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Résumé 
Xiaodong Guo. (2020). Développement de nouveaux aptasenseurs pour la 

détection des mycotoxines (Thèse de doctorat en anglais). Gembloux, Belgique, 
Gembloux Agro-Bio Tech, Université de Liège, 107 p., 11 tableaux, 29 fig. 

Résumé —Les contaminations par des mycotoxines, un défi mondial important, 
attirent de plus en plus l'attention du Centre international de recherche sur le cancer 
(CIRC), de l'Organisation mondiale de la santé (OMS) et des scientifiques en sécurité 
alimentaire. De nombreux pays et organisations ont établi les limites maximales de 
contamination des principales mycotoxines à des valeurs très faibles. Les stratégies 
analytiques traditionnelles sont principalement basées sur des méthodes quantitatives 
instrumentales et  des tests immunologiques. Les aptamères sont un nouvel élément 
de reconnaissance de molécules similaires aux anticorps mais potentiellement plus 
performant, ils attirent de plus en plus l'attention des scientifiques. Par conséquent, 
des aptamères spécifiques pourraient être utilisés pour construire des biocapteurs 
pour la détection des mycotoxines. L'objectif de cette thèse est de développer de 
nouveaux biocapteurs à base d'aptamères pour la détermination sensible des traces de 
mycotoxines et de fournir une application prometteuse de ces aptasenseurs pour plus 
de facteurs de risque dans les sciences de la sécurité alimentaire.  

Le contenu de la thèse et ses principaux résultats sont les suivants: 

(1) Biocapteur à base d'aptamères pour la détection des mycotoxines 

Les mycotoxines sont une grande famille  de métabolites secondaires synthétisés 
par des champignons, elles présentent un grand danger pour l'homme et les animaux. 
Une  ajorité de pays et d’organis es décisionnels  tels  ue l Union européenne  ont 
établi une série d'exigences et fixé les niveaux maximaux tolérés. De ce fait, le 
développement d'une plateforme analytique hautement sensible et spécifique pour 
les mycotoxines est très demandé. En raison de leur simplicité, de leur coût et de 
leur rapidité, les biocapteurs à base d'aptamères ont été développés avec succès pour 
la détection de diverses mycotoxines avec une sensibilité et une sélectivité élevées 
par rapport aux méthodes instrumentales traditionnelles et aux approches 
immunologiques. Dans ce travail, nous discutons et analysons le développement 
d'aptasenseurs pour la détection des mycotoxines dans les produits alimentaires et 
agricoles au cours des onze dernières années et couvrons la littérature depuis le 
premier rapport en 2008 jusqu'à aujourd'hui. Sont également résumés les défis et les 
tendances futures pour la sélection des aptamères spécifique de divers mycotoxines 
et aptasenseurs pour l'analyse multi-mycotoxines. Compte tenu du développement 
prometteur et de l'application potentielle d'aptasenseurs, les futures recherches 
seront le témoin de la grande potentialité du biocapteur à base d'aptamères pour le 
domaine de la sécurité alimentaire. 

(2) Un aptasensor qPCR pour la détection sensible de l'aflatoxine M1 

L'aflatoxine M1 (AFM1), l'une des mycotoxines les plus toxiques, présente de 
graves risques pour la santé. L'AFM1 avait précédemment été classée comme 
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cancérogène du groupe 2B (CIRC, 1993) et a été classé comme cancérogène du 
groupe 1 par le Centre international de recherche sur le cancer (CIRC) de 
l'Organisation Mondiale de la Santé (OMS) (CIRC, 2002). La détection de l'AFM1 
joue donc un rôle important pour le contrôle de la qualité et de la sécurité sanitaire 
des aliments. Dans ce travail, un aptasensor sensible et fiable a été développé pour la 
détection de l'AFM1. L'immobilisation de l'aptamère par une forte interaction avec 
la biotine – streptavidine a été utilisée comme élément de reconnaissance 
moléculaire, et son ADNsb complémentaire a été utilisé comme modèle dans 
l’utilisation de Real Ti e  - Quantitative Polymerase Chain Reaction (RT-qPCR). 
Dans des conditions d'essai optimisées, une relation linéaire (allant de 1,0 × 10-4 à 
1,0 µg L-1) a été obtenue avec une limite de détection (LOD) jusqu'à 0,03 ng L-1. 
De plus, l'aptasensor développé ici présente une sélectivité élevée pour l'AFM1 par 
rapport aux autres mycotoxines et de petits effets de réaction croisée avec des 
analogues structuraux. La méthode proposée ici a été appliquée avec succès à la 
détection quantitative de l'AFM1 dans des échantillons de céréales de riz pour 
nourrissons et de lait en poudre pour nourrissons. Les résultats ont démontrés que 
l'approche actuelle est potentiellement utile pour la sécurité sanitaire des aliments et 
qu'elle pourrait être étendue à un grand nombre de produits cibles. 

(3) Un nouvel aptasenseur à base d'oxyde de graphène pour la détection par 
fluorescence de l'aflatoxine M1 dans le lait en poudre 

Dans cet article, un aptasensor fluorescent rapide et sensible pour la détection de 
l'aflatoxine M1 (AFM1) dans le lait en poudre a été développé. De l'oxyde de 
graphène (GO) a été utilisé pour inhiber la fluorescence de l'aptamère marqué à la 
carboxyfluorescéine et empêcher le clivage de  l'aptamère par la nucléase. Lors de 
l'ajout d'AFM1, une formation de complexe AFM1 / aptamère entraine le 
détachement de celle-ci de la surface du GO, l'aptamère est ensuite clivé par la 
DNase I et l'AFM1 cible est libéré pour un nouveau cycle, ce qui a conduit à une 
grande amplification du signal et une haute sensibilité. Dans des conditions 
optimisées, la détection basée sur le GO de l'aptasensor présente une réponse 
linéaire   AFM1 dans une plage dyna i ue de 0 2   10 μg / kg  avec une li ite de 
détection  LOD  de 0 05 μg / kg  De plus  l aptasensor développé a  ontré une  aute 
spécificité envers AFM1 sans interférence avec d'autres mycotoxines. En outre, la 
technique a été appliquée avec succès pour la détection de l'AFM1 dans des 
échantillons de lait en poudre pour nourrissons. Cet aptasensor proposé ici offre une 
technologie prometteuse pour la sécurité alimentaire et peut être étendu à différent 
produits cibles. 

(4) Aptasensor fluorescent entraîné par oxyde de graphène pour la détection 
de la fumonisine B1 

La fumonisine B1 (FB1), est également une toxine très toxique, elle a été désignée 
comme cancérogène possible du groupe 2B par le Centre international de recherche 
sur le cancer (CIRC) en 2002. Par conséquent, la demande pour des approches 
simples, sensibles et spécifiques pour la détection du FB1est élevée. Dans cette étude, 
un nouvel aptasenseur a été introduit pour l'analyse de la FB1 basé sur l'oxyde de 
graphène (GO) et l'amplification du signal DNase I. Le GO a été adopté comme 
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extincteur de fluorescence contre les aptamères modifié par ROX et comme 
protecteur de l'aptamère contre le clivage par la D ase I ainsi  u’en a ont des cycles 
permettant la détection d'amplification de signal. Cette stratégie de détection 
proposée a montré une bonne linéarité pour la détermination de FB1 dans la gamme 
dynamique de 0,5 à 20 ng mL-1 avec une bonne corrélation de R2 = 0,995. Sa 
détection de limite a été établie à 0,15 ng mL-1 (S / N = 3). L'analyse spécifique a 
indiqué que cet aptasenseur était sélectif pour FB1  ainsi que pour d'autres 
mycotoxines. De plus, l'application pratique dans des échantillons réels de cet 
aptasenseur pour la détection de FB1 a été étudiée. La plateforme de détection 
proposée ici sera utile pour une application dans le domaine de la sécurité alimentaire 
en vue l'analyse des mycotoxines. 

(5) Articles faits saillants et perspectives d'avenir 

En utilisant les nouveaux biocapteurs à base d'aptamères, nous avons développé 
plusieurs approches afin de détecter les mycotoxines les plus toxiques pour la 
sécurité alimentaire. De plus, cette stratégie de détection pourrait être appliquée 
pour une plus grande détermination des composés toxiques par simple 
remplacement des aptamères spécifiques. Bien que l'applicabilité, la faisabilité et la 
précision de ces aptasenseurs ai  ait l’objet d’études sur des éc antillons 
artificiellement contaminés, des recherches complémentaires étaient nécessaires 
pour une validation de ces aptasenseurs en conditions réelles afin de déterminer les 
performances telles que limite de détection et de quantification, la précision, la 
justesse  l’exactitude  etc  Grâce   la validation de cette méthode, ces aptasenseurs 
pourront être largement utilisés pour la détection des mycotoxines. Les perspectives 
se concentreront sur la simplification du principe et des dispositifs analytiques et sur 
la combinaison de nouveaux aptamères avec de nouveaux matériaux et techniques 
pour améliorer les performances analytiques et l'aspect pratique du marché des 
aptasenseurs. 

 

Mots-clés: mycotoxines, aflatoxine, fumonisine, aptamère, biocapteur, RT-qPCR, 
oxyde de graphène, DNase I, détection, sécurité alimentaire. 

 

 

  



 

 IV 

Abstract 
Xiaodong Guo. (2020). Development of novel aptasensors for the detection of 

mycotoxins (PhD Dissertation in English). Gembloux, Belgium, Gembloux 
Agro-Bio Tech, University of Liège, 107 p., 11 table, 29 fig. 

Abstract — Mycotoxins contaminants, one of the most serious global challenges, 
have been attracted more and more attention from International Agency for 
Research on Cancer (IARC) of the World Health Organization (WHO) and scientists 
in food safety sciences. Many countries and organizations have established the 
maximum contamination level of the main mycotoxins at very low values. 
Traditional analytic strategies are mainly based on instrumental quantitative method 
and immunoassays approaches. Aptamer, a novel molecules recognition element like 
or even superior to antibodies, has attracted more and more attentions for scientists. 
Therefore, specific aptamers could be employed to construct biosensors for the 
detection of mycotoxins. The objective of this thesis is to develop novel 
aptamer-based biosensors for sensitive determination of trace levels of mycotoxins 
and to provide a promising application of these aptasensors for more hazard factors 
in food safety sciences. 

The main contents and results are as follows: 

(1) Aptamer-based biosensor for detection of mycotoxins 

Mycotoxins are a large types of secondary metabolites appeared by fungi, they 
pose a great hazard and toxic reactions to human and animals. A majority of 
countries and regulators, such as European Union, have established series of 
requirements and set the maximum tolerated levels. The development of high 
sensitive and specific analytical platform for mycotoxins is much in demand to 
address new challenges for food safety in worldwide. Due to the superiority of 
simple, rapid, and low-cost characteristics, aptamer-based biosensors are 
successfully developed for the detection of various mycotoxins with high sensitivity 
and selectivity compared with traditional instrumental methods and immunological 
approaches. In this article, we discuss and analyze the development of aptasensors 
for mycotoxins determination in food and agricultural products during the last 
eleven years and cover the literatures from the first report in 2008 until today. In 
addition, challenges and future trends for the selection of aptamers towards various 
mycotoxins and aptasensors for multi-mycotoxins analysis are summarized. Given 
the promising development and potential application of aptasensors, the future 
researches will witness the great practicability of aptamer-based biosensor for food 
safety field. 

(2) A qPCR aptasensor for sensitive detection of aflatoxin M1 

Aflatoxin M1 (AFM1), one of the most toxic mycotoxins, imposes serious health 
 a ards  AFM1  ad previously been classified as a group 2  carcinogen (IARC, 
1993) and has been classified as a group 1 carcinogen by the International Agency 
for Research on Cancer (IARC) of the World Health Organization (WHO) (IARC, 
2002). Determination of AFM1 thus plays an important role for quality control of 
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food safety. In this work, a sensitive and reliable aptasensor was developed for the 
detection of AFM1. The immobilization of aptamer through a strong interaction 
with biotin–streptavidin was used as a molecular recognition element, and its 
complementary ssDNA was employed as the template for a real-time quantitative 
polymerase chain reaction (RT-qPCR) amplification. Under optimized assay 
conditions, a linear relationship (ranging from 1.0×10

-4
 to 1.0 µg L

-1
) was achieved 

with a limit of detection (LOD) down to 0.03 ng L
-1

. In addition, the aptasensor 
developed here exhibits high selectivity for AFM1 over other mycotoxins and small 
effects from cross-reaction with structural analogs. The method proposed here has 
been successfully applied to quantitative determination of AFM1 in infant rice 
cereal and infant milk powder samples. Results demonstrated that the current 
approach is potentially useful for food safety analysis, and it could be extended to a 
large number of targets. 

(3) A novel graphene oxide-based aptasensor for amplified fluorescent 
detection of aflatoxin M1 in milk powder 

In this paper, a rapid and sensitive fluorescent aptasensor for the detection of 
aflatoxin M1 (AFM1) in milk powder has been developed. Graphene oxide (GO) 
was employed to quench the fluorescence of carboxyfluorescein-labelled aptamer 
and protect the aptamer from nuclease cleavage. Upon the addition of AFM1, a 
formation of AFM1/aptamer complex resulted in the aptamer detached from the 
surface of GO, then the aptamer was cleaved by DNase I and the target AFM1 was 
released for a new cycle, which led to a great signal amplification and high 
sensitivity. Under optimized conditions, the GO-based detection of the aptasensor 
exhibited a linear response to AFM1 in a dynamic range from 0.2 to 10 μg/kg  wit  
a li it o  detection  LOD  o  0 05 μg/kg  Moreover  t e developed aptasensor 
showed a high specificity towards AFM1 without interference from other 
mycotoxins. In addition, the technique has been successfully applied for detection of 
AFM1 in infant milk powder samples. This aptasensor proposed here offers a 
promising technology for food safety and can be extended to various targets. 

(4) Graphene oxide driven fluorescent aptasensor for the detection of 
fumonisin B1 

Fumonisin B1 (FB1), one of the most toxic mycotoxins, has been designated as 
possible 2B group carcinogen by the International Agency for Research on Cancer 
(IARC) in 2002. Therefore, simple, sensitive and specific approaches for the 
detection of FB1 are much in demand. In this study, a novel aptasensor was 
introduced for FB1 analysis based on graphene oxide (GO) and DNase I signal 
amplification. GO was adopted as a fluorescence quencher against ROX-modified 
aptamer and a protectant for the aptamer from cleavaging by DNase I for subsequent 
target cycling and signal amplification detection. This proposed sensing strategy 
exhibited a good linearity for FB1 determination in the dynamic range from 0.5 to 
20 ng mL

-1
 with a good correlation of R

2
 = 0.995. Its detection of limit was 

established at 0.15 ng mL
-1

 (S/N = 3). The specific analysis indicated that this 
aptasensor was selective for FB1 other than other mycotoxins. In addition, the 
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practical application in real samples of this aptasensor for the detection of FB1 was 
investigated. The sensing platform proposed here was useful for a potential 
application in the field of food safety for mycotoxins analysis. 

(5) Articles highlights and future perspective 

By using the novel aptamer-based biosensors, we developed several approaches 
for the detection of the most toxic mycotoxins for food safety. In addition, these 
sensing strategies could be applied for more hazard factors determination by simple 
replacement of the specific aptamers. More importantly, though the practical 
applicability, feasibility, and accuracy of these proposed aptasensors were 
investigated and evaluated through the analysis of the spiked samples experiments, 
the future’s researches were needed for a validation of these aptasensors with real 
contaminated samples to determine the performances such as limit of detection and 
quantification, precision, trueness, accuracy, etc. Through the method validation, 
these aptasensors will be widely used for the detection of mycotoxins. In addition, 
future direction will focus on the simplification of analytic principle and devices and 
the combination of novel aptamers with new materials and techniques to improve 
the analytical performance and market practicality of aptasensors. 

Keywords: mycotoxins, aflatoxin, fumonisin, aptamer, biosensor, RT-qPCR, 
graphene oxide, DNase I, detection, food safety. 
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In this article, we discuss and analyze the development of aptasensors for mycotoxins 

determination in food and agricultural products during the last eleven years and 

cover the literatures from the first report in 2008 until today. In addition, challenges 

and future trends for the selection of aptamers towards various mycotoxins and 

aptasensors for multi-mycotoxins analysis are summarized. Given the promising 

development and potential application of aptasensors, the future researches will 

witness the great practicability of aptamer-based biosensor for food safety field. 
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Abstract: Mycotoxins are a large types of secondary metabolites appeared by 
fungi, they pose a great hazard and toxic reactions to human and animals. A majority 
of countries and regulators, such as European Union, have established series of 
requirements and set the maximum tolerated levels. The development of high 
sensitive and specific analytical platform for mycotoxins is much in demand to 
address new challenges for food safety in worldwide. Due to the superiority of 
simple, rapid, and low-cost characteristics, aptamer-based biosensors are 
successfully developed for the detection of various mycotoxins with high sensitivity 
and selectivity compared with traditional instrumental methods and immunological 
approaches. In this article, we discuss and analyze the development of aptasensors 
for mycotoxins determination in food and agricultural products during the last 
eleven years and cover the literatures from the first report in 2008 until today. In 
addition, challenges and future trends for the selection of aptamers towards various 
mycotoxins and aptasensors for multi-mycotoxins analysis are summarized. Given 
the promising development and potential application of aptasensors, the future 
researches will witness the great practicability of aptamer-based biosensor for food 
safety field. 

Keywords: aptamer, biosensor, mycotoxin, detection, food safety. 
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1 Introduction 

There are about 25% of crops in worldwide that are contaminated with 
mycotoxins (FAO, 2004). Mycotoxins contaminants, one of the most serious global 
challenges, have been attracted more and more attention from International Agency 
for Research on Cancer (IARC) of the World Health Organization (WHO) and 
scientists in food safety sciences. Mycotoxins, one of the most important and toxic 
contaminants in food and agricultural products, are secondary metabolites produced 
mainly by various molds (Atar et al., 2015; Mata et al., 2015; Zhu et al., 2015). 
There are hundreds of mycotoxins that were identified mainly aflatoxins (AF), 
ochratoxins (OT), fumonisins (F), and zearalenone (ZEN) as seen in Figure 1-1.  

Mycotoxins, a kind of great hazard contaminants for human and animals health, 
have been a part of food chain. High exposure of mycotoxins in food and feed can 
lead to mycotoxicosis on human and animals with acute and chronic effects, which 
mainly has an effect on the kidney, liver, endocrine, nervous and immune systems 
(Cigic and Prosen, 2009). 

Aflatoxin B1 is present in a variety of feed and food, including cereals, maize, 
nuts, and fruits (Chen et al., 2014; Iqbal et al., 2014; Zhang et al., 2016). AFB1 is 
the most toxic mycotoxin which mainly causes liver cancer. Its metabolite aflatoxin 
M1 can appear in milk when dairy cows consumed the feed contaminated with 
AFB1 (Guo et al., 2014; Guo et al., 2016). AFM1 occurs mainly in dairy products 
such as raw milk, heat-treated milk, processing milk, and milk-based products. 
Therefore, mycotoxins pose a common threat in both feed and food products 
industry and their processing products industry. Ochratoxin A is responsible for the 
mutagenic, teratogenic and immunosuppressive effects, which occurs in various 
feed and food including cereals, meats, milk, grape, coffee, beer and wine, etc. 
Fumonisin B1, produced by Fusarium moniliforme, can cause oesophagal cancer, 
liver tumor, and kidney tumor via the contamination of maize and maize products, 
as well as animal feeds (Scott, 2012).  

The certain mycotoxin toxicity and the general exposure of the population 
determins the severity and attention of this kind of mycotoxin. In industrialized 
countries, the chronic mycotoxicosis effects and diseases are largely more than that 
of the acute issues as a result of low level exposure of the population. In contrast, in 
developing countries, it is common that the control of mycotoxin exposure is 
difficult in both agricultural activities and regulations. Mycotoxin exposure of the 
population is generally high in these areas (Sanzani and Ippolito, 2014). China is an 
developing country, which is also a great agriculture-based country. In addition, it 
has posed an important role in food supply chain worldwide. Therefore, China 
government and Ministry of Health have established the maximum limits against 
mycotoxins in food and agricultural products for food safety. The aflatoxins levels 
presented in infant cereals, raw milk and edible oils are much lower than the 
regulation limit of China. It is first reported that aflatoxins occurred in lotus seeds. 
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No AFM1 appeared in infant milk powder as a result of the strict control and 
requirement of China for human and infants health. The levels of ochratoxin A 
occurred in wine were below the permissible limits established by European Union. 
In addition, no permissible limits for fumonisins have been regulated in China. 
However, due to the common occurrence of fumonisins in maize and maize products, 
the contamination state of fumonisins should be attentioned, and the permissible 
limits should be set in the future (Selvaraj et al., 2015). As seen in table 1-1, 
international legislation on mycotoxins was summarized with maximum admissible 
levels in certain commodities and products. 

Table 1-1: Summary of the international legislation on mycotoxins (Anfossi et al., 2016). 

Mycot
oxins  

Products Maximum tolerable 
levels (μg/kg) 

Countries and Organizations 

AF Oil seeds, nuts, 
dried fruits, 

cereals, spices 

4–15 (2–12 for AFB1) 
(15 for AFB1) 

 
 

20 
30 

EU 
Australia, Canada,  

Nigeria, New Zeland, 
South Africa 

USA, Brazil, MERCOSUL 
India 

AFM1 Milk and infant 
formula 

0.25–0.05 
0.5 

 
 

0.5–5 

EU, Turkey, South Africa 
Argentina, China, 

India, Kenya, Mexico, 
Uruguay, USA 

Brazil, MERCOSUL 
OTA Cereals, dried 

fruits, coffee, 
cocoa, wine, beer, 

grape juice, 
spices, liquorice, 
blood products 

2–10 
5 
 

20 
2–30 

50 

EU, Egypt,  
China, Kenya, 
Nigeria, Russia 

India 
Brazil 

Uruguay  
F Maize 800–4000 

 
2000–4000 
2000–5000 

EU, Turkey, Norway, 
Switzerland 

USA 
Brazil 

ZEN Cereals, bakery 
products, maize oil 

75–400 
200–1000 
200,000 

EU 
Brazil 

China, Russia, Chile 

Aflatoxin B1 and aflatoxin M1, the most toxic mycotoxins, have been designated 
as group 1 carcinogen by the International Agency for Research on Cancer (IARC) 
of the World Health Organization (WHO), and ochratoxin A is classified as group 
2  carcinogen by IAR   IAR   1993; IAR   2002; O’ rien and Dietrich, 2005). 
Given of the serious toxicity effect of mycotoxins on animals and human, the 
European  o  ission set t e  axi u  conta ination AF 1 level to 2 μg kg

-1
 for 

all cereals and cereal-derived products for food safety (Commission, 2010). In 
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addition, European Union has regulated a maximum tolerated level for AFM1 to 
0 050 μg kg

-1
  or adult  and lower level  or AFM1 to 0 025 μg kg

-1
 for children and 

infants consumption (Commission, 2006). Taking the high toxicity and low 
permissible limits into consideration, rapid, low-cost, sensitive analytical strategies 
for the detection of mycotoxins are vitally important and required. 

 

Figure 1-1: Chemical structures of the important mycotoxins. 

Confirmatory and quantitative approaches for detection of mycotoxins are mainly 
thin layer chromatography (TLC) (Var et al., 2007), high-performance liquid 
chromatography (HPLC) (Mao et al., 2015; Wang et al., 2012; Lee et al., 2015; 
Pietri et al., 2016; Herzallah, 2009; Yazdanpanah et al., 2013), and liquid 
chromatography coupled with mass spectrometry (LC–MS) (Corcuera et al., 2011; 
Abia et al., 2013; Warth et al., 2013). However, expensive and special instruments, 
complicated pretreatment and professional personnel are required in these typical 
equipment methods (Shim et al., 2007). In the meantime, antibody-based 
immunoassays were developed for mycotoxin detection, including enzyme-linked 
immune sorbent assay (ELISA) and immunosensors methods (Li et al., 2009; Kav et 
al., 2011; Anfossi et al., 2015; Parker et al., 2009; Bacher et al., 2012; Vdovenko et 
al., 2014; Park et al., 2013; Piermarini et al., 2007; Mozaffari Nejad et al., 2014; 
Sheng et al., 2014; Xu et al., 2014). Though the immunoassays has the advantage of 
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high specificity, the high-cost and storage stability of antibody limits the application 
of these rapid analysis procedures. Aptamers, an alternative molecule recognition 
element to antibodies, are single-stranded (ss) DNA or RNA oligonucleotides that 
can form aptamer/target complex with very strong affinity and specificity via the 
conformational change. The advantages of aptamer were compared to antibody in 
table 1-2. With these advantages, aptamer-based biosensors were widely introduced 
for the detection of mycotoxins like AFB1 (Castillo et al., 2015; Evtugyn et al., 
2013; Seok et al., 2015; Shim et al., 2014; Wang et al., 2016), AFM1 (Nguyen et al., 
2013; Istamboulie et al., 2016), OTA (Guo et al., 2011; Kuang et al., 2010; Yang et 
al., 2013), FB1 (Wu et al., 2012; Wu et al., 2013), especially based on fluorescent, 
colorimetric and electrochemical aptasensors (Figure 1-2). However, the 
ultrasensitive approaches are difficult to develop via a simple aptasensor recognition. 
Therefore, a series of novel aptasensors with signal amplification and enhancement 
have been introduced for mycotoxins (Yang et al., 2007; Weizmann et al., 2006; 
Patolsky et al., 2002; Wu et al., 2017; Deng et al., 2009; Pavlov et al., 2004; Guo et 
al., 2014), which can meet the requirement of the low maximum contamination level 
set by many countries and organizations.  

Table 1-2: Comparison of the properties between antibody and aptamer (Zhuo et al., 2017). 

No. Antibody Aptamer 

1 High molecular weight  Low molecular weight 
2 Screened under physiological 

conditions 
Screened and chemical synthesis in vitro 

3 Sensitive to temperature, short storage 
time  

Stored and transported at room 
temperature 

4 Temperature-induced denaturation is 
irreversible 

Temperature-induced denaturation is 
reversible 

5 Long preparation time with high cost Short preparation time with low cost 
6 Strongly immunogenic No obvious immunogenicity 
7 Limited target substances Wide range of target substances 
8 Lose affinity to target with labels Keep original biological activity with 

labels 
9 Unable to separate cross-reactive 

substances 
Can separate structural analogues or 

cross-reactive substances 

2 Aptamers selection 

Aptamers, an alternative target recognition probe to antibodies, are ssDNA or 

ssRNA oligonucleotides that can bind to targets with high affinity and specificity 

through the dimensional structure change after the formation of target/aptamer 

complex. At the first time, systematic evolution of ligands by exponential 

enrichment (SELEX) was introduced to obtain RNA sequence against T4 DNA 
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polymerase, which is performed in a random sequences pool. In this study, 

nitrocellulose filter was adopted to obtain RNA sequence, and filter binding 

methods was employed to recognize the process of SELEX selection. It was 

predicted that this SELEX strategy could obtain strong affinity and specificity 

ligands for any target (Tuerk and Gold, 1990). 

 

Figure 1-2: Principle illustration of fluorescence, colorimetric and electrochemical aptasensor 
for the detection of small molecule mycotoxins. 

In the meantime, another RNA sequence specific to organic dyes was first selected 
based on affinity chromatography column. There is a ligand binding site of this 
RNA sequence towards organic dyes. This RNA sequence was defined as aptamers 
(Ellington and Szostak, 1990), which indicated that the aptamer was the first time 
successfully selected. Two years later, ssDNA aptamer of human thrombin was 
successfully obtained with the dissociation constant from 25 to 200 nM (Bock et al., 
1992). From then on, the RNA and ssDNA sequences libraries were simultaneously 
employed for the process of aptamers selection (Darmostuk et al., 2015). Aptamers 
have many advantages, such as small molecular, screened and chemical synthesis in 
vitro, stored and transported at room temperature, reversible temperature-induced 
denaturation, short preparation time with low cost, no obvious immunogenicity, 
wide range of target substances, keep original biological activity with labels, 
separate structural analogues or cross-reactive substances. Therefore, aptamer and 
aptamer-based biosensor was widely applied for the detection of various targets with 
promising future. 
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In the beginning 18 years from the finding of first aptamer, the selected aptamers 
and novel aptamer-based biosensors were mainly used in the field of medicine, 
biology, chemistry and bioinformatics (Wang et al., 2019; Tan et al., 2019; Zhang et 
al., 2019; Xiong et al., 2019). For food safety sciences, especially in mycotoxins 
detection for food safety, the first aptamer specific to OTA has been reported by 
Cruz-Aguado in 2008 (Cruz-Aguado and Penner, 2008).In recent years, a series of 
SELEX-based techniques have been developed for the selection of aptamers against 
various targets, mainly including cell-SELEX, capillary electrophoresis-SELEX 
(CE-SELEX), immunoprecipitation-coupled SELEX (IP-SELEX), atomic force 
microscopy SELEX (AFM-SELEX), and artificially expanded genetic information 
system-SELEX (AEGIS-SELEX). As shown in table 1-3, the characteristics, 
advantages and disadvantages are summarized and discussed. 

Table 1-3: Comparison of the current SELEX-based aptamer selection techniques (Zhang et 
al., 2019). 

SELEX   Key Points Advantages Disadvantages 

Cell-SE
LEX 

Aptamers selection 
for whole live cells 

Aptamers for molecules in 
their native state. Cell 

surface has many potential 
targets. No protein 

purification 

Costly. For cell surface 
targets. Time consuming. 

Post SELEX 
identification of the target 

required 
CE-SEL

EX 
Electrophoretic 

mobility based ions 
separation  

Rapid. Only 1–4 rounds of 
selection. Reduced 

non-specific binding. No 
target immobilization  

Not suitable for small 
molecules. Expensive 
equipment required 

IP-SELE
X 

Includes 
immunoprecipitatio

n 

For proteins. Increased 
affinity and specificity 

Time-consuming  
 

AFM-SE
LEX 

Employs AFM for 
3D image of sample 

surface 

Rapid. Only 3–4 rounds 
required. Increased aptamer 

affinity  

Expensive equipment 
required. Target and 

aptamers immobilization 
required 

M-SELE
X 

Microfluidic 
system-based 

SELEX 

Rapid. Automatable. For 
small molecules. Highly 
efficient (required only 

small amounts of reagents)  

Low purity of aptamers. 
Target immobilization 

required 

AEGIS-
SELEX 

Libraries with the 
artificially 
expanded 

genetic code 

Increased aptamers 
specificity 

Poor recognition of the 
unnatural bases by natural 

DNA polymerases 

Capture-
SELEX 

Library is 
immobilized on a 

support 

For small molecules. For 
structure-switching 
aptamers. No target 

immobilization  

Partial oligonucleotides 
from the library might be 

not selected 
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3 Aptasensor for the analysis of ochratoxin A 

Ochratoxins are one important type of mycotoxins, which are mainly produced by 
several fungi, such as Aspergillus ochraceus and Penicillium verrucosum (Liu et al., 
2015). Of the several subtypes of ochratoxins, ochratoxin A (OTA) is the very 
common one, and is designated as a possible human carcinogen by IARC (Lv et al., 
2016). Researches have paid much attention to the studies on OTA in recent years 
owing to its widespread occurrence and extraordinary toxic reactions on animals and 
human. The first aptamer, the minimal one of the selected sequences, has the highest 
affinity to OTA. The dissociation constant is 200 nM. Since this aptamer specific to 
OTA has been reported by Cruz-Aguado in 2008 (Cruz-Aguado and Penner, 2008), 
large numbers of novel aptasensors were developed for OTA analysis in various 
food products, including fluorescenct, colorimetric and electrochemical aptasensors, 
as well as some methods based on nanomaterials. The recent literatures of 
aptasensors for the analysis of ochratoxin A for food safety are illustrated in table 
1-4. In addition, these articles are analyzed in more details for each group of the 
targets.
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Table 1-4: Summary of aptasensor for the analysis of ochratoxin A. 

Mycotoxi
ns 

Method Principle Detection 
range 

LOD Sample Reference 

OTA Fluorescent 
aptasensor 

single-walled carbon nanotubes 
(SWNTs) as quencher 

25-200 nM 24.1 
nM 

Beer (Guo et al., 2011) 

OTA Fluorescent 
aptasensor 

PVP-protected graphene oxide as 
quencher 

50-500 nM 21.8 
nM 

Red 
wine 

(Sheng et al., 2011) 

OTA Fluorescent 
aptasensor 

target-induced Conformational change 
signaling aptamer 

1-100 ng mL
-1

 0.8 ng 
mL

-1
 

Corn (Chen et al., 2012) 

OTA Fluorescent 
aptasensor 

fluorescent DNA and silver-nanocluster 
(AgNCs) 

0.01-0.3 ng 
mL

-1
 

2 pg 
mL

-1
 

Wheat (Chen et al., 2014) 

OTA Fluorescent 
aptasensor 

Carboxy-modified fluorescent 
Particles 

0.1-150 nM 0.005 
nM 

Beer (Hayat et al., 2015) 

OTA Fluorescent 
aptasensor 

aptamer-conjugated magnetic beads 
(MBs) and CdTe quantum dots (QDs) 

0.015-100 ng 
mL

-1
 

5.4 pg 
mL

-1
 

Peanut (Wang et al., 2015) 

OTA Fluorescent 
aptasensor 

hybridization chain reaction (HCR)  1.0-20 pM 0.1 pM Corn (Wang et al., 2016) 

OTA Colorimetric 
aptasensor 

unmodified gold nanoparticles (AuNPs) 
indicator 

20-625 nM 20 nM - (Yang et al., 2011) 

OTA Colorimetric 
aptasensor 

target-reactive aptamer-cross-linked 
hydrogel 

0-100 nM 1.27 
nM 

Beer (Liu, et al., 2015) 

OTA Colorimetric 
aptasensor 

cationic polymer and AuNPs 0.05-50 ng 
mL

-1
 

0.009 
ng 

mL
-1

 

liquor (Luan et al., 2015) 

OTA Colorimetric 
aptasensor 

aptamercontrolled growth of Au NPs - 1 nM Red 
wine 

(Soh et al., 2015) 

OTA Colorimetric 
aptasensor 

 Au@Fe3O4 NPs 0.5-100 ng 
mL

-1
 

30 pg 
mL

-1
 

Peanut (Wang et al., 2016) 

OTA Electrochemilumin N-(4-aminobutyl)-N-ethylisoluminol 0.02-3.0 ng 0.007 Wheat (Wang et al., 2010) 
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escent biosensor and AuNP-modifiedgold electrode mL
-1

 ng 
mL

-1
 

Mycotoxi
ns 

Method Principle Detection 
range 

LOD Sample Reference 

OTA Electrochemical 
aptasensor 

aptamer modified gold electrode 0.1-1000 pg 
mL

-1
 

0.095 
pg 

mL
-1

 

Red 
wine 

(Wu et al., 2012) 

OTA Electrochemical 
aptasensor 

gold electrode coupled with silver 
nanoparticles 

0.3-30 nM 50 pM Beer (Evtugyn et al., 2013) 

OTA Electrochemical 
aptasensor 

rolling circle amplification (RCA) 0.1-5000 pg 
mL

-1
 

0.065 
pg 

mL
-1

 

Wine (Huang et al., 2013) 

OTA Electrochemical 
aptasensor 

Au NPs and methylene blue 2.5-2500 pM 0.75 
pM 

Red 
wine 

(Yang et al., 2014) 

OTA Electrochemical 
aptasensor 

exonuclease-induced recycling 
amplification 

0.01-1.0 ng 
mL

-1
 

0.004 
ng 

mL
-1

 

Corn 
and Oat 

(Tan et al., 2015) 

OTA Electrochemical 
aptasensor 

nanocomposites of AuNPs 0.2-4000 pg 
mL

-1
 

0.07 
pg 

mL
-1

 

- (Hao et al., 2016) 

OTA Chemiluminescenc
e aptasensor 

HRP-mimicking DNAzyme 
(HRPzyme) 

0.1-100 ng 
mL

-1
 

0.22 
ng 

mL
-1

 

Coffee 
beans 

(Jo et al., 2016) 

OTA Electrochemical 
aptasensor 

exonuclease (Exo) III-assisted recycling 
amplification 

0.001-0.5 ng 
mL

-1
 

0.58 
pg 

mL
-1

 

Wheat (Liu et al., 2016) 
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3.1 Fluorescent aptasensor for OTA 

First, Guo et al, developed a sensitive and selective aptasensor for fluorescent 
detection of OTA. The single-walled carbon nanotubes (SWNTs) were employed to 
quench the fluorescence signal produced by carboxyfluorescein-labelled aptamer. 
Upon the presence of OTA, the spatial structure change of the specific aptamer leads 
to the separation of the SWNTs with the aptamer, the fluorescence is therefore 
detected. The fluorescence signal has a good linear relationship with concentrations 
in a range from 25 to 200 nM, with a detection limit of 24.1 nM (Guo et al., 2011). 
In addition, this aptasensor is successfully used for OTA determination in real beer 
samples. In the same year, another fluorescent aptasensor was introduced by the 
same research team via the graphene oxide as a fluorescence quencher (Sheng et al., 
2011). In this sensing platform, a linear response of 50-500 nM was obtained 
between the fluorescence intensity and OTA levels, with the detection limit of 21.8 
nM. More importantly, the limit detection could be lowered by two orders of 
magnitude by using PVP-coated graphene oxide. Similarly, this current aptasensor 
was also validated for OTA detection in red wine samples.  

 

Figure 1-3: Schematic representation of the fluorescent aptasensor for OTA determination 
based on the conformational of aptmer. 
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Based on the similar fluorescence response and fluorescence quench schemes, 
Chen et al, reported a rapid and feasible aptasensor for OTA determination in corn 
samples (Chen et al., 2012). In this sensing platform (Figure 1-3), the fluorophore 
was used to label the aptamer while the quencher moiety was employed to label the 
complementary DNA to quench the fluorescence. When there was no OTA, the 
hybridization reaction between the complementary DNA and the aptamer led to the 
close distance of these two moieties, the fluorescence signal was effectively 
quenched. Upon OTA addition, the produce of aptamer/OTA complex resulted in the 
separation of the complementary DNA, and the fluorescence was thus recovered. A 
good linear response between the fluorescent change and OTA levels was obtained 
ranged from 1 to 100 ng mL

-1
, with the detection limit of 0.8 ng mL

-1
. More 

importantly, the whole analysis process of this method was within 1 min. Therefore, 
this was another fluorescent aptasensor for rapid determination of OTA with high 
efficiency.  

Nanomaterials were also used to construct biosensors with several 
modifications to produce fluorescence. One of those aptasensors was introduced for 
the detection of OTA. In this research, magnetic beads, the fluorescence 
characterization of DNA silver nanocluster, and spatial conformational change of the 
aptamer was adopted. An ultrasensitive method was achieved with the limit of 
detection (2 pg mL

-1
). Additionally, the practical analysis was successfully 

completed on wheat samples for OTA detection. This aptasensor might provide a 
promising sensing platform for OTA due to its unique advantages of low-cost, rapid, 
portable, selective, and ultrasensitive (Chen et al., 2014). Based on the same 
magnetic beads separation method, Akhtar et al, reported a generic fluorescent 
aptasensor to detect OTA. In this sensing strategy, carboxy-labelled aptamer was 
adopted to signal produce element, the magnetic beads were employed to separate 
unbound portions. A high sensitivity of this aptasensor was determined with a limit 
of detection (0.005 nM). Moreover, this proposed method was successfully applied 
on beer samples for the analysis of OTA (Hayat et al., 2015).  

Additionally, another one-step fluorescent aptasensor was illustrated for OTA 
determination. The specific aptamer for OTA was employed as a target recognition 
probe, CdTe quantum dots (QDs) was used as a label, and magnetic beads were 
acted as the separation support. Upon OTA addition, the produce of aptamer/OTA 
complex and magnetic separation resulted in a significant fluorescence intensity 
enhancement. More importantly, a wide range response between the fluorescence 
signal and OTA concentrations (from 15 pg mL

-1
 to 100 ng mL

-1
) was achieved, and 

the limit of detection was 5.4 pg mL
-1

. Therefore, this developed sensing platform 
might represent a potential strategy for OTA routine controls for food safety(Wang 
et al., 2015). Finally, hybridization Chain Reaction (HCR), an important signal 
enhancement strategy, has been widespreadly applied for the analysis of DNA, 
proteins, metal ions, virus, and cancer cells, as well as the mycotoxins. An 
ultrasensitive aptasensor was developed for OTA determination via HCR technique. 
In this sensing platform, perylene derivative was conjugated and employed as the 
fluorescence element. DNA concatamers were obtained through the HCR strategy, 
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which caused the aggregation of perylenediimide probe and subsequent signal 
enhancement. Under the optimized conditions, fluorescence signal was established 
to have a good linear relationship with the targeted OTA concentrations. It ranged 
from 1.0 to 20 pM with a detection limit of 0.1 pM, indicating that this current 
aptasensor was highly sensitive for the analysis of OTA. Moreover, the practicality 
of this sensing strategy was validated through the successful detection of OTA levels 
in corn samples (Wang et al., 2016).  

3.2 Colorimetric aptasensor for OTA 

In addition to fluorescent aptasensors, colorimetric aptasensors are also 
widespread techniques for the analysis of mycotoxins because of their simple and 
rapid uses, without the requirement of complicated instruments. A color change was 
produced as a result of the aggregation of gold nanoparticals (AuNPs) in the salt 
presence. Yang et al. developed a colorimetric aptasensor for OTA determination, 
which employed the advantages of the specific aptamer and AuNPs (Yang et al., 
2011). Upon the OTA addition, structural change to G-quadruplex of the aptamer 
from random coil to G-quadruplex resulted in the separation of the aptamer to 
AuNPs, leading to AuNPs aggregation under the addition of salt and subsequent 
color change. The absorbance values presented a good linear relationship with OTA 
concentrations ranged from 20 to 625 nM. Its detection limit is 20 nM. Using the 
same AuNPs colorimetric indicators, a novel visual aptasensor was introduced for 
visual analysis of OTA via the synthesis of DNA hydrogels. This technology has 
been widely applied for the analysis of proteins (Zhang et al., 2013), ions (Dave et 
al., 2010; Guo et al., 2014; Lin et al., 2011) and nucleic acids (Sun et al., 2014), as 
well as small molecules (Yan et al., 2013; Zhu et al., 2010). In this design, as 
depicted in Figure 1-4, the DNA hydrogels were obtained through linkage between 
the aptamer of OTA and two polymer single-stranded DNAs. With the addition of 
OTA, the aptamer/OTA complex formation induced dissociation of the DNA 
hydrogels. Subsequently, the AuNPs were released for the colorimetric detection of 
OTA levels. Its detection limit was determined to be 1.27 nM by signal 
amplification strategy. Therefore, this proposed sensing strategy represented a novel 
and portable method for the analysis of OTA to ensure food safety (Liu, et al., 
2015).  

Moreover, Luan et al. reported a sensitive and selective aptasensor for OTA 
determination via aggregation of AuNPs as the colorimetric generator induced by 
poly diallyldimethylammonium chloride (PDDA). Upon the optimal conditions, its 
detection limit was obtained down to 0.009 ng mL

-1
, which demonstrated that this 

sensing platform provided a promising simple and sensitive platform for rapid 
analysis of OTA (Luan, et al., 2015).  

Under the normal circumstances, the coexistence of multiple mycotoxins is a 
very common phenomenon in food and agricultural products. High-throughput 
screening and analysis of multiple mycotoxins will play an important role for food 
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safety. Based on the recognition reaction of aptamer and the colorimetric response 
of AuNPs, a rapid and sensitive aptasensor for the analysis of multiple small 
molecules including OTA was introduced. Upon the addition of target, the 
interactions between aptamer and targets caused the dissociation of the aptamer 
from the surface of AuNPs, leading to the color change of AuNPs. the limits of 
detection were 1 nM for OTA, 0.2 nM for 17β-estradiol, and 1 nM for cocaine, 
respectively. Therefore, the novel aptasensor became a potential strategy for 
high-throughput application for multiple mycotoxins detection by simple 
replacement of aptamer for different mycotoxins (Soh, et al., 2015). 

 

Figure 1-4: Principle illustration of colorimetric aptasensor for detection of OTA via AuNPs 
encapsulated DNA hydrogel. Reprinted from Liu et al. (2015) with permission. 

In addition, Au@Fe3O4 NPs were obtained through AuNPs being 
functionalized by Fe3O4 NPs, and the Au@Fe3O4 NPs activity was thus increased. 
The aptamer of OTA was labelled to the magnetic beads while its complementary 
single-stranded DNA was modified on Au@Fe3O4 NPs. Upon the addition of OTA, 
the recognition between the aptamer and OTA caused the release of ssDNA-labelled 
Au@Fe3O4 NPs, which could exert the color change to a blue solution. Its detection 
limit was down to 30 pg mL

-1
, demonstrating that this sensing strategy was a novel 

and sensitive approach for OTA determination for food safety via the application of 
peroxidase-like activity of AuNPs (Wang et al., 2016).  

3.3 Electrochemical aptasensor for OTA 

The immobilization of aptamers on the surface of transducer substrates exerted 
an important function on the construction of electrochemical aptasensors. The 
transducer substrates mainly consisted of gold and carbon-based electrodes. A series 
of electrochemical aptasensors were developed for OTA analysis in food and 
agricultural products, including Electrochemical Impedance Spectroscopy (EIS), 
Differential Pulse Voltammetry (DPV), Cyclic Voltammetry (CV), Linear Sweep 
Voltammetry (LSV), Square Wave Voltammetry (SWV), Field Effect Transistor and 
potentiometry. Electrochemical aptasensors attracted great interest for researchers 
owing to the advantages of rapid, portable, low-cost, and high sensitivity and 
selectivity, as well as the high efficient properties. Firstly, based on the 
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AuNPs-modified gold electrode and luminescence-labelled specific aptamer, Wang 
et al. successfully carried out an electrochemiluminescent aptasensor method for 
OTA determination in wheat samples. The luminescence-labelled aptamer was 
employed as the indicator of the sensor, and the complementary DNA modified to 
gold electrode was hybridized with the aptamer. Upon the addition of OTA, the 
structural change of the aptamer caused the separation of luminescence-labelled 
aptamer from complementary DNA-modified gold electrode, resulting in the 
decrease of electrochemiluminescence (ECL) signals. In optimized conditions, a 
good linear response was observed between the ECL signals and OTA 
concentrations ranging from 0.02 to 3.0 ng mL

-1
, and its detection limit was 0.007 

ng mL
-1

. Therefore, this current method offered a promising sensing strategy for the 
analysis of OTA for food safety (Wang et al., 2010). Then, by using the same gold 
electrode, an electrochemical aptasensor with high sensitivity was introduced for 
OTA detection (Wu et al., 2012). The aptamer labeled with thiol- and methylene 
blue- was used as the molecule recognition probe. Under the addition of target OTA, 
aptamer/OTA complex was formed owing to the interaction of the aptamer and OTA, 
which suppressed the transfer of the electron. In the optimized conditions, the 
change of the electrochemical signal had a good linear response when compared to 
the OTA levels ranging from 0.1 to 1000 pg mL

-1
. Its detection limit was determined 

to 0.095 pg mL
-1

. Moreover, the proposed electrochemical aptasensor was 
successfully used for the OTA analysis in red wine samples with satisfying 
recoveries. This rapid approach represented a potential tool for on-site analysis of 
OTA.  

Similarly, based on gold electrode and recognition of aptamer, another 
electrochemical aptasensor was presented for OTA determination (Evtugyn et al., 
2013). In this study, the gold electrode was modified using silver nanoparticles and 
electropolymerized neutral red, and the aptamer was thiolated to the surface of the 
silver nanoparticles. When in the addition of OTA, aptamer/OTA complex was 
produced, that caused the change of charge transfer resistance, which was 
subsequently determined via EIS in the addition of ferricyanide ions. The limit of 
detection was calculated to be 0.05 nM. In addition, the method validation was 
confirmed through the analysis of this electrochemical aptasensor for OTA analysis 
in beer samples with satisfactory recoveries.  

It’s i portant to note that many government regulators and countries have set a 
very low level of maximum residue of OTA in food and agricultural products due to 
its serious toxicity to human and animals. The signal enhancement techniques are a 
requirement when using this technology. Rolling circle amplification (RCA) 
technique was used to improve the method sensitivity of electrochemical sensors. 
Huang et al. developed an electrochemical aptasensor for OTA determination on the 
basis of specific recognition of the aptamer and the signal amplification of RCA 
(Figure 1-5). The RCA primer was consisted of two DNA sequences, including the 
aptamer and the complementary DNA modified on surface of electrode. With OTA 
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presence, RCA was suppressed because of the recognition between OTA and its 
aptamer, leading to a decreasing signal of the electrochemical aptasensor. In  
optimized conditions, its detection limit was obtained at 0.065 pg mL

-1
. In addition, 

the feasibility and practicability have been validated for OTA determination in wine 
samples (Huang et al., 2013).  

 

Figure 1-5: Principle diagram of electrochemical aptasensor for OTA analysis based on RCA 
signal amplification. Reprinted from Huang et al. (2013) with permission. 

To improve detection sensitivity, a novel duplicate and signal enhanced 
electrochemical aptasensor was presented for OTA detection in red wine samples 
(Yang et al., 2014). In this research, four DNA sequences were designed and 
synthesized. DNA3-GNPs/DNA2/DNA1-Au were modified to surface of electrode 
via strand hybridization for the first signal enhancement in addition of methylene 
blue. Meanwhile, the DNA4, partial complementary with DNA3, offered a large 
amount of  anchoring sites for MB due to its rich G bases. The duplicate signal 
amplification was thus obtained. A good electrochemical signal response was 
achieved against the concentrations of OTA in the 2.5 pM to 2.5 nM range, with 
detection limit of 0.75 pM. 

However, the novel electrochemical aptasensors were also achieved via 
immobilization-free aptamers to the surface of electrode. The complementary DNA, 
labelled with MB, was adopted as the probe DNA of the electrochemical aptasensor. 
Since DNA contains negative charges, the hybridization duplex of aptamer and its 
complementary DNA was not diffused to the surface of negative charged electrode 
due to the repulsion reaction. Upon the presence of OTA, the conformational 
changes of the aptamer led to release of DNA probe subsequently digested by the 
exonuclease. As the DNA probe contains little negative charges, it spreads to surface 
of electrode, and the electrochemical signal is thus increased. On the other hand, the 
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target OTA was released for the next cycle to obtain the detection sensitivity. Based 
on the electrochemical method, an ultrasensitive aptasensor was introduced with 
detection limit of 0.004 ng mL

-1
 (Tan et al., 2015), demonstrating that this 

aptasensor approach provided a very potential analysis strategy for various 
contaminations. Meanwhile, Hao et al. reported an electrochemical aptasensor for 
OTA analysis via AuNPs functionalized iron oxide magnetic nanomaterials and 
graphene/AuNPs nanoparticles. A good linear response was obtained between the 
electrochemical aptasensor and the target OTA levels in the range of 0.2 pg mL

-1
- 4 

ng mL
-1

. Its detection limit was established at 0.07 pg mL
-1

 (Hao et al., 2016). The 
proposed aptasensor offered a promising strategy for the analysis of mycotoxins for 
food safety. 

In addition, chemiluminescence techniques were also widely employed for the 
food safety research owing to its simple, low cost and sensitive characteristics. 
Chemiluminescence resonance energy transfer (CRET) is a process of energy 
conversion between a chemiluminescent donor and an acceptor. Since no external 
light source was needed, low background signals were produced in the 
chemiluminescence methods. By taking advantages of chemiluminescence, Jo et al. 
introduced a chemiluminescent aptasensor for OTA determination in coffee. In this 
study, the specific aptamer to OTA was synthesized with the 5’-modification of 
DNAzyme and 3’-modification of dabcyl, which was used as the quencher of the 
CRET aptasensor. Upon the OTA and hemin addition, the complex produce of 
G-quadruplex/OTA led to the approaching of aptamer to the hemin, and CRET 
caused the quenching of the chemiluminescence signals between luminol and dabcyl. 
The chemiluminescence signals had a good response versus the OTA concentrations 
ranging from 0.1 to 100 ng mL

-1
. Its detection limit was established to be 0.22 ng 

mL
-1

 (Jo et al., 2016). 

Recently, a series of researches focused on the enhancement of methods 
detection sensitivity via application of exonuclease III (Exo III), which can 
effectively digest double-stranded DNA. The recycling amplification was therefore 
achieved without any specific recognition elements. A rapid and simple 
electrochemical aptasensor with high sensitivity was introduced for OTA 
determination in wheat samples. In this study, the specific aptamer was adopted as a 
molecule recognition sequence and Exo III was employed to achieve the recycling 
amplification. With the addition of target OTA, the recognition between aptamer and 
OTA resulted in the release of complementary DNA and the subsequent digestion by 
Exo III. A good linear response was detected between the electrochemical signals 
and OTA concentrations in the range of 0.001 to 0.5 ng mL

-1
 with a detection limit 

of 0.58 pg mL
-1

 (Liu et al., 2016). Based on the same exonuclease signal 
amplification technique, another research group developed an electrochemical 
aptasensor for sensitive detection of OTA in red wine. In this study, as shown in 
Figure 1-6, complementary DNA (cDNA) of the OTA aptamer was modified with 
methylene blue (MB). The aptamer was hybridized with cDNA to dsDNA complex. 
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In OTA presence, the aptamer/OTA complex was formed with G-quadruplex 
structure and the cDNA was then released from the dsDNA to the surface of the 
electrode. Subsequently, the aptamer was digested partially by RecJf exonuclease. 
Thus, the target OTA was released for the next cycle. Ultimately, an exonuclease 
signal amplification aptasensor was achieved with satisfied detection range (from 10 
pg mL

-1
 to 10 ng mL

-1
) and LOD (3 pg mL

-1
) (Wang et al., 2019). 

 

Figure 1-6: Sensing strategy of electrochemical aptasensor for detection of OTA based on 
exonuclease-assistant signal amplification. 

4 Aptasensor for the analysis of aflatoxins 

Aflatoxins (AFs), one of the most toxic mycotoxins, are secondary metabolites 
produced by a variety of molds which mainly include Aspergillus flavus and 
Aspergillus parasiticus. AFs occur massively in feeds and agricultural products, like 
peanuts, cereals and corn, as well as the tree nuts. Among the several kinds of AF 
(including B1, B2, M1, M2, G1, and G2), AFB1 and AFM1 are the most toxic ones 
and have been classified as group 1 carcinogenic compound by IARC (IARC, 2002). 
Therefore, many countries and organizations have established a maximum 
contamination level of these toxic mycotoxins for food safety (Commission, 2010). 
In 2012, the high affinity aptmer to AFB1 was first selected by Neoventures 
Biotechnology Inc. (Canada) (Patent: PCT/CA2010/001292). This aptamer specific 
to AFM1 was selected and characterized by Malhotra et al. (Malhotra et al., 2014). 
With the advantages of these aptamers for aflatoxins, aptamer-based biosensors 
were successfully developed for aflatoxins determination and have been studied in 
depth in the literature (table 1-5). 

Table 1-5: Summary of aptasensor for aflatoxins analysis and fumonisins and zearalenone. 
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Mycotox
in 

Method Principle Detection 
range 

LOD Sample Reference 

AFB1 Fluorescent 
aptasensor 

CdTe quantum dots and graphene 
oxide  

3.2 nM-320 
μM 

1.0 nM Peanut 
oil 

(Lu et al., 2014) 

AFB1 Fluorescent 
aptasensor 

nanographene oxide and nuclease 1.0-100 ng 
mL

-1
 

0.35 ng 
mL

-1
 

Corn (Zhang et al., 
2016) 

AFB1 Colorimetric 
aptasensor 

peroxidase mimicking DNAzyme activity 0.1-10000 ng 
mL

-1
 

0.1 ng 
mL

-1
 

Corn (Seok et al., 
2015) 

AFB1 SERS aptasensor electrochemical impedance spectroscopy 
and SERS 

1×10
-6

-1 ng 
mL

-1
 

0.4 fg 
mL

-1
 

Peanut (Li et al., 2017) 

AFB1 SERS aptasensor magnetic-beads (CSFe3O4) as enrichment 
nanoprobe and AuNR@DNTB@Ag 

nanorods (ADANRs) 

0.01-100 ng 
mL

-1
 

3.6 pg 
mL

-1
 

Peanut 
oil 

(Chen et al., 
2018) 

AFM1 Electrochemical 
aptasensor 

Fe3O4 incorporated polyaniline 
(Fe3O4/PANi) film 

6-60 ng L
-1

 1.98 ng 
L

-1
 

- (Nguyen et al., 
2013) 

AFM1 Electrochemical 
aptasensor 

carbon screen-printed electrode and 
ferri/ferrocyanide redox probe 

2-150 ng L
-1

 1.15 ng 
L

-1
 

Milk (Istamboulie et 
al., 2016) 

AFM1 Microring 
Resonators 
aptasensor 

Silicon oxynitride (SiON) microring 
resonators 

- 5 nM - (Chalyan et al., 
2017) 

AFM1 Fluorescent 
aptasensor 

RT-qPCR amplification 1.0×10
-4

-1.0 
μg L

-1
 

0.03 ng 
L

-1
 

rice 
cereal, 
milk 

powder 

(Guo et al., 2016) 

AFM1 Fluorescent 
aptasensor 

Graphene oxide (GO) and nuclease 
amplification 

0.2-10 μg kg
-1

 0.05 μg 
kg

-1
 

milk 
powder 

(Guo et al., 2019) 

       

Mycotox
in 

Method Principle Detection 
range 

LOD Sample Reference 

FB1 Electrochemilum gold nanoparticles (Au NPs) and ionic 0.5-50 ng mL
-1

 0.27 ng Wheat (Zhao et al., 2014) 
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inescence 
aptasensors 

iridium complex mL
-1

 flour 

FB1 Microcantilever 
array aptasensor 

array with self-assembled monolayers 
(SAMs) functionalized sensing cantilevers 

0.1-40 μg mL
-1

 33 ng 
mL

-1
 

- (Chen et al., 2015) 

ZEN Fluorescent 
aptasensor 

upconverting nanoparticles 0.05-100 μg 
L

-1
 

0.126 μg 
kg

-1 
/ 

0.007 μg 
L

-1
  

Corn/Be
er 

(Wu et al., 2017) 
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4.1 Aptasensor for AFB1 

Simple fluorescent aptasensors have been reported for AFB1 determination based 
on the target-induced structure of switchable aptamer and high distance-dependent 
fluorescence quenching property of GO. First, Lu et al. reported a fluorescent 
aptasensor using quantum dots and GO for fluorescence quenching (Lu et al., 2014). 
A thiol-functionalized aptamer was modified at the CdTe quantum dots surface via 
ligand exchange. In the absence of AFB1, the fluorescence signal of the Q-dots was 
dramatically quenched by GO. Subsequently, fluorescence was recovered upon the 
presence of AFB1 ranging from 3.2 nM to 320 μM, its detection limit was 1.0 nM. 
Based on the similar principle, Zhang et al. introduced an amplified fluorescence 
aptasensor for AFB1 determination. The aptasensor adopted the ability of GO for 
aptamer protection from nuclease cleavage and used the nanometer size 
performance of GO to improve sensitivity. Three detection ranges (12.5 to 312.5 ng 
mL

-1
, 5.0 to 50 ng mL

-1
, and 1.0 to 100 ng mL

-1
) were achieved with the detection 

limit of 10.0 ng mL
-1

, 15.0 ng mL
-1

 and 0.35 ng mL
-1

, respectively (Zhang et al., 
2016). Furthermore, a colorimetric method was carried out for AFB1 determination 
using the aptamer and two split DNAzyme halves. A good linear response was 
achieved between the colorimetric signal and AFB1 concentrations ranging from 0.1 
to 1 ng mL

-1
, its detection limit was 0.054 ng mL

-1
. This described aptasensor 

demonstrated high specificity for AFB1 and could be applied for AFB1 
determination in corn (Seok et al., 2015). 

Surface Enhance Raman Scattering (SERS) is an important fingerprint analytical 
technique, which is widely used to analyze a large amount of contaminated 
agricultural products. First, Li et al. reported an aptasensor for AFB1 determination 
based on SERS signal amplification (Li et al., 2017). In this study, under AFB1 
addition, aptamer/AFB1 complex was formed, resulting in the dissociation of 
complementary DNA, which was as a signal enhancement element for the next 
cycle. Under the DNA hybridization, SERS tag was conjugated on the surface of 
AuNPs. A good linear response was achieved between the electrochemical signal 
and AFB1 levels in the range of 1×10

-6
 to 1 ng mL

-1
, with detection limit of 0.4 fg 

mL
-1

. Recently, based on the same SERS technique, an ultrasensitive aptasensor for 
AFB1 determination was introduced using CS-Fe3O4 nano-beads signal enrichment. 
Under the addition of AFB1, the release of SH-DNA2-ADANRs from the surface of 
CS-Fe3O4 was induced as a result of the competitively binding reaction between 
AFB1 and NH2-DNA1-CS-Fe3O4, the signal of SERS was thus decreased. The 
electrochemical signal was a linear relationship with AFB1. The concentrations 
ranged between 0.01 and 100 ng mL

-1
 with detection limit of 0.0036 ng mL

-1
 (Chen 

et al., 2018). The aptasensors based on the SERS technique took the advantages of 
greatly improving the detection stability and sensitivity. 

Hybridization chain reaction (HCR), a signal amplification strategy, has been 
widely used to construct biosensors for targets determination. In 2019, Yao et al. 
developed a chemiluminescent aptasensor via HCR for the detection of AFB1 with 
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high sensitivity (Yao et al., 2019). In this design (Figure 1-7), the aptamer was 
hybridized with the probe to form dsDNA on the surface of magnetic beads (MBs). 
When AFB1 existed, the formation of aptamer/AFB1 complex led to the release of 
the probe on MBs after magnetic separation. Therefore, HCR signal enhancement 
and HRP catalysis were achieved with high AFB1 detection sensitivity, its detection 
limit was established at 0.2 ng mL

-1
.  

 

Figure 1-7: Schematic illustration of chemiluminescent aptasensor for AFB1 determination 
by using HCR signal amplification. Reprinted from Yao et al. (2019) with permission. 

Based on the similar competitively binding of aptamer between target and cDNA, 
for more sensitive method to meet the requirement of low MRL, Wang et al. 
introduced a simple electrochemical aptasensor for AFB1 determination with high 
sensitivity (LOD = 2 nM). The aptamer was labelled with methylene blue (MB) and 
immobilized on gold electrode. In the presence of AFB1, the comformational 
change of aptamer resulted in the close of MB to the surface of the electrode, which 
caused the increase of the current (Figure 1-8). More importantly, a rapid aptasensor 
was achieved since only 5 min was required to complete the sample incubation 
(Wang et al., 2019). In order to develop more rapid even on-site sensing strategy for 
AFB1 determination, Xia et al. reported an ultrafast aptasensor for the detection of 
AFB1 based on enzyme-free signal amplification and special design of the aptamer 
(Xia et al., 2019). In this work, the aptamer was adopted as dual-terminal proximity 
structures with two fluorophores. These two fluorophores lighted up when the 
aptamer rapidly recognized with one molecule AFB1. This approach requires only 1 
min to complete the analysis process, which was the fastest method for the AFB1 
detection until now. Therefore, the proposed aptasensor has a promising application 
for on-site detection of mycotoxins. 
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Figure 1-8: Sensing illustration of electrochemical aptasensor for detection of AFB1 based on 
the conformational change of aptamer. 

4.2 Aptasensor for AFM1 

The aptamer of AFM1 was first produced using SELEX technique, which was 
obtained from the institute of biotechnology, Vietnam academy of science and 
technology. Based on this specific aptamer, Nguyen et al. reported an 
electrochemical aptasensor for AFM1 determination, which combined the unique 
recognition ability of aptamers with the signal enhancement function of Fe3O4 
magnetic nanomaterials. Under the condition of this amplification method, a 
detection limit (1.98 ng L

-1
) was obtained in the detection range of 6-60 ng L

-1
. 

However, the practical application of this aptasenor for matrices has not been 
validated; further studies are thus required on practical samples and broaden to a 
large number of mycotoxins for food safety (Nguyen et al., 2013). Nevertheless, an 
electrochemical impedance biosensor was described for AFM1 determination using 
the same specific aptamer, and this validation method in milk samples was 
investigated (Istamboulie et al., 2016). With the produce of aptamer/AFM1 complex, 
the electrochemical signal was enhanced with the increase of AFM1 concentrations 
ranging from 2 to 150 ng L

-1
 in buffer, and its detection limit was 1.15 ng L

-1
. In 

addition, the current method was shown to detect AFM1 in a range comprise 
beteween 20 and 1000 ng kg

-1
 in milk, demonstrating that the developed aptasensor 
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was an effective sensing strategy for the analysis of AFM1. Then, optical biosensor 
based on microring resonators (MRR) have been also used for biomolecular analysis 
in food safety. A functionalized silicon oxynitride MRR based biosensor was 
reported for AFM1 determination. The binding of AFM1 on the functionalized 
microring surface led to the effective refractive index change, then the resonance 
shift in the MRR transmission was detected using off-chip silicon photodetectors. In 
addition, this approach was demonstrated for AFM1 determination specifically with 
a detection limit of 5 nM (Chalyan et al., 2017). 

 

Figure 1-9: Schematic illustration of fluorescent aptasensor for detection of AFM1 by using 
graphene oxide signal amplification. Reprinted from Guo et al. (2019) with permission. 

Recently, a new aptamer specific to AFM1 was selected by traditional SELEX 
technique with the dissociation constant of 35 nM (Malhotra et al., 2014). Based on 
the high-affinity aptamer, a real-time quantitative polymerase chain reaction 
(RT-qPCR) sensor was introduced for the detection of AFM1 in our research using 
target-induced strand displacement (Guo et al., 2016). In this detection method, the 
aptamer was adopted to recognize target AFM1 while its complementary ssDNA 
was used as template of RT-qPCR for signal amplification. A good linear response 
was observed between cycle threshold values and AFM1 levels in detection range 
from 1.0×10

-4
 to 1.0 ng L

-1
, and its detection limit was 0.03 ng L

-1
. However, 

complicated instruments and procedures were required in this aptasensor. In order to 
overcome these difficulties, a rapid fluorescent aptasensor was developed for AFM1 
determination in further studies (Guo et al., 2019), which combined the advantages 
of fluorescence quenching ability of graphene oxide and target-cycled signal 
amplification induced by DNase I (Figure 1-9). In optimized conditions, this 
amplified aptasensor showed a good detection range of 0.2-10 μg kg

-1
 for AFM1, the 

detection limit was calculated at 0.05 μg kg
-1

. More importantly, the feasible 
analysis of this method was successfully carried out in milk powder samples for the 
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detection of AFM1, this aptasensor is a potential good analytical tool for various 
mycotoxins for food safety. 

5 Aptasensors for other mycotoxins 

Fumonisin B1 (FB1), the most common one mycotoxin in cereals, could lead 
to serious threats such as cancer on human and animals. The aptamer specific to 
FB1 was first selected by the research team in Canada (McKeague et al., 2010). The 
dissociation constant was established to be 100 nM, after the selection and 
characteristic of the specific aptamer to FB1, an electrochemiluminescence (ECL) 
aptasensor was introduced for FB1 determination with good sensitivity and high 
accuracy via the unique recognition between FB1 and the aptamer and excellent 
conductivity of AuNPs. In this study, the ionic iridium (Ir) complex improves the 
ECL signal. Its detection limit was calculate at 0.27 ng mL

-1
 (Zhao et al., 2014).  

Microcantilever method was used to construct biosensor for mycotoxins 
detection. Chen et al. provided an array sensor functionalized by self-assembled 
monolayers (SAMs) and the thiolated aptamer (Chen et al., 2015). Nonspecific 
response could cause the deflection. To prevent the interference from the 
environment, 6-mercapto-1-hexanol SAMs were adopted to modify reference 
cantilevers. The differential cantilevers signals showed a good linear response with 
FB1 levels in the range of 0.1-40 μg mL

-1
 and a detection limit of 33 ng mL

-1
. 
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Figure 1-10: (A) Diagram of the construction of 3 ds DNA-PtNi@Co-MOF networks. (B) 
Schematic illustration of the proposed aptasensor for the detection of ZEN. Reprinted from He 

et al. (2020). 

Zearalenone (ZEN) was one of the nonsteroidal estrogenic mycotoxins, ZEN 
and its metabolites were confirmed to have competitive reactions with estrogen 
receptors. Due to its widespread existence in corn, ZEN posed great hazards to 
human and animals and affected the quality of corn products (Yazar and Omurtag, 
2008). The specific aptamer to ZEN was selected and characterized by Wang’s 
research team (Chen et al., 2013). Up to now, there were few literatures on 
aptasensor for ZEN determination. Nevertheless, in 2017, a fluorescent aptasensor 
through upconversion nanoparticles was successfully developed for ZEN 
determination in corn and beer (Wu et al., 2017). The specific aptamer to ZEN was 
employed as a recognition probe while the complementary strand was adopted as a 
signal probe. Luminescence signal was achieved with a linear relationship versus the 
ZEN concentrations ranging from 0.05 to 100 μg L

-1
. Its detection limit was 

determined at 0 126 μg kg
-1

 in corn and 0 007 μg L
-1

 for beer, demonstrating that the 
developed aptasensor offered a novel approach for the application analysis of ZEN 
for food safety. Very recently, an ultrasensitive electrochemical aptasensor was 
achieved for the detection of ZEN with higher sensitivity (LOD = 1.37 fg mL

-1
). 

CoSe2/AuNRs, PtNi@Co-MOF and nicking enzyme were adopted to construct the 
sensing platform (Figure 1-10). Through this experimental design, significant signal 
amplification was obtained with good stability and specificity, which indicated this 
proposed aptasensor strategy offered a promising application to quantify even trace 
levels of ZEN for food safety (He et al., 2020). 

6 Aptasensors for simultaneous multi-mycotoxins 
analysis  

Hundreds of mycotoxins occur and are identified in food and agricultural 
products (Deng et al., 2013; Silvério et al., 2010), and the coexistence of multiple 
mycotoxins is a complex phenomenon. However, numerous articles published 
before are mainly aiming towards the single detection of mycotoxin. Therefore, the 
development of novel aptasensors for simultaneous analysis of multi-mycotoxins is 
very important in mycotoxins analysis for food safety. 

Recently, a novel and rapid electrochemical aptasensor for simultaneous 
analysis two mycotoxins (OTA and FB1) was developed via the specific recognition 
of aptamer and targets (Wang et al., 2017). In this work, CdTe and PbS QDs were 
acted as the marks while these complementary DNA sequences were employed as 
the interaction probes. Upon the addition of target OTA and FB1, the interaction of 
aptamer and targets caused the release of QDs. After magnetic separation, good 
linear responses were determined between the electrochemical signals and target 
concentrations in dynamic range of 0.01-10 ng mL

-1
 for OTA and 0.05-50 ng mL

-1
 

for FB1, respectively. In addition, this electrochemical aptasensor method has been 
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successfully used for these two targets in maize samples. Therefore, the proposed 
method offered a promising strategy for multiple mycotoxin analysis for food safety. 

Moreover, in addition to quantum dots (QDs) labelled electrochemical method, 
fluorescence aptasensors based on photonic crystal microsphere suspension 
technique could also apply to the multiplex mycotoxin detection. Yang et al. 
introduced a potential fluorescent aptasensor for high-throughput detection of 
multiple mycotoxins via PHCM suspension array. In target mycotoxins addition, the 
conformation of aptamer/target complex resulted in changes of fluorescent signals, 
which had a linear response with targets levels in same range of 0.1 pg mL

-1
 to 0.1 

ng mL
-1

 for OTA and AFB1, and 0.1 to 10 ng mL
-1

 for FB1. The limits of detection 
were established to be 3.96 fg mL

-1
 for OTA, 15.96 fg mL

-1
 for AFB1 and 11.04 pg 

mL
-1

 for FB1 (Yang et al., 2017). 

 

Figure 1-11: (A)  Principle diagram of SPR aptasensor platform. (B) Principle diagram of 
sensor chip and optical setup in SPR. Reprinted from Wei et al. (2019) with permission. 

In addition, DNA-scaffolded silver nanocluster and magnetic separation could 
also be used for simultaneous determination of multi-mycotoxins. Zhang et al, 
introduced a highly sensitive aptasensor for simultaneous analysis of AFB1 and 
OTA. In this design, two ssDNA were hybridized with two aptamers specific to 
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these two mycotoxins, which were employed for the synthesis of silver nanocluster. 
Upon the addition of OTA and AFB1, the release of these two probes was induced 
owing to the structure change of aptamers. After magnetic separation and the 
subsequent synthesis of silver nanocluster, the significantly increased fluorescence 
intensity was achieved to be a strong linear relationship for both these two 
mycotoxins in same range of 0.001-0.05 ng mL

-1
, and its detection limit of AFB1 

and OTA were established at 0.3 pg mL
-1

 and 0.2 pg mL
-1

, respectively. Moreover, 
the practical application of this fluorescence aptasensor was investigated via the 
analysis of real cereal samples, demonstrating that the proposed approach might 
represent a potential sensing strategy for multiple mycotoxins determination (Zhang 
et al., 2016). 

Finally, surface plasmon resonance (SPR), an important label-free analytical 
strategy, could be applied for simultaneously sensitive detection of multiple targets 
with superiorities such as good specificity, real-time monitoring, and high 
throughput detection (Patel et al., 2017). More recently, Wei et al. developed a 
SPR-based aptasensor chip for simultaneous determination of four mycotoxins with 
low crossreactivity (Figure 1-11), which has been successfully used for practical 
analysis in wheat and corn. The detection limit for AFB1, OTA, ZEN and 
deoxynivalenol (DON) were established at 0.59 ng mL

-1
, 1.27 ng mL

-1
, 7.07 ng mL

-1
 

and 3.26 ng mL
-1

, respectively (Wei et al., 2019). 

7 Microbial volatile organic compounds 
(mVOCs)-based biosensors for potential application of 
mycotoxins determination 

A new approach recently emerged for the development of a non-destructive 
method to analyze mycotoxin contaminations. It is well known that the majority of 
mycotoxins are non-volatile compounds; nevertheless fungi are notably referenced 
for emitting volatile organic compounds named microbial volatile organic 
compounds (mVOCs) (Bennett et al., 2015; Lemfack et al., 2018). The mVOCs 
profile depends on a lot of environmental factor such as the substrate and the 
temperature (Gao et al., 2002; Misztal et al., 2018).  

The challenge is thus to identify and quantify specific m-VOCS emitted by the 
fungi in a concomitant way to the mycotoxin production and establish a clear 
correlation between both phenomena (Gao et al., 2002). Once this challenge is 
overcome, it paves the way to the development of a specific and sensitive VOC 
sensor adapted to the indirect detection of contamination by mycotoxins. Molecular 
imprinting polymer technologies are potential opportunities to reach the specificity 
and sensibility required in such an application (Wang et al., 2017; Stahl et al., 2017; 
Zhang et al., 2017). The main advantages of a VOCs sensor technology for 
mycotoxin contamination detection are the reduced processing time and the 
non-destructive side as no sample preparation is required. 
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8 Challenges and limitations of aptasensors 

Although those promising advantages of rapid, portable, low-cost, specific and 
sensitive characteristics. Nucleic acid aptamer-based biosensors still have the 
following key scientific limitations and challenges, (i) as small molecules, the 
screening of nucleic acid aptamers specific to mycotoxins is a complex and 
time-consuming process. There are many factors that influence aptamer selection 
efficiency. Therefore, the successful selection of aptamer is difficult. Nowadays, 
only a few nucleic acid aptamers against mycotoxins such as OTA (Cruz-Aguado 
and Penner, 2008), AFB1 (Patent: PCT/CA2010/001292) and fumonisin B1 
(McKeague et al., 2010) were successfully screened and applied, and the aptamer of 
ZEN (Chen et al., 2014) was screened in 2013 and almost had not yet applied for 
practical analysis. There are hundreds of mycotoxins have been identified, 
demonstrating that the available aptamers are far from meeting the requirement of 
mycotoxin detection. (ii) Some mycotoxins have various structural analogs, such as 
aflatoxin, which contains B1, B2, M1, M2, G1, G2 et al. It is more difficult to select 
the high specific aptamers for each analogue. How to identify and distinguish 
similar mycotoxins is also important. Therefore, the bottleneck problem on the 
development of mycotoxin aptasensors is how to identify and detect multiple 
mycotoxins using the limited variety of mycotoxin aptamers, especially for 
structurally similar mycotoxins. 

9 Conclusions and future trends 

In this review paper, it was demonstrated that a series of aptasensors were 
successfully used for determination of small molecules mycotoxins. Current reports 
illustrated here indicated the high promising benefits of the aptamer-based 
biosensors for mycotoxins determination owing to their rapid and sensitive analysis 
in foods and agricultural products. In comparison with traditional instrumental 
approaches including HPLC with fluorescence detection (FLD) and HPLC-MS, 
aptasensor techniques take the advantages of rapid, portable, low-cost targets 
analysis, as well as the potential field determination and high-throughput 
identification of multiple mycotoxins. In addition, taking mycotoxins hazard into 
consideration, aptasensor strategies provides high sensitivity and selectivity for 
mycotoxins determination to meet the requirement of maximum limits set by many 
countries and regulators. 

There are hundreds of mycotoxins occurring in food and agricultural 
commodities, and the coexistence of multiple mycotoxins is a very common 
phenomenon. However, numerous researches in the present literatures focus on the 
single analysis of OTA and AF detection. Therefore, future research will be required 
for the successful selection of more specific aptamers against other mycotoxins and 
develop novel aptasensors and sensor array for multi-mycotoxin analysis. In the 
future, aptamer-based biosensors will greatly contribute to the safety control in food 
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and agricultural products. 
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Given the great hazard of mycotoxins to human and animals, and the low 
permissible limits established by countries and organizations in the world, simple, 
rapid and low-cost aptasensors with high sensitivity and selectivity are vitally 
important. This thesis focus on the development of novel aptamers for the detection 
of mycotoxins. First of all, the previously reported aptasensor methods were 
summarized, discussed and analyzed. In this part, a review paper titled 
“Aptamer-based biosensor for the detection of mycotoxins” has been published in 
the journal of Frontiers in Chemistry. Secondly, by using RT-qPCR signal 
amplification technology and the specific recognition of aptamer to AFM1, a 
research paper titled “A qPCR aptasensor for sensitive detection of aflatoxin M1” 
has been published in the journal of Analytical and Bioanalytic Chemistry. Third, 
combined the graphene oxide fluorescence quenching ability with nuclease-induced 
target signal amplification strategy, a research paper titled “A Novel Graphene 
Oxide-Based Aptasensor for Amplified Fluorescent Detection of Aflatoxin M1 in 
Milk Powder” has been published in the journal of Sensors. In addition, the 
graphene oxide-based sensing platform was also used for the detection of fumonisin 
B1. A research paper titled “Graphene oxide driven fluorescent aptasensor for the 
detection of fumonisin B1” is to be submitted to the journal of agriculture and food 
chemistry. Finally, a general discussion, conclusion and future prospects was 
analyzed, discussed, and summarized. 

The objectives of this thesis are: (1) to analyze and summarize the current research 
status of aptamer-based biosensors for the detection of mycotoxins for food safety 
(Chapter 1); (2) to develop sensitive and selective aptasensor for the detection of 
aflatoxin M1 via RT-qPCR signal amplification technology (Chapter 3); (3) to 
establish a novel aptasensor for rapid AFM1 determination based on graphene oxide 
and DNase I signal enhancement strategy (Chapter 4); (4) to develop a rapid and 
sensitive aptasensor for fluorescent detection of fumonisin B1 based on above signal 
enhancement platform (Chapter 5). 

This thesis started with an general review on the current aptasensors for the 
detection of mycotoxins for food safety, we first discuss and analyze the aptasensors 
for mycotoxins determination in the period of the last eleven years and cover the 
literatures from the first report in 2008 until today. In addition, challenges and future 
trends for the selection of aptamers towards various mycotoxins and aptasensors for 
multi-mycotoxins analysis are summarized. Given the promising development and 
potential application of aptasensors, the future researches will witness the great 
practicability of aptamer-based biosensor for food safety field (Chapter 1). 

Aflatoxin M1  AFM1   one o  t e  ost important and toxic contaminants in dairy 
products, is a severe safety factor for human, especially for infants and children. 
Real-time quantitative polymerase chain reaction (RT-qPCR) based on fluorescence 
detection is an important, ultrasensitive and precise technique. The presence of 
AFM1 induced the release of complementary ssDNA because of forming an 
aptamer/AFM1 complex, leading to the reduction in the amount of PCR template 
and the increase in cycle numbers. Quantification of AFM1 has been achieved 
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according to the linear relations ip between t e c ange o  t e P R a plification 
signal and AFM1 levels (Chapter 3). 

A sensitive aptasensor based on real-time quantitative polymerase chain reaction 
(RT-qPCR) for AFM1 was developed. However, the preparation of the qPCR-based 
aptasensor requires a tedious and time-consuming process with long incubation 
periods in rigorous conditions. Therefore, there is a demand for aptasensors that 
could be applied for rapid and real-time analysis of AFM1. Graphene oxide (GO) 
could use as a fluorescent quencher and protect DNA aptamers from nuclease 
cleavage. The presence of AFM1 induced the release of the aptamer from the 
surface of GO because of the formation of AFM1/aptamer complex, which resulted 
in the cleavage of aptamer by DNase I and the release of AFM1 for a new cycle. 
Therefore, cycling signal amplification was achieved to improve detection 
sensitivity. A good linear relationship was measured between the change of the 
fluorescence intensity signal and AFM1 levels (Chapter 4). 

Fumonisin B1 (FB1) is the most toxic and the most common mycotoxin among all 
fumonisins, which accounts for 70% in total fumonisins. a novel graphene 
oxide-based fluorescent aptasensor for the amplified detection of FB1 has been 
introduced. Upon the presence of FB1, the formation of FB1/aptamer complex led to 
the separation of aptamer from the surface of GO. The aptamer was then cleavaged 
by DNase I and release FB1, which was the target for the next cycle. As a 
consequence, the fluorescence signal was determined to be a linear relationship 
versus the concentration of FB1. More importantly, this sensing strategy was simple, 
rapid, easy to use, and low cost with high sensitivity and selectivity (Chapter 5). 

Ultimately, all the results above are analyzed, summarized, and discussed. The 
conclusion and future prospects are introduced (Chapter 6). 
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In this study, a new aptamer-based biosensor to sensitively and selectively detect 
AFM1 was developed, combining the advantages of strong recognition ability of the 
aptamer to AFM1 and excellent amplification efficiency of the RT-qPCR technique 
to improve sensitivity. Six complementary ssDNA fragments were designed to 
explore the binding sites between the specific aptamer and AFM1. The presence of 
AFM1 induced the release of complementary ssDNA because of forming an 
aptamer/AFM1 complex, leading to the reduction in the amount of PCR template 
and the increase in cycle numbers. Quantification of AFM1 has been achieved 
according to the linear relationship between the change of the PCR amplification 
signal and AFM1 levels. 
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Abstract: Aflatoxin M1 (AFM1), one of the most toxic mycotoxins, imposes 
serious  ealt   a ards  AFM1  ad previously been classified as a group 2  
carcinogen (IARC, 1993) and has been classified as a group 1 carcinogen by the 
International Agency for Research on Cancer (IARC) of the World Health 
Organization (WHO) (IARC, 2002). Determination of AFM1 thus plays an 
important role for quality control of food safety. In this work, a sensitive and 
reliable aptasensor was developed for the detection of AFM1. The immobilization of 
aptamer through a strong interaction with biotin–streptavidin was used as a 
molecular recognition element, and its complementary ssDNA was employed as the 
template for a real-time quantitative polymerase chain reaction (RT-qPCR) 
amplification. Under optimized assay conditions, a linear relationship (ranging from 
1.0×10

-4
 to 1.0 µg L

-1
) was achieved with a limit of detection (LOD) down to 0.03 

ng L
-1

. In addition, the aptasensor developed here exhibits high selectivity for AFM1 
over other mycotoxins and small effects from cross-reaction with structural analogs. 
The method proposed here has been successfully applied to quantitative 
determination of AFM1 in infant rice cereal and infant milk powder samples. 
Results demonstrated that the current approach is potentially useful for food safety 
analysis, and it could be extended to a large number of targets. 

 

Key words: aflatoxin M1; aptamer; RT-qPCR; food safety 
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1 Introduction  

Aflatoxin M1  AFM1   one o  t e  ost toxic conta inants in dairy products  is a 
metabolite produced by dairy cows as a result of being fed with feeds contaminated 
wit  Aflatoxin  1  AF 1  (Pei et al., 2009; Anfossi et al., 2013; Liu et al., 2015). 
Once present in dairy products, AFM1 poses a hazard to humans (especially infants) 
who consume them (Mao et al., 2015). Taking this threat into consideration, many 
countries have set maximum limits for AFM1 and established various regulations 
(FAO, 2004; Hoyos Ossa et al., 2015). The European Union (EU) set a maximum 
tolerated level of AFM1 to 0 050 μg/kg  or adult consu ption and subse uently 
 ore restrictively to 0 025 μg/kg  or  ood  or in ants and c ildren (EC, 2006). In 
  ina and t e United States  t e  axi u  li it  or AFM1 is 0 5 μg/kg in  ilk 
(Mao et al., 2015; Busman et al., 2015). Hence, the development of simple, sensitive 
and selective methods to determine the presence and level of AFM1 is much in 
demand for food safety organizations to implement regulatory requirements. 

Approaches have been developed in recent years for quantitative determination of 
AFM1 including high-performance liquid chromatography (HPLC) with 
fluorescence detection (FLD) (Mao et al., 2015; Wang et al., 2012; Lee et al., 2015; 
Pietri et al., 2016), high-performance liquid chromatography (HPLC) combined with 
mass spectrometry (MS) (Hoyos Ossa et al., 2015; Beltrán et al., 2011; Wang et al., 
2015). However, the quantitative approaches require complicated pretreatment, 
professional operators and expensive instruments. Some immunological methods 
like enzyme-linked immune sorbent assay (ELISA) (Li et al., 2009; Kav et al., 2011; 
Anfossi et al., 2015) and immunosensors (Parker et al., 2009; Bacher et al., 2012; 
Vdovenko et al., 2014) have also been reported for AFM1 detection. There are 
disadvantages in both preparation of the antibody and its stability and this limits its 
application in the field. Recently, application of aptamer-based biosensors for 
mycotoxins has shown a remarkable potential with the advantages of low cost, high 
stability, easy synthesis and ease of modification co pared wit  antibodies  Since 
the report of an aptamer for ochratoxin A (OTA) in 2008 (Cruz-Aguado et al., 2008), 
many aptasensors for OTA and AFB1 have been developed for feed and food safety 
(Barthelmebs et al., 2011; Bonel et al., 2011; Guo et al., 2014; Shim et al., 2014; 
Wang et al., 2015; Zhao et al., 2013; De Girolamo et al., 2012). In our previous 
study (Guo et al., 2014), an aptasensor based on qPCR was successfully designed 
for AFB1 determination with high sensitivity. Aptasensors were developed for the 
detection of AFM1 using electrochemical methods and impedance spectroscopy 
techniques (Nguyen et al., 2013; Istamboulie et al., 2016). However, the selectivity 
of the aptamer for AFM1 was not clear since only irrelevant OTA was chosen as 
interference to study the cross-reaction. Cross-activity tests between other toxins 
(AFB1, AFB2, AFG1 and AFG2) should be carried out to answer the question 
whether the aptasensor is suitable for quantifying the AFM1 concentration in real 
samples (Nguyen et al., 2013). Recently, an aptamer specific to AFM1 with a 
dissociation constant (Kd) value of 35 nM has been reported (Malhotra et al., 2014). 
To the best of our knowledge, aptasensor based on this aptamer for AFM1 detection 
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have not been reported. 

In this study, a new aptamer-based biosensor to sensitively and selectively detect 
AFM1 was developed, combining the advantages of strong recognition ability of the 
aptamer to AFM1 and excellent amplification efficiency of the RT-qPCR technique 
to improve sensitivity. Six complementary ssDNA fragments were designed to 
explore the binding sites between the specific aptamer and AFM1. The presence of 
AFM1 induced the release of complementary ssDNA because of forming an 
aptamer/AFM1 complex, leading to the reduction in the amount of PCR template 
and the increase in cycle numbers. Quantification of AFM1 has been achieved 
according to t e linear relations ip between t e c ange o  t e P R a plification 
signal and AFM1 levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Schematic to illustrate the aptasensor for detection of Aflatoxin M1 

2 Materials and methods 

2.1 Methods 

The aim of this work was to develop an aptasensor for the detection of AFM1. The 
schematic of the sensing method is described in Figure 3-1. The aptasensor is based 
on conformational change of the aptamer owing to the formation of AFM1/aptamer 
complex and release of complementary ssDNA and signal amplification by 
RT-qPCR. Firstly, a strong interaction of biotin–streptavidin (Figure 3-1A) results in 
the immobilization of the aptamer on the surface of streptavidin-coated PCR tubes. 
The complementary ssDNA, as the amplification template of PCR, is partly 
hybridized with the single-strand aptamer to form dsDNA, which is stable in the 
absence of AFM1, resulting in no obvious changes of the amount of the 
complementary ssDNA as the template for RT-qPCR amplification. Upon the 
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addition of AFM1, a binding event between the aptamer and AFM1 (Figure 3-1B) 
induces a conformational change in the aptamer that leads to the release of the 
complementary ssDNA, with the result that the amount of template was reduced 
(Figure 3-1C). As a consequence, for the aptasensor, a strong signal change in PCR 
amplification was observed, which can be used for the quantification of the 
concentration of AFM1. 

2.2 Materials and reagents 

Aflatoxin M1 (AFM1) was purchased from Sigma-Aldrich (USA). Aflatoxin B1 
(AFB1) was obtained from the National Standard Reference Center（Beijing, China). 
Ochratoxin A (OTA), zearalenone (ZEN), aflatoxin B2 (AFB2), and fumonisin (FB1) 
were purchased from Pribolab Co. Ltd (Singapore). Streptavidin was obtained from 
Sangon Biotechnology Co. Ltd. (Shanghai, China). Other chemicals such as sodium 
bicarbonate (NaHCO3), anhydrous calcium chloride (CaCl2), sodium carbonate 
(Na2CO3), ethylenediaminetetraacetic acid (EDTA), sodium chloride (NaCl), 
potassium chloride (KCl), 2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris), , and 
sodium citrate (C6H5Na3O7) were purchased from Shanghai Chemical Reagent 
Company (Shanghai, China). Water was purified with a Milli-Q purification system.  

T e S  R® Pre ix Ex Ta ™ II  includes S  R® Pre ix Ex Ta ® (2×)(SYBR® 
Pre ix Ex Ta ™ II  Per ect Real Ti e   & ROX Re erence Dye II (50×)) were 
purchased from Takara Bio Co. Ltd. (Dalian, China). In order to explore the binding 
sites between the specific aptamer and AFM1, the complementary DNA fragment of 
the aptamer was designed with six alternative sequences. The aptamer with 
3′-terminal biotin groups was chemically synthesized by Genecreate Biological Co. 
Ltd. (Wuhan, China), and the complementary DNA fragments were chemically 
synthesized by Sangon Biotechnology Co. Ltd. (Shanghai, China) and purified by 
HPLC. Their sequences are as follows: 

AFM1 Aptamer (Malhotra et al., 2014):  

5′-ATCCGTCACACCTGCTCTGACGCTGGGGTCGACCCGGAGAAATGCAT
TCCCCTGTGGTGTTGGCTCCCGTAT-3′ 

Complementary DNA (AFM1 DNA):  

AFM1 DNA1:  

5′-GGTGTGACGGATAATCTGGTTTAGCTACGCCTTCCCCGTGGCGATGTT
TCTTAGCGCCTTAC-3′  

AFM1 DNA2:  

5′-AGCGTCAGAGCAAATCTGGTTTAGCTACGCCTTCCCCGTGGCGATGT
TTCTTAGCGCCTTAC-3′  

AFM1 DNA3:  

5′-CGGGTCGACCCCAATCTGGTTTAGCTACGCCTTCCCCGTGGCGATGTT
TCTTAGCGCCTTAC-3′  

AFM1 DNA4:  

5′-AATGCATTTCTCAATCTGGTTTAGCTACGCCTTCCCCGTGGCGATGTTT
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CTTAGCGCCTTAC-3′  

AFM1 DNA5:  

5′-ACACCACAGGGGAATCTGGTTTAGCTACGCCTTCCCCGTGGCGATGT
TTCTTAGCGCCTTAC-3′  

AFM1 DNA6:  

5′-ATACGGGAGCCAAATCTGGTTTAGCTACGCCTTCCCCGTGGCGATGTT
TCTTAGCGCCTTAC-3′  

Upstream primer: 5′-AATCTGGTTTAGCTACGCCTTC-3′  

Downstream primer: 5′-GTAAGGCGCTAAGAAACATCG-3′  

2.3 Immobilization of the aptamer 

Based on our previous studies (Guo et al., 2014), we carried out immobilization of 
the aptamer with some modifications. The details are as follows. PCR tubes were 
treated wit  50 μL 0 8% glutaralde yde solution at 37°   or 5   in order to i prove 
t eir stability  A ter was ing t ree ti es wit  ultrapure water  50 μL o  streptavidin 
dissolved in 0.01 M carbonate buffer solution was added and incubated at 37°C for 
2 h. Next, the tubes were washed twice with PBST (10 mM PBS, pH 7.2, 0.05% 
Tween-20). The aptamer and its complementary ssDNA were mixed sufficiently in a 
hybridization buffer (750 mM NaCl, 75 mM C6H5Na3O7, pH 8.0) in the ratio 1:1 
 v/v   and 50 μL o  t e  ixture was added to eac  tube and incubated at 37°   or 1 
h. Then the tubes were subsequently washed three times with hybridization buffer to 
remove the uncombined DNA fragments. 

2.4 RT-qPCR measurements for AFM1 

50 μL o  AFM1 standard solution was added and incubated wit  Tris bu  er  10  M 
Tris, 120 mM NaCl, 5 mM KCl, 20 mM CaCl2, pH 7.0) at 45°C for 1 h. Then all PCR 
tubes were washed three times with the Tris buffer to remove the not interacted AFM1 
and the released complementary ssDNA.  

In the next step, RT-qPCR was carried out using the ABI 7500 Real-Time PCR 
Syste   USA   T e 50 μL P R  ixture consisted o  2 μL o  10 μM upstrea  and 
downstrea  pri ers  respectively  25 μL S  R® Pre ix Ex Ta ®  2×   1 μL of 
ROX Reference Dye II  50×  and 20 μL water  T e reaction conditions o  real-time 
PCR were as follows: an initial denaturation for 30 s at 95°C, followed by 40 cycles of 
denaturation for 5 s at 95°C, and annealing for 34 s at 60°C. The amplification 
efficiency (E) of RT-qPCR was determined using the formula, E=10

(-1/slope)
-1, where 

the slope is estimated from the standard curve (Guo et al., 2014; Babu et al., 2011). 
Fluorescence measurements were taken after each annealing step. A melting curve 
analysis was performed from 60°C to 95°C to detect potential nonspecific products 
with the following conditions: an initial denaturation for 15 s at 95°C, followed by 40 
cycles of denaturation for 1 min at 60°C, and annealing for 15 s at 95°C. 
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2.5 Specificity analysis 

In order to assess the selectivity of this aptasensor and investigate whether 
presence of other mycotoxins could interfere with the detection of AFM1, the 
following mycotoxins, including OTA, ZEN, FB1, AFB1 and AFB2, were applied to 
the aptasensor. These mycotoxins were used at the same concentration of 1 ng mL

-1
. 

All other experimental conditions were identical to that for AFM1 determination, 
and the change in cycle number among these mycotoxins was compared. 

2.6 Method validation 

Application of the method to infant rice cereal samples and infant milk powder 
was conducted to validate the AFM1 determination. 2.5 mL of AFM1 standard 
solutions in 100% methanol at 5×10

-4
, 5×10

-3
 and 0.05 ng mL

-1
 (3 replicates per 

treatment) were added into 0.5 g infant rice cereal samples to make spiked infant 
rice cereal sa ples at  inal concentrations o  0 0025  0 025 and 0 25 μg/kg  2 5  L 
of AFM1 standard solutions in 100% methanol at 5×10

-4
, 5×10

-2
 and 0.1 ng mL

-1
 (3 

replicates per treatment) were added into 0.5 g infant milk powder samples to make 
spiked infant milk powder samples at final concentrations of 0.0025, 0.25 and 0.50 
μg/kg  T en  2 5  L of 70% methanol in water was added to extract AFM1 from the 
sample. The entire mixture was vortexed for 5 min using Vortex-Genie 2 (Scientific 
Industries, USA) and subsequently centrifuged at 10,000 g for 10 min. The 
supernatant was collected and concentrated to 0.5 mL under a nitrogen stream. 
Finally, each residue was re-dissolved in 2 mL of aqueous methanol solution (5%) 
and subjected to RT-qPCR. 

2.7 Statistical analysis 

Eac  analysis  aflatoxin calibration curve standards and test sa ples  was 
performed in triplicate. Amplification curves for AFM1 were plotted with Origin 8.0 
software (OriginLab Corporation, Northampton, MA, USA). Simple linear 
regression analysis of the cycle threshold number (Ct) values on log concentrations 
of AFM1 were carried out using Microsoft Excel. Standard deviations (SDs) and 
means for Ct values were obtained from three replicates. 

3 Results and discussion 

3.1 Optimization of the amplification of complementary ssDNA 

The complementary ssDNA is applied as the subsequent PCR template. The 
melting curve in this step is a key factor which affects amplification efficiency and 
primer specificity. The concentration of the complementary ssDNA and specificity 
of the primer should thus be optimized. Amplification curves are shown in Fig. 
S3-1(A). As the concentration of complementary ssDNA decreases over the range of 
1×10

-3
 to 10 nM the cycle number (Ct) increased. Corresponding to the 

amplification curve the standard curve relating the cycle number threshold (Ct) and 
the complementary ssDNA in the range of 1×10

-3
 to 10 nM is shown in Fig. S3-1(B), 

demonstrating the sensitive and quantitative detection of the complementary ssDNA 
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with high amplification efficiency (103.1%) and a good linear relationship with a 
high correlation coefficient (0.995). The linear regression equation was described by 
Ct = -3.2495 lg C + 36.363, where Ct is cycle threshold number and C is the 
concentration of the complementary DNA. The optimal concentration of the 
complementary ssDNA was 10 nM with the lowest Ct values. The PCR melting 
curves are shown in Fig. S3-2, demonstrating the specificity of the PCR 
amplification without the appearance of primer dimers or other nonspecific DNA 
products since an obvious single peak was observed at 80°C. 

 

Figure S3-1: (A) The amplification curves at different concentrations of the complementary 
ssDNA in the range of 1×10

-3
 to 10 nM. (B) The standard curve relating and the Ct value to the 

complementary ssDNA concentration. 
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Figure S3-2: Five melting curves corresponding to the amplification curves in Fig. S3-1A for 
the detection of AFM1. An obvious single peak was shown at 80°C. 

3.2 Optimization of streptavidin and the biotinylated aptamer 

Other factors would affect the performance of this method including the 
concentrations of streptavidin, the biotinylated aptamer and the complementary 
ssDNA and these all should be optimized. Under a fixed concentration of 
complementary ssDNA at 10 nM, the concentrations of streptavidin and the 
biotinylated aptamer were analyzed for the PCR amplification signal change (Fig. 
S3-3). The adsorptive power of streptavidin to PCR tubes and the binding ability of 
streptavidin-coated tubes to biotinylated aptamer was primarily detected using 
different concentrations of streptavidin (Fig. S3-3). This also shows that there was a 
clear difference of Ct values between the control group and streptavidin-coated 
tubes, which showed the intense adsorptive ability between biotinylated aptamer and 
streptavidin-coated tubes. In analysis of the Ct values at different concentrations of 
streptavidin, the Ct value reached the lowest level when the concentration of 
streptavidin was 2.5 ng mL

-1
. This graph also shows that the Ct values decreased 

with the increase of the amount of aptamer when aptamer levels were below 10.0 
nM andalso that the Ct values increased with the amount of aptamer above 10.0 nM 
mainly because of steric hindrance. Thus, 2.5 ng mL

-1
 of streptavidin and 10 nM of 

aptamer were the optimal conditions for RT-qPCR amplification. 
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Figure S3-3: (A) Ct values change upon different concentrations of aptamer in the presence of 
fixed concentrations of complementary ssDNA (10 nM) and AFM1 (1 ng mL

-1
), while the 

concentrations of streptavidin varied (2.5, 5 and 10 ng mL
-1

). (B) Comparison of Ct values 
change at different concentrations of streptavidin in the presence of fixed concentrations of 

aptamer (10 nM), complementary ssDNA (10 nM) and AFM1 (1 ng mL
-1

). Values shown are 
means of triplicate analyses and standard deviations are also plotted. 
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-1
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-1

, and 1 μg L
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 were determined by RT-qPCR (Fig. 3-2). As is shown in Fig. 
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ssDNA would be released when more AFM1 is present in the reaction system, 
which leads to a decrease in the amount of the PCR template and an increase in 
cycle number.  

 

 

 

 

 

 

 

Figure 3-2: (A) The amplification curves at different concentrations of AFM1 in the range of 
1×10

-4
 to 1 µg L

-1
 for the determination of AFM1 DNA1, including the negative control 

without AFM1. (B) The standard curves between the AFM1 concentration and the Ct value 
in the range of 1×10

-4
 to 1 µg L

-1
. 

The linear regression equation was described by Ct=3.703 lg C + 20.736 
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good linear relationship between Ct values and AFM1 levels in the range of 1×10
-4

 
µg L

-1
 to 1 µg L

-1
 in buffer was obtained as indicated in Fig. 2(B) with the limit of 

detection 0.03 ng L
-1

 (S/N = 3). All the detection conditions of the other five AFM1 
DNA were identical to those used in the AFM1 DNA1 procedure, allowing a 

0 10 20 30 40

0.0

0.1

0.2

0.3

0.4

0.5

F
lu

o
r
e
sc

e
n

c
e

Cycle threshold number (C
t
)

 control

 1E-4ng mL
-1

 1E-3ng mL
-1

 0.01ng mL
-1

 0.1ng mL
-1

 1ng mL
-1

 threshold

A

1E-4 1E-3 0.01 0.1 1
4

8

12

16

20

24
B

C
y

c
le

 t
h

re
s

h
o

ld
 n

u
m

b
e

r 
(C

t)

Concentration of AFM
1
 (ng mL

-1
)

R2=0.998



Development of novel aptasensors for the detection of mycotoxins 

 58 

comparison of the performance of amplification curves (Fig. 3-3). Results clearly 
show the determination of AFM1 DNA1 has the best results with excellent 
amplification efficiency, indicating the binding site between the specific aptamer 
and AFM1  ainly exists in t e position close to 5’-terminal of the aptamer. In 
addition, the aptasensor in this study demonstrates a high sensitivity in AFM1 
determination in comparison to other current approaches (Table 3-1).  
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Figure 3-3: The amplification curves at different concentrations of AFM1 in the range of 
1×10

-4
 to 1 µg L

-1
 for the determination of different AFM1 DNA, including the negative 

control without AFM1. (A) AFM1 DNA2; (B) AFM1 DNA3; (C) AFM1 DNA4; (D) AFM1 
DNA5; (E) AFM1 DNA6. 

Table 3-1: Comparison of the sensitivity of currently available methods for the detection of 
AFM1. 

No. Method LOD reference 

1 LC/MS/MS 0.01 ng L
-1

 (Cavaliere et al., 2006) 
2 Fluorometric sensor 25 ng L

-1
 (Cucci et al., 2007) 

3 Electrochemical immunosensors 1 ng L
-1

 (Neagu et al., 2009) 
4 Indirect competitive ELISA 0.04 µg L

-1
 (Pei et al., 2009) 

5 Impedimetric biosensor 1 µg L
-1

 (Dinckaya et al., 2011) 
6 Cellular biosensor 5 ng L

-1
 (Larou et al., 2013) 

7 Direct chemiluminescent ELISA 1 ng L
-1

 (Vdovenko et al., 2014) 
8 DART-MS 1 µg L

-1
 (Busman et al., 2015) 

9 RT-qPCR based aptasensor 0.03 ng L
-1

 This work 
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system, the change of PCR amplification produced by other five mycotoxins 
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3-4, the detection of OTA, ZEN, FB1, as well as the control, had no obvious Ct 
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-1

 among the five mycotoxins. 
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increase of the Ct values but no significant effect (P>0.05). In addition, a similar 

result was detected using a mix of these five mycotoxins without AFM1 (Mix1). The 

corresponding Ct value of AFM1 in a mix of these five mycotoxins (Mix2) was 

slightly lower than the Ct value of AFM1 alone with no significant difference 

between Mix2 and AFM1. This sensing system thus has high specificity for the 

detection of AFM1 owing to the high recognition ability of the biotin-labeled 

aptamer to the target, and the inability of the aptamer to recognize other mycotoxins. 

 

Figure 3-4: The Ct values in the absence and presence of 1 ng mL
-1

 mycotoxins including 
AFM1, OTA, ZEA, AFB1, AFB2, FB1, Mix1 (OTA, ZEA, AFB1, AFB2, FB1) and Mix2 
(OTA, ZEA, AFB1, AFB2, FB1, and AFM1). The experiment conditions are as following: 
complementary ssDNA 10 nM, aptamer 10 nM, and streptavidin 2.5 ng mL

-1
. Means and 

standard deviations are shown with three replicates for each treatment. 

3.5 Repeatability analysis 

The repeatability of this method is an important issue for the development and 
practical implementation of AFM1 detection, which was assessed by analyzing the 
Ct values of the same sample (1.0 ng mL

-1
 AFM1) five times. As indicated in Fig. 

S3-4, results showed a good repeatability of the measurements with a relative 
standard deviation (RSD) of 5.0%. 
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Figure S3-4: Repeatability of the proposed aptasensor for AFM1 detection. The experiment 
conditions are as following: AFM1 1.0 ng mL

-1
, complementary ssDNA 10 nM, aptamer 10 

nM, and streptavidin 2.5 ng mL
-1

. Means and standard deviations are shown with three 
replicates at each time. 

3.6 Method validation 

In order to evaluate feasibility and reliability of this method, we applied it to the 
determination of different concentrations of AFM1 in infant rice cereal and milk 
powder samples. As shown in Table 2, The recoveries of the spiked infant rice cereal 
and milk powder samples were in the range of 84–106% and 68–80.3%, 
correspondingly, indicating that the proposed aptasensor was suitable for 
quantitative determination of mycotoxins in food samples for quality control of food 
safety. However, the relatively low recovery in the infant rice cereal samples might 
be due to sample pretreatments, and the future work would focus on improving 
sample pretreatments to AFM1 determination for food safety. 

Table 3-2. Determination of AFM1 spiked into infant rice cereal and milk powder samples. 

Sample 
Spiked concentration 

(μg kg
-1

) 
Detected concentrations 

Mean
a
±SD

b
 (μg kg

-1
) 

Recovery 
(%) 

Infant rice cereal 0.25 0.225 ± 0.03 90 
 0.025 0.0265 ± 0.0015 106 

 0.0025 0.0021 ± 0.0001 84 
milk powder 0.50 0.4 ± 0.03 80 

 0.25 0.185 ± 0.01 74 

 0.0025 0.0017 ± 0.0001 68 

a. The mean of three replicates;  b. SD=standard deviation 
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4 Conclusion 

In this work, we describe a reliable and sensitive aptamer-based biosensor for 
determination of AFM1, which simultaneously combined the advantages of high 
recognition power of the aptamer to AFM1 and excellent amplification efficiency of 
RT-qPCR technique to improve sensitivity. Under optimal conditions, a good linear 
relationship existed between Ct values and AFM1 levels over the range from 1×10

-4
 

to 1 µg L
-1

 with high sensitivity ( LOD = 0.03 ng L
-1

 ). The detection of five other 
mycotoxins was limited, but there may be a small cross-reaction with AFB1. This 
shows its value in the determination of AFM1 for food safety with an acceptable 
selectivity. Importantly, this method can be applied to the detection of AFM1 in 
infant rice cereal and milk powder samples with satisfactory recoveries. Therefore, 
this aptasensor has a highly potential application for biologically small molecules. 
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In this study, a new graphene oxide-based aptasensor for specific detection of 
AFM1 was developed, which combined the ability of GO to protect the aptamer from 
nuclease cleavage with DNase I to cleave the aptamer for a target cycling signal 
amplification. The presence of AFM1 induced the release of the aptamer from the 
surface of GO because of the formation of AFM1/aptamer complex, which resulted 
in the cleavage of aptamer by DNase I and the release of AFM1 for a new cycle. 
Therefore, a cycling signal amplification was achieved to improve detection 
sensitivity. A good linear relationship was measured between the change of the 
fluorescence intensity signal and AFM1 levels. 
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Abstract: In this paper, a rapid and sensitive fluorescent aptasensor for the 
detection of aflatoxin M1 (AFM1) in milk powder has been developed. Graphene 
oxide (GO) was employed to quench the fluorescence of 
carboxyfluorescein-labelled aptamer and protect the aptamer from nuclease cleavage. 
Upon the addition of AFM1, a formation of AFM1/aptamer complex resulted in the 
aptamer detached from the surface of GO, then the aptamer was cleaved by DNase I 
and the target AFM1 was released for a new cycle, which led to a great signal 
amplification and high sensitivity. Under optimized conditions, the GO-based 
detection of the aptasensor exhibited a linear response to AFM1 in a dynamic range 
 ro  0 2 to 10 μg/kg  wit  a li it o  detection  LOD  o  0 05 μg/kg  Moreover  t e 
developed aptasensor showed a high specificity towards AFM1 without interference 
from other mycotoxins. In addition, the technique has been successfully applied for 
detection of AFM1 in infant milk powder samples. This aptasensor proposed here 
offers a promising technology for food safety and can be extended to various targets. 

 

Keywords: Aflatoxin M1, Aptamer, Graphene oxide, DNase I, Food safety 
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1 Introduction 

Aflatoxin M1 (AFM1), one of the most toxic mycotoxins, has been designated 
from a group 2B to a group 1 carcinogen by the International Agency for Research 
on Cancer (IARC) of the World Health Organization (WHO) (IARC, 1993; IARC, 
2002). AFM1 can be finally encountered in dairy products as a hydroxylate 
metabolite through feeding dairy cows aflatoxin B1 contaminated feeds (Pei et al., 
2009; Anfossi et al., 2013; Liu et al., 2015). Since dairy products are an important 
nutrient for humans, especially for infants, the presence of AFM1 in dairy products 
is one of the most serious hazards for food safety (Mao et al., 2015). To protect 
humans from this health threat, many regulatory agencies have defined maximum 
residue levels (MRLs) for AFM1 in dairy products (FAO, 2004; Hoyos Ossa et al., 
2015). In Brazil, China and USA, the maximum level of AFM1 in milk has been 
fixed to 0 5 μg/kg (Busman et al., 2015; Istamboulie et al., 2016). European 
 o  ission Regulation  as set  uc   ore restrictive li its  0 05 μg/kg in  ilk 
products  or adults  and t is level is lowered to 0 025 μg/kg in babies and in ants 
products (EC, 2006). Considering the severe toxicity and low permitted level of 
AFM1, a simple, rapid, and inexpensive diagnostics with high sensitivity and 
specificity are vitally required for food safety. 

Analytical methods such as high-performance liquid chromatography (HPLC) 
with fluorescent detectors (Wang et al., 2012; Lee et al., 2015; Pietri et al., 2016) 
and high-performance liquid chromatography coupled with mass spectrometric 
detectors (Beltrán et al., 2011; Wang et al., 2015) have been developed for 
quantitative detection of AFM1. All these procedures rely on expensive instruments, 
qualified staff and complicated time-consuming pretreatments. Meanwhile, 
enzyme-linked immune sorbent assays (ELISA) (Li et al., 2009; Kav et al., 2011; 
Anfossi et al., 2015) have gained great attention for AFM1 analysis owing to the 
advantages of rapid, low-cost and high-throughput application. However, expensive, 
time-consuming and laborious antibody production and its instability during storage 
limit the practical applications. In this case, the design of a simple, cheap and 
sensitive method for rapid detection of AFM1 has become a research hotspot. 

Aptamer, a single stranded DNA or RNA oligonucleotides, has been widely 
applied for recognizing of targets such as proteins, nucleic, cells, tissues, and small 
molecules with strong affinity and high specificity like or even superior to 
antibodies (Zhang et al., 2016; Lv et al., 2017). Up to now, a series of aptamer based 
biosensors for the detection of several mycotoxins including ochratoxin A (OTA), 
AFB1 and AFM1 have been developed (Barthelmebs et al., 2011; Bonel et al., 2011; 
Guo et al., 2014; Shim et al., 2014; Wang et al., 2015; Guo et al., 2016). In these 
homogeneous methods, the recognition reaction between the aptamer and target was 
based on the single-site binding, which might limit the method sensitivity. Thus, 
development of aptasensors coupled with signal amplification strategies for AFM1 
is an on-going challenge. In our previous study (Guo et al., 2016), a sensitive 
aptasensor based on real-time quantitative polymerase chain reaction (RT-qPCR) for 
AFM1 was developed. However, preparation of the qPCR-based aptasensor requires 
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tedious and time-consuming process with long incubation period in rigorous 
conditions. Therefore, there is a demand for aptasensor that could be applied for 
rapid and real-time analysis of AFM1.  

Graphene oxide (GO), a two-dimensional nanomaterial, is a very promising tool 
for construction of biosensors due to the advantages of its extraordinary electrical, 
thermal, and mechanical properties  (Li et al., 2008; Rao et al., 2009; Chen et al., 
2012; Cheng et al., 2014). The predominantly distance-dependent fluorescence 
quenching ability makes GO a highly efficient fluorescence quencher (Zhang et al., 
2014; Tang et al., 2015; Pei et al., 2012). In addition, the previous research 
demonstrated that single-stranded DNA could significantly interacts with GO 
t roug  π stacking between D A bases and  exagonal cells o  GO (He et al., 2010). 
Importantly, GO could protect DNA aptamers from nuclease cleavage as a result of 
the hydrophobic stacking interactions between nucleobases and GO (Lu et al., 2010; 
Pu et al., 2011; Tang et al., 2011). To the best of our knowledge, graphene 
oxide-based nuclease signal amplification aptasensors for AFM1 determination have 
not been reported. 

In this study, a new graphene oxide-based aptasensor for specific detection of 
AFM1 was developed, which combined the ability of GO to protect the aptamer 
from nuclease cleavage with DNase I to cleave the aptamer for a target cycling 
signal amplification. The presence of AFM1 induced the release of the aptamer from 
the surface of GO because of the formation of AFM1/aptamer complex, which 
resulted in the cleavage of aptamer by DNase I and the release of AFM1 for a new 
cycle. Therefore, a cycling signal amplification was achieved to improve detection 
sensitivity. A good linear relationship was measured between the change of the 
fluorescence intensity signal and AFM1 levels. 

2 Experimental 

2.1 Materials and reagents 

Aflatoxin M1 (AFM1) was purchased from Sigma-Aldrich (USA). Aflatoxin B1 
(AFB1) was obtained from the National Standard Reference Center（Beijing, China). 
Oc ratoxin A  OTA    earalenone  ZEA   and α-  earalenin  α-ZOL) were 
purchased from Pribolab Co. Ltd (Singapore). Graphene oxide was purchased from 
Sangon Biotechnology Co. Ltd. (Shanghai, China). DNase I (RNase-free) was 
obtained from Takara Bio Co. Ltd. (Dalian, China). Other chemicals such as 
anhydrous calcium chloride (CaCl2), sodium chloride (NaCl), potassium chloride 
(KCl), and 2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris) were purchased 
from Shanghai Chemical Reagent Company (Shanghai, China). All other chemicals 
were analytical grade and were used as received without further purification. Water 
was purified with a Milli-Q purification system. DNA oligonucleotides were 
chemically synthesized by Sangon Biotechnology Co. Ltd. (Shanghai, China) and 
purified by HPLC. The sequence of AFM1 aptamer had been optimized according to 
our previous study (Guo et al., 2016), and was modified by FAM 
(carboxyfluorescein). The sequence of the FAM-labelled AFM1 aptamer was as 
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follows:  

5′-FAM-ATCCGTCACACCTGCTCTGACGCTGGGGTCGACCCG-3′ 

2.2 Fluorescent response of the amplified aptasensor for 
AFM1 

In this amplification strategy, the FAM-labelled AFM1 aptamer was diluted to 200 
nM in Tris buffer (10 mM Tris, 120 mM NaCl, 5 mM KCl, 20 mM CaCl2, pH 7.0), 
and 20 μg  L

−1
 of GO was added to the working solution for 15 min at room 

temperature to form aptamer/GO complex and quench the fluorescence. 
Subsequently, different concentrations of AFM1 and DNase I (200 U) solutions 
were simultaneously added to the aptamer/GO solutions and incubated at room 
temperature for 1 h. Afterwards, the fluorescence intensities of the mixture were 
recorded using F-7000 fluorophotometer (Hitachi, Japan). The emission spectra 
were measured in the range of 510 to 630 nm with the excitation wavelength at 480 
nm and slit widths for both of the excitation and emission were set at 10 nm. 

2.3 Specificity analysis 

To evaluate the specificity of this aptasensor for AFM1 over other mycotoxins, 
 our di  erent  ycotoxins  including AF 1  OTA  ZEA and α-ZOL) were measured 
at the same concentration of 4 ng mL

−1
. The other experimental procedures were the 

same as AFM1 determination, and the changes of fluorescence intensity among 
these mycotoxins were compared. 

2.4 Method validation 

The feasibility and practicability of this sensing platform was verified by 
quantitative detection of AFM1 in infant milk powder samples. The samples were 
spiked with 2.5 mL of AFM1 at 0  1 5  2 5 and 5 μg/kg  3 replicates per treat ent   
Each sample was accurately weighed (0.5 g) into 10 mL centrifuge tubes. Then, 2.5 
mL of extraction solution (70% methanol in water) was added to extract AFM1 from 
the samples. The entire mixture was vortexed using Vortex-Genie 2 (Scientific 
Industries, USA) for 5 min and then centrifuged at 10,000 g for 10 min. The 
supernatant was obtained and concentrated to 0.5 mL under a nitrogen stream. 
Subsequently, each residue was re-dissolved in 2 mL of aqueous methanol solution 
(5% methanol in water). Finally, the extracts were measured by the fluorescence 
signal amplification experiment. 

2.5 Statistical analysis 

Fluorescence-emission spectra curves for AFM1 were plotted using Origin 8.0 
software (OriginLab Corporation, Northampton, MA, USA). Linear regression 
analysis of the fluorescence intensity on concentrations of AFM1 was carried out 
with Microsoft Excel. Each analysis including AFM1 calibration curve standards 
and test samples was performed in triplicate. Standard deviations (SDs) and means 
for fluorescence intensity were achieved from three replicates. 
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3 Results and discussion 

3.1 Design strategy for AFM1 detection based on graphene 
oxide sensing platform 

GO has many advantages with unique properties, including its great binding 
ability to single-stranded D A  suc  as apta ers  t roug  π stacking interactions 
between nucleobases and GO nanosheets, as well as the highly distance-dependent 
fluorescence quenching performance (He et al., 2010; Chen et al., 2015). A 
GO-based aptasensor for the detection of AFM1 was developed using the above 
advantages. Schematic illustration for the sensing platform was described in Figure 
4-1. In this sensing method, when the carboxyfluorescein (FAM)-modified aptamer 
was incubated with GO solution, the fluorescence signal quenched dramatically, 
demonstrating a strong binding between aptamer and GO with a high quenching 
efficiency. Upon the addition of AFM1, AFM1/aptamer complex was formed, such 
an interaction can lead to a conformational change in the aptamer, causing a 
separation of the aptamer conjugated from the surface of GO. Thus, the fluorescence 
would be recovered since the GO could not quench the fluorescence efficiently 
owing to the long distance. In order to confirm that the presence of AFM1 can lead 
to the formation of AFM1/aptamer complex and subsequently fluorescence recovery, 
10 ng mL

−1
 of AFM1 was added to a tris buffer solution that contained 200 nM 

AFM1 apta er and 20 μg  L
−1

 GO. As seen from Fig. 4-2, a significant 
fluorescence enhancement was observed, demonstrating that the AFM1/aptamer 
complex was formed. More importantly, the covalently modified FAM had no 
impact on the recognition ability of AFM1 aptamer.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: Illustration of the aptasensor for detection of aflatoxin M1. 
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Figure 4-2: Fluorescence emission spectra of the aptasensor in the absence (0) of AFM1, 
presence of 10 ng mL

−1
 AFM1, and 10 ng mL

−1
 AFM1 and 200 U DNase I. Excitation 

wavelengt   λex  is set at 480 n    onditions  200 nM AFM1 apta er  20 μg  L
−1

 GO in 
Tris buffer (10 mM Tris, 120 mM NaCl, 5 mM KCl, 20 mM CaCl2, pH 7.0). 

The DNase I was adopted as a signal amplification strategy to improve the 
sensitivity of the aptasensor. As shown in Figure 4-1, upon the addition of AFM1 
and DNase I, the formation of AFM1/aptamer complex caused the dissociation of 
the aptamer conjugate from GO, subsequently the aptamer is digested by DNase I. 
Once the AFM1 is released from the AFM1/aptamer complex, it is once again 
available to bind to another aptamer, inducing a cycle amplification of the 
fluorescence signal. As a consequence, the strong alteration of the fluorescence 
signal can be achieved for the quantification of AFM1 concentrations. 

3.2 Optimization of experimental conditions 

The concentration of GO would influence the fluorescence quenching efficiency. 
Therefore, to optimize the sensing platform, the effect of GO concentration on the 
change of fluorescence signal was investigated. Various concentrations of GO were 
added to a solution containing 200 nM AFM1 aptamer. As seen in Figure S4-1, the 
fluorescence intensity decreased with the increasing amount of GO, the fluorescence 
intensity reac ed t e lowest level as t e concentration o  GO was 20 μg  L

−1
. Thus, 

20 μg  L
−1

 of GO solution was used for further sensing experiments. 

To improve the signal amplification efficiency, the optimization of the 
concentration of DNase I is essential. In this experiment, we measured the 
fluorescence intensity of the complex with 10 ng mL

−1
 of AFM1. Various amounts 

of DNase I were added to the GO-aptamer solution containing 200 nM AFM1 
apta er and 20 μg  L

−1
 GO. As seen in Figure S4-2, the fluorescence intensity 

increased as the DNase I concentration increased from 0 to 200 U, and the highest 
level of the fluorescence was observed at 200 U of DNase I. In this case, the optimal 
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amount of DNase I was determined as 200 U. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4-1: Fluorescence emission spectra of the aptasensor in the addition of GO at 
various concentrations  T e experi ent conditions are as  ollowing  λex = 480n   200 nM 

AFM1 aptamer. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure S4-2: Fluorescence intensity with the addition of DNase I at various concentrations. 
The experiment conditions are as follows: Excitation and emission wavelength are at 
λex/λe  = 480/520 n   200 nM AFM1 apta er  20 μg  L

-1
 GO, 10 ng mL

-1
 AFM1. 
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3.3 Analytical performance of the aptasensor 

Under optimal conditions, the signal responses of GO-based aptasensor toward 
different concentrations of AFM1 were measured using DNase I induced target 
recycling amplification platform. The fluorescence emission spectrum was 
measured for AFM1 determination with excitation and emission wavelengths of 480 
nm and 520 nm, respectively. As seen in Figure 4-3, the fluorescence intensity 
increased as the concentration of AFM1 increased from 0.2 to 10 ng mL

-1
. The 

calibration curve of fluorescence intensity versus AFM1 concentrations was linear 
as F = 65.77 C + 46.334 (R

2
 = 0.9939), in which F was the fluorescence intensity 

and C was AFM1 concentration. The limit of detection of the amplification 
aptasensor was determined to be 0.05 ng mL

-1
, which was calculated at the 

signal-to-noise ratio of 3. As shown in Table 4-1, the aptasensor performed with a 
sensitivity for AFM1 comparable to other instrumental and rapid screening methods 
reported previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: (A) Fluorescence emission spectra of the aptasensor in the addition of AFM1 at 
various concentrations. (B) Linear relationship between the fluorescence intensity and AFM1 

concentrations in the range of 0.2 to 10 ng mL
−1
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Table 4-1: Comparison of the sensitivity of currently available methods for the detection of 
AFM1. 

No Method LOD reference 

1 Fluorometric sensor 0.025 µg L
−1

 (Cucci et al., 2007) 
2 Electrochemical immunosensors 0.001 µg L

−1
 (Neagu et al., 2009) 

3 Indirect competitive ELISA 0.04 µg L
−1

 (Pei et al., 2009) 
4 Impedimetric biosensor 1 µg L

−1
 (Dinckaya et al., 2011) 

5 Cellular biosensor  0.005 µg L
−1

 (Larou et al., 2013) 
6 Direct chemiluminescent ELIS  1 ng L

−1
 (Vdovenko et al., 2014) 

7 DART-MS  1 µg L
−1

 (Busman et al., 2015) 
8 Impedimetric aptasensor  1.15 ng L

−1
 (Istamboulie et al., 2016) 

9 RT-qPCR aptasensor 0.03 ng L
−1

 (Guo et al., 2016) 
10 Graphene oxide-based aptasensor 0.05 µg kg

−1
 This work 

3.4 The specificity of the aptsensor 

The specificity of the aptasensor was also investigated to assess the effect of other 
mycotoxins. The change of the fluorescence intensity was measured under the 
identical experiment conditions as AFM1 with the presence of four other 
 ycotoxins  including AF 1  OTA  ZEA and α-ZOL) at a concentration of 4 ng 
mL

−1
. It can be seen that significantly higher fluorescence intensity was obtained for 

AFM1 determination in comparison with other mycotoxins as that of control test 
(Figure 4-4), which indicated that the specificity of this amplified sensing platform 
is suitable for AFM1 determination. 

 

Figure 4-4: Fluorescence intensity in the absence (control) and presence of 4 ng mL
−1

 
 ycotoxins  AFM1  AF 1  OTA  ZEA  and α-ZOL. The experiment conditions are as 

 ollows  Excitation wavelengt   λex is set at 480 n   200nM AFM1 apta er  20 μg  L
−1

 
GO, 200 U DNase I. Every data point is the mean of three replicates. 

0

50

100

150

200

250

300

α -ZOLZEAOTAAFB
1

AFM
1

Control

F
lu

o
re

s
c

e
n

c
e

 I
n

te
n

s
it

y
 (

a
.u

.)

 
 



Development of novel aptasensors for the detection of mycotoxins 

 78 

3.5 Method validation 

  Ultimately, the applicability and reliability of the aptasensor platform was 
evaluated by detecting different concentrations of AFM1 in infant milk powder 
samples. As indicated in Table 2, the recovery of the spiked infant milk powder 
samples ranged from 92% to 126%, demonstrating that the amplification strategy 
developed in this work can be useful as a quantitative method for AFM1 analysis in 
real samples for food safety. 

Table 4-2: Determination of AFM1 spiked into infant milk powder samples. 

Sample 
Spiked concentration 

 μg/kg  

Detected 
concentrations 

Mean
a
±SD

b
  μg/kg  

Recover
y 

(%) 

Infant milk 
powder 

0 ND
c
 - 

 1.5 1.48±0.06 98 
 2.5 2.3±0.42 92 
 5.0 6.3±0.06 126 

The mean of three replicates;  b. SD = standard deviation;  c. ND = not detected. 

4 Conclusion 

A novel graphene oxide-based aptasensor was developed for the detection of 
AFM1 with high sensitivity and specificity. This technique uses the properties of 
GO as an aptamer protector against nuclease cleavage. Thereby allowing DNase I to 
cleave the aptamer for a target cycling signal amplification. Under the optimal 
conditions, a good linear relationship was detected between fluorescence intensity 
and AFM1 levels in t e range o  0 2 to 10 μg/kg wit  a detection li it o  0 05 μg/kg  
Satisfactory recoveries were measured in infant milk powder samples spiked with 
different concentrations of AFM1. Furthermore, the aptasensor proposed in this 
work is rapid, simple and low-cost in comparison with other methods reported 
previously. This study could thus provide a very promising platform for the analysis 
of AFM1 in dairy products. More importantly, the aptasensor could be improved by 
replacing aptamer sequences for the detection of other food safety targets. 
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In this work, a novel graphene oxide-based fluorescent aptasensor for the amplified 
detection of FB1 has been introduced. Upon the presence of FB1, the formation of 
FB1/aptamer complex led to the separation of aptamer from the surface of GO. The 
aptamer was then cleavaged by DNase I and release FB1, which was the target for the 
next cycle. As a consequence, the fluorescence signal was determined to be a linear 
relationship versus the concentration of FB1. More importantly, this sensing strategy 
was simple, rapid, easy to use, and low cost with high sensitivity and selectivity. 
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Abstract: Fumonisin B1 (FB1), one of the most toxic mycotoxins, has been 
designated as possible 2B group carcinogen by the International Agency for 
Research on Cancer (IARC) in 2002. Therefore, simple, sensitive and specific 
approaches for the detection of FB1 are much in demand. In this study, a novel 
aptasensor was introduced for FB1 analysis based on graphene oxide (GO) and 
DNase I signal amplification. GO was adopted as a fluorescence quencher against 
ROX-modified aptamer and a protectant for the aptamer from cleavaging by DNase 
I for subsequent target cycling and signal amplification detection. This proposed 
sensing strategy exhibited a good linearity for FB1 determination in the dynamic 
range from 0.5 to 20 ng mL

-1
 with a good correlation of R

2
 = 0.995. Its detection of 

limit was established at 0.15 ng mL
-1

 (S/N = 3). The specific analysis indicated that 
this aptasensor was selective for FB1 other than other mycotoxins. In addition, the 
practical application in real samples of this aptasensor for the detection of FB1 was 
investigated. The sensing platform proposed here was useful for a potential 
application in the field of food safety for mycotoxins analysis.  

 

Keywords: Aptamer; Aptasensor; Fumonisin B1; Graphene oxide; DNase I; Food 
safety 
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1 Introduction 

Mycotoxins are toxic secondary metabolites produced and released by a variety of 
fungi, which poses serious hazards to human health via contamination of feeds and 
foods (Atar, Eren, and Yola, 2015; Mata et al., 2015; Zhu et al., 2015). Fumonisins, 
a group of carcinogenic mycotoxins, are mainly produced by Fusarium moniliforme 
and Fusarium proliferatum composed of various tricarballylic acid and polyhydric 
alcohol (Ross et al., 1990; Richard et al., 2007; Quan et al., 2006). Of the four series 
of fumonisins (A, B, C, and P), fumonisin B1 (FB1) is the most toxic and the most 
common one, which accounts for 70% (Rheeder et al., 2002; Fernández-Blanco et 
al., 2016; Martins et al., 2012; Krska et al., 2007). In addition, FB1 has been 
classified as possible 2B group carcinogen by the International Agency for Research 
on Cancer (IARC) in 2002 (IARC, 2002). Therefore, the United States Food and 
Drug Administration (FDA) has regulated the maximum limits for total fumonisin 
(combined FB1, FB2, and FB3) to be 2 mg kg

-1
 in degermed dry-milled corn 

products (Shephard et al., 2002; Li et al., 2012), while the much more restrictive 
limit for that value was established at 0.8 mg kg

-1 
by European Commission 

Regulation (Anfossi et al., 2016) Taking the low permissible limit and toxic effect 
into consideration, rapid, sensitive and specific analytical strategies of FB1 are 
required and important for food safety. 

Confirmatory and quantitative approaches have been applied to FB1 determination, 
which mainly includes high-performance liquid chromatography (HPLC) (Martins 
et al., 2012; Muscarella et al., 2008), high-performance liquid chromatography 
combined with mass spectrometry (LC–MS) (Gazzotti et al., 2009; Ediage et al., 
2012), and gas chromatography combined with mass spectrometry (GC–MS) 
(Plattner et al., 1991). However, they usually require expensive instruments and 
highly trained personnel, as well as complicated procedures. Meanwhile, researchers 
paid great attention to immunoassays-based rapid analysis methods for the detection 
of FB1, such as enzyme-linked immune sorbent assay (ELISA) (Wang et al., 2014), 
immunochromatographic assay (Wang et al., 2014), and electrochemical 
immunoassays (Masikini et al., 2016; Yang et al., 2015; Milua et al., 2015). 
Disadvantages like antibody produce and its stability limits the application of 
immunoassays in this field. Aptamers, an alternative to antibodies, are 
single-stranded DNA or RNA oligonucleotides selected by systematic evolution of 
ligands by exponential enrichment (SELEX) in vitro (Ellington et al., 1990; Tuerk et 
al., 1990). Due to the advantages of aptamer such as high specificity, low lost, 
simple synthesis, ease of modification and high stability, aptamer-based sensors 
have been developed for FB1 determination based on fluorescent detection (Wu et 
al., 2012), and electrochemical analysis (Shi et al., 2015; Zhao et al., 2014), as well 
as microcantilever array method (Chen et al., 2015). However, these approaches 
require conjugation between the aptamer and probes, and time-consuming detection 
procedures. Thus, simple, rapid, and cost-effective sensing strategies for FB1 
determination are still challenging.  

Graphene oxide (GO) is a two-dimensional nanoparticle, which has attracted great 
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attention to the application of sensing platforms due to the unique mechanical, 
electrical and thermal characteristics (Müller et al., 2008; Rao et al., 2009; Chen et 
al., 2012). Graphene oxide could be employed as a fluorescence quencher with high 
efficiency owing to its highly distance-dependent fluorescence quenching property. 
Single-stranded DNA aptamers are ease of modification with fluorophores, and the 
apta er can bind to GO strongly via π stacking  He et al   2010   Subse uently  t e 
fluorescence quenching performance would be achieved. In addition, graphene 
oxide could protect single-stranded DNA aptamers from nuclease cleavage due to 
the hydrophobic stacking reactions between GO and nucleobases (Lu et al., 2010; 
Tang et al., 2011). To the best of our knowledge, aptasensors based on GO 
fluorescence-quenching and aptamer protection for FB1 amplified determination 
have not been reported previously. 

In this work, a novel graphene oxide-based fluorescent aptasensor for the 
amplified detection of FB1 has been introduced. Upon the presence of FB1, the 
formation of FB1/aptamer complex led to the separation of aptamer from the surface 
of GO. The aptamer was then digested by DNase I and release FB1, which was the 
target for the next cycle. As a consequence, the fluorescence signal was determined 
to be a linear relationship versus the concentration of FB1. More importantly, this 
sensing strategy was simple, rapid, easy to use, and low cost with high sensitivity 
and selectivity.  

2 Experimental 

2.1 Materials and reagents 

Aflatoxin B1 (AFB1), aflatoxin M1 (AFM1), ochratoxin A (OTA) and fumonisin 
B1 (FB1) standard substances were purchased from Sigma-Aldrich (USA). 
Graphene oxide and DNase I (RNase-free) were obtained from Sigma-Aldrich 
(USA). Other chemicals such as potassium chloride (KCl), sodium chloride (NaCl), 
anhydrous calcium chloride (CaCl2), and 
2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris) were obtained from Shanghai 
Chemical Reagent Company (Shanghai, China). All chemicals were at least of 
analytical grade and were used as received without further purification. 
Double-distilled water was used in the whole study. The specific aptamer 
oligonucleotides used in this study were chemically synthesized by Sangon Biotech. 
Co. Ltd. (Shanghai, China) and purified by HPLC. Aptamer stock solution was 
prepared using Tris buffer (10 mM Tris, 120 mM NaCl, 5 mM KCl, 20 mM CaCl2, 
pH 7.0), the aptamer sequence of the carboxyl-X-rhodamine (ROX)-labelled FB1 
aptamer was as follows (McKeague et al., 2010):                                        

5 ′
-ROX-ATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAA
TTACGTCTGCACATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT-3′ 

2.2 Fluorescent aptasensing towards FB1 

For FB1 amplified detection, the ROX-labelled aptamer was diluted to 100 nM in 
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Tris bu  er  20 μg  L
-1

 of graphene oxide was mixed with the aptamer solution for 
15 min at room temperature to form aptamer/GO complex (Figure 1) and the 
fluorescence of the aptamer was significantly quenched. Subsequently, different 
amounts of FB1 and DNase I (100 U) were added to the solution simultaneously. 
Then, the mixture was incubated for 1 h at room temperature. Ultimately, the 
fluorescence signals of the mixture were measured via Shimadzu RF-5301 
Luminescence Spectrometer (Tokyo, Japan). The emission spectra were recorded in 
the wavelengths ranging from 590 to 690 nm, and the excitation wavelength was 
585 nm. Slit widths for both of the excitation and emission were set at 10 nm. 

2.3 Specificity analysis 

Three mycotoxins such as AFB1, AFM1, and OTA were used to investigate the 
selectivity of this sensing strategy. Each toxin standard substance was respectively 
added to this experiment with the same concentration of 5 ng mL

-1
. The detection 

procedures were identical to that for the analysis of FB1. 

2.4 Practicability of the sensing platform 

The practicability of this sensing method was evaluated for quantitative FB1 
analysis in wheat flour samples. All samples were spiked with 2 mL of FB1 (0, 1.5, 
8, and 15 ng mL

-1
) and were performed in triplicate to make final concentrations of 

0, 1.5, 8, and 15 μg kg
-1

 . Each sample was accurately weighed (2.00 ± 0.05 g), 2 
mL of extraction solution (50% methanol in water) was then added. The entire 
mixture was centrifuged at 10,000 g for 10 min. Subsequently, the mixture was 
filtrated for three times using a syringe  ilter  0 45 μ  . Finally, the filtrate was 
collected and measured using this amplified aptasensor experiments. 

2.5 Statistical analysis 

Standard deviations (SDs) and means for fluorescence signals were performed in 
triplicate. The analysis of FB1 calibration curve standards and samples were 
achieved from three replicates. Fluorescence-emission spectra curves for FB1 were 
plotted with 8.0 software (OriginLab Corporation, Northampton, MA, USA). Linear 
regression analysis of the fluorescence intensity versus FB1 concentrations was 
carried out using Microsoft Excel. 

3 Results and discussion 

3.1 Sensing strategy for FB1 detection 

Graphene oxide has attracted much attention to the construction of biosensors due 
to the special electrical and thermal characteristics. More importantly, graphene 
oxide can bind to ssD A like apta ers wit   ig  e  iciency owing to π stacking and 
hydrophobic interactions. Subsequently, the fluorescence of fluorophore-labelled 
aptamer would be quenched by GO due to its great fluorescence quenching 
performance (Chen et al., 2015). In order to improve the detection sensitivity, the 
DNase I was employed to digest the aptamer for the release of target FB1. 
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Schematic introduction of this aptasensor based on GO and DNase I performance 
was illustrated in Figure 5-1. In this study, the aptamer was designed with ROX 
fluorophore modification. When the aptamer was added to GO solution, the 
fluorescence of the aptamer decreased dramatically, which indicated that a great 
adsorption of the aptamer to the surface of GO and its great fluorescence quenching 
performance was achieved. When in presence of FB1, structural change of aptamer 
was produced as a result of the formation of aptamer/FB1 complex, leading to the 
release of the aptamer to the solution. Then, the aptamer was digested by DNase I. 
The target FB1 was released from the complex and was available for binding other 
aptamer. Therefore, a cycle enhancement of fluorescence signal was achieved. 
Ultimately, a correlation response would be obtained between fluorescence intensity 
and the concentrations of FB1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1: Illustration of the aptasensor for detection of fumonisin B1. 

3.2 Amplified detection of FB1 with DNase I 

As seen in Figure 5-2  upon t e presence o  GO  20 μg  L
-1

), the fluorescence 
signal of the aptamer was quenched dramatically. In the addition of FB1 at the 
concentrations of 10 ng mL

-1
, the fluorescence signal was recovered, indicating that 

the aptamer/FB1 complex was produced and the fluorescence signal of released 
aptamer was observed. In addition, the modification of fluorophore ROX had no 
influence on recognition performance of the specific aptamer. When FB1 and DNase 
I were added in the solution simultaneously, a significant enhancement of 
fluorescence was achieved, which demonstrated that the presence of DNase I 
induced a signal amplification of fluorescence intensity and a amplified detection of 
FB1. 
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Figure 5-2: Fluorescence emission spectra of the aptasensor in the absence (0) of FB1, 
presence of 10 ng mL

-1
 FB1, and 10 ng mL

-1
 FB1 and 100 U DNase I. Excitation wavelength 

 λex is set at 585 n    onditions  100 nM F 1 apta er  20 μg  L
-1

 GO in Tris buffer (10 
mM Tris, 120 mM NaCl, 5 mM KCl, 20 mM CaCl2, pH 7.0). 

3.3 Analytical performance of this sensing platform 

The analytical performance of this GO and DNase I-induced amplified sensing 
platform was investigated via the measurement of fluorescence emission spectrum 
versus different concentrations of FB1. The excitation wavelength was 585 nm and 
the emission wavelength was 605 nm. As illustrated in Figure 5-3, the fluorescence 
signal enhanced with the increase of FB1 levels ranging from 0.5 to 20 ng mL

-1
. A 

good linear response was achieved between the fluorescence intensity and 
concentrations of FB1 with the linear equation as F = 31.65 C + 126.05 and a good 
correlation of R

2
 = 0.995, in which F was adopted as the fluorescence intensity and 

C was the levels of FB1. Its limit of detection (LOD) was established at 0.15 ng 
mL

-1
 based on the signal-to-noise ratio of 3, which indicated a wide dynamic 

detection range and compatible LOD for the target FB1 compared with other 
methods presented in the current literatures. 
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Figure 5-3: (up) Fluorescence emission spectra of the aptasensor in the addition of FB1 at 
various concentrations. (down) Linear relationship between the fluorescence intensity and 

FB1 concentrations in the range of 0.5 to 20 ng mL
-1

. 
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Table 5-1: Comparison of the sensitivity of currently available methods for the detection of 
FB1. 

No Method LOD reference 

1 Chemiluminescence ELISA 0.12 ng mL
-1

 (Shu et al., 2016) 

2 Differential pulse voltammetry 2 pg mL
-1

 (Yang et al., 2015) 

3 Amperometric 0.33 µg L
-1

 (Jodra et al., 2015) 

4 ELISA 0.15 ng mL
-1

 (Shu et al., 2015) 

5 Chemiluminescence 1.7 pg mL
-1

 (Li et al., 2016) 

6 Fluorescent aptasensor 0.15 ng mL
-1

 This work 

 

3.4 The specificity of this sensing platform 

Specificity analysis played an very important part for mycotoxins detection. In 
order to examine the specificity of this sensing strategy towards FB1, other 
mycotoxins (including AFB1, AFM1, and OTA) were employed to this analysis 
system at a same concentration of 5 ng mL

-1
 as that of FB1. In addition, the other 

experiment conditions were also identical as FB1 determination. As shown in Figure 
5-4, this GO-based aptasensor exhibited high fluorescence signal in the presence of 
FB1 while low fluorescence signal was observed in the presence of other three 
mycotoxins and the control group, which attributed to the specific recognition of the 
aptamer for FB1. Therefore, the good specificity of this aptasensor was achieved for 
the detection of FB1. 

3.5 Method validation 

  Practical application of this novel aptasensor was carried out by the analysis of 
FB1 in wheat flour samples. As seen in table 2, the recovery ratios of the spiked wheat 
flour samples were from 99% to 111%, which further indicated that this proposed 
sensing strategy was a promising platform for the detection of FB1 in real samples. 
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Figure 5-4: Fluorescence intensity in the absence (control) and presence of 5 ng mL
-1

 
mycotoxins: FB1, AFM1, AFB1, OTA. The experiment conditions are as follows: Excitation 

wavelength (λex is set at 585 n   100 nM FB1 apta er  20 μg  L
-1

 GO, 100 U DNase I. 
Every data point is the mean of three replicates. 

 

Table 5-2: Determination of FB1 from the wheat flour samples. 

Sample 
Spiked concentration 

(ng/mL) 
Detected concentrations 

Mean
a
±SD

b
 (ng/mL) 

Recovery 
(%) 

Wheat flour 0 ND
c
 - 

 1.5 1.67±0.02 111 

 8 7.93±0.56 99 

 15 15.47±0.68 103 

a. The mean of three replicates;  b. SD = standard deviation;  c. ND = not detected 
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4 Conclusion 

In this work, a novel, sensitive and accurate aptasensor for amplified and specific 
detection of FB1 was first introduced, which relies on the GO and DNase I-induced 
target cycling and signal enhancement strategies. A widely dynamic range from 0.5 
to 20 ng mL

-1
 was achieved between the fluorescence intensity and concentrations 

of FB1, its detection of limit was determined to be 0.15 ng mL
-1

, which is sensitive 
and compatible with the current methods. In addition, the specific tests and practical 
analysis performance were also examined by detecting different mycotoxins and real 
wheat flour samples. This proposed GO and DNase I driven fluorescent aptasensor 
offered a promising application in mycotoxin detection for food safety. 
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Traditional analysis strategies for mycotoxins determination are mainly including 
thin layer chromatography (TLC) (Var et al., 2007), high-performance liquid 
chromatography (HPLC) (Mao et al., 2015; Wang et al., 2012; Lee et al., 2015; 
Pietri et al., 2016; Herzallah, 2009; Yazdanpanah et al., 2013), liquid 
chromatography coupled with mass spectrometry (LC–MS) (Abia et al., 2013; 
Warth et al., 2013), and gas chromatography coupled with mass spectrometry 
(GC–MS) (Plattner et al., 1991). Nevertheless, expensive instruments, 
time-consuming pretreatment and special personnel are essencial in these 
instrumental methods (Shim et al., 2007). At the same time, immunoassays based on 
antibody detection have been developed for the detection of mycotoxins, such as 
enzyme-linked immune sorbent assay (ELISA) and immunosensors methods (Li et 
al., 2009; Kav et al., 2011; Anfossi et al., 2015; Parker et al., 2009; Bacher et al., 
2012; Vdovenko et al., 2014; Park et al., 2013; Piermarini et al., 2007; Mozaffari 
Nejad et al., 2014; Sheng et al., 2014; Xu et al., 2014). These immunoassays 
methods are sensitive and specific, while the selection process of antibody is 
high-cost and time-consuming. In addition, it is difficult to ensure the stability of the 
available antibody during the transportation and storage. 

Aptamers are selected by systematic evolution of the ligand by the exponential 
enrichment process (SELEX) in vitro, which was first introduced against T4 DNA 
polymerase (Tuerk and Gold, 1990) and organic dyes (Ellington and Szostak, 1990). 
In the beginning 18 years from the finding of first aptamer, the selected aptamers 
and novel aptamer-based biosensors were mainly used in the field of medicine, 
biology, chemistry and bioinformatics (Wang et al., 2019; Tan et al., 2019; Zhang et 
al., 2019; Xiong et al., 2019). For food safety sciences, especially in mycotoxins 
detection for food safety, the first aptamer specific to OTA has been reported by 
Cruz-Aguado in 2008 (Cruz-Aguado and Penner, 2008). The aptamer sequence 
against FB1 was obtained by McKeague’s group (McKeague et al., 2010). 
Neoventures Biotechnology Inc. (Canada) selected specific aptamers for AFB1 and 
ZEN (Patent:PCT/CA2010/001292). A high-affinity aptamer specific to AFM1 was 
successfully selected in 2014 (Malhotra et al., 2014). In the same year, the aptamer 
of ZEN was achieved as well (Chen et al., 2013). These specific aptamers have 
attracted more and more attention for researches to develop fluorescent, colorimetric 
and electrochemical aptasensors for the detection of these mycotoxins (Castillo et al., 
2015; Evtugyn et al., 2013; Seok et al., 2015; Shim et al., 2014; Wang et al., 2016; 
Nguyen et al., 2013; Istamboulie et al., 2016; Guo et al., 2011; Kuang et al., 2010; 
Yang et al., 2013; Wu et al., 2012; Wu et al., 2013). However, simple aptasensor 
methods might have relatively low sensitivity. Therefore, signal amplification and 
enhancement sensing strategiesare much in demand to meet the requirement of the 
low permissible limits established by countries and organizations in the world. 

 Development of novel aptasensors for the detection of 
mycotoxins 

Real-time quantitative polymerase chain reaction (RT-qPCR) based on 
fluorescence detection is an important, ultrasensitive and precise technique.  



Development of novel aptasensors for the detection of mycotoxins 

 100 

Scientists pay more attention to this technology for the detection of specific DNA 
fragments since RT-qPCR has the advantages of great amplification efficiency and 
quantitative determination (Kubista et al., 2006; Mestdagh et al., 2008; Schmittgen 
and Livak, 2008). There are many reports for the detection of macromolecules via  
RT-qPCR based on aptamer recognition reaction (Lee et al., 2009; Lin and McNatty, 
2009; Pinto et al., 2009). However, few aptamer-based RT-qPCR biosensors were 
developed for small molecules mycotoxins detection. 

By using this technology, we describe a reliable and sensitive aptamer-based 
biosensor for determination of AFM1, which simultaneously combined the 
advantages of high recognition power of the aptamer to AFM1 and excellent 
amplification efficiency of RT-qPCR technique to improve sensitivity. Under 
optimal conditions, a good linear relationship existed between Ct values and AFM1 
levels over the range from 1×10

-4
 to 1 µg L

-1
 with high sensitivity (LOD = 0.03 ng 

L
-1

). The detection of five other mycotoxins was limited, but there may be a small 
cross-reaction with AFB1. This shows its value in the determination of AFM1 for 
food safety with an acceptable selectivity. Importantly, this method can be applied to 
the detection of AFM1 in infant rice cereal and milk powder samples with 
satisfactory recoveries. Therefore, this aptasensor has a highly potential application 
for biologically small molecules. 

In comparision with previously reported detection strategies, this proposed 
RT-qPCR-based aptasensor takes the superiority of low cost (several hundreds 
dollars), great sensitivity and selectivity. This method offers a highly promising 
platform for high-throughput determination of trace levels of AFM1 in dairy 
products. However, about 2.5 hours were required for the detection process, it is not 
a very rapid method. In addition, this developed aptasensor cannot be considered for 
on-site detection because the equipment is not portable but available for standard 
laboratory analysis, and the time-consuming pretreatment is needed in this analysis 
process. In future’s research, we would focus on the development of rapid, portable 
and sensitive aptasensors for mycotoxins detection. Graphene oxide (GO), a 
two-dimensional nanomaterial, is a very promising tool for construction of 
biosensors due to the advantages of its extraordinary electrical, thermal, and 
mechanical properties  (Li et al., 2008; Rao et al., 2009; Chen et al., 2012; Cheng 
et al., 2014). The predominantly distance-dependent fluorescence quenching ability 
makes GO a highly efficient fluorescence quencher (Zhang et al., 2014; Tang et al., 
2015; Pei et al., 2012). In addition, the previous research demonstrated that 
single-stranded D A could signi icantly interacts wit  GO t roug  π stacking 
between DNA bases and hexagonal cells of GO (He et al., 2010). Importantly, GO 
could protect DNA aptamers from nuclease cleavage as a result of the hydrophobic 
stacking interactions between nucleobases and GO (Lu et al., 2010; Pu et al., 2011; 
Tang et al., 2011). To the best of our knowledge, graphene oxide-based nuclease 
signal amplification aptasensors for AFM1 determination have not been reported. 

A novel graphene oxide-based aptasensor was developed for the detection of 
AFM1 with high sensitivity and specificity. This technique uses the properties of 
GO as an aptamer protector against nuclease cleavage. Thereby allowing DNase I to 
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cleave the aptamer for a target cycling signal amplification. Under the optimal 
conditions, a good linear relationship was detected between fluorescence intensity 
and AFM1 levels in t e range o  0 2 to 10 μg/kg wit  a detection li it o  0 05 μg/kg  
Satisfactory recoveries were measured in infant milk powder samples spiked with 
different concentrations of AFM1. Furthermore, the aptasensor proposed in this 
work is rapid, simple and low-cost in comparison with other methods reported 
previously. This study could thus provide a very promising platform for the analysis 
of AFM1 in dairy products. More importantly, the aptasensor could be improved by 
replacing aptamer sequences for the detection of other food safety targets.In addition, 
given the advantages of the graphene oxide fluorescence quenching ability and the 
nuclease-induced target signal enhancement strategies, a novel, sensitive and 
accurate aptasensor for amplified and specific detection of FB1 was first introduced, 
which relies on the GO and DNase I-induced target cycling and signal enhancement 
strategies. A widely dynamic range from 0.5 to 20 ng mL

-1
 was achieved between 

the fluorescence intensity and concentrations of FB1, its detection of limit was 
determined to be 0.15 ng mL

-1
, which is sensitive and compatible with the current 

methods. In addition, the specific tests and practical analysis performance were also 
examined by detecting different mycotoxins and real wheat flour samples. This 
proposed GO and DNase I driven fluorescent aptasensor offered a promising 
application in mycotoxin detection for food safety. 

Compared to the current approaches reported in the literatures and our previous 
RT-qPCR technique, this novel graphene oxide-based aptasensor has the advantages 
like simple experiments operation, high sensitivity and specificity, low cost (several 
hundreds dollars). This proposed strategy is a great potential platform for the 
in-field analysis since it only took 5 mins to complete this analysis detection. 
However, the relatively complicated instrumentation is required by using this 
method. In the future, the simplified and small equipment is much in demand for the 
real in field detection of mycotoxins for food safety. 

It is difficult to achieve high sensitivity and wide dynamic response for the simple  
binding assay between aptamer and target. Therefore, different signal amplification 
strategies were introduced to these sensing platform to address this challenge. For 
instance, by integrating RT-qPCR signal enhancement technique, the femtogram 
sensitivity of aptasensors can be achieved for the detection of mycotoxins, which is 
one of the most sensitive methods until the present time. These kinds of aptasensors 
show remarkable characteristics like great sensitivity and selectivity. Therefore, if 
the goal and requirement of a researcher is high sensitivity and low limit of 
detection, the RT-qPCR signal enhancement aptasensor will be useful and helpful.  

On the other side, rapid, on-site and real-time analysis platform seems to be one of 
the most important factors and goals for high-throughput and large-scale samples 
detection. In addition, relatively low detection sensitivity is also needed to meet the 
requirement of the low permissible limits. Thus, the nuclease-induced target signal 
enhancement strategies and graphene oxide-based aptasensor are suggested. 

In addition, portable sensing platforms have attracted more and more attention to 
construct aptasensors for real in-field analysis, such as dipstick assay and 
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enzyme-linked aptamer assays (ELAAs). In these kinds of design, capture elements 
and signal detector are required. These methods have the advantages of low-cost, 
ease of operation and great stability, as well as the high sensitivity. Therefore, 
researchers can select the desirable sensing strategies for their own requirements and 
goals. Enzyme-linked aptamer assays (ELAAs) seem to be the simple replacement 
of the antibody (ELISAs) with aptamer. Aptamers have been considered to be 
“c e ical antibodies” that are capable of recognizing and binding targets with high 
affinity and selectivity that are similar or even superior to antibodies. With these 
unique advantages, aptasensors have been widely developed for the detection of 
mycotoxins and have attracted more and more attention from researches. However, 
for practical samples, such as food and agricultural products, antibody-based 
immunoassays are mainly used, while the application of aptamer-based biosensors 
in the detection of mycotoxins is still in varying stages of scientific research. Up 
until now, no commercial kit based on aptamers has been produced and applied.  

In our opinion, there are several reasons for this. First of all, traditional antibody 
preparation needs animal experiments and is thus difficult to prepare in large 
quantities through chemical synthesis, and antibody preparation technology can also 
be monopolized due to technical barriers. However, once the aptamer is screened 
successfully, the sequence of aptamer will be disclosed and can be prepared in large 
quantities through chemical synthesis, which is difficult to form technical barriers 
for commercial companies. Secondly, the affinity of aptamers is generally weaker 
than that of antibodies. In the application of complex systems, affinity and 
sensitivity are always a challenge. Third, commercial kits need to consider 
sensitivity, stability, repeatability, cost, technical barriers, and other factors. 
Currently, the published scientific papers on the detection of mycotoxins by aptamer 
biosensors may be superior to the ELISA of antibody technology in some aspects, 
such as sensitivity, stability, repeatability, time consuming, cost, etc., but the 
comprehensive performance is not necessarily superior to an ELISA. There are few 
articles comparing aptamer-based biosensors with a commercial ELISA kit that 
takes into consideration all these aspects. Limitations of aptamers are mainly, 
though not limit to, the requirements for sophisticated instruments, professional 
personnel, extraneous signal interference, time spent, as well as quality of 
aptasensor systems.  

Via using the above aptamer-based biosensors, we developed several approaches 
for the detection of the most toxic mycotoxins for food safety. In addition, these 
sensing strategies could be applied for more hazard factors determination by simple 
replacement of the specific aptamers. More importantly, though the practical 
applicability, feasibility, and accuracy of these proposed aptasensors were 
investigated and evaluated through the analysis of the spiked samples experiments, 
the future’s researches were needed for a validation of these aptasensors with real 
contaminated samples to determine the performances such as limit of detection and 
quantification, precision, trueness, accuracy, etc. Through the method validation, 
these aptasensors will be widely used for the detection of mycotoxins. In addition, 
future direction will focus on the simplification of analytic principle and devices and 
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the combination of novel aptamers with new materials and techniques to improve 
the analytical performance and market practicality of aptasensors. 
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