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Abstract

Oligonucleotide aptamers as a new type of molecular recognition element, compared with conventional antibodies, have not only
high affinity and specificity to target molecules but also many advantages such as a wide range of target molecule recognition,
synthesis in vitro, and chemical stability. With deep concerns of human beings about food safety issues, various aptamer-based
methods for detecting harmful substances in foods have been extensively studied in recent years, including fluorescent, color-
imetric, electrochemical, photoelectrochemical, electrochemiluminescent methods, etc. They have the methodology character-
istics such as on-site detection, rapidness and high sensitivity. The hazardous substances that were detected mainly involved
pesticide and veterinary drug residues, pathogenic organisms, biotoxins, allergens and organic pollutants. The methodology
studies on the applications of aptamers in the detection of harmful substances in foods are comprehensively reviewed.
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Introduction

In the whole industry chain of food, the hazardous factors for
human health can be introduced from various ways including
production, processing, storage, and circulation of agricultural
and animal husbandry raw materials. These hazardous factors
include all kinds of chemical and microbial sources, such as
pesticide and veterinary drug residues, pathogenic organisms,
biotoxins, and organic pollutants. Some of the hazardous fac-
tors are produced from food itself, such as allergens, which is
harmful to their sensitive populations. With more attention to
food safety, many countries around the world have enacted
more and more rigorous regulations for the control of hazard-
ous substances in foods. Therefore, it is urgent to develop
highly sensitive detection methods for the hazards in food.
The analytical instrument-based detection methods and the
antibody-based enzyme-linked immunosorbent assays
(ELISA) have widely been applied to detect pesticide and
veterinary drug residues, biotoxins, organic pollutants, and
allergens. The detection methods of pathogens are mainly cul-
ture methods and polymerase chain reaction (PCR)-based
methods. However, most detection methods are time-
consuming and offsite, and require professional operations,

>< Guan-Hua Chen
chengh@ujs.edu.cn

College of Food and Bioengineering, Jiangsu University,
Zhenjiang 212013, China

@ Springer

which is a great challenge for the real-time and onsite testing
of samples. PCR-based methods have high sensitivity and can
detect multiple samples at a time. However, these methods
often produce a high percentage of false positives. The con-
ventional ELISA has the advantage of simplicity, speed, and
high reproducibility, but it is limited by the stability and pro-
duction efficiency of antibodies. Furthermore, not all antigens
are immunogenic.

With the successful screening of aptamers, their high affin-
ity, high specificity, and wide applicability to target materials
hint at their great application potential in the field of food
safety detection. It has been proven that the various aptamer-
based determination methods could be used to detect all fac-
tors hazardous to human health such as pesticide residues
(Bala et al. 2017), veterinary drug residues (Yang et al.
2017), pathogenic organisms (Kim et al. 2017), biotoxins
(Wang et al. 2018), allergens (Mishra et al. 2017), and organic
pollutants (Cheng et al. 2018). The applicable scope of these
methods to targets is much more than that of conventional
detection methods. Many researchers have developed various
biosensors by fixing the aptamer to a carrier such as quantum
dots (QDs) (Tang et al. 2016), gold nanoparticles (AuNPs)
(Yan et al. 2017), electrochemical electrode (Wang et al.
2017b), optical fiber (Gao et al. 2017), etc., which make these
methods show extremely flexible and distinctive features. The
signal types used in these methods can include fluorescence
(Sadeghi et al. 2018), absorption (Wang et al. 2017a),
electrochemiluminescence (Jiang et al. 2017a), surface-
enhanced Raman spectra (SERS) (Duan et al. 2017b),
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photoelectrochemistry (Li et al. 2016a), electrochemistry
(Wang et al. 2016b), etc. Some topic reviews on the applica-
tions of aptamers in food safety detection have been published
(Xuetal. 2011; Wu etal. 2014; Liu and Zhang 2015; Tombelli
et al. 2005; Sharma et al. 2015; Yiice et al. 2015; Dong et al.
2014). However, many new study achievements have been
published again since 2015. A new topic review for the
achievements mainly from 2015 is very necessary. They are
summarized in this review, expecting to provide reference for
their further research.

Aptamers

An aptamer is a type of single-stranded DNA (ssDNA) or
RNA screened from a large random oligonucleotide pool syn-
thesized artificially. There are approximately 10" sequences
with a length of 20-220 nt in the random library. The comple-
mentary base pairing makes these sequences folded into com-
plex and stable three-dimensional structures which can bind to
the specific targets and identify the difference of the only one
hydroxyl or methyl group on the targets (Jenison et al. 1994).
The excellent power for aptamers to distinguish the difference
of chemical structure of targets makes them recognize one of
chiral enantiomers (Michaud et al. 2003; Geiger et al. 1996).
As the recognition result of aptamers to targets, they can be
bound into a supramolecular complex through the non-
covalent interactions such as hydrogen bonding, van der
Waals forces, hydrophobic effects, and electrostatic interac-
tions. The interaction can encapsulate the small-molecule tar-
gets, such as aminoglycoside antibiotic tobramycin, into the
aptamer, and it can insert aptamers into the cavities of the
structure of large-molecule targets, such as protein
(Hermann and Patel 2000). The high specificity and affinity
of aptamers to targets make them similar to antibodies.
However, compared with antibodies, the several notable ad-
vantages of aptamers are mainly reflected in the following
features: (1) aptamers have high chemical stability, are insen-
sitive to changes in pH value, and can stand long-term storage
at ambient temperature; (2) the denaturation of aptamers is
highly reversible, that is to say, they can be denatured at high
temperature and renatured at low temperature; (3) aptamers
are easy to be obtained because they can be non-biologically
screened in vitro and high purely synthesized when the se-
quence is determined; (4) aptamers can recognize a wide
range of targets including proteins, nucleic acids, cells, and
various micromolecular compounds; (5) aptamers are highly
affinitive to targets with the dissociation constants (Ky) in the
range of 10°°~107"? mol/L; and (6) aptamers are easily mod-
ified and are suitable for combination with nanomaterials.
Given this, aptamers can be widely applied in biomedicine,
analysis and other research fields (Hamula et al. 2011,

Tombelli et al. 2007; Groff et al. 2015; Hamula et al. 2006;
Dunn et al. 2017).

Applications of Aptamers in Food Safety
Inspection

In the published studies, aptamers are usually conjugated to
carriers, fabricating various biosensors. The developed
aptamer biosensors generally include the composite probes
and the electrochemical sensors. The former is prepared with
aptamers and microcarriers such as QDs and AuNPs. They are
easily prepared, and the limits of detection (LODs) of methods
can be at the level of nanomoles per liter. The latter is fabri-
cated with aptamers and electrochemical electrodes. Their
preparation is usually time-consuming, but the LODs of the
methods can be down to the level of picomoles per liter and
even femtomoles per liter. The methods of conjugating the
aptamer with other materials include directly adsorbing the
sulthydryl aptamer through the Au-S interaction, conjugating
the aptamer with a carboxylation carrier by use of the activat-
ed ester method, and the hybridization between aptamers and
their complementary sequences. The aptamer biosensors can
be combined with various technologies (Dunn et al. 2017),
mainly including electrochemistry (Vasilescu and Marty
2016; Liu et al. 2014b; Radi 2011) and optical methods
(Feng et al. 2014; Lan et al. 2017) such as fluorescence, col-
orimetry, and so on, producing the various signals that can be
utilized.

Pesticide and Veterinary Drug Residues
Detection of Pesticide Residues

The applications of aptamers in the detection of pesticide res-
idues mainly include the spectral or electrochemical detection
of'the pesticide residues through fabricating composite probes
or electrochemical sensors.

In the detection method of four kinds of organophosphorus
pesticide residues including phorate, profenofos, isocarbophos,
and omethoates, the aptamer that is highly affinitive to all four
organophosphorus pesticides was selected. A molecular bea-
con with low background fluorescence intensity was designed,
in which there was a nucleotide sequence to be partially com-
plementary to the aptamer. The molecular beacon was conju-
gated with the fluorescein (FAM)-labeled aptamer by hybridi-
zation to fabricate a kind of detection reagent used for the four
organophosphorus pesticides. The resulting reagent could emit
intensive fluorescence (Zhang et al. 2014). When a certain
amount of the reagent is mixed with the sample containing
one of the four organophosphorus pesticides, the aptamer is
melted from the molecular beacon because of its affinity to
the target. As a result, the fluorescence intensity is decreased,

@ Springer



968

Food Anal. Methods (2019) 12:966—-990

and the decrease degree is linear with the increase of organo-
phosphorus pesticide concentration. The four organophospho-
rus pesticide residues can be quantitatively analyzed. The limits
of quantification (LOQs) for phorate, profenofos,
isocarbophos, and omethoate are 19.2, 13.4, 17.2, and
23.4 nmol/L, respectively. The method has been applied to
the detection of Chinese cabbage samples. It is clear that the
method cannot be used for accurately qualitative analysis of
one of these four organophosphorus pesticides. This suggests
the importance of aptamers that can selectively recognize a
single target. The selectivity of an aptamer can also be com-
bined with the fluorescence features of QDs for the detection of
these four organophosphorus pesticides. The carboxylation
QDs were first conjugated with the amino-modified oligonu-
cleotides (AMOs) which were partial complementary to the
aptamer of these four organophosphorus pesticides by
amidation reaction. The resulting QD-AMO complexes were
conjugated with the aptamers to be the QD-AMO-aptamer du-
plexes by hybridization (Tang et al. 2016). When the target
pesticides are added, the binding of the aptamers to the pesti-
cides makes the QD-AMO-aptamer duplexes melted into QD-
AMOs and aptamer-target complexes. The ratio of the fluores-
cent intensity of QD-AMOs and QD-AMO-aptamer duplexes
is determined by a laser-induced fluorescence detector after
their CE separation. The higher the ratio is, the higher the
pesticide concentration in the sample is. The LODs of
isocarbophos, omethoate, phorate, and profenofos are 0.17,
0.23, 0.20, and 0.10 umol/L, respectively. This method had
been successfully used for the detection of the four organo-
phosphorus pesticide residues in apple peels. The same sulthy-
dryl aptamers were also conjugated with silver dendrites via
Ag-S bonds for the detection of these four organophosphorus
pesticide residues by SERS (Pang et al. 2014). When they are
incubated with target pesticide and then determined under a
Raman microscope, the Raman fingerprint spectrum of the
pesticide can be enhanced by silver dendrites. The LODs of
isocarbophos, omethoate, phorate, and profenofos are 3.4, 24,
0.4, and 14 pumol/L, respectively. This method has also been
applied in the detection of apple juice. The combination of
aptamer and SERS suggests the method that can accurately
recognize one of these four organophosphorus pesticides.
CdTe QDs and AuNPs can constitute a fluorescence inner
filter effect system. The fluorescence emitted by QDs can be
absorbed by AuNPs, making the fluorescence of QDs disap-
pear. This property was used to detect acetamiprid residues in
vegetables (Guo et al. 2016). When there is salt in the mixture
solution of CdTe QDs and AuNPs, the salt can induce the
aggregation of AuNPs, resulting in the disassembly of the
fluorescence inner filter effect system. As a result, the fluores-
cence of the QDs is restored. If the AuNPs are modified by
acetamiprid aptamers with a Ky of 4.98 uM through coordi-
nation, their salt concentration effect disappears (He et al.
2011). The fluorescence of QDs is still quenched by AuNPs
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in the mixture solution of QDs and aptamer-AuNPs. When
target pesticide is added, the aptamers are specifically bound
to the targets, making them dissociated from the surface of the
AuNPs. As a result, the salt concentration effect reoccurs, and
the fluorescence of QDs is recovered. The linear range of this
method is 0.05-1.0 umol/L with a LOD of 7.29 nmol/L. The
system with a similar principle also included the fluorescence
resonance energy transfer (FRET) system (Lin et al. 2016a).
ZnS QDs are conjugated with the aptamers of acetamiprid. A
multi-walled carbon nanotubes (MWCNTs)/aptamer-QDs
FRET system was fabricated by use of the 7 stacking inter-
action between aptamer bases and MWCNTs. When QDs are
excited, their excitation energy can be absorbed by MWCNTs,
and the fluorescence of the QDs is quenched. When targets are
added, the aptamers are specially bound to the targets,
resulting in the dissociation of aptamers from the MWCNTSs.
The disassembly of the FRET system makes the fluorescence
of the QDs recover. The LOD of acetamiprid is 0.7 nmol/L.

The method of combining an aptamer with electrochemis-
try was also applied for the detection of acetamiprid residues.
The AuNPs were electrodeposited on the surface of a gold
electrode as a coupling agent. The sulfhydryl aptamer of
acetamiprid was modified on the gold electrode by a Au-S
bond to fabricate an aptamer/AuNPs/gold electrode with high
selectivity for acetamiprid (Fan et al. 2013). When the
resulting electrode contacts with a sample containing
acetamiprid, acetamiprid can be recognized by the aptamer,
forming target—aptamer complexes on the surface of the elec-
trode. As a result, the resistance of electron transfer (RET) of
the electrode increases with the increase of acetamiprid con-
centration. The linear range of this method is 5-600 nmol/L,
and the LOD is 1 nmol/L. The method has been used for the
detection of wastewater and tomato samples.

The applications of aptamers in the detection of pesticide
residues are shown in Table 1.

Detection of Veterinary Drug Residues

Veterinary drug residues refer to the prototype drugs or their
metabolites that are accumulated or remained in the animal
body or products such as eggs, milk, and meat after medica-
tion. The application types of aptamers in the detection of
veterinary drug residues mainly includes fabricating compos-
ite fluorescence probes or electrochemical sensors through
conjugating aptamers with fluorophore or electrode, and
AuNPs colorimetry.

A method to detect ampicillin in milk was developed by
Song et al., in which the ampicillin aptamer with a K, of
13.4 nmol/L was used. The 5-FAM-modified aptamers were
conjugated with AuNPs by coordination to prepare AuNPs-
aptamer-FAM in which AuNPs were used as fluorescence
quenchers by interacting with fluorophore (Song et al.
2012a). When a sample containing ampicillin is added, the
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Ref

Aptamer sequence (5 to 3') Ky Linear range LOD Sample type

Detection
system

Table 1 (continued)

Analyte

@ Springer

0.384 umol/L,
2.35 umol/L

17.2 nmol/L

Zhang et al. (2014)

Chinese cabbage

0.01-10.0 mg/kg

13.4 nmol/L
19.2 nmol/L
23.4 nmol/L

0.17 wmol/L

Tang et al. (2016)

Apple peels

0.50-10.0 pmol/L

0.10 umol/L
0.20 pumol/L
0.23 pmol/L

3.4 umol/L

0.30-10.0 wmol/L

0.60-10.0 wmol/L
0.70-10.0 umol/L

Pang et al. (2014)

Apple juice

SERS

14 umol/L
0.4 pumol/L
24 pmol/L

EIS electrochemical impedance spectroscopy, CL chemiluminescence, RLS resonance light scattering, DPV differential pulse voltammetry, PEC photoelectrochemistry

aptamers are changed in configuration due to their binding to
ampicillin, and dissociated from AuNPs. As a result, the FAM
fluorescence is restored. Ampicillin can be quantified by de-
tecting the change of fluorescence intensity. The LOD of am-
picillin in milk is 2 ng/mL. A similar principle was also used
to detect chloramphenicol (CAP) residues in milk samples
(Alibolandi et al. 2015). The CdTe QDs modified with
thioglycolic acid were first conjugated to the amino-terminus
of the CAP aptamer with activated ester method. Then, a
FRET system was fabricated by conjugating the QD-
aptamer complex with graphene oxide (GO) through m—m
stacking interaction. The detection principle of the system is
the same as that reported by Lin et al. (Lin et al. 2016a). The
linear range is 0.1-10 nmol/L, and the LOD is 98 pmol/L.

The AuNP colorimetry was also used for the detection of
veterinary drug residues. The solution of AuNPs appears red
when being in the dispersed state. If salt is added into the
solution, it will appear purple due to the aggregation of
AuNPs. When the aptamers are modified to the surface of
AuNPs, they can prevent the AuNPs from aggregating in sa-
line solution. However, when the sample containing targets is
added, the aptamers will specially bind to the targets, resulting
in the dissociation of aptamers from the surfaces of AuNPs.
As a result, the AuNPs are reaggregated, and the absorbance
of the solution is changed. The ratio of the absorbance before
and after the sample is added can reflect the concentration of
the targets in the sample. This method and the methods with a
similar principle have been used to detect ampicillin in milk
with the LOD of 10 ng/mL (Song et al. 2012a), sulfadime-
thoxine in milk with the LOD of 100 ng/mL (Yan et al. 2017),
kanamycin with the LOD of 25 nmol/L (Song et al. 2011), and
173-estradiol (E2) with the LOD of 0.10 ng/mL (Liu et al.
2014a).

Electrochemical sensors composed of aptamers and elec-
trochemical electrodes have been used for the detection of
various veterinary drug residues. An array of screen-printed
carbon electrode (SPCE) consisting of a common Ag/AgCl
reference electrode, carbon counter electrode, and two spatial-
resolved carbon working electrodes (WE1 and WE2) was
used for the detection of CAP residues. WE1 was modified
with luminol-AuNPs, the complementary sequence of the
CAP aptamer (DNA1) and the CAP aptamer (DNA?2) tagged
with chlorogenic acid, in which DNA1 and DNA2 could be
combined by hybridization reaction. WE2 was modified with
QDs which could normally emit fluorescence (Feng et al.
2016). Because the luminescence of luminol-AuNPs can be
quenched by chlorogenic acid on WEI, the ratio of light in-
tensity of WE1 to that of WE2 is small when the system is
operated. When sample is added into the system, the high-
affinity binding between CAP and DNA2 makes the DNA2
bound to CAP disassociate from DNA1. The ratio of the light
intensity of WEI to that of WE2 is consequently increased.
The changes of the ratio signal can be used to detect CAP. The
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LOD is 0.03 nmol/L. Another electrochemical sensor for the
detection of CAP showed a simpler principle (Pilehvar et al.
2012). When the gold electrode modified with sulfhydryl
aptamers is immersed into the sample containing CAP, the
aptamers are specially bound to CAP, and changed in the
configuration. As a result, the CAP gets close to the surface
of the electrode, causing a significant increase in electron
transfer efficiency to the electrode. The CAP concentration
can be determined by measuring the current change rate.
The method has been used for the determination of CAP in
milk samples with a LOD of 1.6 nmol/L.

The electrochemical sensor prepared on a glassy carbon
electrode (GCE) was used for the detection of tetracycline
residues in milk samples. The aptamers of tetracycline were
immobilized on a hydroxylated GCE with the activated ester
method (Zhang et al. 2010). When the GCE is immersed into
the sample, the targets in the sample are specially bound onto
GCE, which makes the electric current reduce. The decrease
of electric current has been used to detect tetracycline with a
LOD of 1 ng/mL. The PEC method was also used to detect the
residues of tetracyclines, in which QDs were conjugated to
conductive glass electrodes. Firstly, AuNPs were electrode-
posited on the electrode. The hairpin DNAs complementary
to the aptamer were conjugated to CdTe QDs. The resulting
conjugation was thus immobilized to the AuNPs on the elec-
trode. Then, the aptamers were immobilized on the electrode
by hybridization with the complementary DNAs (Li et al.
2017c). When the electrode is immersed into the sample, the
aptamers bound to the targets are isolated with the comple-
mentary DNAs, restoring the DNAS to the hairpin shape. The
QDs located at the 3’ end of the DNAs are closer to the elec-
trode than that before isolating, resulting in a larger photocur-
rent. This method has been used to detect oxytetracycline
residues with a linear range of 2-300 nmol/L and a LOD of
0.19 nmol/L.

The aptamers were combined with surface plasma reso-
nance (SPR) technology to detect neomycin B residues (De-
los-Santos-Alvarez et al. 2009). Neomycin B can be
immobilized on the gold-coated glass sensor by acylation re-
action. When its RNA aptamers are added, they are bound to
the targets immobilized on the SPR sensor, changing the SPR
angular displacement signal. When the SPR sensor is exposed
to a sample solution in which the fixed concentration of the
RNA aptamers is added, the neomycin B in the sample will
compete with the neomycin B immobilized on the sensor for
the binding to the RNA aptamers. The higher the concentra-
tion of neomycin B in the sample is, the less the aptamers
bound to the sensor are, and the smaller the net change of
the SPR angular displacement signal is. The lower LOQ for
neomycin B was measured to be 10 nmol/L.

A cantilever array sensor based on an aptamer was devel-
oped for the label-free detection of kanamycin. The cantilever
array sensor consisted of sensing cantilevers and reference

cantilevers (Bai et al. 2014). The deflection of a single canti-
lever can be directly determined in this configuration, and the
relative deflection between the sensing and reference cantile-
ver pairs can subsequently be determined. The thiol-modified
kanamycin aptamers are immobilized on the silicon cantilever.
The aptamers can be changed from an unstructured single
strand to a hairpin structure when combined with the targets.
This change can cause the repulsion between adjacent mole-
cules, and a compressive surface stress can be produced by the
downwardly curved surface, which results in a difference in
deflection between the sensing cantilever and the reference
cantilever. Kanamycin can thus be detected. The change of
surface stress is linearly related to kanamycin concentration
in the range of 100 pmol/L-10 mmol/L with a correlation
coefficient of 0.995 and the LOD of 50 umol/L. The sensor
showed good selectivity for kanamycin.

E2 is used as an animal growth promoter in the aquaculture
industry. Long-term low-dose exposure can cause drastic
health problems. An aptamer-based PEC sensing platform
was developed combining optics with electrochemistry for
the detection of E2. Firstly, the vertically aligned TiO, nano-
tube arrays were orderly prepared on Ti foil by in situ anodi-
zation. Then, the narrow-bandgap semiconductor CdSe nano-
particles were electrodeposited on the TiO, nanotubes.
Finally, the aptamers were immobilized on CdSe-TiO, nano-
tubes with glutaric dialdehyde as the coupling agent to prepare
aptamer-based PEC sensors (Fan et al. 2014). The sensor is
immersed in a phosphate buffer containing ascorbic acid when
determining. The CdSe on the sensor can absorb the photon of
430 nm when being excited, and their valence band electrons
can transit to the conduction band, leaving a hole in the va-
lence band. When the hole is transferred to the CdSe surface, it
is trapped by electron donor ascorbic acid in the solution,
providing an electron into the hole. At the same time, the
electrons that entered the conduction band are transferred to
TiO, nanotubes and converted into external currents through
the Ti foil. As a result, the photocurrent can continuously be
generated under excitation light irradiation. When there is E2
in the sample solution, it can be bound with the aptamer,
which limits the diffusion of the electron donor to the sensor
surface, resulting in a decrease in photocurrent. Therefore, E2
can be detected by measuring the change of the photocurrent.
The method has been used to detect E2 in medical wastewater,
tap water, and lake water with the linear range of 0.05—
15 pmol/L, the LOD of 33 fmol/L, and the spiked recoveries
0f90.0-102.8%.

Dopamine is also used as a kind of animal growth promot-
er, and eating animal foods containing its residuals may cause
Parkinson’s disease, hypertension, gastrointestinal disorders,
and so on. A system based on FRET was developed for the
detection of dopamine, in which rhodamine B was the donor
and AuNP was the acceptor. The sample was incubated with
dopamine aptamers, and AuNPs were successively added into
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the mixture. The free aptamers that were not bound to dopa-
mine were bound to the surface of AuNPs. Then, NaCl was
added into the solution, and the AuNPs that have not been
bound by the aptamers were induced to aggregate. The rho-
damine B was finally added. Those AuNPs bound to the sur-
face by the aptamer and a portion of the rhodamine B can form
a FRET system, making the fluorescence of this portion of the
rhodamine B quench. The higher the concentration of dopa-
mine in the sample is, the higher the concentration of AuNPs
that can be aggregated is, and thus the higher the fluorescence
intensity of rhodamine B is. This method has been successful-
ly applied to the determination of dopamine in swine feeds
and chicken liver with the linear range of 26-2.90 x
10° nmol/L, the LOD of 2 nmol/L, and the spiked recoveries
0f91.4-103.5% (Xu et al. 2015a).

The applications of aptamers in the detection of veterinary
drug residues are shown in Table 2.

Pathogens

Foodborne pathogens refer to the pathogenic organisms that
can cause food poisoning or are mediated by food, including
pathogenic bacteria, viruses, and parasites. They can directly
or indirectly contaminate food and the water source, causing
infectious diseases of the intestine and food poisoning.
Foodbome pathogens are one of the important sources of food
safety problems. The conventional detection method of
foodborne pathogens is mainly the observation of samples
cultured with special biochemical media. However, it takes
4-5 days to finish the detection, which means it takes a long
time to complete the detection after the outbreak of the dis-
ease. Therefore, it is important to fast detect pathogenic or-
ganisms. The introduction of aptamers has made the detection
of foodborne pathogens a revolutionary change.

AuNP colorimetry was used by Kim et al. for the detection
of Cronobacter sakazakii (Kim et al. 2017). The longer
aptamers cannot be bound to AuNPs efficiently due to steric
hindrance. In order to solve this problem, the CS4 which had
random regions with high adenine- and cytosine-to-thymine
ratios is chosen as an actual aptamer, and CS4A is made up by
appending an adenine base at each terminal of CS4 because
adenine and cytosine had higher affinity to AuNPs than thy-
mine. The two-phase method different from the normal AuNP
colorimetry was used in the test by them. In the first phase, the
sample and the aptamer were incubated in a binding buffer,
and further centrifuged to obtain the supernatant containing
excess aptamers that failed to bind to the target. In the second
phase, the resulting supernatant was mixed with the citrate-
coated AuNP solution (red), and the aptamers were bound to a
portion of the AuNPs. NaCl 2 mol/L was slowly added to the
solution, and the part of AuNPs that were not bound by the
aptamers were aggregated; this part of the AuNPs turned pur-
ple. The concentration of the target bacteria in the sample was

@ Springer

determined by visually observing or measuring the absor-
bance ratio A630/A520 at 630 and 520 nm. The change in
the color/absorbance indirectly depends on the concentration
of target bacteria in the sample. The two-phase method can
avoid the serious interference from coexisting components
due to the direct contact of the sample with the aptamer—
AuNP complexes. The assay can be completed within
30 min with a linear range of 7.1 x 10° to 10’ CFU/mL under
optimal conditions. The same principle was used for the rapid
on-site detection of Campylobacter jejuni and Campylobacter
coli in chicken carcass samples (Kim et al. 2018). The method
is with the linear range of 10° to 10® CFU/mL and the LOD of
7.2x 10° CFU/mL for Campylobacter jejuni and 5.6 x

10> CFU/mL for Campylobacter coli. A similar colorimetry
was also used for the detection of Campylobacter jejuni in a
milk sample with the linear range of 10-10° cells/mL and the
LOD of 10 cells/mL, in which the AuNPs were replaced by
the Au@Pd nanoparticles that had peroxidase-like activity
and could catalyze tetramethylbenzidine to be oxidized as blue
product (Dehghani et al. 2018).

For the detection of Campylobacter jejuni in poultry sam-
ples, the strategy adopted by Suh et al. was quantitative PCR
for the DNAs extracted from the Campylobacter jejuni that
were captured by aptamers immobilized on magnetic beads,
with the LOD of 42 cells/mL (Suh et al. 2014). A similar PCR
method was also used for the detection of human noroviruses
in human stool and lettuce samples, in which the PCR tem-
plates were RNAs extracted from the noroviruses rather than
their DNAs (Escudero-Abarca et al. 2014). The fabrication of
aptamer-based composite probes or electrochemical sensors
can be avoided in this kind of PCR method, but the steps of
extracting DNAs or RNAs from the targets are needed.

Also for the detection of noroviruses, a FRET system sim-
ilar to that reported by Lin et al. (2016a) was constructed by
Weng and Neethirajan, in which the FAM-labeled aptamers
and MWCNTs or GO were used (Weng and Neethirajan
2017). The linear range of the method is from 13 pg/L to
13 mg/L, and the LOD is 4.4 pg/L. when using MWCNT
and 3.3 ug/L when using GO.

Bagheryan et al. developed a label-free impedimetric
aptamer-based biosensor for the fast detection of Sa/monella
typhimurium in food. A diazonium-supporting layer was elec-
trochemically or chemically grafted onto SPCE. The aminated
aptamers of S. #yphimurium were successively conjugated to
the carboxylated diazonium-supporting layer with the activat-
ed ester method. The fabricated biosensor was immersed into
the sample solution and incubated with S. fyphimurium in the
sample. The SPCE after washing was immersed in phosphate
buffer containing K3Fe(CN)g/K4Fe(CN)s where EIS was re-
corded (Bagheryan et al. 2016). The EIS can reflect the de-
crease of the electron transfer rate on the interface of the
Fe(CN)s*"*” redox couple due to the presence of the nega-
tively charged aptamers or target-bound aptamers on SPCE
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(Witte and Lisdat 2011). The linear response range of the
target concentration logarithm of the developed aptamer-
biosensor is 10~10% CFU/mL, and the LOD is 6 CFU/mL. It
has been shown that the aptamer biosensor could discriminate
S. typhimurium from six other model bacteria strains. The
method has been applied to the detection of Salmonella
typhimurium in spiked apple juice samples.

The similar principle was also used for the detection of
avian influenza virus HSN1 (Fu et al. 2014). Concanavalin
A (ConA)/glucose oxidase (GOx)/AuNPs were prepared
through the interaction between ConA and GOx on the
GOx-modified AuNPs. The biotinylated HSN1 aptamers were
conjugated on the streptavidin-coated magnetic beads by use
of the interaction between biotin and streptavidin. The
aptamer/magnetic beads were incubated with the solution con-
taining H5N1 viruses. The viruses-bound aptamer/magnetic
beads were conjugated to ConA/GOx/AuNPs through the in-
teraction between ConA and glycoproteins on the surface of
HS5N1 viruses. The final complex was dispersed in glucose
solution, and the EIS was measured by SPCE. The linear
range of the method is from 0.001 to 1 hemagglutinin unit
(HAU) and the LOD, 8 x 10~* HAU. It is obvious that the
complicated modification for the electrode can be avoided in
the method.

A microfluidic platform made with poly (dimethyl siloxane)
and glass substrate was developed for the detection of E. coli
0O157:H7, in which there was a microchannel of which the inner
surface was modified by the carboxylated poly (amido amine)
dendrimers (Jiang et al. 2017b). The capturing aptamers capped
with -NH, were thus immobilized to the dendrimers on the inner
surface of the microchannel by the active ester method.
Sequentially, the aptamer—primer was hybridized with the pad-
lock probe of which the two ends were complementary to the
primer part of aptamer—primer to form a circular template, as
shown in Fig. 1a. The reaction called rolling circle amplification
(RCA) was employed to enhance the signals in the detection of
E. coli O157:H7, in which the complementary sequences of the
circular templates produced from padlock probes were repeated-
ly amplified by use of RCA reagents to form the RCA products,
as shown in Fig. 1b. When the sample is injected into the
microchannel, the target bacteria in the sample can be captured
by the aptamers immobilized on the surface of the microchannel.
The aptamer—primer solution is successively introduced, and the
aptamer part of the aptamer—primer can also be bound to the
bacterium to form the aptamer/bacterium/aptamer—primer sand-
wich structure. After washing, the padlock probes and RCA
reagents are introduced into the microchannel to start the RCA
reaction. The RCA products will be synthesized to the aptamers
bound to the bacteria. Finally, the fluorescent dye Cy3-labeled
ssDNAs complementary to the RCA product are introduced into
the microchannel. Because there are many sequences comple-
mentary to the ssDNA in the every RCA product, every target
bacterium can be labeled by many Cy3 fluorophores, making the

@ Springer

detection signal largely enhanced. In the absence of target bacte-
ria in the sample, the aptamer—primer will be washed away from
the microchannel and no signals will be detected. As a result, the
method offered a low LOD at 107 cells/mL.

A quartz crystal microbalance (QCM)-based aptasensor was
developed by Wang et al. for the detection of Salmonella
typhimurium after they obtained the aptamer of S. #yphimurium
using the QCM method (Wang et al. 2017b). The aptamers were
immobilized on the surface of the gold electrode by the activated
ester method, and further incubated with the sample. The targets
in the sample were bound by the aptamers on the electrode,
causing the change of QCM frequency. The frequency changes
before and after incubation with the sample can be used for the
detection of Salmonella typhimurium. The linear response range
of the target concentration logarithm of the aptasensor is 7.9 x
10°-7.9 x 10° CFU/mL. It takes less than 1 h to detect 10° CFU/
mL of Salmonella typhimurium.

Cryptosporidium is a kind of common protozoan parasite
found in the intestinal tract of humans and many animal spe-
cies. Its transmission routes include water-borne way, human
to human (fecal-oral), zoonoses, and foodborne way. The
water-borne way is the main transmission route. An electro-
chemical aptasensor was developed for the detection of cryp-
tosporidium oocysts (Igbal et al. 2015). The thiol-modified
complementary strands of aptamers were immobilized on
the AuNP-modified SPCE by Au-S interaction, and were fur-
ther incubated with aptamers. The conjugation of the aptamers
and their complementary strands can block the external redox
probe K4Fe(CN)g/KsFe(CN)g, and thus, electrons cannot be
transferred to the electrode. When the targets are bound to
aptamers, the conformation of aptamers can be changed and
their surface is remodeled, which allowed the outer redox
probe to freely penetrate the electrode. The ability to transfer
electrons back to the electrode is restored. Therefore, crypto-
sporidium oocysts can be detected based on the changes of
current intensity, with a linear range of 150-800 oocysts and a
LOD of 100 oocysts.

The applications of aptamers in the detection of pathogens
are shown in Table 3.

Biotoxins

Biotoxins refer to the toxic substances produced by various
organisms. If the food that contains the biotoxins is accidently
ingested by humans, the various poisoning symptoms and
even death may happen. The okadaic acid aptamers were ap-
plied to fabricate a kind of electrochemical biosensor for the
detection of okadaic acid (Eissa et al. 2013). The aptamers
were first immobilized on the surface of a gold electrode by
a self-assembly approach through Au-S interaction. The neg-
atively charged aptamer repels the negatively charged redox
probe Fe(CN)s* 3", hindering the electron transfer between
Fe(CN)s* >~ and the electrode surface. As a result, the redox
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peak current is decreased, and the RET is increased. When the
target is bound to the aptamer, the conformation of the
aptamer is changed, thereby facilitating F e(CN)6* " redox
pair entry into the sensor surface. As a result, the redox peak
current is increased, and the RET monitored by EIS is de-
creased significantly. The linear detection range of the
aptasensor was finally determined to be 0.1-60 ng/mL and
the LOD was 70 pg/mL.

The strategy that makes up the system of fluorescence
quenching was applied in the detection of aflatoxin M1
(AFM1) in milk. The AFM1 aptamer was labeled with FAM
to be F-aptamer, and the complementary sequence of the
aptamer was labeled with quencher TAMRA to be Q-aptamer.
F-aptamer and Q-aptamer were hybridized to be a duplex
complex in which the fluorescence of FAM could be
quenched by TAMRA (Sharma et al. 2016). When the com-
plex is added into the sample, the AFM1 in the sample can be
bound to the F-aptamer, and makes the conformation of
aptamer—AFM1 complexes change to antiparallel G-
quadruplex, and the F-aptamer and the Q-aptamer are un-
bound from each other. As a result, the FAM is away from
the quencher TAMRA, and its fluorescence intensity is recov-
ered. The LOD of AFM1 was determined to be 5.0 ng/kg, and
the recoveries of spiked milk were 94.40-95.28% (n = 3).

The novel sandwich composites that combine capture
probes with separation probes were developed for the colori-
metric detection of patulin (PAT) (Wu et al. 2016b). Firstly, the

capture probe was fabricated by binding PAT aptamer to the
glucose oxidase immobilized on AuNPs. The separation
probe was fabricated by immobilizing the complementary
strand of aptamer (cDNA) on the surface of magnetic nano-
particles. The capture probe was combined with the separation
probe to be the sandwich composite by hybridization reaction.
When the sample containing PAT is added to the composite
solution, the PAT-bound capture probes are unbound from the
separation probes. These separation probes and the sandwich
composites that are not bound to PAT can be separated from
the solution by applying a magnetic field. Glucose is added
into the supernatant, and the glucose oxidase on the capture
probe in the solution can catalyze the glucose to gluconic acid
and H,O,. The iron(Il) is successively added, and oxidized by
H,0, to iron(Ill). Squaric acid is subsequently added, and the
iron squarate complex is rapidly generated. As a result, the
solution color is changed from colorless to brownish red ac-
companying the increasing absorbance, and the absorbance
value could be measured at 469 nm. The higher the concen-
tration of PAT in the sample is, the larger the absorbance value
at that wavelength is. The linear range of the method was
determined to be 50-2500 pg/mL, and the LOD was 48 pg/
mL. The recoveries of spiked apple juice sample were from
93.0 to 108.88%.

A new strategy for sensitive fluorescence polarization analysis
was proposed by Samokhvalov et al. to detect ochratoxin A
(OTA) (Samokhvalov et al. 2017). The detection system is

@ Springer
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composed of the fixed amount of FAM-labeled OTA and the
protein-anchored OTA aptamers. When the sample is added into
the system, the OTA in the sample can compete with the
fluorophore-labeled OTA in the system for the binding to the
OTA aptamer. The higher the OTA content in the sample is,
the higher the concentration of the FAM-labeled OTA that is
released from the OTA aptamers is. The FAM-labeled OTA is
a small molecule that rotates fast in the liquid phase and has a low
degree of fluorescence polarization. However, the FAM-labeled
OTA that is bound to the protein-anchored aptamer has a high
degree of fluorescence polarization due to the large molecular
weight of the protein. The strategy was applied to detect OTA
in white wine with the LOD of 2.8 nmol/L (1.1 mg/kg). The
recoveries of spiked wine ranged from 83 to 113%.

Gao et al. developed a kind of sensor using biolayer interfer-
ometry for the detection of palytoxin (PTX) (Gao et al. 2017).
PTXs were immobilized on the biolayer of the fiber sensor sur-
face. The PTX aptamers labeled with horseradish peroxidase
(HRP) were used as biorecognition receptors. The optimum
amounts of HRP-labeled aptamers are added into the sample.
When the fiber sensor is immersed into the sample, the PTXs
immobilized on the sensor biolayer can compete with the PTXs
in the sample for the binding to the HRP-labeled aptamers, mak-
ing these HRP-aptamers bind to the biolayer of the fiber sensor.
Then, the fiber sensor bound by HRP-aptamers is immersed in a
3, 3'-diaminobenzidine solution. The HRP can catalyze 3, 3'-
diaminobenzidine to produce the polymerization product that
can precipitate on the biolayer of the fiber sensor, causing the
optical thickness and mass density of the biolayer to be largely
changed. When only the PTXs are immobilized on the biolayer
of the fiber sensor, the reflection ray of the white light irradiated
on the reference surface of the fiber and the reflection ray of the
white light irradiated on the biolayer surface of the fiber can
interfere with each other, which generates the interference pattern
with wavelength A\. When the HRP-aptamers are bound to the
biolayer of the fiber sensor, the optical thickness between the two
surfaces is increased due to the formation of the polymerization
product, which makes the interference pattern obviously shift A\
and generates a response profile on the biolayer—interferometric
sensor. The higher the reciprocal of the PTX concentration in the
sample is, the more the precipitates on the biolayer surface of
fiber are, and thus the larger the A\ is. The linear range of the
biosensor is 200—700 pg/mL, and the LOD is 0.04 pg/mL. The
biosensor has been used for the detection of PTX in shellfish and
seawater samples.

The applications of aptamers in the detection of biotoxins
are shown in Table 4.

Allergens
Allergens, the substances that cause allergic reactions in the

body, can be divided into many types. However, the foods that
cause allergies mainly include nuts, fish, shellfish, soybeans,

@ Springer

and milk. What’s more, most of the allergens in the foods are
proteins. In recent years, researchers have developed the
aptamer-based biosensors for various allergens, such as lyso-
zyme (Ocafia et al. 2015), gluten (Amaya-Gonzalez et al.
2015), the peanut allergen Ara h 1 (Peeters et al. 2014), etc.

Trashin et al. developed a label-free impedance aptasensor
for the detection of the peanut allergen Ara h 1. The thiol-
modified aptamers were immobilized on the gold electrode
surface via Au-S bonds. The electrode was incubated with
the sample containing Arahl, and EIS was recorded for the
measurement (Trashin et al. 2014). The detection principle of
the method is as follows: when the macromolecular proteins
are captured by the aptamers immobilized on the gold elec-
trode, the RET can be increased due to the insulation effect of
these macromolecules. The Arahl equivalent to the K4 con-
centration can increase the RET by more than “three times,
which makes the detectable protein concentration is as low as
1/3 of K4. Ocana et al. reported the detection method of lyso-
zyme by use of a novel electrochemical biosensor in which the
aptamer—antibody sandwich was used (Ocafia et al. 2015).
The aptamers of lysozyme were covalently bound to the sur-
face of carbon electrode by diazo reaction. After the aptamers
were incubated with lysozyme, the biotinylated antibodies
were bound to lysozyme to fabricate the sandwich complex.
Then the avidin-labeled alkaline phosphatases (ALPs) were
bound to the sandwich electrode by use of avidin-biotin reac-
tion. When the electrode is immersed into the sample contain-
ing ALP substrate 1-naphthyl phosphate, the lysozyme in the
sample can compete with the lysozyme immobilized on the
electrode to bind the aptamers, allowing the biotin-conjugated
antibodies enter to the solution. The ALPs that simultaneously
enter the solution can catalyze the substrate of ALP to produce
1-naphthol, and the generated electrochemical response signal
can be detected by DPV. As a result, lysozyme can be detect-
ed. The sensor has a wide detection range from 5 fmol/L to
5 nmol/L, and a LOD of 4.3 fmol/L. The recoveries of
lysozyme-spiked wine samples were determined to be 95.2—
102.0%. The control experiments were carried out with BSA,
cytochrome ¢, and casein. The results showed that the biosen-
sor had a good specificity for lysozyme.

The applications of aptamers in the detection of allergens
are shown in Table 5.

Organic Pollutants

Polychlorinated biphenyls (PCBs) are composed of 209 dif-
ferent PCB congeners and are one class of persistent organic
pollutants. Meat, dairy products, and fish are the main intake
routes of the general population for PCBs. A novel aptamer-
functionalized stir bar sorptive extraction was developed by
Lin et al. for the enrichment of the low-abundance PCBs from
fish samples (Lin et al. 2016b). Firstly, a layer of organome-
tallic framework (MOF) film was prepared by
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electrodeposition on stainless steel wire using
tetrabutylammonium hexafluorophosphate, triethylamine hy-
drochloride, Zn(NOs),-5H,0, and terephthalic as raw mate-
rials. The aptamers of 2,3',5,5'-tetrachlorobiphenyl (PCB72)
and 2',3',4',5,5"-pentachlorobiphenyl (PCB106) were then bound
to the stainless steel wire coated with the MOF film by self-
assembly method using poly (diallyldimethylammonium chlo-
ride) as polycation to fabricate an aptamer—MOF fiber. The
aptamer—MOF fiber was immersed in the sample for 1 h at room
temperature during the detection. The adsorbed targets were
desorbed in a pH 3.0 glycine—HCl buffer (1:10, v/v) and extracted
by the methylene chloride. The sample after extraction and puri-
fication was further detected with gas chromatography—tandem
mass spectrometry (GC-MS). The linear range of the method
was 0.02-250 ng/mL, and the LODs were 0.003—0.004 ng/mL.
The recoveries of PCB72- and PCB106-spiked fish samples
ranged from 89.2 to 97.1%. The aptamer of 3,3',4,4'-
tetrachlorobiphenyl (PCB77) was directly used for the detection
of PCB77 by Xu et al. (Xu et al. 2012). Firstly, the complemen-
tary DNAs modified by thiol were immobilized on the surface of
AuNPs through Au-S bonds. The dye-labeled aptamers were
combined with the complementary DNAs by hybridization reac-
tion. The fluorescence of dye on the aptamers was quenched by
AuNPs. When this probe was mixed with the sample, the PCB
77 in the sample was bound to the aptamers, making the
aptamers released from the AuNP surface, and then the fluores-
cence signal was restored. The linear range of the method was
0.1-100 ng/mL.

Bisphenol A (BPA) is a known endocrine disruptor and one
of the most serious environmental pollutants, which can
threaten human health through various water sources. A por-
table fiber aptasensor was developed to rapidly detect BPA
on-site (Yildirim et al. 2014). The surface of the fiber sensor
was first modified with 3-aminopropyl triethoxysilane and
glutaraldehyde, and the aminated complementary sequences
of BPA aptamers were conjugated to the surface. The BPA-
containing sample was then incubated with a fixed concentra-
tion of fluorescently labeled BPA aptamers, allowing the mix-
ture to pass through the sensor surface at a flow rate of
300 puL/min. The excess aptamers that were unbound to
BPA were bound to the complementary strands on the sensor
surface through a hybridization reaction. When laser is input-
ted into the fiber at a proper incident angle, the reflected light
generated on the surface interferes with the incident light, and
the interference light can pass through the surface of the fiber
to form an evanescent wave used as the excitation light of the
fluorescent dye bound to the surface. The higher the concen-
tration of BPA in the sample is, the lower the fluorescent
signal generated on the fiber surface is. The developed
aptasensor showed a response range of 2—100 nmol/L for
BPA and a LOD of 1.86 nmol/L. This method has been used
for the detection of BPA in wastewater, and the recoveries
were between 91 and 110%.

Yildirim et al. (2014)
Li et al. (2016¢)
Zhang et al. (2016)
Qiao et al. (2016)
Yu et al. (2016)
Zhou et al. (2014a)
Lin et al. (2016b)
Cheng et al. (2018)
Wu et al. (2016a)

Xu et al. (2012)
Sun et al. (2016)

Ref

Tap water, river water
Drinking water, liquid milk

Sample type
Wastewater
Tap water
Tap water
Tap water

Milk
Fish
‘Water

OD
0.003-0.004 ng/mL

1.86 nmol/L
1.86 ng/mL
1.50 nmol/L
0.5 nmol/L
0.19 pmol/L
5 nmol/L
0.05 nmol/L
0.5 ng/mL
0.01 ng/mL
33 nmol/L

L

1-1000 nmol/L
1-100 pmol/L
0.01-10 umol/L
0.02-250 ng/mL

2-100 nmol/L
10-80 ng/mL
0.1-100 ng/mL

0.2-200 ng/mL
0.01-10 umol/L

Linear range
0.5-900 nmol/L

8.3 nmol/L
4.02 +0.54 pmol/L

Ky

ATAGCGTTCCGCGTATGGCCCAGC

GCATCACGGGTTCGCACCA
ATTTTTTCCGATGGCCCGTG

CCTCATCCGTCCAC
GGCTACGAAGTAGTGATTTTTTCCGA

CACTCGGACCCCATTCTCCTTCCATC
TGGCCCGTG
GGCGGGGCTACGAAGTAGTG

CCGGTGGGTGGTCAGGTGGG

Aptamer sequence (5' to 3")

Detection system
Colorimetry
Fluorescence

Colorimetry
DPV

Fluorescence

PEC
SWv
DpPV
GC-MS
SERS

Table 6  Applications of aptamers in the detection of organic pollutants

Analyte
BPA
PCB72
PCB106
PCB77

@ Springer
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The applications of aptamers in the detection of organic
pollutants are shown in Table 6.

Development and Prospect

Aptamers are of high stability, have the wide applicability to
various targets, and are easy to be high purely synthesized.
These advantages that are significantly superior to antibodies
make them a broad application prospect.

Aptamers considered as an ideal molecular recognition ele-
ment have been fused with various detection technologies used
in food safety inspection, such as fluorescence, electrochemistry,
nanotechnology, SERS, SPR, colorimetry, etc. This fusion leads
to the appearance of a new detection methodology with both
high selectivity and high sensitivity. The aptamer-applicable an-
alyte types are also wide. It should especially be pointed out that
aptamers are used for the detection of pathogens. The aptamer-
based detection methods for pathogens, compared with conven-
tional detection methods, show greater advantages, and their im-
provements are revolutionary. However, compared to a great
number of pesticides and veterinary drugs that have been devel-
oped, the number of aptamers that can highly specifically and
selectively identify them is far from the needs of actual testing.
Therefore, screening more aptamers useable for the detection of
pesticides and veterinary drug residues will become a shortcut to
solve this problem. Perhaps, the aptamer-based detection
methods are the final resolution way of the rapid and on-site
qualitative or quantitative analysis for pesticide or veterinary drug
residue, especially for multi-residues of pesticide or veterinary
drug with common functional groups. In addition, as far as we
know, it is still very rare to apply aptamers for the detection of
parasitic ovum, which suggests another potential development
direction of aptamer application.
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