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Abstract 
 
Mycotoxins are naturally occurring toxic compounds produced by fungal growth. In 
excess of 200 mycotoxins have been identified, although most analytical laboratories 
can only assay for up to 20 of these.  
 
The potential health risk of exposure to mycotoxins in foods depends upon the type of 
mycotoxin due their differing degrees of toxicity. Some of the more common mycotoxins 
are genotoxic and carcinogenic. Acute effects require that large amounts of mycotoxin 
are ingested. Traditionally the analysis of mycotoxins uses affinity columns to purify the 
extract prior to high pressure liquid chromatographic (HPLC) detection. These assays 
are time-consuming and relatively expensive (~£100). 
 
The increasing consumer demand for safe food is accompanied by the need for rapid 
and cost-effective analytical techniques capable of screening for the presence of 
mycotoxins to allow for the positive release of food ingredients before they enter the 
food chain. This requirement was addressed in the project by developing an analytical 
system using disposable biosensors capable of identifying and quantifying a pre-
selected suite of mycotoxin residues. Six mycotoxins were selected by the project 
consortium members based on food industry analytical requirements and availability of 
antibodies. The six mycotoxins were: ochratoxin A, deoxynivalanol (DON) and aflatoxins 
B1, B2, G1, G2. Zearalenone and fumonisins FB1 and FB2 were identified for inclusion 
if any of the selected mycotoxins were problematic. 
 
The overall aim of the FQS 61 project was to investigate the feasibility of developing an 
automated detection system for mycotoxins in foodstuffs and feeds.  This involved 
combining a novel rapid extraction method with biosensor technology integrated in a 
twelve channel measurement system allowing simultaneous measurement of up to six 
different mycotoxins, in duplicate. 
 
Rapid extraction techniques developed at CCFRA allowed mycotoxins to be extracted 
from grain in less than 10 minutes using a non-toxic, Pytosol solvent.  The extraction 
method compared well with conventional methods.   The measurement of mycotoxins 
was performed on an instrument developed by Uniscan Instrument which incorporates a 
competitive immunoassay, combined with an electrochemical detection step.  
Development of the mycotoxin immunoassays was undertaken at the University of the 
West of England.  The immunoassays were performed using a biosensor which 
immobilised the mycotoxin antibodies on the biosensor surface.  An array of 12 
biosensors was produced by a screen printing method using conductive inks.  Each 
biosensor could have a different antibody immobilised on the surface giving the potential 
of 12 separate measurements.  Gwent Electronic Materials were responsible for 
designing and fabricating the arrays of biosensors and Applied Enzyme Technologies 
developed stabilisers for the antibodies immobilised on the biosensor surface.  The 
electrochemical measurement was made by the instrument giving the concentration of 
mycotoxins present in the sample using neural network.  The software can also evaluate 
any cross-reactivity between the specific antibodies and other mycotoxins. 
 
During the course of the project a large number of antibodies were characterised for the 
different mycotoxin assays. Problems obtaining suitable antibodies for all six mycotoxins 
proposed resulted in only assays for total aflatoxin, aflatoxin B1, ochratoxin A and DON 
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being fully characterised.  The instrument developed was able to automate the 
immunoassays, allowing 12 simultaneous measurements to be made.  The neural 
network showed that there was no cross-reactivity between the assays used on the 
instrument, indicating that the antibodies were giving a high degree of specificity to each 
of the mycotoxins.  The assays were optimised to cover the concentration ranges that 
are required to discriminate levels of mycotoxin above and below the MRL.  
 
The evaluation stage of the project showed that the antibodies on the biosensor surface 
were stable at room temperature for at least six months and a preliminary end-user 
study of ochratoxin A extracted from grain samples showed that the system could in 
principle be used to measure mycotoxins.  However, further optimisation is required to 
reduce the assay time from the current 77 minutes.   
 
The project successfully demonstrated that arrays of biosensors can be integrated into 
an instrument allowing the automated measurement of multiple mycotoxins to be 
performed. 
 
 
 



  

 5

Summary 
 
There is increasing consumer demand for food and drink of consistent high quality in 
terms of safety.  This concern, backed with increasing government legislation that 
requires food processors, wholesalers and retailers to ensure due diligence and 
traceability of their raw food products, requires considerable effort and investment by the 
industry in ensuring that these criteria are fully met.  There are a wide range of 
compounds that need to be addressed, i.e. agrochemical residues, natural and 
microbiological toxins and environmental contaminants to name the most important.  
Mycotoxins, produced either in the field or during storage, occur on a wide range of raw 
food matrices e.g. cereals, nuts, dried fruits, spices and herbs. Many of these materials 
are used across the food chain from animal feeds to raw ingredients for food 
manufacture.  In this way mycotoxins can be introduced into the food chain to give rise 
to secondary contamination, e.g. aflatoxin M1 in milk derived from animal feed 
contaminated with B1.  In addition, their stability means that some treatments, e.g. 
fractionation, can actually increase mycotoxin concentration while thermal processing 
fails to reduce the risk significantly, e.g. for aflatoxin and ochratoxin A in milling and 
baking.  Furthermore, sources are often eaten without further processing e.g. nuts, 
some cereals and dried fruits, representing a direct risk to consumers. 
  
Current EC legislation (EC 466/2001) prescribes maximum levels of aflatoxins between 
2-15 µg/kg (2-15 ppb) dependent on the food matrix. For ochratoxin A no current EC 
legislation is in place but the Commission has stated that the establishment of a 
maximum limits on the basis of ‘as low as reasonably achievable (ALARA) principal’ (EC 
472/2002). Currently limits in the range 5-10 µg/kg (5-10 ppb) are adopted within the 
food industry. The maximum limits for these mycotoxins are being reviewed by the 
Commission with a report due at the end of 2003 (EC 472/2002). While no EC 
regulations exist at present for trichothecene deoxynivalenol (DON) it is anticipated that 
a maximum limit of 500 µg/kg (500 ppb) will be adopted in the foreseeable future. 
 
This 2 year project sought to integrate different areas of technology to investigate the 
feasibility of developing rapid sensor instrumentation, for mycotoxins, in raw food 
products, as a model system for further development and extension to other analytes 
that may be amenable to immuno-biosensors technology.  The areas of technology that 
were integrated to produce the working system were: rapid extraction technology, 
immunobiosensor technology, instrumentation and pattern recognition software.  The 
objectives of the project were: 
 
I. To research an innovative multi-array disposable electrochemical immuno-

biosensor device capable of rapidly identifying and quantifying mycotoxins in a 
range of raw food products. 

II. To evaluate novel methods of rapid extraction of mycotoxins from a variety of 
raw foods. 

III. To elucidate and overcome possible over-estimation of currently reported 
mycotoxins levels due to co-elution of interferents in classical techniques. 

IV. To integrate immuno-biosensor technology into generic enzyme biosensor array 
instrumentation for use by semi-skilled personnel. 
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Initially six mycotoxins were chosen as the target compounds for the biosensor array: 
trichothecene deoxynivalenol (DON), ochratoxin A (OA), total aflatoxin, aflatoxin B1, 
zearalenone and fumonisin.  The proposed approach to obtaining antibodies proved 
problematic and hence commercially available antibodies and conjugates were sourced.  
There were problems obtaining suitable antibodies for all the mycotoxin assays which 
resulted in only four assays being fully developed – DON, OA, total aflatoxin and 
aflatoxin B1.   
 
The work packages associated with the project divided the research into three main 
areas, development of the extraction technology, development of the biosensor array 
and development of the instrumentation including the software.  Also within the project 
was an evaluation period where the end-user would use the other instrument to assess 
its utility.  Full details of the scientific studies and evaluations of the technology are 
included in the later sections of this report. 
 
 
Extraction of mycotoxins 
 
The rapid extraction system developed by Advanced Phytonics for the fragrance 
industry has been successfully modified and employed for the organophosphate 
residues in food products in FQS 12.  The process utilises a new breed of refrigerant 
gases as solvents.  These solvents are non-toxic, non-flammable and non-polluting.  
The nature of the solvents allows the extraction process to be applied to wet materials 
and to be carried out at pressures of less than 10 bar and at temperatures at and below 
room temperature. It is also possible to use added organic solvents to enhance the 
properties of the Phytosol solvents in the extraction process.  After extraction the solvent 
can be reclaimed, “concentrating” the extract retained in the organic solvent and 
minimising waste.  It is also possible to modify the extraction specificity of the system by 
altering the temperature and pressure at which the extraction is carried out. The 
outcome of the process can be an aqueous or solvent extract of minimal volume. The 
aqueous extract providing compatibility with the biosensor functionality. The lack of 
organic solvent is an important consideration for use with immuno-biosensors that 
naturally require an aqueous environment for optimum activity.   
 
Development of the rapid extraction of mycotoxins undertaken in the project showed that 
good recovery, greater than 80%,  was achieved (4 of the 5 mycotoxins gave recovery is 
greater than 90%) for all mycotoxins except ochratoxin A which had a recovery of 
approximately 50%.  This compared well to classical methods of extraction and had the 
added advantage of being complete in less than 10 minutes.  The residue remaining 
was dissolved in buffer containing 20% methanol to dissolve the mycotoxin in the extract 
and to allow compatibility with the enzymes on the biosensor. 
 
 
Immuno-biosensors 
 
The use of disposable screen-printed biosensors to detect organophosphates on raw 
food products has been described in defra-Link project FQS12 where this innovative 
technique combined the advantage of relatively inexpensive disposable carbon based 
sensors with the high sensitivity and selectivity of enzyme inhibition.   
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This project replaced the enzymes on the screen-printed biosensor with antibodies to 
give the measurements specificity to particular mycotoxins.  The measurements of the 
mycotoxins were based on the principles of immunoassay but applied to disposable 
sensor technology, in the format of an array of immuno- biosensors utilising 
amperometry and chronoamperometry.  The selected antibodies were stabilised using 
poly-electrolytes and complex sugars.   
 
A competitive enzyme linked immuno-biosensor was developed which had advantages 
over sandwich assay approaches, particularly for small molecules such as mycotoxins.  
The assays were based on an indirect competition assay using an immobilised capture 
antibody where there was competition between free antigen (from the extract) and 
biotin-labelled antigen.  This was followed by the addition of streptavidin-labelled 
enzyme (alkaline phosphatase), and then the addition of substrate solution (1-naphthyl 
phosphate) for the electrochemical assay.  The formation of the product 1-naphthol, was 
detected electrochemically.   A schematic representation of the assay format is shown in 
Fig 1 below; in this case the mycotoxin shown is aflatoxin B1 (AFB1).   
 
A sensor comb of 12 sensors was fabricated using screen printing technology.  The 
comb was used in conjunction with instrumentation designed and fabricated during the 
project.  The sensor comb was inserted into the instrument which “dipped” the sensors 
on the comb into a series of wells containing sample, reagents and wash solutions 
placed in a commercially available 96 well microtitre plate.  Finally, the instrument made 
the electrochemical measurement and displayed the result.  Initially the sensors were 
screen printed on to a plastic substrate.  Problems with cutting the sensor comb from the 
plastic substrate resulted in poor precision of the electrodes.  Investigations into the use 
of a laser to cut the comb did not solve the problem.  Screen printing sensors on to a 
ceramic substrate gave greatly improved reproducibility; the base sensors had a 
coefficient of variation between 2.4% and 4%.   
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Figure 1.   Schematic diagram of mycotoxin immunoassay 
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Four competitive immunoassays for DON, OA, total aflatoxin and aflatoxin B1 were 
developed for the biosensor array using commercially available reagents.  The assays 
were optimised to give a response at the MRL for the particular mycotoxin.  Parameters 
optimised included: antibody concentration, mycotoxin-biotin concentration, streptavidin-
enzyme concentration and the concentration and type of blocking agent used.  A 
precision of 4% was achieved for OA but the precision for the other assays was greater 
(9-18%).  Studies demonstrated that the antibodies chosen for the aflatoxin assays 
showed some cross reactivity between different classes of aflatoxin.  Figure 2 shows an 
example of the electrochemical response and dose-response curve for aflatoxin B1. 
 
 

 
 
 
 
 
 
The original project proposal was to have different assays on the biosensor comb and to 
use a neural network programme to interpret the patterns of activity from the different 
sensors.  Problems with acquiring antibodies resulted in only single assays being 
evaluated on the sensor comb.  A neural network programme was evaluated using data 
generated at UWE and analysed by Uniscan for ochratoxin A and aflatoxin B1.  The 
results showed no cross-reactivity between these two mycotoxins, which is explained by 
the specificity of the antibody used in the sensors.  There was insufficient data for the 
other mycotoxins to be fully analysed.  As only single assays were being performed on 
the instrument the neural network was not implemented by the end of the project. 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Electrochemical immunoassay for AFB1 (A) voltammograms, and (B) 
calibration plot for AFB1 in phosphate buffer solution. 
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Antibody and enzyme label conjugate stabilisation 
The immobilisation and stabilisation of the antibodies on the sensor surface was crucial 
to ensure maximum activity on the screen-printed carbon transducer. Proven protein 
stabilisation and immobilisation techniques developed in a previous project (FQS 12) 
was used a basis for the stability studies on the mycotoxin antibodies and enzyme 
labelled conjugate.   
 
Polyelectrolyte stabilisers mixed with the antibodies produced protein-polyelectrolyte 
complexes, which are synergistically stabilised by water modifiers such as sugars and 
polyalcohols.  The 3D matrix which was formed 'entraps' the antibody in a low water 
environment with polyelectrolyte present. Thermal stress was used as a means of 
accelerated degradation of the antibody and was cautiously used to give an estimated 
prediction of shelf-life.   
 
The studies showed that antibodies were stabilised on the sensor surface using P2, a 
stabilising agent developed by AET. Accelerated testing at 37°C suggested the 
antibodies would be stable for at least six months. 
 
 
Instrumentation 
An instrument was developed and fabricated according to the project proposal.  A 
working prototype instrument was available for the system evaluation.  A sensor comb 
was mounted in the instrument which moved the comb into wells containing sample, 
reagents and wash solution.  Each sensor comb contained 12 biosensor areas on which 
the assays were performed.  Twelve parallel electrochemical measurements were 
optimised to give a precision better than 1% for instrumental response, but when the 
laboratory evaluation was undertaken it identified some issues with the material used to 
fabricate the sensor combs (see work package 3).  Combs fabricated from Velox gave 
poor reproducibility but combs fabricated using a ceramic material a precision of 4% was 
achieved.  The instrument represented a significant advance over the instrumentation 
developed for the defra-Link project FQS12 
 
The system’s components included: 
 
 Electronics Rack – An enclosure containing all the electronic modules. This included 
the array of potentiostats and modules to control pumps and solenoids. The rack hosted 
the electronic connections between all the system components. 
 
Multi-Well plate – A standard 96 well (12 x 8) plate was used to hold the solutions, into 
which the sensors were immersed in specific, timed sequence to allow washing and 
addition of reagents to the sensor surface. 
                                  
Well plate heater – An aluminium tray holding the Multi-Well plate. The tray incorporated 
resistive heaters and a temperature sensor capable of maintaining the Multi-Well plate 
at a constant temperature of 37 deg centigrade. 
 
Linear translation stage – A motor driven linear translation stage on which the Well plate 
heater was mounted. The translation stage positioned the Multi-Well plate rows such 
that the array of 12 sensors was aligned with any of the 8 rows in the plate. The stage 
also provided extended movement to allow a sensor wash to be performed via wash 
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nozzles. In this case the waste liquid from the wash was collected in the wash tray. 
                       
Sensor Actuator – A structure which supported the sensor holder above the well plate 
and by action of a motor, lead-screw and linear bearing, lifted the sensors in and out of 
the well plate wells. This action was controlled by computer software. 
 
Sensor Wash nozzles – a series of 12 nozzles provided a wash jet on to the sensor, 
activated by electrical switching of the wash pump under software control.  
 
Base Plate – The plate on to which the system was constructed. 
 
Wash tray – A tray which collected the waste from the sensor washing process. 
 
Computer / Software – A Windows compatible PC ran a bespoke software application 
which provided all the control and data processing for the instrument. 
 
 
 
Evaluation 
The initial evaluation programme defined in the project proposal was not undertaken due 
to the delays in developing assays.  A new evaluation programme was devised where 
the end users would evaluate one analyte using the instrument in their home 
laboratories.   End users visited UWE to run OA contaminated samples on the 
instrument.  Samples analysed included naturally contaminated wheat at a range of 
levels (<0.1µg/kg to 2.6µg/kg), and blank wheat spiked multiple times at 1µg/kg.  The 
detailed evaluation was not performed as planned due to the problems in delays 
associated with the assay development and some problems with the instrument.  The 
end users identified that the assay time would need to be reduced for the final system. 
 
 
 
 
 
 
 
The following sections details the work undertaken during the project. Details of the 
extraction methods, development of the biosensor, optimisation of assays, development 
of the instrumentation and a review of the end-user evaluation are given. 




