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Abstract

A simple, sensitive and one-step electrochemical technique was employed for the development of sandwich electrochemi-
cal immunosensor for the detection of CA 125 antigen. A unique three-dimensional gold nanostructure grown substrate
is developed by electrodeposition technique to immobilize a large amount of anti-CA 125 through functionalization of
gold nanostructures to immobilize cancer biomarker CA 125 and in human serum as well. The prepared immunosensor
can directly amplify the electrochemical signal by making use of silicon nanoparticles conjugated with target antibody to
achieve a detection limit of 1 pg ml~! in human serum. However, a comparative low detection limit of 1 fg ml~! with wide
dynamic range from 1 pg ml~! to 1 fg ml~! was obtained in cancer biomarker CA 125 solution. The immunosensor is sensi-
tive, stable and reproducible in clinical serum samples. This gold nanostructures-based sandwich immunosensor can be mass
manufactured, which may offer great potential to fabricate economical and sensitive immunosensor for broad applications

in clinical diagnosis.
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Introduction

The unusual growth of abnormal cells in ovary initiated to
form a tumor known as ovarian cancer (OC). In women, this
is the eighth most commonly occurring cancer and world-
wide 18th most common cancer worldwide. In 2018, approx-
imately 300,000 new cases appeared from all over the world
(Bray et al. 2018). In Pakistan, according to the Globocan
statistics 2018, OC is ranked 10th and, out of 92,639 cancer
cases 4504 cases were of OC (World Health Organization
2019). The average lifetime risk of developing OC is 1.35%.
The highest risk of OC is associated with menopausal hor-
mone therapy (MHT), whereas the lowest risk is with oral
contraceptives usage, malnutrition and oophorectomy (Torre
et al. 2018).
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Surgery, chemotherapy, radiation, hormonal or targeted
therapy can be adopted as treatment of OC depending on its
stage. Most commonly, platinum and texane combination
therapy approach is implemented for first-line chemotherapy
(Orr and Edwards 2018). Recent research focuses on more
targeted therapy to reduce the risk of damaging or killing the
normal cells. The angiogenesis inhibitors (bevacizumab) that
binds to VEGF receptors and the PARP inhibitors (olapa-
rib, rucaparib, and niraparib) are the conventional drugs for
BRCA mutant patients that are being implemented as best
targeted therapy [PDQ Adult Treatment Editorial Board
(2019). However, the common side effects are nausea, high
blood pressure, low white blood cell counts, anemia, fatigue,
bleeding, loss of appetite, diarrhea, muscle and joint pain
(Kim et al. 2017). The success of these chemotherapeutics
is also limited due to inherent and acquired resistance of
cancer cells. The efficiency of these drugs can be increased
by development of novel nanocarriers which promise more
targeted therapy, improves tissue uptake, bioavailability,
and pharmacokinetics of present chemotherapeutic agents
(Cheng et al. 2018). For example Schumann et al. (2015)
have developed the polypropylenimine dendrimer-based
nanoparticles for effective DJ-1 protein knockdown for plati-
num-resistant OC. Most recently, chitosan nanoformulations
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and modifications have been applied for delivery of thera-
peutic agents to the cancerous ovarian cells for improving
treatment effects (Alizadeh et al. 2019). The patients suf-
fering from OC have low survival rates with the majority
of patients diagnosed with either stage 3 or 4 having 5-year
survival rate of 27% and 16%, respectively. So, together
with the advancement in therapeutic efficiency, improve-
ment in prognosis of OC is essential in early stages (Dochez
et al. 2019). In 1976, carcinoembryonic antigen (CEA) was
described as a first blood test for women with ovarian cancer.
But lately, cancer antigen 125 (CA-125) was announced as
more potential biomarker for OC specifically. CA-125 is a
remarkably large protein of 200-2000 kDa weight due to
highly variable glycosylation. It is also known as mucin 16
or MUC16 that is encoded by the MUC16 gene in humans.
The Food and Development Administration (FDA) has never
approved CA125 for detection of OC in the United States.
Most of CA125 tests are for the evaluation of OC before
surgery. Also, the usage of CA125 serum has never been
related with a decent survival rate. Twenty-five years after
its discovery, it has been recommended for clinical use for
OC screening of high-risk OC patients (Ueland et al. 2017,
Scholler and Urban 2007). Presently, only 25% patients are
diagnosed positively for stage 1 or 2 OC disease, which is
not much promising. Besides, current OC diagnosis also
requires frequent ultrasonography screenings for observing
variations in the ovaries of patients. Even then, current diag-
nostic techniques are not considered conclusive without the
patient’s CA125 level analysis (Menon et al. 2009; www.
cancerresearchuk.org; Gazze et al. 2018). Furthermore, the
serum CA125 assay has low sensitivity in the early stages
(Dochez et al. 2019), therefore research should be focused
on development of CA125 as a true diagnostic test with its
highly sensitive biomarker property.

Nanoparticles have remarkable diagnostic and imaging
property for cancer. This is because metal nanostructures
(Jeyaraj et al. 2013a, b; Jeyaraj et al. 2013a, b), carbon-based
nanoparticles, polymer hybrid nanometerials (Mehnath et al.
2018) and quantum dots functionalized by an antibody can
be implied to detect molecular marker present on the surface
of cancer cells (Paris and Maria 2018). With advancement
in nanomaterial research, diagnosis and treatment of OC has
improved, such as their use in fluorescence image-guided
surgery and ultrasound responsive nanoparticles (Lorenzo
et al. 2018). Due to the remarkable properties of gold in
imaging and as diagnosis (Singh et al. 2018), the gold
nanostructure can be coupled with immunosensor CA125
to develop a more sensitive and economical biosensor.

In this paper, an electrochemical immunosensor based
on one-step electrodeposition of three-dimensional gold
nanostructures (GNS) was developed for ovarian cancer
detection, which can be used for primal cancer diagnosis.
The immunosensor was synthesized on plane and GNS
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electrodes. It is observed that GNS have better electrochemi-
cal performance compared to plane Au electrode. There-
fore, the GNS electrode was used for detection of CA125
antigen. Thereafter, silicon nanoparticles (SiNPs) conju-
gated with target antibody was used to synthesize sandwich
immunosensor, which enhanced the antibody loading and
enhanced the sensitivity towards antigen detection. Elec-
trochemical impedance spectroscopy was used to study the
effect of GNS electrode for detection of CA125 antigen. We
explored how nanostructuring and sandwiching influenced
the sensitivity of immunosensor which can determine the
lower limit of detection.

Experimental section
Materials

The chemicals used in experiments were of analytical grade.
Hydrogen tetrachloroaurate (III) trihydrate (HAuCl,-3H,0,
gold chloride), tetraethyl orthosilicate (TEOS), ammo-
nium hydroxide (NH,OH), cysteamine, glycidyloxypropyl
trimethoxysilane (GPTMS), ferricyanide, N-hydroxysuc-
cinimide (NHS), and N-ethyl-N-(3-dimethylaminopropyl)
carbodiimide (EDC) were obtained from Sigma-Aldrich,
USA. Bovine serum albumin (BSA), anti-CA125 antibod-
ies and CA 125 antigens were from biomedical research lab,
Singapore. All solutions used in experiments were prepared
in milli-Q water.

Preparation of gold electrode

First of all, the gold electrode was prepared for construc-
tion of sandwich immunosensor. The glass wafer was soni-
cated in acetone, methanol for 45 min and then in deionized
water. Then the piranha solution (3H,S0,:1H,0,) was used
to clean the wafer at room temperature for 15 min. The wafer
was again washed with deionized water and dried with nitro-
gen gas. A thin 100 nm film of gold was deposited by sput-
tering at a rate of 2 Als and pressure of 8.0 x 107 mbar, so
that it can act as a working electrode in deposition process.
Lastly, the gold electrode was again washed with deionized
water and dried under the stream of nitrogen gas. Thereafter,
the gold nanostructures were electrodeposited on these gold-
coated glass wafers.

Electrodeposition of gold nanostructures

The electrodeposition of gold nanostructures (GNS) was
performed in potentiostat mode. A three-electrode cell was
used with gold as working electrode, Ag/AgCl as reference
(CHI111, 3 M KCl) and platinum wire (CHI102, diameter
2.0 mm) as a counter electrode. All electrodepositions were
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performed at room temperature. For deposition of GNS in
step 2 as shown in Fig. 1, 0.1% of gold chloride ina 0.5 M
HCI supporting electrolyte was used. The whole electro-
deposition was executed at potentiostatic mode where the
potential of working electrode is kept at — 1.0 V with respect
to the Ag/AgCl reference electrode at pH =4. The time of
deposition was 40 min (Mahshid et al. 2016).

Synthesis of silicon nanoparticles

For synthesis of silicon nanoparticles (SiNPs), the sol-gel
method was used (step A, shown in Fig. 1) (Wang et al.
2000). For SiNPs preparation, 1.5 mL of tetraethyl ortho-
silicate (TEOS) was mixed in 1.7 mL of ammonium hydrox-
ide, 1.0 mL of deionized water and 50 mL of ethanol in a
round-bottom glass flask. This mixture was stirred at 40 °C
for 3 h. 1.0 mL of TEOS was further added in the mixture
and the reaction was continued for another 3 h. The solution
was diluted ten times with deionized water and the ethanol
was removed from the solution through rotary evaporator.

Immunosensor preparation

The electrodeposited GNS were used as a working elec-
trode for sandwich immunosensor preparation as shown in
Fig. 1. The electrode was cleaned in piranha solution and
sonication was performed for 15 min in deionized water.
The GNS-modified electrode was then incubated in 20 mM

Fig. 1 Schematic of deposited
gold nanostructures and dif-
ferent steps followed for the
development of sandwich elec-
trochemical immunosensor

Step 4: EDC/NHS
Capture antibody

of cysteamine (10 pL) for 12 h at room temperature. The
washing and drying were performed with phosphate buffer
solution (PBS) in step 3 (functionalization). In step 4, a
stock solution was prepared by mixing (i) 100 uL of 40
ug mL~! anti-CA 125 antibody solution with (ii) 100 pL
of EDC-NHS (0.4 mg EDC and 1 mg NHS) solution for
activation of -COOH group present in anti-CA125. These
solutions were thoroughly mixed with shaker for 1 h (Zhong
et al. 2015). A 5 pL of 20 ug mL~! EDC-NHS activated
anti-CA125 antibody from stock solution was dispersed on
cysteamine-functionalized electrode and allowed to react
overnight. The activated carboxyl group was then binded
with the —-NH, group of cysteamine leading to formation
of amide bond. For removal of unbounded antibodies, the
antibody-covered electrode was washed rigorously with PBS
to remove unbounded antibodies. Then, 1% BSA was used
to block the free binding sites for 30 min. The electrode was
again washed with PBS three times and finally stored at 4 °C
for further use in experiment.

Preparation of SiNPs-antibody complex

The surface of silicon nanoparticles were functionalized
with epoxy groups by reacting with glycidyloxypropyl tri-
methoxysilane (GPTMS) for protein immobilization in step
B as shown in Fig. 1. The surface silanization reaction was
carried out for 1 h with 5% GPTMS solution at room temper-
ature. In step C, 7 pg mL ™! of anti-CA125 detector antibody

Step 3: Functionalization

Y
A

— ’g V
P S
— — —
GPTMS
Detector Silicon nanoparticles
%= antibody StepB ° Step A

Step C
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was added and allowed to incubate for 2 h at room tempera-
ture. The active sites were blocked using 1% BSA. Finally,
for the removal of unbounded BSA the reaction mixture was
centrifuged two times at 12,000 rpm for 15 min and particles
were suspended in 0.01 M PBS solution.

Construction of CA 125 sandwich immunosensor

The Au/GNS/Ab-modified electrode was incubated with dif-
ferent concentrations of CA125 for 1 h at room temperature
for antibody—antigen reaction in step 5 (Kumar et al. 2018).
The electrode was rigorously washed to remove the loosely
bound antigens. Finally, Au/GNS/Ab/CA125 electrode was
incubated in SiNPs—Ab complex for 1 h at room temperature
for sandwich formation. After extensive washing, electro-
chemical measurements were performed.

Characterization

Field emission scanning electron microscopy (FESEM)
Hitachi Su8020, Japan was used to study the morphology
of gold nanostructures and silica nanoparticles. The poten-
tial of SiNPs was measured using zeta potential apparatus
(Malvern zetasizer nano ZSP), whereas the XRD spectra
were recorded with Brooker model D8, wavelength 1.54 A,
voltage 40 kV and current 40 mA. The electrodeposition of
GNS, electrochemical impedance, cyclic voltammetry and
differential pulse voltammetry (DPV) were performed on
CHI760D (CH Instruments, USA) electrochemical work-
station. Electrochemical measurements were performed in
10 mL glass cell. The electrochemical data for differential
pulse voltammetry were recorded from — 0.06 Vto — 045V
with increment of 0.001 V vs. Ag/AgCl with a pulse ampli-
tude of 50 mV. Cyclic voltammetry was performed between
— 200 mV and 600 mV at 50 mV s~! and used to assess the
response of electrode. Electrodes were also characterized
using electrochemical impedance spectroscopy (EIS). The
EIS response was measured at frequencies between 100 kHz
and 0.1 Hz and the impedance spectra were fitted to a Ran-
dles equivalent circuit to determine the charge transfer resist-
ance. While, the Fourier transform infrared measurements
were performed using model Nicolet 6700.

Results and discussion

Characterization of GNS

The gold nanostructures (GNS) were electrodeposited on a
gold electrode at pH =4 for 40 min. Field emission scanning
electron microscopy (FESEM) was performed to study the

surface morphology of GNS and the images of the structures
obtained are shown in Fig. 2a, b. It can be observed from
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Fig. 2a (low-magnification image) and Fig. 2b (high-magni-
fication image) that hierarchical GNS were formed and these
nanostructures compactly occupied the whole electrode sur-
face. It can be observed in Fig. 2b that the aggregates of
nanocrystals started to grow with a larger size, suggesting
the slow growth of nuclei formation on substrate. Due to the
decrease in growth rate, further growth of gold occurred on
already formed gold nuclei. Therefore, some hierarchical
GNS were formed due to a decrease in reduction rate of gold
chloride at pH 4.

Figure 2c represents the XRD spectra obtained for GNS.
The observed diffraction peaks were (111), (200), (220),
(311) and (222). These peaks demonstrate that the elec-
trodeposited GNS were purely composed of crystalline
face centered cubic (FCC) structure (Tian et al. 2006). The
chemical composition of GNS was characterized by EDX
as shown in Fig. 2d. It indicates that the prepared gold elec-
trode having electrodeposited GNS was purely composed of
gold as only gold peaks were observed. Therefore, there was
no impurity detected in the GNS electrode.

Characterization of SiNPs

The size and surface morphology of bare and functionalized
silicon nanoparticles (SiNPs) were studied using FESEM
and the images obtained are shown in Fig. 3a, b, c. Figure 3a
represents the bare SiNPs, it can be observed that spheri-
cal sized silicon nanoparticles were obtained with an aver-
age diameter of 87.9 +3.2 nm. The bare SiNPs represents
fizzy boundaries with some agglomeration. This was due to
the high surface energy possessed by the SiNPs (Yina et al.
2017). With modification of SiNPs with GPTMS (Fig. 3b),
the particles showed clear boundaries and reduced agglomer-
ation. However, again the agglomeration effect was observed
when SiNPs were modified with detection antibody. The
average size of the SiNPs increased to 113.6 +5.3 nm and
their surface became rough compared to bare SiNPs as can
be seen in FESEM image (Fig. 3c). This suggested that the
surface of SiNPs was modified with target antibody.

The zeta potential measurements were performed to
examine the formulation stability of SiNPs. The zeta poten-
tial refers to the electrostatic potential between surface of
nanoparticles and the solvent. It is very sensitive to the
chemical groups present on the surface of solid materials.
The zeta potential of SiNPs was measured at different steps
of modification. The value of zeta potential came out to be
— 27.5 mV in pure water (pH 6.8) as shown in Fig. 3d. The
negative sign was due to the presence of hydroxyl group on
the surface of silicon nanoparticles (Rafique et al. 2014).
After epoxy group modification, this potential shifted
towards positive value of +15.2 mV, indicating the replace-
ment of hydroxyl group with epoxy (Kardys et al. 2013).
With further modification with anti-CA125 antibody, the
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Fig.2 Characterization of gold nanostructures electrodeposited on gold electrode (a, b) surface morphology of gold nanostructures by field
emission scanning electron microscopy (c) X-ray diffraction and (d) energy-dispersive X-ray spectroscopy analysis (EDX)

potential again shifted towards negative value of — 25.8 mV
as shown in Fig. 3f. This shift in potential demonstrated that
the silicon nanoparticles were modified with anti-CA125
target antibody.

The FTIR analysis was performed to study the chemi-
cal structure of bare and functionalized SiNPs as shown in
Fig. 4. Figure 4 showed a broad peak at about 3447 cm™".
This peak was due to the stretching vibration of —OH on
the surface of SiNPs. In Fig. 4 the peak at 1447 cm™' was
due to the C—H stretching bands. The characteristics peaks
at 1150 cm™! and 840 cm™' dominate the spectra of silicon
nanoparticles samples. This was mainly due to stretching
and bending vibration of silicon and oxygen (Gholami et al.
2013). The asymmetric vibration of O-Si—O was indicated
by the peak at 1150 cm™!. While, the peak at 840 cm™! can
be ascribed to symmetric stretching vibration of O-Si—O.
These peak confirmed that SiNPs were obtained via the Sto-
ber method. The SiNPs modified with GPTMS are shown by
ared line in Fig. 4. A new peak around 950 cm™! appeared
due to epoxy group of GPTMS (Schramm et al. 2004).
The decrease and shift in absorption peak was observed
at 3447 cm™! due to —OH stretching vibration (Qin et al.
2009). It was attributed to the fact that —-OH groups on
SiNPs surface were substituted by epoxy group of GPTMS.

It suggested that epoxy group has been introduced on the
surface of SiNPs.

Figure 4 shows the FTIR spectrum of SiNPs-Ab; the
bands at 980 cm™~!, 1100 cm™" and 1250 cm™! are the main
characteristic peaks of Si—~O—Si bonds vibrational modes,
which recognizes the O—Si—O vibrational band, Si—O bend-
ing vibrational band, and Si—O-Si stretching vibration band,
respectively (Chitra and Annadurai 2013). While the strong
peak observed near 3300 cm™' resulting from assymetric
stretching vibrations of the -CH2 groups confirmed the pres-
ence of amine groups of anti-CA125.

Experimental conditions

The concentration of solution used for capture and detection
antibody greatly affects the performance of immunosensor.
Therefore, the concentration of solution for capture and
detection antibody was optimized. For this purpose, three
different concentrations of capture and detection anti-CA125
were used and their effect on blank solution was evaluated
as shown in Fig. 5a. The concentration used was 10, 20 and
30 ug mL~! for capture anti-CA125 antibody and 5, 7 and
10 ug mL~! for detection anti-CA 125 antibody, respectively.
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Fig.3 FESEM and zeta potential measurements of (a) bare silicon
nanoparticle (b) silicon nanoparticles modified with GPTMS (c)
attachment of detection anti-CA125 on silicon nanoparticle surface.

It was observed that the blank solution signal decreased
with increase in concentration of capture anti-CA125 anti-
body at fixed concentration of 5 and 7 ug mL ™! for detection
of anti-CA 125 antibody. This suggested that a high concen-
tration of capture anti-CA125 antibody formed complete,
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d-f represents the zeta potential measurements of different modifica-
tions of silicon nanoparticles

compact and regular functionalization on gold nanostruc-
tured electrode which prevented non-specific adsorption of
detection anti-CA125 antibody. While, an opposite trend
was observed in blank solution signal when capture anti-
CA125 antibody was fixed to 20 and 30 ug mL~'. The high
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concentration of detection anti-CA125 antibody could
promote its non-specific binding. It can be seen that with
10 ug mL~" of anti-CA 125 capture antibody, the signal did
not decreased significantly even the concentration of detec-
tion anti-CA 125 antibody was reduced to 7 ug mL~!. Con-
sequently, the concentration of capture and detection anti-
CA125 antibody was fixed to 20 uyg mL~! and 7 pg mL~!,
respectively.

Afterwards, the effect of incubation time and tempera-
ture was optimized for antibody—antigen complex formation.
Cyclic measurements were performed and change in the
current was observed for this purpose. The plot of current
obtained as a function of incubation time and temperature is
shown in Fig. 5b, c. Figure 5b indicates that the maximum
immunosensor response was obtained at 37 °C, so this tem-
perature was selected for antibody—antigen reaction. How-
ever, the current increased with incubation time and got satu-
rated at about 80 min. So, optimally 60 min incubation time
was chosen for sandwich immunosensor of CA125 antigen.

The acidic or basic medium can affect the biocatalytic
performance of immunosensor. Therefore, the effect of pH
on immunosensor performance was investigated by per-
forming electrochemical measurements in the range from
acidic to basic medium. The concentration of capture and
detection anti-CA125 antibody was fixed to 20 ug mL™!
and 7 ug mL~!. Figure 5 summarizes the current response
obtained at different pH values. The maximum current was
obtained at pH =7, this value was taken as optimized value
for all the experiments to obtain better biochemical activity.

Construction of sandwich immunosensor

The cyclic voltammetry (CV) measurements were performed
in 5 mM [Fe(CN)¢]*~"*~ mixed in 0.1 M KCl solution from
— 0.2 V1o 0.6 V. The CV obtained at each step of prepa-
ration of immunosensor is shown in Fig. 6a, b. Figure 6a
shows the CV of plane gold electrode and Fig. 6b for GNS
electrode at different steps of preparation of sandwich immu-
nosensor. It can be seen that well-defined redox peaks of
5 mM [Fe(CN)6]3'/4' were observed at the electrode surface
with average current of 98 pA for plane gold electrode. A
significant increase in current was observed from 96 pA to
128 pA after electrodeposition of gold nanostructures on
gold electrode showing improved redox behavior on gold
nanostructured electrode as shown in Fig. 6b. The large
surface area (Ramulu et al. 2013) and roughness (Sanz6
et al. 2016) provided by the deposited GNS contributed
the enhancement in current. This suggests that the GNS
electrode may acquire a high amount of capturing mole-
cules compared to plane Au electrode. So, GNS-modified
electrode can exhibit high sensitivity towards detection of
CA125 antigen.
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With the immobilization of cysteamine, the current
decreased from 102 to 93 pA for plane Au electrode. While,
a prominent decrease in current from 128 to 86 pA was
observed in case of GNS-modified electrode. With further
immobilization of capture anti-CA 125 antibody the current
further reduced to 89 pA and 61 pA for plane Au and GNS
electrode, respectively. This may be due to the induction of
effective barrier layer by immobilization of antibody (Zhu
et al. 2015). Furthermore, when CA125 antigen immobi-
lization occurred on electrode, a decrease in current from
89 to 73 pA and 61 to 55 pA was observed for plane and
GNS electrode, respectively. This shows successful immo-
bilization of CA125 antigen on electrode. Again, a promi-
nent decrease in current was observed from 55 to 35 pA
with immobilization of detection anti-CA125 antibody. This
again demonstrates that the effective barrier layer was intro-
duced which reduced the diffusion of redox probe towards
electrode surface which results in the decrease of current
value. Another important observation from CV measure-
ment demonstrated that the prominent decrease in current
was observed in GNS electrode compared to plane Au elec-
trode which suggests that GNS-modified electrode was a
favorable surface for CA125 antigen detection. This sug-
gests that the synthesized sandwich immunosensor shows
enhanced response by deposition of GNS.

Further, electrochemical impedance measurements were
performed to study the electron transfer kinetics behavior
on plane Au electrode and GNS electrode at different steps
of preparation of immunosensor as shown in Fig. 6c, d. Fig-
ure 6¢ represents the Nyquist plot of (i) Au electrode (ii)
Au/capture anti-CA 125 antibody, (iii) Au/anti-CA125 anti-
body/antigen and (iv) GNS/capture anti—-CA125 antibody/
antigen/detection anti-CA125 antibody electrode in 5 mM
[Fe(CN)é]S_/ 4= mixed in 0.1 M KCl solution in frequency
range from 10 pHz to 20 kHz. The impedance spectrum
consists of a straight line in low-frequency region which
represents the diffusion controlled process and a semicircle
in high-frequency region representing charge transfer resist-
ance (Kaushik et al. 2018). The impedance spectrum can
be analyzed by use of Randle equivalent circuit as shown
in inset of Fig. 5S¢ in which R is the solution resistance, Rp
(the charge transfer resistance), Wy (Warburg impedance),
and CPE was constant phase element (Li et al. 2017). An
important parameter Rp in Nyquist plot was evaluated by
fitting the spectra with equivalent circuit. The value of R}
came out to be 1200 Q for plane Au electrode (Fig. 5¢). This
value further increased to 1500 Q, 1900 Q and 2200 Q after
attachment of capture antibody, CA125 antigen and SiNPs
conjugated with target antibody, respectively.

While, in case of GNS electrode the value of charge
transfer resistance decreased to 500 Q after electrodep-
osition of GNS (curve ii, Fig. 6d). This was due to the
large surface area provided by the gold nanostructures.
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Fig. 6 Effect of electrochemical response of sandwich immunosensor
at different steps of preparation. The cyclic voltammetry of a plane
gold electrode b gold nanostructured electrode, Nyquist plot for ¢

The immobilization of capture anti-CA125 antibody
through cysteamine on GNS electrode formed a blocking
layer which reduced the current on electrode surface and
increased the resistance value to 2100 Q. Further increase
in Rp to 2500 Q, and 3100 Q was observed after binding of
CA125 antigen and detection of anti-CA 125 antibody. This
suggest that at every step of immunosensor preparation
an additional barrier layer was added which reduced the
current and increased the resistance. These results were
in agreement with the CV measurements. Therefore, GNS
electrode was investigated against different concentrations
of CA125 antigen.

plane gold electrode and d gold nanostructured electrode in 5 mM
[Fe(CN)g]>*~ mixed in 0.1 M KCI

Electrochemical detection of CA 125

The response of GNS/anti-CA125 antibody/CA125 anti-
gen/SiNPs was studied in the concentration range from
1 fg mL™" to 1 ug mL~! using differential pulse voltamme-
try (DPV). The DPV curves obtained in this concentration
range are shown in Fig. 7a(i—xi). The maximum value of
average current (Ip) obtained for anti-CA125 capture anti-
body was 9.75 pA. This value of current was reduced to
9.26 pA after attachment of CA125 antigen for 1 fg mL™".
This current was further reduced to 6.5 pA when the concen-
tration of CA125 antigen was 1 ng mL~". This demonstrates
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Fig.7 a Differential pulse voltammetry response for different concen-
trations of CA125 antigen ranges from (i) anti-CA125 antibody (ii)
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that complex formation of antibody—antigen on electrode
surface reduced the charge transfer process which reduced
the current (Ma et al. 2016). It can be deduced from here
that the /;, (maximum peak current) values were inversely
related to the concentration of CA125 antigen. Further, the
calibration curve was plotted between the change in current
(AI=1, — 1,4, where I,;, is the current obtained after anti-CA
125 antibody and /,, the current obtained after CA125 anti-
gen) as a function of concentration as shown in Fig. 7b. A
linear relation was observed between Al and CA125 antigen
concentration obeying the following equation:

Al = 0.3199 (concentration g mL™Y) +5.11

The regression coefficient by linear fit came out to be
0.9872. From here, the theoretical value of limit of detec-
tion (LOD) was calculated using the formula LOD=3xS.D/
sensitivity, where sensitivity was obtained from linear fit
and S.D was the standard deviation of the blank solution.
The theoretical value of LOD came out to be 0.05 fg mL™".
This showed that the proposed GNS modified electrode is a
simple approach to detect CA125 antigen up to 0.05 fg mL ™!
with a wide dynamic range of 1 fg mL~! to 1 pg mL~".
This low LOD was obtained due to enhanced surface area
provided by deposited GNS which increased the loading
capacity of anti-CA125 capture antibody on immunosen-
sor surface. The improvement in LOD would be quite use-
ful for primal detection of ovarian cancer. The presence of
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malignancy in patients with a pelvic mass is predicted by
the tumor marker CA125. In advanced cancer, the elevated
(>35 U mL™") value of CA125 is observed in 80% cases.
While, in early stages fewer values were observed in 50% of
cases (Gazze et al. 2018). The threshold value for CA125 is
35 U mL~'. The three-dimensional GNS electrode showed
drastic improved LOD, which could be useful for the clini-
cal diagnosis for early detection of CA125 level for ovarian
cancer.

To further explore the worth of prepared sandwich elec-
trochemical immunosensor, the sensitivity and dynamic
range of the immunosensor were compared with other
reported electrochemical immunosensors (Guo et al. 2013;
Huang et al. 2017; Ravalli et al. 2013; Quintero-Jaime et al.
2019) as shown in Table 1. Table 1 shows that the sensitiv-
ity and dynamic range of the GNS sandwich electrochemi-
cal immunosensor is better than the reported work. Besides,
the prepared electrodeposited 3D-GNS electrode is simple,
cost-effective and greener than the other nanocomposites.

Stability and reproducibility of immunosensor

The reproducibility of sandwich electrochemical immu-
nosensor was examined by computing intra-assay and inter-
assay coefficient of variation. For intra-assay variation
coefficient, the measurement of prepared immunosensor
was repeated five times at CA125 antigen concentration of
1 ng mL~'. While, the inter-assay variation coefficient was
determined by measuring five different immunosensor under
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Table 1 Comparison table for different types of immunosensor

Electrode modification Biomarkers Concentration range LOD References
Graphene with PANI film CA125 0.96 pg—15.2 ng pL~! 0.923 ng pL~! Gazze et al. (2018)
Au@Pd core-shell nanocomposites CA125 0.002-20 U mL™! 0.001 U mL™! Guo et al. (2013)
Polythionine—Au composites Carbohydrated anti- 6.5-520 U mL™! 0.26 UmL™! Huang et al. (2017)
gens (CA 19-9)
Gold nanoparticles-modified screen-printed CA125 0-100 U mL™! 6.7 mL™! Ravalli et al. (2013)
graphite electrode
Carbon nanotube-modified Au electrode PSA 0-6 mg mL™! 1 ng mL~! Quintero-Jaime et al. (2019)
Three-dimensional nanostructured electrode CA125 1 fg—1 pg mL™! 0.05 fg mL™! Present work

Table 2 Inter-assay variation results for prepared immunosensor

Immunosensor Mean response (LA) Standard deviation CV (%)
n=5 2.246 0.1016 4.52
14
fresh electrode
12F—19 days
[ ——20 days
_ 10 F|—30 days
< 3
2 8
= L
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Fig. 8 Differential pulse voltagram response of sandwich gold nano-
structured-modified immunosensor with respect to the storage days

buffer solution. The DPV measurements were performed
after every 5 days on the same immunosensor. The DPV
curves obtained are shown in Fig. 8. It can be seen that
the current values were 98.2%, 95.5% and 92.1% of its ini-
tial values after 10, 20 and 30 days, respectively, showing
good stability of the prepared immunosensor.

Application of immunosensor for human CA 125
levels

The prepared sandwich immunosensor was cross-exam-
ined with specific CA125 antigen biomarker which is
labeled as control sample and with three different human
samples. The clinical samples were measured five times
(n=15) to obtain the precision. Table 3 shows the average
levels of CA125 obtained from prepared electrode in dif-
ferent human serum samples. The lowest level detected
with the prepared immunosensor using control sample
was 1 fg mL~!. Serum samples were spiked with CA125
at concentrations of 1, 10 and 1 pg mL~!, which were
tested using the immunosensor. The average level detected
in human serum was 1.80 pg mL~!, 10.52 pg mL~! and

Table 3 Comparison of developed immunosensor for CA125 biomarker and different human serum samples

Sample no CA125 biomarker Serum contained with CA125 added into human  Average CA125 RSD (%) R (%)
CA125 (pg mL™1) serum (pg mL™!) detected (n=>5)
1 1 fg mL™! 0 1 1.80 1.2 108
1 fg mL™! 0 10 10.52 2 105
3 1 fg mL™! 0 1 1.13 39 113

same experimental conditions. The results, summarized in
Table 2, show inter-assay variation between the immunosen-
sor with CV% < 15%. So, it can be attributed that the pre-
pared immunosensor showed good reproducibility.

The shelf life of electrochemical immunosensor was
examined by keeping the electrode at 4 °C in phosphate

1.13 pg mL~! in sample 1, 2 and 3, respectively. The
calculated relative standard (RSD) is shown in Table 3.
The recovery value ranged from 108 to 113%. This result
showed that developed immunosensor has potential appli-
cations for detection of CA125 levels in clinical samples.
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Conclusion

In this work, a simple one-step electrodeposition method
was employed to develop a sandwich electrochemical
immunosensor. Due to high conductivity and surface area
provided by the electrodeposited gold nanostructures, the
prepared immunosensor showed excellent sensitivity and
specificity towards detection of CA125 antigens detection.
The prepared immunosensor was sandwiched using sili-
con nanoparticles conjugated secondary antibody which
increases the fixation capacity of silicon nanoparticles on
CA125 antigens. Furthermore, the gold nanostructures
improves the electron transfer ability of immunosensor.
The developed sandwich immunosensor showed limit of
detection of 0.05 fg mL~! with wide dynamic range from
1 fgmL~! to 1 pg mL~". The immunosensor also demon-
strated good sensitivity to three different human serum
samples. This indicates that the proposed method has
clinical applications in the diagnosis and monitoring of
cancer at different stages.
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