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Abstract

An electrochemical aptasensing method is described for the determination of the biomarker CA125. It combines aptamer
recognition and target-triggered strand displacement amplification. Flower like gold nanostructures were electrodeposited on a
screen-printed carbon electrode to increase the sensor surface, to assemble more toehold-containing hairpin probe 1 (Hp1), and to
improve the accessibility for DNA strands. Under the optimal conditions, this assay has a linear response in the 0.05 to
50 ngemL ' CA125 concentration range, with a low detection limit of 5.0 pgemL". This method is specific and stable. It was
successfully applied to the detection of CA125 in spiked biological samples, with recoveries between 82.5% and 104.1%.

Keywords Aptasensor - Toehold - Aptamer - Cancer biomarker - Ovarian cancer

Introduction

Ovarian cancer has the highest mortality rate of the three main
malignant tumors of the female reproductive system. Most
patients are diagnosed in advanced stages due to lack of sig-
nificant or specific clinical symptoms, which causes a low
five-year overall survival rate [1, 2]. Carbohydrate antigen
125 (CA125), a high molecular weight mucin-like glycopro-
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tein, can promote cancer cell proliferation and inhibit anti-
cancer immune responses [1]. Serum levels of CA125 are
routinely monitored in patients with ovarian cancer in women
(serum threshold level 35 U'mL ™). It has also been consid-
ered as a crucial ovarian disease serum-based biomarker to
predict the presence of malignancy and the prognosis after
treatment [1, 3]. In addition, CA125 has been widely used as
one of biomarkers for liver, lung, gastric and breast cancers
[4]. Thus, the sensitive detection of CA125 is of great signif-
icance for early diagnosis and evaluation of prognosis and
therapy effects of cancers.

Immunosensors based on antibody-antigen immune reac-
tion are widely used for carbohydrate antigen detection [5—8].
However, these methods are limited by expensive antibodies
and equipments, complicated experimental procedures, long
analysis time, as well as the instable substrates. Aptamer based
sensors have also been reported to detect CA125 [9, 10].
Compared with antibodies and enzymes, aptamers are easy
to synthesize and stable enough to resist harsh environments
(pH and temperatures). More importantly, the specific binding
of aptamers to target molecules are available for enhancing the
detection selectivity [11]. Of note that, the reported quantifi-
cation biosensors mainly rely on colorimetry [12], electro-
chemical method [13-19], chemiluminescence [20],
electrochemiluminescence [21], plasmon resonance scattering
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(PRS) [4], etc.. Among them, electrochemical detection is
mostly used owing to its low cost, simple operation and high
sensitivity. As for electrodes, screen-printed carbon electrode
(SPCE) has given rise to researchers’ attention because it is
easy to modify, portable, and able to mass production [22].
Nanomaterials have also been used to modify electrode sur-
face to increase the surface areas and the binding performance
of biomolecules on the sensing platform [23-25]. In present
work, flower like gold nanostructures were electrodeposited
on SPCE to increase the biosensing surface for subsequent
assembly of more amounts of probes for construction of elec-
trochemical aptasensing platform.

To meet the quantitative requirements of higher sensitivity,
biological amplification strategies have been widely used for
biosensor construction. The commonly used amplification
strategies include strand displacement amplification (SDA)
[26], rolling circle amplification (RCA) [27], hybridization
chain reaction (HCR) [7] and so on. Among them, SDA ex-
hibits great application prospects due to its isothermal nature,
high amplification efficiency, and rapid amplification kinetics
[28]. Moreover, the occurrence of SDA can be triggered by
targets under mild enzyme-free conditions and reverse low
specificity caused by background signals via a relatively sim-
ple sequence design [29]. Thus, combination of signal ampli-
fication strategy and aptamer recognition will be a promising
strategy to realize the higher sensitivity and selectivity of
biosensor.

Flower like gold nanostructures were electrodeposited on
SPCE to increase the biosensing surface and deflection angles
for assembly of more amounts of Hp1 and subsequent acces-
sibility of DNA strands. Based on our previous work [30],
combination of target-triggered SDA and aptamer recognition
realized the specific and sensitive detection of CA125. In the
presence of aptamer/probe A duplex and Hp2 labeled with
methylene blue (MB), the introduction of CA125 triggered
the 1:N target-signal SDA, leading to more electro active re-
porter MB in proximity to the modified SPCEs and thus pro-
ducing higher electrochemical response.

Experimental section
Reagents

Table S1 lists all DNA oligonucleotides that were synthesized
and purified by Sangon Biotechnology Co. Ltd. (Shanghai,
China; www.sangon.com). Poly(acrylic acid)(PAA),
poly(ethylene imine)(PEI), HAuCl4-3H,0 (299.9%), tris
(hydroxymethyl) aminomethane (Tris), tris (2-carboxyethyl)
phosphine hydrochloride (TCEP) and 6-mercapto-1-hexanol
(MCH) were obtained from Sigma-Aldrich (St. Louis, MO,
USA; www.sigmaaldrich.com). CA125, bovine serum
albumin (BSA), CD63, epithelial cell adhesion molecule
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(EpCAM), and prostate specific antigen (PSA) were obtained
from Cusabio Biotech Co. (USA, www.cusabio.com) to
verify the specificity of the aptasensing platform for CA125
detection. Other reagents were all of analytical grade. The
health human serum, saliva and urine were provided by
SinopharmDongfeng General Hospital and approved by the
ethical committees of SinopharmDongfeng General Hospital.
Ultrapure water was prepared by a Millipore water
purification system (18.2 MQecm resistivity, Milli-Q Direct
8) and used in all runs.

Apparatus

Square wave voltammetry (SWV) and chronoamperometry
experiments were performed using a CHI660D workstation
(CH Instruments Inc., Shanghai, China, http://www.chinstr.
com/). SWV and chronoamperometry were conducted to
detect CA125 and deposite gold nanostructures on SPCE
surface, respectively. Screen-printed carbon electrodes
(SPCEs) (Delta Biotech, Suzhou, China) comprising a carbon
working electrode (diameter: 3 mm), a carbon counter elec-
trode and a silver pseudo reference electrode were utilized.
The scanning electron microscopy (SEM, JEOL JSM-
6510LV and ZEISS MERLIN Compact)) was used to obtain
images of surface morphologies of SPCE and SPCE modified
with gold nanostructures.

Construction of aptasensing platform

Firstly, SPCEs were sequentially cleaned in ethanol and
ultrapure water for 5 times by ultrasound, respectively.
Then, three bilayers of PEI/PAA were decorated on
SPCE via layer by layer self-assembly to modulate the
morphology of gold nanostructures in electrochemical de-
position. To obtain ideal gold nanostructures, deposition
parameters of gold nanostructures were subsequently in-
vestigated. The optimal deposition parameters are as fol-
lows: applied potentials (—0.3 V), 4.0 mg:mL™' HAuCl,
and deposition time of 15 min. After electrodeposition of
gold nanostructures, the Hpl-contained Tris—HCI buffer
(100 mM NacCl, 1.0 mM TCEP, pH 7.4) was prepared
and incubated for 30 min in dark. Then, the surfaces of
the modified SPCEs were dropped with 6 pL of Hpl
solution with a series of the required concentration for
Hpl self-assembly overnight at room temperature.
Subsequently, the SPCEs after Hpl self-assembly were
thoroughly rinsed with 20 mM Tris-HCI buffer (100 mM
NaCl, pH 7.4) and dried with nitrogen gas. Finally, the
unoccupied region of SPCEs assembled with Hpl was
filled by immersing it into 2 mM MCH solution for 1 h
to inhibit the nonspecific DNA adsorption. The modified
SPCEs are named as MCH/Hp1/gold/SPCEs.
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Detection of CA125

Prior to CA125 detection, MCH/Hp1/gold/SPCEs were rinsed
with 20 mM Tris-HCI buffer (100 mM NaCl, pH 7.4) and
dried. And aptamer/probe A duplex was formed via hybridi-
zation of probe A and CA125 aptamer. Then, CA125 aptamer/
probe A duplex (20 uL), Hp2 (20 uL) and various concentra-
tions of CA125 (10 pL) were incubated at 37 °C for 20 min.
Subsequently, 6 uL of incubated mixture was dropped on the
MCH/Hp1/gold/SPCEs. The hybridization reaction was con-
ducted for 20 min at 37 °C and constant humidity in a hybrid-
ization oven (UVP, HB-1000). After that, the MCH/Hp1/gold/
SPCE:s after hybridization were washed with buffer for mea-
surements. SWV measurements were performed by scanning
the potential from —0.5 to —0.1 V in 20 mM Tris-HCI buffer
(100 mM NaCl, pH 7.4) with a step potential of 1 mV, a
frequency of 60 Hz, and an amplitude of 50 mV.

Results and discussion
Choice of materials

Binding performance of biomolecules on the sensing surface
is influenced by surface characteristics [31]. Various
nanomaterials such as C-dots [32], molybdenum disulfide
(MoS2) [6, 33], gold nanostructures [34] and et al., are widely
used to construct electrochemical biosensors to improve the
sensing performance. Among them, gold nanostructures

Fig. 1 The macro schematic
diagrams of the SPCE (a) and the
SPCE modified with gold
nanostructures (b); C: counter
electrode; W: working electrode;
Resilver pseudo reference
electrode. The SEM images of the
surface of SPCE (¢) and the
surface of SPCE modified with
gold nanostructures (d). The
higher-magnification SEM image
of the surface of SPCE modified
with gold nanostructures (e)

possess high electrical/thermal conductivities, easy
functionalization and large surface areas. More importantly,
the performance of gold nanostructures can be easily modified
by its size and morphology [35]. Various gold nanostructures
including spherical, fractal, and flower-like nanostructures di-
rectly programmed on SPCEs by Ye and his co-workers. They
found that flower-like nanostructure has the largest surface
areas, the highest electrochemical response and favorable re-
producibility in DNA probe assembly [34]. Thus, we select
flower-like gold nanostructure to be electrodeposited on
SPCEs to construct subsequently aptasensing platform of
CA 125.

Characterization of construction of aptasensing
platform

Flower-like gold nanostructures were electrodeposited on
SPCEs with naturally nanoroughened carbon surface
(Fig. 1a, c), to construct subsequently aptasensing platform
of CA125. The modulation of the morphology of gold nano-
structures was discussed in Electronic Supporting Material.
By controlling appropriate conditions (deposition potential: -
0.3 V, HAuCl4 concentration: 4 mg-mL_l, deposition time:
15 min), the flower-like gold nanostructures were successfully
generated on the SPCEs surfaces (Fig. 1b, d). As shown in
higher-magnification SEM image (Fig. 1le), obvious flower-
like morphologies are observed. The introduction of flower-
like gold nanostructures can efficiently increase the biosens-
ing surface for assembly of more amounts of probe molecules
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Scheme 1 The schematic of
electrochemical aptasensing
platform of CA-125 and its signal
amplification processes.
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and subsequent accessibility of target molecules, thus, contrib-
uting to higher electrochemical response and more reliable
reproducibility for DNA probe assembly in electrochemical
biosensing platforms. Corresponding construction processes
of aptasensing platform were also characterized by electro-
chemical impedance spectroscopy (EIS) and cyclic voltamm-
etry (CV). Results and discussion are shown in Electronic
Supporting Material.

Principle of the electrochemical CA125 assay

The schematic of electrochemical aptasensing platform of
CA125 and its signal amplification is illustrated in
Scheme 1. Firstly, the toehold-containing hairpin probes
(Hp1 labeled with 5’-SH, Hp2 labeled with MB at 3" end),
CA125 aptamer and probe A were synthesized. Then, Hpl
was self-assembly on the surfaces of SPCEs electrodepos-
ited the flower-like gold nanostructures by Au-S bond.
Subsequently, to inhibit the nonspecific DNA adsorption,
MCH was used for passivating the unoccupied region of
the SPCEs surfaces [30]. In this design, the flower-like
gold nanostructures can increase biosensing surface and
molecular deflection angles, which is benefit for assembly
of more amounts of Hpl and subsequent accessibility of
target molecules, respectively. Prior to sensing of CA125,
the probe A is hybridized with CA125 aptamer to form
aptamer/probe A duplex. In the presence of CA125,
CA125 binds to its aptamer because the specific high
binding capacity between CA125 and its aptamer, and
probe A is released from aptamer/probe A duplex. The
released probe A further hybridizes with toehold of Hpl
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to open its hairpin structure. In the presence of MB-
labeled Hp2, the toehold domain of Hp2 subsequently
hybridizes with the exposed complementary single strands
of Hpl1 to bring electro-active reporter MB in proximity to
the modified SPCEs surface. The probe A is released from
probe A-Hpl duplex and triggers another round strand
displacement reaction (SDR). Such an 1:N target-signal
DNA recycling amplification leads to plenty of MB in
proximity to the surfaces of modified SPCEs and signifi-
cantly increases the current response.
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Fig. 2 Typical SWV current responses of (a) SPCE modified with
AuNSs incubated with CA125 aptamer/probe A and Hp2 in the presence
of CA125 (1.0 ng~mL71); (b) SPCE modified with AuNSs incubated with
CAI12S5 aptamer/probe A and Hp2 without CA125; (c) SPCE modified
with AuNSs
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Fig. 3 a Typical SWV current responses of the SPCE modified with
AuNSs to a series of CA125 concentration, from bottom to top:
0,5 pgmL,10 pgmL™",50 pgmL™",100 pg'mL"',500 pgrmL™,1 ng'mL
'1,10 ng~mL'1, 50 ng~mL’1,

Feasibility of the method

To further verify the feasibility of the electrochemical
aptasensing platform of CA-125, SWV measurements were
performed in 20 Mm Tris-HCI buffer (0.1 M NaCl, pH 7.4)
containing different complexes. As shown in Fig. 2, no peak
current is observed in the absence of CA125 aptamer/probe A,
Hp2 and CA125 because of no electro-active reporter MB on
the modified SPCEs surface (curve ¢). When the modified
SPCE is incubated with CA125 aptamer/probe A and Hp2
without CA125, negligible current changes can be seen (curve
b), in that the inhibition of SDR triggered by probe A, in the
absence of CA125, brings no MB in proximity to the modified
SPCEs surface. However, when the modified SPCE is incubat-
ed with CA125 aptamer/probe A and Hp2 in the presence of
CAI125 (1.0 ngmL™), a significant peak current is observed

b
12+

i = 3.2245%1gC-3.0744
R’=0.9881

Current (pA)
©

2 3 4 5
Ig C (pg/mL)

100 ngmL™', and 200 ngmL™". b The calibration plot between SWV
current and the logarithm of the concentration of CA125. The data were
acquired at —0.313 v to establish calibration plot. Error bars: SD, n=3

(curve a). Such a significant current increase implies plenty of
MB in proximity to the surfaces of modified SPCEs, owing to
the occurrence of CA125 triggered probe A recycling amplifi-
cation. These results clearly demonstrate the feasibility of the
electrochemical aptasensing platform of CA-125.

Optimization of the assay conditions

To achieve the optimal performance of electrochemical
aptasensing platform, several experimental parameters were
optimized, including the concentration of Hp1, the concentra-
tion of CA125 aptamer, pH and the reaction time. The optimal
reaction conditions are as follows: the concentration of Hpl
(2.0 uM); the concentration of CA125 aptamer (40 nM); pH
(7.4); the reaction time (20 min). The corresponding data and
figures are presented in Electronic Supporting Material.

Table 1  Comparison of our method with reported electrochemical sensors for detection of CA125

Type of sensor Detection method LOD Dynamic range References

Immunosensor based on FA, H-PANI and CS-HCl SWV 0.25 pgmL™" 0.001-25 ng'mL-1 5

Biosensor platform based on multiwalled carbon nanotubes DPV 0.00113 UmL™"  0.001-1000 U'mL™" 13
embedded zinc oxide nanowire

Immunosensor based on ZnO nanorods-Au nanoparticles nanohybrids CV 2.5 nguL™! - 14

Immunosensor based on covalent immobilization of CA125 DPV 1.8 UmL™ 2-75 U'mL™! 15
coupled with thionine on carbon nanofiber

Engineered MPA|AuNP @SiO2|QD|mAb immunosensor EIS 0.0016 UmL™"'  0-0.1 UmL™" 16

Immunosensor based on polyaniline-polythionine redox hydrogel SWV 0.00125 UmL™"  0.0001-1000 UmL™" 17

Immunosensor using GOx label-based EN redox cycling CA 0.15 UmL™" - 18

Sensor based on protein imprinted polymer on GNEE DPV 0.5 UmL™" 0.5-400 UmL™" 19

Electrochemical aptasensing platform based on combination SWvV 5.0 pgmL™! 0.05-50 ng'mL ™" This work

of target-triggered SDA and aptamer recognition

DPYV differential pulse voltammetry; CV cyclic voltammetric; EIS electrochemical impedance spectroscopy; SWV square wave voltammetry; CA
chronoamperometry; GNEE gold nanoelectrode ensemble; FA ferrocenecarboxylic acid; H-PANI HCl-doped polyaniline; CS-HC! chitosan

hydrochloride
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Fig. 4 Specificity (a), stability (b) and regeneration (¢) of the aptasensing platform of CA125. Error bar: SD, n=3

Analytical performance of the method

The sensitivity and dynamic response range are important
indicators for evaluating analytical performance of the
sensor. Under the optimal sensing conditions, using a se-
ries of CA125 concentrations ranging from 0 to 200 ng-
mL™", we investigated the performance of this aptasensing
platform. We can clearly see that the current response
gradually increases along with increasing of CA125 con-
centration (Fig. 3a). Besides, the SWV current is logarith-
mically related to the concentration of CA125 from 0.05
to 50 ng'mL"'. We calculated the regression equation
expressed as i=3.22451gC-3.0744 (R*=0.9881), where i
stands for the SWV current and C stands for the concen-
tration of CA125 (Fig. 3b). The detection limit calculated
is as low as 0.005 ng'mL"', which is comparable or even
lower to the reported methods (listed in Table 1).

Specificity, stability and regeneration

The specificity of the aptasensing platform of CA125 re-
lies on the specific recognition of aptamer to CA125. The
specificity was assessed by detecting different proteins,

8- Em 1 ng/mL CA125
I no target
<
=
N’
R
=]
O
0_ = 1
Serum Urine Saliva Buffer

Fig. 5 The SWV currents of electrochemical aptasensing platform for
detecting CA125 in several spiked biological samples, such as serum,
urine and saliva. Error bar: SD, n=3
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such as BSA (10 ng-mL™"), CD63 (10 ng-mL™"),
EpCAM (10 ng'mL™") and PSA (10 ng-mL™").
Negligible current increase of above proteins are observed
when compared with blank, which are far less than that of
CA125 (1.0 ng-mLfl) (Fig. 4a). The results demonstrate
the good specificity of the aptasensing platform of
CA125.The stability of this biosensor was investigated
by detecting CA125 (1.0 ng'mL™") at different time points
within 48 h after storage at 4 °C. Compared with initial
current signal, only a small current decrease is observed
(Fig. 4b), indicating the excellent stability of the
aptasensing platform of CA125. Moreover, the regenera-
tion experiment of the sensor was also performed by rins-
ing the sensor in 5 M urea for 10 min at 37 °C. After five
regeneration cycles, the current response is almost still at
its first current signal level, indicating satisfied regenera-
tion of the sensor (Fig. 4c).

Analysis of biological samples

The practical application potential of the sensor in clinical
was evaluated by detecting CA125 in the spiked serum,
urine and saliva. MCH/Hp1/gold/SPCEs were rinsed with
20 mM Tris-HCI buffer (100 mM NaCl, pH 7.4) and
dried. And aptamer/probe A duplex was formed via hy-
bridization of probe A and CA125 aptamer. For prepara-
tion of the spiked samples, 20 puL different biological
samples were diluted by 180 uL 20 mM Tris-HCI buffer
(100 mM NaCl, pH 7.4) and CA125 were spiked, with
concentration of 1.0 ng'mL"'. The subsequent detection
processes follow the section of “Detection of CA125”.
The SWV current changes at —0.313 V were acquired.
As shown in Fig. 5, significant current increases are ob-
served in above spiked biological samples when com-
pared with no spiked biological samples. In addition, the
increased current signals in different spiked biological
samples are comparable to that of the spiked buffer, with
the recoveries between 82.5% and 104.1% (Table S2).
These results implies good selectivity and a potential
practicability in clinical.
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Conclusion

An electrochemical aptasensing platform was designed to de-
tect CA125, which was based on the basis of combination of
aptamer recognition and target-triggered SDA. It was suc-
cessfully applied to detect CA125 in spiked biological sam-
ples. However, we only detected CA125 in the spiked sam-
ples which were diluted by buffer, due to the complex matrix
components in clinical samples. Encouragingly, our method
may combine with microfluidic chip which has the better
separation performance, showing a good application prospect
for analysis of clinical samples. In addition, this method may
be expanded to detect other molecules by selecting corre-
sponding aptamers.
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