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Preface 

 

The thesis presents the primary research results from a PhD project entitled “Miniaturization of 

Food Analytical Techniques”. The research was performed at the Research Group for Analytical 

Food Chemistry, in the Technical University of Denmark from 15th of March 2016 to 14th of June 

2019. The project was funded internally by the Technical University of Denmark. 

The PhD project was carried out under the supervision of Professor Jørn Smedsgaard from the 

National Food Institute and the co-supervision of Professor Anja Boisen from the Department of 

Micro- and Nanotechnology (now DTU Health Technology).  

The external research stay was carried out in Brussels photonics team (B-PHOT), Department of 

Applied Physics and Photonics, Vrije Universiteit Brussel (January — July 2018), supervised by 

Professor Wendy Meulebroeck and Professor Heidi Ottevaere.  
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Summary  

Mycotoxins belong to the group of naturally occurring food contaminants that are produced by 

various species of several fungi genera. Occurring in a wide range of food products, mycotoxins 

demonstrate high toxicity, with some even being potent carcinogens. This means they pose severe 

health threat to humans and livestock even in low concentrations. Contamination with mycotoxin 

may happen at any stage of the food production process, even when good agricultural, storage, and 

processing practices are conducted. Therefore, it is of vital importance that the contamination is 

identified at an early stage to avoid its further spreading around and up the food chain, with the 

aim of improving food safety and significantly reducing food loss. To achieve this, efficient 

analytical tools are essential to detect and give warnings of the contamination as soon as possible. 

The majority of the monitoring for mycotoxins is performed in routine and reference laboratories 

following standard and official methods. However, these methods not only rely on complex and 

expensive instruments and specialized laboratories requiring well-trained personnel, but they are 

also in general rather slow. This prevents the traditional analyses from being performed in field 

conditions or for real time monitoring. These shortcomings have inspired studies aimed at 

developing analytical techniques which are robust, easier to operate and portable, enabling 

mycotoxin monitoring in field conditions for direct crop and food testing in an early stage.  

The hypothesis of the PhD project is that a miniaturization of mycotoxin analytical techniques can 

be achieved by adopting novel extraction and sensing strategies, which will be more time and cost-

efficient, easier to operate, provide adequate sensitivity, and also hold the potential to be developed 

into a portable and automated device. The overall aim has been to produce a proof of concept as a 

foundation for the development of analytical platforms which integrate real food sample extraction, 

pre-treatment, and detection steps. 

Considering the broad scope of techniques proposed for miniaturization of mycotoxin analysis, a 

review summarizing the current state of the art mycotoxin analytical techniques was drafted as a 

part of the PhD project, discussing the opportunities and challenges presented for method and 

technology development.  
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In this project, supported liquid membrane extraction (SLME) was chosen as the sample pre-

treatment and separation method, while fluorescence spectroscopy and surface enhanced Raman 

spectroscopy (SERS) were studied as detection methods. Ochratoxin A (OTA) and aflatoxin B1 

(AFB1) were chosen as targets for analysis due to their high occurrence and the health risks they 

present, including carcinogenicity, nephrotoxicity and immunotoxicity.  

A SLME platform was developed for OTA extraction and pre-concentration from wine samples. It 

was established on 96-well micro filter plates with polymeric membranes at the bottom. Using 

optimized experimental parameters, an OTA recovery of about 80 % was achieved within 1 hour 

of extraction with a standard deviation of 4 %. The validated linear quantification range was from 

0.63 to 10 µg L–1 with a limit of detection of 0.20 µg L–1 using traditional LC-MS analysis, which 

is well below the maximum tolerance level set by European Commission. The SLME platform has 

the advantages of low solvent consumption, excellent time-efficiency and high throughput, which 

was also tested on beer and coffee samples, showing the potential to be applied to other types of 

food samples.  

An independent fluorescence detection method was developed to couple with the SLME, which 

was carried out with a laboratory set-up consisting of a Ti-sapphire laser, a harmonic generating 

unit, a sample holder and a spectrum analyzer. The fluorescence spectroscopy setup allows direct 

and immediate measurement of extracted samples on the SLME acceptor plate. This does not 

require any additional manual liquid handling steps after the extraction, takes microseconds for 

each measurement and consumes zero chemicals. A limit of detection of 51 µg L–1 was achieved, 

which is promising for application after further optimization. With the advancement of laser diodes, 

the technique has great potential to be designed into a portable measurement device using SLME 

coupled with fluorescence detection. 

Furthermore, the potential to utilize SERS for OTA and AFB1 determination was investigated. 

Fingerprint spectra of OTA and AFB1 were obtained on silver and gold SERS substrate 

respectively. Successful SERS quantification of OTA extracted from red wine samples by SLME 

was achieved, with good linear correlation in the range from 50 to 1000 µg L–1 between Raman 

intensity in the representative peak and OTA concentration.  
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Besides the abovementioned techniques, other techniques were explored in the project, including 

the fabrication of polymeric extraction discs and the functionalization of SERS substrates using 

aptamers. None of these techniques produced satisfactory outcomes and were not pursued further.   
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Resumé 

Mykotoksiner tilhører en gruppe af naturligt forekommende fødevareforureninger, der kan 

produceres af mange forskellige arter af skimmelsvampe og fra flere forskellige slægter. 

Mykotoksiner kan findes i et bredt spektrum af fødevarer hvor de kan udgøre en reel trussel for 

vores sundhed da de har en høj toksicitet og nogle er desuden kræftfremkaldende. Forurening med 

mykotoksiner kan ske på alle trin i produktionskæden, selv når der anvendes god landbrugs- og 

produktionspraksis. Derfor er de afgørende at en kontaminering opdages tidligt for at undgå at den 

spredes videre i fødevarekæden, hvorved fødevaresikkerheden kan forbedres og fødevaretab kan 

minimeres betydeligt. For at opnå dette kræves effektive analytiske metoder der kan detektere og 

advare om kontaminerede fødevarer. Overvågning af fødevarekontaminering med mykotoksiner 

udføres generelt af rutine- og referencelaboratorier hvor der anvendes standarder og officielle 

metoder. Disse metoder er baseret på komplekst og kostbart udstyr, specielle laboratorier og kræver 

veluddannet personale og metoderne er generelt relativt langsomme. Dette forhindrer anvendelse 

af de traditionelle analytiske metoder i produktionskæden eller til direkte realtidsanalyser af 

fødevarer på produktionsstederne. Disse begrænsninger  har inspireret til studier rettet mod 

udvikling af analytiske metoder der er robuste, lette at brug og transportable således 

mykotoksinovervågning kan udføres i marken for direkte test af afgrøder og fødevarer på tidlige 

stadier. 

PhD projektets hypotese er at miniature mykotoksin analyser kan opnås ved at udnytte nye 

ekstraktionsmetoder og detektionsteknikker der samlet vil være tids- og kosteffektive, lettere at 

anvende og give tilstrækkelig følsomhed, samtidig med at de har udviklingspotentiale som 

transportabelt og automatiseret analyseudstyr. Det overordnede mål har været at lave et ”proof-of-

concept” som grundlag for udvikling af en analytisk platform der integrerer ekstraktion af rigtige 

fødevarer, prøveforberedelse og detektion. 

Da rigtig mange teknikker er blevet foreslået til  miniature mykotoksin analyser, er et resume af 

den nuværende ”state-of-the-art” en del af PhD projektet hvori muligheder og udfordringer for 

metoder og teknologi diskuteres. 
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I dette projekt blev ”supported liquid membrane extraction (SLME) valgt til prøveforberedelse og 

koncentrering med fluorescens eller raman (surface enhanced raman spectroscopy, SERS) 

spektroskopi som detektionsprinciper. Bestemmelse af ochratoxin A (OTA) og aflatoxin B1 (AFBI) 

blev valgt som analytter på grund af deres hyppige forekomst og sundhedsrisici bl.a. som 

kræftfremkaldende, nyretoksiske og immunotoksiske. 

En SLME-platform blev udviklet til ekstraktion og koncentrering af OTA fra vin. Platformen er 

baseret 96 brønd mikrotiter filter plader der har et polymer filter i bunder af hver brønd. Ved 

anvendelse af optimerede eksperimentelle parametre kunne der opnås en OTA genfindelse på 80% 

indenfor en time med en standard afvigelse på 4%. Der blev opnået et valideret lineært område for 

ekstraktionen fra 0,63 til 10 µg L–1 med en detektionsgrænse på 0,20 µg L–1 ved anvendelse af 

traditionel LC-MS som detektionsmetode, hvilket er lavere end det maksimale tolerable indhold 

fastast af EU-kommissionen. Fordelen ved SMLE-platformen er et meget lavt solventforbrug, at 

den er hurtig og har meget stor prøvekapacitet, hvilket også er testet på øl og kaffeprøver. SLME-

platformen har desuden potentiale til andre fødevaretyper. 

En uafhængig fluorescens detektionsmetode blev tilpasset til at virke i forbindelse med SLME-

platformen bestående af et laboratoriesystem med en Ti-safir laser, en harmonisk interferens 

generator, en prøveholder og en spektrumanalysator. Dette system tillod direkte og umiddelbar 

målinger af fluorescens i ekstrakter direkte i SLME modtagerpladen uden yderlig prøve- og 

ekstrakthåndtering og kræver kun mikrosekunder per måling. En detektionsgrænse på 51 µg L–1 

blev opnået og viser at yderlig optimering er nødvendig. Med den hastige udviklingen indenfor 

laser dioder har teknikken et stort potentiale som transportabel OTA analyse baseret på SLME /  

fluorescens detektion. 

Endelig er potentialet for detektion af OTA og AFB1 med SERS undersøgt ved at bestemme 

fingeraftryk spektre på sølv eller guld SERS-substrater. Der blev opnået en tilfredsstillende 

kvantitativ bestemmelse af OTA i rødvin ved brug af SLME og med SERS detektion, med god 

lineær korrelation fra 50 til 1000 µg L–1 mellem Raman signalet og OTA koncentrationen. 

Teknikken har stort potentiale for yderlig optimering. 
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Ud over de diskuterede teknikker er flere andre metoder evalueret i projektet inklusive fremstilling 

af polymer ekstraktions skiver og brug af aptamere til funktionalisering af SERS-substrater. Ingen 

af disse teknikker gav tilfredsstillende resultater og blev ikke undersøgt yderligt. 
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1 Background  

Food safety has been an everlasting topic and is drawing attention from both food authorities and 

individual consumers. Issues arising from consuming contaminated food can vary from acute food 

poisoning such as vomiting and diarrhea, to chronic intoxications such as immune deficiency, 

kidney damage or even cancer (Lindsay, 1997). Food contamination poses an even more severe 

threat to the young population: it was estimated by WHO that almost one third of the deaths found 

in children under 5 years old were caused by foodborne diseases (WHO, 2015).  

Contamination is the addition of substances to food which are harmful and can cause illness to 

consumers. Food contamination can happen in any stages during food production process and can 

be categorized into two types: 1) natural contamination, including microorganisms and their 

metabolites, natural toxicants produced internally, toxic metals, radionucleotides and fluoride from 

the environment, as well as chemicals from food package materials and 2) intentional additions, 

including the administration of pesticides and herbicides, and veterinary drugs such as antibiotics 

(E.Todd, 2003; F. Gao & Lu, 2015). Of all the food contaminants, the European Union has 

established regulatory levels based on six categories: nitrate, mycotoxins, metals, 3-

monochloropropane-1,2-diol (3-MCPD), dioxins and polychlorinated biphenyls (PCBs), and 

polycyclic aromatic hydrocarbons (The Commission of the European Communities, 2006a).  

In this project, the focus was put on the category of mycotoxins, which started getting public 

attention after the incidence of turkey X disease in the 1960s, where around 100,000 turkeys died 

after being fed a peanut meal contaminated with aflatoxins (Blount, 1961). Since then, hundreds 

of mycotoxins have been identified and some of them can pose a severe health threat to humans or 

livestock even in low concentrations. The EU has set maximum tolerable limits on aflatoxins (AFs), 

ochratoxin A (OTA), patulin, fumonisins (FBs), zearalenone (ZEN), deoxynivalenol (DON), and 

the sum of T-2 and HT-2 toxin.  

Belonging to the group of naturally occurring food contaminants, mycotoxins are produced by 

various species of fungi growing and reproducing under warm and humid conditions on a wide 

range of plants and foodstuffs, mainly cereals and cereal products, but also ground nuts, peanuts, 

dried fruits and fruit drinks, and coffee beans etc. (Zhu, Ren, Nie, & Xu, 2016). Of all the 
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mycotoxins, those produced by three fungal genera Aspergillus, Penicillium, and Fusarium 

demonstrate the highest toxicity, where a few are potent or potential cancer promoters, including 

AFs, OTA and FBs. Table 1-1 summarizes the toxic effects, affected food commodities, and 

regulatory limits set by different authorities for these toxins. 

Mycotoxin contamination is usually unavoidable even when good agricultural, storage and proper 

processing practices are conducted, causing severe food and economic loss. Additionally, 

unhygienic food handling steps, inadequate enforcement on regulations and unqualified shipping 

infrastructure all contribute to mycotoxin contamination and foodborne disease. 

Once contaminated, mycotoxins are usually chemically and thermally stable, meaning that ordinary 

food processing and cooking procedures cannot reduce their presence substantially, which can 

increase the expenses on both medical care and the related prevention and detoxification processes 

(Duarte, Pena, & Lino, 2010; Pfliegler, Pusztahelyi, & Pócsi, 2015).  

A total annual market loss of $ 1.4 billion was estimated in the United States alone from rejected 

trade, reduced revenues, and healthcare expenses resulted from mycotoxin contamination (Vardon, 

McLaughlin, & Nardinelli, 2003). Low-income countries tend to be affected more seriously, where 

there are less control over mycotoxin screening, and serious food shortage or even famine can 

happen if heavily contaminated foods are removed (IRAC, 2012b). With the changing global 

environmental conditions and increasing international trade, it is becoming more and more 

challenging to predict and regulate mycotoxin threats (Alshannaq & Yu, 2017; Marroquín-Cardona, 

Johnson, Phillips, & Hayes, 2014).  

To enforce the regulation requirements for mycotoxins, monitoring and screening of mycotoxins 

in foods are regularly performed, where the majority is conducted in routine and reference 

laboratories. During the process, standard and official methods will be followed, giving accurate 

and trustworthy results. However, those laboratory analytical processes are based on bulky and 

expensive instruments which also require highly trained personnel to operate, making them not 

suitable to be applied on a farm level or in low-income countries. These shortcomings have 

motivated intensive studies on mycotoxin sensing devices, which are expected to be portable, easy-

to-operate, and affordable to less affluent countries.  
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Sensor devices are known for being capable of using small sample volumes and achieving fast and 

sensitive detection. Numerous scientific results have been published demonstrating sensor devices 

as potential alternatives to traditional methods. However, many studies for sensor development 

only focus on the recognition and detection part, instead of the whole analytical process, especially 

sample pre-treatment. This may lead to a large amount of peripheral work for sample pre-treatment 

which is needed before applying the sensor device, hindering the development of a practical and 

portable analytical platform.   

These shortcomings have inspired the PhD project to focus on techniques which may facilitate an 

easy and robust way of monitoring mycotoxins both for public health benefits and for reducing 

food loss. The hypothesis of the project was that a miniaturization of mycotoxin analytical 

techniques can be achieved by adopting novel extraction and sensing strategies. The overall aim 

has been to produce a proof of concept as a foundation for the integration of food sample extraction, 

pre-treatment, and detection steps in a single analytical platform. 

The PhD project has been carried out in four parts: 

1. The development of supported liquid membrane extraction (SLME) platform for OTA 

extraction and pre-concentration from red wine samples.  

2. The development of an independent fluorescence detection method to couple with SLME 

for direct and efficient measurement of OTA extracts.  

3. The study of utilizing surface enhanced Raman spectroscopy (SERS) for OTA and AFB1 

determination.  

4. A review of the current state of the art mycotoxin analytical techniques, discussing the 

opportunities and challenges presented for method miniaturization.
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 Table 1-1 A brief summary of AFs, OTA, and FBs, and their regulatory limits for human consumption set by EU, US and China   

Mycotoxin Food commodity  Toxic effect 
Limit EU  

(µg kg−1) 

Limit US  

(µg kg−1) 

Limit China 

(µg kg−1) 
Ref.  

Aflatoxin B1, 

B2, G1, G2 

Cereals and cereal 

products, nuts, 

peanuts, almonds, 

pistachios, figs, 

spices, etc. 

Carcinogenic (Group 1), 

hepatotoxic, teratogenic, 

mutagenic, 

immunosuppressive 

2 to 12 for 

AFB1 

 

4 to 15 for 

total AFs 

20 for total 

AFs 

5 to 20 for 

AFB1 

 

0.5 for AB1 

for special 

dietary foods 

 

Not set for 

total AFs 

(Bennett & Klich, 2003; IARC, 

2002; National Grain and Feed 

Association, 2011; National Health 

Commission & State Administration 

of Market Regulation, 2017; The 

Commission of the European 

Communities, 2006a) 

AFM1 
Milk and dairy 

products 

Possibly carcinogenic (Group 

2B) 

0.05 for milk 

 

0.025 for 

infant milk, 

formulae and 

foods 

0.5 0.5 

(Bennett & Klich, 2003; National 

Grain and Feed Association, 2011; 

National Health Commission & State 

Administration of Market 

Regulation, 2017; The Commission 

of the European Communities, 

2006a) 

OTA 

Cereals and cereal 

products, grapes 

and derived 

products, coffee, 

tea 

Possibly carcinogenic (Group 

2B), nephrotoxic, 

hepatotoxic, immunotoxic, 

tetratoxic 

2 to 10 Not set 2 to 10 

(Bennett & Klich, 2003; IARC, 

1993; Mantle, 2002; National Health 

Commission & State Administration 

of Market Regulation, 2017; The 

Commission of the European 

Communities, 2006a) 

FBs 

Maize and 

derived products, 

rice, etc.  

Possibly carcinogenic (Group 

2B), hepatotoxic, 

nephrotoxic, developmental 

toxicity 

200 to 1000 2000 to 4000 Not set  

(IARC, 2002; National Grain and 

Feed Association, 2011; The 

Commission of the European 

Communities, 2006a) 
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2 Introduction and Literature Review  

This chapter gives a brief description of the two chosen mycotoxins as targets for analysis: OTA 

and AFB1, followed by a summary of the commonly adopted analytical techniques and sensing 

strategies for mycotoxin determination.  

2.1 Ochratoxin A 

Ochratoxins (Ochratoxin A: OTA, Ochratoxin B: OTB and Ochratoxin C: OTC) are toxic 

metabolites produced by several species of fungi genera Aspergillus and Penicillium. OTA, 7-(L-

β-phenylalanylcarbonyl)-carboxyl-5-chloro-8-hydroxy-3,4-dihydro-3R- methylisocumarin, is the 

main form posing health risks on human and animals (Kőszegi & Poór, 2016). Figure 2-1 shows 

the molecular structures of the three ochratoxins, the circled areas indicate the characteristic parts 

to the three ochratoxin molecules, respectively. OTB is often found together with OTA, however 

there does not exist sufficient data to evaluate the effect of OTB contamination (World Health 

Organization, 1990).  

 

a. b.  c.  

Figure 2-1 Molecular structures of OTA, OTB and OTC (a, b, c). Cricled areas are the 

characteristic parts of the three ochratoxins, respectively: OTB is a non-chlorinated 

form of OTA and OTC is an ethyl ester of OTA [National Center for Biotechnology 

Information, PubChem Database, https://pubchem.ncbi.nlm.nih.gov/compound 

(accessed on June 8, 2019), CID: 442530 (OTA), 20966 (OTB), 20997 (OTC)] 

https://pubchem.ncbi.nlm.nih.gov/compound
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Being a possible carcinogen (Group 2B), OTA is also teratogenic, hepatotoxic, neurotoxic and 

immunotoxic based on in vitro and on animal studies, where renal toxicity and carcinogenesis are 

the key toxic effects (IARC, 1993; Khoury & Atoui, 2010). OTA is not classified as Group 1 

carcinogen, which is probably due to the less sufficient epidemiological evidence of OTA in human 

beings. Therefore it is not safe to say it possesses less toxicity than AFB1 (Group 1 carcinogen) 

(Bui-Klimke & Wu, 2015; Chen et al., 2018).  

The exposure to OTA is mainly through the ingestion of food and beverages. OTA widely exists 

in various food products (Mateo, Medina, Mateo, Mateo, & Jiménez, 2007), including cereal and 

cereal products, cocoa and chocolates, coffee and tea, meat and poultry products, dry fruit, juices 

and wines etc. The contributions of different food commodity groups to human OTA intake in EU 

member states are illustrated in Figure 2-2. The major source of OTA human intake is cereals and 

cereal products, accounting for approximately half of the overall human intake (Vega et al., 2009). 

According to Lee and Ryu, the incidence and maximum level of OTA in cereal and cereal products 

were 29 % and 1164 µg kg−1, based on the data gathered from 2006 to 2016 (H. J. Lee & Ryu, 

2017). Wine is considered to be the second most significant source, estimated to account for 13% 

of human OTA intake in the EU population (EC, 2002). The Commission of the European 

Communities has set the maximum tolerable levels of OTA in raw cereals and cereal derivatives 

to be 5.0 and 3.0 µg kg−1 respectively, and 2 µg L−1 in wines with less than 15 % alcohol content 

(The Commission of the European Communities, 2006a).  
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Figure 2-2 The contributions of different food commodity groups to human OTA intake in EU 

member states [adapted from (EC, 2002)] 

 

The modes of actions of OTA toxicity are still waiting to be further elucidated, which are suspected 

to be related to genotoxic mechanism, oxidative stress and disruption of signaling among cells 

(Heussner & Bingle, 2015). OTA has high affinity to albumin, where 99.8 % of OTA is bound with 

albumin in the circulatory system, facilitating its transport and bio-accumulation within human 

body especially in organs (Kőszegi & Poór, 2016). Studies have shown that the main targets of 

OTA are liver and kidney (Heussner & Bingle, 2015), correlated with the occurrence of Endemic 

Nephropathy (EN), a progressive renal disease, and the incidence of upper urinary tract tumors 

(Chernozemsky, 1991). It was also reported that OTA might contribute to the development of 

Tunisian Nephropathy gastric, esophageal tumors, and testicular cancer (Hassen et al., 2004; Jing 

Liu et al., 2015; Schwartz, 2002).  
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The critical steps of OTA biosynthesis involve the formation of Ochratoxin β (OTβ) mediated by 

polyketide synthetase. OTβ will then react with L-phenylalanine via non-ribosomal peptide 

synthetase pathway and form OTB. OTA is finally synthesized through a halogenation process, 

which adds a chlorine atom to OTB (Gallo, Ferrara, & Perrone, 2017). The critical steps of OTA 

biosynthesis are summarized in Figure 2-3.  

 

 

 

Figure 2-3 Critical steps of OTA biosynthesis using L-phenylalanine and Ochratoxin β as 

precursors [adapted from (Gallo et al., 2017)] 

 

  

L-phenylalanine 

Ochratoxin β 

Ochratoxin B 

Ochratoxin A 

Non-ribosomal 

peptide synthetase 

Halogenase/ 
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2.2 Aflatoxin B1 

Aflatoxins (AFs) are considered the most potent mycotoxins due to their carcinogenicity, 

hepatotoxicity, and mutagenicity (IARC, 2002; Kurtzman, Horn, & Hesseltine, 1987). AFs are 

mainly produced by fungi genus Aspergillus flavus, which is a plant pathogen affecting a wide 

range of agricultural crops including maize, cotton, groundnuts, tree nuts etc. AFs contamination 

can happen in both pre- and post- harvest stages, causing both health risks and economic loss (J. 

Yu, 2012). Figure 2-4 illustrates the microscopic morphology of A. flavus and a A. flavus 

contaminated maize.  

a.  b.  

Figure 2-4 a. The microscopic morphology of A. flavus; b. A. flavus contaminated maize. 

[Copyright © 2007, The Fungal Infection Trust. All rights reserved. 

https://www.aspergillus.org.uk] 

 

Four naturally occurring AFs have been identified: Aflatoxin B1, B2, G1 and G2 (Figure 2-5), 

based on their blue (B) or Green (G) fluorescence under UV excitation, and the differences of their 

mobilizing speeds on thin-layer chromatography.  

Aflatoxin M1 (AFM1) is a hydroxylated metabolite from AFB1, which is transformed biologically 

by cows and classified as possibly carcinogenic (Group 2B) (IARC, 2002). Once synthesized, 

AFM1 can be secreted to milk and passed to dairy products such as cheese with an even higher 

concentration, thereby spreading up the food chain (Barbiroli et al., 2007; Govaris, Roussi, Koidis, 

& Botsoglou, 2001).  

https://www.aspergillus.org.uk/
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a.  b.  c.  d.  

Figure 2-5 Molecular structures of aflatoxin B1, B2, G1 and G2 (a, b, c and d).            

[National Center for Biotechnology Information, PubChem Database, 

https://pubchem.ncbi.nlm.nih.gov/compound (accessed on June 8, 2019), CID: 186907 

(AFB1), 2724360 (AFB2), 14421 (AFG1), 2724362 (AFG2)] 

Among all the AFs, AFB1 is considered the most toxic which is characterized as a potent human 

carcinogen (Group 1) (IARC, 2002). Not only AFB1 can cause acute liver failure, but also chronic 

syndromes such as suppressed immune response, malnutrition and fatty infiltration of the liver etc. 

(J. Yu, 2012). The first reported human aflatoxicosis was in India, leading to 100 casualties 

(Krishnamachari KA, Bhat RV, Nagarajan V, 1975). One of the most severe aflatoxicosis cases 

took place in Kenya in 2004 which was resulted from the consumption of contaminated maize, 

causing 125 deaths out of a total 317 cases, resulting in a 39 % fatality rate (Probst, Njapau, & 

Cotty, 2007).  

Overall, the contamination by AFs is more severe in developing countries due to the insufficient 

monitoring level and regulation enforcement, which is affecting around 4.5 billion people in total 

(Williams et al., 2004). To regulate and control aflatoxins contaminations, 76 countries have set 

maximum tolerable limits for the sum of aflatoxins in foodstuffs, where most of them have also set 

a separate regulatory limit for AFB1 and AFM1 (Food and Agriculture Organization of the United 

Nations (FAO Food and Nutrition Paper No. 81), 2004).   

https://pubchem.ncbi.nlm.nih.gov/compound
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2.3 Commonly adopted analytical methods  

 

 

Figure 2-6 Schematic of the workflow of a general analytical process: sampling and extraction, 

clean-up, and lastly separation and detection (Pereira, Fernandes, & Cunha, 2014), 

where common methods in each step are also listed.  

 

  

•Sampling

•Solid sample grind 

•Solvent extraction

•Homogenization 

Sampling and  
extraction 

•Column clean-ups

•Liquid-liquid extraction

•Soild-phase microextraction

Clean-up

•Chromatography: HPLC, LC-
MS, GC-MS, LC-MS/MS, TLC-
UV-vis

•Immunoassay: ELISA

Separation and 
detection 
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2.3.1 Sampling and extraction 

Considering the complex characteristic of food matrices and the heterogenous distribution of 

mycotoxins in foodstuffs, sampling and extraction play an critical role on determining the 

processing time, reliability and sensitivity of the final results, (Hayat, Paniel, Rhouati, Marty, & 

Barthelmebs, 2012). The Commission of the European Communities (EC) has set detailed 

regulations on sampling and analytical methods for mycotoxins for official control purposes, which 

emphasize the importance of appropriate sampling and homogenization processes (The 

Commission of the European Communities, 2006b). Especially for solid food sample, a grinding 

process is often necessary before extraction. Most of the AOAC Official Methods of Analysis for 

aflatoxins extraction in maize use mixtures of methanol and water with different volume ratios. 

There is also a study using aqueous sodium dodecyl sulfate to replace organic solvents which 

achieved good recovery (Maragos, 2008). The sampling and extraction steps are followed by clean-

up processes or immunoassays.  

 

Figure 2-7 Schematic of possible sampling and extraction steps required before clean-up. 

 

Sampling 

[Representative sample selection: where and how]

Sample preparation 
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2.3.2 Clean-up 

Clean-up process will reduce the interfering compounds, increasing the detection sensitivity 

especially when analyzing trace amounts of analytes.  

2.3.2.1 Column clean-ups  

Column clean-ups are the most widely adopted methods for mycotoxin analysis, because of their 

high recovery and the applicability to a wide range of food samples (Berthiller et al., 2018; Prelle, 

Spadaro, Denca, Garibaldi, & Gullino, 2013). Column clean-ups utilize disposable cartridges 

packed with different stationary phase materials, such as antibodies against target analytes in 

immunoaffinity columns (IAC), C18, C8, silica and florisil materials in non-specific solid phase 

extraction (SPE) columns.  

Column clean-ups can separate analytes from the sample matrix effectively and achieve an up-

concentration, improving the detection sensitivity. However, these methods are time-consuming, 

expensive, and needing professional laboratory settings to operate, making them less ideal when 

time and equipment are constrained.  

2.3.2.2 Liquid-liquid extraction 

As a long-standing and traditional clean-up method, liquid-liquid extraction (LLE) is usable to the 

pre-treatment of a few toxins such as AFs and DON, which is also suitable for small-scale 

laboratory operations. LLE works by utilizing the solubility differences of the target analyte 

between an aqueous phase and an immiscible organic phase, separating the analytes from one phase 

to another. LLE is easy to design and operate, and requiring simple equipment, but it is time-

consuming and can often co-extract other matrix compounds of similar hydrophobicity or 

hydrophilicity (Pichon & Combès, 2016), therefore not ideal for high quality clean-up purposes. 

2.3.2.3 Solid-phase micro extraction 

Solid-phase micro extraction (SPME) is a miniaturized and adapted version of SPE, which utilizes 

a fused-silica fiber coated on the outside with a stationary phase instead of a solid-phase column, 

directly capturing and concentrating analytes on the fiber layer (Kataoka, Lord, & Pawliszyn, 2000). 
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SPME is a solvent-free extraction method, which has been praised for its simplicity and good 

performance when applied to complex sample matrices. 

Furthermore, in-tube SPME, which uses a tubular fused-silica capillary column instead of fiber 

coatings, has been proposed, which is suitable to be coupled with instrumental analyses such as 

LC-MS to provide an automated analytical workflow (Merkle, Kleeberg, & Fritsche, 2015).  

The major drawback of SPME is that the fibers are expensive and will degrade over the course of 

a few extractions (Jiang & Lee, 2004). This has been gradually being improved by the development 

of new fiber and coating materials.  

Table 2-1 presents a summary of the abovementioned clean-up methods, including their working 

principles, advantages and disadvantages. 
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Table 2-1 Major clean-up methods for mycotoxins  

 

  

Method  Principle  Advantages Disadvantages  

IAC  
Immunoaffinity 

recognition  

Highly sensitive, selective, 

official methods  

Expensive, time 

consuming 

SPE-with 

molecularly 

imprinted 

polymers (MIPs) 

Customized specific 

molecular recognition 

sites 

Robust, theoretically can be 

designed for all the analytes  

Unstable molecular 

recognitions result 

in low selectivity  

SPE with non-

specific packing 

materials  

Polar, non-polar or 

electrostatic 

interactions 

Relatively cheaper, stable 

structure  

Non-specific 

recognitions  

LLE 

Different solubilities of 

the target compound in 

two immiscible solvents  

Simple and straightforward  

Time consuming, 

low clean-up 

quality 

SPME 

Analytes are directly 

extracted to fused-silica 

fiber coated with 

certain stationary phase  

Simple, solvent-free, time 

efficient and suitable for 

complex matrices  

Expensive, limited 

lifetime 
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2.3.3 Separation and detection 

2.3.3.1 Chromatography based methods 

Chromatography separations such as liquid chromatography (GC) and gas chromatography (GC) 

have been widely applied to food contaminants (Haider, Barillier, Hayat, Gaillard, & Ledauphin, 

2014; Haider, Delahaie, et al., 2014), which can be coupled with various instrumental detection 

units such as mass spectrometry (MS) and fluorescence detector (FLD). High performance liquid 

chromatography (HPLC) coupled with FLD or MS is the most adopted method for mycotoxin 

analysis, which is well known for its high sensitivity, accuracy, and broad applicability (Nguyen 

& Ryu, 2014). Ultrahigh performance liquid chromatography (UHPLC) has been developed and 

favored in reference laboratories due to its enhanced sensitivity and time efficiency from its high 

throughput (Dominguez et al., 2017). Multi-compound determination can be accurately achieved 

using liquid chromatography tandem mass spectrometry (LC-MS/MS), giving it an advantage over 

most of other methods, which can usually only detect one compound at a time (R. Wang et al., 

2015).  

In spite of the many benefits of instrumental analyses, they require bulky and expensive 

instrumentation and a controlled laboratory setting with well-trained personnel. These make 

instrumental methods difficult to apply to field settings or in low-income countries. 

Besides instrumental chromatography methods, thin-layer chromatography (TLC) coupled with 

UV-vis spectrometry detection has the advantages of high throughput, low cost, and needing simple 

equipment. The stationary phase in TLC is a thin layer of adsorbent coated on the surface of sheets 

of glass, plastic or aluminum foil, where the analytes can be separated with the ascending of the 

mobile phase in one- or two-dimensions. TLC-UV-vis spectroscopy is widely used for mycotoxin 

detection, especially fluorescent mycotoxins such as OTA, ZEN and AFs. Several TLC methods 

have been approved by AOAC international for official use, including AFs detection in ground 

nuts and maize, OTA in barley, DON in wheat, and ZEN in maize (IRAC, 2012a).  

However, a strict sample clean-up process is usually needed, since TLC does not provide specific 

and selective target recognition, making the result easy to be interfered by background impurities. 
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Considering TLC only offers limited sensitivity and selectivity, it is mainly used for qualitative or 

semi-quantitative analysis. 

 

2.3.3.2 Immunoassays  

Immunoassays are based on the principle of using antibodies as ligating reagents against the target 

(antigen) to be detected. Enzyme-linked immunosorbent assay (ELISA) is the most commonly 

adopted immunoassay format and applicable to a few toxins or toxin-mixes.  

Compared to instrumental methods, ELISA is less complex in terms of the operation process and 

the equipment involved (A. E. Urusov, Zherdev, & Dzantiev, 2010; Alexandr E. Urusov et al., 

2015). The main advantage of ELISA is the possibility to skip some of the sample clean-up 

procedures, which can significantly shorten the total analysis time (Hayat et al., 2012). 

Nevertheless, ELISA still requires a controlled laboratory setting for storing antigen-antibody pairs 

and for result generation purpose; and the whole assay takes up to several hours to complete, 

making the technique expensive and difficult to be applied in field conditions and for real-time 

monitoring (Turner et al., 2015).  

 

Table 2-2 summarizes the abovementioned separation and detection methods for mycotoxin 

analysis, where their advantages and disadvantages are explained followed by examples of real 

sample applications. 
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 Table 2-2 Common separation and detection methods for mycotoxin analysis in foods 

Method Advantages  Disadvantages  Mycotoxins/matrix  
LOD  

(µg kg−1) 
Ref. 

HPLC coupled with 

FLD, MS or 

MS/MS 

Highly sensitive and 

selective   

Automated 

Official methods  

Multi-toxin detection  

Bulky and expensive 

instrumentations 

Well-trained specialists are 

required  

Various toxins/cereals  0.01 to 25 

(Soleimany, Jinap, 

Faridah, & Khatib, 

2012; Turner et al., 

2015) 

GC-MS Very high sensitivity  

Most mycotoxins are not volatile 

and need derivatization 

Risk of contamination and column 

blockage  

ZEN, DON/breakfast 

cereals  
2 to 15  

(Cunha & Fernandes, 

2010; Turner et al., 

2015) 

TLC-UV-vis 

Low cost 

Rapid  

High throughput  

 

Limited sensitivity, only 

qualitative or semi-quantitative 

detection 

DON, FB1 and 

ZEN/grains 

AFB1, OTA and 

ZEN/corn  

200, 1000 and 

200 

2, 40 and 200 

(Balzer, Bogdanic, & 

Pepeljnjak, 1978; 

Schaafsma, 1998; 

Turner NW, 

Subrahmanyam S, 

2009) 

ELISA 

Less strict for sample 

preparation 

High throughput  

Low organic solvent 

consumption  

Time consuming  

Requiring plate reader and storage 

facilities  

AFB1, OTA and 

ZEN/corn and poultry  
0.24, 1.2 and 3 

(Alexandr E. Urusov 

et al., 2015) 
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2.4 Recent progress of mycotoxin sensing strategies   

While trustworthy instrumental analyses are being conducted in reference laboratories where 

official methods and standards are followed, those facilities are sometimes not easily accessible, 

especially in field conditions or low-income countries. Therefore, miniaturized mycotoxin sensing 

devices are under intensive investigations, which are expected to be portable and easily learnt by 

individuals after simple trainings to operate in a farm or rural setting.  

The increasing amounts of publications in the past 10 years have indicated a growing trend for the 

research on mycotoxin sensors (Figure 2-8a), which is also a highly multi-disciplinary area 

involving mainly chemistry, and biochemistry, engineering, material science, physics etc. (Figure 

2-8b), showing the broad interests and encouraging motivation for developing mycotoxin sensing 

platforms.  
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a.  

 

b.  

 

Figure 2-8 Publications related to sensors for mycotoxin determination in the past 10 years and 

their categorization: a. by year and b. by disciplines (data from Scopus 

https://www.scopus.com) 

 

 

 

 

https://www.scopus.com/
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The definition of a chemical sensor, according to the International Union of Pure and Applied 

Chemistry (IUPAC), is “a device that transforms chemical information, ranging from the 

concentration of a specific sample component to total composition analysis, into an analytically 

useful signal.” (Adam Hulanicki, Glab, & Ingman, 1991).  

 

 
 

Figure 2-9 The components of sensors for mycotoxin detection. 

 

A chemical sensor is comprised of two basic parts: a receptor part and a transducer part, and some 

sensors may also contain a sample pretreatment part. Receptor part is where the chemical 

information is transformed to a measurable energy, and the transducer part coverts the energy 

carrying the chemical information to a useful analytical signal (A. Hulanicki, Glab, & Ingman, 

1991). Based on the operating principle of transducer, chemical sensors can be categorized into 

optical, electrochemical, electrical, mass sensitive, magnetic, and thermometric devices.  

For mycotoxin detection, optical and electrochemical (EC) devices are the two major types of 

sensors. The major components of mycotoxin sensors are shown in Figure 2-9.  

In this part, major sample pre-treatment approaches and sensor types for mycotoxin determination 

are described, with an emphasis on supported liquid membrane extraction and optical detection, 

which are more relevant to the PhD project.  
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2.4.1 Sample pretreatment  

2.4.1.1 Recognition elements  

In a sensing platform, recognition elements can selectively recognize and capture target analytes, 

improving the sensitivity and reliability of the detection. Recognition elements are most commonly 

antibodies isolated from living organisms, but artificial recognition elements such as aptamers and 

molecularly imprinted polymers (MIPs) are becoming increasingly employed as the alternative 

ligand reagents for mycotoxin recognition (Justino, Freitas, Pereira, Duarte, & Rocha Santos, 2015; 

Kant et al., 2018; Modh, Scheper, & Walter, 2018).  

Aptamers are small oligonucleotides or peptides which can be folded into specific three-

dimensional structures for binding with target molecules. The structure of nucleic acids also allows 

them to be easily functionalized with various linkers and molecular labels (Luzi, Minunni, 

Tombelli, & Mascini, 2003). MIPs are entirely artificial receptors fabricated by imprinting cavities 

in a polymer matrix which selectively fit the target (template) analytes (Vasapollo et al., 2011).  

Compared to antibodies, aptamers and MIPs can be easily synthesized in vitro, stable during long-

term storage, and adaptable to a wide scope of molecules (Marechal, Jarrosson, Randon, Dugas, & 

Demesmay, 2015; Toh, Citartan, Gopinath, & Tang, 2014). Additionally, the reversibility as 

artificial capturing reagents allows aptamers and MIPs to be reusable and thereby cost-effective. 

Table 2-3 lists the principles, advantages and limitations of the three major types of recognition 

elements adopted in mycotoxin sensors.   
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Table 2-3 Comparison of the three major types of recognition elements for mycotoxin analysis.  

Recognition 

elements 
Principles  Advantages Limitations  

Antibodies 

Y-shaped protein produced 

mainly by plasma cells which can 

recognize a unique antigen 

High affinity and 

specificity 

Strict storage 

conditions;  

Expensive and 

laborious biosynthesis; 

Easy to lose stability. 

Aptamers 

Small oligonucleotides or 

peptides which can be 

specifically folded into certain 

three-dimensional structures for 

binding with target molecules 

Easy to design and 

modify; 

Stable and reversible 

structure; 

Low cost and in vitro 

synthesis; 

High adaptability  

Tertiary structures 

highly depend on the 

solution conditions;  

 

Easy to be denatured by 

the presence of 

nuclease 

MIPs 

Highly cross-linked polymer 

matrix, having recognition sites 

complementary to the template 

molecules, which have been 

formed in the presence of 

template molecules 

Thermal and chemical 

stability; 

Low cost and in vitro 

synthesis. 

Having relatively high 

cross-reactivity;  

 

Unstable molecular 

recognitions can 

happen 

 

2.4.1.2 Supported liquid membrane 

Liquid membrane extraction has emerged as a non-traditional type of extraction methods, 

especially for small molecules (Luke Chimuka, Hlanganani Tutu, Ewa Cukrowska, 2009). Liquid 

membranes can be prepared as emulsions or supported porous structures. The latter, also known as 

supported liquid membrane (SLM), has been the favored choice due to its ease of preparation and 

that the membrane material will not significantly affect the selectivity (Strathmann, Giorno, & 

Drioli, 2010).  

SLM has been successfully applied for the separation of drugs from blood plasma, phenolic 

compounds from fertilizers, and metal pollutants from urine, etc. (Jung et al., 2002; Soko, 
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Cukrowska, & Chimuka, 2002; Vårdal et al., 2017), showing the advantages of being easy to 

operate and providing efficient target enrichment (Jönsson & Mathiasson, 1999).  

A schematic illustration of the working principle of SLM is shown in Figure 2-10. As an ion-

assisted molecular transport, SLM extraction can be facilitated either by pH-gradient or by certain 

ligands, depending on the properties of target molecules. The target compound will be changed 

into a non-ionic form in the donor phase, which facilitates it to be absorbed by the hydrophobic 

liquid membrane and transported to the other side. In the acceptor phase, the target compound will 

be changed back into ionic form again. This process is irreversible, and the target analytes will stay 

stable and accumulate in the acceptor side, resulting in an increase in concentration.  

 

Figure 2-10 Schematic illustration of the working mechanism of SLM extraction for compounds 

with carboxylic acid groups, ammine groups, and metal ions.  

Both established on a membrane structure, the working mechanism of SLM extraction is easy to 

be confused with dialysis. Dialysis is a separation and purification method based on concentration-
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gradient, which uses a semipermeable membrane that only permits molecules to move from the 

higher concentration side to lower concentration side until the equilibrium is reached. The pore 

size of the dialysis membrane selectively constrains the movement of large molecules (targets), 

facilitating the movement of small molecules (impurities) to the lower concentration side, thereby 

achieving separation and purification. A schematic illustration of the working principle of dialysis 

is shown in Figure 2-11.  

 

Figure 2-11 Schematic illustration of the working principle of dialysis, where the large target 

molecules are constrained and purified, while the smaller sized impurities are allowed 

to move across the membrane to the surrounding solvent.  

Dialysis is a simple and low-cost separation technique which is suitable for the purification of large 

targets such as proteins and cells. Small molecules can only move downwards the concentration 

gradient, thereby impossible to achieve an increase in concentration. In SLM extraction, the 

movement of target molecules is facilitated by ionic gradient, making the effect from concentration 

gradient almost negligible (Jönsson & Mathiasson, 1999).  

For mycotoxin application, SLM based on hollow fiber, known as hollow fiber liquid phase 

microextraction (HF-LPME), has been used, where the SLM is formed by immobilizing organic 

solvent on a hollow fiber connected to a syringe needle (Figure 2-12). HF-LPME can achieve a 
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much higher target enrichment of up to several hundred folds, as the hollow fiber configuration 

can provide a significantly larger donor-to-acceptor volume ratio. 

 

 

 

Figure 2-12 Schematic illustration of HF-LPME setup, where the SLM is formed on the hollow 

fiber connected to a syringe needle. Target analytes will be transported from the donor 

solution in the glass vial through the SLM into the lumen, where they will be 

accumulated and concentrated.  

HF-LPME has been used as the clean-up and pre-concentration method of melamine from milk, 

which worked by simply inserting the hollow fiber into treated milk for a certain amount of time, 

resulting in a LOD of 0.003 mg kg–1 with HPLC detection (L. Gao & Jönsson, 2012). A recent 

study demonstrated a hollow fiber SLM in combination with dispersive liquid-liquid 

microextraction for AFs determination in soybean juices, achieving an enrichment factor of 27, 

and LODs ranging from 0.01 — 0.03 µg L–1 (Simão, Merib, Dias, & Carasek, 2016). HF-LPME 

has also been successfully employed to extract OTA and T-2 toxin in alcoholic beverages (Romero-

González, Frenich, Vidal, & Aguilera-Luiz, 2010).  
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The main disadvantage of SLM based separation method is that the lack of specific recognition 

sites can result in low selectivity, making the final detection outcome dependable on highly 

sensitive instrument. 

  

2.4.2 Optical Detection  

Optical devices transduce changes of optical phenomena generated by the interaction between 

analyte and receptor, which can be further classified based on various signaling principles: 

absorbance, reflectance, luminescence, fluorescence, refractive index, optothermal, and light 

scattering (A. Hulanicki et al., 1991). 

 

2.4.2.1 Fluorescence detection 

Fluorescence (FL) sensor measures the emission caused by irradiation or a quenching of emission 

(A. Hulanicki et al., 1991). FL sensing is a classic and common approach for mycotoxin detection 

due to their simplicity, time-efficiency and straightforward signal interpretation process (Xu, 

Zhang, Zhang, & Li, 2016), where a few have achieved multiplexing detection or excellent 

portability.   

M. Majdinasab et al. have demonstrated a series of methods based on immunochromatographic 

assay (ICA) for OTA detection, where the results could be obtained from portable strip readers 

(Majdinasab, Sheikh-Zeinoddin, Soleimanian-Zad, Li, Zhang, Li, Tang, et al., 2015; Majdinasab, 

Sheikh-Zeinoddin, Soleimanian-Zad, Li, Zhang, Li, & Tang, 2015; Majdinasab, Zareian, Zhang, 

& Li, 2019). Firstly, by utilizing OTA monoclonal antibodies labelled with gold nanoparticles 

(AuNPs) or europium nanoparticles (EuNPs), visible or FL signals was generated with LODs of 

0.2 or 1.0 µg L-1, respectively. Furthermore, they successfully replaced monoclonal antibodies with  

polyclonal antibodies, which has greatly reduced the cost and lowered the LOD to 0.4 ng L−1 with 

a total assay time of 12 min (Majdinasab et al., 2019). Besides, all the ICA methods were tested on 

real food samples (maize, wheat, soybean, and rice), showing great potential to be developed into 

a portable commercial device for mycotoxin sensing.   
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2.4.2.2 Colorimetric detection 

Despite many advantages, FL sensor requires additional equipment for signal generation and 

readout such as an external light source, which contribute to the complications and interferences in 

the method. These shortcomings have made visual colorimetric detection a popular alternative. 

Colorimetric method only provides limited sensitivity; therefore, it is more commonly employed 

for qualitative estimation based on cutoff values rather than accurate quantification.  

Recently, a qualitative multiplexed sensing of DON, FB1 and AFB1 was reported, achieving cut-

off values of 10, 30, and 10 µg L−1 respectively (S. Yu et al., 2018). This work used a lateral flow 

immunoassay format based on competitive inhibition, where the conjugate pad contained AuNPs 

labelled antibodies and each test zone was immobilized with respective mycotoxin-bovine serum 

albumin (BSA). Upon the sample mycotoxins are introduced, they will bind to the antibodies in 

the conjugate pad, making these antibodies unable bind to the mycotoxin-BSA in the test zones. 

When the sample mycotoxins are above the cutoff value, all the antibodies in the conjugate pad 

will be bound thereby no signal is shown in the test zone. Oppositely, if the mycotoxins are below 

the cutoff level, extra AuNPs-labeled antibodies will be available to bind the test zone and show a 

red line. This lateral flow assay makes a good example of a user-friendly sensing platform, which 

provides rapid result generation (less than 20 min) and easy visual signal interpretation without any 

auxiliary instruments. It is very promising to be extended as a generic mycotoxin sensing strategy 

and achieve semi-quantitative detection by adding more test zones with different cutoff values.   

 

2.4.2.3 Chemiluminescence detection 

CL is the conversion of chemical energy into the emission of light (luminescence) as the result of 

a chemical reaction (Farrell & Farrell, 2010). With the presence of certain substrate, CL labels are 

normally active enzymes such as horseradish peroxidase (HRP) and alkaline phosphatase (ALP), 

which work as catalysts to trigger the chemical reaction for generating luminescence.  

A special form of CL is electrochemiluminescence (ECL), where the luminescence is generated by 

electrochemical reactions. ECL luminophores are used as labels and emit lights upon electric 

excitation. Various ECL materials have been discovered such as ionic iridium (Ir) complex, CdTe 
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Quantum dots (QDs) and Ru NPs, which are often used together with some signal enhancement 

strategies such as using AuNPs to create localized surface plasmon resonance (LSPR) for 

fluorescence enhancement (Xie et al., 2014; Zhang, Xiong, Chen, Zhang, & Wang, 2017; Zhao, 

Luo, Li, & Song, 2014).  

ECL is becoming a popular alternative to CL as it can be controlled by simply switching the 

electrode voltage instead of mixing reagents manually (Richter, 2008), demonstrating a higher 

feasibility to be carried outside of laboratory settings. Additionally, without the need for a light 

source, ECL can be conducted in the dark, which eliminates background light scattering. 

 

2.4.2.4 Surface-enhanced Raman Spectroscopy 

Raman spectroscopy belongs to the category of vibrational spectroscopy, which provides 

information about molecules by measuring the oscillations of atoms (Y. Li & Church, 2014). SERS 

is based on the principal that localized surface plasmons (LSP) generated by metallic 

nanostructures can result in an amplification of the incident electromagnetic fields nearby (Stiles, 

Dieringer, Shah, & Duyne, 2008), which has been proved to achieve an Raman signal enhancement 

of up to 108 magnification (Mcfarland, Young, Dieringer, & Duyne, 2005).  

Both label-based and label-free approaches have been employed in SERS detections of mycotoxin, 

where label-based strategies have made the major contributions. SERS tag is a combination of 

metallic nanoparticles and Raman active molecules such as 4,4’-Dipyridyl labelled AuNPs and 

silica-encapsulated hollow gold nanoparticles (SEHGNs) (Y. Wang, Yan, & Chen, 2013).  

Table 2-4 lists a summary of recent studies using label-based SERS for mycotoxin detection. 
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Table 2-4 A summary of label-based SERS methods for mycotoxin detection  

Label Platform/Principle Mycotoxins/matrix 
LOD 

(µg L–1) 
Ref. 

SEHGNs Immunoassay AFB1/water 0.1  
(Ko, Lee, & 

Choo, 2015) 

4-NTP labeled 

AuNPs 

Exonuclease-assisted 

recycling amplification 
AFB1/peanut 0.0000004 

(Q. Li et al., 

2017) 

4,4’-Dipyridyl 

labelled AuNPs 
Immunoassay ZEN/feed samples 0.001 

(Jianzhi Liu et 

al., 2014) 

Cy5 labeled silver 

(Ag) NPs  

Adsorption differences 

of aptamers to AgNPs 
OTA/buffer 0.04 

(Kim et al., 

2014) 

4-ATP labeled 

AgNPs 

Gold nanostar core – 

AgNPs satellites, 

aptamer assay 

AFB1/peanut milk 0.0005 
(L. Liu et al., 

2015) 

4-ATP and 4-NTP 

embedded Ag@Au 

Core−Shell NPs 

Aptamer functionalized 

magnetic NPs 

OTA and 

AFB1/maize meal  

0.006 and 

0.03 

(Zhao et al., 

2015) 

MGITC labelled 

AuNPs 

immunoassay on gold 

nanopillars 

OTA, FB1 and 

AFB1/buffer 

0.005, 0.005 

and 0.006 

(X. Wang et 

al., 2018) 

4-Aminothiophenol (4-ATP);  

4-Nitrothiophenol (4-NTP);  

Silica-encapsulated hollow gold nanoparticles (SEHGNs);  

Malachite green isothiocyanate (MGITC) 

 

Compared to the productive research on label-based SERS, label-free approaches for mycotoxin 

determination have not often been reported or able to meet the regulation requirements (Galarreta, 

Tabatabaei, Guieu, Peyrin, & Lagugné-Labarthet, 2013). Very recently, Li et al. (J. Li, Yan, Tan, 

Lu, & Han, 2019) have reported a promising cauliflower-inspired 3D SERS substrate which was 

able to carry out a simultaneous detection of three toxins: AFB1, DON and ZEN, achieving LODs 

of 1.8, 24.8 and 47.7 µg L−1, respectively. This presented label-free SERS detection provided 

adequate sensitivity to meet the regulatory level and has been successfully applied on maize 
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samples, which also demonstrated great feasibility to be applied on other mycotoxins and food 

sample matrices.  

 

2.4.2.5 Surface plasmon resonance spectroscopy 

SPR is based on the principle that a molecular binding event on a metal/liquid interface can cause 

a change in their refractive index, reducing the reflected light intensity from a certain angle and 

resulting in a shift in the wavelength (Raghunathan & Wolfbeis, 2004). Considering mycotoxins 

are small molecules which are difficult to contribute to a detectable change in the refractive index, 

certain modifications are necessary. One common approach is to use metallic NPs as a motif to the 

sensor chip or as labels to the analytes. By modifying the sensor chip surface with metallic 

nanostructures, the localized surface plasmon resonance (LSPR) can be generated to achieve an 

amplification of the wavelength shift of the LSPR absorption band, which is the main principle of 

SPR-based sensors (Jin Ho Park et al., 2014).  

Surface plasmon resonance imaging (SPRi) has been proposed as a suitable technique for 

multiplexing detection. SPRi conducts the measurement by gathering signals from a few spots on 

the sensor surface using a CCD camera, instead of the single spot measurement in normal SPR 

spectroscopy. SPR spectroscopy is a major sensing strategy for label-free mycotoxin detection, 

where a few studies have achieved multiplexing detection. Park et al. (Park, Byun, Jang, Hong, & 

Kim, 2017) have reported a SPR apta-sensor using berberine to enhance the LSPR peak shift by 

interacting with the G-quadruplex (GQx) structure formed by the aptamer/target binding event on 

a gold nanorods (GNRs) surface. Simultaneous detection of OTA and AFB1 were achieved with 

LODs of 0.0002 and 0.0003 µg L–1, respectively.  

A summary of recently reported studies of SPR-based mycotoxin sensors is shown in Table 2-5.  
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Table 2-5 Recent studies of SPR-based mycotoxin sensors 

Working principle Mycotoxins/matrix 
LOD  

(µg L–1) 
Ref.  

Aptamer assay based GNRs OTA/ground corn samples Below 0.4  
(Jin Ho Park et al., 

2014) 

Aptamer functionalized 

GNRs coated optical fiber 
OTA/grape juice 0.05  

(B. Lee, Park, 

Byun, Kim, & Kim, 

2018) 

Nanostructured SPR imaging 

microchip 

DON, ZEN, T-2, OTA, FB1 

and AFB1/barley 

26, 6, 0.6, 3, 

2 and 0.6 

(Joshi, Segarra-Fas, 

et al., 2016) 

SPR immuno-sensing 

coupled with MS through 

direct Biochip Spray 

DON/beer / 
(Joshi, Zuilhof, 

Van Beek, & 

Nielen, 2017) 

G-quadruplex (GQx) 

enhanced LSPR, aptamer 

functionalization 

OTA and AFB1/real sample   
0.0002 and 

0.0003  

(Jin Ho Park, Byun, 

Jang, Hong, & 

Kim, 2017) 

Aptasensor  AFB1/red wine 125 
(Sun, Wu, & Zhao, 

2017) 

Nanostructured SPRi 

immunosensor  
DON and OTA/ beer 17 and 7 

(Joshi, Annida, 

Zuilhof, Van Beek, 

& Nielen, 2016) 

AuNPs enhanced SPR 

immunosensor  
AFM1/milk  0.018 

(Karczmarczyk et 

al., 2016) 

GBP-ProG 

crosslinker-based SPR 

immunosensor   

AFB1/corn 1000 
(Jae Hong Park, 

Kim, Kim, & Ko, 

2014) 

AuNPs-enhanced SPRi 

immunosensor  

AFB1, OTA and 

ZEN/peanut extracts 

0.008, 0.03 

and 0.015 
(Hu et al., 2014) 

Gold nanorods (GNRs)  

Gold binding protein (GBP)  

Protein G (ProG) 
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2.4.2.6 Infrared spectroscopy 

Infrared (IR) spectroscopy identifies molecules by measuring the reflection and transmission of IR 

radiation, which represent the vibration of the chemical bonds and the energy of the molecular 

overtones (Levasseur-Garcia, 2018). Both non-destructive and post-extraction measurements were 

studied for the application of IR spectroscopy on mycotoxin detection.   

For non-destructive detection, IR spectroscopy is an efficient method for identifying the nutritional 

components in food such as the contents of water, carbohydrates, protein, and fat. However, it 

cannot provide quantitative precision when applied to mycotoxin detection. One of the challenges 

is the heterogenous distribution of both fungi and mycotoxins, which makes the representative 

sampling process problematic.  

A few studies have demonstrated direct non-destructive IR detection of fungi and mycotoxin on 

real food sample, achieving promising results, but further optimization is still much needed to 

improve the sensitivity (Andrea Catalina Galvis-Sánchez, Antonio Barros, 2007; Fu & Ying, 2016; 

Pereira et al., 2014).  

By measuring foodstuff extracts, a recent study using a portable mid-IR sensor system, so-called 

MYCOSPEC, have achieved separations of DON-contaminated wheat samples and AFB1-

contaminated peanut samples at cutoff values equivalent to EU maximum tolerable limits (Sieger 

et al., 2017). This indicates that by applying simple sample extraction and clean-up procedures, IR 

spectroscopy can serve as an efficient and low-cost sorting out technique to control mycotoxin 

contamination level in foods within a safe limit.  

Therefore, at this stage, IR spectroscopy is considered a suitable technique for sorting out highly 

contaminated individual sample based on a cutoff value rather than accurate quantification. 
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2.4.3 Electrochemical detection  

EC devices transduces the effect from analyte-electrode interaction, including voltammetric, 

potentiometric, chemical sensitized field effect transistor (CHEMFET), and potentiometric sensors 

(A. Hulanicki et al., 1991). Biorecognition elements such as antibodies, aptamers, and enzymes are 

widely adopted in EC devices. EC biosensor measures the signal from the interaction between 

biorecognition elements and analyte, which can function in various media regardless of the color 

or viscosity, require minimal sample volume and simple instrumentation (Evtugyn & Hianik, 2019).  

EC detections have the advantages of low solvent consumption and a rapid analytical process. The 

advancement on the fabrication and low cost of screen-printed electrodes (SPEs) have also made 

EC method a promising technique to be adopted in the fields of micro-chips and microfluidic 

devices (Castaño-Álvarez, Fernández-Abedul, & Costa-García, 2006).  

Overall, EC methods showed excellent sensitivity and potential to be incorporated into a 

miniaturized and integrated mycotoxin analytical device. However, the majority of the reported EC 

sensing platforms require a separate sample pre-treatment process, which are sometimes rather 

complicated and can contribute significantly to the total cost and time required for the analysis. 

The auxiliary manual handling steps involved will also hinder the automation of the analysis when 

building an integrated system. Therefore, the overall performance of the sensor device will very 

likely rely on the sample extraction and clean-up processes, which need further improvement.   
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3 Scientific research  

This chapter introduces the scientific research part of the PhD project. The outcomes of the 

research are summarized in four manuscripts: two full research article, one short communication 

article and one review article.  

3.1 Supported liquid membrane extraction  

Supported liquid membrane extraction (SLME) was carried out for OTA extraction and pre-

concentration from red wine samples, which was established on a commercially available 96-well 

microfilter plate with a polymeric porous membrane in the bottom. Red wines were chosen as the 

food sample matrices for the extraction of OTA, for the reason that wine has been reported to be 

the second most significant source of human OTA intake (EC, 2002) and red wines are more liable 

to be contaminated by OTA than rosé and white wines. With the popularity of wine-drinking 

culture in Europe and the high consumptions in certain communities (Figure 3-1), OTA 

contamination in wine is posing a risk to consumer’s health. Furthermore, the SLME platform was 

tested for OTA extraction from beer and coffee samples, demonstrating its potential to be applied 

on a broad range of beverages. 

 

Figure 3-1 Annual per capita wine consumption in European countries [(McCarthy, 2016), 

https://www.statista.com/chart/4837/europes-biggest-wine-drinkers]  

https://www.statista.com/chart/4837/europes-biggest-wine-drinkers
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3.1.1 Design principle 

As previously introduced, SLME is an ion-assisted molecular transport, which can either be 

facilitated by pH-gradient (e.g. molecules with carboxylic acid or amine groups) or by certain 

ligand (e.g. metal ions). OTA is a weak organic acid, with two pKa values of 4 (for carboxyl group 

of phenylalanine) and 7.1 (for hydroxyl group of phenol) (Malir, Ostry, Pfohl-Leszkowicz, Malir, 

& Toman, 2016), meaning it can be protonated in an acidic donor phase and deprotonated in an 

alkaline acceptor phase, thereby making OTA a suitable target for pH facilitated SLME.  

 

Figure 3-2 The design principle of pH-gradient facilitated SLME. The system consists of an 

aqueous donor phase, an organic liquid membrane phase (hydrophobic) and an aqueous 

acceptor phase. In this study, the target analyte was a weak acid, therefore the donor 

phase was kept at a low pH to protonate the acid group to reach a non-ionic state of the 

molecule, facilitating its transport across the hydrophobic liquid membrane. The 

acceptor phase was kept at a higher pH for achieving a deprotonation of the acid group, 

which ionized the molecule and stopped it from reversing back to the hydrophobic 

liquid membrane and to the donor phase. The target molecules are therefore able to get 

concentrated in the acceptor phase. 
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The design principle of SLME in this study is shown in Figure 3-2. The governing principle of 

SLME is very straightforward: The SLM was formed by impregnating the polymeric membrane 

with hydrophobic organic solvents, which existed as an immiscible organic layer between two 

aqueous phases. The pH difference between donor and acceptor solutions can shift the target 

molecule from a non-ionic state to an ionized state, transporting target molecules irreversibly from 

donor side via SLM to the acceptor side, thereby achieving an up-concentration.  

In the case of OTA, the pH of the donor phase needs to be lower than its pKa, whereas the pH of 

the acceptor phase needs to be sufficiently higher than the larger pKa to ensure enough portion of 

OTA is in the ionized form and unextractable to the liquid membrane again. According to Jönsson 

et al., in a pH = pKa + 3.3 acceptor solution, less than 1/2000 of the target analytes will be in the 

non-ionized form, implying that the reversible extraction of the target analytes is negligible 

(Jönsson, Lövkvist, Audunsson, & Nilvé, 1993). An acceptor solution with pH approx. 10.5 was 

therefore adopted in this study.  

Due to the irreversible extraction and the volume difference between the donor and acceptor phases, 

the analyte will reach a higher concentration in the acceptor phase with less volume than in the 

initial donor phase, which is defined as an enrichment. The theoretical degree of the enrichment 

can be estimated from donor-to-acceptor volume ratio, called enrichment factor (e), which can be 

expressed as: 

𝑒 =
𝑉𝑑

𝑉𝑎
 

where 𝑉𝑑 stands for the sample (donor) volume and 𝑉𝑎 stands for the acceptor volume.  

The extraction recovery (R) is defined as the actual outcome of the enrichment verses the 

theoretical enrichment value and can be calculated as: 

𝑅 = (
1

𝑒
) × (

𝐶𝑎

𝐶𝑑
) × 100 % 

where 𝑒  is the enrichment factor, 𝐶𝑎  stands for the concentration of the target analyte in the 

acceptor phase after extraction and 𝐶𝑑  stands for the initial concentration of the target analyte in 

the sample (donor). 
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In this study, the SLME was established on a 96-well microfilter plate as a high throughput sample 

pre-treatment method (Figure 3-3), which was first proposed by A. Gjelstad et al., named as parallel 

artificial liquid membrane extraction (PALME) (Gjelstad, Rasmussen, Parmer, & Pedersen-

Bjergaard, 2013).  

a. b.  

Figure 3-3 The configuration of the SLME platform used in this project: a. the assembling order 

of (from bottom to top) donor plate, acceptor plate and sealing tape; b. the upside-down 

view of the acceptor plate, showing the polyvinylidene fluoride (PVDF) membrane on 

the bottom of each well, which was used to support the organic liquid membrane. 

Figure 3-4 illustrates the main steps of SLME coupled with LC-MS detection in this study. Briefly, 

Three microliters of organic solvent was pipetted onto each membrane on the bottom of the 

acceptor plate. After adding sample solution to the donor plate, the acceptor plate was placed on 

the donor plate from above and fitted tightly. Next, the acceptor plate was filled with the acceptor 

solution and covered with a polymer sealing tape. The assembled device was afterwards moved to 

a vibration shaker. After the extraction, the acceptor solutions are transferred to HPLC vials and 

injected into LC-MS system for quantification.  
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Figure 3-4 Major steps of SLME of OTA from red wine samples coupled with LC-MS 

quantification in this study: 1. The assembling of the SLME device, including using 

organic solvent to the form the liquid membrane, adding sample and acceptor solutions 

in their corresponding plates, and covering the acceptor plate with a sealing tape; 2. 

Moving the SLME device to a vibration shaker for agitation-assisted extraction; 3. 

Transferring the acceptor solutions to HPLC vials after extraction,; 4. Performing LC-

MS for quantifying OTA concentration in acceptor solution, evaluating the extraction 

recovery.  

 

The enrichment factor, recovery and selectivity of SLME can be improved by adjusting paraments 

such as the organic solvent used as the liquid membrane, extraction time, pH gradients etc.  

1. The assembling of SLME 
device

2. Move the device to a 
vibration shaker

3. Transfer acceptor solutions 
to HPLC vials 

4. Perform LC-MS
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In this study, six organic solvents were tested for OTA extraction, according to their good 

performances in extracting acidic drugs from human plasma. These organic solvents are listed in 

Figure 3-5. 

  

Figure 3-5 The organic solvents tested in this study as the liquid membranes, and their molecular 

structures. 

 

All the six solvents are understandably hydrophobic and immiscible with water, which facilitate 

their immobilization into the porous PVDF membrane and reduce the solvent loss from leaking 

into the aqueous donor or acceptor phase. The solvents are also preferred to be relatively non-

volatile to minimize evaporation.  

The result of the solvent testing experiment is shown in table 3-1. Their performances as liquid 

membranes for OTA extraction from red wine samples were evaluated by the extraction recoveries.  

  

Dodecyl acetate   

Dihexyl ether          

1-octanol                 

(2,2-Dimethyl-1-propyl) benzene  

2-Nitrophenyl octyl ether          

Isopentyl benzene              
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Table 3-1 Comparison of the six tested organic solvents as liquid membranes for SLME of OTA 

from red wine samples.  

Organic solvent  

Water 

Solubility 

(mg L–1) 

Extraction recovery (%) (% RSD) 

Spiked red wine sample OTA concentration (µg L–1) 

5 10 20 50 

2-Nitrophenyl 

octyl ether 
0.2663 10 (33) 11 (20) 12 (22) 14 (3) 

Isopentyl benzene 12.69 0 (n/a) 0 (n/a) -10 (5) -2 (19) 

Dihexyl ether  2.874 26 (23) 39 (5) 36 (13) 40 (58) 

2,2-Dimethyl-1-

propyl benzene 
13.66 16 (58) 19 (101) 34 (114) 7 (118) 

Dodecyl acetate 0.3631 93 (10) 89 (5) 86 (3) 92 (5) 

1-octanol  814 54 (9) 73 (2) 74 (7) 75 (5) 

Red wine sample volume = 250 µL, acceptor solution volume = 50 µL, n = 3, extraction time = 1 

hour. Water solubility is estimated from LogKow and the data was obtained from ChemSpider 

<http://www.chemspider.com/Search.aspx> 

As shown in the table, the extraction recovery was significantly affected by the choice of solvent, 

however not necessarily by the immiscibility of the solvent with water. In this study, dodecyl 

acetate (DDA) was selected as the optimal organic solvent as liquid membrane for OTA extraction 

from red wine, since it provided the highest recovery with low relative standard deviations.  

Poor recoveries were observed by using (2,2-dimethyl-1-propyl) benzene, 2-nitrophenyl octyl ether 

and isopentyl benzene as the liquid membranes, which was probably due to the π-π stacking of 

aromatic rings between OTA and the solvent, resulting in OTA more inclined to attach to the 

organic liquid membrane instead of being extracted to the acceptor phase.  

http://www.chemspider.com/Search.aspx
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Experiment was also carried out to validate the performance of DDA in lower concentration range 

(1—10 µg L–1) of spiked OTA samples, which showed an excellent average recovery close to 100 % 

(calculated by dividing the slope of the linear regression by the theoretical enrichment factor).  

 

Figure 3-6 Linear regression of acceptor phase OTA concentration after SLME versus spiked red 

wine sample OTA concentration. (SLME of OTA from spiked red wine samples, 

sample volume = 250 µL, spiked sample OTA linear range 1—10 µg L–1; acceptor 

solution volume = 50 µL; extraction time = 1 hour; n = 3), error bars represent standard 

deviations and red line represents the linear regression.  

 

Using the optimized parameters, the SLME method was also tested on spiked beer and coffee 

samples, which have relatively high occurrence of OTA contamination. As shown in Figure 3-7, 

the SLME result from beer has demonstrated a higher (more than two times) average recovery and 

better precision compared to spiked coffee samples, according to the slopes of the linear regressions 

and the error bars. Considering the beer and coffee samples showed similar pH (approx. 4), the 

differences in recovery and precision were likely due to the distinct liquid compositions of the two 

beverages, especially the difference in ethanol content, which might facilitate the molecular 

transport of OTA in SLME. 
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Figure 3-7 Linear regression of acceptor phase OTA concentration after SLME versus spiked OTA 

concentration in beer or coffee sample (SLME of OTA from spiked beer and instant 

coffee samples, sample volume = 250 µL, spiked beer sample OTA linear range 1—5 

µg L–1, spiked coffee sample OTA linear range 1—10 µg L–1, acceptor solution volume 

= 50 µL; extraction time = 1 hour; n = 3), error bars represent standard deviations, blue 

and red lines represent the linear regressions based on beer and coffee samples, 

respectively.  

Compared to the previously introduced HF-LPME, the proposed SLME platform has not achieved 

the same level of enrichment, but it presents the advantages of being highly multi-tasking 

(theoretically 96 extractions in one go) and requiring simple lab equipment. Overall, the SLME 

method proved good linearity and recovery for OTA extraction, which also holds the potential to 

be applied on a broad range of food samples.  

y = 5,747x + 0,534
R² = 0,999

y = 2,044x + 0,032
R² = 0,998

0

5

10

15

20

25

30

35

0 2 4 6 8 10

A
cc

ep
to

r 
p

h
as

e 
O

TA
 c

o
n

ce
n

tr
at

io
n

 µ
g 

L–
1

 

Spiked sample OTA concentration µg L–1 

Beer Coffee Linear (Beer) Linear (Coffee)



44 

 

3.1.2 LC-MS validation 

3.1.2.1 OTA in chromatograms  

The performance of SLME was evaluated by Liquid Chromatography – Quadrupole Time-of-

Flight Mass Spectrometry (LC-QTOF-MS). Here, ochratoxin A-d5 (OTA-d5) was adopted as the 

internal standard (IS) to compensate the reduced recovery resulted from the adsorption of OTA by 

membrane and plate material. Figure 3-8 shows the base peak chromatogram (BPC) and extract 

ion chromatogram (EIC) of m/z 404.0895 ± 0.003 Da (OTA) obtained from a LC-MS analysis of 

SLME result. Figure 3-9 presents EIC of OTA extracted from spiked and non-spiked red wine 

samples.  

 

 

Figure 3-8 BPC (upper level) and EIC (lower level) of OTA in acceptor solutions after SLME 

(spiked red wine sample OTA concentration = 10 µg L–1; DDA as liquid membrane, 

donor-to-acceptor volume ratio = 10:1; extraction time = 1 hour).  
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Figure 3-9 EIC of OTA in acceptor solutions after SLME from spiked (upper level) and non-spiked 

(lower level) red wine samples (spiked red wine OTA concentration = 16 µg L–1; DDA 

as liquid membrane; donor-to-acceptor volume ratio = 10:1; extraction time = 1 hour). 

 

3.1.2.2 The effect of SLME on phenolic compounds in wine 

SLME has been used for the extraction of phenolic compounds from nutritional solutions in a 

growing system (Jung et al., 2002). As red wine is known to contain rich amounts of phenolic 

compounds, the effect of SLME on the separation of polyphenols in red wine was analyzed.  

The data files were processed using Data Analysis and Target Analysis. The database used in 

Target Analysis was constructed based on online source “polyphenols found in Wine” (Neveu et 

al., 2010) from Phenol-Explorer. The database consists of 79 polyphenols and the full list can be 

found in appendices.  

Figure 3-10 displays the EICs of polyphenols presented in acceptor solutions after 60 min (a) and 

7.5 min (b) of SLME on red wine samples, and 60 min of SLME on HCl solution (c) with pH 

adjusted to approx. 4.  
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Figure 3-10 EICs of polyphenols presented in acceptor solutions after: a. 60 min SLME from red 

wine; b. 7.5 min SLME from red wine; c. 60 min SLME from HCl blank solution. 

As shown in the chromatograms, rich amounts of polyphenols were found in the acceptor phase 

after SLME on red wine sample, and a longer extraction time has increased both the variety and 

the concentration of extracted polyphenols. This indicates a potential to employ SLME to assist the 

analysis of phenolic compounds. This analysis also provided information about possible co-

extracted compounds, which later served as a reference for analyzing background interferences.  
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3.1.3 Choice of membrane 

To test the performance of polypropylene (PP) as the alternative membrane material to PDVF, 

SLME devices were fabricated in-house, using polymethyl methacrylate (PMMA, Goodfellow 

Cambridge Ltd, Huntingdon, England) and PP membrane (Celgard 2500 Membrane, 55% porosity, 

64 nm average diameter pore size and 25 µm thick, Celgard, Charlotte, NC, U.S.).  

As shown in Figure 3-11, the SLME device mainly consists of two chambers with the same design 

(figure 3-11a) but difference thicknesses, which were used as donor or acceptor chamber. The PP 

membrane was fixed in between the two chambers via thermal bonding. The thickness difference 

between the chambers can create a donor-to-acceptor volume ratio.  

a.  b.   

c.  

Figure 3-11 The SLME device fabricated with PP membrane: a. drawing of the donor or acceptor 

chamber; b. the finished products; c. the device after applying red wine samples.    

Unfortunately, the self-fabricated devices did not provide an improvement on the recovery or 

enrichment of SLME, probably because the large pore size of PP membrane (64 µm compared to 

0.45 µm in PVDF membrane) cannot provide enough capillary force to retain the organic solvent, 

resulting in a loss of liquid membrane during the extraction.  
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3.2 Fluorescence spectroscopy  

This part introduces the fluorescence measurement of OTA from red wine extracts after SLME. 

This part of the scientific research was carried out during the external stay in the Brussels 

photonics Team (B-PHOT), Vrije Universiteit Brussel, based on a laser setup which has performed 

one- and two-photon induced fluorescence (OPIF and TPIF) measurement of aflatoxins in maize 

successfully. 

 

3.2.1 Fluorescence properties of OTA  

According to previous studies, OTA shows a theoretical strong absorbance in-between 200 and 

275 nm and around 335 nm excitation wavelength, while the theoretical emission wavelength is 

around 475 nm (Rasch, Kumke, & Löhmannsröben, 2010). The absorption and emission properties 

of OTA not only depend on solvents but also pH values. When the solvent pH is lower than 4.5, 

OTA demonstrates a red shift of the maximum absorption wavelength and a blue shift of the 

maximum emission wavelength with the increase of pH value; whereas when pH is higher than 4.5, 

the absorption and emission wavelength will stop changing with pH (Steinbrück, Rasch, & Kumke, 

2008). In neutral or slightly alkaline water solution, the maximum absorption and emission 

wavelengths of OTA appear at around 380 nm and around 440 nm, respectively (Steinbrück et al., 

2008).  

Considering the uncertainty of the optimal excitation wavelength for OTA fluorescence 

measurement in the acceptor phase, an excitation and emission scan of OTA in 25 mM ammonium 

hydroxide solution (acceptor solution) was performed using a microplate reader (Varioskan LUX, 

ESW version 1.00.25).  

As shown in Figure 3-12. The results complied with the observation from D. Steinbrück et al., 

showing a maximum absorption at around 380 nm and a maximum emission at around 445 nm in 

alkaline condition.  
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a.  b.  

Figure 3-12 OTA excitation (a) and emission (b) spectra in 25 mM ammonium hydroxide solution. 

 

3.2.2 Experimental setup  

In this study, the fluorescence measurement setup was designed for both OPIF and TPIF 

spectroscopy for OTA detection in the acceptor phase after SLME. Both OPIF and TPIF have been 

previously demonstrated to produce distinctive fluorescence spectra from OTA powder.  

A schematic explaining energy levels in OPIF and TPIF is shown in Figure 3-13. For OPIF, the 

energy of the excitation light is enough to bring the electron to the excited state for emitting 

fluorescence; whereas for TPIF, two photons are required to provide enough energy, where one of 

them brings the electron to a virtual state and the second photon further brings it to the excited state 

to emit fluorescence (Smeesters, L.; Meulebroeck, W.; Raeymaekers, S.; Thienpont, 2016).  

For OPIF measurement, the intensity of the integrated OPIF spectrum shows a linear regression 

with the excitation power; whereas for TIPF spectroscopy, the intensity of the integrated spectrum 

is quadratically dependent on the excitation power (Smeesters, Meulebroeck, & Thienpont, 2016). 
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Figure 3-13 Jabloński diagram for (a) OPIF, in which the electron is excited by the absorption of 

a single incident photon; (b) TPIF, in which the electron is excited by the simultaneous 

absorption of two incident photons. [adapted from L. Smeesters et al. (Smeesters et al., 

2016)]  

In comparison, OPIF possesses the major advantage of producing stronger fluorescence signal, 

while TPIF detection can provide higher selectivity, because TPIF is a non-linear process where 

two photons are required to emit fluorescence.  

In this study, the fluorescence measurement setup was established on a frequency doubled Nd:YAG 

pump laser (Spectra-Physics Millennia Prime high-power continuous wave 532nm laser) which 

pumped the tunable titanium-sapphire laser (Spectra-Physics Tsunami laser) (Figure 3-14b). The 

laser generation steps for UV excitation wavelength are illustrated in Figure 3-14a. For TPIF, the 

selected laser from the titanium-sapphire laser is immediately directed towards the sample, without 

the need for frequency doubling. The detection unit (Figure 3-14c) is where the emitting 

fluorescence will be gathered by detection fiber and analyzed.  

Unfortunately, unlike the results obtained from measuring solid OTA powder, no significant TPIF 

spectra were obtained from measuring OTA in solution. Therefore, the fluorescence measurement 

was only focused on OPIF detection.  
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     Figure 3-14 The fluorescence spectroscopy setup and laser generation mechanism: a. steps for 

generating UV range laser, demonstrating the laser source and the frequency doubling 

process; b. tunable titanium-sapphire laser (710—835 nm) and harmonic generating 

unit, where the laser frequency is doubled (355—417 nm) by frequency doubling 

crystals; c. the detection unit, where the position of the sample plate and the detection 

fiber are pointed out.  
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3.2.3 Experimental parameters  

For OPIF detection, the second harmonic generating crystal was required to double the frequency 

of titanium-sapphire laser. Excitation wavelengths of 356, 360, 370, 380 and 390 nm were tested, 

and 370 nm was proven to be the optimal excitation wavelength, which provided a stable laser 

power and least background noise.  

A laser spot size measurement was also performed to validate the applicability of direct laser 

illumination on each well of the acceptor plate (Figure 3-15).  

The average diameter of the spot size can be calculated as  

𝐷 =
2𝑊𝑢𝑎 + 2𝑊𝑣𝑎

2
 

Where 𝐷 is the average diameter of the focused laser spot, 2Wua and 2Wva are the major and 

minor axes of the laser spot (seen as an oval).  

 

 

Figure 3-15 Spot size measurement result of a 370 nm laser beam, where the focused laser spot 

was regarded as an oval, and the major and minor axes are presented as 2Wua and 

2Wva, respectively.  
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Therefore, the area of the laser spot 𝑆 can be calculated as:  

𝑆 = 𝜋 × 𝑊𝑢𝑎 × 𝑊𝑣𝑎 

In this study, the average diameter of the focused 370 nm laser beam was calculated to be 1.35 mm, 

resulting in a spot size of 1.43 mm2. This showed the focused laser beam was well projected within 

the membrane area (6 mm in diameter). Therefore, the experiment configuration of using focused 

laser beam to directly illuminate each acceptor well is reliable, providing a confined energy to each 

acceptor well.  

During the measurement, a decrease of fluorescence intensity was observed with the increase of 

the laser illuminating time (Figure 3-16). Therefore, the fluorescence signal from each 

measurement was recorded immediately after the laser was projected into the acceptor solution. 

  

Figure 3-16 Fluorescence spectra of OTA in acceptor solution after SLME from spiked red wine 

samples, showing the difference in fluorescence intensity between immediate 

measurement (left) and two minutes after projecting the laser beam (right). The black 

and red lines represent the spectra from red wine samples spiked with 100 ppb and 200 

ppb OTA, respectively. 
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3.2.4 Discussions 

Using the optimized experimental configurations, fluorescence spectroscopy was performed for 

OTA determination in acceptor solution after SLME from spiked red wine samples. The main 

results are summarized in Figure 3-17.  

Maximum fluorescence emission at 444 nm was chosen to represent OTA concentration. LC-MS 

validation of the SLME recovery was performed, demonstrating an adequate average recovery of 

73 % with a standard deviation of 4 %. 12 independent measurements were conducted for each 

spiked OTA concentration level, where a large standard deviation appeared at the highest spiked 

OTA level (200 µg L–1). This was probably due to the saturation of the detectors in the spectrum 

analyzer of the fluorescence measurement setup. 

 

Figure 3-17 Results of fluorescence spectroscopy for OTA determination in red wine samples after 

SLME: a. Fluorescence spectra from four spiked red wine OTA concentration levels; 
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b. Linear regression between fluorescence intensity at 444 nm and spiked OTA 

concentration in red wine sample; c. LC-MS validation of OTA concentration in 

acceptor phase after SLME (excitation wavelength = 370 nm, laser power = 30 mW, 

spiked red wine sample OTA concentration range from 12.5 to 200 g mL–1). 

The LOD and LOQ of the fluorescence measurement were calculated based on the standard 

deviation of the responses and the slope of the calibration curve, which can be expressed 

as: 

𝐿𝑂𝐷 = 3.3 𝛿 𝑆⁄  

𝐿𝑂𝑄 = 10 𝛿 𝑆⁄  

where δ is the standard deviation of the responses and S is the slope of the calibration curve. 

In this work, S was the slope of the calibration curve of the fluorescence measurement and 

δ was estimated from the standard deviation of the measurements from blank red wine 

sample extracts. Therefore, δ = 0.0123 and 𝑆 = 0.0008. The LOD and LOQ were calculated to be 

51 and 154 µg L–1, respectively.  

The fluorescence measurement setup was later tested on beer samples spiked with OTA and the 

result can be found in appendices.  

The LOD is above the EU regulated maximum tolerable limit for OTA, which may be further 

improved by reducing the background fluorescence interference from other chemicals, for example 

ferulic acid and gentisic acid, which are polyphenols in red wine and have similar emission peaks 

with OTA (in-between 400 to 450 nm and at around 450 nm, respectively). According to the 

analysis on polyphenol contents in section 3.1.2.2, ferulic acid and gentisic acid can be co-extracted 

into the acceptor phase with OTA during SLME, interfering the measurement result. 
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3.3 Surface enhanced Raman spectroscopy  

This part introduces the collaboration project carried out with the nanoprobes group in DTU 

Nanotech, aimed at using metal capped silicon nanopillars as SERS substrate to achieve mycotoxin 

sensing.  

 

3.3.1 Raman and SERS 

In the previous section, one- and two- photon induced fluorescence emissions have been introduced. 

Comparing to fluorescence emission, Raman scattering has similar origin but is a competing 

phenomenon.  

For fluorescence emissions, molecule needs to absorb sufficient amounts of energy to reach an 

electronic excited state to emit fluorescence of a certain wavelength. For Raman scattering, the 

incident light only excites the molecule to a virtual energy state and vibrate, which causes an energy 

loss of the incident light, contributing to various wavelength shifts associated with the vibration 

modes of different functional groups. These wavelength shifts constitute the distinctive fingerprint 

spectra of the target molecule. 

A simple diagram of energy levels in Raman scattering and fluorescence emission is shown in 

Figure 3-18. 

As shown in the diagram, there are two types of traditional Raman scattering: Stokes and anti-

Stokes scattering. Stokes scattering happens when a molecule is excited to a virtual state from the 

electronic ground state and then relaxes to an excited state; whereas anti-Stokes happens when a 

molecule is excited from an excited state to a higher energy level virtual state, which then relaxes 

to the ground state. In usual cases of Raman spectroscopy, only Stokes scattering is measured due 

to its more intense signals.  
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Figure 3-18 Energy level diagram for Rayleigh scattering, Raman scattering (non-resonance), and 

fluorescence emission [adapted from (Auner et al., 2018)] 

 

SERS is based on the principal that LSP generated by metallic nanostructures can result in an 

amplification of the incident electromagnetic fields nearby (Stiles et al., 2008), thereby achieving 

an Raman signal enhancement. Figure 3-19 displays the schematics of signal amplification 

mechanism and result generation of SERS in comparison to traditional Raman spectroscopy.  
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a. 

 

 

b. 

 

Figure 3-19 Signal amplification mechanism and result generation of SERS and Raman. a. signal 

amplification mechanism of SERS: In nanostructured metal surfaces, the excited 

surface plasmon caused by an incident light will generate an enhancement of the 

electromagnetic field nearby, which amplifies the Raman signal of the analyte located 

near the surface and produces its unique SERS fingerprint spectrum (Hering et al., 

2008); b. Schematic of the enhanced signal from SERS compared to traditional Raman 

spectroscopy.  

Metal Metal 



59 

 

3.3.2 Nanopillars as SERS substrate 

To generate LSP, colloidal metal nanoparticles and roughened metallic surfaces are the two major 

types of SERS substrates (Q. Wu, Luo, Yu, Kong, & Hu, 2014), and metallic nanostructured 

surfaces are becoming more favored by researchers because of their higher homogeneity 

contributing to more reproducible results.  

DTU Nanotech has reported a novel way of synthesizing metal-capped silicon nanopillars as SERS 

substrate using standard cleanroom silicon processing techniques, where silicon nanopillars of 

controlled heights and spacings are created and coated by gold or silver (Schmidt, Boisen, & 

Hübner, 2009). The gold- and/or silver- capped nanopillars will lean towards each other after 

applying the sample solution and generate LSP which enhances Raman signal. Figure 3-20 displays 

the scanning electron microscope (SEM) images of gold-capped silicon nanopillars before and after 

the addition of sample solution. 

In this study, AFB1 and OTA were measured using gold- and silver- capped nanopillars as SERS 

substrates, respectively. SERS acquisition was carried out using DXRxi Raman Imaging 

Microscope (Thermo Fisher Scientific Inc., Waltham, MA, U.S.). 
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Figure 3-20 SEM images of gold-capped silicon nanopillars before (left) and after (right) the 

addition of sample solution. The nanopillars will lean towards each other during the 

drying of the sample solution which generates SERS hotspots and enhances Raman 

signal of the analyte.  
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3.3.3 SERS measurement of AFB1 

AFB1 has been reported to produce unique SERS spectra. Wu et al. has studied each of the four 

naturally occurring AFs and obtained satisfactory true SERS spectra corresponding to the 

calculation based on density functional theory (DFT) (X. Wu et al., 2012). This study has achieved 

a LOD for AFB1 of 5 × 10–10 mol L–1 (around 15 mg L–1), which is considerably higher than the 

maximum tolerable limit set by the European Commission. Nevertheless, this proof of concept has 

laid the groundwork for subsequent developments. 

For SERS acquisition of AFB1 in this study, a 4 × 4 mm2 chip fabricated with gold-capped silicon 

nanopillars was used as SERS substrate. AFB1 powder was dissolved in methanol and 1 µL droplet 

of the solution was applied on each chip. The obtained spectrum from 0.6 mM AFB1 solution in 

the range of 1600 to 1200 cm–1 wavenumber with identified peaks is shown in Figure 3-21 (full 

spectrum available in appendices).  

 

 

Figure 3-21 SERS spectrum of AFB1 in methanol in the range of 1600 to 1200 cm–1 wavenumber, 

where 7 identified peaks are indicated in wavenumbers [cm–1].    (AFB1 concentration 

= 0.6 mM; excitation light = 780 nm, laser power = 10 mW; the spectra were collected 

5 times for 0.05 s with a 100 µm collection step, using a 10× objective lens and 50 µm 

slit; the presented spectrum was after baseline correction and smooth)  
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A comparison between the identified AFB1 peaks in this study and the results from Wu et al. using 

silver nanoparticles as SERS substrates is listed in Table 3-2, which shows a good correlation 

between the two studies.  

Table 3-2 The positions of identified AFB1 Raman peaks in the range of 1600 to 1200 cm–1 in this 

study, and comparative peaks assigned by a previous study using silver nanoparticles 

as SERS substrate.  

Peak position in wavenumbers [cm–1] Peak assignment               

(X. Wu et al., 2012) Based on gold-capped silicon 

nanopillars 

Based on silver nanoparticles    

(X. Wu et al., 2012) 

1242 1242 β(C-H2) ring 

1271 1274 β(C-H) ring deformation 

1301 1303 A(C-H2) ring (C-H) 

1355 1355 σ(CH3) 

1495 1491 ν(C-C) and ring deformation 

1541 1550 ν(C-C) and ring deformation 

1595 1592 ν(C-C) and ν(C-C-C)  

 

SERS acquisition was then carried out on lower concentrations of AFB1 solutions. AFB1 in 

methanol with the concentrations of 0.6, 0.24 and 0.12 mM were tested and their spectra in the 

wavenumber range of 1700 to 1000 cm–1 are summarized in Figure 3-22.  

 



63 

 

 

Figure 3-22 SERS spectra of AFB1 in methanol acquired from three concentration levels: 0.6 mM 

(242 ppm, red line), 0.24 mM (96.8 ppm, green line) and 0.12 mM (48.4 ppm, blue 

line), in the range of wavenumber 1700—1000 cm–1. (Excitation light = 780 nm; laser 

power = 10 mW; the presented spectra were after baseline correction and smooth) 

A decrease of the overall Raman intensity was observed with the decrease of AFB1 concentration, 

exhibiting a correlation between AFB1 concentration and SERS signal. However, the samples used 

in these tests were pure toxin solutions with very high concentration level, meaning a strict clean-

up and pre-concentration process will be needed for the method to be applicable to real food 

samples. Considering the physical properties of AFB1 does not make it a suitable target for SLME, 

SERS sensing was later focused on OTA.  
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3.3.4 SERS measurement of OTA 

SERS measurement was performed for the detection of OTA in wine samples coupled with SLME 

as a sample pre-treatment method.  

Silver-capped silicon nanopillars were used as SERS substrates, which displayed better affinity to 

OTA molecules compared to gold substrates. The good affinity could be due to the presence of 

chlorine group in OTA molecule, as chlorine atom can form a coordination bond with Ag, which 

promotes the absorption of OTA molecules to Ag surface (Gava, Kokalj, De Gironcoli, & Baroni, 

2008). OTA could also anchor on Ag atoms through simple electrostatic attraction as the result of 

the oxygen-containing functional groups it contains, such as carbonyl, carboxylic and phenolic 

groups (Dinh, Quy, Huy, & Le, 2015; Ebrahiminezhad, Bagheri, Taghizadeh, Berenjian, & 

Ghasemi, 2016).   

Here, SERS acquisition was performed on the acceptor phase after SLME from OTA solution or 

spiked wine samples. A theoretical enrichment factor of 5 was adopted, meaning the donor-to-

acceptor volume ratio = 5 (donor volume = 250 µL, acceptor volume = 50 µL). After SLME, the 

acceptor phase was acidified first to prevent the formation of open-ring OTA structures (Bazin et 

al., 2013), which can cause lower SERS signals. 30 µL of the acidified acceptor solution (pH = 3) 

was transferred to a measuring chamber for SERS acquisition.   
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4 Conclusion 

This PhD project set out to develop miniaturized analytical techniques for food contaminants by 

adopting novel extraction and sensing strategies. The outcome techniques have been expected to 

be time and cost-efficient, easy to operate, sensitive, portable, and holding a potential for 

automation. In this project, one sample separation and pre-treatment method (SLME) and two 

label-free detection techniques (fluorescence spectroscopy and SERS) were proposed for 

mycotoxin detection and produced promising results.  

The multi-well SLME demonstrated high throughput, efficient recovery and enrichment of OTA 

from red wine samples, which enabled sensitive detection of OTA using LC-MS, achieving a LOD 

10 times below the EU regulatory limit. By coupling the SLME device with an autosampler, it is 

feasible to be integrated with instrumental setups (HPLC, LC-MS) to achieve an automated 

analytical process. The SLME platform also showed good compatibility with fluorescence 

spectroscopy and SERS detection platforms. The fluorescence spectroscopy was performed 

directly on the SLME acceptor plate which took microseconds for each measurement, without the 

need for additional chemicals or manual liquid handling steps. By replacing the bulky laser 

generation setup with a laser diode, a portable fluorescence measurement device can be achieved. 

The recent advancement and low manufacturing cost of laser diodes have made them commonly 

used as laser sources, with available wavelength ranging from IR to UV spectrum, which can fit 

various food contaminants. SERS acquisition of OTA was successfully conducted in wine sample 

extracts after SLME pre-treatment, achieving good linear correlation between Raman intensity and 

OTA concentration, which can easily to be further constructed as a portable device by utilizing a 

commercial handheld Raman spectrometer.  

Overall, the miniaturization of analytical techniques displays multiple strengths and advantages, 

especially regarding solvent consumption and time efficiency. However, there also exists 

difficulties in terms of detection sensitivity and real sample application etc., which present to be 

the bottleneck. There is still room for further research to improve the existing proof-of-concept 

methods for practical applications, to eventually achieve a sensitive, user-friendly, affordable, 

portable, and automated analytical device for mycotoxin analysis. 
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5 Future prospective  

For modern chemical analysis, it is a general trend to investigate miniaturized devices for carrying 

out the routine analytical work in a small scale, which can reduce the time and cost required per 

analysis as well as the consumption of reagent and the generation of waste. “Miniaturization” not 

only means a decrease of the physical size, but also method simplification and automation, in order 

to fulfill the requirements of being easy to use and requiring the least human participation. The 

final goal of method miniaturization is to achieve a decentralization of analytical works (Rios, 

Escarpa, & Simonet, 2009), moving them from routine laboratories to on-field settings, from being 

operated by skilled personnel to non-professional customers (Figure 5-1).  

 

 

Figure 5-1 The trend of the transition from traditional analysis to miniaturized analytical platforms.  

Traditional analysis

central laboratories 

skilled personnel and 
specilized 

instrumentation

Miniatuirized system

field and home-based 
settings, in-situ 

detection

customers with no 
professional trainings



158 

 

To realize the miniaturization of food analytical techniques, sample pre-treatment presents to be a 

big challenge, considering a standard or even more complex sample extraction and clean-up 

process is often needed upon the application of sensing platforms. Sample preparation plays an 

even more important role in an integrated device, as non-professional preparation might led to 

contaminations. The desired miniaturized analytical platforms should be able to conduct 

standardized sample preparation which require the least manual handling steps. A simple and 

integrated sample pre-treatment unit without the need for auxiliary equipment will greatly improve 

the overall efficiency and portability of sensing device.  

Modern smart communication device is capable of processing simple data such as images and 

spectra. The integration between food analytical techniques with smart phones and tablets are 

becoming a research interest. A few smartphone-based analytical platforms were reported for 

macro molecule sensing such as proteins, fat, or food pathogen, based on IR or fluorescence 

imaging. For mycotoxin sensing, a smartphone-based fluorescence analyzer for OTA detection was 

reported, where the sensitivity can reach the regulatory limit, but it was not tested on real samples 

(Bueno, Muñoz, & Marty, 2016). A lateral flow immunoassay coupled with a smartphone reading 

system was reported for AFB1 quantification in maize samples (S. Lee, Kim, & Moon, 2013), but 

the 2 hours sample pre-treatment step involved has heavily reduced the efficiency. Nevertheless, 

these proofs of concept are great inspirations for future research, showing the prospective of 

bringing mycotoxins as well as other food contaminants detection techniques from laboratory to 

field and home-based settings.  

  



159 

 

Reference  

Alshannaq, A., & Yu, J. (2017). Occurrence , Toxicity , and Analysis of Major Mycotoxins in 

Food. International Journal of Environmental Research and Public Health Review, 14(632). 

https://doi.org/10.3390/ijerph14060632 

Andrea Catalina Galvis-Sánchez, Antonio Barros, I. D. (2007). Detection of OTA contaminated 

dried vine fruit by FTIR-ATR infrared spectroscopy. Food Additives and Contaminants, 

24(11), 1299–1305. https://doi.org/10.1080/02652030701452108 

Auner, G. W., Koya, S. K., Huang, C., Broadbent, B., Trexler, M., Auner, Z., … Brusatori, M. A. 

(2018). Applications of Raman spectroscopy in cancer diagnosis. Cancer and Metastasis 

Reviews, 37(4), 691–717. https://doi.org/10.1007/s10555-018-9770-9 

Balzer, I., Bogdanic, C., & Pepeljnjak, S. (1978). Rapid thin layer chromatographic method for 

determining aflatoxin B1, ochratoxin  A, and zearalenone in corn. Journal - Association of 

Official Analytical Chemists, 61(3), 584–585. 

Barbiroli, A., Bonomi, F., Benedetti, S., Mannino, S., Monti, L., Cattaneo, T., & Iametti, S. 

(2007). Binding of Aflatoxin M1 to Different Protein Fractions in Ovine and Caprine Milk. 

Journal of Dairy Science, 90(2), 532–540. https://doi.org/10.3168/JDS.S0022-

0302(07)71536-9 

Bazin, I., Faucet-Marquis, V., Monje, M. C., El Khoury, M., Marty, J. L., & Pfohl-Leszkowicz, 

A. (2013). Impact of pH on the stability and the cross-reactivity of ochratoxin A and citrinin. 

Toxins, 5(12), 2324–2340. https://doi.org/10.3390/toxins5122324 

Bennett, J. W., & Klich, M. (2003). Mycotoxins. Clinical Microbiology Reviews, 16(3), 497–516. 

https://doi.org/10.1128/CMR.16.3.497–516.2003 

BERARDO, Nicol., PISACANE, V., Battilani, P., SCANDOLARA, A., Pietri, A., & 

MAROCCO, A. (2005). Rapid Detection of Kernel Rots and Mycotoxins in Maize by Near-

Infrared Reflectance Spectroscopy. J. Agric. Food Chem., 53, 8128–8134. 

https://doi.org/10.1021/jf0512297 



160 

 

Berthiller, F., Cramer, B., Iha, M. H., Krska, R., Lattanzio, V. M. T., Macdonald, S., … Maragos, 

C. (2018). Developments in mycotoxin analysis: an update for 2016-2017. World Mycotoxin 

Journal, 11(1), 5–31. https://doi.org/10.3920/WMJ2017.2250 

Blount, W. P. (1961). Turkey “X” disease. Turkeys, 9(52), 52–78. 

Bueno, D., Muñoz, R., & Marty, J. L. (2016). Fluorescence analyzer based on smartphone 

camera and wireless for detection of Ochratoxin A. Sensors and Actuators, B: Chemical, 

232, 462–468. https://doi.org/10.1016/j.snb.2016.03.140 

Bui-Klimke, T. R., & Wu, F. (2015). Ochratoxin A and Human Health Risk: A Review of the 

Evidence. Critical Reviews in Food Science and Nutrition, 55(13), 1860–1869. 

https://doi.org/10.1080/10408398.2012.724480 

Castaño-Álvarez, M., Fernández-Abedul, M. T., & Costa-García, A. (2006). Amperometric 

detector designs for capillary electrophoresis microchips. Journal of Chromatography A, 

1109(2), 291–299. https://doi.org/10.1016/j.chroma.2006.01.029 

Chen, W., Li, C., Zhang, B., Zhou, Z., Shen, Y., & Liao, X. (2018). Advances in 

Biodetoxification of Ochratoxin A-A Review of the Past Five Decades. Frontiers in 

Microbiology, 9, 1–11. https://doi.org/10.3389/fmicb.2018.01386 

Chernozemsky, I. N. (1991). Balkan endemic nephropathy and the associated tumours of the 

urinary system: a summary of epidemiological features in Bulgaria. IARC Scientific 

Publications, (115), 3–4. 

Cunha, S. C., & Fernandes, J. O. (2010). Development and validation of a method based on a 

QuEChERS procedure and heart- cutting GC-MS for determination of five mycotoxins in 

cereal products. J. Sep. Sci., 33, 600–609. https://doi.org/10.1002/jssc.200900695 

Dinh, N. X., Quy, N. Van, Huy, T. Q., & Le, A.-T. (2015). Decoration of Silver Nanoparticles on 

Multiwalled Carbon Nanotubes: Antibacterial Mechanism and Ultrastructural Analysis. 

Journal of Nanomaterials, 2015(i), 1–11. https://doi.org/10.1155/2015/814379 

Dominguez, R. B., Hayat, A., Alonso, G. A., Gutiérrez, J. M., Muñoz, R., & Marty, J. (2017). 19 



161 

 

– Nanomaterial-based biosensors for food contaminant assessment. Nanobiosensors. 

Elsevier Inc. https://doi.org/10.1016/B978-0-12-804301-1.00019-9 

Duarte, S. C., Pena, A., & Lino, C. M. (2010). A review on ochratoxin A occurrence and effects 

of processing of cereal and cereal derived food products. Food Microbiology, 27(2), 187–

198. https://doi.org/10.1016/j.fm.2009.11.016 

E.Todd. (2003). Contamination of food. In Encyclopedia of Food Sciences and Nutrition (Second 

Edition) (pp. 1593–1600). https://doi.org/10.1016/B0-12-227055-X/00289-3 

Ebrahiminezhad, A., Bagheri, M., Taghizadeh, S. M., Berenjian, A., & Ghasemi, Y. (2016). 

Biomimetic synthesis of silver nanoparticles using microalgal secretory carbohydrates as a 

novel anticancer and antimicrobial. Advances in Natural Sciences: Nanoscience and 

Nanotechnology, 7(1). https://doi.org/10.1088/2043-6262/7/1/015018 

EC. (2002). Assessment of dietary intake of Ochratoxin A by the population of EU Member 

States. Report of the Scientific Cooperation, Task 3.2.7. Rome, Italy. 

Evtugyn, G., & Hianik, T. (2019). Electrochemical Immuno- and Aptasensors for Mycotoxin 

Determination. Chemosensors, 7(1), 10. https://doi.org/10.3390/chemosensors7010010 

Farrell, R. E., & Farrell, R. E. (2010). Principles of Detection. RNA Methodologies, 301–320. 

https://doi.org/10.1016/B978-0-12-374727-3.00014-0 

Food and Agriculture Organization of the United Nations (FAO Food and Nutrition Paper No. 

81). (2004). Worldwide regulations for mycotoxins in food and feed in 2003. Rome: Food 

and Agriculture Organization of the United Nations. Retrieved from 

http://www.fao.org/docrep/007/y5499e/y5499e00.htm 

Fu, X., & Ying, Y. (2016). Food Safety Evaluation Based on Near Infrared Spectroscopy and 

Imaging: A Review. Critical Reviews in Food Science and Nutrition, 56(11), 1913–1924. 

https://doi.org/10.1080/10408398.2013.807418 

Galarreta, B. C., Tabatabaei, M., Guieu, V., Peyrin, E., & Lagugné-Labarthet, F. (2013). 

Microfluidic channel with embedded SERS 2D platform for the aptamer detection of 



162 

 

ochratoxin A. Analytical and Bioanalytical Chemistry, 405(5), 1613–1621. 

https://doi.org/10.1007/s00216-012-6557-7 

Gallo, A., Ferrara, M., & Perrone, G. (2017). Recent advances on the molecular aspects of 

ochratoxin A biosynthesis. Current Opinion in Food Science, 17, 49–56. 

https://doi.org/10.1016/j.cofs.2017.09.011 

Gao, F., & Lu, X. (2015). Detection of pesticides in foods by enzymatic biosensors. Improving 

and Tailoring Enzymes for Food Quality and Functionality, 147–160. 

https://doi.org/10.1016/B978-1-78242-285-3.00007-7 

Gao, L., & Jönsson, J. Å. (2012). Determination of Melamine in Fresh Milk with Hollow Fiber 

Liquid Phase Microextraction Based on Ion-Pair Mechanism Combined with High 

Performance Liquid Chromatography. Analytical Letters, 45(16), 2310–2323. 

https://doi.org/10.1080/00032719.2012.688084 

Gava, P., Kokalj, A., De Gironcoli, S., & Baroni, S. (2008). Adsorption of chlorine on Ag(111): 

No subsurface Cl at low coverage. Physical Review B - Condensed Matter and Materials 

Physics, 78(16), 1–15. https://doi.org/10.1103/PhysRevB.78.165419 

Gjelstad, A., Rasmussen, K. E., Parmer, M. P., & Pedersen-Bjergaard, S. (2013). Parallel 

artificial liquid membrane extraction: micro-scale liquid-liquid-liquid extraction in the 96-

well format. Bioanalysis, 5(11), 1377–1385. https://doi.org/10.4155/bio.13.59 

Govaris, A., Roussi, V., Koidis, P. A., & Botsoglou, N. A. (2001). Distribution and stability of 

aflatoxin M1 during processing, ripening and storage of Telemes cheese. Food Additives & 

Contaminants, 18(5), 437–443. https://doi.org/10.1080/02652030120550 

Haider, W., Barillier, D., Hayat, A., Gaillard, J. L., & Ledauphin, J. (2014). Rapid quantification 

and comparison of major volatile compounds of ciders from France (Normandy and 

Brittany) using microextraction by packed sorbent (MEPS). Analytical Methods, 6(5), 1364–

1376. https://doi.org/10.1039/c3ay41385c 

Haider, W., Delahaie, S., Saint-Clair, J. F., Hayat, A., Barillier, D., & Ledauphin, J. (2014). 

Physicochemical characterization of Pommeau de Normandie: establishing a relationship 



163 

 

between metal contents and turbidity of the Pommeau samples. European Food Research 

and Technology, 239(4), 567–575. https://doi.org/10.1007/s00217-014-2252-6 

Hassen, W., Abid-Essafi, S., Achour, A., Guezzah, N., Zakhama, A., Ellouz, F., … Bacha, H. 

(2004). Karyomegaly of tubular kidney cells in human chronic interstitial nephropathy in  

Tunisia: respective role of Ochratoxin A and possible genetic predisposition. Human & 

Experimental Toxicology, 23(7), 339–346. https://doi.org/10.1191/0960327104ht458oa 

Hayat, A., Paniel, N., Rhouati, A., Marty, J. L., & Barthelmebs, L. (2012). Recent advances in 

ochratoxin A-producing fungi detection based on PCR methods and ochratoxin A analysis in 

food matrices. Food Control, 26(2), 401–415. 

https://doi.org/10.1016/j.foodcont.2012.01.060 

Hering, K., Cialla, D., Ackermann, K., Dörfer, T., Möller, R., Schneidewind, H., … Popp, J. 

(2008). SERS : a versatile tool in chemical and biochemical diagnostics. Analytical and 

Bioanalytical Chemistry, 390, 113–124. https://doi.org/10.1007/s00216-007-1667-3 

Heussner, A. H., & Bingle, L. E. H. (2015). Comparative ochratoxin toxicity: A review of the 

available data. Toxins, 7(10), 4253–4282. https://doi.org/10.3390/toxins7104253 

Hu, W., Chen, H., Zhang, H., He, G., Li, X., Zhang, X., … Li, C. M. (2014). Sensitive detection 

of multiple mycotoxins by SPRi with gold nanoparticles as signal amplification tags. 

Journal of Colloid and Interface Science, 431, 71–76. 

https://doi.org/10.1016/j.jcis.2014.06.007 

Hulanicki, A., Glab, S., & Ingman, F. (1991). Chemical sensors: definitions and classification. 

Pure & Appl. Chem., 63(9), 1247–1250. 

Hulanicki, Adam, Glab, S., & Ingman, F. (1991). Chemical Sensors. Definitions and 

Classification. Pure Appl. Chem., 63(9), 1247–1250. 

IARC. (1993). Ochratoxin A. IARC Monographs on the Evaluation of Carcinogenic Risks to 

Humans, 56, 489–521. 

IARC. (2002). SOME TRADITIONAL HERBAL MEDICINES, SOME MYCOTOXINS, 



164 

 

NAPHTHALENE AND STYRENE. IARC Monographs on the Evaluation of Carcinogenic 

Risks to Humans, 82, 9–13. 

IRAC. (2012a). Analysis of mycotoxins. IARC Scientific Publications, 53–58. Retrieved from 

http://ovidsp.ovid.com/ovidweb.cgi?T=JS&CSC=Y&NEWS=N&PAGE=fulltext&D=medl

&AN=23477196 

http://sfx.scholarsportal.info/uhn?sid=OVID:medline&id=pmid:23477196&id=doi:&issn=0

300-5038&isbn=&volume=&issue=158&spage=53&pages=53-

8&date=2012&title=IARC+Scientific+P 

IRAC. (2012b). Economics of mycotoxins: evaluating costs to society and cost-effectiveness of 

interventions. IARC Scientific Publications, (158), 119–129. 

Jiang, X., & Lee, H. K. (2004). Solvent bar microextraction. Analytical Chemistry, 76(18), 5591–

5596. https://doi.org/10.1021/ac040069f 

Jönsson, J. Å., Lövkvist, P., Audunsson, G., & Nilvé, G. (1993). Mass transfer kinetics for 

analytical enrichment and sample preparation using supported liquid membranes in a flow 

system with stagnant acceptor liquid. Analytica Chimica Acta, 277(1), 9–24. 

https://doi.org/10.1016/0003-2670(93)85084-W 

Jönsson, J. Å., & Mathiasson, L. (1999). Liquid membrane extraction in analytical sample 

preparation. TrAC Trends in Analytical Chemistry, 18(5), 325–334. 

https://doi.org/10.1016/S0165-9936(99)00103-X 

Joshi, S., Annida, R. M., Zuilhof, H., Van Beek, T. A., & Nielen, M. W. F. (2016). Analysis of 

Mycotoxins in Beer Using a Portable Nanostructured Imaging Surface Plasmon Resonance 

Biosensor. Journal of Agricultural and Food Chemistry, 64(43), 8263–8271. 

https://doi.org/10.1021/acs.jafc.6b04106 

Joshi, S., Segarra-Fas, A., Peters, J., Zuilhof, H., Van Beek, T. A., & Nielen, M. W. F. (2016). 

Multiplex surface plasmon resonance biosensing and its transferability towards imaging 

nanoplasmonics for detection of mycotoxins in barley. Analyst, 141(4), 1307–1318. 

https://doi.org/10.1039/c5an02512e 



165 

 

Joshi, S., Zuilhof, H., Van Beek, T. A., & Nielen, M. W. F. (2017). Biochip Spray: Simplified 

Coupling of Surface Plasmon Resonance Biosensing and Mass Spectrometry. Analytical 

Chemistry, 89(3), 1427–1432. https://doi.org/10.1021/acs.analchem.6b04012 

Jung, V., Chimuka, L., Jönsson, J. Å., Niedack, N., Bowens, P., & Alsanius, B. (2002). 

Supported liquid membrane extraction for identification of phenolic compounds in the 

nutrient solution of closed hydroponic growing systems for tomato. Analytica Chimica Acta, 

474(1–2), 49–57. https://doi.org/10.1016/S0003-2670(02)01013-9 

Justino, C. I. L., Freitas, A. C., Pereira, R., Duarte, A. C., & Rocha Santos, T. A. P. (2015). 

Recent developments in recognition elements for chemical sensors and biosensors. TrAC - 

Trends in Analytical Chemistry, 68, 2–17. https://doi.org/10.1016/j.trac.2015.03.006 

Kant, K., Shahbazi, M. A., Dave, V. P., Ngo, T. A., Chidambara, V. A., Than, L. Q., … Wolff, 

A. (2018). Microfluidic devices for sample preparation and rapid detection of foodborne 

pathogens. Biotechnology Advances, 36(4), 1003–1024. 

https://doi.org/10.1016/j.biotechadv.2018.03.002 

Karczmarczyk, A., Dubiak-Szepietowska, M., Vorobii, M., Rodriguez-Emmenegger, C., 

Dostálek, J., & Feller, K. H. (2016). Sensitive and rapid detection of aflatoxin M1 in milk 

utilizing enhanced SPR and p(HEMA) brushes. Biosensors and Bioelectronics, 81, 159–165. 

https://doi.org/10.1016/j.bios.2016.02.061 

Kataoka, H., Lord, H. L., & Pawliszyn, J. (2000). Applications of solid-phase microextraction in 

food analysis. Journal of Chromatography A, 880(1–2), 36–62. 

https://doi.org/10.1016/S0021-9673(00)00309-5 

Khoury, A. el, & Atoui, A. (2010). Ochratoxin a: General overview and actual molecular status. 

Toxins, 2(4), 461–493. https://doi.org/10.3390/toxins2040461 

Kim, S., Joo, S.-W., Ganbold, E.-O., Lee, C. M., Cho, E.-M., Yang, S. I., & Son, S. J. (2014). 

Subnanomolar detection of ochratoxin A using aptamer-attached silver nanoparticles and 

surface-enhanced Raman scattering. Analytical Methods, 6(11), 3573. 

https://doi.org/10.1039/c4ay00440j 



166 

 

Ko, J., Lee, C., & Choo, J. (2015). Highly sensitive SERS-based immunoassay of aflatoxin B1 

using silica-encapsulated hollow gold nanoparticles. Journal of Hazardous Materials, 285, 

11–17. https://doi.org/10.1016/j.jhazmat.2014.11.018 

Kőszegi, T., & Poór, M. (2016). Ochratoxin a: Molecular interactions, mechanisms of toxicity 

and prevention at the molecular level. Toxins, 8(4), 1–25. 

https://doi.org/10.3390/toxins8040111 

Krishnamachari KA, Bhat RV, Nagarajan V, T. T. (1975). Investigations into an outbreak of 

hepatitis in parts of western India. Indian J Med Res., 63(7), 1036–1049. 

Kurtzman, C. P., Horn, B. W., & Hesseltine, C. W. (1987). Aspergillus nomius, a new aflatoxin-

producing species related to Aspergillus flavus and Aspergillus tamarii. Antonie van 

Leeuwenhoek, 53, 147–158. 

Lee, B., Park, J. H., Byun, J. Y., Kim, J. H., & Kim, M. G. (2018). An optical fiber-based LSPR 

aptasensor for simple and rapid in-situ detection of ochratoxin A. Biosensors and 

Bioelectronics, 102(August 2017), 504–509. https://doi.org/10.1016/j.bios.2017.11.062 

Lee, H. J., & Ryu, D. (2017). Worldwide Occurrence of Mycotoxins in Cereals and Cereal-

Derived Food Products: Public Health Perspectives of Their Co-occurrence. Journal of 

Agricultural and Food Chemistry, 65, 7034−7051. https://doi.org/10.1021/acs.jafc.6b04847 

Lee, S., Kim, G., & Moon, J. (2013). Performance improvement of the one-dot lateral flow 

immunoassay for aflatoxin b1 by using a smartphone-based reading system. Sensors 

(Switzerland), 13(4), 5109–5116. https://doi.org/10.3390/s130405109 

Levasseur-Garcia, C. (2018). Updated Overview of Infrared Spectroscopy Methods for Detecting 

Mycotoxins on Cereals (Corn, Wheat, and Barley). Toxins, 10(38). 

https://doi.org/10.3390/toxins10010038 

Li, J., Yan, H., Tan, X., Lu, Z., & Han, H. (2019). Cauliflower-Inspired 3D SERS Substrate for 

Multiple Mycotoxins Detection. Analytical Chemistry, 91, 3885–3892. research-article. 

https://doi.org/10.1021/acs.analchem.8b04622 



167 

 

Li, Q., Lu, Z., Tan, X., Xiao, X., Wang, P., Wu, L., … Han, H. (2017). Ultrasensitive detection of 

aflatoxin B1 by SERS aptasensor based on exonuclease-assisted recycling amplification. 

Biosensors and Bioelectronics, 97, 59–64. https://doi.org/10.1016/j.bios.2017.05.031 

Li, Y., & Church, J. S. (2014). Raman spectroscopy in the analysis of food and pharmaceutical 

nanomaterials. Journal of Food and Drug Analysis, 22(1), 29–48. 

https://doi.org/10.1016/j.jfda.2014.01.003 

Lindsay, J. A. (1997). Chronic Sequelae of Foodborne Disease. Emerging Infectious Diseases, 

3(4), 443–452. https://doi.org/10.3201/eid0304.970405 

Liu, Jianzhi, Hu, Y., Zhu, G., Zhou, X., Jia, L., & Zhang, T. (2014). Highly sensitive detection of 

zearalenone in feed samples using competitive surface-enhanced raman scattering 

immunoassay. Journal of Agricultural and Food Chemistry, 62(33), 8325–8332. 

https://doi.org/10.1021/jf503191e 

Liu, Jing, Wu, S., Shen, H., Cui, J., Wang, Y., Xing, L., … Zhang, X. (2015). Ochratoxin A 

induces DNA damage and G2 phase arrest in human esophageal epithelium Het-1A cells in 

vitro. The Journal of Toxicological Sciences, 40(5), 657–665. 

https://doi.org/10.2131/jts.40.657 

Liu, L., Xu, L., Ma, W., Kuang, H., Li, A., Tang, L., … Song, S. (2015). A SERS-active sensor 

based on heterogeneous gold nanostar core–silver nanoparticle satellite assemblies for 

ultrasensitive detection of aflatoxinB1. Nanoscale, 8(4), 1873–1878. 

https://doi.org/10.1039/c5nr08372a 

Luke Chimuka, Hlanganani Tutu, Ewa Cukrowska, T. A. M. M. (2009). Extraction and 

Preconcentration of Residues and Contaminants in Food Samples Using Membrane 

Techniques. LCGC North America, 27(2), 100–118. Retrieved from 

http://www.chromatographyonline.com/extraction-and-preconcentration-residues-and-

contaminants-food-samples-using-membrane-techniques?id=&pageID=1&sk=&date= 

Luzi, E., Minunni, M., Tombelli, S., & Mascini, M. (2003). New trends in affinity sensing: 

aptamers for ligand binding. TrAC Trends in Analytical Chemistry, 22(11), 810–818. 



168 

 

https://doi.org/10.1016/S0165-9936(03)01208-1 

Majdinasab, M., Sheikh-Zeinoddin, M., Soleimanian-Zad, S., Li, P., Zhang, Q., Li, X., … Li, J. 

(2015). A reliable and sensitive time-resolved fluorescent immunochromatographic assay 

(TRFICA) for ochratoxin A in agro-products. Food Control, 47, 126–134. 

https://doi.org/10.1016/j.foodcont.2014.06.044 

Majdinasab, M., Sheikh-Zeinoddin, M., Soleimanian-Zad, S., Li, P., Zhang, Q., Li, X., & Tang, 

X. (2015). Ultrasensitive and quantitative gold nanoparticle-based immunochromatographic 

assay for detection of ochratoxin A in agro-products. Journal of Chromatography B, 974, 

147–154. https://doi.org/10.1016/j.jchromb.2014.10.034 

Majdinasab, M., Zareian, M., Zhang, Q., & Li, P. (2019). Development of a new format of 

competitive immunochromatographic assay using secondary antibody–europium 

nanoparticle conjugates for ultrasensitive and quantitative determination of ochratoxin A. 

Food Chemistry, 275, 721–729. https://doi.org/10.1016/j.foodchem.2018.09.112 

Malir, F., Ostry, V., Pfohl-Leszkowicz, A., Malir, J., & Toman, J. (2016). Ochratoxin A: 50 years 

of research. Toxins, 8(7), 12–15. https://doi.org/10.3390/toxins8070191 

Mantle, P. G. (2002). Risk assessment and the importance of ochratoxins. International 

Biodeterioration & Biodegradation, 50(4), 143–146. https://doi.org/10.1016/S0964-

8305(02)00079-3 

Maragos, C. M. (2008). Extraction of Aflatoxins B1 and G1 from Maize by Using Aqueous 

Sodium Dodecyl Sulfate. Journal of AOAC International, 91(4), 762–767. Retrieved from 

http://www.ingentaconnect.com/content/aoac/jaoac/2008/00000091/00000004/art00011 

Marechal, A., Jarrosson, F., Randon, J., Dugas, V., & Demesmay, C. (2015). In-line coupling of 

an aptamer based miniaturized monolithic affinity preconcentration unit with capillary 

electrophoresis and Laser Induced Fluorescence detection. Journal of Chromatography A, 

1406, 109–117. https://doi.org/10.1016/j.chroma.2015.05.073 

Marroquín-Cardona, A. G., Johnson, N. M., Phillips, T. D., & Hayes, A. W. (2014). Mycotoxins 

in a changing global environment - A review. Food and Chemical Toxicology, 69, 220–230. 



169 

 

https://doi.org/10.1016/j.fct.2014.04.025 

Mateo, R., Medina, Á., Mateo, E. M., Mateo, F., & Jiménez, M. (2007). An overview of 

ochratoxin A in beer and wine. International Journal of Food Microbiology, 119(1–2), 79–

83. https://doi.org/10.1016/j.ijfoodmicro.2007.07.029 

McCarthy, N. (2016). Annual per capita wine consumption in European countries (Nov 2015). 

Mcfarland, A. D., Young, M. A., Dieringer, J. A., & Duyne, R. P. Van. (2005). Wavelength-

Scanned Surface-Enhanced Raman Excitation Spectroscopy. J. Phys. Chem. B, 109(22), 

11279–11285. https://doi.org/10.1021/jp050508u 

Merkle, S., Kleeberg, K., & Fritsche, J. (2015). Recent Developments and Applications of Solid 

Phase Microextraction (SPME) in Food and Environmental Analysis—A Review. 

Chromatography, 2(3), 293–381. https://doi.org/10.3390/chromatography2030293 

Modh, H., Scheper, T., & Walter, J. G. (2018). Aptamer-modified magnetic beads in biosensing. 

Sensors (Switzerland), 18(4). https://doi.org/10.3390/s18041041 

National Grain and Feed Association. (2011). FDA Mycotoxin Regulatory Guidance. Retrieved 

from https://www.ngfa.org 

National Health Commission, & State Administration of Market Regulation. (2017). National 

Food Safety Standard for Maximum Levels of Mycotoxins in Foods (GB 2761-2017). 

Beijing. 

Neveu, V., Perez-Jiménez, J., Vos, F., Crespy, V., du Chaffaut, L., Mennen, L., … Scalbert, A. 

(2010). Phenol-Explorer: an online comprehensive database on polyphenol contents in 

foods. Database, 2010. https://doi.org/10.1093/database/bap024 

Nguyen, K. T. N., & Ryu, D. (2014). Concentration of ochratoxin A in breakfast cereals and 

snacks consumed in the United States. Food Control, 40(1), 140–144. 

https://doi.org/10.1016/j.foodcont.2013.11.041 

Park, Jae Hong, Kim, Y. P., Kim, I. H., & Ko, S. (2014). Rapid detection of aflatoxin B1 by a 

bifunctional protein crosslinker-based surface plasmon resonance biosensor. Food Control, 



170 

 

36(1), 183–190. https://doi.org/10.1016/j.foodcont.2013.08.038 

Park, Jin Ho, Byun, J. Y., Jang, H., Hong, D., & Kim, M. G. (2017). A highly sensitive and 

widely adaptable plasmonic aptasensor using berberine for small-molecule detection. 

Biosensors and Bioelectronics, 97(June), 292–298. 

https://doi.org/10.1016/j.bios.2017.06.019 

Park, Jin Ho, Byun, J. Y., Mun, H., Shim, W. B., Shin, Y. B., Li, T., & Kim, M. G. (2014). A 

regeneratable, label-free, localized surface plasmon resonance (LSPR) aptasensor for the 

detection of ochratoxin A. Biosensors and Bioelectronics, 59, 321–327. 

https://doi.org/10.1016/j.bios.2014.03.059 

Pereira, V. L., Fernandes, J. O., & Cunha, S. C. (2014). Mycotoxins in cereals and related 

foodstuffs: A review on occurrence and recent methods of analysis. Trends in Food Science 

and Technology, 36(2), 96–136. https://doi.org/10.1016/j.tifs.2014.01.005 

Pfliegler, W. P., Pusztahelyi, T., & Pócsi, I. (2015). Mycotoxins - prevention and 

decontamination by yeasts. Journal of Basic Microbiology, 55(7), 805–818. 

https://doi.org/10.1002/jobm.201400833 

Pichon, V., & Combès, A. (2016). Selective tools for the solid-phase extraction of Ochratoxin A 

from various complex samples: immunosorbents, oligosorbents, and molecularly imprinted 

polymers. Analytical and Bioanalytical Chemistry, 408(25), 6983–6999. 

https://doi.org/10.1007/s00216-016-9886-0 

Prelle, A., Spadaro, D., Denca, A., Garibaldi, A., & Gullino, M. L. (2013). Comparison of clean-

up methods for ochratoxin a on wine, beer, roasted coffee and chili commercialized in Italy. 

Toxins, 5(10), 1827–1844. https://doi.org/10.3390/toxins5101827 

Probst, C., Njapau, H., & Cotty, P. J. (2007). Outbreak of an acute aflatoxicosis in Kenya in 

2004: Identification of the causal agent. Applied and Environmental Microbiology, 73(8), 

2762–2764. https://doi.org/10.1128/AEM.02370-06 

Raghunathan, N., & Wolfbeis, O. S. (2004). Optical sensors : industrial, environmental and 

diagnostic applications. Springer series on chemical sensors and biosensors. 



171 

 

Rasch, C., Kumke, M., & Löhmannsröben, H. G. (2010). Sensing of Mycotoxin Producing Fungi 

in the Processing of Grains. Food and Bioprocess Technology, 3(6), 908–916. 

https://doi.org/10.1007/s11947-010-0364-y 

Richter, M. M. (2008). Chapter 7 Electrochemiluminescence. In Optical Biosensors: Today and 

Tomorrow (2nd Edition) (pp. 317–384). https://doi.org/10.1016/B978-0-444-53125-

4.50009-7 

Rios, A., Escarpa, A., & Simonet, B. (2009). Miniaturization in Analytical Chemistry. 

Miniaturization in Analytical Systems: Principles, Designs and Applications. 

https://doi.org/10.1002/9780470748091.ch1 

Romero-González, R., Frenich, A. G., Vidal, J. L. M., & Aguilera-Luiz, M. M. (2010). 

Determination of ochratoxin A and T-2 toxin in alcoholic beverages by hollow fiber liquid 

phase microextraction and ultra high-pressure liquid chromatography coupled to tandem 

mass spectrometry. Talanta, 82(1), 171–176. https://doi.org/10.1016/j.talanta.2010.04.016 

Schaafsma, A. W. (1998). Analysis of Fusarium toxins in maize and wheat using thin layer 

chromatography. Mycopathologia, 142, 107–113. 

Schmidt, M. S., Boisen, A., & Hübner, J. (2009). Towards easily reproducible nano-structured 

SERS substrates. Proceedings of IEEE Sensors, 1763–1767. 

https://doi.org/10.1109/ICSENS.2009.5398468 

Schwartz, G. G. (2002). Hypothesis: does ochratoxin A cause testicular cancer? Cancer Causes 

& Control : CCC, 13(1), 91–100. 

Sieger, M., Kos, G., Sulyok, M., Godejohann, M., Krska, R., & Mizaikoff, B. (2017). Portable 

infrared laser spectroscopy for on-site mycotoxin analysis. Scientific Reports, 7, 1–6. 

https://doi.org/10.1038/srep44028 

Simão, V., Merib, J., Dias, A. N., & Carasek, E. (2016). Novel analytical procedure using a 

combination of hollow fiber supported liquid membrane and dispersive liquid-liquid 

microextraction for the determination of aflatoxins in soybean juice by high performance 

liquid chromatography - Fluorescence detector. Food Chemistry, 196, 292–300. 



172 

 

https://doi.org/10.1016/j.foodchem.2015.09.018 

Smeesters, L.; Meulebroeck, W.; Raeymaekers, S.; Thienpont, H. (2016). One- and two-photon 

induced fluorescence spectroscopy enabling the detection of localized aflatoxin 

contamination in individual maize kernels. In Proceedings of SPIE. 

https://doi.org/10.1117/12.2227467 

Smeesters, L., Meulebroeck, W., & Thienpont, H. (2016). Improving Food Safety by Using One- 

and Two- Photon-Induced Fluorescence Spectroscopy for the Detection of Mycotoxins. In 

Applications of Molecular Spectroscopy to Current Research in the Chemical and 

Biological Sciences (pp. 297–326). https://doi.org/http://dx.doi.org/10.5772/103856 323 

Soko, L., Cukrowska, E., & Chimuka, L. (2002). Extraction and preconcentration of Cr(VI) from 

urine using supported liquid membrane. Analytica Chimica Acta, 474(1–2), 59–68. 

https://doi.org/10.1016/S0003-2670(02)01003-6 

Soleimany, F., Jinap, S., Faridah, A., & Khatib, A. (2012). A UPLC-MS/MS for simultaneous 

determination of aflatoxins, ochratoxin A, zearalenone, DON, fumonisins, T-2 toxin and 

HT-2 toxin, in cereals. Food Control, 25, 647–653. 

https://doi.org/10.1016/j.foodcont.2011.11.012 

Steinbrück, D., Rasch, C., & Kumke, M. U. (2008). Photophysics of ochratoxin A in aqueous 

solution. Zeitschrift Fur Naturforschung - Section B Journal of Chemical Sciences, 63(11), 

1321–1326. https://doi.org/10.1515/ZNB-2008-1111 

Stiles, P. L., Dieringer, J. A., Shah, N. C., & Duyne, R. P. Van. (2008). Surface-Enhanced Raman 

Spectroscopy. Annual Review of Analytical Chemistry, 1, 601–626. 

https://doi.org/10.1146/annurev.anchem.1.031207.112814 

Strathmann, H., Giorno, L., & Drioli, E. (2010). Basic Aspects in Polymeric Membrane 

Preparation. Comprehensive Membrane Science and Engineering, 1, 91–112. 

https://doi.org/10.1016/B978-0-08-093250-7.00057-8 

Sun, L., Wu, L., & Zhao, Q. (2017). Aptamer based surface plasmon resonance sensor for 

aflatoxin B1. Microchimica Acta, 184(8), 2605–2610. https://doi.org/10.1007/s00604-017-



173 

 

2265-5 

The Commission of the European Communities. (2006a). COMMISSION REGULATION (EC) 

No 1881/2006 of 19 December 2006 setting maximum levels for certain contaminants in 

foodstuffs. Official Journal of the European Union, 5–24. 

The Commission of the European Communities. (2006b). COMMISSION REGULATION (EC) 

No 401/2006 of 23 February 2006 laying down the methods of sampling and analysis for the 

official control of the levels of mycotoxins in foodstuffs. Official Journal of the European 

Union, 12–34. 

Toh, S. Y., Citartan, M., Gopinath, S. C. B., & Tang, T. H. (2014). Aptamers as a replacement for 

antibodies in enzyme-linked immunosorbent assay. Biosensors and Bioelectronics, 64, 392–

403. https://doi.org/10.1016/j.bios.2014.09.026 

Turner, N. W., Bramhmbhatt, H., Szabo-vezse, M., Poma, A., Coker, R., & Piletsky, S. A. 

(2015). Analytical methods for determination of mycotoxins: An update (2009-2014). 

Analytica Chimica Acta, 901, 12–33. https://doi.org/10.1016/j.aca.2015.10.013 

Turner NW, Subrahmanyam S, P. S. (2009). Analytical methods for determination of 

mycotoxins: a review. Anal Chim Acta, 632, 168–180. https://doi.org/10.1007/s13398-014-

0173-7.2 

Urusov, A. E., Zherdev, A. V., & Dzantiev, B. B. (2010). Immunochemical methods of 

mycotoxin analysis (review). Applied Biochemistry and Microbiology, 46(3), 253–266. 

https://doi.org/10.1134/s0003683810030038 

Urusov, Alexandr E., Zherdev, A. V., Petrakova, A. V., Sadykhov, E. G., Koroleva, O. V., & 

Dzantiev, B. B. (2015). Rapid Multiple Immunoenzyme Assay of Mycotoxins. Toxin, 7, 

238–254. https://doi.org/10.3390/toxins7020238 

Vårdal, L., Askildsen, H.-M., Gjelstad, A., Øiestad, E. L., Edvardsen, H. M. E., & Pedersen-

Bjergaard, S. (2017). Parallel artificial liquid membrane extraction of new psychoactive 

substances in plasma and whole blood. Journal of Chromatography B, 1048, 77–84. 

https://doi.org/10.1016/j.jchromb.2017.02.010 



174 

 

Vardon, P., McLaughlin, C., & Nardinelli, C. (2003). Potential Economic Costs of Mycotoxins in 

the United States. Council for Agricultural Science and Technology (CAST). Mycotoxins: 

Risks in Plant, Animal, and Human Systems. Ames, IA. 

Vasapollo, G., Sole, R. Del, Mergola, L., Lazzoi, M. R., Scardino, A., Scorrano, S., & Mele, G. 

(2011). Molecularly imprinted polymers: Present and future prospective. International 

Journal of Molecular Sciences, 12(9), 5908–5945. https://doi.org/10.3390/ijms12095908 

Vega, M., Muñoz, K., Sepúlveda, C., Aranda, M., Campos, V., Villegas, R., & Villarroel, O. 

(2009). Solid-phase extraction and HPLC determination of Ochratoxin A in cereals products 

on Chilean market. Food Control, 20(7), 631–634. 

https://doi.org/10.1016/j.foodcont.2008.09.014 

Wang, C., Qian, J., An, K., Huang, X., Zhao, L., Liu, Q., … Wang, K. (2017). Magneto-

controlled aptasensor for simultaneous electrochemical detection of dual mycotoxins in 

maize using metal sulfide quantum dots coated silica as labels. Biosensors and 

Bioelectronics, 89, 802–809. https://doi.org/10.1016/j.bios.2016.10.010 

Wang, R., Su, X., Wang, P., Zhang, W., Xue, Y., & Li, Y. (2015). Simultaneous Detection 

Method for Mycotoxins and their Metabolites in Animal Urine by Using Impurity 

Adsorption Purification followed by Liquid Chromatography-Tandem Mass Detection. 

Journal of Chromatography & Separation Techniques, 6(7). https://doi.org/10.4172/2157-

7064.1000308 

Wang, X., Park, S. G., Ko, J., Xiao, X., Giannini, V., Maier, S. A., … Choo, J. (2018). Sensitive 

and Reproducible Immunoassay of Multiple Mycotoxins Using Surface-Enhanced Raman 

Scattering Mapping on 3D Plasmonic Nanopillar Arrays. Small, 14(39), 1–11. 

https://doi.org/10.1002/smll.201801623 

Wang, Y., Yan, B., & Chen, L. (2013). SERS Tags: Novel optical nanoprobes for bioanalysis. 

Chemical Reviews, 113(3), 1391–1428. https://doi.org/10.1021/cr300120g 

WHO. (2015). WHO’s first ever global estimates of foodborne diseases find children under 5 

account for almost one third of deaths. Retrieved November 28, 2018, from 



175 

 

http://www.who.int/news-room/detail/03-12-2015-who-s-first-ever-global-estimates-of-

foodborne-diseases-find-children-under-5-account-for-almost-one-third-of-deaths 

Williams, J. H., Phillips, T. D., Jolly, P. E., Stiles, J. K., Jolly, C. M., & Aggarwal, D. (2004). 

Human aflatoxicosis in developing countries: a review of toxicology, exposure, potential 

health consequences, and interventions. American Journal of Clinical Nutrition, 80(5), 

1106–1122. Retrieved from 

https://search.ebscohost.com/login.aspx?direct=true&db=cin20&AN=106609471&site=ehos

t-live 

World Health Organization. (1990). Selected mycotoxins : ochratoxins, trichothecenes, ergot; 

WHO-IPCS. Geneva, Switzerland. 

Wu, Q., Luo, C., Yu, H., Kong, G., & Hu, J. (2014). Surface sol–gel growth of ultrathin SiO2 

films on roughened Au electrodes: Extending borrowed SERS to a SERS inactive material. 

Chemical Physics Letters (Vol. 608). https://doi.org/10.1016/j.cplett.2014.05.039 

Wu, X., Gao, S., Wang, J. S., Wang, H., Huang, Y. W., & Zhao, Y. (2012). The surface-

enhanced Raman spectra of aflatoxins: Spectral analysis, density functional theory 

calculation, detection and differentiation. Analyst, 137(18), 4226–4234. 

https://doi.org/10.1039/c2an35378d 

Xie, J., Chai, Y., Yang, M., Jiang, B., Yuan, R., & Xiang, Y. (2014). Electrochemiluminescence 

recovery-based aptasensor for sensitive Ochratoxin A detection via exonuclease-catalyzed 

target recycling amplification. Talanta, 125, 45–50. 

https://doi.org/10.1016/j.talanta.2014.02.061 

Xu, L., Zhang, Z., Zhang, Q., & Li, P. (2016). Mycotoxin determination in foods using advanced 

sensors based on antibodies or aptamers. Toxins, 8(8), 1–16. 

https://doi.org/10.3390/toxins8080239 

Yu, J. (2012). Current understanding on aflatoxin biosynthesis and future perspective in reducing 

aflatoxin contamination. Toxins, 4(11), 1024–1057. https://doi.org/10.3390/toxins4111024 

Yu, S., He, L., Yu, F., Liu, L., Qu, C., Qu, L., … Wu, Y. (2018). A lateral flow assay for 



176 

 

simultaneous detection of Deoxynivalenol, Fumonisin B1 and Aflatoxin B1. Toxicon, 156, 

23–27. https://doi.org/10.1016/j.toxicon.2018.10.305 

Zhang, W., Xiong, H., Chen, M., Zhang, X., & Wang, S. (2017). Surface-enhanced molecularly 

imprinted electrochemiluminescence sensor based on Ru@SiO2for ultrasensitive detection 

of fumonisin B1. Biosensors and Bioelectronics, 96, 55–61. 

https://doi.org/10.1016/j.bios.2017.04.035 

Zhao, Y., Luo, Y., Li, T., & Song, Q. (2014). Au NPs driven electrochemiluminescence 

aptasensors for sensitive detection of fumonisin B1. RSC Advances, 4(101), 57709–57714. 

https://doi.org/10.1039/c4ra10350e 

Zhao, Y., Yang, Y., Luo, Y., Yang, X., Li, M., & Song, Q. (2015). Double Detection of 

Mycotoxins Based on SERS Labels Embedded Ag@Au Core-Shell Nanoparticles. ACS 

Applied Materials and Interfaces, 7(39), 21780–21786. 

https://doi.org/10.1021/acsami.5b07804 

Zhu, W., Ren, C., Nie, Y., & Xu, Y. (2016). Quantification of ochratoxin A in Chinese liquors by 

a new solid-phase extraction clean-up combined with HPLC-FLD method. Food Control, 

64, 37–44. https://doi.org/10.1016/j.foodcont.2015.11.044 

  



177 

 

Appendices  

 

Figure A1 Results of the fluorescence measurement of OTA in spiked beer and wine samples after SLME: 

fluorescence intensities at 444 nm verses OTA concentrations in spiked beer and wine samples 

(spiked sample OTA concentration range 12.5—200 µg L–1, donor-to-acceptor volume ratio = 

5:1, 1 hour extraction, DDA as the liquid membrane). 

 

 

Figure A2 SERS spectrum of AFB1 in methanol, (AFB1 concentration = 0.6 mM; excitation light = 780 

nm, laser power = 10 mW; the spectra were collected 5 times for 0.05 s with a 100 µm 

collection step, using a 10× objective lens and 50 µm slit; the presented spectrum was after 

baseline correction and smooth) 
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Table A1 Polyphenols found in wine used for constructing the database for target analysis

Cyanidin 3-O-(6’’-acetyl-glucoside) 

Cyanidin 3-O-glucoside 

Delphinidin 3-O-(6’’-acetyl-glucoside) 

Delphinidin 3-O-(6’’-p-coumaroyl-glucoside) 

Delphinidin 3-O-glucoside 

Malvidin 3-O-(6’’-acetyl-glucoside) 

Malvidin 3-O-(6’’-caffeoyl-glucoside) 

Malvidin 3-O-(6’’-p-coumaroyl-glucoside) 

Malvidin 3-O-glucoside 

Peonidin 3-O-(6’’-acetyl-glucoside) 

Peonidin 3-O-(6’’-p-coumaroyl-glucoside) 

Peonidin 3-O-glucoside 

Petunidin 3-O-(6’’-acetyl-glucoside) 

Petunidin 3-O-(6’’-p-coumaroyl-glucoside) 

Petunidin 3-O-glucoside 

Pigment A 

Pinotin A 

Vitisin A 

Dihydromyricetin 3-O-rhamnoside 

Dihydroquercetin 3-O-rhamnoside 

(+)-Catechin 

(+)-Gallocatechin 

(-)-Epicatechin 

(-)-Epicatechin 3-O-gallate 

(-)-Epigallocatechin 

Procyanidin dimer B1 

Procyanidin dimer B2 

Procyanidin dimer B3 

Procyanidin dimer B4 

Procyanidin dimer B7 

Procyanidin trimer C1 

Procyanidin trimer T2 

Prodelphinidin dimer B3 

Hesperetin 

Naringenin 

Naringin 

Isorhamnetin 

Isorhamnetin 3-O-glucoside 

Kaempferol 

Kaempferol 3-O-glucoside 

Myricetin 

Quercetin 

Quercetin 3-O-arabinoside 

Quercetin 3-O-glucoside 

Quercetin 3-O-rhamnoside 

Quercetin 3-O-rutinoside 

2,3-Dihydroxybenzoic acid 

2-Hydroxybenzoic acid 

4-Hydroxybenzoic acid 

Gallic acid 

Gallic acid ethyl ester 

Gentisic acid 

Protocatechuic acid 

Syringic acid 

Vanillic acid 

2,5-di-S-Glutathionyl caftaric acid 

Caffeic acid 

Caffeoyl tartaric acid 

Ferulic acid 

o-Coumaric acid 

p-Coumaric acid 

p-Coumaroyl tartaric acid 

Sinapic acid 

4-Hydroxyphenylacetic acid 

Cis-Resveratrol 

Cis-Resveratrol 3-O-glucoside 

d-Viniferin 

e-Viniferin 

Pallidol 

Piceatannol 

Piceatannol 3-O-glucoside 

Resveratrol 

Resveratrol 3-O-glucoside 

Trans-Resveratrol 

Trans-Resveratrol 3-O-glucoside 

Protocatechuic aldehyde 

Syringaldehyde 

Hydroxytyrosol 

Tyrosol 
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A3: Supplementary material for manuscript II 

Table S1: LC-MS validation of OTA concentration in acceptor solution after SLME  

Calib Curve (Block 1) Fit 

======================> 

  

Linear 

     

Calib Curve (Block 1) Equation 

===============> 

  

y = 334.476149 x + 

-880.996651  

     

Calib Curve (Block 1) Correlation 

Coefficient ===============> 

  

0.999964 

     

Calib Curve (Block 2) Weighting 

================> 

  

None 

     

Calib Curve (Block 2) Equation 

===============> 

  

y = 329.847084 x + 

-1380.331844  

     

Calib Curve (Block 2) Correlation 

Coefficient ===============> 

  

0.999336 

     

File Name Sample 

Name 

Theor. Conc Theor. Conc. Unit RT Target 

Cmpd 

Area Target 

Cmpd 

Calc. Conc. Calc. 

Conc. 

Unit 

Accuracy 

-S 0_RA1_01_9950.d -S 0 0.000000 

 

0.000000 0.000000 n/c ngml 0.000000 

-S 4_RA5_01_9954.d -S 4 12.500000 ngml 471.11967

7 

4685.884766 16.643583 ngml 133.14866

1 -S 5_RA6_01_9955.d -S 5 25.000000 ngml 471.99862

8 

7896.319336 26.241979 ngml 104.96791

5 -S 6_RA7_01_9956.d -S 6 50.000000 ngml 471.69546

4 

15639.093750 49.390937 ngml 98.781874 

-S 7_RA8_01_9957.d -S 7 100.000000 ngml 471.12487

3 

30893.880859 94.998934 ngml 94.998934 

-S 8_RB1_01_9958.d -S 8 250.000000 ngml 471.86782

7 

83259.523438 251.559103 ngml 100.62364

1 -S 9_RB2_01_9959.d -S 9 500.000000 ngml 471.62728

2 

165425.57812

5 

497.215049 ngml 99.443010 

-S 10_RB3_01_9960.d -S 10 1000.00000

0 

ngml 472.34046

6 

334080.28125

0 

1001.45041

5 

ngml 100.14504

1 -  C1_GC1_01_10006.d -  C1 0.000000 

 

0.000000 0.000000 n/c ngml 0.000000 

-  C2_GC2_01_10007.d -  C2 0.000000 

 

0.000000 0.000000 n/c ngml 0.000000 

-  C3_GC3_01_10008.d -  C3 0.000000 

 

0.000000 0.000000 n/c ngml 0.000000 

-  C4_GC4_01_10009.d -  C4 0.000000 

 

472.00209

6 

14197.454102 45.080795 ngml 0.000000 

-  C5_GC5_01_10010.d -  C5 0.000000 

 

471.99674

8 

16000.236328 50.470663 ngml 0.000000 

-  C6_GC6_01_10011.d -  C6 0.000000 

 

472.70006

7 

12472.118164 39.922472 ngml 0.000000 

-  C7_GC7_01_10012.d -  C7 0.000000 

 

471.90163

6 

33514.308594 102.833357 ngml 0.000000 

-  C8_GC8_01_10013.d -  C8 0.000000 

 

472.59292

6 

26896.482422 83.047713 ngml 0.000000 
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-  C9_GD1_01_10014.d -  C9 0.000000 

 

472.76237

5 

27216.826172 84.005460 ngml 0.000000 

-  C10_GD2_01_10015.d -  C10 0.000000 

 

471.86536

7 

55923.238281 169.830450 ngml 0.000000 

-  C11_GD3_01_10016.d -  C11 0.000000 

 

472.16065

0 

59090.265625 179.299070 ngml 0.000000 

-  C12_GD4_01_10017.d -  C12 0.000000 

 

471.81036

0 

58416.597656 177.284971 ngml 0.000000 

-  C13_GD5_01_10018.d -  C13 0.000000 

 

472.12536

6 

120217.38281

3 

362.053856 ngml 0.000000 

-  C14_GD6_01_10019.d -  C14 0.000000 

 

472.07270

0 

118440.92968

8 

356.742706 ngml 0.000000 

-  C15_GD7_01_10020.d -  C15 0.000000 

 

471.95389

8 

117790.17968

8 

354.797126 ngml 0.000000 

-  C16_GD8_01_10021.d -  C16 0.000000 

 

472.29073

6 

259743.01562

5 

779.200590 ngml 0.000000 

-  C17_GE1_01_10022.d -  C17 0.000000 

 

472.10412

3 

272506.43750

0 

817.360028 ngml 0.000000 

-  C18_GE2_01_10023.d -  C18 0.000000 

 

472.22872

0 

263010.59375

0 

788.969831 ngml 0.000000 

-S 0_RA1_01_10024.d -S 0 0.000000 

 

0.000000 0.000000 n/c ngml 0.000000 

-S 4_RA5_01_10028.d -S 4 12.500000 ngml 471.85746

4 

4687.392090 18.395566 ngml 147.16453

1 -S 5_RA6_01_10029.d -S 5 25.000000 ngml 471.41347

3 

9192.828125 32.054732 ngml 128.21892

9 -S 6_RA7_01_10030.d -S 6 50.000000 ngml 472.25419

6 

14987.951172 49.623852 ngml 99.247705 

-S 7_RA8_01_10031.d -S 7 100.000000 ngml 472.08874

3 

31536.839844 99.795248 ngml 99.795248 

-S 8_RB1_01_10032.d -S 8 250.000000 ngml 471.79461

7 

81895.078125 252.466716 ngml 100.98668

6 -S 9_RB2_01_10033.d -S 9 500.000000 ngml 472.12269

9 

154301.78125

0 

471.982688 ngml 94.396538 

-S 10_RB3_01_10034.d -S 10 1000.00000

0 

ngml 472.32599

0 

332814.53125

0 

1013.18119

7 

ngml 101.31812

0  
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S2: LC-QTOF analysis method  

Liquid Chromatography was performed on a Dionex Ultimate 3000 RS (Thermo Scientific, CA) with 

a Poroshell SB C-8 (100x2.1 mm, 2.7 µm particle size) column held at 40 ˚C (Agilent technologies, 

Walbron, Germany). The solvent system consisted of A: 2.5 mM ammonium hydroxide + 0.1 % 

formic acid in water and B: acetonitrile.  

Solvent programming were: 0% B from 0 to 1 min followed by a linear gradient to 5% B to 3 min 

and a linear gradient to 100% B to 10 min, isocratic 100% B from 10 to 12 min followed by reversal 

to initial conditions to 12.1 min and re-equilibration of the column to 14 min. The flow rate was 0.3 

ml/min from 0 to 3 min followed by a linear gradient to 0.4 ml/min to 10 min, which was held to 12 

min followed by reversal to initial conditions. 

The LC system was connected to a Bruker Daltonics, maXis qTOF mass spectrometer equipped with 

an electrospray ion source operated in positive ion mode (Bruker Daltonics, Bremen, Germany). The 

ion source settings were: nebulizer pressure 2 bars, drying gas flow 10 l/min, dry gas temperature 

200 °C, capillary voltage 4500 V. The scan range was from 80 to 700 m/z with an acquisition rate of 

2 Hz. Sodium formate dissolved in 50% 2-propanol was introduced in the ion source in a 0.2-0.4 min 

time segment and used for internal calibration of the data files. Hexakisperflouroetoxyphophazene 

was used as lock mass calibrant.  

Each sequence was composed of first standard samples (12.5 – 1000 ng/ml at 7 different levels) then 

samples and ended by analyses of the standard samples. 

Data Analyses 

Data files were processed using QuantAnalysis (Bruker Daltonics, Bremen, Germany). Extracted ion 

chromatograms of m/z 404.0895 ± 0.003 Da (ochratoxin) were constructed and integrated. 

Concentrations of ochratoxin A were calculated based on the linear calibration curve constructed. 

 

 


