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ABSTRACT

This manuscript describes a new technique for detecting single-nucleotide polymorphisms (SNPs) by
integrating a leaky surface acoustic wave (LSAW) biosensor, enzymatic DNA ligation and enzymatic sig-
nal amplification. In this technique, the DNA target is hybridized with a capture probe immobilized on
the surface of a LSAW biosensor. Then, the hybridized sequence is ligated to biotinylated allele-specific
detection probe using Taq DNA ligase. The ligation does not take place if there is a single-nucleotide
mismatch between the target and the capture probe. The ligated detection probe is transformed into a
streptavidin-horseradish peroxidase (SA-HRP) terminal group via a biotin-streptavidin complex. Then,
the SA-HRP group catalyzes the polymerization of 3,3-diaminobenzidine (DAB) to form a surface precip-
itate, thus effectively increasing the sensitivity of detecting surface mass changes and allowing detection
of SNPs. Optimal detection conditions were found to be: 0.3 mol/L sodium ion concentration in PBS, pH
7.6, capture probe concentration 0.5 wmol/L and target sequence concentration 1.0 wmol/L. The detec-
tion limit was found to be 1 x 1012 mol/L. Using this technique, we were able to detect a single-point

mutation at nucleotide A2293G in Japanese encephalitis virus.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Single-nucleotide polymorphisms (SNPs) are considered to be
third-generation genetic markers (Gao et al., 2005). SNPs have been
exploited in various gene analysis applications, such as the identi-
fication of pathogenic microorganisms, analyses of drug resistance
in clinics and early diagnoses of genetic disorders (Hirschhorn and
Daly, 2005; Shastry, 2009). Therefore, a fast, simple and economic
technique for identifying SNPs is required for accurate clinical diag-
noses of genetic disorders and the design of appropriate treatments.

A variety of biosensors have been widely used in the detec-
tion of SNPs because of their high selectivity and sensitivity, short
analysis cycle, low cost and suitability for continuous analyses of
complex systems. Currently, biosensing of SNPs is based on the
following principles: single-base extension (Patolsky et al., 2001),
molecular beacon (Mao et al., 2008), protein-DNA binding (Su
et al.,, 2004) and rolling circle amplification (Li et al., 2010; Zhang
et al., 2009). Although these techniques are able to detect single-
nucleotide mutations, they have several major disadvantages, such
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as complex procedures, long analysis cycle and insufficient sensi-
tivity/specificity. Compared with these techniques, SNP detection
via enzymatic DNA ligation is simple to operate and offers high
specificity. When a capture and detection probe perfectly match
a target sequence, they can be connected via a phosphate diester
structure by DNA ligase. In contrast, if the probe hybridizes with
the target sequence with a single-nucleotide mismatch, the two
probes cannot be connected. This provides a reliable and highly spe-
cificapproach of detecting single-nucleotide mutations (Toubanaki
et al, 2009; Zhang et al., 2008; Zhou et al., 2009).

Leaky surface acoustic wave (LSAW) biosensors are a relatively
new technology (Inoue et al., 2007; Kushibiki and Ohashi, 2006).
The LSAW biosensors excite a LSAW based on a special orientation
of a piezoelectric crystal (e.g. a 36° rotated Y-cut X propagation
lithium tantalate (LiTaO3) piezoelectric single crystal). A LSAW is a
minimal vibration component that is perpendicular to the surface.
Therefore, the wave is potentially sensitive to any change in the
surface, such as mass loading, viscosity and conductivity changes.
With even a small mass loading, the LSAW experiences changes
in boundary conditions and thus responds to shifts in phase angle.
These variations offer a mechanism of sensitive detection of bio-
logical molecules based on their specific interaction on the surface
(Chung et al., 2006; Makkonen et al., 2006; Taziev, 2007). Com-
pared with traditional quartz crystal microbalances (Chen et al.,
2005; Luo et al., 2006; Yao et al., 2008), LSAW biosensors have
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remarkably high base frequencies, between 100 MHz and 2 GHz,
and can achieve substantially higher sensitivities.

In a previous study, we developed a peptide nucleic acid LSAW
biosensor for the rapid detection of human papilloma virus (Wang
etal., 2009). In this study, our objective was to develop a simple and
sensitive technique exhibiting high specificity for the rapid analy-
ses of Japanese encephalitis virus (JEV) in clinical laboratories. To
fulfill this goal, we developed a new SNPs biosensing technique by
combining enzymatic DNA ligation and biological signal amplifica-
tion.

2. Materials and methods
2.1. Materials

Attenuated live-vaccine strain (SA14-14-2, serial No: AF315119)
of JEV and virulent strain of JEV (P3, serial No: AY243844) were
obtained from the Center of Disease Control and Prevention
(Chongqging, China). The detection system was described in our
previous study (Wang et al., 2009).

2.2. Optimization of detection conditions

2.2.1. Effect of pH value of PBS buffer

The detection channel of LSAW biosensor was
surface-immobilized with capture probe (5'-SH-(CH2)6-
AAACACTTGGTGAACGGCTC-3’) (0.5uM) via thiol groups; PBS
buffer was added to the reference channel. The sensor was rinsed
three times with deionized water and dried in a nitrogen stream.
Then, both channels were filled with 72.0 nL of PBS (10 mM)
with a pH range (6.4, 6.8, 7.2, 7.6, 8.0 and 8.4) and the oscillating
signals from both channels were monitored. After the phase shifts
were stabilized, 1.0 pwmol/L Target-G (strain SA14-14-2: 5'-GGGG-
TCTTCAACTCCATAGG AAGAGCCGTTCACCAAGTGTTT-3") was added
to the channels. The sensor was maintained at 37°C to initiate
hybridization, the phase shifts of both the detection channel (P;)
and reference channel (P,) were determined, and the relative
phase shift attributed to the hybridization between capture
probe and Target-G was calculated by: APhase =P; —P,. The time
required for the reaction to reach equilibrium was also recorded.
The experiment was repeated four times.

2.2.2. Effect of ionic concentration of PBS buffer

The procedures are similar to those mentioned above. For immo-
bilization of the capture probe, both channels were filled with
72.0 L of PBS (pH 7.6) containing different concentrations of
sodium chloride (0.1, 0.2, 0.3, 0.6 mol/L). After the phase shift was
stabilized, 1.0 pmol/L Target-G was added into both channels. The
APhase and equilibrium time were recorded.

2.2.3. Effect of probe concentration

Capture probe, with a final concentration of 0.1, 0.5, 1.0 and
1.5 wmol/L, was immobilized on the surface of the detection chan-
nels. PBS (10 mM, pH 7.6) was added to the corresponding reference
channel. After the phase shift was stabilized, 1.0 pmol/L Target-G
was added into both channels. Similarly, the APhase and equilib-
rium time were recorded.

2.2.4. Effect of target sequence concentration

Capture probe (0.5 wM) was first surface-immobilized on the
detection channels of an LSAW biosensor as described above. Then,
0.1, 0.5, 1.0, 1.5 and 2.0 wmol/L of Target-G were added to both
channels. The APhase and equilibrium time were recorded.

2.3. SNPs analyses with LSAW biosensors

Fig. S1 (in Supplementary materials) showed the principles
of SNPs detection with LSAW biosensor. The immobilization
of capture probe was described above. 1.0 wmol/L Target-
G and Target-A (strain P3: 5-GGGGTCTTCAACTCCATAGGAAAA
GCCGTTCACCAAGTGTTT-3') were added separately to the detec-
tion channel and reference channel. Then, 0.5 wmol/L detection
probe (5’-Phosphate-TTCCTATG GAGTTGAAGACCCC-biotin-3") was
added to both channels. After rinsing with PBS, both channels were
filled with a solution containing 800.0 U/mLTaq DNAligase, and the
sensor was maintained at 45 °C for 35 min for ligation. Both chan-
nels were treated with 0.05 mol/L NaOH to initiate denaturation,
and then filled with 60.0 pL of SA-HRP solution. The sensor was
maintained at 37 °C for 30 min. After rinsing again with PBS buffer,
both channels were filled with 20.0 L of DAB solution. The APhase
and equilibrium time were recorded.

2.4. Determination of detection limit of LSAW biosensors

Different concentrations (1 x 1076,1x1077,1x1078,1 x 1079,
1x10719, 1x 101! and 1 x 10-2mol/L) of Target-G were ana-
lyzed with the LSAW sensors as described above to evaluate the
detection limit for this target sequence.

2.5. Detection of SNPs in JEV strains

A mutant strain (SA14-14-2) and a wild-type strain (P3) of JEV
were analyzed with our LSAW biosensors to investigate detection
potential with clinically relevant viruses. RNA was extracted from
each strain following instruction of the QIAGEN kits and amplified
by RT-PCR. The PCR products were denatured at 95°C for 5 min,
and then flash-frozen to yield single DNA chains of SA14-14-2 and
P3. The corresponding single chains were analyzed with the LSAW
sensors as described above.

2.6. Data analyses

Phase shift data were presented as mean + standard deviation
and analyzed by one-way ANOVA (SPSS 13.0, SPSS, Chicago, IL,
USA). A p-value of less than 0.05 was considered statistically sig-
nificant.

3. Results and discussion
3.1. Effect of PBS buffer pH

Our investigation of the optimal conditions for the hybridiza-
tion between nucleic acid molecules revealed that the suitable pH
range value for hybridization was narrow. The APhase (Fig. 1Aa)
increased significantly from pH 6.4 to 7.6 (p<0.01) and decreased
at pH > 7.6. The time required to reach equilibrium increased slowly
from pH 6.4 to 8.4 (Fig. 1Ab). The coefficients of variation (CVs) were
shown in Table S1(Supplementary materials). Considering these
two parameters, we determined the optimal pH to be 7.6. This indi-
cates that the most suitable environment for hybridization occurs
in slightly alkaline conditions, probably because under such con-
ditions the analytes or the probes reach their isoelectric point(s)
and can hybridize more efficiently. Moreover, change in surface
charge density with pH may be also partially responsible for this
pH-dependent behavior.

3.2. Effect of PBS buffer ionic concentration

Sodium ion concentration substantially affected the hybridiza-
tion process. The APhase increased significantly (p <0.01) (Fig. 1Ba)
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Fig. 1. Optimization of detection conditions; A: Effect of different pH value on (a) APhase and (b) equilibrium time vs. pH 7.6 group; B: Effect of different ion concentrations
on (a) APhase and (b) equilibrium time vs. sodium concentration of 0.3 mol/L group; C: Effect of different capture probe concentrations on (a) APhase and (b) equilibrium
time vs. 0.5 wmol/L probe group; D: Effect of different target concentrations on (a) APhase and (b) equilibrium time vs. 1.0 umol/L Target-G group. Error bars indicate the

standard deviation (n=4), *p<0.05. **p<0.01.

when sodium ion concentration increased from 0.1 mol/L to
0.3 mol/L and reached the plateau at 0.3 mol/L. The time to equi-
librium was significantly shorter at a sodium ion concentration
of 0.1 mol/L (p<0.01) (Fig. 1Bb) and remained similar at other
concentrations. The CVs were shown in Table S1. The results
showed that 0.3 mol/L was optimal ionic strength for probe-target
hybridization, probably because of the electrostatic interactions
between the DNA fragments. DNA fragments contain many neg-
atively charged phosphate molecules that repel each other in
solution. At an appropriate ionic strength, cations in the solu-
tion can be electrostatically attracted to phosphate groups, thus
reducing the repulsion between fragments and facilitate their
hybridization.

3.3. Effect of probe concentration

The phase shift increased slightly (Fig. 1Ca) with capture probe
concentrations ranging from 0.1 wmol/L to 0.5 wmol/L and then
decreased from 0.5 pmol/L to 1.5 pmol/L. Compared with the low-
est concentration of 0.1 wmol/L, the APhase at 1.5 wmol/L was
significantly lower (p<0.01). The time to equilibrium (Fig. 1Cb)
increased slightly from 0.1 wmol/L to 1.5 pmol/L, but the trend
was not statistically significant (p>0.05). The CVs were shown in
Table S1. The results showed that 0.5 wmol/L probe produced the
highest sensitivity, whilst a further increase in probe concentration
yielded a reduced sensitivity. This spatial arrangement of the probe
molecules may explain the probe-concentration-dependent behav-
ior. When the probe concentration rises above the threshold, the
probe molecules are densely packed on the gold surface and pro-
vide limited space for the target sequences to enter and hybridize.
In addition to this spatial restriction, the electrostatic repulsion
between DNA fragments may also contribute to the changes in
sensitivity with probe concentration.

3.4. Effect of target sequence concentration

Target sequence concentration plays an important role in the
hybridization of nucleic acid molecules. The APhase increased
significantly (p<0.05) (Fig. 1Da) when Target-G concentrations
increased from 0.1 pwmol/L to 1.0 wmol/L, decreased slightly
between 1.0 wmol/L and 1.5 wmol/L, and remained stable between
1.5 pmol/L and 2.0 pwmol/L (Fig. 1Da). The time to equilibrium was
similar at all concentrations (Fig. 1Db). The optimal Target-G con-
centration was determined to be 1.0 wmol/L.

3.5. Detection of SNPs in experimental target sequences

The phase shifts were similar after hybridization with Target-A
(2.00° +0.24°) or Target-G (2.20° +0.16°). However, after further
enzymatic amplification, the phase shifts became significantly
different; 0.70°+0.08° in the case of Target-A compared with
15.00° £1.47° in the case of Target-G (Table 1), These results con-
firm that the LSAW biosensor could reliably detect SNPs in DNA
fragments. The CVs of Target-A and Target-G were 12.00% and 7.27%
for hybridization, 11.43% and 9.80% for enzymatic amplification,
respectively.

Sensitivity is animportant characteristic of biosensors. Although
the LSAW biosensor can provide high sensitivities, it is still difficult
to detect single-nucleotide mutations without further amplifica-
tion. Effective signal amplification is critical for enhancing the
sensitivities of SNP detection. Previous studies have addressed this
problem by tagging probes with markers, such as hydrogen per-
oxidase (Zhang et al., 2008), liposomes (Kumanan et al., 2009;
Nugen et al., 2007), biotin or nanoparticles (Li et al., 2006; Yeh
et al., 2010). Some have also amplified the signal by using pep-
tide nucleic acids (Al Attar et al., 2008; Kerman et al., 2008). In
this study, HRP-catalyzed DAB polymerization-precipitation was
used for signal amplification. The LSAW biosensor showed an excel-
lent response at >1 x 10~12 mol/L Target-G, and the signal could
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Table 1

Signals obtained from different target sequences before and after enzymatic amplification (mean + standard deviation).

Target-A

Target-G

Hybridization

Enzyme amplification

Hybridization Enzyme amplification

Mean S.D. CV (%) Mean S.D. CV (%) Mean S.D. CV (%) Mean S.D. CV (%)
APhase (degree) 2.00 0.24 12.00 0.70 0.08 1143 2.20 0.16 7.27 15.00° 1.47 9.80
Equilibrium time (min) 33.00 6.78 20.55 40.00 4.08 10.20 33.25 3.10 9.32 50.00 10.80 21.60

Measurements are APhase and equilibrium time of the LSAW biosensor after hybridization between detection probe and different target sequences and subsequent ligation.
" Indicates p<0.01 compared with hybridization with Target-A after enzymatic amplification.
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Fig. 2. (a) Electrophoresis gel of RNAs extracted from (lane 1) JEV strain SA14-14-2 and (lane 2) strain P3; M shows DNA Markers (DL 2000); (b) real-time detection signals

for strains SA14-14-2 and P3 of Japanese encephalitis virus (1 nmol/L).

not be differentiated from the background below this Target-G
concentration. Thus, the detection limit for Target-G was deter-
mined tobe 1 x 10~12 mol/L. Additionally, the phase shift was linear
with the logarithm of the Target-G concentration within the range
of 1x10712 to 1 x 1079 mol/L (AP=1.853IgC+22.235, r=0.976)
(shown in Fig. S2 in Supplementary materials).

3.6. Analyses of clinically relevant samples

The virulence-associated genes of JEV are concentrated in the
E-protein coding region (Roehrig, 2003; Zhao et al., 2005), and
a single-point mutation in this region can result in substan-
tial changes in neurovirulence and invasiveness. A mutation at
nucleotide A2293G causes an amino acid change from Lys to Arg
at the position E439 in E protein. So far, this single-point mutation
is found in all known attenuated JEV strains (Chambers et al., 2007).
Therefore, it provides a critical marker for the detection of SNPs in
different strains of JEV.

In this study, we demonstrated the detection of the viral strains
SA14-14-2 and P3 using LSAW biosensors. The results revealed that
analysis of the PCR product (Fig. 2a) of strain SA14-14-2 with a
LSAW sensor (Fig. 2b) generated a phase shift of 3.65° £ 0.13° (n=4),
compared with 0.56° 4+ 0.08° (n=4) from strain P3. The difference
between the two results was statistically significant (p <0.01). JEV
has been detected with immunosensors in previous studies, but
immunosensors could not detect the single nucleotide mutation
(Li et al., 2011; Yuan et al., 2005). However, compared with the
detection of the Target-G during the optimization of experimental
conditions, the detection of SA14-14-2 produced a substantially
smaller signal. The reduced signal intensity may be attributed to
two factors. Firstly, Target-G is a shorter fragment (42 bp) and thus
can more easily hybridize with capture probe. In comparison, the
target fragment for SA14-14-2 is longer (994 bp) and hybridizes

with the capture probe at a lower efficiency. Secondly, single-chain
PCR products may undergo a gradual renaturation and compete
with capture probe for hybridization, and thus negatively affect
the detection sensitivity.

4. Conclusions

In this study, we developed a new technique based on a LSAW
biosensor, enzymatic DNA ligation and enzymatic signal amplifi-
cation for the detection of SNPs. This technique is easy to operate,
requires no labels and is suitable for real-time dynamic detection.
However, the CV values of hybridization and enzyme amplifica-
tion were not very good which means the reproducibility of our
detection system still leaves room for improvement. Furthermore,
a PCR procedure is still required, which means a long detection
period compared to other experiments (Chen et al., 2005). This new
technique can be potentially used for diagnosis of other pathogenic
microorganisms or some genetic diseases such as the thalassemia.
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