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Schistosomiasis control remains to be an important and challenging task in the world. However, lack of
quick, simple, sensitive and specific sero-diagnostic test is still a hurdle in the control practice. The
commonly employed enzyme-linked immuno-sorbent assay (ELISA) relies on the native soluble egg antigen
(SEA) that is limited in supply. Here we developed an electrochemical immunosensor array (ECISA) assay
with an interfacial co-assembly strategy. A recombinant Schistosoma japonicum (Sj) calcium-binding
protein (SjE16) was used as a principal antigen, while the SEA as a minor, co-assembling agent, with a ratio
of 8:1 (SjE16: SEA, Sj16EA), which was co-immobilized on a disposable 16-channel screen-printed carbon
electrode array. A portable electrochemical detector was employed to detect antibodies in serum samples.
The sensitivity of ECISA reached 100% with minimal cross-reactions. Therefore, we have demonstrated that
this rapid, sensitive and specific ECISA technique has the potential to perform large-scale on-site screening
of Sj infection.

chistosomiasis is one of the most prevalent parasitic diseases threatening more than 200 million people in

76 tropical and subtropical countries'. Schistosomiasis japonica (Sj) caused by infection of Schistosoma

japonicum remains to be a major public health problem in China, and has significant economic and public
health consequences®*. Early and rapid diagnosis is the key to the effective control of Sj. All the sero-diagnostic
reagents and kits for schistosomiasis reported are based on antibody (Ab) detection interpreted by visualizing the
color reaction with naked eye or an absorbance reader. Detection of Sj antibodies with ELISA*>® or indirect
fluorescent antibody test (IFAT), and indirect hemagglutination assay (IHA), are commonly used methods for Sj
diagnosis®>*>'* in China. However, these methods are still limited by their sensitivity>'!, complicated and time-
consuming operation, and sophisticated instruments>® that largely hampers on-site large-scale screening of S;j.
Therefore, it is necessary to develop rapid, simple and portable tests for Sj with high sensitivity and specificity.
Another major problem associated with Sj detection lies in antigens that are employed to capture Sj antibodies.
Commercially available ELISA kits for Sj rely on the use of crude soluble egg antigens (SEA). While such SEA-
based kits are of high sensitivity, the specificity is often insufficient since, it is likely to contain host antigen or
common antigenic component with other kinds of parasites®®. Moreover, the cost of the native protein-based
reagent is in increase remarkably due to the limited supply of infected snails. It is thus difficult to obtain the crude
native antigen in large amounts'? and to control the quality, restricting its application in large-scale screening of
schistosomiasis. To overcome such barricades, recombinant antigens (e.g., rSj32, rSj31, rSj26) have been
developed to substitute SEA, however, their affinity with the Sj antibody (SjAb) is still limited, and the assays
showed low sensitivity"*~'°.

In recent years, there has been growing interest in the development of electrochemical immunosensors for
diagnostic assays, mostly because of the availability of low-cost and the small electrochemical detectors that
are particularly suitable for field detection'"'”"**. Previous efforts to develop electrochemical immunosensors
for SjAb employed a 32-kDa S. japonicum adult worm antigen, and only tested with rabbit serum, not tested
for the sensitivity, specificity and cross reaction of the sensors with human serum samples. In addition, the
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immobilization methods of the antigen on the single electrode trans-
ducer described in these reports are complicated, unsuitable for
multiplex analysis of human serum samples*.

Here we report a novel portable multiplexing electrochemical
immunosensor array (ECISA) for qualitative detection of SjAb in
human serum. Screen-printing is a thick-film technology that can
be applied for mass production of screen-printed carbon electrode
(SPCE) array with very low cost and high reproducibility®'~*>. The
antigens are immobilized on the interface of SPCE array to capture
SjAb***%. We developed a co-assembly strategy to immobilize both
recombinant Schistosoma japonicum calcium-binding protein
(SjE16) and SEA*** on SPCE arrays to improve the sensitivity and
specificity and lower the cost. Such immunosensor array is transdued
with a home-made electrochemical detector.

Results

The electrochemical performance of the SPCE array was evaluated
with the redox activity of ferricyanide by CV with the 16-channel
electrochemical device. The CV data (see supplemental Data
Figure s3) showed that the relative standard deviation of oxidation
peak voltage and oxidative peak current for 16 array measurements
was 2.1% and 3.4%, respectively, indicating that the SPCE array and
ECHI16 are able to produce reproducible results.

We also carried out the CV measurements and amperometric
measurements in TMB (3, 3', 5, 5’ tetramethylbenzidine) test.
Supplemental Data Figure s4A revealed a typical CV curve for
TMB, exhibiting two pairs of characteristic redox peaks. The current
versus time (I-T) curve was employed and the potential was held at
—0.1 V according to the CV curve (Supplemental Data Figure s4B)
to obtain reduction current of TMB on the surface of electrodes. The
current increased with the scan time until stable state at 50 s. The CV
and I-T curve of 16-channel SPCE array were nearly identical, indi-
cating that the assay could produce accurate and reproducible results
in the TMB-containing system.
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Before the assembly of antigens, the electrochemical activation of
all carbon working electrodes of SPCE array was made to generate
carboxylate groups. We carried out the CV scan of SPCE in 0.01 M
phosphate buffer (pH 7.2) by running 10 cycles with potential range
from —0.3 to 0.6 V at a scan rate of 500 mV/s. The electrochemical
activation was completed by oxidation-reduction reaction and the
reproducible surface property of the SPCE array was shown directly
by CV curve (Supplemental Data Figure s5).

The ECISA system adopted an indirect immunoassay configura-
tion (Figure 1), which involved capture antigens immobilized on
SPCE and HRP- Ab, (detection probes) to form an immunocomplex
with the target antibodies, leading to the binding of HRP to the
electrode array. In this assay process, the redox activity of TMB
containing H,O,, the substrate of HRP, induces the change of cur-
rent on the electrodes, so that the immuno-reaction on the SPCE can
be detected by measuring the reduction current at a certain potential
with the 16-channel electrochemical detector. Qualitative discrim-
ination of SjAb in negative reference serum and positive reference
serum was carried out to test the feasibility of the ECISA. The PBST
was used as the blank control. Figure 2A showed a typical CV curve
for HRP performance on the SPCE which has three pairs of char-
acteristic redox peaks. The CV curve also indicated that the antigens
have been immobilized on the SPCE effectively. The amperometry
measurement was employed for the determination of SjAb in serum
while the potential was held at —0.1 V according to the CV curve.
The I-T curve showed that the steady state current for positive ref-
erence serum containing SjAb was approximately 2.4 1A, while that
for negative reference serum and PBST was only 0.25 pA and
0.04 pA, respectively (Figure 2B). The high P/N ratio (~10) between
positive reference serum and negative reference serum demonstrates
the capability of the immunosensor to distinguish schistosomiasis
patient serum from normal human serum.

The performance of the immunosensor array is also dependent on
the incubation time in ECISA. Figure 3A showed the effects of
incubation time on amperometric responses of SjAb detection in
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HRP-Ab:

-

Antigen SjAb

Figure 1 | Schematic diagrams of ECISA for SjAb. A portable ECH16 and disposable 16-channel SPCE array were employed as the assay system. The
antibodies in the serum samples and the signal probe HRP-Ab, formed an immunocomplex with the capture antigen on the working electrode, leading to
the binding of HRP to the electrode that can be transformed to the catalytic amperometric readout.

| 3:1789 | DOI: 10.1038/srep01789



12 A
- PBST
- - - -Negative serum
8 Positive serum 2y
<
=i
_
0 -
-4 -
-8 T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6
Potential / V
3.0
B
2.5 4
VTPRVETIN N ananall
2.0
< 15/ o PBST
= - - - Negative serum
— m— Positive serum
1.0 4
7 \\*__,,___,‘
0.0 . .”h"““'--'-‘]-u s ‘.—..nl..v.,.‘,‘,,,..u. .,.Iu-wuvlu ANt -I‘- HRieaabside Fiba /l
0 10 20 30 40 50

Time /s

Figure 2 | The qualitative discrimination of SjAb with ECISA. (A) Cyclic
voltammograms (CV) curves for the detection of SjAb in PBST(short
dashed line), negative reference serum (long dashed line)and positive
reference serum (solid line) using ECISA. (B) Amperometric(I-t) curves
for the detection of SjAb in PBST(short dashed line) negative reference
serum (long dashed line)and positive reference serum (solid line) using
ECISA.

reference serum. With the increase of incubation time, the ampero-
metric responses to SjAb in positive reference serum increased
quickly in 30 min and become consistent at 45 min. However, the
non-specific binding of negative reference serum was also in increase
through the incubation time. Figure 3B showed that the P/N ratio
achieved the highest at 30 min, which is the best timing for qualita-
tive determination of SjAb in serum samples. Note, it often take more
than one hour for the incubation of serum in ELISA. Moreover,
electrochemical assay can be directly performed after the incubation
step, unlike ELISA that often needs additional incubation with the
substrate. Thus, ECISA is a rapid test method that takes only 1/3 time
of that of ELISA*".

We compare three assembling methods with the same immob-
ilization time, including single antigens and two antigens. This
involved SjE16 (250 ng), SEA (30 ng), and the Sj16EA,a mixture of
SEA (30 ng) and SjE16 (250 ng). Figure 4 showed that the immuno-
sensor array has the best positive responses and P/N ratio when the
two antigens (Sj16EA) were used. The co-assembly of SjI6EA
improves the positive signal and P/N ratio. Furthermore, we com-
pared the effects of the three assembling strategies on the sensitivity
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Figure 3 | The response time of ECISA for SjAb assay. (A) The effect of
the serum incubation time on amperometric responses of SjAb detection
in ECISA. (B) The effect of the serum incubation time on P/N ratio of SjAb
detection in ECISA. The amperometric current shown on the above is the
initial catalytic amperometric readout. The P/N ratio was calculated by
deducting the background signal from serum diluents PBST.

and specificity of ECISA. Ten negative reference serum specimen and
10 positive reference samples were tested for the comparison. A
1:100 dilution was used for all serum specimens involved in
ECISA with three immunosensor arrays. The ratio of signal read to
cut off value (S/COV ratio) was shown in Figure 5. The sensitivity of
Sj16EA, SEA and SJE16 was 100% (10/10), 90% (9/10) and 90%
(9/10), respectively, while the specificity of Sj16EA, SEA and SjE16
was 100% (10/10), 100% (10/10) and 90% (9/10), respectively. The
ECISA/Sj16EA has higher sensitivity than ECISA/SjE16 and ECISA/
SEA, and its specificity is in agreement with ECISA/SEA. These data
clearly showed that the co-assembly approach is superior to the
immobilization with either single antigen in SjAb detection.

The intra-assay variation and inter-assay variation of the immu-
nosensor array were evaluated by 20 times of repeat detections for
one lot of reference serum and 24 times of repeat detections for three
lots of reference serum, respectively. The coefficient of variation of
the intra- and inter-assay was 7.5% and 15.08%, respectively, indi-
cating that the ECISA has reasonable repeatability and reproducib-
ility. We also evaluated the stability of the immunosensor array. The
immunosensor array was stored at 37°C through 16 days and the P/N
ratio was measured at 0 d, 2 d, 4 d, 8 d and 16 d. At the 16 d, the
signal of negative serum and positive serum kept consistent (see
Supplemental Data Figure s6A), and the P/N ratio also remained
consistent (see Supplemental Data Figure s6B). It was demonstrated
that the immunosensor array has good storage stability and is
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Figure 4 | Comparison of three assembling strategies. (A) The
Amperometric responses and (B) P/N Ratio response to the PBST, negative
reference serum and positive reference serum with three assembling
strategies of capture antigen. SjE16: incubated with5 pl of 50 mg/L SjE16
for2 h, SEA: incubated with 5 pl of 6 mg/L SEA for 2 h, Sj16EA: incubated
with 5 pl mixture of 6 mg/L SEA and 50 mg/L SjE16 for 2 h.
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Figure 5 | Sensitivity and specificity comparison of three antigen
immobilization strategies. The Sj16EA, SEA and SjE16 were assembled on
electrode arrays in the ECISA. The ratio of the sample signal to cut off
value(S/COV ratio) is employed as y-axis because there are three different
cut off values. The serum is considered positive when the S/COV ratio
equal to or greater than 1.

suitable for practical applications. Also, ECISA/Sj16EA method has
good dose-response effect for SjAb detection (Figure s7).

To demonstrate the assay performance of the new method, serum
samples (35 schistosomiasis japonica, 5 clonorchiasis, 9 trichinosis,
10 cysticercosis and 7 paragonimiasis, 15 normal human sera as the
control) were tested by ECISA and ELISA. With ECISA, all the serum
specimens with three dilutions (1:100, 1:125 and 1:150) were
tested for different COVs, while the ELISA was performed at a
1:100 dilution. Figure 6 showed the comparison results of ECISA,
in-house ELISA and commercial ELISA.

The results of statistic analysis were shown in Supplemental Data
Table s1.When the COV resulted from the dilution of 1:100, 1:125
and 1:150, the sensitivity of ECISA was 94.3%, 97.1% and 100%,
respectively, while its specificity was 100%, 100% and 93.3%, respect-
ively. ECISA had no cross-reaction with clonorchiasis and cysticer-
cosis. The cross-reactivity with trichinosis was 11%, and with
paragonimiasis was 28.6%, 42.9% and 85.7% respectively. The sens-
itivity of ELISA/SEA and commercial ELISA kit was 97.1%, with a
specificity of 93.3% and 100%, respectively. The cross-reactivity of
ELISA kit with clonorchiasis, trichinosis, cysticercosis and parago-
nimiasis was 20%, 33.3%, 60% and 100%, respectively.

Discussion

Compared with ELISA, the ECISA using a quarter amount of SEA
(120 ng for one test in home-made ELISA, but 30 ng in ECISA)
showed improved sensitivity (100%) when the COV is defined at
the dilution of 1:150. Even though the dilution of 1: 125 was used
to define the COV, ECISA has the sensitivity (97.1%) and specificity
(100%) comparable with ELISA kit, more importantly, no matter
what dilution is used for COV (1:100, 1:125 or 1:150), ECISA
has much lower cross-reaction than ELISA. This should be attributed
to the use of recombination antigen SjE16 and the decreased amount
of SEA. For the latter, it likely has common antigenic component
with other parasite species. Moreover, control experiments also
showed the advantage of co-assembly of SjE16 and SEA in lowering
the cross-reaction for ECISA method.

In summary, we developed an electrochemical immunosensor
array ECISA technique, a sensitive, specific and rapid diagnostics
by detection of SjAb using the disposable 16-channel SPCE array
and an electrochemical detector. The immunosensor arrays were
fabricated by co-assembly with recombinant SjE16 antigen and crude
SEA antigen (8:1). Eighty one human serum samples were assayed
by the ECISA, and the sensitivity reached up to 100% and specificity
93% with good reproducibility and stability. In comparison, although
the sensitivity and specificity were comparable with ELISA, the
amount of native antigen SEA was reduced at least by 75%, even
much more when compared with the other ELISA methods
reported”. Using recombinant antigen to largely replace the amount
of native antigen used would helpful to overcome the imperfection of
limited resource and the increasing cost for a long preparation pro-
cess of native antigen in ELISA system. Moreover, the cross reaction
of ECISA is lower than the ELISA, and it takes only about one hour
for ECISA test processing, while ELISA usually about 3 hours. Given
that both electrochemical detectors and SPCE arrays are of low cost
and portable in size, and the assay would be much easier and quicker
when a computer program is set to directly output the diagnostic
advice, the ECISA may provide a new feasible tool for on-site large-
scale screening of schistosomiasis.

Methods

Apparatus. Cyclic voltammetry (CV) measurement and amperometric measurement
of ECISA were performed with a portable home-made 16-channel electrochemical
detector (ECH16), which is connected to a computer (See Supplemental Data Figure
s1 for more details). The disposable 16-channel SPCE array was shown in
Supplemental Data Figure s2. Each electrode consists of a carbon working electrode
(3 mm diameter), a carbon auxiliary electrode, and an Ag/AgClI reference electrode.
An insulating layer is printed around the working area to constitute a reservoir of the
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Figure 6 | Comparison of ECISA and ELISA for sensitivity, specificity
and cross reaction in sera of individuals with schistosomiasis japonica
(SJA), normal control (NOC), clonorchiasis (CLO), trichinosis (TRI),
cysticercosis (CCE), paragonimiasis (PAR). (A) Amperometric responses
by ECISA/Sj16EA. COV (1:100) = 1.077 pA, COV (1:125) = 0.974 pA,
COV (1:150) = 0.750 pA. (B) OD values at 450 nm by ELISA/SEA,
COV = 0.413. (C) OD values at 450 nm by ELISA kit, COV = 0.059.

electrochemical microcell. The ELISA was measured with a Tecan GENios microplate
reader at room temperature.

Reagents. The ELISA kit employed in the study was purchased from Shenzhen
Combined Biotech Co., Ltd (Shenzhen, China). The antigen SjE16 and SEA were
prepared as described™ . The negative reference sera, positive reference sera, 15
normal human sera, 35 schistosomiasis sera, 5 clonorchiasis sera, 9 trichinosis sera, 10
cysticercosis sera, and 7 paragonimiasis sera were all provided from the National
Institute of Parasitic Diseases, Chinese Center for Disease Control and Prevention.

Written informed consents of all donators were obtained and approval was received
for our study from the local Ethics Committee on Human Research.

The substrate TMB ( Neogen K-blue low activity substrate) was purchased from
Neogen (Lansing, US). Ferricyanatum Kalium, HRP labeled goat anti-human IgG
(HRP-AD,), BSA, Tween-20, 1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide-
hydrochloride (EDC), and Nhydroxysulfosuccinimide (NHS) were from Sigma-
Aldrich (St. Louis, US). The buffer solutions involved in this study are as follows: The
antigen was dissolved in 0.01 M phosphate saline (PBS) buffer (0.01 M phosphate,
pH 7.2,0.14 M NaCl, 2.7 mM KCl). The PBST (0.5%o tween-20 in 0.01 M PBS) was
used as washing buffer, and the 0.01 M PBS buffer with 1% BSA as the Blocking
buffer. The buffer for electrochemical measurement was TMB substrate. EDC and
NHS were dissolved in water immediately before use. All solutions were prepared
with doubly distilled grade water from a Millipore system.

Fabrication of immunosensor arrays. The electrochemical performance of the SPCE
array was evaluated for the redox activity of ferricyanatum kalium and TMB by CV
and amperometric measurement with in-house built ECH16. The measurement for
ferricyanatum kalium were performed in a 5 mM K; [Fe (CN)¢] contained in 0.1 M
KCl by cyclic voltammetric scanning for 2 segments at the potential window of —0.5
t0 0.6 V. The measurement for TMB was performed by cyclic voltammetric scanning
for 2 segments at the potential window of —0.3 to 0.6 V and amperometric
measurement at the voltage of —0.1 V for 50 seconds. The SPCE arrays were
pretreated electrochemically to generate the carboxylic acid groups on the working
electrode by running CV with the 16-channel electrochemical detector. The
activation was carried outina 0.01 M phosphate buffer (pH 7.2) by running 10 cycles
of CV with potential window of —0.3 t0 0.6 V at the scan rate of 0.5 V/s. Then, 10 pL
of freshly prepared 400 mM EDC and 100 mM NHS in water was placed on to the
working electrodes to activate carboxylic acid groups, and washed off after 15 min.
This was immediately followed by 2 h incubation at room temperature with 5 pL
mixture of 6 mg/L SEA and 50 mg/L SjE16 (controls: 5 pL of 6 mg/L SEA; 5 uL of
50 mg/L SjE16 antigen). Thus, the capture antigens were immobilized on the working
electrode by the binding of amine residues on the proteins to the carboxy groups of
working electrode. After rising with ddH,0, each electrode was then incubated for
1 h at room temperature with 50 pL of blocking buffer to block any nonspecific
binding sites on the SPCE. Finally, the immunosensor arrays were stored in 4°C ready
for use. The negative reference serum and positive reference serum were employed in
the assay to evaluate the performance of the arrays. The positives, negatives and the
ratio of positive to negative (P/N ratio) was recorded in the computer to evaluate the
sensitivity and specificity of the assay.

ECISA for antibody detection. In a typical ECISA test, a 16-channel antigen-coated
SPCE array was incubated at room temperature for 30 min with 10 pL drop of serum
(a 1:100 dilution in PBST) on each electrode. Each serum sample was tested in
triplicate, followed by washing with PBST for 2 times and then rinsing with ddH,0.
The immunosensor array was then incubated at room temperature for 30 min with
10 pL drop of HRP-ADb, (a 1:1000 dilution in 0.01 M PBS containing 1% BSA) in
each electrode, followed by washing with PBST for 2 times and rinsing with ddH,0.,
Then 50 pL TMB substrate was applied Onto each channel of the SPCE array. After
that, the reactions in the 16 channels were detected simultaneously by CV
measurement at a scan rate of 0.1 V/s and a potential range of —0.3V ~ 0.6 V. The
voltage of amperometric measurement was fixed at —0.1 V. The electroreduction
current was measured at 50 second after the HRP redox reaction reached steady state.

ELISA for antibody detection. ELISA with SEA was performed as described in the
reference 39: Microtiter plates were coated with 120 ng SEA diluted in carbonate
Buffer (pH 9.6). The plates were washed with PBST and blocked with 1% BSA. After
washing , serum diluted (1:100) in PBST was added and incubated at 37°C for 1 h.
After washing for five times, A 1: 5000 dilution of HRP-Ab, was added and incubated
at 37°C for 1 h. After the final washing for 15 min, the TMB was added. The
enzymatic reaction was carried out at 37°C and stopped after 10 min with 2 M
H,S0,. The optical density (OD) was determined with ELISA-reader at 450 nm.
Commercial ELISA kit was also performed as the protocol.

Definition. The performance of the sensor array for SjAb qualitative detection is
evaluated by the initial positive signal measurement and P/N ratio which is calculated
after the deduction of the background signal value compared with PBST.

The cut off value (COV) of ECISA and ELISA was defined as 2.1-fold ampero-
metric current and 2.1-fold OD value of negative reference serum, respectively .The
serum sample is considered positive if its signal is equal or greater than the COV.

The sensitivity of the ECISA and the ELISA for schistosomiasis diagnosis was
defined as the number of serum samples showing positive result as a proportion to the
total number of serum proven schistosomiasis parasitologically.

The specificity of the ECISA and the ELISA for schistosomiasis diagnosis was
defined as the number of normal samples with negative reading as a proportion to the
total number of normal human sera.

The cross-reactivity of the ECISA and the ELISA was defined as the number of
samples presenting positive reading as a proportion to the total number of samples
from the cases proven parasitologically.
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