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escence resonance energy transfer
aptasensor based on carbon dots and gold
nanoparticles for 17b-estradiol detection in sea
salt†

Tianrun Qian,‡ab Jia Bao,‡c Xuepeng Liu,a Gerile Oudengd and Weiwei Ye *ae

17b-estradiol is abused in the food industry. Excess 17b-estradiol can disturb the endocrine system or cause

many diseases including obesity, diabetes, cardiac-cerebral vascular disease, and cancers in the human

body. A “turn-on” fluorescence resonance energy transfer (FRET) aptasensor based on carbon dots (CDs)

and gold nanoparticles (AuNPs) was developed for the detection of 17b-estradiol. A thiol-modified

oligonucleotide was conjugated to AuNPs and amino modified oligonucleotide was linked to CDs. The

17b-estradiol aptamer was hybridized with the two oligonucleotides, shortening the distance between

CDs and AuNPs. With 360 nm UV light excitation, FRET occurred between CDs and AuNPs. The system

was “turn-off”. When 17b-estradiol was detected, the aptamer specifically bound to 17b-estradiol, and

the FRET system was destroyed, leading to the “turn-on” phenomenon. The fluorescence intensity

recovery was detected in the concentration range of 400 pM to 5.5 mM. The limit of detection (LOD) was

245 pM. The FRET aptasensor demonstrated good selectivity for 17b-estradiol detection. Reasonable

spiked recoveries were obtained in sea salt samples. It showed the potential for estrogen detection in

food safety and environmental applications.
1. Introduction

Endocrine disrupting chemicals (EDCs) exist widely in food,
soil, air and water.1,2 17b-estradiol is a typical EDC and one of
the most potent estrogenic compounds among natural steroid
estrogens.3 It can interfere with the normal endocrinal func-
tions of the human body and animals, thereby affecting the
intracellular signaling processes and physiological functions,
such as growth, development and reproduction. 17b-estradiol is
widely used in animal feed to promote animal growth, leading
to a high level of estrogen in dairy and meat. The addition of
estrogen is strictly forbidden in the food industry by the Euro-
pean Union.4 Besides, 17b-estradiol is abused in contraception
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and clinical treatments.5 Aer ingesting food with 17b-estradiol
residue or taking drugs with large amounts of 17b-estradiol,
these compounds will enter the human body and are oen
eliminated very slowly. Excess 17b-estradiol and its metabolites
may disturb the endocrine system, causing sexual abnormali-
ties, obesity, diabetes, cardiac–cerebral vascular disease,
a decline in male birth rates, and even induce cancer.6,7

Therefore, it is very important to detect 17b-estradiol to avoid
excess intake.

Classic methods, including high performance liquid chro-
matography (HPLC) and chromatography tandem mass spec-
trometry have accuracy and sensitivity for detecting 17b-
estradiol. Most of them require expensive instruments,
complicated and expensive sample preparation, large amounts
of harmful organic solvents and tedious procedures.8–10

Enzyme-linked immunosorbent assay (ELISA) can be used to
detect 17b-estradiol specically and sensitively.11 ELISA
depends on the interaction between antigen and antibody,
which varies with different batches. It is prone to false positive
results. The electrochemical analysis methods have high
sensitivity and fast analysis speed, but the stability and repro-
ducibility are affected by electrode properties.12 Fluorescence
resonance energy transfer (FRET) process occurs between a pair
of light-sensitive molecules, where the uorescence donor,
initially in its electronic excited state, transfers energy to an
acceptor within a close proximity.13 FRET biosensors consist of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a pair of uorescence donor and acceptor and realize target
detection based on the FRET principle. They have been widely
used for monitoring environmental changes and examining the
interaction between molecules.14–17 FRET biosensors are preva-
lent among optical biosensors and have become valuable tools
in 17b-estradiol analysis due to their sensitivity and simplicity.18

The recognition elements of FRET biosensors are the core
part because they act as the key role in capturing targets of
interest. Antibodies are widely used recognition elements in
FRET biosensor development.19 However, the accuracy
requirements of the antibodies to anchor in biosensors, as well
as high cost and poor stability restrict the use of antibodies.
Aptamers are articially synthesized oligonucleotides, which
can fold into secondary structures or unique complex three-
dimensional structures. These structures bind to specic
targets with high selectivity. Moreover, the binding process does
not damage the original structure of aptamers.20 Aptamers have
attracted considerable attention in the elds of biological
analysis, such as small molecule detection, targeted therapy,
and clinical diagnosis.21,22 The development of aptasensor has
great application prospects due to their advantages including
simple operation, no limitation for target detection, and ease of
reproduction.

Quantum dots (QDs) are excellent uorescent materials that
have been widely used in the construction of FRET biosensors.
Many uorescence analysis methods use semiconductor QDs or
organic dyes as uorescent donors. A FRET aptasensor based on
a uorescence dye label as the donor and a spherical graphite
nanoparticle as the uorescent nanoquencher was developed
for 17b-estradiol detection.23 However, semiconductor QDs are
highly toxic, and organic dyes are easy to photobleach and have
poor light stability.24 Carbon dots (CDs) have the advantages of
low toxicity, low cost, and environmental friendliness. The
surfaces of CDs are rich in functional groups, which can be
easily modied by biomolecules including aptamers and anti-
bodies.25,26 CDs have been widely used in optical biosensing and
environmental pollutant detection.27 AuNPs have large surface
area to volume ratio and wide absorption spectrum. The spectra
of CD emission and AuNP absorption overlapped in the wave-
length range of 400 to 600 nm. It makes CDs and AuNPs effi-
cient uorescence donors and quenchers of FRET aptasensors
for estrogen detection.28–30

In the study, a novel FRET aptasensor based on CDs and
AuNPs as the donor and acceptor pairs has been developed for
17b-estradiol detection. CDs were modied with oligonucleo-
tides (F1) by linkage between carboxyl group and amino group.
AuNPs was functionalized with oligonucleotides (F2) by strong
Au–S bond. The hybridization of F1 and F2 with aptamers (Apt)
forms the CDs-F1-Apt-F2-AuNP assembly, bringing CDs and
AuNPs in a close proximity. When the CDs were excited by
360 nm UV light, the emission of CD energy transferred to
AuNPs, and FRET effect occurred. The detection of target 17b-
estradiol, which interacts with aptamer specically, destroyed
CDs-F1-Apt-F2-AuNPs assembly. CDs and AuNPs were separated
and uorescence was recovered. The target 17b-estradiol was
detected by analyzing the uorescence recovery rate. The limit
of detection (LOD) of this FRET aptasensor for 17b-estradiol
© 2023 The Author(s). Published by the Royal Society of Chemistry
detection was 245 pM. It shows the potential for estrogen
detection with high sensitivity and selectivity in food safety
applications.

2. Materials and methods
2.1. Materials

Specically, chloroauric acid (HAuCl4), sodium citrate, phos-
phate buffered saline (PBS), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC), diethylenetriamine (DETA), citric
acid, N-hydroxy succinimide (NHS) and tris–HCl were
purchased from Sigma-Aldrich (St. Louis, Missouri (Mo), USA).
Dithiothreitol (DTT), 17b-estradiol, hydrocortisone, estriol,
estrone, NaCl, KCl and lter membrane (0.45 mm) were ob-
tained from ALADDIN Reagent (Shanghai, China). Potassium
carbonate and nitric acid (HNO3, 98% w/w) were ordered from
Shanghai Lingfeng Chemical Reagent Co., Ltd (Shanghai,
China). Ethanol and hydrochloric acid (HCl, 37% w/w) were
bought from Xilong Science Co., Ltd (Guangdong, Shantou,
China). Gel columns (illustra MicrospinG-25 Columns) were
purchased from GE healthcare (UK). The 17b-estradiol aptamer
(5′-AAGGGATGCCGTTTGGGCCCAAGTTCGGCATAGTG-3′,
Apt),31 amino-modied oligos (5′-TCCCTTAAAAAA-3′-NH2, F1)
and thiol-modied oligos (SH-5′-AAAAAACACTAT-3′, F2) were
provided by Sangon Biotech (Shanghai) Co., Ltd (Shanghai,
China).

2.2. Preparation of carbon dots (CDs)

CDs were prepared via one-step hydrothermal synthesis from
citric acid and DETA.32 A Teon-equipped stainless steel auto-
clave was cleaned and dried. Citric acid (0.22 g) was dissolved in
deionized (DI) water (10 mL) and DETA (112.6 mL) was added
under stirring. The mixture was transferred into the autoclave
and reacted at 200 °C. Dark brown solution was obtained aer
6 h. CDs were collected from the dark-brown solution by freeze-
drying technology. They were dispersed in DI water for charac-
terization and further use.

2.3. Surface modication of CDs

CD solution was rstly ultrasonicated for 10 min. EDC/NHS (30
mL, 13 mM/13 mM) solution was added to the CDs (0.5 mL, 3 mg
mL−1). The mixed solution was vortexed and then ultra-
sonicated for 20min. The solution system was adjusted to about
pH 5.0 by hydrogen chloride. Amino-modied oligo F1 (2.5 mL,
100 mM) was incubated with CDs for 24 h at 4 °C to form CDs-F1
conjugation. CDs-F1 conjugation was stored at 4 °C for later
use.

2.4. Synthesis of gold nanoparticles (AuNPs)

AuNPs were synthesized from sodium citrate reduction of
chloroauric acid. Three-neck ask, magnetic stir bar and
condenser pipe were washed in aqua regia and rinsed thor-
oughly in DI water. HAuCl4 (20 mL, 14.3 wt%) was added to
boiled DI water (40 mL) with reuxing and vigorous stirring.
Then, the solution of sodium citrate (7.2 mL, 1 wt%) was rapidly
added with stirring. The solution was heated and stirred until it
RSC Adv., 2023, 13, 27772–27781 | 27773
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View Article Online
turned wine red, indicating the formation of AuNPs. AuNPs
solution was cooled under continuous stirring and reuxing.
They were stored at 4 °C in a dark environment. The size and
concentration of prepared AuNPs could be characterized by the
UV absorbance spectrum and scanning electron microscopy,
respectively.

2.5. Surface functionalization of AuNPs

The disulfur linkage of thiol modied oligo F2 (19.2 mL, 100 mM)
should be cleaved by DTT (1 M, pH 8.2) for 40 min at 25 °C to
improve the immobilization efficiency of F2 on AuNPs. The
remaining DTT was removed through gel-columns under
centrifugation at 4600 rpm for 2 min. The puried F2 was mixed
with AuNP solution (500 mL) and reacted under stationary
condition at room temperature for 24 h. Then, PBS (0.1 M) was
slowly added to the mixture. While standing for 16 h, F2 was
conjugated on AuNPs. The F2-AuNP conjugation was puried by
centrifugation (14 000 rpm, 3 min). The supernatant was
removed, and the remaining red sediment was rinsed with DI
water thrice. The F2-AuNP conjugation was dispersed in PBS for
later experiments.

2.6. Characterization

The size and morphology of CDs and AuNPs were characterized
by a transmission electron microscopy (TEM, JEOL-2100F,
Japan). Atomic force microscopy (AFM) images were obtained
on Bruker ICON AFM (Bruker, MA, USA). Fourier transform
infrared (FTIR) spectrum was obtained from Nicolet 6700
spectrometer (Thermo-Fisher, USA), which worked at room
temperature with the ambient humidity of 45% RH. The UV
absorbance spectra were determined using Synergy H1 hybrid
multi-mode microplate reader (Biotek, Vermont, USA). Time-
resolved uorescence measurement was performed on FLS-
1000 (Edinburgh Instruments, UK). Circular Dichroism (CD)
spectra were measured using a Chirascan J-815 spectrometer
(Jasco, Japan).

2.7. FRET aptasensor for 17b-estradiol detection

DNA hybrid buffer solution (pH 7.4), including tris–HCl (25
mM), NaCl (140 mM), and KCl (10 mM) was prepared. The
functionalized CDs-F1 was mixed with 17b-estradiol aptamer
(2.5 mL, 100 mM) and puried F2-AuNPs (69 mL) in the DNA
hybrid buffer solution at room temperature for 1 h. Various
concentrations of 17b-estradiol were added and incubated for
15 min. The uorescence intensity change for 17b-estradiol
detection was performed on F2700 (Hitachi, Japan). The selec-
tivity of FRET aptasensor was studied under the interference of
hydrocortisone, estriol, estrone, diethylstilbestrol and hexestrol
at the same concentrations of 100 nM and 1 nM.

2.8. Real sample analysis

Sea salt samples (snowave) were purchased from a local super-
market (Vanguard Co. Ltd, Hangzhou, China). Sea salt (2.0 g)
was weighed and dissolved in DI water (18 mL). The solution
was ltrated with a lter membrane (0.45 mm), and collected in
27774 | RSC Adv., 2023, 13, 27772–27781
Eppendorf tube (50 mL) for the detection of 17b-estradiol. Then
a certain amount of 17b-estradiol was added into the sea salt
sample for the recovery tests.
3. Results
3.1. Mechanism of FRET aptasensor

The principle of 17b-estradiol detection by FRET aptasensor
based on CDs as uorescence donors and AuNPs as quenchers
was shown in Fig. 1.30 CDs have the maximum emission at
443 nm wavelength under 360 nm UV excitation. Amino modi-
ed oligos (F1) was xed on the surface of CDs via the coupling
reaction of amino and carboxyl group on the surface of CDs with
EDC/NHS as the linker. Thiol-modied oligos (F2) were conju-
gated on AuNPs by strong Au–S covalent binding. The 17b-
estradiol aptamer was used to co-hybridize with F1 and F2,
resulting in a CDs-F1-Apt-F2-AuNPs assembly, reducing the
distance between CDs and AuNPs within 10 nm. With 360 nm
UV light excitation, the uorescence energy of CDs was trans-
ferred to AuNPs. FRET occurred and the uorescence was “turn-
off”, which was characterized by the decrease of uorescence
intensity. When 17b-estradiol was detected, the aptamer was
specically bound to 17b-estradiol and the co-hybridized
assembly was destroyed. Therefore, the CDs and AuNPs were
separated in the solution and their distance became large.
When CDs were excited by UV light, the uorescence intensity
recovered, leading to the “turn-on” of the system. By measuring
the specic changes of uorescence intensity, 17b-estradiol can
be detected.
3.2. Characterization of AuNPs and CDs

TEM was applied to characterize the sizes and morphology of
AuNPs and CDs. The AuNPs dispersed well in DI water with
TEM results shown in Fig. 2a. AuNPs had a well-rounded shape
with the average particle size of about 25 nm (Fig. 2b). Fig. 2b
inset shows that AuNPs were wine red in color and stable in
solution. As shown in Fig. 2c, a layer of single oligonucleotide
existed around AuNPs, demonstrating the successful modi-
cation of F2 on AuNPs.28 CDs were spherical and well-dispersed
in DI water (Fig. 2d), and their diameter ranged from 2 to 5 nm.
Fig. 2e and f show the typical AFM images of CDs, which showed
that CDs were in the monodispersion state. The diameters of
CDs obtained from AFM and TEM were consistent.33 Assembly
of CDs-F1-Apt-F2-AuNPs was characterized via TEM. Hybrid-
ization of aptamer with F1 and F2 made CDs appear close to
AuNPs within 10 nm. AuNPs were surrounded by CDs
(Fig. S1a†). When 17-estradiol was detected, the distance
between CDs and AuNPs was large (Fig. S1b†). Under UV light
excitation, CDs suspension exhibited blue photoluminescence
(Fig. 2d inset). The uorescence of CDs was dependent on the
excitation wavelength. To conrm the best excitation wave-
length of CDs, uorescence spectrum was scanned with
different excitation wavelengths. As shown in Fig. S2,† the best
excitation wavelength of CDs was 360 nm, and the best emis-
sion wavelength was 443 nm.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Mechanism of “turn-on” FRET aptasensor for 17b-estradiol detection.
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The coupling between CDs and F1 was characterized by
FTIR. The characteristic absorption peak of CDs-F1 appeared at
1644.5 cm−1 and 1709 cm−1, showing amide vibration. It
conrmed that the amide bond between CDs and F1 was
successfully formed via EDC/NHS method (Fig. S3†). In
Fig. 2 (a) TEM images of AuNPs with good dispersion in solution; (b) TEM
TEM image of F2-AuNPs conjugation; (d) TEM image of CDswith average
AFM images of CDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
addition, the absorption peak at 1088 cm−1 was generally
attributed to the C–O stretching of the DNA main chain.34

The measurement of circular dichroism spectra was imple-
mented to characterize the conformation change of aptamer
aer the binding of 17b-estradiol. As illustrated in Fig. S4,† the
image with a single AuNP; (inset) wine red color of AuNP solution; (c)
size of 5 nm; (inset) color of CDs solution under UV excitation; (e) and (f)

RSC Adv., 2023, 13, 27772–27781 | 27775
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circular dichroism spectrum of aptamer exhibited a positive
peak at 280 nm and a negative band at 248 nm. Nevertheless, in
the presence of 17b-estradiol, owing to the specic binding of
aptamers with 17b-estradiol, a decrease in the intensities of
both positive and negative bands appear without a shi in the
band position. The reduction of circular dichroism amplitude
indicated the existence of hairpin structure of aptamers, which
could be ascribed to the folding of random coil aptamers into
the hairpin structure caused by the formation of aptamer–
estradiol complex.35
3.3. Absorption property of AuNPs and emission of CDs

In the wavelength range of 300 to 700 nm, the AuNPs presented
broad UV/Vis absorption. The maximum absorption peak was
located at 522 nm. Additionally, the maximum absorption
wavelength shied from 522 nm of AuNPs to 525 nm wave-
length of F2-AuNPs (Fig. 3a). The conjugation of F2 to AuNPs
enlarged the nanoparticle size. Owing to the weak change of
surface electromagnetic eld caused by the replacement of cit-
ric acid molecules on the surface of AuNPs by F2, the absorption
spectrum showed a red shi aer connecting with F2. CDs can
be excited with various wavelengths, and the photo-
luminescence emission change from violet to yellow.36 Fig. 3b
shows the intense uorescence of CDs with the maximum
emission at 443 nm. The spectra of CDs emission and AuNP
absorption overlapped in the wavelength range of 400 to
Fig. 3 (a) Absorption spectra of AuNPs and F2-AuNPs conjugation; (b)
emission spectrum of CDs and absorption spectrum of AuNPs.

27776 | RSC Adv., 2023, 13, 27772–27781
600 nm. It made the energy transfer between CDs and AuNPs
feasible in the FRET aptasensor. The phenomenon of FRET was
conrmed by uorescence lifetime measurements (Fig. S5†).
The excitation and the emission wavelength of the pulse laser
was 360 nm and 443 nm, respectively. The time-resolved uo-
rescence spectra of CDs, CDs-F1 and CDs-F1 aer addition of
17b-estradiol showed no signicant changes. The uorescence
lifetime of CDs was tted and listed in Table S1.† It included
a short lifetime component (s1) and a long lifetime component
(s2). It was speculated that the two lifetime components of CDs
may be attributed to the carbon center and surface traps,
respectively.37 The uorescence lifetime of CDs was 5.79 ns,
which decreased to 5.5 ns aer conjugation with F1. The
average uorescence lifetime of CDs-F1 was 6.78 ns aer the
addition of 17b-estradiol. The lifetime of CDs, CDs-F1 and CDs-
F1 aer the addition of 17b-estradiol was similar. It conrmed
that uorescence intensity decreased between CDs and AuNPs
was due to the FRET phenomenon.
3.4. Optimization of the experimental conditions

The photoluminescence of CDs was affected by the pH condi-
tions. As shown in Fig. 4a, under 360 nm UV light excitation, the
uorescence spectra varied with different pH solutions. In
acidic solution, the uorescence intensity was relatively low,
Fig. 4 (a) Fluorescence emission spectra of CDs under different pH;
(inset) CDs presented green with pH 2 and presented blue with pH 11;
(b) fluorescence intensity change under different pH conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Fluorescence intensity under different concentrations of
17b-estradiol, (b) fluorescence intensity recovery efficiency at different
concentrations of 17b-estradiol.

Fig. 6 Recovery efficiency comparison among estradiol, hydrocorti-
sone, estriol, diethylstilbestrol and hexestrol with concentration of
100 nM.
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and the peak of the spectrum had a bathochromic shi. The
uorescence intensity increased with the increasing pH. The
uorescence intensity was the lowest with pH 2 and the highest
with pH 7.5. This was because the functional groups of CDs
were protonated in acidic solution, and CDs were interacted
with H+ ions leading to the decrease in uorescence intensity.
In alkaline solution, uorescence intensity decreased with the
pH increase.38 The urea groups were hydrolyzed gradually,
diminishing the intramolecular H-bonding in urea groups. It
may be the reason for the decrease of uorescence intensity of
CDs in the alkaline solution.39 Under 360 nm UV light excita-
tion, CDs turned green under pH 2 and presented blue under
pH 11 (Fig. 4a inset). The uorescence intensity change was
Table 1 An overview on recently reported sensors for detection of 17b-

Method Material

Enzyme sensor CA-GR/GCE
Electrochemical sensor Wrinkled mesoporous carbon (wM
Fluorescence Ru complex/QDs
Electrochemical sensor CPE-CeO2

Electrochemical sensor CDs-PANI/GCE
Phosphorescence aptasensor PLNPs-Apt/MoS2
Voltammperometric biosensor RhCl3/graphene oxide with NaBH
Electrochemical sensor CuPc-P6LC-Naon/SPEF
Fluorescence CDs/AuNPs

© 2023 The Author(s). Published by the Royal Society of Chemistry
shown clearly in Fig. 4b. The best working condition of CDs was
observed in the buffer of pH 7.5.

To optimize the AuNP concentrations in the FRET system,
various concentrations of AuNPs were added to the CDs-F1
conjugation bound with the aptamer. The uorescence of CDs
was quenched by AuNPs. When the AuNPs had the concentra-
tion of 0.056 nM, the quenching efficiency reached the
maximum (Fig. S6†). When the concentration of AuNPs was
xed, the aptamers were titrated to obtain the most suitable
amount in the FRET system. The quenching efficiency increased
with the increase in the aptamer concentrations from 0.1 mM to
2 mM. When the aptamer concentrations were larger than 2 mM,
the quenching efficiency remained almost unchanged
(Fig. S7†). The best concentration of aptamers was 2 mM.

3.5. Detection of 17b-estradiol by the FRET aptasensor

In the CDs and AuNPs based FRET aptasensor, the distance
between the CDs and AuNPs became shorter when aptamer
hybridized with oligonucleotides that were immobilized on
their surfaces. With the excitation of CDs by 360 nm UV light,
FRET occurred, and the signal was “turn-off”. The specic
reaction of the aptamer with 17b-estradiol separated CDs and
AuNPs, leading to the signal “turn-on”. To investigate the
performance of this FRET aptasensor, different concentrations
of 17b-estradiol ranging from 400 pM to 5.5 mM were detected.
The uorescence recovery efficiency of the FRET aptasensor and
estradiol

Analytical range LOD Ref.

0.4–57 pM 0.13 pM 40
C) 0.05–80.0 mM 8.3 nM 41

0.08–0.4 mM 37 nM 42
10–100 nM 1.3 nM 43
0.001–100 mM 43 nM 44
0.5–1.2 mg mL−1 0.29 ng mL−1 45

4 0.9–11 pM 0.54 pM 46
0.08–7.3 mM 5.0 nM 47
400 pM to 10 mM 245 pM This work
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Table 2 The application of FRET aptasensor for analysis of sea salt samples spiked with different amounts of 17b-estradiol

Sample Analytes Found value (nM) Spiked level (nM)

Sea salt (snowave) 17b-estradiol N.D.b 0.4 5 50 500
Ac.c (nM) Ac. (nM) Ac. (nM) Ac. (nM)
0.3202 5.631 57.18 442.13
Re.a (%) Re. (%) Re. (%) Re. (%)
80.1 112.6 114.2 88.4

a Re.: recovery. b N.D.: not detected. c Ac.: actual measured values.
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the concentrations of 17b-estradiol were explored. Based on the
relationship of uorescence recovery efficiency and 17b-estra-
diol concentrations, the LOD of this FRET aptasensor can be
obtained.

The uorescence spectra of CDs-F1 with the addition of F2-
AuNPs and various concentrations of 17b-estradiol are shown
in Fig. S8† and 5a, respectively. The uorescence intensity
increased with the increase in the 17b-estradiol concentrations
under 360 nm excitation. When the high concentration of 17b-
estradiol was detected, a large amount of aptamers were inter-
acted with 17b-estradiol. Due to the destruction of CDs-F1-Apt-
F2-AuNP structure aer the addition of 17b-estradiol, CDs and
AuNPs were separated, leading to uorescence recovery. As
shown in Fig. 5b, uorescence recovery efficiency increased
gradually with the increase in 17b-estradiol concentration. The
recovery efficiency can be expressed by Re = (Fq − F0)/(Fr − F0) ×
100%, where Fr is the uorescence intensity of CDs-F1 with
addition of F2-AuNPs only, Fq is the uorescence intensity of
17b-estradiol detection, and F0 is the uorescence intensity
without 17b-estradiol addition. The linear relationship of uo-
rescence recovery efficiency and 17b-estradiol concentrations
can be expressed as Re= 5.2457 ln(C) + 13.725, with R2= 0.9805.
The LOD was determined based on the relationship with three
times the standard derivation as the control signal. The LOD
was as low as 245 pM. The current sensors for 17b-estradiol
detection include uorescence, enzyme sensors, electro-
chemical immunoassay and electrochemical sensor. Enzyme
sensors obtain relatively low LOD, but they are expensive.
Electrochemical sensors are simple and economical for 17b-
estradiol detection. They have the advantages of fast and
sensitive response. The detection sensitivity is affected by
biomolecule immobilization on the electrodes. Their LOD is in
the nM range. The LOD of the NIR phosphorescence aptasensor
is 0.29 ng mL−1 and in concentrations of 0.5 ng mL−1 to 1.2 mg
mL−1. Ru complex and QD based uorescence sensors can
detect 17b-estradiol in the range of 0.08–0.4 mMwith the LOD of
37 nM. Our CD and AuNP based FRET aptasensor achieves good
sensitivity and a low LOD of 245 pM. It presents the advantages
of low LOD, low cost and wide detection range40–47 (Table 1).
3.6. Specicity of FRET aptasensor

To explore the specicity of the FRET aptasensor for 17b-
estradiol detection, the uorescence recovery efficiencies of
detecting hydrocortisone, estriol, estrone, diethylstilbestrol and
hexestrol were investigated, respectively. The uorescence
27778 | RSC Adv., 2023, 13, 27772–27781
recovery efficiencies of detecting 17b-estradiol, hydrocortisone,
estriol, estrone diethylstilbestrol, and hexestrol are shown in
Fig. 6. When 17b-estradiol was detected, the uorescence
intensity increased. The recovery of uorescence intensity was
obvious for 17b-estradiol, while it was not obvious for hydro-
cortisone, estriol and estrone detection. The uorescence
recovery efficiencies of 100 nM estradiol was 36.06%. The
recovery efficiency of 100 nM hydrocortisone, estriol, estrone,
diethylstilbestrol, and hexestrol were 3.95%, 8.72%, 1.35%,
2.14%, and 1.37% respectively. The recovery efficiencies of 1 nM
17b-estradiol, hydrocortisone, estriol, estrone, diethylstilbes-
trol, and hexestrol were 12.52%, 1.95%, 4.06%, 11.36%, 1.56%
and 0.99%, respectively (Fig. S9†). Therefore, the results indi-
cated that this FRET aptasensor showed good specicity for 17b-
estradiol detection.
3.7. Sample analysis

To investigate the applicability of the FRET aptasensor, the
amounts of 17b-estradiol in sea salt samples were detected.
Experiments of spiked recoveries were studied by adding stan-
dard 17b-estradiol. Reasonable spiked recoveries were obtained
with different concentrations of 0.4, 5, 50 and 500 nM shown in
Table 2. The recoveries of sea salt samples were in the range of
88.4–114.2%, showing the potential applicability of FRET
aptasensor for 17b-estradiol detection in real samples.

This FRET aptasensor is a good option for 17b-estradiol
detection with easy operation, low cost, and good sensitivity.
Aptamer can bind to 17b-estradiol specically. Therefore, the
FRET aptasensor presented high selectivity. The current
methods for 17b-estradiol detection include HPLC, immuno-
assay, electrochemical detection, and so on. HPLC receives
relatively precise results and is applied in the area of drug
content measurement and medical diagnosis. This method
requires expensive chromatographic instrumentation and
complex operation procedure.8,9 Immunoassay needs simple
operation for 17b-estradiol operation, and they can be used in
portable detection or rapid test strip. Immunoassay relies on
a specic reaction between the antibody and antigen. Antibody
can be easily affected by environmental conditions, such as pH
and temperature.39 An electrochemical aptasensor using
disposable laser scribed graphene electrodes has been devel-
oped for 17b-estradiol detection with high sensitivity. It has the
advantages of fast and sensitive response. However, the stability
of the system is affected by conjugation of oligonucleotides on
electrodes.48,49 Our FRET aptasensor based on CDs and AuNPs
© 2023 The Author(s). Published by the Royal Society of Chemistry
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as uorescence donor and acceptor detect 17b-estradiol in the
range of 400 pM to 5.5 mM with a low LOD of 245 pM. The
solubility of 17b-estradiol is 0.0015 g L−1, which is relatively low
at 25 °C. The recovery rate may not be increased by increasing
the concentration of 17b-estradiol. Moreover, it is hard to
increase the recovery rate in homogeneous FRET system. It is
better to perform the detection on heterogeneous FRET system
in the future work. It presents good specicity because aptamer
has a specic affinity to 17b-estradiol. The “turn-on” effect can
be clearly observed, and uorescence recovery can be obtained
when the target molecule is captured by aptamers. This FRET
aptasensor has the potential for estrogen detection in bio-
analytical and clinical diagnostic applications.

4. Conclusions

A “turn-on” FRET aptasensor based on CDs and AuNPs as
uorescence donors and receptors was developed for 17b-
estradiol detection. The CD was connected with amino modi-
ed oligos (F1) via the EDC/NHS coupling reaction. AuNPs was
connected with thiol-modied oligos (F2) by strong Au–S bond.
Aptamers were complementary to Fl and F2, bringing CDs and
AuNPs highly close to each other. Under UV light with the
wavelength of 360 nm excitation, the FRET phenomenon
occurred between CDs and AuNPs. When 17b-estradiol was
detected, it was specically bound to the aptamer. FRET
phenomenon was destroyed and uorescence was recovered.
The recovery efficiency of uorescence was calculated for
a series of 17b-estradiol concentrations. The aptasensor
demonstrated the feasibility of 17b-estradiol detection with the
LOD of 245 pM. The experiments for hydrocortisone, estriol,
estrone, diethylstilbestrol and hexestrol detection were per-
formed as controls showing good specicity of the FRET apta-
sensor. Reasonable spiked recoveries were obtained in the sea
salt samples. The “turn-on” FRET aptasensor has the potential
to detect estrogen sensitively in food safety and environmental
applications.
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