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ABSTRACT

Water is one major pathways by which the white spot syndrome virus (WSSV) pathogen enters aquacul-
ture facilities. This paper describes the production and use of a capacitive biosensor for the quantitative
detection of as little as 1 copy/wl of WSSV in shrimp pond water. A glutathione-S-transferase tag for
white spot binding protein (GST-WBP) was immobilized on a gold electrode through a self-assembled
monolayer. Binding between WSSV and the immobilized GST-WBP was directly detected by a capacitance
measurement. Under optimum conditions, the capacitive biosensor detected WSSV over a wide linear
range of between 1 and 1 x 10° copies/l. The system was highly selective for WSSV. One analysis cycle
required only 20-25 min of analysis time and 25 min of regeneration time. The capacitive biosensor was
applied to analyze WSSV concentration in eight shrimp pond water samples and the results were in good
agreement with those obtained by a real time quantitative polymerase chain reaction (real-time PCR)
method (P> 0.05). The immobilized GST-WBP provided and could be reused for up to 39 analysis cycles
for one electrode preparation with a relative standard deviation (RSD) of 2.4% and a good reproducibility
of residual activity (95.8 + 2.3%). The appealing performance of this biosensor indicated that it had great

potential for an accurate very sensitive, quantitative, detection method for WSSV.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Shrimp cultivation has been a major industry of Thailand since
the late 1980s (Flegel, 2006). The industry employs about one mil-
lion people nationwide, and exports about US$2 billion of shrimp
per year (Flegel, 2006; Tanticharoen, 2008). However, the culti-
vation and exportation of shrimp has been affected by infectious
outbreaks of white-spot syndrome virus (WSSV) (Tanticharoen,
2008) that can cause high mortality rates, reaching 100% within
3-10 days (Lightner, 1996; Chen et al., 2002).

A number of diagnostic tools have been used to detect WSSV.
Qualitative methods include conventional polymerase chain reac-
tion (PCR) (Lo et al, 1996; Esparza-Leal et al,, 2009), in situ
hybridization (ISH) and immunological methods (Chen et al., 2002;
Wang and Zhan, 2006). Quantitative methods, include real-time
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polymerase chain reaction (real-time PCR) (Tan et al., 2001; Dhar
et al., 2001; Sritunyalucksana et al.,, 2006; Yuan et al.,, 2007)
and real-time loop-mediated isothermal amplification (RT-LAMP)
(Kono et al., 2004). However, these assays are quite expensive,
require many steps as well as an expert operator (Rajendran et al.,
2005; Mekata et al., 2009). In addition, these methods have been
mainly used for the detection of WSSV in shrimp tissues, car-
rier animals and sediments (Lightner, 1996; Hossain et al., 2001,
2004; Hameed et al., 2005; Natividad et al., 2008). However the
major pathway of WSSV entering the aquaculture facilities is by
water (Cohen et al., 2005; Quang et al., 2009) and at present there
are no treatments available to control the disease, except perhaps
for expensive water filtration and disinfection methods (Lightner,
2005). Therefore, a sensitive, specific and rapid method to detect
WSSV in water would be very useful for the detection of WSSV
contamination before stocking ponds and to monitor the WSSV
spread during shrimp cultivation. To fulfill these requirements the
label-free capacitive affinity biosensor based on potential step per-
turbation is an interesting approach.

The principle of this potentiostatic step capacitive biosensor is
based on the electrical double-layer theory. An electrode at which
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no charge transfer can occur across the metal-solution interface
when the potential across it is changed can be represented by a
capacitor (Bard and Faulkner, 2001). Charged species and dipoles
of the solution will be oriented at the electrode-solution inter-
face making up the electrical double-layer (Berggren et al., 2001).
The binding of the analyte to the immobilized recognition element
on the electrode surface leads to a thicker dielectric layer on the
electrode-solution interface (Gebbert et al., 1992) pushing the ions
and water molecules further from the electrode surface and causing
the capacitance to decrease (Berggren et al., 2001). This capacitive
biosensor, using potential step perturbation has been successfully
applied as a sensitive technique for the direct detection of affin-
ity reaction, such as antibody-antigen (Berggren and Johansson,
1997; Mirsky et al., 1997; Hedstrom et al., 2005; Limbut et al., 2006;
Loyprasert et al., 2008; Suwansa-ard et al., 2009), protein-DNA
(Numnuam et al., 2009) and protein-heavy metal ions (Bontidean
etal., 1998). This relative low cost electrochemical detection system
can provide a low detection limit and high sensitivity.

To detect WSSV, a biorecognition element that is specific to this
virus is required. At the Center for Genomics and Bioinformatics
Research, Faculty of Science, Prince of Songkla University, Hat-Yai,
Songkhla, Thailand, a white spot binding protein (WBP) that can
bind specifically to the VP26 envelope protein on WSSV has been
cloned from a WSSV infected black tiger shrimp (Penaeus monodon)
(Youtong et al., 2011). Due to the short amino acid sequence of
the WBP (MW =3 kDa), it was fused to glutathione-S-transferase
(GST, MW =29kDa) and is called glutathione-S-transferase tag
white spot binding protein (GST-WBP, MW =32 kDa). This GST-
WBP would be a good recognition element for the affinity detection
of WSSV.

In the present work, the proposed capacitive biosensor system
was used to detect WSSV present in trace amounts by immobiliz-
ing GST-WBP on a self-assembled thiourea monolayer, modified
gold electrode. Parameters affecting the response of the detection
system were first optimized. Under optimum conditions, the capac-
itive biosensor system was applied to determine the amount of
WSSV in water from real shrimp cultivation ponds and the results
were compared with those obtained by real-time PCR.

2. Materials and methods
2.1. Materials

Glutathione-S-transferase tag white spot syndrome virus bind-
ing protein (GST-WBP), white spot syndrome virus (WSSV) and
yellow head virus (YHV) stock solution were provided by the
Center for Genomics and Bioinformatics Research, Faculty of Sci-
ence, Prince of Songkla University, Hat Yai, Songkhla, Thailand. The
viral titer (8.5 x 107 copies/pl) was determined by real-time PCR.
Thiourea and glutaraldehyde were purchased from Sigma-Aldrich
(Steinheim, Germany), and Fluka (Buchs, Switzerland), respec-
tively. 1-Dodecanethiol was obtained from Aldrich (St. Louis, USA).
All other chemicals were of analytical grade. All buffers were
prepared with deionized water treated with a reverse osmosis-
deionized system (Millipore, Bedford, USA). Before use, buffers
were filtered through a nylon membrane filter (Albet, Spain, pore
size 0.20 wm) with subsequent degassing.

2.2. Immobilization of GST-WBP

A gold electrode (diameter 3.0 mm, 99.99% purity) was polished
(Gripo® 2V, Metkon Instruments Ltd., Bursa, Turkey) using alumina
slurries (Metkon, Bursa, Turkey) with particle diameters 5.0, 1.0
and 0.3 pm, respectively. It was then cleaned through sonication in
ethanol for 1 min and deionized water for 10 min, then by electro-

chemical etching in 0.5M H,SO4 using a potential from 0 to 1.5V
vs.an Ag/AgCl reference electrode (Metrohm, Herisau, Switzerland)
with a scanrate of 0.1 V/s for 25 scans. The electrode was then dried
with pure nitrogen gas.

One of the important requirements of the proposed capacitive
system is that the electrode surface needs to be insulated. If the
modified electrode is not isolated, it can induce a false-positive
signal (Wongkittisuksa et al., 2011). A self-assembled monolayer
(SAM) is one of the methods widely used for preparation of an insu-
lated surface. The cleaned gold electrode was immersed in 250 mM
thiourea solution at room temperature for 24 h (Limbut et al., 2006)
then thoroughly rinsed with deionized water. During this time
the thiourea self-assembled onto the electrode surface. The mod-
ified electrode was then treated with 5% (v/v) glutaraldehyde in
10 mM of sodium phosphate buffer pH 7.00 at room temperature
for 20 min to activate the aldehyde groups, rinsed with deionized
water and dried with nitrogen gas. Twenty microliters of 150 pg/ml
GST-WBP was placed on the electrode surface and left overnight
at 4°C for the binding between the GST-WBP NH,-terminal and
the activated aldehyde groups. The electrode was then rinsed with
10 mM Tris-HCl, pH 7.00 before immersingitin 1.0 M ethanolamine
pH 8.50 for 7 min to block any remaining reactive sites of the alde-
hyde groups that were not coupled with the GST-WBP. This was
followed by immersing the electrode in 10 mM 1-dodecanethiol
ethanolic solution for 20 min to block any pinholes on the electrode
surface.

2.3. Capacitance measurement

A flow injection capacitance measurement system was set-up
as shown in Fig. 1. The modified gold electrode (working elec-
trode), stainless steel tube (auxiliary electrode) and a custom made
Ag/AgCl (reference electrode) were placed in a custom-made mea-
suring flow cell (10 1) and they were connected to a potentiostat
(Model EA161,EDAQ, New South Wales, Australia). In this potentio-
static step capacitive system the non-faradaic signal is monitored.
Since the electrode surface is totally insulated the system acts like
a simple RC circuit (Fig. 2(a)). The capacitance measurement was
performed by applying 50 mV potential step pulses (pulse width
6.4ms) on the working electrode, one pulse per min (Fig. 2(b)).
Although the charge does not cross the interface, the transient
external current can flow (Bard and Faulkner, 2001). This transient
current response (Fig. 2(c)) can be described by Eq. (1):

} (1)

. u —t
l(t) B Rs xp [RSCtotal
where i(t) is the current response expressed as a function of time,
u the pulse potential applied, Rs is the electrical resistance of ele-
ments serially connected to the layer, t the time elapsed after the
potential step was applied, and Ci¢,; is the total capacitance mea-
sured at the working electrode/solution interface (Berggren et al.,
2001; Jiang et al., 2003). Eq. (2) was obtained by taking the loga-
rithm of Eq. (1)

u t

Ini(t)=In— - =——
( ) Rs RSCtotal

(2)

Ciotal and Rs could then be calculated from the slope and inter-
cept of the linear least-square fitting of In i(t) vs. t (Fig. 2(d)). The
obtained capacitance (Cyy) Of each current response was then
plotted as a function of time, one per min (Fig. 2(e)).

For a typical analysis the running buffer was first injected
to obtain the baseline capacitance (Fig. 2(e)). When WSSV was
injected it bound to the immobilized GST-WBP resulting in a
decrease of Cyy (Figs. 1 inset and 2(e)). The capacitance change
(AC) that corresponded to the concentration of WSSV could then
be obtained from the measured capacitance before (Cgst-wsp) and
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Fig. 1. Schematic diagram of the flow injection capacitive biosensor system. GST-WBP was immobilized on the electrode surface via SAM of thiourea and the remaining
pinholes on the electrode surface were blocked with 1-dodecanthiol. The total capacitance measured at the working electrode/solution interface (Ciotar) is from Csam: the
capacitance of the self-assembled thiourea monolayer, Cest-wpp: the capacitance of the immobilized GST-WBP and Cwssy: the capacitance of the WSSV analyte interaction

(modified from Numnuam et al., 2009).

after (Cgst-wap, wssv) the binding between GST-WBP and WSSV (Eq.
(3))

AC = Cgst-wap,wssv — CasT-wBp

(3)

Then, a regeneration solution was injected to break the binding
between the immobilized GST-WBP and WSSV followed by a con-
tinuous flow of running buffer that returned the capacitance to the
baseline for a new measurement.

2.4. Optimization and performance of the capacitive system

The operating conditions (Table 1) of the flow injection capac-
itive biosensor system were optimized. Studied parameters were:
the composition, pH, and concentration of the regeneration solu-
tion, the pH and concentration of the running buffer, flow rate and
sample volume. The optimization was performed by changing a
single parameter while keeping other parameters constant. Each
tested value was carried out in triplicate. The optimum value was
chosen by keeping a balance between a high response and a short
analysis time. The regeneration solution was the first parameter
optimized followed by the running buffer, sample volume and flow
rate, respectively, using 100 copies/pl of the WSSV standard. Using
the optimum conditions, the capacitive biosensor system perfor-
mance such as its linear range and limit of detection were studied.

2.5. Determination of WSSV in pond water used for shrimp
cultivation

Shrimp pond water samples were collected from eight differ-
ent cultivation ponds in three provinces. One from Satun, another

from Songkhla, and six others from Surat Thani, Thailand. All
samples were analyzed by the flow injection capacitive biosen-
sor system under optimum conditions. The same samples were
also tested with a quantitated real-time PCR (COBAS Tag Man
48, Roche, USA). Real-time PCR in a 25 pl reaction containing
12.5 pl of iQ"™SYBR®Green Supermix (Roche, Germany), 20 pmol
of each primer and 1 pl of supernatant solution was performed
by using the fluorescence detection Mx3000P™ (Stratagene, La
Jolla, CA). The primer was designed from the shrimp white spot
syndrome virus isolate Japan 98 VP19 gene, GenBank accession
number AY249447.1. The forward primer and reverse primer
were VP19-FB: 5’CGGGATCCATGGCCACCACGACT AA3, VP19-RX:
5'GCCTCGAGCCTGATGTTGTGTTTTCTATA3' respectively. The PCR
was performed according to Youtong et al., 2011. PCRs were con-
ducted with the initial denaturation step at 95 °C for 5 min, followed
by 40 cycles of 94 °C for 0.3 min, 59 °C for 1 min and 72 °C for 1 min.
The standard curve for quantification of the VP19 gene was pre-
pared using serial dilutions of the linearized purified PCR product
of the VP19 gene. The dynamic range of detection was determined
by preparing 10-fold serial dilutions of the VP19 gene in the range
of 1 x 109-1 x 10! copies/pl and used as a standard curve for quan-
tification of the WSSV concentration.

3. Results

3.1. Electrochemical characterization of the modified gold
electrode

Insulation of the electrode surface is an important condition of
the proposed capacitive system and the degree of insulation of the
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Fig. 2. Capacitance measurement. (a) The system can be represented by an RC equivalent circuit consisting of the electrical resistance of elements serially connected to the
layer (Rs) and the total capacitance measured at the working electrode/solution interface (Cyotar ). (b) The potential step pulse with a 0 mV initial potential and an amplitude of
50 mV (one per minute, pulse width = 6.4 ms) was applied to the working electrode (vs. a Ag/AgCl reference electrode). (c) The obtained transient current decayed exponentially
as described by the equation. (d) Taking the logarithm of the equation Cioy) and Rs could be obtained from the slope and intercept of the linear least-square fitting of In i(t)
vs. t. (e) The obtained Ce, of each pulse was then plotted as a function of time. A baseline capacitance (Cgst-wpp) Was first obtained by passing through the running buffer
(30 pl/min). When standard WSSV (300 w1, 100 copies/l) was injected into the continuous flow buffer, the binding between WSSV and the immobilized GST-WBP caused
the capacitance to decrease (Cest-wap, wssv) (ACq). The regeneration solution (25 mM Gly-HCl, pH 2.40) was then injected to break the binding of the affinity binding pair,
and the capacitance increased because of the higher ionic strength. The capacitance returned to the original baseline following a continuous flow of buffer, ready for a new
analysis.
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Table 1
Tested parameters and the optimum values of the flow injection capacitive biosensor for WSSV.
Parameters Tested Optimum
Regeneration solution
Type HCl, pH 2.40 25 mM Glycine-HCl, pH 2.40
25 mM Glycine-HCl, pH 2.40
NaOH, pH 9.00
25 mM MgCl,
pH 2.20, 2.40, 2.60, 2.80 2.40
Concentration (mM) 10, 25, 50, 75, 100 25
Running buffer
Tris-HCl buffer
pH 7.00, 7.50, 7.80, 8.00, 8.20, 8.50 8.00
Concentration (mM) 10, 20, 25, 30, 50 25
Flow rate (pl/min) 25,30, 50,70, 100 30
Sample volume (1) 150, 250, 300, 500, 750 300

modified gold electrode after each immobilization step was exam-
ined by cyclic voltammetry (Eco Chemie p-autolab B.V., Utrecht,
Netherland) with 5mM Ks[Fe(CN)g)] in 0.1 M KCl between —0.3
and 0.7V at a scan rate of 0.1 V/s vs. a Ag/AgCl electrode. A voltam-
mogram of the cleaned gold surface showed the oxidation and
reduction peaks (Fig. 3, curve a). Both peaks decreased when the
SAM of thiourea was formed on the gold surface (Fig. 3, curve b). The
insulating property of the electrode surface was further decreased
when glutaraldehyde was reacted to thiourea and the GST-WBP
was immobilized (Fig. 3, c and d, respectively). The modified elec-
trode surface was then reacted with ethanolamine pH 8.50; this
step was to occupy all the remaining aldehyde groups that had
not coupled to the immobilized GST-WBP. Then the electrode sur-
face was completely insulated by treatment with 1-dodecanethiol
which was shown by the disappearance of the redox peaks (Fig. 3,
curve e).

3.2. Optimization of the flow injection capacitive biosensor

The initial conditions used for the optimization of the flow injec-
tion capacitive biosensor were, running buffer 10 mM Tris-HCl
buffer pH 7.00, flow rate 30 wl/min and sample volume 300 vl
(100 copies/wl of standard WSSV in running buffer). When the opti-
mum level of a parameter was obtained it was used for optimization
of the following parameters.

15
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Fig. 3. Cyclic voltammograms of modified gold electrode with 5 mM Ks[Fe(CN)g] in
0.1 M KCI solution at a scan rate of 0.1V/s vs. Ag/AgCl reference electrode, (a) clean
gold electrode, (b) modified with SAM of thiourea, (c) activated by glutaraldehye,
(d) immobilized GST-WBP and (e) blocking any pinholes on the electrode surface by
1-dodecanethiol.

3.2.1. Regeneration solution

When WSSV became bound to the immobilized GST-WBP on the
electrode surface the capacitance decreased. After each analysis,
WSSV needs to be removed to regenerate the electrode surface for
a new measurement. The efficiency of the regeneration solution
was determined by the residual activity calculated from the signal
caused by the binding of GST-WBP to WSSV before (AC;) and after
(AGCy) regeneration (Fig. 2) as follows:

AG, x 100
AC;

Regenerating agents of low pH (25 mM glycine-HCI, pH 2.40 and
HCI, pH 2.40), of high pH (NaOH, pH 9.00) and a high ionic strength
agent (25 mM MgCl,) were evaluated. The high pH reagent, gave
the lowest residual activity (76+12%). A higher residual activ-
ity was obtained from the high ionic strength reagent (87 & 3%).
The most effective was the low pH reagent where the HCI pro-
vided 93 £ 3% of residual activity and 97 +4% was obtained from
the glycine-HCI reagent (Fig. 4(a)). Therefore, a pH of 2.20-2.80 of
a 25mM glycine-HCI reagent was further investigated. The high-
est residual activity was obtained using a pH of 2.40 (98 +2%)
(Fig. 4(b)). Then the concentration (10-100 mM) at pH 2.40 was
studied and the highest residual activity was obtained at 25 mM
(97 £ 3%) (Fig. 4(c)). Therefore, 25 mM glycine-HCI at a pH of 2.40
was used as the optimal regeneration solution.

Residual activity (%) = (4)

3.2.2. Running buffer

Tris—-HCI buffer was used as the running buffer in the capacitive
system because it provided a high capacitance change and a sta-
ble baseline for many analytes (Loyprasert et al., 2008; Numnuam
et al., 2009; Suwansa-ard et al.,, 2009). Using 10 mM Tris-HCl
buffer, the influence of pH (7.00-8.50) was investigated. The capac-
itance change increased with pH from 7.00 to 8.00 and then
decreased. The maximum capacitance change was obtained at pH
8.00 (64 + 4 nF/cm?) (Fig. 5(a)). This is probably because the iso-
electric point (pI) of the GST-WBP is 9.20 and the pl of the virus
protein is 4.60 (Van Hulten et al., 2000, 2002). Therefore, at a
pH of 8.00 GST-WBP had positive charge and WSSV had negative
charge and this helped with the binding. Then the effect of Tris-HCl
concentration (10-50mM) at pH 8.00 was studied. The capaci-
tance change increased with concentration, reaching a maximum
at 25 mM (83 =4 nF/cm?) and then decreased (Fig. 5(b)). Therefore,
25 mM Tris-HCI at a pH of 8.00 was used as the running buffer.

3.2.3. Flow rate

In a flow injection biosensor system, the flow rate was one of
the factors to affect the yield of interaction between the affinity
binding pair. Optimization of the flow rate (25-100 wl/min) was
carried out by injecting 300 .l of 100 copies/l of WSSV. The capac-
itance change increased when the flow rate decreased (Fig. 5(c)).
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This is because a lower flow rate provided a longer contact time
between the GST-WBP and WSSV. However, between the two low-
est flow rates the capacitance change of 25 pl/min (84 + 2 nF/cm?)
and 30 pl/min (83 + 2 nF/cm?) were not much different (1.3%) but
the analysis time for 30 pl/min was shorter than for 25 wl/min
(25 min compared to 30 min), therefore, the 30 wl/min was chosen.

3.2.4. Sample volume

The sample volume was studied between 150 and 750 .l. The
capacitance change increased with sample volume up to 300 vl
(82 + 2 nF/cm?) (Fig. 5(d)). After 300 wl the change in capacitance
reached a maximum plateau. So, 300 .l was chosen because it can
provide a high response and a short analysis time (25 min).

The optimal conditions are summarized in Table 1.

3.3. Linear dynamic range and detection limit

Standard WSSV solutions that ranged from 1 to 106 copies/ul
were tested under optimum conditions (Table 1). The experiment
was carried out in triplicate for each concentration. Fig. 6 shows
examples of capacitance responses after injection of 1 copy/wl and
100 copies/l of WSSV standard solutions compared to the blank
(the running buffer). The capacitance response (AC) increased with
the concentration. Although a small decrease of capacitance was
detected after a blank injection, the response was always small
compared to the ACwhen WSSV was injected. AC due to the blank
solution also only lasted as long as the volume of the blank solu-

tion was passing through the sensing surface then the capacitance
returned to its original baseline (Fig. 6 inset (a)). However, when
WSSV was injected (followed by the running buffer) the capaci-
tance decreased and remained at this new stable value (Fig. 6 inset
(b)), until the regeneration solution was injected to break the bind-
ing between the immobilized GST-WBP and the WSSV. Fig. 7(a)
shows the calibration plot for WSSV. A linear relationship between
the capacitance change and the logarithm of WSSV concentration
was obtained from 1 to 10° copies/pl (r=0.9957). The detection
limit was 1copy/pl, based on the IUPAC Recommendation 1994
(Buck and Lindner, 1994).

3.4. Reproducibility

Reproducibility was investigated at optimum conditions by
continuously detecting the change of capacitance at the same
concentration of standard WSSV (100 copies/pl) with subsequent
regeneration after each measurement to remove WSSV from the
immobilized GST-WBP on the electrode. The capacitance change
after regeneration was used to calculate the percentage residual
activity of GST-WBP by comparing the response to the initial capac-
itance change. The average residual activity of the first 39 analysis
cycles was 95.8 +2.3% after which the residual activity dropped
below 90%. That is, the modified electrode can be regenerated and
reused with good reproducibility for up to 39 times (RSD =2.4%).
The electrode was tested by cyclic voltammetry after being used.
The voltammogram was similar to the one obtained before the elec-
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trode was used, i.e. no redox peaks were observed (Fig. 3e). That is,
the decrease in the residual activity was not due to the loss of the
self-assembled monolayer but probably caused by the loss of either
the GST-WBP or its activity.

3.5. Selectivity

Yellow head virus (YHV) was used to test the selectivity of
the capacitive biosensor system. At the same concentration range
(1-10° copies/wl), YHV gave a very low response compared to
WSSV (Fig. 7(b)), and much lower than the response at the detec-
tion limit of WSSV. That is, the proposed method provided a high
specificity for detecting WSSV.

3.6. Matrix interference

High amounts of salt in real water samples can affect the capac-
itance response. One method to reduce this effect is by dilution.
However, WSSV in water needs to be detected at low concentra-
tion so dilution is not a realistic option. The effect of salt can also
be reduced by a desalting process using desalt columns (BIO-RAD,
Hercules, CA, USA). After this process salt was retained in the col-
umn and the sample passed through. The influence of salts and
other matrix interferences present in real water sample were first
studied. A real water sample from a shrimp pond was filtered by
a filter membrane (pore size 0.2 pm, Millipore, Bedford, USA) to
remove WSSV that might come with the water (Esparza-Leal et al.,
2009). Then it was spiked with 4 different concentrations of WSSV
(1,25, 50 and 100 copies/.l) followed by the desalting process. The
conductance of the water was measured (Conductivity Meter 4310,
Jenway, Staffordshire, UK) after the desalting process. The process
was repeated until the conductance of the real water sample was
similar to that of the running buffer (300-330 .S), the number of
repeats depended on each water sample. The four spiked desalted
water samples were then injected into the capacitive system and
the responses were plotted vs. concentration. This was the “matrix
matched calibration plot”. The “standard calibration plot” (using a
standard solution of WSSV in running buffer) was also obtained
at the same concentration of WSSV. The slopes of both calibra-
tion plots were compared using two-way ANOVA, calculated by
R software (R Development Core Team, 2006) to test whether or
not they differ significantly. The slopes of the two calibration plots
showed significant differences (P>0.05). That is, the matrix has
some effect on the response. Therefore, for real water analysis a
matrix matched calibration plot was prepared and used to deter-

mine the WSSV concentration in the real water samples (Eurachem,
1998).

3.7. Recovery

To test the matrix matched calibration, recovery of the spiked
samples were investigated. A filtered real water sample (pore size
0.2 wm, Millipore, Bedford, USA) was used to prepare the spiked
WSSV standards (1, 25, 50, 100 copies/pl). The spiked samples
were desalted and analyzed by the capacitive system to obtain the
matrix match calibration plot. The filtered water was also spiked to
obtain 10 and 75 copies/p.l of testing solution of the WSSV. These
were also desalted before being injected into the capacitive system.
Capacitance changes were obtained for these two tested solutions.
These were used to calculate the WSSV concentrations from the
matrix match calibration plot. The concentrations obtained were
9.3+0.5and 72 + 2 copies/l. That is, the percentage recovery of 10
and 75 copies/wl were 93 +£5 and 97 + 3% respectively. Therefore,
the matrix matched calibration can be used to determine WSSV
in water sample. Filtered water that has been desalted was also
injected and tested as a control. The obtained signal was very low
and only calculated to be 0.08 + 0.07 copy/.l.

To further validate the method, recoveries were studied for all
eight real samples. A matrix match calibration plot for each sample
was first prepared as described above. Then the spiked samples (1,
25,50 and 100 copies/.l) were desalted and analyzed by the capac-
itive biosensor. The concentrations of WSSV were determined from
the matrix match calibration plots. The results showed average
recoveries between 68 and 127% with a relative standard deviation
(RSD) of between 3 and 19% (Table 2).

3.8. Real sample analysis

Each of the shrimp pond water samples (see Section 2.5) were
divided into two portions. One portion was filtered to remove
the existing virus, spiked with WSSV to obtain the concentrations
between 1 and 100 copies/l, treated with desalting columns and
used to prepare the matrix matched calibration plot. The other por-
tion was treated with a desalting column and then analyzed. The
obtained capacitance change (—nF/cm?) was used to determine the
WSSV concentration from the matrix matched calibration plot. The
results from the eight samples are shown in Table 3.

To validate the method, all samples were tested with real-time
PCR (Table 3). Comparison between the two analysis techniques
(samples 1-4 and 7-8, Table 3) was done by the Wilcoxon signed
rank test. The results indicated that there was no evidence of
systematic differences between the results obtained from the
capacitive biosensor system and real-time PCR (P> 0.05). That s, the
concentrations determined by the flow injection capacitive biosen-
sor and real-time PCR are in good agreement.

4. Discussion

This project has shown that the proposed capacitive biosen-
sor is a highly sensitive method for the quantitative detection of
WSSV in shrimp pond water samples. Under optimum conditions,
the capacitive biosensor provided linearity that ranged from 1 to
1 x 10° copies/pl, was rapid (20-25min), had a high selectivity
to a real time PCR WSSV analysis, and an extremely low detec-
tion limit of 1 copy/pl. The proposed biosensor provided a much
better detection limit than other methods such as real-time PCR
that gave a detection limit of 20 copies/l (Srisala et al., 2008),
PCR combined with an immunological method had a detection
limit of 160 copies/pl in shrimp tissue samples (Srisala et al., 2008)
and an RT-LAMP method had a detection limit of 100 copies/pl in
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Table 2
Recoveries of spiked shrimp pond water samples (n=3).

Shrimp pond water % Recovery

samples K . R

Spiked concentration (copies/l)

1 25 50 100

Determined % Recovery Determined % Recovery Determined % Recovery Determined % Recovery

concentration concentration concentration concentration
Sample 1 1.27 £ 0.11 127 £ 11 22.1 +£38 88 + 14 50.2 + 6.6 100 + 13 99.4 + 7.6 99+ 8
Sample 2 1.23 +£0.19 123 £19 244 £ 1.5 98 +6 54.8 + 8.3 110 +£ 17 100.3 + 3.4 100 + 3
Sample 3 0.95 + 0.11 95 + 11 25.0 £ 4.8 100 + 19 48.0 £ 7.2 96 + 14 101.8 + 2.9 102 +£3
Sample 4 1.17 £+ 0.09 117 £ 9 237 +£20 95+ 8 544 + 8.1 109 + 16 100.0 + 5.2 100 £ 5
Sample 5 1.27 +£0.13 127 £ 13 246 + 1.7 98 + 7 44.5 + 5.6 89 + 11 101.2 +5.3 101 £5
Sample 6 1.14 + 0.10 114 +£ 10 204 + 2.1 82 +8 46.7 + 3.7 93 +7 97.8 £ 3.0 98 + 3
Sample 7 0.99 + 0.12 99 + 12 228 £ 3.0 91 + 12 53.7 + 6.7 107 +£ 13 102.9 + 2.7 103 £ 3
Sample 8 0.68 + 0.12 68 + 12 26.8 +34 107 + 14 48.1 £+ 54 96 + 11 100.5 + 5.6 101 £ 6

Table 3

Comparison of WSSV concentrations in shrimp pond water samples obtained from the flow injection capacitive biosensor system (mean + SD, n = 3) and real time polymerase

chain reaction.

Shrimp pond water WSSV founded (copies/jl)

samples N -
Capacitance system Real-time PCR
Sample 1 839 + 4 837
Sample 2 674 + 2 673
Sample 3 66 + 2 65
Sample 4 56 + 5 58
Sample 5 5+1 ND
Sample 6 7+1 ND
Sample 7 15+ 4 19
Sample 8 56 + 4 54

ND, not detectable.

shrimp tissue samples (Mekata et al., 2009). Therefore, the pro-
posed biosensor offers a promising alternative for the detection
of WSSV in water at trace amount. This will prevent the use of
WSSV contaminated pond water before pond stocking and could
monitor the spread of WSSV during shrimp cultivation. In addition,
the biorecognition element (GST-WBP) is specific to WSSV. With
this method the analysis cost can be reduced since the modified
electrode can be reused up to 39 times by using the appropriate
regenerating solution.

The proposed biosensor is highly selective to WSSV when com-
pared with YHV. This is because the detected capacitance signal
was caused by the binding between immobilized GST-WBP and
WSSV through protein-protein binding mechanisms. Since WSSV
and YHV contain different major proteins, i.e. YHV contains three
major proteins (110-135kDa, 63-67 kDa and 20-22 kDa) (Cowley
et al., 2004; Assavalapsakul et al., 2005) and WSSV contains four
major proteins (15kDa, 19kDa, 26 kDa and 28 kDa) (Van Hulten
et al., 2000; Tang et al., 2007) and the WBP can bind specifically
to the VP26 (26 kDa) protein of WSSV (Youtong et al., 2011) so the
presence of YHV would not interfere with WSSV detection. In addi-
tion, VP26 of WSSV has a unique structure that is not observed in
other viral proteins (Tang et al., 2007) therefore this system should
be very specific to WSSV.

All water samples showed significant differences between stan-
dard and matrix matched calibration plots. That is, the matrix has
some effect on the WSSV analysis. Thus, the matrix matched cal-
ibration plot is needed for WSSV calculation in water samples.
The proposed biosensor, when applied to detect WSSV in shrimp
pond water samples provided the same result compared to real-
time PCR (P>0.05). One of the main advantages of the proposed
biosensor over the real-time PCR was the extremely low detec-
tion limit, 1 copy/l, making it possible to detect lower amounts of
WSSV. This can be seen clearly in samples 5 and 6 (Table 3) where
the low detection limit of the capacitive biosensor allowed quan-

titative determination of 5+1 and 7+ 1 copies/pl respectively,
while they were not detectable with real-time PCR (detection limit
20 copies/pl) (Srisala et al., 2008). This proposed biosensor system
can certainly be applied to detect other viruses using biorecognition
elements specific to each virus.
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