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The most severe form of malaria is cerebral malaria caused by Plasmodium falciparum. Standard malaria
diagnosis is Giemsa stained peripheral blood smear but false negative findings are always reported.
Moreover, mixed infections are underestimated by routine microscopy. Many methods have been
developed to overcome these disadvantages and the most specific and sensitive is molecular diagnosis.
Specific malaria genes are amplified by polymerase chain reaction (PCR) and many post-PCR methods
have been created. We developed a gold fabricated quartz crystal microbalance (QCM) as a post-PCR
method of malaria diagnosis. In this work a cheaper silver fabricated QCM was developed to identify both
single and mixed infection of P. falciparum and Plasmodium vivax. The biotinylated malaria probe was
immobilized on silver surface via specific avidin-biotin interaction. The target DNA fragment of 18s rRNA
gene was amplified and hybridized with a QCM immobilized probe. Mass changes due to DNA
hybridization were indicated by changes of quartz resonance frequencies. Validation showed that
malaria silver QCM had high diagnostic potency. Evaluation of suspected 67 febrile blood samples from
malaria endemic area demonstrated that the malaria silver QCM could identify both false negative and
misdiagnosis cases of routine microscopy. The analysis cost of malaria silver QCM was $1/sample and
analysis time was 30 min after blood collection. The malaria silver QCM is stable at tropical temperature
for up to 6 months. Thus, it can be transported to be used in a remote endemic area. Thus, the malaria
silver QCM is accurate, precise, rapid, cheap, and field applicable.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

negative findings are often reported especially in cases of low
parasitemia and mixed infections (Rougemont et al., 2004; Gupta

Malaria is an infectious disease caused by Plasmodium spp.
which is transmitted by mosquitoes of Anopheles spp. (Bueno-Mari
and Jiménez-Peydr6, 2013). There are four human Plasmodium
spp., Plasmodium falciparum, Plasmodium vivax, Plasmodium malar-
iae, and Plasmodium ovale. But the more commonly found are P.
vivax and P. falciparum. Malaria is widely spread in tropical and
subtropical regions of the world (Rantala et al., 2010). It was
recently estimated that there were 216 million cases of malaria
worldwide and 660,000 cases died with severe infection (WHO,
2012). The gold standard of malaria diagnosis is microscopic
examination of either thin or thick blood film. However, false
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et al,, 2010). A more sensitive rapid diagnostic test (RDT) was
developed to detect malarial antigen by lateral flow immunochro-
matographic assay (Murray and Bennett, 2009). Nonetheless, low
parasitemia still decreased test sensitivity and the RDTs identified
falciparum from only non-falciparum malaria. The most sensitive
and specific malaria diagnosis is molecular methods based on
malarial DNA amplification by polymerase chain reaction (PCR)
(Mangold et al., 2005). Mixed malaria infection can be identified
by gene amplifications with appropriate primer designs
(Shokoples et al., 2009) and post-PCR analysis. The most widely
used post-PCR methods are conventional agarose gel electrophor-
esis and Southern blot (Manca et al., 2000; Kho et al., 2003). New
tools based on gold fabricated quartz crystal microbalance (QCM)
were created and applied in genotyping of P. falciparum infection
(Potipitak et al., 2011). It was also used in differential diagnoses of
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P. falciparum and P. vivax (Ittarat et al., 2013). In the present study,
we developed a silver fabricated QCM to differentially identify
single and mixed infection of P. falciparum and P. vivax. The malaria
silver QCM was validated and evaluated in clinical diagnosis.
Results were confirmed by RDTs and agarose gel electrophoresis.

2. Materials and methods

This study was approved by the Mahidol Ethical Committee on
Institutional Review Broad (MU-IRB 2011/012.0707).

2.1. Blood collection and DNA extraction

The EDTA anticoagulant blood samples requested for malaria
diagnosis were collected from malaria endemic area of Thailand.
Diagnosis was performed by standard routine microscopy of
Giemsa stained blood smear. Suspected samples were collected
from febrile cases while controls were from healthy volunteers
with no history of malaria infection. Three hundred microliters of
each blood sample was subjected to DNA extraction using a
PUREGENE Blood core kit (Qaigen, USA) according to the manufac-
turer's protocols. The extracted DNA was kept at —20 °C until use.
The malaria DNA was amplified and analyzed by the new malaria
silver QCM and compared to that of agarose gel electrophoresis.
Blood samples infected with P. falciparum were confirmed by
Malaria Ag P.f/Pan Rapid Diagnostic Tests (RDTs) (Standard Diag-
nostics, INC, Germany).

2.2. Amplification of malaria DNA by multiplex PCR

Primers and a probe specific to 18s rRNA gene of both P.
falciparum and P. vivax were designed using Primer 3 software
(GeneBank accession number M19172 and U03079, respectively)
and ordered for synthesis (1st BASE, Singapore). The nucleotide
sequences of primers and probe are demonstrated in Table 1.

Gene amplifications of both P. falciparum and P. vivax were
performed by multiplex PCR as described previously (Ittarat et al.,
2013). The amplification mixture in a total volume of 20 uL
consisted of 10 uL of 2 x PCR master mix solution (i-Taq, 2 x )
(iNtRON Biotechnology, Korea), 1 uL of each 1 uM primer, 2 uL of
extracted DNA and 5 uL of H,0O. The amplification was performed
for 35 cycles composed of 1 min of 95 °C denaturation, 1 min of
54 °C annealing, 1 min of 72 °C extension, and 5 min of 72 °C final
extension. The amplified products were analyzed by 1% agarose gel
electrophoresis at 100V for 45 min and examined under UV
illumination. The amplified target DNA was kept at —20 °C until
use.

2.3. Preparation of malaria silver QCM

The QCM used was fabricated out of silver, with 12 MHz
specification and 4 mm diameter (Metal Inter Supply Ordinary

Table 1
Sequences of three primers and probes.

DNA sequences (5'—3) Expected size of

target DNA (bp)

Malaria forward (FU)  TTTCTTGGATGGTGATGCAT -

Reverse primer of P, ATACTTTTCCTCCGCCGAAAG 445
falciparum (RF)

Reverse primer of P. TACGTGGGACTGAATTCGG 134

vivax reverse (RV)
Malaria specific probe Biotin—AAAAAGGCCG AG -
TTCGTGAA

Partnership, Thailand). The silver surface of QCM was gently
cleaned by soaking in 1:10 diluted Piranha solution
(Wangmaung et al., 2013). The baseline quartz resonance fre-
quency (fo) was measured by an in-house oscillation counter
(Chomean et al., 2010). Then the clean silver surface was chemi-
cally modified by sequentially soaking in 10 mM 3-mercaptopro-
prionic acid (MPA), 20 mM N-(3-diethylaminopropyl)-N’-ethyl-
carbodiimine (EDC) (Sigma, USA) and 50 mM N-hydroxysuccini-
mide (NHS) (Sigma, USA). Avidin (Sigma, USA) solution at 0.1 pg/
mL was immobilized and the resonance frequency after avidin
coating (f;) was recorded to estimate the immobilized avidin by
the Sauerbrey equation (Sauerbrey, 1959).

Probe immobilization was then sequentially performed via the
strongest non-covalent bonding of avidin-biotin interaction
(Goodwin et al., 1998). The synthesized biotinylated malaria probe
at 0.5 uM was coated on avidin-immobilized QCM silver surface
(Ittarat et al., 2013). The resonance frequency after biotinylated
probe immobilization (f,) was recorded and its deposited number
was also estimated by the Sauerbrey equation.

The preparation of malaria silver QCM was performed by a
modified method as previously described (Wangmaung et al.,
2013). Drying of QCM silver surface after immobilization and
water washing was done by an air-pump at 2.5 psi for 30 min.

To characterize the nature of resonance frequency shifts of each
immobilization, the frequency was continuously measured every
10 s. The frequency changes were followed for 5 min after chemi-
cal modification as a baseline and after immobilization of avidin
and biotinylated probe, respectively.

The QCM immobilized with biotinylated probe was ready to be
validated as a tool of malaria molecular diagnosis. The malaria
silver QCM was kept in a sealed cap at room temperature until use.

2.4. Validation of malaria silver QCM

Samples of uninfected as well as P. falciparum and P. vivax-
infected blood (n=3) were collected to validate the malaria silver
QCM. Each genomic DNA was extracted and amplified using three
primers in a single PCR reaction. The amplified target DNA was
heated at 95 °C for 10 min. The single stranded target DNA (10 pl of
100 pg/ml) was then hybridized with malaria silver QCM at room
temperature for 30 min (Ittarat et al., 2013). The silver surface was
gently washed with distilled water and dried in a closed box
connected to an air pump at 2.5 psi for 30 min (Wangmaung et al.,
2013). The resonance frequency (f3) after hybridization was
recorded. The difference of frequency shifts (Af=f,—f3;) of each
sample was calculated and analyzed for indication of hybridization
reaction. The typical silver QCM frequency after hybridization (f3)
was characterized by continuous measurement every 10 s for 1 h.

The malaria silver QCM was then validated for its potency to
detect cryptic P. falciparum in mixed species infection of P. vivax
and P. falciparum. The amplified target DNAs of P. vivax and P.
falciparum were mixed at various ratios from 1:1 to 20:1. Then the
DNA mixture was hybridized to QCM-immobilized biotinylated
probe as described above. The frequency shifts (Af=f,—f3) of each
mixture were determined.

Storage stability of malaria silver QCM was tested by keeping in
a sealed cap at room temperature for 0-180 days. During these
time intervals, malaria silver QCM was tested for its diagnostic
potency using target DNA of uninfected as well as P. falciparum and
P. vivax-infected blood.

2.5. (Clinical application of malaria silver QCM
Suspected febrile blood samples (n=67) were collected from

three endemic areas of malaria in Thailand. Genomic DNA of each
sample was extracted and amplified by multiplex PCR. The
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amplified target DNA was analyzed by either agarose gel electro-
phoresis or by malaria silver QCM. Malaria diagnosis was com-
pared to those of microscopy and commercial RDTs.

2.6. Statistical analysis

All experiments in this study were done in triplicate. The
difference among sample groups was analyzed by one way
ANOVA. A significant difference was reported when p-value was
less than 0.05.

3. Results and discussion
3.1. Amplification of malaria DNA by multiplex PCR

Blood samples were collected from the leftovers after routine
microscopic examination. Genomic DNA was extracted and spe-
cific target DNA of each Plasmodium species was amplified using
three primers as shown in Table 1. The PCR products were then
analyzed by agarose gel electrophoresis.

As shown in Fig. 1, the amplified product of P. vivax was 134 bp
(lane 2) while that of P. falciparum was 445 bp (lane 3) as expected
when primers were designed (Table 1). The sample that contained
mixed species infection of P. vivax and P. falciparum showed two
bands at both positions (lane 4) while the uninfected blood sample
showed no amplified band of malaria gene (lane 1). The amplified
DNA products suggest that the designed malaria primers have no
cross-reaction with any of human genes. The product sizes of both
P. vivax (134 bp) and P. falciparum (445 bp) were < 500 bp. This
was suitable for development of QCM (Tombelli et al., 2005)
whose hybridization occurred on silver surface of tiny reaction
area (0.126 mm?). The optimal size of PCR products would reduce
effect of steric hindrance and increase hybridization sensitivity
(Tombelli et al., 2005). These amplified products were then used to
validate diagnostic potency of the malaria silver QCM developed in
this study.

3.2. Preparation of malaria silver QCM

The silver reaction area of QCM was chemically modified and
coated with avidin. Then the designed malaria probe (Table 1) was
biotinylated and immobilized on silver surface via avidin-biotin
interaction. This interaction is the strongest non-covalent bonding
suitable for QCM preparation, for which surface cleaning and
drying was repeatedly performed many times. The principle of
QCM (Fig. 2) use in medical diagnosis is based on correlation
between quartz frequency shifts and surface deposited mass

445 bp

134b
100 bp P

Fig. 1. Amplified target DNA by three malaria primers analyzed by 1% agarose gel
electrophoresis in TBE buffer at 100 V for 45 min. Genomic DNA was extracted from
uninfected blood sample (lane 1) and infected samples of P. vivax (lane 2), P.
falciparum (lane 3) and mixed species infection (lane 4). C is control with no DNA
template and M is molecular weight marker.

changes. Increased surface deposited mass will decrease quartz
resonance frequency.

The typical biosensor signals of each sequential immobilization
were continuously measured every 10s for 5 min-1h (Fig. 3).
After chemical modification, the baseline frequency of QCM was
measured (fo=11986299 + 83.39 Hz). The frequency was also
continuously measured after immobilization of avidin (f;
=11986132 + 84.55 Hz; Af;=161.5+26.96 Hz) and biotinylated
probe (f,=11986077 + 86.28 Hz; Af,=208.5 + 12.96 Hz).

It has long been observed that AT-cut quartz crystal is sensitive
to deposited mass changes (Sauerbrey, 1959). The basic equation
explaining relationship between frequency change (Af) and mass
change (Am) was derived by Sauerbrey:

f = =2f028m

AVugpq

where Af is the frequency change, fo is baselines frequency in Hz,
Am is the mass change due to the surface deposition (g), A is the
reaction area of the quartz crystal (0.126 cm? since radius is
0.2 cm), uq is a shear modulus of AT-cut quartz (2.947 x 10"
g/cm/s?) and pq is the density of quartz (2.648 g/cm?>).

In the present work, frequency shift after avidin immobilization
(Af1) was 161.5 + 26.96 Hz (Fig. 3). Therefore, the deposited avidin
mass was estimated as follows:

0.126(-161.5 + 26.96)

Am = -
2.3 x1075(122 x 108 x 109)

Am =61.37 + 10.25 ng

This mass change was used to estimate the number of depos-
ited avidin molecules using the molecular weight of avidin
(66 kDa) and Avogadro's number (1.66 x 10%%). There were
5.6 +0.94 x 10'"! molecules of deposited avidin on the reaction
area.

The frequency shift (Af,) after probe immobilization was
208.75 +12.96 Hz (Fig. 3). Based on the molecular weight of
biotinylated probe (86.4 kDa) and by a similar approach, the
number of biotinylated probe molecules deposited on the reaction
area was estimated to be 1.25 + 0.37 x 10'2.

According to the number of avidin and biotinylated probe
molecules immobilized on silver surface, the binding ratio of
avidin:biotinylated probe (5.6 +0.94 x 10'':1.25 + 0.37 x 10'2) is
1:2.2. In general, one molecule of avidin binds 4 molecules of
biotin (Gitlin et al., 1988). In this study, avidin was immobilized on
the silver surface and biotin was attached with the malaria probes.
Therefore, the binding ratio less than 1:4 (1:2.2) as demonstrated
is reasonable.

In QCM development, it has been shown that higher quartz
resonance frequency would increase test sensitivity by reducing
the system noise (Furusawa et al., 2009). We used 12 MHz AT-cut
quartz crystal with diameter 0.4 mm to develop the malaria QCM
(Wangmaung et al., 2013; Ittarat et al., 2013). Many inert metals
have been fabricated on the quartz surface to function as electro-
des. These are gold, platinum, and silver (Ram et al., 2001). In this
study, we used silver fabricated QCM which is 10 times cheaper
than gold fabricated QCM (Wangmaung et al., 2013). Cost effective
medical devices are more suitable since malaria endemic areas are
mostly in developing countries of Southeast Asia and Africa.
However, silver fabricated QCM was easily oxidized by strong acid
which is a component of Piranha cleaning solution. Hence 10 times
diluted Piranha solution was used to avoid the acid oxidation
(Wangmaung et al., 2013).

The development of QCM under vacuum (gas sensor) was first
described by King (1964). The use of QCM in liquid environments
was then developed (Auge et al., 1994). In liquid environments, the
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Fig. 3. Typical silver QCM signals after each sequential immobilization of avidin and biotinylated probe. The baseline of quartz frequency and frequencies after
immobilization of avidin and biotinylated malaria probes were continuously measured for 5 min. The frequencies after hybridization of target DNA of uninfected samples (a),
and samples infected with P. vivax (b), mixed infection (c) and P. falciparum (d) were also measured every 10 s for 1 h. Each immobilization and continuous measurement

were done in triplicate.

QCM resonance frequency is known to be affected by both mass
and liquid viscous loads (Ward and Buttry, 1990). In the present
study, we prepared malaria silver QCM by the dip-and-dry
method. Measurements of frequency shifts were performed after
drying QCM under controlled humidity using a vacuum pump at
2.5 psi for 30 min (Wangmaung et al., 2013). Therefore, the mass
sensitivity was unaffected by the liquid viscosity. Moreover, the
frequency shift of each immobilization step was continuously
recorded and compared to control without target DNA and to
malaria uninfected samples.

3.3. Validation of malaria silver QCM

The diagnostic potency of malaria silver QCM was validated
using blood samples diagnosed for malaria infection. Samples of
both malaria-infected and uninfected blood were collected and
genomic DNA was extracted. The target DNA sequences were
amplified and analyzed by agarose gel electrophoresis and malaria
silver QCM. Each 10 uL of 100 pg/mL of target DNA (n=3) was
hybridized with malaria probes on the silver surface. The fre-
quency shifts after hybridization were recorded and compared
(Fig. 4a).

The frequency shifts in Fig. 4a are consistent with size of
amplified target DNA (Fig. 1). The longer target DNA of P.
falciparum (445 bp) generated higher frequency  shifts

(187.6 +£2.7 Hz) than that of P. vivax (134bp in Fig. 1 and
79.83 +8.89 Hz in Fig. 4a). The mixed species infection showed
amplified products of both P. vivax and P. falciparum (134 and
445 bp) and showed frequency shifts between that of P. vivax and
P. falciparum (151.33 + 5.86 Hz). Control uninfected blood showed
no amplified DNA band and baseline frequency shifts
(23.5 +4.33 Hz). Statistical analysis indicated significant differ-
ences among all frequencies (p < 0.05).

Results in Fig. 4a indicate high potency in differential diagnosis
of malaria infection by malaria silver QCM developed in this study.
Either malaria uninfected or infected blood was clearly differen-
tiated. Either single or mixed infection of P. vivax and P. falciparum
could also be clearly diagnosed.

However, the major clinical significance in cases of mixed
infection is potency to detect the cryptic P. falciparum. Cryptic
infection is mixed infection in which one species cannot be
identified at the time of diagnosis because of undetectable low
parasitemia (Mayxay et al., 2001). The cryptic P. falciparum is
important since it can lead to lethal cerebral malaria. It should be
noted that 13% of diagnosed P. vivax single infection co-existed
with untreated cryptic P. falciparum infections (Luxemburger et al.,
1997; Putaporntip et al.,, 2009). Therefore, malaria silver QCM was
further validated for potency to identify cryptic P. falciparum.

The amplified DNAs of P. vivax and P. falciparum were mixed to
mimic mixed infection with cryptic P. falciparum. The DNAs were
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Fig. 4. Validation of the malaria silver QCM. Genomic DNA of malaria-diagnosed blood samples was extracted, amplified and hybridized with malaria silver QCM. The
frequency shift after hybridization was recorded (a). Identification of the cryptic P. falciparum in mixed species infection was also validated by various ratios of target DNA of
P. vivax to that of P. falciparum (b). Storage stability of malaria silver QCM after keeping at tropical room temperature was validated up to 6 months (c).

mixed at various P. vivax:P. falciparum ratios (1:1-20:1) and then
each sample was analyzed by malaria silver QCM (Fig. 4b). The
lowest ratio that could be significantly differentiated was 20:1.
This implies that in mixed infection with cryptic P. falciparum
present less than P. vivax for 20 times can still be identified by the
malaria silver QCM.

In clinical report, it was demonstrated that in cases of mixed
infection the parasitemia of P. vivax was 2516 + 900 parasites/ul

blood while that of cryptic P. falciparum was 235 4 100 parasites/ul
blood (Mayxay et al., 2001). It could be roughly estimated that in
clinical cryptic P. falciparum the ratio was around 11:1. Therefore,
the ratio of 20:1 as shown in Fig. 4b covered the detectable ranges
of real clinical cases. Results indicated potency of the malaria silver
QCM to identify cryptic P. falciparum in real clinical situations.
The present work is different from our previous work (Ittarat
et al.,, 2013) by novel design of primers' and the corresponding
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probe's sequences. This work focused on identification of mixed
infection of P. falciparum and P. vivax in cases where P. falciparum
was the cryptic species. The amplified DNA target of P. falciparum
(445 bp) was designed to be longer than that of P. vivax (134 bp).
Therefore, single infection of P. vivax would be diagnosed from co-
infection with cryptic P. falciparum. The amplified DNA products in
previous study (Ittarat et al.,, 2013) could not be differentially
identified in cases of the cryptic P. falciparum in mixed infection.

For application in field analysis, storage stability of malaria
silver QCM was investigated. The prepared malaria silver QCM was
kept at tropical room temperature for 0-180 days. During these
time intervals, the QCM was tested for its diagnostic potency using
amplified target DNA from samples of uninfected as well as P. vivax
and P. falciparum infected blood. Fig. 4c demonstrates stability of
malaria silver QCM after keeping at tropical room temperature for
up to 180 days. The frequency shifts of each time interval slowly
declined but there was no statistical difference from that of freshly
prepared QCM (day 0). When kept for 6 months, the potency of
malaria differential diagnosis of QCM was still high. Fig. 4c
suggests field applicability of the malaria silver QCM. It could be
prepared and transported to be used in remote areas of endemic
malaria where gene amplification is available.

All results in Fig. 4 demonstrate high potency of malaria silver
QCM in differential diagnosis of both single and mixed infection of
P. vivax and P. falciparum. It showed ability to detect the cryptic P.

N. Wangmaung et al. / Biosensors and Bioelectronics 62 (2014) 295-301

falciparum at clinical level. It could be transported to be used at
any malaria endemic area away from production site.

3.4. Clinical application of malaria silver QCM

Suspected malaria febrile blood samples (n=67) were analyzed
by malaria silver QCM after amplification of malaria target DNA.
All of these samples were diagnosed by standard Giemsa stained
blood smear and commercial RDTs. The amplified DNA products of
all 67 samples were also investigated by agarose gel
electrophoresis.

Results of both malaria silver QCM (Fig. 5a) and agarose gel
electrophoresis (Fig. 5b) are consistent. They both diagnosed 26
cases of P. vivax infection, 25 cases of P. falciparum infection,
2 cases of mixed infection and 14 cases of no malaria infection. It
should be emphasized that 3 cases (samples 31, 39 and 44) are
diagnosed P. vivax infection by agarose gel electrophoresis and the
malaria silver QCM but are reported as P .falciparum infection by
microscopic examination. Moreover, 2 cases (samples 62 and 65)
were diagnosed as no malaria infection by microscopic examina-
tion but the gene analysis reported P. falciparum infection. More
misdiagnosis of microscopy was found in another 2 cases (samples
24 and 54). No malaria infection was consistently diagnosed by
molecular methods while microscopy reported P. malariae
infection.

A v ¢ gt {f Rt *J; 12¢ %** R Y
?:*ﬁ& R I AR R L ¢+ 4t 24 b gt ¢
m0§§§++@*; B

Suspected clinical samples

M C 1 2 34 5 6 7 8 19810:11 1231314 §5416 1718

M 38 39 40 41 42

M 19 20 21 22 2324 25 26 27 28 29 30 31 32 33 34 35 36 37

43 44 45 46 47 48 49 50 51 52 53 54 55 56 M 5758 59 6061 62 63 64 65 66 67

Fig. 5. Evaluation of clinical diagnostic potency of malaria silver QCM. Febrile samples (n=67) were collected from malaria endemic area. Malaria target DNA of each sample
was amplified and hybridized with malaria silver QCM (a). Analysis of malaria target DNA by agarose gel electrophoresis was performed to confirm the presence of correct

DNA target (b).
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Results in Fig. 5 demonstrate high false reports of malaria by
routine microscopy. This might be related to low parasitemias and
inexperienced examiners (Swan et al., 2005). In addition, mixed
infections are always undetectable by microscopy.

The RDTs based on identification of the histidine-rich protein 2
(HRP2) antigen was used to confirm the presence of P. falciparum,
either single or mixed infection. But the RDTs can differentiate
only falciparum from non-falciparum malaria by examined num-
ber of chromatographic bands (Wongsrichanalai et al., 2007).
However, it was reported that cryptic P. falciparum infections can
be revealed in approximately 75% of cases by HRP2-based RDTs
(Koita et al., 2012). Identification of cryptic P. falciparum in mixed
species infection cannot avoid confirmation at the gene level.

Agarose gel electrophoresis analyzed the amplified target DNA
by illumination under UV light after staining with carcinogenic
ethidium bromide. Ethidium bromide has disadvantages of being
mutagenic and toxic although most uses in the laboratory are
below the level required for toxicity (Kirsanov et al., 2010). Also,
UV rays have been blamed for the high incidences of skin cancer
(Ananthaswamy and Pierceall, 1990). These disadvantages are
limitations of using agarose gel electrophoresis in clinical labora-
tory. However, no hazardous material or reagents are used in
development of malaria silver QCM. To be used in malaria
diagnosis, blood was collected and DNA was extracted, amplified
and hybridized with the QCM. With an improved drying step, all of
these processes took not more than 4 h (Wangmaung et al., 2013).
The frequency counter can be locally created from general electro-
nic components and costs around $30/unit (Chomean et al., 2010;
Potipitak et al., 2011). As shown in our first silver QCM develop-
ment (Wangmaung et al., 2013) we showed that the detection
limit, specificity and stability of the immobilized DNA probes on
silver QCM were not different from those of gold QCM. The
analysis expense of silver malaria QCM is around $1/case which
is 10 x cheaper than that of gold QCM (Wangmaung et al., 2013).
The average expense of other conventional PCR based malaria
diagnosis such as agarose nested-PCR and real-time PCR was $2.2
(Bass et al., 2008) and $3.3 (Khan et al., 2013), respectively.
Moreover, most malaria molecular diagnoses are hard to access
because of either requirement of sophisticated devices and per-
sonnel expertise (Kho et al., 2003) or of high analysis cost (Swan
et al., 2005).

4. Conclusion

A malaria silver QCM was developed to diagnose malaria
infection by either P. falciparum or P. vivax. Also, mixed species
infection of both strains was clearly identified especially in cases of
cryptic P. falciparum. Genomic DNA of tested blood was extracted.
Target DNA was amplified by multiplex PCR containing one
common forward and two reverse primers, one specific for P.
falciparum and the other for P. vivax. The amplified target DNA was
then hybridized with specific probe immobilized on silver QCM.
Difference of deposited mass after hybridization induced different
quartz frequency shifts which were measured by a locally pro-
duced counter. Validation and clinical evaluation demonstrated
high potency of molecular diagnosis of malaria silver QCM. It is
accurate, precise, simple, rapid and cheap. The malaria silver QCM
is stable at tropical temperature for up to 180 days, indicating its
field applicability. The malaria silver QCM is suitable for malaria

endemic area where sophisticated and expensive medical care is
hardly accessible.
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