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Abstract
A “turn on” time-resolved fluorometric aptasensor is described for the simultaneous detection of zearalenone (ZEN), trichothecenes A
(T-2), and aflatoxin B1 (AFB1). Multicolor-emissive nanoparticles doped with lanthanide ions (Dy3+, Tb3+, Eu3+) were functionalized
with respective aptamers and applied as a bioprobe, and tungsten disulfide (WS2) nanosheets are used as a quencher of time-resolved
fluorescence. The assay exploits the quenching efficiency ofWS2 and the interactions betweenWS2 and the respectiveDNAaptamers.
The simultaneous recognition of the three mycotoxins can be performed in a single solution. In the absence of targets, WS2 is easily
adsorbed by themixed bioprobes via van derWaals forces between nucleobases and theWS2 basal plane. This brings the bioprobe and
WS2 into close proximity and results in quenched fluorescence. In the presence of targets, the fluorescence of the bioprobes is restored
because the analytes react with DNAprobe andmodify their molecular conformation toweaken the interaction between theDNAs and
WS2. Under the optimum conditions and at an excitation wavelength of 273 nm, the time-resolved fluorescence intensities (peaking at
488, 544 and 618 nm and corresponding to emissions of Dy3+, Tb3+ and Eu3+) were used to quantify ZEN, T-2 andAFB1, respectively,
with detection limits of 0.51, 0.33 and 0.40 pg mL−1 and a linear range from 0.001 to 100 ng mL−1. The three mycotoxins can be
detected simultaneously without mutual interference. The assay was applied to the quantification of ZEN, T-2 and AFB1 in (spiked)
maize samples. This homogeneous aptamer based assay can be performed within 1 h. Conceivably, it can become an alternative to
other heterogeneous methods such as the respective enzyme-linked immunosorbent assays.
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Mycotoxins

Introduction

Mycotoxins are naturally occurring secondary metabolites
that are produced by fungi during their growth [1]. The most

common mycotoxins found in maize include ochratoxin A,
aflatoxins (especially aflatoxin B1), T-2 toxin, and zearalenone
[2]. In this study, ZEN, T-2 and AFB1 were chosen as targets
to monitor in maize due to their severe damage and toxicity to
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human health. ZEN can affect the mammal’s reproductive
system in terms of decreased fertility and abortions [3]. T-2
toxins are toxic to the immune system and also cause cytotox-
ic and immunosuppressive injury by preventing RNA and
DNA synthesis [4]. AFB1 are the most toxic and predominant
mycotoxins which are classified as a Group 1 carcinogen by
the International Agency for Research on Cancer (IARC) due
to their carcinogenic, teratogenic and mutagenic potential [5].
Consequently, the development of a sensitive, easy-to-use and
rapid assay for the quantification of multiple mycotoxins in
cereals is highly desirable in agro-food analysis.

Conventional methods including high-performance liq-
uid chromatography, gas chromatography-mass spectrom-
etry and liquid chromatography tandem mass spectrome-
try [6, 7] have been established for screening of myco-
toxins. Although these techniques offer sufficient accura-
cy, sensitivity and good repeatability, laborious sampling
and trained personnel are required for measurements.
Antibodies-based immunoassays i.e. microarray-based im-
munoassay [2], enzyme-linked immunosorbent assay [8],
time-resolved fluoroimmunoassay [9], time-resolved fluo-
rescent immunochromatography analysis [10] have been
used as simple, fast and effective methods for detection of
mycotoxin. However, antibodies are obtained from an ex-
pensive and long procedure and also antibodies are vul-
nerable to the environment, leading to poor detection per-
formances. Thus, it is a great challenge to accomplish
sensitive and rapid simultaneous recognition of myco-
toxins in real samples.

Lanthanide doped inorganic nanoparticles have been rec-
ommended as an encouraging innovative type of fluorescent
probes. The Ln3+-doped time-resolved fluorescence nanopar-
ticles (TRFNPs) possess following advantages, such as favor-
able biocompatibility, resistance to photobleaching, high
chemical stability, low cytotoxicity, multicolor doping, con-
trolled and simple synthesis, large Stokes shifts, and extensive
fluorescence lifetimes [11]. These characteristics can elude the
overlap between the emission and excitation spectra of the
fluorophore; therefore, can be used to develop a new fluores-
cence bioprobes for food safety assays. Moreover, using the
long life time fluorescence emission of Ln3+ ion compounds
can diminish the background noises efficiently. Thus, as com-
pared to conventional fluorescent assays, time-resolved fluo-
rescent assay offers high signal-to-noise ratio in fluorescence
based biodetection. Furthermore, aptamers comparable to
antibodies can also offer features such as high binding
affinity to targets, easier synthesis, lower immunogenicity,
smaller size, versatile chemistry and better thermal stabil-
ity [12]. As compare to biosensors using natural receptors
i.e. enzymes and antibodies, the aptamer based biosensor
have following benefits i.e. high specificity, chemical sta-
bility, high affinity to targets, high purity and reproduc-
ibility through commercial synthesis and great flexibility

[13]. In combination with aptamers, lanthanides and their
complexes were used as signaling units. They have been
used in the aptasensors to detect Staphylococcus aureus
enterotoxins [14], ricin [15] and Salmonella typhimurium
[16]. Conversely, its grouping with aptamers for detection
of mycotoxin has not been studied so far.

WS2 nanomaterial, which is 2D layered and has S-W-S
sandwich structures, is one of the newly emergent transition
metal dichalcogenides (TMDC) [17]. Up to now, only few
WS2 nanosheet-based bioassays have been reported [18, 19],
mostly related with quenching of dye byWS2 [18, 20, 21]. As
reported by the previous works, WS2 has been applied in
fluorescence based assays due to its differential affinity to-
wards single stranded and double-stranded DNA (ssDNA
and dsDNA) [21, 22], but the applications in time-resolved
fluorescence aptasensor is not very common. Thus, there is an
urgent necessity to discover the new use of WS2 as fluores-
cence quencher for time-resolved fluorescence in the area of
biosensor. Moreover, WS2 presented extraordinarily high
fluorescence quenching efficiency over grapheme oxide,
which is very important for the sensitivity of quenching and
recovery based biosensor [21]. Consequently, inspired by the
above findings, we believe that WS2 can be applied as fluo-
rescence quencher for quenching and restoration based bio-
sensor for the detection of ZEN, T-2 and AFB1.

In this study, a new “turn on” aptasensor was designed
(Fig. 1) for sensitive and rapid simultaneous recognition of
three mycotoxins (ZEN, T-2 and AFB1). Herein, simultaneous
detection were carried out using aptamers as specific detection
element conjugated to Ln3+ (Ln3+ = Dy3+, Tb3+, Eu3+) doped
TRFNPs and WS2 as fluorescence quencher. The presented
aptasensor indicate the novel use of strong fluorescence and
long lifetime of TRFNPs and also unique quenching efficien-
cy of WS2 for the quantitative analysis of mycotoxins.
Besides, the method can quantify ZEN, T-2 and AFB1 in real
sample. The aptasensor has been confirmed to display high
sensitivity, high-throughput and appropriate simultaneous rec-
ognition of three mycotoxins.

Materials and methods

Reagents

YCl3.6H2O was obtained from Aladdin chemistry Co. Ltd.
(Shanghai, China) (http://www.aladdin-e.com). EuCl3.6H2O,
TbCl3.6H2O and DyCl3.6H2O were bought from Sigma-
aldrich (www.sigmaaldrich.com). Polyethylenimine (PEI, ca.
30% in water) was obtained from TCI (Shanghai, China)
Development Co., Ltd. (http://www.tcic hemicals.com). The
glutaraldehyde solution (25% in V/V), ethylene glycol, KCl,
NH4F, ethanol and all the chemicals used for solutions and
buffers preparation were purchased from Sinopahrm chemical
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reagent Co., Ltd. (China) (http://www.sinoreagent.com). The
tungsten disulfide (WS2) nanosheet was bought from Nanjing
XF Nano Material Tech Co., Ltd. (Nanjing, China). Avidin
was purchased from Sangon Biotech Company (China)
(http://www.sangon.com). The ZEN, T-2 and AFB1 aptamers
[23–25] were manufactured by Sangon Biotech Company
(China) (http://www.sangon.com). The sequences of the
ZEN, T-2 and AFB1 aptamers were 5′-biotin-TCATCT ATC
TAT GGTACATTA CTATCTGTAATG TGATATG-3′, 5′-
biotin-CAGCTCAGAAGCTTGATCCTG TATATCAAG
CATCGCGTGTTTACACATGCGAGAGGTGAAGAC
TCG AAG TCG TGC ATC TG-3′, and 5′-biotin AGC AGC
ACA GAGGTC AGATGG TGC TAT CAT GCG CTC AAT
GGGAGA CTT TAG CTG CCC CCA CCTATG CGTGCT
ACC GTG AA-3′, respectively.

Instrumentation

Powder XRD pattern was measured by a D8 Avance (Bruker
AXS Ltd., Germany) with Cu-Kα radiation (λ = 0.1540 nm).
TEM images of NPs were obtained by a JEOL model 2100
HR instrument (TEM, JEOL, Ltd., Japan) working at 200 kV
accelerating voltage. The time-resolved fluorescence spectra
(TRF) were measured by using a Synergy H1 multi-mode
microplate reader (BioTek Instruments, Inc., Highland Park,
USD) in time-resolved mode spectra scan with an excitation
wavelength of 273 nm. UV-Vis absorption spectra were

measurement by UV-1800 spectrophotometer (Shimadzu
Co., Japan). The surface examination of WS2 nanosheet was
done by using a Dimension Icon Atomic Force Microscope
System (AFM, Bruker Co., Germany).

Preparation of amine functionalized Ln3+ doped KYF4
NPs

Ln3+ (Ln3+ = Dy3+, Tb3+ and Eu3+) doped KYF4 NPs
were prepared by one-step solothermal procedure [26]
with some changes. The detail method is described in
supporting information.

Preparation of aptamer modified KYF4: Ln
3+

multicolor bioprobe

First of all, avidin-modified KYF4: Ln
3+ NPs were obtain-

ed via earlier published classical glutaraldehyde procedure
[14]. The avidin-functionalized KYF4: Ln

3+ NPs and 5′-
Biotin-labeled aptamers were bounded through high affin-
ity avidin-biotin system. The detail method is described in
supporting information.

Procedure for simultaneous detection of mycotoxins

In the following experiment, ZEN aptamer modified KYF4:
Dy3+, T-2 aptamer modified KYF4: Tb

3+ and AFB1 aptamer

Fig. 1 Schematic demonstration of the time-resolved fluorescence based
aptasensor for simultaneous detection of the mycotoxons zearalenone,
trichothecenes A and aflatoxin B1 using multicolor time-resolved

fluorescence nanoparticles (KYF4 NPs) as signal probe and tungsten
disulfide as quencher
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modified KYF4: Eu3+ TR-FNPs (final concentration
1 mg mL−1) were mixed with PBS (10 mmol mL−1

Na2HPO4, 137 mmol mL−1 NaCl, 2.7 mmol mL−1 KCl and
2 mmol mL−1 KH2PO4) followed by the addition of
0.3 mg mL−1 of WS2 nanosheet solution at room temperature
for 20 min. Then, various concentrations of targets solutions
were added into above mixture to give the final volume of
200 μL to each well. The whole mixture was incubated for
40 min at 37 °C and then TRF emission spectra were mea-
sured using microplate reader. The conditions were set as fol-
lows; Synergy H1 multi-mode micro-plate reader in time-
resolved mode at emission wavelengths of 488, 544 and
618 nm corresponded with Dy3+, Tb3+ and Eu3+, respectively,
and an excitation wavelength of 273 nm, while the delay and
gate times were set to be 100 μs and 1000 μs, respectively. All
the intensity measurements were measured in triplicate.

Sample preparation

5 g of ground maize samples and 5 g of NaCl were put into a
flask of 100 mL and then extracting solution (methanol +
water; 7:3 (v:v)) was added into the flask upto the mark. The
mixture was homogenized, stirred and extracted for 2 min.
Next, the mixture was filtered and 10 mL of the filtrate was
added into another flask (50 mL), followed by addition of
water to the mark and mixed the whole mixture properly.
The final mixture was filtered again using filter paper (glass
fiber) to get very clear solution. The samples were used for
standard addition and recovery experiment. The standard so-
lutions of ZEN, T-2 and AFB1 were added to the sample
before adding the extracting solution.

Results and discussion

Detection scheme

Figure 1 illustrate the principle of this “turn on” fluorometric
strategy. A sensitive aptasensor is presented for the simulta-
neous determination of ZEN, T-2 and AFB1 based on the
fluorescence quenching-restoration principle. The ZEN
aptamer modified KYF4: Dy

3+, T-2 aptamer modified KYF4:
Tb3+ and AFB1 aptamer modified KYF4: Eu

3+ TRFNPs ex-
hibited high fluorescence at 273 nm excitation wavelength. In
the absence of targets, WS2 is easily adsorbed by the mixing
bioprobe via van der Waals forces between nucleobases and
the WS2 basal plane [22]. This brings the bioprobe and WS2
into close proximity and results in quenched fluorescence. In
the presence of targets, fluorescence of bioprobe restored be-
cause the targets react with DNA probe and modify their mo-
lecular conformation that weakened the interaction between
the DNA and WS2. Moreover, the weak affinity of WS2 to-
wards dsDNA leading the bioprobe to switch away from the

surface of WS2 resulted in strong fluorescence signal. Thus, a
highly sensitive and specific recognition of ZEN, T-2 and
AFB1 were attained by measuring the fluorescence signals
of the reaction system.

Characterization of Ln3+ doped KYF4 NPs and WS2

Ln3+ (Ln3+ = Dy3+, Tb3+, Eu3+) doped KYF4 NPs were
prepared by one-step solothermal method with PEI as cap-
ping material. PEI was used to control the growth of the
NPs and render them water soluble and surface functional-
ized for further linkage of biomolecule by bio-conjugate
chemis t ry. TEM images (F ig . 2a ) demons t r a t e
monodispersity and uniformity of the NPs with an average
diameter of about 25 nm. The XRD patterns (Fig. S1a) of
NPs exhibit peaks position and intensities that can be well
indexed to the pure cubic KYF4 crystal [27] and no impu-
rities or traces of other phases were identified, indicating
high crystallinity of the NPs. Furthermore, the fluores-
cence emission spectra of separate (Fig. S1b, c & d) and
combined (Fig. 2c) Ln3+ doped KYF4 NPs were measured
at 273 nm excitation wavelength. The Ln3+ (Ln3+ = Dy3+,
Tb3+, Eu3+) doped KYF4 NPs display different emissions
at 488 nm (4F9/2 to

6H15/2) for Dy
3+, 544 nm (5D4 to

7F5)
for Tb3+ and 618 nm (5D0 to

7F2) for Eu
3+.

The WS2 nanosheets were characterized by TEM (Fig. 2b)
and AFM (Fig. S2). The TEM and AFM images demonstrate
the triangular shape and thickness of about 1.3 nm of WS2,
indicating the few-layer structure of nanosheet. Besides, there
is a good overlap (Fig. 2d) between the broad absorption
spectra of WS2 nanosheet and emission spectra of multicolor
TRF-NPs which present the good conditions for fluorescence
quenching of TRF-NPs by WS2 nanosheet.

Characterization of NPs conjugated to avidin
and aptamers

The TRF-NPs were conjugated with avidin and aptamers, re-
spectively. The UV-vis spectrophotometer was used to de-
scribe the avidin conjugated NPs. Fig. S3 shows the decrease
in peak intensities at 280 nm after functionalized with avidin,
indicating a successful attachment of avidin to NPs. Fig. S4
exhibits the weak peak intensities at 260 nm after functional-
ized with aptamers, representing a successful attachment of
aptamers to NPs by avidin-biotin system.

Optimization of the aptasensor

The WS2 nanosheet concentration has a significant effect on
the fluorescence quenching. Therefore, the effect of WS2
nanosheet concentration on time-resolved fluorescence inten-
sity (TR-FI) was studied. As shown in the Fig. S5, different
concentrations of WS2 nanosheet ranging from 0.0 to
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0.5 mg mL−1 were used. The time-resolved fluorescence in-
tensity (TR-FI) decreased gradually with the increase in the
concentration of WS2 from 0.01 to 0.2 mg mL−1 and then
became stable from 0.3 to 0.5 mg mL−1 which shows the FI
of aptasensor was quenched by the WS2. Therefore,
0.3 mg mL−1 was used as optimized WS2 concentration for
following experiments.

In order to verify the quenching efficiency of WS2
nanosheet, the WS2 was incubated with three different
fluorescent probes and the incubation time was investigat-
ed. As shown in the Fig. S6, the fluorescence intensity for
KYF4: Dy

3+ bioprobe incubated with WS2 was quenched
after 15 min while the fluorescence intensities for KYF4:
Tb3+ and KYF4: Eu

3+ bioprobes incubated with WS2 were
quenched after 20 min. Considering the three mycotoxins
detected in the same system, 20 min was selected as op-
timized incubation time for fluorescence quenching by
WS2 for the subsequent experiments.

Furthermore, the interference tests for ZEN, T-2 and AFB1

were performed separately using multicolor aptasensor. Firstly,
the proper ratio of the three color bioprobes (Dy3+, Tb3+, Eu3+ =

3: 1: 2) was adjusted to make multicolor bioprobe. The multi-
color bioprobe was incubated with WS2 for 20 min and then
1 ngmL−1 of eachmycotoxins was added separately. The whole
mixture was incubated for 40 min at 37 °C. Then TRF emission
spectra were measured. As shown in the Fig. 3a–c, in the ab-
sence of ZEN, T-2 andAFB1 the original FI ofmixing bioprobes
was significantly quenched byWS2 (red curve).When ZENwas
added separately to the sensing probe, the FI of the respective
probe (at 488 nm) was restored (Fig. 3a), while FI of other
probes were almost quenched. Similarly, when T-2 and AFB1

were added separately to the sensing probe, the FI of their re-
spective probes at 544 nm (Fig. 3b) and 618 nm (Fig. 3c) re-
spectively, were restored while FI of other probes were still
quenched. The result indicated that there is a clear difference
between the emission spectra of bioprobes incubated with re-
spective target and bioprobes incubated with WS2. It has been
confirmed that the bioprobes with NPs of multi-color fluores-
cence emission can distinguish among the three mycotoxins and
can detected three mycotoxins simultaneously without interfer-
ing each other. Consequently, the aptasensor has potential to
detect ZEN, T-2 and AFB1 individually and simultaneously.

Fig. 2 TEM image of Ln3+ doped KYF4 NPs (a), TEM image ofWS2 nanosheet (b), fluorescence emission spectra of mixture multi-color time-resolved
fluorescence nanoparticles (c) and the overlap of absorption spectra of WS2 and emission spectra of time-resolved fluorescence nanoparticles
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Fig. 3 The measurement of fluorescence emission spectra of multi-color
bioprobe for ZEN (a) T-2 (b) and AFB1 (c), separately and emission
spectra of mixed multi-color bioprobes (d) at different conditions;

bioprobes (curve a), bioprobes incubated with targets (curve b), bioprobes
incubated with WS2 and also with targets (curve c) and bioprobes only
incubated with WS2 (curve d), respectively

Fig. 4 Fluorescence emission spectra (a) and standard curve (b) for simultaneous detection of three mycotoxins
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Moreover, the feasibility of the aptasensor was proved by
examining the fluorescence spectra of detection solutions at
different conditions as shown in Fig. 3d. The strong fluores-
cence of bioprobes (curve a) was quenched byWS2 nanosheet
(curve d). However, the fluorescence signals were restored
after the addition of targets due to the removal of bond be-
tween DNA and WS2 (curve c). Besides, in the absence of
WS2, the presence of target slightly affects the fluorescence
(curve b) indicating that the target itself does not have signif-
icant effect on the fluorescence of bioprobe. The above results
verified the feasibility of the aptasensor.

Analytical performance

In our control experiment, three emissions at 488, 544 and
618 nm for Dy3+, Tb3+ and Eu3+ were selected for simulta-
neous quantification of ZEN, T-2 and AFB1, respectively.
Based on the optimized conditions, various concentrations
(0.001–100 ng mL−1) of ZEN, T-2 and AFB1 were detected.
As shown in the Fig. 4a, increase in the TRF intensities was
proportional to the increase in the concentrations of myco-
toxins because more target bind with TRFNPs-Apt, more
TRFNPs-Apt switched away from the surface of WS2 nano-
sheet resulted in enhanced FI. Figure 4b shows a linear rela-
tionship between the TRF intensity (F.I) and log concentration
of targets. A strong linear correlation (R2 = 0.9947, y =
7920.41 + 1969.39*x) between the F.I at 488 nm and log con-
centration of ZEN was observed. There is also a good linear
relationship between the F.I at 544 nm (R2 = 0.9972, y =
21,690.45 + 5304.80*x) and 618 nm (R2 = 0.9909, y =
18,516.77 + 4625.50*x) and log concentration of T-2 and
AFB1, respectively were noted. The results suggested that
aptasensor can be applied for simultaneous detection of
ZEN, T-2 and AFB1.

The sensitivity of the aptasensor was also observed.
Statistical results exhibited that the limit of detection (LOD)
of ZEN, T-2 and AFB1 were 0.51 pg mL−1, 0.33 pg mL−1 and
0.40 pg mL−1, respectively, which is lower than others report-
ed methods. A comparison table (Table 1) is given between
our aptasensor and earlier methods for ZEN, T-2 and AFB1

detection. It demonstrates that our method for simultaneous
recognition of ZEN, T-2 and AFB1 has wider working range
and lower LOD than others methods. The above findings
proved that our method is highly efficient and sensitive.

Selectivity of assay

In order to test the selectivity of the aptasensor, the five my-
cotoxins including OTA, FB1, AFB2, DON and Patulin were
added to the sample solution as interferences. In our research,
specificity of aptasensor is highly depends on aptamers. The
change in the fluorescence intensity (ΔF.I) was measured by
following the samemethod as used for simultaneous detection Ta
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of ZEN, T-2 and AFB1. Herein, ΔF.I = F–F0 where F and F0
were the fluorescence intensities at 488, 544 and 618 nm in the
presence and absence (Probe + WS2) of targets. The fix con-
centration of 0.1 ng mL−1 for all the mycotoxins was interro-
gated. Figure 5 shows that no obvious change in the fluores-
cent response was detected when the interferences were in the
sample. In contrast, very strong fluorescence intensities were
detected when ZEN, T-2 or AFB1 were in the sample. These
results clearly indicated that the aptasensor has suitable selec-
tivity for ZEN, T-2 and AFB1 detection which was credited to
the characteristic and high specificity of the aptamers toward
ZEN, T-2 and AFB1.

Real food sample analysis

To explore the effectiveness of the aptasensor, tests for
ZEN, T-2 and AFB1 were performed in maize sample to
measure the recoveries by standard addition method. The
samples were tested by ZEN, T-2 and AFB1 ELISA test
kits to confirm that maize samples were not contaminated
with ZEN, T-2 and AFB1. The samples were spiked with
0.05, 0.5, 5 and 50 ng mL−1 ZEN, T-2 and AFB1. The
spiked samples were examined by new method and
ELISA method to detect ZEN, T-2 and AFB1. The recov-
ery results are summarized in Table S1. The recoveries
obtained from our method for ZEN, T-2 and AFB1 were
in the range of 94.4–98.0%, 90.0–92.0% and 87.0–96.0%,
respectively. The recoveries obtained from ELISA for
ZEN, T-2 and AFB1 were in the range of 98.0–102%,
92.2–100% and 96.0–112%, respectively. These results
confirm the fluorescent assay as a suitable recognition
method. Moreover, the results shown in Fig.S7 indicate
that there is no significant difference between two
methods and they are particularly correlated. The results

indicate that the aptasensor can be applied to the determi-
nation of ZEN, T-2 and AFB1 in agricultural products.

Conclusion

We report that the unique interaction between WS2 and DNA
can be used to construct time-resolved fluorescence nanopar-
ticles based aptasensor for simultaneous recognition of ZEN,
T-2 and AFB1. The present method has several significant
features. First, it uses the strong fluorescence emission and
long luminescence lifetimes of time-resolved fluorescence
nanoparticles. Second, it uses extraordinarily high fluores-
cence quenching efficiency of WS2 which is very important
for the sensitivity of quenching and recovery based biosensor.
This aptasensor showed high selectivity, sensitivity and stabil-
ity owing to the unique WS2 to DNA interaction and the
definite aptamer to target recognition. Moreover, the detection
limit of present aptasensor was much lower than most other
reported assays and also homogeneous assay design made the
method convenient without washing and separation steps.
However, the method requires several operational steps and
important nanotechnology skills in order to be reproduced by
others. Conversely, it would be easy to simplify this strategy to
detect the multiple targets using different aptamers.
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