
Fluorescence Resonance Energy Transfer Aptasensor of Ochratoxin
A Constructed Based on Gold Nanorods and DNA Tetrahedrons
Liling Hao, Mengqiu Li, Kaimin Peng, Tai Ye, Xiuxiu Wu, Min Yuan, Hui Cao, Fengqin Yin, Huajie Gu,
and Fei Xu*

Cite This: J. Agric. Food Chem. 2022, 70, 10662−10668 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Ochratoxin A (OTA) contamination of corn has received significant attention due to the wide distribution and high
toxicity of OTA. The maximum residue limit standard of OTA in corn has been established by the Chinese Government and other
unions. Nanoparticle-based fluorescence resonance energy transfer (FRET) assays are promising methods for the sensitive and fast
detection of OTA. However, satisfactory detection sensitivity is commonly achieved with complicated signal amplification processes
or specific nanoparticle morphologies, which means that these assays are not conducive to fast detection. This study proposes a
simple and novel strategy to improve the sensitivity of FRET aptasensors. In this strategy, a DNA tetrahedron was first used in gold
nanorod-based FRET aptasensors. DNA tetrahedron-modified gold nanorods are used as fluorescent acceptors, and Cy5-modified
complementary sequences of the OTA aptamer are used as fluorescent donors. The aptamers of OTA are embedded in the DNA
tetrahedrons, and FRET occurs when the aptamers hybridize with the Cy5-modified complementary sequences. The aptamer-
integrated DNA tetrahedron modified on the surface of gold nanorods acts as an anchor, thus avoiding the crowding and
entanglement of aptamers. Due to the competitive combination between the OTA aptamers and complementary sequences, the
greater the amount of OTA, the less the amount of Cy5-modified complementary sequences that bind with the aptamers and the less
the amount of Cy5 that is quenched. Thus, the fluorescence intensity is positively related to the OTA concentration. In this study, in
the concentration range of 0.01−10 ng/mL, the fluorescence intensity was found to be linearly related to the logarithmic
concentration of OTA. The limit of detection was calculated to be 0.005 ng/mL. The specificity of the developed biosensor was
demonstrated to be efficient. The accuracy and stability of the developed aptasensor were also tested, and the method exhibited good
performance in real samples.
KEYWORDS: fluorescence resonance energy transfer, DNA tetrahedron, aptamer

■ INTRODUCTION
Ochratoxin A (OTA) is one of the most common mycotoxins
found in agricultural products, especially grains.1 It is a
secondary metabolite produced by poisonous fungi species
such as Aspergillus and Penicillium under appropriate temper-
ature and humidity conditions.2,3 Research has confirmed that
OTA exposure can lead to nephrotoxicity, hepatotoxicity,
immune system toxicity, and carcinogenicity; OTA is classified
as a class 2B toxin by the International Agency for Research on
Cancer (IARC).4 Corn is often polluted by OTA during
harvest and storage, and due to its stability, OTA is difficult to
destroy during subsequent food processing. As such, corn has
one of the highest detection frequencies of OTA among all
food materials.5 A maximum residue limit of OTA in corn has
been set at 5 ng/g by the Chinese Government and other
international organizations, such as the European Union.6

Therefore, it is critical to develop a sensitive detection method
for OTA to monitor its concentration in food materials.
Detection methods based on chromatography and mass

spectrometry techniques have been used for OTA detection.7,8

These methods are commonly used due to their high
sensitivity and accuracy. However, chromatography techni-
que-based instruments are sophisticated and expensive and
rarely meet the need for fast, real-time monitoring of OTA.

Biosensors based on nanotechnologies and antibodies or
aptamers as recognition elements are good alternatives for the
rapid detection of OTA in corn.9−14 Among these,
fluorescence resonance energy transfer (FRET)-based bio-
sensors have several advantages, including the availability of
fluorescent molecules, high luminescence efficiency, fast
response, and high sensitivity.15 Further, the simple assay
technique avoids complicated separation during detection,
making it more suitable for fast detection. However, due to the
complex food matrix, the sensitivity of FRET-based OTA
detection methods still requires improvement.
The current approaches to obtaining satisfactory detection

sensitivity with nanoparticle-based FRET assays mainly involve
complicated signal amplification processes or specific mor-
phologies of nanoparticles. The commonly used signal
amplification methods are rolling circle amplification,16,17

hybridization chain reaction,18 and target-catalyzed hairpin

Received: May 24, 2022
Revised: July 26, 2022
Accepted: July 27, 2022
Published: August 8, 2022

Articlepubs.acs.org/JAFC

© 2022 American Chemical Society
10662

https://doi.org/10.1021/acs.jafc.2c03626
J. Agric. Food Chem. 2022, 70, 10662−10668

D
ow

nl
oa

de
d 

vi
a 

T
SI

N
G

H
U

A
 U

N
IV

 o
n 

N
ov

em
be

r 
5,

 2
02

2 
at

 0
6:

48
:3

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liling+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengqiu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaimin+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tai+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiuxiu+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengqin+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huajie+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.2c03626&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jafcau/70/34?ref=pdf
https://pubs.acs.org/toc/jafcau/70/34?ref=pdf
https://pubs.acs.org/toc/jafcau/70/34?ref=pdf
https://pubs.acs.org/toc/jafcau/70/34?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.2c03626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf


assembly technology,19 which require the design of compli-
cated DNA sequences or expensive enzymes. Nanoparticles
with specific morphologies, such as upconversion nano-
particles,20,21 metal−organic frameworks22 and core−shell
nanoparticles,23−25 are often sophisticated and hard to prepare.
Thus, they are not conducive to the establishment of rapid
detection methods.
Improving the performance of recognition elements is

another promising approach to obtaining satisfactory detection
sensitivity. Aptamers are single-stranded DNA or RNA
oligonucleotide sequences that can combine with their target
specifically. Compared with antibodies, aptamers possess better
chemical stability and less interbatch differences and are easier
to modify, which makes aptamers more widely used. An
increasing number of studies have focused on nanoparticle-
based aptasensors for the fast detection of OTA. However,
crowding and entanglement of the aptamers that assemble on
the surface of the nanoparticles disrupt recognition and
binding between the aptamers and their target,26 thus affecting
detection sensitivity.
The DNA tetrahedron is composed of four DNA strands in

the shape of a tetrahedron. The specific DNA nanostructure
possesses significant advantages, such as easy operation,
structural stability, and well-controlled density and orienta-
tion.27 Therefore, DNA tetrahedrons can be used in aptamer-
based biosensors to avoid the crowding and entanglement of
aptamers on the surface of electrodes28 or other nanoparticles;
this may improve the strand hybridization efficiency and
detection sensitivity.29

Herein, a simple and convenient strategy to improve the
sensitivity of FRET aptasensors is proposed. This strategy
involves the use of a DNA tetrahedron in gold nanorod-based
FRET aptasensors. Specifically, DNA tetrahedron-modified
gold nanorods are used as fluorescent acceptors, and Cy5-
modified complementary sequences of OTA aptamers are used
as fluorescent donors. The aptamers of OTA are embedded in
the DNA tetrahedron, and FRET occurs when the aptamers
hybridize with the Cy5-modified complementary sequences.
The aptamer-integrated DNA tetrahedron modified on the
surface of the gold nanorods acts as an anchor to avoid the
crowding and entanglement of aptamers. Thus, due to the
competitive combination between the aptamers with OTA and
the complementary sequences, the concentration of OTA can
be sensitively detected by determining the fluorescence
intensity of the detection system.

■ MATERIALS AND METHODS
Materials and Instruments. OTA, zearalenone (ZEN), T-2

toxin (T-2), aflatoxin B1 (AFB1), and ochratoxin B (OTB) were
provided by QingDao Pribolab Biological Engineering Co., Ltd.
(Qingdao, China). Chlorauric acid (HAuCl4), citrate sodium, sodium
borohydride (NaBH4), and silver nitrate (AgNO3) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). SH-
PEG was purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd.
Hexadecyl trimethyl ammonium bromide (CTAB) was purchased
from Beijing Innochem Science and Technology Co., Ltd, (Beijing,
China). Tris(2-carboxyethyl) phosphine hydrochloride (TCEP)
(purity >98.0%) and L-ascorbic acid were bought from TCI
Development Co., Ltd. (Shanghai, China). The corn sample was
purchased from a local supermarket. The oligonucleotides were
synthesized by Shanghai Generay Biotech Co., Ltd. (Shanghai, China)
and are shown in Table S1.

Apparatus. A JEOL model 2100HR instrument was used for
transmission electron microscopy (TEM) (JEOL Ltd., Japan). The

fluorescence intensity was measured by a Biotek Synergy H1 (Agilent
Technologies, Inc. USA). The electrophoresis experiment was
performed with a vertical electrophoresis apparatus (BIO-RAD,
USA), and the gel was detected by a ChemiDoc XRS+ imager
(Bio-RAD, USA). A UV-1800 spectrophotometer was used to record
the ultraviolet−visible (UV−vis) absorption spectra (Shimadzu,
Japan).

Preparation and Characterization of Gold Nanorods
(AuNRs). AuNRs were synthesized according to Guo’s method30

via seed-mediated growth routes. Gold seeds were first prepared by
adding 0.122 mL of 23.7 mM HAuCl4 to 7.5 mL of 0.05 M CTAB
solution. After mixing, 0.6 mL of ice-cooled 0.01 M NaBH4 was
rapidly added to the above solution and mixed. The mixture was
incubated at 40°C in a water bath for 2 h to obtain CTAB-protected
gold seeds. Then, 0.055 mL of 0.01 M AgNO3 was added to 30 mL of
0.05 M CTAB under stirring; 0.735 mL of 23.7 mM HAuCl4 was then
added, and the solution changed to dark yellow. Subsequently, 0.24
mL of 0.1 M ascorbic acid was added to the above solution under
vigorous stirring until the solution turned colorless. Finally, the
growth solution was obtained by adding 0.3 mL of the freshly
prepared gold seeds. The growth solution was then incubated for 3 h.
The prepared AuNRs were then centrifuged to remove the excess
surfactant and redispersed in water for further use. The morphology
and particle size of the prepared AuNRs were characterized by TEM.
The UV−vis absorption spectrum of the AuNRs was measured by a
UV-1800 spectrophotometer.

Preparation and Characterization of DNA Tetrahedrons.
Four strands (tetra A, tetra B, tetra C, and tetra D) were dissolved in
TE buffer (10 mM Tris, 1.0 mM EDTA, pH 8.0) with a final
concentration of 50 μM. First, 2.5 μL of each of the above four
strands was added to 30 μL of TM buffer (20 mM Tris, 50 mM
MgCl2, pH 8.0), and 10 μL of TCEP was then added to the above
solution at 37°C for 12 h to activate the thiolated DNA. The above
mixture was then heated at 95°C for 10 min and cooled to 4°C for 5
min to form a three-dimensional DNA tetrahedron. The prepared
DNA tetrahedron was verified by native polyacrylamide gel
electrophoresis (PAGE).

Preparation and Characterization of AuNRs−DNA Tetrahe-
dron. The conjugation of AuNRs and the DNA tetrahedron was
performed as follows. First, 100 μL of the redispersed AuNRs, 10 μL
of DNA tetrahedron, and 10 μL of 5 × 10−5 M SH-PEG were
incubated at 37°C for 2 h. Then, the mixture was centrifuged at 10000
rpm for 10 min to remove the unbound DNA tetrahedron, and the
precipitate was redispersed to obtain the conjugation of AuNRs and
the DNA tetrahedron. UV−vis absorption spectroscopy and native
PAGE were used to characterize the conjugation of AuNRs and the
DNA tetrahedron.

Detection of OTA. First, series concentrations of OTA and 4 μL
of 10 μM complementary sequences were incubated with 100 μL of
AuNRs−DNA tetrahedron at 37°C. Then, the fluorescence intensity
of the mixture was detected by a Biotech H1 microplate reader at an
excitation wavelength of 674 nm. All measurements were performed
in triplicate.

Application in the Corn Sample. The corn sample was ground
and dried at 50°C. The corn powder was then mixed with three
gradient concentrations of OTA and incubated at 25°C for 2 h.
Briefly, 25 mL of methanol/water (7:3, v/v) was added to 5.0 g of the
prepared sample. Then, the mixture was incubated at 25°C for 10
min. Next, the mixture was centrifuged at 5000 rpm/min for 10 min,
and the supernatant was filtered through a 0.22 μm membrane. The
filtrate was diluted with binding buffer (10 mmol/L Tris, 120 mmol/L
NaCl, 5 mmol/L KCl, and 20 mmol/L CaCl2, pH 8.5). Standard
addition and recovery experiments and relative standard deviation
(RSD) detection were performed as described in the Detection of
OTA section.

■ RESULTS AND DISCUSSION
Principle of the FRET Aptasensor. The typical FRET

system for the detection of OTA based on Cy5 and AuNRs is
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illustrated in Scheme 1. Four DNA strands including an OTA
aptamer sequence were first assembled to form a DNA
tetrahedron; this DNA tetrahedron can specifically combine
with OTA by integrating the OTA aptamer with the DNA
strands. Then, the thiolated DNA tetrahedron was fixed on the
surface of AuNR through an Au-S bond to form the acceptor
probe. A Cy5-labeled complementary sequence was used as the
donor probe; this can combine with the acceptor probe
through DNA base pairing. FRET occurs when the Cy5 and
AuNR are brought into close proximity and when the emission
spectrum of the donor and the absorbance spectrum of the
acceptor overlap well. In the presence of OTA, the Cy5-labeled
complementary sequence and OTA can competitively combine
with the capture probe. The greater the concentration of OTA,
the less Cy5-labeled complementary sequences that combine
with the acceptor probes, and the higher the fluorescence
intensity of the system. Thus, the concentration of OTA can be
detected by measuring the fluorescence intensity of the system,
which is positively correlated with the OTA concentration.

Characterization of AuNRs and the DNA Tetrahe-
dron. The UV−vis spectrum (Figure 1A) showed that the
AuNRs exhibited two typical surface plasma resonance (SPR)
modes, resulting in two resonance absorption bands at
approximately 521 and 699 nm. The TEM image of the
AuNRs shows that the prepared AuNRs were approximately 12
nm in width and 30 nm in length; the aspect ratio was
approximately 2.5 (Figure 1B).
Successful preparation of the DNA tetrahedron was critical

for this assay. Thus, the DNA tetrahedron was characterized by
native PAGE. The results are shown in Figure 2A, with the
addition of tetra C (lane 4), tetra C and tetra D (lane 3), tetra
C, tetra D, and tetra A (lane 2) to tetra B, the electrophoretic
mobility of the complexes showed a decreasing trend. This
may be because the addition of DNA increases the molecular
mass of the DNA complexes. Thus, the results indicate that the
DNA tetrahedron was successfully prepared.

Characterization of the Conjugation of AuNRs−DNA
Tetrahedron. The acceptor probe in this assay was prepared

Scheme 1. Principle of the FRET Aptasensor for the Detection of OTA Based on AuNRs and DNA Tetrahedrons

Figure 1. UV−vis spectra (A) and TEM image (B) of the prepared AuNRs.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.2c03626
J. Agric. Food Chem. 2022, 70, 10662−10668

10664

https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03626?fig=fig1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.2c03626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by the conjugation of AuNRs with the SH-DNA tetrahedron.
The prepared AuNRs were positively charged with the
addition of CTAB, causing nonspecific adsorption of DNA
sequences. Thus, SH-PEG was used to avoid nonspecific
adsorption, and the UV−vis absorption change of the
supernatant before and after the conjugation of AuNRs with
the SH-DNA tetrahedron was used to verify the successful
assembly of the acceptor probe. As shown in Figure 2B, there
was a significant reduction in the absorption at 260 nm
resulting from the reduced DNA tetrahedron in the super-
natant, indicating the successful binding of the SH-DNA
tetrahedron with AuNRs. PAGE was also used to further
characterize the conjugation. As shown in Figure S1, a bright
band was observed after conjugation of the DNA tetrahedron
with the AuNRs (lane 2 and lane 3), indicating successful
preparation of the acceptor probe.

Optimization of the Experimental Conditions. The
amount of Cy5-modified complementary sequences plays an
important role in the competition detection; thus, this amount
was optimized. The results in Figure 3A indicate that, with an
increase in the amount of Cy5-modified complementary
sequences, the rate of fluorescence quenching of the system

first increased and then reached a plateau. This is possibly
because the combination of the DNA tetrahedron with the
Cy5-modified complementary sequences reached saturation at
4.0 μL. Therefore, the optimal amount of Cy5-modified
complementary sequences is 4.0 μL.
The effect of the FRET reaction time on the fluorescence

intensity with an OTA concentration of 1 ng/mL was also
studied. As shown in Figure 3B, with an increase in the
reaction time, the fluorescence intensity first decreased and
then reached a plateau. This may be because the FRET
reaction needs 30 min to achieve equilibrium. Thus, 30 min
was selected as the optimal FRET reaction time.

Analytical Performance. The UV−vis absorption spec-
trum of AuNRs and the fluorescence spectrum of Cy5 were
measured. The results revealed that AuNRs exhibited broad
absorption that largely overlapped with the fluorescence
spectrum (Figure 4). This indicates that Cy5 and the prepared
AuNRs act as a suitable FRET donor/acceptor pair.
In the presence of OTA, OTA and Cy5-modified

complementary sequences competitively bind to the aptamers
that are integrated with the DNA tetrahedron. The Cy5-
modified complementary sequences that bind with the

Figure 2. (A) Results of the native PAGE experiment for verification of the DNA tetrahedron, lane 1: DNA marker, lane 2: the prepared DNA
tetrahedron, lane 3: tetra D + tetra C + tetra B, lane 4: tetra C + tetra B; B: UV−vis spectra of the DNA tetrahedron (black line) and supernatant
liquor after conjugation of the DNA tetrahedron with the AuNRs (red line).

Figure 3. (A) Effect of the amount of Cy5-modified complementary sequences (2, 4, 6, 8, 10 μL) on the rate of fluorescence quenching. (B) Effect
of the FRET reaction time (10, 20, 30, 40, 50 min) on the fluorescence intensity.
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aptamers and are assembled on the surface of AuNRs will be
quenched by AuNRs. The greater the amount of OTA, the less
Cy5-modified complementary sequences that bind with the
aptamers and the less Cy5 that is quenched. Thus, the
fluorescence intensity is positively related to the OTA
concentration.
As shown in Figure 5A,B, with increasing concentrations of

OTA, the fluorescence intensity at 674 nm increased. Under
optimal conditions, ΔFL (ΔFL = FL − FL0, where FL and
FL0 refers to the fluorescence intensity with OTA and the
background fluorescence intensity, respectively) was positively
related to the logarithm of the concentration of OTA. With an
OTA concentration between 0.01−10 ng/mL, ΔFL was
linearly correlated with the logarithm of the concentration of
OTA with the following equation: Y = 1786.3 + 517.46 × X
(R2 = 0.9922). The detection limit of OTA was obtained
through the equation LOD = 3SD/m (SD is the standard
deviation of the blank and m is the slope of the calibration
plot), and its value was 0.005 ng/mL. Some other reported
detection methods for OTA have been listed in Table S1. The
developed method shows a comparable linear range and lower
limit of detection, which may be attributed to the use of DNA
tetrahedron-integrated aptamers with AuNR-based FRET
detection mode.
Specific detection of OTA is critical for the aptasensor.

Structural analogues of OTA and toxins that possibly coexist

with OTA, including ochratoxin B (OTB), zearalenone
(ZEN), aflatoxin B1 (AFB1), and T-2 toxin (T-2), were
used to test the specificity of the aptasensor. The relative
fluorescence intensity ratio was calculated by adding 1 ng/mL
of OTA and other toxins to the FRET system and determining
the fluorescence intensity according to the above procedures.
The relative fluorescence intensity ratio was determined by the
formula (FL − FL0)/(FLA − FL0), where FL0, FL, and FLA
represent the fluorescence intensity of the blank sample, the
fluorescence intensity of the other toxins, and the fluorescence
intensity of OTA, respectively. The results are presented in
Figure 5C. The lower relative fluorescence intensity ratio
values of the other toxins indicate that the aptasensor has high
specificity.
Artificially contaminated corn was then selected as a real

sample to test the suitability of the developed aptasensor. The
corns were spiked with concentrations of 1, 2, and 10 ng/mL
OTA, and the recovery rates were determined by both the
developed aptasensor and a commercial ELISA kit. Table 1
shows that the results determined from the developed
aptasensor were consistent with those from the ELISA kit;
the mean recovery rates of the FRET assay and ELISA were
92.6−104.7 and 93.8−106.1%, respectively. The above results
show that the developed FRET assay has good accuracy and
can be applied to real samples.
In conclusion, in this study, a novel and convenient FRET

assay was developed to improve the sensitivity of FRET
aptasensors. A DNA tetrahedron was introduced to the
detection system to avoid the crowding and entanglement of
DNA on the surface of nanoparticles, thus improving the
detection sensitivity of the assay. In this work, the DNA
tetrahedron that was integrated with the OTA aptamer was
modified on the surface of gold nanorods and served as the
acceptor; Cy5-modified complementary sequences served as
the donor. Thus, FRET accrues in the case of the
complementary base binding between the aptamer and the
Cy5-modified complementary sequences. OTA will bind with
the aptamer and thus influence the FRET, leading to changes
in the fluorescence intensity. The results of this study revealed
that, under optimal experimental conditions, the FRET assay
exhibited highly sensitive performance with an OTA detection
limit of 0.005 ng/mL. In addition, we evaluated the accuracy
and availability in real corn samples, and the results obtained
by the developed aptasensor displayed satisfactory consistency
with the commercial detection methods. The results

Figure 4. UV−vis spectra of AuNRs (a) and fluorescence spectrum of
Cy5 (b).

Figure 5. Fluorescence spectra of the system with different OTA concentrations (A); linear relationship between the fluorescence intensity at 674
nm measured by the aptasensor and the logarithm of the OTA concentration (B); specificity verification of the detection method for OTA with
other mycotoxins, a: OTA, b: AFB1, c: OTB, d: T-2 and e: ZEN (C).
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demonstrated that the developed assay has good accuracy and
can be successfully applied to real samples. However, in this
work, the fluorescence intensity was determined by a
fluorescence microplate reader, which may limit its application
for onsite detection. It remains a challenge and a goal to
further develop a portable detector for onsite food safety
detection, such as smartphones, and so on, in the future.
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