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Introduction
Since their discovery by two independent research groups in 1990 

[1,2], aptamers have become a versatile analytical detection tool used in 
research, diagnostics, and therapeutics. Aptamers are single-stranded 
oligonucleotides (ssDNA or ssRNA) that can adopt secondary and 
tertiary structures through target binding and changes in their 
environment. Aptamers are usually 15-80 bases long with affinities 
for a broad scope of biological and chemical targets ranging from 
large biomolecules such as proteins to smaller species such as metal 
ions. Aptamers are generated by SELEX [1,2] (Systemic Evolution of 
Ligands by Exponential Enrichment), which is an in vitro selection 
technology and recent advances to the SELEX process has afforded 
aptamers with diverse properties, capable of detecting a range of 
previously inaccessible targets [3-7]. Post-SELEX modifications have 
expanded the scope of aptamer applications in genomics [4] and 
proteomics [5], affording electroactive [8,9], colorimetric [10], and 
fluorescent properties for target elucidation [11,12]. 

There have been several reviews in the past decade detailing 
aptamer applications in diagnostics and therapeutics [13-15], in 
sensor platforms [16-18], and in molecular imaging [19,20]. In this 
review the focus is placed on DNA aptamers designed to specifically 
detect food toxins and heavy metals. Environmental pollution has 
become a mainstay research interest in the past two decades as the 
invention and use of newer chemicals in agriculture, food processing, 
and consumer products have given rise to newer toxic substances 
that pose significant risks to living species. Food toxins such as 
mycotoxins (aflatoxins and ochratoxins) are widely studied and 
reviewed [21-24], and their persistence in food samples is a major 

global health concern. It is estimated that over 25% of crops produced 
are affected by mycotoxins [22], resulting in billions of dollars lost 
annually [24]. Based on their mechanistic mode of action [23,25,26], 
mycotoxins are implicated as carcinogenic, mutagenic, teratogenic, 
and tumorigenic. On the other hand, heavy metals are produced 
from various anthropogenic sources such as mining and solid waste 
combustion processes, and are released into soil and water bodies at 
levels disproportionate to their uptake by plants and microorganisms 
in soil and water habitats, and this poses significant health risks to the 
ecosystem. Heavy metals such as Cd, Ar, Cr, Hg, Pb, Ag, and Cu are 
known to be cytotoxic [27], carcinogenic and mutagenic [28-30], and 
exhibit toxicity even at low concentrations [30,31]. As heavy metals 
are non-biodegradable, they easily accumulate and persist in the 
environment polluting the food chain and disrupting the balance of 
the ecosystem [28]. The persistence of mycotoxins and heavy metals 
in the food chain is a major concern for food safety and consumer 
health, and viable removal mechanisms are being sought after.

Detection systems that can reveal the presence and identity of 
these pollutants in food systems are essential to guaranteeing food 
safety and this has become an objective of several research groups 
and laboratories. Mycotoxins such as aflatoxins and ochratoxins 
are currently detected by conventional laboratory chromatographic 
techniques such as Mass Spectrometry (MS), Gas Chromatography 
(GC), High Performance Liquid Chromatography (HPLC), and Thin 
Layer Chromatography (TLC). While these methods continue to 
offer accurate and highly sensitive detections, they are still plagued by 
an expensive and highly sophisticated instrumentation, a laboratory-
based analysis that requires trained analysts, and the long hours 
required for sample collection, sample transfer to the laboratory, 
sample preparation and analysis, the entire process taking several 
days. These factors limit the applicability of chromatographic analysis 
as a rapid, easy to use, on-site detection tool. Immunoassays are an 
alternative to chromatography, but their limitations are in the use of 
pH and temperature sensitive antibodies, which makes them highly 
susceptible to denaturation, coupled with the challenges of growing 
antibodies in vitro and some toxin-specific antibodies in vivo [32-34].

The major analytical tools used in the detection of heavy metals 
are chromatographic (HPLC, MS, and GC), and spectroscopic 
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Abstract
Nucleic acid research has expanded in recent years through 

the development of an in vitro methodology for the derivation of 
functional nucleic acids, capable of binding to specific targets 
with high specificity and sensitivity. These activities are similar to 
those of antibodies, yet the single-stranded oligonucleotide, called 
aptamer, can be readily created on a large-scale using solid-phase 
oligonucleotide synthesis. This relative ease of synthesis has made 
aptamers a highly versatile tool for the detection of important targets 
for applications in imaging, diagnostics and therapeutics. Aptamers 
are able to show high fidelity to specific targets due to their selective 
affinities. They undergo structural alteration and topological changes 
when they bind to specific targets and most sensors using aptamers 
today leverage on this characteristic to record a detectable signal. 
The use of aptamers in modern applications is vast and cannot possibly 
be covered in a single review. This review explicitly focuses on DNA 
aptamers used for detecting toxins and heavy metals, and outlines 
their utility in contemporary sensor designs, and their future prospects 
as analytical tools.
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(Atomic Absorption Spectroscopy (AAS) using flame, electro 
thermal, hydride, and non-dispersive protocols) [35,36]. Atomic 
Absorption Spectroscopy (AAS) is a fast, selective, and inexpensive 
analytical tool currently employed in the detection of heavy metals 
in food and water samples [35]. The current challenges of AAS are its 
high detection limits and a high influence of interfering matrix ions 
[35]. The high detection limit can be mitigated by pre-concentration 
steps using techniques such as extraction [37,38], filtration [39], and 
electrode position to amplify the metal ion analyte signal [40]. 

The analytical detection methods outlined above do not satisfy the 
current food industry demands for an easy to use, on-site molecular 
imaging detection tool required for ultrasensitive determination of 
heavy metals and toxins in food samples. More recent research focus 
has thus shifted to the development of DNA aptamer biosensors 
as a feasible alternative in detecting food contaminants at very low 
concentrations. Aptamers are strong favorites to herald in cheap, 
easy-to-use, and highly sensitive analytical devices that can ensure 
food safety due to their following properties: (1) aptamers have 
high binding affinity and specificity for their specific targets, (2) 
aptamers undergo conformational changes upon ligand binding 

adopting secondary and tertiary structures, an event that is easily 
monitored by several detection means [41], (3) aptamers are stable 
and highly versatile for incorporation into various transduction 
platforms (electrochemical, mechanical, and optical detections), 
making them suitable for integration into different designs and use 
in miniaturized devices [18], (4) post-SELEX modifications afford 
tailored properties such as stability, fluorescence, denaturation 
resistance, enhanced selectivity and affinity depending on the final 
binding conditions desired [7], (5) they undergo Polymerase Chain 
Reactions (PCR), which can be used to synthesize the DNA aptamer 
sequence to produce more copies, and enhance transduction signals 
especially when detecting trace targets [42], and (6) aptamers can be 
developed for in vivo applications, as they are neither carcinogenic 
nor immunogenic, and will elicit no undesired cellular response. 
Thus, over the past two decades, DNA aptamer biosensors have been 
in rapid development and useful platforms have emerged for sensing 
toxins and metals, suggesting a strong future for DNA aptamers as 
tools for ensuring food and water safety.

Aptamer detections of mycotoxins 

Single fluorophore systems: The basic technique used to 
generate probe aptamers is to covalently attach an extrinsic 
fluorophore to the aptamer nucleobase where a conformational 
change is expected to occur upon target binding (Figure 1A, (I)). This 
approach relies upon a conformational change actually occurring at 
the attached fluorophore site, that is accompanied by an alteration 
of the fluorophore groups electronics that can elicit a change in its 
intrinsic fluorescent properties [43,44]. This monochromorphic 
approach was used by Zhao et al. in a Fluorescein Amidite (FAM) 
labeled aptamer to detect Ochratoxin A (OTA) [45]. The FAM dye 

was labeled at the 3′, 5′, and the Thymine (T) sites of the aptamer, and 
conformational changes during OTA binding induced a fluorescent 
turn-on or turn-off response by the attached fluorophore emission. 
Due to the uncertainties of this approach, several logically designed 
fluorophore-labeled constructs have to be tested in order to obtain the 

Figure 1: Fluorophore-modified aptamer probes, (A) (I) single fluorophore 
aptamer probes, and (II) bischromophoric probes, (B) FRET aptamer probes 
in molecular beacon conformational change for signal output, and (C) FRET 
structure-switching aptamer probes.

Figure 2: Schematic for FRET in TBA using FurdG as the donor probe (λex = 
315 nm, λem = 390 nm) paired with the vBthdG acceptor (λex = 390 nm, em 
= 470 nm) in the G-tetrad.
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desired signalling aptamer. Jhaveri et al. had to test several aptamer 
constructs, inserting fluorophore labels at seven different locations 
along the aptamer sequence to identify the most suitable fluorophore-
insertion site [44]. Only two of their seven modified aptamers gave 
a fluorescent signal upon target binding, and the increase observed 
in fluorescent intensities was <50% in both cases. To date, single 
fluorophore systems have been shown to be unsuitable as models 
for generic aptasensor (aptamer sensor) designs and exhibit lower 
sensitivities compared to other models.

Fluorescence Resonance Energy Transfer (FRET) approach: 
To effectively overcome the challenges of single fluorophore probes, 
further studies have designed FRET probes based on fluorescence 
emission-quenching mechanisms. Bischromophoric approaches tend 
to show significant increase (>10 folds) in fluorescence intensity on 
target interactions [46]. FRET aptamer designs attach the fluorophore 
and quencher at opposite 5’- and 3’- ends of the aptamer sequence, 
and in a free unbound state, both are separated resulting in maximum 
fluorescence intensity (Figure 1A, (II)). The aptamer sequence can 
form a tertiary DNA structure with an introduced target bringing 
its fluorophore and quencher in close proximity and a fluorescence 
quenching is observed. This model suffers from the uncertainty in 
predicting the aptamer structural preference upon target binding. 
To mitigate this, FRET designs have employed the molecular beacon 
approach. Molecular beacons can adopt two structures depending on 
target availability [47,48]. In the absence of desired targets, molecular 
beacons form an intra molecular stem that places the quencher in 
close proximity to the fluorophore, thus quenching any emission 
generated (Figure 1B). When a desired target is however present, 
molecular beacons can adopt a more stable intermolecular duplex, 
thus separating the fluorophore-quencher pair and resulting in a 
fluorescence signal. Sanzani et al. designed an OTA-aptamer loop that 

readily binds to an OTA target thus releasing and separating the two 
stems where the fluorophore and quencher are attached [49]. Other 
variations to the molecular beacon design have also been reported 
(Figure 1B) [50].

Aptamers that can switch from a complementary DNA-aptamer 
duplex to a tertiary target-aptamer structure are used in various 
designs to detect small molecules and proteins. These aptamers can 
be generated by a structure-switching SELEX selection process that 
directly produces the required aptamer sequence [41,51]. These 
constructs are designed to have the fluorophore or quencher on either 
of the aptamer or the complementary DNA sequence such that when 
the aptamer binds to the target, there is definitely a separation of the 
fluorophore and quencher which is not dependent on an accurate 
knowledge of the aptamer-target tertiary structure (Figure 1C). This 
approach was used by Chen et al. to detect trace amounts of OTA 
in corn samples at detection levels <1 ng/mL [52]. A fluorescein-
labeled OTA aptamer was made to hybridize with a quencher-labeled 
complementary DNA which effectively quenched the emission of 
the labeled fluorophore. On introduction of corn samples spiked 
with OTA, the aptamer unbounds from the DNA duplex to form an 
aptamer-OTA duplex, thus reviving the fluorescence of the attached 
dye. Structure-switching FRET aptasensor constructs adopting this 
approach show high sensitivity and selectivity, and have very low 
detection limits for their targets [53].

Fluorescent nucleobase approaches: Fluorescent dyes are 
widely used as aptamer labels to report structural changes due to 
their high quantum yields and molar absorptivity. These dyes are 
commercially accessible and easily incorporated into oligonucleotide 
structures [54]. However, fluorescent dyes are bulky groups that 
can introduce steric hindrance, upset the natural structure of the 
nucleic acid, inhibit nucleobase interactions and weaken biological 
activities. These structural limitations require that fluorescent dyes 
be inserted via flexible, long alkyl chain linkers which makes their 
orientation and position in the DNA structure highly unpredictable 
[55,56]. As natural nucleobases are intrinsically non-emissive, 
modified nucleobase probes that can retain a high fluorescence 
yield has become an interesting area of aptamer research [56,57]. 
Unlike fluorescent dyes, modified fluorescent nucleobases interact 
closely with their nearby bases through π-stacking and hydrophobic 
interactions. These modifications are small, rigid and may not largely 
alter the native aptamer structure, making them retain their biological 
activity and chemical interactions. They are also more suited to report 
changes in their environment due to the preciseness in their location 
and orientation [58]. 

Despite the increased number of nucleobase-modified aptamers 

Figure 3: Various configurations of DNAzymes-aptamer interactions for 
mycotoxin detection, (A) signal-off split DNAzymes that lose HRP mimicking 
property upon target binding, (B) signal-on aptamer DNAzyme hairpin probe, 
and (C) CRET-based signal-off aptamer-DNAzyme probe based on dabcyl 
quenching upon target binding.

Figure 4: Graphene Oxide (GO) quenching mechanism of labeled 
aptamers.
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that have been reported as target-signaling probes [55,59-61], none 
have been successfully applied in the detection of mycotoxins. Despite 
the advantages these modified aptamers offer, their chemistry is still 
far from fully developed. Most modified fluorescent nucleobases 
require extending their π conjugation or introducing Donor-Acceptor 
(D-A) groups which alters the nucleobase structural preference and 
may distort base stacking interactions. These analogues can lose or 
possess weakened binding interactions for target structures, thus 
becoming unsuitable for some applications. Recent studies by the 
Manderville laboratory, however, strongly suggest that aptamers with 
modified fluorescent nucleobases for the detection of mycotoxins 
will soon become a reality [62-64]. The incorporation of fluorophore 
groups at the 8-position of purines is a useful way of reporting 
topological changes in structural conformation and G-Quadruplex 
(GQ) folding of nucleic acids [11,12]. The Manderville laboratory has 

incorporated isomorphic, visibly emissive 8-aryl-2′-deoxyguanosine 
(8-Ar-dG) probes into the Thrombin Binding Aptamer (TBA) to 
monitor GQ-folding and thrombin binding to the antiparallel GQ 
produced by TBA [12,59,62-64]. The 8-Ar-dG probes typically favour 
the syn-conformation, and this highly stabilizes the antiparallel GQ 
structure produced by TBA when placed in the G-tetrad at a syn-G 
site. Furthermore, the emission intensity of 8-aryl-dG bases, such as 
8-furyl-dG (FurdG) exhibits quenched emission in the duplex that 
lights-up in the GQ structure, providing a useful turn-on signal for 
monitoring duplex-GQ exchange. By introducing a vinyl linker to 
connect the 8-aryl group to the dG component, a higher degree of 
rotation is permitted that allows favourable anti-conformational 
insertion, thus permitting Watson-Crick (W-C) base pairing of 
duplex DNA without perturbing GQ formation. With the vinyl linker, 

8-Ar-dG probes can be excited at   ̴ 390 nm, which is ostensibly far 
removed from unmodified nucleobase excitation, and this excitation 
overlaps with the excitation maxima of other 8-Ar-dG probes, such 
as FurdG. With this idea in mind, a FRET-based aptamer probe was 
designed by incorporating FurdG and 8-vinylbenzo[ƅ]thienyl-dG 
(vBthdG) at different syn-positions (i.e G10 and G5) of TBA (Figure 

2) [62]. The emission of the FurdG donor at   ̴ 390 nm overlaps with 
the absorption maxima of the vBthdG acceptor, which provides 

a visible blue emission at  ̴ 470 nm. The vBthdG probe alone was 
not effective as a single structure-switching probe for monitoring 
duplex-GQ exchange, as its emission is not adequately sensitive to 
DNA structural changes. However, in the FRET-based approach 
(Figure 2), the FurdG can act as a fluorescent switch turning on the 
visible emission of the vBthdG probe. These studies highlighted that 
8-Ar-dG probes have emissive properties that enable them to act as 
fluorescent reporters of structure-switching aptamers during target 
binding, and an approach based on this model for the detection of 
mycotoxins is currently in development.

Structure-switching DNAzymes: Based on the reported 
advantages of aptamers over antibodies [34], several Enzyme-Linked 
Immunosorbent Assays (ELISA) have incorporated aptamers to act 
as the target capture probe [65], the detection species [66], or both in 
some cases in an ELISA variant known as Enzyme-Linked Aptamer 
Assays (ELAA) [67,68]. ELAAs using aptamers as the capture and 
detection probe are often labelled with Horseradish Peroxidase (HRP) 
and have been shown to afford higher sensitivities than traditional 

ELISAs in the detection of a broad range of targets including 
mycotoxins [69]. Bonel et al. used magnetic beads functionalized 
with an OTA aptamer to detect an HRP-labeled OTA and free OTA 
in a competitive biosensor approach achieving detection limits of 
<1.0 ng/mL [70]. Based on the widespread commercial use of ELISAs 
in detection kits and homecare sensors, ELAA-based sensors with 
potential commercial applications and personal home-use assays 
have been reported. Gu et al. adapted the POC glucose biosensor 
model to design a personal glucometer device for the detection of 
OTA in wine samples [71]. They labelled a complementary DNA with 
the enzyme invertase, which in its bound state to the OTA-aptamer 
could not exhibit its catalytic activity. The invertase-labeled DNA was 
however released upon OTA target binding by the aptamer and was 
able to catalyze the hydrolysis of sucrose to glucose for signal readout.

The obvious challenge with linking enzymes to aptamers or 
small molecules is the time consuming protocol required and the 
possible denaturation of the enzyme over time based on storage 
conditions. The knowledge that nucleic acid sequences with enzyme-
like catalytic activity can be obtained by in vitro selection has birthed 
the DNAzyme, which can be used in place of protein enzymes in 
ELAA-based assays. Unlike protein enzymes, DNAzymes are stable 
and can retain their enzymatic activity under different conditions 
of pH and temperature, are easily attached to their recognition sites 
through DNA base pairing interactions, can be easily identified and 
selected for specific targets by SELEX, and are easily synthesized 
and multiplied by PCR [72]. The HRP-mimicking DNAzyme 
(HRP-DNAzyme) has been investigated as a reporter of aptamer 
interactions with small molecules, heavy metals, and proteins for 
colorimetric and chemiluminescence detections [73]. The HRP-
DNAzyme effectively catalyzes the oxidation of ABTS2- (2,2’-azino-
bis[3-ethylbenzthiazoline-6-sulfonic acid]) and luminol both in the 
presence of H2O2 for colorimetric and chemiluminescent detections 
(Figure 3). These detections have the value of not requiring an external 
light source such as in fluorescent detections as they are brought 
about by enzymatic/chemical redox reactions that leads to a change in 
the electronic properties of the sensing species. Shim et al. conjugated 
an HRP-DNAzyme with an Aflatoxin B1 aptamer (AFB1-aptamer) 
which effectively quenched the enzymatic property of the DNAzyme 
in the hybridized state [74]. On binding to AFB1, the DNAzyme was 
partially freed in its partially hybridized state and formed a hemin-
induced GQ structure allowing restoration of its HRP-mimicking 
catalysis for a visible emission signal. In a similar approach, Yang et al. 
used an obstructive oligonucleotide sequence that partially hybridizes 
to both an OTA-aptamer and the HRP-DNAzyme thus inactivating 
the DNAzyme [75]. The presence of OTA loosened the obstruction, 
and in the presence of K+ and hemin, the DNAzyme forms the HRP-
mimicking GQ structure for a colorimetric detection.

The activity of HRP-DNAzymes can be hindered by hairpin 
structures. The formation of hairpin structures with the target 
aptamer sequence locks the DNAzyme into a rigid stem-loop 
configuration such that the enzymatic function is efficiently blocked. 
Lee et al. designed a covalently conjugated hemin to a hairpin 
structure that loosened up in the presence of an OTA target (Figure 
3B) [76], thus restoring the HRP-DNAzyme activity for a color 
change reaction. These studies all have a common signal-on approach 
where the enzymatic activity of the HRP-DNAzyme is lost initially 
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and revived upon target introduction. In a different approach, 
Seok et al. described a signal-off variant by using split DNAzymes 
that forms a HRP-mimicking GQ structure on hybridization to an 
AFB1-aptamer and can therefore catalyze a color change reaction 
(Figure 3A) [77]. The aptamer preferentially binds to AFB1 on its 
introduction, thus releasing the split DNAzymes and resulting in 
the loss of its catalytic activity hence its signal readout. The idea that 
the HRP-DNAzyme aptamer constructs as described above can be 
used in a resonance energy transfer model has been explored. In this 
approach known as Chemiluminescence Resonance Energy Transfer 
(CRET), the HRP-DNAzyme acts either as a luminescence quencher, 
the luminescent species that is quenched, or an internal energy source 
for triggering luminescent species [78,79]. Jo et al. reported a signal-
off CRET aptasensor based on dabcyl quenching to detect OTA in 
coffee samples (Figure 3C) [80]. They linked a dabcyl-labeled OTA 
aptamer with a HRP-DNAzyme GQ which catalyzed the oxidation 
of luminol for a light emitting signal. By introducing OTA, the OTA-
aptamer formed a GQ structure that brought the dabcyl quencher in 
close proximity to the DNAzyme thus quenching the signal.

A notable benefit of the HRP-mimicking DNAzymes is that their 
signal can be readily amplified up to 1000-fold by various phenolic 
substrates, a feature that makes their detections highly sensitive [81]. 
They also show versatility in various aptasensor constructs based on 
the amenability of their nucleic acid structure and the functional 
applications this can allow such as in PCR and Hybridization Chain 
Reactions (HCR). Wang et al. utilized HCR to offer an ultra-sensitive 
colorimetric detection of OTA in wine and wheat samples [82]. They 
designed separate aptamer and HRP-DNAzyme hairpin structures 

with complementary 5′ and 3′ sequences and a central aptamer 
sequence and central DNAzyme sequence respectively. The aptamer 

hairpin opens up upon OTA binding allowing its 3′ sequence to 

hybridize with the complementary 3′-end sequence of the DNAzyme. 
This opens up the DNAzyme hairpin to form an HRP-DNAzyme GQ 
structure that catalyzes the color change oxidation reaction of ABTS. 

As the 5′-end sequence of both structures are also complementary, 
there was repetitive aptamer binding and opening up that led to HCR 
and afforded enhanced detection of OTA. These studies demonstrated 
the utility of aptamers as adaptable, structure-switching probes, their 
design possibilities that stretches as far as our creativity and promises 
cheaper and simpler detection platforms for target molecules.

Aptamer-Graphene interactions: Graphene has received 
enormous research attention due to its extraordinary properties of 
conductivity, electronics, surface area, tunability, and core strength. 
Graphene is a carbon nanomaterial that has been shown to form π-π 
stacking interactions with DNA bases which affords strong adsorption 
of DNA to its 2D monolayer [83]. Graphene has attracted significant 
interest and use in aptamer probe designs due to its preferential 
adsorption of only ssDNA and its ability to quench the emission 
of fluorescent species. Hence fluorescent labeled-ssDNA can be 
desorbed from its surface by target binding or to a complementary 
DNA sequence for signal-on detections. The structural adsorption 
preference of graphene was exploited in the SELEX-screening and 
selection of novel aptamers for the detection of the mycotoxin, 
patulin [84]. 

Carbon Nanotubes (CNTs), Graphene Oxide (GO) and reduced 
GO (rGO) are the variants of graphene that are reported in most 
aptamer probe devices due to their high metal-free purity, and 
their very cheap mass manufacture process. Driven by a massive 
conjugated structure, GO possesses an intrinsic energy/electron 
transfer character over a broad wavelength range, allowing it to 
act as a possible quencher for suitable fluorescent probes. GOs can 
act as excellent electronic DA pair, quenching the fluorescence of 
several emissive species such as organic dyes, NPs, and Quantum 
Dots (QD). Lu et al. designed a Cadmium-telluride QD (CdTe-
QD) modified AFB1-aptamer that exhibited a CdTe-QD - GO 
fluorescence quenching in the absence of the AFB1 target due to the 
strong adsorption of the aptamer to the GO surface (Figure 4) [85]. 
On introduction of the AFB1 target, the AFB1 aptamer detaches from 
the GO-surface and binds to AFB1 to form a GQ structure, effectively 
restoring the fluorescence of CdTe-QD. CNTs and rGOs employ 
similar fluorescence quenching mechanism when used to monitor 
structure-switching detections. Lv et al. described an OTA-aptamer 
sensor based on the fluorescence quenching of an attached FAM label 
by single-walled CNT, and the restoration of its fluorescence upon 
OTA target binding [86].

GO surfaces can have heterogeneous adsorption affinities having 
sites with strong to moderate adsorption affinities. This affects the rate 
of aptamer adsorption/desorption from the GO surface. As aptamer 
sequences have to be desorbed from the GO surface to bind with 
targets, the turnover rate of targets introduced to signal generated 
is reduced, affecting the overall sensitivity of this platform. Liu et al. 
found that only one of six target DNA introduced in a GO sensor will 
generate a detectable signal. To reduce this effect [87], GO surfaces 
are usually modified for a homogenous size-specific adsorption and 
desorption using blocking agents such as polymers and surfactants 
which can increase its sensitivity by up to 10-fold. Zhang et al. tuned 
the size and dynamic range of a GO nano sheet and were able to 
eliminate non-specific adsorption in the fluorescence detection of 
AFB1 [88]. The sensor showed high sensitivity and selectivity for the 
AFB1 target in spiked food samples, and protected the AFB1 aptamer 
from nuclease denaturation.

Other designs using aptamers for mycotoxin detections: While 
there are several aptamer models for mycotoxin detection, only very 
few can be covered in one review. The vast potential of aptamer 
integration into various sensing and transduction platforms has 
led to the increase in aptasensor design possibilities. One of these 
possibilities reported by Zhang et al. uses Terbium (Tb3+), a rare 
earth metal ion, and exploits the ability of ssDNA to amplify the 
fluorescence emissions of Tb3+ in solution by magnetic separation 
[89]. By hybridizing two ssDNA with an OTA aptamer to form a 
GQ structure, they effectively quenched the fluorescence observed 
from Tb3+ in solution. The OTA aptamer however detaches from the 
ssDNAs to bind with OTA when it is present, freeing up the ssDNA 
to return to solution thus reviving the fluorescence observed from 
Tb3+. Based on the ELAA model, Costantini et al. reported a low-cost 
microfluidic chip aptasensor based on an array of amorphous silicon 
photosensors for a highly sensitive detection of OTA in beer samples. 
In a very different approach [90], Liu et al. designed a cross-linked 
aptamer hydrogel to detect OTA [91]. The hydrogel network was 
formed by hybridizing an OTA-aptamer with two complementary 
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DNA strands containing loaded AuNPs. Aptamer binding with the 
OTA target led to hydrogel dissociation that permitted the release of 
the preloaded AuNPs. The release of AuNPs can be observed by the 
naked eye for a visible detection, and the introduction of an Au@Pt 
core-shell NP driven Volumetric bar-chart Chip (V-Chip) enabled 
quantification of the OTA present. Provides a list of different models 
and probe designs that further highlight the utility and versatility of 
aptamers in mycotoxin sensor designs (Table 1) [92-102].

Aptamer detections of metal ions

The strong and selective binding of the DNA base, Thymine 
(T) and Hg2+ was first reported over a decade ago, and T-Hg2+-T 
interaction was used then to construct a sensor kit for Hg2+ detections 
[103]. The T-Hg2+-T bond results from the deprotonation and 
mercuration of the thymine N2, giving rise to N-Hg-N bond. This 
may distort the DNA structure, but strongly favours and stabilizes 
B-form DNA, having an extraordinary thermal stability owing to 
some form of metallophilic attraction of the Hg atom in the T-Hg2+-T 
base pair mismatch [104,105]. Aptamers are used in heavy metal 
detections due to their structure switching hybridizations with heavy 
metals. Aptamer sequences can also be easily obtained by in vitro 
selection as highly discriminatory binding species for heavy metal 
cations. The utility of aptamers in heavy metal detection is boosted 
by RNA-cleaving DNAzymes, and their ability in the presence of a 
divalent metal ion cofactor to cleave a substrate at its cleavage site 
thus introducing a signalling event that can be monitored with 
fluorophores, AuNPs, and other detection labels [106]. The HRP-
DNAzyme as discussed earlier is also used to detect metal ions and all 
these models will be discussed. 

T-Hg2+-T Interactions: Aptamers with T-T mismatches can be 
functionally labeled to report the T-Hg2+-T binding event, and this 
has been the basis for constructing most aptamer models for Hg2+ 
detections. The molecular beacon construct is a widely used model in 
detecting nucleobase-Hg interactions, as a conjugate stem sequence 
can be functionalized with a suitable label such that it can report 
changes in the molecular beacon structure during Hg2+ binding. 
Wang et al. attached a fluorophore to the 5′-end of a T-rich hairpin-
forming sequence, and a quencher to a partially complementary 
sequence that disrupted the formation of the hairpin structure [107]. 

The introduction of Hg2+ assisted the release of the complementary 
sequence and formation of the hairpin structure that allowed the 
fluorophore to interact with an evanescent receptor molecule 
producing an evanescent wave induced fluorescent detection 
(Figure 5A). To further exploit the strong T-Hg2+-T interaction and 
the structure switching properties of aptamers, Li et al. designed a 
gate-controlled electrochemical probe for Hg2+ detection (Figure 
5B) [108]. Their strategy involved a SH-β-Cyclodextrin (β-CD) 
assembled Au-electrode on which a thionine-labeled Hg2+-specific 
aptamer-complementary DNA sequence duplex structure was 
linked. The introduction of Hg2+ detaches the aptamer sequence from 
the complementary DNA to form a hairpin structure bringing the 
thionine label in close proximity with Au electrode and thus blocking 
the interstitial spaces of the β-CD which served as channels for an 

Signal Transduction Target Sensor Component Reference

Electrochemical

AFB1 Screen Print Carbon Electrode (SCPE) Goud et al, 2016
OTA & AFB2 Poly(amidoamine) (PAMAM) dendrimers Castillo et al, 2015

OTA
AuNP-MoSe2 Nanoflower Huang et al, 2016
SPCE/IrO2-NPs with [Fe(CN)6]3-/4- Rivas et al, 2015

Versicolorin A Au electrode in Ferricyanide Jiang et al. 2015
SERS OTA & AFB1 Au@Ag Core-Shell NPs Zhao et al, 2015
Fluorescence OTA & AFB1 Scaffolded Ag Nanocluster + Zn2+ Zhang et al, 2016

OTA CdTe-QD on SiO2 nanocarrier, on Fe3O4@Au MBs Wang et al, 2015
AFB1 N-doped C-dots on AuNPs Wang et al, 2016

Mechanical Fumonisin-B1 Microcantilever, 6-SAM Chen et al, 2015
AFB1 Au-QCM with anti-AFB1 antibody Spinella et al, 2015

Colorimetric OTA AuNP
Soh et al, 2015;
Zhou et al , 2016

SPR OTA Streptavidin-Biotin Zhu et al, 2015
Luminescence OTA Ir III complex Lu et al, 2015

Table 1: Various Designs of Aptamer-Based Sensors for the Detection of Mycotoxins.

Figure 5: Different aptamer constructs for heavy metal detection, (A) 
hairpin-forming T-Hg2+-T binding cleaves complementary DNA, (B) gate-
controlled electrochemical probes based on Hg2+-induced aptamer folding, 
(C) exonuclease assisted cleavage of T-Hg2+-T hairpin to form a GQ HRP-
DNAzyme, and (D) Cd2+-induced hirpin formation for signal-on fluorescence.
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electrochemical probe. Thus the probe could not gain access to the 
Au electrode resulting in a decrease in the probes oxidative current.

The catalytic activity of exonuclease III (ExoIII) in the specific 
stepwise cleavage of mononucleotides from duplex DNA has been 
exploited in Hg2+ detections. ExoIII will catalyse the stepwise removal 
of mononucleotides from 3’-terminus of duplex DNA. Despite the 
strong T-Hg2+-T duplex structure, ExoIII has been shown to catalyse 
the cleavage of T-Hg2+-T duplexes thus releasing the Hg2+ back 
into solution. Wang et al. reported a label free detection of Hg2+ 
using this approach [109]. They designed a hairpin structure with 
unpaired T-rich stem pairs which formed the T-Hg2+-T duplex on the 
introduction of Hg2+ (Figure 5C). In its unbounded state, ExoIII was 
incapable of nicking the 3’-strand of the hairpin structure, but could 
do so once the T-Hg2+-T duplex structure is formed on introduction 
of Hg2+. The release of the 3’-strand results in the formation of a 
GQ structure that binds with a GQ-specific IrIII complex which 
is luminescent and results in a switch-on emission signal. The 
advantages of most T-Hg2+-T detections is that in most cases Hg2+ is 
released back into solution during the signaling event, and a repetitive 
binding and cleaving can occur leading to signal amplifications and 
ultra-sensitive detections. 

In vitro selection: The selection process for aptamers that show 
highly selective and strong binding affinity for metal ions could have 
its challenges. For example, small molecules such as metal ions tend to 
complicate the separation process during aptamer selection as there 
is no distinct difference in the size of free and bound aptamers. This 
generally leads to a poorer aptamer selection process, giving rise to a 
final sequence with a reduced dissociation constant (Kd) for the target. 
To reduce this limitation, several variations of SELEX immobilizes the 
oligonucleotide library rather than the target species [110]. A second 
challenge is in the specificity of the selected aptamer sequence for 
metal ions, as most metal ions with similar sizes and valencies usually 
have similar characteristics and may be undistinguishable by the 
aptamer sequence. One way of reducing this effect is by introducing 
negative selection rounds to eliminate potential promiscuous aptamer 
sequences. Based on these two limitations, Wang et al. reported 
a SELEX process modified to identify a highly selective aptamer 
sequence for Cd2+ detection (Figure 5D) [111]. In their approach, 
a biotin-labeled aptamer-complementary oligonucleotide library 
was effectively immobilized on streptavidin-agarose beads, and the 
introduction of Cd2+ detached the sequences with strong affinity for 
Cd2+. A round of negative SELEX was introduced to isolate sequences 

with affinity for Zn2+, which is the closest divalent metal to Cd2+. This 
selection process resulted in a structure-switching hairpin aptamer 
that showed strong affinity and preferential selectivity for Cd2+ against 
other metal ions in a FRET detection model.

Graphene and NPs: Fluorescent detections of metal ions using 
graphene in a D-A electron/energy transfer model as discussed 
earlier has been reported. Qian et al. reported a QD-labeled aptamer 
whose fluorescence was quenched when immobilized on GO by 
photo-induced electron transfer [112]. The introduction of Pb2+ for 
preferential binding of the aptamer and its simultaneous detachment 
from the GO surface resulting in the fluorescence recovery of the 
emissive graphene QD. The ease of aptamer integration to adsorption 
surfaces such as graphene and NPs has afforded sensing devices of 
varying detection protocols. Cui et al. described a SPCE-AuNP self-
assembled As3+ aptamer that was capable of repelling other cationic 
species by its adsorption of polydiallyldimethylammonium (PDDA) 
[113]. However, the presence of As3+ changes its conformation 
from hairpin to GQ, and preferentially adsorbs the more cationic 
[Ru(NH3)6]

3+ which acts as the electrochemical indicator to produce a 
signal-on response. Zhang et al. used T-rich or G-rich DNA molecular 
beacons bounded to Digital Video Discs (DVD) for the detection 
of Hg2+ or Pb2+ respectively [114]. The hairpin structure opened 
either by T-Hg2+-T interaction or the formation of GQ allowing a 
bounded biotin interact with the AuNP-streptavidin conjugate for a 
quantifiable digital signal that was processed by an optical drive. 

DNAzymes in the detection of heavy metals: The extraordinary 
stability and preferential binding of the T-Hg2+-T interaction has also 
been exploited in an HRP-DNAzyme construct for the detection of 
Hg2+. HRP-DNAzymes in their GQ structures possesses enzymatic 
activity when Hg2+ is absent, but preferentially unfolds from the 
GQ structure when Hg2+ is introduced losing their peroxidase 
catalytic activity. Tang et al. reported a dual detection of Hg2+ and 
Metallothionenes (MTs) based on this approach [115]. MTs have a 
strong capacity to bind heavy metal cations with the thiol group of 
their cysteine residue. The HRP-DNAzyme lost its catalytic activity 
when it unfolds from its GQ structure to form the T-Hg2+-T base pair 
mismatch but the introduction of MTs lead to a MT-Hg2+ interaction 
and restoration of the DNAzymes GQ structure. The DNAzyme 
can hence catalyse the color change oxidation of ABTS2- for signal 
readout.

HRP-DNAzymes have been used in the detection of heavy metals 
other than Hg2+, especially metal cations that alter the character of 
a K+-stabilized GQ. The fact that Pb2+ can strongly stabilize a GQ 
structure has been exploited, and the character of a Pb2+-stabilized 
GQ has been studied extensively in order to design an effective 
probe based on this approach. It has been shown that Pb2+ induces 
a unimolecular folded GQ with TBA and a conformational switch in 
the PS2.M GQ when it displaces K+ and Na+ from its GQ planes and 
central cavities respectively [116]. The PS2.M GQ is of special interest 
as it shows superior peroxidase activity when complexed with hemin 
and this is the basis of PS2.M detection of Pb2+. In one study, Wang et 
al. found that when Pb2+ displaces K+ from the PS2.M GQ plane, the 
consequent conformational switch results in loss of catalytic activity 
and this was measured by loss of luminescence in a PS2.M catalyzed 
H2O2-mediated oxidation reaction of luminal [117]. Most studies that 

Figure 6: Substrate-cleaving DNAzyme, application, and modification, (A) 
secondary structure of the 8-17 DNAzyme, (B) 8-17 DNAzyme and GQ HRP-
DNAzyme in an electrochemical Pb2+ sensor, and (C) modification of the rA 
phosphate to phosphorothioate.
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utilize PS2.M to detect Pb2+ rely on the loss or diminished catalytic 
activity of PS2.M when Pb2+ displaces K+ from its binding planes. In a 
different approach however, Liu et al. found that Pb2+ can induce GQ 
formation of a G-rich DNAzyme that shows peroxidase activity and 
catalyzes the color change of H2O2-mediated oxidation of a guaiacol 
indicator [118]. The DNAzyme in the presence of Pb2+ unimolecularly 
folds into the HRP-DNAzyme GQ that catalyzes the oxidation of 
colorless guaiacol into the amber tetraguaiacol, and this concept was 
extended into a detection kit for Pb2+ in real food samples. 

DNAzymes that catalyze the cleavage of RNA bonds in the 
presence of metal ions were first selected by in-vitro selection in 1994. 
Since then, several RNA-cleaving DNAzymes have been identified 
including the two most studied 8-17 and 10-23 DNAzymes [119]. The 
8-17 and 10-23 DNAzymes are capable of cleaving all RNA substrates 
at their phosphodiester linkage in the presence of a divalent metal ion 
cofactor. The metal ion is required not only for its electronic activity 
but also plays a structural role. The 8-17 DNAzyme has an all DNA 
oligonucleotide enzyme strand (17E) and a chimeric DNA/RNA 
substrate strand (17S) which has a cleavable riboadenosine (rA) site 
(Figure 6A). The 17E binds 17S by W-C base pairing to form 3 hairpin 
stems looped together by 5 unpaired nucleobases

The 8-17 DNAzyme shows highly specific metal ion-dependent 
reactivity and catalysis and in the presence of its specific metal co-
factor can cleave all chimeric RNA/DNA substrates. Furthermore, the 
8-17 DNAzyme is easily obtained by SELEX and are thus assessable 
for use in the specific detection of heavy metals. In most detection 
models, the substrate RNA/DNA is appropriately labeled at one or 
opposite ends of its sequence such that the introduction of the specific 
metal ion allows the DNAzyme to cleave the substrate and separate 
the reporter label from its switch or quencher label generating 
either a signal-on or signal-off response. In one of these constructs a 
ferrocene-labeled DNA substrate was self-assembled on Au electrode 
for a redox-active signal which was lost when Pb2+ was introduced 
and induced the 8-17 enzyme strand to cleave the substrate for a 
signal-off response [120]. 

In expanding the utility and structure switching properties of 
DNA aptamers, Zhou et al. designed an electrochemical sensor based 
on Pb2+-induced 8-17 DNAzyme catalysis, HRP-DNAzyme GQ, and 
Au-Pd bimetallic NPs for the detection of Pb2+ (Figure 6B) [121]. 
They immobilized the 8-17 DNAzyme on Au electrode and in the 
presence of Pb2+ the substrate DNA was cleaved exposing the enzyme 
strand which remained immobilized. Simultaneously, several strands 
of a GQ forming G-rich DNAzyme sequence were immobilized on 
Au-Pd NP. One of this G-rich HRP-DNAzyme strand is enabled to 
hybridize with the exposed enzyme strand of the 8-17 DNAzyme with 
the aid of a helper DNA sequence. The addition of hemin leads to 
the formation of HRP-DNAzyme GQ for all the unhybridized G-rich 
DNazyme strands, and the formed HRP-DNAzyme GQs catalyzes the 
reduction of H2O2 in the presence of thionine as the electron mediator 
to generate an electrochemical signal.

Modifying the RNA cleaving site of substrate-cleaving DNAzymes 
has led to new possibilities in heavy metal sensing. Wang et al. 
replaced the cleavable rA site of the 8-17 DNAzyme to an uncleavable 
rA [122], whilst retaining its ability to report heavy metal binding 
as shown by their graphene Field Effect Transistor (FET)-based 

detection of Pb2+. Liu and Huang were able to induce Cd2+ specificity 
for a RNA-cleaving DNAzyme by modifying the phosphate (P-O 
bond) RNA linkage to a phosphorothioate bond (P-S) which allowed 
more reactivity with thiophilic metals such as Cd2+ (Figure 6C) [123]. 
By a careful in vitro selection process, and introduction of negative 
selection rounds to exclude sequences with affinity for similar 
thiophilic metals such as Pb2+ and Hg2+, a DNAzyme was selected and 
shown to have exceptionally specific Cd2+-dependent activity and was 
employed in the selective detection of Cd2+ in rice samples. 

As with many detection platforms that employ aptamers and 
nucleic acid structures as recognition and detection sensors, the 
detection of heavy metals with RNA cleaving-DNAzymes shows 
remarkable utility and versatility, and as such several models have 
been reported. Tsekenis et al. designed an RNA-cleaving DNAzyme 
formed by hybridizing a laser printed and surface sensor-immobilized 
17-E strand with the 17-S DNA substrate which was cleaved on 
introduction of Pb2+ to induce a surface stress measured by changes 
in the device capacitance [124]. Zhang et al. reported a Pb2+ sensor 
based on the personal glucometer [125]. They immobilized the RNA-
cleaving DNAzyme on a microplate that contains invertase-labeled 
ssDNA strands immobilized on AuNPs. The enzyme-labeled DNA 
strands are complementary to the DNAzyme substrate strand and 
hybridization occurs through a Pb2+-induced substrate cleavage 
leading to a signal read-out. Li et al. exploited GO-ssDNA π-π 
interactions [126]. They modified the 8-17 DNAzyme substrate with 
AuNPs thus restricting any DNAzyme interaction with GO, but the 
presence of Pb2+ cleaved the substrate strand, allowed the cleaved 
ssDNA to be adsorbed on the GO surface and the AuNPs to interact 
with the GO for a colorimetric signal-on detection.

Future Directions
Though aptamers continue to show promise as the next generation 

diagnostic and sensing probes, their application in real life devices 
have been significantly limited despite the high-level research interest 
it has attracted over the last decade. To present, very few aptamers 
have any commercial value, and aptamers for several targets are yet to 
be identified, or at best are still at a proof-of-concept stage. Aptamer 
commercialization competes against a well-developed antibody-
based therapeutic and diagnostic industry, and replacing antibodies 
will take its own time considering the huge investments that was 
required before antibody technology came to fruition. Aptamers 
are thus increasingly being explored for Laboratory Developed 
Tests (LDTs) in food safety and environmental analytes such as 
NeoVentures Biotechnologies affinity columns and ELAA kits for 
OTA and aflatoxins. The commercialization of aptamer detection kits 
for food toxins may just be on its way based on recent ultra-sensitive 
and rapid aptamer assays that is able to probe large quantities of food 
cutting off days from traditional ELISAs’ culture enrichment and 
assay times [14,52,69,102]. New aptamer base analogues also expand 
the reporting adaptability of aptamers beyond their four nucleobase 
systems, and these unnatural analogues offer proven advantages in 
assay performance and stabilizing aptamer structures against pH, 
temperature, salt and ionic concentrations, and other denaturation 
conditions. It is expected that modified nucleobases will continue 
to be explored, and a viable modified aptamer will soon be available 
providing the shift to cheaper, faster, highly sensitive and selective 
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detection kits for mycotoxins and heavy metals.

The selection of aptamers for small molecules continues to have 
its own challenges [127]. It has been noted that aptamers for small 
molecules such as mycotoxins and heavy metals have lower affinities 
when compared to aptamers for larger molecules such as proteins. 
This is mainly attributed to the reduced target size, immobilization 
protocols, which are painstaking for smaller molecules, and the 
almost constant presence of interfering species. The selection process 
also is not well defined, and no ideal generic protocol is currently 
used. Depending on the applicability of the aptamer been sought, 
researchers have to choose from a range of selection models with each 
having its own limitation of cost, time, equipment, and availability of 
the needed oligonucleotide library. Advances in robotic and in-silico 
SELEX applications offer the hope of a one-step selection process that 
is expected to streamline and simplify aptamer identification, and an 
ideal selection tool for future aptamer discoveries.

Conclusion 
This review explored recent innovations in sensing devices for 

mycotoxins and heavy metals that highlights the utility of aptamers 
as structure switching signalling probes. Current understanding 
of aptamer structure and target interactions provides a highly 
reliable sensing platform that rivals antibody-based detections. The 
commercial applicability of aptamer kits is expected to improve over 
the coming years, especially with improvements in the selection 
and post-identification process of aptamer sequences. Aptamer 
based assay kits are expected to become a strong choice in the future 
detections of food toxins and heavy metals. Overall, aptamers offer a 
very promising approach to new generation detection protocols for 
mycotoxin and heavy metals.
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