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a b s t r a c t

Deoxynivalenol is one of the most abundant contaminants in crops worldwide. Its presence in food and
feed products causes health risks and induces economic losses. To date, deoxynivalenol is mostly
detected by sample-based, time-consuming chemical analyses. To obtain a non-destructive detection of
deoxynivalenol in unprocessed, solid maize kernels, we investigate UVeViseNIR diffuse reflection
spectroscopy. Specifically, we propose a two-stage spectroscopic measurement procedure, allowing the
characterization and identification of deoxynivalenol in ungrounded maize kernels. The first stage fo-
cuses on the characterization of the optimum illumination and detection wavelengths, by the mea-
surement of the mean contamination of a collection of maize kernels, using a 250 mm-reflection
integrating sphere. The second measurement stage enables an accurate classification of contaminated
maize grains, by the measurement of the local contamination on individual kernels, using a 30 mm-
reflection integrating sphere. We first characterized and compared the reflection spectra of low (150 ppb)
and high (1388 ppb) natural deoxynivalenol-contaminated maize kernels. Moreover, we validated these
measurement results by the characterization of a reference deoxynivalenol-contaminated maize powder
(1840 ± 30 ppb). A spectral contrast between the low and high contaminated samples could be observed
between 700 nm and 1400 nm. Furthermore, a detection criterion could be defined, allowing us to
successfully classify a contaminated maize batch into a high (18184 ppb) and low (654 ppb) contami-
nated subsample. As a result, this verifies the two-stage measurement approach and illustrates the use of
diffuse reflection spectroscopy as a valuable tool for the measurement of deoxynivalenol concentrations
in maize, paving the way for real-time non-destructive industrial scanning-based detection.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The presence of mycotoxins, secondary metabolites of toxic
fungi, in agricultural commodities is worldwide a major problem.
According to the Food and Agricultural Organization (FAO) esti-
mates, 25% of the world’s food crops are affected by mycotoxin
producing fungi (Rasch, Kumke, & L€ohmannsr€oben, 2010). The
most important mycotoxins in food and feed production, that pose
a major threat to public health and agro-economy, include afla-
toxins, deoxynivalenol (DON), ochratoxin A, fumonisin, zear-
alenone, patulin and T-2 toxin (Miller, 1995; Traar, 2013).

DON is the most prevalent mycotoxins and is mostly produced
s).
by the moulds Fusarium graminearum and Fusarium culmorum. It
frequently occurs on cereal commodities, like wheat, maize, barley,
oats and rye, which can be infected before or after the harvest
(Sobrova et al., 2010). Moreover, because DON cannot be destroyed
during food processing, like cooking, freezing and roasting, it ap-
pears both in the raw and processed products. The ingestion of
DON-contaminated products can cause acute and chronic health
effects such as diarrhea, nausea, immunosuppression and neuro-
toxicity (Abysique, Tardivel, Troadec, & F�elix, 2015; Pestka, 2007).
The detection of DON is an important issue in the food industry,
because it is present in more than 90% of all mycotoxin-
contaminated cereal samples and its occurrence is considered to
be an indicator of the presence of other mycotoxins (Ran et al.,
2013).

In this paper, we focus on the presence of DON in natural
contaminated maize kernels, since DON is an important
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contaminant of maize (Pleadin et al., 2012) and maize is the staple
food in many countries. Currently, the presence of DON in food and
feed products is strictly regulated in most regions of the world.
Regarding raw maize kernels, the European Commission states the
maximum allowed DON concentration to be 1750 ppb, while in the
USA and China a limit of 1000 ppb of DON is imposed (EFSA., 2013;
European Commission, 2007). To fulfill these limits, the presence of
DON is nowadays mostly detected by the use of chemical analyses,
like liquid chromatography e tandem mass spectrometry (LC-MS/
MS) and enzyme-linked immunosorbent assays (ELISA). However,
these analytical techniques are time-consuming, expensive and
destructive (Ran et al., 2013). Due to the uneven presence of the
toxin in both the food products and the crops, these sample-based
analyses often give a limited view on the degree of contamination.
Therefore, we are interested in the use of non-destructive spec-
troscopic methods that can be used to screen individual, solid
maize kernels.

Spectroscopic detection techniques are already widely used in
agriculture and chemical industries for the determination of
organic compounds in matter, like proteins, moisture, starch and
pigments (Baye, Pearson, & Settles, 2006; Volkers, Wachendorf,
Loges, Jovanovic, Taube, 2003; Meulebroeck & Thienpont, 2012).
To date, there is a high interest to apply the spectroscopic detection
techniques for the identification of DON. The use of Fourier-
transform near- and mid-infrared (FT-NIR and FT-MIR) spectros-
copy for the detection of DON inwheat and maize is already widely
discussed (Abramovi�c, Jaji�c, Abramovi�c, �Cosi�c, & Juri�c, 2007; De
Girolamo, Cervellieri, Visconti, & Pascale, 2014; Kos, Lohninger, &
Krska, 2003). However, current published measurements use ho-
mogeneously contaminated, grinded samples and require the use
of chemometrics to classify the samples into their various
contamination levels. Moreover, due to its vibration sensitivity,
Fourier-transform spectroscopy can hardly be implemented in an
industrial environment. In contrast, we pursue a spectroscopic
setup that enables the measurement of the localized contamination
in ungrounded, individual maize kernels. Furthermore, we want to
develop a technology which can be used for in-line industrial
applications.

We investigate ultravioletevisibleenear infrared (UVeViseNIR)
diffuse reflection spectroscopy for the detection of DON in indi-
vidual, solid maize kernels. Specifically, we present a two-stage
measurement methodology, enabling to efficiently monitor the
local DON-contamination on a large amount of maize kernels. The
first stage focusses on the characterization of the optimal detection
wavelengths, by the measurement of the mean reflection spectrum
of a collection of maize kernels with the use of a 250 mm-reflection
integrating sphere. The second stage studies the localized
contamination on the kernel’s surface, by measuring the reflection
spectra of individual kernels with a 30 mm-reflection integrating
sphere.

Our proposed two-stage approach was first tested on a low and
high naturally contaminated maize sample, with an a-priori known
DON concentration of 150 ppb and 1388 ppb respectively. Studying
the reflectance spectra, an optical contrast between 700 nm and
1400 nm could be observed for both measurement stages. Based on
the reflectances at 830 nm, 940 nm and 1220 nm, an optical
detection criterion could be defined. This detection criterion was
first validated by the measurement of a reference DON-
contaminated maize powder. Secondly, it was used to successfully
split a contaminated batch, with a-priori unknown DON-
concentration, in a low and high contaminated subsample, of
which subsequent chemical analyses indicated a DON-
concentration of 645 ppb and 18184 ppb respectively.

Generally, this paper presents the use of diffuse reflection
spectroscopy as a non-destructive optical detection technique for
the identification of DON in solid maize kernels. Section 2 gives an
overview of the examined maize samples and discusses the two-
stage measurement technique, using the 250 mm- and 30 mm-
reflection integrating spheres. In section 3, we investigate the
UVeViseNIR reflection spectra of low and high naturally contam-
inated maize kernels. We study the spectral differences and vali-
date our results by the measurement of reference DON-
contaminated maize powder. Subsequently, the application of our
classification criterion to a contaminated maize batch is presented.
Finally, we quantitatively evaluate the optical identification of
DON-contaminated maize kernels.

2. Materials and methods

To accurately study the UVeViseNIR diffuse reflection spectra of
low and high DON-contaminated maize kernels, reliable samples
and a repeatable measurement procedure are indispensable. We
used natural contaminated samples, taking the typical inhomoge-
neous DON-contamination into account. Moreover, because maize
kernels show a large internal variation in density, texture and
substituents concentrations, we investigated different independent
samples to minimize the influence of the maize type and the
cultivation environment. Considering the spectroscopic measure-
ment configuration, we pursue a measurement methodology
which enables a fast, accurate and non-destructive DON-detection
that is suited for implementation in industrial in-line, scanning
machines. Because of the inhomogeneous DON-contamination, the
ability to monitor the contamination of individual maize kernels is
indispensable to increase food safety and to reduce economical
losses.

In this section, we first give an overview of the investigated
maize samples, after which we discuss the diffuse reflection mea-
surement setups.

2.1. Sample preparation

We consider two different natural contaminated maize batches.
One batch was obtained from France, while the other one was
imported from Poland. The French batch contained a low and high
contaminated sample, of each 500 g, that was presorted by the
supplier. Before the start of ourmeasurements,100gr of the lowand
high contaminated sample was chemically analysed by the use of
the LC-MS/MSmethod, indicating a DON-contamination of 150 ppb
and 1388 ppb respectively. No visible differences could be observed
between these two French samples. We used the French batch for
the optimization of our measurement procedure and to charac-
terize the spectral contrast. The Polish batch contained one DON-
contaminated sample with a-priori unknown contamination,
which we used to validate our optical classification method. We
applied our developed measurement methodology to classify these
maize kernels into a low and high contaminated subsample. After
classification, the contamination of these subsamples was
confirmed by the CODA-CERVA, the Belgian Reference Laboratory
for Mycotoxins, who measured a contamination level of 654 ppb
and 18184 ppb respectively, by the use of the LC-MS/MS analytical
technique.

To approve the reliability of our measurements, we also inves-
tigated the optical characteristics of a matrix certified DON-
contaminated maize powder. We purchased 55 g reference DON-
contaminated maize powder of the Biopure Series from Romer
Labs, which contained a contamination level of 1840 ± 30 ppb
(Romer Labs, 2011). This contamination level is just above the Eu-
ropean limitations, which makes it suited to evaluate our detection
performance.

All samples, both the reference maize powder as the French and



L. Smeesters et al. / Food Control 70 (2016) 48e5750
Polish maize kernels, were stored in the fridge, at 4 �C, to avoid
contamination changes in-between the measurements. Further-
more, no preprocessing or grinding was applied before the spec-
troscopic measurements.

2.2. Measurement setup

When a light source illuminates a sample, the incident light rays
will be absorbed, transmitted and reflected, depending on the
chemical composition and the physical properties of the sample. To
optically identify the DON-contamination, we study the
UVeViseNIR diffuse reflected light of the maize kernels, when
illuminated by a broadband white light source. Diffuse reflection
spectroscopy is typically used to study the scatter-independent
reflection properties of products, by the use of an integrating
sphere which collects all reflected light, independent of the
reflection angle.

We pursued a measurement setup enabling an efficient spectral
characterization of the DON-contamination, including the investi-
gation of the influence of the DON-contamination onto the natural
reflection spectra of the maize kernels. When considering the
measurement of individual maize kernels, the kernel selection and
its illumination position is of major importance. To obtain an effi-
cient sample selection, followed by the investigation of the local
contamination, we developed a two-stage measurement proce-
dure. Both stages measure the diffuse reflection spectra, but use a
different type of integrating sphere. The first stage uses a 250 mm-
reflection integrating sphere, allowing a fast screening of a collec-
tion of maize kernels, while the second stage uses a 30 mm-
reflection integrating sphere, enabling the measurement of indi-
vidual kernels. During the following sections, an extended
description of both measurement setups is given.

2.2.1. First-stage measurement setup containing the 250 mm-
reflection integrating sphere

The first-stage measurement setup is used to measure and
characterize the broadband reflection spectrum of a collection of
maize kernels, allowing to identify the optimal detection wave-
lengths. Its configuration consists of a supercontinuum light source,
a 250 mm-reflection integrating sphere, optical fibers and a spec-
trum analyser (Fig. 1a). We used the Labsphere© LSM100 cavity as
the diffusing integrating sphere. This sphere has a diameter of
25 cm and consists of a Spectralon® inner coating (98% reflective). A
Petri dish with maize kernels can be positioned inside the sphere
(Fig. 1b). The outside of the sphere contains different ports, to
which the illumination light source and the detecting fiber can be
connected. Since we work with a large integrating sphere, a bright
Fig. 1. First-stage measurement setup, allowing the investigation of the reflectance spectra
reflection integrating sphere, containing the Petri dish with the maize.
light source is preferred to reduce the measurement duration,
while obtaining a large signal-to-noise ratio. Therefore, we use the
Fianium-SC400 pigtailed supercontinuum source to illuminate the
sample-under-test. This light source generates high power (4 W),
broadband light (415 nme1880 nm) through the pumping of a
photonic crystal fiber by a high power pulsed laser (1064 nme1.5W
laser). The reflected light is captured by a detection fiber, the FCB-
UVIR600-2 optical fiber of Avantes, which transmits light from
200 nm up to 2500 nm and has a wide core diameter of 600 mm.
When no sample is present in the integrating sphere, the illumi-
nation light will be almost completely collected by the detection
fiber, after its diffuse reflections onto the reflective coating inside
the sphere. When a sample is inserted in the sphere, the captured
light will be influenced by its absorbance, and thus also by its
specific composition. Considering the Petri dishes with maize,
almost the entire surface of the kernels is illuminated, resulting in
the measurement of their mean contamination level since the
reflectance spectra of both the lowand high contaminated areas are
captured. Subsequently, the detection fiber guides the captured
light from the integrating sphere to the spectrum analyser, which
measures the light intensity as function of the wavelength. We use
a broadband spectrum analyser, consisting of two different chan-
nels with linear detector arrays, enabling the simultaneous mea-
surement of both the UV, visible and NIR spectrum. The first
channel contains the AvaSpec3684 spectrometer, able to measure
the spectrum between 200 nm and 1100 nm, with a resolution of
1.4 nm. The second channel contains the AvaSpec256 spectrometer,
able to measure the spectrum between 1000 nm and 1700 nm,with
a resolution of 4 nm. The spectra are visualized with Avasoft 8, a
software package supplied with the spectrum analysers.

The measurement of the reflectance of a collection of maize
kernels enables the study of the cumulated DON-contamination in
the maize, giving rise to an enlarged spectral contrast between the
samples and an accurate determination of the optimal wavelength
regions. Prior to each measurement, a dark and reference spectrum
were captured. The reference spectrum represents the light source
spectrum and was obtained while measuring an empty Petri dish.
The dark spectrum visualises the background light and was ob-
tained when capturing the spectrum without illumination source.
Following, the reflection spectrum of each maize Petri dish was
captured five times, after which the mean spectrumwas calculated.
During the measurement of the reflection spectrum, the Avasoft 8
software took the reference and dark spectrum into account. Based
on the reflected light intensity of the maize kernels (Imaize), the
intensity of the dark spectrum (Idark) and the intensity of the
reference spectrum (Ireference), the software calculated the reflec-
tance, for every wavelength (l), by using the following formula:
of a collection of maize kernels: (a) lab setup; (b) reflecting cavity inside the 250 mm-
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reflectanceðlÞ ¼ ImaizeðlÞ � IdarkðlÞ
IreferenceðlÞ � IdarkðlÞ

(1)

Next to the determination of the optimal detectionwavelengths,
this setup also enables a rough classification of the samples. When
considering an unsorted product batch, the setup can provide a
rapid, non-destructive measurement of a large amount of kernels,
allowing an approximate determination of the contamination-
level. Before starting with the second stage measurement config-
uration, a pre-sorting of the samples on basis of the spectra ob-
tained from the first-stage configuration is indispensable to
minimize the measurement duration. In addition, without the first-
stage measurements, a correct interpretation of the spectra would
be hampered due to the large spectral variation both in-between
the different kernels and on a single kernel surface.

2.2.2. Second-stage measurement setup using a 30 mm-reflection
integrating sphere

The second-stage measurement setup allows to study the
localized reflectance on individual maize kernels by using a
compact integrating sphere. The setup consists of a spectral
broadband light source, optical fibers, a collimating lens, a 30 mm-
reflection integrating sphere and a spectrum analyser (Fig. 2). The
used integrating sphere has a cylindrical shape, with an external
diameter of 6 cm and a height of 4 cm, which is much smaller than
the 250 mm-reflection integrating sphere. Similar to the first-stage
setup, the interior of the sphere is coated with Spectralon®. How-
ever, the sample can now not be positioned inside the sphere, but
needs to be positioned in front of the aperture of the sample port.
This aperture has a diameter of 6 mm, limiting the illuminated area
of the maize kernel surface and enabling the investigation of its
localized contamination. The exterior of the integrating sphere
contains two connectors, at which the illumination and detection
fiber can be connected. Sincewe use a smaller integrating sphere as
in the first stage setup, the illumination power can be decreased,
allowing the use of a deuterium and halogen light bulb instead of
the high power supercontinuum source. We use a combination of a
Fig. 2. Second-stage measurement setup, allowing the investigation of in
deuterium and halogen pigtailed source, emitting light from
200 nm to 2500 nm, which show a more stable spectrum than the
supercontinuum source and enable the study of the UV spectral
region. The light at the end of deuterium and halogen pigtailed
source fiber is coupled into the illumination fiber (FC-UVIR600-2
fiber of Avantes), which is connected to the integrating sphere. To
minimize the light loss during this coupling, we attached a colli-
mating lens to the illumination fiber, transmitting light from
200 nm to 2500 nm. After the illumination of the sample, all re-
flected light is captured by the integrating sphere, allowing a
quantitative analysis. Subsequently, the reflected light is collected
by the detection fiber (FCB-UVIR600-2 fiber of Avantes), which
guides this light to the spectrum analyser. The same two-channel
spectrum analyser as in the first-stage configuration is used,
measuring the spectrum from 200 nm until 1700 nm.

The reflection spectrum of the maize kernels was again visual-
ized with the Avasoft 8 software, calculating the reflectance via the
use of equation (1). Prior to the measurement of the maize kernels,
the reference and dark spectrum needed to be determined. The
reference spectrum, corresponding with the source spectrum, was
measured when positioning a 99.9% reflective tile at the aperture of
the integrating sphere. The dark spectrum measured the light in-
tensity captured by the detection fiberwithout sample on top of the
integrating sphere. After the dark and reference measurements, the
reflection spectra of the individual maize kernels was captured.
Each maize kernel was illuminated at 5 positions. To avoid back-
ground light entering the aperture of the sphere, all measurements
were performed in a dark environment.
3. Results and discussion

To investigate the optical detection of DON in maize, we studied
the diffuse reflection spectra of low and high contaminated maize
kernels. First, the reflectance differences between the presorted
low and high French contaminated maize samples were identified
with the 250 mm-reflection integrating sphere. Because this first-
stage setup allows the measurement of the cumulative
dividual maize kernels, using a 30 mm-reflection integrating sphere.
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contamination, the reflection differences are increased, resulting in
an accurate determination of the spectral contrast. Moreover, these
measurement results are validated by the characterization of a
reference DON-contaminated maize powder. Secondly, the French
maize samples and the reference DON-contaminated maize pow-
der were evaluated with the second-stage measurement setup,
which uses the 30 mm-reflection integrating sphere, allowing to
study the local contamination. Subsequently, after these measure-
ments, a detection criterion based on the reflectances at 830 nm,
940 nm and 1220 nm could be defined. Finally, the accuracy of this
detection criterion is validated through the classification of a Polish
maize sample.

This section first discusses the fundamental investigation of the
French maize kernels and the reference DON-contaminated maize
powder, with both the 250 mm- and 30 mm-reflection integrating
spheres. Subsequently, the spectral contrast between the low and
high contaminated samples is characterized and quantitatively
evaluated. Finally, the optical classification of the contaminated
Polish maize sample is presented.

3.1. Fundamental investigation of the French and reference DON-
contaminated maize samples

To characterize the optical contrast between the French low and
high contaminated maize samples, we first study the reflection
spectra measured with the 250 mm-reflection integrating sphere.
Of both the low and high contaminated maize sample, 70 Petri
dishes, each containing 15 maize kernels, were measured. The
mean reflection spectra of the Petri dishes with low and high
contaminated maize kernels show a similar shape (Fig. 3a). How-
ever, small intensity differences (<1%) can be observed between
700 nm and 1400 nm (Fig. 3b), in correspondence to the wave-
length region discussed by Pettersson, who obtained the best DON-
detection model between 670 nm and 1100 nm (Pettersson &
Åberg, 2003). Furthermore, when comparing the reflectance
spectrum of the reference DON-contaminated maize powder with
the DON-contaminated maize kernels, the same characteristic
reflectance maxima can be recognized within the NIR part of the
spectrum. The visible part of the spectrum shows a different
reflectance for the reference maize powder than for the maize
kernels. Specifically, a major shape difference can be observed be-
tween 500 nm and 600 nm, where the maize kernels show a
steeper absorption than the reference powder. This difference is
caused by the colour variation between the samples, originating
from their difference in maize variety. Consequently, for the
development of our detection criterion, we mainly focus onto the
NIR region, to avoid spectral differences caused by the various
Fig. 3. Mean reflection spectra of the French maize kernels and the reference DON-contami
NIR spectrum; (b) NIR wavelength range showing the largest spectral contrast between th
maize varieties hampering the detection of the toxin. However,
despite of the perceived reflectance difference, the wavelength
region around 1400 nm is avoided to minimize the influence of
humidity changes onto our sensing methodology (Curcio & Petty,
1951). Keeping in mind that we would like to apply the reflec-
tance differences into industrial detection systems, we are most
interested in the commercial available laserlines. As a result, we
study the reflectances at 830 nm, 940 nm and 1220 nm.

Based on the mean NIR spectra, we study two ratios of re-
flectances to visualize the spectral contrast between the low and
high contaminated sample: the ratio of the reflectances at 940 nm
and 830 nm and the ratio of the reflectances at 1220 nm and
830 nm (Fig. 4). Considering the French batch, a clear deviation
between the low and high contaminated maize sample can be
made (Fig. 4a). Furthermore, when considering the reference DON-
contaminated maize powder, much higher reflectance ratios were
obtained, namely 1.004 ± 0.002 for the ratio of the reflectances at
940 nm and 830 nm and 0.985 ± 0.004 for the ratio of the re-
flectances at 1220 nm and 830 nm (Fig. 4b, c). Generally, we can
observe that higher contamination levels give rise to higher
reflectance ratios. The low contaminated maize kernels show a
larger contrast with the DON-contaminated maize powder than
with the high contaminated maize kernels, as a consequence of the
higher, homogenous contamination of the maize powder.

In the next step, we investigate the reflection spectra of indi-
vidual low and high contaminated maize kernels, measured with
the 30 mm-reflection integrating sphere. Each sample was illumi-
nated at different positions, allowing to monitor the local
contamination differences. Considering the mean reflectance, the
French maize batch and the reference DON-contaminated maize
powder show again similar reflectance maxima in the NIR region
(Fig. 5). To evaluate the local contamination and the spectroscopic
contrast between the samples, we studied the ratios of the re-
flectances at 830 nm, 940 nm and 1220 nm.

Considering the reflectance ratios, a contrast between the low
and high contaminated samples can be identified (Fig. 6). The high
contaminated areas still show the highest reflectance ratios.
However, compared to the first-stage measurements, the reflec-
tance ratios show a much larger variation and a less pronounced
contrast. This larger variation is caused by the local contamination
of the sample. A contaminated maize kernel does mostly not show
a homogenous contamination, resulting in different measured ra-
tios for the various illumination spots. The mean ratio of the
reference DON-contaminated powder, 1.002 ± 0.018 and
0.849 ± 0.062 for the ratio of the reflectances at 940 nm and 830 nm
and the ratio of the reflectances at 1220 nm and 830 nm respec-
tively, is situated in-between the reflectance ratios of the
nated maize powder, measured with the 250 mm-reflection integrating sphere: (a) vis-
e low and high contaminated maize kernels.



Fig. 4. Spectral difference between the French and reference samples, measured with the 250 mm-reflection integrating sphere: (a) contrast between low and high contaminated
maize kernels; (b) ratio of reflectances at 940 nm and 830 nm; (c) ratio of reflectances at 1220 nm and 830 nm.

Fig. 5. Mean reflection spectrum of the French and reference maize samples,
measured with the 30 mm-reflection integrating sphere.
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contaminatedmaize kernels. The high contaminatedmaize kernels,
showing a mean contamination level of 1388 ppb, can locally show
a higher contamination. A high contaminated maize kernel can, for
example, contain a small area with a contamination level larger
than 1840 ppb, while the other part of the maize is non-
contaminated.

To visualize the localized presence of the DON-contamination,
we map the 940 nm/830 nm reflectance ratio on the kernel sur-
face (Fig. 7). Areas inducing a reflectance ratio larger than 1.01 are
indicated as high contaminated, while the other ones are indicated
as low contaminated. The contaminated kernels generally show an
inhomogeneous contamination, implying the presence of one or
more high contaminated areas surrounded by lower contaminated
regions. For example, localized high contaminated areas can be
observed both at the edge and at the centre of the kernel (Fig. 7a
and b respectively). The smaller the illumination light beam on the
kernel surface, the higher the screening resolution and the more
accurate the determination of contaminated regions. To avoid
kernels with localized high contaminated areas entering the food
chain, the local contamination level should be investigated. How-
ever, to date, only the mean contamination of product batches is
monitored by using chemical analyses. When measuring the mean
contamination of a collection of maize kernels, the healthy areas on
the maize kernels decrease the mean contamination level, even in
the presence of a high contaminatedmaize kernel. Consequently, to
avoid that these high contaminated maize kernels enter the food
supply chain, a scanning of the individual kernels is indispensable.

Until now, we qualitatively evaluated the spectral difference
between the low and high contaminated maize kernels, for both
the 250 mm- and 30 mm-reflection integrating sphere measure-
ment configurations. To quantitatively compare the performance of
both measurement setups and to evaluate the differentiating
capability of both reflectance ratios, we studied their class



Fig. 6. Comparison between the reflectance ratios of the French and reference samples, measured with the 30 mm-reflection integrating sphere: (a) ratio of the reflectances at
940 nm and 830 nm; (b) ratio of the reflectances at 1220 nm and 830 nm.

Fig. 7. Inhomogeneous presence of the DON-contamination: (a) maize kernel with a low contamination at the centre and a high contamination at the edge; (b) maize kernel with a
localized high contamination in the centre and edges, separated by a low contaminated area.
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difference. The class difference (D) is a measure for the difference
between the average values (m) of two product groups, taking the
standard deviation (s) and the amount of measured samples (N)
into account (Downie & Health, 1970):

D ¼

���mcontaminated � mhealthy
���ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
contaminated

Ncontaminated
þ s2

healthy

Nhealthy

r (2)

The larger the spectral difference between the low and high
Table 1
Class difference of the two ratios of reflectances, for both measurement configurations.

Configuration Ratio of reflectances Mean ratio l

250 mm-reflection integrating sphere 940 nm/830 nm 0.991 ± 0.00
1220 nm/830 nm 0.937 ± 0.01

30 mm-reflection integrating sphere 940 nm/830 nm 0.979 ± 0.04
1220 nm/830 nm 0.672 ± 0.16
contaminated maize kernels, the larger the class difference
(Table 1). Consequently, the measurements with the 250 mm-
reflection integrating sphere show a larger class difference than the
measurements with the 30 mm-reflection integrating sphere.
However, when considering the mean reflectance ratios, we can
observe that the 30 mm-reflection integrating sphere is also able to
clearly distinguish between low and high DON-contamination
levels. Its lower class difference results from its larger variation,
caused by the varying local contamination levels. Comparing the
class difference of the two ratios of reflectances, we can observe
ow contamination Mean ratio high contamination Class difference

3 0.995 ± 0.004 15.731
0 0.948 ± 0.010 15.086
2 0.984 ± 0.061 4.685
5 0.704 ± 0.192 6.123
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that both ratios show a comparable performance. Generally, we can
conclude that the reflectances at 830 nm, 940 nm and 1220 nm
enable to differentiate between low and high DON-contaminated
maize kernels.

3.2. Validation of the DON detection through classification of a
contaminated maize batch

To validate the classification capability of our diffuse reflectance
measurement setups, we used our developed methodology to
classify the contaminated Polish maize batch into a low and high
contaminated subsample. To obtain an efficient classification, we
first performed a rough pre-classification with the first stage
measurement configuration. Specifically, we measured 50 Petri
dishes of maize, each consisting of 15 maize kernels, with the
250 mm-reflection integrating sphere and calculated their reflec-
tance ratios (Fig. 8a). The Petri dishes with the highest ratios were
classified as high contaminated, the ones with the lowest ratios as
low contaminated (indicated by the black and green circle in
Fig. 8a). The Petri dishes with intermediate ratios were not
considered during this classification process, to maximize the
contrast between the obtained low and high contaminated sub-
samples. Considering the mean spectra of the selected maize Petri
dishes, similar spectral differences as for the French low and high
contaminated samples can be observed (Fig. 8b).

Following, we measured the individual maize kernels of the
selected maize Petri dishes using the 30 mm-reflection integrating
sphere. Studying the measured reflectance ratios, the highest ratios
correspond to the maize kernels of the selected high contaminated
Petri dishes (Fig. 9). Moreover, as with the previous measurements
on the Frenchmaize batch, the two reflectance ratios showa similar
classification performance. However, a large variation on the
reflectance ratios of the low and high contaminated maize Petri
dishes is observed. When the first stage measurement configura-
tion shows a high reflectance ratio, this indicates the presence of
one or more high contaminated maize kernels. Because the
250 mm-reflection integrating sphere measures the mean reflec-
tance of the maize Petri dishes, still different healthy or low
contaminated maize kernels can be present in the high contami-
nated classified Petri dishes. Furthermore, also in the low
contaminated Petri dishes, the presence of localized high contam-
inated areas is still possible, as long as they do not significantly
affect the mean optical spectrum. Consequently, this emphasizes
the importance of a second classification step, based on the mea-
surements of the local contamination.

To obtain a final low and high contaminated subsample of the
Polish maize batch, we classified the maize kernels of the selected
Fig. 8. Classification of the Polish maize batch, based on the 250 mm-reflection integrating s
maize Petri dishes on basis of their localized reflectance ratios.
Considering the selected high contaminated Petri dishes, the maize
kernel was classified as high contaminated when at least one illu-
mination point showed an extremely high reflectance ratio (above
1.03 for the ratio of the reflectances at 940 nm and 830 nm or above
0.80 for the ratio of the reflectances at 1220 nm and 830 nm) or
when three or more illumination points showed a high reflectance
ratio (above 1.00 for the ratio of the reflectances at 940 nm and
830 nm or above 0.75 for the ratio of the reflectances at 1220 nm
and 830 nm). The maize kernels were considered as low contami-
nated if all five measurement points gave a low reflectance ratio
(below 0.99 for the ratio of the reflectances at 940 nm and 830 nm
or below 0.70 for the ratio of the reflectances at 1220 nm and
830 nm). After the application of this classification technique, two
subsamples of 100 g each were obtained, which were chemically
analysed by the CODA-CERVA, the Belgian Reference Laboratory for
Mycotoxins. The executed LC-MS/MS analyses indicated a DON-
contamination of 18184 ppb for the high contaminated subsam-
ple, while a DON-contamination of 654 ppb was obtained for the
low contaminated sample. As a result, these contamination levels
validate our classification technique, based on the reflectance
values at 830 nm, 940 nm and 1220 nm.

Our measurement results clearly indicate the use of diffuse
reflectance spectroscopy as a promising detection technique for the
identification of DON in maize kernels. Moreover, we expect that
our measurement methodology, using the first stage measurement
setup for the determination of the optimumwavelength region and
the second stage measurement setup for the investigation of the
localized contamination, can be extended to other mycotoxins and
food products. Fumonisin (FUM), a second important non-
fluorescent mycotoxin, has already shown characteristic absor-
bances at 1190 nm an 1366 nm (Berardo et al., 2005). Consequently,
the 1100 nme1400 nm wavelength range can be considered as a
promising spectral region to investigate the sensing of FUM-
contaminated products using our detection methodology.

Finally, the commercial availability of the NIR laserlines, optical
filters and sensitive detectors enables the integration of the DON-
detection in practical laser-based screening devices. In contrast to
the current sample-based chemical analyses, our optical classifi-
cation technique may provide an ultra-fast and non-destructive
alternative, usable immediately after the harvest, without pre-
processing or grinding of the food products.

4. Conclusion

We demonstrated the use of diffuse reflection spectroscopy for
the non-destructive detection of deoxynivalenol in individual, solid
phere configuration: (a) reflectance ratios; (b) mean spectra of the selected Petri dishes.



Fig. 9. Comparison of the reflectance ratios of the low and high contaminated Polish maize samples, measured with the 30 mm-reflection integrating sphere, after pre-classification
with the first stage measurement configuration: (a) ratio of the reflectances at 940 nm and 830 nm; (b) ratio of the reflectances at 1220 nm and 830 nm.
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maize kernels. We developed a two-stage measurement procedure,
enabling the characterization of deoxynivalenol in maize kernels.
The first-stage measurement configuration enables the measure-
ment of the reflection spectrum of a collection of maize kernels, by
the use of a large 250 mm-reflection integrating sphere. With the
use of this setup, we defined the optimal illumination wavelengths
(830 nm, 940 nm and 1220 nm) for the deoxynivalenol detection.
Furthermore, it allowed us to define the deoxynivalenol detection
criterion, based on the ratio of the reflectances at 940 nm and
830 nm and the ratio of the reflectances at 1220 nm and 830 nm.
The second-stage measurement configuration enables the mea-
surement of the local contamination of the maize kernels, by the
use of a compact 30 mm-reflection integrating sphere. The
importance of this localized screening is illustrated by comparing
the mean and localized contamination levels. Because the mean
contamination level of a collection of maize kernels often gives a
wrong interpretation of the localized contamination levels, a
localized screening of individual maize kernels is indispensable to
avoid the presence of contaminated products in our food chain and
to minimize economical losses. The optical characterization of a
reference deoxynivalenol-contaminated maize powder validated
our measurement methodology. Furthermore, this measurement
methodology can be extended to other mycotoxins and other food
products, by using the first stage measurement setup for the
determination of the optimum wavelength region and the second
stage measurement setup for the investigation of the localized
contamination on the products. Considering our defined DON-
detection criterion, we validated our methodology by the suc-
cessful classification of a DON-contaminatedmaize batch into a low
and a high contaminated subsample. Consequently, this indicates
the use of reflection spectroscopy as a promising, non-destructive
detection technique for the identification of deoxynivalenol in
maize kernels, paving the way to a real-time, in-line industrial
detection.
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