100 μL of 0.1 M PBS. This washing 
process was repeated for three times, and the final product was diluted in 100 μL of 0.1 M 
PBS. 

 
Synthesis of avidin-gold particle conjugates 

Twenty nm gold nanoparticles were added to optimize avidin concentration. In order to 
synthesize the avidin-coated gold particles, avidin and NaCl were added to the 20 nm diameter 
gold particle suspension. The solution was centrifuged at 12000 rpm, 4°C for 70 min to remove 
excess avidin and increase the concentration of gold particles (120).  
 

Real time piezoelectric system design 

An experimental flow cell was developed by mounting the crystal between two O-ring 
seals inserted in an acrylic cell. One face of the quartz crystal was exposed to a 50 μL flow-
through chamber, which was connected to an inlet and outlet-flow tube drove by the peristaltic 
pump (ISM 834, USA). The whole flow cell was placed in a shielding box to avoid some 
environmental interference. The apparatus included a peristaltic pump to assure a 10 μL/min 
constant flow of the solutions. The experiments were performed at the room temperature. The 
experimental piezoelectric biosensor setup consisted of the 12 MHz AT-cut piezoelectric quartz 
wafer with gold electrode was used for preparing  DNA-piezoelectric based biosensor. The gold 
electrode that fabricated on the quartz wafer has diameter of 4 mm and thickness of 1000 A ํ. 
Oscillation counting device was used for measuring the frequency change of the quartz crystal 
after the addition of immobilization material. The major component of this device composes of 
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microcontroller, oscillation circuit and read out display. The experimental setup was monitored 
by a microcomputer with a diver interface programmed by National Instruments LabVIEW. 
  

Preparation of quartz crystal surface for real time 
The method used to prepare piezoelectric DNA sensor in this study was modified by 

Wu and co-works (121). The quartz crystals, which consist of a 12 MHZ AT cut quartz crystal 
slab with a layer of a gold electrode on each side were (0.125 cm2 in area on each side) 
obtained from Kyocera-Kinseki Co.,Ltd., Thailand. 
 The gold electrode surface of quartz crystals were cleaned by using Piranha solution 
(30% H2O2: H2SO4 = 1:3) for 30 seconds. The crystals were then thoroughly washed with 
distilled water and used immediately afterward. Initially, immobilization of thiol-modified 
oligonucleotide probe on gold electrode surface by using 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) (Sigma, USA) buffer (0.05 M HEPES, 0.2 M NaCl, pH 7.5) was 
passed through the flow system. The inlet/outlet pumps were controlled to deliver 50 μL of 
solution to the detection cell. After the baseline was stabilized, 20 μL of thiol-modified 
oligonucleotide probe in buffer (1M KH2PO4, pH 3.8) was added into the cell through the 
reagent reservoir and the pump was stopped for 20 minutes and added 1 mM of 6-mercapto- 
hexanol (MCH) was completed for 30 minutes which MCH helps reduce nonspecific binding of 
the thiol-modified oligonucleotide to the gold surface, After the immobilization the pump was 
restarted again. The detection cell was washed using the buffer for 5 minutes prior to injection 
of DNA target (figure 9a).  

Another, immobilization biotin-modified oligonucleotide probe on gold electrode surface 
by using HEPES buffer was passed through the flow system. The inlet/outlet pumps were 
controlled to deliver 50 μL of solution to the detection cell. After the baseline was stabilized, 
1mM 3-mercaptopropionic acid (MPA) (Sigma, USA) aqueous solution for 1 hour, washed with 
buffer.  To activate the monolayer, 100 mg/mL 1-ethyl-3(3-dimethylaminopropil) carbodiimide 
ethanolic solution (EDC) (Sigma, U.S.A) was placed on the surface. Then 100 mg/mL N-
hydroxysuccinimide aqueous solution (NHS) (Fluka, Switzerland) was immediately add and left 
to react on the surface of gold electrode to form MPA monolayer for 30 minutes. The surface 
was then rinsed with buffer. An aliquot of 0.1 mg/mL avidin HEPES buffer was placed on the 
electrode surface for at least 1 hour. 
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Then, the quartz crystal was exposed to a 1 mM ethanolamine (Fluka, Switzerland) for 
30 minutes, rinsed with distilled water and HEPES buffer. The DNA biotinylated probes were 
placed over the gold electrode surface for 20 minutes. Then, the probes were rinsed with 
immobilization buffer. All experiment, this stage the quartz crystal was ready for the 
hybridization (figure 9b).  

 
Hybridization assay  
The hybridization with the oligonucleotides target was performed. Twenty microliters of 

the oligonucleotides target were placed on the surface of gold electrode which was previously 
immobilized with DNA probe (thiol, thiol/MCH, biotin probe). After another interval of 30 minutes 
(pump stopping), the cell was washed by buffer for 5 minutes. At the same time, 20 μL DNA 
target were driven by pump to after pass through the denatured (95 ˚C) for 5 minites and then 
rapidly passing through the cold down (50 ˚C) for 1 minute prior to a rapid transfer to the 
detection cell. The flow rate was maintained with a slow flow at 30 μL/min of denaturing 
fragmentation of genomic DNA by restriction enzyme and transferring solution between reactors 
and delivering samples to the detection cell. After the denatured fragmentation of genomic DNA 
was injected into the piezoelectric biosensor for 15 - 20 minutes, the cell was washed by the 
buffer again prior to the recording of frequency shift after a stable frequency was reached. For 
the regeneration of the probe modified electrode, 1 mM HCl was added to the electrode 
surface for 30 seconds, following by a thorough washing using the buffer solution (figure 9a, 
9b). 

 

Optimization of quartz crystal for detections 
Optimization of flow rate injection 
The HEPES buffer was passed through the flow system at various flow rates from 5, 

10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 150 μL/min to the flow cell. The inlet/outlet pumps 
were controlled to deliver 500 μL of solution to the detection flow cell. The flow rate of 
peristaltic pump which gave the most stability frequency was chosen for using in all 
experiments of this study. 
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Optimization of oligonucleotide probe 
Thiol-modified oligonucleotide probe; the probe at various concentrations from 0.25, 

0.50, 0.75, 1.00, 1.5, and 2.0 μM were immobilized on the quartz crystal for 30 minutes at 
room temperature. The resonant frequency was measured as the amount of synthetic DNA 
target.  

Thiol-modified oligonucleotide probe/MCH; the probe at various concentrations from 
0.25, 0.50, 0.75, 1.00, 1.5, and 2.0 μM were immobilized on the quartz crystal for 30 minutes at 
room temperature and added 1 mM of 6-mercaptohexanol (MCH) was completed for 30 
minutes which MCH helps reduce nonspecific binding of the thiol-modified oligonucleotide to 
the gold surface. The resonant frequency was measured as the amount of synthetic DNA 
target. 

Biotin-modified oligonucleotide probe; the probe at various concentrations from 0.50, 
0.75, 1.00, 1.5, and 2.0 μM were selected. Each concentration was immobilized on quartz 
crystals that pretreated with 0.1 mg/mL avidin binding to 15 mM MPA/ 200 mM EDC/ 50 mM 
NHS monolayer.  

The each concentration of DNA probe which gave the highest frequency shift was 
chosen for using in all experiments of this study. 

 

Study of the responses of the synthetic complementary DNA target  
The optimum concentration of DNA probe was chosen for preparing DNA piezoelectric 

biosensor. The synthetic DNA target at various concentrations 0, 0.25, 0.50, 0.75, 1.00, 1.50, 
and 2.00 μM were hybridized with thiol-modified oligonucleotide probe/MCH and biotin-modified 
oligonucleotide probe at room temperature for 20 minutes. The frequency shift was measured 
in hertz (Hz). 

 

Shelf life study of DNA probe on quartz crystal 
The optimum concentration of thiolated probe and biotinylated  probe on quartz crystal 

was stored at 4  C for 0, 1, 3, 5, 10, 30, 60, 90, 120, and 150 days by closing the cap of 
quartz crystal. After storage, the quartz crystal of various time points, the quartz crystal was 
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hybridized with 1.00 μM of synthetic DNA target at room temperature for 20 minutes. The 
frequency shift was measured in Hz. 

 

     
 
 

Figure 9 Schematic diagram of immobilization and hybridization method. (a) Thiol-modified 
oligonucleotide probe and Thiol-modified oligonucleotide probe/MCH immobilization and (b) 
Biotin-modified oligonucleotide probe immobilization. 

 

Development sensitivity of hybridization of DNA target with DNA probe 
Generally, simple thermal treatment of bacterial target DNA is sufficient to give a 

significant analytical signal when amplified bacterial DNA fragment is used in DNA biosensor 
technique. But this treatment was not enough for non-amplified genomic DNA because of 
reannealing of bacterial target DNA. Minnuni et al (129, 130) used the blocking oligonucleotides for 
blocked the bacterial target DNA after simple thermal treatment. This method increases the 
efficiency of hybridization between DNA probe and non-amplified genomic DNA. For this 
reason, different denaturation methods have been studied as shown in figure 10. 

(b) (a) 
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- Thermal denaturation plus blocking oligonucleotides: The bacterial DNA was heated at 
95  ํC for 5 minutes and then cooled at 50  ํC for 1 minute for adding the blocking 1 
oligonucleotides attached 20 nm gold nanoparticle (Sigma, USA). After that, the bacterial DNA 
was hybridized with the optimum DNA probe at room temperature for 20 minutes and the 
frequency shift was measured (figure left). 

- Thermal denaturation plus blocking oligonucleotides: The bacterial DNA was heated at 
95  ํC for 5 minutes and then cooled at 50  ํC for 1 minute for adding the blocking 2 
oligonucleotides attached avidin. After that, the bacterial DNA was hybridized with the optimum 
DNA probe at room temperature for 20 minutes and the frequency shift was measured (figure 
center). 

- Thermal denaturation plus blocking oligonucleotides: The bacterial DNA was heated at 
95  ํC for 5 minutes and then cooled at 50  ํC for 1 minute for adding the blocking2 
oligonucleotides attached avidin conjugated gold nanoparticle. After that, the bacterial DNA was 
hybridized with the optimum DNA probe at room temperature for 20 minutes and the frequency 
shift was measured (figure right). 

The optimal DNA digestion was diluted with hybridization buffer and loaded onto the 
quartz crystals. The concentration of DNA target sequence was 0, 0.5, 1, 5, 10, 20, and 30 
μg/mL. The concentration of DNA target sequence hybridized which gave the highest frequency 
shift was chosen for using in experiments of this study. 
 

Optimization of blocking oligonucleotide/gold nanoparticle conjugation 
Initially, the HEPES buffer was passed through the flow system. The inlet/outlet pumps 

were controlled to deliver 50 μL of solution to the detection cell. After the baseline was 
stabilized, 20 μL of thiol-modified oligonucleotide probe concentrations were diluted buffer (1M 
KH2PO4, pH 3.8) The detection cell was then washed using the HEPES buffer to remove 
unbound probes prior to injection an aqueous solution of 1 mM MCH was added into each well 
and left for 30 mins at room temperature to block any non-specific interaction site and washed 
using the HEPES buffer to remove unbound. After that thermal denaturation capture with 
blocking 1 oligonucleotides and then cooled at 50  ํC for 1 minute for adding the block1 
oligonucleotides (1 μM) capture with gold nanoparticle-modified varies concentration at 10%, 
20%, 25%, 50%, 75%, and 100% Hz. After that, the bacterial DNA was hybridized with the 
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probe for 20 minutes and the frequency change was measured. The concentration of gold 
nanoparticle-modified oligonucleotide which gave the highest frequency change was chosen for 
using in experiments of this study. 

The optimization of gold particle-modified oligonucleotide was sectioned with the glass 
knives under ultramicrotome (model RMC ultramicrotome MT-7000). Ultra-thin sections 
(approximately 80 to 90 nanometers) were mounted on grids, and then DNA-gold particles 
were viewed in JEOL-1200EXII (Japan) transmission electron microscope (TEM) operating at 
80 KV. 

 
Optimization of blocking avidin-modified oligonucleotide 
The HEPES buffer was passed through the flow system. The inlet/outlet pumps were 

controlled to deliver 50 μL of solution to the detection cell. After the baseline was stabilized, 20 
μL of thiol-modified oligonucleotide probe concentrations were diluted buffer The detection cell 
was then washed by using the HEPES buffer to remove unbound probes prior to injection an 
aqueous solution of 1 mM MCH was added into each well and left for 30 minutes to block any 
non-specific interaction site and washed using buffer to remove unbound. After that thermal 
denaturation capture with blocking 2 oligonucleotides which the bacterial DNA was heated at 
95  ํC for 5 minutes and then cooled at 50  ํC for 1 minute for adding the blocking 2 
oligonucleotides (1 μM) capture with avidin-modified at varies concentration from 0.025, 0.05, 
0.075, 0.1, and 0.2 mg/mL. After that, the bacterial DNA was hybridized with the probe for 20 
minutes and the frequency shift was recorded. 

The concentration of blocking oligonucleotide/avidin conjugated which gave the highest 
frequency shift was chosen for using in experiments of this study. 

The optimization of DNA capture with avidin was sectioned with the glass knives under 
ultramicrotome (model RMC ultramicrotome MT-7000). Ultra-thin sections (approximately 80 to 
90 nanometers) were mounted on grids, and then DNA-gold particles were viewed in JEOL-
1200EXII (Japan) transmission electron microscope (TEM) operating at 80 KV. 
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Figure 10 Schematic diagram of denaturation method. 
 

Optimization of blocking avidin/gold particle-modified oligonucleotide 
The buffer was passed through the flow system. The inlet/outlet pumps were controlled 

to deliver 50 μL of solution to the detection cell. After the baseline was stabilized, 20 μL of 
thiol-modified oligonucleotide probe concentrations were diluted buffer The detection cell was 
then washed by using the HEPES buffer to remove unbound probes prior to injection an 
aqueous solution of 1 mM MCH was added into each well and left for 30 minutes to block any 
non-specific interaction site and washed using the HEPES buffer to remove unbound. The 
bacterial DNA was heated at 95  ํC for 5 minutes and then cooled at 50  ํC for 1 minute for 
adding the block 2 oligonucleotides (1 μM) capture with avidin/gold particle-modified varies 
concentration at 10%, 20%, 25%, 50%, 75% and 100% v/v. After that, the bacterial DNA was 
hybridized with the probe at room temperature for 20 minutes and the frequency change was 
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measured. The concentration of avidin/gold particle-modified oligonucleotide which gave the 
highest frequency shift was chosen for using in experiments of this study. 

The optimization of DNA/avidin/gold particle was sectioned with the glass knives under 
ultramicrotome (model RMC ultramicrotome MT-7000). Ultra-thin sections (approximately 80 to 
90 nanometers) were mounted on grids, and then DNA-gold particles were viewed in JEOL-
1200EXII (Japan) TEM operating at 80 KV. 
 

Study of the evaluation of DNA piezoelectric based biosensor system specificity 
The hybridizations with the target oligonucleotides were performed. Three quartz 

crystals were assayed with the target solution in total 50 μL. M. Tuberculosis (H37RVKK11-20), 
M. avium complex, P. aeruginosa, E. coli, S. aureus, and E. faecalis, and hybridization buffer 
were separately added to each quartz crystal.  

All genomic DNA of specimens were performed using BstDSI restriction enzyme. The 
digested DNA fragments were denature at 95 °C for 5 minutes to generate single stranded 
DNA, then the reaction was subsequently incubated at 50 °C 1 minute in present of blocking 
oligonucleotides. This temperature was the appropriated for the annealing of the blocking 
oligonucleotides to the complementary DNA sequences. This denaturation procedure combined 
the thermal dissociating effect with the steric hindrance cased by the binding of two 
oliglonucleotides to the separated DNA strands. This method relied on the use of Block 1 or 
Block 2 oliglonucleotides added to the sample. One oliglonucleotide was complementary to the 
strand containing the target, but bound laterally not to overlap with them. By the interaction 
between the thermally separated DNA strands and these oliglonucleotides, re-association 
between dsDNA strand could be prevented. Afterwards, the DNA digestion was diluted with 
hybridization buffer and loaded onto the quartz crystals. The concentration range of DNA target 
was 10 μg/mL after that DNA target capped with 25%v/v oligonucleotide capture with 
avidin/gold nanoparticle modified. The hybridization reactions were allowed to proceed for 20 
mins. The crystals were washed well with hybridization buffer to remove the unbound 
oligonucleotides, subsequently the resonance frequency was measured.  
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Study of precision and accuracy of device 
Fifteen microliters of 1.5 μM DNA thiol-modified oligonucleotide probes were hybridized 

with 1.5 μM synthetic DNA target into the piezoelectric biosensor for 15 - 20 minutes, the cell 
was washed by the buffer again prior to the recording of frequency shift after a stable 
frequency was reached. Each experiment was performed triplicate with different piezoelectric 
biosensor devices. All data were presented as the mean ± standard deviation (S.D.) that 
compared for standard device as oscilloscope (Intek GDS 800) 

The accuracy of a measurement system is the degree of closeness of measurements of 
a quantity to its actual (true) value. The precision of a measurement system, also called 
reproducibility or repeatability, is the degree to which repeated measurements under 
unchanged conditions show the same results. 
 
Study of the quartz crystal reusing  

The reused quartz crystals were achieved by treating with 50 μL of 1 mM HCl for 1 
minute. HCl hydrolyzed the hydrogen bonding between optimal DNA probe concentration and 
complementary DNA target IS6110. The separation of double strand complementary DNA 
target were rinsed to remove unbound the surfactant with hybridization buffer and immediately 
hybridized with complementary DNA target.  

  
The detection of the piezoelectric biosensor compared PCR method 

The piezoelectric biosensor detected genomic DNA of partial IS6110 sequence of M. 
tuberculosis DNA was performed using BstDSI restriction enzyme that non amplified DNA 
compared a procedure for PCR amplification was performed in 25 μL volume. The reaction 
contains genomic DNA in 10x PCR buffer, 50 mM MgCl2, 20 mM dNTP, 20 μM each of 
primers (RMTB, FMTB), 1 unit of Taq DNA polymerase and distilled water. The PCR 
amplification was performed using DNA thermal cycle apparatus. Each cycle consist of pre-
denaturation at 94  ํC for 5 minutes, denaturation at 94  ํC for 1 minute, annealing at 53  ํC for 1 
minute , extension at 72  ํC for 1 minute and Post-extension at 72  ํC for 7 minutes. The PCR 
products were analyzed using electrophoresis in 2% agarose gel at 100 volt for approximately 
30 minutes prior to ethidium bromide staining and record the DNA band under ultraviolet light. 
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All methods were detected 200 samples; 150 positive samples and 50 as negative 
samples (M. avium complex and other microorganism). 

 
 

 



CHAPTER 4  
RESULTS  

 
Electronic circuits design for real time  

The oscillation frequency counter unit for piezoelectric biosensor device was designed 
by measurement of frequency up to 20 MHz as shown in figure 11.  

To establish the circuit, the switches SW1 was turn-on and turn-off switches for 
distribution of the electric potential by using the power supply at 12 V/DC.  

The diode D11 allowed electricity to flow in only one direction. C100 capacitors was 
used in circuit to block the flow of direct current, while allowing alternating current to pass, to 
filter out interference, to smooth the output of power supplies. U4 and C102 were the regulator 
circuit for maintaining the level of the voltage to 5V in the microcontroller U1.  

C80 and C91 were frequency high signal filter from IC output. IC of U5 converted series 
circuit communications from a microcontroller USB to communicate with a PC via port USB.  

ISO1 and ISO2 as opto-isolator were devices that used a short optical transmission 
path to transfer an electronic signal between elements of a circuit, typically, a transmitter and a 
receiver, while keeping them electrically isolated, which used to isolate ground between circuits 
and PC.  

Frequency circuit was comprised with U2 as the frequency generation with quartz 
crystal.  

L1 and C101 were a tank circuit suitable for generating frequency transmission energy 
to quartz crystal which can oscillate in the liquid.  

U60 decorated frequency generating output which could give square wave. The 
frequency input might be higher than the speed of the microcontroller overload therefore, the 
circuit needed designed frequency divider circuit by using IC U61. IC was dividing by 4 
counters by using timing generator 4 seconds. The device allowed measurement up to 30 MHz 
by 1 Hz resolution required 10 seconds of sampling time.  

Calculations and processing part with supply voltage were input of microcontroller, 
which runs output from written program. The major of function received input button and 
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interface with PC via U5. Frequency counter was input during the period of time. The frequency 
input was calculated from the equation.  

   
F = n / t.  
 
F = frequency  
n = number of waveforms in time period.  
t = time period   

 
After measurement and calculation of frequency, the result was read out by LCD 

display or recorded by a computer with the aid of LabVIEW interface software. 
 

 
 
Figure 11 Electronic circuit of oscillation frequency counters for real time piezoelectric 

biosensor equipment. 
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Figure 12 DNA piezoelectric based biosensor system in real time. (A) Data recorded by a 
computer with the aid of LabVIEW interface software. (B) Picture of oscillation counting 
device was used for measuring the frequency shift of the quartz crystal after the addition of 
immobilization material. (C) Picture of flow cell detection. (D) Picture of peristaltic pump.  

 

Optimization of quartz crystal for detections 
Optimization of flow rate injection 
The HEPES buffer was passed through the flow system at various flow rates from 5, 

10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 150 μL/min to the flow cell. The inlet/outlet pumps 
were controlled to deliver 500 μL of solution circulation to the detection flow cell. After HEPES 
buffer was passed through the flow system, the frequency change was increase when change 
the flow rate changed but frequency was stable after 2 – 3 minutes. Figure 13 showed the 
relationship between flow rate and frequency shift, which the flow rate was stable from 5 to 100 
μL/min.  
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The flow rate of peristaltic pump at 30 μL/min was chosen for using in all experiments 
of this study because it was slow enough to allow DNA target in suspension to bind to the 
surface before being swept away, yet fast enough to prevent accumulation of particulates. 
Moreover, the liquid inlet through the flow cell was prevented bubbles formation during 
piezoelectric biosensor experiments. 

 

 
 

Figure 13 Frequency shift of quartz crystal by flow rate injection. 
 
Optimization of oligonucleotide probe 
Biotin-modified oligonucleotide probe; the concentrations of DNA biotin-modified 

oligonucleotide probe ranging from 0.50, 0.75, 1.00, 1.50, and 2.00 μM were selected. Each 
concentration was immobilized on quartz crystals that pretreated with 0.1 mg/mL avidin binding 
to 15 mM MPA/ 200 mM EDC/ 50 mM NHS monolayer. 

Each concentration of biotin-modified oligonucleotide probe immobilization was used for 
8 pieces of quartz crystal. The frequency shift was averaged from -195±7.27, -239±13.12,        
-265±11.45, -263±10.75, and -260±7.15 Hz as shown in table 2, respectively. 

The frequency shift of each concentration (n=8) of biotin-modified oligonucleotide probe 
immobilization was presented as mean ±S.D. as shown in figure 14. The frequency shift 
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increased in relation with the concentration of biotin-modified oligonucleotide probe which was 
stabled from concentration 1.00, 1.50, and 2.00 μM. 

 
Thiol-modified oligonucleotide probe/MCH; the probe at various concentrations from 

0.25, 0.50, 0.75, 1.00, 1.5, and 2.0 μM were immobilized on the quartz crystal for 30 minutes at 
room temperature and 1 mM of 6-mercaptohexanol (MCH) was added  and completed for 30 
minutes which MCH helped reducing nonspecific binding of the DNA thiolated to the gold 
surface. After that, 1.0 μM of the synthetic DNA target was hybridized with the thiolated probe/ 
MCH at room temperature for 20 minutes. The resonant frequency was measured as the 
amount of synthetic DNA target. Each concentration of probe immobilization was used for 8 
pieces of quartz crystal. The frequency shift was averaged from -64±6.04, -121±4.98,               
-183±8.49, -203±6.86, and -209±7.42 Hz as shown in table 3, respectively. 

The frequency shift of each concentration (n=8) of thiol-modified oligonucleotide 
probe/MCH immobilization was presented as mean ±S.D. as shown in figure 14. The frequency 
shift increased in relation with the concentration of thiol-modified oligonucleotide probe/MCH 
which was stabled from concentration 1.5 and 2.0 μM. 

Thiol-modified oligonucleotide probe; the probe at various concentrations from 0.25, 
0.50, 0.75, 1.00, 1.5, and 2.0 μM were immobilized on the quartz crystal for 30 minutes at 
room temperature. The frequency change was measured. After that, 1.0 μM of the synthetic 
DNA target was hybridized with the thiol-modified oligonucleotide probe at room temperature for 
20 minutes. The resonant frequency was measured as the amount of synthetic DNA target. 
Each concentration of probe immobilization was used for 8 pieces of quartz crystal. The 
frequency shift was averaged from -36±4.36, -78±4.9, -101±4.8, -107±9.69, and -105±7.49 Hz 
as shown in table 4, respectively.  

The frequency shift of each concentration (n=8) of thiol-modified oligonucleotide probe 
immobilization was presented as mean ±S.D. as shown in figure 14. The frequency shift 
increased in relation with the concentration of thiol-modified oligonucleotide probe which was 
stabled from concentration 1.00, 1.5, and 2.0 μM. 

The frequency shifts related to the increasing of all the probe concentration which thiol 
and biotin-modified oligonucleotide probe stabled at concentration 1.00, 1.50, and 2.00 μM but 
thiol-modified oligonucleotide probe/ MCH stabled at concentration 1.50, and 2.00 μM. The 
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biotin-modified oligonucleotide probe at concentration 1.00 μM gave the highest frequency shift 
which higher thiol-modified oligonucleotide probe, respectively. The thiol-modified oligonucleo- 
tide probe/MCH at concentration 1.50 μM gave the highest frequency shift. Therefore, the 
optimum concentration of biotin-modified oligonucleotide probe and thiol-modified 
oligonucleotide probe was 1.00 μM but thiol-modified oligonucleotide probe/MCH was 1.50 μM 
which was used in all experiments in this study. 

 
Table 2 The frequencies were shifted at various concentration of biotin-modified oligonucleotide 

probe.  
 
Quartz  Biotin-modified oligonucleotide probe at various concentration (μM) 

          (pieces)        
  0.50  0.75  1.00  1.50  2.00 
1 -187 Hz -236 Hz -263 Hz -268 Hz -252 Hz 
2 -190 Hz -213 Hz -254 Hz -260 Hz -250 Hz 
3 -194 Hz -251 Hz -273 Hz -244 Hz -259 Hz 
4 -189 Hz -232 Hz -272 Hz -261 Hz -255 Hz 
5 -203 Hz -249 Hz -287 Hz -259 Hz -264 Hz 
6 -193 Hz -233 Hz -248 Hz -284 Hz -271 Hz 
7 -210 Hz -238 Hz -266 Hz -269 Hz -260 Hz 
8 -197 Hz -258 Hz -259 Hz -257 Hz -269 Hz 

       SDX ±         -195±7.27 Hz  -239±13.12 Hz  -265±11.45 Hz  -263±10.75 Hz   -260±7.15 Hz 
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Table 3 The frequencies were shifted at various concentration of thiol-modified oligonucleotide 
probe/MCH.  

 
Quartz       Thiol-modified oligonucleotide probe/MCH at various concentration (μM) 

          (pieces)   0.50  0.75  1.00  1.50  2.00 
1 -55 Hz -118 Hz -180 Hz -192 Hz -195 Hz 
2 -57 Hz -113 Hz -185 Hz -200 Hz -201 Hz 
3 -64 Hz -127 Hz -189 Hz -209 Hz -219 Hz 
4 -65 Hz -122 Hz -167 Hz -210 Hz -216 Hz 
5 -61 Hz -119 Hz -176 Hz -213 Hz -211 Hz 
6 -74 Hz -121 Hz -182 Hz -198 Hz -213 Hz 
7 -68 Hz -117 Hz -198 Hz -203 Hz -212 Hz 
8 -70 Hz -128 Hz -183 Hz -197 Hz -207 Hz 

        SDX ±           -64±6.04 Hz   -121±4.98 Hz  -183±8.49 Hz  -203±6.86 Hz  -209±7.42 Hz 
 

 
Table 4 The frequencies were shifted at various concentration of thiol-modified oligonucleotide 

probe.  
 
Quartz             Thiol-modified oligonucleotide probe at various concentration (μM) 

          (pieces)   0.50  0.75  1.00  1.50  2.00  
1 -30 Hz -87 Hz -100 Hz   -92 Hz -106 Hz 
2 -35 Hz -74 Hz -103 Hz   -97 Hz -100 Hz 
3 -39 Hz -71 Hz   -97 Hz -111 Hz   -99 Hz 
4 -38 Hz -78 Hz   -92 Hz -107 Hz   -95 Hz 
5 -27 Hz -73 Hz   -99 Hz -103 Hz -108 Hz 
6 -37 Hz -81 Hz -109 Hz -120 Hz -120 Hz 
7 -38 Hz -77 Hz -105 Hz -112 Hz -112 Hz 
8 -40 Hz -82 Hz -102 Hz -117 Hz -103 Hz 

        SDX ±          -36±4.36 Hz     -78±4.9 Hz      -101±4.8 Hz    -107±9.69 Hz   -105±7.49 Hz 
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Figure 14 The immobilization relationship between concentration of each probe and frequency 

shift.  

 
Study of the responses of the synthetic complementary DNA target  

The optimum concentration of each DNA probe was chosen for preparing DNA 
piezoelectric biosensor. The synthetic DNA target at various concentrations 0, 0.25, 0.50, 0.75, 
1.00, 1.50, and 2.00 μM were hybridized with thiol-modified oligonucleotide probe/MCH and 
biotin-modified oligonucleotide probe at room temperature for 20 minutes. The frequency shift 
was measured in hertz (Hz). 

Each concentration of hybridization of complementary DNA target was used for 3 
pieces of quartz crystals. The frequency shift of 1.50 μM thiol-modified oligonucleotide 
probe/MCH was averaged from -3±3.82, -30±2.64, -82±5.00, -116±12.50, -155±11.97,             
-185±5.74, and -183±13.27 Hz, as shown in table 5, respectively. The frequency shift of 1.0 μM 
biotin-modified oligonucleotide probe was averaged from -2±1.29, -44±3.56, -61±6.53,             
-107±14.53, -144±11.21, -209±6.68, and -184±5.29 Hz, as shown in table 6, respectively. In 
figure 15 showed the relationship between concentration of synthetic DNA target and frequency 
shift after hybridized with thiol-modified oligonucleotide probe/MCH and biotin-modified 
oligonucleotide probe. When frequency shift was decreased, concentration of complementary 



 50 

DNA target was increased. At 0.25 μM was the least of concentration which the tool showed 
the minimum of frequency shift of thiol-modified oligonucleotide probe/MCH and biotin-modified 
oligonucleotide probe at -30±2.64 and -44±3.56 Hz, respectively.  

The frequency shift related to the increasing of synthetic DNA target concentration 
which stabled since concentration 1.50 and 2.00 μM. The optimum concentration of all DNA 
probe can hybridize with the synthetic DNA target at lowest concentration 0.25 μM. 
 
Table 5 Thiol-modified oligonucleotide probe was hybridized with synthetic DNA target at 

various concentration and frequency shifts.  
 

Quartz    Thiol-modified oligonucleotide probe (1.50 μM) hybridized         
(pieces)    with  synthetic DNA target at various concentration (μM) 

0 0.25 0.5 0.75 1.0  1.5 2.0 
1 -5 Hz -28 Hz -77 Hz -125 Hz  -141 Hz -178 Hz  -177 Hz  
2 -1 Hz -34 Hz -89 Hz -98 Hz  -140 Hz -192 Hz  -170 Hz 
3 +3 Hz -29 Hz -81 Hz -125 Hz  -152 Hz -184 Hz  -201 Hz  

         X           -3 Hz -30 Hz      -82 Hz       -116 Hz      -155 Hz    -185 Hz  -183 Hz  
 SD   3.82  2.64   5.00   12.50         11.97        5.74      13.27    

 
Table 6 Biotin-modified oligonucleotide probe was hybridized with synthetic DNA target at 

various concentration and frequency shifts. 
 

         Quartz           Biotin-modified oligonucleotide probe (1.00 μM)  hybridized   
        (pieces)              with synthetic DNA target at various concentration (μM) 

0 0.25 0.5 0.75 1.0  1.5 2.0 
1 -2 Hz -47 Hz -69 Hz -100 Hz  -171 Hz -202 Hz   -189 Hz 
2 -4 Hz -39 Hz -61 Hz -132 Hz  -160 Hz -207 Hz    -170 Hz  
3 -1 Hz -46 Hz -53 Hz -124 Hz  -172 Hz -218 Hz   -183 Hz   

         X           -2 Hz -44 Hz      -61 Hz       -107 Hz      -144 Hz    -209 Hz   -184 Hz 
 SD   1.29  3.56   6.53   14.53         11.21        6.68        5.29 
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Figure 15 The hybridization relationship between concentration of synthetic complementary 

DNA target and frequency shift.  
 

Shelf life study of DNA probe on quartz crystal 
The biotin-modified oligonucleotide probe at concentration 1.00 μM and thiol-modified 

oligonucleotide probe/MCH at concentration 1.50 μM were stored for 0, 1, 3, 5, 10, 30, 60, 90, 
120, and 150 days at 4  C by closing the cap. After storage at various times, each probe was 
hybridized with 1.50 μM synthetic DNA target. The inlet/outlet pumps were controlled to deliver 
50 μL of solution circulation of flow rate at 30 μL/min to the detection flow cell for 20 minutes at 
room temperature. Each quartz crystal of thiol-modified oligonucleotide probe/MCH 
immobilization was measured the frequency shift as shown in table 7. The frequency shift of 
each storage time (n=3) was presented as mean ± S.D. as shown in figure 16. The storage 
time at 0, 1, 3, 5, 10, 30, 60, 90, and 120 days gave similar frequency shifts. The storage time 
at 150 days gave frequency shift was lower than the frequency shift of other storage time.  

The frequency shift of each quartz crystal of biotin-modified oligonucleotide probe 
immobilization was measured the frequency shift as shown in table 8. The frequency shift of 
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each storage time (n=3) was presented as mean ± S.D. as shown in figure 16. The storage 
time at 0, 1, 3, 5, and 10 days gave similar frequency shifts. The storage time at 30, 60, 90, 
120, and 150 days gave frequency shift was lower than the frequency shift of other storage 
time, respectively. 

The thiol-modified oligonucleotide probe/MCH probe at concentration 1.50 μM gave the 
most stable frequency shift after hybridization with 1.50 μM of synthetic DNA target. 
Consequently, this thiol-modified oligonucleotide probe/MCH at concentration 1.50 μM can store 
at 4 C for 120 days. The optimum concentration of thiol-modified oligonucleotide probe was 
1.50 μM which was used in all experiments in this study. 

 
Table 7 The frequencies were shifted after storage thiol-modified oligonucleotide probe at 

various times.  
 

Quartz        Frequency shift (Hz) after storage probe at various times  
        (pieces)      (Days)             
                  

 0 1 3 5 10 30 60 90 120 150  
1 -155 -157 -145 -175 -153 -141 -169 -141  -163 -132 
2 -150 -150 -159 -169 -140 -163 -150 -162  -157  -144 
3 -154 -159 -150 -149 -161 -150 -157 -158  -139  -131 

         X    -153 -155 -151 -164 -151 -151 -159 -154  -153  -136 
 SD  2.16 3.87 5.80    11.12 8.66 9.04 7.85  9.11  10.19   5.91 
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Table 8 The frequencies were shifted after storage biotin-modified oligonucleotide probe at 
various times.  

 
Quartz        Frequency shift (Hz) after storage probe at various times 

        (pieces)      (Days)                
                  

 0 1 3 5 10 30 60 90 120 150  
1 -150 -156 -145 -151 -137 -131 -117  -93   -80  -74 
2 -148 -149 -153 -143 -144 -119 -105  -95   -86   -56 
3 -167 -158 -149 -159 -141 -135  -97  -87   -77   -73 

         X    -155 -154 -149 -151 -141 -128 -106  -92   -81   -68 
 SD  8.52  3.87  3.26    6.53 2.88  6.80 8.22  3.42   3.74   8.26 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 The hybridization relationship between synthetic DNA target hybridization with each 

probe after storage and frequency shift. 
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Development sensitivity of hybridization of DNA target with DNA probe 

Preliminary experiment was conducted with non-amplified genomic DNA previously 
treated with the restriction enzyme (BstDSI). The genomics of DNA digestion were mixed with 
blockings oligonucleotide. By the interaction between the thermally separated DNA strands and 
these oliglonucleotides, re-association on surface of quartz crystal between dsDNA could be 
prevented. All samples were hybridized with 1.50 μM of thiol-modified oligonucleotide probe for 
20 minutes. After washed unbound, the frequency shifts were recorded as shown in table 9. 
Figure 17 showed the relationship among the concentrations of DNA digestion ranged from  0, 
0.5, 1, 5, 10, 20, and 30 μg/mL, frequency shift averaged from -6± 3.74, -31±2.08, -59±6.53, -
109±5.74, -137±7.42, -148±6.85, and -140±8.04 Hz, respectively.  

The frequency shift of each denaturation method (n=3) was presented as mean ± S.D. 
as shown in figure 17. The frequency shifts related to the increasing of DNA target 
concentration which stabled since concentration dilution at 10, 20, and 30 μg/mL. The DNA 
target sequence at concentration 10 μg/mL gave the highest frequency change. Therefore, the 
optimum concentration of DNA target sequence dilution was 10 μg/mL capture signal 
enhancement (avidin, gold nanoparticle, avvidin/gold nanoparticle) which was used in all 
experiments in this study. 
 
Table 9 The frequencies were shifted at various concentration of thiol-modified oligonucleotide 

probe.  
 
Quartz  Thermal denaturation plus blocking oligonucleotides at various  

           (pieces)     concentration (μg/mL) 
0 1 5 10 20 40 50 

1 -6 Hz -31 Hz -67 Hz -110 Hz  -145 Hz -143 Hz   -132 Hz 
2 -2 Hz -34 Hz -59 Hz -102 Hz  -127 Hz -158 Hz   -137 Hz 
3 -11 Hz -29 Hz -51 Hz -116 Hz  -138 Hz -144 Hz   -151 Hz 

         X           -6 Hz -31 Hz      -59 Hz       -109 Hz      -137 Hz    -148 Hz   -140 Hz 
 SD   3.74  2.08   6.53    5.74           7.42        6.85         8.04 
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Figure 17 The hybridization relationship between concentrations of DNA digestion and 

frequency shift.  
 
After that thermal denaturation plus blocking oligonucleotides which the bacterial DNA 

was heated at 95  ํC for 5 minutes and then cooled at 50  ํC for 1 minute for adding the blocking 
2 oligonucleotides (1 μM) capture with mass enhancement for increasing sensitivity. In the 
figure 18 showed schematic illustrations of the steps involved in thiol-modified oligonucleotide 
probe/MCH immobilization, probes hybridized with DNA target, and signal amplification. The 
frequency shift of the detection process was shown. (A) DNA target was hybridized with thiol-
modified oligonucleotide probe by blocking 2 oligonucleotides capture with avidin. (B) DNA 
target was hybridized with thiol-modified oligonucleotide probe by blocking 1 oligonucleotides 
capture with gold nanoparticle. (C) DNA target was hybridized thiol-modified oligonucleotide 
probe by blocking 2 oligonucleotides capture with avidin/gold nanoparticle conjugation. 
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Figure 18 Schematic illustrations of the steps involved in thiol-modified oligonucleotide 
probe/MCH immobilization, probes hybridized with DNA target, and signal amplification. The 
frequency shift of the detection process was shown. (A) DNA target was hybridized with thiol-
modified oligonucleotide probe by blocking 2 oligonucleotides capture with avidin. (B) DNA 
target was hybridized with thiol-modified oligonucleotide probe by blocking 1 oligonucleotides 
capture with gold nanoparticle. (C) DNA target was hybridized with thiol-modified 
oligonucleotide probe by blocking 2 oligonucleotides capture with avidin/gold nanoparticle 
conjugation. 

 
Optimization of avidin -modified blocking 2 oligonucleotide 

The bacterial DNA digestion was heated at 95  ํC for 5 minutes and then cooled at 50  ํC 
for 1 minute for adding the blocking 2 oligonucleotides (1 μM) capture avidin as mass 
enhancement varies concentration of avidin at 0.025, 0.05, 0.075, 0.10, and 0.20 mg/mL. The 
frequency shift was averaged from -36±10.23, -70±3.56, -92±4.51, -89±2.94, and -95±8.37 Hz, 
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as shown in table 10, respectively. In figure 19 showed the relationship between concentration 
of avidin as signal enhancement and frequency shift. The frequency shifts related to the 
increasing of avidin as signal enhancement concentration which stabled since concentration 
0.075, 0.10, and 0.20 mg/mL.  
 
Table 10 The frequencies were shifted at various concentration of blocking 2 oligonucleotides 

capture with avidin as signal amplification.  
 

  Concentrations   blocking 2 oligonucleotides capture with avidin  
     (mg/mL)  Quartz     Probe (1.50 μM)  Target (10 μg/mL) mass enhancement (avidin) 
 

  1 -70 Hz  -156 Hz  -37 Hz 
0.025  2   -84 Hz  -155 Hz  -23 Hz 
  3  -90 Hz  -150 Hz  -48 Hz 
  X   -81 Hz  -154 Hz  -36 Hz 
  SD         ±10.23 

 
  1 -84 Hz  -152 Hz  -65 Hz 

0.05  2   -90 Hz  -155 Hz  -73 Hz 
  3  -83 Hz  -151 Hz  -72 Hz 
  X   -86 Hz  -153 Hz  -70 Hz 
  SD         ±3.56 

 
  1 -87 Hz  -152 Hz  -92 Hz 

0.075  2   -90 Hz  -178 Hz  -87 Hz 
  3  -81 Hz  -167 Hz  -98 Hz 
  X   -86 Hz  -166 Hz  -92 Hz 
  SD         ±4.51 
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Table 10 (Continued).   
 

  Concentrations   blocking 2 oligonucleotides capture with avidin  
     (mg/mL)  Quartz     Probe (1.50 μM)     Target (10 μg/mL) mass enhancement (avidin) 
 

  1 -78 Hz  -180 Hz  -92 Hz 
0.1  2   -78 Hz  -156 Hz  -90 Hz 
  3  -84 Hz  -164 Hz  -85 Hz 
  X   -80 Hz  -167 Hz  -89 Hz 
  SD         ±2.94 

 
  1     -84 Hz   -171 Hz  -87 Hz 
0.2  2   -80 Hz  -169 Hz  -100 Hz 
  3  -73 Hz  -168 Hz  -99 Hz 
  X   -79 Hz   -169 Hz  -95 Hz 
  SD         ±8.37 
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Figure 19 The hybridization relationship between concentrations of blocking 2 oligonucleotide 

capture avidin as signal enhancement and frequency shift.  
 
 
Optimization of gold nanoparticle -modified blocking 1  

The bacterial DNA digestion was heated at 95  ํC for 5 minutes and then cooled at 50  ํC 
for 1 minute for adding blocking 1 (1.00 μM) capture gold nanoparticle as mass enhancement 
varies concentration of gold nanoparticle at 10, 20, 25, 50, 75, and 100 %v/v. The frequency 
shift was averaged from -47±1.73, -91±3.87, -138±2.65, -158±4.65, -166±6.03, and -163±12.97 
Hz, as shown in table 11, respectively. In figure 20 showed the relationship between 
concentration of gold nanoparticle signal amplification and frequency shift. The frequency shifts 
related to the increasing of gold nanoparticle signal amplification concentration which stabled 
since concentration 25, 50, 75, and 100 %v/v. 
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Table 11 The frequencies were shifted at various concentration of blocking 1 oligonucleotides 
capture with gold nanoparticle as signal amplification. 

 
  Concentrations  blocking 1 oligonucleotides capture with gold nanoparticle  
     (%v/v)  Quartz      Probe (1.50 μM) Target (10 μg/mL)     gold nanoparticle 
 

  1 -88 Hz  -151 Hz  -48 Hz 
10  2   -91 Hz  -151 Hz  -49 Hz 
  3  -88 Hz  -155 Hz  -45 Hz 
     X   -89 Hz  -152 Hz  -47 Hz 
    SD           ±1.73 

 
  1 -86 Hz  -158 Hz  -95 Hz 

20  2   -89 Hz  -151 Hz  -93 Hz 
  3  -87 Hz  -152 Hz  -86 Hz 
     X   -87 Hz  -154 Hz  -91 Hz 
    SD         ±3.87 
 

  1 -81 Hz  -170 Hz  -134 Hz 
25  2   -83 Hz  -178 Hz  -140 Hz 
  3  -81 Hz     -173 Hz  -139 Hz 
     X   -82 Hz  -172 Hz  -138 Hz 
    SD         ±2.65 

 
  1 -74 Hz   -173 Hz  -164 Hz 

50  2   -82 Hz   -164 Hz  -156 Hz 
  3  -81 Hz    -154 Hz  -153 Hz 
     X   -79 Hz   -164 Hz  -158 Hz 
     SD         ±4.65 

 
   



 61 

Table 11 (Continued).    
 

  Concentrations  blocking 1 oligonucleotides capture with gold nanoparticle  
     (%v/v)  Quartz      Probe (1.50 μM)  Target (10 μg/mL)      gold nanoparticle 
 

  1    -78 Hz   -155 Hz  -158 Hz 
75  2   -76 Hz   -151 Hz  -171 Hz 
  3  -82 Hz    -150 Hz  -169 Hz 
     X   -79 Hz   -152 Hz  -166 Hz 
    SD         ±6.03 
 

 
  1 -82 Hz   -152 Hz  -153 Hz  

100  2   -87 Hz   -152 Hz  -181 Hz 
  3  -88 Hz    -154 Hz  -154 Hz 
     X   -86 Hz   -153 Hz  -163 Hz 
    SD         ±12.97 

 
 



 62 

 
 
Figure 20 The hybridization relationship between concentrations of blocking 1 oligonucleotide 

capture gold nanoparticle as signal enhancement and frequency shift.  
 
 

Optimization of avidin/gold nanoparticle-modified blocking  

The bacterial DNA digestion was heated at 95  ํC for 5 minutes and then cooled at 50  ํC 
for 1 min for adding the blocking 2 oligonucleotides (1.00 μM) capture avidin/gold nanoparticle 
as signal amplification varies concentration of avidin/gold nanoparticle at 10, 20, 25, 50, 75, 
and 100 %v/v. The frequency shift was averaged from -91±5.31, -146±1.73, -195±5.32, -
203±3.42,   -198±2.51, and -191±2.56 Hz, as shown in table 12, respectively. In figure 21 
showed the relationship between concentration of avidin/gold nanoparticle signal amplification 
and frequency shift. The frequency shifts related to the increasing of avidin/gold nanoparticle 
concentration which stabled since concentration 25, 50, 75, and 100 %v/v. 
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The frequency shift of blocking 2 oligonucleotides capture avidin/gold nanoparticle was 
higher than the frequency shift of blocking 1 oligonucleotides capture with gold nanoparticle 
and blocking 2 oligonucleotides capture with avidin, respectively. 

The optimization of DNA target sequence (10 μg/mL), oligonucleotides capture avidin 
(0.075 mg/mL), gold nanoparticle (25 %v/v), and avidin/gold nanoparticle (25 %v/v) were 
sectioned with the glass knives under ultramicrotome (model RMC ultramicrotome MT-7000). 
Ultra-thin sections (approximately 80 to 90 nanometers) were mounted on grids, and then were 
viewed in JEOL-1200EXII transmission electron microscope (TEM) operating at 80 KV, as 
shown in figure 22. 
 
Table 12 The frequencies were shifted at various concentration of blocking 2 oligonucleotides 

capture with avidin/gold nanoparticle as signal amplification. 
 

  Concentrations blocking 2 oligonucleotides capture with avidin/goldnanoparticle  
     (%v/v)  Quartz    Probe (1.5 μM)      Target (10 μg/mL)   avidin/gold nanoparticle 
 

  1 -84 Hz  -134 Hz  -84 Hz 
10  2   -80 Hz  -130 Hz  -91 Hz 
  3  -73 Hz   -144 Hz  -97 Hz 
  X   -79 Hz   -136 Hz  -91 Hz 
  SD          ±5.32 

 
  1 -78 Hz  -135 Hz  -148 Hz 

20  2   -78 Hz  -146 Hz  -142 Hz 
  3  -84 Hz   -132 Hz  -147 Hz 
  X   -80 Hz   -138 Hz  -146 Hz 
  SD          ±1.73 
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Table 12 (continued).    
 

  Concentrations blocking 2 oligonucleotides capture with avidin/goldnanoparticle 
     (%v/v)  Quartz     Probe (1.50 μM)  Target (10 μg/mL)    avidin/gold nanoparticle 

 
  1 -80 Hz  -134 Hz  -201 Hz 

25  2   -78 Hz  -139 Hz  -195 Hz 
  3  -84 Hz   -147 Hz  -188 Hz 
  X   -81 Hz   -140 Hz  -195 Hz 
  SD          ±5.32 
 

  1 -80 Hz  -149 Hz  -200 Hz 
50  2   -73 Hz  -143 Hz  -208 Hz 
  3  -77 Hz   -146 Hz  -202 Hz 
  X   -77 Hz   -146 Hz  -203 Hz 
  SD          ±3.42 
  

  1 -80 Hz  -145 Hz  -199 Hz 
75  2   -74 Hz  -143 Hz  -201 Hz 
  3  -78 Hz   -148 Hz  -195 Hz 
  X   -77 Hz   -145 Hz  -198 Hz 
  SD          ±2.51 
 

 
  1 -79 Hz  -138 Hz  -187 Hz  

100  2   -73 Hz  -149 Hz  -193 Hz 
  3  -81 Hz   -138 Hz  -192 Hz 
  X   -78 Hz   -142 Hz  -191 Hz 
  SD         ±2.56 
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Figure 21 The hybridization relationship between concentrations of blocking 2 oligonucleotide 

capture avidin/gold nanoparticle as signal enhancement and frequency shift.  
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Figure 22 TEM images of the surface of a piezoelectric biosensor. (A) The surface of quartz 
was immobilized with thiol-modified oligonucleotide probe/MCH and hybridized with target 
sequences without mass enhancement. (B) The surface of quartz was hybridized with target 
sequences via blocking 2 oligonuclotides capture avidin as mass enhancement. (C) The 
surface of quartz was hybridized with target sequences via blocking 1 oligonuclotides capture 
gold nanoparticle as mass enhancement. (D) The surface of quartz was hybridized with 
target sequences via blocking 2 oligonuclotides capture avidin/gold nanoparticle as mass 
enhancement. 
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Study of the evaluation of DNA piezoelectric based biosensor system specificity 
The specificity was detected by using M. tuberculosis (H37RVKK11-20), M. avium 

complex, P. aeruginosa, E. coli, S. aureus, and E. faecalis. The hybridization buffer was the 
negative control. All genomic DNA digested samples were denatured by thermal denaturation 
plus primer blocking capture with avidin/gold nanoparicle (25%v/v) and hybridized with 1.5 μM 
of thiol-modified oligonucleotide probe for 20 minutes at room temperature. The frequency shift 
of each sample (n=3) of denaturation methods was presented as mean ± S.D. as shown in 
table 13. M. tuberculosis gave frequency shift with higher frequency shift than of M. avium 
complex, P. aeruginosa, E. coli, S. aureus, and E. faecalis of denaturation plus primer blocking 
capture with avidin/gold nanoparticle methods, as shown in figure 23. Therefore, the thermal 
denaturation plus blocking capture avidin/gold particle for preparation of target DNA could 
differentiate M. tuberculosis from M. avium complex and other microorganism.  
 
Table 13 The frequency shift of quartz crystal for evaluation of DNA-piezoelectric based 

biosensor system specificity. 
 

Quartz   Frequency change (Hz) after bacteria target DNA hybridization 
(pieces)      

Buffer  M. avium P. aeruginosa  E. coli    S. aureus E. faecalis  M. tuberculosis 
1 -7 Hz -4 Hz -2 Hz -6 Hz  -16 Hz -14 Hz  -357 Hz 
2 +3 Hz -6 Hz -4 Hz -8 Hz  -14 Hz -6 Hz    -360 Hz 
3 -1 Hz -3 Hz -12 Hz -15 Hz  -9 Hz  -8 Hz    -377 Hz 

 X     -2 Hz -4 Hz       -7 Hz        -10 Hz    -13 Hz     -9 Hz   -364 Hz 
SD  4.12  1.29  4.43   3.87        3.32           3.06   8.83        
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Figure 23 Specificity test of DNA-piezoelectric biosensor on BstDSI-digested DNA of M. 
tuberculosis H37RVKK11-20 (positive control), M. avium complex, P. aeruginosa, E. coli, S. 
aureus, and E. faecalis (negative control) against hybridization buffer (blank). 

 
Study of quantitative detection of non-amplification DNA  

The genomics DNA digestion were mixed with blockings 2 oligonucleotide. By the 
interaction between the thermally separated DNA strands and these oliglonucleotides, re- 
association on surface between dsDNA could be prevented. The sensitivity of real time DNA-
piezoelectric biosensor depends on the mass change on the gold surface. Therefore, in the 
detection with avidin/gold nanoparticle modified oligonucleotide (25 %v/v) for signal 
amplification. Table 14 and 15 showed the relationship among the concentrations of M. 
tuberculosis from 1.5x100 - 1.5x108 CFU/mL combined with avidin/gold nanoparticle modified 

oligonucleotide as mass enhancement, frequency shift averaged -15±5.32, -19±5.32, -21±6.14, 
-40±6.66, -83±9.63, -151±9.09, -252±10.28, -337±7.77, and 383±6.95 Hz, respectively and the 
frequency shift without mass enhancement conjugation was averaged  -17±5.32, -13±3.32,      
-17±6.56, -19±4.55, -17±3.70, -53±2.89, -82±12.57, -84±6.38, and 101±5.35 Hz, respectively. 
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The blank showed the background of frequency shift as -17±3.56 Hz in the samples with mass 
enhancement and frequency shift as -7±2.16 Hz in the samples without mass amplification as 
shown in figure 24.  The results indicate that the binding of biotin-modified blocking 2 
oligonucleotide capture with avidin/gold nanoparticles was higher sensitivity than without 
conjugation. 

 
Table 14 The frequencies were shifted at various concentration of M. tuberculosis (CFU/mL) 

with mass enhancement.  
 
Quartz   Concentration of Mycobacterium tuberculosis 1.5×10n  

           (pieces)                   (CFU/mL) after frequency shift (Hz) 
    Blank 0 1 2 3  4 5    6  7        8  

1 -12  -9 -16 -13  -46 -80    -141  -265 -335 -393 
2 -20 -15 -23 -21  -31 -73    -163  -240 -346 -380 
3 -19 -22 -19 -28  -44 -96     -149  -250 -330 -377 

         X           -17 -15      -19        -21     -40       -83     -151  -252 -337 -383 
 SD           3.56     5.32    2.89       6.14     6.66      9.63      9.09      10.28    7.77    6.95 

 
 
Table 15 The frequencies were shifted at various concentration of M. tuberculosis (CFU/mL) 

without mass enhancement.  
 
Quartz   Concentration of Mycobacterium tuberculosis 1.5×10n  

           (pieces)                   (CFU/mL) after frequency shift (Hz) 
    Blank 0 1 2 3  4 5    6  7        8  

1 -8    -13  -6 -25  -24 -13    -49  -65 -79 -95 
2 -9  -21  -13  -9  -20 -17    -53  -95 -80 -100 
3 -4  -18  -19 -18  -13 -22     -56  -86 -93 -108 

         X           -7  -17      -13       -17     -19       -17     -53  -82 -84 -101 
 SD          2.16       3.32    5.32      6.56     4.55      3.70     2.89     12.57     6.38    5.35 
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Figure 24 Sensitivity of the real time DNA piezoelectric biosensor was detected target 

sequence of M. tuberculosis by using combined with avidin/gold nanoparticle and without 
mass enhancement for signal amplification. Different of target sequence was 1.5x100 – 
1.5x108 CFU/mL by detection with real time piezoelectric biosensor system. 

 

Study of precision and accuracy of device 
The accuracy of a measurement system was the degree of closeness of measurements 

of a quantity to its actual (true) value. Table 14 showed the accuracy of piezoelectric biosensor 
device compared to oscilloscope as reference of which frequencies shift average were            
-146±4.08 and 185.9±1.16 Hz, respectively. The accuracy of the frequency shift of piezoelectric 
biosensor device was lower than the frequency shift of oscilloscope as shown in figure 25. 

The precision of a measurement system, also called reproducibility or repeatability, was 
the degree to which repeated measurements under unchanged conditions showed the same 
results. Table 14 showed the accuracy of piezoelectric biosensor device compared to 
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oscilloscope as reference of which frequencies shift error bar were 4.08 and 1.16 Hz, 
respectively. The precision of the frequency shift error bar of piezoelectric biosensor device 
was more similar to oscilloscope of which piezoelectric biosensor in this study was high 
precision as shown in figure 25. 

 
Table 16 The accuracy and precision of DNA piezoelectric biosensor device comparison 

oscilloscope as reference and frequency shift.  
 

   Measurement         Frequency shift after synthetic DNA target hybridization 
        (times)                    

   Piezoelectric biosensor    Oscilloscope  
1 -145 Hz    -185 Hz 
2 -142 Hz      -185 Hz 
3 -146 Hz       -185 Hz 
4 -143 Hz      -185 Hz 
5 -146 Hz      -187 Hz 
6 -148 Hz      -187 Hz 
7 -143 Hz      -186 Hz 
8 -143 Hz      -187 Hz 
9 -149 Hz      -186 Hz 
10 -146 Hz      -186 Hz 
11 -144 Hz      -186 Hz 
12 -147 Hz      -185 Hz 
13 -158 Hz      -186 Hz 
14 -156 Hz      -186 Hz 
15 -148 Hz      -186 Hz 
16 -144 Hz      -186 Hz 
17 -146 Hz      -186 Hz   
18 -143 Hz      -187 Hz 
19 -143 Hz      -186 Hz 
20 -147 Hz      -186 Hz  

         X    -146 Hz     -185.9 Hz 
 SD    4.08         1.16   
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Figure 25 The precision and accuracy of device was compared with oscilloscope and 

frequency shift. 
 
Study of the quartz crystal reusing  

The reusing surface of each quartz crystal was performed with 50 μL of 1 mM HCl. HCl 
hydrolyzed the hydrogen bonding between DNA thiol-modified oligonucleotide probe and 
complementary DNA target. The separations of double stranded into single stranded 
oligonucletide by using concentration of the DNA digestion at the highest frequency shift. The 
frequency shift averages were -150±3.11, -148±15.55, -145±6.35, -139±7.33,-131±7.33,           
-125±3.87, -127±16.74, -111±6.35, -81±3.74, -101±5.00, and -97±3.56 Hz, respectively .The 
cycles of reusing could be performed 10 times, without affecting the sensor performance as 
shown in table 17 and figure 26.  
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Table 17 The cycles of reusing between thiol-modified oligonucleotide probe/MCH hybridized 
with synthetic DNA target. 

 
         Quartz         Frequency shift (Hz) after quartz crystal reusing  
       (pieces)       (Times)              
                  

 0 1 2 3 4 5 6 7 8 9 10 
1 -146 -166 -154 -149 -141 -121 -127  -117   -91  -102    -94 
2 -153 -149 -143 -133 -126 -130 -148  -118  -125  -94     -102 
3 -152 -128 -139 -134 -125 -123 -107  -97  -112  -106    -95 

         X    -150 -148 -145 -139 -131 -125 -127  -111   -81  -101    -97 
 SD  3.11    15.55 6.35     7.33 7.33  3.87 16.74  6.35   3.74  5.00    3.56 

 

 

 
Figure 26 The relationship of reused quartz crystals between cycles of reusing and frequency 

shift.  
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The detection of the piezoelectric biosensor compared PCR method 
Preliminary experiment was conducted with non-amplified genomic DNA previously 

treated with the restriction enzyme (BstDSI). The genomics DNA digestion were mixed with 
blockings oligonucleotide capped avidin/gold nanoparticle conjugation for signal amplification. 
By the interaction between the thermally separated DNA strands and these oliglonucleotides, 
re-association on surface of quartz crystal between dsDNA could be prevented.  

The PCR was accomplished with FMTB/RMTB primer pair and annealing temperature 
at 53 °C. Each PCR amplicon was detected with the IS6110 sequence on 2% agarose gel 
electrophoresis. The results were shown in figure 27. It was found that all of PCR amplicon 
from 150 specimens of M. tuberculosis presented the specific band around 209 bp which the 
sequence of IS6110. Whereas, all of 50 non-M. tuberculosis samples were not presented DNA 
band in gel electrophoresis as shown in figure 28 . 

BstDSI-digested genomic DNA from 150 specimens of M. tuberculosis and 50 specimen 
of M. avium complex and other microorganism were tested by using piezoelectric biosensor in 
comparison to the result of PCR technique as shown in table 18. 

One hundred fifty specimens of M. tuberculosis were decreased in frequency shift (Hz) 
after the hybridization reaction with thiol-modified oligonucleotide probe. The interaction with 50 
non-M. tuberculosis 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 IS6110 sensor with IS6110 probe had high specificity for detection. 

The PCR targeting 209 bp of IS6110 was analyzed by using gel electrophoresis to 
confirm the successful amplification of PCR products. The data revealed that the results 
obtained from piezoelectric biosensor were corresponded to those of PCR techniques. 
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Figure 27 Example analysis of PCR positive samples amplicon by 2% agarose gel 

electrophoresis. DNA sample was run in agarose gel electrophoresis with 100 volts for 30 
minutes. Lane M =100 base pair DNA ladder, lane 1 to lane 16 were M. tuberculosis samples 
presented the specific band around 209 bp from 150 samples which the sequence of IS6110. 

 

 
 
Figure 28 Example analysis of PCR negative samples amplicon by 2% agarose gel 

electrophoresis.DNA sample was run in agarose gel electrophoresis with 100 volts for 30 
minutes. Lane M =100 base pair DNA ladder, lane 1 was M. tuberculosis (H37RVKK11-20) 
samples presented the specific band around 209 bp which the sequence of IS6110. Lane 2 
and land 3 was showed the negative samples (M. avium complex and P. aeruginosa, 
respectively). 
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Table 18 Samples identified with DNA-piezoelectric based biosensor, tested with specific 
sensors carrying the IS6110 probes compared with the PCR method. 

 
            Methods 

 
 

PCR technique 150 50 200 
Piezoelectric biosensor technique 150 50 200 

 
 

Number of clinical specimens 

Positive                 Negative               Total 



 CHAPTER 5 
DISCUSSION 

 
  

Real time (liquid phase) setup measurement for affinity studies consisted of the 
piezoelectric biosensor, driving electronics and a flow-through system. The quartz crystal 
was sandwiched between two soft rubber o-rings because reasonable force should be 
applied to prevent damage of thin and fragile quartz crystals.  

The piezoelectric quartz crystals with gold electrodes and the basic resonant 
frequency of 12 MHz are the most common used as electrode because it is easy to handle 
during immobilization. Higher frequency quartz is more fragile than lower frequency quartz 
because it is too thin to handle which higher frequencies are not routinely used. 

The modified quartz crystals were fixed in a flow-through cell between two soft 
rubber o-rings which only one side of the crystal was in contact with the flowing solution. 
The electrodes of the crystal were connected to a gate oscillating circuit based on the 
integrated TTL oscillator driver 74LS320. Consequently, oscillating circuit driving the quartz 
crystal should provide enough energy to the crystal for smooth oscillation in the presence of 
liquid (138). The integrated form of this oscillator will provide much higher energy to the 
quartz crystal resulting in improved performance under variable conditions. Better stability 
was obtained by using carefully designed lever oscillators consisting of individual 
transistors. Oscillator circuit was chosen from several conditions in laboratory by focusing 
on high frequency stability and IC supplier in Thailand. 

The output frequency was measured by AVR microcontroller to computer. A home 
made software Labview (for Windows) interface was used for data storage. The delay 
interval between two data points was 10 seconds, whereas achieved resolution of the 
frequency from the counter was 1 Hz.  

Piezoelectric quartz crystal in real time biosensor has the advantage of being an 
inexpensive sensor with digital output that can be operated online and in real time, as well 
cheap, easy to use, and rapid for detection. This biosensor can be avoiding sensitivity to 
errors due to hydration, humidity, time consuming, solvent retention, and expect to routinely 
analytical procedure. 
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Therefore, this study was focused on development of the DNA-piezoelectric 
biosensor for direct detection of artificial DNA target of IS6110 M. tuberculosis in real time 
thus quartz crystals have been used to construct the piezoelectric biosensor in-house. 

The efficiency of flow rate as 30 μL/min was chosen for using in all experiments of 
this study because it was slow enough to allow DNA target in suspension to bind to the 
surface before being swept away, yet fast enough to prevent accumulation of particulates. 
Moreover, the liquid inlet through the flow cell was prevented bubbles formation during 
piezoelectric biosensor experiments. In real time system may be effect oscillation signal 
error from accumulation of samples hybridization which can be prevent by washing non-
specific with HEPES buffer. 

The thiol-modified oligonucleotide probe, thiol-modified oligonucleotide probe/MCH, 
and biotin-modified oligonucleotide probe were immobilized on the quartz crystal for 20 
minutes. After that, the frequency shifts were recorded as shown in figure 14. The 
frequency shifts related to the increasing of all the probe concentration of which thiol and 
biotin-modified oligonucleotide probe stabled at concentration 1.00, 1.50, and 2.00 μM but 
thiol-modified oligonucleotide probe/ MCH stabled at concentration 1.50, and 2.00 μM. The 
biotin-modified oligonucleotide probe at concentration 1.00 μM gave the highest frequency 
shift which higher thiol-modified oligonucleotide probe, respectively. The thiol-modified 
oligonucleotide probe/MCH at concentration 1.50 μM gave the highest frequency shift. 
Therefore, the optimum concentration of biotin-modified oligonucleotide probe and thiol-
modified oligonucleotide probe was 1.00 μM but thiol-modified oligonucleotide probe/MCH 
was 1.50 μM which was used in all experiments in this study. 

Therefore, the concentration of thiol-modified oligonucleotide probe at 1.50 μM was 
chosen for using in all experiments of this study. The probe at this concentration gave the 
highest frequency change of 1.50 μM synthetic DNA target hybridization. This result was 
different with to previous studies (121) which used the thiol-modified oligonucleotide probe at 
concentration of 1.00 μM in piezoelectric biosensor. This concentration showed the minimal 
amount of probe to use in this system. This can lead to a lower cost of piezoelectric 
biosensor preparation.  

The relationship study between DNA probe (1.00 μM biotin-modified and 1.50 μM 
thiol-modified) and synthetic DNA target hybridization at various concentrations was shown 
in figure 15. The resonant frequency shifts proportionally related to the increasing of 
synthetic DNA target concentration. The decreasing of resonant frequency was almost 
linear with the increase of synthetic DNA target concentration up to concentration of 0.25 
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μM. The optimum concentration of DNA probe could hybridize with the synthetic DNA target 
at lowest concentration 0.25 μM. The frequency changes proportionally related to the 
increasing of synthetic DNA target concentration. The decreasing of resonant frequency was 
almost linear with the increase of synthetic DNA target concentration up to concentration of 
1.50 μM. At concentrations more than 1.50 μM, the frequency changes were stable. This 
indicated that the saturation concentration of synthetic DNA target hybridization was 1.50 
μM. This result was different from that reported by Wu and colleagues (121) which the 
saturation of synthetic target DNA hybridization of others studies were 1.00 μM. Therefore, 
this system could detect the minimal synthetic target at 0.25 μM. This could lead to a 
decrease amount of target used by this biosensor. 

The result of shelf-life study of thiol-modified oligonucleotide probe/MCH after 
storage at 4 C by closing the cap of quartz crystal was shown in figure 16. The frequency 
shift of 1.50 μM synthetic DNA target hybridization after storage at various times ranging 
from 0-120 days was similar. The frequency shift of 1.50 μM synthetic DNA target 
hybridization after storage at 120 and 150 days was significant but The frequency shift of 
1.00 μM biotin-modified oligonucleotide probe was hybridized with 1.50 μM synthetic DNA 
target after storage at various times ranging from 0-10 days is similar. Therefore, The thiol-
modified oligonucleotide probe/MCH probe at concentration 1.50 μM gave the most stable 
frequency shift after hybridization with 1.50 μM of synthetic DNA target. Consequently, this 
thiol-modified oligonucleotide probe/MCH at concentration 1.50 μM could be stored at 4 C 
for 120 days. The optimum concentration of thiol-modified oligonucleotide probe was 1.50 
μM which was used in all experiments in this study because thiol-modified oligonucleotide 
probe/MCH was higher stability. The shelf-life of probe on DNA piezoelectric biosensor of 
Caruso and coworks (79) and Tombelli and colleagues (80) reported the storage time at 4 C 
for several weeks without losing the activity.  

Normally, the thermal denaturation was used for denaturation of PCR amplified 
target DNA. However in non-amplified genomic DNA, the blocking oligonucleotides were 
added in this denaturation step. This blocking could prevent the reannealing of ssDNA to 
increase the efficiency of DNA target hybridization. Moreover, the blocking oligonucleotides 
were used for development of DNA target sequence hybridization. The result of this 
improvement study was shown in figure 17. The frequency shifts related to the increasing of 
DNA target concentration which stabled since concentration dilution at 10, 20, and 30 

μg/mL. The DNA target sequence at concentration 10 μg/mL gave the highest frequency 
change. Therefore, the optimum concentration of DNA target sequence dilution was 10 
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μg/mL capture signal enhancement (avidin, gold nanoparticle, avidin/gold nanoparticle) in 
this study. 

However in non-amplified genomic DNA, the blocking oligonucleotides were added 
in this denaturation step. This blocking can prevent the reannealing of single-stranded DNA 
to increase the efficiency of DNA target hybridization. Therefore, the blocking 
oligonucleotides were used for improvement of DNA target hybridization. The thermal plus 
blocking oligonucleotides gave the frequency change (indecreasing the resonant frequency) 
higher than only thermal denaturation. This result showed the similarity with previous 
studies (129,130) which the thermal plus blocking oligonucleotides gave the frequency changes 
higher than the frequency change of thermal denaturation only.  

These thermal plus blocking oligonucleotides method could be improved the 
sensitivity by using mass enhancement (avidin, avidin/gold nanoparticle, and gold 
nanoparticle) was capped with blocking oligonucleotides. The frequency shift of blocking 2 
oligonucleotides capture 25% (v/v) avidin/gold nanoparticle was higher than the frequency 
shift of blocking 1 oligonucleotides capture with 25% (v/v) gold nanoparticle and blocking 2 
oligonucleotides capture with 0.075 mg/mL avidin, respectively. This study used 20 nm 
diameter of gold nanoparticle as optimal for the surface immobilization of piezoelectric 
biosensor and the consequent sensitivity improvement because the hybridization was 
highest maximum value when the average diameter of nanoparticles was 20 nm and then 
decreased with the increasing of particle size (139). Therefore, the frequency shift of the 
sensor was decreased accompanied by an increase of nanoparticle size applied in the 
static solution (140,139). The particle with an average diameter of 20 nm afforded the best 
hybridization rate, probably as previous report (139). In addition, gold nanoparticle modified 
blocking oligonuclotide deposited onto the piezoelectric sensor were depended on the DNA 
hybridization efficiency between the specific probe and target sequences (141,142). The gold 
nanoparticles could be attributed to the steric hindrance effect which the larger 
nanoparticles could not move as independently as the smaller nanoparticles and the larger 
nanoparticles connected to the DNA target hinder the approach of further nanoparticles (140). 
In this study, the real time piezoelectric biosensor could be detected M. tuberculosis by 
using thermal denaturation only to detect limit of 1.5×105 CFU/mL and thermal denaturation 
capture avidin/gold nanoparticle to detect limit of 1.5×103 CFU/mL. Moreover, piezoelectric 
biosensor could be developed a sensitivity of detection DNA based on gold nanoparticles 
amplification which detected E. coli O157:H7 cells to limit of 2.0×103 CFU/mL (143), 1.3×103 
CFU/mL (24), and 2.67×102 CFU/mL (118). Chen and colleagues (144) detected Dengue virus to 
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limit of 2 PFU/mL by gold nanoparticle signal amplified. Gill and co-works (145) detected M. 
tuberculosis by using gold nanoparticle probes for colorimetric detection to limit of 10 
CFU/ml. Uludag and colleagues (146) studied the hybridisation with neutrAvidin capture for 
signal enhancement for the detection of HSV viral nucleic acids at 5.2 x 10-11 M 
concentration. In addition, they have some biosensor for the detection of M. tuberculosis 
such as electrochemical biosensor was detected short sequence synthetic target (58), optical 
biosensing was development for detection of multidrug resistant tuberculosis. To complete 
the biosensor system, the individual elements of the biosensor was optimized to its 
maximum sensitivity for the electrochemiluminescent optical signal, which is produced 
during the DNA hybridization event (147). 

The interaction between 3’ end of thiol-modified oligonucleoyide (Blocking 
oligonucleotide) capture avidin, gold nanoparticle, or avidin/gold nanoparticle on surface 
was strongly affected by the particle size. The highly accuracy was counted particle size 
with TEM image in this study. Moreover, the particle size could be counted by scan electron 
microscope image (SEM) (144,148-150), TEM image (140), UV spectroscopy (149), Atomic force 
microscope (AFM) (137) or gel electrophoresis (151). 

The detection of genomic DNA target by using a quartz crystal piezoelectric 
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 was 
restricted enzymatic digestion of the DNA samples without any previous amplification step 
to separate small DNA fragments (21,129). However, sensitivity of genomic detection may be 
break cell of reagent. In this study was used DNazol® reagent which can be break cell up to 
70 – 100%.   

The steric effect on oligonucleotide immobilization onto a solid surface and DNA 
target hybridization in a real time DNA piezoelectric biosensor was improved in this study. It 
could be increased in the hybridization efficiency by added of 6 dT to the 5’ end of the 
probes. This confirmed the studies that reported the poly dT at 5’ end of probes might 
reduce steric hindrance in three-dimensional space also the addition of the spacer during 
DNA hybridization caused the increase of molecule collision (152,153). It is also proposed that 
during DNA target sequence hybridization, spacers have been shown to reduce steric 
interference, making the probe end closet to the surface of the device more accessible (153). 

The specificity was tested by using Mycobacterium tuberculosis (H37RVKK11-20), 
Mycobacterium avium complex, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus 
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aureus and Enterococcus faecalis. The hybridization buffer was the negative control (NC) 
as shown in figure 23. The amount of non-amplification (DNA target) could effect the 
determination of specific IS6110 sensor. The dilutions of digested genomic DNA could be 
performed to reach the appropriate concentration within the limit of this sensor. 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 DNA target at high concentration. Hence, blocking 
oligonucleotides capture with avidin/gold nanoparticle were used for protection of the DNA 
fragments form self-assembly. Also, avidin/gold nanoparticle as mass enhancement was 
signal amplification. Therefore, the thermal denaturation plus blocking oligonucleotides for 
preparation of target DNA could differentiate M. tuberculosis from M. avium complex and 
other microorganism. This result showed that the frequency change of M. tuberculosis was 
lower than the frequency change of M. avium complex and other microorganism. This result 
was similar to the report of previous study (7,8,11) which used IS6110 target for detection of 
M. tuberculosis by PCR technique. The specific IS6110 target was used to differentiate M. 
tuberculosis from non-M. tuberculosis. However, this objective was only to present the 
capability of sensor in term of analytical specificity for Mycobacterium tuberculosis 
(H37RVKK11-20) against with M. avium complex, E. coli, P. aeruginosa, S. aureus and E. 
faecalis which some bacteria not required respiratory infection. This specificity of real time 
DNA-based biosensor was reported testing by using other organism which is not closely 
related to M. tuberculosis only but may not report about specificity to bacteria in respiratory 
infection. 

The accuracy of a measurement system was the degree of closeness of 
measurements of a quantity to its actual (true) value. The precision of a measurement 
system, also called reproducibility or repeatability, was the degree to which repeated 
measurements under unchanged conditions showed the same results. This result showed 
that the precision of  frequency shift error bar of piezoelectric biosensor device gave similar 
to oscilloscope of which piezoelectric biosensor in this study was high precision as shown in 
figure 25. 

The reusability of the crystal use was a crucial part to develop the sensor. This 
biosensor system was evaluated its reusability by washing the used biosensor with 1 mM 
HCl solution for 1 minute to remove the attached target DNA. The regenerated surface was 
then applied new DNA sample solution to test the hybridization ability of probe on the 
sensor surface. It was found that the washed sensor maintained its ability to hybridize with 
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new DNA sample for at least 10 times without significant functional surface deterioration as 
shown in figure 26. 

The direct detection of 150 M. tuberculosis samples was decreased in frequency 
value (Hz) after the hybridization reaction with DNA probe. The interaction with 50 non-M. 
tuberculosis samples did not result in a significant measurable frequency and also did not 
observe the band of PCR amplicon which the clinical sputum 150 samples as positive 
infection of M. tuberculosis and 50 samples as negative of non-M. tuberculosis and other 
microorganism were corrected from Department of Pathology, Faculty of Medicine, 
Srinakharinwirot University and Bureau of Tuberculosis, Ministry of Public Health Thailand.  

The data revealed that the results obtained from piezoelectric biosensor were 
corresponded to those of PCR techniques. It could be concluded that specific IS6110 gene 
sensor with DNA probe had high specificity for detection. For the detection in clinical 
samples, the proposed method presented 100% result agreement with PCR regarding both 
to positive and negative samples. However, it had been reported that IS6110 and its 
homologue could be detected by nested-PCR in some mycobacteriae other than M. 
tuberculosis (154). It meant that the specificity of these detection methods based on IS6110 
was not only on account of IS6110 itself but also the possession of IS6110 among bacteria 
strains. Therefore, this developed method had possibility to get false-positive results in 
clinical specimens containing non-M. tuberculosis.  

Only some strains of M. tuberculosis possessed low copy numbers of IS6110 as 
previous report (155).  However, most of M. tuberculosis contained 2-5 copies. This method 
should be appropriate for detection of those possible low copy numbers of IS6110 strains. 

Practically, the digested DNA from sputum sample was diluted for 1:100 before 
apply to the sensor. The 1:20 dilution of sample should be appropriate for detection of 
those possible low copy numbers of IS6110 strains. Also the samples 1:100 dilutions can 
be reduced viscosity of real time system because of the usually higher viscosity of the 
sample which will be signal record error from DNA target adhesion to quartz crystal surface. 

The normal clinical sample for diagnosis of tuberculosis was lymphnode aspirates, 
cerebrospinal fluid, ascitic fluid, pleural fluid, sputum, and others. The sputum specimen has 
the highest possibility to get heavy contamination with other organisms. The result showed 
that satisfied performance of this biosensor system still remained in case of sputum 
samples.  

This real time piezoelectric DNA-based biosensor required 4 hours for preparation 
the DNA probe immobilized and DNA target hybridized on the quartz crystal. In other report, 
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Wu and colleagues (121) studied the circulating-flow system of piezoelectric biosensor for 
real-time detection of E. coli O157:H7 by using 1 day for preparation. The advantage of this 
biosensor for detection of M. tuberculosis was non-labeling, easy to use, and direct 
detection of non-amplified genomic DNA which reduces the PCR step. PCR technique 
required the well-trained personnel to handle the process and this amplification process 
required such an additional processing time, reagents and device which effected to the cost 
of assay. 

Finally, this study was new finding direct detection without PCR which could be 
beneficial for further routinely clinical development as portable device for sensitivity, 
specificity, cheap, easy to use, and rapid for detection of M. tuberculosis.  
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APPENDICES  
Reagents  
1 HEPES buffer  

HEPES    11.9 g  
NaCl    11.7 g       
H

2
O     950 mL  

Adjust pH 7.5  
H

2
O (Deionization Distilled water) adjust volume to 1,000 mL 

 
2 Immobilization buffer (for biotin-modified oligonucleotide probe) 

NaCl     17.532 g  
Na

2
HPO

4 
   2.8392 g  

EDTA     0.0372 g  
H

2
O     900 mL  

Adjust pH 7.4     
H

2
O (Deionization Distilled water) adjust volume to 1000 mL  

 
3. Immobilization buffer (for thiol-modified oligonucleotide probe) 

KH
2
PO

4
    27.02 g  

H
2
O     150 mL 

Adjust pH 3.8     
H

2
O (Deionization Distilled water) adjust volume to 200 mL 

4. Ethanolamin HCl 10X  
Ethanolamin HCl   0.0976 g  
H

2
O     90 mL  

Adjust pH 8.0 HCl  
H

2
O (Deionization Distilled water) adjust volume to 100 mL 
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5. 1-ethyl-3(3-dimethylaminopropil) carbodiimide (EDC) solution 
EDC     0.0200 g  
Absolute ethanol   200 μL  

6 N-hydroxysuccinimide (NHS) solution 
NHS     0.0200 g  
H

2
O (Distilled water)   200 μL  
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