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Abstract The applicability of near-infrared (NIR) and

mid-infrared (MIR) spectroscopy combined with chemo-

metrics was explored in this study to develop rapid, low-

cost and non-destructive spectroscopic methods for clas-

sification and quantification of aflatoxins in brown rice. A

total of 132 brown rice samples within the aflatoxin con-

centration range of 0–2435.8 lg/kg were prepared by

artificially inoculated with A. flavus and A. parasiticus

strains of fungus. For the classification of samples at

varying levels of aflatoxin B1, the linear discriminant

analysis model obtained correct classification rate of 96.9

and 90.6% for NIR and MIR spectroscopy, respectively.

For the simultaneous determination of aflatoxins B1, B2,

G1, G2 and the total aflatoxins, partial least squares

regression also showed good predictive accuracy for both

NIR (rv = 0.936–0.973, RPD = 2.5–4.0) and MIR spec-

troscopy (rv = 0.922–0.970, RPD = 2.5–4.0). The overall

results indicated that the two spectroscopic techniques

offered the feasibility to be used as alternative tools for

rapid detection of various aflatoxin contaminations in

grain.

Keywords Aflatoxins � Near-infrared (NIR) � Mid-infrared

(MIR) � Brown rice � Chemometrics

Introduction

It is well known that toxigenic fungi are ubiquitous in

nature and can occur regularly in various grains. The sec-

ondary metabolites of those fungi, namely mycotoxins, can

elicit a wide range of toxic activities that adversely affect

the health of both humans and animals when they consume

the grain (and their products) contaminated by mycotoxins

(Gnonlonfin et al. 2013). Among the thousands of existing

mycotoxins, the most commonly known are the aflatoxins,

which are mainly produced by A. flavus and A. parasiticus

strains (Wu et al. 2016). Aflatoxins consist of a group of

approximately 20 related fungal metabolites, but only four

are naturally found in food products. These are aflatoxin

B1, B2, G1 and G2. Aflatoxin B1 (AFB1) is the most com-

monly found one and also the most toxic and carcinogenic,

hence it was classified as a Group I carcinogen by the

International Agency for Research on Cancer (IARC)

(Binder 2007). Considering aflatoxin hazard to health,

many countries have established mandatory sanitary regu-

lations of aflatoxin level in food and agricultural products.

The European Commission (EU) has set the maximum

limit for AFB1 contamination in food products less than

5 ppb [Regulation (EU) No. 165/2010]. The Food and

Drug Administration (FDA) in the United States has also

set the limiting value of aflatoxin content at 20 ppb for

food and 300 ppb for feed (USFDA 2009).

However, the precise determination of aflatoxins in

grain is very complicated, because they are often present in

quite small quantities. Therefore, sophisticated methods

and instrumentations are usually required. Thin layer
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chromatography (TLC) was first applied to measure afla-

toxins (Marutoiu et al. 2004). Currently, the most com-

monly used methods are based on gas chromatography

(GC), high performance liquid chromatography (HPLC),

liquid chromatography–mass spectrometry (LC–MS)

(Huang et al. 2014). Other methodologies, such as enzyme-

linked immunosorbent assays (ELISA) (Liu et al. 2013),

immuno-affinity (Abd-Elghany and Sallam 2015) or fluo-

rescence (Hruska et al. 2014) were also applied in some

applications. Although these methods may have a high

accuracy, difficulties can be encountered in sample

preparation, including the isolation of aflatoxins from

complex biological matrices. The sample preparation pro-

cedure often makes most of the analytical methods labo-

rious, expensive and less effective.

Considering large amounts of cereals are consumed by

animals and humans every day, it is necessary to develop

analytical methods able to detect mycotoxin contamination

in real time and with minimum cost. Spectroscopic tech-

niques, such as near-infrared (NIR) and mid-infrared

(MIR) spectroscopy, are excellent candidates for quality

detection of agricultural products (Liu et al. 2015; Wang

et al. 2015). These techniques are based on the measure-

ment of the wave-absorption frequencies of chemical

bonds in functional groups, such as C–C, C–H, O–H, C=O

and N–H, that are closely related to the chemical compo-

sition and structure of samples. The main difference

between NIR and MIR is that absorption in MIR range

corresponds to fundamental frequency of molecular

vibrations, whereas absorption in NIR corresponds to

overtones and combinations of vibrations (Bellon-Maurel

and McBratney 2011). With the combination of chemo-

metrics, they can provide both qualitative and quantitative

information without any complicated sample preparation.

NIR and MIR spectroscopy are now used in a remark-

ably wide range of analytical applications, for quantitative

analysis of nutritive parameters such as water, protein, fat,

starch and amino acids in grains and seeds (Ferreira et al.

2014). More recently, the potential of these two techniques

to predict changes due to fungal infection during storage or

processing have been examined (Hossain and Goto 2014).

Berardo has applied NIRS to predict the percentage of

Fusarium verticillioides infection in maize kernels as well

as the concentration of ergosterol and fumosin B1 in meals

(Berardo et al. 2005). Similar studies were conducted by

using MIR spectroscopy to detect Fusarium graminearum

infection on corn with respect to the content of deoxyni-

valenol (Kos et al. 2002) and ergosterol (Kos et al. 2003).

In the same way, promising results were also obtained

when NIR or MIR methodology were applied to discrim-

inate samples into different grades with regarded to

mycotoxins concentration (Kaya-Celiker et al. 2014) as

well as to detect and estimate aflatoxin, deoxynivalenol,

ochratoxin and fumonisin in milled and single kernels of

many grain products (Fernández-Ibañez et al. 2009; Gas-

pardo et al. 2012).

Although studies can be found in the literature on the

use of NIR and MIR methods for mycotoxin determination

in grain, there is still a lack of information on the charac-

terization of aflatoxin contamination in rice products. In

addition, most previous reports were usually focused on the

detection of single species of toxin (AFB1 or total afla-

toxins), but little for simultaneous analysis of aflatoxin B1,

B2, G1 and G2. A study could be found on the determina-

tion of aflatoxin B1, B2, G1 and G2 in peanut using MIR

spectroscopy (Mirghania et al. 2001). However, only the

solvent-extract of ground peanut cake rather than the pea-

nut itself was employed. Therefore, the objective of this

work was to explore NIR and MIR spectroscopy as alter-

native tools for rapid qualitative and quantitative evalua-

tion of aflatoxin B1, B2, G1 and G2 and total aflatoxins in

real brown rice samples. The performance of these two

spectroscopic methods were also evaluated and compared.

This study could provide useful information to the simul-

taneous detection of several different mycotoxins based the

two methods, and to determine the most suitable method

for quality control of grain.

Materials and methods

Aspergillus spp. spore suspension preparation

Two strains (A. flavus 3.17; A. parasiticus 3.395) known of

aflatoxin production were purchased from Beina Chuan-

glian Biotechnology Research Institute (Beijing, China).

Cultures of the strains were incubated at 28 �C and 85%

relative humidity (RH) for 7 days on the Salt Czapek-Dox

Medium to produce large numbers of spores. After incu-

bation, spores were harvested by depositing sterile distilled

water on the plate surface, slowly rubbing with a sterile

stainless steel inoculation loop. Subsequently, the suspen-

sion obtained was filtered through the sterile cheesecloth

for further use. The concentration of spore was determined

using standard pour plate method, which were around

6.03 9 106 CFU/mL for the two strains (adjusted by using

of sterile water).

Grain sample inoculation

Fresh brown rice samples with plastic vacuum packaging

were purchased from a retail store in Heilongjiang Pro-

vince, China. The samples were firstly irradiated by

gamma-rays from Co-60 source at dose of 12 kGy, which

was sufficient to kill fungi on or within the grain kernels

(Kirkin et al. 2014). After irradiation, a total of 4 kg
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samples were aseptically transferred into two sterile

stainless steel containers (2 kg/container) with agitators.

With the continuously stirring, one container was sprayed

with 40 mL spores suspension of A. flavus 3.17. The other

container was inoculated with the same volume of A.

parasiticus 3.395. Inoculated samples were then placed in

sterile transparent PVC bags for 24 h at 4 �C to ensure

water equilibrium. The inoculum concentration was

determined by standard pour plate method, which was

found at around 1.02 9 105 CFU/g. Subsequently, the

samples of each bag were equally divided into 8 sub-

groups (250 g/group). Finally, a total of 16 sample groups

(8 9 2 bags) were obtained. The 16 samples were then

placed in incubators at 28 �C, 85% RH for 30 days for

aflatoxin production.

HPLC analysis of aflatoxins

Reference analysis for aflatoxins (B1, B2, G1, G2) in blank

(control) and aflatoxin-contaminated brown rice samples

was carried out using a Waters Alliance 2695 HPLC sys-

tem (Waters, Milford, MA, USA), which was combined

with an fluorescence detector. Before analysis, all samples

were crushed into homogenized power using a No. 40 mesh

sieve, and then stored at - 18 �C. Analytical procedures
could be summarized briefly as follow: (1) a 50-g ground

sample was mixed with 200 mL of acetonitrile/water (84/

16, v/v) and shaken at 200 rpm for 30 min, (2) 8 mL of the

filtrate was passed through a Mycosep 226 column (Romer

Labs. Inc., MO, USA), (3) 2 mL of the eluate was evap-

orated to dryness under a stream of nitrogen gas at 50 �C,
(4) The remaining residue was dissolved in n-hexane

(200 lL) and trifluoroacetic acid (100 lL) for pre-column

derivatization for 15 min at 40 �C, and (5) the dried resi-

due was dissolved in 1 mL of acetonitrile/water (15/85,

v/v) and filtered through a 0.45 lm syringe filter, and then

injected into the HPLC automatically. The injection vol-

ume was 10 lL. The excitation and emission wavelengths

were 380 and 420 nm, respectively. Each sample was

measured in triplicate, and external standard method was

used. The coefficients of determination (R2) of the method

were[ 0.997 for calibration curves of all aflatoxin

standards.

Sample preparation for NIR and MIR analysis

HPLC results indicated that aflatoxins were not detected in

blank (control) samples, and high aflatoxin concentrations

were detected in all 16 contaminated samples. In order to

prepare sample sets of calibration with varying concen-

trations of aflatoxin of interest, highly contaminated sam-

ples were later blended with blank samples on a weight

basis. All samples were first crushed into homogenized

power using a No. 40 mesh sieve, and then stored at

- 18 �C. In order to reduce spectral interference caused by

water, all contaminated and blank samples were dried at

40 �C for 6 h to make the moisture content in samples

below 15% before blending. Specifically, 10 g of ground

grain taken from each contaminated sample were blended

with a blank sample according to the ratios of 1:2, 1:4, 1:6,

1:8, 1:10, 1:12, and 1:14 (m/m), respectively. A total of 112

contaminated samples (16 sub-groups 9 7 levels) were

then obtained. Finally, 128 samples were prepared,

including 16 blank samples and 112 contaminated samples,

which covered the concentrations of total aflatoxins rang-

ing from 0 to 2406.4 lg/kg.

Spectra acquisition

NIR spectra of 128 samples were acquired using a FT-NIR

spectrometer (MB3600, ABB-Bomem, QC, Canada) in

diffuse reflection mode in the range of 4000–12,000 cm-1.

The spectrometer was equipped with an interferometer, a

long life light source and an InGaAs detector. Around 8 g

of sample was uniformly packed in a glass bottle and

directly placed on the sample holder for measurement.

Measurements were conducted with the resolution of

4 cm-1 and 64 scans to ensure an adequate signal-to-noise

ratio. Each sample was scanned in triplicate and air back-

ground was taken each hour.

MIR spectra were collected using a Bruker Tensor 27

FT-IR spectrometer (Bruker Optik, Ettlingen, Germany),

which was equipped with a horizontal ZnSe crystal atten-

uated total reflectance (ATR) accessory (Pike Technolo-

gies, Madison, WI, USA) and a deuterated triglycine

sulphate (DTGS) detector. The measurements were directly

carried out by placing about 1 g ground sample on

the ZnSe surface. The spectra were collected in the region

of 600–4000 cm-1, by accumulating 64 scans with the

resolution of 4 cm-1. Three replicate measurements were

taken for each sample and the average spectrum was saved

for further analysis. The background spectrum (air)

was taken before every sample scanning. The ZnSe crystal

was cleaned with 70% ethanol and dried by medical

absorbent cotton after each measurement.

Multivariate calibration

All statistical analyses were conducted using TQ Analyst

(version 6.2.1, Thermo Electron Corp., Madison, WI, USA)

and Matlab 8.4 (The Mathworks Inc., USA) with a PLS

toolbox 8.0 (Eigenvector Research Inc., USA) in this study.

The goals of statistical analyses were: (a) select effective

wavelength range, (b) extract feature information from NIR

and MIR spectra, (c) discriminate brown rice samples with

varying levels of aflatoxin, and (d) predict aflatoxin
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concentration in samples. Principal component analysis

(PCA), linear discriminant analysis (LDA), stepwise mul-

tiple linear regression (SMLR) and partial least squares

regression (PLSR) have been proven to be effective in

many applications (Shi et al. 2013), and were therefore

used in the present study to qualitative and quantitative

evaluation of aflatoxins in brown rice samples.

PCA was primarily used to transform large amounts of

original variables into a few new principal components

(PCs), which accounted as much as possible for the vari-

ability in the raw data (Bro and Smilde 2014). LDA is a

supervised technique that is widely recognized in classifi-

cation problems. It is based on the determination of linear

discriminant functions, which maximizes the ratio of

between-class variance by minimizing the within-class

variances (Khanmohammadi et al. 2013). SMLR is an

efficient and rapid algorithm which selects characteristic

wavelengths of sample spectra, determined by F test and

predicted residual sum of squares (PRESS), as input vari-

ables of models. PLSR is a regression method which has no

restriction in using the number of variables that can be

selected for the calibration to make the model suitable to

extract the maximum information (Shi et al. 2013).

Before modeling, spectral pretreatment methods,

including smoothing, multiplicative scatter correction

(MSC) and 1st/2nd derivative were tried and the best

results were shown. During model development, the data

were divided into a calibration set (2/3) and a validation set

(1/3) by using the Kennard-Stone (KS) algorithm (Rajer-

Kanduc et al. 2003). In order to evaluate the performance

of calibration models, the correct classification rate, the

correlation coefficient of calibration, and the validation (rc/

rv), root mean-square error of cross-validation and predic-

tion (RMSECV/RMSEP) were determined and discussed.

The value of residual predictive deviation (RPD: the ration

of the standard deviation of the reference value in predic-

tion to the RMSEP) was also applied to evaluate the ability

of the calibration model in predicting the chemical com-

position in samples.

Results and discussion

Aflatoxin data

The descriptive statistics of aflatoxin B1, B2, G1, G2, and

total aflatoxins (AFs) for calibration and validation sample

sets are summarized in Table 1. It could be observed that

the samples showed a wide range in aflatoxin concentra-

tion. High SD (standard deviation) values were obtained

for AFB1, G1 and AFs. The data manifested that the range

of aflatoxin concentration analyzed covered almost all

possible aflatoxin contaminated brown rice found in

agriculture and industry (Elzupir et al. 2015). For each

parameter, the range of calibration set covered the larger

scale and the concentrations were generally evenly dis-

tributed in both calibration and validation data sets, which

was beneficial for developing stable calibration models.

Spectral features analysis

Using the permissible levels of aflatoxin in grains issued by

EU and FDA as the reference, the samples were divided

into three groups based on AFB1 concentration: group

1: B 5 lg/kg (infected free); group 2: 5–300 lg/kg
(slightly infected); group 3:[ 300 lg/kg (highly infected).

In order to examine different spectral features related to

changes of aflatoxin concentration in samples, the varia-

tions of average NIR spectra from 9000 to 4000 cm-1 and

MIR spectra from 1800 to 600 cm-1 for the three groups

were investigated (Fig. 1), after scatter correction by

applying MSC as pre-mathematical treatment. Other

regions were not used in further analysis due to interfer-

ence caused by water absorption or little useful information

contained. Compared to MIR spectra (Fig. 1b), no obvious

differences, resulting from the effect of aflatoxin contam-

ination levels on brown rice, was observed among NIR

spectra from visual inspection (Fig. 1a). The main

absorption bands were found at 5173 and 4825 cm-1,

which might be related to O–H stretching of water and

carbohydrate. The absorption bands at 8304, 6923, 5868

and 5789 cm-1 were relevant to C–H stretching and

deformation (Tripathi and Mishra 2009). The band at

4272 cm-1 could be assigned to C–H stretching in fatty

acids and sugars (Xu et al. 2009). After a careful exami-

nation, spectral changes associated with aflatoxin concen-

tration could be found in some regions, particularly in the

range of 5000–4000 cm-1. The absorbance of group 1 was

a little higher than that of group 2 and 3, as shown in

Fig. 1a.

More significant and pronounced difference for MIR

spectra among aflatoxin contamination groups could be

observed in the whole range. The absorption of group 3

was slightly higher than that of group 1 and 2 from 1720 to

600 cm-1, but lower in the range of 1800–1720 cm-1. The

main absorption bands were located at 1013, 1080 and

1052 cm-1, which were related to O–H, C–O and C–H

groups in organic acids and carbohydrate (Oliveira et al.

2014). The absorption difference at 1747 and 1644 cm-1

among three groups might be related to fungal infection in

brown rice (Abramović et al. 2007). Small bands at

1569–1335 cm-1 were associated with C–O stretching and

C–H bending, which were considered to be significant for

identifying aflatoxin contamination (Kaya-Celiker et al.

2014). In fact, NIR and MIR bands assignments for afla-

toxin are relatively difficult for direct identification, mainly
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because the peaks are sometimes contributed and interfered

from predominant variations in chemical and physical

properties of samples. Therefore, effective feature extrac-

tion for spectral differences was very crucial for classifi-

cation and quantification of aflatoxin levels in brown rice

samples using chemometric methods.

Development and validation of LDA models

for classification

In this step, in order to detect minor differences among

different spectra, the first 10 PCs extracted from NIR

(9000–4000 cm-1) and MIR (1800–600 cm-1) spectral

data, which covered most of the variance ([ 98%), were

employed to construct LDA models for discrimination.

Leave-one-out (full) cross-validation was employed for

evaluation of performance of LDA models. Table 2 pre-

sented the overall classification results for AFB1 concen-

tration levels based on NIR and MIR spectra. Generally,

good classification accuracy was achieved ([ 90.0%) in

both calibration and validation. For NIR spectra in cali-

bration, only 2 samples were misclassified, which resulted

in a correct classification rate of 98.4%. Meanwhile, in

leave-one-out cross-validation, 96.9% of the samples were

correctly classified. The LDA model did not misclassify

any samples with high AFB1 concentration ([ 5 lg/kg) as
aflatoxin negative. This is of practical significance for

using NIR to detect mycotoxins because misclassification

(not detecting) of aflatoxin contamination could lead to

human exposure to aflatoxins in real-life. For MIR spectra,

the LDA yielded slightly lower classification accuracy as

compared to NIR. Specifically, 12 samples were misclas-

sified in cross-validation, and the correct classification rate

was 90.6%. Two samples with AFB1 concentration above

5 lg/kg were wrongly classified as aflatoxin negative. This

could be interpreted by less sample consumption and

smaller scanning area than NIR to yield equivalent results.

Moreover, the classification of samples based on the con-

centration of AFB2, G1, G2, and AFs were also carried out

and they provided quite similar results to that of AFB1.

Overall, the models performance could be further pro-

moted, and change into more robust by collecting more

calibration samples naturally contaminated with aflatoxin.

Because brown rice samples were not adequately sepa-

rated according to predefined aflatoxin groups on the PCA

score plot (data not shown), LDA scatter plots of two

discrimination functions for samples with various AFB1

concentrations are shown in Fig. 2. The function variable is

the combination of original variables that can enable us to

discriminate among the groups (Shen et al. 2012). Brown

Table 1 Descriptive statistics

of aflatoxin data for calibration

and validation sample sets

Parameter (lg/kg) Calibration sets (n = 86) Validation sets (n = 42)

Range Mean SD Range Mean SD

AFB1 0–890.20 274.04 279.03 0–884.19 267.38 282.98

AFB2 0–55.97 15.68 16.39 0–47.01 14.73 15.28

AFG1 0–1416.90 385.90 404.00 0–1358.47 373.91 400.64

AFG2 0–102.40 25.64 27.31 0–77.95 23.64 24.46

AFs 0–2406.40 694.53 724.54 0–2363.59 672.65 716.49
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Fig. 1 Average NIR (a) and MIR (b) absorbance spectra of ground

brown rice samples with different levels of AFB1 (group 1: B 5 lg/
kg; group 2: 5–300 lg/kg; group 3:[ 300 lg/kg)
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rice samples with different levels of AFB1 could be suc-

cessfully separated by NIR spectroscopy on the plot while

the same group was clustered closely together. Towards the

classification based on MIR spectroscopy, some

overlapping between group 2 and 3 was observed. This

study seems to indicate that NIR method might be slightly

superior to MIR in terms of correct rate in classifying

aflatoxin contaminated samples, which could be in part

attributed to better reproducibility and repeatability of NIR

spectrum regardless of broader bands and lower resolution.

Overall, the clustering of samples on plots was consistent

with the results of correct classification rates for the LDA

models. Regions and degree of overlap among aflatoxin

groups appeared to be related to the misclassification rate

of relevant groups. On the whole, the result indicated that

samples with varying levels of aflatoxins contamination

could be properly distinguished by LDA based on NIR and

MIR spectroscopy.

Development and validation of PLSR models

for quantification

As indicated above, eighty-six (86) samples were selected

for training the model, while the remaining 42 samples

were used for model validation. Both PLSR and SMLR

algorithms were employed for establishment of aflatoxin

quantification models. In comparison with SMLR, the

PLSR models yielded higher predictive precision, better

regression quality and lower error rate in general (data not

shown). A summary of the statistics of calibration, cross-

validation, and external validation based on PLSR algo-

rithm is thus shown in Table 3.

For PLSR models, high correlation and good predictive

accuracy were obtained in calibration and validation based

on NIR spectra (Table 3). In calibration, good calibration

statistics were obtained for AFB1, B2, G1, G2 and AFs

(rc[ 0.930). However, relatively high values of RMSECV

for AFB1, G1 and AFs were observed, which might be

related to the wide range of reference values. The chemical

composition with a small range of variation usually leads to

a low RMSECV value, and vice versa (ElMasry et al.

Table 2 LDA classification

results of samples with different

levels of AFB1 obtained by NIR

and MIR spectroscopy

AFB1 NIR MIR

Group 1 Group 2 Group 3 Accuracy (%) Group 1 Group 2 Group 3 Accuracy (%)

Calibration

Group 1 16 0 0 100 16 0 0 100

Group 2 0 64 0 100 1 60 3 93.8

Group 3 0 2 46 95.8 0 6 42 87.5

Total 98.4 92.2

Validation

Group 1 16 0 0 100 15 1 0 93.8

Group 2 0 63 1 98.4 2 59 3 92.2

Group 3 0 3 45 93.8 0 6 42 87.5

Total 96.9 90.6

Fig. 2 LDA score plots of samples with different levels of AFB1

based on NIR (a) and MIR (b) spectroscopy
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2012). In validation, high values of rv and slope were

obtained for all models, which indicated good regression

quality for aflatoxins quantification. The AFB1 model

showed the best accuracy and robustness in prediction

(rv = 0.970, RPD = 4.0). The AFB2 and AFs models also

yielded high rv (0.951–0.969) and RPD (3.1–3.3) values.

Referring to the criteria used by other authors, RPD value

greater than 3.0 is considered to be indicative of excellent

prediction, whereas between 2.5 to 3.0 denotes a good

prediction (Chang et al. 2001). Therefore, the above three

models are considered to be suitable for quantify the afla-

toxin concentrations. The model performance for AFG1

and AFG2 was slightly lower (rv = 0.936–0.945,

RPD = 2.5–2.8), which presented general robustness and

might be adequate for screening purpose.

The detailed statistics of calibration and validation

based on MIR in the range of 1800–600 cm-1 was also

given in Table 3. It could be observed that PLSR models

also yielded better regression quality and lower error than

those of SMLR models. For PLSR models, similar liner

correlation (rc[ 0.900) were obtained for AFB1, B2, G1,

G2 and AFs in calibration. The models yielded higher

RMSECV values for AFG1, G2 and AFs compared to those

for NIR, but slightly lower values for AFB1 and AFB2. In

validation, the models for AFB1, B2, G2 and AFs presented

good accuracy (rv = 0.948–0.970, slope = 0.915–1.029).

Quantification of AFG1 were slightly less accurate

(rv = 0.922, slope = 0.816). RPD values obtained for

AFB1, B2, G2 and AFs models were the same as those for

NIR (RPD = 2.5–4.0). But the RPD value obtained for

AFG1 was slightly low (RPD = 2.6). Attending to criterion

of RPD values described above, PLSR models might be

effective for screening of samples contaminated with

aflatoxin. Figure 3 showed the correlation between the

values determined by HPLC reference analysis and the

values predicted by NIR and MIR spectroscopy on the

validation sample set. The performance of NIR spec-

troscopy was found to be slightly superior to MIR in this

work. However, it should be much cautious to decide

which method was better. MIR spectroscopy, with higher

sensitivity and resolution, might present better results if

more considerations could be paid on sample preparation,

scanning area, feature extraction and analysis efficiency.

To investigate the correlation between the spectra and

aflatoxin concentration, regression coefficients of the PLSR

models were analyzed and were shown in supplementary

data. It was found that the curves for all aflatoxins dis-

played the same pattern, which might be due to similar

chemical structure of aflatoxins. In addition, the wave-

lengths with high regression coefficient were found to be

consistent with the main absorption bands observed in

original spectra. The result indicated that these wavelength

regions played important roles for the development of

calibration models.

On the whole, both NIR and MIR models displayed

good prediction capability for detection and screening of

aflatoxin contamination in rice samples. However, the

accurate prediction of very low aflatoxin concentration in

some brown rice samples due to lager relative errors

obtained, similar to the result reported in the literature (Lee

et al. 2015). The reasons could be (1) associated with

inhomogeneous particle size and aflatoxin distribution over

this sample batch, (2) in part explained by inability of

infrared spectra to detect internal compounds, inherently

weak and missing vibrations of chemical groups in spec-

troscopy. Therefore, in order to improve predictive accu-

racy and minimize the prediction error of spectral models,

representation and repeatability of spectrum need to be

further promoted by means of larger and multiple scanning

area of sample, homogenization of particle size, multiple

Table 3 A summary of PLSR calibration and validation results for the quantification of aflatoxins obtained by NIR and MIR spectroscopy

Chemo-metrics rc RMSECV (lg/kg) rv RMSEP (lg/kg) RPD Factors Validation sets

Slope Intercept Bias (lg/kg)

AFB1 NIR 0.981 105.0 0.973 70.4 4.0 10 1.010 21.98 24.786

MIR 0.980 100.0 0.970 70.8 4.0 8 0.931 39.75 21.368

AFB2 NIR 0.958 6.4 0.969 4.7 3.3 8 1.080 0.74 1.930

MIR 0.982 5.9 0.965 4.7 3.3 8 1.029 1.50 16.668

AFG1 NIR 0.941 180.0 0.936 144.0 2.8 8 0.934 54.01 29.642

MIR 0.932 198.0 0.922 155.0 2.6 5 0.816 83.26 14.709

AFG2 NIR 0.939 13.1 0.945 9.8 2.5 8 1.077 1.61 3.449

MIR 0.909 14.2 0.932 9.9 2.5 4 0.954 5.09 4.024

AFs NIR 0.950 299.0 0.951 231.0 3.1 8 0.967 77.53 55.720

MIR 0.975 302.0 0.948 232.0 3.1 8 0.915 111.00 54.190
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location of sample collection, as well as consistent status of

sample placement and detection. In addition, in compared

to previous studies, which evaluated the feasibility for

aflatoxin qualitative and quantitative analysis at similar or

lower concentration ranges in some agricultural products

using infrared spectroscopy, higher or comparable correct

discrimination rate and predictive precision were obtained

in this work (Kaya-Celiker et al. 2014; Lee et al. 2015).

Besides, this study indicated that NIR and MIR methods

offered some feasibility for simultaneous detection of

aflatoxin B1, B2, G1 and G2 in brown rice, which also

provided meaningful theoretical references for simultane-

ous analysis of several different mycotoxins in food and

agricultural products.
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Fig. 3 Linear regression plots of NIR and MIR predicted versus reference aflatoxin values of the external validation sample set
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Conclusion

The present study indicated that both NIR and MIR spec-

troscopy had the potential as rapid and non-destructive

tools to quantify and/or discriminate aflatoxin contamina-

tion in brown rice over standard wet chemical methods,

although certain spectral stability and detection limit need

to be further improved. The LDA and PLSR models yiel-

ded a robust and satisfactory predictive ability for simul-

taneous detection of several aflatoxins. Both NIR and MIR

spectroscopy appeared to have quite similar performance in

quantification of aflatoxins with good regression quality.

However, the problem of spectral change caused by inho-

mogeneous aflatoxin distribution, differences of sampling

and sample batch as well as variation of surrounding

environment should be solved or reduced, as the develop-

ment of new sample scanning techniques and implemen-

tation of more efficient algorithms. Besides, in order to

verify and evaluate the practicability of NIR and MIR

methods, more studies focused on on-line detection of

aflatoxin in agricultural products need to be investigated

further. With the development of infrared spectrometer and

chemometrics, NIR and MIR methods would be potentially

powerful tools for real-time monitoring and rapid screening

of high-throughput samples contaminated with aflatoxin in

grain supply chains, which could greatly help improve the

quality and safety of our food supply.
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