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The liver fluke, Opisthorchis viverrini (OV), is the most important risk factor associated with cholangio-
carcinoma (CCA) and its infection is a major public health burden in the Greater Mekong Subregion. The
limitations of conventional diagnostic tools such as prolonged detection time and multistep procedures
have led to an upsurge in demand for point-of-care testing that can facilitate timely and early action for
better treatment. Herein, a novel, yet simple, electrochemical immunosensor for the onsite detection of
OV antigen (Ag) in urine samples was developed. The modification of graphene-oxide (GO) surfaces
with monoclonal anti-OV antibodies (mAb) through covalent conjugation not only shortened the time of
antibody immobilization but also enhanced the sensitivity of the immunosensor. The successful
conjugation of GO-mAb was characterized using functional and structural analysis. Furthermore, the
electrochemical properties of the modified screen-printed sensor electrodes were verified by
electrochemical and surface characterization. The developed electrochemical immunosensor achieved a
low limit detection of OV Ag of 0.08 ng mL™ in standard buffer and 1.50 ng mL™* in urine. Moreover, it
exhibited a broad linear range (0.2-200 pg mL™Y) of OV Ag detection and demonstrated excellent diag-
nostic potential with 93% sensitivity and 69% specificity compared to the traditional ELISA, and 92% sen-
sitivity and 90% specificity compared to the commercial Rapid Diagnostic Test kit for urine OV Ag
detection (OV-RDT). The highest AUC of 0.950 with 96% sensitivity and 90% specificity was obtained in
comparison with the combined ELISA and RDT, without requiring the sample pre-treatment step. The
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results of the application of the developed immunosensor in the field-collected urine samples (n = 530)

rsc.li/materials-advances have further emphasized its potential utility as a prototype for point-of-care OV Ag detection.

incidence of CCA has been reported in Northeast Thailand

1. Introduction
and the Greater Mekong Subregion (GMS) of Southeast Asia.>

Cholangiocarcinoma (CCA) is a malignant tumour originating
from the epithelial lining of the biliary tract." The highest
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The liver fluke, Opisthorchis viverrini (OV), which is attained by
consumption of raw or undercooked (salted, pickled, or
smoked) infected cyprinid fish carrying the larval stage of the
parasite called metacercaria, is the most important risk factor
associated with CCA.? The risk factors for opisthorchiasis-
related CCA include chronic inflammation and associated
injury of the biliary epithelium due to the persistent parasitic
infection." OV has been classified as a group 1 biological
carcinogen because the highest incidence of CCA was primarily
due to OV infection.*” Approximately 40 million people are
infected with OV in the GMS region alone®” and more than
600 million people are at risk,” indicating that rapid diagnostic
detection methods are in demand.

The gold standard to diagnose OV infection is to detect
OV eggs in faecal samples quantitatively using the formalin-
ethyl acetate concentration technique (FECT).® However, this
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technique has numerous shortcomings, such as limited sensi-
tivity and specificity, extensive faecal sampling, and the need
for a qualified microscopist to distinguish the OV eggs from
eggs of other similar helminths.” Moreover, light infection
was unable to be detected and biliary tract obstruction leads
to impaired flow of OV eggs into faeces, which would be a
limitation for the detection of OV eggs using the FECT, result-
ing in false-negative cases.

Recently, a variety of immunological and molecular diag-
nostic methods have been reported to detect OV infection.'®™*
OV Ag can be generally classified into somatic and excretory-
secretory (ES) antigens. The crude somatic extract of adult OV
worms was the most common antigen used to detect antibody
in the sera by ELISA.*>'® Antibody response to both somatic
and ES antigens was detected.'””'® IgG, IgA and IgE antibodies
in serum, urine and bile have been reported in patients with
opisthorchiasis."®>" Even though these techniques exhibited
better diagnostic sensitivity and specificity than the FECT to
detect fecal eggs, these assays still have limitations in clinical
application in terms of analytical sensitivity, cost of testing,
prolonged and complicated procedures and the requirement of
sophisticated instruments. Moreover, the serological diagnosis
by OV antibody detection has drawbacks such as the cross
interaction of the antigen used and the persistence of antibody
after treatment that cannot reflect active infection with the
parasite.>” The ELISA techniques have been developed to detect
urine OV-ES antigen using a specific monoclonal antibody
(IgG1 murine mAb, clone KKU 505) and sandwich OV Ag with
protein A-purified rabbit IgG against OV Ag. The urine OV
ELISA assay proved that urine antigen detection yielded higher
diagnostic sensitivity and specificity (81% and 71%) compared
to the FECT technique. However, these methods still have
shortcomings such as detection limit, multistep procedures,
and requirement of well-trained technicians. These challenges
encourage the development of simple and cost-effective point-
of-care biosensors for OV antigen detection in urine.

Amongst numerous immunosensors constructed, electro-
chemical immunosensors are promising breakthroughs because
of their benefits such as high sensitivity, specificity, reprodu-
cibility, portability, and reduced environmental noise. Three-
electrode combined screen-printed carbon electrodes (SPCEs) have
been widely applied in electrochemical sensors due to their large
surface area, cost-effectiveness, high reproducibility, and ease of
mass production.”® Moreover, modification of SPCEs can easily be
performed for better analytical performances. In electrochemical
biosensing, the voltammetric signal of the target analyte can easily
be extracted from interfering substances by appropriate modifica-
tion of electrodes with analyte specific micro/nanomaterials.
Graphene oxide (GO), produced by chemical exfoliation of graphite
using strong oxidizing agents, has been widely applied for elec-
trode modification. GO comprises numerous oxygen-containing
functional groups such as carboxyl, carbonyl, phenol, lactone and
quinone at the edges of GO, hydroxyl and epoxy groups on the
basal plane of GO.>* Due to these functional groups, GO provides
a broad surface area, great optical, electronic, mechanical, and
electrochemical properties.>?® GO is a promising material for
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applications in the field of bioelectrochemistry due to its advanta-
geous properties.

Besides, the utilization of antibodies as bioreceptors
together with GO can enhance the sensitivity and specificity
of the electrochemical biosensor through specific antibody-
antigen interaction. Monoclonal antibodies are more com-
monly used in biomolecular interactions than other biorecep-
tors such as aptamers or enzymes, as antibodies possess high
specificity and unique in vivo features, while enzyme reactions
are more complicated and aptamers can easily be degraded by
the action of nucleases.”” For the construction of an immuno-
sensor, the immobilization of antibodies on the sensor surface
without decreasing their binding affinities and capacities is of
particular importance.

In this study, the functionalized GO conjugated with OV-
specific monoclonal antibody (mAb) was employed for the
sensitive and reliable detection of OV Ag in urine samples.
The monoclonal antibody specific to OV somatic and ES anti-
gens provided successful diagnosis of opisthorchiasis. Since
the biomolecules can be coated on GO surfaces via non-specific
physical adsorption and n-m stacking, any proteins with an
aromatic ring could be attached to GO. To circumvent this,
surface modification of GO with monoclonal antibodies was
proposed due to the higher specific binding of GO and mAb
through covalent bonding. Antibody-conjugated GO-based
sensors were primarily reported for fluorescent quenching?®>°
but were rarely applied for electrochemical immunosensing.
To the best of our knowledge, this is the first study reported for
the fabrication of a point-of-care electrochemical detection
system of urine OV Ag. The proposed immunosensor has been
validated for analytical and diagnostic performance by using
real urine samples. The developed electrochemical immuno-
sensor will contribute to improve diagnostics and applications
for mass screening of OV infection within the community.

2. Experimental section

2.1. Chemicals

The crude somatic antigen of Opisthorchis viverrini (OV Ag) and
a monoclonal antibody specific to OV somatic Ag (mAb, KKU
505) were prepared by one of the co-authors (PS). The commer-
cial screen-printed carbon electrodes were purchased from
Quasense, Thailand. Graphene oxide (GO), N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccin-
imide (NHS), 4-morpholinoethanesulfonic acid (MES) free acid and
bovine serum albumin (BSA) were obtained from Sigma-Aldrich
(Singapore). Potassium ferricyanide (Kj[Fe (CN)s], 5 mM) with 0.1 M
KCl in phosphate-buffered saline (PBS) (1x, pH 7.4) was used as a
redox indicator. Washing buffer (1x PBS, pH 7.4) was used between
each coating procedure.

2.2. Instruments and characterization

The voltammograms were performed on the PalmSens4 poten-
tiostat (PalmSens BV Co., Ltd, Netherlands) using PS Trace 5.6
software. The disposable screen-printed electrode with a three-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrode system, including a 2.5 mm working carbon elec-
trode, a carbon counter electrode and a silver/silver chloride
reference electrode, was used. Cyclic voltammetry (CV) was
performed by applying a potential of —0.5 V to 0.9 V at a scan
rate of 100 mV s~ ' and the electrochemical impedance spectra
(EIS) were recorded using the frequency range (100 mHz to
100 kHz) in 0.01 M PBS containing 5 mM [Fe (CN)e]*/*~ and
0.1 M KCI. The square wave voltammetry (SWV) measurements
were performed by applying a potential range of —0.6 to 0.6 V
with a frequency of 8 Hz, a step potential of 5 mV, and an
amplitude of 2 mV. The characterization of GO and GO-mAb
conjugates was conducted using a Bruker TENSOR II attenu-
ated total reflectance (ATR)-Fourier transform infrared (FTIR)
spectrometer (Bruker, Germany), an Eppendorf BioSpectrometer®
fluorescence (Hamburg, Germany), a field-emission scanning
electron microscope (FE-SEM, Jeol, JSM-IT200 InTouchScope™,
Tokyo, Japan), an atomic force microscope (AFM, Park systems,
NX-10, Korea), an XploRA plus Raman spectrometer (Horbita,
Kyoto, Japan) and an X-ray diffractometer (XRD) (SmartLab,
Rigaku, Japan) with Cu Ko radiation by collecting the data at
2.4° per min.

2.3. Production of monoclonal Ab

For the isolation of monoclonal Ab specific to OV Ag, mice
were immunized with an OV somatic Ag preparation. Then,
antibody-secreting cells from the immunized mice were fused
with the myeloma cells. After fusion, the cells were diluted in
selective culture medium (HAT medium). Hybridoma cells
survived in the selective medium and were recognized by their
ability to grow indefinitely in the medium. They were then
tested for the presence of the desired antibody. Suitable mono-
clonal antibody-producing cells were cloned and expanded in
serum-free RPMI medium. The culture media was collected and
centrifuged at 5000g at 4 °C for 1 h. The protein concentration
in the supernatant was measured using a Pierce™ _BCA Protein
Assay Kit. The secreted-monoclonal antibody (IgM mAb, clone
KKU505) was kept frozen at —20 °C for subsequent use.

2.4. Crude somatic OV Ag extraction

Crude somatic OV Ag was extracted from OV adult worms after
washing three times with sterile PBS at pH 7.4. Adult worms in
the extraction buffer were homogenized and sonicated three
times (30 s per time) by an ultrasonic disintegrator (MISONIC
sonicator 3000, US). The sonicated worm was kept at 4 °C
overnight followed by centrifugation at 21913g at 4 °C for
30 min. The protein concentration of the supernatant was
measured using the Pierce™ _BCA Protein Assay Kit. The crude
somatic OvAg in the supernatant was collected and stored at
—20 °C prior to use.

2.5. Functionalization of GO and preparation of GO-mAb
conjugates

The functionalization of GO was performed as reported in our
previous study with slight modifications.>® Briefly, the GO
powder (0.05 g) was suspended in 10 mL of 100 uM EDC and
100 uM NHS that was prepared in MES buffer (0.1 M, pH 5.5).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The suspension was stirred for 4 h at room temperature,
followed by centrifugation of the EDC/NHS-activated GO sus-
pension at 16 100g for 25 min, and washed twice with deionized
water (DI) to remove excess EDC, and NHS was attached. The
deposited pellets were collected and dried at 60 °C overnight.
Activated GO (1 mg mL™") was resuspended in DI by magnetic
stirring for 30 min at room temperature followed by sonication
for 10 min. The GO-mAb conjugation was simply obtained
by covalent interaction of carboxyl groups of functionalized
GO and amine groups on the surface of mAb. The monoclonal
Ab specific to OV antigen (100 pg mL™') was added to the
GO suspension (1:9 v/v) and stirred for 20 min at room
temperature.

2.6. Fabrication of electrochemical immunosensors

The layer-by-layer immobilization of GO and mAb has been
omitted in this study as the GO-mAb conjugate was drop-
coated onto the SPCE surface. Seven microliters of the GO-
mAb conjugate were dropped onto the working area of SPCEs
and allowed to dry in air for 90 min. The modified electrode
surfaces were further blocked by 0.1% BSA solution for 30 min.
The fabrication of an electrochemical immunosensor was
accomplished through a simple modification and the modified
sensor was applied for the detection of OV Ag.

2.7. Electrochemical analysis

The electrochemical determination of OV Ag was conducted by
introducing various concentrations of somatic OV Ag onto the
developed immunosensor surface for 60 min. A redox indicator
of 5 mM [Fe(CN)s]>/*~ in PBS containing 0.1 M KCI was
applied. To study the fabrication process, CV and EIS measure-
ments were performed using the parameter mentioned before.
The detection of OV Ag was performed using SWV measure-
ments with an applied potential of —0.6 to 0.6 V, a step
potential of 5 mV, an amplitude of 2 mV, and a frequency of
8 Hz in the presence of 5 mM [Fe (CN)s]° *". The peak currents
before (I,) and after (I;) OV Ag detection were recorded. The
peak current changes (Al = I, — I;) were observed to correlate
with OV Ag concentration present in the sample. A schematic
diagram of the proposed electrochemical immunosensor is
illustrated in Scheme 1.

2.8. Evaluation of clinical utility and performance of the
developed immunosensor in field testing

To evaluate the proficiency of the developed immunosensor for
OV Ag detection, the urine samples were analysed as the real
samples. To equilibrate the interference of other substances in
urine on OV Ag detection, the standard curve was calibrated
using different concentrations of OV Ag spiked into urine
samples. The normal urine sample collected was diluted
(1:10 dilution) prior to the experiment. The detection of OV
Ag in urine samples was carried out using the same procedure
as mentioned earlier except that 20 ug mL~' mAb and 0.5% BSA
were used for better sensitivity. A total of 530 urine samples
from OV positive and OV negative individuals were collected
from the endemic areas of opisthorchiasis in Khon Kaen
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Scheme 1 Schematic diagram for the construction of the electrochemical immunosensor. (a) Preparation of the GO-mAb conjugate, (b) dropcoating

GO-mAb onto SPCEs, (c) blocking with 0.1% BSA, (d) incubation with OV antigen and (e) electrochemical measurements using 5 mM [Fe (CN)

redox probe.

Province, Thailand. The samples were further divided into
three groups depending on method comparison. Group 1
consisted of 98 OV positive cases and 49 OV negative cases as
confirmed by ELISA, and Group 2 involved 50 OV positive and
80 OV negative individuals as screened by the OV-rapid diag-
nostic test (OV-RDT) kit. The OV-RDT kit is a chromatographic
assay that has been applied for mass screening of OV Ag, and
indirect ELISA has been widely utilized for the determination of
OV Ag concentrations in urine samples. Finally, 55 OV positive
and 198 OV negative cases were included in Group 3 which were
screened for OV positivity by OV-RDT and further confirmed by
ELISA. Seven microliters of urine samples were dropped onto
SPCEs and the SWV measurements were carried out as
described in the previous section. Diagnostic sensitivity and
specificity of the developed immunosensor were compared
against the standard indirect ELISA technique.

2.9. Comparison of the diagnostic methods

The quantitative comparison of urine OV Ag concentration was
conducted by the conventional ELISA and the developed elec-
trochemical immunosensor was evaluated. The comparison of
qualitative measurements was also performed between the
ELISA, OV-RDT and the immunosensor. The indirect sandwich
ELISA assay was performed using mAb and polyclonal anti-
rabbit IgG antibody to capture OV Ag present in urine samples.
The procedures for the ELISA assay were used as described
previously'' and the detailed protocol for the ELISA assay can
be found in the ESL.{ Urine samples were centrifuged at 5000g
for 15 min at 4 °C and the supernatant was collected and stored
at —20 °C for ELISA detection. The urine OV-RDT assay was
performed by applying 120 puL of urine sample followed by
40 pL of buffer and allowing the reaction to occur for 10 min.
The results were observed by naked eyes and scored as OV-
positive and OV-negative.

2.10. Data analysis and statistical methods

Statistical analyses were performed using SPSS program,
version 27.0 (SPSS Inc., Chicago, IL, USA) and MedCal (Med-
Calc Software, Ostend, Belgium). Differences between two
groups were analyzed using the Mann-Whitney U test for
non-parametric data. The correlation between OV Ag detection
by the proposed immunosensor and the reference method
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(ELISA) was evaluated using multivariate linear regression.
The performance of the immunosensor in terms of diagnostic
sensitivity, specificity, positive and negative predictive values was
evaluated using the receiver operating curve (ROC) analysis.

3. Results and discussion

3.1. Characterization of electrochemical immunosensors

3.1.1. Surface and structural characterization of immuno-
sensors. GO has been widely applied in electrochemical
biosensors because of its unique characteristics. Conjugation
of specific monoclonal anti-OV antibody to GO was carried
out using carbodiimide coupling chemistry. Prior to the cova-
lent immobilization process, the COOH groups available in GO
were activated using EDC as the coupling agent and then
formed a mediator with NHS. Amino groups of the antibody
could couple with the mediator to form a peptide bond. The
peptide bond formed provides antibody-mediated specific
binding sites to detect antigen, which is superior to other types
of conjugation based on physical adsorption. The presence of
carboxyl groups and amino groups in GO-mAb conjugates was
confirmed using ATR-FTIR spectra described in the following
section.

Field emission scanning electron microscopy (FE-SEM)
was used to observe morphological structures of the modified
SPCE surfaces. Fig. 1 illustrates the surface morphology of
bare SPCEs, GO/SPCEs, GO-mAb/SPCEs, BSA/GO-mAb/SPCEs
and OV Ag/BSA/GO-mAb/SPCEs at 20000 x magnification
(Fig. 1(A)-(E)) and the OV Ag immobilized immunosensor sur-
face at 5000x magnification (Fig. 1(F)). The surface of bare
SPCEs exhibited a smooth and uniform layer of carbon-based
materials (Fig. 1(A)). In contrast, the SEM images of GO-mAb/
SPCEs (Fig. 1(B)) and GO-mAb/SPCEs (Fig. 1(C)) showed that
GO appeared with several layers of flakes with distinguishable
edges of individual sheets and small number of wrinkled
textures giving rough morphology.®® The surface of the GO-
mAb conjugate showed a larger and rougher surface area
formed by the aggregation of GO layers by mAb, indicating
the increase of surface roughness. FE-SEM analysis confirmed
the uniform modification of the GO-mAb conjugate. Subse-
quent blocking with BSA and immobilization with target OV Ag
expressed a smooth web-like structure coating on the GO-mAb

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FE-SEM images of (A) bare SPCEs, (B) GO-modified SPCEs, (C) GO—mAb-modified SPCEs, (D) BSA blocked SPCEs, (E) OV Ag immobilized BSA/

GO-mADb/SPCEs at 20 000x and (F) 5000x magnifications.

surfaces, showing the formation of a new layer coated on the
sensor surface (Fig. 1(D)—(F)).

The three-dimensional surface topology of bare SPCEs,
GO-modified SPCEs and GO-mAb SPCEs was investigated
using atomic force microscopy (AFM) (Fig. 2(A)—(C)). The root
mean square (R,) and the average (R,) surface roughness of the
modified electrode surface were increased from 26 + 1.07 nm

and 20.2 + 2.04 nm in bare SPCEs to 38.3 + 2.3 nm and 33.9 +
3.5 nm in GO-modified SPCEs and 45.8 & 3.05 nm and 35.8 +
3.29 nm in GO-mADb SPCEs. The surface roughness was slightly
decreased after blocking with BSA representing R, of 43.8 +
1.05 nm and R, of 34.4 £+ 2.96 nm (Fig. 2(D)). Finally, the
immobilization of OV Ag indicated a smooth morphology due
to the formation of the GO-mAb-OV Ag layer covering the

© Bare SPCEs OGOSPCEs
®BSA/GO-mAbSPCEs  BOV/GO-mAWSPCEs

®GO-mAb/SPCEs

&

Rq Ra

Fig. 2 AFM images of (A) bare SPCEs, (B) GO-modified SPCEs, (C) GO-mAb-modified SPCEs, (D) BSA blocked SPCEs, (E) OV Ag immobilized GO-mAb/
SPCEs and (F) root mean square (Ry) and average (R,) surface roughness of each modification.
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electrode surface. The lowest R values of 19.7 &+ 4.1 nm and R,
16.3 £ 2.96 nm were observed for OV Ag/GO-mAb modified
surfaces (Fig. 2(E)). AFM images of the sensor surfaces showed
resemblance with those of FE-SEM images, indicating complete
immobilization of the GO-mAb conjugate on SPCEs as well as
the binding of OV Ag onto the GO-mAb modified sensor
surface.

Fourier-transformed infrared (FTIR) characterization was
carried out for the functionalization of GO with mAb.
Fig. 3(A) illustrates the FTIR spectra of the original GO and
GO-mAb conjugates. The peak at 1098 cm™ " was attributed to
the C-O stretching (alcohol) of GO.*> C-H bending (aromatic)
functional groups were observed in the 1804 and 1800 cm ™"
peak positions for original GO and GO-mAb, respectively. The
peak at 1696 cm™ ' represented the C—O stretching carboxyl
group of the original GO** which later disappeared upon
GO-mADb conjugation as the carboxyl group was consumed by
the amine group of the monoclonal antibody. The strong
peak at 1572 cm ' represented the amide I bonding while
stretching.?® The band at 2665 cm ™ was attributed to the O-H
stretching of GO and GO-mAb. C-C stretching and CH, stretch-
ing groups of GO were observed at 2380 and 2945 cm ™,
respectively. The C-H stretching alkene group and the C-N
stretching amine group were attributed to the 654 cm™ ' and
573 cm~ ' wavenumbers of GO, but were later expressed as less
intensive peaks in the GO-mAb complex. These factors con-
tribute to the characteristics of GO, as reported in previous
studies.***® The appearance of characteristic peaks of bending
of the amide II band at 1528 cm ™" indicates successful immo-
bilization of the antibodies onto GO. Moreover, the broader
peak between 1600 and 1800 cm ™' is the spectral region most
sensitive to antibody structural components.*® X-ray diffraction
(XRD) patterns of original GO and EDC/NHS functionalized GO
are illustrated in Fig. S1 (ESIf). XRD patterns showed the
characteristics of pristine GO and carboxylated GO.

Raman spectra of bare SPCEs, GO/SPCEs and GO_mAb/
SPCEs are illustrated in Fig. 3(B). Two significant peaks were
observed at ~1350 cm™" and 1580 cm ™' that corresponded to
the D and G bands of graphene. The additional 2D peak which
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is sensitive to the number of the graphene layer due to the
second-order Raman scattering of the 2D band was observed
around 2700 cm ™. The D band is associated with breaking the
sp® symmetry of carbon by the structural disorder and defects
due to the presence of heteroatom and grain boundaries.*®
Furthermore, the G band represents the stretching vibration
mode (E,,) observed for sp? carbon domains, relative to the
first-order scattering.*' In bare SPCEs, the D and G bands were
observed to have equal intensity though the pristine graphite
usually exhibits a predominant sharp peak for the G band. The
Ip/I; ratio of bare SPCEs was 0.83 which is directly proportional
to the disorder in its hexagonal lattice.*” The ratio of the
integrated intensities of the D and G bands (Ip/Ig) is taken as
an indicator of the relative disorder present in graphitic struc-
tures. The decrease in the intensities of the D band and Ip/Ig
ratio was observed in GO/SPCEs and GO-mAb/SPCEs with the
respective ratio of 0.55 and 0.19. The decrease in the Ip/lg
intensity was due to the aggregation of mAb on the GO layer
and the increase in number of graphitic domains, which led to
the second amorphization stage beyond the critical defect
density.”® Furthermore, the increase in the intensity of the
2D-band indicates that the layer of the GO sheet has multiplied
after the immobilization of mAb, which is accompanied by the
decrease in the Ip/lg intensity.** The results of ATR-FTIR and
Raman spectra validated the functionalization of GO with
monoclonal antibody and immobilization on SPCE surfaces.
3.1.2. Electrochemical characterization of immunosen-
sors. The electrochemical behaviour of the modified electrode
interface was characterized by CV and EIS measurements in
0.1 M KCI containing 5 mM [Fe (CN)e]> /*~ (Fig. 4(A)). Since the
GO-mADb conjugate can promote electron transport, both ano-
dic (Ipa) and cathodic (I,.) peak current signals were signifi-
cantly intensified. Furthermore, the modification reduced
peak-to-peak potential separation (AE,) resulting from the shift
of the anodic (E,,) and cathodic (E,.) potentials. The improved
electrochemical activity with a higher electron transfer rate
of the GO modified surface can lead to the improvement
of the total electroactive area of the modified SPCEs. The
direct immobilization of antibody molecules on SPCEs was
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500 1000 1500 2000
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(A) FTIR original GO (black) and GO-mADb (red) and (B) Raman spectra of original GO (black), activated GO (red) and GO-mAb (blue).
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impedance spectra of the stepwise modification of the immunosensor using 5 mM [Fe (CN)

accompanied by the decrease in electrochemical signal due to
enhanced electron transfer barriers.*” This was improved in our
study as the lowering of the electrochemical activity of antibody
was surpassed by the higher electroanalytic activity and
enhanced charge transfer rate of GO. The peak current was
decreased after target recognition because the specific binding
of monoclonal antibody and OV Ag complex acted as a kinetic
barrier on the electrode surface where the redox particles
cannot penetrate the layers into the conductive electrode
surfaces. The electroactive area on the electrode surfaces before
and after modification with GO-mAb conjugates has been
calculated in the presence of 5 mM [Fe (CN)s]>~"*~ using the
Randles-Sevcik equation as given below,

I, = 2.69 x 10°A x D'*n**'*C

where I, is the peak current of the electrode, n is the number of
electrons transferred in the reaction (here, n = 1), D is the
diffusion coefficient (7.26 x 10”2 cm? s '), A is the surface area
of the electrode (the diameter is 0.3 cm and the geometrical
surface area is 0.07 cm®), C is the concentration of the electro-
active redox chemical (here, 5 x 107° mol em™?), and v is the
scan rate (100 mV s~ '). The effective surface area of modified
electrodes is directly proportional to the peak currents of the
electrodes. In this study, the effective surface area of bare
SPCEs was 0.019 cm? but that of GO-mAb/SPCEs was increased
to 0.024 cm? showing higher electroactivity. Moreover, the
effect of the scan rate on the GO-mAb/SPCEs showed that the
square root of the scan rate is linearly proportional to both
the anodic (Ip,) and cathodic peak current (I,.). Consequently,
the scan rate studies implied the redox behavior of the purely
diffusion-controlled reaction. This in turn suggests that the
modified SPCE surface was not fouled, and the electrochemical
process was controlled by diffusion.

Fig. 4(B) illustrates the Nyquist plots of each step and
changes of charge transfer resistance (R ) upon stepwise modi-
fication of the immunosensor surface. The impedance spectra
of the GO-mAb modified surface showed the corresponding
decrease in charge transfer resistance (R.;) due to the increase

© 2024 The Author(s). Published by the Royal Society of Chemistry

6l>7/4~ containing 0.1 M KCl in PBS as a redox indicator.

of electron-transfer capacity and enhanced electroactive sites
on the electrode surface. Consequently, R.. was increased due
to the steric hinderance onto the electrode surface after the
specific interaction of OV Ag with immobilized mAb on the
sensor surface. The EIS data supported the CV result showing
the successful immobilization of the GO-mAb conjugate and
the detection of OV Ag.

Fig. 4(B) illustrates the Nyquist plots in each step and
changes in charge transfer resistance (R.) upon the stepwise
modification of the immunosensor surface. The impedance
spectra of the GO_mAb modified surface also showed the
corresponding decrease in charge transfer resistance (R.) due
to the increased electron-transfer capacity and enhanced elec-
troactive sites on the electrode surface. Consequently, R, was
increased due to the steric hinderance onto the electrode
surface after the specific interaction of OV antigen with immo-
bilized mAb on the sensor surface. The EIS data supported the
CV results, showing the successful immobilization of the
GO_mADb conjugate and the detection of OV Ag.

3.2. Optimization of electrochemical immunosensors

3.2.1. The effect of concentration of antibody. The effects
of the concentration of monoclonal antibody were tested on the
SWV response of the fabricated immunosensor for OV Ag
detection (Fig. 5(A)). Different concentrations of antibody
(10 to 1000 pg mL ") were immobilized onto the SPCEs surface.
The peak current changes were increased inversely with the
decrease of antibody concentration. High concentration of
antibody (1000 pg mL™ ') resulted in dense immobilization
onto the electrode surface leading to the decrease of sensitivity
of the immunosensor. The maximum peak current change was
observed at an antibody concentration of 10 pg mL~". There-
fore, the concentration of antibody is fixed at 10 pg mL™* for
further experiments.

3.2.2. The effect of blocking time. The blocking of non-
specific area on the electrode surface can enhance the sensi-
tivity and specificity of the immunosensor. In this study, 0.1%
BSA was used as the blocking reagent. Various concentrations
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Fig. 5 Optimization of (A) mAb concentration, (B) blocking time with 0.1%

of BSA (0.05%, 0.1%, 0.5% and 1%) were used to determine the
optimal conditions (data not shown). High concentration
of BSA resulted in excessive blocking on the sensor surface
leading to low sensitivity of the immunosensor and an inability
to generate a significant peak current difference between
OV-positive and negative samples. The highest peak current
change was observed at 0.1% BSA to detect standard OV Ag.
To optimize the blocking time, the GO-mAb/SPCEs were
blocked with BSA for 30, 60 and 90 min (Fig. 5(B)) and evaluated
for their capacity to detect OV Ag using PBS as a negative
control. Blocking for 90 min was excessive, resulting in the
decrease of specificity of the immunosensor. After blocking for
30 min, the immunosensor exhibited the relevant current
changes for both OV Ag and negative control.

3.2.3. The effect of pH. The application of a biosensor to
detect OV Ag in urine samples is expected to be affected by the
pH of urine. Therefore, the optimal pH to detect OV Ag was
determined. The SWV voltammetry of the immunosensor was
performed in the presence of OV Ag in the buffer solution with
various pH values ranging from acidic to basic. As shown in
Fig. 5(C), the peak current changes increased in parallel with
the increase of the pH of the buffer, starting from pH 3 to 7 and
then decreased as the pH increased to pH 9. Thus, pH 7 was
selected as the optimum pH value for the quantification of OV Ag.

3.3. Analytical performance of immunosensors to detect
OV Ag

Under the optimal experimental conditions, the applicability of
the immunosensor developed to detect OV Ag was examined.
The SWV voltammogram was recorded before incubating the
sensor surface with target antigen and the peak current was
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extracted as the baseline (I) signal. During the electrochemical
measurement, the immobilized GO-mAb conjugate exhibited a
free and stable assembly on the electrode surface, indicating a
significant peak current of the redox solution. As the concen-
tration of OV Ag bound to immobilized antibody increases,
the antigen-antibody complex will act as a hindrance on the
electrode surface and less redox species can penetrate it,
leading to relative signal reduction (Fig. 6(A)). The peak current
signal before and after target recognition was calculated as
peak current changes (AI). As the concentration of OV Ag
increased, there was a linear relationship between the peak
current changes and logarithm of OV Ag concentration (I =
3.4179 log(c) — 5.844) with a correlation coefficient (R*) of 0.98
(Fig. 6(B)). The limit of detection (LOD) was calculated using
the formula, LOD = 3¢/S, where ¢ is the standard deviation
obtained from the average measurement of the blank and S is
the slope of a linear graph. The calculated LOD of the devel-
oped immunosensor for OV Ag detection is 0.08 ng mL " with a
linear response range of 0.2-200 ug mL~". Table 1 shows the
LOD and linear range of various other detection methods for
OV Ag compared to our study. The proposed electrochemical
immunosensor exhibited a relatively low LOD with a larger
detection range and higher sensitivity.

3.4. Analytical performance of the immunosensor in real
clinical samples

To equilibrate the interference of other substances in urine on
OV Ag detection, a standard curve was calibrated using differ-
ent concentrations of OV Ag spiked into urine samples.
A normal urine sample was diluted (1:10 dilution) prior to
the experiment. The SWV peak current was observed to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of LOD and linearity of various detection methods for OV antigen

Method Limit of detection Linearity Reference
OV excretory-secretory (OV-ES) ELISA 39 ng mL~* — 11
AuNPs-LISA assay 23.9 ng mL ! 5.9-12000 ng mL " 12
Enzyme-linked immunosorbent assay 93.8 ng mL " — 46
Smartphone-based fluorescent ELISA 34 ng mL~* 1.95-125 ng mL ™" 47
OV-RDT 28.5 ng mL ™" 28.5-5000 ng mL ' 48
Electrochemical immunosensor 0.08 ng mL " 0.2-200 pg mL ™" This study
1.5 ng mL™" 0.16-100 pug mL ™" (Spiked urine)

decrease with increasing concentration of OV Ag in urine
(Fig. 6(C)). A calibration plot was constructed as described in
the previous section. SWV with increasing concentration of OV
Ag showed that the peak current changes were increased
linearly (I = 2.10 log(c) — 2.0562) with the R* of 0.988 (see
Fig. 6(D)). Each point of the calibration graph represents the
mean value obtained from three independent measurements.
LOD calculated from the linear graph was 1.5 ng mL~" which
was higher than that obtained from the linear graph using the
standard antigen spiked in PBS. It also showed a narrower
linear detection range of 0.16-100 pg mL ™. The application of
the developed immunosensor to the real clinical samples
supported its significance for the clinical diagnosis of OV
infection. Serological methods suffer from drawbacks such as
invasive sample collection, necessity of cold chains, and per-
sistence of antibodies for prolonged periods after treatment.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Therefore, the use of non-invasive urine samples for OV Ag
detection facilitated the applicability of the immunosensor.

3.5. Reproducibility and stability

The reproducibility of the proposed immunosensor was eval-
uated by the analysis of three different concentrations of OV Ag
(0.02, 2, 20 pg mL ") across ten independent studies performed
by a different operator. The results are given in Table 2. The
relative standard deviations (RSDs) obtained were 5.78%,
5.06%, and 4.4%, respectively, suggesting that the proposed
immunosensor has acceptable reproducibility which was less
than 10%.*° Therefore, the data provided that the immunosen-
sor can generate highly reproducible signals along with high
consistency of electrode surface modification and precision.
The stability of the immunosensor was investigated by storing
the developed immunosensor at 4 °C for various intervals up to
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Table 2 Reproducibility of the electrochemical immunosensor using low,
median and high concentrations of OV Ag (0.02, 2 and 20 pg mL™Y)

OV Ag concentration (ug mL~") Peak current (LA) RSD (%) (n = 10)

0.02 2.08 £+ 0.12 5.78%
2 5.78 + 0.29 5.06%
20 10.69 + 0.47 4.40%
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Fig. 7 Stability of the immunosensor after its storage at 4 °C for 0, 7, 15
and 30 days for the detection of 500 ng mL™* of OV Ag.

30 days and used for the detection of 500 ng mL ™" of OV Ag.
There was no obvious change during the storage of 30 days,
retaining about 99% of the initial current response (Fig. 7). The
proposed immunosensor exhibited great stability for potential
utility.

3.6. Evaluation of field utility of the developed
electrochemical immunosensor

As shown in Table S1 (ESIt), the collected 530 samples were
separated into ELISA tested, OV-RDT tested and ELISA & OV-
RDT tested groups. The concentrations of OV Ag detected by the
immunosensor in OV infected urine samples were significantly
higher than those in normal urine samples at a 95% confident
interval with a p-value of <0.001 (Fig. 8(A)-(C)). The mean
concentrations of OV Ag in OV-positive and OV-negative
urine in each sample group were 211.41 + 30.77 ng mL ™"
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and 26.27 + 5.72 ng mL ™" (Fig. 8(A)), 220.34 + 62.63 ng mL ™"
and 30.50 + 14.52 ng mL ' (Fig. 8(B)), and 202.29 =+
31.68 ng mL ™" and 15.33 + 3.58 ng mL ™" (Fig. 8(C)), respec-
tively. These data indicated that the proposed immunosensor
can be used as a promising tool to detect OV infection.

Fig. 9(A)-(C) show the ROC curve analysis to compare the
performance of the developed method to the conventional
ELISA test, OV-RDT test kit and ELISA and OV-RDT tests. The
electrochemical detection technique showed high AUC values
of 0.846, 0.923 and 0.950 respectively, indicating that using the
developed sensor is a superior method to classify OV positive
and OV negative individuals correctly. Using the diagnostic
cut-off (12.06 ng mL™") obtained from the ROC curve, the
diagnostic sensitivity and specificity were 93% and 69%,
respectively (Fig. 9(A)). To further evaluate the assay perfor-
mance, positive predictive value (PPV), negative predictive value
(NPV), positive likelihood ratio (LR+) and negative likelihood
ratio (LR—) were estimated (Table 3). The diagnostic perfor-
mance of the assay was verified by the PPV of 86%, the NPV of
82%, the LR+ of 3.0, the LR— of 0.10, the DP of 67.6 and the
accuracy of 85%. False positive results from sensor detection
were correlated with proteinuria (p < 0.05) probably because
the high concentration of protein in urine interfered with
biosensing. Compared to the ELISA, the developed immuno-
sensor exhibited better sensitivity and specificity to detect
OV infection with the advantage of not requiring urine pre-
treatment.

The diagnostic performance of the developed electrochemi-
cal immunosensor was further validated through comparison
with the commercialized rapid OV Ag test kit (OV-RDT).
Urine OV Ag RDT has been used for the on-site detection of
OV Ag. The ROC curve analysis indicated a high AUC of 0.923
(Fig. 9(B)), providing excellent sensitivity and specificity to
OV Ag detection. The diagnostic performance of the proposed
electrochemical immunosensor compared to OV-RDT pre-
sented 92% sensitivity, 90% specificity, 85% PPV, 96% NPV,
9.2 LR+, 0.08 LR—, 38.5% DP and 92% accuracy (see Table 3).
Further comparison with the ELISA and OV-RDT exhibited the
highest AUC of 0.950 with 96% sensitivity and 90% specificity
(Fig. 9(C)). The diagnostic performance of the proposed elec-
trochemical immunosensor compared to ELISA and OV-RDT
presented 75% PPV, 99% NPV, 9.6 LR+, 0.04 LR—, 21.7% DP
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Fig. 8 Statistical comparison of OV antigen detection in OV positive and OV negative individuals in (A) Group 1 by ELISA (n = 148), (B) Group 2 by OV-
RDT (n = 130) and (C) Group 3 by ELISA & OV-RDT (n = 253). The plot shows a statistically significant difference in OV Ag concentration in urine between

QV positive and negative individuals (p <0.001).
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Fig. 9 Receiver operating characteristics (ROC) analyses of the developed immunosensor for the detection of OV antigen in urine samples compared to
(A) ELISA (AUC = 0.846), (B) OV-RDT (AUC = 0.923), and (C) ELISA and OV-RDT techniques (AUC = 0.950).

Table 3 Diagnostic performance of the developed electrochemical immunosensor compared to ELISA and the commercial rapid diagnostic test

(OV-RDT) to detect OV Ag in field-collected urine samples

Diagnostic performance of electrochemical immunosensors

Comparator AUC Cutoff Sensitivity Specificity PPV NPV LR+ LR— Disease prevalence
ELISA (n = 147) 0.865 10.85 0.93 0.69 0.86 0.82 3.0 0.10 67.6
OV-RDT (n = 130) 0.923 11.94 0.92 0.90 0.85 0.96 9.2 0.08 38.5
ELISA & OV-RDT (n = 253) 0.950 12.06 0.96 0.90 0.75 0.99 9.6 0.04 21.7

and 92% accuracy. The developed electrochemical immuno-
sensor showed the highest accuracy when compared to RDT
or a combination of ELISA and RDT. The prevalence of OV
infection detected by the developed immunosensor (45%) was
higher than that of ELISA (38%). The diagnostic cut-off to
diagnose OV-positive individuals by the immunosensor was
12.06 ng mL~" and that by the ELISA was 32 ng mL™". There-
fore, the lower cut-off of LOD for OV Ag by the immunosensor
may lead to higher sensitivity and prevalence of OV infection.
However, the reference range for OV Ag in the urine sample is
yet to be identified which may evaluate the relevance of the
proposed diagnostic method compared to the traditional tech-
niques. Besides, correlation analysis between the concentration
of OV Ag in urine detected by the immunosensor and the
intensity of OV eggs by the gold standard FECT techniques
should be conducted in the future to verify the clinical utility
and diagnostic performance of the immunosensor.

The gold standard diagnosis FECT is sometimes inaccurate
in the case of the presence of bile duct obstruction due to
periductal fibrosis or in the case of the low intensity infection
where the eggs cannot be detected in faeces. Even in those
cases, the metabolic products can be secreted from adult
worms and OV Ag can readily be detected in urine. Moreover,
urine OV Ag has been reported to be significantly correlated
with the intensity of OV infection."" Therefore, the quantitative
measurements of urine OV Ag by the proposed immunosensor
can estimate the intensity of the infection as well as the
progression after the treatment. The developed electrochemical
immunosensor can detect urine OV Ag with high accuracy via a

© 2024 The Author(s). Published by the Royal Society of Chemistry

specific monoclonal antibody and antigen reaction coupled by
the electrochemical transducing activity of graphene. There-
fore, the electrochemical immunosensor is highly promising to
detect OV Ag in urine samples for the diagnosis of opisthorch-
iasis in mass screening in the field.

3.7. Comparison of the diagnostic methods

Urine OV Ag concentrations detected by the developed immuno-
sensor were compared with those detected by the ELISA as the
reference. In this study, the comparison with a gold standard
FECT was omitted due to the impracticability of collecting
intensive fecal samples, particularly in field-collected samples.
At the 95% confident interval, the calculated values of the paired
t-test and F-test implied that there was no noticeable difference
between the performances of the two methods compared.
The Bland-Altman plot exhibited the concordance between the
sensor and the ELISA measurements (Fig. S2, ESIt). The results
obtained with both methods showed an overall agreement with
some outliers. Moreover, the weighted Cohens kappa analysis
showed moderate agreement between the immunosensor and
the ELISA with the Kappa value of 0.72 and strong agreement
when compared to OV-RDT with a Kappa value of 0.80. The
discrepancy in the OV Ag concentration was particularly evident
at the lower OV Ag concentration. The lowest OV Ag concen-
tration detected by the immunosensor was 0.002 ng mL %
whereas that by the ELISA was 16.02 ng mL ™', resulting in
deviation from linear results. The frequency distribution of OV
Ag concentration measured by the immunosensor indicated a
wider detection range compared to the ELISA (Fig. S3A and B,

Mater. Adv,, 2024, 5, 4491-4503 | 4501
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ESIt). Moreover, sample collection, storage and detection time
affected urine OV Ag concentration because of the short lifespan
of OV Ag in urine and bacterial multiplication in the urine
sample over prolonged storage. Overall, the validation of the
newly developed immunosensor method using the conventional
ELISA as reference has highlighted the reliability of the
immunosensor.

4. Conclusion

In this study, the newly developed electrochemical immuno-
sensor introduces a novel concept for the detection of OV Ag in
urine samples. The functionalization of GO with monoclonal
antibody provides antibody-mediated specific binding sites for
antigen detection and enhanced sensitivity of the immunosen-
sor. The quantitative measurements of OV Ag in infected
patients can play a crucial role in monitoring the diagnosis
and prognosis of the disease. The developed immunosensor
exhibited low LOD (1.5 ng mL™") for OV Ag in urine samples,
which is the lowest reported LOD for OV Ag detection to date.
Furthermore, the proposed immunosensor exhibited excellent
diagnostic potential with 96% sensitivity and 90% specificity
without requiring a sample pre-treatment step. The analytical
validation and clinical performance of the immunosensor out-
performed traditional measurement techniques. The developed
electrochemical immunosensor is a promising tool for point-of-
care detection of OV Ag in field application as well as for
monitoring disease progression with high accuracy.
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