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Summary The aim of this research was to assess the contents of mineral elements in oat flour
using laser-induced breakdown spectroscopy (LIBS) that was integrated with iterative
discrete wavelet transform (IDWT) algorithm. By using LIBS in the IDWT domain, the
effects of low-frequency baseline and high-frequency noise on LIBS signals were greatly
suppressed. The IDWT-LIBS is thus capable of accurately quantifying mineral elements in
the presence of an uncontrolled matrix of oat flour. To validate the IDWT-LIBS method,
oat samples with various Ca, Mg, and K concentrations were measured, and their cha-
racteristic signals were linearly dependent on their concentrations, with an R? being
above 0.98. The limits of detection of these elements were determined as 20 ppm. The
results obtained by LIBS were in reasonable agreement with those obtained by inductive-
ly coupled plasma optical emission spectroscopy (ICP-OES), indicating that IDWT-LIBS is a
promising tool for the real-time quantification of mineral elements in oat flour samples.
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Introduction

Cereal grains represent an essential source of nourish-
ment and has been considered as one of the most import-
ant sources of calories for humans for a long time(Awika,
2011). Cereal groups provide appropriate amounts of es-
sential nutrients and form an important part of a balanced
diet (Dewettinck et al., 2008; Poutanen, 2012). About 70 %
of the recommended daily intake of mineral elements can
be satisfied by daily consumption of food products contai-
ning 200 g of wholemeal flour (Hussain et al., 2010).

Among cereals, oats are considered as a good source
of fibre and have a well-balanced nutritional composition,
such as high percentage of lipids, especially unsaturated
fatty acids, minerals, vitamins, and phytochemicals (Head
et al., 2010). Due to their beneficial health effects, such as
lowering blood glucose and cholesterol levels, they have
gained considerable interest as a health food (Rasane et
al., 2015; Whitehead et al., 2014).

Among these nutrients, mineral elements play vital
roles. The daily consumption of mineral elements is neces-
sary for the proper functioning of the human body. They
are structure-forming elements (macro elements) and par-
ticipate in the regulation of biochemical processes (micro-
elements) (Barczak et al., 2006). For example, potassium
(K)decreases risks of stroke, lowers blood pressure, pro-
tects against loss of muscle mass, preserves bone mineral
density, and reduces the formation of kidney stones. It also
plays an important role in the 3-cells of the endocrine pan-
creas for insulin secretion. In the past years, the collective
evidence from epidemiological studies suggests that lower
intake of potassium or serum potassium levels are associa-
ted with a higher risk for type 2 diabetes (Chatterjee et al.,
2011). It is considered as an essential mineral that parti-
cipates in intracellular osmolality and plays an important
role in the resting membrane potential (Ekmekcioglu et
al., 2016). While calcium (Ca) is the richest mineral in the
body and it is responsible for developing and maintaining
healthy bones and teeth (Fairweather-Tait & Cashman,
2015). Ca also reduces the risk of cardiovascular disease by
decreasing the level of cholesterol in the blood (Bostick et
al., 1999). Magnesium (Mg) is responsible for the activation
of an enzyme alkaline phosphatase that forms new calcium
crystals in bones, and many other enzymes function in the
replication of DNA and the synthesis of RNA. It is also
involved in bone metabolism, muscle and nerve function,
control blood glucose, and also regulates blood pressure
(Fairweather-Tait & Cashman, 2015; Rodriguez-Moréan
et al., 2012). All these elements have their own unique
roles and functions and are required by the body in small
amounts for a variety of different functions.

A number of traditional laboratory methods are used
to quantify mineral elements present in different kinds of
food, and some of them are officially approved by different
organizations such as AOAC International, ISO and the
European Nordic Committee (NMKL). These traditional
methods include flame atomic absorption spectrometry
(FAAS) (Ja'kobsone et al., 2015; AOAC 985.35, AOAC
999.10, NMKL 161:1998), inductively coupled plasma ato-
mic emission spectrometry (ICP-AES) (Yang et al., 2012;
AOAC 2011.14, ISO/CD 15151), inductively coupled plas-
ma optical emission spectrometry (ICP-OES) (Kan, 2015;
ISO 11885: 2007, AOAC 984.27), and atomic absorption
spectrometry (AAS) (Ciolek et al., 2012; AOAC 972.25).
However, a large amount of sample is required for these
methods and a pre-treatment procedure is generally ne-

cessary, which converts the solid sample into an aqueous
homogeneous solution. In addition to the time-consuming
procedure, a strictly controlled laboratory environment is
also required to reduce contamination. Moreover, most of
the instruments and equipment used in these techniques
are very expensive, increasing the overall cost. Therefore,
the development of a rapid and accurate method for mine-
rals quantification in cereals has become highly desirable.

Laser-induced breakdown spectroscopy (LIBS) offers
a potential alternative. It has many advantages over other
existing analytical techniques, such as minimal or no sam-
ple preparation, high throughput, small sample quantity,
and multi-elemental detection capability (Ferreira et al.,
2010). LIBS analyses a sample by detecting the emission
of plasma generated by laser ablation, providing an imme-
diate spectral fingerprint of its elemental compositions. In
LIBS equipment, a laser pulse with high power density is
focused on a target material for less than a nanosecond, re-
sulting in a high-temperature plasma via vaporizing a small
portion of that target (Zheng et al., 2014). LIBS offers a
strong capability of rapidly detecting elemental contents
in different kinds of samples, such as solid, liquid, gas, or
aerosol specimens(Chen et al., 2020; Eseller et al., 2010;
Zhang et al., 2019).

In the present study, we demonstrated that LIBS can be
used for quantifying of mineral elements such as Ca, Mg,
and K in oat. The signal intensities of the atomic emission
lines related to these elements were linearly proportional
to their concentrations. After obtaining the calibration cur-
ves, the concentrations of minerals in raw oats as well as
those with additions were also obtained, and the predicted
concentrations agreed very well with the actual values. The
results obtained by LIBS spectroscopy also agreed very
well with those provided by ICP-OES analysis, demonstra-
ting that LIBS is a simple and rapid analytical technique for
minerals quantification in cereals and will find wide appli-
cations in food industry.

Materials and methods

Sample preparation for LIBS measurements

A total of 35 samples of five different brands of oat were used
in the present work. The packaged oats of different brands
were purchased from a local market in Tianjin, China. The
grains were ground into powder using grinder (Midea, Fos-
han, China); the powder was then sieved using a mesh with
a mesh size of 75 um. The powdered sample was made into
pellets by a hydraulic machine. For each sample, 1 g of pow-
der was placed into the stainless steel die with a diameter of
12 mm and pressed at 30 tons of force for 2 min. The resulted
pellets had a thickness of 5 mm and a diameter of 12 mm.
To study the dependence of signal intensity on Ca, Mg and
K concentrations, different amounts of potassium, ranging
from 5 to 50 mg per pellet, and calcium and magnesium, ran-
ging from 2 to 15 mg per pellet, were also added into the
powder prior to pellet preparation. To make sure that the
addition is uniform, potassium chloride, calcium chloride,
and magnesium sulphate were mixed with the oat powder
gently for 1 minute using a glass rod, followed by sonication
for 5 minutes. All experiments were carried out with three
independent sample preparations to give statistical results.

ICP-OES analysis
In this work, we used ICP-OES as a reference method to
validate the performances of LIBS. To prevent contami-

Die Inhalte sind urheberrechtlich geschitzt. Eine Weitergabe an unberechtigte Dritte ist untersagt.



Ausgabe flr imr:livelyzachary

Die Inhalte sind urheberrechtlich geschitzt. Eine Weitergabe an unberechtigte Dritte ist untersagt.

Journal of Food Safety and Food Quality 72, Heft 4 (2021), Seiten 109-138 1 33
The contents are protected by copyright. The distribution by unauthorized third parties is prohibited.
nation during sample preparation, all glassware and (@) (b)
polypropylene flasks were washed and soaked in 3000 200 =
10 % (v/v) HNO, for 24 h, after which they were 30001 - Mn
rinsed with deionized water and dried naturally. To |2 E 2009 | zn
prepare the samples for ICP-OES, 100mg of oat |3 2000 2z Mg “Call
sample was placed in a Teflon microwave vial; 6.0 £ § 100+ | ' Ca
mL of nitric acid and 1.0 mL of ultra-pure water é 10001 i= 1
were added. A cavity microwave oven (TOPEX+, |~ gl Il % L‘L . lll o
Shanghai, China) was used for sample decomposi- 200 300 400 500 600 700 800 280 285 400 420
tion. All experiments were carried out with three (czooo Wavelength (nm) (‘3'4)000 Wavelength (nm)
replicates. :

The samples were analysed using a PQ9100 ~ 7504 H1 | —3000
(Analytik Jena AG, Germany) inductively coupled K 3
plasma optical emission spectrometer (ICP-OES). £ 5001 22000 e
The sample introduction system consisted of a con- g - g
centric nebulizer with a double-pass cyclonic spray E 2501 [Na i E 10004
chamber. The settings used in this work were as ol ol
follows: 1.2 kW radio frequency power, 12 L min™! 590 600 610 660 740 745 770 780
plasma flow rate, 0.5 L min™ nebulizer flow rate, 0.5 Wavelength (nm) Wavelength (nm)

L min™! auxiliary flow rate, and 0.5 mL min~' sample
flow rate.

LIBS analysis

Figure 1 shows a schematic diagram of the LIBS setup,
which consisted of a laser source, focusing and collection
optics, a translation stage, and a multi-channel spectrome-
ter. A Nd: YAG laser source (LIBSLAS200MJ, Big Sky
Laser Technologies) was used to generate plasma emis-
sion in the oat samples. The Q-switched Nd: YAG laser
was operated at the fundamental wavelength of 1,064 nm.
The pulse energy was 50 mJ, with the pulse duration and
repetition rate being 9.5 ns and 10 Hz, respectively. The
laser beam was focused onto the pellet’s surface by a lens
with a focal length of 75 mm to produce ionized plasma. A
7-channel spectrometer (Ocean Optics, Florida, US) was
used to record the plasma emission spectrum. The spec-
trometer had a spectral resolution of 0.1 nm (FWHM) and
covered a wavelength range of 200 to 800 nm.

For each pellet, 30 locations on its surface were ran-
domly selected for LIBS measurement to account for the
non-uniformity of the mixtures. A translation stage was
used to move the sample without altering the laser focusing
on the sample’s surface. All experiments were carried out
with three replicates (n=3) at each concentration of Ca, Mg
and K. As aresult, a total of 90 LIBS spectra were collected
at each concentration, the spectra were then averaged to

FIGURE 2: (a) A typical LIBS spectra of oat samples.(b—d) The spectrum

display in different wavelength ranges for better visualization.

take in account the fluctuations in laser pulse energy, the
roughness of the sample surface as well as the non-unifor-
mity of the mixtures.

Iterative discrete wavelet transform (IDWT)

To remove the low-frequency baseline and the high-
frequency instrumental noise in the LIBS spectral data,
an iterative discrete wavelet transform (IDWT) algorithm
was used (Galloway et al., 2009; Tan et al., 2017). Sym5
was used as the wavelet basis, and all spectra were firstly
decomposed into 9-level components that contain 8 detail
components and 1 approximate component. The negative
amplitudes of the spectra were removed, and the lowest
and highest frequency components were discarded. The re-
sulted spectra were used as the input of the next iteration,
and this process was repeated until the arithmetic square
root of the squared sum of the differential spectrum bet-
ween two successive iterations was less than 0.1% of the
spectrum’s total energy. The IDWT algorithm overcomes
the drawback of a traditional DWT that usually produces
signal distortion and negative amplitudes (Zhang et al.,
2019).

Results and discussion
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As we have discussed above, mineral elements such
as Ca, Mg, and K are important for human health,
this research is therefore focused on the quantita-
tive analysis of these elements in oats. Figure 2(a)
represents a typical LIBS spectrum of an oat sample
without the addition of these elements. The spec-
trum was averaged over 90 laser shots, and the base-
line and high-frequency noise had been removed by
IDWT, as detailed in Materials and Methods. The

lasma different wavelength ranges of the spectrum are
Sample also shown in Fig. 2(b—d) for better visualization, in
[ig{ which several mineral elements such as K, Ca, Mg,

Mn, Na, and Zn, display observable plasma emissi-
ons. These elements were detected simultaneously
by taking the advantage of that the atomic emissions

FIGURE 1: Optical setup of LIBS System for the analysis of mineral ele-

Ausgabe fur imr:livelyzachary

ments in oat.

have very narrow spectral widths and a high-reso-
lution (<0.1 nm) spectrometer was used for LIBS
recording.
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To measure the amounts of these ele-
ments presented in oats, the relationship
between the LIBS intensities of these ele-
ments and their concentrations must be de-
termined. For this purpose, we measured the
LIBS of the oat samples by adding different
amounts of Ca, Mg, and K. The spectra of
the oat samples with different amounts of
Ca, Mg, and K addition are shown in Fig. 3.
As can be seen, the higher are the concen-
trations of Ca, Mg, and K, the stronger are
the peak intensities at their specific wave-
lengths. To quantitatively describe the de-
pendences of the LIBS spectral signals on
the elemental concentration, we calculated
the peak intensities of their characteristic
emission lines. Since these element usually
have more than one emission lines, the lines
that have highest sensitivities and linearity 1000 1
were regarded as the most effective spectral .
lines for elemental quantification. According 6 0" 90" 80 45 59
to the Atomic Spectra Database (ASD) of K Congentration (mg/g)
National Institute of Standards and Techno-
logy (NIST), the peaks located at 422.673
nm, 285.213, nm and at 766.57 nm are assig-
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FIGURE 4: (a) Peak intensity at 422.673 nm as a function of the calcium con-
centrations, (b) Peak intensity at 285.213 nm as a function of the
magnesium concentrations, and (c) Peak intensity at 766.57 nm as a

ned to calcium, magnesium, and potassium,
respectively. These peaks were then selected
for quantifying the calcium, magnesium, and
potassium contents in oats.

Figure 4 shows the peak intensities at these wavelengths
as a function of the added calcium, magnesium, and potas-
sium concentrations. Obviously, the emission intensities of
these specific lines were linearly proportional to the added
concentrations, demonstrating that LIBS is a quantitative
analytical method for mineral elements characterization.
The R? of the linear regression was higher than 0.98. The
linear fitting of the experimental data is not crossing the
origin, indicating that the raw oat powder contains Ca, Mg
and K, and their concentrations can be determined by the

function of the potassium concentrations.

intercepts of their regression lines on the negative x-axis
(Haider et al., 2010).

The concentrations of Ca, Mg, and K were also deter-
mined by ICP-OES to validate the LIBS method, and the
experimental data are listed in Table 1. As shown, the re-
sults obtained by LIBS were in good agreement with those
obtained by ICP-OES, proving that LIBS technique is a
good alternative to ICP-OES for the determination of mi-
neral elements in oat flour samples without sample pre-tre-
atment procedures. The limits of detection (LOD) of these
elements were also determined by using the calibration

curve method. It is defined as the minimum

(a)

amount of analytes that can be detected. The
LODs of Ca, Mg and K in oat powder can be
calculated using the following equation(Gui-

Intensity (a.u.

deline, 2005),
LOD = (3.38 )/s,
where S is the standard deviation of back-

Intensity (a.u.)

ground noise near the peaks and s represents

the slopes of the calibration curves. By using

this equation, the LODs of these mineral

422 423
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>

(=3

o
Intensity (a.u.)

7 70
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elements were determined as 20 ppm.

With the calibration curves in hand, the LIBS
system then can be used for quantifying the
concentrations of mineral elements in diffe-
rent oat samples. We prepared blind samples
with various mineral elements concentrations,
acquired their LIBS spectra, and then predic-
ted their concentrations using the calibration
curves. Figure 5 shows the concentrations of
Ca, Mg, and K predicted by LIBS spectrosco-
py versus their actual concentrations (scatters).
The actual concentrations are also plotted as a
function of themselves (red solid lines) to show
the differences between predicted and actual

FIGURE 3: LIBS spectra of oat samples at different added concentrations of (a)

Ausgabe fur imr:livelyzachary

calcium, (b) magnesium, and (c) potassium.

values. It is obviously that all the scatters al-
most fall on the lines; the minor differences

Die Inhalte sind urheberrechtlich geschitzt. Eine Weitergabe an unberechtigte Dritte ist untersagt.



Ausgabe flr imr:livelyzachary Die Inhalte sind urheberrechtlich geschitzt. Eine Weitergabe an unberechtigte Dritte ist untersagt.
Journal of Food Safety and Food Quality 72, Heft 4 (2021), Seiten 109-138 1 35

The contents are protected by copyright. The distribution by unauthorized third parties is prohibited.

between them may be due to the errors in the
sample preparation and the data acquisition. mined by ICP-OES and LIBS.

It indicates that the predicted conceqtrations sample ICP-OES LIBS

of Ca, Mg, and K are very close to their actual Ca Mg K Ca Mg K

TABLE 1: Ca, Mg, and K concentrations in different brands of oat, as deter-

values. The results suggest that LIBS spectro- (mg/kg)  (mg/kg)  (mg/kg) (mg/kg)  (mg/kg)  (mg/kg)

scopy can be used as an alternative analytical ., S53:76a 9168 3103+425 520411 1509414 34494136

method to the traditional methods for rapidly

quantifying the concentrations of mineral ele- Band2 30743 670221 3016+38 302223 811165 2762278

ments presented in oats. Brand 3 35645 8014 351444 386221 83580 4267+230
Brand 4 657110 926118 343760 689+31 13524180 3567+189
Brand 5 66914 1188+20 3481156 676+21 189776 3999+257

Conclusion

?) All values are means + SD of data

In this study, LIBS was implemented for the
quantification of calcium, magnesium, and potassium as
well as other mineral elements in oat samples. It is found
that different oat brands used in this study contain a large
number of mineral elements. It is also observed that the
effects of low-frequency baseline and high-frequency noise
on LIBS signals were greatly suppressed by using LIBS in
IDWT domain. The intensities of the characteristic emissi-
on lines related to mineral elements were linearly proporti-
onal to their concentrations. The concentrations of Ca, Mg,
and K determined from the calibration curves were in a
good agreement with those obtained by the ICP-OES mea-
surements. The LIBS spectroscopy was then used for the
measurement of blind oat samples, and the predicted con-
centrations of the mineral elements were also very close
to their actual values. It should be noted that the calibrat-
ion procedure has to be done with each LIBS system when
applied to quantification of mineral elements in oats. The
limit of detection of the proposed model was determined
as 20 ppm, which is also appropriate for the determination
of the concentrations of Ca, Mg, and K in the commercially
available cereals. The results reported here show that LIBS
is a very promising technique for mineral quantification in
oat and other cereals and can be used as an alternative to
other laboratory analytical methods in the food industry.
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