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Abstract

:

Aflatoxin B1 (AFB1) is one of the most frequently-found mycotoxins in contaminated food. As the content of mycotoxins is particularly low in food, the development of probes to detect AFB1 in foods with high sensitivity and selectivity is an urgent social need for the evaluation of food quality. Numerous techniques have been developed to monitor AFB1. Nevertheless, most of them require cumbersome, labor-consuming, and sophisticated instruments, which have limited their application. An aptamer is a single, short nucleic acid sequence that is capable of recognizing different targets. Owing to their unique properties, aptamers have been considered as alternatives to antibodies. Aptasensors are considered to be an emerging strategy for the quantification of aflatoxin B1 with high selectivity and sensitivity. In this review, we summarize recent developments in colormetric, electrochemical, SERS, and fluorescent aptasensors for the quantification of AFB1. Finally, the perspectives and current challenges of aptasensors for AFB1 are outlined.
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1. Introduction


Mycotoxins are a class of secondary metabolites produced by molds that are widely distributed in nature and are highly common in food contamination [1]. When humans and animals take in mycotoxins through food, they can cause a decline in body function, which can lead to illness or death [2]. Common mycotoxins are ochratoxins, fumonisins, aflatoxins, citrinin (CTN), and zeallenone (ZEN) [3]. Among them, aflatoxin (AF) is a kind of highly-toxic secondary metabolite produced by the fungi Aspergillus flavus, as well as Aspergillus parasiticus. It has been reported that aflatoxin is a highly stable natural mycotoxin [4]. Aflatoxins show strong heap-toxicity after entering human or animal bodies, which can cause liver hemorrhage, steatosis, bile duct hyperplasia, and liver cancer [5]. People and animals mainly ingest aflatoxins through dietary channels. With the occurrence of aflatoxin contamination, the pollution of aflatoxin in food has gained attention in countries all over the world. The detection of aflatoxin in food has become a hot subject for scholars at home and abroad. Among various aflatoxins, AFB1 is the most common and toxic, owing to its capacity to forbid the RNA synthesis of cells, which can largely increase the risk of liver cirrhosis, necrosis, and carcinoma in human beings and animals. The cancer research organization of the World Health Organization has classified it as a Class I carcinogen.



A large number of technologies have been developed for the quantification of AFB1, such as high-performance liquid chromatography [6,7], liquid chromatography-mass spectrometry [8,9], and thin-layer chromatography [10]. Although these methods are very mature, they are hindered by cumbersome operations, long detection cycles, complicated sample pre-processing, rapid screening for large numbers of samples, expensive instruments, and inconvenient portability, which limit their detection ability in practical applications [11]. In recent years, methods for detecting aflatoxins based on antibody-linked immunosorbent assays have been developed, to some extent. However, these methods, which use antibodies as recognition molecules, are expensive, unstable, and prone to false-positive detection results [12]. Therefore, it is particularly urgent and important to develop low-cost, high-sensitivity methods for the detection of aflatoxins in actual samples, such as foods and related products.



With the recent developments in biotechnology, a biomolecule—called a nucleic acid aptamer (aptamer)—has been widely used in biosensors. Aptamer is a nucleic acid ligand and, furthermore, it is an index-enriched ligand. Aptamer is a nucleic acid ligand that was exponentially enriched by the phylogenetic technique. The phylogenetic technique SELEX screens a single-stranded oligonucleotide in vitro to specifically bind small molecules, proteins, bacteria, viruses, cells, and the like [12,13]. In the field of analysis and diagnosis, nucleic acid aptamers have many advantages (compared with traditional antibodies), including convenient preparation, specificity, stability, ease of modification, strong affinity, and wide range of target molecules [14,15]. As an emerging biomarker probe and recognition molecule, it is widely used in the construction of biosensors, and its application in disease diagnosis and treatment, proteomics research, biosensing and toxin sensing, microbial detection, and other fields [16,17]. With the continuous improvement and combination of nucleic acid aptamers, rapid biotoxin detection technologies will be more portable, more stable, and more efficient, giving great advantages.



As an oligonucleotide fragment, a nucleic acid aptamer does not have a signal transduction function. Its recognition and binding process, specific to a target molecule, does not produce a detectable physicochemical signal. Therefore, there is a need for a process to convert the specific recognition-binding process of a nucleic acid aptamer to a target substance into a readily-detectable optical signal change. As shown in Figure 1, this review focuses on the application of nucleic acid aptamer sensors in AFB1 detection, based on colorimetric, electrochemical, fluorescent, and surface-enhanced Raman scattering aptamer sensors, in recent decades.




2. Colorimetric, Electrochemical, and Fluorescent Aptamer Sensors to Monitor AFB1


2.1. Colorimetric Aptamer Sensor for AFB1


Hao and coworkers developed a low-cost, as well as sensitive, probe for the colorimetric determination of microcystin-LR (MC-LR), fumonisin B1, aflatoxin B1, as well asochratoxin A via DNA-induced graphene oxide (GO) self-assembly and magnetic separation [18]. As shown in Figure 2, the probe consisted of two platforms, where one was comprised of four allochroic dyes, which included methyl violet (MV), thymolphthalein (TP), malachite green carbinol base (MGCB), and phenolphthalein (PP) for four different analytes, as well as assistant DNA probe 1 adsorbed on the GO. The other platform was comprised of assistant DNA probe 2 adsorbed on the surface of the GO, which was modified with Fe3O4. Assistant DNA probes 1 and 2 were partially hybridized to the aptamer, upon mixing the aptamer with the two platforms in aqueous media. Subsequently, the two GO assemblies formed immediately in the presence of the aptamer. The assembly was easy to separate, by magnet, in the absence of the target. After the recognition of various targets, the reaction system was subjected to magnetic separation. Subsequently, pH value was employed to control the order of release of the dyes from the GO. Upon addition of acidic water into the supernatant, the MGCB, as well as the MV, molecules, which were adsorbed on the surface of the GO, were released as the allochroic dyes had changed to hydrophilic. A mixture of green (MGCB) and purple (MV) was observed in the supernatant. On account of good linearity between the analyte and the dye, the color signals attributed to MGCB and MV were related to the contents of AFB1 and MC-LR, respectively. The PP, as well as TP, which were adsorbed on the GO, were released with the addition of basic water into the precipitate. A mixture of pink and blue was observed in the color of the precipitate. This probe can be used to rapidly detect target through simple magnetic separation, as well as the adjustment of the pH of the aqueous media. By using a similar strategy, different targets could be detected simultaneously, by using various respective dyes and different ssDNAs.



Seok et al. designed an ultra-sensitive colorimetric probe which was capable of detecting aflatoxin B1. The probe consisted of two split DNAzyme halves, as well as an aptamer (see Figure 3) [19]. When AFB1 was absent, the split probes had a capability for peroxidase-mimicking activity, accompanied by a change of color in the catalytic reaction. AFB1 was specifically recognized by the aptamer, enabling the dissociation of the aptamer–DNAzyme complex. Therefore, the catalytic ability of DNAzyme was reduced, owing to the splitting of the DNAzyme halves. The color of the solution containing ABTS changed from colorless to green. However, the AFB1 aptamer was capable of binding to AFB1 when AFB1 was present, which led to the splitting of a hemin, which then could not bind to the DNAzymes. Therefore, the color of the solution was colorless and did not change. As a consequence, the colorimetric signal decreased as the concentration increased from 1.0 × 10−7 to 1.0 × 10−2 g·L−1. The oxide ABTS decreased when AFB1 was present. The detection limit of the probe was as low as 1.0 × 10−7 g·L−1. The novel probe exhibited good performance for distinguishing AFB1 from other mycotoxins and could be used for the quantification of AFB1 in ground corn samples.



Chen et al. developed an enzyme-free sensor for the determination of aflatoxin B1 by utilizing a catalytic DNA circuit to amplify the colorimetric signal (Figure 4) [20], where the colorimetric signal can be visualized without any other equipment. The sensor consisted of two components: Gold nanoparticles, which were modified with streptavidin, acted as the signal indicators; and three hairpin DNA probes, which were biotinylated, were employed for the specific recognition of AFB1. When AFB1 was present, toehold-mediated strand displacement reactions occurred. Subsequently, the hairpins opened and induced recycling. Consequently, the color of the solution changed to red due to the formation of aggregates of nanoparticles through biotin–streptavidin coupling. The colorimetric signal was linear with respect to AFB1 in the range from 3.1 × 10−9 to 3.1 × 10−4 g·L−1. Due to the high sensitivity of the sensor, AFB1 was able to be detected at concentrations as low as 6.2 × 10−10 g·L−1. The sensor was capable of detecting AFB1 in complex sample matrices, including rice samples, due to the robustness of the sensor. The proposed method was simple and convenient in operation. The visible signal was observed after several solutions were mixed at room temperature, and provided a reliable, as well as ultra-sensitive, method for monitoring AFB1 in real environments.



Various strategies have been designed for highly rapid and selective determination of AFB1 in aqueous media. For instance, an AFB1-reponsive hydrogel was prepared by Ma et al. for the colorimetric determination of AFB1 with high sensitivity [21]. The hydrogel was composed of an AFB1 aptamer, as the recognition unit, and a pair of complementary DNA chains, which served as cross-links. In order to visually determine AFB1, gold nanoparticles were added into the hydrogel. In the presence of the analyte, an AFB1–aptamer complex formed, resulting in the destruction of the hydrogel. Meanwhile, the gold nanoparticles were subsequently released, resulting in a transition from colorless to red. Platinum nanoparticles (PtNPs) were added into the hydrogel in advance and, thereafter, the hydrogel was integrated with a distance-readout volumetric bar chart chip, in order to decrease the limit of detection as well as expand the approach toward quantitative analysis. Upon addition to AFB1, the hydrogel was subjected to disruption, the and PtNPs were then released. As a consequence, O2 was generated, which pulled the ink bar in the chip as H2O2 was decomposed in the presence of the PtNPs. A good linear relationship was found to exist between the distance the ink was moved and the H2O2 concentration. The limit of detection of AFB1 was estimated to be as low as 5.5 × 10−10 g·L−1. Furthermore, the strategy was applied to monitoring AFB1 in beer through colorimetric detection.




2.2. Electrochemical Aptamer Sensor for AFB1


Mo and colleagues have prepared a probe for the detection of aflatoxin B1, which used graphene oxide and an aflatoxin B1 aptamer-modified multi-anodized anodized aluminum (Figure 5) [22]. First, the aptamer was attached onto porous anodized aluminum nanopores through covalent attachment. Subsequently, GO was supported on the surface of the porous anodized aluminum through the π–π stacking interaction between the aptamer and GO. By introducing negatively charged graphene oxide, as well as the aptamers, the nanochannels became more negatively charged. Meanwhile, the increase of negative charge of the nanochannels resulted in an increase of steric hindrance. These two effects led to a decrease in Fe(CN)63− through the nanochannel. When aflatoxin B1 was present, the aptamer formed a complex with aflatoxin B1, and the graphene oxide was then pulled away from the surface of the nanochannel. A decrease of the charge density and steric hindrance were, thus, observed leading to an increase in Fe(CN)63− in the nanochannel. Consequently, an increase in the current signal was observed. As shown in Figure 6B, the increased current signal had a good linear relationship with the concentration of aflatoxin B1 in the range of 1.0 × 10−6 –2.0 × 10−5 g·L−1. The probe had an excellent detection limit for aflatoxin B1, as low as 1.3 × 10−7 g·L−1. It can be seen from Figure 6C that the probe had good selectivity for aflatoxin B1. Therefore, the probe offers potential possibilities for simple, efficient, and highly sensitive detection of mycotoxins.



Zheng et al. developed a probe for the quantitation of AFB1, which employed aptamers as the recognition element, where telomerase and Exo III were used as signal enhancement elements [23]. Single-strand DNA, on the surface of gold nanoparticles, extended in the presence of telomerase. As a consequence, telomerase amplification expanded the signal response range of the electrochemical aptamer probes, which were used in the signal-off mode. The aptamer formed double-strand DNA upon the presence of AFB1. Subsequently, the DNA duplexes were cleaved by Exo III, through recycling digestion, and released, resulting in an enhanced signal. With two rounds of signal amplification, the electrochemical aptamer probe could be successfully applied to detect trace amounts of AFB1. The detection limit of this probe was as low as 6.0 × 10−15 g·L−1. Furthermore, the probe had excellent selectivity, due to its excellent binding ability with AFB1. The design-based dual-cycle amplification strategy greatly improved not only the detection range, but also the sensitivity of the probe. Compared to traditional methods, the probe exhibited a good sensitivity to AFB1. On the basis of dual-signal amplification strategies, the ultrasensitive detection of AFB, as well as other mycotoxins, can be achieved by changing the sequence of the aptamer.



An electrochemical aptasensor combined with horseradish peroxidase for sensing AFB1 was described by Peng et al. [24]. As shown in Figure 7, the aptasensor was comprised of two parts: A DNA tetrahedron, which was immobilized to the three-dimensional mesoporous structure of MoS2-AuNPs, as a recognition moiety; and horseradish peroxidase-modified Fe3O4, which was used as a signal amplification unit. The sensitivity, stability, and recognition efficiency of the probe could be improved through loading the DNA tetrahedron (containing the aptamer) onto the surface of 3DOM MoS2-AuNPs. When AFB1 was added, the aptamer on the DNA tetrahedron bound to AFB1 and detached from the electrode surface. DNA tetrahedra can hybridize to DNA helper strands (H1), which were modified on an HRP-modified AuNPs-SiO2@Fe3O4 nanospheres. A gradual increase of the current signal took place as the concentration of AFB1 increased. Under optimal conditions, the aptamer had excellent selectivity for AFB1. The current signal exhibited an excellent linear relationship with AFB1 concentration, ranging from 1.0 × 10−14 to 1.0 × 10−4 g·L−1. The detection limit for AFB1 was estimated to be 1.0 × 10−14 g·L−1. In addition, the aptasensor was utilized to detect AFB1 in not only rice, but also wheat powder, and the experimental results obtained were consistent with the results obtained by the standard HPLC–MS method.



Abnous et al. developed an electrochemical aptasensor and demonstrated that it could be applied to the detection of AFB1 (Figure 8) [25]. The probe consisted of a π-shape structure of aptamer–complementary strands complexes, which was used as double-layer physical barrier for the access of [Fe(CN)6]3−/4− to the surface of a gold electrode; furthermore, Exo I was used as a signal amplifier. The sensitivity of the probe was improved by the π-shape structure. The π-shape structure was intact in the absence of AFB1, and a weak current signal was observed. When AFB1 was present, the π-shape structure was disassembled and, therefore, a distinctive current signal was observed in the presence of Exo I. The current signal increased with increases in the AFB1 concentration, ranging from 7.0 × 10−9 to 5 × 10−7 g·L−1. The detection limit was estimated to be 2.0 × 10−9 g·L−1. The probe was successfully applied to detect AFB1 in spiked human serum, as well as in grape juice samples.



A large number of materials have been employed for electrochemical determination of AFB1, with high sensitivity as well as selectivity. For instance, Goud et al. devised an electrochemical aptasensor [26], which was composed of an aptamer labeled with methylene blue (MB), serving as a signal moiety, and functional grapheme oxide (FGO), acting as a signal amplifier. The FGO was not only used as a platform for the attachment of the aptamer, but was also employed as a signal amplifier, due to its catalytic property for MB. The plot of current signal versus analyte concentration showed excellent linearity, ranging from 5.0 × 10−8 to 6.0 × 10−6 g·L−1. The detection limit of the aptasensor was found to be 5.0 × 10−8 g·L−1. Significantly, the aptasensor was applied to detect the levels of AFB1 in alcoholic beverages.




2.3. Fluorescent Aptamer Sensor for AFB1


Recently, we have developed a simple, rapid, and label-free method for the quantification of AFB1, by utilizing TPE-Z, graphene, and aptamers. Graphene oxide (GO) with high water resolvability served as a quencher and was employed to quench TPE-Z fluorescence (see Figure 9A) [27]. Additionally, GO could adsorb positively-charged TPE-Z molecules and aptamers by electrostatic and π–π interactions. As TPE-Z was positively charged, it had great dispersibility in aqueous media. Therefore, negligible fluorescence was observed, due to the dispersibility. In addition, graphene oxide could also quench the fluorescence of TPE-Z, minimizing the fluorescent background. Upon addition of AFB1, the aptamer bound to AFB1, rather than interacting with the graphene, resulting in the detachment of the aptamer and TPE-Z from the GO. As the positively charged TPE-Z could bind to the negatively charged aptamer through electrostatic interaction, the TPE-Z fluorescence was enhanced, due to the activation of an RIM process (Figure 9B). The approach simply mixed TPE-Z, GO, and the AFB1 aptamer for quantification of the analyte. The limit of detection for AFB1 was found to be 2.5 × 10−7 g·L−1, and a high selectivity toward AFB1 was shown (Figure 9C). This probe monitored AFB1 in actual samples, including corn, milk, and rice, with good selectivity.



Wang et al. fabricated a fluorescent light-up probe for the ultra-sensitive determination of AFB1. Carbon dots were prepared and an AFB1 aptamer was decorated onto gold nanoparticles (see Figure 10A) [28]. As the carbon dots were positively charged and the AFB1 aptamer-decorated gold nanoparticles were negatively charged, the carbon dots tended to assemble onto the gold nanoparticles through electrostatic interactions, forming a nanocomposite. As the gold nanoparticles were an excellent quencher, they could be used to quench the fluorescence of the carbon dots. When AFB1 was present, AFB1 bound to the aptamer on the gold nanoparticle, causing the carbon dots to be released. As shown in Figure 10B, a gradual increase of fluorescence intensity was observed as the concentration of the target increased. Furthermore, on account of the good selectivity of the aptamer toward AFB1, the probe, thus, had the advantage of high selectivity (Figure 10C). The probe displayed a good linear relationship from 5.0 × 10−9 to 2.0 × 10−6 g·L−1. The detection limit of the probe was 5.0 × 10−9 g·L−1.



An enzyme-free, amplified, and ultra-fast aptasentor capable of one-test-tube homogeneous determination of aflatoxin B1 (AFB1) has been developed by Xia et al. (see Figure 11) [29]. As the aptasensor was designed with a dual-terminal proximity structure, one molecule was capable of switching up to two fluorophores. As a consequence, the signal was amplified without using enzymes. Additionally, the signal–noise ratio and sensitivity toward AFB1 were improved by taking advantage of the above strategy. The aptasensor could be applied for rapidly testing for the presence of AFB1, concluding within 1 min. On account of the universality and simplicity of the aptasensor, it demonstrated great potential for AFB1 determination in food safety.



Wang et al. reported a fluorescent aptasensor to monitor the level of AFB1 by taking advantage of the peroxidase-like properties of DNAzymes (Figure 12) [30]. When hemin and K+ were present, two probe DNAs partially hybridized with the aptamer to form a G-quadruplex. This complex was capable of catalyzing the formation of fluorescent 2, 3-diaminophenazine (DAP) from phenylenediamine. Free hemin in the aqueous media could be adsorbed and then magnetically separated through magnetic multiwall carbon nanotubes. When AFB1 was present, the aptamer bound to the AFB1, causing the separation of the two probe DNAs. With the decrease of the catalytic ability of the DNAzymes, the fluorescence of DAP decreased. The aptasensor achieved a limit of detection of 2.0 × 10−8 g·L−1, indicating high sensitivity toward AFB1. Compared with other strategies, the aptasensor was more selective for the determination of AFB1 and could be applied to detecting AFB1 in food.



Combination of other fluoregens with aptamers has been considered to be an effective strategy for detection of AFB1. For instance, Lu and Wang devised an aptasensor on the basis of aptamer-functionalized CdZnTe QDs and complementary strand-modified Au nanoparticles (AuNPs) [31]. The performance of the aptasensor for detecting AFB1 was observed to be linear, ranging from 5.0 × 10−8 to 1.0 × 10−4 g·L−1, with a low detection limit of 2.0 × 10−8 g·L−1.




2.4. SERS Aptamer Sensor for AFB1


A SERS aptamer sensor with high sensitivity was devised by Zhao et al. for the simultaneous determination of AFB1, as well as ochratoxin [32]. As shown in Figure 13, Ag@Au core-shell (CS) nanoparticles (NPs), which were used as signal reporters, were fabricated by the embedding of 4-NTP or 4-ATP. Subsequently, Ag@4-NTP@Au NPs, as well as Ag@4-ATP@Au CS NPs, were modified with aptamer AFB1 and aptamer OTA, respectively. In the absence of the analytes, several SERS aptasensors could be captured by MNPs, which were modified with complementary strands of the aptamers, leading to the formation of SERS-active MNP-Ag@Au CS-NP core-satellite assemblies. When the analytes were present, not only AFB1, but also OTA, could bind to the aptamer, leading to the separation of Ag@Au CS-NPs from the MNPs. Consequently, the SERS signal gradually decreased with an increase in concentration of the targets. The SERS aptasensor could be used to detect double mycotoxins, including OTA and AFB1, in maize meal. A good linearity was found to exist in the plot of SERS signal versus AFB1 and OTA concentrations. The limits of detection toward AFB1 and OTA were found to be 3.0 × 10−8 g·L−1 as well as 6 × 10−10 g·L−1 and 6 pg·mL−1, respectively. The proposed strategy could be extended to various SERS tags for the determination of multiple targets with various lengths of aptamers.



Li et al. developed a SERS aptasensor for the detection of AFB1, on the basis of exonuclease-aided recycling amplification (Figure 14) [33]. A hairpin was attached onto the surface of a gold film. Upon addition to AFB1, the aptamer was capable of binding to AFB1, resulting in the release of DNA which was partially complementary to the AFB1 aptamer. The released DNA could hybridize with the hairpin to form a DNA duplex. The DNA duplex could be degraded in the presence of Exo III, resulting in the presence of single-strand DNA, which was employed to capture Raman tags. Furthermore, many single-strand DNA were generated using the Exo III-aided target amplification strategy. Subsequently, many Raman probes were able to immobilize on the surface of gold film. The SERS signal was observed to be linear, ranging from 1.0 × 10−12 to 1.0 × 10−6 g·L−1, and the detection limit was as low as 4.0 × 10−13 g·L−1. The rapid, simple, and low-cost strategy was applied for the detection of AFB1 in spiked peanut samples.



Li et al. devised a SERS probe on the basis of gold nano-star (Au NS) core–silver nanoparticle (Ag NP) satellites for the determination of AFB1 [34]. The probe was comprised of AFB1-functionalized Ag satellites, as well as a complementary DNA-functionalized Au NS core. The intensity of SERS increased when the satellite was bound to the Au NS core. In the presence of AFB1, the AFB1 aptamer on the surface of the Ag satellites was capable of binding to the target. Subsequently, the Ag satellites moved away from the Au NS core, leading to a decrease of the SERS signal. A good linear relationship was found to exist in the range of 1.0 × 10−9 to 1.0×10−6 g·L−1. The detection limit of the SERS probe was found to be 4.8 × 10−10 g·L−1. The SERS probe was used to detect AFB1 in food.



Yang et al. constructed a SERS aptasensor for the determination of AFB1 by utilizing gold nano-triangles (GNTs) and DTNB@Ag-DTNB nano-triangles (GDADNTs) acting as the SERS substrate (Figure 15) [35]. The AFB1 aptamer was modified on the surface of a magnetic bead, which served as the capture sensor. The GDADNTs were modified with the aptamer, which was employed as the signal reporter. In the absence of AFB1, the GDADNTs were not able to assemble with the capture sensor, leading to no SERS signal in the precipitate after magnetic separation. Nevertheless, the signal reporter, as well as the capture sensor, were capable of assembling in the presence of AFB1, resulting in an increase of the SERS signal in the precipitate. An excellent linearity toward AFB1 was found in the range from 1.0 × 10−9 to 1.0×10−5 g·L−1. The limit of detection of the SERS aptasensor was estimated to be 5.4 × 10−10 g L−1, indicating excellent sensitivity of the sensor for AFB1. Therefore, the proposed aptasensor provided great potential for the quantification of other mycotoxins.





3. Conclusions


A variety of classical strategies have been employed for the detection of AFB1; however, their drawbacks, including time consumption, expensive equipment, and low portability, have limited their further use. On account of the high selectivity of aptamers toward specific targets, aptamers can be used to replace antibodies for the quantification of analytes. In this review, we described various aptamer probes for the detection of AFB1. As listed in Table 1, the probes consist of colorimetric, electrochemical, and fluorescent methods. The probes utilize colorimetric, electrochemical, and fluorescent methods. Although great breakthroughs have been made, the stability of aptamer probes should be improved by the modification of DNA. Moreover, aptamer probes associated with signal amplification strategies can be employed to improve the sensitivity of the probe.
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Figure 1. Schematic illustration of detection strategies for aflatoxin B1 (AFB1) by utilizing AFB1 aptamer sensors. 
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Figure 2. Schematic representation of the detection mechanism of the probe for monitoring microcystin-LR, fumonisin B1, aflatoxins B1, and ochratoxin A using a colorimetric assay. Reproduced from [18]. Copyright 2018, American Chemical Society. 
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Figure 3. Schematic illustration for the colorimetric quantification of AFB1 using the colorimetric signal facilitated by peroxidase-mimicking split DNAzyme. Reproduced from [19]. Copyright 2015, Elsevier. 
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Figure 4. Illustration of the strategy for detecting AFB1 based on a catalytic DNA circuit and gold nanoparticles. Reproduced from [20]. Copyright 2016, Royal Society of Chemistry. 
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Figure 5. (A) Schematic representation of the strategy for the detection of AFB1. (B) Linear plot of current change versus the concentration of AFB1. (C) The current change of other toxins and AFB1. Reproduced from [22]. Copyright 2018, Elsevier. 
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Figure 6. Schematic representation of the detection of AFB1 by an electrochemical aptasensor using a telomerase- and Exo III-assisted amplification strategy. Reproduced from [23]. Copyright 2016, Elsevier. 
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Figure 7. Schematic representation of the detection mechanism of the AFB1 aptasensor based on DNA tetrahedrons and horseradish peroxidase-modified Fe3O4. Reproduced from [24]. Copyright 2018, American Chemical Society. 
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Figure 8. Scheme illustration of the fabrication process of an aptasensor and detection mechanism for the detection of AFB1. Reproduced from [25]. Copyright 2017, Elsevier. 
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Figure 9. (A) Scheme representation of the label-free aptasensor for AFB1 determination in food samples. (B) Fluorescence spectra of the proposed probe for AFB1 with various concentrations. (C) Selectivity of the proposed probe toward AFB1. Reproduced from [27]. Copyright 2019, Elsevier. 
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Figure 10. (A) Sensing mechanism of fluorescent aptasensor for determining the presence of AFB1. (B) Fluorescence spectra of the carbon dots/aptamer/AuNPs with the addition of AFB1. (C) The relative fluorescence intensities of the fluorescent aptasensor in presence of various relevant species. Reproduced from [28]. Copyright 2016, Elsevier. 
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Figure 11. Schematic representation of the dual-terminal proximity aptamer probe for detecting AFB1. Reproduced from [29]. Copyright 2019, Elsevier. 
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Figure 12. Schematic illustration of AFB1 determination using an aptamer/G-quadruplex DNAzyme probe. Reproduced from [30]. Copyright 2019, Elsevier. 
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Figure 13. Schematic representation for the simultaneous determination of AFB1 and OTA by the utilization of SERS labels embedded in Ag@Au core-shell NPs. Reproduced from [32]. Copyright 2015, American Chemical Society. 
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Figure 14. Scheme representation of a SERS aptasensor for detecting AFB1 using exonuclease-aided recycling amplification. Reproduced from [33]. Copyright 2017, Elsevier. 
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Figure 15. Schematic representation of the SERS aptasensor for the determination of AFB1 based on gold nano-triangles. Reproduced from [35]. Copyright 2017, Elsevier. 
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Table 1. Comparison of different strategies for AFB1 detection.
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	Method
	Probe
	LOD (g·L−1)
	Linear (g·L−1)
	Practical Sample
	Ref.





	Colorimetry
	Fe3O4/GO
	/
	1.0 × 10−5–2.0 × 10−4
	peanut
	18



	Colorimetry
	Split DNAzyme
	1.0 × 10−7
	1.0 × 10−7–1.0 × 10−2
	corn
	19



	Colorimetry
	Catalytic DNA circuit
	6.2 × 10−10
	3.1 × 10−9–3.1 × 10−4
	rice
	20



	Colorimetry
	Responsive hydrogel
	5.5 × 10−10
	0–1.9 × 10−5
	Beer
	21



	Electrochemistry
	GO
	1.3 × 10−7
	1.0 × 10−6–2.0 × 10−5
	/
	22



	Electrochemistry
	Telomerase and Exo III
	6.0 × 10−15
	1.0 × 10−14–1.0 × 10−8
	/
	23



	Electrochemistry
	MoS2-AuNPs
	1.0 × 10−14
	1.0 × 10−14–1.0 × 10−4
	rice and wheat powder
	24



	Electrochemistry
	/
	2.0 × 10−9
	7.0 × 10−9–5.0 × 10−7
	human serum and grape juice
	25



	Electrochemistry
	MB/FGO
	5.0 × 10−8
	5.0 × 10−8–6.0 × 10−6
	alcoholic beverage
	26



	Fluorescence
	TPE-Z/GO
	2.5 × 10−7
	0–3.0 × 10−6
	corn, milk, and rice
	27



	Fluorescence
	Gold nanoparticles
	5.0 × 10−9
	5.0 × 10−9–2.0 × 10−6
	peanut and corn
	28



	Fluorescence
	Dual-terminal proximity aptamer
	9.1 × 10−7
	1.0 × 10−6–2.0 × 10−4
	peanut oil and broad bean paste
	29



	Fluorescence
	Fe3O4/DNAzyme
	2.0 × 10−8
	5.0 × 10−7–1.5 × 10−5
	cereal
	30



	Fluorescence
	QDs/gold nanoparticles
	2.0 × 10−8
	5.0 × 10−8–1.0 × 10−4
	peanut
	31



	SERS
	Ag@Au CS NPs/MNPs
	3.0 × 10−8
	5.0 × 10−8–1.0 × 10−4
	maize meal.
	32



	SERS
	Hairpin/Exo III
	4.0 × 10−13
	1.0 × 10−12–1.0 × 10−6
	peanut
	33



	SERS
	Au NS/Ag NP
	4.8 × 10−10
	1.0 × 10−9–1.0 × 10−6
	peanut milk
	34



	SERS
	GADNTs/CS-Fe3O4
	5.4 × 10−10
	1.0 × 10−9–1.0 × 10−5
	peanut oil
	35











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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