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ARTICLE INFO ABSTRACT

Keywords: A paper-based electrochemical immunosensor was developed for the detection of cancer antigen 125 (CA125) by
Paper-based screen-printing technique. The reduced graphene oxide/thionine/gold nanoparticles (rGO/Thi/AuNPs) nano-
Electrochemical composites were compounded and coated onto the working electrode of immunosensor for CA125 antibody
Immunosensor

(anti-CA125) immobilization and detection signal amplification. The detection principle was based on the fact
that the immunocomplex formed by specify binding of CA125 antibody and antigen could reduce the current
response of thionine, which was proportional to the corresponding concentration of CA125 antigen. The im-
munoassay results showed that the linear range of CA125 was from 0.1 U mL ™! to 200 U mL ™! with the limit of
detection (LOD) of 0.01 U mL ™" at signal to noise of 3. Quality control serum samples measured by our proposed
immunosensor showed acceptable agreement with traditional ELISA method with the relative error less than
8.05%. The immunosensor exhibited good electrochemical performance with high reproducibility, reliability,
stability and accuracy. The proposed immunosensor could be used for the determination of CA125 and had the

rGO/Thi/AuNPs nanocomposites
Point-of-care testing

potential for point-of-care testing (POCT) of other tumor marker.

1. Introduction

Recently, immunoassay of tumor marker has aroused extensive at-
tention due to its advantages in early diagnosis of diseases and eva-
luation of surgical prognosis (Babamiri et al., 2017; Gasparotto et al.,
2017; Johariahar et al., 2015; Li et al., 2014a; 2014b; Wu et al., 2014).
Cancer antigen 125 (CA125) is a kind of tumor marker, which is closely
related to ovarian cancer (Al-Ogaidi et al., 2014). The cut-off value of
CA125 is less than 35 U mL™"' in healthy human serum. The CA125
levels in more than 80% of advanced ovarian cancer patients are higher
than that in healthy human serum (Nguyen et al., 2013; Santillan et al.,
2005). Combined with other protein biomarkers, CA125 can be used for
the early diagnosis of ovarian cancer. The elevated levels of CA125
have also been found in patients with lung cancer, endometrial cancer
and breast cancer (Guo et al., 2003; Francis, 2016). Thus, the detection
of CA125 with low detection limit and high sensitivity plays an im-
portant role in the clinical diagnosis of these cancers.

Since paper has the advantages of low cost, disposability, good
biocompatibility and easy availability, it becomes the first choice for
the fabrication of immunosensor (Nery and Kubota, 2013). Many
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research groups have made great efforts on the development of paper-
based immunosensors in recent decades (Chu et al., 2017; Wang et al.,
2016; Fan et al., 2016; Yan et al., 2014; Santhiago and Kubota, 2013;
Martinez et al., 2008). Numerous fabrication methods of paper-based
immunosensors have been presented including wax printing, UV pho-
tolithography, plasma treatment, screen printing and laser treatment
(Hu et al., 2015; Yan et al., 2014; Songjaroen et al., 2012; Zhang and
Zha, 2012; Dungchai et al., 2011). Among these methods, screen
printing has the advantages of low cost and simple fabrication process,
which can be used for mass production of paper-based immunosensors
(Wang et al., 2016; Li et al., 2014a; 2014b; Wu et al., 2014). The paper-
based immunosensor is very suitable for point-of-care testing (POCT) of
tumor markers with the features of environmental compatibility and
simple fabrication method (Bruzewicz et al., 2008; Nery and Kubota,
2013). Lots of methods have been developed for the detection of dif-
ferent analytes such as electrochemiluminescent immunoassay
(Babamiri et al., 2017; Li et al., 2013), colorimetric method (Olkkonen
et al., 2010; Klasner et al., 2010), chemiluminescent immunoassay (Chu
et al., 2017; Xiao and Lin, 2015; Lei et al., 2014) and electrochemical
immunoassay (Torati et al., 2017; Fan et al., 2017; Wang et al., 2016;
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Scheme 1. The fabrication and detection process of paper-based immunosensor. (A) the screen-printed patterns for wax printing and electrodes on Sheet-I and sheet-
II. Sample zone (diameter = 5.0 mm) and auxiliary zone (diameter = 6.0 mm) on paper-A and paper-B of sheet-I were designed for screen-printing of carbon working
electrode, carbon counter electrode and Ag|AgCl reference electrode. The patterns of carbon working electrode (diameter = 3.5 mm), carbon counter electrode and
Ag|AgCl reference electrode (diameter = 5.0 mm) were designed on paper-A and paper-B of sheet-II, respectively; (B) The single immunosensor of three electrodes:
working electrode, counter electrode and reference electrode; (C) Photograph of single fabricated immunosensor with silver pad; (D) The folded immunosensor
(10.0 x 25.0 cm); (E) DPV schematic plot measured with nanocomposites modified immunosensor.

Rong et al., 2016; Wu et al., 2014; Li et al., 2014b ). Among those
methods, electrochemical immunoassay has received much attention
due to its features such as low cost, high accuracy and sensitivity.

Different kinds of electrochemical immunosensors have been de-
signed for the detection of tumor markers (Torati et al., 2017; Wang
et al., 2016; Han et al., 2013; Peng et al., 2014). The important issue for
the detection of tumor makers is to establish a proper electrochemical
immunoassay method. Many methods have been made for antibody
immobilization and signal amplification (Torati et al., 2017; Wang
et al., 2016; Rong et al., 2016; Wu et al., 2014). Nanomaterials are
commonly utilized to modify the electrode of immunosensor for im-
mobilizing antibody and amplifying signal. Owing to its excellent
conductivity, high specific surface area and good biocompatibility,
graphene is considered as a promising nanomaterial in biomedical do-
main (Bolotin et al., 2008). Graphene can be prepared as reduced ga-
phene oxide (rGO) by oxidation reduction for signal amplification.
Metal particles such as gold nanoparticles (AuNPs) are also usually
chosen to amplify signal due to its good electrical properties and large
specific surface area (Lu et al., 2012). Thionine (Thi), a kind of elec-
troactive material, is used for inducing redox current response during
testing. Thus, rGO, AuNPs and Thi are chosen for signal amplification
and antibody immobilization in this article. The rGO/Thi nanocompo-
sites are synthesized through st-xt stacking interaction between rGO and
Thi molecules, which had benzene ring and could non-covalently attach
to rGO (Jia et al., 2014). AuNPs are immobilized onto rGO/Thi nano-
composites via the interaction between amino groups of rGO/Thi and
gold nanoparticles. The rGO/Thi/AuNPs nanocomposites are modified
on the working electrode of immunosensor for antibody immobilization
and signal amplification.

In this work, a novel electrochemical immunosensor was proposed
for the detection of CA125 base on rGO/Thi/AuNPs nanocomposites.
The immunosensor was fabricated by simple and low-cost screen-
printing technique. The rGO/Thi/AuNPs nanocomposites were syn-
thesized to modify the immunosensor. Under optimal conditions,
CA125 was detected with the proposed immunosensor. The detection
results showed that the proposed immunosensor had good performance
and could provide a simple and rapid way for POCT of CA125.

2. Experimental
2.1. Reagents and materials

Mouse CA125 antibody, human CA125 antigen and quality control

serum samples were obtained from Yuduobio Company (Shanghai,
China). CA125 ELISA kit and bovine serum albumin (BSA) were got
from Chundubio Company (Wuhan, China). The rGO and AuNPs were
obtained from Tanfeng Graphene Science and Technology Co., Ltd.
(Nanjing, China). Thi was purchased from Duly Biotech Company
(Nanjing, China). Silver/silver chloride (Ag|AgCl) ink (JLL-20) was got
from Shanghai Electronic Technology Company (Shanghai, China).
Carbon ink (ED423 ss) was purchased from Acheson (Germany).
Whatman No.1 chromatography paper (pure cellulose paper) was got
from GE Healthcare Worldwide (Shanghai, China) and adjusted size in
the further use. All other chemicals were of analytical grade and di-
rectly used as received.

2.2. Apparatus

All electrochemical immunoassay measurements including differ-
ential pulse voltammetry (DPV) and cyclic voltammetry (CV) were
performed on a CHI 660E electrochemical workstation (CH Instrument
Co., Shanghai, China). Scanning electron microscopic (SEM) images
were determined with a FEI Scientific_.Q250_SEM (American). A Lenovo
computer was used for data collecting. Ultrapure water
(resistance > 18 MQ2) was got through Michem ultrapure water appa-
ratus (Chengdu, China).

2.3. Fabrication of paper-based immunosensor

The paper-based immunosensor was fabricated on pure cellulose
paper. As shown in Scheme 1., the patterns of immunosensor were
designed with Adobe Illustrate CS6. In Scheme 1(A), sheet-I and sheet-II
were screen-printing patterns for wax printing and electrodes, respec-
tively. Each immunosensor was composed of two pieces of paper with
the same size (10.0 X 25.0 cm). On paper-A of sheet-I, sample zone
(diameter = 5.0 mm) was designed for screen-printing of carbon
working electrode. Auxiliary zone (diameter = 6.0 mm) was designed
for screen-printing of carbon counter electrode and Ag|AgCl reference
electrode on paper-B of sheet-I. The patterns of carbon working elec-
trode (diameter = 3.5 mm), carbon counter electrode and Ag|AgCl re-
ference electrode (diameter = 5.0 mm) were designed on paper-A and
paper-B of sheet-II, respectively. The sheet-I and sheet-II could be di-
vided into several single immunosensors, as shown in Scheme 1(B). The
photograph of single fabricated immunosensor was shown in Scheme
1(C). A small square of paper-B was cut off to expose the lead of carbon
working electrode. After folding paper-A and paper-B, immunosensor
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Scheme 2. The compound process of rGO/Thi/AuNPs nanocomposites.

was formed (10.0 X 25.0 cm) and the three electrodes of immunosensor
were well connected in one system via filling with sample solution
(20 uL), shown in Scheme 1(D). Scheme 1(E) was the DPV schematic
plot measured with rGO/Thi/AuNPs nanocomposites modified im-
mMunosensor.

The fabrication process of immunosensor was described as follows.
Firstly, the mask patterns of screen-printing were designed with Adobe
Illustrate CS6 and sent to a local screen-printing company for creating
the screens. On sheet-I, red circle in paper-A and white circle in paper-B
were the hydrophilic areas for screen-printing of electrodes, while the
remaining white area in paper-A and red area in paper-B were the
hydrophobic area. Secondly, the solid wax was printed by rubbing
through the mesh of screens (250 mesh of polyester with aluminium
frame) onto the surface of pure cellulose paper. The wax-printed paper
was placed in 90°C oven for 2min to form the hydrophobic area
through fully spreading of wax into the fiber of paper. Then the pre-
pared paper was placed in room temperature for cool (Dungchai et al.,
2011). Thirdly, the carbon working electrode, carbon counter electrode
and Ag|AgCl reference electrode were screen-printed with carbon ink
and Ag|AgCl ink on the circles zones of paper A and paper B, respec-
tively. The silver pads were screen-printed with silver ink to lower
impedance. The screen-printed paper was dried in the 80 °C oven for
20 min for solidification. Finally, the paper was cut into single pieces
and folded with double-side tape for use.

2.4. Synthesis of rGO/Thi/AuNPs nanocomposites

For synthesis of rGO/Thi/AuNPs nanocomposites, tGO/Thi nano-
composites were firstly compounded. 1 mL rGO solution (1 mgmL ™)
was treated with ultrasonic for 30 min and mixed with 1 mL Thi solu-
tion (2mg mL ™). The mixed solution was stirred vigorously for 24 h at
room temperature. Centrifugation and fully washing with ultrapure
water were adopted to get rid of non-integrated Thi molecules, then
rGO/Thi nanocomposites were obtained. The obtained rGO/Thi nano-
composites were dispersed into 2 mL ultrapure water and mixed with
10 mL AuNPs solution. After stirring overnight, AuNPs nanoparticles
were well connected to rGO/Thi nanocomposites. Through centrifuga-
tion and fully washing, the obtained rGO/Thi/AuNPs nanocomposites
were dispersed into 1mL 0.1% chitosan solution and stored in the
fridge prior to use (Jia et al., 2014; Wang et al., 2016).

2.5. Preparation of electrochemical immunosensor

The preparation process of immunosensor was described as follows.
Above all, 10 uL rGO/Thi/AuNPs nanocomposites solution was added
onto the working electrode of immunosensor and put into an 50 °C oven
for 15 min. Secondly, 10 uL anti-CA125 (100 pg mL~ ') was added onto
the modified working electrode and stored at 4 °C for 6 h. Thirdly, 10 puL
1% BSA was added to the modified working electrode to refrain from
non-specific adsorption and block the remaining active sites. Finally,
the modified immunosensor was thoroughly washed with PBS solution
and saved in the fridge at 4 °C for further use.

2.6. Electrochemical assay method of CA125

A series of CA125 antigen standard solution with different con-
centrations were added onto the working electrode of rGO/Thi/AuNPs/
anti-CA125 modified immunosensor and incubated for 20 min at room
temperature. After carefully washing with 0.1M PBS (PH = 7.4),
electrochemical measurements including CV and DPV were executed
with electrochemical workstation CHI 660E. The voltage range of CV
measurements were conducted from —0.55V to 0.3 V with scan rate of
0.1Vs™'. The DPV measurements were taken with scanning voltage
between —0.5V and 0.3V, pulse amplitude of 50 mV, pulse width of
50 ms and pulse period of 1s.

Quality control serum samples of healthy persons and ovarian
cancer patients were assayed with immunosensor by using ELISA
method as a reference. Serum sample of uninfected health person was
used as a negative control. Samples with known concentration from 2 U
mL 't064UmL ' (2UmL™},4UmL™},8UmL™?,16 UmL™},32U
mL™!, 64 UmL™!) were tested three times to get calibration curve with
immunosensor and ELISA method. Eight quality control serum samples
were measured three times with eight immunosensors and ELISA
method. The high concentration of samples were diluted 10 times with
sample diluent and the concentration was obtained through multiplying
the result by 10. The comparison results were obtained between these
two methods to verify the clinical potential of immunosensor.

3. Results and discussion
3.1. Theory of electrochemical immunoassay

In order to execute accurate electrochemical measurement of
CA125, rGO/Thi/AuNPs nanocomposites were synthesized for antibody
immobilization and signal amplification. As shown in Scheme 2., Thi
molecules were non-covalently binding with rGO via s—nt stacking to
form rGO/Thi nanocomposites. The rGO/Thi/AuNPs nanocomposites
were obtained according the theory that AuNPs nanoparticles had high
affinity for the amino groups of rGO/Thi nanocomposites (Jia et al.,
2014). Anti-CA125 was immobilized on the working electrode surface
of rGO/Thi/AuNPs nanocomposites modified immunosensor through
the interaction between the amino groups of antibody and AuNPs (Peng
et al., 2014; Jia et al., 2014; Wang et al., 2016). The testing of CA125
was executed with DPV measurements. The DPV current responses
decreased with the increasing concentrations of CA125, which might be
attributed to the immunocomplex formed by specify binding of CA125
antibody and antigen. The formed immunocomplex acted as mass-
transfer and electron-transfer blocking layer, which blocked the elec-
tron transfer tunnel and hindered the electron transfer toward the
surface of electrode (Jia et al., 2014; Han et al., 2013; Wei et al., 2010;
Yu et al., 2013).

3.2. Characterization and elctrochemical performance of immunosensor

In order to identify the modification of rGO/Thi/AuNPs nano-
composites on the surface of working electrode, SEM images were
performed with FEI Scientific Q250_SEM. SEM images of bare working
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Fig. 1. SEM images and electrochemical performance of immunosensor. (A) SEM images of bare working electrode (a) and immunosensor modified with rGO/Thi/
AuNPs nanocomposites (b) under the same scale (30 um); (B) CV current responses of bare working electrode (a) and immunosensor modified with rGO/Thi/AuNPs
nanocomposites (b) in 0.1 M PBS (PH = 7.4); (C) DPV current responses of bare working electrode(a), immunosensor modified with rGO/Thi/AuNPs nanocomposites
(b), rGO/Thi/AuNPs/anti-CA125 (c) and rGO/Thi/AuNPs/anti-CA125/BSA (d) in 0.1 M PBS (PH = 7.4).

electrode (Fig. 1A-a) and working electrode modified with rGO/Thi/
AuNPs nanocomposites (Fig. 1A-b ) under the same scale (30 pm) were
shown in Fig. 1A, respectively. The comparison of SEM images showed
that rGO/Thi/AuNPs nanocomposites were successfully modified on
the surface of working electrode with loose nanoporous structures. It
could provide large specific surface area to adsorb more active mole-
cules, thus amplify the current response.

To illustrate the performance of rGO/Thi/AuNPs modified im-
munosensor, CV and DPV measurements were performed in 0.1 M PBS
buffer solution (PH = 7.4), shown in Fig. 1B and C, respectively. As
shown in Fig. 1B, CV current responses of bare working electrode (curve
a) and rGO/Thi/AuNPs nanocomposites modified immunosensor (curve
b) were determined. A pair of obvious redox peak current of rGO/Thi/
AuNPs modified immunosensor appeared clearly at —0.25V and
—0.19V due to the redox activity of Thi in rGO/Thi/AuNPs nano-
composites. As shown in Fig.S1(a), the CV measurements were per-
formed at different scan rates between 20mVs~! and 200mVs~!
(20mVs™!, 50mVs~?!, 100mVs~!, 150mVs~', 200mVs~!). The
anodic and cathodic peak current were in proportion to scan rate
(Fig.S1(b)), indicating a surface-confined redox process (Lu et al., 2014;
Peng et al., 2014). DPV current responses of bare working electrode,
immunosensor modified with rGO/Thi/AuNPs, rGO/Thi/AuNPs/anti-
CA125 and rGO/Thi/AuNPs/anti-CA125/BSA were 0.537 pA, 9.607 HA,
5.834 pA and 4.875 pA, respectively (curve a~d). The redox peak of
rGO/Thi/AuNPs modified immunosensor (curve b) was attributed to
the redox reaction of Thi in the rGO/Thi/AuNPs nanocomposites. Due
to loose nanoporous structures, rGO/Thi/AuNPs nanocomposites could
enlarge the surface area and markedly amplify the detection signal. The
CA125 antibody could form electron-blocking layer and retard electron
transfer of Thi molecules, thus DPV current response of rGO/Thi/
AuNPs/anti-CA125 modified immunosensor (curve c¢) was lower than
the DPV current response of rGO/Thi/AuNPs modified immunosensor

(curve b) (Han et al., 2013). Similarly, DPV current response of rGO/
Thi/AuNPs/anti-CA125/BSA modified immunosensor (curve d) further
decreased due to the insulating BSA layer which hindered the electron
transfer (Han et al., 2013, Lu et al., 2014). The DPV current response of
rGO/Thi/AuNPs/anti-CA125/BSA modified immunosensor provided
stable DPV current response because that BSA could block nonspecific
adsorption and possible remaining active sites. DPV current response
showed that the proposed immunosensor was successfully modified and
could be adopted for the testing of different concentration of CA125.

3.3. Optimization condition for electrochemical immunoassay

3.3.1. Optimization proportion between rGO/Thi and AuNPs

In the immunoassay, rGO and AuNPs were used for signal amplifi-
cation, therefore the proportion of nanomaterials affected the detection
results. In the previous section, the rGO/Thi nanocomposites were
synthesized firstly, so we investigated the influence of different pro-
portion of rGO/Thi to AuNPs. 20 uL. rGO/Thi dispersion was blended
with various amount of AuNPs including 60 pL, 80 pL, 100 pL, 120 pL
and 140 pL, the corresponding proportion was 1:3, 1:4, 1:5, 1:6 and 1:7.
The DPV current responses were shown in Fig. S2. Due to good elec-
trical feature of AuNPs, the DPV current responses rose with the in-
creasing amount of AuNPs. Nevertheless, if excess AuNPs were added to
the rGO/Thi dispersion, it would occur aggregation effect which low-
ered its electrical conductivity. The optimal proportion of rGO/Thi to
AuNPs was 1:5 which would be used for electrochemical immunoassay
of CA125.

3.3.2. Optimization incubation time of CA125 antibody and antigen

In the electrochemical immunoassay of CA125, incubation time
impacted the performance of immunosensor. When CA125 antigen was
add onto the immunosensor, it took some time for the specific binding
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of CA125 antigen and antibody. As shown in Fig. S3, rGO/Thi/AuNPs
modified immunosensor was incubated with 1 U mL~! CA125 under
different incubation time (10 min, 15 min, 20 min and 25 min). DPV
peak current responses firstly increased with the increase of incubation
time and reached the maximum at 20 min, then leveled off after 20 min,
indicating the saturation binding of CA125 antigen and antibody.
Hence, 20 min was chosen as the optimal incubation time in the fol-
lowing immunoassay.

3.4. Analytical performance of CA125

Under the optimum reaction conditions, the analytical performance
of immunosensor was tested with CA125 standard solution. Each con-
centration of CA125 was measured three times. As shown in Fig. 2A,
DPV current responses decreased along with the increase of CA125
concentration from 0.01 U mL™! to 200 U mL ™~ *. The reason might be
that the formation of CA125 antibody-antigen immunocomplex acted as
mass-transfer and electron-transfer blocking layer, which blocked the
electron transfer tunnel and hindered the electron transfer toward the
surface of electrode (Jia et al., 2014; Han et al., 2013; Wei et al., 2010;
Yu et al., 2013). As shown in Fig. 2B, the calibration curve revealed that
there was a good linear correlation between DPV peak currents and the
logarithm of CA125 concentrations in the range from 0.1 U mL™ ' to
200 U mL™". The linear equation was Y = 3.230 — 0.366X with corre-
lation coefficient of 0.993 and the limit of detection (LOD) of 0.01 U
mL ™! at signal-to-noise ratio of 3. The CA125 level in healthy human
serum was less than 35 U mL ™!, thus the proposed immunosensor could
be used for the testing of CA125 with the features of low detection limit,
high detection accuracy and sensitivity.

The performance comparison between our proposed immunosensor
and immunosensors reported in literature was shown in Table S1. The
reported immunosensors adopted various methods including electro-
chemical immunoassay, electrochemiluminescence immunoassay and
chemiluminescence immunoassay for the detection of CA125. As shown
in Table S1, the linear detection range of our proposed immunosensor
was wider than the other immunosensors. The LOD of our proposed
immunosensor was lower than the reported immunosensor except for
the immunosensor reported in literature of Guo et al. (2013). The
reason was that Au@Pd core-shell nanoparticles could provide higher
electrocatalytic activity than Au nanoparticles according to the litera-
ture of Guo et al. (2013), but our proposed immunosensor took shorter
incubation time than the literature of Guo et al. (2013). Our proposed
immunosensor and the literature of Torati et al. (2017) adopted one-
step electrochemical technique while the other immunosensors in Table
S1 employed sandwich technique. Compared to one-step electro-
chemical technique, the sandwich-type immunosensors needed more
complex steps. The incubation time of sandwich-type immunosensors
was between 180 s and 60 min, but it took additional time for the im-
mobilization of the secondary antibody. Hence, one-step electro-
chemical technique was more suitable for POCT of CA125. As a result,
the comparison results illustrated that our proposed immunosensor had

Biosensors and Bioelectronics 135 (2019) 1-7

Fig. 2. DPV responses and calibration curve of im-
munosensor with different concentration of CA125
antigen. (A) The DPV responses of immunosensor for
different concentration of CA125 from 0.01 U mL ™!
to 200 U mL™! (0.01 UmL™%, 01 UmL™}, 1U
mL™}, 10 UmL™}, 25 UmL™}, 50 U mL™?, 100 U
mL ™! and 200 U mL™1); (B) The calibration curve of
immunosensor between the DPV peak current and
the logarithm of different concentration of CA125
(0.1-200U mL™1).

Y=3.230-0.366X
R=0.993

05 10 15 20 25

logCeapas/ U- mL’

relatively low LOD, wide linear range and short detection time.
3.5. Reproducibility, reliability and stability of immunosensor

To illustrate the intra-assay and inter-assay reproducibility and re-
liability of our proposed immunosensor, 1 U mL~' CA125 was tested
three times with three immunosensors. The relative standard deviation
(RSD) was 2.57% and 4.77%, respectively, indicating good reproduci-
bility and reliability. In order to verify the stability of proposed im-
munosensor, immunosensors were saved in the fridge at 4 °C for fort-
night and tested in the same testing condition with 6.29% decrease of
DPV current response. It showed that our proposed immunosensor had
good stability.

3.6. Application in analysis of serum samples

In order to explore the clinical analytical performance of our pro-
posed immunosensor, quality control serum samples were assayed.
Under optimal conditions, the samples with known concentration from
2UmL" " to 64 UmL ™' were tested three times to get calibration curve
by immunosensor, as well as also by ELISA as contrast (The result got by
ELISA method was shown in Fig S4.). The linear calibration curve was
shown in Fig. 3. The linear equation was Y = 3.290 — 0.974X. The
correlation coefficient was 0.984 and the RSD was less than 4.6%. Eight
quality control serum samples were measured three times with eight
immunosensors and ELISA method. The comparison between the results
obtained by immunosensor and ELISA method were shown in Table 1.
The relative error was less than 8.05%, which indicated acceptable
agreement between these two methods. Hence, our proposed im-
munosensor had good clinical analytical performance.

3.2

3.0 Y=3.290-0.974X

238 R=0.984
26
24

2.2

Current/pA

2.0
1.8
1.6

02 04 06 038
-1
logCrppps/ U - mL

10 1.2 14 16 18 20

Fig.3. The linear calibration curve of samples with known concentration of
CA125 from2UmL *to 64 UmL ' (2UmL Y, 4UmL™},8UmL ™}, 16 U
mL™!, 32 UmL™1,64 UmL™?) tested three times with immunosensor.
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Table 1
Quality control serum samples measured with our proposed immunosensor and
ELISA method.

Sample No.  Our proposed method (U  ELISA method (U Relative error
mL™") mL™") (%)

1 12.94 12.54 3.19

2 17.72 17.12 3.50

3 28.05 26.34 6.49

4 60.27 62.84 —-4.09

5 157.9 166.4 —-5.11

6 300.6 278.2 8.05

7 295.1 304.7 -3.15

8 547.0 561.5 —2.58

3.7. The potential of POCT application

The POCT application potential of our proposed immunosensor was
demonstrated here. Firstly, the immunosensor was fabricated on pure
cellulose paper. Due to the the advantages of low cost, disposability,
good biocompatibility and easy availability, the paper-based im-
munosensor could be used as disposables. Secondly, screen-printing
technology had the advantages of low cost and simple fabrication
process, which can be used for mass production of paper-based im-
munosensor. Thirdly, rGO/Thi/AuNPs nanocomposites modified im-
munosensor could provide high sensitivity and accuracy for the detec-
tion of CA125. Finally, our immunosensor had simple detection process
and short detection time less than 25 min including the incubation time
of CA125 antibody and antigen (20 min) and electrochemical detection
time (160 s). Hence, our proposed immunosensor was very suitable for
POCT of CA125.

4. Conclusion

In this article, a novel electrochemical immunosensor based on
rGO/Thi/AuNPs nanocomposites was successfully developed for the
sensitive determination of CA125. The testings of CA125 were per-
formed on CHI 660E electrochemical workstation. Simple screen-
printing technology and disposable pure cellulose paper were used for
the fabrication of immunosensor. The rGO/Thi/AuNPs nanocomposites
were synthesized for CA125 antibody immobilization and detection
signal amplification. The detection of CA125 was based on the principle
that the immunocomplex formed by specific binding of CA125 antibody
and antigen could reduce the current responses of thionine, which was
proportional to the corresponding concentration of CA125 antigen. The
experiment results showed that the linear range of CA125 was from 0.1
UmL~" to 200 U mL™" with the limit of detection (LOD) of 0.01 U
mL~! and corresponding correlation coefficient of 0.993 at signal to
noise of 3. There had acceptable relative error between the proposed
immunosensor and ELISA method in clinical diagnosis. With the ad-
vantages of low cost, short detection time, disposability, low LOD, wide
linear range, high sensitivity and accuracy, our proposed im-
munosensor could be used for POCT of tumor markers and had the
potential for disease screening in remote region.
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