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Ovarian cancer is the first and most important cause of malignancy death in women. Mucin 16 or MUC16 protein
also known as carcinoma antigen 125 (CA 125) is the most commonly used glycoprotein for early stage diagnosis
of ovarian cancer. In this work, a novel paper-based bio-device through hand writing of Ag/RGO (silver nanopar-
ticles/reduced graphene oxide) nano-ink on the flexible paper substrate using pen-on-paper technology was de-
veloped. The prepared interface was used to the recognition of CA 125 protein in human biofluid. For this
purpose, Ag/rGO nano-ink was synthesized by deposition of Ag nanoparticles onto graphene oxide sheets and

ﬁ{nvzorrg;tem the reduction of graphene oxide to rGO simultaneously. Conductivity and resistance of conductive lines were
Biosensor studied after drawing on photographic paper. Subsequently, to prepare a new and unique immuno-device,
Ovarian cancer paper electrode modified by cysteamine caped gold nanoparticles (CysA/Au NPs) using electrochemical tech-
Nanomaterial niques. CysA is bonded by sulfur atoms with Au (CysA/Au NPs), and from the amine group with hydroxyl and car-
Bioanalysis boxyl groups of Ag/RGO nano-ink deposited on the surface of paper-based electrodes (CysA/Au NPs/Ag-rGO).

Then, anti-CA 125 antibody was immobilized on the electrode surface through Au NPs and CA 125 positively
charged amine groups interaction. Atomic force microscopy, Transmission electron microscopy, Field emission
scanning electron microscopy, and dynamic light scattering, were performed to identify the engineered
immunosensor. Using chronoamperometry technique and under the optimized conditions, the low limit of quan-
titation (LLOQ) for the proposed immunoassay was recorded as 0.78 U/ml, which this evaluation was performed
at highly linear range of 0.78-400 U/ml. The high sensitivity of the electrochemical immunosensor device is in-
dicative of the ability of this immuno-device to detect early stages ovarian cancer.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction screened cases show a significant mortality rate that has been subject

to inessential surgery as a result of faulty positive tests [3].

Ovarian cancer is the first and most important cause of malignancy
death in women with more than 151,000 people per year [1]. Over the
past decades, despite the development of chemotherapy and radical
surgery, there has been no significant improvement in the survival
rates of ovarian cancer patients [2], and screening studies have not
been successful for the past 30 years. According to studies, some of the
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Biomarkers are used as a measurable indicator to evaluate some of
the biological conditions, biological processes, and pathogenic processes
or drug responses [4]. Therefore, a biomarker represents a change in ex-
pression, or a change in the state of a protein associated with a specific
disease. CA. 125 (cancer-associated antigen-125), which plays an im-
portant role in increasing the proliferation of cancer cells and inhibition
of anticancer immune response, is widely used as a dedicated serum
marker for the detection of ovarian cancer [5]. The CA.125 was first dis-
covered by Bast Knapp in 1981 [6,7] and has an O-linked glycoprotein.
Concentrations higher than 35 of the MUC16 (Mucin 16 or CA 125) in
blood (ordinarily less than 35 U/ml) associated with ovarian carcinoma
and its progress [8-10]. To date, various methods have been developed,
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such as enzyme-linked immuno-sorbent assay (ELISA) [11], solid-phase
sandwich enzyme immunoassay [12] and electrochemical
immunosensor [13-15] for the diagnosis of CA 125. Regardless, the con-
ventional methods are expensive and time consuming and require ex-
perienced staff. Therefore, electrochemical immunosensor has been
widely used in the diagnosis of cancer biomarkers due to their high sen-
sitivity and specificity and low cost [16-18].

Immunosensor is a device that can detect antibody-antigen binding,
but antigen and antibody interaction alone is not enough to produce a
sensitive electrochemical signal. Hence, the use of various
nanomaterials (e.g., noble metal NPs, metal nitride NPs, metal oxides
NPs and carbon-based NPs) has been developed to improve the elec-
trode abilities, including sensitivity, stability and electrical conductivity,
as well as the improvement of the performance of electrochemical bio-
sensors [19-22]. Among metal nanoparticles, gold nanoparticles
(AuNPs) due to biocompatibility and stability, electrochemical, optical,
electromagnetic and catalytic features have been extensively used in
biosensing [23,24]. Taking into account the reported works, thiol is
one of the most suitable functional group employed for linking to metals
through formation of potent and strong sulfur-metal bond. It is noted
that Cysteamine (CysA), a type of biomolecule containing sulfur, is usu-
ally applied as the Au NPs stabilizer and as an attachment agent at sur-
face of Au NPs [25].

Although ordinary immunoassay methods are highly sensitive and
widely used in many areas, they require different stages of preparation,
skilled technicians and expensive equipment [26,27]. Hence, paper-
based immunoassays have been advanced to address the above men-
tioned needs and have attracted the attention of many researchers
[28]. Paper is used as the main ingredient in the provision of paper-
based immunoassay devices, which are considered as ubiquitous, inex-
pensive, easy manipulation, tools-free, and disposable [29]. The valuable
features of paper can be noted in the abundance, biodegradability, avail-
ability, light weight, and also the ability to pass liquid materials through
its hydrophilic matrix without the need for external force [30]. Due to its
fibrous porous structure, paper can drive aqueous liquid flows by capil-
lary force and provides a large surface for reagents immobilization and a
big zone for reagents reactions. The paper has a fibrous porous structure
and is capable of directing aqueous fluid flow through the capillary
force. Also, paper can provide a large surface for the immobilization
and interaction of reagents [28].

In recent years, production of conductive patterns on paper as low-
cost substrates has been considered as a simple method for designing
paper-based sensors [31]. Due to the possibility of low-cost and quick
screening as well as the design of customized electrodes, paper-based
sensors are a good alternative to ordinary electrochemical sensors
[32]. On the other hands, the pen-on-paper model provides a peculiar
application for the fabricating flexible instruments by using a patterning
device that is itself as universal and easily carried as the paper substrate.
Rollerball pens are remarkably suited for distributing conductive bio-
inks due to their agreement with gels and liquids [33].

Considering the significance of conductive nano-inks in construction
of electrochemical biosensors for early and easy detection of cancer,
both the public and private sector are ready to utilize this new technol-
ogy. Due to the necessity of health centers such as research centers, hos-
pitals, medical clinics, medical services, clinical laboratories for the early
stage diagnosis of ovarian cancer, these centers have urgent necessity
for these kind of nano-biosensors.

Therefore the purpose of the present study is to prepare a first novel
paper-based immunosensor based on Ag/RGO conductive nano-ink for
detection of ovarian cancer biomarker (CA 125) and early stage diagno-
sis of ovarian cancer. To do this, Ag/RGO nano-ink was synthesized by
deposition of Ag nanoparticles onto graphene oxide sheets and the re-
duction of graphene oxide to RGO simultaneously. Conductivity and re-
sistance of conductive lines were studied after drawing on photographic
paper. Subsequently, to prepare a new and unique immunosensor,
paper electrode prepared using CysA/Au NPs was modified

electrochemically. Cys A is bonded by sulfur atoms with Au (CysA/Au
NPs), and from the amine group with hydroxyl and carboxyl groups of
Ag/RGO nano-ink deposited on the surface of paper-based electrodes
(CysA/Au NPs/Ag-RGO). Then, the anti-CA 125 antibody was
immobilized on the electrode surface through Au NPs and CA 125 posi-
tively charged amine groups interaction. Tests AFM (Atomic force mi-
croscopy), TEM (Transmission electron microscopy), FE-SEM (Field
emission scanning electron microscopy), EDS, and DLS (dynamic light
scattering), were performed to identify the engineered immunosensor.
The chronoamperometry (ChA) technique was also used to detect CA
125 biomarker. The high sensitivity of the electrochemical
immunosensor device is indicative of the ability of this immuno-
device to detect early stages ovarian cancer.

2. Materials and methods
2.1. Chemical and reagents

NHS (N-hydroxysuccinimide), EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride), BSA (bovine
serum albumin), PVP (Polyvinyl pyrrolidone) K-30 (molecule weight
=~300 g), disodium hydrogen orthophosphate, sodium hydroxide, Cys-
teamine hydrochloride, EG (ethylene glycol), sodium citrate, potassium
ferricyanide KsFe(CN)g, potassium dihydrogen orthophosphate, hydro-
gen tetrachloroaurate (IIl) hydrate (HAuCl4.3H,0), potassium ferrocya-
nide K4Fe(CN)g, ethanol, and potassium chloride were obtained from
Sigma Aldrich (Ontario, Canada). AgNO5; was obtained from Sigma Al-
drich. 0.1 M, pH ~7.4 PBS (phosphate buffer saline) solution was pre-
pared by dissolving 0.2 M Na,HPO,4 and 0.2 M NaH,PO4 in deionized
water (DW). Human CA-125 ELISA kit (CanAg/CA-125 EIA) involving
CA-125 antigen, dilute solutions, ABC (avidin biotin-peroxidase com-
plex), biotinilated solution, antibody (HRP Labeled anti-CA-125) stan-
dard, and standard buffer were purchased from CanAg Diagonestic AB
Technology Co., (Gotenberg, Sweden). Human plasma samples were
obtained from the Iranian Blood Transfusion Research Center (Tabriz,
Iran).

2.2. Apparatus

Electrochemical processes were carried out with a PalmSens 4c sys-
tem, driven with PSTrace5 software. The equilibrium time was 2 s and
the employed ac voltage amplitude was 10 mV. Pt wire was applied as
a counter electrode and Ag/AgCl (Metrohm, The Netherlands) as a refer-
ence electrode. Ag/RGO paper electrode which synthesized and pre-
pared by ourselves was applied as a working electrode.

FE-SEM (high-resolution field emission scanning electron micro-
scope), Hitachi SU8020, Czech with an operating voltage of 3 kV was ap-
plied for characterization of electrode surface morphology, and EDS
(energy dispersive spectroscopy) coupled with the FE-SEM apparatus
was applied for analysis of electrode chemical compositions. TEM
(transmission electron microscopy), Adelaide, Australia with an operat-
ing voltage of 200 kV was applied for investigation of synthesis mecha-
nism. Size distribution and zeta potential of Ag/RGO nano-ink was
analyzed by DLS (dynamic light scattering) with zeta potential instru-
ment Malvern Instruments Ltd. (Zetasizer Ver. 7.11, MAL1032660, En-
gland). Ohmmeter, XIOLE, XL830L, China, multi-meter was applied for
resistivity and conductivity nano-ink estimate.

2.3. Synthesis of CysA-Au NPs

Briefly, 50 ml of HAuCl, (0.5 mM) was magnetically stirred and
heated until 100 °C under reflux states. Later, 5 ml of Na3CgHs0,
(38.8 mM) solution was added to the above solution. The solution
color changes from yellow to wine red by adding the NazCgHs0- solu-
tion. Magnetic stirring of blend was remained until wine red color was
constant. Then, Au NPs and Cys A (1:100 volume ratio) was stirred for
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approximately 12 h with steadily addition of Cys A for functionalizing
citrate capped-Au NPs with Cys A. The latest color of Cys A-Au NPs mix-
ture is deep-red color and it is stable at 4 °C up to 2 months.

2.4. Synthesis and conductivity study of ink

2.4.1. Synthesis of Ag/RGO nano-ink

GO was synthesized according to our pervious works [21,34,35]. To
synthesize the nano-ink, 2.5 ml of diluted GO (graphene oxide) aqueous
dispersion heated in water bath at 60 °C was added into PVP K-30
(0.5 g). The compound was magnetically stirred until complete dissolv-
ing of PVP powder into transparent and clear solution. Then, 750 pl of
0.2 mM AgNOs5 aqueous solution was added into above solution and
magnetically stirred a minimum of 5 min in order to assure efficient
blending of graphene oxide and Ag+. Later, the mixed solution kept
for 12 h at 60 °C in incubator without agitation. After 12 h the solution
was heated at 80 °C and magnetically stirred again. Finally, 500 pl of
8 M sodium hydroxide (NaOH) solution was drop-wisely added for in-
creasing reduction influence. The product centrifuged at 8000 rpm for
30 min and washed 3 times with distilled water (DW) to remove
extra reactant. For producing hybrid conductive nano-ink, the achieved
Ag/RGO nano-ink were dispersed into EG, DW, and ethanol with vol-
ume ratio of 2.5:11.25:11.25, sonication for 30 min that led to produc-
tion of water-based ink. After one day of ink maintenance for
completing the reactions, the water-based ink centrifuged at
5500 rpm for 25 min and the attained pellet utilized for fabricating
Ag/RGO paper-based electrode.

2.4.2. Conductivity analysis of Ag/RGO composite nano-ink

In this regard, different variety of conductive patterns designed on
the photographic sheets surface through Ag/RGO pellet with various
thicknesses. As represented in Fig. 1, various types of conducting pat-
terns and a 3.0 V dip LED and 3.0 V battery was fabricated on paper sub-
strate (for spiral conductive pattern 15.0 V battery was employed). The
cathode leg of LED was linked to battery anode and so cathode surface of
battery connected to one side of conductive pattern. Once the anode leg
of LED touched to other side of conductive pattern, the electronic circuit
switched on and the LED was lighted up. The resistance of conductive
patterns including; spiral and straight lines was 0.621 MQ and
0.012 MQ, respectively. Also, the conductivity measurements obtained
190 ps for Ag/RGO nano-ink. For demonstrating flexibility and reliability
of conductive patterns, they bended outwards by 90°. Videos about con-
ductivity studies of patterns drawn with ink are presented in the
supporting data (see supporting information).

2.5. Characterizations

2.5.1. Characterization of Au NPs and CysA/Au NPs

The shape and size of the CysA-Au NPs were evaluated by transmis-
sion electron microscope (TEM) and FE-SEM (Figs. S1 and S2 (see
supporting information)). The images exhibited that the spiral shaped
particles for both Au NPs and CysA/Au NPs. In spite of the secondary
functionalization of Au nanoparticles, the spiral shape is preserved
while a small increase in the Au NPs size could be observed. AFM images
were supplied 3-dimensional structural information about CysA-Au NPs
(Fig. S3 (see supporting information)). The Au NPs hydrodynamic parti-
cle sizes examined by DLS where the sizes were 20 nm. Also, Zeta poten-
tial examination of Au NPs was studied and the zeta potential value was
—29.1 mV. FTIR spectroscopy was applied for evaluating the surface
functional groups of Au NPs and Au NPs/CysA. As shown in Fig. S4
(see supporting information), the primary peaks of the Au NPs, Au
NPs/CysA are located at 3 wave number of Au NPs, 3447, 2359 and
1653, which 0—H, C—0 and C=O0 functional groups. The N—H and
C=0 were located at 3500 and 1630-1690 cm~! which are finger
print peak of amide bond formation.

Spectrofluorometric and spectrophotometric spectra of Au NPs and
corresponding images of CysA/Au NPs are exposed in Fig. S5 (see
supporting information). As shown in Fig. S5A (see supporting informa-
tion), bare Au NPs has an absorption peak at about 320 nm. Fig. S5B (see
supporting information) indicated the Au NPs emit fluorescence signal
at 580 nm but thanks to the low quantum yields, the Au NPs were not
further employed in sensing applications.

2.5.2. Characterization of Ag-RGO/CysA-Au NPs, bulk Ag/RGO nano-ink, and
fabricated Ag/RGO paper electrode

TEM images were recorded to evaluate the Ag/RGO nano-ink syn-
thesis mechanism and confirm the binding of Ag NPs onto RGO (re-
duced graphene oxide) nano-sheets (Fig. 2). It was clearly exhibited
that the abundant dispersed spherical Ag nanoparticles were decorated
the RGO (reduced graphene oxide) sheets. Plentiful crystal nuclei were
produced immediately when Ag NPs were added into mixture of nano-
ink. PVP was absorbed onto the nuclei immediately at this moment and
played as a mild reluctant, hence impede aggregation and merger of nu-
clei into irregular and larger NPs (Scheme 1).

Fig. 3, indicates the FE-SEM images of bulk Ag/RGO nano-ink, fabri-
cated Ag/RGO paper electrode and CysA/Au NP modified Ag/RGO
paper electrode (CysA/Au NP-Ag/RGO) to study the surface morphol-
ogy. The bulk Ag/RGO nano-ink images indicated that Ag NPs with
spherical uniform structure and small size decorated the RGO sheets.

Fig. 1. Photographic images of various patterns with different thicknesses and shapes obtained by Ag/RGO nano-ink on photo paper.
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Fig. 2. TEM images of Ag/RGO nano-ink with 12 h reaction time in different nano-scales.

Ag/RGO nano-ink which was prepared in water/ethanol/EG demon-
strates no aggregation of nanoparticles. When Ag/RGO nano-ink was
employed to draw patterns on the photographic papers surface, it
stuck to the surface of paper, aggregate randomly. According to the
standard colloids theory, the colloid stability was monitored by the bal-
ance between van der Waals interaction and charged particles Coulom-
bic repulsion [36]. It should be noted that PVP as a reducing agent has a
significant effect on the alteration of Ag/RGO nano-ink conductivity be-
cause of anchoring of Ag NPs onto graphitic sheets. As the reduction pro-
cess continued, more and more Ag NPs anchored onto graphene oxide
sheets. The FE-SEM images of Ag-RGO/CysA-Au NPs on the photo-
graphic paper surface also show spherical particles with uniform struc-
ture, it is clear that, CysA/Au NPs were actually assembled onto the Ag/
RGO surface with interaction of hydroxyl and carboxyl functional
groups. Interestingly, more dispersed and less aggregated CysA/Au
NPs are seen upon electrostatic interaction of Ag/RGO with CysA/Au

AgNQH H I!

- Go
d " added into

:

12h,then
at 80 °c 10min

NaOHH
.
PVP incubated at 60°c

NPs. Possibly the binding of positively charged CysA/Au NPs to the neg-
atively charged Ag/RGO reduced the aggregation of NPs through steric
hindrance.

AsdemonstratedinFig.4,signalsof Nand Swereonlyrelated toCysA,
whilesignalsof O, C,and Nelements wererelated toboth graphene oxide
and CysA.Thelargeandsharp Cand Ag C peaks were the usual signal for
bulkCandAgelementsintheAg/RGOnano-ink(Fig.4A).Thecorresponding
EDS spectraof Ag/RGO nano-ink fabricated on the paper surface and Ag-
RGO/CysA-AuNPsfabricated onthe paper (Fig.4B&C) displayed theincre-
mentof Ag peak, which exhibited the deposition of nano-sizesilverlayer
alongwithRGO.Also,inthe caseof Ag-RGO/CysA-AuNP (Fig.4C)indicated
thatAuelementoverlapped withSelement.

Zeta potential analysis of Ag/RGO nano-ink was evaluated and the
obtained value was —3.55 mV. Also, the hydrodynamic particle sizes
of the Ag/RGO nano-ink was also determined by DLS where the sizes
were 5373 d-nm.

—

®
—

Centifuged at
8000 rpm
30 min

.
Ag/RGO ‘\
-

water:Ethanol:Ethylen glycol
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Scheme 1. Synthesis process of Ag/RGO nano-ink.
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2.6. Assembly of electrochemical immunosensor

2.6.1. Ag/RGO-CysA/Au NPs paper-based electrode production
Paper is a universal substrate that has different applications science

to development of microfluidic and paper based
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years due to features such as biodegradability, availability and low
cost. To prepare paper based electrode, conducting lines were drawn
on the surface of the photographic paper using Ag/RGO nano-ink and
for 5 min dried at room temperature. So, the prepared electrodes were
treated with vaporous of hydrazine hydrate and then in order to
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Fig. 3. (A to C) FE-SEM images of the bulk Ag/RGO nano-composite. (D to F) FE-SEM images of the Ag/RGO nano-composite drawn on the surface of photographic paper. (G to I) FE-SEM
images of the Ag-RGO/CysA-Au NPs produced on the surface of photographic paper.
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Fig. 4. EDS spectra of (A) bulk Ag/RGO nano-composite, B) Ag/RGO nano-composite drawn on the surface of photographic paper, C) Ag-RGO/CysA-Au NPs produced on the surface of

photographic paper.

electrodeposition of CysA/Au NPs on the surface of Ag/RGO paper-based
electrode. The fabricated electrode dipped into CysA/Au NP solution and
electrodeposition was carried out by ChA technique (E = 0.8 V, duration
time = 500 s) that results in attachment of NH; (amine) groups of
CysA/Au NP with carboxyl groups of Ag/RGO paper-based electrode
(Fig. 5A). Subsequently, CysA/Au NPs-Ag/RGO paper-based electrode
was rinsed with distilled water in order to remove unbound moieties
and maintained to dry at 25 °C.

2.6.2. Immunosensor preparation

For immunosensor design, conductive patterns were drawn on the
surface of a photographic paper using Ag/RGO nano-ink. Then, 10 pl of
anti-CA-125 (antibody) was activated with 0.1 M EDC and 0.4 M NHS
at 4 °C for about 30 min. Then, activated antibody (20 pl) was casted
onto the sensing area of CysA/Au NPs-Ag/RGO paper electrode (1
x 3 mm?) and incubated for 3 h at 100% humidity and 4 °C. NHS/EDC
leads to the activation of the fc region carboxyl group of antibody and,
consequently, its covalent bond with the CysA/Au NPs-Ag/RGO paper
electrode. Then 50 pg/ml of bovine serum albumin solution (blocking
agent) was employed for the sites of antibody that were not bound to
CysA/Au NPs-Ag/RGO paper electrode. For eliminate unbound specious,
Ab-CysA/Au NPs-Ag/RGO nano-ink paper electrode cleaned with wash
buffer after 1 h.

Finally, to detect the CA-125 biomarker, CA-125 antigen (10 pl) were
casted onto sensing area of the engineered sensor and incubated for 1 h
at 4 °C (refrigerator). Scheme 2 summarized all of the fabrications steps
for the CA-125 immunosensor.

3. Results and discussion

3.1.1. Electrochemical behavior of engineered immunosensors

Ag/RGO, Ag-RGO/CysA-Au NP, Ag-RGO/CysA-Au NP/Ab, Ag-RGO/
CysA-Au NP/Ab/CA 125 paper-based electrode were estimated for
their electrochemical behavior in the [Fe(CN)g]>~/4~ solution
(0.01 M). As shown in Fig. 5 (A-C), the ChAs (chronoamperograms) of
the [Fe(CN)g]®~/4~ solution at the surface of Ag/RGO nano-ink and
Ag-RGO/CysA-Au NPs modified paper-based electrode showed that ap-
plication of CysA/Au NP in the fabrication of immunosensor lead to good
signal amplification. Then, Au NPs were functionalized using CysA
through covalent bonding between sulfur group of CysA and Au NPs
[37-41]. Thereafter, CysA-Au nanoparticles provide free NH3 group for
interaction with a carboxylic group of Fc region of Ab through covalent
bond [42-44]. Hence, it provides the possibility of antibody immobiliza-
tion on the surface of paper-based electrode against the target analyte
(cancer biomarker) and also improves the electrochemical response.
After all, the biotinylated CA-125 Ab immobilization on the surface of


Image of Fig. 4

750

Current/pA

70

60

50

40

30

20

10

F. Bahavarnia et al. / International Journal of Biological Macromolecules 138 (2019) 744-754

o

70

60

50

Current/pA
w N
) S}

N
o

10

= Ag-RGO
——— Ag-RGO/CysA-Au NP
~———Ag-RGO/CysA-Au NP/Ab

——— Ag-RGO/CysA-Au NP/Ab/BSA

500

100 200 300 400 500

Time/s

600

Ag/RGO

Ag-RGO/CysA/Au Ag-RGO/CysA/Au Ag-RGO/CysA/Au Ag-RGO/CysA/Au

NP NP/Ab NP/Ab/BSA NP/Ab/BSA/CA125
Ag

Type of the electrode


Image of Fig. 5

F. Bahavarnia et al. / International Journal of Biological Macromolecules 138 (2019) 744-754 751

/ P WV JOH

- \
N ) e
>=¢ —o =

cystamine/AU NPs

Bare Ag/RGO paper electrode

Scheme 2. Fabrication of paper based immunosensor for the detection of CA 125 biomarker.

Ag-RGO/CysA-Au NPs electrode lead to a more visibility of the peak with
low current due to Ag-RGO/CysA-Au NPs interaction with Ab. But
blocking using BSA leads to increase in peak currents (Fig. 5B). A re-
markable decrease in peak current was seen after CA-125 antigen im-
mobilization on the surface of electrode, which indicates that CA-125
has been immobilized favourably on the surface of Ag-RGO/CysA Au
NP/Anti CA-125 paper electrode (Fig. 5C).

3.2. Analytical performance

Considering the more sensitive chronoamperometry technique than
cyclic voltammetry, it can be used to study current changes over time.
Therefore, this electrochemical technique was used to detect and deter-
mine CA 125 in standard and human plasma samples. For this purpose,
Ag-RGO/CysA-Au NPs/Anti CA 125/BSA/Ag was incubated in different
concentrations of CA 125 Ag for CA 125 electrochemical analysis. To re-
move antigens that were not interaction with antibody, the
immunosensors prepared were rinsed completely with 0.1% Tween-
PBS (pH 7.4) before electrochemical evaluations. Under optimum con-
ditions, ChAs of Ag-RGO/CysA Au NPs/Anti CA 125/BSA/CA 125 Ag
were recorded and calibration curves were obtained (Fig. 6). The results
showed that, with increasing the concentration of Ag from 0 to
200 U/ml, peak current increases in regular form (Fig. 6B) which the lin-
ear range was 0.78 U/ml-400 U/ml. Also the low limit of quantification
(LLOQ) was 0.78 U/ml.

The comparison of Ag-RGO/CysA-Au NPs/Anti CA 125/BSA/antigen
with other modified electrodes [13,14,45-55] for CA 125 detection is
shown in Table 1. According to the results obtained, it can be said that
the supplied immunoassay has excellent electrical conductivity, high
stability, appropriate surface area and ability to react with a biological
component. Therefore, this immunoassay can be used as a suitable plat-
form for detecting CA-125 in biological samples.

3.3. Real sample analysis

According to the results, proposed method can also be used toward
detection and determination of CA 125 biomarker in the human plasma
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Fig. 6. A) ChAs obtained for determination of different concentrations of CA 125 Ag (0.78,
3.125,6.25, 12.5, 100, 200 U/ml) using Ag-RGO/CysA-Au NP/Ab/BSA in 0.01 M [Fe(CN)6]?
~/4= KCl. ChA parameters: E = 0.0 V and record time of 500 s. B) Calibration curves of CA
125 biomarker.

Fig. 5. A) ChAs for the electrochemical deposition of CysA/Au NP on the surface of Ag/RGO paper-based electrode. E = 0.0 V vs. Ag/AgCl and the duration time was 500 s. B) ChAs of Ag-RGO,
Ag-RGO/CysA-Au NP, Ag-RGO/CysA-Au NP/Ab, Ag-RGO/CysA-Au NP/Ab/BSA, Ag-RGO/CysA-Au NP/Ab/BSA/CA125 Ag paper electrode in 0.01 M [Fe(CN)g]> /4™, KCl. ChA parameters: E =
0.0 V and record time of 500 s. C) Histogram of the peak currents obtained from the electrode preparation steps.
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Table 1
A comparison of the performance of diverse immunosensors for CA 125 detection.
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Assay strategy Signal amplification LOD (U/ml) Ref.
Electrochemical immunosensor Ag-GQDs nano ink 0.01 U/ml [45]
Ultrasensitive immunoassay Au NPs 0.1 U/ml [13]
Surface plasmon resonance capacitor immunosensors label free 0.1 U/ml [46]
Impedometric immunosensor (AuNPs@Si0,), Cdse QD 0.0016 U/ml [47]
Fluorescence labeling, imaging and sensing Green and economic carbon dots 3 x10-7 U/ml [48]
Electrochemistry of HRP HRP 1.29 U/ml [49]
Chemiluminescence GQD 0.05 U/ml [50]
Electrochemical immunosensor Zno nanorods-Au nanoparticles 0.0015 U/ml [51]
Fluorescence-free Plasmonic scattering based 0.0018 U/ml [52]
Aptamer and 5-fluorouraci Ag,S quantum dots 0.042 U/ml [53]
Immunoassay Ag@Co30,4 nanosheets 0.00015 U/ml [54]
Amperometric immunosensor for separation-free Thionin on carbon nanofiber 1.8 U/ml [55]
Electrochemical immunosensor P(CTAB-CS)-Ag NPs 0.001 U/ml [14]
Electrochemical immunosensor Ag-RGO/CysA-Au NPs 0.78 U/ml This work
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Fig. 7. A) ChAs obtained Ag-RGO/CysA-Au NP/Ab/BSA for determination of different concentrations of antigen (0, 0.39, 0.78, 1.56, 3.125, 6.25, 12.5, 50, 100, 200, 400 U/ml) in human
plasma samples using Ag-RGO/CysA-Au NP/Ab/BSA in 0.01 M [Fe(CN)g]>~/4~, KCL. ChA parameters: E = 0.0 V and record time of 500 s. B) Calibration curves of the Ag-RGO/CysA-Au
NPs/Anti CA125 (Ab)/BSA/CA125 antigen paper electrode in presence of plasma.


Image of Fig. 7

F. Bahavarnia et al. / International Journal of Biological Macromolecules 138 (2019) 744-754 753

samples using ChA technique (Fig. 7). As mentioned erstwhile, the
0.01 M [Fe(CN)g]>~4~, KCl (pH 7.4) was elected as the support electro-
lyte for the measurement of CA 125. For this intent, 10 pl of unprocessed
human plasma were mixed with 10 pl of various concentrations of CA-
125 Ag, casted onto the sensing of CA-125. In optimum conditions, the
calibration curve was obtained by plotting the peak current against
the mixture of CA-125 Ag and plasma concentration (Fig. 7B). Using
ChA technique, the dynamic range was 0.78 to 200 U/ml and LLOQ
(low limits of quantitation) was 0.78 U/ml.

3.4. Stability and reproducibility

Stability and reproducibility are two significant factors that are to
evaluate the performance of the sensor. The stability of the paper-
sensor prepared by measuring the decrease in the intensity of the cur-
rent during repeatable ChA measured with Ag-RGO/CysA/Au NPs
paper-electrodes. To examine the inter-electrode reproducibility of
Ag-RGO/CysA/Au NPs paper-electrode, three modified electrodes were
studied simultaneously by recording ChAs in 0.01 M solution of [Fe
(CN)g]>~/4~. Also, the intraday stability of the Ag-RGO/CysA-Au NPs
paper-electrode was investigated by measuring the variation of current
for about 6 days by storing the electrode in dark condition for 6 days and
testing by chronoamperometry techniques. The results showed that the
electrodes are not stable in different days, which can be concluded that
this sensor offers better performance on the day it prepares.

Apart from the electrochemical sensing, the change of fluorescence
intensity of biomolecules for sensing and imaging should be another im-
portant and interest tool. For example, the dyes with aggregation-
induced emission (AIE) feature have been extensively utilized for sens-
ing and biological imaging applications [56-67].

4. Conclusion

In summary, a reliable, rapid and effective paper based biodevice
was developed for the detection of CA 125. Easy handwriting method
using conductive nano-composite to prepare paper electrode was
employed in this strategy. A new platform (based on Ag/RGO nano-
ink) built on the surface of photographic paper was employed to sensi-
tive detection of CA-125 cancer biomarker with application of CysA/Au
NPs (signal amplification). CysA/Au NPs were covalently bonded to Ag/
RGO on the paper surface and employed to immobilization of anti-CA
125 Ab. Experimental results shown that engineered immunoassay
can effectively improve electron transfer efficacy based on synergetic ef-
fect of CysA/Au NPs on conductive surface (Ag/RGO). In optimum condi-
tions, the immunosensor displayed linear range of 0.78-400 U/ml and
with LLOQ of 0.78 U/ml. The engineered immunosensor showed great
analytical performance for detection of CA-125. Also, the designed
immunosensor can determine CA-125 in human plasma sample. Ac-
cording to the results, this can be concluding that this platform promis-
ingly has the potential to be employed in diagnosis of ovarian cancer as
a simple and appropriate assay.
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