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1. Introduction

Conventional magnetic relaxation switching 
(MRS) assays based on magnetic nano-
particles (MNPs) have been widely used 
to analyze biomarkers, pathogenic bac-
teria, mycotoxins, antibiotics, and pesticide 
residues.[1] The mechanism of detecting 
targets by MRS originates from the state 
change (dispersed state or aggregated state) 
or the concentration change of MNPs, 
which will affect longitudinal (T1) or trans-
verse relaxation time (T2) of adjacent water 
molecules.[2] Compared with traditional 
detection methods like chromatography or 
biosensors, such as electrochemical sensor, 
MRS assays are cost-effective, time effi-
cient, and convenient for the analysis of 
small molecules, such as mycotoxins. But 
the conventional MRS assays suffer from 
low sensitivity due to the lack of effective 
signal amplification system or magnetic 
probe with high signal intensity. To address 
these problems, researchers have devel-
oped a series of MRS immunosensors with 
additional signal amplification strategies 
(including click reaction, streptavidin-biotin 
recognition system, enzyme-catalyzed reac-
tion) or novel magnetic nanoprobes with 

excellent magnetic response to improve the analytical perfor-
mance.[3] In our previous work, we also developed a cascade reac-
tion mediated magnetic relaxation switching sensor based on the 
assembly of silver nanoparticles (Ag NPs) on surface of Fe3O4 NPs 
to improve the sensitivity of conventional MRS.[4] In this assay, 
alkaline phosphatase was employed to generate ascorbic acid by 
removing the phosphate groups of ascorbic acid-phosphate for 
further reducing silver ions (Ag+) to Ag NPs which will assemble 
the MNPs, thus changing the state of MNPs to cause the decrease 
of T2 signals. However, this method still suffered from insuffi-
cient stability due to the fact that Ag@Fe3O4 NPs were assembled 
by large and amorphous Ag NPs, which caused an uncontrolled 
aggregation. Thus, exploring novel magnetic nanoprobes with 
higher performance is in great need to solve this problem.

Iron-based MNPs are the most widely used types of magnetic 
nanoprobes due to the advantages of availableness, cheapness, 
and nontoxicity.[5] However, they have a high tendency to be 

Magnetic relaxation switching (MRS) sensors have shown great potential 
in food safety monitoring due to their high signal-to-noise ratio and 
simplicity, but they often suffer from insufficient sensitivity and stability 
due to the lack of excellent magnetic nanoprobes. Herein, dumbbell-
like Au–Fe3O4 nanoparticles are designed as magnetic nanoprobes for 
developing an aflatoxin B1-MRS immunosensor. The Fe3O4 portion in 
the Au–Fe3O4 nanoparticles functions as the magnetic probe to provide 
transverse relaxation signals, while the Au segments serve as a bridge to 
grow Ag shell and assemble the Au–Fe3O4 nanoparticles, thus modulating 
transverse relaxation time of surrounding water molecular. The formation 
of Ag@Au–Fe3O4 is triggered by hydrogen peroxide. After degraded by 
horseradish peroxidase, hydrogen peroxide reduces Ag+ to Ag nanoparticles 
which assemble dispersed Au–Fe3O4 to aggregated Ag@Au–Fe3O4, thus 
dramatically improving the sensitivity of traditional MRS sensor. Combined 
with competitive immunoreaction, this Ag@Au–Fe3O4–MRS immunosensor 
can detect aflatoxin B1 with a high sensitivity (3.81 pg mL−1), which improved 
about 21 folds and 9 folds than those of enzyme-linked immunosorbent 
assay and high-performance liquid chromatography (HPLC), respectively. 
The good consistency with HPLC in real samples detection indicates 
the good accuracy of this immunosensor. This Ag@Au–Fe3O4–MRS 
immunosensor offers an attractive tool for detection of harmful substances.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202104596.
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oxidized compared to noble metal nanomaterials. Noble metals-
based NPs have been commonly used because of their easy 
surface functionalization, excellent biocompatibility, and other 
properties.[6] Recently, many composite superparamagnetic nano-
structures that are composed of iron oxide and noble metal (Au, 
Ag, Pt) have been prepared to improve the physical and chemical 
performance (such as magnetic, optical, and catalytic properties).[7] 
In our previous work,[8] we reported a general seed-mediated 
approach to the synthesis of hydrophilic and biocompatible M–
Fe3O4 (MAu, Ag, and Pd) heterodimers, in which the size of M 
and Fe3O4 could be independently regulated in a wide range, with 
good biocompatibility and combined tunable magnetic and plas-
monic properties. In addition, the Au–Fe3O4 heterodimers shows 
excellent biocompatibility and have been used as contrast agents 
for in vivo magnetic resonance imaging and computed tomo-
graphy imaging.[8] With such excellent properties, dumbbell-like 
Au–Fe3O4 NPs have good potential to be used as nanoprobes to 
construct biosensors, especially for MRS biosensors.

In this work, we developed an hydrogen peroxide-mediated MRS 
immunosensor based on the assembly of Ag@Au–Fe3O4, which 
was further employed to detect trace aflatoxin B1 in fodder, a kind 
of biotoxin that exists in feeds or grains.[9] First, the Au–Fe3O4 NPs 
were synthesized by a seed-mediated assay in aqueous solution 
(Scheme 1A). In the presence of hydrogen peroxide (H2O2), Ag+ can 
be reduced to Ag NPs, which will coat onto the Au of the Au–Fe3O4 
NPs, leading to the formation of Ag@Au–Fe3O4 NPs because of the 
similar lattice constants between Ag and Au. The Au on Au–Fe3O4 
NPs can act as a bridge to form Ag@Au–Fe3O4, which will achieve 
a controllable assemble of Ag shell on Au, resulting in a higher 
stability compared with Ag@Fe3O4 NPs. The deposition of Ag will 
reduce the surface charge of Au–Fe3O4 and lower the electrostatic 

repulsion, and the excessive Ag will further assemble the dispersed 
Ag@Au–Fe3O4 to form aggregated Fe3O4–Au@Ag@Au–Fe3O4 
composite nanoparticles, resulting in a stronger T2 signal which 
can be detected by low field nuclear magnetic resonance instru-
ment (Scheme 1B). H2O2 could be used to regulate the assembly of 
Ag@Au–Fe3O4. Different amounts of H2O2 enable to reduce Ag+ 
to different amounts of Ag NPs, which could assemble Au–Fe3O4 
with different degrees to generate distinguishing T2 signals. There-
fore, a biosensor for monitoring the concentration of hydrogen per-
oxide can be established. Combined with competitive immunoreac-
tion, a novel H2O2-mediated Ag@Au–Fe3O4–MRS immunosensor 
can be developed for the detection of aflatoxin B1. As shown in 
Scheme 1C, the amount of H2O2 could be adjusted by horseradish 
peroxidase (HRP), a commercial enzyme that was extensively used 
in immunoassay. Different quantities of target analytes produce dif-
ferent concentrations of HRP by the immunoreaction. Therefore, 
the process of “target analyte→HRP→H2O2→Ag@Au–Fe3O4→T2 
signal” can be employed for the analysis of aflatoxin B1. Herein, this 
Ag@Au–Fe3O4–MRS immunosensor was employed to detect trace 
aflatoxin B1 in fodder with high sensitivity and stability, showing its 
potential as a sensitive and stable detection tool for trace harmful 
substance analysis.

2. Results and Discussion

2.1. Synthesis and Characterization of Au–Fe3O4 NPs

The Au–Fe3O4 NPs were prepared using Fe3O4 NPs as seeds 
via a seed-mediated growth approach previously developed by 
our group.[8] As shown in Figure  1A, the Au–Fe3O4 NPs were 

Scheme 1. Schematic of Ag@Au–Fe3O4–MRS immunosensor for detection of aflatoxin B1. A) Synthesis of Au–Fe3O4 NPs. B) Ag@Au–Fe3O4-mediated 
magnetic signal readout system. C) Ag@Au–Fe3O4–MRS immunosensor for the analysis of aflatoxin B1.
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of homogeneous dimeric structure, consisting of a dark (Au) 
and light (Fe3O4) particle with 5 and 19  nm, respectively. The 
Au size in the Au–Fe3O4 can be readily tuned by controlling 
the cycles of redox reaction between trisodium citrate and Au 
precursor. Figure  1B,C shows the Au–Fe3O4 NPs with 5- and 
10- times growths, and the Au sizes were 13 and 23 nm, respec-
tively. Meanwhile, the color of Au–Fe3O4 changed from light red 
to deep red with the increasing size of Au NPs. We also used 
the ultraviolet spectrophotometry to prove the formation of Au–
Fe3O4 NPs. The Au–Fe3O4 NPs exhibited a specific absorption 
peak at 520 nm, which gradually enhanced with the increased 
size of the Au NPs, while the Fe3O4 has no specific absorption 
peak (Figure  1D). Meanwhile, dynamic light scattering was 
used to characterize the Au–Fe3O4 NPs with different growth 
times. As shown in Figure S1 (Supporting Information), the 
hydrodynamic size of the Au–Fe3O4 NPs gradually increased 
with the increasing size of Au NPs, which matched well with 
the results of transmission electron microscope (TEM) image. 

The zeta potential of Au–Fe3O4 NPs was negative, which gradu-
ally decreased (Figure 1E), due to the fact that Au3+ was reduced 
by Fe2+ on the surface of Fe3O4 NPs to form Au seeds which led 
to a decrease of Fe2+ and caused a lower zeta potential value. 
The above results demonstrate the successful formation of Au–
Fe3O4, and the size of Au NPs could be adjusted by different 
growth times.

Furthermore, we compared the T2 relaxivity of the Au–Fe3O4 
NPs and the Fe3O4 NPs. As shown in Figure 1F, the Au–Fe3O4 
NPs (1, 5, 10 times growths) have a better T2 signal than that of 
Fe3O4 NPs, indicating that the growths of Au NPs can enhance 
the T2 relaxivity of Fe3O4 NPs. The reason is that the residual 
antiferromagnetic FeO on the surface of the Fe3O4 NPs was 
converted into superparamagnetic Fe3O4 by the reduction of 
HAuCl4 when the Au seed is formed.[10] In addition, Au–Fe3O4 
NPs (5 times growths) and Au–Fe3O4 NPs (1 time growth) 
showed similar magnetic signal, while Au–Fe3O4 NPs (10 times 
growths) showed weaker magnetic signal because of the fact 

Figure 1. Characterizations of Au–Fe3O4 NPs. A–C) TEM images and corresponding photographs (inset) of Au–Fe3O4 with 1 time, 5 times, and 10 times 
growths. D) UV−vis spectra of Fe3O4 NPs and Au–Fe3O4 NPs with different growth times. E) Zeta potential of Fe3O4 NPs and Au–Fe3O4 NPs with dif-
ferent growth times. F) Magnetic signals of Fe3O4 NPs and Au–Fe3O4 NPs with different growth times at different dilution ratios.
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that the overlarge Au NPs result in spin-canting effect at the 
surface of Fe3O4 NPs which weakens the T2 relaxivity.[5a]

2.2. Formation and Characterization of Ag@Au–Fe3O4 NPs

The formation of Ag@Au–Fe3O4 NPs was conducted in two 
steps: first, Ag+ was reduced by H2O2 to form Ag NPs. Then, 
the Ag NPs were coated on the surface of Au–Fe3O4 NPs to 
form Ag@Au–Fe3O4 NPs followed by aggregating to Fe3O4–
Au@Ag@Au–Fe3O4 NPs. In this process, the Au on Au–Fe3O4 
NPs act as a bridge. TEM was first used to characterize the Au–
Fe3O4 NPs. As shown in Figure 2A1,5, the Au–Fe3O4 NPs were 
dispersed before assembly. The HRTEM image shows that the 
interface between Fe3O4 and Au is coherent and both of them 
are single crystals (Figure 2A2). The Au–Fe3O4 NPs was further 
characterized by high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) (Figure  2A3), 
which confirmed the dumbbell-like structure of Au–Fe3O4 NPs. 
The elemental mapping was employed to confirm the pres-
ence of O (Figure 2A4), Fe (Figure 2A6), and Au (Figure 2A7) 
elements in each Au–Fe3O4. Their overlay also matched well 
with the results of TEM and HAADF-STEM (Figure  2A8). In 

the presence of H2O2, the assembly of Ag@Au–Fe3O4 NPs was 
initiated (Figure 2B1). HAADF-STEM was used to demonstrate 
the assembly of Fe3O4–Au@Ag@Au–Fe3O4 NPs (Figure  2B2). 
Ag NPs regulated by H2O2 grew on the surface of Au NPs to 
form a core–shell structure due to the similar lattice constants 
of Ag (4.09) and Au (4.08) followed by the formation of Fe3O4–
Au@Ag@Au–Fe3O4 NPs (Figure 2B5). Elemental mapping was 
also employed to confirm the presence of Fe (Figure  2B3), O 
(Figure  2B4), Au (Figure  2B6), Ag (Figure  2B7) in the Fe3O4–
Au@Ag@Au–Fe3O4 NPs. As shown in Figure 2B8, the Au seg-
ment on Au–Fe3O4 NPs was coated with an Ag shell and act as 
a bridge connecting the two Au–Fe3O4 NPs, which prove the 
process of Au–Fe3O4 NPs from dispersion to aggregation.

UV–vis spectrum was also utilized to characterize the forma-
tion of Ag@Au–Fe3O4 NPs. Ag NPs exhibit an absorbance at 
420 nm. After assembled by Ag NPs, the color of Au–Fe3O4 NPs 
changed from red to yellow, and the absorption peak changed 
from 525 to 485 nm. It suggests that Ag NPs interact with Au–
Fe3O4 NPs and form Ag@Au–Fe3O4 NPs (Figure  3A). Mean-
while, we compared the zeta potential of the Ag@Au–Fe3O4 NPs 
and Au–Fe3O4 NPs (Figure 3B). After deposition of Ag NPs, the 
zeta potential was changed from −38.2 to −33.5 mV. The nega-
tively charged Au–Fe3O4 NPs will accumulate Ag+ by electrostatic 

Figure 2. A1, A5) TEM, A2) HRTEM, A3) HAADF-STEM of Au–Fe3O4 NPs. STEM element maps of O A4), Fe A6), Au A7), and their overlay A8). B1, B5) 
TEM, B2) HAADF-STEM of Ag@Au–Fe3O4 NPs. STEM element maps of Fe B3), O B4), Au B6), Ag B7), and their overlay B8).
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interactions, and lead to a high concentration of Ag+ around the 
Au–Fe3O4 NPs, which can improve the efficiency of the fol-
lowing redox reaction to form the Ag@Au–Fe3O4 NPs. Conse-
quently, the deposited Ag NPs neutralized part of the negative 
charge of Au–Fe3O4 NPs, leading to the increase of zeta poten-
tial. The decreasing electrostatic repulsion could further facili-
tate the process of dispersed Ag@Au–Fe3O4 NPs to aggregated 
Fe3O4–Au@Ag@Au–Fe3O4 NPs. We also compared the hydrody-
namic size before and after the formation of the Ag@Au–Fe3O4 
NPs. As shown in Figure S2 (Supporting Information), the size 
of Ag@Au–Fe3O4 NPs (95.66  nm) was significantly increased 
compared with Au–Fe3O4 NPs (39.34  nm), which agree well 
with the results of TEM. The above results indicated that Ag+ 
could be reduced to Ag NPs and deposit on the surface of  
Au–Fe3O4 NPs to assemble the Ag@Au–Fe3O4 NPs.

Au–Fe3O4 NPs with different growth times were employed to 
investigated the H2O2 response performance of this sensor. As 

shown in Figure S3 (Supporting Information), after reacting with 
a series of H2O2, respectively, the Au–Fe3O4 NPs (5 times growths) 
showed the best response performance. The Au–Fe3O4 NPs  
(1 time growth) showed weaker response due to the smaller size 
of Au NPs bound on Fe3O4 NPs which led to a lower state change 
efficiency. The Au–Fe3O4 NPs (10 times growths) showed negli-
gible response when the concentration of H2O2 was lower than 
100 × 10−6 m, on account of the fact that the bigger Au NPs require 
more Ag NPs to assemble Au–Fe3O4 NPs. Under low concentra-
tion of H2O2 (lower than 100  ×  10−6  m), the generated Ag NPs 
were not enough to lead to the aggregation of Au–Fe3O4 NPs, thus 
resulting in negligible change of T2 signal. Combined with the 
magnetic signals of Au–Fe3O4 NPs with different growth times in 
Section 2.1, the Au–Fe3O4 NPs (5 times growths) was chosen as 
the magnetic probes for further assembly of Ag@Au–Fe3O4 NPs.

The effect of Ag(NH3)2OH concentration on the magnetic 
signal response of Au–Fe3O4 NPs was investigated. As shown 

Figure 3. Characterizations of Ag@Au–Fe3O4 NPs. A) UV−vis spectra of Au–Fe3O4 NPs, Ag NPs, and Ag@Au–Fe3O4 NPs. B) Zeta potential of  
Au–Fe3O4 NPs and Ag@Au–Fe3O4 NPs. C–E) TEM images of Ag@Au–Fe3O4 NPs after incubation with different concentrations of H2O2 (C: 5 × 10−6 m, 
D: 50 × 10−6 m, E: 500 × 10−6 m). F) H2O2 response performance of Ag@Au–Fe3O4–MRS biosensor. G) Linear range of H2O2 response performance 
of Ag@Au–Fe3O4–MRS biosensor.
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in Figure S4 (Supporting Information), when the concentra-
tions of Ag(NH3)2OH solution was 4.8  ×  10−3  m, the ΔT2 is 
gradually increased with the increase of H2O2 because more 
H2O2 can produce more silver and lead to the state change of 
Au–Fe3O4 NPs to a greater extent. When the concentrations 
of Ag(NH3)2OH solution is 6 × 10−3 m, the ΔT2 increased with 
the increase of H2O2 concentration from 0 to 100 × 10−6 m and 
decreased thereafter. When the concentrations of Ag(NH3)2OH 
solution was greater than 12  ×  10−3  m, the ΔT2 gradually 
decreased with the increase of H2O2 concentration. The reason 
for this change may be due to the blocking effect of silver shell. 
High concentrations of Ag(NH3)2OH promotes the production 
of more Ag NPs. Such large quantities of Ag NPs produced in 
a short time formed a shell on the whole Au–Fe3O4 NPs rather 
than Au segment, thus causing blocking effect. In general, the 
Ag(NH3)2OH (4.8  ×  10−3  m) solution shows a better response 
and a more obvious change of ΔT2 value than other concen-
trations, so we chose the Ag(NH3)2OH (4.8 ×  10−3  m)  solu-
tion to carry out the following experiments.

Under the optimal conditions, TEM was employed to study 
the state change of Ag@Au–Fe3O4 NPs under different concen-
trations of H2O2. As shown in Figure 3C–E, 5 × 10−6 m of H2O2 
induced mild aggregation (Figure 3C), 50 × 10−6 m of H2O2 led to 
moderate degree of aggregation (Figure 3D), and 500 × 10−6 m of 
H2O2 caused serious aggregation (Figure 3E), demonstrating that 
different amounts of H2O2 gave rise to different degree of aggre-
gation of Au–Fe3O4 NPs. We further studied the H2O2 response 

performance of this sensor by 0.47 NMR instrument. The results 
indicated that Au–Fe3O4 NPs have a good H2O2 response in 
the range of 0–500 ×  10−6 m (Figure 3F) and the linear range is 
20–500  ×  10−6  m (Y = 206.8X+1063.9, R2  = 0.993) (Figure  3G). 
But the ΔT2 was reduced when the H2O2 over 500  ×  10−6  m  
(Figure S5A, Supporting Information). As shown in Figure S5B 
(Supporting Information), H2O2 (1000  ×  10−6  m) caused a little 
turbidity and H2O2 (5000  ×  10−6  m) cause more severe turbidity, 
which indicates that too many Ag NPs are produced during the 
reaction. The redundant Ag NPs in the solution will affect the 
relaxation process of water molecules and reduce the ΔT2. Overall 
consideration, 500 × 10−6 m of H2O2 was chose as the final concen-
tration for further study. We also compared the stability of Ag@
Au–Fe3O4 and Ag@Fe3O4 by the determination of ten parallel sam-
ples under same conditions at different times. The results show 
that the standard deviations of Ag@Au–Fe3O4 and Ag@Fe3O4 are 
9.71 (Figure S6A, Supporting Information) and 33.35 (Figure S6B, 
Supporting Information), respectively. It indicates that the stability 
of Ag@Au–Fe3O4 composite nanoparticles is significantly better 
than that of Ag@Fe3O4 because of the bridge of Au segments.

2.3. Ag@Au–Fe3O4–MRS Immunosensor for Detection  
of Aflatoxin B1

Aflatoxin B1 has been listed as group 1 carcinogens by the 
international agency.[11] In addition, aflatoxin B1 possesses high 

Figure 4. Sensitivity and linear range of Ag@Au–Fe3O4–MRS immunosensor for detection of aflatoxin B1. A) Standard curve of Ag@Au–Fe3O4–MRS 
immunosensor for detection of aflatoxin B1. B) Linear range of Ag@Au–Fe3O4–MRS immunosensor for detection of aflatoxin B1. C) Standard curve of 
ELISA for detection of aflatoxin B1. D) Linear range of ELISA for detection of aflatoxin B1.
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chemical stability, making it difficult to be damaged by cooking 
or other machining process.[12] It is important to explore highly 
sensitive and reliable method for detecting aflatoxin B1 to ensure 
food safety. Herein, based on the above H2O2-mediated aggrega-
tion of Au–Fe3O4 nanoprobes and combined with competitive 
immunoassay, we developed an Ag@Au–Fe3O4–MRS immu-
nosensor for detection of aflatoxin B1 and investigated its analyt-
ical performance. In this Ag@Au–Fe3O4–MRS immunosensor, 
BSA-aflatoxin B1, and aflatoxin B1 competitively bound with Ab1, 
and HRP-Ab2 was further bound with the Ab1-BSA-aflatoxin B1 
on the plate. HRP-mediated enzymic catalytic reaction enabled 
the decomposition of H2O2, which was employed to amplify the 
signal. The Au–Fe3O4 nanoprobe was used to realize the quan-
titative detection of residual H2O2. Moreover, H2O2-mediated 
aggregation of Au–Fe3O4 NPs is an effective magnetic signal 
readout system, which can further amplify and output signal 
efficiently by the assembly of Ag@Au–Fe3O4 NPs. Finally, the 
quantitative determination of aflatoxin was realized. As shown 
in Figure 4A, the ΔT2 value increased with the increasing con-
centrations of aflatoxin B1. The linear range of Ag@Au–Fe3O4–
MRS immunosensor for detection of aflatoxin B1 is from 10 to 
2430 pg mL−1 (Y = 44.3X+1416.6, R2  = 0.99, X = Lg [aflatoxin 
B1]) (Figure  4B). The limit of detection (LOD) is 3.81 pg mL−1 
(LOD = 3S/M, S = 4.93, M = 3.88, where S is the value of the 
standard deviation of the blank sample, and M is the slope of 
the standard curve within the linear range of the low concentra-
tion). Under the same conditions, the linear range of enzyme-
linked immunosorbent assay (ELISA) for detection of aflatoxin 
B1 is from 90 to 2430 pg mL−1 (Y = 0.77X–1.32, R2  = 0.984, 
X = Lg [aflatoxin B1]) (Figure 4C,D). The LOD is 78.95 pg mL−1 
(LOD = 3S/M, S = 0.05, M = 0.0019). In comparison, Ag@
Au–Fe3O4-MRS immunosensor has a wider linear range and a 
lower LOD (improved about 21 folds than ELISA), which indi-
cates that this approach has a better analytical performance. 
The linear range of high-performance liquid chromatography 
(HPLC)-based method for detection of aflatoxin B1 is from 0.1 
to 10 ng mL−1 (Y = 321 802.33X+5295.34, R2 = 1.00) (Figure S7, 
Supporting Information). The LOD of the HPLC-based method 
is 33.33 pg mL−1 (S/N = 3), which is ninefold higher than that 
of our immunosensor. There are three factors contributing to 
the high sensitivity of the Ag@Au–Fe3O4–MRS immunosensor: 
1) H2O2-mediated aggregation of Au–Fe3O4 NPs is an effective 
magnetic signal generation strategy than conventional aggrega-
tion of MNPs; 2) HRP-mediated enzymatic reaction has a high 
efficiency, thus benefiting the enhancement of sensitivity; 3) the 
inherent T2 relaxivity of Au–Fe3O4 NPs enable enhancing signal 
resolution. Hence, this Ag@Au–Fe3O4–MRS immunosensor 
has a good prospect for development of a sensitive method for 
the analysis of aflatoxin B1.

We also investigated the selectivity of the proposed method 
toward aflatoxin B1 (90 pg mL−1) over other interfering analogues 
(900 pg mL−1) including aflatoxin B2, aflatoxin G1, and aflatoxin 
G2. As shown in Figure S8 (Supporting Information), only the 
aflatoxin B1 caused a significant change of T2 value, and other 
analogues triggered negligible effect on the T2 signal. To further 
evaluate the accuracy of this assay, different concentrations of 
aflatoxin B1 were spiked in blank fodder samples to investigate 
the recovery of Ag@Au–Fe3O4–MRS immunosensor. As a result, 
the recovery rate of Ag@Au–Fe3O4–MRS immunosensor is from 

80.66% to 91.48% and the coefficient of variation is from 6.49% 
to 11.27%, which demonstrated the good accuracy of our assay 
(Table S1, Supporting Information). In comparison, the recovery 
rate of Ag@Fe3O4-MRS biosensor is from 63% to 106.3% and 
the coefficient of variation is under 18.5%,[4] which indicates 
that the reproducibility and reliability of Ag@Au–Fe3O4–MRS 
is better than that of Ag@Fe3O4–MRS (Table S2, Supporting 
Information). One of the main reasons is that Au segments on 
Au–Fe3O4 NPs act as a bridge to induce the state change, which 
greatly improves the stability of MRS biosensor.

2.4. Real Sample Analysis

To testify the practical application of the Ag@Au–Fe3O4–
MRS immunosensor, we applied it to detect aflatoxin B1 in 
15 fodder samples from the Hubei Feed Quality Station of 
analysis and supervisor, which have been detected by HPLC 
(GB/T 36858-2018). As show in Figure 5A, sample 2, 5, 8, 10, 

Figure 5. Detection of aflatoxin B1 in fodder samples. A) Comparison 
of Ag@Au–Fe3O4–MRS immunosensor and HPLC for the detection of 
aflatoxin B1 in fodder samples. B) Consistency between Ag@Au–Fe3O4–
MRS immunosensor and HPLC for the detection of aflatoxin B1 in fodder 
samples. “✓” represents the positive samples and others are negative 
samples. The error bars represent the standard deviation of three repli-
cates (n = 3).
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14 were detected to be aflatoxin B1-positive by Ag@Au–Fe3O4–
MRS immunosensor, and other samples were negative. These 
results were in good consistency with that of the HPLC method 
(Figure  5B), indicating the good accuracy of Ag@Au–Fe3O4–
MRS immunosensor for detection of small molecules such as 
aflatoxin B1. Compared with HPLC, the Ag@Au–Fe3O4–MRS 
immunosensor is cost-effective. It is estimated that the price 
of one sample tested by HPLC is ≈7.5 dollars and it is about  
0.6 dollars using the Ag@Au–Fe3O4–MRS immunosensor. 
Moreover, the Ag@Au–Fe3O4–MRS immunosensor is simple 
and time-saving without the requirement of expensive instru-
ment, which is a promising bioassay for rapid and on-site 
detection. This assay provides a novel platform for food safety 
analysis, environmental monitoring, clinical diagnosis, etc.

3. Conclusion

In general, we report an Ag@Au–Fe3O4–MRS immunosensor 
for detection of aflatoxin B1 with high sensitivity and stability. 
The H2O2-mediated assembly of Ag@Au–Fe3O4 is a highly effi-
cient reaction, which enables to effectively change the state of 
Au–Fe3O4 (from dispersion to aggregation), contributing to the 
high sensitivity of this immunosensor. In addition, the Ag@
Au–Fe3O4 possess good stability than Ag@Fe3O4 due to the 
connection of Au NPs, which is beneficial to the stability of this 
assay. In the future work, we will focus on the high-throughput 
MRS biosensor by combining microfluidic chip technology and 
miniaturized low-field NMR instrument.

4. Experimental Section
Materials and Apparatus: Bovine serum albumin (BSA), aflatoxin B1 

was obtained from Sigma-Aldrich (Shanghai, China). Monoclonal mouse 
antibody for aflatoxin B1 (Ab1) and complete antigen (BSA-aflatoxin B1) 
were purchased from Shanghai Yuduo Biotechnology Co., Ltd. (China). 
HRP-labeled sheep antimouse secondary antibody (HRP-Ab2) were 
purchased from Beijing Biodragon Immunotechnologies Co., Ltd (China). 
Oleylamine, oleic acid, 1-octadecene, tetramethylammoniumhydroxide 
(TMAH), HAuCl4·4H2O, trisodium citrate (TSC), and Fe(CO)5 were 
obtained from Sigma-Aldrich (Shanghai, China). Hydrogen peroxide 
(H2O2), ammonia solution, AgNO3, and KOH were obtained from 
Sinopharm Chemical Reagent Co., Ltd. (China). Phosphate buffered 
saline (PBS, pH 7.4) and PBST (containing 0.05% Tween-20) were 
prepared in deionized water produced by Millipore Milli-Q ion exchange 
apparatus.

The UV-1800 (Shimadzu Suzhou Instruments Mfg. Co, Ltd. China) 
was used to perform spectral measurements of Au–Fe3O4 and Ag@
Au–Fe3O4. The morphology of the nanostructures was observed using 
a Philips Tecnai TEM. HR-TEM, HAADF-STEM, and energy dispersive 
X ray elemental mapping measurements were carried out on a Tecnai 
F30 microscope. The Nano ZS (Malvern Instruments Ltd. England) was 
used to analyze the size and Zeta potential change of Ag@Au–Fe3O4 
NPs. 0.47T NMR instrument (PQ001) (Shanghai Niu mag Corp.) was 
used to measure the T2 values. And CPMG pulse sequences was used 
for T2 measurements with the following parameters: the NMR frequency 
(19.00  MHz); TW (5000  ms); TE (1  ms); PRG (3); NECH (8000); SW 
(100).

Preparation of Ag (NH3)2OH Solution: Ag(NH3)2OH solution 
was prepared according to the previous work.[13] In brief, 200  µL of 
NH3·H2O (15 m) were added into 6  mL of AgNO3 (0.1 m) and gently 
shaken for 1 min to dissolve the brown precipitate. Then, 3 mL of KOH  

(0.8 m) solution was added into the mixture followed by adding 190 µL 
of NH3·H2O (15 m) to dissolve the newly formed precipitate. Finally, the 
mixture was metered a final volume of 25  mL by deionized water. The 
Ag(NH3)2OH solution was stored in the dark at 4 °C.

Synthesis of Fe3O4 NPs: The preparation of Fe3O4 NPs was conducted 
according to our previous work.[8] In brief, 1-octadecene (20 mL) and oleic 
acid (2 mL) were added into a three-neck flask and mixed homogeneously 
followed by heating up to 100 °C under stirring. Then, 0.4 mL of Fe(CO)5 
(3.04  mmol) were injected into the flask, and the mixture was heated 
at 180  °C for another 20 min. In this process, the color of the solution 
changed from yellow to black, indicating the decomposition of Fe(CO)5. 
The temperature was then elevated to 295  °C and kept for 1 h with a 
nitrogen bubbling. The resulting black solution was cooled down to room 
temperature. Acetone (20  mL) was added to precipitate the product, 
followed by centrifugation. The precipitated products were resuspended 
by TMAH (10%, 20 mL) and sonicated for 10 min. Finally, the Fe3O4 NPs 
were dispersed in 20 mL of ultrapure water.

Synthesis of Au–Fe3O4: The preparation of Au–Fe3O4 was performed 
according to the previous work.[8] Gold precursor (HAuCl4, 2.5  µmol)) 
was added into the boiling solution that contained Fe3O4 NPs (0.5 mL) 
and TSC (10 mg mL−1, 0.5 mL), and the mixture was heated for another 
30 min to obtain the Au–Fe3O4 heterodimers. To grow heterodimers with 
larger Au NPs, increasing amounts of HAuCl4 (10 × 10−3 m) at 1.25 and 
2.5 mL along with the equal volume of TSC (10 mg mL−1) were added 
into the above solution under boiling. These HAuCl4 and TSC solution 
were added at a rate of 0.05 mL min−1. Finally, the mixture was heated 
for another 30 min.

Ag@Au–Fe3O4-Mediated Magnetic Signal Readout: 20  µL of different 
concentrations of H2O2 was added into the mixture of Au–Fe3O4 (diluted 
100 times, 100  µL) and Ag(NH3)2OH (4.8  ×  10−3  m, 200  µL) solution. 
After that, the mixture was incubated at 37 °C for 5 min to form the Ag@
Au–Fe3O4. Finally, the above solution was measured by a 0.47T NMR 
instrument (PQ001) to obtain the T2 values.

Preparation of BSA-Aflatoxin B1-Coated Plate: The complete antigen 
(BSA-aflatoxin B1) was diluted to 10  µg mL−1 with carbonate buffer 
solution (0.05 m, pH = 9.6). 100  µL of BSA-aflatoxin B1 solution was 
coated on the 96-well plate and incubated at 4 °C for 12 h followed by 
washing with PBST (PBS with additional 0.05% Tween-20, pH = 7.4,  
0.01 m) three times. 200  µL of 5% BSA solution was added into the 
plate and incubated at 37 °C for 30 min to block redundant sites. After 
washing with PBST three times, the coated plate was stored at 4 °C for 
further use.

Ag@Au–Fe3O4–MRS Immunosensor for Detection of Aflatoxin B1: Ab1 
(50  µL, 5  µg mL−1) and different concentrations of aflatoxin B1 (2430, 
810, 270, 90, 30, 10, 1, and 0 pg mL−1) were mixed, respectively, and 
gently stirred at 37 °C for 15 min. After that, the mixture was transferred 
into the coated plate to react with BSA-aflatoxin B1 for 30 min at 37 °C 
followed by washing with PBST three times to remove the Ab1-aflatoxin 
B1 and nonreacted Ab1. Then 100  µL of HRP-Ab2 was added into the 
plate and incubated for 30 min. After washing with PBST three times and 
water two times, 50 µL of H2O2 (500 × 10−6 m) was added into the plate 
and incubated at 37 °C for 15 min. Then, 20 µL of the above solution was 
transferred into the mixture of Au–Fe3O4 (diluted 100 times, 100 µL) and 
Ag(NH3)2OH (4.8 × 10−3 m, 200 µL) solution and incubated at 37 °C for 
5 min followed by the T2 measurement.

Enzyme-Linked Immunosorbent Assay (ELISA) for Detection of Aflatoxin 
B1: Ab1 (50 µL, 5 µg mL−1) was mixed with different concentrations of 
aflatoxin B1 (2430, 810, 540, 270, 90, 30, and 0 pg mL−1), respectively. 
After being stirred at 37 °C for 15 min, the mixture was transferred into 
the BSA-aflatoxin B1-coated plate and incubated at 37  °C for 30  min. 
After washing with PBST three times 100  µL of HRP-Ab2 was added 
into the plate and incubated for 30 min followed by washing with PBST 
five times. 100 µL of tetramethylbenzidine was added into the plate and 
incubated at room temperature for 15 min. Finally, 50 µL of H2SO4 (2 m) 
was used to terminate the reaction and the OD450 of the above solution 
was measured by a microplate reader.

Detection of Aflatoxin B1 in Fodder Samples: Fifteen fodder samples were 
provided by the Hubei Feed Quality Station of analysis and supervisor, 
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which have been detected by HPLC according to GB/T 36858-2018. These 
samples were grinded up. 5 g of powder samples were mixed with 20 mL 
of 70% methanol/aqueous solution followed by shaking for 20 min and 
keeping undisturbed for 10 min at room temperature. After centrifuging 
at 6000 rpm for 10 min, the supernatant was filtered with a 0.22 µm filter 
and the solution was diluted ten times using PBST solution. Finally, the 
diluted solutions were detected by Ag@Au–Fe3O4-MRS immunosensor. 
Each sample was tested in triplicate.
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