@I3I0JIOTIA POCJIHH I TEHETHKA. 2021. T. 53. Ne 4

https://doi.org/10.15407 /frg2021.04.279
UDC 633.15:577.34:58.087

THE INFRARED SPECTRUM OF THE ULTRA QUALITY MAIZE
HYBRID PREFERABLE FOR HUMAN CONSUMPTION:

THE IDENTIFICATION OF ORGANIC MOLECULES AND EXCITED
STATE OF FUNCTIONAL GROUPS IN SPECTRAL BANDS OF

THE KERNEL, ENDOSPERM, PERICARP AND THE GERM

C.N. RADENOVIC!2, G.V. MAKSIMOV3, D. BAJUK BOGDANOVI(C?, J. HAO,
M.M. RADOSAVLJEVIC!, N.S. DELIC!, Z.F. CAMDZIJA!

!Maize Research Institute, Zemun Polje

1 Slobodana Bajica, Belgrade, 11185, Republic of Serbia

2University of Belgrade, Faculty of Physical Chemistry

Studenski trg 12-16, Belgrade, 11000, Republic of Serbia

3Lomonosov Moscow State University, Faculty of Biology

1-12 Leninskie Gory, Moscow, 119991, Russian Federation

4Shenzhen MSU-BIT University

299 Ruyi Road, Longgang District, Shenzhen, Guangdong, 518172, Peoples
Republic of China

e-mail: radenovic@sbb.rs

Results on the studies of kernels and their structural parts: endosperm, pericarp and
the germ of the maize hybrid ZP 633 that is very desirable for human consump-
tion are presented. For the first time, the method of infrared spectroscopy was
apply to record and study all spectral bands (of very high, high, low and very low
intensity) of the infrared spectrum of maize hybrid kernels, endosperm, pericarp
and the germ. Based on performed studies it can be stated that infrared spectra of
maize hybrid kernels, endosperm, pericarp and the germ are characterised by all
their spectral bands and several parameters: number, intensity, kinetics and the dis-
tribution of the site of origin in the wavenumber range of 400—4000 cm™!. These
parameters were particularly observed for both kernels and their parts (endosperm,
pericap and the germ). Spectral bands of very high and high intensity are also cha-
racterised by the stated parameters: the number that usually ranges from 3 to 35,
intensity, various kinetic forms, as well as the distribution of their origin within the
wavenumber range. These spectral bands make possible the identification of orga-
nic compounds, their fragments and molecular structures that determine them. In
case of spectral bands for the kernel, endosperm, pericarp and the germ with very
high and high intensity, organic compounds can be identified as: proteins, lipids,
sugars, esters, amides, ketones, aldehydes, carboxylic acids, ethers, phenols, alco-
hols, aromatic carbohydrates, acyclic compounds, alkenes, alkanes, and alkynes.
Spectral bands of the kernel, endosperm, pericarp and the germ of low and very
low intensity are also characterised by the stated parameters: the number that can
differ, low intensity, the distribution of sites of their origin, and especially the fre-
quency of vibrations of valence bonds of functional groups of organic molecules.
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Spectral bands of the kernel, endosperm, pericarp and the germ of low and very
low intensity, also provide the possibility to identify the excited state of molecular
structures and valence bonds of functional groups of organic compounds. The
excited state of molecular structures and valence bonds of functional groups of
organic compounds is expressee in different forms of vibration movements: sym-
metric and asymmetric valence vibration (stretching), deformation vibration of
valence bonds and molecular structures (scissoring), rocking of valence bonds and
molecular structures (rocking), wagging of valence bonds and molecular structures
(wagging), twisting of valence bonds and molecular structures (twisting), trembling
of valence bonds and molecular structures (trembling).

Key words: Zea mays L., hybrid, kernel, pericarp, endosperm, germ, infrared spec-
trum, spectral band, organic molecule, functional group, excited state, vibration of
chemical bonds.

Today’s comprehension of modern biophysical and biophysical-chemical
studies of plant systems necessarily implies the inclusion of the method of
infrared spectroscopy. This essentially provides the breakthrough in the
diagnosis of the state and the function of individual plant organs at the
molecular level. By the application of infrared spectroscopy, particularly
with the up-to-date techniques, it is possible to identify the vibration cha-
racteristics of organic compounds, their fragments and functional groups
that originate from the oscillation of chemical bonds of functional groups
of organic compounds and vibrations within them. Its successful applica-
tion provides a number of other relevant results. Of these, the identifica-
tion of organic compounds, the structure of organic molecules, their pro-
perties and other parameters depending on the distribution of spectral
bands along the wavenumber, stand out. In addition, the results on the
nature, quality and a vital function of plant organs that have been increas-
ingly studied, are important [1—6].

The aim of this study was to develop the methodology for analyses of
all spectral bands of very high, high, low and very low intensity, of diffe-
rent shapes and kinetics and the distribution of sites of their origin, in order
to identify not only organic compounds, but also functional groups, and to
determine the nature of their excited state in the maize hybrid kernel,
endosperm, pericarp and the germ.

Materials and Methods

Plant material. Kernels of high yielding, chemically enriched and out-
standing quality maize hybrid ZP 633, were used as a material for studying
infrared spectra and all spectral bands of different properties: intensity,
kinetics and the site of origin. This hybrid is also very suitable for human
consumption (standard for nutrition of children, elderly, and in certain
cases athletes) [7]. The outstanding quality maize hybrid ZP 633 has been
developed at and is the property of the Maize Research Institute, Zemun
Polje, Belgrade, Serbia.

Moreover, the structural parts of the maize hybrid kernels,
endosperm, pericarp and the germ were used in the studies (Fig. 1). The
method of their separation from the kernels was done under laboratory
conditions [8], and it was expressed in percents [9]. It was determined that
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Fig. 1. The outstanding quality maize hybrid ZP 633 and the structural parts of its kernels:
endosperm, pericarp and germ

kernels of the maize hybrid ZP 633 contained 83.80 % endosperm, 11.14 %
germ and 5.06 % pericarp.

Agronomic, morphological, chemical and physiological traits of this
hybrid, including its relevant breeding and seed production properties, were
described more detail in the [7].

Methods. The method of infrared spectroscopy applied to the kernels
of maize hybrid, as well as to their parts: endosperm, pericarp and the
germ, includes spectrophotometers used in the infrared spectrum region. In
principle, they do not differ from spectrophotometers in the ultraviolet-vi-
sible spectrum. Specificities exist in the performance of operations of spec-
trophotometers. Possible differences can occur in the radiation sources, the
nature of samples, the principle of the radiation absorption, as well as the
use of different thermal and photo-detectors [10, 11].

In recent times, a special type of spectrophotometers, based on the
principles of interferometry has been used. Interferometers do not produce
the spectrum itself, but an interferogram, which is then processed by a
computer into a common spectral shape. This is co-called Fourier trans-
formation, and hence the name Fourier Transform Spectroscopy (FTS).
These devices are especially suitable for the use in the far-infrared region
and are characterised by good resolution [3, 5].

In order to record the infrared spectrum of the observed maize hybrid
kernels, endosperm, pericarp and the germ was done by the use of the
ATR-FTIR spectra. They were recorded in an ATR compartment con-
nected to a Thermo Scientific Nicolet iIS10 FT-IR spectrometer. Spectra
were recorded as an average of 64 scans with 4 cm™! resolution within the
range of 4000—525 ¢cm~!. Diamond was used as the ATR-reflecting ele-
ment. A background spectrum was taken prior to each sample, using the
same settings as for the sample acquisition but with a completely clean
stage.

Thirty kernels of the observed hybrid were selected by the method of
random sampling. In order to record the infrared spectrum of maize ker-
nel samples and its parts (endosperm, pericarp and germ), kernels were
ground and homogenised. Dried sample (1—10 mg) was placed upon the
crystal stage of the instrument, ensuring that the entirety of the crystal was
covered. In order for the ATR to resemble reference transmission spectra,
advanced ATR correction implemented in the Omnic 9.0 software
(ThermoScientific, USA) was applied. A refractive index of 1.5 was used
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for all the samples. The instrument stage was cleaned with ethanol and
dried between samples.

Technical tips. The primary processing of infrared spectra was done by
the program package OriginPro, 2017 (OriginLab Corporation, USA).

The calculations were performed using the Microsoft software package
Excel 2013 (Microsoft Corporation USA).

The majority of statistical programs were performed using the software
package Statistica, vers. 10 (StatSoft, Inc, USA).

Results and Discussion

Infrared spectrum of kernels of the maize hybrid ZP 633. Kernels of the stu-
died high yielding, chemically enriched and outstanding quality maize
hybrid, that is also highly desirable for human consumption, were
homogenised and prepared to record the infrared spectrum with all spec-
tral bands.

In general, the observed infrared spectrum of kernels of the maize
hybrid ZP 633 is characterised by all its 24 spectral bands, which differ
from each other in the intensity, kinetic forms and range (400—
4000 cm™!). The intensity of spectral bands of kernels of the maize hybrid
can be (cm™!): very high (3298, 2925, 1648, 1016), high (1745, 1150, 1077),
low (2854, 1540, 1457, 766) and very low (3011, 2162, 1980, 1415, 1364,
1341, 1241, 1211, 930, 863, 711, 607, 576) (Fig. 2, Tables 1 and 2).

Spectral bands of very high and high intensities have been initially
observed in our studies [3—5]. However, in this study, in addition to these
intensities, spectral bands of low and very low intensities, individual or
grouped and often of complex nature, were also recorded in the infrared
spectrum of kernels of the maize hybrid ZP 633. Such spectral bands have
not been mentioned in the literature nor studied. Due to it, besides very
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Fig. 2. Infrared spectrum of kernels of the maize hybrid ZP 633 with all spectral bands
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TABLE 1. Properties of spectral bands of infrared spectra of kernels of the maize hybrid ZP 633 and
their structural parts: endosperm, pericarp and the germ

Spectral bands of

Spectral bands of kernels of

Sequence kernels of very high and low and very low intensit
of high intensity provide . Ty low NSty
. Spectral band | Wave number . . - provide the identification of
recording | : s the identification of . .
intensity (%) (cm™") . excited state of functional
spectral classes of organic . .
. groups — forms of vibrations
bands molecules (or organic £ val bond:
compounds) of valence bonds
1 2 3 4 5
Features of spectral bands of kernels of maize hybrid ZP 633
1 20.0 3298 Alkanes, - Symmetric and asymmetric
2 0.4 3011 alkenes, valence vibration (stretching),
_alkynes, - Deformation vibration of
3 11.0 2925 acyclic compounds,  y,jence bonds and molecular
4 1.9 2854 aromatic lcailbc;hydrates, structures (scissoring),
alcohols, .
5 0.2 2162 phenols, - Rocking of valence bonds
ethers and molecular structures
6 0.2 1980 amines’ (rockjng)’
7 5.2 1745 nitro compounds, - Wagging of valence bonds
g 6.2 1648 aldehydes, and molecular structures
; X '7 1540 ket(?crlles, (wagging),
. amides, - Twisting of valence bonds
10 0.2 1457 esters, and molecular structures
1 0.2 1415 ps;é%girrsl’s, (twisting),
lipids - Trembling of valence bonds
12 0.2 1364 carboxylic acids and molecular structures
13 0.2 1341 (trembling)
14 0.1 1241
15 0.2 1211
16 2.4 1150
17 6.2 1074
18 8.9 1016
19 0.2 930
20 0.3 863
21 0.2 766
22 0.2 711
23 0.2 607
24 0.2 576
Features of spectral bands of kernel endosperms of maize hybrid ZP 633
1 18.1 3284 Alkanes, - Symmetric and asymmetric
) 5.8 2925 a{ienes, valence vibration (stretching),
’ alkynes, - Deformation vibration of
3 60 1646 acyclic compounds, yaience bonds and molecular
4 11 1534 aromatic carbohydrates, structures (scissoring),
: alcohols,
5 0.2 1413 phenols - Rocking of valence bonds
’ ethers ’ and molecular structures
6 0.6 1452 amines, (rocking),
7 0.2 1249 nitro compounds, - Wagging of valence bonds
aldehydes, and molecular structures
8 8.0 1208 ketones, (wagging),
9 0.2 1149 amides, - Twisting of valence bonds
10 6.0 1075 s(,ﬁg;l;ss, and molecular structures
1 10.1 1014 proteins, (tvistine).
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Continuation of TABLE 1

1| 2 3 4 | 5
12 0.2 1000 lipids, - Trembling of valence bonds
carboxylic acids and molecular structures
13 0.2 924 (trembling)
14 1.0 857
15 0.6 768
16 0.2 696

Features of spectral bands of kernel pericarps of maize hybrid ZP 633

1 14.0 3343 Alkanes, - Symmetric and asymmetric
) 51 2921 aﬁenes, valence vibration (stretching),
alkynes, - Deformation vibration of
3 0.2 2846 alcohols, valence bonds and molecular
4 50 1734 pgi%?is’ structures (scissoring),
5 21 1644 amines’ - Rocking of valence bonds
’ ; and molecular structures
6 1.1 1517 adehydes, (rocking)
. ketones, rocking),
7 0.2 1423 amides, - Wagging of valence bonds
esters, and molecular structures
8 1.1 1378 sugars, (wagging),
9 0.2 1329 prlqtc?(lins, - Twisting of valence bonds
1pids and molecular structures
10 2.4 1241 (twisting),
11 3.1 1157 - Trembling of valence bonds
12 0.2 1073 and molecular' structures
(trembling)
13 4.0 1037
Features of spectral bands of kernel germs of maize hybrid ZP 633
1 9.1 3302 Alkanes, - Symmetric and asymmetric
5 6.1 3009 aillzenes, valence vibration (stretching),
alxynes, - Deformation vibration of
3 8.0 2932 alcohols, valence bonds and molecular
4 6.0 2858 peht?l?gis’ structures (scissoring),
5 128 1747 amines’ - Rocking of valence bonds
) aldehyde;s and molecular structures
6 6.0 1649 ketones’ (rOCking)a
7 0.6 1544 amides, - Wagging of valence bonds
6 p esthers, and molecular structures
8 3. 1460 sugars, (wagging),
9 0.2 1423 proteins, - Twisting of valence bonds
lipids and molecular structures
10 0.2 1397 (twisting),
11 0.2 1374 - Trembling of valence bonds
12 1.6 1241 and molecular. structures
(trembling)
13 0.2 1157
14 0.4 1100
15 0.2 1075
16 0.4 1045
17 0.3 996
18 0.6 930
19 0.2 852
20 0.2 719

*Sources: [12], [13], [11], [14].
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TABLE 2. Types of vibrations of valence bonds and molecular structures of functional groups of
organic compounds in low and very low intensity spectral bands in kernels, endosperms, pericarps and
germs of the maize hybrid ZP 633

Wave number, cm™"* Types of vibrations of valence bonds of
Kernels Endosperm | Pericarp Germ functional groups of organic molecules
3298 3284 3343 3302 Alcohols (O-H),
amines (N-H), (C-H),
3011 2925 2921 3009 alkynes (C=N, C=C),
ketones (=C=0),
2925 1646 2846 2932 alkenes (C-C),
2854 1534 1734 2858 ester (O-CH,-),
lipids (C=0),
2162 1413 1644 1747 carbonyl group (C=0) (ester),
amides (N-CH,—, -CO-N=),
1980 1452 1517 1649 nitrogen-hydrogen eroup (—NH-),
1745 1249 1423 1544 primary amines (-CONH,),
carboxylic acids (-CO,H),
1648 1208 1378 1460 imides (-CO-N-CO-),
acid chlorides (-COCI),
1540 1149 1329 1423 nitrites (C=N),
1457 1075 1241 1397 amides (N-CH,-),
carbonyl group (C=0) (amide),
1415 1014 1157 1374 aliphatic carbon-hydrogen bond,
1364 1000 1073 1241 aldehydes (-CHO)
1341 924 1037 1157
1241 857 - 1100
1211 768 - 1075
1150 696 - 1045
1074 - - 996
1016 - - 930
930 - - 852
863 - - 719
766 - - -
711 - - -
607 - - -
576 - - -

*Sources: [11], [13], [14].

high and high intensity spectral bands, the attention in this study was also
paid to low and very low intensity spectral bands and bands with specific
kinetic forms (Fig. 2, Tables 1 and 2).

Infrared spectrum of kernel endosperms of the maize hybrid ZP 633. The
endosperm of the maize hybrid kernels, having been extracted and
homogenised by the laboratory procedure, was ready for recording the
infrared spectrum with all spectral bands.

The recorded spectral bands of kernel endosperms of the maize
hybrid, in comparison with spectral bands of kernels of this hybrid, differed
in the kinetic form, intensity and their origin. Thus, the intensity of
endosperm spectral bands can be (cm™!): very high (3284, 2925, 1646, 1208,
1461, 1014), high (1534, 854, 768), low (1413, 1352, 1249) and very low
(1534, 1413, 1352, 1208, 1000, 924, 768, 695) (Fig. 3, Tables 1 and 2).
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Fig. 3. Infrared spectrum of kernel endosperms of the maize hybrid ZP 633 with all spectral
bands

Infrared spectrum of kernel pericarps of the maize hybrid ZP 633. Kernel
pericarps of the maize hybrid were prepared according to the identical pro-
cedures as those applied in endosperms.

The intensity of spectral bands of kernel pericarp of the maize hybrid
ZP 633 ranges from very high (3343, 2921, 1734 and 1241cm™"), over high
(2846, 1644, 1241, 1157 and 1037cm™'), and low (1517 and 1376 cm™!) to
very low (1423, 1329 and 1073 cm™!) (Fig. 4, Tables 1 and 2).
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Fig. 4. Infrared spectrum of kernel pericarps of the maize hybrid ZP 633 with all spectral
bands
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Infrared spectrum of kernel germs of the maize hybrid ZP 633. Prior to
recording the infrared spectrum, kernel germs of the maize hybrid were
prepared according to the identical procedures as those applied in
endosperms and pericarps. Large differences are immediately noticeable, in
terms of intensity, origin and kinetics of the spectral bands of maize hybrid
kernel germs.

The intensity of spectral bands of kernel germs of the maize hybrid
was (cm™!): very high (3302, 2932, 2858, 1747, 1649, 1544), high (3009,
1544, 1241), low (1374, 1241, 1157, 1045) and very low (1460, 1423, 1397,
1374, 1100, 1075, 1045, 996, 930, 852, 719) (Fig. 5, Tables 1 and 2).

As already stated, spectral bands of very high and high intensity of the
maize hybrid ZP 633 kernels including their structural parts: endosperm, peri-
carp and the germ make the identification of organic compounds and their
fragments possible: amines, proteins, lipids, ethers, sugars, ketones, aldehydes
and others (Table 1). Since the maize hybrid ZP 633 is desirable for human
consumption, the existence of organic compounds is very significant.

On the other hand, the low and very low intensity spectral bands of
the maize hybrid ZP 633 kernels and their structural parts (endosperm,
pericarp and germ), provide the possibility of identifying the excited state
of valence bonds and molecular structures of functional groups of organic
compounds (Table 2). This excited state is expressed in different forms of
vibration movements:

- Symmetric and asymmetric valence vibration (stretching);

- Deformation vibration of valence bonds and molecular structures

(scissoring);

- Rocking of valence bonds and molecular structures (rocking);

- Wagging of valence bonds and molecular structures (wagging);

- Twisting of valence bonds and molecular structures (twisting);

- Trembling of valence bonds and molecular structures (trembling).
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Fig. 5. Infrared spectrum of kernel germs of the maize hybrid ZP 633 with all spectral bands
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This last form of vibration movement of valence bonds and molecular
structures was initially discovered in medicine. In this study, this form of
vibration movement was also observed in low and very low intensity spec-
tral bands of the maize hybrid kernels (Table 2).

Thus, according to our hypothesis, low and very low intensity spectral
bands with different kinetic parameters of complex nature, provide the pos-
sibility of identifying the unstable (excited) state of functional groups of
organic compounds, their fragments, but also biological systems [15—19].
It should not be forgotten that unstable states of biological systems (tissue,
cell, membrane) are a consequence of the excited state of organic com-
pounds, molecules, radicals, atoms or ions, and that they are inevitably
caused by the occurrence of kinetic energy and their different movement
modes (oscillations, vibrations, rotations and translations), which can cause
the decrease or increase of spectral bands intensities, and often the unequal
kinetic form and different sites of origin. This behaviour is primarily found
in the low and very low intensity spectral bands of kernels, endosperm,
percarp and the germ. The similar events happen in the process of the ion
oscillatory transport through the excited cell membrane [15, 16, 18, 19].

Based on everything stated above, two questions may be posed. First,
how to obtain reliable information on the existence of different com-
pounds, and possibly their fragments, whose specific activity causes the
occurrence of different spectral bands of kernels, endosperm pericarp and
the germ of low and very low intensity, different kinetic form, unequal site
of origin, and various vibration movements of valence bonds of functional
groups of organic compounds?

The second question would refer to the nature of the creation of the
excited state of functional groups, and possibly molecular structures, whose
valence bonds are characterised by various vibration movements, which is
inevitably transferred to low and very low intensity spectral bands, which
occur in certain regions of the infrared spectrum of kernels, endosperms, peri-
carps and germs. The issue of the distribution of the regions of formation of
all spectral bands of very high, high, low and very low intensity, depending
on the object (kernels, endosperms, pericarps and germs) of recording of the
infrared spectrum can also be analysed. Moreover, the issue of the distribu-
tion of regions of the formation of low and very low intensity spectral bands
is questionable. It has at least two aspects. The first refers to the functio-
nal role of certain structural parts of the kernel that carry out life functions
[18], while the second aspect refers to the quality of structural parts of ker-
nels, and finally to the need for human nutrition [7, 19].

Conclusions. For the first time, the method of infrared spectroscopy
was used to record and study very high, high, low and very low intensity
spectral bands of kernels, endosperms, pericarps, and germs of the maize
hybrid. Based on all performed studies, it was possible to determine the fol-
lowing.

Infrared spectra of maize hybrid kernels and their structural parts
(endosperm, pericarp and germ) are characterised by all their spectral
bands with several parameters: number, intensity, kinetics and the distri-
bution of sites of origin, range of the wavenumber (400—4000 cm™!). These
parameters were fully observed for both kernels and their structural parts
(endosperm, pericarp and germ).
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Spectral bands of high and very high intensity are also characterised
by stated parameters: the number that usually ranges from 3 to 5, intensi-
ty, various kinetic forms, as well as the distribution of their origin in the
wavenumber range. These spectral bands make possible the identification
of organic compounds, their determinable fragments and molecular struc-
tures. In case of spectral bands for the kernel, endosperm, pericarp and the
germ with very high and high intensity, organic compounds can be identi-
fied as: proteins, lipids, sugars, esters, amides, ketones, aldehydes, car-
boxylic acids, ethers, phenols, alcohols, aromatic carbohydrates, acyclic
compounds, alkenes, alkanes, and alkynes.

Spectral bands of kernels and their parts (endosperm, pericarp and the
germ) of low and very low intensity are also characterised by the stated
parameters: the number, different intensity, the distribution of their origin,
and especially the frequency of vibrations of valence bonds of functional
groups and molecular structures of organic compounds. Spectral bands of
kernels, endosperms, pericarps and germs of low and very low intensity,
also provide the possibility to identify the excited state of molecular struc-
tures and valence bonds of functional groups of organic compounds.

The excited state of molecular structures and valence bonds of func-
tional groups of organic compounds is expressed in different forms of
vibration movements: symmetric and asymmetric valence vibration
(stretching), deformation vibration of valence bonds and molecular struc-
tures (scissoring), rocking of valence bonds and molecular structures (ro-
cking), wagging of valence bonds and molecular structures (wagging),
twisting of valence bonds and molecular structures (twisting), trembling of
valence bonds and molecular structures (trembling).

The excited state of molecular structures and valence bonds of func-
tional groups of organic molecules can be supported by the following
examples: alcohols (O—H), amines (N—H), (C—H), alkynes (C=N, C=C),
ketones (=C=0), alkenes (C=C), ester (O—CH,—), lipids (C=0), car-
bonyl group (C=O0) (ester), amides (N—CH,—, —CO—N=), nitrogen-
hydrogen group (—NH—), primary amines (—CONH,), carboxylic acids
(—CO,H), imides (—CO—N-—-CO-), acid chlorides (—COCI), nitrites
(—C=N), amides (N—CH,—), carbonyl group (C=0) (amide), aliphatic
carbon-hydrogen bond, aldehydes (—CHO).

Acknowledgment. The authors dedicate this paper to the great jubilee
of 75 years of the successful development of the Maize Research Institute,
Zemun Polje and express gratitude to its legends: Dr. Milorad Piper, Dr.
Vladimir Trifunovi¢, Dr. Krsta Rosi¢, Dr. Milivoje Misovi¢ and Dr.
Milutin Pencic¢.

Financial support. These studies have been financially supported main-
ly by the Maize Research Institute, Zemun Polje, Belgrade, and partly by
the Ministry of Education, Science and Technological Development of the
Republic of Serbia (Projects 03E211, 03E22, TR-20014, reference numbers
31028 and 31037).

REFERENCES
1. Vasiliev, A.V., Grinenko, E.V., Schukin, A.O. & Fedulina, T.G. (2007). Infrared
spectroscopy of organic and natural compounds. St. Petersburg: St. Petersburg. Gos.

Forestry technician. Acad. [in Russian].

ISSN 2308-7099. ®isioorisi pocauH i rerernka. 2021. T. 53. Ne 4 289



C.N. RADENOVIC, G.V. MAKSIMOV, D. BAJUK BOGDANOVIC et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

290

. Tarasevich, B.N. (2012). IR spectra of the main classes of organic compounds. Moscow:

Publishing. Moscow State University [in Russian].

. Radenovi¢, C.N., Maksimov, G.V. & Grodzinskij, D.M. (2015). Identification of

Organic Molecules in Kernels of Maize Inbred Lines Displayed with Infrared Spectra.
Fisiol. rast. genet., 47, No. 1, pp. 15-24.

. Radenovi¢, C.N., Maksimov, G.V., Tyutyaev, E.V., Syusin, I.V., Shutova, V.V., Secan-

ski, M.D., Srdi¢, J.Z., Videnovi¢, Z.V. &Popovi¢, A.S. (2015). Structural Properties of
Maize Hybrids Established by Infrared Spectra, Maticasrpska J. Nat. Sci., No. 129, pp. 35-
44,

. Radenovich, C.H., Maksimov, G.V., Tutyaev, E.V., Shutova, V.V., Delich, N.,

Chamdzhia, Z., Pavlov, J. & Jovanovic, J. (2016). Identification of organic compounds
in corn hybrids (Zea mays L.) of Serbian breeding using infrared spectra. Selsko-
khozyaystvennaya biologiya, 51, No. 5, pp. 645-653 [in Russian].

. Salam, A. Aboud, Ammar, B. Altemimi, Asaad, R.S. Al-Hilphy, Lee, Yi-Chen &

Francesco, Cacciola 3. (2019). A Comprehensive Review on Infrared Heating
Applications in Food Processing. Molecules, 24, 4125.

. Radenovi¢, C.N., Deli¢, N.S., Radosavljevic, M.M., Jovanovi¢, Z.V., Se¢anski, M.D.,

Popovi¢, A.S., Crevar, M.S. & Radosavljevi¢, N.D. (2021). High-yielding and chemi-
cally enriched maize hybrids bred in Serbia — the best basis for super quality feed and
food. Military technical courier, 69, No. 1, pp. 114-147.

. Radosavljevi¢, M. & Radenovié, C. (2020). Laboratory procedures and operating tech-

niques for the extraction of endosperms, pericarps and germs from kernels of maize
hybrids. Internal publication of the Maize Research Institute, Zemun Polje, Belgrade,
pp. 1-3.

. Radosavljevi¢, M., Bekri¢, V., Bozovi¢, 1. & Jakovljevié, J. (2000). Physical and chemi-

cal properties of various corn genotyps as a criterion of technological qality. Genetika,
32(3), pp. 319-329 J[online]. Available at: http://www.dgsgenetika.org.rs/abstrakti/vol.
32_2000_no3_en.htm#Rad9 [Accessed: 15 November 2020].

Amir, R.M., Anjum, F.M., Khan, M.I., Khan, M.R., Pasha, I. & Nadeem, M. (2013).
Application of Fourier transform infrared (FTIR) spectroscopy for the identificationof
wheat. J. Food Sci. Technol., 50, pp. 1018-1023.

Jackson, M. & Mantsch, H.H. (2006). Infrared spectroscopy, ex vivo tissue analysis. In:
Biomedical Spectroscopy. Encyclopedia of Analytical Chemistry (pp. 131-156),
JohnWiley & Sons Ltd.

Vollhardt, P.C. & Schore, N.E. (1996). Organic Chemistry. New York: W.H. Freeman
and Company.

White, P.J. & Johnson, L.A. (2003). Corn: Chemistry and Technology. Minnesota:
American Association of Cereal Chemists.

Skoog, D.A., Holler, F.J. & Crouch, S.R. (2007). Principles of instrumental analysis.
Belmont: Thomson Higher Education.

Kols, O.R., Maksimov, G.V. & Radenovich, Ch.N. (1993). Biophysics of Rhythmic
Excitation. Moscow: Publishing. Moscow State University [in Russian].

Radenovi¢, C. (1998). Transport Processes Across the Membrane. In: Contemporary
Biophysics. Velarta, pp. 1-90, Belgrade.

Macura, S. & Radenovié, C. (2016). In order to acquire better knowledge on a biological
system, besides the genome and proteome it is necessary to know its metabolome, i.e. con-
centrations of all metabolites and their interactions, Written Correspondence, Mayo Clinic,
Rochester & Maize Research Institute, Zemun Polje, Belgrade and vice versa.
Radenovi¢, C.N., Maksimov, G.V., Shutova, V.V., Deli¢, N.S., Milenkovi¢, M.V.,
Pavlovi¢, M.D. & Beljanski, M.V. (2018). The study by the methods of infrared spectro-
scopy of the stretching and twisting vibrations of chemical bonds in functional groups of
organic compounds contained in grains of maize inbred lines. Fisiol. rast. genet., 50,
No. 4, pp. 322-330.

Radenovi¢, C.N., Maksimov, G.V., Shutova, V.V., Slatinskaya, O.V., Protopopov, F.F.,
Deli¢, N.S., Grchi¢, N.M., Pavlov, J.M. & Camdzija, Z.F. (2019). Complete study of
nature and importance of spectral bands contained in infrared spectra of leaves of maize
inbred lines with significant breeding properties. Russian Agricultural Sciences, 45,
No. 4, pp. 334-339.

Received 12.04.2021

ISSN 2308-7099. Fiziol. rast. genet. 2021. T. 53. Ne 4



THE INFRARED SPECTRUM OF THE ULTRA QUALITY MAIZE HYBRID

IHOPAYEPBOHUM CITEKTP VIIbTPASKICHOTO TTIEPUIA KYKYPYI3U,
PEKOMEHJOBAHOTO JJI CITOXWUBAHHA JIIOAWMHOIO: IJIEHTUDIKALIIA
OPTAHIYHUMX MOJIEKVYIJI I 3bYI2KEHOT'O CTAHY ®YHKIIOHAJIBHUX T'PVYII
Y CIHEKTPAJIbHUX CMYTAX 3EPHA, EHIOCIEPMY, MMEPUKAPIIiIO

I 3APOJIKA
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2BenrpaachbKuii yHiBepcuTeT, dakyabTeT disnyHoi ximii, Benrpan, Pecrny6aika Cep6ist
3MOCKOBCBHKMIA JIep:KaBHUIA YHiBepcUTeT iMeHi JIOMOHOCOBA, Gi0AOTiUHMIA (aKyJILTET,
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‘Ilenpuxenscbknit MSU-BIT yniBepcutet, Lllenbukens, I'yanrnonr, Kuraiicbka
Haponna Pecnyonika

e-mail: radenovic@sbb.rs

Y pob6oTi TipencTaBiaeHi pe3yabTaT AOCTIIKEHb 3¢pHa Ta MOT0 CTPYKTYPHUX YaCTUH: €HIO-
criepMy, TMepUKapIiilo Ta 3apojaka riopuma Kykypyasu ZP 633, mo € ayxe GaxkaHUM ISt
CIIOXKMBAHHS JIOAWHON. Briepiire MeTon iHGpayepBOHOI CIIEKTPOCKOTIii OyB 3aCTOCOBaHMIA
IUIST PEECTpALlil Ta BUBYEHHSI BCiX CIIEKTPAIbHUX CMYT (Iy’ke BUCOKOI, BUCOKOI, HU3bKOI Ta
JIy>K€ HMU3bKOI iHTEHCHUBHOCTI) iH()pauyepBOHOIO CIEKTpa TiOPUIHUX 3epeH KYyKypyas3u,
eHIocrepMy, NepuKapnito Ta 3apojaka. Ha ocHOBi mpoBeneHuX AOCiIKEHb MOXHA CTBEP-
JKYBaTH, 1110 iH(GpadepBOHi CIIEKTPM 3e€pHA, CHAOCIIEpMY, TIEPUKAPIIiIO Ta 3apOaKa XapakK-
TepU3YIOTbCS BCiMa IXHIMMU CIEKTpaJbHUMM CMyTaMd Ta KiJbKOMa TIapaMeTpaMu:
KiJIbKICTIO, iHTEHCUBHICTIO, KiHETMKOIO Ta PO3MOIIJIOM MiCLisl MOXOMXKEHHSI B Jiana3oHi
xBUIboBOro yncia 400—4000 cm~!. 1li mapameTpu 0COGIMBO CIIOCTEPIiraluch K AJIS 3ep-
Ha, TaK i JUts ioro yacTuH (eHaocnepMy, nepukapiito Ta 3aponaka). CrieKTpajibHi CMYTH Jay-
JK€ BHCOKOI Ta BMCOKOI iHTEHCHMBHOCTI TAaKOX XapaKTEePU3YIOThCSI TAKMMU IapaMeTpaMu:
YUCJIOM, sIK€ 3a3BUYail KOJMBAETHCS Bil 3 A0 5, IHTEHCUBHICTIO, Pi3HUMU KiHETMYHUMU
¢dopMamMu, a TAKOX PO3IMOJIIJIOM iX MOXOIKEHHS B Jiana3oHi XBUJIboBoro uucia. Lli cnekr-
pajibHi CMYTH Jal0Th 3MOTY iIeHTU(IKyBaTH OpraHiuHi CITOJIYKH, ixHi (hparMEHTH Ta MOJie-
KYJISIDHI CTPYKTYpH, $SIKi X BU3HAUYalOTh. Y BUMAAKY CHEKTPAIbHUX CMYT i3 AyK€ BUCOKOIO
I BUCOKOIO iHTEHCHMBHICTIO [UISl 3€pHA, €HAOCIEpMY, MEepMKapIiio Ta 3apoiKa OpraHiuHi
CIOJIYKM MOXHa iAeHTU(diKyBaTH SIK: OUIKM, JIIiau, LyKPH, €CTepU, aMilu, KETOHU, ajlb-
JIeTian, KapOOHOBI KMUCIOTH, eTepu, (HEHOJU, CIIMPTH, apOMATUUYHi BYIJICBOIM, AllMKIIiUHi
CIIOJIYKY, aJIKeHW, ajKaHU, ankKiHu. CIeKTpaJibHi CMyTu 3epHa, eHIOCIIepMy, TTepUKapIIiio
Ta 3apoJika HU3bKOI i Iy’ke HU3bKOI iHTEHCHBHOCTI XapaKTepU3YIOTbCSl TAKUMU TapameT-
paMu: KiJIbKICTIO, sIKa MOXKe BiIpi3HSTUCSI, HU3bKOIO iIHTEHCUBHICTIO, PO3IOIIIOM Micllb iX
MOXOKEHHSI, a 0COOJIMBO YacTOTOIO BiOpallili BaJCHTHMX 3B’SI3KiB (DYHKIIIOHAJIBHUX TPYIT
opraHiuHuX MoJjieKysa. CrHeKTpaiabHi CMYTM 3€pHa, €HIOCIIepMYy, TIEpUKapIlilo Ta 3apoaKa
HU3bKOI 1 Jy’Ke HU3bKOI iIHTEHCUBHOCTI TaKOX Jal0Th MOXKJIMBICTb iaeHTU(]IKyBaTU 30Y1-
JKEHUIl CTaH MOJIEKYJSIPHUX CTPYKTYp Ta BaJe€HTHi 3B’SI3KM (DYHKIIOHAaJbHMX TPYIl Op-
TaHIYHUX CITOJIYK. 30YIKEHMII CTaH MOJEKYJISIPHUX CTPYKTYp i BaJIEHTHUX 3B’SI3KiB
(YHKIIOHAIBHUX TPYIl OPraHiYHUX CIOJYK BUPAXA€EThCcs B Pi3HUX (hopMmax BiOpaliliHUX
pYXiB: CUMETPUYHHUX i aCHMMETPUYHMX BaJCHTHMX BiOpallisix (po3TAryBaHHs), aedop-
MaliifHUX BiOpallisiX BaJ€eHTHUX 3B’SI3KiB i MOJIEKYJSIPHUX CTPYKTYpP (CXOMKEHHS i pPO3XOa-
JKEHHSI), pO3TOiIyBaHHI BaJCHTHMX 3B’SI3KiB i MOJICKYISIPHUX CTPYKTYp (KOJMBAHHS), OC-
WAL BaJCHTHMX 3B’SI3KiB Ta MOJIEKYISIDHUX CTPYKTYp (OCHWIISALIS), CKpydyBaHHI
BaJICHTHUX 3B’SI3KiB i MOJIEKYJISIDHUX CTPYKTYp (CKpy4yBaHHsI), BiOpallil BaJICHTHUX 3B’ SI3KiB
Ta MOJIEKYJISIPHUX CTPYKTYp (BiOpallist).

Knarouosi crosa: Zea mays L., ribpua, 3epHO, MepUKapIliii, eHIOCIEPM, 3apolIoK, iHdpa-
YEepPBOHUI CIIEKTp, CIIEKTpajbHa CMyTa, OpraHidYHa MoOJIeKysia, (DYHKIiOHaJIbHA TpyIia,
30yIKeHUI cTaH, BiOpallist XiMiYHUX 3B’SI3KiB.
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