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The modulation of 17B-estradiol (E2) level, even in trace amounts outside the normal range, plays a critical
role in diagnosing and treating various diseases in females. This work presents a novel, simple, and highly
sensitive method for E2 detection based on the designed repetitive-loop aptamer. The method is based
on the different fluorescence intensities of SYBR Green | (SGI) to intercalate the DNA aptamer structures,
which are changed upon interacting with E2. Among the designed aptamers containing 1-5 loop
structures (designated as O1-05), the O5-aptamer exhibited the highest E2 interaction and was
employed to construct the O5-aptasensor. Under optimal conditions, the aptasensor displayed excellent
sensitivity, with a linear detection range of 1-200 pM, a limit of detection (LOD) of 1.34 pM, and a limit of
quantification (LOQ) of 4.48 pM. Its LOD is 13.5 folds lower than that of the L1-aptasensor. The O5-
aptasensor specifically detected E2, distinguishing it from structurally similar compounds such as
progesterone, genistein, diethylstilbestrol, bisphenol A, and chloramphenicol. Furthermore, the O5-
aptasensor accurately detects E2 spiked in artificial urine and human serum samples, with recovery rates

ranging from 98.73% to 109.00%, and relative standard deviations below 8%. The O5-aptasensor was
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Accepted 24th March 2025 tested on blood serum samples from seven hospital patients, and its performance was comparable to

that of the hospital analysis for E2 measurement. These findings highlight the potential of the O5-
DOI: 10.1039/d52y00154d aptasensor as a highly sensitive platform for clinical E2 detection, offering a viable alternative to existing

rsc.li/methods methods.

E2 levels for diagnosing and treating related diseases. Classi-
cally, liquid chromatography-mass spectrometry (LC-MS)* and
high performance liquid chromatography (HPLC)’ have been

1. Introduction

17B-Estradiol (E2) is a crucial endogenous estrogen primarily

synthesized in the ovaries and plays a key role in regulating the
development of female secondary sexual characteristics.* Typi-
cally, E2 levels in reproductive women are within the range of 50
to 300 pg ml™' (about 184 to 1101 pM), while in post-
menopausal women, the levels drop to below 10 pg ml™* (about
37 pM).> However, low E2 levels, different from its normal
range, are associated with the occurrence of polycystic ovary
syndrome, osteoporosis, abdominal aortic aneurysms, turner
syndrome, and hypogonadism in women.* Therefore, an accu-
rate and sensitive E2 detection method is essential to monitor
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commonly used to detect E2 in laboratory samples. Although
these methods offer high accuracy and sensitivity, they are
costly, time-consuming, intricate, and necessitate skilled
personnel. Consequently, the need for an uncomplicated,
affordable, and user-friendly E2 detection method is increasing.

In the past few years, there has been a significant rise in
adopting biosensors for E2 detection, driven by their simplicity,
cost-effectiveness, and rapid analytical techniques. Aptamer-
based biosensors, commonly referred to as aptasensors, have
gained considerable prominence as detection systems for
specific targets like small molecules, proteins, or even entire
cells.® This approach provides several advantages, including
cost-effective manufacturing, high selectivity, and convenient
preparation capabilities.” Aptamers are short single-stranded
oligonucleotides that possess a unique characteristic of
folding into specific structures,® enabling them to bind to
various targets through hydrogen bonding, electrostatic inter-
actions, and hydrophobic forces.” Through the integration of
aptamers with various transducers, various types of aptasensors
have been established, such as luminescence aptasensors,'
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colorimetric aptasensors," fluorescence aptasensors,"” and
electrochemical aptasensors.”® Among these aptasensors, fluo-
rescent aptasensors have gained attraction to develop an effi-
cient E2 detection method due to their high sensitivity, wide
linear range, fast response time, and simplicity in operation.**
With these advantages, many studies reported the development
of fluorescent aptasensors to detect E2. For example, Huang and
colleagues designed a fluorescent aptasensor that includes a Ru
complex, a quantum dot, and an aptamer. The binding between
E2 and the aptamer facilitates the association of the positively
charged ruthenium complex with the negatively charged
quantum dot. This interaction results in a reduction in the
fluorescence intensity of the quantum dot. The LOD achieved by
this technique is 37 nM." Next, a fluorescence aptasensor,
developed by Zhang and colleagues, employed a FAM-labeled
aptamer and a BHQ-labeled partially complementary
sequence. When E2 is present, the aptamer dissociates from the
duplex structure, leading to a notable enhancement in fluo-
rescence intensity. Utilizing this aptasensor, E2 detection ach-
ieves an LOD of 0.35 nM.' Later, a novel fluorescence
aptasensor was developed by linking the E2 aptamer to carbon
quantum dots and connecting its complementary DNA
sequence with magnetic nanoparticles. Without E2, the E2
aptamer forms a hybrid with complementary DNA, which can
be separated by a magnet. As a result, the E2 aptamer-carbon
quantum dot complex is not present in the solution, leading
to a low fluorescence intensity. However, in the presence of E2,
the aptamer is released from hybridization and binds to E2.
Even after magnetic separation, the E2 aptamer-carbon
quantum dot complex remains in the solution, resulting in
a high fluorescence intensity. This system exhibits highly
sensitive detection of E2, with an LOD as low as 3.48 pM."
Although this aptasensor demonstrated remarkable E2 detec-
tion capability, its usage entailed a complex procedure. Conse-
quently, developing a simple fluorescent aptasensor with high
measurement efficiency is a research challenge.

The utilization of DNA staining dyes in label-free fluorescent
aptasensors has attracted interest due to their simplicity, cost-
effectiveness, ease of application, and independence from
specialized expertise.'* Among these dyes, SYBR Green I (SGI),
a selective intercalating dye, is commonly employed in label-
free fluorescence detection methods. It offers low toxicity,
remarkable stability, and the ability to bind to single-stranded
DN4, including aptamers, resulting in robust fluorescence
emission.*® Drawing on its advantageous features, SGI has been
successfully utilized alongside aptamers for detecting diverse
targets such as tobramycin,™ clenbuterol,” and testosterone.*
Previous studies have demonstrated the potential of SGI (SYBR
Green I) and aptamers in the detection of E2. SGI is known to
intercalate within the aptamer structure, absorbing excitation
light and subsequently emitting fluorescence. Upon the intro-
duction of E2 into the system, the aptamers exhibit selective
binding to E2 molecules, resulting in the displacement of SGI
and a corresponding decrease in fluorescence intensity. This
mechanism has been utilized for E2 detection with a reported
limit of detection (LOD) of 2.4 nM.** In this work, we utilized
aptamers containing 1-5 internal loops to develop
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a fluorescence-based aptasensor leveraging the multiloop
aptamer structure in conjunction with SGI. The multiloop
design is anticipated to enhance the binding efficiency and
fluorescence signal transduction, enabling highly sensitive E2
detection. This novel approach builds on the established
benefits of SGI and multiloop aptamer systems, aiming to
further improve detection performance and broaden the
application of label-free fluorescent aptasensors in clinical
diagnostics.

2. Experimental section
2.1 Materials and reagents

All oligonucleotides in this experiment were obtained from Bio
Basic Asia Pacific Pte Ltd (Singapore City, Singapore). SYBR
Green I (SGI) was bought from AppliChem (Darmstadt, Ger-
many). Disodium hydrogen phosphate and potassium chloride
were purchased from BDH Inc. (Toronto, Canada). Potassium
dihydrogen phosphate and ammonium hydroxide were bought
from Merck Millipore (Darmstadt, Germany). Tris-HCIl buffer
was brought from Vivantis (Selangor Darul Ehsan, Malaysia).
Magnesium sulfate, chloramphenicol, genistein, diethylstil-
bestrol, bisphenol A, 17p-estradiol (E2), 3-(N-morpholino)-
propanesulfonic acid (MOPS), and human serum from human
male AB plasma, USA origin, sterile-filtered were purchased
from Sigma-Aldrich (St Louis, MO, USA). Progesterone was
purchased from Tokyo Chemical Industry (Tokyo, Japan). Urea
was purchased from QRec (Auckland, New Zealand). Sodium
chloride (NaCl), potassium chloride (KCl), and calcium chloride
(CacCl,) were bought from BDH (Poole, English).

2.2 E2--aptamer binding efficiency

The designed aptamers (O1-05, Fig. 1) were evaluated for their
binding to E2. Aptamers were denatured at 95 °C for 5 min and
subsequently cooled at 25 °C for 10 min. In a total reaction of
200 pl, each aptamer (400 nM) was incubated with E2 (450 uM)
for 30 min before the addition of SGI (0.8x). After incubation
for 20 min, the fluorescence intensity of the mixture was
measured using a microplate reader (BMG Labtech, Ortenberg,
Germany) with excitation at 497 nm and emission at 520 nm. In
the control, E2 was substituted with DI water. The efficiency of
each aptamer was determined using eqn (1), where F, and F
represent the fluorescence intensities of reactions without and
with E2, respectively.

Fig. 1 Aptamers O1, O2, O3, O4, and O5.
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DNA aptamer binding efficiency = Fy — F (1)

2.3 Development of E2-aptasensor

The development of the E2-aptasensor involved optimizing
various conditions, including the type of buffer, pH, SGI
concentration, aptamer concentration, E2-aptamer incubation
time, and SGI incubation time. Each optimization step is
detailed below.

To evaluate the most suitable buffer type, a reaction mixture
containing 200 nM aptamer and 450 uM E2 was prepared and
incubated at 25 °C for 40 min in one of the following buffers:
MOPS, Tris-HCl, phosphate-buffered saline (PBS), or Milli-Q
water, with a total reaction volume of 200 pl. Subsequently,
SGI (0.2x) was added to the reaction mixture, followed by an
additional incubation for 20 min. Fluorescence intensity was
measured using a microplate reader with an excitation wave-
length of 497 nm and an emission wavelength of 520 nm. A
reaction without E2 served as the negative control. The optimal
buffer type was determined based on the maximum difference
(AF) between fluorescence intensities F, (negative control) and F
(reaction with E2).

For pH optimization, the selected buffer's pH was adjusted
within the range of 5-9 using HCI or NaOH. The buffer was then
used to incubate 200 nM aptamer and 450 uM E2 at 25 °C for
40 min. Afterward, SGI (0.2 x) was added, followed by a 20 min
incubation. Fluorescence intensity was measured under the
same conditions as before. The optimal pH was identified as the
value yielding the highest AF.

To determine the optimal SGI concentration, a reaction
mixture containing 200 nM aptamer and 450 uM E2 was incu-
bated at 25 °C for 40 min in the selected buffer at the optimized
pH. SGI was added at concentrations of 0x, 0.1x, 0.2x, 0.4X,
0.8%, and 1.6x, followed by a 20 min incubation. Fluorescence
intensity was measured, and a reaction without E2 was used as
the negative control. The optimal SGI concentration was
defined as the concentration that provided the maximum AF.

For the optimal aptamer concentration, various aptamer
concentrations (0, 25, 50, 100, 200, 400, 600, and 800 nM) were
incubated with 450 uM E2 at 25 °C for 40 min in the selected
buffer at the optimized pH. SGI was then added at its optimized
concentration, followed by a 20 min incubation. Fluorescence
intensity was measured, with a reaction without E2 serving as
the negative control. The optimal aptamer concentration was
determined as the concentration that yielded the maximum AF.

To optimize the incubation time between E2 and the
aptamer, 450 uM E2 and the aptamer at its optimized concen-
tration were incubated for varying durations (10, 20, 30, 40, 50,
and 60 min) at 25 °C in the selected buffer at the optimized pH.
After incubation, SGI (optimized concentration) was added and
incubated for 20 min. Fluorescence intensities were measured,
and the optimal E2-aptamer incubation time was identified as
the duration that provided the highest AF.

The incubation time of SGI was optimized by first incubating
the aptamer (optimized concentration) and 450 uM E2 at the
optimized time and under optimized conditions. SGI

3222 | Anal. Methods, 2025, 17, 3220-3228

View Article Online

Paper

(optimized concentration) was then added and incubated for 5,
10, 15, 20, 25, and 30 min. Fluorescence intensity was
measured, and the AF was calculated for each incubation time.
The optimal SGI incubation time was determined as the dura-
tion yielding the highest AF.

2.4 Sensitivity of detection

The reactions were carried out by incubating the aptamer
(optimal concentration) with E2 (1-2000 pM) for 30 min. Then,
SGI (0.8x) was added and incubated for 20 min. Then, the
fluorescence intensity was measured with excitation at 497 nm
and emission at 520 nm to determine the F and F, values. The
limit of detection (LOD) was calculated using eqn (2) and the
limit of quantification (LOQ) was calculated via eqn (3), where o
is the standard deviation of the blank solution and S is the slope
of the calibration curve.

LOD = 30/S 2)

LOQ = 100/ (3)

2.5 Selectivity of detection

The selectivity of the developed aptasensor was evaluated using
17p-estradiol (E2), diethylstilbestrol (DES), progesterone (P4),
genistein (GEN), bisphenol A (BPA), and chloramphenicol (CPL)
as test analytes. Each chemical, at a concentration of 160 pM,
was incubated with the aptamer for 30 min under optimized
conditions. Subsequently, SYBR Green I (SGI) was added, and
the mixture was further incubated for 20 min to facilitate fluo-
rescence development. The fluorescence intensity of each
sample was measured and compared to the fluorescence
intensity obtained with E2 to assess the aptasensor's selectivity.

2.6 E2-spiked test

Artificial urine was prepared following the protocol described by
Galay et al.*® Standard E2 was spiked into artificial urine and
human serum at final concentrations of 2, 20, 40, and 80 pM.
The aptasensor was tested with these E2-spiked samples by
incubating the aptamer with each sample for 30 min, followed
by adding SGI. After an additional 20 min incubation, the
fluorescence intensity was measured. The E2 concentration in
spiked samples was calculated using a standard curve generated
by plotting the fluorescence change (F, — F) against known E2
concentrations. The percent recovery of E2 was determined by
eqn (4), where Cgerectea 1S the detected E2 concentration by the
developed aptasensor, and C,qgqeq is the actual concentration of
the spiked E2. The relative standard deviation (RSD) was
calculated using eqn (5), where S stands for the standard devi-
ation and X is the sample mean.

Recovery rate = (Cyeected! Cadded) X 100% (4)

Relative standard deviation = (S/x) x 100% (5)

This journal is © The Royal Society of Chemistry 2025
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2.7 Determination of E2 in volunteers' blood

This study was approved by the Ethics Committee of Suranaree
University of Technology (Ethics Authorization Code EC-65-92)
and conducted in compliance with institutional guidelines,
relevant regulations, and the principles of the Declaration of
Helsinki. Blood samples were obtained from voluntary donors
at Suranaree University of Technology Hospital after obtaining
written informed consent. Sample collection was performed by
certified medical laboratory technologists using sterile veni-
puncture, and the blood was collected in additive-free tubes.
The samples were then centrifuged at 1000 x g for 10 min at
25 °C to separate the serum. The resulting serum was aliquoted
and stored at —80 °C until analysis. The developed aptasensor
was evaluated using these blood serum samples. Each serum
sample was incubated with the aptamer for 30 min, followed by
the addition of SGI. After an additional 20 min incubation, the
mixture was diluted 10-fold before fluorescence intensity
measurement. The concentration of E2 in the serum was
calculated using a standard curve, and the results were
compared with hospital-measured values to assess the accuracy
of the aptasensor.

2.8 Statistical analysis

For all analyses at least five replicates were performed to
determine the average and standard deviation. The statistical
analysis was performed using SPSS 11.5 (Chicago, IL, USA). One-
way ANOVA was used to analyze the variance of more than 2
sample groups, and Tukey's honestly significant difference test
was carried out to compare the differences between all pairs of
observations. The statistical difference is significant at P < 0.05.

3. Results and discussion
3.1 Binding capability of multiple loop aptamers to E2

The binding capabilities of five aptamers (O1-5) containing 1-5
loop structures were evaluated for their interaction with E2 using
the SGI competitive binding assay. As shown in Fig. 2, all tested
aptamers demonstrated binding to E2, with binding efficiency
increasing proportionately to the number of loop structures. This
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Fig. 2 The binding capability of the designed aptamers.
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trend is evident from the progressively higher F, — F values
observed with the aptamer containing more loop regions. Among
the tested aptamers, O5 exhibited the highest binding capability,
likely due to its greater number of E2-binding sites. This
enhanced binding efficiency aligns with previous studies that
suggest multi-loop aptamers provide improved target interaction
through increased binding site availability.”® Consequently, the
O5-aptamer was selected for further development as a fluores-
cence-based aptasensor for E2 detection.

3.2 Development of the fluorescent aptasensor

The developed aptasensor operates based on the intercalation
of SGI into the three-dimensional structure of the aptamer, as
illustrated in Fig. 3. In the absence of E2, SGI intercalates into
the aptamer structure, emitting a strong fluorescence signal.
Conversely, in the presence of E2, the aptamer prefers binding
to E2, leading to the formation of a stable complex structure.
Subsequently, lesser SGI can access and intercalate into the
structure of the aptamer, causing a decline in fluorescence
signal.*® Therefore, the change in fluorescence intensity can be
employed to analyse the presence of E2 in the sample
quantitatively.

The feasibility of this proposed aptasensor was tested by
examining the changes in SGI fluorescence intensity under
various conditions, as seen in Fig. 4. SGI alone and SGI combined
with E2 exhibited very low fluorescence intensity, confirming that
SGI fluoresces minimally in the absence of DNA and that E2 does
not directly affect SGI fluorescence. When SGI was combined with
the aptamer, a significant increase in fluorescence intensity was
observed, indicating successful intercalation of SGI into the
aptamer's structure. In contrast, when the aptamer, E2, and SGI
were combined, a notable decrease in fluorescence intensity
occurred. This reduction is attributed to the specific binding
between the aptamer and E2, which impedes SGI from inter-
calating into the aptamer's structure, thereby reducing fluores-
cence." These results validate the proposed mechanism of the E2
aptasensor, demonstrating its potential for sensitive and specific
detection of E2 based on the fluorescence changes observed.

3.3 Optimization of detection conditions

To optimize the detection conditions for the aptasensor, several
parameters, including buffer composition, pH, SGI

High intensity E i ;
E2-aptamer

L

Low intensity

-

17p-estradiol

Fig. 3 The schematic model of the developed aptasensor to detect
E2.

Anal. Methods, 2025, 17, 3220-3228 | 3223


https://doi.org/10.1039/d5ay00154d

Published on 04 Abréll 2025. Downloaded on 01.03.26 18:13:56.

Analytical Methods

80,000«

60,000

40,000 4

20,000 4

Fluorescence intensity

SGI + + + +

E2 - + - +
Aptamer - - + a4

Fig. 4 The feasibility test of the developed aptasensor as determined
by the fluorescence spectra of SGI under various conditions.

concentration, aptamer concentration, and incubation times,
were systematically investigated.

The influence of buffer composition was examined using
MOPS, Tris-HCl, and PBS, compared to Milli-Q water. As shown
in Fig. 5(A), the MOPS buffer exhibited the highest fluorescence
difference (F, — F), significantly outperforming the other buffers.
This result suggests that buffer composition strongly impacts the
interaction between the aptamer and SGI, likely due to the buff-
ering range and capacity provided by MOPS. MOPS buffer appears
to create a favorable microenvironment for protonation and
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Fig. 5 Optimal conditions for the aptasensor; (A) types of buffers, (B)
pH, (C) SGI concentration, (D) aptamer concentration, (E) aptamer—E2
incubation time, and (F) SGI incubation time.
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deprotonation processes, thereby enhancing the fluorescence
intensity.”* The optimal pH for MOPS buffer was determined by
testing pH values ranging from 5 to 9. Fig. 5(B) shows that the
highest F, — Fvalue was observed at pH 7. This pH likely supports
the most effective interaction between the aptamer and SGI,
facilitating maximal fluorescence intensity.

The SGI concentration was optimized by testing concentra-
tions ranging from 0.1x to 1.6x. Fig. 5(C) indicates that the
optimal SGI concentration was 0.8x, which yielded the highest
F, — F value. A lower SGI concentration may be insufficient for
accurate fluorescence measurement, while an excessively high
concentration could interfere with aptamer-E2 binding.

Aptamer concentrations ranging from 25 to 800 nM were
evaluated. The results, shown in Fig. 5(D), indicate that the
optimal concentration was 400 nM, the lowest concentration
that achieved the highest F, — F value. Insufficient aptamer
concentrations may reduce detection sensitivity, while excessive
concentrations could disrupt accurate fluorescence-based
measurement.

The incubation time for the aptamer-E2 interaction varied
from 10 to 60 min. Fig. 5(E) reveals that the optimal incubation
time was 30 min, which provided the shortest duration while
achieving the highest F, — F value.

The optimal incubation time for SGI intercalation was
investigated by varying the time from 5 to 30 min. As illustrated
in Fig. 5(F), the highest F, — F value was achieved at 20 min,
making it the optimal SGI incubation time.

3.4 Sensitivity of detection

The sensitivity of E2 detection using the developed aptasensors
was evaluated with standard E2 concentrations ranging from
0 to 2000 pM. For this study, two aptasensors were constructed:
the O1-aptasensor (using the single-loop O1 aptamer) and the
O5-aptasensor (using the multi-loop O5 aptamer). As depicted
in Fig. 6(A) and (B), both aptasensors demonstrated a linear
detection range of 1-200 pM for E2. The limit of detection (LOD)
and limit of quantification (LOQ) were determined for each
aptasensor. The LOD and LOQ of the O1-aptasensor were 20.54
PM and 62.25 pM, respectively. In contrast, the O5-aptasensor
exhibited significantly improved sensitivity, with an LOD of
1.34 pM and an LOQ of 4.48 pM. Notably, the LOD of the O5-
aptasensor was 15.3 times lower than that of the O1-
aptasensor, indicating that the multiple loop aptamer
provides superior binding efficiency and detection sensitivity
compared to the single-loop aptamer. The enhanced sensitivity
of the O5-aptasensor, coupled with its broad linear detection
range, suggests its potential for accurately detecting low E2
concentrations, such as those typically observed in post-
menopausal women, where E2 levels are often below 36.71 pM.>
This capability is particularly valuable for aiding in the diag-
nosis of related symptoms. Furthermore, a comparison with
other reported E2 detection systems, summarized in Table 1,
highlights the superior sensitivity of the developed O5-
aptasensor. This improved performance underscores its
potential as a reliable and effective tool for E2 detection in
clinical and diagnostic applications.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Sensitivity of E2 detection by (A) O5-aptasensor and (B) O1-
aptasensor.

3.5 Selectivity of detection

The selectivity of the O5-aptasensor was evaluated by testing it
against various structurally similar chemicals, including chlor-
amphenicol (CPL), diethylstilbestrol (DES), bisphenol A (BPA),
progesterone (P4), and genistein (GEN). Additionally, the apta-
sensor's response to a mixture of E2 and all tested compounds
(MIX) was evaluated. The results, illustrated in Fig. 7, demon-
strate that the developed aptasensor specifically binds to E2,
with negligible interaction with the other tested compounds.
This high selectivity can be attributed to the critical nucleotides
in the aptamer sequence, particularly within the multiple-loop
structure of the O5 aptamer. These nucleotides enable precise
molecular recognition and binding to E2, ensuring minimal
cross-reactivity with structurally similar substances.”® A
previous computational simulation study suggested that the
specificity of the O5 aptamer for E2 arises from key molecular
interactions, including hydrogen bonding between cytosine and
the hydroxyl group at the 3-position of E2, hydrogen bonding
between thymine and the hydroxyl group at the 17B-position,
and 7-stacking interactions between thymine and the A-ring of
E2.%* Although other tested compounds share structural simi-
larities with E2, variations in their functional groups and

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 The detection selectivity of the aptasensor.

hydroxyl positioning lead to only weak binding interactions
with the O5-aptasensor. These findings confirm the robustness
and specificity of the O5-aptasensor for detecting E2. Its
exceptional selectivity makes it a promising tool for applica-
tions requiring precise E2 measurement without interference
from other compounds with comparable structures.

3.6 Stability of the aptasensor

The stability of the O5-aptasensor for detecting E2 was evalu-
ated over a 7 day period. The component suspensions of the
aptasensor system were stored at 4 °C and used for E2 detection
daily. As shown in Fig. 8, the O5-aptasensor remained capable
of detecting E2, with only a slight decrease in fluorescence
intensity that was not statistically significant. This reduction is
likely due to the gradual degradation of the aptamer or the
decrease in fluorescence of the SGI solution at 4 °C, as sug-
gested by the manufacturers. In our opinion, since the O5-
aptasensor comprises an aptamer, SGI, and standard E2, its
components in aqueous form may degrade over time when
stored at 4 °C. To ensure long-term stability, an aptamer should
be aliquoted, stored in solid form and reconstituted prior to
use, while SGI should be kept at —20 °C prior to use.
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Fig. 8 The storage stability evaluation of the aptasensor over a 7 day
period.
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Table 1 Comparison between the developed aptasensor and the reported E2 sensors
Detection method LOD (pM) References
Pt/Se electrochemical sensor 11120 25
Digital immunoassay 3.67 26
Liquid chromatography-tandem mass spectrometry 29.37 27
Colorimetric aptasensor 13.1 23
Ratiometric self-powered aptasensor 120 28
Molecularly imprinted ratiometric fluorescent sensor 12.12 29
CDs@MI-PDA fluorescence sensor 1248.26 30
Ratiometric fluorescence aptasensor 200 31
Electrochemical aptasensor 3 32
Fluorescence aptasensor 56 33
Fluorescence aptasensor 9703.36 34
Fluorescence aptasensor 1.34 This work
Table 2 E2 detection by the O5-aptasensor in E2-spiked artificial urine and human serum samples (n = 5)
Samples Spiked E2 (pM) Detected E2 (pM) Recovery (%) RSD (%)
Artificial urine 2 2.09 + 0.16 104.50 7.66

20 20.82 £+ 1.24 104.10 5.96

40 39.49 £+ 1.80 98.73 4.56

80 84.46 + 5.38 105.58 6.37
Human serum 2 2.18 £ 0.13 109.00 5.96

20 19.89 £ 1.57 99.45 7.89

40 42.18 £ 2.45 105.45 5.81

80 80.02 + 4.15 100.03 5.19

3.7 E2-spiked test in artificial urine and human serum
samples

The performance of the O5-aptasensor in detecting E2 in arti-
ficial urine and human serum samples was assessed by spiking
known concentrations of E2 (2, 20, 40, and 80 pM) into these
matrices. In artificial urine, the recovery rates for E2 ranged
from 98.73% to 105.58%, with relative standard deviation (RSD)
values between 4.56% and 7.66%. In human serum, the E2
recovery rates were between 99.45% and 109.00%, with RSD
values consistently below 8% (Table 2). These recovery rates fall
within the acceptable range of 70-120%, and the RSD values are
well within the precision criterion of =<15%,* indicating the
high accuracy and reliability of the aptasensor. The results
demonstrate that the O5-aptasensor performs exceptionally well
in detecting E2 in complex biological fluids, making it

Table 3 Comparison of E2 measurement by the developed apta-
sensor and the hospital analysis results in human blood serum

E2 concentration (pM)

Precision

Blood serum samples Aptasensor Hospital analysis (%)

S1 51.02 £ 0.76 50.94 100.16
S2 126.31 &£ 12.12  142.07 88.91
S3 511.94 + 4.40 524.37 97.63
S4 129.26 £ 2.04 137.48 94.02
S5 40.62 £ 2.09 42.61 95.33
S6 132.43 £+ 3.97 129.70 102.10
S7 60.34 £+ 1.86 64.15 94.06
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a promising tool for accurate and reliable E2 measurement in
clinical and diagnostic applications.

3.8 Precision test compared with hospital analysis results

The O5-aptasensor was employed to measure E2 levels in blood
samples from seven patient volunteers (S1-S7) at Suranaree
University of Technology Hospital. The results obtained with
the aptasensor were compared with those from the hospital's
standard analysis method, with each analysis conducted in
triplicate. As shown in Table 3, the precision of the aptasensor
ranged from 88.91% to 102.10% when compared to the hospital
analysis results. These findings suggest that the O5-aptasensor
offers reliable precision for E2 detection in blood samples,
supporting its potential use in clinical settings. However,
testing with additional blood samples is recommended to
further validate its accuracy and robustness.

4. Conclusions

This study presents a simple, highly sensitive fluorescence
aptasensor for E2 detection, utilizing a repetitive loop structure
aptamer specific to E2 combined with a fluorescent dye. The
binding assay revealed that the O5 aptamer, with its five-loop
structure, exhibited the highest binding affinity to E2
compared to the L1-L4 aptamers, which contain 1-4 loops,
respectively. Consequently, the O5-aptasensor was developed
and evaluated for its ability to detect E2 based on the differen-
tial fluorescence intensity of SGI under E2-aptamer binding
and aptamer-alone conditions. Under optimized conditions,

This journal is © The Royal Society of Chemistry 2025
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the O5-aptasensor demonstrated a linear detection range for E2
from 1 to 200 pM, with an LOD of 1.34 pM. This LOD is 15.3
times lower than that of the Li-aptasensor, highlighting the
superior sensitivity of the O5 aptamer with its five-loop struc-
ture for detecting E2. The O5-aptasensor also displayed high
selectivity for E2, with no cross-reactivity with structurally
similar compounds such as chloramphenicol, diethylstilbes-
trol, bisphenol A, progesterone, and genistein. The aptasensor
successfully detected E2 in spiked artificial urine and human
serum samples, within an acceptable range of recovery rate and
the precision criterion of RSD value. Additionally, the precision
of the O5-aptasensor, as compared to hospital analysis results
for blood samples from patients, was in the range of 88.91% to
102.10%. Taken together, these results suggest that the devel-
oped O5-aptasensor offers a promising tool for hospital appli-
cations, providing a cost-effective, user-friendly, and highly
sensitive system for E2 detection.
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