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Abstract
Several methods have been developed for the analysis and detection of mycotoxins in food; however, most do not make use of 
critical statistics and mathematical tools for precise optimization. This study developed, optimized, and validated a modified 
quick, easy, cheap, effective, rugged, and safe (QuEChERS) extraction procedure for the extraction of multiple mycotoxins in 
maize and subsequent validation using liquid chromatography tandem mass spectrometry (LC–MS/MS). Central composite 
design (CCD) was used to optimize extraction conditions. Data analysis of full factorial screening experiments revealed 
that MeCN (%), FA (%), and extraction time significantly affected the mycotoxins recovery. Assessment of the statistical 
significance of the generated model using analysis of variance (ANOVA), coefficient tables, and surface plots showed the 
relative interactions of factors and the adequacy of the model. Thus, P values from the lack of fit (LOF) test ranged from 
0.137– 0.467 and a composite desirability function of 0.91 was obtained. Using the optimum extraction conditions of 0.1% 
(v/v) FA in 80.2% MeCN for 74 min, 10 mycotoxins were effectively extracted with satisfactory recoveries (85–114%), 
coefficients of regression  (R2 > 0.98), coefficients of variation (CVs < 15%), limit of quantifications (LOQs) (0.33–60.45 µg/
kg), and other associated method validation parameters. The method validation was carried out according to Commission 
Implementing Regulation 2021/808 and Commission Regulation (EC) No 401/2006 of 23 February 2006. Application of 
this method to 20 maize samples collected from markets in Botswana showed detectable mycotoxins in 13 samples, with 2 
exceeding the European Union (EU) maximum aflatoxin  B1  (AFB1) limit, suggesting potential exposure to high levels of 
toxic mycotoxins in Botswana.
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1 Introduction

Mycotoxin contamination of food and feed is a major issue 
around the world, with the Food and Agricultural Organi-
zation of the United Nations (FAO) reporting that it affects 
25% of grain and oil crops annually [1]. Mycotoxins are pro-
duced by fungi that grow in field crops such as maize, sor-
ghum, and groundnuts [2–4]. Although contamination can 
occur during plant growth, most of the contamination hap-
pens during storage and transportation of the produce when 
there are high temperatures and moisture. The International 

Agency for Research on Cancer (IARC) classified some 
of the important mycotoxins, aflatoxins (AFs), fumonisins 
(FBs), ochratoxin A (OTA), trichothecenes (T2 and HT2 
toxin), and zearalenone (ZEA), as belonging to groups 1, 2, 
and 3 of toxic substances.

Mycotoxins are regulated due to their high toxicity [5, 6]. 
For instance, the EU has set their maximum levels (MLs) 
in food and feed (Table 1) [7]. Proper regulation and moni-
toring of these contaminants require sensitive, accurate, 
and quick analytical procedures, and so the development of 
analytical procedures with a few steps that may be applied 
to routine analysis of mycotoxins has become popular [8, 
9]. Nevertheless, due to the numerous parameters, method 
development is not always a straightforward operation. 
The main challenge is optimizing the extraction process 
because of the quantity and physiochemical diversity of 
the compounds. The complexity rises with the variety of 
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analyte-matrix interactions, which can result in analyte sup-
pression or enhancement [10, 11].

Various sample preparation techniques have been devel-
oped for the extraction of multiple mycotoxins in food matri-
ces. These include dispersive liquid–liquid micro-extraction 
(DLLME), solid–liquid extraction (SLE), accelerated sol-
vent extraction (ASE), supercritical fluid extraction (SFE), 
microwave-assisted extraction (MAE), vortex-assisted low 
density solvent-microextraction (VALDS-ME), solid phase 
extraction (SPE), molecularly imprinted solid phase extrac-
tion (MISPE), and immunoaffinity columns (IACs) [12–16]. 
Multiple mycotoxins extraction using some of these tech-
niques, such as ASE, MAE, and VALDE-ME is expensive, 
while others are relatively time-consuming and utilize large 
amounts of organic solvents. However, the QuEChERS 
sample preparation method has many advantages, such as 
easy operation, low cost, being highly effective, quick, and 
safe [17, 18]. Hence, it has been widely used to determine 
a variety of environmental contaminants, including pesti-
cides, drug residues, and mycotoxins [19–21]. This technique 
relies on the dispersion of salts to achieve the extraction of a 
diverse array of analytes from complex matrices while also 
facilitating the cleanup of the resulting extract [22].

Although multiclass approaches are becoming more pop-
ular in the field of food safety, the diversity in the chemical 
characteristics of mycotoxins has slowed the development 
of methods that integrate them in analytical studies. In most 
prior studies, each factor was mostly optimized using a one-
factor-at-a-time (OFAT) strategy, while all the other factors 
were fixed at a constant level. Sirhan et al. [23] developed 
a QuEChERS method for the extraction of AFs in various 
food samples by optimizing the extraction time, the type, 
and the amounts of salts using the OFAT technique. This 
approach to optimization is unable to discern the relative 
importance of each factor and identify the true optimum. 
In this case, statistical experimental approaches, such as 

factorial design and response surface methodology (RSM), 
could optimize the parameters collectively and get rid of 
the constraints of traditional optimization processes. Sirhan 
et al. [23] expanded their investigation by optimizing the 
influence of extraction solvent using the design of experi-
ments (DOE) approach, which configures the RSM using 
statistical and mathematical techniques.

In DOE optimization, a two-level full factorial design is 
an effective way to screen for and identify the main factors 
among many variables and reduce the number of experi-
ments needed for the actual optimization. The experiments 
take up an  Lk format, where L represents levels for each fac-
tor, often two (low and high), and k represents the number of 
factors under evaluation. This sets up a range within which 
the optimum is deemed to be, leading to the total number of 
experiments (N), as shown by Eq. 1.

After the evaluation of significant factors, response opti-
mization can then be used to identify the optimum points for 
each factor. CCD is one of the tools used for response opti-
mization. CCD allows for estimation of the constant, linear 
terms, interaction terms, quadratic terms, and evaluation of 
curvature using the model as shown in Eq. 2.

where y is the estimated response,  a0 is the constant,  ai is 
the regression coefficient for the linear parameters,  aij rep-
resents the regression coefficients of interactions, x is the 
input variable, and ɛ is the error or residual associated with 
the experiments. Gbashi et al. [10] used CCD to optimize a 
pressurized hot water extraction method for the simultane-
ous extraction of multiple mycotoxins from maize. Zhou 
et al. [24] optimized QuEChERS extraction of mycotoxins 
by RSM for application in egg and milk matrices using the 
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Table 1  Maximum limits for 
mycotoxins in cereals including 
maize and feed in the EU

Mycotoxins Commodity Maximum 
level (µg/
kg)

AFB1 Cereals and cereal products intended for direct human consumption or as 
an ingredient in foodstuffs

2

Maize to be subjected to sorting, or other physical treatment,
before human consumption or use as an ingredient in foodstuffs

5

Complementary and complete feed 10
Total AFs Cereals and cereal products 4

Maize 10
Total FBs Unprocessed maize 4000

Maize and maize based foods intended for direct human consumption 1000
OTA Unprocessed cereals 5
ZEA Unprocessed maize 350

Maize placed on the market for the final consumer 100
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Plackett–Burman design for screening and CCD for optimi-
zation of FA (%) in MeCN, sodium chloride (NaCl) amount, 
and the amount of dispersive solid phase extraction salts 
needed for extract clean-up.

The aims of this study were to (1) evaluate the effect 
of extraction solvent, extraction time, and salt addition on 
QuEChERS extraction of multiple mycotoxins in maize 
and (2) optimize the recovery of each mycotoxin via CCD. 
The established method is anticipated to contribute to the 
risk monitoring and investigation of contamination levels 
in maize.

2  Materials and Methods

2.1  Chemicals and Reagents

Mycotoxin standards  (AFB1,  AFB2,  AFG1,  AFG2, OTA, 
HT2-Toxin, T2-Toxin,  FB1, and  FB2) were purchased from 
Trigology Analytical Laboratory, Inc (USA), and ZEA was 
supplied by Sigma Aldrich (Austria). Lichrosolv chemicals 
and reagents were purchased from Merck, Supelco 
(Germany); pure water for chromatography (LC–MS 
grade), methanol (hyper-grade for LC–MS), acetonitrile 
(gradient grade for liquid chromatography). Formic acid 
(ACS, > 98%) was purchased from Carl Roth (Germany), 
and sodium chloride analytical reagent was obtained from 
Rochelle Chemicals (South Africa).

2.2  Sample Collection and Treatment

A blank maize samples was purchase from Choppies 
superstore in Botswana and determined to have no detect-
able mycotoxins. Twenty maize samples were purchased 
from Francistown and Gaborone city markets. About 1 kg 
of each sample was finely blended using a laboratory 
blender and stored at -20 °C in a tightly closed 500 mL 
plastic jar.

2.3  Preparation of the Multiple‑mycotoxin 
Standard Solution

Preparation of the multi-mycotoxin standard solution was 
carried out according to Sect. 2.3 of our previously pub-
lished work [11]. The standard solution contained; 10 µg/L 
of each of  AFB1,  AFB2,  AFG1,  AFG2; 250 µg/L of each of 
 FB1,  FB2, T2-toxin; 100 µg/L of each of H2-toxin, ZEA, 
and 5 µg/L of OTA. These were the concentrations used as 
MLs for each analyte. This solution was kept at -20 °C in an 
amber bottle when not in use.

2.4  Modified QuEChERS Extraction

In a 50 mL centrifuge tube, 2.0 ± 0.1 g of finely ground sam-
ple was extracted with 8 mL MeCN/H2O (80.2:19.8 v/v) 
containing 0.1% FA. The mixture was homogenized for 30 s 
with a probe homogenizer and then left to shake for 74 min 
for maximum extraction. After shaking was complete, 1 g 
of NaCl was added to the mixture, followed by a vortex 
for 1 min. The sample was then centrifuged for 10 min at 
5000 rpm, 4 °C. The supernatant (≈5 ml) was collected into 
a glass tube and preconcentrated to 500 µL over a gentle 
stream of nitrogen (40 °C) using a turbo vap, then recon-
stituted with 500 µL MeOH/H2O (50:50 v/v). Finally, the 
extract was filtered and ready for injection into LC–MS/MS.

2.5  LC–MS/MS Parameters and Analysis

The LC–MS/MS parameters used in this study are the same 
as those used and elaborated in a Sect. 2.5 of our previously 
published work [11]. An ExionLC™ LC paired with a linear 
ion trap quadrupole (QTRAP 6500 +) mass spectrometer 
from AB Sciex with electrospray ionization (ESI) was used 
for the analysis. A Zorbax Eclipse Plus C18 (2.1 × 150 mm, 
5  μm, Agilent, USA) column was used for separation. 
Mobile phase A was composed of  H2O + 0.1% FA, while 
mobile phase B was composed of MeOH/MeCN (50/50 
v/v) + 0.1% FA. The tabulated binary gradient is illustrated 
in Table S1. The flow rate was held constant at 0.5000 mL/
min throughout the runs, with a 1-min equilibration time. 
All measurements were done in multiple reaction monitoring 
(MRM) mode.

2.6  CCD Optimization

Optimization using DOE is usually applied as a two-step 
process. The first step is screening, which tells us how 
important the effects of the factors are on the response. 
These preliminary tests were done to narrow down the 
number of factors so that there is less experimentation 
and more effectiveness in the next step [25]. In this study, 
screening was carried out via a two-level full factorial design 
to examine the significance of four factors on the recovery of 
selected mycotoxins. The factors subject to screening were 
the extraction solvents MeCN (%), FA (%), the extraction 
time (min), and the amount of NaCl (g) added during the 
extraction process. Table 2 shows the high and low levels 
for each factor.

The second step is the optimization phase, where sig-
nificant factors are assessed to determine their optimum. 
The center levels for factors selected for optimization are 
shown in Table 2. Optimization was replicated to establish 
the measurement of reproducibility and model the lack of 
fit (LOF) [26]. The Minitab 21 statistical software (Minitab 
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Inc., Pennsylvania, US) was used for all designs and statisti-
cal analysis.

2.7  Method Validation

The method developed was validated by assessment of 
linearity, limits of detection (LODs) LOQs, selectivity, 
precision (repeatability and reproducibility within-
laboratory), recovery, and decision limit (CCα) as described 
in Sect. 2.6 of our previously published work [11]. Matrix-
matched calibration curves were utilized for quantification 
of each mycotoxin. The curves were constructed from blank 
samples that were spiked at four concentrations that covered 
the analyte concentration range expected to be present in the 
experiments (Table S2). Linearity was evaluated visually 
and statistically using the  R2 values. The LOD and LOQ 
were calculated using Eqs. 3 and 4. Where  Sa is the standard 
deviation of the response and b is the slope of the calibration 
curve. In this study,  Sa was estimated using the y-residuals 
(ŷ) of the response.

Recovery was evaluated using six replicates of each con-
centration: 0.25, 1, and 1.5 times the ML of each mycotoxin. 
The samples were then extracted, and their concentrations 
were determined. The recovery, standard deviation (SD), and 
CVs were calculated using Eqs. 5, 6, and 7, respectively.

(3)LOD = 3 ×
Sa

b

(4)LOQ = 10 ×
Sa

b

(5)%Recovery = 100 ×
measured content

fortification level

(6)SD =

√

∑ (xi − x)
2

(n − 1)

(7)Repeatability CV =
SD

x
× 100%

The precision of this analytical method was determined 
as follows. Six replicate samples fortified with the multi-
mycotoxin standard to yield concentrations equivalent 
to 0.25, 1, and 1.5 times the ML of each mycotoxin were 
prepared and analyzed (n = 6 for 3 different concentrations). 
The validation batch was made up of samples that had 
already been analyzed and found to be negative. These steps 
were repeated in three consecutive runs intra-day to evaluate 
the within-laboratory repeatability  (CVr). The reproducibility 
 (CVR) was determined in a similar manner to CVr, however 
the experiments were repeated in three consecutive weeks, 
and the method ruggedness was demonstrated through the 
use of 3 different operators to performed 3 QuEChERS 
extractions at the three spiking levels over the three 
consecutive weeks. The mean concentrations, SD, and  CVs 
(%) of the fortified samples were then calculated. The total 
ion flow chart and MS/MS spectrum of each mycotoxin for 
the validation sample fortified with multi-mycotoxin standard 
at MLs are presented in Fig. S1 and Fig. S2 respectively.

CCα is defined as the limit at and above which it can be 
concluded with an error probability of α that a sample is 
non-compliant [27]. For substances with established MLs 
such as mycotoxins, α = 5%. CCα was determined by ana-
lyzing 20 blank samples fortified with the analytes at ML 
concentrations. The mean concentration at ML plus 1,64 
times the corresponding standard measurement uncertainty 
at ML equals CCα (Eq. 8).

3  Results and Discussion

3.1  LC–MS/MS Optimization

ESI and MS/MS parameters were carefully optimized as 
elaborated in Sect. 3.1 of our previously published work [11] 
to obtain the ideal conditions for detection of the selected 
mycotoxins (Table S3).

3.2  Method Development and Optimization 
of the QuEChERS Extraction

A modified QuEChERS extraction procedure was developed 
for the extraction of 10 mycotoxins in maize. Four factors 
were screened via the two-level full factorial design. Data 
analysis was carried out using normal probability plots of 
standardized effects, pareto charts of standardized effects, 
and residual plots. Figure 1 shows the normal probability 
plots of standardized effects and pareto charts of standard-
ized effects  AFB1, while all plots for other mycotoxins are 
shown in Fig. S3, Fig. S4 and Fig. S5. Results show that 

(8)CC� = ML + (1.64 × standard deviation at ML)

Table 2  Low, high, and center levels for factors screened and opti-
mized

Factor Low level (-) High level ( +) Center (0)

MeCN (%) 50 90 70
FA (%) 0.05 0.5 0.275
Extraction time (min) 30 90 60
NaCl (g) 1 5 -
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the recovery (%) of all analytes is positively affected by the 
amount of MeCN (A) in the extraction solvent but negatively 
affected by the amount of FA (B) spiked into the extraction 
solvent. Except for T2-toxin, the extraction time (C) showed 
a positive effect on the recovery of all analytes. The main 
effects due to the addition of NaCl (D) were not significant 
for all analytes except T2-toxin. However, the contribution 
of factor D (17.5% weight) towards the recovery of T2-toxin 
was smaller compared to the contributions of factors A 
(95.5% weight) and C (89.0% weight). The normal probabil-
ity plots of standardized effects and pareto charts also showed 
that there are significant contributions to the recoveries due 
to interactions between factors A, B, and C. Furthermore, 
the residual plots signified the absence of systematic errors 
and confirmed adequacy of the model (Fig. S5). Finally, the 
statistical significance of the screening model applied was 
evaluated using the p-value from the analysis of variance 
(ANOVA) at 95% confidence level and  R2 values were used 
to assess the fitness of the model for the experimental data. 
All the model p-values were below 0.05, which indicated that 
the model is suitable for all analytes.  R2 values range from 
98.3% (HT2- toxin) to 99.9%  (AFG2 and OTA), thus suggest-
ing that the model fits adequately with the experimental data. 
According to Demirel and Kayan [28], a regression coeffi-
cient is suggested to be at least 80% for a good fit of a model.

Therefore, factors A, B, and C (MeCN (%), FA (%) in 
the extraction solvent and the extraction time) were opti-
mized using CCD to ensure an optimum performance of 
the modified QuEChERS method and thereby improve the 
recoveries of selected mycotoxins. Here, experiments were 
conducted according to a set of statistically predetermined 
conditions and a quadratic equation (Eq. 2) was fitted to the 
experimental data. The full quadratic model applied to the 
data obtained from extraction of  AFB1 is represented by 
Eq. 9. Similar equations for the extraction of other myco-
toxins can be drawn using Eq. 2 and the coefficients in the 

coded coefficient tables. In this equation, the factors being 
investigated are represented by x. Where, x1 is the MeCN 
(%), x2 is the FA (%), and x3 is the extraction time (min).

Statistical testing of experimental values was carried 
out using Fisher's test from ANOVA results. The results 
indicate that the response equations proved to be suitable 
for the CCD experiment. According to Miller and Miller 
[25], if the model has a very high degree of adequacy for 
predicting the experimental results, the computed F value 
should be greater than the tabulated F value at a level of sig-
nificance α (0.05).  Fmodel values ranging from 22.34 – 83.95 
were observed, suggesting that the models are significant for 
the extraction of selected mycotoxins. Thus, the calculated 
 Fmodel values were compared with the tabulated F value (F 
0.05, df, (n − df + 1)) at a significance level of 0.05, with the 
df for the model being 12 and n = 20. It can be observed that 
the tabular F value (F 0.05, 12, 9 = 3.07) is less than the calcu-
lated  Fmodel values. Additionally,  Pmodel values less than 0.05 
indicate that the model terms are significant. All P values for 
the models were observed to be 0.000.

The quality of the polynomial model was validated by the 
 R2 and  R2 (adj) values. These values ranged from 91–97% 
for  R2 indicating that the model adequately explains varia-
tions in the response. Whereas, for  R2 (adj) values ranged 
from 87–96% indicating that the models presented a good 
estimation of the true relationship between the dependent 
variable (i.e. recovery) and the control variables (i.e. MeCN 
(%), FA (%). An  R2 value above 80% is considered high 
enough for model adequacy [28].

The fitness of the model was assessed using the LOF 
test. For the LOF to be considered insignificant the  PLOF 

(9)

AFB1(%) = 77.91 + 11.499x
1
− 1.969x
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Fig. 1  (a) Normal probability plot of standardized effects AFB1 and (b) Pareto chart of standardized effects for AFB1
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must be greater than α (0.05) [28]. An insignificant LOF 
means that the model accounts for errors brought about by 
the regressor-response relationship. In this study,  PLOF val-
ues ranged from 0.137 – 0.467 indicating good fit of the 
model with experimental data. Multicollinearity between 
independent factors is assessed using the Variance Inflation 
Factor (VIF). This factor indicates how the much variance 
of a coefficient is inflated due to correlations among inde-
pendent factors in the model [29]. A VIF = 1 indicates no 
correlation, 1 < VIF < 5 indicates moderate correlation, and 
a VIF > 5 indicates high correlation. Here, VIF values of 
1.00 and 1.01 were observed for independent factors, thus 
indicating minimal difficulties in the interpretation of sta-
tistical significance.

3.3  Interactive Effects of Independent Factors

QuEChERS extraction dynamics and mechanism have 
already been extensively discussed [8, 19, 30]. However, the 
QuEChERS procedures developed for multiple mycotoxins 
extraction have been based on single-factor optimization. 
In this study, the focus was on understanding the regressor-
response relationship better. The relationship between fac-
tors is represented in three-dimensional response surface 
plots. For example, the response surface plots of  AFB1 are 
shown in Fig. 2. Response surface plots for other mycotox-
ins are shown in Fig. S6 to Fig. S14. Low recoveries were 
obtained at the extremities of both MeCN (%) and FA (%), 
possibly due to different polarities between the analytes and 
the extraction solvent. Higher recoveries are observed in 
regions towards the center of both MeCN (%) and FA (%) 
composition. The addition of FA increases the polarity and 
hydrophilicity of the extraction solvent; therefore, polar ana-
lytes such as  AFB1 are extracted more at higher FA (%) and 
nonpolar analytes like ZEA are poorly extracted at higher 
FA (%). Figure 2 b shows that the mycotoxin recovery is 
low at lower MeCN (%) and shorter extraction time, as the 
analytes are more soluble in a polar organic solvent. The 
recovery increased with increasing extraction time because 
penetration of the complex matrix by the solved needs time.

Although these response surface plots show how a com-
bination of factors affects the response, they do not defini-
tively give the optimal values. This is because the optimal 
values for each mycotoxin are localized in different regions, 
therefore it is difficult to find conditions that simultane-
ously satisfy all the responses, i.e., maximum extraction of 
all analytes. Thus, the multi-objective optimum solution for 
the dependent variables was computed using the multiple 
response optimizer. This tool considers all responses simul-
taneously in order to establish a compromised optimum [26]. 
A function commonly known as the desirability function 
(D) is used to assess this optimization [26, 31]. The scale of 
the individual desirability function spans from d = 0, which 

represents a wholly undesirable response, to d = 1, which 
represents a fully desirable response, above which no more 
changes are necessary [26]. A composite desirability of 0.91 
was recorded, meaning that the fitted conditions are desir-
able. The optimum solution generated was extraction with 
0.1% (v/v) FA in 80.2% MeCN for 74 min. Subsequent vali-
dation of these optimized conditions by laboratory experi-
ments showed high recoveries for all mycotoxins ranging 
from 84–94% (Fig. 3).

3.4  Analytical Method Validation

After optimization, the method’s performance was vali-
dated according to Commission Implementing Regulation 
(EU) 2021/808 of March 22, 2021 [27] and Regulation 

Fig. 2  Response surface plots of (a) AFB1 vs FA (%), MeCN (%), (b) 
AFB1 vs Extraction time(min), MeCN (%), and (c) AFB1 vs Extrac-
tion time(min), FA (%)
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(EC) no. 401/2006 [32]. This step was essential to authen-
ticate the extraction procedure and to compare the find-
ings with defined specifications for mycotoxin extraction 
and analysis. All the  R2 values from the calibration curves 
were greater than 0.98, which suggests that the recorded 
signals can be strongly correlated with the real concentra-
tion of the mycotoxins. The computed values for LOD and 
LOQ ranged from 0.11–20.52 µg/kg and 0.33–60.45 µg/kg, 
respectively. Table 3 shows the linearity ranges, LODs, and 
LOQs for the mycotoxins in this study.

Results of recovery showed that analytes were determined 
with reasonable accuracy ranging from 95–104%, 85–94%, 
94–112%, and 93–98% for AFs, FBs, T2&HT2 toxins, and 
ZEA respectively, which have recommended recovery levels 
by Commission Regulation (EC) No 401/2006 of 70–110%, 
60–120%, 60–130%, and 60–120% respectively [32]. For 
OTA, all recoveries were within the recommended range of 
70 – 110% except for one sample which as spiked at 0.25 
ML that had a recovery of 114%. Overall, these are well 
within the recommended ranges. The  CVr and  CVR results 

Fig. 3  QuEChERS extraction 
of multiple mycotoxins using 
CCD-optimized extraction con-
ditions of MeCN (%), FA (%) in 
the extraction solvent, and the 
extraction time

70

80

90

100)
%(

yre
v
ocer

e
gat

necre
P

Mycotoxins

Table 3  Linearity ranges, LODs, LOQs and  R2 values for the selected mycotoxins

AFB1 AFB2 AFG1 AFG2 FB1 FB2 T2 HT2 OTA ZEA

Linearity (µg/kg) 2.5 – 20 2.5 – 20 2.5 – 20 2.5 – 20 62.5 – 500 62.5 – 500 62.5 – 500 25 – 200 10 – 80 25 – 200
LOD (µg/kg) 0.21 0.38 0.41 0.11 11.23 10.54 20.52 5.23 0.95 4.21
LOQ (µg/kg) 1.04 1.60 1.65 0.33 36.27 31.22 60.45 22.22 2.93 23.71
R2 0.9997 0.9994 0.9994 0.9999 0.9994 0.9964 0.9979 0.9998 0.9998 0.9989

Table 4  Percentage recoveries, coefficients of variation and decision limits from the validation study

Mycotoxin Recovered concentration 
(µg/kg)

% Recovery CVr (%) CVR (%) CCα

0.25 ML 1.0 ML 1.5 ML 0.25 ML 1.0 ML 1.5 ML 0.25 ML 1.0 ML 1.5 ML 0.25 ML 1.0 ML 1.5 ML

AFB1 2.49 9.45 14.85 99.95 95.42 99.02 5.23 10.66 4.21 11.23 10.66 1.41 11.23
AFB2 2.51 9.91 15.29 100.23 99.12 101.93 9.54 6.02 9.47 12.74 1.70 5.21 11.45
AFG1 2.49 9.93 15.34 99.54 99.30 102.27 10.63 9.87 10.59 9.20 9.87 3.51 11.43
AFG2 2.45 9.87 15.54 98.00 98.70 103.60 10.39 10.20 12.77 10.39 10.20 12.77 11.64
FB1 57.34 234.10 329.61 92.33 93.64 87.90 13.09 14.11 12.03 13.12 14.11 1.65 245.15
FB2 53.06 231.74 332.63 85.45 92.70 88.70 8.12 9.60 8.27 8.92 9.60 6.80 245.71
HT2 23.92 93.55 144.91 95.68 93.55 96.61 7.96 11.88 10.25 3.12 5.10 10.25 99.70
T2 69.85 244.21 365.13 112.47 97.69 97.31 7.79 8.59 6.20 5.14 3.15 5.17 249.37
OTA 1.42 5.02 7.67 113.70 100.30 101.42 10.46 7.73 5.25 9.23 4.02 2.45 7.15
ZEA 23.14 93.95 146.61 92.56 93.95 97.74 13.59 10.67 8.11 7.92 10.67 3.10 108.32
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for method precision are presented in Table 4. The method 
demonstrated good repeatability, as  CVr values ranged from 
4–14%. These values are all less than 15% as recommended 
by Commission Regulation (EC) No 401/2006 with specific 
recommendations as ≤ 20% for FBs and OTA, ≤ 25% for 
ZEA, and ≤ 30% for T2 toxin. The method also demonstrated 
good reproducibility, as  CVR values ranged from 1–14% 
which are within recommended levels of ≤ 25% and ≤ 30% 
for mass fractions of 10–20 µg/kg and < 10 µg/kg. Although 
recommended levels for CVs are stated, Commission Imple-
menting Regulation (EU) 2021/808 also states that these 
values serve as guidelines and should be as low as reason-
ably possible [27]. Our results concerning the performance 
criteria for this method are in line with other studies [8, 33], 
although Zachariasova et al. (2010) proved that using inter-
nal standards would improve the results [34].

CCα is also interpreted as the concentration at and above 
which, with an error probability of 1 – α, a decision can 
be made that if a signal is detected, it is not noise and the 
analyte detected is truly present or above the ML [11]. 
According to Commission Implementing Regulation (EU) 
2021/808, CCα values shall be higher than but as close as 
possible to the ML. The CCα values obtained are listed in 
Table 4 and are all within the recommended guidelines.

3.5  Comparison of the Modified QuEChERS Method 
with Analytical Performance of other Methods 
Reported in Literature

Table 5 compares the findings of this study with the find-
ings and analytical performance parameters of other methods 
reported in literature. The use of CCD for method develop-
ment proves to be superior, with higher recoveries obtained. 
Furthermore, the QuEChERS method also proves to produce 
higher recoveries compared to other extraction techniques 
such as pressurized hot water extraction.

3.6  Application of Method to Real Samples

The developed method was used to analyze 20 maize samples 
meant for human consumption obtained in Gaborone and 
Francistown marketplaces in Botswana (Table S4). A total of 
13 samples had detectable mycotoxins. The most frequently 
detected mycotoxins were the AFs, FBs, and ZEA. T2, 
HT2, and OTA were not detected in any of the samples. 
Co-occurrence of mycotoxins was observed in 3 samples. 
All detected concentrations except for  AFB1 were below 
the maximum permitted levels by the EU. Two samples had 
levels of  AFB1 (2.55 and 4.07 µg/kg) above the maximum 
permitted levels of 2 µg/kg in cereals intended for human 

consumption [27]. Thus, indicating possibility of exposure 
to high levels of  AFB1. These findings reflected the possible 
contamination of Botswana’s maize. This was also reported 
by Masitha et al. [35], who identified mycotoxigenic fungi 
such as Aspergillus (flavus, niger), Fusarium (proliferatum, 
fujikuroi) and Alternaria in maize and sorghum samples 
from Botswana.

4  Conclusion

The use of RSM to develop a modified QuEChERS proce-
dure for the extraction of multiple mycotoxins in maize is 
reported. CCD optimization helps to systematically deter-
mine the best extraction conditions, minimize experimental 
error, and maximize the recovery of mycotoxins from sam-
ples. Effective extraction of 10 mycotoxins was achieved 
with sensitive and accurate detection using LC–MS/MS. 
Chemometric method optimization improves method per-
formance and paves the way for the development of methods 
that can determine hundreds of mycotoxins simultaneously. 
Several mycotoxins were detected in most of the samples 
analyzed. Therefore, stricter regulation and guideline levels 
of contamination with mycotoxins, particularly  AFB1, in 
maize products are required in Botswana. Even though this 
method is promising, future research can focus on multiple 
matrix analysis using QuEChERS for a wider application.
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