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An indirect competitive fluorescence assay for ochratoxin A based
on molecular beacon

Xiaowen Dou®, Xianfeng Chu®, Weijun Kong®, Jiaoyang Luo®, Meihua Yang *°

Abstract: A novel, simple and efficient method based on molecular beacon (MB) probe was developed to detect
ochratoxin A (OTA) in malts, which is a common starting material in the brewery industry. With the critical site for OTA
binding in capture aptamer in mind, a MB probe containing 20 bases with a fluorophore-quencher pair at the stem ends
was designed and synthesized. In the “off”configuration, the fluorescein (FAM) is internally quenched due to close contact
with dabcyl and the fluorescence signal is recovered after hybridization with the capture aptamer at the “on” state. In the
presence of OTA, the MB probe competes for binding at the loop region of the aptamer, resulting in a decrease in
fluorescence signal. Using this indirect competitive assay, the detection of OTA in malt samples was accomplished for the
first time. In addition, the effect of binding affinity of the capture aptamer and OTA on the assay performance was
investigated. Under optimal conditions, this method allowed for OTA detection at a linear range of 0.0001-1 ug-mL'1
(correlation coefficient, R=0.9920) with superior sensitivity and a detection limit as low as 0.05 ng-mL’l. The sensing system
also displayed an excellent selectivity and perfect anti-interference capacity in the matrix. Moreover, the entire process of
detection was accomplished in less than 20 min. The recovery from spiked malt samples ranged from 81.0% to 95.2% with
RSDs below 5.4%. The performance of our method was further validated by ultra-fast liquid chromatography coupled with
tandem mass spectrometry. Compared with similar fluorescence assays, the proposed method is simple, efficient and does

not require complicated conjugation steps. Taken together, this novel detection strategy could be a promising tool for

hand-held devices used during on-site monitoring of contaminants.
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1 Introduction

Ochratoxin A (OTA), primarily produced by the species of
Aspergillus and Penicillium, is one of the important mycotoxins that
has been identified as a contaminant in a variety of food products
such as wheat, corn, wine, coffee, and so on™2. OTA can also travel
through the food chain by way of animal feed™”. Many studies have
indicated that OTA is a strong nephrotoxic agent5 that possesses
immunotoxicity6 and teratogenicity7, and carcinogenic effects’. Due
to this prevalence and potential toxicity, European authorities have
set the maximum residue levels (MRLs) of OTA at 5 ug-kg'1 for
cereals and at 2 ug-mL'1 for the beverage of wine and beer®.

Along with setting limited standards, the detection of OTA also
plays an essential role in monitoring the levels of OTA in food
products. Some of the widely accepted methods for the screening
of OTA include high liquid chromatography coupled to fluorescence

detection  (HPLC- FLD)IO'13 and ultra-performance liquid
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chromatography coupled to tandem mass spectrometry (UPLC-
MS/MS)IMG. Although the above methods can produce excellent
results both quantitatively and qualitatively, their applications rely
on tedious and costly pre-treatment with immunoaffinity column,
expensive equipment, and trained personnel. More recently,
sensors based on biomolecules (antibodies and aptamers) or
artificial molecules (molecularly imprinted polymer) have become
the preferable choice of OTA detection due to their miniature sizes
and portability for on-site detection'” .

Using aptamers as the recognition elements,
aptasensors offer significant advantages in extraordinary
selectivity and sensitivity, together with low preparation

21-26
cost

. In fact, the pursuit of versatile aptasensors has been
continuing an ongoing effort in the field of food safety. To
enhance their sensitivity in complex samples, most reported
detection schemes focused on the amplification of signals
emitted by nanomaterials such as gold nanorods®’ or gold

28 29 30
nanoparticles”™, quantum dots™, nanoclusters™,

magnetic beads31, etc. However, these approaches are often

silver

accompanied by obstacles such as complicated process of
conjugation, poor photo-stability in harsh matrices and high
cost. Leakage of heavy metals from nanomaterials may also
produce potential nanotoxicity. Besides developing excellent
nanoscaled aptasensors, it is also important to explore other
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simple, cost-effective and sensitive sensing approaches for
on-site monitoring of contaminants. Molecular beacon (MB),
first reported by Tyagi32, received much attention in the field
of life science for its potential in diagnosis of cancer ceIIs33,
proteins34 and genes35. Owing to advantages like facile
synthesis and high selectivity, the MB probe has attracted a
great deal of interest in contaminants screening for food
safety and environmental testings36’ 3 MBis composed of a
loop section and two complementary stems tagged with
fluorophore and quencher, respectiverSS. The hairpin
structure allows for an on state signal in the presence of a
specific oligonucleotides sequence complementary to the
loop sequence of the MB probe; while also generates an off
state when a target competitively binds to the
complementary oligonucleotides sequence. Based on this
working principle, the level of targets can be translated into a
measurable response. Until recently, with the exception of an
analysis by a real-time PCR thermal cycler with a monitoring
time of 1 h39, few studies on OTA screening using the
aforementioned strategy have been reported .

In this paper, we designed a double-labelled MB probe, which
contains a complementary sequence against a capture aptamer
(anti-OTA aptamer). This novel strategy for OTA screening involves
a competitive aptamer-binding method that introduces the
designed MB probe as a tracer. If a sample contains OTA, the
molecules within will compete with the tracer for the aptamer
binding sites and the fluorescence signal will decrease. Hence, the
probe competitively binds the anti-OTA aptamer, which then
inhibits its binding to OTA. This ultimately allows for the detection
of OTA even at trace level. This newly developed MB has great
potential in on-site monitoring of contaminants in real life samples
due to its superior sensitivity, selectivity, simple procedure and low
cost.

2 Experimental
2.1 Materials

Mycotoxins standards including aflatoxins (AFB;, AFB,, AFG;
and AFG,), ochratoxin A (OTA), citrinin (CIT), deoxynival enol
(DON), zearalenone (ZAN), zearalenone (ZON), fumonisin B,
(FB1) and fumonisin B, (FB,) were purchased from Pribolab
(Singapore). The DNA oligonucleotides were custom-
synthesized, labelled, and purified by Sangon Biotech
(Shanghai, China). The DNA aptamer against OTA had the
following sequence: 5’-GATCGGGTGTGGGTG
GCGTAAAGGGAGCATCGGACA-3’. The molecular beacon had
the sequence: 5'-FAM-CCGGGTCCACCCACACCCGG-DABCYL-3'.
Methanol was HPLC grade. All other reagents were of
analytical grade. Without further statement, the buffer
solution containing 10 mM Tris-HCI (pH 8.5), 120 mM NacCl,
20 mM CacCl, and 5 mM MgCl, was freshly prepared. Three
batches of malts with no visible mold contamination, along
with two moldy samples due to inappropriate storage, were
collected from herbal markets in China.

2.2 Instruments

2| J. Name., 2012, 00, 1-3

Fluorescence measurements were performed using an F-7000
fluorescence spectrophotometer (Hitachi, Japan) equipped with FL
solutions 2.1 software. The fluorescence spectra were collected
with an emission wavelength within the range of 500 nm and 630
nm by setting an excitation wavelength at 495 nm. Slits for the
excitation and the emission measurements were both at 5 nm in
width. Fluorescence intensities were recorded at 520 nm. The
ultrafast liquid chromatography (UFLC) analysis was conducted on a
CAPCELL CORE C;g column (50 x 2.1 mm, 2.7 um; Shiseio, Japan)
using a binary mobile phase composed of 0.1% (v/v) formic acid in
acetonitrile (A) and 0.1% (v/v) formic acid in water (B) with the
following gradient elution program: 0-4 min, linear gradient from
70% B to 40% B; 4-5 min, from 40% to 5%; from 5-7 min, the
composition of B was kept at 5%; 7-8 min, the composition of B was
returned to 70% and then left for 2 min to equilibrate the column.
The flow rate and injection volume was 0.3 mL-min™" and 2 pL,
respectively. An Applied Biosystems Sciex QTRAP®5500 MS/MS
spectrometer was used to confirm that the positive samples were
contaminated with OTA by detecting ion transition of 404.2/239.1
and 404.2/358.0, the former ion transition was also used for
quantification.

2.3 Fluorescence measurements

Measurements of OTA based on fluorescence intensity of MB was
performed by the following procedure. Incubation of 1 pM of
aptamer with various concentrations of OTA in buffer solution for
15 min, followed by addition of 1 uM of MB to the above solution
and incubation for 2 min prior to assessment of fluorescence
intensity. All measurements were performed at room temperature.

2.4 Sample preparation

A 2 g sample of malt powder was accurately weighed in a 10 mL
teflon centrifuge tube. After addition of 5 mL of methanol/water
(80/20, v/v), the mixture was vigorously vortexed for 1 min and
then subjected to ultrasonic extraction for 5 min. The extract was
then centrifuged for 5 min at 4000 rpm and the supernatant was
diluted 10 times using buffer solution. Finally, the prepared sample
was filtrated through a 0.22 um membrane.

3 Results and discussion
3.1 Principle of operation of molecular beacon probe

In this work, a MB probe is used as a tracer in the fluorescence
assay. The MB is a single-stranded oligonucleotide hybridization
probe that consists of a stem-and-loop structure. In this particular
configuration, the loop contains a probe sequence that is
complementary to the capture aptamer, while the stem is
composed of complementary arm sequences, which is separately
labelled with a fluorescein (FAM) and a quencher (DABCYL). By
virtue of conformational changes of the MB, the interaction
between an anti-OTA aptamer and an OTA target can be translated
into a measurable signal. The detailed sensing strategy illustrated in
Fig. 1a mainly involves three processes. (i) The MB probe exhibits
efficient fluorescence quenching as a result of FAM being in close
contact with DABCYL. (ii) Upon mixing with an anti-OTA aptamer,
the loop section in MB forms a hybrid with the specific sequence
within the anti-OTA aptamer, resulting in a structure that is longer
and more stable than the stem hybrid. Consequently, the stem

This journal is © The Royal Society of Chemistry 20xx
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hybrid is forced to dissociate, causing FAM to be distant from
DABCYL. As a result, the fluorescence is restored. (iii) In the
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Fig.1 (a) The schematic illustration of the molecular beacon probe for OTA screening; (b) The fluorescence spectra of molecular beacon, aptamer incubated
with molecular beacon probe and aptamer reacted with OTA followed by the addition of molecular beacon probe.

of OTA, the anti-OTA aptamer preferentially binds to OTA,
leading to a consumption of a certain amount of aptamer. A
portion of the MB probes’ hairpin structure is therefore,
restored to a “closed” configuration and so is their quenching
ability. The OTA level in the sample can then be quantified
based on the decrease of fluorescence readouts.

For the designed MB probe to function properly under
the optimal condition, selection of the appropriate key loop
sequence of MB is especially crucial. Zhao et al 40, M
investigated the different recognition sites of the 36-mer
capture aptamer for their binding affinity to OTA and showed
that their dissection constant at T10 (from 5 to 3’) was
approximately that of the whole aptamer. A study by Cruz-
Aguado and Penner 42 3lso demonstrated G11 (from 5’ to 3’) of
the capture aptamer plays a key role in its recognition of OTA.
Taking the above studies into consideration, we predicted that
the main recognition region of the aptamer to be located at
the underlined sequence (5'-
GATCGGGTGTGGGTGGCGTAAAGGG AGCATCGGACA-3’), which
was shown to possess affinity and specificity for OTA. We
therefore, incorporated a corresponding sequence in our MB
(complementary to the underlined sequence on the aptamer),
which would compete with OTA for binding to the aptamer.
According to previous studies, a typical MB contains a loop
sequence of 15-30 nucleotides and a stem of 4-8 base pairs.
With these previous findings in mind, a MB composed of an 8-
mer loop and 6-mer bases in each stem, along with FAM and
Dabcyl modifications, was designed and synthesized. To test
for changes in fluorescence signal of the designed MB in
response to binding of capture aptamer to its target,
fluorescence spectra were recorded for 1 ug-mL"1 of OTA
incubated with or without aptamer (the control group). In Fig.
1b, the test group exhibited a dramatic decrease of
fluorescence intensity after the addition of OTA compared to
the control group. The negligible background intensity of the
MB and the 100-fold enhancement in fluorescence intensity in
control group further indicated that the designed MB
functioned properly. Our approach showed that it is feasible to
monitor OTA level using the MB probe.

This journal is © The Royal Society of Chemistry 20xx

3.2 Optimization of detection conditions

Experimental parameters such as test solution, competitive
approach and reaction time, could have a significant impact on
binding affinity of the aptamer for OTA, thereby, affecting the
accuracy of fluorescence detection.

Based on previous studies™ 43, alkaline pH and divalent cations
(eg. Ca2+) could contribute to the interaction between aptamer and
OTA. It has been demonstrated that 10 mM Tris-HCI (pH 8.5), 120
mM NaCl, 5 mM KCl and 20 mM CaCl, could be used as optimized
binding buffer in the application of similar schematic aptamer-
based detection for OTA™ “**’. The composition of the buffer
solution used in this experiment is based on these previous findings.

It is crucial to investigate the competitive binding of the
capture aptamer by the MB probe versus that by OTA. Two
different competitive approaches were tested and the results were
shown in Fig. 2a. One of them involved allowing the MB probe to
react with the aptamer for 2 min prior to adding OTA. In the other
approach, the aptamer was incubated with OTA for 15 min,
followed by addition of the MB probe. The relative intensity (F/F,) is
used as an indicator for the detection of OTA, in which F and Fy
represent the intensity of the probe in the presence and absence of
OTA, respectively. As shown in Fig. 2a, relative intensity from the
latter scheme appeared to be more sensitive to the same
concentration of OTA than that from the former. Our results
indicated that adding OTA to the aptamer before mixing in the MB
probe could help achieve a lower detection limit. Therefore, we
selected the strategy that involved incubating the aptamer with
OTA, followed by MB probe as the superior approach to measuring
OTA levels.

The time-dependence interaction between OTA and the
capture aptamer might also affect the sensitivity of the probe. As
shown in Fig. 2b, the relative intensity (F/F,) decreased with
increment of reaction time. Incubation with OTA for more than 15
min led to the maximum relative intensity. We concluded that
longer incubation time would go against the purpose of rapid
screening, therefore, 15 min was chosen as the reaction time for
our detection procedure.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (a) The relative fluorescence intensity obtained from different
competitive styles; (b) the relative intensity changed with reaction time of
OTA and the aptamer.

3.3 Selectivity and anti-interference capacity of molecular beacon
probe

The robustness of the newly developed probe is a significant
criterion for real life application. Various analogues including AFg,,
(AFB,, AFB,, AFG, and AFG,), CIT, DON, ZAN, ZON, FB, and FB, were
separately added to the detection system. As shown in Fig. 3a, the
relative intensity (F/F,) of our detection system, followed by
addition of the analogues (1 ug-mL'l) alone, generated negligible
changes compared with that of the control group, which indicated
that the capture aptamer exhibited a high selectivity to OTA. The
analogues (1 ug-mL'l) together with OTA (1 ug-mL'l) were incubated
with the capture aptamer, followed by the addition of the MB
probe. As demonstrated in Fig. 3b, none of the analogues led to
either an enhancement or an inhibition on the values of F/F,. In
addition, to explore the feasibility of the probe in real samples, the
blank malt was selected due to the high occurrence of OTA in those
matrices. The anti-interference of the probe was also confirmed
(Fig. 3a and 3b). Our results indicated that this detection approach
responded specifically to OTA and displayed excellent anti-
interference capability.
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Fig. 3 The relative fluorescence intensity obtained from analogous
chemicals and the malt extract (a) without OTA and (b) with OTA. The
control group contains only the aptamer and the MB probe. Besides the
aptamer and the MB probe, the other groups contain either the analogous
(and matrix), or both OTA and the analogous (and matrix).

3.4 Performance of fluorescence assay

3.4.1 Linearity

Opening of the hairpin of the designed MB probe is dependent on
the concentration of the capture aptamer. The sensing of OTA was
implemented by “consumption” of the aptamer in solution, which
resulted in a decrease in fluorescence intensity. To determine

4| J. Name., 2012, 00, 1-3

whether the fluorescence inhibition of the developed MB probe
was proportional to the concentration of OTA in solution, the F
values of the probe in the presence of various concentrations of
OTA were measured. In the absence of OTA, the fluorescence
intensity of the probe was recorded as Fyin control group. The
relative fluorescence intensity (F/F,) was demonstrated depending
on the concentration of OTA over a range of 0.0001-1 ug-mL'1 with
a good correlation coefficient (R) of 0.9920 (Fig. 4a and 4b). These
results further confirmed that the established method based on MB
probe is a promising approach to quantitatively measure OTA in
samples.

o
G

)

-
»
=3

FIF=-0.17502 LogC + 0.27383

o8 R=0.9920

FIF,

0.4

Fluorescence Intensity (a.u.

02
500 520 540 560 580 600 620 1E4 1E3 on 04 1
wavelength/nm CopalugmL”)

Fig. 4(a) Fluorescence spectra of molecular beacon probe in the presence of serial
concentrations of OTA and the capture aptamer; (b) the linear relationship

between the relative intensity and the level of OTA.

3.4.2 Sensitivity

Due to the trace amount of contaminants in matrix, most
approaches for contaminants detection are required to possess
high sensitivity. To evaluate the sensitivity of the MB probe, the
limit of detection (LOD) was determined by gradually diluting the
standard solution with detection buffer. As a result, using a value of
F/Fyapproximated to 5% as the criterion, the LOD was measured to
be as low as 0.05 ng'mL'1 (corresponding to 1.25 ug-kg'1 in malt
sample), which is two orders of magnitude lower than the
maximum limit for OTA set by the European regulation in wine (2
ng-mL'l) and 0.25-fold lower than in cereals (5 p.g‘kg'l). This
indicated that the developed method is a useful tool for screening
trace amount of OTA in real life samples.

3.4.3 Recovery

To evaluate the accuracy of the proposed method, three levels of
the spiked malts were measured by both the MB assay and the
traditional LC-MS/MS method. Three parallel tests were performed
for repeatability assessment. The results in Table 1 showed that
recovery of measurements in the range of 81.0% to 95.2% with
RSDs below 5.4% were obtained by the proposed probe method.
The experimental results from the LC-MS/MS method further
demonstrated that the MB assay is capable of detecting OTA in real
life samples.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



Page 5 of 8

RSC Advances

Table 1 The recovery measured by the proposed method versus
LC-MS/MS method (n=3)
MB probe LC-MS/MS
OTA
Measured Mean Measured Mean
i added
Matrix ug) value + SD Recovery % value + SD Recovery
(ng) (RSD%) (ng) % (RSD%)
Malt 0.50 0.453+0.016 90.6 (3.5) 0.565+0.015 113.0(2.6)
0.05 0.048+0.003 95.2 (5.4) 0.054+0.001 107.0(1.5)
0.01 0.008+0.0003 81.0(3.8) 0.012+0.004 117.7(3.6)

3.5 Comparison with other similar fluorescence assays

The proposed MB method has two advantages compared with
similar fluorescence assays (Table 2). First, it allows for the
detection of OTA as low as 0.05 ng-mL'l, indicating that the
sensitivity of this approach is higher than those of methods based
on single-label aptamer“, dyes PicoGreen“, HRP-mimicking
DNAzyme hairpinAg, and gold nanoparticles49. Although some
groups reported that OTA can be detected at the picomole level,
those assays involved time-consuming conjugation procedures,
which goes against the purpose of rapid detection®®. Although
fluorescein-labelled OTA aptamer can rapidly screen for OTA within
1 min, this method is dependent on more than one DNA probe, and
therefore, its performance can be affected by multiple factors™.
Since the MB probe adopts an “open” configuration in the absence
of the target while exhibiting a “closed” configuration in the
presence of OTA, it allows for the elimination of tedious
optimization processes aimed to preserve the appropriate affinity
and specificity of the anti-OTA aptamerso‘ 3 Therefore, relative to
other existing assays, our method provides a simple and
straightforward approach to OTA detection in complex samples.

3.6 Measurement of OTA in real samples

Previous studies reported that high occurrence of OTA in malts
presents a risk for human exposure to OTA through the widespread
consumption of beer’>>. Malts are often used as starting materials
in brewery industry where mold is often found™. Consequently,
malt was selected for this study. In order to verify the feasibility of
the probe detection method in practical applications, malt samples
were investigated three times using the MB probe. Two batches of
the samples were detected to be contaminated with OTA. The
contaminant levels were calculated by the linear regression
equation. Our results revealed that the OTA levels in these two
positive malt samples were at 4.48+0.24 ug-kg'1 and 6.28+0.31
ug-kg'l, respectively. These measurements were also confirmed by
the traditional LC-MS/MS method (Fig. S1 in Supplementary
Information). Detection of OTA in the malt samples demonstrated
that the proposed method is potentially applicable for the
monitoring of OTA in complex matrix. Furthermore, it suggested
that this new strategy based on MB probe could be applied to small
molecular screening as part of contaminants analysis.

This journal is © The Royal Society of Chemistry 20xx
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Transduction system
Single fluorophore-labelled aptamer
Aptasensor using dyes PicoGreen
HRP-mimicking DNAzyme hairpin
Fluorescein-labelled OTA aptamer and
quencher-labelled complementary sequence
Fluorescence platform based on molecular
beacon

Salt-induced aggregation of unmodified AuNPs
Fluorescent DNA-scaffolded silver-nanocluster

4 Conclusion

In summary, a novel indirect competitive fluorescence assay for
OTA detection based on MB probe was designed and developed.
The constructed MB consists of 8 nucleotides in the loop section
and 6 base pairs in each stem, with modification of FAM and
Dabcyl, was synthesized and used as the sensing probe. Due to the
specificity of the anti-OTA aptamer, the developed method provides
a highly selectivity and sensitivity approach for OTA detection at a
limit as low as 0.05 ng-mL'l. This simple method involves a
straightforward procedure compared to other analogous optical
aptasensors, while still provides excellent detection performance.
The successful application of the MB method in detecting
contamination in malts indicated that this novel strategy could be
utilized as a reliable screening tool for the presence of small
molecular in real life samples.
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A novel, simple and efficient method based on molecular beacon probe was developed to detect
ochratoxin A.
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