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Estrogen receptors (ERs) play a major role in the signaling pathways and participate in regulating and
maintaining the basic activities of life. The abnormal expression of ERs has a significant effect on
tumorigenesis. Herein, we propose an electrochemical method for detecting ERs based on the formation
of DNA Y-Junction with a 3’-blunt end. The DNA Y-junction was designed to have one of its arms bound to
an ER. When an ER was bound to the junction, which was immobilized on the electrode surface, it

protected the DNA Y-junction from Exo Ill-catalyzed digestion. DNA Y-Junction also contained G-quad-
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ruplex rich duplex, which generated electrochemical signals when hemin was added to the electrode,
resulting in the quantitative detection of ERs. The detection range of the ER using this method was 0.1
—200nM with a detection limit of 0.034 nM. Since this assay can be employed to detect ERs in tumor
cells, it may be useful in tumor diagnosis in the future.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Estrogen receptor (ER) is a member of the nuclear receptor su-
perfamily, which can regulate the growth and differentiation of
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reproductive system and participate in the regulation of various
physiological and pathological processes [1—4]. Emerging research
suggest that ER is not only related to the tumorigenesis of estrogen
target organs, such as breast cancer, ovarian cancer, and endome-
trial cancer, but are also widely expressed in non-target organs such
as liver cancer, gastric cancer, lung cancer, and colorectal cancer
[3,5—7]. Thus, it is a potential marker of various tumors. Therefore,
detection of ER may provide an effective means for the early
diagnosis of cancers.
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The conventional ER assays are mainly based on antibody-
antigen specific reactions, such as immunohistochemistry assay
[8], enzyme-linked immunosorbent assay (ELISA) [9], and western
blotting assay [10]. However, these methods usually require
expensive estrogen receptor antibodies, laborious operations,
fluorescence probes, and special instruments, which hinder their
application in resource-limiting settings. Compared to these
methods, electrochemical biosensors possess superior features,
such as good sensitivity, low-cost, simplicity, and portability,
providing a promising platform for the highly accurate analysis of
ER [11,12].

Herein, we have developed an electrochemical sensing platform
for the detection of ER in tumor cells with high sensitivity by
coupling DNAzyme-mediated signal amplification that is based on
the formation of DNA Y-junction induced by the target protein
protection strategy. DNA Y-junction consists of three DNA strands
hybridized with one another, which provides better flexibility and
repeatability with the capacity of anti-jamming for building bio-
sensing platforms [13—16]. Compared with the existing methods,
our strategy has the following advantages. First, using DNA based
probes allows cost-efficient analysis as compared to the use of
expensive antibodies [17—20]. Second, the technique is label free as
compared the methods that require laborious labelling steps. Third,
the simplicity of the electrochemical method ensures that it is easy
to train personnel to use the method. Therefore, the proposed
sensing system will be a promising candidate for ER detection in
clinical diagnostics.

2. Experimental
2.1. Reagents and materials

Human recombinant ER was purchased from Invitrogen (Carls-
bad, CA, USA). Exo IIl and NEB buffer I were obtained from New
England Biolabs (Ipswich, WA, USA). Mercaptoethanol (MCH), RIPA
buffer, hydroquinone (HQ) sulfuric acid, hydrogen peroxide (H,0,),
hemin, EDTA, and tris (2-carboxyethyl) phosphine hydrochloride
were purchased from Sigma-Aldrich. All the oligonucleotide se-
quences were synthesized by Shanghai Sangon Biotechnology Co.
Ltd. (Shanghai, China) and stored in the TE buffer at —20°C. The
base sequences of the probe1l (P1), probe2 (P2), and probe3 (P3) are
shown in Scheme 1 [12,21-23].

All other reagents were of analytical reagent grade and used as
received. All the buffers were prepared with deionized water,
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P1: 5= AAGGTCAGAATGACCAACTCAAGTTTTT-SH-3’
P2: 5’ - CTTGAGAATGA
P3: 5 -TGGGTAGGGCGGGTTGGGTCATTTTGGTCATTCTGACCTT-3’

Scheme 1. The structure and sequence of probes.

which was purified with a Milli-Q purification system to a resis-
tance of 18 MQ cm.

2.2. Apparatus

CHI 660E electrochemical workstation (CH Instrument, USA)
was used for all the electrochemical measurements. The electro-
chemical system consisted of a working electrode, an auxiliary
electrode (platinum wire), and a reference electrode.

2.3. Cell culture and ER extraction

MCF-7 cells were cultured in DMEM medium containing 10%
fetal calf serum. All cells were harvested from adherent cell culture
by RIPA buffer, followed by washing with cold PBS. The cells were
incubated for 30 min on ice and then centrifuged at 12 000 rpm for
5minat 4°C. Finally, the supernatant was collected, which was
flash frozen and stored at —80 °C before use.

2.4. Preparation of the biosensor

Gold electrode was treated with the following steps as reported
in the previous literature [20,24,25]. 10 uL of DNA immobilization
solution containing 0.2 uM of P1 was first added and the DNAs were
self-assembled onto the gold electrode surface via gold-thiol
chemistry for 12 hat 4 °C. To eliminate non-specific DNA adsorp-
tion and block the remaining nonspecific binding sites, the gold
electrode was further treated with 1 mM MCH solution for 30 min
and then rinsed with DNA hybridization buffer. Later, 10 pL of DNA
hybridization buffer containing 1 uM of P3 (signal probe) and 1 uM
of P2 were dropped onto the gold electrode surface for 2 hat 37 °C.
After hybridization, the electrode was thoroughly rinsed with
deionized water and used for the following experiments.

2.5. Electrochemical detection of ER

Electrochemical detection of ER was performed as follows: the
DNA'Y junction-modified gold electrode was immersed in 150 puL
DNA-binding buffer solution containing ER or cell lysate for
30 min at 37 °C. Then, the electrode was thoroughly rinsed with PBS
three times and immersed into 50 uL of NEB buffer I at 37 °C for
30 min, which contained 2 units of Exo III. Then, EDTA was added to
a final concentration of 20 mM to terminate the Exo Il reaction, the
electrode was rinsed with PBS buffer and deionized water succes-
sively three times. 10 pL of freshly prepared hemin solution con-
taining 25 mM HEPES, 100 uM hemin, 200 mM NaCl, 12.5 mM
MgCl,, and 50 mM KCl was dripped on to the electrode surface at
25°C for 1 h. Because the DNA has many guanine-rich sequences of
P3, G-quadruplex-based DNAzyme was formed. Then, the electrode
was used for the following measurements.

2.6. Electrochemical measurements

Cyclic voltammogram (CV) and electrochemical impedance
spectra (EIS) were determined in 5.0 mM of [Fe(CN)s]>*/*" con-
taining KCI (0.1 M) with the frequency in the range of 10~! to
10° Hz. Differential pulse voltammetry (DPV) was performed in
5 mL of PBS (0.1 M, pH 7.4) containing 1.0 mM H0; and 0.2 mM HQ
with the scan range from —0.2 to 0.2 V.
3. Results and discussion

3.1. Method design

The working principle of the designed -electrochemical
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Scheme 2. Schematic illustration of the detection of ER.

biosensor for ER determination is illustrated in Scheme 2. P1 was
modified on the gold electrode surface through Au—S bond. The P2
and P3 can hybridized with P1 incompletely. P3 consisted of G rich
sequence and served as an electroactive signaling probe. Hybridi-
zation of P2 and P1 grafts the P3 strand onto the electrode surface,
forming a stable Y junction with a 3’-blunt end at the signaling
strand. In the presence of ER, which binds specifically to the double
stranded region of P1—P3, this part of the DNA Y junction is pro-
tected from digestion when Exo III is introduced into the system.
The G-rich region of the P3 forms HRP-mimicking DNAzyme after
hemin is added into the system. Thus, a strong electrochemical
signal is generated. Nevertheless, in the absence of ER, the Exo III
can digest the double stranded P1—P3 and then liberate the G-rich
region of the P3, resulting in no electrochemical signal.

3.2. Characterization of the modification process of the electrode
In order to confirm the successful preparation of the modified

electrodes, EIS was performed on different modified electrodes in
0.1 M KCI containing 5.0 mM [Fe(CN)g]> /4" [26—28]. As shown in
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Fig. 1 A, EIS of the bare electrode was nearly a straight line (curve a).
A relatively small Ret was obtained when P1 was modified on the
gold electrode (curve b) and the magnitude of Ret increased after
the modification of P2 and P3 because of the repulsion of
[Fe(CN)s]*/* by the negatively charged DNA monolayer on the
electrode surface (curve c, and d). After binding to the ER, an in-
crease in Ret was observed (curve e). After incubation with Exo III,
the magnitude of Ret decreased (curve f). These results indicated
the successful binding of ER leads to the increase of Ret. The
modification process is further proved by Cyclic voltammogram
(CV) [29,30]. CV curves of 5.0 mM [Fe(CN)s]>"* redox probe in
0.1 M KCl solution with scan rate of 100 mV/s. As shown in Fig. 1 B, a
biggest redox peak current is existed of bare electrode (curve a).
The redox peak currents are decreased progressively after the step
by step self-assembling of P1, P2, P3 and ER on the surface of bare
electrode (curves b, ¢, d, and e). After incubation with Exo III, the
redox peak current is increased to some extent (curve f), which are
in accordance with that observed in EIS. Therefore, the above re-
sults prove the successful modification of the electrode surface.
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Fig. 1. (A) EIS and (B) CV measurements for different modified electrodes: (a) bare gold electrode, (b) above electrode after P1 modification, (c) above electrode after P2 modi-
fication, (d) above electrode after P3 modification, (e) above electrode after incubation with ER, (f) above electrode after incubation with Exo III. (For interpretation of the references

to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. DPV curves for gold electrode treated successively with (a) P1, P2, P3, ER, and
Exo 111, (b) P1, P2, P3, and Exo III, (c) P1, P2, ER, and Exo III, (d) P1, P3, ER, and Exo III, in
0.1 M PBS (pH 7.4) containing 1.0 mM H,0, and 0.2 mM HQ. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

3.3. The feasibility of the electrochemical method

DPV was selected to investigate the electrochemical behaviors
of different electrodes from —0.2 to 0.2 V. As shown in Fig. 2, in the
presence of ER, a significant current signal was observed, indi-
cating that P3 was protected from Exo III digestion and formed
HRP-mimicking DNAzyme when hemin was added on the gold
electrode surface (curve a). However, in the absence of ER, only a
mild current signal response was seen because P3 was digested by
Exo IIl (curve b). Furthermore, in the absence of P3 (curve c¢) and
P2 (curve d), only small electrochemical signals were observed,
which clearly demonstrated that P2 and P3 were necessary to
achieve significantly amplified signals. Therefore, the above re-
sults indicated the feasibility of this method for the detection of
ER.
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3.4. Optimization of the detection conditions

Experimental variables affecting the whole sensing process
were optimized. Since the concentration and the reaction time of
Exo III significantly influence the amplification reaction, the sys-
tems with different Exo IIl concentrations and different reaction
time were investigated, respectively. As shown in Fig. S1A, when
other conditions were kept unchanged, the peak current reached a
minimum when 2 units Exo Il was added to the reaction system.
The above results showed that 2 units of Exo IIl was enough for the
reaction system. Thus, 2 units of Exo Il was chosen for the
following experiments. As can be seen from Fig. S1B, the peak
current decreased significantly with the Exo III incubation time
from 10 min to 40 min. Then, the peak current attained thermal
stability in 30 min. The result indicated that excessive incubation
time might hinder electron transfer from benzoquinone to the
electrode. Thus, 30 min was adopted as the optimal incubation
time.

3.5. Electrochemical assay for ER determination

Under the optimum conditions, the detection for ER was
investigated using DPV. As shown in Fig. 3 A, the DPV peak current
increased with increasing ER concentration. A linear relationship
between peak current and logarithm of the concentration of ER was
plotted (Fig. 3 B) in the range of 0.1-200 nM. The calibration
equation obtained from this curve was y=-558 x -11.8
(R>=0.993). The calculated limit of detection (LOD) was
0.034nM (S/N =3). The proposed label-free biosensor showed
good sensitivity that was comparable to the existing methods,
which not only decreased the background signal by preventing the
labeling moieties from interfering with protein binding but also
simplified the fabrication of the sensors (Table 1). As is indicated by
the data and error bars in Fig. 3, the stability and repeatability of the
method are satisfactory.

3.6. Selectivity of the biosensor
To characterize the specificity of the biosensor, we challenged

the biosensor with other interfering proteins, such as BSA, AFP, CEA,
CA125, CA153 and T4PNK. As shown in Fig. 4, high peak current was
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Fig. 3. (A) Differential pulse voltammetry (DPV) curves obtained at the modified electrodes to quantify ER. Curves a-i corresponding to ER concentrations of 0, 0.1, 0.5, 1, 10, 20,
50100, and 200 nM. (B) The calibration curve of (A). Error bars indicate standard deviation of three independent experiments.
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Table 1
Comparison of the detection performances of the present method with previously reported ones.
No. Detection method Linear range Detection limit Detection time Reference
1 Electrochemical (DPV) 0.001—-1000 pg/uL 0.001 pg/uL 80 min [11]
2 Electrochemical (SWV) 0.5-100 nM 0.38 nM 31 min [12]
3a Electrochemical (DPV) 0.1-200 nM 0.034nM 120 min This work
1 MCF-7 cell line. Moreover, the DPV peaks increased along with the
16 4 T number of cells, indicating the capability of the biosensor for
T monitoring ER level in cells.
4. Conclusions
12

Current/ pA
(-]

Fig. 4. Selectivity of the biosensor. Comparison of the DPV peak currents in the
presence of BSA, AFP, CEA, CA125, CA153, T4PNK and ER, respectively, in which the
blank was PBS buffer. The concentrations of ER and interfering proteins are about 1 nM
and 5nM respectively. The error bars were the standard deviations from three inde-
pendent experiments.
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Fig. 5. DPVs obtained in detecting MCF-7 cells (1x 10% 5x10% 1x10° and
5 x 10 cells).

obtained only for the samples containing the target ER. While the
changes of signals for interfering proteins are negligible. These
results showed the biosensor had an excellent specificity due to the
highly specific interaction between the dsDNA probe and ER.

3.7. Detection of ER in cells
It is important to assess the applicability of the proposed

biosensor for ER detection in tumor cells. So, we detected the ER in
MCF-7 cell line. As shown in Fig. 5, an DPV response was evident in

In summary, we successfully fabricated a label-free biosensor for
amplified detection of ER using a DNA Y junction mediated DNA
HRP-mimicking DNAzyme for signal transduction. The signal
amplification efficiency of HRP-mimicking DNAzyme can be real-
ized due to target protein protection strategy. As a result, an
enhanced electrochemical signal for ultrasensitive detection of ER
down to 0.034 nM was obtained. Meanwhile, the biosensor can be
applied to reliable monitoring of ER in cancer cells. The proposed
strategy is simple without complex labeling and immobilization
procedures or separation steps, making this DNA-Y junction
sensing system particularly suitable for routine monitoring of ER in
environmental and biological samples. It may have a great potential
application in diagnosis of cancer.
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