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17b-Estradiol (E2) is a common environmental endocrine and excessive estrogen will disturb the endo-
crine balance of human body and lead to diseases because of its accumulation in human body. The main
aim of this study is to determine the trace amount of E2 in various foods. Based on aptamer specific
recognition, DNA walker molecular machine and Exonuclease III-assisted dual cycle signal amplification
technology, a fluorescent aptamer sensor was constructed and applied to the detection of 17b-estradiol.
Atomic force microscopy (AFM) and polyacrylamide gel electrophoresis (PAGE) were used to verify the
feasibility of DNA walker participating in the reaction. Under the optimal conditions, 17b-estradiol con-
centration showed a good linear relationship with fluorescence in the range of 5.0 � 10�10–1.8 � 10�8 M,
and the detection limit was 5.6 � 10�11 M. The fluorescent aptamer sensor established in this study has
good selectivity, simple operation and good specificity, and the results of its application in the determi-
nation of milk samples are satisfactory. Research findings revealed that the E2 concentration in water and
milk is less than the safe limits, indicating the foods in the market are safe and can be consumed. Though
the foods are safe in present content, the health risk still exists because of continuous intake of trace E2.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The use of various water resources for agricultural purposes has
caused a serious problem in developing countries. For example,
Professor Zafar Iqbal Khan evaluated the nickel in agricultural irri-
gation water that shows toxicity and negative health impacts on
people. (Iqbal Khan et al., 2023) According to the statistics, the
emission of hormones in China, such as 17b-estradiol, proges-
terone, estriol, and estrone, greatly exceeds that of the European
Union (Tian et al., 2022), which indicated the serious pollution in
some natural water in China. 17b-estradiol (E2) is a common envi-
ronmental endocrine. Since it is widely used in animal husbandry
to promote the growth of livestock and increase milk production,
E2 may exist in surface water from animal excrement and indus-
trial wastewater (Nameghi et al., 2019). On the other hand, E2 is
also a natural estrogen, which has a strong biological activity and
can regulate the human reproductive system and cardiovascular
system (Yang and Xu 2022). Studies have shown that excessive
estrogen will disturb the endocrine balance of human body and
leads to diseases, such as male infertility and breast cancer
(Zhang et al., 2021). E2 is easily absorbed by the human body
through the food chain, and even low concentration of E2 can have
a big effect on the human body due to the bio-accumulation.
Recently, E2 has been detected in animal-derived foods such as
pork, chicken, grass carp, eggs, milk and other dairy products
(Wang et al., 2021). Therefore, it is very necessary to develop var-
ious detection methods suitable for lower concentrations of E2.

At present, the main detection methods of E2 include gas/liquid
chromatography (GC/LC) (Shi et al., 2011), high performance liquid
chromatography-mass spectrometer (HPLC-MS) (Tai and Welch
2005, Matějíček and Kubáň 2008), electrochemical sensor method
(ECS) (Hao et al., 2022) and surface-enhanced Raman spectroscopy
(SERS) (Pu et al., 2019a, 2019b), etc. Among of them, GC/LC and
HPLC-MS cost more and require complex sample pretreatments
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(Pu et al., 2019a, 2019b). The sample preparation and detection
process of ECS and SERS is time-consuming, and some studies have
shown that E2 has weak electrochemical activity and high oxida-
tion potential, which may cause electrode passivation, resulting
in poor specificity and repeatability (Hu et al., 2020). However, flu-
orescence analysis has attracted more attention due to its advan-
tages of high sensitivity, environmental friendliness and simple
operation, and some studies have combined fluorescence method
with aptamer-based nucleic acid amplification method, showing
higher sensitivity (Yang et al., 2020, Huang et al., 2021).

Aptamer is a single-stranded oligonucleotide isolated from ran-
dom sequence nucleic acid library by exponential enrichment
method (SELEX), which has high affinity and specificity for a vari-
ety of target molecules, such as ions, small molecules, peptides and
cells(Li et al., 2022). Aptamer can bind specifically to the target
through hydrogen bonding, electrostatic interaction, van der Waals
force or shape complementation, similar to antibody-antigen reac-
tions, so they are often referred to as ‘‘chemical antibodies”(Zhao
et al., 2021). Compared with antibodies, aptamers have the advan-
tages of short SELEX process, small difference between production
batches, and easy preservation and transportation (Cai et al., 2021),
so they are often used to construct various biosensors. In order to
further improve the sensitivity of the fluorescent aptamer sensor,
researchers combined it with various cyclic amplification methods,
such as polymerase chain reaction(Wang et al., 2011), ‘‘rolling
ring” amplification reaction (RCA) (Tang et al., 2016), hybrid chain
reaction (HCR) (Wang et al., 2016), and chain replacement amplifi-
cation (SDA) (Zhou et al., 2017), etc. However, these methods still
have some limitations. For example, the electron transfer rate of
amplified DNA structure is slow, leading to non-specific enzyme
digestion reaction and low catalytic cycle turnover (Ji et al., 2017).

In recent years, various DNA nanomachine have been devel-
oped, including DNA tweezers, DNA motors, and DNA walker
(Zhao et al., 2019). Due to the programmable nature of its structure
and function, DNA walker can achieve precise mechanical move-
ment on the nanoscale along the specified two-dimensional or
three-dimensional orbit (Lv et al., 2020). It is accompanied by
changes in DNA conformation (Yin et al., 2020). Typically, DNA
walker is initiated externally and activated by a bridge-burning
mechanism through a series of energy transformations, such as
enzyme cycle reactions or chain replacement reactions (SDA),
which introduce a small number of targets and trigger a large num-
ber of signaling probes to achieve a cascade of amplification reac-
tions. DNA walker is mainly composed of three parts: DNA walking
strand, DNA trace and the energy that drives the walking chain to
move (Jiang et al., 2021). The fluorescent aptamer sensor based on
DNA walker is characterized by good flexibility, high controllabil-
ity, good mobility (Huang et al., 2020), and sequence predictability
and programmability (Zhang et al., 2019). Therefore, it has
attracted wide attention, providing a new way to improve the
detection sensitivity. Currently, researchers have used DNA ori-
gami and electrodes as the running track of DNA walker, which
has the characteristics of flexibility and high addressability. How-
ever, nanomachines made from these materials are expensive,
complex in design, and take a long time to prepare. Therefore, a
low-cost and easily available material is needed to prepare
nanomachines.

Graphene oxide (GO) is a two-dimensional nanomaterial, which
is a 2D lattice composed of graphitized carbon atoms with a dense
array of honeycomb hexagonal patterns (Adegoke et al., 2020). It
has advantages such as low price, large specific surface area, good
bio-compatibility, good dispersion in water and strong fluores-
cence quenching ability (Kou et al., 2021). It can interact with apta-
mer labeled with fluorescent groups by p-p stacking, thus
transferring fluorescence resonance energy (FRET) to GO in the
absence of the target. In the presence of the target, fluorescence
2

is recovered, and GO has been widely used in the development of
biosensors due to this advantage(Chen et al., 2022, Zhang et al.,
2022). In addition, studies have shown that using GO as a DNA car-
rier and an effective energy receptor is conducive to the construc-
tion of a DNA walker based on energy transfer with low cost, short
running time and low background signal (Liang et al., 2022).

Exonuclease III (Exo III) -assisted cycling is often used for
nucleic acid signal amplification. It can progressively catalyze the
cleavage of the concave or blunt 30-hydroxyl terminus of double-
stranded DNA, but has limited activity against the 30-protruding
ends of single-stranded DNA and double-stranded DNA. Compared
with incision exonucleases, Exo III does not need to recognize
specific nucleotide sequences, which makes Exo III-based DNA
walker easier to design. Moreover, Exo III auxiliary signal amplifi-
cation technology has universality and good repeatability (Qiang
et al., 2015), which can be combined with DNA walker to improve
the sensitivity of the sensor.

Considering the problems that most of the existing methods are
single cycle amplification or rolling loop amplification, which
showed long reaction time, low detection efficiency, and poor sen-
sitivity, a new strategy of double amplification was innovated in
this study. Therefore an ultra-sensitive and efficient fluorescence
detection method for E2 was established based on aptamer, DNA
walker and Exo III auxiliary signal amplification method. This
method possesses the following four advantages: First, in the pres-
ence of the target object, the system can release two cycle initia-
tion factors and start two signal cycle amplification reactions at
the same time, which greatly improves the detection efficiency.
The experimental results show that compared with the single cycle
detection, the time used to determine a sample is reduced from the
original 3 h to 1 h, and the efficiency is increased by 66.7 %. Sec-
ondly, the introduction of DNA walker solves the problems of
unpredictable cycle process and disorderly hybridization of pri-
mers, which reduces the probability of autonomous mismatching
of primers in the reaction. Thirdly, if DNA origami technology is
used, the construction of such nanomachines requires hybridiza-
tion of at least one long single-stranded deoxynucleotide scaffold
and hundreds of short oligonucleotides (Liang et al., 2022), and
the reaction cost is high. In this experiment, the running platform
of DNA walker prepared by GO and dsDNA can reduce the cost by
at least 50 %. Fourthly, due to the presence of quenching groups
black hole quencher1 (BHQ1) and GO, the fluorescence signal of
FAM group was doubly quenched, that is, FAM group was the only
energy donor and both GO and BHQ1 were energy receptors, form-
ing a dual energy transfer system to achieve fluorescence reso-
nance energy transfer and greatly reducing the background
signal value. As can be seen from the above, this method has shown
great advantages in terms of detection cost, detection efficiency,
detection sensitivity and reduction of background value. Compared
with the reported methods, this system has the advantages of low
detection cost, short detection time, high detection sensitivity and
strong specificity, and shows good accuracy in the determination
of E2 in actual samples. The above results show that the system
will have important value and broad application prospect.
2. Material and methods

2.1. Chemical and material

17b-estradiol was purchased from Aladdin Biochemical Tech-
nology (Shanghai) Co., Ltd., Exonuclease III (Exo III) was purchased
from Sangon Biotechnology (Shanghai) Co., Ltd., enzyme-free
water (DEPC water) was purchased from Labgic (Beijing) Co., Ltd.,
and single-layer graphene oxide sheet was purchased from Xian-
feng Nanomaterials Technology (Jiangsu) Co., Ltd. 10 � TBE buffer



Y. Zhang, L. Jia, W. Wang et al. Arabian Journal of Chemistry 16 (2023) 105340
(500 mL) was purchased from Solaibio Technology (Beijing) Co.,
Ltd. The DNA non-denatured PAGE electrophoresis kit, nucleic acid
rapid silver staining kit and 20 bp DNA ladder were purchased
from Real-Times (Beijing) Biotechnology Co., Ltd. The reagents
used in this experiment are all analytical grade reagents. All the
synthesized oligonucleotides were from Sangon Biotechnology
(Shanghai) Co., Ltd., and the sequences were as follows:

HP1:
50-GGGTGGCTTCCAGCTTATTGAATTACACGCA GAGGGTAGCGGCT

CTGCGCATTCAATTGCTGCGCGCTGAAGCGCGGAAGCCACCCTTCCGTT
TT-30 (The bold part in italics is the aptamer sequence of E2).

HP2:

50-CCTGGTTTCAGTTATATGGATTTTTTTAAC TGAAACCAGGCGG-

AAGGGTG-30(the underline of HP1 and HP2 is the complementary
bases).

BHQ1-DNA:
50-BHQ1 -TTTCAGTTATATGGACTTCAAAAAAAAAAAAAAAAAAA

A-30 (The bold part complements with that of the FAM-DNA).
FAM-DNA:
50-AGAGAAGTCCATATAACTGAAACCAGG- FAM-30 (the curve

part complements with that of HP2).

2.2. Apparatus

Fluorescence spectrophotometer (Hitachi F-7000, Japan),
sequencing electrophoresis instrument (Eco-Mini, Biometra), high
voltage power supply (P25T, Biometra), laboratory ultra-pure
water preparation system (Q-POD), electric thermostatic incubator
(ZXDP-B2120, ZXDP-B2120, Shanghai Zhicheng Analytical Instru-
ment Manufacturing Co., Ltd.), Combined Full temperature Oscil-
lating incubator (ZQPZ-228A, Tianjin Leibo terry Equipment Co.,
Ltd.), composite rotor centrifuge (Haimen Kylin-Bell Lab Instru-
ments Co., Ltd.), Discoloring Shaker (TS-300 T, Hangzhou Miulab
Instrument Co., Ltd.).

2.3. The proposed scheme and detection of E2

The efficient fluorescent sensor was designed to amplify signals
by two cycles. Cycle I was composed of hairpin DNA (HP1), hairpin
DNA (HP2) and Exo III. When E2 existed in detection solutions, the
hairpin will be opened after aptamer of which catching the objects.
Then, the other bottom of HP1 hybridized with HP2. Consequently,
the hybridization of HP1 and HP2 led Exo III to cut down some
strand of HP2, releasing strand S1 and the opened HP1 then went
back to hybridized with HP2 again. This was the first cycle of this
strategy. The second cycle was that the generated S1 in cycle I can
competitively combined with double-strand DNA immobilized on
graphene oxide (GO) and the double-strand DNA was composed
of two single-strand DNA containing BHQ1 quencher group and
fluorescent group, respectively. Then, the fluorescent DNA was
cut down after the competitive combination between strand S1
and fluorescent DNA. The fluorescent probe was consequently
released. The more E2 will produce more strand DNA S1 and
releasing much more fluorescent probe. Based on the above, an
ultrasensitive E2 biosensor was constructed.

The detection of E2 was as follows: First, dsDNA was prepared
by mixing 10.0 lL FAM-DNA (8.0 lM) with 10.0 lL BHQ1-DNA
(8.0 lM) and heating at 95 �C for 5 min (Liang et al., 2022). DNA
walker was prepared by incubating 20.0 lL dsDNA with 20.0 lL
GO (2.0 mg/mL) at 37 �C for 2 h. The operation should be carried
in dark place. The methods to detect E2 were as follows: 10.0 lL
HP1 solution, 100 lL E2 with different concentrations and 1.0 lL
10 � buffer enzyme buffer solution was incubated at 37 �C for
30 min; Then, HP2 solution of 10.0 lL, Exo III solution of 10.0 lL
(1.5 U/lL) and the prepared DNAwalker running track were added.
3

The mixture was then incubated at 37 �C for 1 h (Ning et al., 2021)
and tested by fluorescence. The detection parameters of the fluo-
rescence spectrophotometer were 5 nm for the excitation slit and
487 nm for the excitation wavelength, 500–600 nm for the wave-
length range of the fluorescence emission spectrum, 700 V for the
photomultiplier light (PMT) and 25 �C for the temperature.

2.4. Polyacrylamide gel electrophoresis

In this experiment, 15 % polyacrylamide gel electrophoresis was
used to characterize the reaction process of this strategy. The vol-
ume ratio of the sample and 6 � loading buffer was 1:5 to prove
that the recognition of E2 and HP1 containing aptamer sequence
triggered exonuclease to play the enzyme digestion role, and
started the DNA walker cycle reaction process. First clean the glass
plate with ultra-pure water, and then fix it with a vertical rubber
fixing frame after drying. Pour the configured 15 % polyacrylamide
gel into the glass plate and add 95 % ethanol liquid seal, stand for
about 30 min, gel solidification, pour away the ethanol; Then pour
in 4 % polyacrylamide gel, insert comb, let stand for 40 min waiting
for gel. The prepared gel was fixed in the electrophoresis tank and
1 � TBE buffer was added. Then, the prepared sample and DNA
marker were added to the point sampling port successively, and
the parameters of the electrophoresis instrument were set as fol-
lows: voltage was 200 V, current was 25 mA, and time was
90 min. After electrophoresis, the gel was stripped and silver dyed:
rinsed twice with 100 mL ultra-pure water, then added 100 mL sil-
ver dye after discarding the water, and shook for 5 min on the
shaking bed; Then discard the silver dye solution and wash it
quickly with ultra-pure water, add 100 mL silver dye color render-
ing solution, and shake it in the shaking bed for 3–10 min until the
ideal strip appears; The color developing solution was discarded
and 100 mL ultra-pure water was added to stop the dyeing. The
experimental results were observed after the strip became stable.

2.5. Optimization of detection conditions of E2

To achieve the best signals of E2, some conditions were opti-
mized, such as HP1 concentration, HP2 concentration, reaction
temperature, DNA walker running time, amount of Exo III, the ratio
of fluorescence probe to GO, the reaction of temperature, time and
amount of Exo, etc.

2.6. Analysis of E2 in actual sample

In this experiment, the recovery experiment of milk and water
was carried out. The milk was added into the plugged centrifuge
tube, the same volume of acetonitrile was added and the solution
was mixed for 5 min and centrifuged at 10,000 r/min for 10 min
(4 �C). Then, the supernatant was transferred to the clean cen-
trifuge tube and the residue was extracted once again with ace-
tonitrile, combined with the supernatant in the centrifuge tube.
The supernatant was diluted 20 times, and the milk was stored
in the refrigerator at 4 �C overnight (Qiao et al., 2021).
3. Results and discussion

3.1. Detection mechanism of the fluorescent aptasensor

The fluorescent aptamer sensor designed in this study was
mainly composed of DNA walker and the system of DNA walker
contained graphene oxide (GO) with fluorescence quenching func-
tion, signal probe dsDNA, hairpin probe 1(HP1) containing E2 apta-
mer sequence, hairpin probe 2(HP2) and Exo III enzyme. First, two
single-stranded DNA with fluorescence group FAM and quenching
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group BHQ1 respectively bound to form signal probe dsDNA, and
then bound to GO through poly-A fragment (Xiao et al., 2016,
Liang et al., 2022) at the 30end of the BHQ1-DNA strand to form
the running track of DNA walker. The designed hairpin DNA HP1
contained the E2 aptamer sequence and a separate designed
sequence. In the presence of target E2, E2 and its aptamer can rec-
ognize and change the conformation of HP1. Sequences not
involved in target recognition in HP1 can be combined with the
unpaired part of the 30end of hairpin HP2 to form a double-chain
structure with a 30end sag, which can be recognized and cut by
Exo III until it reaches 4-T (Hu et al., 2012). This was the first phase
of Exo III -assisted object-aptamer binding cycle amplification. The
remaining part of HP2 was called S1, the walking strand of DNA
walker. S1 can combine with dsDNA located on GO to form a
double-stranded 30terminal depression structure that can be cut
by Exo III, so as to run DNA walker and release FAM group (Cai
et al., 2023). With the increasing of the number of free fluorescent
groups, the fluorescence signal gradually recovered, which was the
second stage of signal amplification involving DNA walker. When
E2 was absent, HP1 and HP2 existed in stable hairpin structure,
and the fluorescence of FAM group was quenched by BHQ1 group
and GO group. The fluorescent aptamer sensor achieved two cycles
of amplification with good sensitivity and specificity, showing
excellent sensitivity in real sample analysis (See Scheme 1).
3.2. Feasibility analysis

The prepared DNA walker was characterized by atomic force
microscopy (AFM), and the successful assembly of DNA walker
could be confirmed by comparing the thickness changes of GO
before and after modification of dsDNA. Fig. 1(A) is the morphology
Scheme 1. The strategy for the construc
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of unmodified GO nanosheet, with a height of 1.0 nm. Fig. 1(B) is
the thickness of GO surface fixed with dsDNA, reaching a height
of 1.5 nm. Thus, the increased thickness indicated that dsDNA
and GO has combined with each other. In addition, as shown in
Fig. S1, the fluorescence spectra of FAM-DNA, dsDNA and
dsDNA@GO showed that the fluorescence intensity decreased suc-
cessively. In particular, the fluorescence signal dsDNA@GO com-
plex could hardly be detected, which also proved that GO and
dsDNA were bound each other. Based on this, whether GO partici-
pated in the reaction process was studied to explore the effect of
double quenching strategy on the background values. The results
showed that the fluorescence signal in presence of GO was 4 times
higher than that in the absence of GO. Therefore, the double
quenching efficiency was more effective than of single quenching
group to reduce the background signal.

In order to verify the feasibility of the aptamer sensor, the fluo-
rescence intensity was compared with or without E2 in the reac-
tion system. As shown in Fig. S2, when the target E2 was added
to the system, the sequence specific recognition of the aptamer
on E2 and HP1 changed the conformation of HP1, which was fur-
ther combined with HP2 to be recognized and hydrolyzed by Exo
III, starting the first round of cyclic reaction, and carrying out the
second round of cyclic reaction with the addition of DNA walker.
A large number of free FAM groups were obtained, and an obvious
fluorescence signal was detected at 518 nm (curve a). When E2
was absent in the system, HP1 and HP2 existed in a stable hairpin
structure. Under the action of BHQ1 and GO, the fluorescence sig-
nal of FAM was quenched, so only very low fluorescence intensity
can be observed (curve b). Therefore, the comparison between
curves a and b in the figure shows that the system has a good
response to E2.
tion of fluorescent aptamer sensor.



Fig. 1. (A) Atomic Force microscopy before GO modification (B) Atomic force microscopy after GO modification of dsDNA.

Fig. 2. Graph of the results of polyacrylamide gel electrophoresis experiments. (1)
HP1(4.0 lM)；(2)HP2(4.0 lM)；(3)FAM-DNA(2.0 lM)；(4)BHQ1-DNA(2.0 lM)；
(5)dsDNA(1.0 lM)；(6) HP1(4.0 lM) + E2(1.0 nM) + HP2(4.0 lM) + Exo III (20.0
U) + DNA walker;(7) HP1(4.0 lM) + HP2(4.0 lM) + Exo III (20.0 U) + DNA walker.
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After the successful construction of DNA walker being con-
firmed, the feasibility of this proposed sensor was furtherly evalu-
ated by the fluorescence in various circumstances. As shown in
Fig. S3, when only dsDNA@GO existed, the system could not pro-
vide the DNA walking chain S1, so the fluorescence signal could
hardly be detected (curve a). When HP1, HP2, E2 and dsDNA@GO
existed in the system, the first cycle amplification could not be
triggered due to the absence of Exo III in the system, consequently,
S1 could not be produced either and the fluorescence signal could
not be observed (curve b). Similarly, when HP1, E2, Exo III and
dsDNA@GO existed in the system, the first cylce reaction could
not be started because there is no HP2 to combine with HP1 and
releasing S1. But because that Exo III in the system may perform
non-specific cutting on the signal probe dsDNA, weak fluorescence
signal could be detected (curve c). When HP2, E2, Exo III and
dsDNA@GO were present in the system, a small amount of HP2
and dsDNA might react to form structures that could be cut by
Exo III enzyme, thus releasing some FAM groups. Therefore, a cer-
tain fluorescence signal can be detected (curve d); Significant fluo-
rescence signals were detected in the presence of HP1, HP2, E2, Exo
III, and dsDNA@GO, indicating a cyclic amplification reaction with
DNA walker running (curve e). In summary, all the substances
were necessary to the whole reaction process.

Thirdly, the feasibility of the method was verified by polyacry-
lamide gel electrophoresis. As shown in Fig. 2, lanes1, 2, 3 and 4 are
bands of HP1, HP2, FAM-DNA, and BHQ1-DNA, respectively. Lane 5
is a double-stranded DNA which was formed by annealing of FAM-
DNA and BHQ1-DNA, resulting in a new band. Lane 6 is the mixture
of HP1, HP2, E2, Exo III and DNA walker. After the completion of
the first round of cyclic reaction, HP2 will release a large amount
of S1 under the action of Exo III, and then S1 will start the second
cycle of amplification. Therefore, it can be seen that as soon as the
short S1 band was produced, and the DNA fragment band was gen-
erated. Compared with lane 6, target E2was not added in lane 7
and could not be specifically identified by HP1, then the first cyclic
amplification could not be started, consequently S1 band was not
generated. In conclusion, the feasibility of this method was proved.

3.3. Optimization of reaction conditions for aptasensor

In order to obtain better analytical performance, the important
influencing factors were optimized, including HP1 concentration,
HP2 concentration, reaction temperature, DNA walker running
time, amount of Exo III, and the ratio of fluorescence probe to GO.

The influence of HP1 concentration on the determination of E2
was investigated. As shown in Fig. S4, with the increase of HP1 con-
centration, the fluorescence intensity reached a peak when it
reached 4.0 lM, and then stabilized. It might be that at 4.0 lM,
the recognition of HP1 and E2 in the system reached saturation,
and thus showed a stable trend. From above, it could be arrived
at the conclusion that appropriate HP1 concentration was the
guarantee of sensitivity for this method. If the concentration of
5

HP1 was too low, the target could not be fully identified by HP1
in the system, and the HP1 participating in the cyclic amplification
reaction was reduced, which reduced the sensitivity of the sensor.
However, high concentration of HP1 will not increase the sensitiv-
ity of E2 detection. Further, It was not beneficial for saving the cost.
Therefore, 4.0 lM was selected as the optimal HP1 concentration
for further experiments.

After specific recognition of E2 and HP1, the complex bound to
HP2 and initiated the first round of cyclic amplification, so HP2 was
a key substance to provide the walking DNA. As shown in Fig. S5,
with the increasing of HP2 concentration, the fluorescence inten-
sity tended to be stable until it reached 10.0 lM, indicating that
the first cycle reaction was fully carried out under this concentra-
tion condition. That may be due to the reason that when the con-
centration of HP2 was too low, the first round of cyclic
amplification reaction could not be fully carried out, so that the
solution containing a large amount of S1 could not be obtained.
The reduction of DNA walker chain directly affected the subse-
quent reaction and reduced the sensitivity of the sensor. When
the concentration of HP2 was too high, excess HP2 might react
with the fluorescent probe on GO, so higher fluorescence intensity
could be detected even when the target was not present. Therefore,
10.0 lMwas selected as the optimal reaction concentration of HP2.

3.4. Effect of Exo III

Exo III not only participated in the first round of cyclic amplifi-
cation, hydrolyzed HP2 to obtain a large amount of S1, but also par-
ticipated in the second round of DNA walker cyclic amplification as
energy supply material. Therefore, enzyme activity is an important
factor affecting the sensitivity of the sensor (Ma et al., 2023). The



Y. Zhang, L. Jia, W. Wang et al. Arabian Journal of Chemistry 16 (2023) 105340
main factors affecting enzyme activity are temperature, time and
amount of Exo. As shown in Fig. S6, four temperature conditions
were selected for optimization in this experiment. With the
increase of temperature, the change of fluorescence intensity grad-
ually increased, reaching the peak at 37 �C, and then the change of
fluorescence intensity suddenly decreased as the temperature con-
tinued to rise.

As shown in Fig. S7, with the extension of reaction time, the
change of fluorescence intensity gradually increased until it
reached the peak value at 60 min, and then the change of fluores-
cence intensity gradually decreased, which probably because the
E2 content in the system gradually decreased with the extension
of reaction time. Therefore, 60 min was selected as the best reac-
tion time. The amount of enzyme is also one of the important fac-
tors that affect the activity of enzyme. As shown in Fig. S8, with the
amount of Exo III increasing, the change of fluorescence intensity
gradually increased, indicating that the target object triggered
more cyclic reactions, and gradually met the energy supply of
DNA walker operation. When the dosage of Exo III was 15.0 U, it
reached the peak and stabilized, indicating that the two-round cyc-
lic amplification reaction had been completed. Therefore, 15.0 U
was selected as the best reaction condition of Exo III.
3.5. Optimization of the ratio of fluorescence probe to GO

In this study, five DNA walkers were prepared by changing the
volume ratio of fluorescence probe and GO, so as to determine the
optimal detection conditions. As shown in Fig. S9, when the volume
ratio between the fluorescent probe and GO was 1:1, the change in
fluorescence intensity was the most obvious. It might be due to the
reason of that if GO content in the system was too low, only a small
number of fluorescent probes could be combined with GO, which
meant that the expected fluorescence quenching effect could not
be achieved. In this case, a large background value will appear in
Fig. 3. (A) Fluorescence spectra of aptamer sensors with different concentrations of E2 (
volume ratio of dsDNA to GO were 4.0 lM, 10.0 lΜ,15.0 U and 1:1. The capture time of t
37 �C and 60 min.

Table 1
Comparison of various E2 detection methods.

Methods Materials

Colorimetry AuNP/aptamer
HPLC ——
Photocatalytic fuel cell (PFC) platform ITO/SnS2/aptamer
Fluorescence AuNP/aptamer
Fluorescence FRET-based turn-on fluorescent aptasenso
Electrochemistry CuPc/P6LC/ Nafion film modified screen-p
Fluorescence Aptaer/quantum dot-bioconjugate
Fluorescence Aptamer/Exo III GO@dsDNA
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the detection of blank samples, affecting the sensitivity of the sen-
sor. If there was too much GO content in the system, even if the
two-round cyclic amplification reaction was fully carried out and
a large number of free FAM groups were obtained, obvious fluores-
cence signals might still not be detected due to the strong fluores-
cence quenching ability of GO, which also affects the sensitivity of
the sensor. So 1:1 was chosen as the optimal reaction condition.
3.6. Analytical performance of the E2 aptasensor

In order to verify the performance of the fluorescent aptamer
sensor better, the sensor was used to measure E2 solution of differ-
ent concentrations under optimal conditions, and all samples were
measured in parallel for three times. As shown in Fig. 3, with the
increase of E2 concentration, the change in fluorescence intensity
gradually increased, which indicated that FAM groups were gradu-
ally accumulated in the reaction system, and it also proved that the
sensor could be used to detect E2. In the range of 5.0 � 10�10–1.8
� 10�8 M, E2 concentration had a good linear relationship with
the change of fluorescence intensity. The regression equation is
DF = 188.6C + 1246.1 (C: nM), the correlation coefficient is 0.997,
the detection limit is 5.6� 10�11 mol/L. The performance of the flu-
orescent aptamer sensor in this study was compared with that of
the E2 aptamer sensor reported in Table 1. Compared with electro-
chemical and HPLC methods, the detection limit was decreased by
100 times. Even compared with similar fluorescence analysis meth-
ods, the sensitivity was obviously improved. It can be seen that this
method showed better sensitivity and lower detection limit.
3.7. Selectivity, stability and Reproducibility of fluorescent aptasensor
for E2 detection

Selectivity is an important parameter to evaluate aptamer sens-
ing platform. Multiple estrogens usually coexist in the body. Estriol
B) Linear curve of E2 determination. The concentrations of HP1, HP2, Exo III and the
arget is 30 min and enzyme cycle amplification temperature and reaction time were

Linear range(nM) LOD (nM) Ref

0.2–5 0.2 (Alsager et al., 2015)
1.84–367 1.47 (Lu and Xu 2015)
1–500 0.12 (Yao et al., 2020)
2–80 2 (Lin et al., 2012)

r 0.37–36.71 0.35 (Zhang et al., 2018)
rinted electrode 80–7300 5 (Wong et al., 2019)

0.82–20.50 0.22 (Long et al., 2014)
0.5–18 0.056 This

work



Table 2
The results of detection of E2 in actual samples.

Sample Spiked amount(nM) Found level(nM) Recovery (%) RSD (%)

Water 0 —— —— ——
0.60 0.65 108.33 0.86
6.00 6.72 112.00 0.58
16.00 17.09 106.81 0.18

Milk 0 —— —— ——
0.60 0.50 83.33 0.85
6.00 6.75 112.50 0.10
16.00 17.37 108.56 0.55

Fig. 4. (A) Effect of different interferences on the variation value of fluorescence intensity of aptamer sensor. The concentrations of EE, BPA, DES and E3 were 20 nM. The
concentrations of E2, HP1, HP2, Exo III and the volume ratio of dsDNA to GO were 2.0 nM,4.0 lM, 10.0 lΜ,15.0 U and 1:1. The capture time of target is 30 min and enzyme
cycle amplification temperature and reaction time were 37 �C and 60 min.(B)Reproducibility of fluorescent aptamer sensors. The concentrations of E2, HP1, HP2, Exo III and
the volume ratio of dsDNA to GO were 2.0 nM,4.0 lM, 10.0 lΜ,15.0 U and 1:1. The capture time of target is 30 min and enzyme cycle amplification temperature and reaction
time were 37 �C and 60 min.
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(E3) and ethinylestradiol (EE) not only have similar physical and
chemical properties, but also are very similar in structure to E2.
Bisphenol A (BPA) and diethylstilbestrol (DES) can affect the endo-
crine function of human body. The change values of fluorescence
intensity of various interfering agents at 10 times concentration
of E2 were detected, such as E3, EE, BPA and DES. It showed that
the selectivity of the proposed fluorescence aptamer sensor for
E2 detection was excellent. The experimental results are shown
in Fig. 4(A). The fluorescence intensity of E2 was much higher than
that of other substances, which indicated that the disruptor could
hardly bind specifically to HP1 and trigger subsequent amplifica-
tion. The results indicated that the aptamer sensor in this study
had good selectivity for E2 detection. Reproducibility is an effective
method to test the precision of fluorescent aptamer sensors. As
shown in Fig. 4(B), the same sample was measured in parallel using
five constructed sensors, and the relative standard deviation (RSD)
was1.82 %.

3.8. Analysis of E2 in real samples

The detection of actual samples is an important considering fac-
tor to evaluate the practical application of this proposed sensor and
it was tested by standard addition method. The results were shown
in Table 2. The recoveries and relative standard deviations of tap
water samples were 106.81–112.00 % and 0.18–0.86 %, respec-
tively. The recoveries and relative standard deviations of milk sam-
ples are 83.33–112.50 % and 0.10–0.85 %, respectively. It can be
seen from the above that the prepared aptamer fluorescence sen-
sor can be applied in the determination of actual samples.

4. Conclusions

An aptamer sensor for E2 fluorescence detection was designed
based on DNA walker and Exo III assisted amplification. Research
7

findings reveal that two signal cycle amplification reactions can
obviously reduce the determination time. Compared DNA origami
technology, less amount of oligonucleotides cut down the cost of
sample determination significantly. Further, the double quenching
effect of BHQ1 and GO, decreased the background signal value and
greatly improved the sensitivity. The method has good specificity,
low cost, high sensitivity, simple operation and detection limit of
5.6 � 10-11 M. The sensor is used for the determination of water
samples and milk samples, and the results are accurate and reli-
able. In addition, the sensor designed in this study can provide a
platform for the detection of other targets by changing the aptamer
sequence on the hair clip DNA HP1, which provides a new idea and
theoretical background for the analysis and determination of tar-
gets. Therefore, the constructed biosensor was expected to have a
broad development prospect in the future.
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