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Abstract

Patients with ovarian cancer exhibit no clear symptoms. Ovarian cancer can be detected early only through internal diagnosis,
ultrasound, and a carcinoma antigen 125 (CA125) tumor index test. More than 60% of patients have advanced ovarian cancer
at diagnosis. The traditional chemical fluorescence immunoassay is used to measure CA125 levels; its lowest detection limit
is only 35 U mL™!, but it does not adequately demonstrate early symptoms. Moreover, endometriosis, pelvic cavity inflamma-
tion, and other gynecological diseases may increase CA125 levels. Therefore, a method for extracting CA125 information is
urgently required for ovarian cancer diagnosis. This information can include the glycosylated state of CA125. In this study, a
new ultrasensitive electrochemical immunosensor composed of reduced graphene oxide (rGO), gold nanoparticles, thionine
chloride, bovine serum albumin, and two antibodies was developed. Through hydrogen peroxide reduction, the sensor can
detect glycosylated CA125 from ovarian cancer cells and human blood serum by using differential pulse voltammetry. O,
reacts with H* that the H* is formed from altered glycan core structures, producing a strong signal for malignancy detec-
tion. With the lowest detection limit of 4.10 pg mL~! (127 nU mL™"), the sensor can be used for early ovary cancer detec-
tion. Furthermore, the results of a clinical test in healthy individuals and patients demonstrated the high selectivity of the
immunosensor, and the high-regression-curve rate obtained from human blood serum analysis could be used to distinguish
ovarian cancer from other gynecological diseases. This is the first study employing an electrochemical immunosensor to
define and identify ovarian cancer to achieve highly specific and accurate detection.
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1 Introduction

Ovarian cancer, a gynecological cancer, is the most com-
mon in menopausal or postmenopausal women, par-
ticularly in women aged > 50 years. Because the initial
symptoms of ovarian cancer are unclear or are similar
to gastrointestinal symptoms, treatment can be delayed.
According to clinical reports, in most cases, ovarian can-
cer is diagnosed at stage three or higher, and its progno-
sis is poor. The 5-year survival rate is <20%. The most
common type of ovarian cancer is ovarian epithelial cell
carcinoma, accounting for up to 95% cases. Ovarian epi-
thelial cell carcinoma has five subtypes, among which
highly differentiated serous ovarian cancer is the most
malignant. Currently, numerous tumor biomarkers are
used to screen for ovarian cancer. The most commonly
employed biomarker is carcinoma antigen 125 (CA125) or
mucin 16. CA125 is a major tumor biomarker produced by
mesothelial and epithelial ovarian tumors. Its concentra-
tion in body fluids varies among individuals. Clinically, a
CA125 level of >35 U mL™! is considered a preliminary
indication of ovarian cancer. Currently, many detection
and analysis methods, including radioimmunoassay [1],
immune polymerase chain reaction assay [2], electropho-
retic immunoassay [3], mass spectrometric immunoassay
[4], and enzyme-linked immunosorbent assay (ELISA)
[5], are used for ovarian cancer detection. However, these
methods are less sensitive and time consuming and can-
not be used to distinguish structural changes in CA125
because of pregnancy [6], endometriosis [7], reproductive
age [8], and gynecological diseases [9, 10]; these changes
may cause false-positive results.

Some studies have reported that differences in CA125
glycosylation (O- and N-glycans) can be employed to
detect ovarian cancer in women; however, the actual sites
of glycan attachment remain unknown [11, 12]. Rudd et al.
demonstrated that in patients with ovarian cancer, the lev-
els of core-fucosylated agalactosyl biantennary glycans
incrementally increased, and that most bisecting bi-anten-
nary and nonfucosylated glycans decreased compared with
controls, indicating differences in CA125 N-glycan [13].
They reported that these differences in N-glycan segments
are the increase in size, branching, and sialylation of struc-
tures. Moreover, through mass spectrometry, they found
that CA125 O-glycan contained core 1 and 2 structures.
Tsuboi and Fukuda reported that core 2 O-glycans may
promote the growth of tumor cells and their survival for
a longer duration in circulatory systems, leading to tumor
metastasis [14]. Interestingly, Clausen et al. reported that
N-glycosylation or O-glycosylation did not strongly influ-
ence the binding of anti-CA 125 and monoclonal antibod-
ies, and that the binding epitopes of these two antibodies
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depended on the conformation and not on glycosylation,
because a complete sperm protein, enterokinase, and
agrin (SEA) domain was not required [15]. These findings
revealed that protein glycosylation (especially O-glycans)
provides crucial information for cancer diagnosis. How-
ever, currently, no universal method for the rapid and reli-
able identification of glycan structures is available [16].
Using a simple detection method for recognizing changes
in glycosylation based on molecular characteristics is dif-
ficult. Moreover, CA125 may be a specific biomarker of
ovarian cancer. Thus, a method for detecting the glyco-
sylated state of CA125 is urgently required.

In addition, glassy carbon has been used as a working
electrode in electrochemical reaction for the detections of
Tramadol [17], Viagra [18], energy conversion [19].

In this study, a novel electrochemical immunosensor for
detecting O-glycosylated CA125 was developed. The immu-
nosensor was composed of reduced graphene oxide (rGO),
gold nanoparticles, thionine chloride (Thic), bovine serum
albumin (BSA), and two antibodies. The rGO is a substrate
for providing electric conductivity and the gold nanopar-
ticles can significantly improve the electric conductivity.
Thic provides two functions in this study including the dis-
sociated chlorine ion and connecting the antibody. BSA is a
protein and used to block some remain active sites after the
antibody is reacted. The ES-2 cells are employed for elec-
trochemical immunoanalytical detection and serum analysis.

2 Experimental
2.1 Materials

rGO was purchased from Cheap Tubes company (VT,
USA). Thic, glutaraldehyde, chitosan, phosphate-buffered
saline (PBS, 0.1M, pH 7.4), hydrogen peroxide, and anti-
CA125 X75 and X306 antibodies were obtained from
UNI-ONWARD (New Taipei City, Taiwan). Hydrogen tet-
rachloroaurate hydrate (HAuCl,-H,0, 99.9%) and sodium
borohydride (NaBH,) were obtained from Echo Chemical
Co., Ltd. (Taipei, Taiwan). The clonality of X75 (M 11-like)
and X306 (OC 125-like) anti CA125 antibodies was mono-
clonal and hosted by a mouse.

2.2 Instruments

All electrochemical measurements were performed using a
multichannel potentiostat (VMP3, Bio-Logic Science Instru-
ments). A glassy carbon (GC) electrode was used as the
working electrode, with Ag/AgCl and a platinum wire act-
ing as reference and counter electrodes, respectively. Opti-
cal microscopy (OM, MXK600, Microtech Optical Co.)
was employed to study cell cultures. A pH meter (INLAB
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ROUTINE, Mettler Toledo Co.) was employed for analyzing
the H* concentration. The phase composition was studied
using an X-ray diffractometer (XRD) (D, Phaser, Bruker,
Karlsruhe, Germany) with a range from 10° to 60°, incre-
ments of 0.5°, and scanning rate of 5°/min. The chemical
analysis is characterized using an attenuated total reflec-
tion FTIR (ATR-FTIR) analyzer in the frequency range of
4000-400 cm™" (FT/IR-6700, JASCO, Japan). The mor-
phologies are detected through scanning electron micros-
copy (SEM) by using a LEO-1530 microscope.

2.3 Synthesis of Au nanoparticles

Au nanoparticles were synthesized, as reported in [20]. First,
50 pL aqueous solution of 10 mM HAuCl, was mixed with
3 mL of 0.2 wt% chitosan (in an aqueous solution of 1% ace-
tic acid). The mixture was stirred for 30 min. Subsequently,
50 puL of 0.1 M NaBH, was added to the mixture, and the
solution was stirred for 90 min. The resulting solution of
Au nanoparticles was stored at 4 °C. Figure 1 illustrates
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that nanoparticle diameters obtained through transmission
electron microscopy were 9—11 nm.

2.4 Preparation of rGO/Thic/X75 antibody
suspension solution

In 60 pL PBS at pH 7.4, 1.2 mg rGO was dispersed; subse-
quently, 1 mM Thic was added. The resulting mixture was
stirred for 48 h at 37 °C. After stirring, 2.5% glutaraldehyde
was added, and the solution was stirred for 1 h at room tem-
perature. Thereafter, 3.38 pL X75 was added to the solution.
The mixture was incubated at room temperature and stirred
for 1 h. The resulting (rGO/Thic/X75) suspension solution
was stored at 4 °C before use.

In order to analyze the chemical and physical properties
of rGO/Thic/X75 composite, the SEM, XRD, and ATR-
FTIR are adopted. Figure 2a displays the rGO/Thic/X75
composite is a flake-like morphology, which is the original
morphology of rGO, indicating the X75 does not affect rGO.
Figure 2b shows a (002) phase of rGO and cannot find other
crystal phase is formed on the rGO/Thic/X75 composite.
Figure 2c shows several absorptions on spectrum such as
the peaks at 2924 and 2854 cm™' mark the stretch vibra-
tions of -C-H(CH,) and -C-H(CHj;) groups of X75 as well
as the peaks at 1586 and 1157 cm™! are -C=C- and -C—-OH
from rGO.

2.5 Preparation of rGO/X306 antibody suspension
solution and

In PBS at pH 7.4, 1.2 mg rGO was dispersed, and 1 pL. X306
was added, and the resulting solution was incubated for 1 h.
Subsequently, 1 wt% BSA was added to the solution of Au
nanoparticles. BSA was used to block the remaining active
sites and to prevent nonspecific bonding. Thereafter, various
concentrations of the CA125 antigen were added, and the
mixture was incubated for another 1 h. The resulting rGO/
X306 suspension solution was stored at 4 °C before use.

In order to analyze the chemical and physical properties
of rGO/X306 composite, the SEM, XRD, and ATR-FTIR
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Fig.2 The analysis of a SEM, b XRD, ¢ ATR-FTIR of rGO/Thic/X75 composite
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Fig.3 The analysis of a SEM, b XRD, ¢ ATR-FTIR of rGO/X306 composite

are adopted. Figure 3a displays the rGO/X306 composite
is a flake-like morphology, which is the original morphol-
ogy of rGO. However, the surface of rGO covers a film
on rGO/X306 composite, which is not like rGO/Thic/X75
composite, indicating the X306 has a significant reaction
with rGO. Figure 3b shows a (002) phase of rGO and can-
not find other crystal phase is formed on the rGO/Thic/
X75 composite. Figure 3c shows several absorptions on
spectrum such as the peaks at 2921 and 2856 cm™! mark
the stretch vibrations of -C-H(CH,) and -C-H(CH,)
groups of X75 as well as the peaks at 1588 and 1154 cm™!
are -C=C- and -C-OH from rGO.

2.6 CA125 collection from cell lines and human
blood serum

Hey A8 and ES-2 cell lines were provided by American
Type Culture Collection. The cell lines were stored in
McCoy 5A medium (Gibco, Life Technologies, USA)
supplemented with 10% fetal bovine serum under stand-
ard conditions. N-glycan was extracted from the serum
through peptide-N-glycosidase F (Mannheim, Germany).
O-glycans were released and extracted after N-glycans
were released from SDS-gel blocks in order to collect the
O-glycosylated CA125 [13]. Human blood samples were
collected from four patients (two with ovarian cancer,
one with endometriosis, and one with germ cell tumor)
who were treated at Taipei Medical University Shuang
Ho Hospital. The blood samples were immediately cen-
trifuged after collection to obtain the serum. Within 1 h
of obtaining the serum, it was analyzed using ELISA and
the electrochemical immunosensor.

2.7 Western blotting

Western blotting was performed using the standard method.
The membrane was incubated with the primary antibody
X306.
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2.8 Serum collection

The serum samples were obtained from Taipei Medical Uni-
versity-Shuang Ho Hospital and Cheng Hsin General Hospi-
tal, and this study was conducted the guidelines of the Cheng
Hsin General Hospital Permission of Clinical Trial (CHGH)
and with the approval of Taipei Medical University Joint
Institutional Review Board (TMU-JIRM). All serum-related
experiments were conducted in accordance with CHGH and
TMU-JIRM guidelines, and all experimental protocols were
approved (No. 622-106A-30, dated June 21, 2018 and No.
N201706039, dated July 14, 2017).

2.9 Fabrication of the electrochemical
immunosensor and analysis

Figure 4 illustrates the construction of the electrochemical
immunosensor. Different concentrations of O-glycosylated
CA125 extracted from ES-2 cells were first added to 1 g
rGO/Thic/X75 antibody suspension solution, and the solu-
tion was stirred for 1 h at 4 °C. By contrast, 1 g rGO/X306
antibody suspension solution was added to the rGO/Thic/
X75/0-glycosylated CA125 solution. The sandwich elec-
trochemical immunosensor product (rGO/Thic/X75/0-
glycosylated CA125/X306/rGO) was stirred for another

0, /
‘ rGO/Thic/X75
\ \ (X75 suspension)
+4e- CA125
| (from cell line or human serum)
/ . 1 - i 1 - rGO/AuNPs/BSA/X306
(X306 suspension)

H,0

* Bovine serum albumin
Thionine chloride X306 antibody
Glutaraldehyde X75 antibody

¥ Gold nanoparticles CAL25

Fig.4 Electrochemical immunosensor
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1 h at 4 °C. Before electrochemical measurement, 0.1M
H,0, was added for O-glycosylated CA125 detection. The
GC, platinum wire, and Ag/AgCl electrodes are separately
immersed into above mixing solution (0.1M H,0, in rGO/
Thic/X75/0-glycosylated CA125/X306/rGO solution) for
electrochemical measurements. Differential pulse voltam-
metry (DPV) with a pulse amplitude and width of 50 mV
and 50 ms, respectively, was employed. An electrochemical
window was set from an open circuit voltage to—0.7 V for
ES-2 cells and — 1.2 V for serum measurements.

3 Results and discussion

Figure 5a and 5b present the OM images of ES-2 spheroidal
cell cultures obtained after different incubation times. The
incubated cells were nearly spheroidal on the first day, and
the cell diameter was approximately 25 pm. After 3 days of
incubation, the cells exhibited a narrow shape, indicating
that they were malignant. Figure 5a and 5b illustrate similar
behavior for Hey-A8 spheroidal cell cultures, indicating that
the incubation time for Hey-A8 and ES-2 cell lines was suf-
ficient for CA125 collection.

Sample _-I 70kDa

B-actin

Fig.6 Protein levels in Hey-A8 and ES-2 cells in parental (p) and
spheroids (Sp) assessed through Western blotting

Figure 6 illustrates that CA125 obtained from ES-2 sphe-
roidal cells was primarily responsive to cisplatin, and that
ES-2 spheroidal cells with X75 antibodies were strongly
active. Unlike the unclear images of Hey-A8 and ES-2
parental cells, the images of ES-2 spheroidal cells demon-
strated that the cells were sensitive. Therefore, ES-2 sphe-
roidal cells were selected to study O-glycosylated CA125
production.

Figure 7 presents the plot of the DPV response of the
electrochemical immunosensor as a function of different
concentrations of O-glycosylated CA125. Two reactions

Fig.5 OM images of ES-2 (left) and Hey-AS8 (right) spheroids cell culture obtained a and b on day 1 and ¢ and d after 3 days of incubation

@ Springer



1194

Journal of Applied Electrochemistry (2020) 50:1189-1198

Fig.7 DPV response of the 0
electrochemical immunosensor
for the varying concentrations
of O-glycosylated CA125 col-
lected from ES-2 spheroidal

cels 5 T 2 pgml?
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- 2.048%107 pgmL™*
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0 pgmL™’

Current/ pA

occurred at—0.2 and — 0.6 V. According to the literature,
the first reaction (—0.2 V) was the oxygen reduction reaction
(ORR), involving H,0, decomposition. ORR is presented
in Egs. (1) and (2). The second reaction (—0.6 V) was the
direct reduction of H,0, and is presented in Eq. (3) [21].

2H,0, - 2H,0 + 0, (1)
0, +4H" + 4¢~ — 2H,0 )
H,0, +2H* + 2¢- - 2H,0 3)

With an increase in the concentration of O-glycosylated
CA125, the reaction current intensity of the ORR decreased,
indicating that O-glycosylated CA125 reacted with anti-
bodies and blocked any reaction at the electrode surface.
However, a change in the concentration of O-glycosylated
CA125 did not strongly affect the direct reduction of H,O,.
This result revealed that O-glycans can release H* from
its carboxyl group, and H* in combination with O, may
exhibit a remarkable effect and gradually decrease the rate
of the reaction presented in Eq. (2). In addition, unreacted
residual H,O, was then independently reduced and did not
react with CA125. A study reported that a typical change
in O-glycosylated CA125 is the loss of branched core-2 or
core-4 O-glycans and the overexpression of simple or trun-
cated core-1 O-glycans [22]. These changes in glycan core
structures can lead to some reactions with O, and produce
a critical signal that can be used for detecting malignancy.
O-glycosylation is the attachment of a sugar molecule to
an oxygen atom [23] or a OH group [16] of hydroxy amino
acids in a protein. Therefore, the proton present in the OH
group of O-glycosylated CA125 was used for reduction with
O, to an ORR reaction of Eq. (2).

The response current was saturated at the highest concen-
tration (2 pg mL~!, approximately 0.05 U mL™') of O-gly-
cosylated CA125 occupation (Fig. 7). The lowest detection
limit of the immunosensor was 4.10 pg mL~! (approximately
127 nU mL'l), and the regression rate of the calibration
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—OI.4 -0.2
Potential/ V vs. Ag/AgCl

curve was 0.98. Compared with sensors such as Au@
Co;0, nanosheets (lowest detection limit=250 ng mL™")
[24], multiwalled carbon nanotubes (lowest detection
limit=1.13 mU mL~") [25], Prussian blue-platinum
nanoparticles (lowest detection limit=4.4 mU mL™})
[26], a three-dimensional gold nanoelectrode ensem-
ble (lowest detection limit=500 mU mL™!) [27], ZnO
nanorod-Au nanoparticle nanohybrids (lowest detection
limit=2.5 pg mL~!) [28], and a gold electrode with mer-
captopropionic acid-silica—CdSe quantum dots (lowest
detection limit=1.6 mU mL™") [29] reported in other stud-
ies on normal CA125, the immunosensor developed in this
study exhibited excellent detection performance and could
be used to measure minute CA125 concentrations present in
samples. According to the Table 1, this new electrochemical
immunosensor shows the best performance than the others.

In addition, the response time and the stability of this
electrochemical immunosensor has been evaluated. Accord-
ing to the result in Fig. 8, the reaction of the sandwich prod-
uct (rGO/Thic/X75/0-glycosylated CA125/X306/rGO)
can be totally completed within 60 min in accordance with
the highest concentration (2 pg mL™!, 0.05 U mL™!) of
O-glycosylated CA125 in Fig. 7 and shows no further reac-
tion. This information indicates that this electrochemical
immunosensor is eligible for fast screen detection with high
discrimination.

Figure 9 illustrates the DPV response of the electrochemi-
cal immunosensor to serum collected from the four patients.
According to the data of current clinical analyses, patients
A and B had stage-four ovarian cancer; their CA125 levels
were 233 and 66.4 U mL™', respectively, according to the
traditional ELISA analysis. Patients C and D had endome-
triosis and germ cell tumor, respectively, and their CA125
levels were 22.2 and 13.3 U mL™!, respectively, according
to the traditional ELISA analysis. The serum obtained from
patients C and D was compared with that obtained from
patients A and B to confirm the specificity and reproduc-
ibility of the electrochemical immunosensor. For the serum
obtained from patients A and B, the regression rate of cali-
bration curves was 0.95 and 0.87, respectively (Fig. 9a and
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Table 1 The. corpparisons of Method Detection limit Com- Cell line  Reference
electrochemlcal immunosensor mercial or serum
for ovarian cancer detection antigen
Au@Co;0, nanosheets 250 ng mL~! v X [24]
Multiwalled carbon nanotubes 1.1I3mUmL™" VvV X [25]
Prussian blue-platinum nanoparticles 4.4 mU mL™! \% X [26]
Gold nanoelectrode ensemble 500mUmL™" VvV X [27]
ZnO nanorod-Au nanoparticle nanohybrids 2.5 pg mL™! \% X [28]
Mercaptopropionic acid—silica—CdSe quantum dots 1.6 mU mL™! \'% X [29]
rGO for O-glycosylated CA125 4.10 pg mL™! A\ v Our work
127 nU mL ™!

Integral area/ uA*vV

o 60 80

Reaction time/ min

Fig.8 The response time and the stability of the electrochemical
immunosensor with the maximum concentration of O-glycosylated
CA125in Fig. 7

9b). This finding revealed that the electrochemical immu-
nosensor could detect O-glycosylated CA125 in real samples
with high accuracy. The two curves were different accord-
ing to the electrochemical tendency. Figure 9a illustrates a
direct and broad ORR of O-glycosylated CA125; the current
response gradually decreased with an increase in O-glyco-
sylated CA125 levels. However, Fig. 9b reveals a narrow
ORR of O-glycosylated CA125, and the peak behavior
became gentle without mountain peak. This result is con-
siderably different from that presented in Fig. 9a. Several
studies have reported that the altered glycosylation biomark-
ers produced in cancers can exhibit glycosylation changes as
their hallmarks [30, 31], such as high sialylation, branching,
and outer arm fucosylation. This phenomenon may indicate
that O-glycosylated CA125 obtained from different patients
exhibited structural antigenic complexity with possible
changes in molecular weights or structures. Thus, the ORR
of CA125 can be employed to distinguish small changes in
CA125 glycosylation for patients A and B. Moreover, the
calibration curves (Fig. 9c and 9d) demonstrated that the
regression rate was unreliable, which confirmed the specific-
ity and reproducibility of the electrochemical immunosen-
sor. In addition, the pH value of the serum solution acquired

from patients A and B was measured, and the serum
acquired from patients A exhibited lower pH (pH=4.1) than
that acquired from patient B (pH=35.2), demonstrating the
serum from patient A released many H* for the ORR. By
contrast, the pH of serum solution acquired from patients C
and D was high (pH=6.8).

Figure 10 illustrates the DPV response of the electro-
chemical immunosensor for serum obtained from a healthy
human. The analysis result revealed no regression. The elec-
trochemical immunosensor did not detect O-glycosylated
CA125 in endometriosis, germ cell tumor, and healthy cases.
However, typical changes and overexpression in O-glyco-
sylation occurring in healthy individuals may not be similar
to those occurring in patients with ovarian cancer. Thus,
aberrant O-glycosylation is an inherent and specific prop-
erty of cancer cells, which potentially helps in differentiating
cancer from benign conditions and thus improves assay spec-
ificity. In addition, the pH of serum solution acquired from
healthy human is slightly higher (pH="7.4) than patients C
and D, representing a normal serum sample. According to
the results, (1) the mechanism of O, reacting with the dif-
ferent glycan core structures of O-glycosylated CA125 and
(2) the difference between O-glycosylated CA125 obtained
from patients A and B must be further investigated.

4 Conclusion

An electrochemical immunosensor, which can be used to
detect the changes in the glycan core structure of CA125,
was fabricated using rGO. This immunosensor can be used
to sensitively distinguish among the serum obtained from
patients with ovarian cancer, patients with other gyneco-
logical diseases, and healthy patients. Further investigation
on the immunosensor is required, such as an independent
proteomic analysis; however, these results provided valuable
information for ovarian cancer detection.
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Fig.9 DPV response of the
electrochemical immunosensor
for patients a A, b B, ¢ C, and
dD
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Fig. 10 DPV response of the electrochemical immunosensor for a
healthy human
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