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Abstract

Background: Malaria infection with Plasmodium falcipa-
rum is an important basic health problem in the tropical and
sub-tropical countries. The standard diagnostic method is
blood film examination to visualize parasite morphology.
However, in cases of low parasitemia or mixed infection with
very low cryptic species, microscopy is not sensitive enough.
Therefore, molecular techniques have been widely employed.
Methods: A label-free DNA biosensor based on quartz crys-
tal microbalance (QCM) to diagnose and genotype P. falci-
parum was developed. Avidin-biotin interaction was used to
coat the specific biotinylated probe on the gold surface of
QCM. The gene encoding merozoite surface protein 2 (msp2)
was amplified and the PCR products were then cut with
restriction enzyme (Mwol). Enzymatic cutting made the PCR
products suitable for QCM development. Hybridization
between probe and enzymatic cutting DNA fragments result-
ed in frequency changes of the QCM.

Results: The newly developed QCM was tested for its diag-
nosis ability using both malaria laboratory strains and clinical
isolates. The biosensor was sensitive at the sub-nanogram
level, specific for only P. falciparum detection, no cross-reac-
tion with P. vivax, and stable at room temperature for up to
6 months. Selection of msp2 as a target gene and a geno-
typing marker made the QCM potentially useful for falci-
parum diagnosis simultaneously with genotyping. Potency
was tested by genotyping two allelic families of P. falcipa-
rum, FC27 and IC1, using malaria laboratory strains, K1 and
3D7, respectively.

Conclusions: The dual function QCM was successfully
developed with high sensitivity and specificity, and was cost-
effective, stable and field adaptable.
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Introduction

Direct microscopic visualization of the parasite on a well-
prepared and well-stained blood film is the gold standard
diagnostic method of malaria infection. However, the effi-
cacy of diagnosis is subject to many factors. Manual micro-
scopic examination requires special training and considerable
expertise. So it is not a reliable method when performed by
non-experts, and it can miss a substantial proportion of
malaria infections. Therefore, an automated computer vision
of malaria without human intervention has been introduced
(1). However, sometime no parasites can be seen in blood
smears from patients with severe infections. This might pos-
sibly be due to partial antimalarial treatment or to sequestra-
tion of parasitized erythrocytes in deep vascular beds (2). In
these cases, diagnosis by conventional microscopy is unlike-
ly. Sub-microscopic infections need more sensitive methods
based on identification of the malarial DNA by a molecular
technique. Polymerase chain reaction (PCR) and other
molecular methods have enabled measurement of sub-micro-
scopic infections (3). The objective of this report was to
create a new DNA biosensor based on quartz crystal micro-
balance (QCM) as a post-PCR method to diagnose Plasmo-
dium falciparum. This new DNA biosensor can also be used
in falciparum genotyping since the target gene is msp2, the
most suitable single genotyping marker (4). We optimized
and validated this new falciparum msp2 biosensor on the
genomic DNA of the laboratory strains and then applied this
new method to a small set of clinical isolates. It is worth
noting that this is the first study to develop a dual function
QCM biosensor for malaria diagnosis and genotyping.

Materials and methods

Specimen preparation

This study was reviewed and approved by the Mahidol University
Institutional Review Board (COA. No. MU-IRB 2008/170.1111).
An in vitro culture of P. falciparum was synchronized at the ring
stage as described previously (5, 6). The parasite density was deter-
mined by microscopic examination. Parasite DNA was extracted
using the PureGene DNA blood isolation kit (Qiagen, USA) accord-
ing to the manufacturer’s protocol. The total DNA concentration was
measured using a spectrophotometric assay. The purified DNA was
stored at —20°C until use. Two P. falciparum laboratory strains, K1
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and 3D7, were used as representatives of the two msp2 allelic fam-
ilies, FC27 and IC1, respectively.

Infected clinical blood samples (n=11) were obtained from an
endemic area and diagnosed by Giemsa-stained thick blood films.
Parasite density was determined by Giemsa-stained thin blood films.
Collection of blood samples on filter paper and DNA extraction
from filter papers was performed by the TE (Tris-EDTA) buffer-
based DNA isolation method (7). The DNA extract was stored at
—20°C until use.

Preparation of amplified msp2 targeted products
and enzymatic cutting

The oligonucleotide sequences of primers to amplify the msp2 gene
were designed as described previously (8). The forward primer,
ATG AAG GTA ATT AAA ACA TTG TCT ATT ATA, and reverse
primer, CTT TGT TAC CAT CGG TAC ATT CTT, were synthe-
sized (1st BASE Pte Ltd., Singapore). The polymorphic repetitive
regions, block 3 of msp2, was amplified by polymerase chain reac-
tion (PCR) using Master Mix Solution (iNtRON Biotechnology,
Seongnam, Korea) for 25 cycles. The PCR products were kept at
—20°C until use. An aliquot of PCR products was verified by elec-
trophoresis using 1.2% agarose gel (Invitrogen, USA) in Tris-borate-
ethylenediamine tetraacetic acid buffer, pH 8.3. The gel was stained
with ethidium bromide and visualized under UV transillumination.

The PCR products were further cut with the restriction endonu-
clease, HpyF10VI (Mwol) (Fermentas, USA), according to the
manufacturer’s protocol. After cutting, the expected DNA fragments
were verified using 1.2% agarose gel electrophoresis and kept at
—20°C until use.

Preparation of the falciparum msp2 biosensor

Biotinylated probe complementary to the polymorphic block 3 of
falciparum msp 2 gene (5'-CTAGAACCATGCATATGTCC-3') was
synthesized (1st BASE Pte Ltd., Singapore) based on the sequence
described previously (9).

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 Company, Thailand. During each measurement,
only one side of the crystal was exposed to aqueous solution. The
crystal frequencies were monitored using an in-house frequency
counter (10). Major components of this counter are a PIC-micro-
controller, oscillator circuit and the read out display. All experiments
were performed at 22+ 1°C.

The gold QCM surfaces were cleaned by exposure to a freshly
prepared hot piranha solution consisting of H,O, (30%), H,SO,
(70%) in a 1:3 ratio for 20 s. Next, the crystal was thoroughly
washed with distilled water and dried in a vacuum chamber. The
baseline resonance frequency of the cleaned QCM surface was
recorded. Then the QCM surface was exposed to 10 mM of 3-
mercaptopropionic acid (MPA) for 1 h, followed by water rinsing.
Five microliters of 1-ethyl-3(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, 20 mM) was then placed on the surface, fol-
lowed immediately by 5 WL of N-hydroxysuccinimide (NHS,
50 mM). These solutions were allowed to interact for 30 min in a
100% humidity environment to prevent evaporation of solution. The
QCM surfaces were rinsed with water and immersed in an aqueous
solution containing avidin at various concentrations (0—0.2 mg/mL)
for 2 h, and then rinsed again. The optimal concentration of avidin
was assessed.

To measure the number of avidin molecules immobilized on the
QCM surfaces, the avidin layer at optimal concentration (0.1 mg/mL)
was dried after adsorption and the frequency change measured.

These dried QCM were not used for subsequent biotin interaction,
as avidin was denatured upon drying. The deposited mass of avidin
dried on the QCM surface was estimated by a Sauerbrey equation
(11). The number of adsorbed avidin molecules were calculated
using the molecular weight of avidin.

In order to be subsequently used, freshly prepared avidin
adsorbed onto the QCM surface was exposed to 1 mM ethanolamine
hydrochloride in a moisture chamber for 30 min and rinsed with
distilled water. The synthesized biotinylated probe at various con-
centrations (0-2 wM) was placed on the surface and allowed to
interact for another 30 min. The gold surface was then washed, dried
and the change in frequency measured. The optimal concentration
of biotinylated probe was assessed. The mass and number of immo-
bilized probes on the QCM surfaces at optimal concentration
(1.0 wM) was calculated (11). This probe immobilized QCM was
then ready to be used as a falciparum msp2 biosensor to diagnose
and genotype P. falciparum.

Validation of the falciparum msp2 biosensor

The diagnostic ability of the falciparum msp2 biosensor was first
tested using a laboratory strain of P. falciparum, K1. The malaria
was grown and synchronized. The DNA was extracted and purified.
Next, the block 3 of the msp 2 gene was amplified and cut with
Mwol. After cutting, the single stranded (ss) DNA was prepared by
heating at 95°C for 10 min and placed on ice immediately for anoth-
er 1-2 min. Ten microliters of the serial dilutions (0—250 ng/mL)
of melting ss-DNA were applied on the surface of the msp2 bio-
sensor soaking with hybridization buffer. The hybridization reaction
was performed in a moisture chamber for 30 min. Then the sensor
was thoroughly washed, dried and the QCM frequency changes
were measured. Hybridization was evidenced by in situ frequency
changes compared to a control without DNA. Each DNA dilution
was tested independently three times. Means and standard devia-
tions were obtained.

Clinical application of the falciparum msp2 biosensor was veri-
fied using malaria-infected blood samples. Eleven samples diag-
nosed by microscopic examination to have infection with malaria
were collected using a filter paper technique. The DNA was extract-
ed, amplified and cut as described. After enzymatic cutting, the
DNA was denatured and hybridized with the falciparum msp2 bio-
sensor. The resonance frequency shift was recorded. The hybridi-
zation of each sample was performed in triplicate.

The genotyping ability of the falciparum msp2 biosensor was
investigated using two known allelic families of P. falciparum.
Malaria laboratory strains K1 (a representative of FC27) and 3D7
(a representative of IC1) were cultivated and synchronized. The
block 3 of msp 2 gene of both clones was amplified, cut with Mwol
and denatured by heating. The ss-DNA was hybridized with the
msp2 biosensor in a moisture chamber for 30 min. The sensor was
washed and dried. Hybridization was validated by the frequency
changes.

Sensor stability following storage in a sealed cap at room tem-
perature for various time intervals was tested by hybridization with
the known parasite DNA of K1 and 3D7. The stability of the bio-
sensor was tested every 15 days up to 180 days. Each stability test
was performed in triplicate.

Statistic analysis

All data shown in this study were means of the separate triplicate
experiments. All comparison data were analyzed by a two-tailed
Student’s t-test. p-Values <0.05 were considered to be statistically
significant.
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Results

Preparation of amplified msp2 targeted products
and enzymatic cutting

The polymorphic block 3 region of falciparum msp 2 was
amplified using the designed primers. The product of FC27
allelic family (K1 strain) was 727 bp, while that of IC1 (3D7
strain) was 703 bp (Figure 1). These PCR products could not
be discriminated based on the number of base pairs. There-
fore, cutting with a specific restriction enzyme was assessed.
HpyF10VI (Mwol) was selected since it could cut the ampli-
fied products of both FC27 and IC1 into fragments with dif-
ferent suitable size for QCM development. After cutting, the
product of FC27 showed two fragments at 555 bp and 172
bp, while that of IC1 was at 556 bp and 147 bp (Figure 2).
The probe binding site of FC27 was on the 555 bp fragment
while that of IC1 was on the 147 bp fragment.

Preparation of the falciparum msp2 biosensor

The biotinylated probe was immobilized on the gold elec-
trode of QCM surface based on the specific interaction
between avidin and biotin. Prior to this immobilization, the
QCM surface was pre-treated with MPA, EDC and NHS to
add the ester group on the surface in order to bind with the
amine group of avidin. These pretreatment steps could not
be assessed since the QCM frequency changes were not
measurable.
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Figure 1 The amplified products of msp2 from malaria laboratory
strains (K1 and 3D7).

The malaria DNA was extracted and amplified by PCR using prim-
ers as described. The size of the target DNA was verified by 1.2%
agarose gel electrophoresis. Lane 1 is DNA molecular weight mark-
er. Lane 2 is control without DNA. Lane 3 and 4 are amplified msp2
of K1 (FC27 allelic family) and 3D7 (IC1 allelic family).
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Figure 2 The amplified msp2 of K1 and 3D7 after cutting with
Mwol.

The PCR products of msp2 of K1 and 3D7 were digested with a
single cutter, Mwol, restriction enzyme. Lane 1 is DNA molecular
weight marker. Lane 2 and 3 are amplified msp2 gene of K1 and
3D7 after cutting.

Avidin adsorption at various concentrations (0-0.2 mg/mL)
was monitored by the QCM frequency changes, and we
found that the optimal concentration was 0.1 mg/mL (Figure
3). The frequency change at this concentration was 139.8
4.60 Hz (n=3). By converting the frequency change to
deposited mass based on Sauerbrey equation, the number of
adsorbed avidin molecules could be predicted. There were
4.94+0.16 X 10" molecules of avidin adsorbed on the QCM
surface. The surface was treated with ethanolamide hydro-
chloride to block the non-specific binding sites before inter-
acting with the biotinylated probe at various concentrations
(0—2 wM). The avidin-biotin interaction was monitored in
situ and found that the optimal probe concentration was
1 mwM. The frequency change at this concentration was
79.0+12.12 Hz, (n=3) (Figure 3). Using a similar approach,
the predicted number of biotinylated probes bound to avidin
on the QCM surface was 1.97+0.30 10'> molecules. The
avidin: biotin binding ratio on the QCM biosensor surface
was 1:3.9.

Validation of the falciparum msp2 biosensor

The behavior of malaria DNA hybridization on the QCM
surface is shown in Figure 4. The hybridization of target
DNA to the biotinylated probe was saturated and was con-
centration dependent. The linear relationship between target
DNA concentrations and QCM frequency changes were seen
from 0-25 ng/mL. The binding of target DNA to probe
showed saturation at concentrations from 25-250 ng/mL. As
also shown in Figure 4, the falciparum msp2 biosensor could
detect target DNA as low as 0.025 ng/mL since the frequen-
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cy change at this concentration was significantly higher than
that of control without DNA (p <0.05).

The diagnostic potential of the falciparum msp2 biosensor
was also evaluated using 11 clinical isolates. The results of
frequency changes of all samples are summarized in Table
1. Samples infected with P. vivax (number 3 and 11) showed
frequency changes <10 Hz, which was not statistically dif-
ferent from that of the control (p>0.05). However, all blood
samples diagnosed either with single P. falciparum infection
(number 1, 2-9) or mixed infection of P. falciparum and P.
vivax (number 10) showed significant frequency changes
when compared to the control (p <0.05).

The genotypic ability of the msp2 biosensor is shown in
Figure 5. The malaria laboratory strains, K1 and 3D7, were
used to represent the FC27 and the IC1 allelic family of P
falciparum, respectively. The DNA was extracted, amplified,
cut, denatured and hybridized with the biotinylated probe of
falciparum msp2 biosensor. The QCM frequency changes
after binding with target DNA of K1 strain were 8917 Hz,
which was statistically different from that of 3D7 (36.67 £
5.51 Hz, p<0.05).

The stability of the msp2 biosensor after storage at room
temperature was evaluated using malaria laboratory strains,
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Figure 3 The optimal concentration of avidin (A) and biotinylated
probe (B) immobilized on the gold surface of the quartz crystal.
The crystal surface was modified by MPA EDC and NHS, respec-
tively. Various concentrations of avidin (0.0-0.2 mg/mL) were coat-
ed and frequency changes were measured. Then another quartz
crystal surface was coated with optimal avidin concentration
(0.1 mg/mL) followed by various concentrations (0.00-2.0 uM) of
bioninylated probe solution. The frequency changes were also meas-
ured. The experiments were done in triplicate and the mean®SD
was shown.
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Figure 4 Relationship between falciparum target DNA concentra-
tions and frequency changes after binding of the DNA to the fal-
ciparum msp2 biosensor.

The DNA of parasitized blood of malaria laboratory strain, K1, was
extracted, amplified, cut with Mwol and denatured. The DNA con-
centration was measured, diluted and hybridized with the sensor.
The experiments were done in triplicate and the mean®SD was
shown.

K1 and 3D7. The sensor could be kept for up to 180 days
with no change in diagnosis and genotyping ability (Figure
6). The frequency changes at all time intervals were not sig-
nificantly different from that of the freshly prepared sensor
(p>0.05).

Discussion

We created a novel technique to diagnose and genotype
malaria infection due to P. falciparum. This technique was
based on DNA piezoelectric biosensor using gold electrode
of quartz crystal microbalance (QCM). The deposited mass
due to DNA hybridization on the QCM surface resulted in
a shift of the quartz resonance frequency (11). In this QCM
development, we focused on the hybridization between the
immobilized bionylated DNA probe and the specific DNA
fragments of polymorphic block 3 of falciparum msp2 on the

Table 1 Clinical application of the falciparum msp2 biosensor to
diagnose specimens infected with malaria as diagnosed by micro-
scopic examination.

Frequency change, Hz ~ Microscopic diagnosis

Target control ~ —35.33+5.03 -

Sample 1 48.6714.43 P. falciparum
Sample 2 53.00+9.44 P. falciparum
Sample 3 8.67+7.24 P. vivax
Sample 4 124.00+£27.78 P, falciparum
Sample 5 148.00+£13.23 P. falciparum
Sample 6 174.00 £ 64.58 P. falciparum
Sample 7 125.67£36.90 P, falciparum
Sample 8 139.67+22.19 P, falciparum
Sample 9 192.67£36.12 P, falciparum
Sample 10 193.33+£20.98 Mixed infection
Sample 11 4.33+5.50 P, vivax
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Figure S Genotypic ability of the falciparum msp2 biosensor.
The DNA of blood of malaria laboratory strains (K1 and 3D7) was
extracted, amplified, cut with Mwol and denatured. The changes in
resonance frequency after hybridization with the msp2 biosensor
were measured and compared to control without DNA. The exper-
iments were done in triplicate and the mean=®SD was shown.

QCM surface. The msp2 is a suitable single molecular mark-
er for falciparum genotyping (12). Therefore, one QCM sen-
sor could be used simultaneously for both diagnosis and
genotyping of P. falciparum.

The QCM was adopted in the present study because of its
great sensitivity. It is capable of measuring sub-nanogram
mass changes and does not require post-treatment of target
samples (13). The 12-MHz AT-cut quartz crystal was used
because crystals with high-frequency (>10 MHz) can
increase the QCM sensitivity (14). The QCM surface was
sequentially treated with the immobilization reagents, MPA,
EDC and NHS in order to prepare the surface for avidin
adsorption. However, these immobilization steps could not
be assessed separately because the frequency changes of
each step were not measurable. The frequency change could
be measured after avidin adsorption.

Various concentration of aqueous avidin were coated and
the frequency changes were measured (Figure 3). The opti-
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Figure 6 Stability of the QCM-msp2 biosensor after storage in
sealed cap at room temperature for 180 days.

Every 15 days the sensor was tested by hybridization reaction with
the amplified and enzymatic cut msp2 of K1 (above line) and 3D7
(lower line). The frequency changes at each time interval were sta-
tistically compared to the freshly prepared sensor. The experiments
were done in triplicate and the mean=®SD was shown.

mal avidin concentration (0.1 mg/mL) was consistent with
previous studies (15). Since the quartz oscillation was direct-
ly proportional to changes in deposited mass on the QCM
surface (16), the experimental deposited avidin mass could
be obtained using the Sauerbrey equation (11). From this
mass and molecular weight, the number of adsorbed avidin
could then be calculated as 4.9410.16X 10" molecules.
Theoretical calculations based on avidin dimensions (6.0 X
5.5X4.0 nm) (17) and the occupying area on the QCM sur-
face (0.1257 cm?) indicated that the expected number of avi-
din molecules adsorbed as a monomolecular layer in a flat
orientation should not exceed 5.18 X 10" molecule. There-
fore, the experimental number of 4.9440.16X10"" mole-
cules of avidin in this study could be assumed to be a
monolayer.

Since avidin was denatured by drying (17), the avidin
layers were not dried when subsequently coated with the
biotinylated probe. The optimal probe concentration was
assessed to be 1 WM which was consistent with the previous
reports (15). By similar calculations, it could also be esti-
mated that there were 1.97£0.30X 10'? molecules of the
biotinylated probe bound to avidin on the QCM surface.
Therefore, the binding ratio of avidin: biotin was 1:3.9.
Although the ratio was close to the theoretical ratio (1:4) but
for immobilized avidin the ratio might be too high. The
experimental ratio of 1:3.9 indicated some non-specific bind-
ing, which could not be completely blocked by ethanolamine
hydrochloride as described previously (16). However, this
newly developed falciparum msp2 biosensor was tested for
its diagnostic and genotypic ability.

The diagnostic ability was verified using a laboratory-
maintained strain of P. falciparum, K1. The DNA of K1 was
extracted and purified. The target DNA encoding msp2 gene
was amplified, cut and hybridized with the falciparum msp2
biosensor. Serial dilutions of target DNA from 0-250 ng/mL
were assessed by the QCM biosensor. Results shown in
Figure 4 indicated a saturation binding of target DNA to the
biotinylated probe adsorbed on the QCM surface. As also
shown in Figure 4, the detection sensitivity of the new fal-
ciparum msp2 biosensor was <0.025 ng/mL of target DNA.
This sub-nanogram sensitivity is consistent with the char-
acteristic of DNA biosensor (18). However, the target DNA
solution contained not only complementary ss-DNA which
could bind the probe, but also the non-complementary
ss-DNA. Therefore, the true sensitivity might be <0.0125
ng/mL. It was reported previously that 10 pg of purified
malaria DNA was approximately equal to 100 parasites (19).
Presumably, the sensitivity of the new falciparum msp2 bio-
sensor developed in this study was 25 parasites in 10 L of
DNA solution applied on the QCM surface. This finding
indicated that the sensitivity of this biosensor was compa-
rable to other molecular techniques, since tests based on PCR
can detect as few as 10 parasites/p L blood (20).

The clinical application of the new falciparum msp2 bio-
sensor was tested using 11 blood samples that were diag-
nosed by standard microscopic examination. As shown in
Table 1, all samples infected with P. falciparum, both single
and mixed infections, showed significant QCM frequency
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changes compared to control. However, blood samples
infected with P. vivax showed no cross-reaction with the fal-
ciparum msp2 biosensor because the QCM frequency change
was not different from that of the control. The results showed
high specificity of the new msp2 biosensor. The high sensi-
tivity (Figure 4) as well as the high specificity (Table 1) of
the falciparum msp2 biosensor indicated the potential of the
sensor to identify P. falciparum infected as a cryptic species
of mixed infection. The cryptic P. falciparum infections were
reported in 21 of 160 samples diagnosed with vivax malaria
(21). It is essential to diagnose falciparum cryptic infection
since it is the most severe and fatal malaria infection (22).

In terms of genotyping potency, we tested this falciparum
msp2 biosensor using laboratory-maintained strains. Since
the msp2 gene can be grouped into FC27 and ICI1 allelic
family (23), K1 and 3D7 were used to represent these two
allelic families, respectively. Both K1 and 3D7 were grown
and synchronized to the ring stage because this is the stage
that is found in most clinical specimens (22). The block 3
region of the msp2 gene was amplified using the designed
primers in order to obtain DNA fragments as short as pos-
sible. This is because the suitable DNA used in DNA bio-
sensor technology should not be longer than 500 bp. Long
fragments will cause the effect of steric hindrance during
DNA binding (24). With the primers used in this study, the
obtained PCR products of K1 and 3D7 were 727 bp and 703
bp, respectively (Figure 1). Certainly, these products could
not be distinguished based on mass difference. Therefore,
digestion with the optimal restriction enzymes was required.
The selected enzyme was HpyF10VI (Mwol), since after cut-
ting, the 727 bp and 703 bp produced fragments containing
probe binding site at 555 bp and 147 bp, respectively (Figure
2). The QCM frequency changes of enzymatic cut DNA
fragments of K1 and 3D7 binding on the QCM surfaces were
statistically different (p<0.05) (Figure 5). The results
showed clear discriminative ability of the new sensor to gen-
otype two allelic families of P. falciparum.

All of the results indicated dual potency of the newly
developed falciparum msp2 biosensor. It could be used to
diagnose and genotype falciparum malaria simultaneously. In
term of diagnosis, it is sensitive for detecting parasite DNA
at the sub-nanogram level. It is specific for detecting only P
falciparum with no cross-reaction with P. vivax. These two
properties widen the sensor potency to detect falciparum
cryptic infection. Moreover, the new sensor is cost-effective
since both sides of the quartz gold surface can be used sep-
arately. Therefore, one quartz crystal can be used twice
which will reduce the sensor price to 50%.

In term of genotyping, the addition of enzymatic cutting
after PCR is an important step to use one sensor to distin-
guish two allelic families of P. falciparum. It should be noted
that this is the first report to develop QCM to genotype
malaria infection. Genotyping potency makes the sensor use-
ful for malaria drug resistance surveillance sites. The sensor
can be easily transported to be used in the remote area since
it is stable at room temperature for up to 6 months. As shown
in Figure 6, its diagnostic and genotyping potency after stor-
age were not different from that of freshly prepared sensor.
This implied the field utility of the new biosensor.

Acknowledgments

This research project is supported by Mahidol University and 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. Tek FB, Dempster AG, Kale 1. Computer vision for microscopy
diagnosis of malaria. Malar J 2009;13:153-66.

2. Mackintosh CL, Beeson JG, Marsh K. Clinical features and patho-
genesis of severe malaria. Trends Parasitol 2004;20:597-603.

3. Okell LC, Ghani AC, Lyons E, Drakeley CJ. Submicroscopic
infection in Plasmodium falciparum-endemic populations: a
systematic review and meta-analysis. J Infect Dis 2009;15:
1509-17.

4. Rouse P, Mkulama MA, Thuma PE, Mharakurwa S. Distinction
of Plasmodium falciparum recrudescence and re-infection by
MSP2 genotyping: a caution about unstandardized classifica-
tion criteria. Malar J 2008;23:185-90.

5. Trager W, Jensen JB. Continuous culture of Plasmodium fal-
ciparum: its impact on malaria research. Int J Parasitol 1997;
27:989-1006.

6. Lambros C, Vanderberg JP. Synchronization of Plasmodium fal-
ciparum erythrocytic stages in culture. J Parasitol 1979;65:418—
20.

7. Bereczky S, Martensson A, Gil JP, Farnert A. Short report:
rapid DNA extraction from archive blood spots on filter paper
for genotyping of Plasmodium falciparum. Am J Trop Med Hyg
2005;72:249-51.

8. Snounou G, Zhu X, Siripoon N, Jarra W, Thaithong S, Brown
KN, et al. Biased distribution of mspl and msp2 allelic variants
in Plasmodium falciparum populations in Thailand. Trans R
Soc Trop Med Hyg 1999;93:369-74.

9. Ranford LC, Taylor J, Umasunthar T, Taylor LH, Babiker HA,
Lell B, et al. Molecular analysis of recrudescent parasites in a
Plasmodium falciparum drug efficacy trial in Gabon. Trans R
Soc Trop Med Hyg 1997;91:719-24.

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

11. Dixon MC. Quartz crystal microbalance with dissipation mon-
itoring: enabling real-time characterization of biological mate-
rials and their interactions. J Biomol Tech 2008;19:151-8.

12. Collins WJ, Greenhouse B, Rosenthal PJ, Dorsey G. The use
of genotyping in antimalarial clinical trials: a systematic review
of published studies from 1995 to 2005. Malaria J 2006;14:
122-9.

13. Lucklum R, Hauptmann P. Acoustic microsensors — the chal-




Potipitak et al.: Diagnosis and genotyping of Plasmodium falciparum by a DNA biosensor based on QCM

1373

15.

16.

17.

18.

19.

lenge behind microgravimetry. Anal Bioanal Chem 2006;384:
667-82.

. Cooper MA, Singleton VT. A survey of the 2001 to 2005 quartz

crystal microbalance biosensor literature: applications of acous-
tic physics to the analysis of biomolecular interactions. J Mol
Recognit 2007;20:154—-84.

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

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

Korpela J. Avidin, a high affinity biotin-binding protein, as a
tool and subject of biological research. Med Biol 1984;62:5-26.
Mascini M, Tombelli S. Biosensors for biomarkers in medical
diagnostics. Biomarkers 2008;13:637-57.

Barker RH Jr, Suebsaeng L, Rooney W, Alecrim GC, Dourado

20.

21.

22.

23.

24.

HV, Wirth DE et al. Specific DNA probe for the diagnosis of
Plasmodium falciparum malaria. Science 1986;1:1434-6.
Kimura M, Miyake H, Kim HS, Tanabe M, Arai M, Kawai S,
et al. Species-specific PCR detection of malaria parasites by
microtiter plate hybridization: clinical study with malaria
patients. J Clin Microbiol 1995;33:2342-6.

Siripoon N, Snounou G, Yamogkul P, Na-Bangchang K, Thai-
thong S. Cryptic Plasmodium falciparum parasites in clinical P.
vivax blood samples from Thailand. Trans R Soc Trop Med
Hyg 2002;96:70-1.

Clark IA, Schofield L. Pathogenesis of malaria. Parasitology
Today 2000;16:451-4.

Smythe JA, Coppel RL, Day KP, Martin RK, Oduola AM,
Kemp DIJ, et al. Structural diversity in the Plasmodium alci-
parum merozoite surface antigen 2. Proc Natl Acad Sci USA
1991;1:1751-5.

Wang J. From DNA biosensors to gene chips. Nucleic Acids
Res 2000;15:3011-6.



