
Research Article
Received: 8 December 2020 Revised: 8 February 2021 Accepted article published: 15 March 2021 Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/jsfa.11224

A magnetic relaxation switch sensor
for determination of 17⊎-estradiol in milk
and eggs based on aptamer-functionalized
Fe3O4@Au nanoparticles
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Abstract

BACKGROUND: A simple and rapid detectionmethod for 17⊎-estradiol (E2) in complex foodmatrix is greatly desirable. Amagnetic
relaxation switch (MRS) sensor for detecting E2 based on the aptamer-functionalized gold-coated iron oxide (Fe3O4@Au) nano-
composite was designed in this study. Fe3O4@Au nanoparticles (NPs) played as a ‘switch’ between dispersed and aggregated
states, while aptamer served as the recognition unit.

RESULTS: According to the sensing effect of monocomponent relaxation time (T2W) for E2, the volume ratio of aptamers to
Fe3O4@Au, the sodium chloride (NaCl) concentration, the concentration of Fe3O4@Au@Apt, and reaction time were optimized
to be 4:1, 0.03 mol L–1, 4 ∼mol L–1 and 15 min, respectively. For the analysis of food sample, the E2 was quantified over a con-
centration range of 1 to 100 nmol L–1 with a detection limit of 7.6 nmol L–1 for milk samples, while a linearity range of 20 to
100 nmol L–1 and a detection limit of 8.57 nmol L–1 for egg samples.

CONCLUSION: These results exhibited that theMRS sensor could be a promising platform for the rapid detecting of E2 in food sample.
© 2021 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
As a natural environmental estrogen, 17⊎-estradiol (E2) can cause
adverse health effects,1 particularly leading to an increased inci-
dence of male reproductive disorders and tumor.2,3 Considering
that E2 can be easily absorbed via the food chain, humans may
be greatly affected due to bioaccumulation even at low concen-
tration of E2.

4 Recently, E2 has been detected in animal-derived
food, such as pork, chicken,5 grass carp,6 eggs,7 milk8 and other
dairy products.9 Therefore, it has become necessary to develop
a sensitive and reliable detection method for the determination
of trace E2 residues in complex food matrixes.
Up to now, several analytical techniques, such as high-performance

liquid chromatography (HPLC),10,11 gas chromatography–mass spec-
trometry (GC–MS),12–14 and liquid chromatography–mass spectrom-
etry (LC–MS),15,16 have been successfully employed for E2 detection.
Although these methods possess high selectivity and sensitivity, it is
undeniable that they require expensive equipment, skilled operators,
complicated pretreatment, usage of harmful solvents, and time-
consuming process.4 Hence, to meet the high demand of rapid,
real-time, and on-site measurement, a rapid and sensitive detection
method for E2 determination is still in need for further research.
Besides the biosensor-based techniques based on colorimetric,17,18

fluorogenic,19–21 and electrochemical properties,22 the magnetic
relaxation switch (MRS) sensor has attracted increasing attention. In

MRS detection, the presence of a target substance will change the
dispersed and aggregated states of nanoparticles (NPs), resulting in
the change of the spin–spin relaxation time (T2) of surroundingwater
protons.23 Then, the relationship between the change of T2 (4T2)
and the target substance can be used to quantify the target in the
samples. Because the MRS sensor only relies on magnetic signals, it
is useful for the detection of target substances in turbid and light-
impermeable systems. Up to now, theMRS sensors have been devel-
oped to identify and quantify a large variety of targets, such as metal
ions,24–26 protein,27 nucleic acid,28 enzyme activity,29 bacteria,30,31

virus32 and small molecules,33,34 etc. Meanwhile, compared with
the monocomponent material, composite NPs of gold-coated iron
oxide (Fe3O4@Au) is a new type of composite NP with stronger opti-
cal, magnetic and catalytic properties and thermal stability.35
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Biosensors based on Fe3O4@Au have been designed and applied to
analyze mercury (Hg),2–24, thrombin29 and catechol.36 However, to
our knowledge, the determination of E2 bymagnetic relaxation prop-
erties of Fe3O4@Au has not been reported.
However, aptamers, which can bind with target molecules with

high affinity and specificity, has been preferred in analytical bio-
sensor as recognition elements.17 Based on the E2-specific
aptamer,37 colorimetric,38 fluorescent,21 electrochemical39 bio-
sensors have been designed. These researches provided helpful
approaches for the rapid and sensitive detection of E2.
Therefore, in this article, we designed an aptamer-based

Fe3O4@Au sensing platform by combining the MRS technique
and the aptamer together for detecting E2 in complex food sam-
ple. The detection conditions were optimized and the perfor-
mance of the method was evaluated. Then, milk and eggs were
chosen to evaluate the feasibility of this sensor for practical appli-
cation. This research could prove the feasibility of using the pro-
posed MRS sensor as a high sensitivity and selectivity method
for the rapid detection of E2 in food samples.

EXPERIMENTAL
Reagents
The E2 (98%), bisphenol A (BPA, > 99%), methyltestosterone (MT,
98%), diethylstilbestrol (DES, 99%), progesterone (P4, 99%), chlor-
oauric acid (HAuCl4, 48–50%), citric acid (99.5%), sodium citrate
dihydrate (99%) and methanol (99.8%) were purchased from
Macklin Chemical Reagent Co., Ltd (Shanghai, China). E2 aptamers
(50-GCTTCCAGCTTATTGAATTACACGCAGAGGGTAGCGGCTCTGCGCA
TTCAATTGCTGCGCGCTGAAGCGCGGAAGC-30)37 were synthesized
and purified by Sango Corp. (Shanghai, China). The dissociation con-
stant of the E2-aptamer was 0.13 μmol L–1 . Iron(II) sulfate tetrahy-
drate (FeSO4•4H2O), iron(III) chloride hexahydrate (FeCl3•6H2O),
sodium hydroxide (NaOH), and ammonia (NH3•H2O) were purchased
from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). The
earlier mentioned reagents were of analytical grade and used as
received. Milk and eggs were purchased from a supermarket in
Shanghai, China.

Instrumentation and characterization
The value of T2 was measured by a low-field pulsed nuclear mag-
netic resonance (NMR) analyzer (miniPQ001, Suzhou Niumag
Analytical Instrument Corporation, Suzhou, China). The strength
of the magnetic field was 0.467 T and the spectrometer
frequency (SF) was 20 MHz. The ultraviolet-visible (UV-vis)
absorption spectra of NPs were obtained by using a Synergy
H4 multi-mode microplate reader (BioTek Instrumrnts, Winooski,
VT, USA). The hydrodynamic diameter and polydispersity index
(PDI) of NPs were measured by dynamic light scattering (DLS)
with a NanoBrook 173plus (Brookhaven Instruments Corpora-
tion, Austin, TX, USA). The morphology of NPs was observed
using transmission electron microscopy (TEM; JEOL2100F, JEOL,
Tokyo, Japan) by placing a drop of sample solution on a trans-
mission electron microscope copper grid. The concentration of
NPs was obtained using inductively coupled plasma atomic
emission spectroscopy (ICP-AES; Agilent Technologies Inc., Bei-
jing, China). The magnetic properties of NPs were evaluated by
the transverse relaxivity (r2), which was calculated from the slope
of 1/T2 relaxation rate as a function of the iron (Fe) concentration
graph.40

Optimization of incubation conditions of Fe3O4@Au and
aptamer
For better detection effect, the volume ratio of aptamers and
Fe3O4@Au NPs were optimized from 0.5:1, 1:1, 2:1, 3:1, 4:1, 5:1 and
6:1 according to their absorbance spectra. Under the same volume
ratio of aptamers and Fe3O4@Au NPs (4:1), we optimized the incuba-
tion time from 0.5 to 4 h. Finally, the sodium chloride (NaCl) concen-
tration was optimized from 0.02, 0.03, 0.04, 0.05 and 0.06 mol L–1 .

Procedure of MRS sensor
A certain volume of Fe3O4@Au@Apt dispersion, NaCl (0.3 mol L–1)
and deionized water were added to the chromatographic bottle,
respectively. The resulting mixture was dispersed by ultrasound
for 30 s and then heated in a 35 °C water bath for 5 min. Subse-
quently, the sample of 150 μL E2 with different concentrations
(1000, 100, 10, 1 and 0.1 nmol L–1) was added and reacted at
35 °C for a certain period, then the chromatographic bottle was
transferred into a 15 mm low-field nuclear magnetic resonance
(LF-NMR) tube. The temperature of the magnet is 35.0 °C. The
Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence41 was used
to study the spin–spin relaxation. The related parameters were
as follows: spectral bandwidth (SW) = 125 kHz, SF = 20 MHz, reg-
ulate analog gain 1 (RG1) = 20.0 db, regulate digital gain 1
(DRG1) = 3, pre-amp regulate gain (PRG) = 1, recycle time
(TW) = 3000 ms, number of scan (NS) = 4, echo time
(TE) = 0.5 ms. Then the MultiExp Inv Analysis software (Suzhou
Niumag Analytical Instrument Corporation), a modified algorithm
of simultaneous iterative reconstruction technique (SIRT), was
used to invert the exponentially decaying signals into mono-
exponential distribution, from which we can get the monocom-
ponent relaxation time (T2w), a variable that reflects the overall
relaxation distribution of the sample. The change of T2w (ΔT2w)
was calculated using the following equation:

ΔT2w=T ' 2w−T2w ð1Þ

where the T'2w was the relaxation time of test solution with differ-
ent concentrations of E2 and the T2w was the relaxation time of
Fe3O4@Au@Apt solution without E2.

Optimization of the detecting condition
To determine the optimized dilution ratio (the optimized concen-
tration) of the Fe3O4@Au@Apt, dilution ratios (concentration) of
the Fe3O4@Au@Apt were set as 100, 200, 300, 400 and 500 times
(12, 6, 4, 3 and 2.4 μmol L–1), while the reaction time was 15 min.
Under the optimized concentration of the Fe3O4@Au@Apt, the
reaction time was set as 5, 10, 15, 20 and 25 min to find optimum
reaction time.

Evaluation of sensitivity and specificity of detection
method
In order to evaluate the sensitivity of the detectionmethod, differ-
ent concentrations of E2 (1, 5, 10, 50 and 100 nmol L–1) were
added to the optimized system for detection. The working curve
was drawn according to the change of T2w and the limit of detec-
tion (LOD) was calculated using the following equation.25

LOD=KSb=S ð2Þ

where Sb is the standard deviation of the blank measures (repeat-
ing 11 times), K = 3 and S is the sensitivity of the method.
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MT, DES, BPA and P4, whose structures are similar to E2, were
used to evaluate the specificity of the detection method. The E2
analogs, at a concentration of 50 nmol L–1, were added to the
optimized system for detection. The system without E2 and ana-
logs was used as a control group.

Detection of E2 in spiked samples
Milk and eggs were used to validate the feasibility of the method,
and the samples were pre-treated according to the methods of Li
et al.42 and Zou et al.30 with minor modification. Milk and eggs
were spiked with E2 at different concentrations (the concentra-
tions of E2 in the milk system and the eggs system were 1–
100 nmol L–1 and 20–100 nmol L–1, respectively). Afterward,
2 mL trichloroacetic acid (10%) and 2 mL trichloromethane were
added to the beaker with 4 mL sample. After oscillating for
1 min, the mixture was dispersed by ultrasound for 15 min, there-
after was centrifuged (13 000 rpm) for 3min. The supernatant was
centrifuged at 10000 rpm for 3 min and the resulting supernatant
was detected by the earlier method.
To calculate the recovery concentration, relative standard devi-

ation (RSD) and recovery rate, the concentrations of E2 in the milk
system were set as 10, 50, and 100 nmol L–1, and the concentra-
tions of E2 in the eggs system were set as 20, 60, and 100 nmol
L–1, respectively. Each point was analyzed five times.

Statistical analysis
All the tests were performed in triplicate except for special instruc-
tions and P < 0.05 was considered statistically significant. Origin
8 (OriginLab Corporation, Northampton, UK) was used to draw
the figures. SPSS 17 (SPSS Inc., Chicago, IL, USA) was used to per-
form Statistical analysis and the different influencing factors on
A650/A530 were analyzed by analysis of variance (ANOVA).

RESULTS AND DISCUSSION
Mechanism of detection
A schematic of the designed MRS assay based on the aptamer-
functionalized Fe3O4@Au NPs is shown in Scheme 1.
Generally, the Fe3O4@Au NPs were well dispersed due to elec-

trostatic stabilization with negative charge of citrate. When NaCl
was added, the negative charges on the surface of Fe3O4@Au
would be screened by the added cations, resulting in the aggre-
gation of NPs. However, when the nucleic acid aptamers
adsorbed on the surface of Fe3O4@Au by electrostatic interaction,
the long-ranged electrostatic repulsion of aptamers can enhance
the stability of Fe3O4@Au NPs against salt-induced aggregation,
and thus Fe3O4@Au@Apt particles remained stable under a cer-
tain salt concentration.43 In the presence of target, aptamer would
bind with target and detach from the surface of Fe3O4@Au
because of higher affinities between aptamer and target. Then
less protection of aptamers may result in the aggregation of
Fe3O4@Au induced by salt. The dispersed and aggregated states
of Fe3O4@Au NPs would lead to the formation of a local non-
uniform magnetic field, and this change can affect the spin–spin
relaxation behavior of surrounding water protons. Since the
change of T2w (4T2w) is dependent on the amounts of target sub-
stance (E2), this relationship can be used to quantify the target in
the samples by establishing a standard curve.

Preparation and characterization of Fe3O4@Au
As shown in Supporting Information, Fig. S1(a), due to the heavy
atom effect,44 the color of Fe3O4@Au were darker than the

uncoated Fe3O4 NPs, which were the faint and tiny particles on
the background.45 The obtained Fe3O4@Au NPs showed a core-
shell structure and the excellent dispersibility with an averaged
diameter of 20 nm. However, due to the hydrodynamic shell,46

the average hydrodynamic diameter of Fe3O4@Au obtained by
DLS was much higher than TEM, that is, 260.65 nm, shown in
Fig. S1(b), and the PDI of 0.21 also indicated that the Fe3O4@Au
particle was relatively uniform. A similar result was reported by
Banerjee et al.,47 where a core-shell Fe3O4@Au with a size of
14.31 (± 3.01) nm was obtained and used as optical probe for
arsenic(III). Moreover, the ICP-AES analysis of Fe3O4@Au NPs
showed that the concentrations of Fe and Au ions were 6 and
1.2 mmol L–1, respectively.
The UV-vis spectrum of Fe3O4@Au in Fig. S1(c) showed a charac-

teristic absorption peak of AuNPs at about 530 nm. Compared
with AuNPs, Fe3O4@Au had a wider UV-vis absorption band, indi-
cating that the Au shell had been successfully coated on the Fe3O4

surface.48 This was in good agreement with the TEM result. As
shown in Fig. S1(d), the r2 value of Fe3O4@Au NPs was
89.173 mmol L–1 s−1, while Liang et al.29 also prepared a core-shell
Fe3O4@Au NPs with a smaller r2 value of 20.46 mmol L–1− s−1. A
higher r2 value would be helpful for improving the sensitivity of
MRS assay,49 therefore, the prepared Fe3O4@Au NPs are suitable
for use as a MRS probe.

Optimization of incubation conditions of Fe3O4@Au and
aptamer
The concentration of aptamer
The concentration of aptamers is one of the key factors for the
construction of MRS sensor. As shown in Fig. 1(A), the UV-vis spec-
tra of reaction systems before and after incubation showed char-
acteristic absorption peaks of aptamer at 260–290 nm, and the
absorption peaks of the supernatant after incubation were rela-
tively decreased. When the volume ratio of aptamer to Fe3O4@Au
was 4:1, the A260 of the reaction system before incubation was
2.45, while the A260 of the supernatant after incubation was signif-
icantly reduced to 0.89, indicating that the aptamers in the system
had been successfully adsorbed on the surface of Fe3O4@Au.

50

According to the method of Liang et al.,29 the amount of apta-
mer immobilized on the Fe3O4@Au was obtained by subtracting
the A260 of the supernatant containing the free aptamer from that
of the original aptamer, that is, ΔA260. The amount of nucleic acid
aptamers bound to NPs can be reflected by ΔA260. As the ratio of
E2apt to Fe3O4@Au increased from 0.5: 1 to 4: 1, shown in Fig. 1(B),
the ΔA260 of the system increased from 0.12 to 1.56, demonstrat-
ing that aptamers adsorbed on the Fe3O4@Au surface. And when
the ratio of E2apt to Fe3O4@Au increased to 5:1, the ΔA260
increased to 1.6. However, no significant change of ΔA260 was
observed when the ratio of E2apt to Fe3O4@Au increased to 6:1,
indicating that the number of aptamers adsorbed on Fe3O4@Au
surface had almost reached saturation. In general, when the
E2apt to Fe3O4@Au ratio was between 4:1–5:1, sufficient aptamers
can be adsorbed on the surface of Fe3O4@Au, which is beneficial
for the target recognition and detection.
Meanwhile, the change of A650/A530 of the system was used to

reflect the aggregation of Fe3O4@Au caused by the addition of
aptamers. As shown in Fig. 1(C), when the volume ratio of E2apt
to Fe3O4@Au increased from 0.5: 1 to 4: 1, the A650/A530 slightly
increased from 0.9 to 0.933, indicating that Fe3O4@Au@Apt still
presented a good dispersion state. However, with the ratio of
E2apt to Fe3O4@Au increased to 5:1, the A650/A530 significantly
increased to 0.982, indicating that the Fe3O4@Au@Apt became
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aggregated, which was not expected for the subsequent analysis.
Therefore, 4:1 was selected as the optimal volume ratio of E2apt to
Fe3O4@Au. However, this result was different from that reported
by Kim et al.,51 who designed a colorimetric aptasensor for the
detecting of oxytetracycline (OTC), and themolar ratio of aptamer
to Au NPs was chosen as 50:1, far greater than our molar ratio of
3:1. This may be explained by the fact that the interaction
between aptamer and NPs was influenced by the structure of
aptamer,52,53 and the aptamers of E2 and OTC possess different
structures.51,54

The incubation time of Fe3O4@Au and aptamer
The adsorption of aptamers onto the Fe3O4@Au was also affected
by the incubation time. As shown in Fig. 1(D), after a period of
incubation, all the A260 values of the system became lower. When
incubated for 2 h, the A260 value of the supernatant was the low-
est, only 0.893. Furthermore, Fig. 1(E) showed that theΔA260 value
increased during the 0.5 to 2 h incubation, and reached the max-
imum value (1.558) at 2 h, indicating that the adsorption between
aptamers and Fe3O4@Au was completed. However, the changes
of A650/A530, shown in Fig. 1(F), was not significant, indicating that
incubation time had little effect on the aggregation of Fe3O4@Au.
Therefore, the incubation time for Fe3O4@Au and the aptamer
was determined as 2 h, to ensure the adsorption of aptamers onto
Fe3O4@Au.

The concentration of NaCl
The NaCl concentration is closely related to the stability, sensitiv-
ity, and reproducibility of the method. However, too high a con-
centration of NaCl is likely to lead to the aggregation of
Fe3O4@Au@Apt,

55 which would affect the detection results.
Figure 1(G) shows that the A650/A530 of Fe3O4@Au@Apt showed
a slight upward trendwith the increase of NaCl concentration dur-
ing incubation, however, the change was still not significant com-
pared with the control group (0.935) even incubated for 25 min,
when the NaCl concentration was no more than 0.03 mol L–1,
showing that the NPs dispersed well. While the A650/A530 of
the system with 0.04 mol L–1 NaCl significantly increase to 0.971,
indicating the aggregation of NPs. Therefore, to avoid the

salt-induced aggregation of Fe3O4@Au@Apt, the concentration
of NaCl was selected as 0.03 mol L–1, and the reaction time was
controlled within 25 min in the subsequent experiments. Similar
results were reported by Li et al.56 and Ma et al.,43 who employed
aptamer-functional Au NPs as a colorimetric sensor to detect
microcystin-LR and tobramycin, in which 0.024 and 0.04 mol L–1

were chosen as the optimal concentrations of NaCl to induce Au
NP aggregation.

Optimization of the detection system
The concentration of Fe3O4@Au@Apt
The concentration of the magnetic nanoparticle (MNPs) needs to
be optimized according to the concentration of the target.57 Only
when the concentration of the MNPs and the target reaches the
appropriate ratio, the change of the T2 is significant, which is more
conducive to improving the detection sensitivity. The changes of
T2w and ΔT2w of the system at different concentrations of
Fe3O4@Au@Apt and E2 are shown in Fig. 2(A,B). As shown in
Fig. 2(A), at a fixed target concentration, the T2w relatively
decreased with the increase of Fe3O4@Au@Apt concentration.
When the concentration of Fe3O4@Au@Apt increased from 2.4
to 12 μmol L–1, the T2w value of the blank group decreased from
1062.68 to 308.37 ms, and the T2w value of the system with
1 nmol L–1 E2 decreased from 1306.61 to 396.38 ms. These phe-
nomena were due to the fact that the evenly presented mag-
netic NPs could induce the local magnetic field
inhomogeneities.58,59 These inhomogeneities dephase the pre-
cessions of the surrounding water proton spins and generated
a reduction of the T2w of water.60 However, when the concentra-
tion of MNPs was low, the inhomogeneities became weaker and
the T2w value would relatively increase. When the solution was
overdiluted, the effect of MNPs on the system was negligible,
and T2w of the system was close to that of water.
However, at a fixed Fe3O4@Au@Apt concentration, the T2w value

of the blank group was lower than that of the experimental group,
and the T2w increasedwith the increase of E2 concentration. When
the concentration of Fe3O4@Au@Apt was 4 μmol L–1, the T2w of
the blank group was 722.34 ms, while the T2w of the systems with
0.1 and 1000 nmol L–1 E2 were respectively increased to

Scheme 1. Schematic representation of themagnetic relaxation switch sensor for rapid determination of 17⊎-estradiol based on aptamer-functionalized
Fe3O4@Au nanoparticles.
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905.39 ms and 1117.73 ms. These phenomena were caused by
competition between Fe3O4@Au and E2. When the target analyte
E2 was presented in the system, the aptamer would fall off the sur-
face of NPs and specifically bound to E2. Meanwhile, NaCl would
induce the aggregation and sedimentation of NPs, which caused
the reduction of evenly dispersed NPs. Hence, the effect of inho-
mogeneities on surrounding water proton reduced and the T2w
increased relatively. And the higher the target concentration,

the smaller the impact of inhomogeneities, thus the larger the
variation range of T2w.
The relationship between the concentration of the detection

system and ΔT2w is shown in Fig. 2(B). When the Fe3O4@Au@Apt
concentration was fixed, ΔT2w showed an upward trend with the
increase of E2 concentration. And the ΔT2w of the system would
also change with the concentration of Fe3O4@Au@Apt when E2
concentration was constant. The results revealed that the highest

Figure 1. Optimization of incubation conditions for Fe3O4@Au and E2apt. (A) UV-vis absorption spectra of system before and after incubation with dif-
ferent ratios of E2apt to Fe3O4@Au. (B) The ΔA260 of the system with different ratio of E2apt to Fe3O4@Au. (C) The A650/A530 of the system under different
ratio of E2apt to Fe3O4@Au. (D) UV-vis absorption spectra of E2apt and Fe3O4@Au system at different incubation time. (E) TheΔA260 of E2apt and Fe3O4@Au
system at different incubation time. (F) The A650/A530 of E2apt and Fe3O4@Au system at different incubation time. (G) The A650/A530 of the system under
different NaCl concentration with the reaction time of 5 and 25 min. The error bars represent the standard deviation (n = 3), values in figures with the
same superscript letter are not significantly different.
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ΔT2w value was detected when the concentration of
Fe3O4@Au@Apt was 4 μmol L–1. And ΔT2w value at this point
was significantly higher than that of other groups at E2 concentra-
tion of 10 to 1000 nmol L–1. Meanwhile, as reported by Chen
et al.,34 who employed the functionalized-superparamagnetic
iron oxide NPs as MRS sensor to monitor kanamycin, the concen-
tration of NPs should be chosen as the optimal concentration
when the maximum ΔT2 value was reached, and this would be
helpful for the improvement of detection sensitivity. Thus, to
ensure optimal performance, the concentration of
Fe3O4@Au@Apt was selected to be 4 μmol L–1 in this study.

The reaction time of Fe3O4@Au@Apt and E2
The reaction time of Fe3O4@Au@Apt and E2 was optimized to
enhance the sensitivity of detection. As shown in Fig. 2(C), the
T2w of the blank groups were between 713.29 and 730.63 ms,
which were almost unaffected by the reaction time. However,
the T2w of the experimental groups relatively increased with the
extension of reaction time. For example, the T2w of the system
with 0.1 nmol L–1 E2 increased from 807.56 to 905.39 ms when
the reaction time was extended from 5 to 15 min. After a reaction
time of 15 min, the magnetic response signal became relatively
stable, and the T2w increased from 905.39 to 1117.73 ms when
the E2 concentration increased from 0.1 to 1000 nmol L–1, show-
ing that Fe3O4@Au@Apt and E2 had fully reacted within 15 min.
The reaction time also has significant impacts on ΔT2w.31 As

shown in Fig. 2(D), the value ofΔT2w for each group was relatively

small when reacting for only 5min. TheΔT2w was only 94.27 ms at
E2 concentration of 0.1 nmol L–1. A possible explanation for this
might be that Fe3O4@Au@Apt and E2 had not fully reacted, thus
there were only minor changes in the magnetic relaxation signal.
With the extension of reaction time, the reactions between
Fe3O4@Au@Apt and E2 tended to be sufficient, and the influence
on the magnetic response of the system would be enhanced,
which was manifested as the relative increase of system ΔT2w.
After reacting for 15 min, the ΔT2w of the system with different
E2 concentrations tended to be stable, for example, the ΔT2w of
the system with 0.1 nmol L–1 E2 significantly increased to
183.04 ms. Therefore, 15 min was selected as the optimal reaction
time for Fe3O4@Au@Apt and E2.

Sensitivity of the MRS sensor and the standard curve
The sensitivity of the detection method was evaluated based on
the optimization of the reaction conditions. As shown in Fig. 3
(A), the ΔT2w increased from 190 to 410.66 ms with an increase
in E2 concentration. A good linear correlation was found when
E2 concentration was between 0.1 and 10 nmol L–1 and the stan-
dard curve was as follows:

Y=20:269x+210:818,R2=0:960

This indicates that the E2 concentration in the system can be
quantified through ΔT2w value. According to a signal-to-noise
ratio (S/N) of 3, the LOD of the MRS sensor for E2 detection was

Figure 2. Condition optimization of the MRS sensor. (A,B) Effect of concentration of Fe3O4@Au@Apt and E2 on T2w andΔT2w. (C,D) Effect of reaction time
of Fe3O4@Au@Apt and E2 on T2w and ΔT2w. The error bars represent the standard deviation (n = 3), values in figures with the same superscript letter are
not significantly different.
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calculated to be 0.843 nmol L–1. The comparison of linear range
and LOD between the developedMRS sensor and other published
E2 detection methods is presented in Table 1. When detecting

estradiol in water systems, the LOD of the designed sensor was
better than those of Lu and Xu,10 Zhang et al.,17 Yildirim et al.21

and Fang et al.61 Although the method designed by Nameghi's

Figure 3. Investigation of the sensitivity, selectivity and feasibility of the MRS sensor for E2 detection. (A) Linear relationship between theΔT2w value and
the concentration of E2. (B) The selectivity of MRS sensor. (C) Calibration curve of MRS sensor for E2 in milk sample. (D) Calibration curve of MRS sensor for
E2 in eggs sample. The error bars represent the standard deviation (n = 5), values in figures with the same superscript letter are not significantly different.

Table 1. Comparison of parameters of other published sensors used for 17⊎-estradiol (E2) detection

Detection
method

Aptamer
length (mer) Linear range (nmol L–1)

Limit of detection
(nmol L–1) Sample Recovery (%)

Relative standard
deviation (%) References

HPLC 1.84–367 1.47 Tap water 87.0–94.0 4.0–5.0 10
Lake water 87.0–93.0 4.0
River water 86.0–92.0 4.0–5.0

Colorimetry 76 — 0.2 Saliva — — 38
Colorimetry 76 1.57–350 1.57 Water 104.5–114.5 2.79–4.34 17
SERS — 300 River water — — 61
Fluorescence 76 — 2.1 Wastewater 95–105 1.3–3.9 21
Fluorescence 0.35–3.5 × 104 0.35 Tap water 96.2–106.9 3.9–5.4 20

Environmental
water

96.3–104.0 2.8–3.8

Urine 91.4–110.8 5.4–9.0
Milk 92.4–120.6 10.3–14.3

Fluorescence 35 80–400 37 Fetal bovine
serum (FBS)

96.5–104.8 2.2–10.1 19

Electrochemical 76 5 × 10−4 -5 6.0 × 10−5 Urine 96.3–104.3 1.4–3.5 22
Electrochemical 1.2 × 10−3 –0.1 and 0.1–7 5 × 10−4 Tap water 62
Magnetic
relaxation
switching

76 0.1–10 0.843 Deionized water — — This work
1–100 7.6 Milk 101.93–120.8 5.43–14.57
20–100 8.57 Eggs 94.18–100.98 3.39–9.99
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group62 showed a much better LOD (5 × 10−4 nmol L–1), the fab-
rication of their sensor required the immobilization of aptamer
and modification of electrodes, which was more complicated.
Compared with other E2 detection methods based on 76 mer
nucleic acid aptamer, the LOD of this method was equivalent to
that of Soh et al.38 and Zhang et al.,17 indicating that the aptamer
has good E2 recognition ability. In summary, this MRS sensor was
capable of detecting the E2 pollution.

Specificity of the MRS sensor
To better illustrate the potential application of this method, the
specificity of the designed MRS sensor was evaluated. The E2
and four interferons in the linear detection concentration range
(5 nmol L–1) were tested. As shown in Fig. 3(B), the ΔT2w of the
E2 system (314.06 ms) was significantly higher than that of the
DES system (217.77 ms) and BPA system (205.20 ms). Although
the ΔT2w of the MT system (259.80 ms) and P4 system
(255.52 ms) were relatively larger, they were still clearly distin-
guished from the E2 system. These results suggest that the pro-
posed MRS sensor has specificity for E2 detection in a complex
matrix.

Detection of E2 in spiked samples
To evaluate the accuracy and potential application of the developed
MRS sensor, the method was applied to two kinds of food samples,
milk, and eggs. As shown in Fig. 3(C), there was a good linear rela-
tionship betweenΔT2w and E2 concentration when E2 concentration
inmilk samples was 1–100 nmol L–1. The LODwas determined to be
7.6 nmol L–1 (S/N = 3). And the standard curve was as follows:

y=0:739x+37:740,R2=0:949

As shown in Fig. 3(D), the E2 can be quantified over a concentra-
tion range of 20 to 100 nmol L–1 with a detection limit of
8.57 nmol L–1 for spiked egg samples. And the standard curve
was as follows:

y=2:185x+3:105,R2=0:977

It was worth noting that the spiked food samples all showed
higher LOD and wider linear ranges than that of the water system.
A possible explanation for this might be that the milk and egg
samples contained methionine, and methionine could absorb
on the surface of Au NPs by forming Au–S and Au–N bonds, thus
suppressing the salt-induced aggregation of NPs,63 accordingly
reducing the change of ΔT2w and showing a higher LOD.
The accuracy of the MRS sensor was performed by examining

the recoveries of spiked samples. The precision of the MRS sensor
was evaluated by calculating the RSD of the samples at different

concentration levels. The recovery results of E2 in the two different
samples are shown in Table 2, the recoveries of spiked milk and
egg samples detected by the MRS sensor were achieved in the
ranges 101.93–120.8% and 94.18–100.98%, respectively. The RSDs
of spiked milk and egg samples were less than 14.57% and 9.99%,
respectively. As shown in Table 2, when detecting E2 in milk, the
recovery value of the MRS sensor was better than that of
fluorescence,20 and its RSD was lower. When detecting E2 in eggs,
the developed MRS sensor provided good recovery values and
RSD values. These results suggested that the MRS sensor has a
great potential for E2 detection in food sample.

CONCLUSIONS
In conclusion, we successfully designed new aptamers modified
Fe3O4@Au NPs as the MRS sensor for sensitive and selective
detection of E2 in milk and eggs. In the presence of E2, the apta-
mer would bind with E2 and separate from the surface of
Fe3O4@Au, thereby destroying the homogenous magnetic filed
for water protons, resulting in an increase in the T2 value of the
detection system. According to the sensing effect of the present
MRS sensor for E2, the volume ratio of aptamers and Fe3O4@Au,
the concentration of NaCl, the concentration of Fe3O4@Au@Apt
and reaction time were optimized. The sensor showed a wide lin-
ear range from 0.1 to 10 nmol L–1 and a low detection limit of
0.843 nmol L–1. Moreover, the developed sensor was successfully
used for E2 determination among food samples. In the detection
of E2 in milk and egg samples, the linear ranges of the sensor were
1–100 nmol L–1 and 20–100 nmol L–1, and the LODs were 7.4 and
8.57 nmol L–1, respectively. In general, the MRS sensor designed
in this study exhibits a simple, rapid and efficient way for detect-
ing E2, which has potential applications in the livestock and poul-
try food system.
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