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Abstract

Background: DNA piezoelectric biosensors have become a
promising tool in molecular medicine since they do not
require any label or staining. Here, a DNA piezoelectric bio-
sensor based on a quartz crystal microbalance (QCM) was
created to identify abnormal genes causing a-thalassemia 1
(SEA deletion).

Methods: The functionalized gold electrode of the quartz
crystal was coated with avidin and the biotinylated DNA
probe was attached. The target gene causing a-thalassemia 1
was amplified and hybridized with the immobilized probe.
DNA hybridization was indicated by changes in the quartz
resonance frequencies. Diagnostic ability of the new a-thal-
assemia 1 biosensor was validated using both known and
unknown blood samples. Specificity was tested using sam-
ples of -thalassemia and a-thalassemia 2. Stability of the
sensor was also evaluated.

Results: The new biosensor could clearly identify a-thalas-
semia 1 (SEA deletion), both carrier and disease states, from
the normal genotype. Identification accuracy was compatible
to the standard gel electrophoresis. It was specific only to
a-thalassemia 1 since no cross reaction was found with 3-
thalassemia and a-thalassemia 2. The sensor could be kept
at room temperature up to 6 months with consistent identi-
fication accuracy.

Conclusions: The label free QCM based biosensor was suc-
cessfully developed to diagnose an abnormal human globin
gene causing a-thalassemia 1 (SEA deletion). Its accuracy,
specificity and sensitivity were comparable to the standard
method. Its stable diagnostic potency up to 6 months implied
its field application in thalassemic control program.
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Introduction

DNA biosensor technology using a quartz crystal microba-
lance (QCM) has become more and more attractive in clin-
ical diagnosis. Its principle is a linear relationship between
deposited mass and frequency changes (1). Therefore, it is a
label-free detection system (2, 3). However, the DNA probe
adsorbed on the functionalized quartz surfaces must retain
its native conformation and hybridization specificity (4, 5).
Hybridization between the DNA probe and the amplified tar-
get gene on the quartz gold electrode results in changes in
the deposited mass. Detection can be accomplished by fol-
lowing frequency changes of the quartz crystal (1, 6, 7).

Thalassemias are inherited hematologic disorders due to
defects in the synthesis of one or more of the globin chains
of hemoglobin (8, 9). The most severe form is homozygous
a-thalassemia 1 or Hb Bart’s hydrops fetalis. Infants born
with this syndrome either die in utero or soon after birth (9,
10). Accurate identification of carriers of a-thalassemia 1 is
the most important step in the prevention and control of this
deadly genetic disease (10, 11). Many molecular methods
based on polymerase chain reaction (PCR) with different
post PCR steps (12—-14) have been developed to detect
a-thalassemia 1. Here, we used the QCM biosensor to detect
the PCR products of an abnormal gene causing «-thalasse-
mia 1 (Southeast Asian deletion). The sensor was constructed
using a specific avidin-biotin interaction to immobilize the
biotinylated oligonucleotide probe on the functionalized gold
electrode of the quartz surface. Complementary hybridization
between an immobilized DNA probe and the target gene on
quartz surface could be simply verified by an in-house oscil-
lation frequency counter.

Materials and methods

Reagents and apparatus

N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide hydrochloride (EDC) were purchased from Fluka
Chemical Corp, NY, USA. Hydrogen peroxide, disodium ethyle-
nediaminetetra-acetic acid (disodium EDTA), ethanol and all the
reagents for buffers were purchased from Merck KGaA, Darmstadt,
Germany. Three different buffers were used (HEPES buffer: 0.05 M
HEPES and 0.2 M NaCl, pH 7.5; probe immobilization buffer:
300 mM NaCl, 20 mM Na,HPO, and 0.1 mM EDTA, pH 7.4 and
hybridization buffer: 150 mM NaCl, 20 mM Na,HPO,, and 0.1 mM
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EDTA, pH 7.4). All other reagents were purchased from Sigma-
Aldrich Corp, St. Louis, MO, USA.

Oligonucleotide probe and primers were synthesized by st
BASE Pte. Ltd., Gemini Singapore Science Park II, Singapore. The
target DNA was amplified by PCR using three primers as described
previously (15): A7 (5-CTCTGTGTTCTCAGTATTGGAG-3'),
A1B (5-GGTTCCCTGAGCCCCGACACG-3') and A9 (5'-ATA-
TATGGGTCTGGAAGTGTATC-3'). The DNA probe used to iden-
tify the abnormal gene causing a-thalassemia 1 (SEA deletion) was
designed using Primer 3 software (16) and tagged with biotin at the
5" end (5"-biotin-TTTTTTGAAGGAGGGGAGAAGCTGAG-3').

The 12 MHz AT-cut quartz crystals with 4 mm gold electrode
(0.1257 cm? area) fabricated on both sides were purchased from
Kyocera-Kinseki Corp, Kyoto, Japan. For each measurement, only
one side of the crystal was in contact with the reaction solution.
The resonance frequency (Hz) was recorded using an in-house oscil-
lation counting device (17). Major components of this device are
PIC-microcontroller, oscillator circuit and the read out display.

Preparation of target DNA from blood samples

The study was approved by the Mahidol Ethical Committee on Insti-
tutional Review Broad (MU-IRB 2009/045.0904). Genomic DNA
was extracted from EDTA blood using a PUREGENE® Kit (Qiagen
Inc., Valencia, CA, USA) according to the manufacturer’s protocol.
The concentration of extracted DNA was determined by measuring
the absorbance at 260 nm (18).

The PCR was performed using PCR Master Mix Solution (i-Taq)
(iNtRON Biotechnology, Gyeonggi-do, Korea) as described previ-
ously (15). All PCR products were verified by electrophoresis on
1.5% agarose gel.

Preparation of a-thalassemia 1 biosensor

The gold electrode surface of quartz crystal was specially cleaned
with a hot piranha solution consisting of H,O, (30%) and H,SO,
in a 1:3 ratio for 20 s. It was then washed thoroughly with distilled
water and dried overnight in a desiccator. The baseline resonance
frequency of the cleaned quartz crystal (f,) was recorded.

The cleaned gold electrode surface was soaked in 10 mM of
mercaptopropionic acid (MPA) at room temperature for 1 h, fol-
lowed by water rinsing and air-drying. The MPA coated surface was
further treated with 5 L of 20 mM EDC and 50 mM NHS, respec-
tively. These solutions were allowed to interact with the MPA coated
surface at room temperature for 30 min in a humidified chamber to
prevent the evaporation of solution. The gold surface covered with
activated carboxyl groups was washed with distilled water and
10 WL of 0.1 mg/mL avidin and was immobilized for 1 h before
rinsing with distilled water.

In order to calculate the number of avidin molecules immobilized
on the quartz surface, the surface was air-dried overnight in a des-
iccator. The resonance frequency shift (f;) was measured as an indi-
cator of the number of deposited avidin molecules.

In the next step, the wet quartz surface coated with avidin was
exposed to 10 wL of 1 mM ethanolamide hydrochloride for 30 min
to convert the residual carboxyl group to B-hydroxyethanolamide.
After rinsing with distilled water, the avidin-coated quartz surface
was immersed in 10 wL of 1 wM biotinylated oligonucleotide probe
for 30 min. This was washed with distilled water, dried in a des-
iccator and the resonance frequency shift (f,) was measured. The
number of deposited probes was calculated from the resonance fre-
quency shift. This immobilized probe on the quartz surface was
maintained in a sealed cap at room temperature.

Evaluation of diagnostic ability of the a-thalassemia
1 biosensor

To be applied for clinical diagnosis, the hybridization buffer was
added on the biotinylated oligonucleotide probe of the sensor. Next,
the PCR-amplified target DNA was denatured at 95°C for 10 min
and hybridized with the probe at room temperature in a humidified
chamber for 30 min. After hybridization, the sensor was rinsed with
distilled water and dried overnight in a desiccator. The resonance
frequency shift (f;) was measured.

Blood samples were collected from normal individuals (n=3), a-
thalassemia 1 carriers (SEA deletion) (n=3), Hb Bart’s hydrops
fetalis patients (n=3), a-thalassemia 2 carriers (n=3) and (3-thal-
assemia carriers (n=3). The target DNA was amplified using three
primers as described. The amplified products were hybridized with
the biotinylated probe of the sensor and compared to the control
containing no DNA.

To test the sensitivity of the a-thalassemia 1 biosensor, target
DNA amplified from normal, a-thalassemia 1 carrier (SEA type),
and Hb Bart’s hydrops fetalis were diluted in hybridization buffer
to various concentrations from 0, 25, 50, 100, 200, to 400 pwg/mL.
Next, the diluted target DNA was detected by either the «-thalas-
semia 1 biosensor, as described above, or by 1.5% agarose gel
electrophoresis.

To test the specificity of the o-thalassemia 1 biosensor, similar
procedures were performed to detect the amplified DNA from car-
riers of either a-thalassemia 2 (n=3) or B-thalassemia (n=3).

To test the stability of the a-thalassemia 1 biosensor, the sensor
was stored in a sealed cap at room temperature for 0, 15, 30, 45,
60, 75, 90, 120, 150, and 180 days. The changes in resonance fre-
quency of the sensor were measured after storage. The diagnostic
ability of the stored «-thalassemia 1 biosensor was also evaluated
by hybridization with the known target DNA amplified from nor-
mal, a-thalassemia 1 carriers (SEA deletion), and Hb Bart’s hydrops
fetalis patients.

Clinical application of the newly developed
a-thalassemia 1 biosensor

The clinical diagnostic ability of the a-thalassemia 1 biosensor was
tested using 44 unknown blood samples. All samples had low mean
corpuscular volume (MCV <80 fL). The DNA was extracted and
the target amplified as described above. Hybridization reaction on
the a-thalassemia 1 biosensor was performed and frequency shifts
were measured. Results were compared with those of 1.5% agarose
gel electrophoresis.

Statistic analysis

All data shown in this study were means of triplicate experiments.
All comparison data were analyzed using a two-tailed Student’s
t-test. p-Values less than 0.05 were deemed to be statistically
significant.

Results

Primers and probe

In this study, the DNA fragment of the a-globin gene was
purified and then amplified using three primers as shown in
Figure 1. The forward (A7) and normal reverse primers
(A1B) were used to amplify a fragment of the normal
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Figure 1 Position and orientation of primers and probe on the a-globin genes used in the present study.

Arrows indicate the orientation of primer A7, A1B, and A9.

a-globin gene. A specific gene deletion (20.5-kb) causing
o-thalassemia 1 (SEA deletion) was amplified using forward
(A7) and thalassemic reverse primers (A9). The complemen-
tary DNA probe was designed using Primer 3 software and
synthesized by tagging biotin at the 5" end (Figure 1). These
primers and probe were used in all experiments.

Preparation of target DNA from clinical blood
samples

The target DNA fragments of the a-globin gene from blood
of normal individuals, a-thalassemia 1 carriers (SEA dele-
tion) and patients with Hb Bart’s hydrops fetalis were ampli-
fied using three primers and analyzed by gel electrophoresis
(Figure 2). A single DNA fragment of 314 bp was expected
from the normal a-globin gene. A specific gene deletion
(20.5-kb) causing a-thalassemia 1 (SEA deletion) was
expected to get a PCR product at 660 bp. Blood from

M Cc 1 2 3 4 5

1000 bp
700 bp 660 bp
300 bp 314 bp
100 bp

Figure 2 Agarose gel electrophoresis of the amplified a-globin
gene.

Lane 1, 2, 3, 4 and 5 were the amplified products from normal
genotype, a-thalassemia 1 carrier (SEA deletion), Hb Bart’s hydrops
fetalis, a-thalassemia 2 carrier, and 3-thalassemia carrier, respec-
tively. C was the control without genomic DNA and M was molec-
ular weight markers (100 bp DNA ladder; BioRad).

a-thalassemia 1 carriers was expected to produce two prod-
ucts at both positions.

Preparation of the a-thalassemia 1 biosensor

The biotinylated probe was immobilized on the gold elec-
trode surface of a quartz crystal based on the specific inter-
action between avidin and biotin. The gold surface was
sequentially treated with MPA, EDC and NHS to add the
ester group on the quartz surface in order to bind with the
amine group of avidin.

After the attachment of avidin at optimal concentration
(0.1 mg/mL) the resonance frequency changes were meas-
ured (139.8£4.60 Hz, n=3). These frequency changes could
be used to calculate the deposited mass on quartz surface
using the Sauerbrey equation (1), and the mass changes
could be further used to calculate the number of attached
avidin molecules. There were 4.94£0.16 X 10'' molecules of
avidin attached on the gold electrode quartz surface.

The avidin coated surface was treated with ethanolamide
hydrochloride to block the non-specific binding sites. The
biotinylated probe at the optimal concentration of biotiny-
lated probe (1 wM) was bound to the freshly treated quartz
surface and the frequency change was re-measured
(79.0£12.12 Hz, n=3). By similar calculations based on the
Sauerbrey equation (1), there were 1.97£0.30X 10'? mole-
cules of biotinylated probe attached to the gold surface of
the quartz crystal.

Evaluation of the diagnostic ability of a-thalassemia 1
biosensor

The a-thalassemia 1 biosensor was verified for its diagnostic
ability using a known specimen prepared from blood from
patients with normal genotype, a-thalassemia 1 carriers
(SEA deletion), and patients with Hb Bart’s hydrops fetalis.
The amplified target DNA in hybridization buffer was dilut-
ed to various concentrations ranging from 0, 25, 50, 200 to
400 wg/mL. Next, 10 wL of each concentration was hybrid-
ized with the biotinylated probe and changes in resonance
frequencies were measured. As shown in Figure 3, the o-
thalassemia 1 biosensor could identify Hb Bart’s hydrops
fetalis from normal genotypes or a-thalassemia 1 carriers at
25 wg/mL of DNA. But a significant differential diagnosis
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Figure 3 Sensitivity of the a-thalassemia 1 biosensor (above) compared to that of gel electrophoresis (below).
Various concentrations of the amplified target DNA were tested by both methods. (*indicate the significant difference compared to normal

genotype.)

(p<0.05) between the normal genotype and «-thalassemia 1
carriers required 100 wg/mL of DNA which obtained the
resonance frequency changes 34.7+£4.04 Hz and 50.3=*
2.52 Hz, respectively.

Figure 3 shows the sensitivity of the a-thalassemia 1 bio-
sensor. The lowest DNA concentration that could diagnose
Hb Bart’s hydrops fetalis was 25 pwg/mL. However, analysis
by agarose gel electrophoresis required at least 100 pwg/mL
of DNA to be clearly seen after staining with ethidium bro-
mide. Therefore, the «-thalassemia 1 biosensor was four
times more sensitive than conventional gel electrophoresis.

In addition, to sensitivity, the a-thalassemia 1 biosensor
was also tested for specificity. The same experiments were
performed using blood samples from carriers of either a-
thalassemia 2 or (-thalassemia. Figure 4 shows that the
changes in resonance frequency of both samples were similar
to that of the normal genotype. These results indicated that
the a-thalassemia 1 biosensor was highly specific for diag-
nosing only globin gene defects causing «-thalassemia 1.
There was no misdiagnosis with «-thalassemia 2 and
[B-thalassemia.

The a-thalassemia 1 biosensor was tested for storage sta-
bility at room temperature. Every 15 days after storage, the
sensors were used for the differential diagnosis of the normal
genotype from «a-thalassemia 1 carriers and patients with Hb
Bart’s hydrop fetalis and compared with the freshly prepared
sensor. As shown in Figure 5, the diagnostic ability of the
a-thalassemia 1 biosensor was stable up to 180 days
(p<0.05).

Clinical application of the developed «-thalassemia 1
biosensor

Since thalassemia carriers always have microcytic red blood
cells, blood samples with low mean corpuscular volume
(MCV <80 fL) were selected for evaluation of the diagnostic
potency of the new biosensor. DNA from 44 blind blood
samples were purified and amplified by PCR, and then diag-
nosed either with the a-thalassemia 1 biosensor or standard
gel electrophoresis. As shown in Figure 6, the diagnostic
ability of the a-thalassemia 1 biosensor was 100% consistent
with the gel electrophoresis in the identification of 12 of 44
samples as being a-thalassemia 1 carriers (SEA type).

All results from both known and clinical samples indicated
the diagnostic potential of the newly developed o-thalasse-
mia 1 biosensor as compared to standard agarose gel elec-
trophoresis.

Discussion

Complementary base pairing forms the principle of DNA
biosensor technology, which is often based on the hybridi-
zation of target DNA with a specific probe on a bio-sensing
surface (2—5). DNA complementary binding will change the
transducer signal (5). Different transducers have been report-
ed including optical procedures based on surface plasmon
resonance (19, 20), electrochemical (21, 22) and piezoelec-
tric devices (2—4, 7). The functionalized quartz crystal gold
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Target DNA from carriers of either a-thalassemia 2 or 3-thalassemia were hybridized to the biotinylated probe of the biosensor and changes
in resonance frequency were measured. Results were compared to those with normal genotypes, a-thalassemia 1 carriers (SEA type) and
patients with Hb Bart’s hydrops fetalis. (*indicate the significant difference compared to normal genotype.)

surface is one of the most common piezoelectric transducers
used as a QCM (4-7, 23, 24). Measurement of the oscillation
of the quartz crystal allows quantitative determination of the
hybridized DNA fragment. However, the label-free QCM has
a major limitation of non-specific quartz surface adsorption,
which might be avoided by appropriate immobilization
chemistry (25-27).

Homozygous a-thalassemia 1 or Hb Bart’s hydrops fetalis
is the fatal form of thalassemia (9). Couples who are carriers
of a-thalassemia 1 have a 25% chance of producing babies
born with this deadly disease. An important prevention pro-
gram is the accurate diagnosis of carriers and family plan-
ning. Many methods have been used to screen carriers, but
the definitive diagnosis requires identification of the abnor-
mal gene(s) (11-13). PCR has been widely used to amplify
a fragment of abnormal DNA. In this paper, we reported the

+Normal
mo-Thalassemia 1 carrier
aHb Bart's hydrops fetalis

coupling of PCR with a QCM and an optimized procedure
to detect an abnormal a-globin gene causing a-thalassemia 1
(SEA deletion).

QCM has been applied in the diagnosis of «-thalassemia 1
(SEA deletion) (28). However, this previous work used a 5-
MHz AT-cut quartz crystal (2.54 cm in diameter) with a gold
electrode (1.33 cm? area). In the present study, the sensitivity
was improved using 12-MHz AT-cut quartz crystal (26, 29,
30). In terms of cost effectiveness, the small quartz crystal
(4 mm in diameter and a gold area of 0.1257 cm?) was util-
ized since the big crystal costs approximately $100 while the
small one costs only $2—$3. In addition, the primers used to
amplify the target genes were also improved to obtain prod-
ucts that were not bigger than 500 bp, since long DNA frag-
ment could result in steric hindrance during hybridization
(30-33). In this study, the PCR product amplified from nor-

Frequency change, Hz
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T T T T
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Figure 5 Storage stability of the a-thalassemia 1 biosensor.
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The biosensor was stored at room temperature. At each time interval, it was used to test samples from normal genotypes, a-thalassemia 1
carriers (SEA type) and patients with Hb Bart’s hydrops fetalis and compared to the freshly prepared sensor (day 0).
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Figure 6 Clinical application of the a-thalassemia 1 biosensor compared to that of agarose gel electrophoresis.
Arrows indicate 12 positive samples carrying abnormal globin gene of a-thalassemia 1 trait (SEA deletion). C is the PCR control and M

is the molecular weight markers (100 bp DNA ladder; BioRad).

mal gene was 314 bp, and that of Hb Bart’s hydrops fetalis
was 660 bp. The carrier was heterozygous and showed two
bands at both positions. The steric hindrance effect was also
reduced by adding 6-dT as a spacer to the 5'-end of the
biotinylated probe (30, 32).

Immobilization of probe to the quartz gold surface was
based on avidin-biotin interaction (25) since its affinity con-
stant is very high (10> M™'). The strong binding could
ensure stability during biosensor development which
required multiple washing, drying and binding steps (26, 27).

The quartz gold surface was sequentially treated with
immobilization reagents MPA, EDC and NHS in order to
functionalize the surface for attachment of avidin (25). How-
ever, the immobilization of MPA, EDC and NHS could not
be directly verified because the resonance frequency changes
of each reaction were too low to be detected (30). The suc-
cess of these steps could be indirectly validated at the step
of avidin attachment by the sum of resonance frequency

changes (139.8 £4.60 Hz). The frequency change has a lin-
ear relationship to the deposited mass according to the Sauer-
brey equation (1). Therefore, the number of attached avidin
molecules could be estimated (4.94+0.16 X 10'! molecules).
However, the theoretical number of immobilized avidin mol-
ecules bound as a monolayer should not exceed 5.18 X 10"
molecules, calculated on the basis of the molecular size of
avidin (6.0X5.5X4.0 nm) (34) and area of gold surface
(0.1257 cm?). Therefore, 4.9410.16 X 10" molecules of avi-
din could be immobilized on the quartz gold surface as a
monolayer.

The biotinylated probe, 1.97 £0.30 X 10'* molecules, was
attached to the avidin coated quartz gold surface. The bind-
ing ratio of avidin to biotin was 3.99. In this case, the avidin
was immobilized. Thus, the ratio might be too high and indi-
cate some non-specific adsorption which is a limitation of
QCM (25-27). However, the immobilized probe could still
be used as a biosensor to diagnose a-thalassemia 1.
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In terms of detection limit, the biosensor was more sen-
sitive than gel electrophoresis for identifying Hb Bart’s
hydrops fetalis (25 pg/mL vs. 100 wg/mL), but the differ-
ential diagnosis between the normal genotype and «-thalas-
semia 1 carriers using the biosensor needed required higher
concentrations (100 wg/mL) (Figure 3). This might be due
to competition between DNA fragments of 314 bp and 660 bp
of a-thalassemia 1 carriers for hybridization with the immo-
bilized probe. The shorter fragments might hybridize better
than longer ones. Therefore, the low deposited mass (25
pg/mL) could not discriminate a-thalassemia 1 carriers from
non-carriers. However, the detection limit at 100 pg/mL is
close to that previously reported in DNA piezoelectric bio-
sensor for P-thalassemia (35). The sensitivity could be
increased if a labeled DNA probe was used. Recently, Lien
et al. developed an automated platform based on a micro-
fluidic system and used a fluorescent-labeled DNA probe to
detect a-thalassemia 1. The detection limit of this system
was 12 ng/mL (36).

Figure 4 shows the high specificity of the a-thalassemia 1
biosensor for identifying only the abnormal «-globin
gene causing a-thalassemia 1. There was no cross reactivity
with diagnosis of either a-thalassemia 2 or (-thalassemia.
The specificity was comparable to standard gel electro-
phoresis.

In addition, to sensitivity and specificity, the a-thalassemia 1
biosensor was tested for its diagnostic potential after storage
(Figure 5). The biosensor was stable up to 180 days at room
temperature. The results indicated its capability for transpor-
tation for use in remote areas. The storage time might be
longer if kept at 4°C, as described previously (37).

Since most thalassemias are associated with microcytic red
blood cells, blood samples with MCV values <80 fL. were
selected to validate the new biosensor compared to standard
gel electrophoresis. As shown in Figure 6, the diagnostic
ability of the a-thalassemia 1 biosensor was consistent with
that of gel electrophoresis for identifying 12 of 44 samples
as a-thalassemia 1 carriers (SEA deletion). The 12 samples
(27.3%) are in the range of the incidence of a-thalassemia
carriers in Thailand, as reported previously (38).

Conclusions

It is essential to differentiate a-thalassemia 1 carrier from
the normal genotype since two carriers carry a high risk of
producing a baby with homozygous a-thalassemia 1 or Hb
Bart’s hydrops fetalis. In this study, the a-thalassemia 1 bio-
sensor was developed based on the DNA hybridization on a
piezoelectric surface of quartz crystal without a labeling sys-
tem. This new biosensor showed better analytical sensitivity
than standard gel electrophoresis. Its diagnostic potential was
compatible to other DNA detection methods. It was stable
at room temperature with storage stability of up to 6 months.
This stability allows the biosensor to be transported and used
in remote area of thalassemic control sites in order to prevent
the birth of new cases of Hb Bart’s hydrops fetalis.

Acknowledgements

This research project was supported by Mahidol University. The first
author was also supported by the graduate scholarship of the Faculty
of Medical Technology, Mahidol University.

Conflict of interest statement

Authors’ conflict of interest disclosure: The authors stated that
there are no conflicts of interest regarding the publication of this
article. Research support played no role in the study design; in the
collection, analysis, and interpretation of data; in the writing of the
report; or in the decision to submit the report for publication.
Research funding: None declared.

Employment or leadership: None declared.

Honorarium: None declared.

References

1. Sauerbrey G. The use of quartz oscillators for weighing thin
layers and for microweighing. J Phys 1959;155:206-22.

2. Lucarelli E Tombelli S, Minunni M, Marrazza G, Mascini M.
Electrochemical and piezoelectric DNA biosensors for hybri-
disation detection. Anal Chim Acta 2008;609:139-59.

3. Minunni M, Tombelli S, Fonti J, Spiriti MM, Mascini M, Boga-
ni P, et al. Detection of fragmented genomic DNA by PCR-free
piezoelectric sensing using a denaturation approach. J Am
Chem Soc 2005;127:7966-7.

4. Minunni M, Tombelli S, Scielzi R, Mannelli I, Mascini M, Gau-
diano C. Detection of (-thalassemia by a DNA piezoelectric
biosensor coupled with polymerase chain reaction. Anal Chim
Acta 2003;481:55-64.

5. Zhai J, Cui H, Yang R. DNA based biosensors. Biotechnol Adv
1997;15:43-58.

6. Duman M, Saber R, Piskin E. A new approach for immobili-
zation of oligonucleotides onto piezoelectric quartz crystal for
preparation of a nucleic acid sensor for following hybridization.
Biosens Bioelectron 2003;18:1355-63.

7. Tombelli S, Mascini M, Braccini L, Anichini M, Turner AP.
Coupling of a DNA piezoelectric biosensor and polymerase
chain reaction to detect apolipoprotein E polymorphisms. Bio-
sens Bioelectron 2000;15:363-70.

8. Weatherall DJ. The thalassemias. In: Beutler E, Lichtman MA,
Coller BS, Kipps TJ, Seligsohn U, editors. Williams Hematol-
ogy. St Louis: McGraw-Hill, 2001:547-80.

9. Forget BG, Cohen AR. Thalassemia syndromes. In: Hoffman
R, Benz EJ Jr, Shattil SJ, editors. Hematology: basic principles
and practice. Philadelphia: Churchill Livingstone, 2005:557—
89.

10. Tongsong T, Wanapirak C, Sirivatanapa P, Sanguansermsri T,
Sirichotiyakul S, Piyamongkol W, et al. Prenatal control of
severe thalassemia: Chiang Mai strategy. Prenat Diagn 2000;
20:229-34.

11. Chui DH, Waye JS. Hydrops fetalis caused by alpha-thalasse-
mia: an emerging health care problem. Blood 1998;91:2213—
22.

12. Tan JA. An evaluation of the polymerase chain reaction for
detection of alpha-globin genes in the prenatal diagnosis of
alpha zero-thalassemia. Ann Acad Med Singap 1991;20:251—
4.




1254 Chomean et al.: Quartz crystal microbalance to detect a-thalassemia carriers

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Winichagoon P, Fucharoen S, Kanokpongsakdi S, Fukumaki Y.
Detection of alpha-thalassemia-1 (Southeast Asian type) and its
application for prenatal diagnosis. Clin Genet 1995;47:318-20.
Bergstrome JA, Poon A. Evaluation of a single-tube multiplex
polymerase chain reaction screen for detection of common
alpha-thalassemia genotypes in a clinical laboratory. Am J Clin
Pathol 2002;118:18-24.

. Fucharoen G, Fucharoen S. Rapid and simultaneous non-radio-

active method for detecting alpha-thalassemia 1 (SEA type) and
Hb Constant Spring genes. Eur J Haematol 1994;53:186-7.
Primer 3 software. Primer 3 Input (version 0.4.0) Pick primers
from a DNA sequence. Available at: http://frodo.wi.mit.edu/pri-
mer3. Accessed: 11 August 2008.

Chongpermpornwattana W. Development of immunosensor
based on piezoelectric quartz crystal microbalance for Vibrio
cholera Ol detection. Faculty of Graduate Studies: Mahidol
University; 2006.

Heptinstall J, Rapley R. The nucleic acid protocols handbook.
In: Rapley R, editor. Spectrophotometric analysis of nucleic
acids. New Jersey: Humana Press Inc., 2002;57-60.
Ananthanawat C, Vilaivan T, Mekboonsonglarp W, Hoven VP.

DNA hybridization using surface plasmon resonance. Biosens
Bioelectron 2009;24:3544-9.

Liu Y, Wilson WD. Quantitative analysis of small molecule-
nucleic acid interactions with a biosensor surface and surface
plasmon resonance detection. Methods Mol Biol 2010;613:1—
23.

Marrazza G, Chiti G, Mascini M, Anichini M. Detection of
human apolipoprotein E genotypes by DNA electrochemical
biosensor coupled with PCR. Clin Chem 2000;46:31-7.
Palecek E, Fojta M, Tomschik M, Wang J. Electrochemical bio-
sensors for DNA hybridization and DNA damage. Biosens
Bioelectron 1998;13:621-8.

Zhou XC, Liu L, Hu M, Wang L, Hu J. Detection of hepatitis
B virus by piezoelectric biosensor. J Pharm Biomed Anal
2002;27:341-5.

Yao C, Zhu T, Tang J, Wu R, Chen Q, Chen M, et al. Hybrid-
ization assay of hepatitis B virus by QCM peptide nucleic acid
biosensor. Biosens Bioelectron 2008;23:879—-85.

Gao Z, Fang Y, Ren J, Ning B, Zhu H, He Y. Studies on biotin-
avidin indirect conjugated technology for a piezoelectric DNA
sensor. Intern J Environ Anal Chem 2004;84:599-606.
Caruso F, Rodda E, Furlong D, Niikura K, Okahata Y. Quartz
crystal microbalance study of DNA immobilization and hybrid-

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1997;69:2043—-49.

Tombelli S, Minunni M, Mascini M. Piezoelectric biosensors:
strategies for coupling nucleic acids to piezoelectric devices.
Methods 2005;37:48-56.

Vattanaviboon P, Sangseekhiow K, Winichagoon P, Promptmas
C. Detection and haplotype differentiation of Southeast Asian
alpha-thalassemia using polymerase chain reaction and a pie-
zoelectric biosensor immobilized with a single oligonucleotide
probe. Transl Res 2008;151:246-54.

Bizet K, Gabrielli C, Perrot H. Biosensors based on piezoelec-
tric transducers. Biosensors 1999;27:609-16.

Tombelli S, Mascini M, Turner AP. Improved procedures for
immobilisation of oligonucleotides on gold-coated piezoelectric
quartz crystals. Biosens Bioelectron 2002;17:929-36.

Piro B, Reisberg S, Noel V, Pham MC. Investigations of the
steric effect on electrochemical transduction in a guinone-based
DNA sensor. Biosens Bioelectron 2007;22:3126-31.

Wu VC, Chen SH, Lin CS. Real-time detection of Escherichia
coli O157:H7 sequences using a circulating-flow system of
quartz crystal microbalance. Biosens Bioelectron 2007;22:
2967-175.

McKendry R, Zhang J, Arntz Y, Strunz T, Hegner M, Lang HP,
et al. Multiple label-free biodetection and quantitative DNA-
binding assays on a nanomechanical cantilever array. Proc Natl
Acad Sci USA 2002;99:9783-8.

Savage MD, Mattson G, Desai S, Nielander GW, Morgensen
S, Conklin EJ. Avidin—Biotin Chemistry: A Handbook, Pierce
Chemical Company, Rockford, IL, 1992.

Zhou XC, Huang LQ, Li SE Microgravimetric DNA sensor
based on guartz crystal microbalance: comparison of oligonu-
cleotide immobilization methods and the application in genetic
diagnosis. Biosens Bioelectron 2001;16:85-95.

Lien KY, Liu CJ, Kuo PL, Lee GB. Microfluidic system for
detection of a-thalassemia 1 deletion using saliva samples.
Anal Chem 2009;81:4502-9.

Tombelli S, Mascini M, Sacco C, Turner A. A DNA piezoelec-
tric biosensor assay coupled with a polymerase chain reaction
for bacterial toxicity determination in environmental samples.
Anal Chem Acta 2000;418:1-9.

Thai Society of Hematology. Thalassemia in Thailand. Availa-
ble at: http://www.thaihemato.org/modules.php?op = modload&
name = News&file =article&sid =22. Accessed: 10 October
2009.




