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Abstract 17 

Sterigmatocystin (STG) is a highly toxic secondary fungal metabolite structurally closely related 18 

to the well-known carcinogenic aflatoxins. Its presence has been reported in grains and grain 19 

based products as well as in other foodstuffs like nuts, green coffee beans, spices, beer and 20 

cheese. Due to the lack of suitable data on the occurrence of STG, in 2013 the European Food 21 

Safety Authority (EFSA) could not characterize its risk for human health and recommended that 22 

more data on STG in food and feed needed to be collected. In order to provide a new tool for the 23 

specific detection of STG, a competitive enzyme-linked immunosorbent assay (ELISA) was 24 

developed, optimized and validated in this study based on a sensitive monoclonal antibody 25 

specific to STG with no cross-reactivity with aflatoxins. The sample preparation method for rice, 26 

wheat and maize was based on a modified QuEChERS (quick, easy, cheap, effective, rugged and 27 

safe) approach. The assay was validated for the detection of STG in rice, wheat and maize in 28 

accordance with the guidelines for validation of semi-quantitative screening methods included 29 

in Commission Regulation (EU) 519/2014. The screening target concentration (STC) was set at 1.5 30 

µg/kg. The cut offs for rice, wheat and maize were 1.2, 1.2 and 1.3 µg/kg and the false suspected 31 

rates were 0.34%, 1.15% and 0.78%, respectively. Good correlation was found between the 32 

results obtained by the STG ELISA and LC-MS/MS method for naturally contaminated rice 33 
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samples. This validated method can be applied as a sensitive and high-throughput screening for 34 

the presence of STG in a range of agricultural commodities.  35 

 36 
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Introduction 42 

 Mycotoxins are toxic secondary metabolites produced by fungi belonging to Aspergillus, 43 

Fusarium and Penicillium species. They can contaminate agricultural commodities during 44 

production, storage, processing and transport. The ingestion of contaminated products can cause 45 

a variety of adverse effects in both humans and animals. There are between 300-400 mycotoxins 46 

known to humans [1]. Regulatory bodies in many countries worldwide have set limits for the 47 

most toxic mycotoxins in food in order to protect human health. In the European Union (EU) 48 

there are maximum, indicative or guidance limits for well-known and harmful mycotoxins such 49 

as aflatoxins, ochratoxin A, fumonisins, zearalenone, deoxynivalenol, T-2/HT-2 toxins, patulin and 50 

citrinin in food and feed commodities (Commission Regulation (EC) 1881/2006 [2]; Commission 51 

Recommendation 2006/576/EC [3]; Commission Recommendation 2013/165/EU [4]). Among 52 

these toxins, aflatoxins are the most potent carcinogens found in nature, classified as group 1 53 

carcinogens (carcinogenic to humans) by the International Agency for Research on Cancer [5]. 54 

They occur in corn, peanuts, rice, soybean, nuts and other crops. Structurally related 55 

sterigmatocystin (STG) (Fig. 1) is a toxin that shares the biosynthetic pathway with aflatoxins [6]. 56 

It is produced mainly by Aspergillus species such as A. nidulans and A. versicolor, which can infect 57 

crops post-harvest. STG accumulation has been reported in grains but also nuts, green coffee 58 

beans, spices, beer and cheese. STG is considered to be a potential carcinogen, mutagen and 59 

teratogen [7] and it was included in group 2B agents (possibly carcinogenic to humans) by IARC 60 

[8]. The data on its occurrence and toxicity are limited, therefore in most countries there are no 61 

regulatory limits concerning this toxin in contrast to aflatoxins. In the past, only the Czech 62 

Republic and Slovakia prior to entering the EU had maximum limits for STG of 5 µg/kg and 20 63 

µg/kg in different agricultural commodities [9]. According to EFSA, STG concentration from 1.5 64 

to 8 µg/kg in grains and grain-based products constitutes a low health concern [6]. EFSA has also 65 

recommended to collect more data on the occurrence of STG in food and feed using analytical 66 

methods with an LOQ at least 1.5 µg/kg. In response to this call, the survey on STG in food was 67 
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performed [10]. A total of 1259 samples of cereal grains, cereal products, beer and nuts collected 68 

in Europe between 2013 and 2014 were analysed by LC-MS/MS methods. The authors found low 69 

levels of STG contamination mainly in all unprocessed rice, 21% of the processed rice and 22% of 70 

oat samples analysed. In a previous survey including Latvian grains - wheat, barley, oat, 71 

buckwheat and rye ̶ 13 out of 95 sample and 42 out of 120 samples, from 2006 and 2007 harvests, 72 

respectively, were found to contain STG [11]. 73 

STG can be detected using thin layer chromatography [9] or HPLC [12]. LC-MS/MS 74 

methods have also been developed for the detection of STG in food and feed such as wheat, rice, 75 

oat, rye, maize and barley [13]; white rice and sorghum [14]; beer and cheese [12]; feed [15]. STG 76 

is also commonly included in many LC-MS/MS multi-mycotoxin methods [16-20]. As a lower cost 77 

alternative, immunochemical methods can be used for screening purposes. Enzyme-linked 78 

immunosorbent assay (ELISA) is still the most popular in the field due to its simplicity, high-79 

throughput and cost-effectiveness. However, for STG detection only a few ELISA tests have been 80 

developed so far (Table 1). Kong et al. [21] obtained a sensitive monoclonal antibody (mAb) and 81 

used it to develop an indirect competitive ELISA with an IC50 (50% inhibitory concentration) of 82 

0.092 ng/ml for the detection of 1.2 µg/kg of STG in cereals. Li et al. [22] developed an indirect 83 

competitive ELISA based on a mAb with an IC50 of 0.36 ng/ml for the analysis of wheat, maize and 84 

peanuts. The method was rather time-consuming and expensive as it required the application of 85 

an immunoaffinity chromatography step during the sample preparation procedure. It was also 86 

based on matrix-matched calibration in order to reduce matrix effect, so the standards for 87 

calibration had to be prepared in blank matrix for each experiment. Li et al. [23] presented an 88 

indirect competitive ELISA based on an antibody with an IC50 of 2.5 ng/ml. The assay was 89 

validated only for wheat at relatively high concentrations. Another immunochemical method  ̶  90 

lateral flow immunochromatographic strip  ̶  was also developed by Kong et al. [21] with a visual 91 

limit of detection (LOD) of 3, 1.2 and 3  µg/kg for wheat,  maize and rice, respectively. 92 

 In order to provide a new tool for the fast and sensitive detection of STG in cereals a 93 

direct competitive ELISA was developed in the presented research based on a new mAb. While 94 

there are currently no legal limits for STG, EFSA recommends to use analytical methods for STG 95 

with an LOQ of at least 1.5 µg/kg [6]. The developed ELISA aimed to be able to detect the STG in 96 

different cereals at this level. Another goal of this study was also to validate the developed 97 

method in accordance with the guidance for validation of semi-quantitative screening methods 98 

for mycotoxins included in Commission Regulation (EU) 519/2014 [24]. 99 

 100 
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Table 1. Comparison of published ELISA formats, applied matrices and extraction methods for 101 
STG with the method developed in this research. 102 

Reference Method IC50 
[ng/ml] 

Matrices Extraction method Validation 

Presented 
method 

dc-
ELISA 

0.64 rice, 
wheat, 
maize 

95% ACN extraction and 
defatting with n-
heptane, purification 
with PSA sorbent, 
evaporation, 
reconstitution 

Screening target 
concentration (STC) 
1.5 µg/kg, samples 
spiked at 1.5, 3 and 
6 µg/kg 

[21] ic-ELISA 0.092 rice, 
wheat, 
maize 

60% MeOH extraction, 
dilution 

Samples spiked at 
1.2, 2.4 and 6 µg/kg 

[22] ic-ELISA 0.36 wheat, 
maize, 
peanut 

80% MeOH extraction, 
immunoaffinity 
chromatography 

Samples spiked at 
5, 10 and 20 µg/kg 

[23] ic-ELISA 2.5 wheat 90% MeOH extraction Samples spiked at 
8-500 µg/kg 

 dc - ELISA direct competitive ELISA 103 
 ic - indirect competitive ELISA 104 
 105 

Materials and methods 106 

 107 

Chemicals, consumables & apparatus 108 

STG, aflatoxins (B1, B2, G1, G2 and M1), acetonitrile (ACN), methanol (MeOH), acetone, chloroform, 109 

n-heptane, sulphuric acid, disodium hydrogen phosphate, sodium dihydrogen phosphate, 110 

potassium dihydrogen phosphate, sodium carbonate, sodium bicarbonate, sodium chloride, 111 

magnesium sulphate, Tween 20, bovine serum albumin (BSA), keyhole limpet hemocyanin (KLH), 112 

horseradish peroxidase (HRP), sodium borohydride and dimethylformamide (DMF) were 113 

purchased from Sigma-Aldrich (Dorset, UK & Zwijndrecht, the Netherlands). Primary-secondary 114 

amine (PSA) bulk sorbent was purchased from Agilent (Amstelveen, the Netherlands). Substrate 115 

3,3’,5,5’-tetramethylbenzidine (TMB) for HRP enzyme was obtained from Neogen (Lansing, USA). 116 

Samples were blended using IKA A11 Basic laboratory mill (IKA, Staufen, Germany) and 117 

centrifuged in Sigma 4K10 centrifuge (Sigma, Osterode am Harz, Germany). Microtiter plates 118 

were read on BioTek EL808 type ELISA plate reader (BioTek, Bad Friedrichshall, Germany). 119 

 120 

Production of STG conjugates 121 

The immunogen (STG-BSA) and the coating antigen (STG-KLH) were produced in accordance with 122 

the method published by Li et al. [23] and Kononenko et al. [25]. STG was first converted to 123 

hemiacetal by heating with acid and then conjugated to proteins by reductive alkylation with 124 
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sodium borohydride. In short, 2.5 mg of STG was dissolved in 1.25 ml of acetone and 0.03 ml of 125 

10% sulphuric acid was added. The solution was refluxed for 4 h at 56°C and then the solvent was 126 

evaporated to dryness under a stream of nitrogen. The residue was dissolved in 10 ml of water 127 

and extracted three times with 5 ml of chloroform. Combined chloroform was then washed with 128 

5 ml of water and dried above sodium sulphate for 30 min. Next, sodium sulphate was filtered 129 

and the solvent was evaporated to dryness. The yellow residue was dissolved in 500 µl of DMF. 130 

Half of the STG hemiacetal solution was added to 5 mg of BSA dissolved in 1.5 ml of water and 131 

half to 5 mg of KLH solution. The solutions were mixed for 1 h at room temperature. Then 50 µl 132 

of sodium borohydride solution at the concentration of 1 mg/ml was added and the reaction 133 

mixture was refrigerated for 1 h. Finally, the conjugates were purified by dialysis against 0.1 M 134 

phosphate buffer pH 8.0 with three changes of the dialyzing solution. The conjugates were stored 135 

at -20°C. STG-HRP was produced in a similar way, first by converting 2.5 mg of STG to hemiacetal 136 

and then conjugating it to 10 mg of HRP. 137 

 138 

Monoclonal antibodies production 139 

 140 

Fifteen µg of STG-BSA conjugate per injection was used to immunise two mice in accordance with 141 

the procedure described in details in [26]. The blood samples collected from animals 10 days 142 

after each injection were screened in antigen-coated ELISA [26]. STG-KLH conjugate at the 143 

concentration of 1 µg/ml was used as a coating antigen. The animal showing the best response 144 

in terms of antibody titre and sensitivity after 3 immunisations was euthanised. Its spleen was 145 

removed and the splenocytes were fused with SP2 myeloma cells in accordance with the 146 

procedure described by Köhler and Milstein for the first time in 1975 [27]. The detailed 147 

procedures for fusion, screening, large scale antibody production in flasks and antibody 148 

purification are described in [26]. 149 

 150 

 151 

STG ELISA 152 

The microtiter ELISA plates were first coated with polyclonal rabbit anti-mouse antibody. 153 

Hundred µl of 10 µg/ml solution of this antibody in phosphate buffered saline (PBS) pH 7.4 was 154 

added to each well of the plate and incubated overnight at room temperature. Then the solution 155 

was discarded and the plate was used for the STG ELISA. For calibration, a seven-point standard 156 

curve for STG in PBS pH 7.4 containing 1% BSA (assay buffer) was prepared. The concentrations 157 

of standards were 0, 0.125, 0.25, 0.5, 1, 2 and 4 ng/ml. Fifty µl of standards or extracted samples 158 
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were added in duplicate to the wells of the plate. Then 25 µl of the monoclonal anti-STG antibody 159 

(2 mg/ml stock diluted 1/4000 in the assay buffer) and 25 µl of the STG-HRP conjugate (1 mg/ml 160 

stock diluted 1/1000 in the assay buffer) were added to each well. The plate was incubated at 161 

20-25°C in the dark for 90 min. Then the solution was removed and the plate was washed 3 times 162 

with rinsing buffer (PBS containing 0.05% Tween 20). Hundred µl of TMB substrate was added to 163 

each well and then the colour was developed for 30 min at 20-25 °C in the dark. The absorbance 164 

was recorded at 450 nm on a microtiter plate reader after stopping the enzymatic reaction with 165 

100 µl of sulphuric acid. 166 

 167 

Samples 168 

For the STG ELISA validation cereal samples: wheat, maize and rice (5 different types of each, 4 169 

samples of each type) were obtained from local stores. Seven naturally contaminated rice 170 

samples and one sample not containing STG were obtained from CIRAD, France and analysed by 171 

a multiplex mycotoxins method [20]. The concentrations of STG found to be present in these 172 

samples were as follows: 1.20, 1.25, 1.56, 1.70, 4.83 and 7.8 µg/kg. 173 

 174 

Sample preparation 175 

The extraction procedure was based on the method developed by Zhao et al. [13]. Two g of a 176 

homogenized sample was weighed in a propylene tube. Then 6 ml of 95% ACN in water and 2 ml 177 

of n-heptane were added. The solution was mixed for 5 min followed by the addition of 0.5 g 178 

NaCl and 0.5 g MgSO4 and then it was shaken for 30 sec. After 5 min centrifugation at 4000 x g, 179 

30 mg of PSA SPE bulk sorbent was added to 3 ml of the bottom layer and mixed for 5 min. After 180 

centrifugation for 1 min at 4000 x g, 1 ml of the supernatant was evaporated under steam of 181 

nitrogen gas. The sample was reconstituted by adding 100 µl of MeOH and 0.9 ml of PBS with 1% 182 

BSA. The solution was centrifuged for 5 min at 4000 x g and 50 µl of non-diluted sample was 183 

analysed by the STG ELISA. 184 

 185 

ELISA validation  186 

The validation of the developed STG ELISA was based on the guidance for validation of semi-187 

quantitative screening methods such as ELISA or quantitative LFD for mycotoxins included in 188 

Commission Regulation (EU) 519/2014 [28]. The screening target concentration (STC), which is 189 

the concentration of interest for detection of the mycotoxin, was set to 1.5 µg/kg. The aim of the 190 

validation was to demonstrate the applicability of the STG ELISA for the detection of mycotoxins 191 

at the set STC level and higher in 3 types of cereal grains: rice, wheat and maize. This was 192 
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accomplished by analysing sets of 20 blank samples and 20 samples spiked at STC for each 193 

commodity type. The analysis was performed under intermediate precision conditions by 194 

spreading the analysis of these samples over 5 different days. The results were then used to 195 

determine 2 parameters: cut-off and false suspected rate. Cut-off is the concentration measured 196 

in a sample above which it is classified as “suspect” and it is calculated using the following 197 

equation that allows for 5% rate of false negative result: 198 

𝑐𝑢𝑡_𝑜𝑓𝑓 = 𝑅𝑆𝑇𝐶 − 𝑡_𝑣𝑎𝑙𝑢𝑒0.05 × 𝑆𝐷𝑆𝑇𝐶 199 

where RSTC:mean concentration of the positive control samples at STC; t_value0.05  one tailed 200 

t_value for a rate of false negative results of 5%, which is 1.729 for 20 samples set (19 degrees of 201 

freedom); SDSTC:standard deviation at STC. The second parameter, false suspected rate, can be 202 

found from a table for t-distribution using a t_value calculated in the following equation: 203 

𝑡_𝑣𝑎𝑙𝑢𝑒 = (𝑐𝑢𝑡𝑜𝑓𝑓 −𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘)/𝑆𝐷𝑏𝑙𝑎𝑛𝑘 204 

where meanblank:mean concentration of 20 blank samples and SDblank: standard deviation 205 

calculated for 20 blank samples.  206 

During the validation study, sets of 20 samples for each matrix were also spiked at two other 207 

concentrations: 3 µg/kg and 6 µg/kg and analysed over five different days to determine recovery 208 

and repeatability. The accuracy of the method was tested by analysing naturally contaminated 209 

rice samples and comparing the results to these obtained by LC-MS/MS method. 210 

 211 

Results and Discussion 212 

 213 

Production of the anti-STG mAb 214 

A spleen from the mouse showing the best titre was used in a fusion experiment resulting in 215 

approximately 1800 hybridomas. Three hybridomas were found to produce antibodies with the 216 

highest sensitivity to STG and they were selected for further work. Two rounds of cloning were 217 

performed before the final monoclonal cell lines were established for each hybridoma selected. 218 

They were used to produce mAbs in flask cultures. The antibodies were then concentrated and 219 

purified. The stock of each antibody at the concentration of 2 mg/ml was prepared and 220 

characterized using a competitive antigen-coated ELISA. The standard curves for STG were 221 

prepared in the range 0.001-1000 ng/ml. The antibody 2F3 showed the highest sensitivity and it 222 

was selected for the STG ELISA development (Table 2). 223 

 224 

Table 2. Initial characterization of STG mAbs by competitive antigen-coated ELISA. 225 

Clone Isotype IC50 STG [ng/ml] 
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2F3 IgG2a, κ 0.99 

3F5 IgG1, κ 53.9 

8F11 IgG2a, κ 45.2 

 226 

Sensitivity and cross-reactivity 227 

The mAb specific to STG was used to develop a direct competitive ELISA. A seven-point standard 228 

curve was prepared in buffer for STG at 0, 0.125, 0.25, 0.5, 1, 2 and 4 ng/ml. A typical standard 229 

curve is presented in Fig. 2. The mean IC50 was 0.64±0.02 ng/ml. The cross-reactivity with 230 

aflatoxins B1, B2, G1, G2 and M1 was below 1% indicating suitability of the developed assay for the 231 

specific detection of STG. Therefore, the occurrence of aflatoxins in samples analysed by STG 232 

ELISA should not lead to any false positive results.  233 

 234 

ELISA validation 235 

For validation, sets of blank samples and blank samples spiked at 1.5 µg/kg for each matrix were 236 

analysed over five different days. For each matrix there was a complete separation between 237 

blank and spiked samples (Fig. 3.). The calculated false suspected rates were 0.34%, 1.15% and 238 

0.78% (Table 3), meaning that on average less than 1 sample in 100 might be wrongly classified 239 

as containing more than 1.5 µg/kg of STG, requiring unnecessary analysis by a confirmatory 240 

method. The results of the recovery and repeatability study for the STG ELISA are presented in 241 

Table 4. The recovery was determined in samples spiked at 1.5, 3 and 6 µg/kg. The mean recovery 242 

was in the range 88 and 127% and the CV was lower than 20.3 %. 243 

 244 

Table 3. Results of the validation study according to the guidance included in Commission 245 

Regulation (EU) 519/2014 [24]. 246 
 

STC [µg/kg] Cut-off [µg/kg] False suspected rate [%] 

Rice 1.5 1.2 0.34 

Wheat 1.5 1.2 1.15 

Maize 1.5 1.3 0.78 

 247 

The ELISA presented within this communication demonstrates important improvements when 248 

compared to the limited number of published methods for STG (Table 1). The developed method, 249 

a direct competitive ELISA, requires fewer steps than the indirect competitive ELISAs developed 250 

so far, therefore it is much easier to perform. In addition, the sample preparation method does 251 

not involve an expensive and time-consuming immunoaffinity chromatography step. The 252 

developed sample extraction procedure was adapted from the method developed by Zhao et al. 253 
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[13] and is based on a modified QuEChERS approach. In this method magnesium sulphate and 254 

sodium chloride are first added to a sample extracted with 95% ACN to reduce water content and 255 

then primary-secondary amine (PSA) is used to remove interfering compounds. A small amount 256 

of PSA sorbent is added directly to the sample extract, mixed and then removed by 257 

centrifugation. This procedure is much faster and easier to perform compared to methods 258 

involving the use of columns packed with PSA sorbent. PSA was shown to reduce matrix effects 259 

as it is a weak anion exchanger and can bind fatty acids, some pigments, carbohydrate and 260 

organic acids. The method was successfully applied for the extraction of STG from rice, wheat 261 

and maize matrices. Due to the application of this sample preparation procedure, the matrix 262 

effects were reduced allowing for the sensitive detection of STG. 263 

 264 

Table 4. Recovery and CV for the STG ELISA (n=20 at each level). 265 

Matrix 
Spiking level 

[µg/kg] 
Mean concentration ± SD 

[µg/kg] 
Mean recovery ± SD 

[%] 
CV 
[%] 

Rice 

1.5 1.9 ± 0.4 126 ± 24 19.5 

3 3.2 ± 0.4 105 ± 13 12.7 

6 5.5 ± 0.7 92 ± 12 13.3 

Wheat 

1.5 1.8 ± 0.4 120 ± 24 20.3 

3 3.0 ± 0.4 101 ± 12 11.6 

6 5.6 ± 0.8 93 ±13 13.9 

Maize 

1.5 1.9 ± 0.3 127 ± 23 17.9 

3 3.1 ± 0.4 105 ± 13 12.5 

6 5.3 ± 0.8 88 ± 13 14.4 

 266 

Analysis of naturally contaminated samples 267 

In order to further characterize the developed method, seven naturally contaminated rice 268 

samples were analysed by the STG ELISA and the results were compared to these obtained by an 269 

LC-MS/MS method [20]. The correlation coefficient was found to be 0.9851, indicating a very 270 

good accuracy of the STG ELISA (Fig. 4). 271 

 272 

Conclusions 273 

A new mAb against STG toxin was prepared and used to develop a direct competitive ELISA with 274 

an IC50 of 0.64 ng/ml and no cross-reactivity with aflatoxins. A sample preparation method for 275 

efficient STG extraction from cereals: wheat, maize and rice was developed and optimized 276 

without the need for any time-consuming sample purification strategies such as solid phase 277 

extraction or immunoaffinity chromatography. The required sensitivity was achieved by using a 278 
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modified QuEChERS approach with PSA sorbent applied to reduce matrix effects. The assay was 279 

validated in accordance with the guidelines for validation of semi-quantitative screening 280 

methods for mycotoxins included in Commission Regulation (EU) 519/2014 [24]. The STC was set 281 

at 1.5 µg/kg and the method was validated for the detection of STG at a level of STC and above 282 

with low false suspected rate. The recovery was also determined at different levels and it was 283 

between 88 and 127 % with the CV lower than 20.3 %. Good accuracy of the STG ELISA was 284 

demonstrated by comparing the results obtained by ELISA and LC-MS/MS method for naturally 285 

contaminated samples. The new ELISA can be applied for sensitive and high-throughput 286 

screening for the presence of STG in cereals. 287 
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 385 

Fig. 1. The structures of sterigmatocystin and aflatoxins. 386 

 387 

Fig. 2. Typical standard curve for STG in the STG ELISA in buffer (n=12). 388 

 389 
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 390 

Fig. 3. Concentrations of STG found with the STG ELISA in blank and 1.5 µg/kg spiked samples of 391 

rice, wheat and maize (n=20). 392 

 393 

Fig. 4. Correlation of the results obtained for naturally contaminated rice samples by the STG 394 

ELISA and LC-MS/MS. 395 


