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Asimple, rapid, low cost and highly sensitive method for the detection of ochratoxin A (OTA) was developed
based on the principle that dispersed AuNPs show a better fluorescence quenching effect than aggregated
AuUNPs. In the absence of OTA, the aptamer is adsorbed onto the surface of AuNPs, which helps to enhance
the stability of AuNPs against salt-induced aggregation, and also enhances the fluorescence quenching of
the fluorescein-labeled aptamer. With the addition of OTA, the conformation of the aptamer changed,

which induced aggregation of AuNPs in the presence of high-salt conditions. The fluorescence intensity
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Accepted 7th March 2017 was clearly recovered. The assay showed a linear response toward OTA concentration in the range of

25 nM to 300 nM with a correlation coefficient of 0.9957. The limit of detection for OTA was
experimentally determined to be 22.7 nM. This method has the advantages of simple operation, low-cost
and high sensitivity compared to conventional methods and can be applied to the detection of real samples.
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1 Introduction

Ochratoxin A (OTA) is a highly potent mycotoxin, which has
documented nephrotoxic, teratogenic and immune toxicity
effects in humans. As a food contaminant, OTA is often found in
a wide variety of agricultural produce and food products.' At
present, OTA residues are restricted in many countries. In
China, the allowed concentration of OTA is lower than 100 mg
kg~ " according to the National Standard.* Many methods have
been used to detect OTA including high-performance liquid
chromatography (HPLC),>® thin layer chromatography (TLC)’
and enzyme linked immunosorbent assay (ELISA).**° However,
these traditional methods are rather expensive, time consuming
and have to be performed by qualified staff only in specialized
laboratories. In addition, these methods usually require organic
solvents to extract toxins from food, which creates additional
pollution for the environment. ELISA is the main method used
for the determination of OTA as it is a rapid detection tech-
nique. However, the disadvantage of the ELISA method is the
necessity of using enzyme-labeling reagents, which are expen-
sive. Moreover, environmental conditions such as temperature,
PH, etc. have a significant effect on antibodies or antigens. It is
also difficult to use ELISA to detect OTA in the field or on-site.*
Therefore, there is an urgent requirement for direct, rapid, and
low cost methods for the detection of OTA.
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Gold nanoparticles (AuNPs) have drawn much attention due
to their unique properties."** In particular, the surface plasma
resonance properties (SPR) of AuNPs make them very attractive
in colorimetric analysis."”> However, colorimetric analysis has
low sensitivity and suffers from interference by the background
color. In many fluorescence-based methods, AuNPs have been
labeled and used as the quenchers.*'* However, complicated
surface-chemical modifications of AuNPs can reduce their
sensitivity and selectivity, and thus limit their practical appli-
cation. To overcome these problems, label-free fluorescence
detection’"” has been developed to replace traditional
methods, which avoids the frequent modification and separa-
tion."™" With the advantages of simple operation, high sensi-
tivity and low cost, this approach has the potential to be widely
used in medical analysis.

In this study, a new fluorescent method was developed based
on the fact that dispersed AuNPs show better fluorescence
quenching effect than aggregated AuNPs.>® In the absence of
OTA, FAM (carboxyfluorescein) modified aptamer gets absorbed
onto the surface of AuNPs preventing the aggregation of AuNPs,
and the fluorescence can be quenched by AuNPs. In the pres-
ence of OTA, FAM modified aptamer was not absorbed onto the
surface of AuNPs, resulting in the aggregation of AuNPs in NaCl
solution. As a result, the fluorescence of FAM modified aptamer
increased, and further caused the obvious recovery of the fluo-
rescence of FAM modified aptamer. Obviously, common steps
could be effectively avoided, such as modifying aptamers onto
the AuNPs, complicated centrifugation and separation. As
aresult, OTA at concentration as low as 22.7 nM can be detected
with this method. This method has several advantages
including low cost, simple operation and high sensitivity,
making it highly useful for the on-site detection of OTA.

This journal is © The Royal Society of Chemistry 2017
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2 Experimental

2.1 Material and reagents

OTA was purchased from Pribolab Pte. Ltd. (Singapore, http://
www.pribolab.com). The sequence of fluorescein (FAM)-
labeled anti-OTA aptamer was FAM-5-GAT CGG GTG TGG
GTG GCG TAA AGG GAG CAT CGG ACA (FAM-Apt). The FAM-Apt
was synthesized by Shanghai Sangon Biotechnology Co. Ltd.
(Shanghai, China, http://www.sangon.com/). Chloroauric acid
(HAuCl,) was obtained from Sigma-Aldrich (St. Louis, MO, USA,
http://www.sigmaaldrich.com/sigma-aldrich/home.html).
Other chemicals, including sodium citrate, sodium chloride,
dipotassium hydrogen phosphate, potassium dihydrogen
phosphate and magnesium chloride were purchased from
Tianjin Chemical Reagent Company (Tianjin, China, http://
www.b2b168.com/c168-143645.html). All chemicals were of
analytical grade. Millipore Milli-Q water (18 MQ cm ™ *) was used
in all experiments. Phosphate buffer (PB) was composed of
10 mM KH,PO,-K,HPO, and 1 mM MgCl,, pH = 8.5.

2.2 Apparatus

UV visible absorption spectra were recorded on a Shimadzu UV-
2550 UV/Vis spectrophotometer (Kyoto, Japan). All fluorescence
intensity measurements were performed on an Infinite M200
multi-detection microplate reader (Tecan, Switzerland). The
excitation wavelength was 475 nm, and the spectral region
between 500 nm and 600 nm was monitored.

2.3 Preparation of AuNPs

All glassware used in the experiments was soaked in aqua regia
overnight before the preparation of AuNPs. We adopted the
method of sodium citrate reduction of chloroauric acid to prepare
the AuNPs. In a typical procedure, 50 mL of 0.04% HAuCl, was
heated to a rolling boil in a 250 mL round-bottom flask under
continuous vigorous stirring, and then 5.6 mL of 1% sodium
citrate was quickly added into the solution. The mixture was
further heated for 10 min and stirred for 10 min. The solution was
cooled to room temperature and stored at 4 °C before use. The
concentration of AuNPs was estimated to be 17 nM.

2.4 Procedure for detection of OTA

A normal procedure for OTA detection is as follows: 50 pL of
500 nM aptamer solutions and 50 pL of 17 nM AuNPs solution
were mixed and incubated for 15 min. Then, 50 pL aliquots of
different concentrations of OTA were added into the mixture, and
incubated for 30 min at room temperature. Subsequently, 50 puL
of 170 mM NacCl was added into the above solution and incu-
bated for 8 min. Finally, the mixed solution was diluted with H,O
to 500 pL. The fluorescence intensity of FAM-Apt at 520 nm was
monitored with the excitation wavelength of 475 nm.

3 Results and discussion
3.1 Principle of fluorescence detection

Fig. 1 shows the analytical process for OTA detection, which
makes use of the recognition of aptamer and the quenching of
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Fig. 1 Schematic illustration of the fluorescence detection of OTA
utilizing OTA's aptamer and unmodified AuNPs.

AuNPs. Aptamers are single-stranded oligonucleotides (ssDNA)
selected in vitro through SELEX (systematic evolution of ligands
by exponential enrichment),”**> and they have been widely used
in the detection of proteins,**~* DNA,* and small molecules****
due to their recognition properties.*® The ssDNA aptamers can
uncoil sufficiently to expose their bases, and can be adsorbed
rapidly on the bare colloidal AuNPs.** Thus, ssDNA can absorb
onto the surface through electrostatic attraction. At high salt
conditions, the electrostatic repulsion between negatively
charged AuNPs is screened, resulting in the aggregation of
AuNPs. However, the absorption of ssDNA can prevent the
AuNPs against aggregation at high salt concentrations.**
Herein, FAM-Apt aptamers are used which easily absorb onto
the surface of AuNPs and help to enhance the AuNPs-stability
against salt-induced aggregation. The dispersed AuNPs showed
superior quenching effect and the fluorescence intensity was
obviously decreased (Fig. 2c). However, once OTA was introduced,
the conformation of FAM-Apt changed due to specific binding
with OTA, thus, the FAM-Apt was scarcely absorbed onto the
surface of AuNPs, leading to the recovery of fluorescence (Fig. 2b).
When NaCl was added, the stability of AuNPs decreased under
high-salt conditions, resulting in aggregation. Because the
quenching of aggregated AuNPs was lower than that of the
dispersed AuNPs, the fluorescence showed great recovery (Fig. 2a).
The possible mechanism for this fluorescence-quenching based
assay could be the suitable matching of the optical properties of
AuNPs and FAM-Apt. The dispersed AuNPs have strong absorption
at 520 nm, while the FAM-Apt molecules have strong emission at
520 nm. Thus, there is considerable overlap between the

d: Apt
c: AuNPs-Apt-NaCl
b: AuNPs-Apt-OTA
a: AuNPs-Apt-OTA-NaCl
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Fig. 2 Fluorescence spectra of FAM-Apt in the different systems.
Experimental conditions: AuNPs, 17 nM; FAM-Apt, 0.5 uM; OTA, 1 uM;
NaCl, 17 mM.
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Fig. 3 UV-Vis spectra of AuNPs solution in the different systems. (1)
AuNPs, (2) AuNPs + NaCl, (3) AuNPs + FAM-Apt + NaCl (4) AuNPs +
FAM-Apt + OTA + NaCl. Experimental conditions: AuNPs, 17 nM; FAM-
Apt, 0.5 uM; OTA, 1 uM; NaCl, 17 mM.

absorption spectra of AuNPs and the emission spectra of FAM-Apt.
As a result, fluorescence resonance energy transfer (FRET) can
occur between AuNPs and FAM-Apt, which leads to the quenching
of FAM-Apt. On the other hand, dispersed AuNPs have high
surface-to-volume ratio, but when the AuNPs are aggregated, their
surface-to-volume ratio decreases greatly. Therefore, the number
of FAM-Apt molecules absorbed on the surface of aggregated
AuNPs decreases, which causes the FRET between AuNPs and
FAM-Apt to weaken. Therefore, the fluorescence intensity
increased. Thereby, the fluorescence intensity provided a good
means to conduct the quantitative analysis of OTA.

Fig. 3 shows the UV-Vis spectra of the AuNPs solution under
different experimental conditions. As seen from Fig. 3, there
was a maximum absorption peak at 520 nm for the AuNPs,
which is attributed to the typical plasmon band of the nanoscale
Au (Fig. 3, curve 1). When the NaCl salt was added to the AuNPs,
a new peak appeared at about 750 nm. Correspondingly, the
color of the AuNPs solution changed from red to blue (Fig. 3,
curve 2). When the FAM-Apt was added to this system, the peak
at about 520 nm remained and the color of the AuNPs solution
did not change with the addition of salt (Fig. 3, curve 3). Then,
following the addition of OTA, FAM-Apt could specifically bind
with OTA, and a new peak appeared at about 650 nm when NaCl
was added. Correspondingly, the color of the AuNPs solution
changed from red to purple (Fig. 3, curve 4). These results are
consistent with the transmission electron microscopy (TEM)
images (Fig. S1t). Fig. S1} shows that the AuNPs were mostly
spherical in shape, and their size was uniform with an average
diameter of about 13 nm. In the presence of FAM-Apt, AuNPs
remained well dispersed in salt solution. When OTA was added,
significant aggregation of AuNPs occurred.

3.2 Optimization of detection conditions

Selection of appropriate experimental parameters is very impor-
tant as these factors can affect the results of the entire experi-
ment. In order to obtain the accurate and reproducible results,
the different experimental conditions for the detection of OTA
were optimized, such as the concentration of NaCl, concentration
of FAM-Apt, concentration of AuNPs, reaction time, and pH.
The concentration of NaCl was firstly studied as it is an
important parameter in the assay. Fig. S21 shows the fluorescence

16292 | RSC Adv., 2017, 7, 16290-16294

View Article Online

Paper

intensity of FAM-Apt with varying NaCl concentrations. It can be
seen that there was low fluorescence intensity at very low NaCl
concentration, because there was not enough NacCl to aggregate
the AuNPs. The fluorescence intensity increased between 0 and
17 mM, and then decreased. The reason for this behavior was that
the high salt concentration caused the aggregation of AuNPs,
which in turn caused the decrease in fluorescence intensity. When
the NaCl concentration was 17 mM, the fluorescence intensity was
the highest. So the optimized concentration of NaCl used for the
following experiments was 17 mM.

The concentration of AuNPs was another important factor to be
evaluated. The fluorescence intensity of FAM-Apt gradually
decreased with the increase in concentration of AuUNPs. However,
most of the fluorescence was effectively quenched when the
concentration of AuNPs was 8.5 nM (Fig. S3t). So the optimized
concentration of AuNPs was 8.5 nM. In this work, the appropriate
concentration of FAM-Apt was also investigated. As shown in
Fig. S4,T As3 is the UV absorbance of the AuNPs at 530 nm. As3, of
AuNPs gradually increased with the increase in concentration of
FAM-Apt. Aszo of AuNPs tended to be stable when the concentra-
tion of FAM-Apt rose to 0.5 uM, indicating that FAM-Apt concen-
tration of 0.5 uM can efficiently protect AuNPs from salt-induced
aggregation. Therefore, the optimum concentration of FAM-Apt
was determined to be 0.5 uM for the following OTA detection.

In this work, the binding time of OTA-FAM-Apt (Fig. S51) and
the reaction time of AuNPs-NaCl (Fig. S6t) also strongly affected
the detection results. As seen from Fig. S5,f the fluorescence
intensity of FAM-Apt increased with increasing binding time, and
reached a maximum at 30 min. As shown in Fig. S6,T the fluo-
rescence intensity of FAM-Apt gradually decreased and tended to
level off after the reaction time reached 8 min. Therefore, the
appropriate binding time of OTA-FAM-Apt and reaction time of
AuNPs-NaCl were determined to be 30 min and 8 min, respec-
tively. Lastly, pH was also optimized. As shown in Fig. S7,} the
fluorescence intensity reached the maximum value when the pH
was 8.5. Therefore, the appropriate pH was chosen as 8.5.

3.3 Quantitative measurement of OTA

Under the optimal conditions, the fluorescence intensity
increased as the concentration of OTA increased. As shown in
Fig. 4, there was a good linear relationship between the fluo-
rescence restoration (AF, F = F — F,, where F and F, are the
fluorescence intensities of the system at 520 nm in the presence
and absence of OTA, respectively) and the concentration of OTA.
The curve showed a good response for OTA at concentrations of
25-300 nM. The regression equation was determined to be AF =
0.293C + 4.263 (C is the concentration of OTA, nM) with
a correlation coefficient of 0.9957. The relative standard devia-
tion (RSD) for 100 nM OTA measurement was found to be 2.0%
(n = 11). The limit of detection (LOD) was found to be 22.7 nM,
as calculated by three times the standard deviation of blanks.
The linear relationship between fluorescence intensity and OTA
concentration, and the low value of LOD determined in this
study are comparable to the standard analytical method based
on TLC-FD for 25 nM (GB/T, 5009.96-2003, 2003). The obtained
sensitivity with this method is better compared to colorimetric

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Fluorescence emission spectra of OTA-FAM-Apt—AuNPs—
NaCl system with the presence of increasing concentrations of OTA
(25, 50, 100, 200, 300 nmol L™Y). Inset: the linear calibration of fluo-
rescence recovery value AF (F — Fg) versus OTA concentration.

Starch Nat

Serine Maltose OTA

Fig.5 Specificity assays of OTA. The fluorescence of FAM-Apt—AuNPs
solution in the presence of 0.5 uM OTA and 5 uM of other analytes.

methods.” The detection limit of the sensor based on single-
walled carbon nanotubes (SWCNTs)' and graphene oxide
(GO)" are 24.1 nM and 21.8 nM, respectively. The detection
limit in this work is comparable or even better than those
previous methods. On the other hand, the advantages of the
sensor based on AuNPs are simple operation and low cost
compared to SWCNTs and GO. Although the detection limit is
not lower than HPLC® and ELISA,® this method is still superior
in terms of its simplicity, rapidity and cost saving.

3.4 Interference test

To evaluate the selectivity of this method for OTA, several kinds
of potential interfering substances were selected as interfer-
ences, including ethanol, serine, maltose, starch, and Na*. All
these interferences were tested under the same conditions with
OTA. As shown in Fig. 5, these interferences had no effects on
the fluorescence. However, a significant increase in fluores-
cence was observed for OTA. The good selectivity of the apta-
sensor is attributed to the high specificity of the aptamer.

3.5 Analysis of real samples

In order to verify the practicability of the method, real food
samples including corn flour, beer (Tsingtao) and coffee (Nes-
cafe) were purchased from a local supermarket. For this anal-
ysis, 1.0 g of corn flour was dispersed in methanol and
centrifuged at 4000 r for 5 min. Then, the supernatant was

This journal is © The Royal Society of Chemistry 2017
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Table 1 Detection of OTA in samples of corn flour, beer and coffee
with different amounts of OTA. (n = 3)¢

Added Found Recovery RSD
Sample (nmol L) (nmol L) (%) (%)
Cornmeal 0.0 ND — —
100.0 103.9 103.9 2.1
300.0 270.6 90.2 1.1
Beer 0.0 ND — —
100.0 113.2 113.2 2.6
300.0 271.8 90.6 3.5
Coffee 0.0 4.8 — —
100.0 115.7 110.9 2.5
300.0 286.3 93.9 2.0

% ND: not detected.

collected and analyzed for the content of OTA by the same
method as described above. Beer and coffee were diluted 100-
fold by deionized water, and then analyzed for OTA content. As
shown in Table 1, the obtained recovery ranged from 90.2% to
113.2%. The experimental results demonstrated that this
method can be used to detect OTA in real food samples.

4 Conclusions

This paper introduced a novel strategy for the detection and
determination of OTA based on the higher quenching effect of
dispersed AuNPs compared to aggregated AuNPs. The strategy
has several significant advantages: (1) AuNPs do not need to be
modified, and multiple centrifugation and separation steps are
avoided. (2) This method has good selectivity for OTA with the
detection limit of 22.7 nM. Taken together, these advantages
make this assay simple, robust, inexpensive, and therefore
promising for on-site testing of OTA. The simple method has
been successfully used for the detection of OTA in real samples.
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