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KEYWORDS Abstract Patulin (PAT) contamination in fruit and fruit products is a significant public health con-
il cern. Here, we developed a ratiometric fluorescent aptasensor for PAT detection based on aptamer-
Aptamer; recognition and Exonuclease III amplification. Two structure selective dyes, SYBR Green I (SGI)

and N-methyl mesoporphyrin IX (NMM), were used as fluorescent probes. In the developed
biosensing system, the binding of PAT to aptamer triggered the liberation of cDNA. Subsequently,
amplification was mediated by Exonuclease III. S1 was released from the S1-S2 duplex by enzy-
matic hydrolyzation and incorporated into a stable G-quadruplex. As a result, the fluorescence
of SGI decreased, whereas that of NMM increased. There was a strong linear correlation between
the relative fluorescence intensity and PAT concentrations (20 to 500 ng-L™" range) (R> = 0.99).
The biosensing system was highly sensitive, and could detect PAT concentration as low as
4.7 ng-L~'. The sensor was also highly specific, and could differentiate PAT from several other
related mycotoxins. In summary, we developed a new bioassay for the accurate detection of PAT
contamination in fruits and fruit products. This research provides a new approach for developing
ratiometric bioassays based on structure-selective dyes and enzymatic conversion processes.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Patulin (PAT) is a secondary metabolite produced by several fungal
species such as Aspergillus and Penicillium (loi et al., 2017). PAT is
one of the most common toxins that readily contaminates fruits and
silage, especially apples, hawthorns, pears, and tomatoes (Vidal
et al., 2019). A previous study showed that the concentration of
PAT in 30.7% of 137 fruit products in China ranged from 10.0 to
276.9 ng/kg (Ji et al., 2017). Toxicological experiments suggest that
PAT is potentially a harmful mycotoxin. For example, PAT may cause
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gastrointestinal symptoms including nausea, vomiting, ulcers, intesti-
nal hemorrhages, and lesions in the duodenum. Toady, PAT is known
to be linked with adverse neurological, gastrointestinal, and immuno-
logical effects (Frisvad 2018, Vidal et al., 2019; Saleh and Goktepe
2019).

Based on the Chinese National Food Safety standards GB 2761—
2017, the permissible limit of PAT in fruits and their products is
50 pg/kg. Internationally, particularly in Europe, the permissible max-
imum PAT concentration in fruit juice is less than 50 pg/kg, and not
more than 10 pg/kg for fruits fed to infants and children (Torovic
et al., 2017). However, the lack of a rapid screening method for PAT
severely hampers the production of safe agricultural products. In
China, PAT is one of the key contaminants of agricultural products.
In general, there is an urgent economic and social need for the accurate
monitoring of PAT in fruit and fruit products in China.

The production of safe fruits and related products relies on the
development of rapid, highly sensitive, and specific methods of PAT
detection in these products. Traditional quantitative methods for
PAT analysis in food products mainly include high performance liquid
chromatography (HPLC), high performance liquid chromatography
tandem mass spectrometry (HPLC-MS), thin layer chromatography
(TLC), gas chromatography mass spectrometry (GC-MS), and capil-
lary electrophoresis (CE) (Li et al., 2017; Sadok et al., 2019; Vidal
et al., 2019). However, these methods are slow, cumbersome, and
highly technical.

Aptamers can specifically bind to target molecules such as proteins,
amino acids, small organic molecules and inorganic ions (Lan et al.,
2017). In contrast to antibodies, aptamers are artificially synthesized
and possess good stability and high temperature tolerance, and thus
can be stored for longer time periods at room temperature. Given their
good specificity and relative simplicity, aptasensors facilitate the rapid
on-farm detection of numerous molecular food contaminants (Ahmadi
et al., 2019; Wu et al., 2018). Therefore, we explored the utility of an
aptasensor-based method for PAT detection in fruit products. Wu
and colleagues developed a high-affinity aptamer for PAT through
the systematic evolution of ligands by exponential enrichment
(SELEX) (Wu et al., 2016). Currently, given their high sensitivity, elec-
trochemical strategies based on aptamers have been proposed for PAT
detection (He and Dong, 2019; Xu et al., 2019). Fluorescence aptasen-
sors offer several key advantages such as high sensitivity, simplicity
and low cost (Wen et al., 2017). The sensitivity of a biosensor usually
depends on the established relationship between the concentration of
the target analyte and the signal. A fluorescence sensor with only a sin-
gle signal output may give false positive or false negative test results
based on the increase or decrease of the detection signal. However, a
ratiometric sensor with two detection signals can overcome the short-
comings of the single signal output. The presence of the target mole-
cule enhances the fluorescence of one fluorophore, but decreases that
of the other. This strategy can not only improve detection sensitivity,
but also enhance specificity (Deng et al., 2018a). Fluorescent ratiomet-
ric probes eliminate the instability of the probes themselves and reduce
the error caused by environmental contaminants.

Commercial or nanomaterial-based probes can be used with apta-
mers for PAT detection (Ahmadi et al., 2019; Wu et al., 2018). How-
ever, labeling oligonucleotides with fluorophores and/or quenchers
increases the cost of detection (Ahmadi et al., 2019). Besides, the com-
bination of aggregation of luminescence molecules and enzyme-
assisted chain replacement signal amplification increases the sensitivity
and specificity of the test (Zhang et al., 2020). Most importantly, the
use of direct structure recognition dyes as a signal indicator avoids
the covalent attachment of the probes on to the DNA, which also
makes the use of the biosensors possible (Guo et al., 2017). Inspired
by previous work, for the first time, we developed a highly sensitive
and specific ratiometric fluorescent aptasensor for PAT detection
based on two structure recognition dyes, SYBR Green I (SGI) and
N-methyl mesoporphyrin IX (NMM).To further improve the
sensitivity of this assay, Exo Ill-assisted cascaded recycling amplifica-
tion was designed. The potential application of the ratiometric

aptasensor for PAT detection was evaluated by apple juices, grape
juices, haw juices, and not-from-concentrate (NFC) juice contami-
nated with PAT.

2. Materials and methods

2.1. Materials

The PAT aptamer (Aptpat) and other oligonucleotides
(HPLC), low range DNA Marker (25-500 bp, B600303),
acryl/bis (acrylamide/N, N’-methylene bisacrylamide) 30%
solution (29:1) and tris-(hydroxymethyl)aminomethane (Tris,
99.9%) were purchased from Sangon Biotech Laboratory,
Ltd (Shanghai, China). PAT (99.9%), aflatoxin M1 (AFM1,
99%), zearalenone (ZEN, 99%), aflatoxin B1 (AFBI1, 99%),
ochratoxin A (OTA, 99%), fumonisin B1 (FB1, 99%), pecti-
nase (1500 U/mL), and PriboFast multifunctional cleanup col-
umns MFC 228 were purchased from Pribolab (Qingdao,
China). Exonuclease III (E.coli, M0206L.) and NEBuffer™
(pH 7.4, 70 mM NacCl, 10 mM MgCl,, 20 mM KCl) were pur-
chased from New England Biolabs (Beverly, MA, USA).
SYBR™ Gold nucleic acid gel stain dye were purchased from
Invitrogen (CA, USA). SYBR Green I nucleic acid gel stain
dye and 6 x DNA loading buffer were obtained from Solarbio
Science & Technology Co., Ltd. (Beijing, China). PuriMag™
G-streptavidin magnetic beads (SA-MB, 10 mg-mL ™", diame-
ter: 0.2 um) were obtained from PuriMag Biotech Ltd (Xia-
men, China). Tetramethylethylenediamine (TEMED, 99.5%),
ethyl acetate (99.9%), magnesium chloride hexahydrate
(99.5%), potassium chloride (99%), and ethylenediamine tet-
raacetic acid disodium salt (Na,EDTA, 99%) were acquired
from Aladdin (Beijing, China). Ammonium persulfate (98%)
was purchased from Macklin Biochemical (Shanghai, China).
A stock solution of N-methyl mesoporphyrin IX (100 uM)
from J&K Scientific Ltd., (Beijing, China) was prepared in
dimethyl sulfoxide and stored in darkness at — 20°C. The
oligonucleotides were dissolved in distilled water and quanti-
fied using X-5 UV-vis absorption spectroscopy (Yuanxi,
Shanghai, China). The water used was purified using an a
ultra-pure water purification system (GT-30L, Shanghai,
China).

2.2. Establishment of the PAT-targeting aptasensor

Magnetic bead-biotinylated aptamer (MB-Aptpat) MB-
Aptpat Was prepared by incubating biotinylated aptamer
(Aptpat) for 15 min at room temperature with SA-MB in
binding buffer (20 mM Tris-HCI, 1 M NaCl, 1 mM EDTA,
0.02% Triton X-100, pH 7.8) in a shaking incubator. The
MB-Aptpat Was collected from the bottom of the vial using
an MRack magnetic separation rack (PuriMag Biotech, Xia-
men, China) and washed with the binding buffer to remove
the unbound aptamer. The MB-Aptpat Was mixed with com-
plementary sequence cDNA in PBS for 1 h at room tempera-
ture to hybridize into dsDNA (Aptpar-cDNA) on the surface
of magnetic beads (MBs). The MB-Aptps1-C complex (MB-
Aptpat-cDNA) was resuspended in PBS and stored at 4°C
until use.

Given the target PAT has a high affinity for the aptamer, it
can displace the trigger-cDNA from the MB-Aptpat-C com-
plex. The cDNA initiated the enzymatic reaction and cyclic
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reaction with the aid of Exo III. Signal amplification can be
achieved by an Exo Ill-assisted cascaded recycling strategy
as follows. First, the DNA duplex S1-S2 probe was prepared
by blending S1 and S2 in 1 x NEBuffer 1. The S1-S2 duplex
was thermally annealed at 90°C for 10 min and then naturally
cooled to room temperature. Second, varying PAT concentra-
tions were mixed with MB-Aptpa-C complex in 1 x NEBuffer
1 to a final volume of 50 pL. After magnetic separation, the
supernatant was retained and mixed with the S1-S2 hybrid
(500 nM) and 20 U Exo III in 1 x NEBufferl. The mixture
was incubated for 70 min at 37°C in a TUS-200P shaking
water bath (Yiheng Corp., Shanghai, China), and thereafter
heated for 20 min at 80°C to stop the digestion.

After adding the signal probes, SGI and NMM into the
above solution, the fluorescence spectra of the mixture were
recorded after 30 min using an F-4500 spectrofluorometer
(Hitachi Co., Tokyo, Japan). The spectra were scanned from
483 nm to 634 nm under excitation at 390 nm. For all the mea-
surements, both spectra excitation and emission slit widths
were set at 10 nm.

2.3. Optimization of detection conditions

Several parameters influenced the performance of the ratio-
metric aptasensor. As such, to obtain the best performance,
critical factors such as Exo III concentration, reaction time,
and temperature, as well as the amount of SGI and NMM,
were all optimized. During the optimization process,
100 ng-L~! PAT was chosen. The Exo III concentration was
evaluated from 0 U to 25 U. The incubation temperature
and time for the reaction were evaluated from 25 °C to
50 °C and 0 to 90 min, respectively. The effectiveness of both
SGI and NMM was evaluated at amounts ranging from
300 nM to 800 nM.

2.4. Selectivity of this assay

Five biotoxins, ZEN, AFB1, OTA, FB1 and AFM1 were used
to assess the specificity of the developed aptasensor. The con-
centration of the above mycotoxins was comparable to that of
PAT (300 ng-L™"). The analysis was performed as described in
the preceding section.

2.5. Detection of PAT in real samples

To demonstrate the practical application of the assay, a PAT
recovery test was performed. Apple juices, grape juices, haw
juices and NFC juices sampled from the local supermarket
were assessed for PAT contamination. Three PAT concentra-
tions (100, 200 and 400 ng-L™") were added into the above
samples. Before detection by this ratiometric method, the
spiked samples were subjected to centrifugation at 8000 rpm
for 10 min. The analysis was performed as described in Sec-
tions 2.2 and 2.3. The recovery rate was calculated by the
equation:

-,

co 0

Recovery =

where C;, C, and C, are the concentration with the addition of
the standard obtained by the sensor, the analytical concentra-

tion without the addition of the standard, and the spiked
amount of the standard respectively.

The initial PAT concentrations were assessed as previously
described by Hussain et al (2020) but with minor modifica-
tions. One milliliter of juice sample was placed into a 50 mL
centrifuge tube containing 10 mL of water before adding
100 pL of pectinase. After mixing, the solution was incubated
overnight in darkness. PAT was then extracted twice using
10 mL ethyl acetate. The upper organic layers were blended
and rotary evaporated to dry at 40°C (N-1300D-W, EYELA,
Tokyo, Japan) before re-dissolving the sample in 5 mL acetic
acid. The samples were purified using the multifunctional col-
umn PriboFast MFC228 and thereafter slowly dried using
nitrogen. The dry residue was dissolved in 400 pL mobile
phase (95% acetonitrile/5% water) and filtered (0.22 um
membrane).

The PAT was separated at 40°C using the Atlantis T3 col-
umn (150 x 4.6 mm i.d.; particle size 3 um, Waters, Milford,
MA, USA) before measuring its concentration using Agilent
1260 HPLC (Agilent Technologies, Santa Clara, CA, USA),
equipped with a diode-array detector (DAD). The elution flow
rate of acetonitrile was 0.8 mL/min (mobile phase A). The gra-
dient elution program was utilized with acetonitrile (mobile
phase A) and water (mobile phase B) under the conditions:
0-13 min 5% B; 13-15 min 100 %B, 15-20 min 5 %B. Ten
microliters of the sample was subjected to HPLC and deter-
mined at 276 nm. Quantification of PAT was calibrated by
external standard method. The PAT was expressed in micro-
grams per liter of juice (ng/L).

2.6. Circular dichroism

The characterization of the secondary DNA in the detection
system was performed using circular dichroism (CD) spec-
troscopy. The CD spectra were obtained using a JASCO J-
715 spectropolarimeter (Tokyo, Japan). The DNA (10 uM)
was dissolved in 1 x NEBuffer 1 in the presence of 100 mM
KCI. The step size and band width were both set at 1 nm.

2.7. Native polyacrylamide gel electrophoresis

Native polyacrylamide gel electrophoresis (PAGE) was per-
formed using 20% polyacrylamide gel, using the DYCZ-
24KS vertical electrophoresis system (Liuyi, Beijing, China).
The preparation of 20% polyacrylamide gel was performed
as described in detail in our previous work (Deng et al.,
2018b). Briefly, 5 uL of sample was mixed with 6 x loading
buffer (1 pL) and separated on freshly prepared gel. The elec-
trophoretic separation was performed in 1 x TBE buffer for
2 h at a constant potential of 100 V. The gel was stained for
30 min using 1 x SYBR Gold solution and thereafter observed
using a T-Green Transilluminator (Tiangen Biotech, Beijing,
China).

3. Results and discussion

3.1. The scientific principle of the assay

The scientific principle of the ratiometric biosensor for PAT
detection is depicted in Scheme 1. To improve the detection
sensitivity and selectivity, an aptamer recognition assay, mag-
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netic bead separation and Exo I1I-assisted amplification strat-
egy were incorporated into the ratiometric assay. In the pre-
sent investigation, SGI and NMM were employed as the two
response signals to generate a ratiometric signal. SGI and
NMM are common commercial dyes that exhibit conforma-
tion specificity in dsDNA and G-quadruplexes, respectively
(Kong et al., 2013; Kreig et al., 2015). The absorption, excita-
tion and emission spectra of SGI and NMM are shown in Fig-
ures S1 and S2. There was overlap between the absorption
spectra and excitation spectra of SGI and NMM. When
excited at the same wavelength (390 nm), the emission spectra
of SGI (maximum emission peak at 517 nm) and NMM (max-
imum emission peak at 606 nm) completely separated
(Figure S2).

The tight binding of Aptpar on SA-MB was mediated by
the strong interaction between biotin on the 5'-terminal of
aptamer and streptavidin on the surface of SA-MB. The
amount of Aptpat binding with SA-MB was quantified using
UV-Vis (Figure S3). The amount of biotin-labeled aptamer
absorbed by SA-MB was 0.154 £+ 0.001 pM per ug MB.

On the surface of the MBs, the Aptpar and its partially
complementary ¢cDNA strand could be hybridized into
dsDNA. As shown in Scheme 1, as the S1-S2 duplex possessed
protruding 3’-termini, it was resistant to Exo III cleavage. In
the absence of PAT, SGI subsequently intercalated into the
S1-S2, leading to the bright fluorescence of SGI. In the
presence of PAT, it was preferentially bound to the aptamer,
displacing ¢cDNA from the MB-Aptps1-C complex. The
cDNA then initiated Exo IlIl-catalyzed cascaded recycling
amplification. The new duplex (cDNA-S1-S2) had blunt
3'-termini, and could thus be hydrolyzed by Exo III. The S2
strand was systematically removed from the 3'-termini, leading
to the release of cDNA and S1. The next cycled process was

o e e

N e e S P

The working mechanism of the ratiometric aptasensor.

then triggered by the cDNA again. Potassium ions could
enhance the transformation of strand SI1 (with a
GGGTTTTGGGTTTTGGGTTTTGGG sequence) into a
stable G-quadruplex structure. NMM is a highly selective G-
quadruplex-specific dye. The binding of NMM onto the G-
quadruplex dramatically increased its fluorescence intensity,
while free NMM showed relatively low-intensity fluorescence.
As a result, the decrease of the SGI fluorescence intensity and
the increase in the NMM fluorescence intensity occurred at the
same excitation wavelength. Overall, PAT was quantified
based on the ratiometric signal.

3.2. Method validation

To validate the feasibility of the sensor, FL, PAGE and CD
were performed after the described process.

Upon addition, PAT specifically associated with the apta-
mer. This induced the separation of the cDNA, and thus trig-
gered the Exo Ill-assisted amplification system. The
fluorescence response of SGI and NMM in the absence of
PAT and the S1-S2 duplex is depicted in line 1 of Fig. 1. This
response indicated that the system had very low background
fluorescence. The addition of PAT could only enhance the flu-
orescence intensity of SGI, which occurred because of the
released cDNA (line 2 in Fig. 1). Before adding PAT, the
S1-S2 duplex could not be hydrolyzed by Exo III. This resulted
in high SGI but a low NMM fluorescence signal (line 3 in
Fig. 1). After adding the target analytes, the released cDNA
hybridized with S1-S2, forming a new cDNA-S1-S2 duplex.
Exo III hydrolyzed ¢cDNA-S1-S2, releasing S1, which trans-
formed into a stable G-quadruplex structure. This resulted in
the decreasing fluorescence of SGI and the increasing fluores-
cence of NMM (line 4 in Fig. 1).
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Fig. 1 The fluorescence spectra of the biosensing system: (1)
MB-AptpaT-C complex without PAT and without S1-S2, (2) MB-
Aptpar-C complex with PAT (200 ng-L~") and without S1-S2, (3)
MB-Aptpa1r-C complex without PAT and with S1-S2 (500 nM),
(4) MB-Aptpar-C complex with PAT (200 ng-L~") and S1-S2
(500 nM).

The position of the 25-500 bp DNA marker, MB-Aptpa1-C
complex + PAT, S1, S2 and MB-Aptpat-C complex + PA
T + S2 are shown in Fig. 2, lanes 1 to 5. The addition of
PAT resulted in the release of cDNA from the MB-Aptpat-
C complex, forming a new duplex (lane 5). The coexistence
of both S1 and S2 yielded a new belt (lane 6), suggesting that
the S1-S2 remained metastable even in the presence of Exo III.
After incubating the biosensing system in the presence of PAT,
the products showed belts corresponding to S1, cDNA and
short ssDNA fragments, located between band S1 and cDNA
(lane 7). When there was no Exo III, two belts were generated
(lane 8 in Fig. 2): S1-S2 and suspected cDNA-S1-S2. These
findings indicated that PAT was bound with the aptamer,
which triggered the release of cDNA and the formation of
the cDNA-S1-S2 complex. The enzymatic hydrolysis generated
short ssDNA fragments (lane 7, Fig. 2).

To distinguish the secondary structures of oligonucleotides,
CD spectra experiments were observed (Figure S4). The CD
spectra for the negative peak at 244 nm and a positive peak
at 265 nm are shown in line 1 of Figure S4. These peaks were
attributed to S1. The CD spectra demonstrated the formation
of a typical parallel structure (Karsisiotis et al., 2011; Raje
et al., 2019). In contrast, S2 (Figure S4, line 2) displayed a rel-
atively low amplitude, suggesting that there was no obvious
structure. S1-S2 (Figure S4, line 3) yielded a sharp positive
band at 218 nm, a broad band at 278 nm, and negative band
at 250 nm, which was typical of the B-form duplex
(Mirzapoor and Ranjbar, 2017). After enzymatic hydrolysis
in the presence of PAT, the new bands at 246 nm and
264 nm demonstrated the formation of a parallel G-
quadruplex. Additionally, the peak plateau between 264 nm
and 284 nm suggested the presence of intermediate and new
structures as products of partial enzymatic hydrolysis (Fig-
ure S4, line 4). The fluorescence assay findings were consistent
with PAGE analyses.

3.3. Optimization of experimental conditions

To enhance the performance of the system, major parameters
such as the dosages of SGI and NMM, Exo III concentration,

500 bp
300 bp
200 bp
LN ) S—

100 b Syt
75 bp —t

50 bp S

25 bp

Fig. 2 Gel electrophoresis showing the DNA interaction of the
biosensing system. Lanes 1-8: (1) DNA marker (25-500 bp); (2)
MB-Aptpat-C complex + PAT; (3) S1; (4) S2; (5) MB-Aptpat-C
complex + PAT + S2; (6) S1-S2 + Exo III; (7) MB-Aptpat-C
complex + PAT + S1-S2 + Exo III ; (8) MB-Aptpat-C
complex + PAT + S1-S2 + without Exo III.

temperature, and reaction time were all optimized. Consider-
ing that the sensing system was based on the changes in the
SGI/NMM fluorescence signal, we first investigated the opti-
mal concentrations of these dyes. The SGI concentration was
quantified by measuring the optical density at the extinction
coefficient g405 = 70000 M~ '.cm™' (Dragan et al., 2012).
Upon binding to dsDNA, the fluorescence of SGI was dramat-
ically enhanced. As shown in Figure S5, for the ratio of fluo-
rescence of SGI without PAT (F0) to that with PAT (F), F0/
F reached maximum at an SGI concentration of 400 nM.
Unlike SGI, the signal-to-background (F/F0) of NMM was
partially influenced by the consumption of NMM. In general,
500 nM NMM and 400 nM SGI were the optimal concentra-
tions for the two dyes.

The activity of Exo I1I was also a determining factor due to
the differences in enzymatic efficiency under varying condi-
tions (Wang et al., 2020; Zhou et al., 2020). Therefore, the
Exo III concentration, temperature and reaction time for the
best enzymatic hydrolysis were also optimized. As shown in
Fig. 3A, the Fgg6/Fs;7 ratio rose with the increase in Exo III
from 0 U to 20 U, but remained constant beyond 20 U. Thus,
20 U was adopted as the optimal of Exo III concentration. The
enzymatic temperature of the assay was optimized using a gra-
dient of temperatures from 25°C to 50°C (Fig. 3B). The max-
imum Fgos/Fs17 ratio was achieved at 37°C, which resulted in
highest enzymatic hydrolysis. Upon dissolving Exo III in reac-
tion buffer, its activity was only maintained for a certain per-
iod of time. Fgo6/F 517 increased from 0 to 90 min and reached a
plateau within 70 min (Fig. 3C). Therefore, 37°C and 70 min
were appointed as the most reasonable temperature and reac-
tion time of this sensing system.

3.4. The performance of the established assay for PAT detection

The utility of the system for PAT detection was assessed under
the described optimal parameters. We observed a strong nega-
tive correlation (R2 = 0.99) between the Fgo/Fs1,fluorescence
signal and the PAT concentration in the range from 20 to
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Fig. 3 The Fy4o6/Fs;7 ratio of the sensing system as a function of (A) Exo III concentration, (B) temperature and (C) the reaction time.

500 ng-L~' (Fig. 4). The relationship between Fgos/Fs17 fluo-
rescence and PAT concentration can be expressed as Y = 7
E — 05X + 0.0366, where Y defines the relative Fgo6/Fs17 flu-
orescence signal, and X is the PAT concentration (ng-L™Y).
The limit of detection (LOD) of the developed system for
PAT was 4.7 ng-L~', demonstrating its high sensitivity. The
limit of detection was expressed as 3c/slope as previously
described (Zhang et al., 2015), where o is the standard devia-
tion of the background signal. The LOD of the proposed assay
was comparable to that of existing tests(Ahmadi, et al., 2019;
He and Dong, 2019; He and Dong, 2018; Ma et al., 2018;
Wu et al., 2016; Xu et al., 2019; Zhang et al.,2020) (Table S3
in the Supporting information). Compared with electrochemi-
cal aptasensors, the developed sensor was inferior to them in
terms of LOD and stability. However, it appeared to have sev-
eral advantages related to simple sample pre-treatment, and
speed. The high sensitivity of the developed assay was attribu-
ted to the amplification system and the two molecular-binding
dyes.

The specificity of the system in differentiating PAT from
other mycotoxins was assessed using ZEN, AFBI, OTA,
FB1 and AFMI1. From Fig. 5, it was found that the
Feo6/Fs17 signal was only enhanced with addition of PAT,
but not the listed toxins. As can be seen from Figure S6, when
adding the co-existing toxin and PAT simultaneously, there
was no significant effect on the fluorescence response. The
superior specificity was assigned to the high affinity between
the aptamer and PAT. The aptamer could only combine with
PAT, with the cDNA initiating the Exo III-based amplifica-

tion. However, the other toxins could not split the aptamer-
cDNA complex, and thus, the process could not proceed.

3.5. Practical application of the assay

The initial sensitivity and selectivity of the assay were assessed
using PAT dissolved in a buffer solution. Its practical applica-
tion, however, was assessed using real samples, such as NFC
juice, apple juice, grape juice, and haw juice. HPLC was con-
ducted to measure the original PAT in the above samples
and spiked samples. The results for these samples were nega-
tive which indicated that the PAT contents were below the
LOD of the HPLC method. The PAT concentrations added
to the above samples were 100, 200 and 400 ng-Lfl. As shown
in Table 1, PAT recovery using the designed method ranged
from 81.17% to 100.88%. The results showed that the devel-
oped method was consistent with HPLC (Table S2), indicating
the proposed method’s high level of reliability. These findings
demonstrated the excellent stability and potential practical
application of the proposed PAT screening model using real
fruits and fruit products.

4. Conclusions

Herein, we developed a highly sensitive and accurate ratiometric
aptasensor for PAT detection in fruits and fruit products, based on
two structure recognition dyes, SGI and NMM. The presence of
PAT induced cDNA release from the MB-Aptpa1-C complex, which
initiated Exo III-mediated enzymatic hydrolysis. With the assistance
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Fig. 5 The specificity of the developed assay for PAT detection.
ZEN, AFBI, OTA, FB1, AFM1 and PAT (all were used at
300 ng-L™").

Table 1 Recovery of PAT in NFC juices, apple juices, grape

juices and haw juices.

Samples PAT (ngL™") Recovery (%)
Spiked Found mean £+ SD

NEC 100 88.04 + 5.46 88.04 + 5.46
200 189.43 + 17.61 94.72 + 8.81
400 369.52 £ 12.15 92.38 £+ 3.04

Apple juices 100 82.62 + 3.68 82.62 + 3.68
200 162.33 + 9.52 81.17 + 4.76
400 385.11 £+ 18.63 96.28 + 4.66

Grape juices 100 95.00 + 3.90 95.00 + 3.90
200 177.48 + 13.17 88.74 + 6.59
400 403.52 + 17.86 100.88 + 4.47

Haw juices 100 99.01 + 4.15 99.01 + 4.15
200 173.22 + 15.81 86.61 = 7.91
400 35491 + 13.20 88.73 + 3.30

of Exo III, the signal change was further amplified, which resulted in
the fluorescence of SGI decreasing and the fluorescence of NMM
recovering. The ratio of SGI to NMM signals was strongly correlated
with the PAT concentration. In general, our method can be used for
effective PAT screening in fruit and fruit products. Given its sensitiv-
ity, it substantially minimizes both false-positive and false-negative

results. This approach provided instructive suggestions for developing
ratiometric assays based on structure-selective dyes and enzymatic con-
version processes.
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