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Abstract: A label-free sensing platform is developed based on switching the structure of aptamer
for highly sensitive and selective fluorescence detection of ochratoxin A (OTA). OTA induces the
structure of aptamer, transforms into G-quadruplex and produces strong fluorescence in the presence
of zinc(II)-protoporphyrin IX probe due to the specific bind to G-quadruplex. The simple method
exhibits high sensitivity towards OTA with a detection limit of 0.03 nM and excellent selectivity over
other mycotoxins. In addition, the successful detection of OTA in real samples represents a promising
application in food safety.
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1. Introduction

Ochratoxin A (OTA), a mycotoxin generated by different fungi species, such as Aspergillus and
Penicillium (the chemical structure of OTA is shown in Figure 1A), is reported to be a nephrotoxic toxin
with strong teratogenic, neurotoxic, immunotoxic, and carcinogenic effects on humans [1–3]. OTA
contaminates a great variety of agricultural products such as cereals, wheat, corn, beans, coca and
wine, threatening people’s lives and causing severe economic losses [4,5]. Therefore, it is necessary to
develop a rapid and sensitive analytic technique for OTA detection.

Figure 1. The chemical structure of OTA (A) and its aptamer (B).

Common methods used for the detection of OTA include mass spectroscopy, high performance
chromatography, and antibody-based techniques [6–8]. These methods display excellent stability,
accuracy and reliability for the measurement of OTA, but they are time-consuming, complex and
require large amounts of equipment and trained operators [9]. Hence, it is vital to develop a rapid,
sensitive and easy-to-operate method for OTA detection.

Recently various aptamer-based biosensors are rapidly developed due to the noticeable merits
of aptamer over antibody, such as convenient synthesis and modification, high specificity and
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stability [10]. To improve the sensitivity of the sensor, a variety of nanomaterials (e.g., AuNPs,
magnetic nanoparticles, silica nanoparticles, graphene, quantum dots, carbon dots, etc. [10–14]) and
signal amplified techniques (e.g., loop-mediated isothermal amplification (LAMP), hybridization chain
reaction (HCR), rolling-circle amplification (RCA) etc. [15–17]) are utilized to improve the sensitivity
of OTA detection. These methods and techniques greatly improve the detection performance of the
sensor towards OTA but the requisite label and treatment process increases their operation difficulty
and cost, which seriously affects their potential application.

Aptamers are DNA or RNA oligonucleotides which can be synthesized by a simple chemical
method. Like antibodies, aptamers can specifically bind to a variety of targets with high selectivity [18].
Various OTA sensors are developed for OTA detection, which confirms the feasibility of the method in
practical applications [19–21]. It was reported that the aptamer of OTA transduces into an antiparallel
G-quadruplex structure in the presence of OTA (as shown in Figure 1B) [13,22,23]. Based on the theory,
different aptasensors, including luminescent [24–26], colorimetric [27], and electrochemical [28,29]
methods, are developed for OTA detection. However, most of these methods require oligonucleotides
labelling and nanomaterials modification, which result in complex procedures, time dependence
and application limitation. For example, Yu et al. [30] developed an exonuclease-assisted multicolor
aptasensor for the visual detection of OTA. In their design, a DNA sequence comprising an OTA
aptamer and a hemin aptamer was used for OTA recognition and signal conversion. OTA was
quantified based on Exonuclease I (Exo I)-based amplification and DNA enzyme-hemin, which
catalyzed the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB). Using this method, OTA can be
detected by visual observation. However, the experimental procedure is too complex and largely
restricts its wide application. Hence the development of simple, rapid and low- cost detection
technology is indispensable. Lu and his coworker [31] developed a simple method for OTA detection
based on switching the structure of aptamer. In their design, partially hybridized OTA aptamer
was transformed into a G-quadruplex structure in the presence of OTA, and OTA was quantified by
the G-quadruplex specific of Ir(III) complex probe. The method is advantageous due to the simple
procedure, low cost and notable selectivity. However, its sensitivity is low (its detection limit is 5 nM
towards OTA). Therefore, the development of a suitable OTA sensor is still a tremendous challenge.

A new structure-switching sensing platform was developed based on OTA aptamer and
zinc(II)-protoporphyrin IX (ZnPPIX) fluorophore. We found that the sensitivity of the aptasensor could
be increased about 100 times by replacing Ir(III) complex with ZnPPIX probe for OTA detection.

2. Experimental Section

2.1. Materials and Apparatus

Oligonucleotides were chemically synthesized by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China) and purified by PAGE. The sequences of the oligonucleotides are as follows:
apt-OTA (OTA aptamer): GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA [32];
a randomly selected control oligonucleotide (cDNA): TCA GTG CCT AGC GAA GTG CAC GAA
TCG AGA CGT AGT. Protoporphyrin IX Zinc(II) (ZnPPIX), Aflatoxin A1 (AFB1) and ochratoxin A
(OTA) were purchased from Sigma-Aldrich and used without further purification. Ochratoxin B (OTB),
Zearalenone, and Fumidil were purchased from Leon Technology Co. Ltd. (Beijing, China). Stock
solutions of all mycotoxins were prepared by dissolving them in 60% methanol. All other chemicals
were of analytical grade. Deionized water was purified with a Milli-Q Synthesis A10 water purification
system and used throughout the experiments. Fluorescence measurements were performed on a
Shimadzu RF-5301PC spectro-fluorometer equipped with a 150 W xenon lamp as the excitation source
(Ushio Inc., Tokyo, Japan).
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2.2. Fluorescence Measurements of OTA

Before measurements, the stock solutions of the aptamer were incubated at 82 ◦C for 10 min and
natural cooled to room temperature. For OTA measurement, 10 µL of 2 µM aptamer stock solution
was mixed with 10 µL of 20 nM OTA methanol solution. After incubation for 10 min, the mixture was
added into 170 µL of 50 mM HEPES buffer solution (pH 7.0, containing 50 mM NaCl). Then 10 µL
of ZnPPIX solution was added and incubated at room temperature for 10 min. The emission spectra
of these samples were recorded at am excitation wavelength of 430 nm. This was repeated at least
three times.

2.3. Optimization of OTA Measurements

To obtain the best detection results, the concentration of aptamer and ZnPPIX were optimized.
Firstly, the concentration of aptamer was optimized following the same procedure above. Different
concentration of aptamer stock solution was mixed with 10 µL of 20 nM OTA methanol solution.
After incubating for 10 min, the mixture was added into 170 µL of 50 mM HEPES buffer solution
(pH 7.0, containing 50 mM NaCl). Then, 10 µL of ZnPPIX solution was added and incubated at room
temperature for 10 min, and the emission spectra were recorded at excitation wavelength of 430 nm.
Following the same procedure above, the concentration of ZnPPIX was explored using 160 nM aptamer
and different concentration of ZnPPIX from 0.08 to 0.96 µM.

2.4. Selectivity of OTA Measurements

The selectivity against common toxins was carried out to explore the anti-interference performance
of the method. Ten microliters of aptamer stock solution were mixed with the same concentration
of OTA, OTB, AFB1, fumidil and zearalenone solution respectively. After incubating for 10 min, the
mixture was added to 170 µL of 50 mM HEPES buffer solution (pH 7.0, containing 50 mM NaCl).
Then, 10 µL of ZnPPIX solution was added and incubated at room temperature for 10 min, followed
by fluorescence determination at excitation wavelength of 430 nm.

2.5. Detection of OTA in Real Food Samples

Corn flour samples were purchased from the local supermarket. Aliquots of the corn flour
were mixed with OTA at different concentrations and extracted with 60% (v/v) methanol. After
centrifugation at 10,000 rpm for 10 min, the supernatant was taken and determined by the proposed
method. Typically, 10 µL of 1 µM aptamer was mixed with 20 µL of 100 mM HEPES (pH 7.0, 100 mM
NaCl) buffer solution and 10 µL of the prepared corn samples. After incubating at room temperature
for 10 min, 13 µL of ZnPPIX solution (10 µM) was added and the final volume was adjusted to 200 µL
with water. Then, fluorescent spectra of the samples were recorded at an excitation wavelength of
430 nM.

3. Results and Discussion

3.1. Scheme of OTA Detection

It was reported that OTA aptamer transforms into G-quadruplex structure in the presence of
OTA, which can be used for the detection of OTA under the assistance of G-quadruplex specific
fluorophore [31]. For fluorescent analysis, the common G-quadruplex ligands include Thioflavin T,
N-methyl-mesoporphyrin (NMM) and ZnPPIX [33,34], however only ZnPPIX displayed sensitive
response signals in the presence of OTA. Hence, ZnPPIX is employed here for the detection of OTA.
Scheme 1 shows the design of OTA detection based on the structure switch of OTA aptamer using
a ZnPPIX probe. In an aqueous solution, ZnPPIX does not bind with aptamer or display obvious
fluorescence. In the presence of OTA, the aptamer binds specifically with OTA and transforms
the structure of aptamer into a G-quadruplex structure. Then, the ZnPPIX probe efficiently binds
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with G-quadruplex and produces strong fluorescence, and OTA can be quantified based on the
enhanced fluorescence.

Scheme 1. Scheme of the label free OTA detection based on structure switching of aptamer.

To verify the design, we researched the fluorescence property of the OTA-aptamer-ZnPPIX sensing
system. As shown in Figure 2, ZnPPIX shows negligible fluorescence in pH 7.0 HEPES buffer solution
(curve a). Upon adding the aptamer the fluorescence of the mixture only slightly increased (curve b).
However, if the aptamer is mixed with OTA and incubated for 10 min before the addition of ZnPPIX,
the fluorescence of the sensing system is greatly enhanced (curve c in Figure 2). The results demonstrate
the feasibility of our design.

Figure 2. The emission spectra of ZnPPIX (a), ZnPPIX + aptamer (b), and ZnPPIX + aptamer + OTA (c).

3.2. Optimization of OTA Detection

To obtain the best detection result, the effect of ZnPPIX and aptamer on OTA determination
is studied. Firstly, the concentration of aptamer was optimized. The structure transformation from
aptamer to G-quadruplex is a chemical equilibrium, so the concentration of aptamer greatly affects
the formation of G-quadruplex in the presence of OTA. If the concentration of aptamer is too low,
a higher concentration of OTA is needed to facilitate the formation of G-quadruplex, which results in
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decreased sensitivity of OTA determination. Conversely, an excessively-high concentration of aptamer
would lead to high background signal. As shown in Figure 3A,B, when 1 nM OTA was mixed with
different concentrations of aptamer, the addition of ZnPPIX caused a different fluorescent response
in 10 mM HEPES buffer solution (pH 7.0). When the concentration of aptamer increased from 0 to
160 nM, the fluorescence of ZnPPIX enhances gradually and the strongest fluorescence is obtained
upon the addition of 160 nM ZnPPIX. Next, the effect of ZnPPIX concentration on the sensing of OTA
was explored. As shown in Figure 3C,D, in 10 mM HEPES buffer solution (pH 7.0, containing 10 mM
NaCl, 1 nM OTA and 160 nM aptamer), the fluorescent intensity of the system increases dramatically
with the addition of ZnPPIX in the concentration range from 0.08 to 0.64 µM. The fluorescence intensity
reached its the maximal value when the concentration of ZnPPIX is increased to 0.64 µM, which was
used as the optimized concentration for the OTA detection. All OTA determinations are carried out
under the optimized conditions.

Figure 3. (A) The emission spectra of aptamer-ZnPPIX system containing 0.64 µM ZnPPIX, 1 nM OTA
and different concentration of aptamer; (B) The relationship of fluorescence response and aptamer
concentration; (C) The emission spectra of aptamer-ZnPPIX system containing 160 nM aptamer, 1 nM
OTA and different concentration of ZnPPIX probe; (D) The relationship of fluorescence response and
ZnPPIX concentration. (λex = 430 nm, 10 mM HEPES (pH 7.0, containing 50 mM NaCl).

3.3. Quantitative Measurement of OTA

Under the optimized condition, OTA was determined by the proposed method. As shown in
Figure 4, with the increase of OTA concentration, the fluorescence of ZnPPIX increased gradually in
10 mM HEPES solution (pH 7.0, 10 mM NaCl). A linear relationship between the fluorescence intensity
and the concentration of OTA is obtained in the range of 0.1~1.2 nM. The small linear range can be
attributed to the higher concentration of ZnPPIX probe which results in part fluorescence quenching
by self-absorption effect. The linear regression equation is I = 158.36c + 113.89 (R2 = 0.9966), where I is
the fluorescence intensity and c is the concentration of OTA (nM). The limit of detection is calculated
to be about 0.03 nM based on the signal to noise ratio of 3 (S/N = 3). The results demonstrate that
the detection platform displayed higher sensitivity than most of the previous reports (as shown in
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Table 1). Owing to the higher sensitivity, the real samples containing higher concentration of OTA
can also be detected by dilution. Hence, the method can be applied for OTA detection in most real
samples. In addition, the proposed method is simple, label-free and cost-effective, which facilitates its
wide application in biosensing and food safety. These results reveal that the developed aptasensor has
great potential application in the sensitive detection of OTA in practical samples.

Figure 4. (A) Emission spectra of the assay system with different concentrations of OTA from
0~4 Nm; (B) The relationship between fluorescent intensity and OTA concentration. Inset: linear
plot of fluorescent intensity vs. OTA concentration. Error bars show the standard deviations of three
independent measurements (λex = 430 nm).

Table 1. Comparison of the properties of various OTA aptasensor.

Methods Detection Technology Detection Limit (nM) Application Reference

Electrochemical Polyaniline Langmuir–Blodgett film
based aptasensor 0.25 – [35]

Electrochemical Impedimetric Aptasensor 0.014 wine [36]

Colorimetric ABTS-H2O2-Hemin
colorimetric system 1 – [37]

Colorimetric DNA amplification (Hybridization
chain reaction) 0.01 wheat flour [27]

Fluorescence Aptamer structure switch with
Iridium(III) Complex 0.05 – [31]

Fluorescence Fluorophore labeled aptamer
structure switching 1.99 corn [23]

Fluorescence Aptamer structure switch with
ZnPPIX probe 0.03 corn This work



Sensors 2018, 18, 1769 7 of 10

3.4. Selectivity of Structure-Switching Aptasensor

In order to evaluate the selectivity of the structure-switching aptasensor, we tested the sensing
platform against various common analogues, including ochratoxin B (OTB), aflatoxin B1 (AFB1),
Fumidil, and Zearalenone. As shown in Figure 5A, the addition of target molecule (OTA) causes
dramatic fluorescence enhancement. However, other mycotoxins at the same concentration do not
induce apparent fluorescent intensity increase, indicating the high specificity to OTA. In order to
explore the high selectivity of the sensing platform, a control DNA (cDNA) with random sequence is
employed to replace aptamer for OTA determination. From the results in Figure 5B we can see that
the cDNA-OTA system cannot cause a significant fluorescence response, confirming that the high
selectivity can be ascribed to the specific recognition of aptamer towards OTA.

Figure 5. (A) Selectivity of the detection method to OTA over its analogues (the concentration of all
mycotoxins are 1 nM); (B) emission spectra of ZnPPIX (a), ZnPPIX + cDNA + OTA (b), and ZnPPIX +
aptamer + OTA (c).

3.5. Determination of OTA in Corn and Red Wine Samples

To evaluate the feasibility of the sensing system for practical applications, OTA determination
was performed by standard addition methods in real corn and red wine samples. After corn samples
spiked with OTA are extracted with 60% (v/v) methanol aqueous solution and centrifuged for 10 min,
the obtained supernatant solutions are mixed with aptamer and incubated at room temperature for
10 min. Then 0.64 µM ZnPPIX was added for fluorescence determination. The results in Table 2
indicate that the recoveries of the determination are between 96.6% and 106% and the relative standard
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deviation (RSD) is lower than ±6.1%. The detection in red wine samples also reveal that the recoveries
are higher than 94% and the RSD is lower than ±7.3%, suggesting the reliability and feasibility of the
method for the detection of OTA in real samples. In addition, from the results in Table 2 we can see
that there is a certain difference in OTA detection in different samples, which may result from the
complex composition of practical samples.

Table 2. Determination of OTA in corn and red wine samples with the proposed method.

Samples Added OTA (nM) Found OTA (nM) a Recovery (%) a RSD (%) a,b

corn

1 0 0 – ±3.2
2 0.2 0.21 106 ±5.8
3 0.5 0.48 96 ±3.5
4 1 0.97 97 ±6.1

Red wine

1 0 0.05 – ±2.3
2 0.2 0.19 96 ±4.6
3 0.5 0.47 94 ±7.3
4 1 0.95 95 ±6.2

a The mean of three measurements. b RSD = The relative standard deviation.

4. Conclusions

In summary, a simple and sensitive aptamer-based sensing platform was developed for the
detection of OTA based on switching the structure of aptamer. The sensing system consisted of
G-quadruplex probe (ZnPPIX) and OTA aptamer that specifically recognizes and quantifies OTA. The
aptamer sensing platform displays higher sensitivity than most reported methods and robust selectivity
over other mycotoxins. The successful detection of OTA in real samples confirmed the potential
application in food safety. This proposed aptasensor is simple, quick and cost-effective compared
to conventional chromatography and immunoassay, which is advantageous to its development and
wide application.
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