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A B S T R A C T   

Mycotoxins are toxic compounds produced by fungi, which represent a risk to the food and feed supply chain, 
having an impact on health and economies. A high percentage of feed samples have been reported to be 
contaminated with more than one type of mycotoxin. Systematic, cost-effective and simple tools for testing are 
critical to achieve a rapid and accurate screening of food and feed quality. In this review, we describe the various 
aptamers that have been selected against mycotoxins and their incorporation into optical and electrochemical 
aptasensors, outlining the strategies exploited, highlighting the advantages and disadvantages of each approach. 
The review also discusses the different materials used and the immobilization methods employed, with the aim of 
achieving the highest sensitivity and selectivity.   

1. Introduction 

The Food and Agriculture Organization (FAO) of the United Nations 
states that nearly 25% of food produced in the world is affected by 
toxigenic fungi, leading to mycotoxins entering the food chain. Myco
toxins are secondary metabolite produced by fungus, that colonize on 
crops either during harvesting or during storage, and the word myco
toxin originates from the Greek word “mukos” meaning fungus and the 
latin word “toxicum” referring to poison [1]. 

There are five mycotoxin groups that are frequently found in food: (i) 
deoxynivalenol/nivalenol, (ii) zearalenone, (iii) ochratoxin, (iv) fumo
nisins and (v) aflatoxins. The food-borne mycotoxins with the greatest 
significance for human health in tropical developing countries are the 
fumonisins and aflatoxins. Globally, mycotoxins have a significant 
impact on human and animal health, economies and international trade 
[2–6]. Despite efforts to control fungal infection, extensive mycotoxin 
contamination has been reported to occur in feed and food. Mycotoxin 
contamination of feed is an area of great concern due to the negative 
health effects on animals. Furthermore, according to the amount present 
and risk of each toxin, feed contamination can also represent a hazard 
for the safety of food of animal origin and contribute to mycotoxin 
intake in humans [7]. Recent surveys have been carried out to evaluate 

the incidence of mycotoxin contamination [8,9]. On a global level, 30%– 
100% of food and feed samples are co-contaminated [10–14], and 300 
mycotoxins have been identified and reported. Among them, the most 
important are: aflatoxins (AF), ochratoxins (OTA), fumonisin, patulin, 
zearalenone (ZEN), and trichothecenes including deoxynivalenol (DON) 
and T-2 toxin [15,16]. In order to ensure the food safety against 
mycotoxin, sensitive and reliable determination strategies are required 
[17]. 

There is a continuous increase in the number of mycotoxins, and 
there are only assays/kits/rapid tests available for a handful of the 
numerous harmful mycotoxins. To date, none of the rapid tests can 
differentiate between the types of aflatoxins (e.g. B1, B2, M1, G1, G2), 
ochratoxins (A, B, C) and fumonisins (B1, B2, B3)). There have been 
many efforts to develop methods for mycotoxin determination, based on 
lab-dependent methods and lab-independent methods [18–20]. For 
lab-dependent methods, typically, high performance liquid chromatog
raphy and gas chromatography, along with fluorescent detectors or mass 
spectrometry detectors have been reported [21,22]. These 
lab-dependent methods have the advantages of high sensitivity and 
stability, while having disadvantages of the high cost of equipment, 
labor, time and the inherent requirement to carry out the assay in a 
centralized laboratory, and it is desirable to have assays that are suitable 
for on-site monitoring of the mycotoxin risk in food. Among several 
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lab-independent determination methods, antibody or aptamer based 
sensors have garnered increasing attention due their advantages of high 
sensitivity and specificity, high throughput, portability and reusability 
[23–25]. Whilst microfluidic devices and microarrays offer the possi
bility of in situ detection, lateral flow assays are the most attractive in 
terms of cost, simplicity of use and do not need any type of reader device 
[26]. 

The purpose of this review is to highlight the recent developments of 
aptamers against different mycotoxins and their use in a range of 
nanomaterial-based electrochemical and optical aptasensors, including 
detection using electrochemical impedance spectroscopy (EIS) [27], 
surface-enhanced Raman spectroscopy (SERS) [28] or lateral flow (LF) 
[29]. 

Aptamers are single-stranded DNA or RNA molecules that can bind to 

Abbreviations 

Deoxynivalenol DON 
Zearalenone ZEN 
Ochratoxin OTA 
Fumonisins FB1/FB2/FB3 
Aflatoxin AF B1/B2/M1/G1/G2 
Patulin PAT 
T-2 toxin T-2 
Electrochemical impedance spectroscopy EIS 
Surface-enhanced Raman spectroscopy SERS 
Surface Plasmon Resonance SPR 
Systematic evolution of ligand by exponential enrichment SELEX 
Single-strand DNA ssDNA 
Lateral flow LF 
High performance liquid chromatography HPLC 
Gas chromatography GC 
Graphene oxide GO 
Graphene oxide SELEX GO-SELEX 
ZnO nanorods ZnO-NRs 
Polyethylene glycol PEG 
Screen-printed carbon electrodes SPCEs 
Fluorescence resonance energy transfer FRET 
Fluorescein amidites FAM 
Carboxytetramethylrhodamine TAMRA 
European Food Safety Authority EFSA 

Ultra-performance liquid chromatography− tandem mass 
spectrometry UPLC− MS/MS 

Gas chromatography− tandem mass spectrometry GC− MS/MS 
Liquid chromatography tandem mass spectrometry LC-MS-MS 
Carbon electrode GCE 
Molybdenum disulfide-polyaniline-chitosan-gold 

nanoparticles MoS2-PANI-Chi-Au 
Reduced graphene oxide-tetraethylene pentamine-gold@platinum 

nanorods rGO-TEPA-Au@Pt NRs 
Aptamer functionalized silver nanoclusters apt-AgNCs 
Molybdenum disulfide MoS2 
Reduced graphene oxide/molybdenum disulfide/polyaniline@gold 

nanoparticles (RGO/MoS2/PANI@AuNPs/Apt) 
Aptamer-incorporated tetrahedral DNA nanostructures TDNs 
Amino-terminated aptamer conjugated magnetic-bead (CS–Fe3O4) 
Gold nanotriangles GNTs 
Magnetic solid-phase extraction MSPE 
Coated magnetic agarose microspheres MAMs 
Enzyme-linked immunosorbent assay ELISA 
Enzyme-linked oligonucleotide assay ELONA 
Quantitative reverse transcription PCR RT-qPCR 
Polymerase chain reaction PCR 
Glassy carbon electrode GCE 
Reduced molybdenum disulfide rMoS2 
Silica photonic crystal microsphere SPCM  

Fig. 1. Schematic representation of SELEX process.  
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pre-selected targets through a repetitive process termed systematic 
evolution of ligand by exponential enrichment (SELEX). SELEX was first 
described by Tuerk et al. [30] and was developed for the identification 
and separation of aptamers with specific properties through in vitro 
screening from random libraries [31]. As can be seen in Fig. 1, tradi
tional SELEX consists of steps of incubation, separation, dissociation, 
and PCR amplification. Generally, high affinity, selective aptamer se
quences can be obtained after 8–20 rounds of enrichment. Since its 
inception, SELEX has evolved considerably, and current SELEX tech
nologies include negative screening, counter screening, and automated 
technologies. In order to remove non-specific binders, and increase the 
aptamer specificity, negative and counter selection are used before the 
positive selection when the target molecule is introduced. Negative se
lection is selection against non-target components, present in the buffer 
selection or in the unmodified matrix (e.g naked beads), whilst counter 
selection is performed against molecules that are structurally similar to 
the target or that can be found in the same sample or environment 
[32–34]. In comparison to antibodies aptamers can have a longer shelf 
life, are chemically stable, are robust even at elevated temperatures and 
their thermal denaturation is reversible [35]. Aptamers can be selected 
against toxic compounds and non-immunogenic compounds [36]. Due 
to their small size, aptamers can infiltrate tissues and cells, and are 
non-toxic and non-immunogenic [36–38]. Table 2 outlines the proper
ties of the aptamers referred to in this review. Specifically detailing their 
structures, length and GC content. The cost of an aptamer, once selected, 
is considerably lower than antibodies, as they are produced by auto
mated DNA synthesizers. The development of an aptamer-based test for 
the quantitative determination of mycotoxin in food samples could 
facilitate dynamic testing of agricultural products. 

2. Mycotoxins and detection strategies 

2.1. Patulin 

Patulin (PAT) is a secondary metabolite of some fungi belonging to 
species of Penicillium, Aspergillus, and Byssochlamys [39]. It is a wide
spread contaminant of human foodstuffs, including fruits (apples, haws, 
tomatoes, pears) and nuts (almonds, hazelnuts, peanuts, and their 
products). Patulin has acute and chronic toxic effects on animal and 
human health. Acute toxicity is characterized by convulsions, lung, in
testinal, liver bleeding and kidney damage. The chronic toxicity includes 
neurotoxicity, immunotoxicity, genotoxicity, teratogenicity, and 
possible carcinogenicity [40]. Until recently, the estimation of trace 
amounts was determined by chromatographic techniques [41], such as 
thin layer chromatography, high performance liquid chromatography 
(HPLC), gas chromatography (GC), and liquid chromatography tandem 
mass spectrometry (LC-MS-MS) [42–46]. Despite their accuracy, these 
methods are expensive, time-consuming and require qualified 
personnel. There is a mature need for portable devices for use at the 
point-of-need. 

Graphene oxide (GO), chemically exfoliated from oxidized graphite, 
is considered as a promising material for signal enhancement in sensing. 
Due to its material properties, GO is ideal for the immobilization of 
various bio-recognition elements, including enzyme, aptamers and an
tibodies [47,48]. Exploiting specific properties such the ability of GO to 
quench fluorescence, its high conductivity, high mechanical and 
chemical strength [49,50], several GO based optical and electro
chemical aptasensors have been developed for the detection of 
mycotoxins. 

A successful aptamer against PAT was selected by Shijia Wu et al. 
[51] using GO-SELEX. This novel approach was firstly described by Park 
et al. [52] who selected an aptamer against Nampt protein. In principle, 
oligonucleotides are bound to the GO surface through π− π stacking 
interactions between the nucleobases and sp2 atoms of GO. In this 
approach, the nucleic acids of a random library adsorb on GO and when 
the target is introduced, it can induce a conformational change in 

nucleic acid sequences that have affinity against the target, thus 
releasing the aptamer from GO. The aptamers obtained via desorption 
are extracted, amplified, and proceed to the next round of SELEX. 
Adapting this new technique, an aptamer of 40 nucleotides was selected 
against patulin with high affinity and selectivity, with a dissociation 
constant (Kd) of 21.83 ± 5.022 nM. The selected aptamer was subse
quently used as a recognition element to develop a detection method for 
patulin based on an enzyme-chromogenic substrate system. The colori
metric aptasensor exhibited a linear range from 50 to 2500 pg/mL, and 
the limit of detection was found to be 48 ng/L. 

Baoshan et al. [53] describe an aptamer based assay using a gold 
electrode modified with a composite made from ZnO nanorods 
(ZnO-NRs) and chitosan. This design was exploited to increase the 
loading of AuNPs and aptamers on the electrode surface, effectively 
improving the detection performance of the electrode. The PAT con
centration was determined by the change of the peak current (ΔI) of the 
redox probe [Fe(CN)6] after PAT incubation. The results displayed 
excellent sensitivity and a detection limit of 0.27 ng/L was achieved. 
Furthermore, the aptamer sensor was successfully applied to the 
detection of PAT in apple juice samples with a recovery of 95.6–104.8% 
[53]. 

In an alternative approach, Khan et al. [54] developed a label free 
aptasensing platform based on the specific interaction of a NH2-modified 
aptamer with carboxy-amine polyethylene glycol chain (PEG) previ
ously chemically grafted on screen-printed carbon electrodes (SPCEs). 
The carboxy-amine PEG proved to be an effective spacer for the for
mation of a tunnel for the electron transfer from the redox probe to the 
electrode surface. The conformational changes of the aptamer induced 
by analyte binding, resulted in the increase of the resistance to the 
charge transfer, which was measured using electrochemical impedance 
spectroscopy with a limit of detection of 2.8 ng/L. Analyses of spiked 
samples showed a toxin recovery of up to 99% [54]. 

Whilst fluorescence resonance energy transfer (FRET)-based apta
sensors have been reported to have excellent sensitivity [55,56], the 
combination of the fluorescent dye FAM with magnetic reduced GO also 
exhibits excellent sensitivity and has been applied to the detection of 
patulin. As can be seen in Fig. 2, the fluorescence of the FAM-labeled 
PAT aptamer is quenched in the presence of the rGO-Fe3O4. Upon 
interaction of the PAT aptamer with its cognate target, it is displaced 
from the rGO-Fe3O4, and then isolated through magnet separation. 
Addition of DNase I cleaves the free aptamer complex, releasing them for 
additional cycles of target recognition and this approach of signal 
enhancement resulted in a 13-fold lowering of the detection limit to 
0.28 ng/L [56]. 

A simple ratiometric fluorescent sensing platform was proposed by 
Ahmadi et al. [57] for detection of patulin using target-induced strand 
displacement composed of two fluorescent dyes, Carboxyfluorescein 
(FAM) and Carboxytetramethylrhodamine (TAMRA) (see Fig. 3). A DNA 
duplex is formed between the aptamer flanked with an oligonucleotide 
tail and a sequence partially complementary to the tail labeled with FAM 
(cDNA1) as well as with a sequence partially complementary to the 
aptamer that is labeled with TAMRA (cDNA2), bringing the two fluo
rophores in proximity, resulting in FRET. Upon the addition of the 
patulin, the TAMRA labeled sequence is displaced moving the TAMRA 
too far away from the FAM for FRET to occur, thus leading to a reduction 
in fluorescence emission. The limit of detection for this assay was 6 ng/L 
[57]. 

2.2. T-2 

T-2 mycotoxin is one of the most toxic trichothecene mycotoxins 
produced by various species of Fusarium, including Fusarium acuinatum, 
Fusarium poae, Fusarium langsethiae, and Fusarium sporotrichioide 
[58–60]. The toxin is widely distributed in oats, maize, grains, barley, 
rice, and wheat, as well as in some cereal-based products and is found all 
over the world [61]. T-2 is a serious risk to humans and animals, leading 
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to emesis, diarrhea, lethargy, weight loss, hemorrhage, immune sup
pression, necrosis, cartilage damage, apoptosis, and even death [62]. T-2 
toxin is type A trichothecene and their main mode of action is through 
inhibition of protein synthesis by binding to ribosomal RNA that disrupts 
cell membranes [63–65]. The T-2 toxin is thus considered to be one of 
the most dangerous contaminants by the European Food Safety Au
thority (EFSA) [65]. 

Currently, instrumental analysis for T-2 detection includes ultra- 
performance liquid chromatography− tandem mass spectrometry 
(UPLC− MS/MS)[66], gas chromatography− tandem mass spectrometry 
(GC− MS/MS) [67], liquid chromatography− tandem mass spectrometry 
(LC− MS/MS) [65] and ELISA [68]. 

Recently, Chen et al. [69] generated a high-affinity ssDNA (single-
strand DNA) aptamer that specifically binds to the T-2 toxin. After 10 
rounds of GO-SELEX the preferred aptamer demonstrated a low disso
ciation constant (Kd) of 20.8 ± 3.1 nM and excellent selectivity towards 
T-2 toxin. Using the selected aptamer as the recognition element, a 
fluorescent bioassay was developed for the measurement of T-2 in beer 
samples with a linear range from 0.5 to 37.5 μM and a limit of detection 
of 0.4 μM [69]. 

In the work published by Zhong et al. [70] glassy carbon electrode 
(GCE) were modified with molybdenum disulfide-polyaniline-chitos 

an-gold nanoparticles (MoS2-PANI-Chi-Au) followed by immobiliza
tion of an amino-terminated capture DNA probe by Au–N bonds. A 
mixture of T-2 toxin and its aptamer was pre-incubated for 120 min and 
then added to the surface of the modified electrode. Any free T-2 toxin 
aptamer that has not formed a complex with T-2 in the sample partially 
hybridizes with the surface-tethered capture probe and subsequently 
reduced graphene oxide-tetraethylene pentamine-gold@platinum 
nanorods (rGO-TEPA-Au@Pt NRs)-signal DNA probe is added and 
partially hybridizes with the T-2 toxin aptamer, resulting in a signal 
amplified through the catalysis of hydrogen peroxide and measured 
using chronoamperometry. The presence of the T-2 toxin in the sample 
under interrogation will bind to the aptamer, preventing formation of 
this complex and thus the signal observed is inversely proportional to 
the concentration of the T-2 [70]. 

In another work, aptamer functionalized silver nanoclusters (apt- 
AgNCs) were used as fluorescent dyes, while MoS2 (molybdenum di
sulfide) was used as fluorescent quenchers (see Fig. 4). The apt-AgNCs 
adsorb on the surface of MoS2 nanosheet via van der Waal forces, 
resulting in quenching of the fluorescence intensity. When T-2 toxin is 
present, the interaction between AgNCs and MoS2 is weakened and the 
fluorescent signal gradually recovered and is proportional to the T-2 
toxin concentration. Addition of a poly-thymine (T5) linker sequence to 

Fig. 2. Aptamer-based fluorescent detection of patulin.  

Fig. 3. Schematic diagram of the function of ratiometric fluorescent aptasensor for detection of patulin.  
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the aptamer resulted in a higher fluorescence signal [71]. 

2.3. Aflatoxin B1 

Aflatoxin B1 (AFB1) is a highly toxic mycotoxin produced by 
Aspergillus flavus, A. parasiticus, and A. nomiu [72]. It is highly oncogenic, 
teratogenic and mutagenic, and is classified as group 1 A carcinogen by 
the International Agency for Research on Cancer (IARC) [73]. Prevalent 
mycotoxins can readily pollute food and feedstuffs at different stages, 
including pre-harvest, post-harvest, storage, transportation and con
sumption [74–76]. Consequently, methods for sensitive and rapid 
detection of AFB1 are urgently required. Currently, many analytical 
methods, including chromatography and immunological methods [77, 
78] have been used for the detection of AFB1. Again, these 
laboratory-based methods are time consuming, not simple to perform, 
require multiple steps and expensive instrumentation. 

Due to its importance, several aptamers have been selected against 
AFB1. Ma et al. [79] selected a highly specific aptamer with a Kd of 
11.39 nM, whilst, Setlem et al. [80] identified 2 different sequences with 
Kd values of 50.45 ± 11.06 and 85.02 ± 25.74 nM, respectively. These 
aptamers were used in ELONA (Enzyme-linked oligonucleotide assay) 
and HPLC analysis, achieving detection limits of 20 and 40 ng/mL. 
Spiking studies and HPLC analysis in corn samples showed a good limit 
of quantification. Finally, the Neoventures Biotechnology Company 
(Canada, https://neoventures.ca/) developed an aptamer which has 
been used in several assays and sensors. Geleta et al. [81] developed an 
electrochemical aptasensor combining the aptamer selected by Neo
ventures with reduced graphene oxide/molybdenum disul
fide/polyaniline@gold nanoparticles (RGO/MoS2/PANI@AuNPs/Apt) 
achieving good reproducibility and an impressively low LOD of 0.002 
fg/mL. In another study, an alternative electrochemical sensing strategy 
was reported by Peng et al. [82]. AFB1 aptamer-incorporated tetrahe
dral DNA nanostructures (TDNs) were combined with 3DOM 
MoS2− AuNPs film for the construction of the sensing interface. 
Following interaction with AFB1, aptamers were released from the 
electrode surface and hybridization-free TDNs were formed. Bio com
posites of DNA helper strands (H1) and HRP (Horseradish Peroxidase 
Assay) functionalized AuNPsSiO2@Fe3O4 nanospheres hybridise with 
the hybridization-free TDNs. The current response coming from the 
HRP-catalyzed reduction of H2O2 using thionine as an electrochemical 

probe was proportional with the AFB1 concentration, again with an 
impressive detection limit of 0.01 fg/mL. 

An alternative electrochemical approach was developed by Abnous 
et al. [83], and was based on an aptamer complex that forms a π-shape 
structure of the aptamer complexed with its complementary DNA, where 
the π-shape structure disassembles in the presence of AFB1, and 
following addition of Exonuclease 1, a high current was measured, 
achieving a much higher detection limit of 2000 fg/mL. 

Using a combination of Exo III, aptamer and telomerase Zheng et al. 
[84] designed an extremely sensitive aptasensor, achieving a detection 
limit of 0.6 × 10− 4 ppt. Wang et al. [85] developed an impedimetric, 
label free aptasensor based on screen printed carbon electrodes modified 
with Fe3O4@Au/aptamer nanoparticles. The developed method had a 
linear range of 20–50 ng/mL with a detection limit of 15 pg/mL and was 
successfully applied to the detection of AFB1 in spiked samples of 
peanuts. 

Surface Plasmon Resonance (SPR) is a label-free optical detection 
platform, that measures kinetics and affinity of bimolecular interactions 
in real-time and is frequently applied to the determination of dissocia
tion constants for larger molecules but can be challenging to adapt to 
small molecules [86]. SERS (Surface-enhanced Raman spectroscopy) is a 
nondestructive molecular spectroscopy method [87], and powerful 
fingerprint analytical technique, that has been widely applied for trace 
detection in food safety [88], biomedicine [89,90], and environmental 
monitoring [91]. The high sensitivity of SERS is mainly attributed to the 
local electromagnetic enhancement (EM) caused by surface plasmon 
resonance (SPR) of coinage metal nanomaterial (such as Au, Ag and Cu) 
[92,93]. This technique for AFB1 detection was proposed by different 
groups. 

Highly selective and sensitive detection of AFB1 was reported by Li 
et al. [28]. The aptamer for AFB1 was partially hybridized with com
plementary DNA, which was released upon interaction with AFB1 and 
immediately hybridized with hairpin DNA on the surface of a sputtered 
Au film. Exonuclease III hydrolyzed the double-stranded DNA, leaving 
short single-stranded DNA on the Au surface and releasing comple
mentary DNA for the next ring opening and digestion. A SERS tag was 
captured on Au surface via DNA hybridization. This sensor achieved a 
limit of detection of 0.4 fg/mL, and was also used for the quantification 
of AFB1 levels in spiked peanut samples, achieving recoveries in the 
range of 89–121%. 

Fig. 4. Illustration of sensing module for T-2 toxin detection based on fluorescence quenching from DNA-AgNCs to MoS2 nanosheet.  
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Wu et al. [94] developed a SPR system where streptavidin was 
immobilized on the surface of CM5 and linked to biotinylated aptamer. 
As expected, the aptasensor showed high specificity towards AFB1 and 
AFB2, but not to the other mycotoxins. The LOD was 0.19 ng/mL, and 
AFB1 was detected in vinegar, achieving recoveries in the range 
96.3–117.8%. Sun et al. [95] used the same assay for red wine and beer 
real samples with a biosensor with a linear range from 0.4 nM to 200 nM 
with a 0.4 nM detection limit. Zhao et al. [96] developed SERS for the 
double detection of 2 different mycotoxins, AFB1 and OTA in real 
samples. The limits of detection were 0.006 ng/mL for OTA and 0.03 
ng/mL for AFB1. 

In a study reported by Yang et al. [97], amino-terminated aptamer 
conjugated magnetic-bead (CS–Fe3O4) and gold nanotriangles 
(GNTs)-DTNB@Ag-DTNB nanotriangles (GDADNTs), were used as the 
capture and the reporter of AFB1, respectively. The Raman reporters 
were loaded in the gap of the GNTs@Ag and on the surface of 
GNTs-DTNB@Ag, respectively and then modified with aptamer to 
assemble GNTs-DTNB@Ag-DTNB-aptamer for reporter nanoprobe, 
which performed better SERS intensity. 

A colorimetric assay measures a color change of a reagent in the 
presence of an analyte [98]. Jafari et al. [99] designed an aptasensor 
using the combination between AFB1 specific aptamer and a horseradish 
peroxidase-mimicking DNAzyme. DNAzymes and aptamers have re
ported advantages over protein enzymes [100–102] and the same 
research group demonstrated the catalytic activity and efficiency of 
aptamer–DNAzyme using both circular dichroism (CD) spectroscopy 
and biochemical analysis [103]. Seok et al. [104] designed a colori
metric assay where split halves of hemin-binding DNAzymes were 
combined with an AFB1 aptamer to generate a homogeneous colori
metric sensor that undergoes an AFB1 induced structural deformation of 
the aptamer-DNAzyme complex, resulting in a split of the DNAzyme 
halves and a concomitant reduction in peroxidase mimicking activity, 
achieving a detection limit of 0.1 ng/mL. Shim et al. [105] developed a 
chemiluminescence competitive aptamer assay for AFB1 using a 
hemin/G-quadruplex horseradish peroxidase-mimicking DNAzyme 
(HRP-DNAzyme) linked with an AFB1 aptamer. Under optimized con
ditions the assay gave a limit of detection of 0.11 ng/mL. 

Sun et al. reported a competitive enzyme linked oligonucleotide 
assay, where the wells of a microtiter plate was coated with a BSA-AFB1 
complex that competed with AFB1 in the sample for binding to a HRP- 
labeled aptamer, with an inverse relationship between signal and con
centration, achieving a limit of detection of 0.01 nM [106]. 

Joo et al. also exploited the fluorescence quenching property of GO 
in an assay using FAM-labeled AFB1 aptamer, which was pre-incubated 
with the sample. Following the addition of GO, any aptamer not bound 
to AFB1 adsorbs on to the GO, resulting in a decrease in the fluorescence 
intensity of the system. When the assay was applied to a real sample, the 
limit of detection was 4.5 ppb [107]. Zhang et al. also used GO but in a 
different approach, exploiting the ability of GO to protect aptamers from 
nuclease cleavage [108], whilst Wang et al. developed fluorescent 
nitrogen-doped carbon dots (N, C-dots), which were synthesized by the 
hydrothermal treatment of pancreatin and assembled on aptamer/
AuNPs via electrostatic interactions [109]. Addition of AFB1 displaced 
the aptamer N, C-dots with a concomitant change in fluorescence in
tensity, achieving a detection limit of 5 pg/mL. Lu et al. designed a 
system where the fluorescence of the thiolated aptamer chemisorbed on 
Q-dots is strongly quenched by GO. Upon addition of AFB1, fluorescence 
is restored and the assay had a detection limit of 1.0 nM [110]. 

In an alternative format, Chen et al. performed a fluorescent assay 
via the formation of a duplex between a fluorescein labeled AFB1 
aptamer and a partially complementary oligonucleotide tethered with a 
quencher moiety. Upon binding to AFB1, the latter was displaced, 
resulting in restoration of the fluorescence signal, which was propor
tional to the concentration of DNA, with an LOD of 1.6 ng/mL. This 
method was successfully applied for the analysis of AFB1 in infant rice 
cereal with satisfactory recovery in the range of 93.0–106.8% [111]. 

Sabet et al. apply a FRET-based method, in which aptamer- 
conjugated Quantum dots (QDs) are adsorbed to Au nanoparticles 
(AuNPs), thus quenching the fluorescence of the QDs, which is restored 
upon addition of AFB1 due to displacement of the aptamers from the 
AuNPs, achieving an LOD of 3.4 nM [112]. In a similar type of approach, 
Goud et al. developed a simple TAMRA (tetramethyl-6-carboxyrhod
amine) quenching-based aptasensing platform, where they exploited the 
interaction of FAM-labeled aptamer with complementary 
TAMRA-labeled DNA, where again AFB1-induced displacement restored 
fluorescence, and the method exhibited good sensitivity, good selec
tivity with a limit of detection of 0.2 ng/mL [113]. 

In another approach, Liu et al. described magnetic solid-phase 
extraction (MSPE), where AFB-biotinylated aptamers were immobi
lized on streptavidin coated magnetic agarose microspheres (MAMs), 
achieving LODs of 25 and 10 pg/mL for AFB1 and AFB2, respectively 
[114]. 

Recently, lateral flow assay (LFA) chromatographic strips using 
aptamer-functionalized nanogold particles for the detection of mole
cules have been established as promising tools. LFA is a simple paper- 
based platform for the detection of analytes, where the sample is 
placed on a test device and the results are displayed within 5–30 min. 
LFAs are typically composed of a nitrocellulose membrane, sample pad, 
conjugate pad, wicking or absorbent pad and backing pad [115]. Shan 
et al. developed a lateral flow assay using aptamer-functionalized 
nanogold particles for the detection of aflatoxin B1 (AFB1) and chlor
amphenicol (CAP), in a competitive assay format, where a biotinylated 
probe immobilized on a streptavidin coated test line competes with the 
analytes for binding to the aptamer, achieving a detection limit of 1.05 
ppb [116]. 

Zhu et al., who developed a LFA with a dual competition for binding 
to a Cy5 labeled aptamer, one based on competition between target in 
sample and immobilized antigen, and the other based on competition 
between target in sample and immobilized complementary strand, 
achieving a detection limit of 0.1 ng/mL, with the LFA showing a good 
correlation with a commercial ELISA (Enzyme-linked immunosorbent 
assay) kit (Fig. 5). Their assay showed high sensitivity, specificity and 
reproducibility in all real samples that they analyzed [29]. 

A dipstick assay was developed by Shim et al., where they immobi
lized streptavidin and anti-cy5 antibody at the test and control lines, 
achieving a limit of detection of 0.1 ng/mL, and the dipstick was suc
cessfully applied to the analysis of corn samples [117]. 

Finally, Guo et al. developed another type of aptasensor using RT- 
qPCR (Quantitative reverse transcription PCR). Here, an AFB1 
aptamer was used as a molecular recognition probe, while its comple
mentary DNA played a role as a signal generator for amplification by 
real-time quantitative polymerase chain reaction (PCR). The assay was 
highly sensitive and specific, and relatively low cost but could not be 
deployed for in-field analysis as it requires pretreatment and the 
instrumentation is not portable [25]. 

Many more aptasensors have been developed for the detection of 
AFB1, due to its importance, and the performance characteristics of 
these are detailed in Table 1. 

2.4. Aflatoxin B2 

Aflatoxins B2 (AFB2) are highly toxic, teratogenic, mutagenic and 
carcinogenic metabolites produced by fungi of the genus Aspergillus, 
mainly Aspergillus flavus, Aspergillus parasiticus and Aspergillus nomius 
[118–120]. These toxins are present in grain, nuts, cottonseeds, and 
other commodities associated with agricultural products or animal feed 
[121]. Studies have revealed that aflatoxin species show immunosup
pressive effects as a result of the inhibition of DNA, RNA and protein 
synthesis through different mechanisms [122,123]. For example, afla
toxin may cause rapid death, while hepatocellular carcinoma develops 
as a chronic outcome when exposed to a high dose of aflatoxin. Con
cerning consumer health, maximal residue limits for AFs in foods and 
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raw stuff have been established by the governments of many countries. 
The International Codex Alimentarius Commission and the EU have 
adopted the maximum residues limits (MRL) of aflatoxins (B1 + B2 +
G1 + G2) for 15 ng/mL in different foods [124,125]. 

As is the case for AFB1, different methods have been established for 
the separation and qualitative/quantitative detection of AFB2, such as 
thin-layer chromatography [126], high-performance liquid chromatog
raphy [127–130], and enzyme-linked immunosorbent assay [131], but 
these are inherently laboratory based techniques [132]. 

A highly specific AFB2 aptamer, with a Kd of 9.83 nM was success
fully selected by Ma et al. and was used to construct a fluorescent 
biosensor that had a wide linear range from 100 to 1800 ng/L and a 
detection limit of 50 ng/L. Additionally, the spiked recovery experiment 
of AFB2 in peanut oil sample exhibited a recovery ratio between 94.0% 
and 101.6% which showed good accuracy of the proposed aptamer- 
based bioassay [79]. 

In another study, Luan et al. [133] developed a simple sensor for 
colorimetric detection of AFB2 using gold nanoparticles. In the absence 
of AFB2, the aptamers coat the gold nanoparticles and protect it from 
aggregation, whilst in the presence of AFB2 the aptamers are not free for 
coating the nanoparticles, which then aggregate (Fig. 6), with the degree 
of aggregation proportional to the concentration of the AFB2 present in 
the sample. The use of nanoparticles is analytically attractive because 
the red-to-blue AuNP color change in the presence of AFB2 is easily 
measured by a spectrophotometer or even observed by the bare eyes. 
The method demonstrated a linear dynamic range of 0.025–10 ng/mL of 
AFB2 with a detection limit of 0.025 ng/mL, which is lower than the 
MRL (Maximum Residue Level) in edible food as set by China and the 
European Commission. Moreover, in the presence of AFB1 as interfer
ence, the method was able to detect AFB2 with high selectivity. This 
AFB2 detection method provides several advantages over other analyt
ical techniques with high sensitivity, high stability, quick analysis time, 
and cost effectiveness in food and agricultural products [133]. 

2.5. Zearalenone 

Zearalenone (ZEN; also known as F-2 toxin), is produced by several 

Fusarium species [134,135] with widespread occurrence in the crops like 
corn, maize, barley, oats, rice and sorghum. There is evidence that the 
consumption of ZEN contaminated products causes severe adverse ef
fects, such as neurotoxicity, carcinogenicity, and immunotoxicity [134, 
136]. Furthermore ZEN can impair reproduction [137,138]. Therefore, 
innovation in the design of analytical techniques for the detection of 
ZEN is also vitally important. Similar to the other mycotoxins, various 
methods have been employed for the determination of ZEN contents in 
foods or feedstuffs, including (i) instrumental analysis, such as 
high-performance liquid chromatography with either fluorescence de
tector or mass spectrometric detection and (ii) immunoassays including 
enzyme-linked immunosorbent assay (ELISA) and lateral flow assays 
[139–143]. Instrumental analytical methods provide good performance 
in terms of accuracy, precision, sensitivity, and reproducibility, but as 
previously stated, they are inappropriate for onsite rapid analysis 
because they require tedious sample preparation, expensive equipment, 
and highly skilled operators. Immunochromatographic assays can be 
used for rapid qualitative screening [144,145], but they often fail to 
provide accurate quantitative results and a definite confirmation of the 
mycotoxin ZEN because the antibodies in immunoassays are sensitive to 
temperature and require strict physiological conditions for use. In 
addition, the production of antibodies requires animals or cell cultures 
in a time consuming and costly production. Therefore, it is crucial to 
develop some new recognition molecules for ZEN, such as aptamers, that 
are easier to produce and more stable. 

Chen et al. [146] described the isolation and identification of an 
aptamer recognizing ZEN using magnetic bead SELEX resulting in a high 
affinity aptamer with a Kd of 41 ± 5 nM, and successfully applied this 
aptamer to the specific detection of ZEN in real samples exploiting a 
pre-concentration using biotinylated aptamer on streptavidin-coated 
magnetic beads. The bead suspension was analyzed through confocal 
imaging to observe the binding between aptamer and ZEN using an LSM 
700 laser scan confocal microscope and analyses with β-ZOL (β-zear
alenols), AFB1, AFB2, FB1, and FB, showed excellent specificity of the 
selected aptamer. This pre-concentration was used to determine ZEN in 
beer samples, and in comparison with ELISA, an excellent degree of 
correlation was obtained (p < 0.0001), with acceptable recovery rates 

Fig. 5. Configuration of a dual-competitive lateral flow assay for detection of AFB1 where in the absence of AFB1, a Cy5-modified aptamer is captured by an AFB1- 
BSA conjugate immobilized on the test line, whilst in the presence of target in the sample the Cy5-aptamer binds to it rather than to the surface immobilized AFB1. 
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Table 1 
A summary of the mycotoxin apatasensors and their parameters.  

Toxin Assay Materials Recovery rate LOD Linear range Selectivity Real sample Ref. 

PAT FAM-AptPAT-rGO-Fe3O4 rGO-Fe3O4 77–104% 0.28 μg/L 0.5–30 μg/L AFB1,DON,T-2,TA apple juice and grape juice [56] 
PAT Fluorescence FAM/TAMRA 94–109 6 ng/L 15 ng/L-35 μg/L AFB1,DON,AFM1,ZEN apple juice [57] 
PAT Voltammetric MCH/DpAu/ZnO NR chitosan 

on a gold electrode 
95.6–104.8% 0.27 pg/mL 5*10-8-5*10–13 g/mL AFB1,DON,FB1,ZEN apple juice [53] 

PAT Impedimetric Peg/SPCE/NH2aptamer 99% 2.8 ng/L 1–25 ng/L OTA,ZEN,AFB1 apple juice [54] 
PAT Electrochemical aptamer-AuNP-BP NSs/GCE 97.3–104.6% 0.03 nM 0.1 nM-10 μM OTA,ZEN,AFB1 apple juice [189] 
PAT Colorimetric enzyme-chromogenic 93–108.8% 48 pg/mL 50–2500 pg/mL N.A. apple juice [51] 
ZEN Electrochemical CP1–Au-Thi and CP2–Au/ 

rMoS2-Au 
95.9–105.2% 5*10− 4 ng/mL 1*10− 3-10 ng/mL T-2,FB2,OTA,AFB1 maize [166] 

ZEN Electrochemical  93.8–102.4%  1*10− 3-1*102 ng/mL  maize 
ZEN ELONA/ELISA antibody/aptamer 95–105% 0.01 ng/mL 0.03–2.5 ng/mL AFB1, AFB2, DON corn [190] 
ZEN Magnetic separation Magnetic beads 85.0–105.1% 0.25 ng/mL 3.14 × 10− 9–3.14 ×

10− 5 M 
β-ZOL, AFB1, AFB2, FB1, and 
FB2 

beer [146] 

ZEN Colorimetric aptasensor AuNPs/exonuclease III 95–103% 10 ng/L 20− 80 000 ng/L, OTA, AFM1, AFB1, DON spiked human serum [152] 
ZEN Lateral flow test strip nanoparticles/aptamer 93.4–114.2% 20 ng/mL 5–200 ng/mL DON,OTA, 

FB1, AFB1 
corn [168] 

ZEN Fluorescence MNPs/TRFL Wheat:90.04–114.75% 
Maize: 80.76–119.66% 

0.21 pg/mL 0.001–10 ng/mL OTA, AFB2, DON and Patulin wheat and maize [164] 

ZEN Electrochemical Cu@L-Glu/Pd–PtNP 92–105% 0.45 fg/mL 1 fg/mL-100 ng/mL T-2, OTA, AFB1, FB1 N.A. [167] 
ZEN Fluorescence UCNPs/MNPs Corn: 94.26–104.30% 

Beer: 93.39–105.53% 
0.007 μg/L (corn) 
0.126 μg/L (beer) 

0.05–100 μg/L AFB1, AFB2, OTA, FB1 and FB2 corn and beer [153] 

ZEN Colorimetric gold nanoparticles 92–110% 10 ng/mL 10–250 ng/mL OTA, AFB1 corn/corn oil [51] 
ZEN, T- 

2, 
AFB1 

Fluorescence tungsten disulfide(WS2) ZEN: 94.4–98% T-2: 90–92% 
AFB1: 87–96% 

ZEN-0.51 T-2-0.33/ 
AFB1 0.40 pg/mL 

0.001–100 ng/mL N.A. maize [165] 

ZEN Colorimetric Au NPs 94.42–99.78% 4 ng/mL 4–128 ng/mL a-ZON, 
β-ZON, 
AFB1, T-2, and FB1 

corn powder [191] 

ZEN Electrochemical/ 
luminescence 

NGQDs–NH2–Ru@SiO2 

luminophore 
92.2–111.1% 1 fg/mL 10 fg/mL-10 ng/mL OTA, AFB1, FB1 corn flour [192] 

ZEN Fluorescence Functional GO Beer: 87–95.3% Wine: 
93–95.8% 

1 ng/mL 4–16 ng/L OTA,OTB,AFB1/M1,PAT beer, wine [160] 

ZEN Electrochemical CS@AB-MWCNTs/CGO-ZBA 101.2–111.5% 3.64 fg/mL 10 fg/mL- 1 ng/mL AFT,OTA, β-ZAL corn oil/corn flour [193] 
ZEN Fluorescence FAM aptamer/MSNs-NH2 83.3–101.5% 0.012 ng/mL 0.005–150 ng/mL OTA,FB1,T-2,DON cereals, maize, rice, beer [194] 
ZEN, 

FB1, 
OTA 

SERS/Fluorimetry FRET/aptamer 90–107% ZEN-0.03 ng/mL 
FB1-0.02 pg/mL 
OTA-0.01 ng/mL 

ZEN-0.1–100 ng/mL 
FB1-0.05–200 pg/mL 
OTA-0.05–25 ng/mL 

OTA,FB1, 
T-2, ZEN, 
PAT, AFB1 

corn [195] 

T-2 Fluorescence NC-T5-apt-AgNCs/MoS2 

nanosheet 
Maize: 89.46–102.08% 
Wheat: 90.41–107.75% 

0.93 pg/mL 0.005–500 ng/mL DON,FB1,AFB1,OTC,ZEN,OTB maize, wheat [71] 

T-2 Electrochemical  
GCE/MoS2- 
PANI-Chi-Au/(rGO-TEPA- 
Au@Pt NRs 

94.6–103.52% 1.79 fg/mL 10 fg/mL-100 ng/mL ZEN,OTA,FB1,AFB1 canned beer [70] 

T-2 FAM-labeled FAM-labeled 93.6–106% 0.4 μM 0.5–37.5 μM FB1, ZEN, 
AFB1, OTA, 

beer [69] 

FB1 Electrochemical impedance 
spectroscopy (EIS) 

AUNPs/glassy carbon electrode 91–105% 2 pM 0.1 nM to 100 μM FB-1, AFB-1, ZEN, and T-2 maize [27] 

FB1 HPLC  N.A. N.A. N.A.   [171] 
FB1 Fluorescence rGO/Ni/PtNPs FB1: 104%, OTA: 108%, 

White Wine: 105% 
FB1: 0.0007 μg/mL, 
OTA: 0.004 μg/mL 

FB1: 
0.005–1 μg/mL, 
OTA; 0.01–10 μg/mL 

N.A. beer, white/red wine [196] 

FB1 Fluorescence rGO/PtNPs Beer: FB1-90-106%, Wine 
OTA -90-102% 

0.2 μg/mL for FB1, 
0.002–0.01 μg/mL 
for OTA 

FB1: 0.001–10 μg/mL, 
OTA: 0.01–10 μg/mL 

N.A. wine and beer [197] 

(continued on next page) 
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Table 1 (continued ) 

Toxin Assay Materials Recovery rate LOD Linear range Selectivity Real sample Ref. 

FB1 Fluorescence SPCM/aptamer OTA: 81.8–116.38%, 
FB1: 76.58–114.79% 

0.25 pg/mL for OTA 
and 0.16 pg/mL for 
FB1 

0.01–1 ng/mL for 
OTA, and 0.001–1 ng/ 
mL for FB1 

AFB1, OTA, and FB2 rice, corn, and wheat [178] 

FB1 Fluorescence CdTe QDs/(GO)/Fe3O4/GQDs 
and RQDs 

AFB1: 95–97%, 
FB1: 92–96% 

AFB1: 6.7 pg/mL, 
FB1: 16.2 pg/mL 

AFB1: 10 pg/mL-100 
ng/mL, FB1: 50 pg/ 
mL-300 ng/mL 

OTA,OTB,AFB2,AFM1 N.A. [176] 

FB1 SERS/Fluorescence SERS/AuNR/Cy5 aptamer 92–107% SERS: 3 pg/mL, 
Fluorescence: 5 pg/ 
mL 

10–250 pg/mL AFB1,ZEN,PAT,OTA,FB2,FB3 corn [175] 

FB1/ 
OTA 

Time-resolved fluorescence 
NPs 

(NaYF4:Ce, Tb and NH2-Eu/ 
DPA@SiO2 

FB1: 89–110%, OTA: 
90–109.66% 

FB1-0.019 ng/mL 
OTA-0.015 ng/mL 

0.0001–0.5 ng/mL FB1/OTA maize [198] 

OTA/ 
FB1 

Multiplexed Fluorescence 
Resonance 

UCNPs/GO/BaY0.78F5:Yb0., 
Er0.02/ 
BaY0.78F5:Yb0., Tm0.02 

OTA: 94.13–119.30%, FB1: 
84.32–124% 

OTA: 0.02 ng/mL, 
FB1 : 0.1 ng/mL 

OTA: 0.05–100 ng/ 
mL, FB1: 0.1–500 ng/ 
mL 

AFB1/B2/G1, FB2,ZEN maize [173] 

OTA/ 
AFB1 

Fluorescence Fe3O4@Au/SiO2@gQDs 95–108% OTA- 0.67 pg/mL 
AFB1- 1.70 pg/mL 

OTA-0.002–5 ng/mL 
AFB1-0.005–10 ng/ 
mL 

FB1, AFB2,OTB corn [199] 

OTA/ 
AFB1 

Fluorescence DNA/AgNCs/Zn II OTA: 88.1–113.5%, AFB1: 
88.1–116.8% 

OTA: 0.3 pg/mL, 
AFB1: 0.2 pg/mL 

0.001–0.05 ng/mL OTB,DON,ZEA wheat [200] 

AFB1 Fluorescence AFB1 aptamer/thioflavin T-and 
AFB1 aptamer/AFB 

74.7–121% 0.2 ng/mL 0.2–200 ng/mL AFB2.AFG1/G2/M1,FB1/B2, 
OTA/B,NEO,PAT,ZEN,CTA,HT- 
2,CTIV,CIT 

peanut, beans, cereal, 
alcoholic beverage, and 
fermented condiment 

[201] 

AFB1 Fluorescence TAMRA/FAM Beer: 93–102%, Wine: 
89–103% 

0.2 ng/mL 0.25–32 ng/mL AFM1 beer, wine [113] 

AFB1 Fluorescence CdZnTe QDs/SiO2/AuNPs 95.7–106.3% 0.2 ng/mL 0.05–100 ng/mL AFB2, OTA, FB1 peanut [202] 
AFB1 Fluorescence FAM/GO 97–107% 4.5 ppb 4.5–300 ppb AFB2, AFG1, AFG2 rice seeds [107] 
AFB1 Fluorescence Fe3O4@oMWCNTs/split G- 

quadruplex/hemin DNAzyme 
98.20–101.60% 0.02 ng/mL 0.5–0.15 ng/mL AFB2, AFM1,AFG2, glucose, 

fructose,maltoze 
peanut, maize, wheat, pearl 
rice, aromatic rice and red 
rice 

[203] 

AFB1 Fluorescence SNPs/N-methyl mesoporphyrin 
IX/crimera 

95–106% 8 pg/mL 30–900 pg/mL OTA,MC-LR,AFB1,DON serum and grape juice 
samples 

[204] 

AFB1 Fluorescence N,C-dots/Aptamer/AuNPs 92–105% 5 pg/mL 5pg/mL-2 ng/mL OTA,FB1,DON,ZEN,AFB2,AFG1 peanut, corn [109] 
AFB1 SERS Au film/aptamer/Exo III 89–112% 0.4 fg/mL 1*10− 6-1 ng/mL DON,ZON,AFG1/G2/M1/B2 peanut [28] 
AFB1 SERS AuNR@DNTB@Ag nanorods/ 

DNTB 
91.09–105.73% 0.0036 ng/mL 0.01–100 ng/mL OTA,FM1 peanut oil [205] 

AFB1 FRET QDs/AuNPs 103.0–108.0% 3.4 nM. 10–400 nM AB2,AM2, AG2 rice and peanut [112] 
AFB1 Fluorescence Fluorescence label aptamer 93.0–106.8%, 1.6 ng/mL 5–100 ng/mL AFB1,OTA, AFB2,AFG1, AFG2, 

AFM1, ZEA, FB1 
infant rice cereal [111] 

AFB1 Fluorescence ROX labeled aptamer/GO/ 
nuclease 

82.4–117% 10 ng/mL 12.5–312.5 ng/mL AM1 corn sample [108] 

AFB1 Electrochemical AuNPs/Exo III 95–110% 0.6*10− 4 ppt 0.1–100 ppt OTA, OTB, DON corn [84] 
AFB1 SERS Ag@Au CS/NPs 95.00–99.65% 0.03 ng/mL 0.05–100 ng/mL OTB,OTC, AFB2,AFG1, AFG2, 

FB1,L-Cys,BSA,GSH, warfarin 
maize meal [96] 

AFB1 Colorimetric DNAzyme-hemin/aptamer 93.96–104.95%. 0.1 ng/mL 0.1–1 ng/mL AFG1,AFG2, ZEA,T-2,DON, CIT corn [104] 
AFB1 RT-qPCR Aptamer 88–127% wildrye hay 

94–119% rice cereal 
25 fg/mL 5.0*105-5.0 ng/mL OTA,ZEN,FB1, AFM1,α-ZOL, 

AFB2, AFG1,AFG2 
infant rice cereal [25] 

AFB1 Lateral flow Cy5 aptamer 92.7–134.4% 0.1 ng/mL 0.1–1000 ng/mL AFB1,AFB2,AFM1,AFM2,AFG1, 
AFG2,OTA,SM,ZEN 

11 kinds of food and 
feedstuff samples 

[29] 

AFB1 Chemiluminescence Aptamer/HRP-DNAzyme 60.4–105.5% 0.11 ng/mL. 0.1–10 ng/mL AFB2,AFG1, AFG2,AFM1, OTA, 
ZEN,T-2 PAT 

corn samples [105] 

AFB1 Dipstick assay  74–112% 0.1 ng/mL  AFB2,AFG1,AFG2,ochratoxinA, 
zearalenone, citrinin,T2 toxin, 
deoxynivalenol,andpatulin 

corn [117] 

AFB1 SPR Sensor chip/aptamer 87–102% 0.4 nM 0.4–200 nM OTA,FB1, FB2,ZEN red wine and beer [95] 
AFB1 Chemiluminescence HRP/BSA-AFB1  0.01 nM 0.2–2 nM OTA, FB1, FB2 and ZAE white wine, maize flour [106] 

(continued on next page) 
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Table 1 (continued ) 

Toxin Assay Materials Recovery rate LOD Linear range Selectivity Real sample Ref. 

AFB1 Immunoassay Antibody/aptamer 73–98.80% 5 ng/mL  AFB1, AFB2, AFG1, AFG2, OTA, 
Citrinin, DON, FB1, 

maize, paddy, corn, 
groundnut 

[206] 

AFB1 SELEX AFB2, AFG1, AFG2, OTA,FB1 94.2–101.2% 35 ng/L 50–1.500 ng/L AFB2, AFG1, AFG2, OTA,FB1 corn [207] 
AFB1 Fluorescence Q-dots/GO  1.0 nM 3.2 nM - 320 μM FB1, OTA, ZEN,DON peanut oil [110] 
AFB1 Fluorescence TPE-Z/GO 91.36–95.11% 0.25 ng/mL 0–3 ng/mL FB1,OTA,BSA corn, milk, 

rice 
[208] 

AFB1 Fluorescence MSN-NH2/Rh6G probe 89.70–94.70% 0.13 ng/mL 0.5–50 ng/mL AFB1,AFB2,AFMI,DON,OTA, 
ZEN,T-2 

corn oil, corn [209] 

AFM1 Fluorescence GO 98–126% 0.05 μg/kg 0.2–10 μg/kg AFB2,OTA,ZEN infant milk powder [210] 
AFM1 Electrochemical Fe3O4/PANi/IDE  1.98 ng/L 6–60 ng/L OTA milk [211] 
AFM1 Fluorescence TAMRA/aptamer labeled 94.40–92.28% 5 ng/kg 25–2000 ng/kg AFB1, OTA milk [212] 
AFM1 EIS Carbon SPEs 98–114% 1.15 ng/L 2–150 ng/L  milk [213] 
AFB1 Photoelectrochemical (PEC) Ce–TiO2@MoSe2/Au 89.6–96.3% 0.01 ng/mL 0.03–200 ng/mL AFM1,OTA,DON no [214] 
AFB1 Fluorescence thioflavin T 74.7–121% 0.2 ng/mL 0.2–1 ng/mL AFG1,AFB2,FB1,FB2,OTA,OTB, 

PAT,ZEN,HT-2 
peanut, beans (mung bean, 
and soya bean), cereal,  
beer and Chinese spirits, 

vinegar and soy sauce 

[201] 

AFB1 Ratiometric 
electrochemical 

SiO2 @PbS/CdTe QD-modifie 
Fe3O4@SiO2 

90–93.6% 4.5 pg/mL 5–50 mg/mL FB1,OTA,AFB2 peanut [215] 

AFB1 Voltammetry GCE/GO 94.58–104% 0.07 nM 0.5nM-4 μM NO human blood plasma,  
pasteurized cow milk 

[216] 

AFB1 Electrochemical gold electrode  2 nM 8 nM-4 μM OTA, OTB, FB1, FB2 and ZAE beer and wine [217] 
AFB1 Chemiluminescence SA-HRP 97.2–104.4% 0.2 ng/mL 0.5–40 ng/mL AFG1,OTA,phytohormons found 

in peanut (t-ZR,IAA,GA3,JA) 
peanut, milk [218] 

AFB1 Electrochemical Fc cDNA/pβ-CD/AuNPs/GC 94.5–106.7% 0.049 pg/mL 0.1 pg/mL-10 ng/mL AFB2, AFB2, FB1, DON, ZEA, SEB 
and OTA 

peanut oil [219] 

AFB1 Electrochemical GSPE/AF1-BSA/Bioaptamer 84–96% 0.086 ng/mL 0.1–10 ng/mL AFG1 maize flour [220] 
AFB1 Optical sensor AuNPs/t-DNA/PAPDI 96.3 

− 106.5%, 
3.1 ng/mL 0.05–50 nM OTA,AFB2,ZEN,FB1 maize [221] 

AFB1 Colorimetry PGM-Based AFB1 Aptasensor 
Based on DNA Walker Machine 

98.5 
− 103% 

10pM 0.02–10 nM AFB2, AFG1/2, DON, ZON AFM bread [222] 

AFB1 Fluorescence Fe3O4 

@oMWCNT/split/aptamer 
98.20-101.60% 0.02 ng/mL. 0.5-15 ng/mL no peanut, maize, wheat, pearl 

rice, aromatic rice and red 
rice 

[203] 

AFB1 Electrochemical THI-rGO/Fc-Apt 86.5–112.0% 0.016 ng/mL 0.05–20 ng/mL FB1, AFB2, ZEN, OTA peanut [223] 
AFB1 Photoelectrochemical reGO/P5FIn/Au Wheat: 97.2 

110.0%, Peanut: 98.3–106. 
% 

0.002 ng/mL 0.01–100 ng/mL N.A. peanut, wheat [224] 

AFB1 Fluorescence MPA-capped CdZnTe QDs/SiO2 

@QDs/AuNPs 
95.7–106.3% 0.02 ng/mL 0.05–100 ng/mL AFB2,FB1,OTA peanut [202] 

AFB2 Colorimetric AuNPs 89.4–92.9% 0.025 ng/mL 0.025–10 ng/mL AFB1, AFG1 AFG2, OTA DDVP 
ETM 

beer sample [133] 

OTA Electrochemical impedance AuNP/CuCoPBA 93.55-104.9% 5.2 fg/mL  
50 fg/mL 
− 10 ng/mL 

BLM,AMP, RFP,ADR,AFB1 fruit juice [225] 

OTA Fluorescence DNA hydrogel/aptamer 92.1–105% 0.01 ng/mL 0.5–100 ng/mL ZEN,T-2,AFB1 beer [226] 
OTA Fluorescence FRET/Cy5 aptamer AFM1: 85.64–116.7%, OTA: 

74.13–112.1% 
AFM1-21 ng/mL OTA 
-330 ng/mL 

AFM1/OTA-1 ng/mL- 
1 mg/mL 

AFB1,ZEN,DON milk, oat milk [227] 

OTA Electrochemical GCE/janus particles 95.7–100.18% 3.3 × 10− 3 pM 1 × 10− 5-10 nM OTB,ZEN,FB1 wine sample [228] 
OTA Colorimetric MnO2 nanosheets/TMB 89.14–100.57% 0.069 nM 1.25–250 nM OTB,AFB1,ZEA,ALT,Citrinin,TeA grape juice [229] 
OTA Electrochemical 

luminescence 
CdS QDs/Cy 5-apt Wine: 97.19–103.62%, Beer: 

93.82–98.21% 
0.012 nM 0.05–5 nM AFB1,ZEN,FB1,DON,SEB wine, beer [230] 

OTA Electrochemical SPGEs/Exo I 96.6–109.7% 0.7 pg/mL 0.001–100 ng/mL OTB,AFB1,AFB2 beer [231] 
OTA Electrochemical AuNP/Fc/CP1 99.3–100.12 0.001 ppb 0.001–500 ppb OTB,CAP,AFB1 wine [232] 
OTA GCE/CdTe QDs/Cy5 96.1–100.7% 0.17 pg/mL 0.0005–50 ng/mL FB1,DON,OTB corn [233] 

(continued on next page) 
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between 85.0 and 105.1%., and an impressive detection limit of 7.85 ×
10− 10 M [146]. 

As described above, aptamer based colorimetric assays could 
potentially find widespread application for on-site analysis, owing to its 
convenience of visual observation and simplicity [147,148], with gold 
nanoparticles (AuNPs) being attractive as labels due to their high 
extinction coefficient in the visible region and catalytic activity 
[149–151]. As can be seen in Fig. 7, Taghdisi et al., proposed a colori
metric aptasensor for the determination of ZEN exploiting the catalytic 
performance of AuNPs with Exonuclease III-assisted signal amplifica
tion, achieving a dynamic range from 20 to 80000 ng/L, with a limit of 
detection for ZEN of 10 ng/L. The aptasensor was applied in human 
serum, with a detection limit of 40 ng/L, with recoveries in spiked serum 
samples in the range of 95–103% with relative standard deviations 
(RSDs) equal to or less than 7.1% [152]. 

Using a different approach, Wu et al. reported a sensitive up- 
conversion nanoparticles (UCNPs) and magnetic nanoparticles 
(MNPs)-based aptasensor for the quantitative detection of ZEN [153]. 
Hexagonal NaYF4: 18 mol% Yb3+, 2 mol% Er3+ UCNPs were synthesized 
using a facile hydrothermal methodology [154], and surface modifica
tion of UCNPs was performed based on the method described by Stöber, 
Fink, and Bohn [155] with minor modifications. MNPs were prepared by 
a modified co-precipitation method [156,157]. The luminescence 
bioassay platform was fabricated by immobilizing aptamer and its hy
bridized complementary strand (cDNA) onto the surfaces of MNPs and 
UCNPs, respectively, and then the aptamer-MNPs and cDNA-UCNPs 
were mixed to form the duplex structure. With the addition of the ZEN 
target, the ZEN aptamer was displaced from its complementary DNA, 
resulting in a decrease in the fluorescent intensity. The accuracy of the 
proposed aptamer-based bioassay for determining ZEN levels in real 
food samples was evaluated by detecting ZEN in spiked corn and beer 
samples, showing good recoveries from 93% to 110% [153]. Goud et al. 
used the same aptamer to develop an aptamer-based fluorescence 
quenching assay using exfoliated functional graphene oxide as a 
graphite nano powder [158,159], a highly efficient quencher, resulting 
in a concentration range of 0.5–64 ng/mL with a limit of detection of 0.5 
ng/mL and the sensor was demonstrated to have very high selectivity. 
This aptasensor was successfully applied to the determination of ZEN in 
(spiked) alcoholic beverage samples, beer and wine, and recovery values 
in the range of 87–96% were obtained at levels as low as 1–16 ng/mL 
[160]. 

In another study, Niazi et al., reported a highly specific and sensitive 
ZEN recognition strategy based on time-resolved fluorescence, using 
Fe3O4 magnetic nanoparticles where the noise of the short-lived back
ground fluorescence was eliminated by the long lifetime of the time- 
resolved NPs. Amine-functionalized magnetic nanoparticles (MNPs) 
functionalized with ZEN aptamers were used as a capture probe, whilst 
the signal probe was prepared by conjugating Ln3+doped inorganic 
nanoparticles with complementary DNA [161]. NaYF4: Ce/Tb NPs were 
prepared according to Tu’s method [162] with some modifications and 
the NaYF4: Ce/Tb NPs and MNPs were conjugated with avidin via 
glutaraldehyde [163]. The recovery ratio using wheat samples was be
tween 90.04% and 114.75% and between 80.76% and 119.66% for 
maize samples [164]. 

In another approach, a time-resolved fluorometric aptasensor was 
described for the simultaneous detection of ZEN, T-2, and AFB1. 
Multicolor-emissive nanoparticles doped with lanthanide ions (Dy3+, 
Tb3+, Eu3+) were functionalized with aptamers against the three targets. 
The aptamers adsorb onto tungsten disulfide (WS2) nanosheets via van 
der Waals forces between nucleobases and the WS2 basal plane, resulting 
in quenched fluorescence. In the presence of targets, fluorescence is 
restored due to interaction of the analyte with their respective aptamers, 
thus displacing them from the WS2. The time-resolved fluorescence in
tensities at 488, 544 and 618 nm, corresponding to emissions of Dy3+, 
Tb3+ and Eu3+ were used to quantify ZEN, T-2 and AFB1, respectively, 
with detection limits of 0.51, 0.33 and 0.40 pg/mL [165]. Ta
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In Han et al.’s work, a glassy carbon electrode (GCE) was covered by 
a graphene monologue, reduced molybdenum disulfide (rMoS2) and 
gold nanoparticles coupled with the desired aptamer for each target 
(AP1 for ZEN and AP2 for FB1). The signals were further enhanced by 

the integration of Au NPs with the corresponding complementary DNA 
sequences (CP1 and CP2) of the aptamers via strong Au-SH and Au–NH2 
bonds. Thionine (Thi) and 6-(Ferrocenyl) hexanethiol (FC6S), display
ing well-resolved reduction peaks at potentials of 0.24 V and 0.4 V, 

Table 2 
Details of the properties of the aptamers detailed in this review.  

Target SELEX strategy GC % Kd (nM) Structure Ref. 

Patulin GO-SELEX G- 
12% 
C-37% 

21.83 ± 5.022 [51] 

T-2 toxin Magnetic beads/GO G- 
27% 
C-17% 

20.8 ± 3.1 [69] 

Aflatoxin B2  G- 
32% 
C-21% 

No data  https://neoventures. 
ca/ 

Aflatoxin B2 Immuno affinity-SELEX G- 
27% 
C-27% 

AFLA53–48.29 ± 9.45 [80]   

G- 
55% 
C-10% 

AFLA71–85.02 ± 25.74 [80]   

G- 
35% 
C-12% 

AFLA5-50.45 ± 11.06 [80] 

Aflatoxin B1 Magnetic beads combined with FluMag-SELEX, reverse 
SELEX 

G- 
35% 
C-12% 

11.39 ± 1.27 [207] 

Zearalenone Magnetic beads-SELEX G- 
12% 
C-15% 

41 ± 5 [146] 

Fumonisin B1 Magnetic beads-SELEX  
G-8% 
C-26% 

100 ± 30 [171] 

Ochratoxin Resin affinity column G- 
47% 
C-13% 

200 [187]  
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respectively, were added to the probes. The labeled CPs (L-CPs) 
including CP1–Au-Thi and CP2-Au-FC6S were bound to APs through 
complementary base pairing to form partially double-stranded DNA 
sequences, which could be displaced by the target molecules, thus 
resulting in signals proportional to the concentrations of the analytes 
[166]. 

Ji et al. also used GCEs, but this time modified with spherical Au- 
PANIAu nanohybrids to enhance the conductivity and immobilize 
more amino modified ZEN aptamer. L-glutamic acid (L-Glu) was used as 
precursor to obtain 3D sakura-shaped Cu@L-Glu MOCPs, which were 
combined with palladium-platinum nanoparticle (Pd-PtNPs) to obtain 
Cu@L-Glu/Pd-PtNPs nanocomposites which were used to label the 
complementary DNA (CP) (partially complementary with the ZEN 
aptamer) to form bio conjugates for signal amplification. Following 
hybridization with the ZEN aptamer and the Cu@L-Glu/Pd-PtNPs-CP, a 
dramatic decrease in the resistance was observed, confirming successful 
hybridization on the electrode surface. In the presence of ZEN, a sig
nificant reduction in signal was observed due to displacement of the 
aptamer. In addition, spherical Au-PANI-Au nanohybrids were used to 
modify the electrode, which further improved the sensitivity achieving a 
linear range from 1 fg/mL to 100 ng/mL and a limit of detection of 0.45 
fg/mL [167]. 

A simple and sensitive aptamer-based lateral flow test strip for ZEN 
was successfully developed by Wu et al. [168] using the competitive 
format. Under the optimized conditions, the visual limit of detection of 
the strip was as low as 20 ng/mL, and the linear range was from 5 to 200 

ng/mL with an assay time of 5 min. The specificity of the aptamer-based 
lateral flow strip was demonstrated using four different toxins: DON, 
OTA, FB1, and AFB1. Spiked corn samples containing ZEN at concen
trations higher than 5 ng/mL demonstrated positive results, and the 
color intensity of the test line became weaker with increasing concen
trations of ZEN. The aptamer-based test strip was stable for 2 months 
[168]. 

2.6. Fumonisins B1 

Fumonisin B1 (FB1) is part of fumonisins family, which are toxins 
mostly produced by several species of Fusarium molds, such as Fusarium 
verticillioides and F. proliferatum [169] and occurs mainly in maize, 
wheat and other cereals. Human exposure occurs at levels of micrograms 
to milligrams per day and is greatest in regions where maize products 
are the dietary staple. As with the other mycotoxins, the currently 
accepted testing methods of FB1 in maize rely on the use of 
chromatography-based confirmatory methods and immunoassays, with 
enzyme-linked immunosorbent assay (ELISA) as the most popular 
method [170]. 

McKeague et al. [171] successfully selected an aptamer against FB1 
with a dissociation constant of 100 ± 30 nM, and various aptamer based 
tools exploiting this aptamer have been reported. 

Upconversion nanoparticles convert near infrared radiations into 
visible wavelengths via a nonlinear optical process known as photon 
upconversion [172], and Wu et al. presented an aptasensor for FB1 

Fig. 6. Schematic diagram depicting the aptasensor for detecting AFB2 using AuNPs.  

Fig. 7. Schematic representation of the colorimetric aptasensor for the detection of ZEN, based on the Exo III-assisted aptamer walker and catalytic reaction 
of AuNPs. 
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[173], based on duplex fluorescence quenching [174] of the multicolor 
upconversion fluorescent nanoparticles by GO (Fig. 8). The 2 different 
UCNPs were synthesized and functionalized with immobilized 
OTA-aptamer and FB1 aptamer. As previously explained, aptamer is 
bound to GO, and in the absence of the target there is a quenching of 
fluorescence of the aptamer modified UCNPs. In the presence of both 
targets, OTA and FB1, the aptamer binds to the target, and is thus not 
quenched by the GO, achieving a detection limit of 0.1–500 ng/mL. 

He et al. [175] group combined both surface-enhanced Raman 
spectroscopy (SERS) and fluorimetry. In the absence of FB1, 
fluorophore-labeled aptamer hybridizes with cDNA immobilized on the 
surface of platinum-coated gold nanorod (AuNR). As a result, strong 
SERS and weak fluorescence signals are obtained. In the presence of FB1, 
the aptamer is displaced from its cDNA, the fluorescence increases, 
while the SERS signal is decreased. This approach is a double control and 
reduces the risk of false-positive or false-negative results. The limit of 
detection achieved was 0.25 ng/mL. 

Wang et al. [176] developed a FRET aptasensor for the simultaneous 
determination of AFB1 and FB1 levels using quantum dots with different 
emission peaks (GQDs and RQDs) and magnetic GO/Fe3O4 as the single 
acceptor. The principle is the same as in previously described papers, 
with the only difference being the use of GO/Fe3O4, which can be 
effectively removed via magnetic separation to eliminate the back
ground interference. Fluorescence recovery was achieved simulta
neously in the presence of AFB1 and FB1. The limit of detection was 
0.0162 ng/mL [176]. 

An aptasensor for the simultaneous recognition of FB1 and OTA 
based on time-resolved fluorescence nanoparticles (TRF-NPs); NaYF4: 
Ce,Tb and NH2-Eu/DPA@SiO2 nanoparticles and magnetic nano
particles (MNPs) (Fig. 9) has been reported. Biotinylated aptamers for 
FB1 and OTA are immobilized on avidin coated magnetic nanoparticles, 
while cDNA is attached to TRF-NPs. In the absence of the targets, the 
biocomplex of MNPs-aptamers/TRF-NPs-cDNA is assembled through 
hybridization of aptamer and cDNA, while, in the presence of FB1 and 
OTA, the partially complementary DNA is displaced from the aptamer, 
therefore liberating some TRF-NPs-cDNA, leading to decrease in fluo
rescent signal. The detection limit for this assay is 0.019 pg/mL for FB1 
and 0.015 pg/mL for OTA [177]. 

Another group, Yue et al. [178] developed a different technique, 
based on the use of an aptamer− photonic crystal encoded suspension 
array. They used aptamers against OTA and FB1, which were immobi
lized on the surfaces of photonic crystals via chemical bonding. The 
fluorescence-labeled complementary DNA of the aptamer is displaced 
when the target mycotoxins appear in a sample, resulting in a decrease 
in fluorescence intensity of the microsphere. The difference value of 
fluorescent intensities for each kind of silica photonic crystal micro
sphere (SPCM) quantitatively conveys the concentration of mycotoxin, 

and the structure colors or reflectance peak positions of the SPCMs 
confirm the kind of mycotoxin detected. 

2.7. Ochratoxin A 

Ochratoxin A (OTA), an ubiquitous mycotoxin, is produced by 
various species of Aspergillus and Penicillium. Likely, it can contaminate 
cereals (wheat, corn, barely) and wines [179–181]. Several studies have 
introduced OTA as a nephrotoxic, hepatotoxic, neurotoxic, immuno
toxin, and teratogenic agent [180]. Several methods have been devel
oped to detect OTA including mass spectroscopy [182,183], high 
performance chromatography [31,184],and antibody based techniques 
[185,186]. 

In 2008, the first aptamer for OTA was selected Cruz-Aguado et al. 
[187] using a resin affinity column. Using equilibrium dialysis the 
selected aptamer was examined for the binding to OTA and the best 
aptamer candidate had a Kd equal to 0.2 μM. The authors demonstrated 
the specificity via evaluation of the interaction of the selected aptamer 
with warfarin, a hydrophobic molecule with a similar structure to OTA, 
NAP (N-acetyl-L-phenylalanine) and OTB, a structural analogue of OTA 
that lacks the chlorine atom in the isocoumarin ring. They also high
lighted that binding of OTA to the DNA aptamers depended on the 
presence of the Mg2+ and Ca2+ divalent cations. To demonstrate the 
potential use of the aptamers in the quantitative determination of OTA 
in agricultural commodities the authors went further in their study in 
detection of OTA in wheat grains. The high specificity of the aptamer 
affinity column to OTA allowed the direct determination of OTA by its 
fluorescence with no need for other separation methods, as all other 
fluorescent contaminants were removed during the washing steps. This 
aptamer exhibited the highest affinity and specificity towards OTA and 
as result this has been widely exploited in a variety of aptasensor for
mats, as detailed in a previously published review [188]. Since the 
publication of that review, there have been new reports of aptasensors, 
which have been included in Table 1. 

3. Conclusion and discussion 

Mycotoxins are secondary metabolites produced by fungi and can 
easily enter the food chain. The carcinogenic properties of mycotoxins 
threaten our daily life through the food supply. They show a serious risk 
to humans and animals, leading to diarrhea, lethargy, weight loss, im
mune suppression, necrosis, apoptosis, cancer and even death. Different 
laboratory techniques such as high-performance liquid chromatography 
and gas chromatography, along with fluorescent detectors or mass 
spectrometry detectors have been applied for mycotoxin detection. 
Antibodies are also implemented for the detection of mycotoxins, 
however, lately aptamers have garnered increasing attention. 

Fig. 8. Illustration of the multiplexed upconversion fluorescence quenching of the UCNPs by GO.  
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Aptamers are good alternatives to replace antibodies in the devel
opment of point of need devices due to their outstanding properties. The 
main advantages include their ability to detect small molecules, stabil
ity, versatility, ease of manufacture, reversibility of the binding, reus
ability, batch to batch reproducibility, markedly lower price and an 
avoidance of animal hosts. 

Due to the mentioned properties, they have been used to develop 
different types of aptasensors based on various different detection 
techniques, including electrochemical (differential pulse voltammetry, 
square wave voltammetry, impedance), optical (Raman, fluorescence, 
SPR) as well as lateral flow assays. 

The aptasensors presented in this review are highly selective and 
reproducible for the detection of mycotoxins in real samples, and most of 
them were designed for single mycotoxin detection and a few of them for 
duplex or triplex detection. Examples of this include the combined 
detection of FB1 and OTA detection based on duplex fluorescence 
quenching or detection of ZEN, FB1 and OTA using a combination of 
SERS and fluorimetry. 

Each of the techniques have advantages and disadvantages. Elec
trochemical aptasensors require simple instrumentation, are compatible 
with micro fabrication and miniaturization and they have high sensi
tivity. Whilst most electrochemical aptasensors require immobilization 
of the aptamer on a solid substrate, optical methods are also compatible 
with aptamers in solution. Methods that have the aptamers in solution 
are in general simpler than those where the aptamer is immobilized on a 
surface, however, if aptamers are in solution they are discarded together 
with the analyzed samples, limiting their reusability. On the other hand, 
lateral flow, as a user-friendly method, normally requires low sample 
manipulation and provides a visual answer in a short interval of time. 
The successful commercial implementation of aptasensors has yet to be 
achieved but they do have huge potential for the fast, accurate and high- 
performance detection of toxins in monitoring programs. 
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