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Abstract The method referred to as “systemic evolution of
ligands by exponential enrichment” (SELEX) was introduced
in 1990 and ever since has become an important tool for the
identification and screening of aptamers. Such nucleic acids
can recognize and bind to their corresponding targets
(analytes) with high selectivity and affinity, and aptamers
therefore have become attractive alternatives to traditional
antibodies not the least because they are much more stable.
Meanwhile, they have found numerous applications in differ-
ent fields including food quality and safety monitoring. This
review first gives an introduction into the selection process
and to the evolution of SELEX, then covers applications of
aptamers in the surveillance of food safety (with subsections
on absorptiometric, electrochemical, fluorescent and other
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methods), and then gives conclusions and perspectives. The
SELEX method excels by its features of in vitro, high
throughput and ease of operation. This review contains 86
references.
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Introduction

Systemic evolution of ligands by exponential enrichment
(SELEX) is firstly described in 1990, which is used as an
in vitro selection tool to discover a new kind of nucleic acid
ligands, named aptamers. Ellington and Szostak [1] firstly
reported the selection of RNA aptamer which can specifically
combine with small organic dyes while Tuerk and Gold [2]
also described the selection of aptamer against T4 DNA poly-
merase. The name “aptamer” is originally derived from the
Latin expression “aptus” (to fit) and the Greek word “meros”
(part). Intrinsically, aptamers are short oligodeoxynucleotides
which can adopt specific three dimensional conformations to
combine with target analytes. Till now, according to most of
the reported achievements, the targets of aptamers rang from
small ions (e.g. Zn>" [3]), small organic compounds (e.g.
organic dyes [4], neutral disaccharides [5], and antibiotics
[6]) to large molecules such as glycoproteins (such as CD4
[7]) or even complex targets (e.g. the whole living cells [8, 9]).

Currently, the aptamers have been proposed as the potential
substitution to conventional antibodies due to their similar
recognition properties and other superior properties. In details,
aptamers can even offer several advantages over traditional
antibodies that make them very promising for practical ana-
lytical applications. Firstly, aptamers can be selected through
vitro selection that are independent of immune animals, while
antibodies are obtained by making use of animals or cell lines,
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which is a complicated and time-consuming process;
Secondly, aptamers are more stable than antibodies, since they
can recover their native active property and conformation after
denaturation. On the contrary, antibodies would undergo irre-
versible denaturation under the condition of high temperature
or some other extreme or harsh conditions; finally, aptamers
could be more easily chemically prepared and modified with
other active groups in scale with low cost. Since aptamers
show so many advantages over traditional antibodies, they are
used as attractive substitutions to antibodies and widely ap-
plied in the field of food safety monitoring.

In recent years, aptamer-based bioassay has been exten-
sively adopted in clinical, medical, environmental monitoring,
and food analysis. Several classic aptamers, including Pb**
[10], Hg”" [11], ochratoxin A [12], and tetracycline [13] have
been successfully selected with SELEX and applied in food
safety monitoring [14]. With respect to these aptamer-based
applications, they could be divided into affinity chromatogra-
phy [15], capillary electrophoresis [16], mass spectrometry
[17] and biosensors [18] based methods et al.

In this review, we aim at illustrating the recent development
of SELEX in bioassays and its specific applications in food
safety monitoring. We especially summarized the aptamer-
based biosensors in the field of food safety focused on the
aptamer-based colorimetric methods, electrochemical
methods and fluorescence methods. Finally, we also put for-
ward some perspectives of aptamer-based methods for rapid
and ultrasensitive food safety monitoring.

Selection process and evolution of SELEX

Aptamer selection process, also called SELEX (systematic
evolution of ligands by exponential enrichment), is first dis-
covered almost simultaneously by two independent research
groups of Ellington and Tuerk in 1990, respectively. It is a
technique for screening target oligonucleotide probes from
large libraries of oligonucleotides (RNA or single-stranded
DNA) by an iterative in vitro selection process and amplifica-
tion by polymerase chain reaction (PCR) of selected se-
quences. SELEX has been adopted as an important research
tool for recognition probe screening and extensive efforts has
been further devoted for improvement of screen efficiency.
The detailed basic steps of SELEX process are presented in
Fig. 1 [19]. Specifically, SELEX process includes (1) the
incubation of target molecules with the random sequence
pools, (2) and the subsequent separation of unbound oligonu-
cleotides and the elution of bound oligonucleotides, (3) then
PCR amplification of bound aptamers. The step-by-step pro-
tocols of SELEX are as follows: target molecules are incubat-
ed with the random library for a period of time. Unbounded
oligonucleotides are removed by several binding buffer wash-
ing steps. After the unbounded oligonucleotides are separated,
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Fig. 1 Schematic description of the process of SELEX [19]. Copyright
2012, ACS Publications

the target-bound oligonucleotides are eluted by heating or
several elution buffer washings. The eluted sequences are
amplified by PCR to form the starting pool for the next round
of selection. The entire process cycles are then repeated for
several rounds, in general, as the numbers of selection rounds
are increased, a corresponding steady increase in binding
affinity of the aptamer candidates is observed, and about 8-
15 rounds of selection and amplification are needed [20].
Besides, several improvements are introduced into SELEX
in order to reduce the whole selection time (automated-
SELEX [21]), or improve the aptamer selectivity (blended-
SELEX [22], counter-SELEX [23], and negative-SELEX
[24]). It usually takes from weeks to months to obtain the
ideal aptamers with high affinity against the targets by the
conventional in vitro selection procedures due to the repeti-
tive, and poorly adapt to high-throughput applications.
Following, the automated SELEX process has been recently
explored by Cox and Ellington in 2001 [21]. The automated
workstations can achieve eight selections in parallel, and
would complete approximately 12 rounds of selection in just
2 days, which improve the screening efficiency dramatically
and further widen the application field of SELEX. Besides,
this platform could give an additional 12-fold increase in
throughput, which further greatly improves the selection effi-
ciency [21]. In 2003, a selection strategy named Cell-SELEX
is designed to the whole cells [25] and a glioblastoma-derived
cell line-U251is adopted as the target. Cell-SELEX allows the
oligonucleotide pools to recognize target cells, especially
cancer cells and pathogenic bacteria. In 2004, Mendonsa and
Bowser adopted capillary electrophoresis-SELEX (CE-
SELEX), which used capillary electrophoresis as an alterna-
tive separation method [26]. Sequences bound to the targets
migrate through the capillary at a certain voltage different
from those not bound to the targets, allowing binding se-
quences to be isolated from nonbinding sequences.
Advantages of CE-SELEX include increased separation
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power, reduced nonspecific binding, and ability to perform the
selection in free solution system. Benefit from these advan-
tages, high affinity aptamers can be obtained in only 2—4
rounds of selection instead of the 8—12 rounds needed by
conventional selections [26]. In addition, SELEX process
integrated with micro-magnetic separation has also been re-
ported recently [27]. For example, single stranded DNA
aptamers that bind to oxytetracycline (OTC) have been suc-
cessfully selected with the help of OTC-coated magnetic
beads as immobilization matrix [28]. John G. Bruno et al.
have adopted a route using magnetic beads in aptamer selec-
tion and related detection of cholera bio-toxin [29]. Use of
magnetic beads for affinity separation of aptamers can realize
several advantages. Firstly, the sample volumes are small (50—
100 pL). Secondly, with the use of magnetic beads, bound
oligonucleotides could be directly separated by magnetic sep-
aration rather than column separation with a high efficiency in
partitioning step. Finally, PCR amplification can be directly

Table 1 Summary of aptamers to hazards in food safety

carried out on the surface of the magnetic beads, which is one
important research field in nanobiotechnology.

Aptamers usually vary in length from 25 to 90 bases, and
their typical structural motifs can be classified into stems [30],
internal loops, purine-rich bulges, hairpin structures, hairpins,
pseudoknots [31], kissing complexes [32], or G-quadruplex
structures [33] et al. Most of the aptamers can bind to a wide
variety of targets through their adaptive conformational
changes and three-dimensional folding. There have been
many reports of screening of aptamer against the targets in
the field of food safety monitoring. The typical targets include
the bio-toxins of the mycotoxins ochratoxin A [36], botulinum
neurotoxin [37], and fumonisin B [38], bacterial pathogens of
salmonella typhimurium [42], listeria monocytogenes [43]
and staphylococcus aureus [44], as well as antibiotics of
tetracycline [49], kanamycin B [47]. For extensive compari-
sons and studies, detailed aptamers that are involved in food
safety are summarized in Table 1.

Target Target Sequence of aptamer Ref

Illegal additive Bisphenol A GGGCCGTTCGAACACGAGCATGCCGGTGGGTGGTCAGGTGGGATAGCGT [34]

17-p estradiol TCCGCGAATTACACGCAGAGGGTAGCGGCTCTGCGCATTCAATTGCTG [35]
CGCGCTGAAGCGCGGAAGC

Bio-toxins Ochratoxin A GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA [36]

Botulinum Neuro toxin

GGGAGGAGGAGAGATGTGAACTTAUUCGGGCCCAGGAACCAACUAUAU [37]

AAAUGUCCCGAAUGCUUCGACGAGAAACTCTACACTGGACTGGCG

Fumonisin B

AATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTT [38]

ATTCAATT
AFBI1 GTTGGGCACGTGTTGTCTCTCTGTGTCTCGTGCCCTTCGCTAGGCCCAC [39]
Ricin CCGTAGGTTCGGGGCGGAGTGGTCCGGAAGGTGGCGTGG [40]
Foodborne pathogen Salmonellae enteric serovars ~ TTTGGTCCTTGTCTTATGTCCAGAATGCTATGGCGGCGTCACCCGACGGG [41]

GACTTGACATTATGACAGATTTCTCCTACTGGGATAGGTGGATTAT

Campylobacter Jeijuni TCATCCGTCACACCTGCTCT-N;o-GGTGGTGTTGGCTCCCGTAT" [42]
Listeria monocytogenes GGT TACTGA AGC ATA TGT CCG GGG GAT TGC CAA GCCTTC CC [43]
Staphylococcus aureus GGGCTGGCCAGATCAGACCCCGG ATGATCATCCTTGTGAGAACCA [44]
Lactobacillus acidophilus cells TAGCCCTTCAACATAGTAATATCTCTGCATTCTGTGATG [45]
Heavy metal Uranyl ion CTGCAGAATTCTAATACGACTCACTATAGGAAGAGATGGCGACATCTCTGC [46]
AGTCGGGTAGTTAAACCGACCTTCAGACATAGGCAGGCGTATATCTTGT
GTCGGTAAGCTTGGCAC
Mercury ion TTCTTCTTTCTTCCCCCCTTGTTTGTTGTTT [47]
Lead ion GGTTGGTGTGGTTGG [48]
Durg residue Tetracycline CGTACGGAATTCGCTAGCCCCCCGGCAGGCCACGGCTTGGGTTGGTCC [49]
CACTGCGCGTGGATCCGAGCTCCACGTG
Kanamycin B CACCTAATACGACTCSCTATAGCGGATCCGAAGATGGGGGTTGAGGCTA [50]
AGCCGACCGTAAGTTGGGCCGTCTGGCTCGAACAAGCTTGC
Malachite green GGAUCCCGACUGGCGAGAGCCAGGUAACGAAUGGAUCC [51]
Anilinophenylacet-ic acid ATACCAGCTTATTCAATTGGCAGTAGGTGTACATGCAAAGCCAGTGTGG [52]
GTCCCTGTGTAGATAGTAAGTGCAATCT
Acetamiprid CCTGCCACGCTCCGCAAGCTTTGTAATTTGTCTGCAGCGGTTCTTGATCG [53]

CTGACACCATATTATGAAGATAAGCTTGGCACCCGCATCGT

Lividomycin
UG

GGGAAUGGAUCCACAUCUACGAAUUCCCGUCAAGUCCGGUAAGGUGCC [54]

ACGUCUACUCCGACUUGACGAAGCUU

4N refer to 19 random nucleotides
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Application of aptamers in food safety monitoring

Detection of hazards in food samples, such as heavy metals
ions, bio-toxins, illegal additives, pathogenic microorganisms
and antibiotics, is of great importance and continuous to be a
significant challenge. Traditional analytical techniques includ-
ing surface plasmon resonance (SPR) [55], high performance
liquid chromatography (HPLC) [56], capillary electrophoresis
(CE) [57], antibody-based enzyme linked immunosorbent
assay (ELISA) [58], are laborious, time-consuming and ex-
pensive. To overcome these disadvantages, aptamer-based
assays have been paid great attention and developed for on-
site and rapid detections due to their great advantages of high
sensitivity, selectivity and stability. Some schematic diagrams
of aptamer-based assays widely used in food safety monitor-
ing are presented in Fig. 2. And the summary of hazards in
food safety monitoring is showed in detail in Table 2.
Furthermore, some important and intensive studied aptamer
based methods for on-site, rapid and ultrasensitive detections
in food safety are summarized as follows:

Absorptiometric methods

Absorptiometric methods (also called colorimetric methods)
based on colloidal gold nanoparticles (DNA/AuNPs) have
attracted much attention in recent years due to the conve-
nience of visual observation, easy operation and on-site de-
tection properties. DNA oligonucleotides are used as recogni-
tion units, while gold nanoparticles usually serve as labeling
tags for their unique optical properties. Colorimetric methods
have been widely used in detection of heavy metals ions,
small molecules chemical residues, antibiotics and bio-toxins.

Monitoring of toxic metals ions is an important issue since
these contaminants have server adverse effects on human
health. Although the conventional detection techniques, such
as inductively coupled plasma mass spectrometry (ICP-MS),
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Fig. 2 Application fields of aptamers in biosensors
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are adopted in most current protocols for detection of heavy
metal ions. However, these instrument-based methods are
expensive, complicated, professional personnel needed and
not suitable for on-site detection. Aptamer based colorimetric
methods have great advantages over the traditional methods.
Su et al. [59] and coworkers have reported colorimetric detec-
tion of lead ions (Pb*") using glutathione functionalized gold
nanoparticles. As shown in Fig. 3, aggregation of glutathione
modified gold nanoparticles (GSH-AuNPs) in the presence of
Pb>" is induced by the chelating effects, yielding both a
substantial shift in the plasmon band energy to longer wave-
length and a red-to-blue color change [59]. This sensor can be
used for detecting Pb®" with a minimum detectable concen-
tration of 100 nM. Yang [60] and co-workers have presented
the colorimetric detection of mercury ions (Hg>") based on
DNA oligonucleotides and unmodified gold nanoparticles.
DNA oligonucleotides with T-T mismatches retain random
coil in the absence of Hg*" ions. These ssDNA units could
effectively protect AuNPs from salt-induced aggregation.
While in the presence of Hg®" ions, DNA oligonucleotides
could form duplex structures by the specific T-Hg*"-T coor-
dination chemistry, inducing the release of ssDNA from the
surface of AuNPs. Without the protection of the ssDNA, the
AuNPs aggregated under the high-salt condition and achieved
a color change from red-wine to dark blue, which could be
adopted as the quantitative indicator for Hg®" sensing. A
sensitive linear range from 0 to 5 uM and a detection limit
of 0.5 uM for Hg”" ions are easily obtained. Xie [61] and
coworkers have designed a triple-channel optical signal probe
for Hg”" detection. Without the Hg*", the T-rich ssDNA probe
is attached on the surfaces of gold nanoparticles with the
protection effect, maintaining the red color of the solution.
In the presence of target Hg”", the ssDNA forms the specific
T-Hg**-T configuration, which induces a color change from
original red to dark blue. Under the optimum conditions, the
developed Hg>" sensing system exhibits a dynamic response
range from 50 nM to 5 mM with a detection limit of 30 nM. In
addition, a DNAzyme probe has also been used for detection
of Hg*" [62]. The exhibited peroxidase-like activity of T-rich
G-quadruplex DNA could be inhibited in the presence of Hg*"
ions through Hg”"-mediated T-T base pairs. In the presence of
a coordination cation K, T-rich DNA folds into a G-
quadruplex structure and bind with hemin to form the
hemin-G-quadruplex DNAzyme. After addition of Hg?", the
folded G-quadruplex of T-rich DNA is subjected to unfolding
due to the Hg*"-mediated formation of T-Hg**-T mismatched
pairs. This gives rise to a decrease in the DNAzyme activity
accompanied by a color change in the TMB-H,O, reaction
system, enabling the detection of aqueous Hg”* ions with
visual observation with LOD of 100 nM. In short, it could
be come to the conclusion that these aptamer based methods
could meet the requirement of rapid, easy-operation and on-
site detections. All these aptamer based rapid screening
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Table 2 Summary of hazards in
food safety detection methods Methods Targets LOD References
Absorptiometric methods Pb** 100 nM [59]
Hg*" 0.5 M [60]
Hg*" 30 nM [61]
Hg*" 100 nM [62]
Ochratoxin A 2.5nM [63]
Ochratoxin A 20 nM [64]
Kanamycin 25 nM [68]
Melamine 0.98 ppb [69]
Electrochemical based methods Pb>* 0.3 uM [70]
Pb>* 0.1 pM [73]
Hg** 1 pM [73]
Ochratoxin A 30 ppt [74]
Ochratoxin A 0.065 ppt [75]
Tetracycline 10 nM [72]
173-estradiol 10 nM [35]
Fluorescent methods Pb** 0.98 ppb [76]
Pb>* 0.4 nM [77]
AFBI1 0.11 ppb [78]
Ochratoxin A 18.7 nM [80]
SPR Pb** 1 pM [82]
Neomycin B 10 nM [83]
rt-PCR Escherichia coli 10 CFU mL™" [85]

methods for heavy metal ions have definitely supplied us with
valuable experience and potential directions for future re-
search of heavy metal detection.

DNA/AuNPs based colorimetric methods can also be
employed for detection of small organic molecules. Ochratoxin
A (OTA), a type of mycotoxin with small molecular weight, is
mainly produced by fungal species in aspergillus and penicillium
genera. According to the previous studies, OTA is hepatotoxic,
nephrotoxic, neurotoxic, teratogenic and mutagenic to most of
the mammalian species. Routine and rapid screen of OTA in
food samples are of great importance for human health and
public safety. Yang [63] and coworkers have developed an
aptasensor for biosensing of ochratoxin A (OTA) using

Pb**

<]
—

GSH
-~

Fig. 3 Strategy for colorimetric detection of Pb>* by using GSH-GNPs
[59]. Copyright 2010, ACS Publications

aptamer-DNAzyme hairpin as bio-recognition element as illus-
trated in Fig. 4. The structure of probe is divided into three parts,
one is the horseradish peroxidase (HRP)-mimicking DNAzyme,
one is the OTA specific aptamer sequences and the left one is a
blocking tail captures in the stem region of the hairpin. In the
presence of OTA, the hairpin is broken due to the formation of
the aptamer-OTA complex activating the HRP-mimicking
DNAzyme. The activity of this DNAzyme is linearly correlated
with OTA concentration up to 10 nM and a limit of detection of
2.5 nM. They also carried out the research about OTA detection
using an aptamer-based colorimetric biosensor with unmodified
gold nanoparticles as the indicator [64]. In the absence of OTA,
aptamer to OTA could be easily adsorbed onto the surface of
AuNPs, enhancing the stability of AuNPs against salt-induced
aggregation. In the presence of OTA, the conformation of
aptamer changes from random coil to G-quadruplex structure
losing the ability to protect AuNPs. Upon the addition of salt
solution, the reaction solution achieved a color change from red
to blue in the range from 20 to 625 nM and 20 nM was obtained
as limit of detection. Wang [65] and co-workers have constructed
an aptamer-based chromatographic strip assay for sensitive toxin
detection. As shown in Fig. 5, the principle of the designed
aptamer-based strip is based on the competitive reaction between
the DNA probe 1 (test line) and target OTA to combine with
aptamers. In the presence of OTA, it would combine with
aptamer-AuNPs probe, decreasing the number of aptamer-
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Fig. 4 The principle of the
bioassay for detection of OTA
[63]. Copyright 2012, Elsevier
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AuNPs that could hybridize with the DNA probe 1 on the test
line. LOD of the aptamer-based strip for OTA is as low as
1 ng mL™" by visual inspection. While the LOD of semi-
quantitative detection could be as low as 0.18 ng mL™" by using
scanning reader, which is quite better than that of the antibody-
based strip and is even comparable to ELISA.

Antibiotics are widely adopted to kill or inhibit microorgan-
isms in food products to maintain the quality or elongate the
shelf-life, while the abuse of them would result in various side
effects in human and even the appearance of super bacteria with
tolerance to related antibiotics [66, 67]. Song et al. [68] have
carried out a gold nanoparticle-based colorimetric method for
kanamycin using aptamer probe. Similarly, aptamers are as-
sembled on the surface of AuNPs and prevent the aggregation
upon salt introduction. In the presence of kanamycin, the
aptamers are departed from the AuNPs, which induces the
aggregation of AuNPs and exhibits a color change from red
to purple or blue. Using this aptamer, kanamycin is detected
down to 25 nM by the colorimetric method. Melamine is
reported to be illegally added into milk products for the aim
of improving the content of protein. Although the low toxicity
of melamine itself, it could induce the formation of insoluble
crystals in combination with cyanuric acid in digestion process,
which further lead to the kidney stones, the kidney failure of
infants and children, and even to death [69]. Liang et al. [69]
has developed a highly sensitive aptamers-AuNPs catalytic
resonance scattering spectral assay for melamine. The aptamers
(ssDNA) are used to label AuNPs as the recognition probe for
melamine. Upon addition of melamine, it interacted with the
aptamer to form bigger aptamers-AuNPs-melamine aggrega-
tions, increasing the resonance rayleigh scattering (RRS) inten-
sity at 566 nm greatly. The increased RRS intensity is linear to
melamine concentration in the range of 1.89-81.98 pg L' with
a detection limit of 0.98 ug L™ [69]. In all, the absorptiometric
methods for food safety monitoring are all with the priorities of
rapid, easy-operation and without the expensive instruments.
These advantages make them more competitive under the
condition of mass detection requirements compared with the
traditional protocols. However, the stability and the repeatabil-
ity of the absorptiometric methods should also be paid great
attention to make them more practically applicable.

@ Springer

Electrochemical based methods

Nowadays, aptamer-based electrochemical sensors appear to
be a promising alternative for detection of hazards in various
food products including heavy metals ions [70, 71], tetracy-
cline antibiotics [72] and so on. Aptamer-based electrochem-
ical biosensors have attracted considerable attention because
they could provide some extraordinary properties including
simple, fast, and ultrasensitive determinations with low cost
compared with other analytical strategies.

In 2006, the Plaxco team [70] reported the electrochemical
methods for detection of Pb®" via assembled DNAzyme on
electrode as showed in Fig. 6. The electrochemical sensor
consists of a methylene blue (MB) modified DNA strand
which is chemically absorbed to a gold electrode via a 5’
terminal thiol. In the presence of Pb®", MB transfers electrons
to the electrode, and then produces the electrical signal. The
detection limit of the electrochemical sensor toward Pb*" is as
low as 62 ppb (0.3 uM). Liu [73] and coworkers utilized an
impedimetric DNA sensor for detection of Hg*" and Pb*" at
the same time. This electrochemical sensor includes a pair of
DNA probes, a Pb*"-specific DNAzyme and a substrate strand
containing Hg>"-specific oligonucleotide. Both conformation-
al changes including Hg®" induced duplex-like structure and
Pb>" induced cleaving of substrate at the RNA site are inves-
tigated by electrochemical impedance spectroscopy (EIS). As
a result, these mentioned aptamer conformational changes
lead to the decreased EIS results, which allows selective
detection of Hg”" and Pb*" with the detection limit of 1 pM
and 0.1 pM, respectively. Furthermore, this developed method
was applied to detect Hg** and Pb>* simultaneously in human
serum and river water samples by using nontoxic masking
agents. Our group [74] has also fabricated an aptamer-based
electrochemical “signal-off” sensor of OTA. The aptamer of
OTA is immobilized on the surface of the electrode through
hybridization with a linker DNA. A gold nanoparticle
(AuNP)-functionalized DNA probe, complementary to the
aptamer, is used to amplify the final sensing signal. In the
sensing system, the target OTA competes with both the linker
DNA and AuNP-functionalized DNA to combine with the
aptamer, influencing the amount of dSDNA on the surface of
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Fig. 5 Schematic diagram of the ) Probe 1 Probe 2
principle for the detection of GNP-aptamer Conjugates 8}
aptamer-based strip [65].
Copyright 2011, Elsevier Q {:} Streptavidin
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the electrode. Methylene blue (MB), used as the electrochem-  Therefore, the redox currents of the electrochemical probe
ical redox tags, is proportional to the amount of the dSDNA. ~ MB are proportional to the amount of OTA in the solution.
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Fig. 6 A schematic of the mB \
DNAzyme-based electrochemical
sensor [70]. Copyright 2007, 2 1 /
ACS Publications - ®
+Pb%*
— —
® eT
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The developed electrochemical sensor is also used to detect OTA
in real wine samples. Recently, our group [75] has further fabri-
cated a novel electrochemical aptasensor for detection of OTA
using rolling circle amplification (RCA) as signal enhancement
strategy. The primer for RCA is designed to compose of a two-
part sequence, one part of the aptamer sequence directs against
OTA while the other part is complementary to the capture probe
on the electrode surface. In the presence of target OTA, the primer,
originally hybridizes with the RCA padlock, is replaced to com-
bine with OTA. This induces the inhibition of RCA and decreases
the OTA sensing signal obtained with the electrochemical
aptasensor. Under the optimized conditions, ultrasensitive detec-
tion of OTA is successfully achieved with a LOD of 0.065 ppt
(pg/mL), which is much lower than previously reported.
Tetracyclines, the residues of which are widely found in many
foods including meat, milk, honey, and chicken’s egg, can reduce
the affinity of prokaryotic tRNA by strong binding on the 30S
ribosomal subunit. Traditional detection methods for tetracycline
are often time-consuming and expensive, which are not suitable
for rapid and high throughput screening. Kim [72] and coworkers
developed an aptamer-based electrochemical sensor for tetracy-
cline detection. The biotinylated ssDNA aptamer of tetracycline
is immobilized on a streptavidin-modified gold electrode. The
recognition and binding process of tetracycline to aptamer is
monitored and analyzed by cyclic voltammetry and square wave
voltammetry, respectively. The developed sensor in this study is
unique due to the fact that it can specifically distinguish tetracy-
cline with a very broad detection limit (10 nM—10 puM), which
could be chosen as the reference for sensor development in the

Fig. 7 Schematic illustration of
the DNAzyme-based Pb>" sensor
[76]. Copyright 2012, The Royal

Society of Chemistry MBs

F Flourescein

(® Quencher

enme” e

future research. Kim et al. [35] has studied an electrochemical
method for detection of 173-estradiol. The selected ssDNA
aptamer is immobilized on a gold electrode through the specific
biotin-streptavidin interaction. When 17 3-estradiol interacts with
the DNA aptamer, the redox current is decreased due to the
interference of bound 17[3-estradiol with the electron flow pro-
duced by a redox reaction between ferrocyanide and ferricyanide.
Using this method, 173-estradiol could be well determined even
in complicated agricultural products.

Fluorescent methods

Fluorophores have been widely used as signal generators in
rapid and ultrasensitive detections. The fluorescence emission
of the dyes can be adjusted by the changing the distance with
its quenchers or donors through conformational changes of
aptamers linked with them. The aptamer-based fluorescent
biosensors are promising assays for biological samples, sug-
gesting their potential applications in biomedical researches.
Herein we will focus on the developed aptamer-based fluo-
rescent biosensors for food safety monitoring.

Nie [76] and coworkers have adopted a DNAzyme-based
flow cytometric method for detecting Pb>" ions as illustrated
in Fig. 7. The Pb*"-dependent GR-5 DNAzyme is labeled
with a carboxyfluorescein (FAM) as the fluorescence reporter
and a biotin for the conjugation with the streptavidin-
functional magnetic beads (MBs) at the 5’ and the 3' termini,
respectively. The substrate strand is labeled with quencher
Dabcyl at both ends. The DNAzyme combines with MBs

...l Enzyme strand

B Biotin

Substrate stand

!} Streptavidin

rA

MBs Magnetic Beads
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and then hybridizes with substrate strand. In the presence of Pb*,
the double quencher-labeled substrate strands are cleaved and
disassociated from the DNAzyme. As a result, the FAM is no
longer quenched by Dabcyl, resulting in the fluorescence recov-
ery. The increased fluorescence intensity is linear to Pb*" in the
range of 1.0 nM to 100.0 nM with a LOD of 0.98 ug-L™". Li[77]
and coworkers have developed a fluorescent detection method
for Pb*>" jons through the catalytic property of induced
DNAzymes structure. The DNAzyme could act as a cofactor to
catalyze H,O,-mediated oxidation of Amplex Ultra Red (AUR),
resulting in increased fluorescent intensity. Under the optimal
conditions, the DNAzyme-AUR probe is highly sensitive (LOD
0.4 nM) and selective (by at least 100-fold over other metal ions)
toward Pb>" ions with a linear detection range from 0 to 1000
nM. This is an extraordinary results compared with other tradi-
tional immunoassay methods without tedious sample treatments
and long detection period.

An aptamer-based assay is also used for detection of afla-
toxin B1 (AFB1). AFBI1 is the predominant and most toxic
hazards in cereal foods. Shim [78] and coworkers have reported
a chemiluminescence competitive aptamer assay for detection
of AFB1 in corn samples. The assay is conducted on traditional
white 96-microtitre well plate. The AFB1 aptamer is linked
with HRP-DNAzymes that produces sufficient chemilumines-
cence (CL) values when binding to AFB1-ovalbumin (OVA).
In the absence of AFBI1, the AFBI1 aptamer combines with
AFB1-OVA and produces chemiluminescence with the adding
of luminol. However, in the presence of AFBI, the AFBI
aptamer combines with AFBI1 and releases from the plate,
decreasing the intensity of chemiluminescence. This aptamer
assay has exhibited a wide dynamic range from 0.1 to 10 ng-
mL 'and showed a LOD of 0.11 ng-mL"". This sensitivity of
this aptamer based methods could meet the requirement of
AFB1 detection as the ELISA methods. However, the multi-
step operations are still needed, which inhibit the application in
the field of on-site detection. Future research should be focused
on the simple and rapid detection with the excellent sensitivity
for practical on-site detection of AFBI.

Other functional nanomaterials based fluorescent methods
were also extensively studied. For example, PVP-coated
graphene oxide for selective determination of ochratoxin A
via fluorescence quenching was reported in 2011 by Wang
and co-workers [79]. In the presence of target OTA, it induces
the conformational change of the aptamer, leading to the
formation of anti-parallel G-quadruplex, which is resistant to
adsorption onto the larger planar surface of graphene oxide.
Therefore, the fluorescent intensity is measured as a function
of OTA concentration correspondingly. As low as 18.7 nM
ochratoxin A can be detected through this protocol. It is also
suitable for measuring OTA in real food samples such as red
wines. Quantum dot (QD)-labeled aptamer has been adopted
as the novel fluorescent tags for detection of OTA. Previously,
our group has reported a simple fluorescent strip biosensor

based on QDs labeling technology which could meet the
requirement of rapid toxin screening and monitoring. In detail,
one of the designed DNA probe in our strategy, containing the
complete complementary sequence to the aptamer was
adopted as the probes on the test line of strip. In the presence
of target OTA, the AuNPs labeled aptamer would preferably
to bind with OTA instead of the complementary probes on the
test line, which induced the fluorescent intensity decrease of
test line. Based on the fluorescent intensity of the immobilized
QDs in the test and control line, qualitative and quantitative
detection of target OTA was successfully achieved [80]. Sara
et al. [51] has reported an RNA-aptamer-based assay for the
analysis of malachite green residues in fish tissue. It is the first
report using an RNA aptamer for the development of a diag-
nostic method of chemical residues in food samples. The
selected RNA aptamer can be used as an alternative recogni-
tion probe. The fluorescence of malachite green could be
increased upon binding of the aptamer with the cognate li-
gand. Then the concentration of malachite green could be
quantitatively determined according to the variations of the
fluorescent intensity. Lu et al. [81] has reported a label-free
fluorescent aptamer sensor based on regulation of malachite
green (MG) fluorescence. The sensor contains free MG, aden-
osine (ATP) aptamer next to a MG aptamer, and a bridging
strand that partially hybridizes to both adenosine aptamer and
MG aptamer. MG is prevented to bind with MG aptamer by
hybridization. In the presence of ATP, ATP aptamer binds with
ATP, hybridization structures are opened. Then MG aptamer
binds with MG and exhibits high fluorescence intensity.
Under this protocol, the quantity of MG could be measured
based on the intensity of fluorescent. Anyway, the fluorescent
methods are with the priorities of rapid kinetics, easy mea-
sured pattern and satisfied sensitivity. Combined with the new
recognition probe, aptamer, the fluorescent should be paid
much more attention in the development of novel methods
for on-site, rapid and ultrasensitive monitoring of food safety.

Other related methods

Surface plasmon resonance spectroscopy (SPR) is a surface-
sensitive label-free technique that provides detailed informa-
tion about the affinity and the kinetics of biomolecular inter-
actions with high sensitivity. As a very easy operated protocol,
SPR-based methods have been widely adopted for food safety
monitoring. Gilad Pelossof et al. [82] has reported a surface
plasmon resonance (SPR)-based sensor for detection of Pb*"
ions by using Pb*"-dependent DNAzyme and hemin/G-
quadruplex as the label. The ssDNA 2 in the reference con-
tains two parts: one is G-quadruplex sequence and the other is
a ribonuclease-containing substrate of the DNAzyme. The
ssDNA 1 is Pb**-dependent DNAzyme sequence that forms
duplex structures with the two parts of 2 and generates the
sequence-specific loop for binding Pb>" ions. The duplex
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structures are assembled on Au electrodes. In the presence of
Pb*" ions, the Pb*"-dependent DNAzyme cleaves the substrate,
leading to the separation of the complex and the self-assembly of
the hemin/G-quadruplex on the Au substrate. In the sensing
platform, the Pb*" ions are analyzed by following the dielectric
changes at the surface as a result of the formation of the hemin/G-
quadruplex label using SPR. A detection limit of 1 pM could be
achieved easily. Noemi de-los-Santos-Alvarez [83] has utilized a
SPR sensor for detection of neomycin B with modified RNA
aptamer. In this research, the competitive recognition model was
used for detection of neomycin B. The interaction between 2’ O-
methylated RNA aptamer and neomycin B has been character-
ized by using SPR and electric impedance measurements. A
range from 10 nM to 100 uM is obtained for the quantitative
analysis of neomycin B. To the best of our knowledge, that is the
first report of SPR-based aptasensor for small molecule detec-
tions. Besides, various novel aptamer-based approaches have
been raised for rapid detection of different pathogens [84]. Ohk
et al. [43] has reported an antibody-aptamer dual functionalized
fiber-optic biosensor for specific detection of listeria
monocytogenes (L. monocytogenes) in food samples.
Aptamer-AS, the selected aptamer specific for internalin A, an
invasin protein of L. monocytogenes, is applied in the develop-
ment of fiber-optic sensor. Meanwhile the antibody against
Listeria, P66 was also adopted in the sandwich format based
protocol for L. monocytogenes. The biotinylated antibody was
immobilized on optical fiber for capture of the target while the
fluorescent tag labeled aptamer for signal reporting. This aptamer
and antibody based biosensor could achieve detection of patho-
genic Listeria in pure culture medium or in the mixture with other
bacteria at a concentration of approximately 10° CFU mL .
Furthermore, this aptamer-based biosensor was also successfully
applied in detection of L. monocytogenes from artificially
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contaminated (initial inoculation of 10*> CFU 25 g ') ready-to-
eat meat products including sliced beef, chicken and turkey with
18 h of enrichment [43]. Of note, the enrichment step is still
needed for target bacterium detection in real food samples by the
reported aptamer-based methods, which is the main obstacle for
rapid and on-site screening. Instead, some other functional ma-
terials including sample pre-treating materials and magnetic
nanoparticles could be the important supplemental techniques
for improving the detection efficiency. And the research in this
direction should be paid great attention.

Lee et al. [85] have developed a sensitive aptamer based
method to detect Escherichia coli (E. coli) with immunomagnetic
separation and real-time PCR amplification of aptamer. The
scheme of the sensing principle is illustrated in Fig. 8. The three
main steps are included in the detection process. Firstly, the target
E. coli were captured by antibody-conjugated magnetic beads;
secondly, the RNA aptamers are bound onto the surface of
captured E. coli in a sandwich model; finally, the heat-released
aptamers are amplified by using real-time reverse-transcriptase-
PCR (RT-PCR). And a wide dynamic range from 10" to
10’ CFU mL™" of E. coli with the satisfied achievement was
shown in this research. Our research team also developed a
magnetic beads based screen method for Salmonella O8 and
application of the selected aptamer in rapid fluorescent determi-
nation of Salmonella O8. The results indicated that the selected
aptamer could be used to develop other rapid detection methods
for Salmonella with the high specificity [86].

Conclusions and prospective

The SELEX technology is a promising tool for screening of
aptamer against various target analytes and is essential for the
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development of new aptamer-based analytical methods. More
importantly, the SELEX science, in both the breadth and
width, is still under continuous evolution over the last two
decades. Aptamer-based biosensors have been extensively
applied in many fields including food safety monitoring for
the significant better performance compared with the
antibodies-based methods. Although, in theory, any targets
of interest could be selected with the specific aptamer, the
rapid detection and diagnostic market is still dominated by the
antibody-based methods. The possible reason for this phe-
nomenon can be attributed to two aspects: 1) the categories
of'the target analytes with the specific aptamer are still limited,
which is the main factor inhibit the wide application of
aptamer based methods; 2) the further efficiency improvement
of aptamer selection is highly needed and the improvement of
the binding ability of selected aptamer to target analytes is also
in urgent need. Also, the stability and repeatability of the
constructed aptamer based methods should be widely validat-
ed and guaranteed. Meanwhile, given the selected aptamer
probe, the aptamer based biosensor would hold great promise
in the field of small molecules detection due to the difficulties
in preparing corresponding antibodies. Therefore, following
research of aptamer based biosensor in various fields, espe-
cially in food safety monitoring, should focus on the high
efficiency and low-cost screening protocol for SELEX to find
more available aptamer probes and the further optimization of
stability of the developed aptamer based methods in practical
applications. Anyway, in spite of many difficulties to be
overcome, the aptamer based methods can be reached in
various fields after continuous and intensive efforts.

Acknowledgments This work is financially supported by the
Huangshan Young Scholar Fund of Hefei University of Technology
(407-037025), the National Natural Science Foundation of China with
grant 31328009 and the NSF of Jiangsu Province (BK20130379,
13KJB550001), the Science and Technology Research Project of General
Administration of Quality Supervision, Inspection and Quarantine of P.
R. China (201210127, 201310135), the 12th Five Years Key Programs
(2012BAK08B01-2,2012BAK17B10, SS2012AA101001), Suzhou Sci-
ence and Technology Committee Program (SS201335) and the Funda-
mental Research Funds for the Central Universities (2013HGCHO0008,
2012HGCX0003).

G Liu acknowledges financial support from the National Cancer
Institute (Grant number: R21CA137703) and the National Institute of
General Medicine (NIGMS) (5P30 GM103332). Its contents are solely
the responsibility of the authors and do not necessarily represent the
official views of the NIH.

References

1. Ellington AD, Szostak JW (1990) In vitro selection of RNA mole-
cules that bind specific ligands. Nature 346:818-822

2. Tuerk C, Gold L (1990) Systematic evolution of ligands by expo-
nential enrichment: RNA ligands to bacteriophage T4 DNA poly-
merase. Science 249:505-510

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

. Ciesiolka J, Gorski J, Yarus M (1995) Selection of an RNA domain

that binds Zn?". RNA 1:538-550

. Wilson C, Szostak JW (1998) Isolation of a fluorophore-specific

DNA aptamer with weak redox activity. J Biol Chem 5:609-617

. Yang Q, Goldstein 1J, Mei HY, Engelke DRX, Affiliations A (1998)

DNA ligands that bind tightly and selectively to cellobiose. Proc Natl
Acad Sci U S A 95:5462-5467

. Famulok M, Huttenhofer A (1996) In vitro selection analysis of

neomycin binding RNAs with a mutagenized pool of variants of
the 16S rRNA decoding region. Biochemistry 35:4265-4270

. Kraus E, James W, Barclay AN (1998) Cutting edge: Novel RNA

ligands able to bind CD4 antigen and inhibit CD*" T lymphocyte
function. J Immunol 160:5209-5212

. Fang XH, Tan WH (2010) Aptamers generated from cell-SELEX for

molecular medicine: A chemical biology approach. Acc Chem Res
43:48-57

. Mascini M, Palchetti I, Tombelli S (2010) Nucleic acid and peptide

aptamers: Fundamentals and bioanalytical aspects. Angew Chem Int
Ed 51:1316-1332

Jiang ZL, Fan YY, Liang AH, Wen GQ, Liu QY, Li TS (2010)
Resonance scattering spectral detection of trace Pb>" using
aptamer-modified AuPd nanoalloy as probe. Plasmonics 5:375-381
Pelossof G, Tel-Vered R, Liu XQ, Willner I (2011) Amplified surface
plasmon resonance based DNA biosensors, aptasensors, and Hg"
sensors using hemin/G-quadruplexes and Au nanoparticles. Chem
Eur J 17:8904-8912

Bonel L, Vidal JC, Duato P, Castillo JR (2011) An electrochemical
competitive biosensor for ochratoxin A based on a DNA biotinylated
aptamer. Biosens Bioelectron 26:3254-3259

Zhang JK, Zhang BB, Wu Y, Jia SR, Fan T, Zhang ZY, Zhang CZ
(2010) Fast determination of the tetracyclines in milk samples by the
aptamer biosensor. Analyst 135:2706-2710

Liang M, Liu R, Su RX, Qi W, Wang LB, He ZM (2012) Aptamer-
based sensing technology towards food safety analysis. Progr Chem
24:1378-1387

Michaud M, Jourdan M, Ravelet C, Villet A, Ravel A, Grosset C,
Peyrin E (2004) Immobilized DNA aptamers as target-specific chiral
stationary phase for resolution of nucleoside and amino acid deriva-
tive enantiomers. Anal Chem 76:1015-1020

German I, Buchanan DD, Kennedy RT (1998) Aptamers as ligands in
affinity probe capillary electrophoresis. Anal Chem 70:4540-4545

. Dick LW Jr, McGown LB (2004) Aptamer-enhanced laser

desorption/ionization for affinity mass spectrometry. Anal Chem
76:3037-3041

Tombelli S, Minunni M, Mascini M (2005) Analytical application of
aptamers. Biosens Bioelectron 20:2424-2434

Mehta J, Rouah-Martin E, Dorst BV, Maes B, Herrebout W, Scippo ML,
Dardenne F, Blust R, Robbens J (2012) Selection and characterization of
PCB-binding DNA aptamers. Anal Chem 84:1669-1676

Stoltenburg R, Reinemann C, Strehlitz B (2007) SELEX-A (r) evo-
lutionary method to generate high-affinity nucleic acid ligands.
Biomol Eng 24:381-403

Cox JC, Ellington AD (2001) Automated selection of anti-protein
aptamers. Bioorg Med Chem Lett 9:2525-2531

Charlton J, Kirschenheuter GP, Smith D (1997) Highly potent irre-
versible inhibitors of neutrophil elastase generated by selection from
a randomized DNA-valine phosphonate library. Biochemistry 36:
3018-3026

Zimmermann GR, Wick CL, Shields TP, Jenison RD, Pardi A (2000)
Molecular interactions and metal binding in the theophylline-binding
core of an RNA aptamer. RNA 6:659-667

Ellington AD, Szostak JW (1992) Selection in vitro of single-
stranded DNA molecules that fold into specific ligand-binding struc-
tures. Nature 355:850-852

Daniels DA, Chen H, Hicke BJ, Swiderek KM, Gold L, Affiliations
A (2003) A Tenascin-C aptamer identified by tumor cell SELEX:

@ Springer



490

J. Wu et al.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Systematic evolution of ligands by exponential enrichment. Proc Natl
Acad Sci U S A 100:15416-15421

Mendonsa SD, Bowser MT (2004) In vitro evolution of functional
DNA using capillary electrophoresis. ] Am Chem Soc 126:20-21
Golden MC, Collins BD, Willis MC (2000) Diagnostic potential of
Photo SELEX-evolved ssDNA aptamers. J Biotechnol 81:167—178
Niazi JH, Lee SJ, Kim YS, Gu MB (2007) ssDNA aptamers that
selectively bind oxytetracycline. Bioorg Med Chem 16:1261-1265
Bruno JG, Kiel L (2002) Use of magnetic beads in selection and
detection of biotoxin aptamers by electrochemiluminescence and
enzymatic methods. Biotechniques 32:178-183

Tok JBH, Cho J, Rando J (2000) RNA aptamers that specifically bind
to a 16S ribosomal RNA decoding region construct. Nucleic Acids
Res 28:2902-2910

Tuerk C, MacDougal S, Gold L (1992) RNA pseudoknots that inhibit
human immunodeficiency virus type 1 reverse transcriptase. Proc
Natl Acad Sci U S A 89:6988-6992

Boiziau C, Dausse E, Yurchenko L, Toulme JJ (1999) DNA aptamers
selected against the HIV-1 trans-Activation-responsive RNA element
form RNA-DNA kissing complexes. J Biol Chem 274:12730-12737
Bock LC, Griffin LC, Latham JA, Vermaas EH, Toole JJ (1992)
Selection of single-stranded DNA molecules that bind and inhibit
human thrombin. Nature 355:564-566

JoM, Ahn JY, Lee J, Lee S, Hong SW, Yoo JW, Kang J, Dua P, Lee DK,
Hong S, King S (2011) Development of single-stranded DNA aptamers
for specific bisphenol A detection. Oligonucleotides 21:85-91

Kim YS, Jung HS, Matsuura T, Lee HY, Kawai T, Gu MB (2007)
Electrochemical detection of 173-estradiol using DNA aptamer
immobilized gold electrode chip. Biosens Bioelectron 22:2525-2531
Cruz-Aguado JA, Penner G (2008) Determination of ochratoxin A
with a DNA aptamer. J Agric Food Chem 56:10456-10561

Chang TW, Blank M, Janardhanan P, Singh BR, Mello C, Blind M,
Cai S (2010) In Vitro selection of RNA aptamers that inhibit the
activity of type abotulinum neurotoxin. Biochem Biophys Res
Commun 396:854-860

McKeague M, Bradley CR, Girolamo AD, Visconti A, Miller JD,
DeRoser MC (2010) Screening and initial binding assessment of
fumosin B-1 aptamers. Int J Mol Sci 11:4864—4881

NeoVentures Biotechnology Inc. (2013) Aptamer catalogue. http://
neoventures.ca/aptamer -database/.

Tang 1], Xie JW, Shao NS, Yan Y (2006) The DNA aptamers that
specifically recognize ricin toxin are selected by two in vitro selection
methods. Electrophoresis 27:1303-1311

Joshi R, Janagama H, Dwivedi HP, Senthil Kumar TMA, Jaykus LA,
Schefers J, Sreevatsan S (2009) Characterization and application of
DNA aptamers for the capture and detection of Salmonella enterica
serovars. Mol Cell Probes 23:20-28

Stratis-Cullum DN, McMasters S, Pellegrino PM (2009) Evaluation
of relative aptamer binding to campylobacter jejuni bacteria using
affinity probe capillary electrophoresis. Anal Lett 42:2389-2402
Ohk SH, Koo OK, Sen T, Yamamoto CM, Bhunia AK (2010)
Antibody-aptamer functionalized fibre-optic biosensor for specific
detection of Listeria monocytogenes from food. J Appl Microbiol
109:808-817

Cao X, Li S, Chen L, Ding HM, Xu H, Huang YP, Li J, Liu NL, Cao
WH, Zhu YJ, Shen BF, Shao NF (2009) Combining use of a panel of
ssDNA aptamers in the detection of Staphylococcus aureus. Nucleic
Acids Res 37:4621-4628

Camille LAH, Zhang HQ, Guan LL, Li XF, Chris LX (2008) Selection
of aptamers against live bacterial cells. Anal Chem 80:7812—7819

Kim J, Kim MY, Kim HS, Hah SS (2011) Binding of uranyl ion by a
DNA aptamer attached to a solid support. Bioorg Med Chem Lett 21:
40204022

Liu CW, Hsieh CW, Huang CC, Lin ZH, Chang HT (2008) Detection
of mercury(Il) based on Hg> —“DNA complexes inducing the aggre-
gation of gold nanoparticles. Chem Commun 19:2242-2244

@ Springer

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Liu CW, Huang CC, Chang HT (2009) Highly selective DNA-based
sensor for lead (II) and mercury (II) Ions. Anal Chem 81:2383-2387
Berens C, Thain A, Schroeder R (2001) A tetracycline binding RNA
aptamer. Bioorg Med Chem 9:2549-2556

Kwon M, Chun SM, Jeong S, Yu J (2001) In vitro selection of RNA
against kanamycin B. Mol Cell 11:303-311

Stead SL, Ashwin H, Johnston BH, Dallas A, Kazakov SA, Tarbin JA,
Sharman M, Kay J, Keely BJ (2010) A RNA-aptamer-based assay for
the detection and analysis of malachite green and leucomalachite green
residues in fish tissue. Anal Chem 82:2652-2660

Joeng CB, Niazi JH, Lee SJ, Gu MB (2009) ssDNA aptamers that
recognize diclofenac and 2-anilinophenylacetic acid. Bioorg Med
Chem 17:5380-5387

HeJ, LiuY, Fan M, Liu X (2011) Isolation and identification of the DNA
aptamer target to acetamiprid. J Agric Food Chem 59:1582-1586

Lato SM, Ellington AD (1996) Screening chemical libraries for
nucleic acid binding drugs by in vitro selection a test case with
lividomycin. Mol Divers 21:103-110

Situ C, Buijs J, Mooney MH, Buijs J (2010) Advances in surface
plasmon resonance biosensor technology towards high-throughput,
food-safety analysis. Trends Anal Chem 29:1305-1315
Vallejo-Cordoba B, Gonzalez-Cordova AF (2010) Capillary electro-
phoresis for the analysis of contaminants in emerging food safety
issues and food traceability. Electrophoresis 31:2154-2164
Hernandez F, Portoles T, Pitarch E, Lopez FJ (2011) Gas chromatog-
raphy coupled to high-resolution time-of-flight mass spectrometry to
analyze trace-level organic compounds in the environment, food
safety and toxicology. Trends Anal Chem 30:388-400
Karoonuthaisiri N, Charlermroj R, Uawisetwathana U (2009)
Development of antibody array for simultaneous detection of
foodborne pathogens. Biosens Bioelectron 24:1641-1648

Chai F, Wang C, Wang T, Li L, Su Z (2010) Colorimetric detection of
Pb”* using glutathione functionalized gold nanoparticles. Appl Mater
Interfaces 2:1466-1470

Wu LP, Zhao HW, Qin ZH, Zhao XY, Pu WD (2009) Highly selective
Hg (II) ion detection based on linear blue-shift of the maximum
absorption wavelength of silver nanoparticles. Biosens Bioelectron
24:3153-3158

Wan YX, Wei TH, Jian RZ, Hong QL, Nian BL (2012) A triple-
channel optical signal probe for Hg>" detection based on acridine
orange and aptamer-wrapped gold nanoparticles. J] Mater Chem 22:
11479-11482

Li T, Li B, Wang E, Dong S (2009) G-quadruplex-based DNAzyme
for sensitive mercury detection with the naked eye. Chem Commun
24:3551-3553

Yang C, Lates V, Prieto-Simon B, Marty JL, Yang XR (2012)
Aptamer-DNAzyme hairpins for biosensing of Ochratoxin A.
Biosens Bioelectron 32:208-212

Yang C, Wang Y, Marty JL, Yang X (2011) Aptamer-based colori-
metric biosensing of ochratoxin A using unmodified gold nanoparti-
cles indicator. Biosens Bioelectron 26:2724-2727

Wang L, Ma WW, Chen W, Liu L, Ma W, Zhu YY, Xu LG, Kuang Y,
Xu CY (2011) An aptamer-based chromatographic strip assay for sensi-
tive toxin semi-quantitative detection. Biosens Bioelectron 26:3059—
3062

Spahn CM, Prescott CD (1996) Throwing a spanner in the works:
Antibiotics and the translation apparatus. Int ] Mol Med 74:423-439
Jingbin W, Ndong M, Kai H, Matsuno K, Kayama F (2010) Placental
transfer of melamine and its effects on rat dams and fetuses. Food
Chem Toxicol 48:1791-1795

Song KM, Cho M, Jo H, Min K, Jeon SH, Kim T, Han MS, Ku JK,
Ban C (2011) Gold nanoparticle based colorimetric detection of
kanamycin using a DNA aptamer. Anal Biochem 415:175-181
Liang A, Zhou L, Qin H, Zhang Y, Quyang HX, Jiang ZY (2011) A
highly sensitive aptamer-nanogold catalytic resonance scattering
spectral assay for melamine. J Fluoresc 21:1907-1912


http://neoventures.ca/aptamer
http://neoventures.ca/aptamer

Trends in SELEX and application to food safety

491

70.

71.

72.

73.

74.

75.

76.

71.

78.

Babkina SS, Ulakhovich NA (2005) Complexing of heavy metals
with DNA and new bioaffinity method of their determination based
on amperometric DNA-based biosensor. Anal Chem 77:1815-1824

Xiao Y, Rowe AA, Plaxco KW (2007) Electrochemical detection of
parts-per-billion lead via an electrode-bound DNAzyme assembly. J
Am Chem Soc 129:262-263

Kim YJ, Kim YS, Niazi JH, Gu MB (2010) Electrochemical aptasensor
for tetracycline detection. Bioprocess Biosyst Eng 33:31-37

Shi L, Liang G, Li X, Liu X (2012) Impedimetric DNA sensor for
detection of Hg®" and Pb®". Anal Methods 4:1036-1040

Kuang H, Chen W, Xu DH, Xu LG, Zhu YY, Liu LQ, Chu HQ, Peng
CF, Xu CL, Zhu SF (2010) Fabricated aptamer-based electrochemical
“signal-off” sensor of ochratoxin A. Biosens Bioelectron 26:710-716
Huang L, Wu JJ, Zheng L, Qian HS, Xue F, Wu YC, Pan DD,
Adeloju SB, Chen W (2013) Rolling chain amplification (RCA)
based signal enhanced electrochemical aptasensor for rapid and ul-
trasensitive detection of ochratoxin A. Analytical Chemistry online.

Nie DD, Wu HY, Zheng QS, Guo LQ, Ye PR, Hao YL, Li YN, Fu FF,
Guo YG (2012) A sensitive and selective DNAzyme-based flow
cytometric method for detecting Pb>" ions. Chem Commun 48:
1150-1152

LiCL, Liu KT, Lin YW, Chang HT (2011) Fluorescence detection of
lead (I) ions through their induced catalytic activity of DNAzymes.
Anal Chem 83:225-230

Won-Bo S, Hyoyoung M, Hyo-Arm J, Jack AO, Duck-Hwa C, Kim
M-G (2014) Chemiluminescence competitive aptamer assay for the
detection of aflatoxin B1 in corn samples. Food Control 36:30-35

79.

80.

81.

82.

3.

84.

85.

86.

Sheng L, Ren J, Miao Y, Wang J, Wang E (2011) PVP-coated
graphene oxide for selective determination of ochratoxin A via
quenching fluorescence of free aptamer. Biosens Bioelectron 26:
3494-3499

Wang LW, Chen W, Liu L, Ma W, Zhao Y, Zhu Y, Xu L, Kuang H,
Xu CL (2011) Fluorescent strip sensor for rapid determination of
toxins. Chem Commun 47:1574-1576

XuWC, Lu'Y (2010) Label-free fluorescent aptamer sensor based on
regulation of malachite green fluorescence. Anal Chem 82:574-578
Gilad P, Ran T-V, Willner 1 (2012) Amplified surface Plasmon
resonance and electrochemical detection of Pb>" ions using the
Pb**-dependent DNAzyme and hemin/G-quadruplex as a label.
Anal Chem 84:3703-3709

De-los-Santos-Alvarez N, Lobo-Castanén MJ, Miranda-Ordieres AJ,
Tunon-Blanco P (2009) SPR sensing of small molecules with mod-
ified RNA aptamers: Detection of neomycin B. Biosens Bioelectron
24:2547-2553

Xu S (2012) Electromechanical biosensors for pathogen detection.
Microchim Acta 178:245-260

Lee HJ, Kim BC, Kim KW, Kim YK, Kim J, Oh MK (2009) A
sensitive method to detect Escherichia coli based on
immunomagnetic separation and real-time PCR amplification of
aptamers. Biosens Bioelectron 24:3550-3555

Liu GQ, Yu XF, Xue F, Chen W, Ye YK, Yang XJ, Lian YQ, Yan Y,
Zong K (2012) Screening and preliminary application of a DNA
aptamer for rapid detection of Salmonella O8. Microchim Acta
178:237-244

@ Springer



	Recent trends in SELEX technique and its application to food safety monitoring
	Abstract
	Introduction
	Selection process and evolution of SELEX
	Application of aptamers in food safety monitoring
	Absorptiometric methods
	Electrochemical based methods
	Fluorescent methods
	Other related methods

	Conclusions and prospective
	References


