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Abstract:

Medicinal plants contain various biologically active substances. This study aimed to investigate properties of plant extracts and
component composition of plant raw materials from the continental part Kaliningrad region (Guards district). For this, we used
column chromatography and IR spectroscopy.

The objects of the study were samples of plant extracts of Eryngium maritimum, Hedysarum neglectum, Melilotus officinalis, and
Aesculus hippocastanum. To produce medicinal plant extracts, we prepared methanol extraction by the Soxhlet method for 8 h
(15 cycles). The antioxidant activity of the studied samples was determined by their ability to reduce the radical 2,2-diphenyl-1-
picrylhydrazyl. The disk-diffusion method was used to evaluate the antimicrobial activity of the plant extracts against such test
strains as Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans.

In the extracts, 3,4-dihydroxybenzoic acid, astragalin, luteolin-7-glucoside, rosmarinic acid, and chlorogenic acid were identified.
However, more research is needed to determine which of the individual phenolic compounds in E. maritimum, H. neglectum,
M. officinalis, and A. hippocastanum are involved in exhibiting antioxidant activity. It was found that the plant extract of
H. neglectum had activity against the bacterium B. subtilis and the mold fungus C. albicans, while the plant extract of
E. maritimum was detrimental to the growth and development of both Gram-positive and Gram-negative bacteria.

Infrared spectroscopy can help in further studies to determine properties of medicinal plants to ensure the safety and efficacy of
plant-based products.
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INTRODUCTION

Medicinal plants contain various phenolic compo-
unds and their derivatives. These are important biologi-
cally active substances, which are powerful antioxidants
used in the production of flavorings, synthetic dyes,
protective agents against various oxidative stresses, and
therapeutic agents for the human body [1]. Plants are
sources of antioxidants which play an important role in
preventing cell damage and controlling oxidative stress

in the body [2]. Plant antioxidants, such as polypheno-
lic compounds, are considered important ingredients
because of their beneficial properties [2, 3]. In Chinese
phytotherapy, various parts of the plant (roots, bark,
leaves, fruits, and seeds) are used to treat many human
diseases [4, 5]. Benefits of antioxidants are stabilization
or inactivation of free radicals, protection of cells during
oxidation, and prevention of the destruction of cellular
components [6].

Copyright © 2024, Babich et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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Antimicrobial resistance poses a serious threat to
human health worldwide [7]. The cost of developing a
new generation of antibiotics from discovery to mar-
ket is high, and the return on investment is low. For this
reason, the development of new antibiotics has slowed
dramatically. However, plants produce many bioactive
secondary metabolites that exhibit antimicrobial activity
in varying degrees and can help solve the problem [7].

Infrared (IR) spectroscopy is a powerful analytical
technique for analyzing any medicinal plant sample un-
der any conditions. IR spectra are used to measure the
vibrations of molecules excited by infrared radiation and
to identify organic, inorganic, and polymeric materials
for scanning in infrared light [8].

We found no research on the use of high perfor-
mance liquid chromatography to examine various biolo-
gically active substances from sea holly (Eryngium mari-
timum L.), sweet yellow clover (Melilotus officinalis Pall.),
red root (Hedysarum neglectum Ledeb.), and horse chest-
nut (desculus hippocastanum L.). Additionally, important
bioactive compounds were quantified using solvent ex-
traction methods, and their antioxidant activity was eva-
luated using standard methods. Over the past decade,
several analytical methods have been used to measure
the freeradical activity of herbaceous plants [7]. Spin
splitting methods for detecting free radical activity
in tea trees and fruits have been demonstrated to be a
more appropriate and advanced extraction process [9].
Biologically active compounds of these plants have a
variety of high biological activity, such as antioxidant,
free radical absorption activity, antimicrobial, anti-in-
flammatory, and anticancer activity. The Kaliningrad
region is a unique region of Russia, primarily due to
its geographical location and climatic conditions. Favo-
rable conditions for vegetation growth are contributed by
such factors as the natural characteristics of the region’s
mild maritime climate, the smooth course of tempera-
tures throughout the annual cycle, the long frost-free
period, rapid soil formation due to the constant ingress
of organic matter and its rapid decomposition, as well as
the abundance of precipitation [10—12].

Official medicine recognizes the general potential
and gives priority to medicinal plants in the treatment of
many diseases. In this regard, the study of the biological
activity of E. maritimum, M. officinalis, H. neglectum,
and A. hippocastanum as understudied plants is very re-
levant [12]. It is well known that these potentially bene-
ficial plant species have a diverse composition of bio-
logically active substances, pharmacological activity, but
have received little attention [11].

E. maritimum contains essential and fatty oils,
flavanoids, steroids, coumarins, terpenoids, polyacety-
lene compounds, and carbohydrates. E. maritimum is
used as a diuretic, tonic, antibacterial, antispasmodic
agent [13, 14]. The plant is used in the treatment of can-
cer due to the presence of biologically active substan-
ces which have antitumor activity, such as coumarins,
xanthotoxins, and leucoanthocyanins [14]. H. neglectum
is used in medicine for the treatment of cardiac, pul-
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monary, as well as cold and skin diseases of viral nature.
It exhibits antituberculosis, antitumor, hepatoprotective,
antibiotic, immunostimulating, choleretic, diuretic, hy-
perglycemic effects and stabilizes lysosomal membranes.
H. neglectum has therapeutic properties due to a uni-
que combination of biologically active substances, inclu-
ding xanthones, flavonoids, and polysaccharides [14].
A. hippocastanum is used to treat cardiovascular disea-
ses, gastrointestinal disorders, a number of nervous
disorders, skin, parasitic, and other diseases [15]. The
key biologically active substances of A. hippocastanum
are chicoric acid, ferulic acid, vitexin, epicatechin, di-
hydrocoumarin, water-soluble polysaccharide complexes,
polyphenolic compounds of phenyl benzo-y-pyrone, ben-
zo-y-pyrone, and phenolcarboxylic acid derivatives [15].
The plants mentioned above have unique properties due
to the mild marine climate, slight temperature fluctua-
tions, illumination, are a valuable source of new pharma-
ceuticals and the basis for the development of functional
products. In addition, various parts of medicinal plants
are increasingly used in the cosmetic industry [1]. There
are modern ideas about oxidative stress and extreme
radicals. Antioxidants help prevent these harmful effects.
This article describes methods used in the quantitative
description of antioxidants of medicinal plants of the
Kaliningrad region.

The use of herbal medicines and supplements has
increased over the past few decades. This is consistent
with the growth of self-medication, so there is a trend
toward returning to traditional and natural products.
Consumers prefer herbal and natural products because
they are safer and more likely to reduce the side effects
of chemical drugs, improve health, and lower treatment
costs [1]. This can have negative consequences for the
consumer. Product quality assurance can be evaluated
both qualitatively and quantitatively. Quantitative as-
sessment of plant products focuses on phytochemical
components found naturally in a sample as well as
impurities that should not be present [2, 3].

Various analytical techniques, such as high-perfor-
mance liquid chromatography (HPLC), ultra-high-perfor-
mance liquid chromatography, liquid chromatography-
mass spectrometry, gas chromatography-mass spectro-
metry, nuclear magnetic resonance (NMR), and thin
layer chromatography, can be used to check the phyto-
chemical content and impurities in medicinal herbs.
However, the methods have a number of drawbacks.
HPLC and NMR methods are commonly used methods
to obtain data on the composition of plant components.
However, the main disadvantage of these methods
is the high cost and long time of research [16]. In
addition, when analyzing plant-based medicines, one
of the obstacles is the efficiency of analysis because
the complex components of plant-based medicines
can complicate the process. Furthermore, the analysis
process can also damage the material [15].

In light of the foregoing, this study aimed to inves-
tigate properties of plant extracts and component com-
position by using column chromatography and IR spec-
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troscopy plant raw materials from the continental part
of the Kaliningrad region (Guards district). The re-
sults of an infrared spectroscopy study of biological-
ly active compounds from E. maritimum, M. officinalis,
H. neglectum, and A. hippocastanum are presented in
this paper. This method is promising for the pharmaceu-
tical industry as a future green line of highly effective
plant antioxidants [17]. Extracts of E. maritimum, M. of-
ficinalis, H. neglectum, and A. hippocastanum exhibit
significant antioxidant and antimicrobial activity.

STUDY OBJECTS AND METHODS

Objects of research. Medicinal plants of the Kalinin-
grad region, namely Eryngium maritimum L., Melilotus
officinalis Pall., Hedysarum neglectum Ledeb., and Aes-
culus hippocastanum L. The biomaterial was confirmed
by A.V. Pungin, the head of the herbarium of the Insti-
tute of Living Systems of Immanuel Kant Baltic Federal
University (Protocol No. 6/2022). The above-ground parts
of E. maritimum, M. officinalis, H. neglectum, and A. hip-
pocastanum (stem, leaves, and flowers) were collected
during the flowering period (July-August 2022). Herbs
were dried in well-ventilated rooms in the shade under
a roof.

Extract productions. To produce E. maritimum,
M. officinalis, H. neglectum n A. hippocastanum metha-
nolic extracts, we applied the Soxhlet method for 8 h
(15 cycles). The extract was then vaporized under re-
duced pressure and then dissolved in a mixture of
methylene chloride:methanol (1:1). Samples of E. mariti-
mum for subsequent IR spectroscopy were obtained
using preparative liquid chromatography. For this pur-
pose, a silica gel suspension in methylene chloride was
loaded into a glass chromatography column (Agilent
Technologies Prep LC, Santa Clara, California, USA) in
such an amount that the silica gel occupied no more than
half of the column volume. The solvent composition for
the elution was chosen by thin-layer chromatography
on DC-Fertigfolien Alugram SIL G/UV,,, plates; the
sorbent was silica gel (Agilent Technologies Prep LC,
Santa Clara, CA, USA). Elution was performed in the
gradient mode in the methylene chloride:methanol sys-
tem with a gradient of 0—100%, at the rate of 10% inc-
rease in methanol concentration every 10 fractions [18,
19]. The volume of the fractions was 4 mL. Some methy-
lene chloride:methanol (8:2) fractions were selected.

The eluted fractions were determined by the time
of release of the maximum of its chromatography peak.
HPLC parameters: reversed-phase, 2-channel (binary)
pumps, flow rate 1.0 cm*/min, injection volume 0.005 cm?,
temperature 40°C, UV spectrophotometric detection on
a diode matrix at A = 254 nm, approximate retention
time 5 min. The wavelength was selected in accordance
with State Standard R ISO 17735-2021 for chromato-
graphy with a UV detector. This is the optimal wave-
length for the HPLC chromatograph used. Glass chroma-
tography column operates in open access mode, the
chromatograph is modular with possible switching of
columns, using MassHunter Walkup software for identi-
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fying substances. Column parameters: analytical, 46 mm
in diameter, densely packed, flow rate 1000 pL/min. The
mobile phase is more polar than the graft phase and is
supplied under pressure up to 200—500 atm.

All standards and reagents, graded chemically pure
or higher, were purchased from AG Analitekspert,
Moscow, Russia.

Preparation of E. maritimum, M. officinalis, H. neg-
lectum, and A. hippocastanum extracts for IR spec-
trometry. KBr powder (m = 0.11 g) (Pike Technologies,
Madison, Wisconsin, USA) was impregnated with the
sample solution (V = 0.5 mL). Next, the powder with the
sample was dried in a drying cabinet (Memmert GmbH,
Memmert, Germany) at 50°C until the liquid evaporated
completely for 40 min. The resulting dry powder was
ground in an agate mortar to grind the fraction. The
resulting mixture was further pressed into a transpa-
rent tablet. The IR spectrum of the prepared samples
of plant extracts was measured on an IR spectrometer
IR Prestige-21 (Shimadzu, Kyoto, Japan): the spectral
range 500-4000 cm™', a spectral resolution of 2 cm™,
frequency (wave number) 100 cm™, and the number of
scans of 32. The spectra of the comparison samples were
obtained under similar conditions. The relative standard
deviation of the method was 1.97% and the signal-to-
noise ratio was 60 times.

Determination of antioxidant activity of E. mari-
timum, M. officinalis, H. neglectum, and A. hippocas-
tanum extracts. To study the antioxidant activity, the
plant extracts were dissolved in 1 mL of dimethyl sulfo-
xide and sonicated (Sonorex Super RK 100 H, Bandelin,
Germany) for 5-10 min until they dissolved completely.
The samples were dissolved right on the day of analysis.

The antioxidant activity of the studied samples was

determined by their ability to reduce the radical
2,2-diphenyl-1-picrylhydrazyl (DPPH, C H N.O, M=
394.33) [20]. The interaction reaction of antioxidants
with DPPH-radical proceeds according to the scheme:

DPPH* + AH — DPPH-H + A*

The reduction of the DPPH radical by an antioxidant
results in a reduction of the purple-blue color of DPPH
in ethanol, and the reaction was monitored by the change
in optical density using the spectrophotometric method.

The samples of plant extract solutions were mixed
with 2.85 mL of a freshly prepared 0.1 mM solution of
2,2-diphenyl-1-picrylhydrazyl for analysis. The mixture
was incubated in dark at room temperature for 30 min.
The decrease in optical density compared to the control
(dimethyl sulfoxide solution) was recorded at 517 nm
(UV-3600 spectrophotometer, Shimadzu, Kyoto, Japan).
Ascorbic acid solutions of known concentration were
used as standard solutions. The results were expressed
in mg of ascorbic acid equivalent per gram of extract
or individual compound (mg AA/g). In the absence of
sample mass, the antioxidant activity was expressed by
the EC, value per uL of solution required to bind 50%
of the DPPH radical [10].
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The antioxidant activity of the samples was analyzed
in three replicates.

Determination of antimicrobial activity of E. ma-
ritimum, M. officinalis, H. neglectum, and A. hippo-
castanum extracts. The antimicrobial activity of the
plant extracts was studied by the disk-diffusion method,
against such test strains as Bacillus subtilis (Gram-
positive bacteria), Escherichia coli, Pseudomonas aeru-
ginosa (Gram-negative bacteria), and Candida albicans.
E. coli, P. aeruginosa, and B. subtilis strains were culti-
vated on solid LB nutrient media at 37°C [21, 22].

C. albicans microscopic fungi strains were culti-
vated on Ringer’s medium (ammonium chloride, 0.4 g;
sodium hydrogen carbonate, 0.005 g; calcium chloride
dihydrate, 0.040 g; potassium chloride, 0.0525 g; sodi-
um chloride, 1.125 g) at 25°C.

The concentration of the microbial suspension du-
ring the experiment was at least 1.5x10¥ CFU/mL. The
disc diameter was 6 mm. Kanamycin (for bacteria) and
fluconazole (for the yeast-like fungus, C. albicans) was
used as a comparison in a concentration of 50 and
500 pg/disk, respectively. A mixture consisting of 1% tri-
fluoroacetic acid (31%) and acetonitrile (69%) was used
as control. For reliability of the results, the experiment
was repeated three times. The average value was used as
the result of the measurement [21].

All standards and reagents, graded chemically pure
or higher, were purchased from AG Analitekspert,
Moscow, Russia.

Statistical analysis. Each experiment was repeated
three times, and the results were presented as mean =+ stan-
dard deviation. Standard statistical methods were used
to process the obtained data.

RESULTS AND DISCUSSION

Figures 1-4 show the results of preparative chro-
matography of Eryngium maritimum L., Melilotus offici-
nalis Pall., Hedysarum neglectum Ledeb., and Aesculus
hippocastanum L.

Peaks of the IR spectra of extracts of medicinal
plants are presented in Table 1.

The qualitative composition of the extract fractions of
E. maritimum, M. officinalis, H. neglectum, and A. hippo-
castanum are presented in Tables 2-5.

Figures 5—-8 demonstrate IR absorption spectra of the
E. maritimum, M. officinalis, H. neglectum, and A. hippo-
castanum extracts. They allow us to amplify data about
the structure and properties of the extracts.

The values of antioxidant activity of the studied
plants are presented in Table 6.

The antimicrobial activity of E. maritimum, M. offici-
nalis, H. neglectum, and A. hippocastanum extracts is
presented in Table 7.

The results of the studies (Table 7) show that the ex-
tracts had the greatest antibacterial activity against Bacil-
lus subtilis. The experiment revealed that the diameter of
the inhibition zone of E. maritimum was 14 mm. None of
the extracts showed activity against Escherichia coli. The
zone of inhibition of H. neglectum extracts was 7 mm.
However, all these values did not exceed the inhibitory
activity of the positive control, kanamycin, which had an
inhibition zone diameter of 28 mm.

It was found that against the test strain of P. aeru-
ginosa, the highest activity was observed in the plant
extracts of E. maritimum and A. hippocastanum. The
H. neglectum extracts showed little activity against
C. albicans.

Next, in order to establish the minimum inhibitory
concentration of the studied extracts, plant extracts that
exhibited antimicrobial (antibacterial and fungicidal)
activity against the test strains were selected. For such
extracts, dilutions of 2, 4, and 6 times were prepared. Ho-
wever, none of the extracts of A. hippocastanum, H. neg-
lectum, E. maritimum, and M. officinalis that were isola-
ted showed activity against the test strains of P. aeru-
ginosa, C. albicans, E. coli, and B. subtilis.

Analysis of Fig. 1 and the data obtained Table 2 shows
that the main component of E. maritimum extract was
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Figure 1 Chromatogram of the Eryngium maritimum L. extract
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Figure 2 Chromatogram of the Hedysarum neglectum Ledeb. extract
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Table 1 Peaks of the IR spectra of plant extracts, cm™!

Table 4 Content of phenolic components in Melilotus
officinalis Pall. extracts

Eryngium Hedysarum — Melilotus  Aesculus

maritimum neglectum officinalis  hippocastanum Biologically active Retention time, Quantity,
3400 3400 3400 3400 substance min mg/kg
— 2950 2950 2956 Astragalin 26.220 0.506
2925 2925 2925 — Luteolin-7-glucoside 21.013 2.703
— 2850 2850 — Apigenin-7-O-glucoside 25.413 0.626
- 2370, 2353 2352 2352 Rosmarinic acid 27.828 0.420
2360 — 2348 2348 Catechin 9.803 16.195
- - 1725 1725

1640 1640, 1600 1650 1660, 1610

1525 _ 1556 1520 Table 5 Content of phenolic components in Aesculus
1460 1475, 1430 1475 1450 hippocastanum L. extracts

1330 1360 1380 1390 Biologically active Retention time, Quantity,
1300 — 1325 - substance min mg/kg
1250 1275 1275 1275 3,4-dihydroxybenzoic acid 5.078 13.302
1200 1200 - - Astragalin 25.128 1.804
1150 1160 - - Apigenin-7-O-glucoside  26.675 1.496
— 1090 1090 1090 Kaftaric acid 9.113 Traces
1060 1025 1050 1050 Chlorogenic acid 10.833 1363
- 910, 900 900 - Catechin 9.709 Traces
820 840 - 825

Table 2 Content of phenolic components in Eryngium
maritimum L. extracts

Biologically active Retention time, Quantity,
substance min mg/kg
3,4-dihydroxybenzoic acid 6.007 1.133
Astragalin 25.113 80.317
Hyperoside or rutin 19.007 0.264*
Luteolin-7-glucoside 20.315 6.050
Chlorogenic acid 10.575 1.469
Rosmarinic acid 28.702 4.142

Table 3 Content of phenolic components in Hedysarum
neglectum Ledeb. samples

Biologically active Retention time, Quantity,
substance min mg/kg
Coumaric acid 14.270 0.460
Hyperoside or rutin 19.140 11.628%*
Quercetin-3D-glucoside 20.517 10.410

* calculated for hyperoside

astragalin (peak 25.113 min, 80.31 mg per kg of plant ma-
terial). In addition, 3,4-dihydroxybenzoic acid, astraga-
lin, luteolin-7-glucoside, rosmarinic acid, and chlogenic
acid were identified in the indicated fraction. In addition,
peak 19.007 may correspond to hyperoside or rutin.
Coumaric acid and quercetin-3D-glucoside were iden-
tified in the obtained samples of H. neglectum extract
(Table 3). The 19 140 peak may correspond to hypero-
side or rutin. The quantitative composition of the frac-
tion is shown in Table 1. Large peaks of 9.883, 13.369,
15.502, 15.701, and 18.203 min were unidentified (Fig. 2).
Identification of trace organic compounds in multicom-
ponent mixtures is one of the most difficult problems in
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ecoanalytical and biochemical studies, and control of
impurities in process samples. In these cases, the nature
of the objects excludes the possibility of preparative
isolation of components and the study of individual sub-
stances. However, the spectra in many cases are insen-
sitive to the isomerization of the carbon skeleton of mo-
lecules and conjugated systems, so some compounds
remain unrecognized [23].

Astragalin, luteolin-7-glucoside, apigenin-7-O-gluco-
side, rosmarinic acid, and catechin were identified in the
extract samples obtained from M. officinalis (Table 4).
The extract samples of A. hippocastanum contained 3,4-di-
hydroxybenzoic acid, astragalin, apigenin-7-O-glucoside,
chlorogenic acids, and kaftaric acid and catechin traces
(Table 5). Major peaks (6.386, 13.451, and 28.388 min)
were not identified (Fig. 4).

The peak recorded in the spectra of all the studied
samples at 3400 cm™ is associated with absorption due
to strain vibrations of the -OH group [24]. The peaks
located in the region of 2950 to 2850 cm™! are attributed
to the asymmetric stretch of the -CH, group [24].

The wavelength region from 4000 to 2500 cm™ is not
used for determining individual phenolic compounds
because it contains primarily broad bands associated
with stretching vibrations of hydroxyl groups, as well as
bands associated with stretching vibrations of aromatic
ring groups-C-H in all spectra.

The best region for identification of phenolic compo-
unds by infrared spectroscopy is the so-called finger-
print region, which is located in the range from 1725
to 820 cm ™. The absorption peak at 1725 cm' was due
to the stretching vibration of the carbonyl group and
was present only in the spectra of M. officinalis and
A. hippocastanum. Furthermore, IR spectra of all the
samples revealed peaks in the range of 1660—-1600 cm™!
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(Figs. 5-8), which is typical of hydroxybenzoic acids

and/or hydroxycinnamic acids [25].

Chlorogenic acid gives an absorption band around
1725—1720 cm™', which could be related to the, f-unsatu-

1740 and 1705 cm™, or the carbonyl CO stretch of a pro-
tonated carboxylic acid [24]. Consequently, the band lo-
cated at 1725 cm™ may be related to the presence of
this acid in the M. officinalis, and A. hippocastanum ex-

rated aliphatic ester vibrations, which register between
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Figure 5 IR spectra of Eryngium maritimum L. extract
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tracts. In the medicinal plant M. officinalis, the content
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Table 6 Antioxidant activity of the studied medicinal extracts

Extract Antioxidant activity, mg AA/g
Eryngium maritimum 59.53 £1.10
Hedysarum neglectum 55.85+1.10
Melilotus officinalis 57.93 £1.10
Aesculus hippocastanum 53.86 £1.10

Table 7 Antimicrobial activity of plant extracts

Plant extract

Diameters of growth inhibition zones of test microorganisms, mm

Escherichia coli Pseudomonas aeruginosa Bacillus subtilis Candida albicans
Aesculus hippocastanum 0 7.0+£0.2 0 0
Hedysarum neglectum 0 0 7.0£0.2 9.0+0.3
Eryngium maritimum 0 9.5+0.3 143+04 0
Melilotus officinalis 0 0 0 0
Kanamycin 50 pg 17.0+0.5 12.0+0.3 28.0+0.8 -
Fluconazole 500 pg — — — 20.0 + 0.6

of coumarins reached 1.5-2%, among them coumarin,
dihydrocoumarin, dicoumarol, etc. In the IR spectra of
coumarins, as in the structure of a-pyrones, the bands
of stretching vibrations of the carbonyl group lie in the
region of 1750—1700 cm™.. The variability depends on
the structural features of coumarins.

The absorption peaks at 1200—1025 cm™! were asso-
ciated with C-OH, C-O-C, and C-C vibrational stret-
ching, indicating the presence of a ring structure, a hete-
rocyclic oxygen-containing (pyrane) ring [26].

The aromatic nature of the compounds was also con-
firmed by the intensive absorption of all the extracts at
900-820 cm™'. The bands between 1200 and 1275 cm™
represent the deformation vibrations of the C-O phenols
and carboxyl group [27]. Thus, the IR spectra confirmed
the presence of the biologically active substances in the
extracts indicated in Tables 2—5.

Infrared spectroscopy can be used in qualitative and
quantitative analysis. This method provides information
on compound content in complex samples with small
levels. The complexity of the information provided can
be solved using chemometric methods. Chemometric me-
thods can help in extracting information from spectra
through multivariate analysis. Spectroscopy is conside-
red a fast, time-saving, cost-effective, accurate, and non-
destructive analytical tool [28]. Infrared spectroscopy
has been successfully used for quantitative analysis in
various fields, including pharmaceutical, food, agricul-
tural, and biological evaluation. The root mean square
error of calibration (RMSEC), root mean square error
of prediction (RMSEP), root mean square error of cross-
validation (RMSECYV), and coefficient of determination
(R?) are used to assess the success of this method [29].
Several factors influence the good linearity and accep-
ted standard errors of the prediction model. The choice
of pretreatment spectra and variables can affect the accu-
racy and precision of infrared spectroscopy methods.

380

Analysis by infrared spectroscopy is ideal. If the eva-
luation results show R? values approaching the value
of 1, low standard error (RMSEC, RMSECYV, RMSEP)
or the predicted square of the sum of residual errors,
and relative percent difference. Values should be at
least 2.4 or higher [29, 30]. Calibration R? values describe
the linearity of the calibration curve generated from the
infrared spectrum data (x-value) with these concentra-
tions measured using the reference method (y-value).
R? values close to 1 indicate that the infrared spectrum
data are able to explain the concentration of compounds
as the dependent variable. Most of the analysis of plant
materials using infrared spectroscopy is performed
on solid samples, which makes them prone to scatte-
ring [31-33]. Scattering causes irrelevant changes in the
spectral data. If the pre-processing spectra are missing,
a mixture of information and noise will occur, and this
may lead to a decrease in the predictive ability of the
model. Scattering typically reduces the number of mid-
infrared reflectance measurements than near-infrared
reflectance. This is due to the inhomogeneity of the
particle size during measurement [31]. The particle size
is inversely correlated with the scattering coefficient,
according to studies by Otsuka [34].

The choice of spectra preprocessing methods is very
important for successful calibration model generation
because it can reveal or exclude important information
related to the content measurement [35-37]. However,
the success of the influence of spectra preprocessing
on the formation of the calibration model can only be
known after model validation [38—40]. It is important to
compare several spectra preprocessing methods and
their combinations to determine the more appropri-
ate method for the data being analyzed. Preprocessing
methods are appropriate if they reduce standard errors
by reducing or minimally preserving model comp-
lexity [41-43].



Babich O.0. et al. Foods and Raw Materials. 2024;12(2):373-387

The selection of CARS variables consists of three
steps. The first step is to randomly sample the datasets
and then the number of these variables will be reduced
again using the exponential decreasing function method
where the number of variables decreases rapidly. The
remaining variables that lead to a low RMSECV value
will be selected as informative variables included in the
calibration model [44, 45]. This method can make the
calibration model simpler and more efficient [35]. Unli-
ke GA based on random selection of a subset of variab-
les followed by calibration, the PLS model allows for the
selection of the variable with the greatest influence. In
addition, crosses and mutations are performed to form
new variables, and recalibration is performed to decide
which variable is the most appropriate [36, 37].

Our findings are consistent with those of Balta-
cioglu et al. [46]. When studying aqueous extracts of
E. maritimum, it was found that such phenolic compo-
unds and flavonoids as gallic acid, chlorogenic acid,
caffeic acid, vanillic acid, catechin, rutin, quercetin and
Iuteolin were isolated [47]. The extracts were examined
by infrared spectroscopy. Phenolic compounds derived
from E. maritimum play a very important role in the
biological activities of medicinal plants, such as anti-
inflammatory, antitumor, antioxidant, and antimicrobial
effects [48].

We investigated the total content of phenols and
flavonoids as well as the antioxidant properties of
E. maritimum. IR analysis of E. maritimum extracts re-
vealed a significant amount of phenolic compounds.
The total content of phenols and flavonoids was higher
in leaves than in roots and stems. This can be explained
by the influence of the plant development stage on the
distribution of phytocomponents. These observations
are consistent with the findings of Markl et al. [49]. The
antioxidant properties of E. maritimum evaluated using
DPPH free radical scavenging activity showed that the
in vitro activity is different for raw materials of different
parts of the plant. The leaf extract showed the greatest
antioxidant activity compared to other extracts. This
agrees with the results of Nagy et al,, who revealed
high antioxidant properties of Erythronium caucasicum
leaf extract in comparison with the flower extract [50].
According to [46], the important antioxidant abilities
of E. maritimum extracts were primarily due to the
good correlation between phenolic and flavonoid con-
tent and antioxidant activity. This conclusion is con-
sistent with the results of Sisay et al., who have de-
monstrated such linear correlation [51]. In addition,
the difference in the radical scavenging activity of
E. maritimum may be related to the nature of their six
phenolic components (gallic acid, catechin, chlorogenic
acid, vanillic acid, caffeic acid, and cinnamic acid) and
three flavonoids (rutin, quercetin, and luteolin). The
therapeutic potential of these compounds has been
reported in many papers [52]. For example, chloroge-
nic and caffeic acids are powerful antioxidants, both
in vivo and in vitro [53]. Palmer et al. suggested that
rutin, quercetin, luteolin, and caffeic acid derived from
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E. maritimum leaf extract may be responsible for their
antioxidant properties [53].

A study made by Pauli et al. showed that gas chroma-
tography-mass spectrometry analysis of n-hexane extract
of M. officinalis revealed twelve compounds with a total
peak area of 98.33%, mainly (9Z,12Z)-octadecadienoic
acid (20.22%, 366 ppm), 14-methylpentadecanoic acid
(19.52%, 353 ppm), and (9E)-octadecenoic acid (15.94%,
289 ppm) [54]. Two compounds, namely, cis-coumaric
acid-2-O-f-D-glucopyranoside (cis-melilotoside, 1) and
1,2-benzopyron (coumarin, 2), were isolated from MeOH
extract of M. officinalis. The structures of the isolated
compounds were determined by spectroscopic methods
such as NMR, UV-visible region, and Fourier-trans-
form infrared spectroscopy (FTIR). The MeOH extract
of M. officinalis was tested for its antioxidant activity
using the DPPH assay. MeOH extraction of M. offici-
nalis resulted in the isolation of cis-melilotoside and
coumarin [54]. The MeOH-extract of M. officinalis sho-
wed an antioxidant activity of 54.06 £ 1.27 mg AA/g.
In our case, extraction with methanol resulted in a
value of 57.93 £ 0.70 mg AA/g of antioxidant activity
of the extract. This discrepancy can be explained by
the nature of the extractant. Methyl alcohol derivatives
more efficiently extract BAS such as astragalin, luteolin-
7-glucoside, apigenin-7-O-glucoside, rosmarinic acid,
and catechin, which have increased antioxidant acti-
vity (Table 6).

According to Sacher et al., extraction of M. offici-
nalis with chloroform resulted in the isolation of bio-
logically active substances such as hexadecanoic acid,
lupanone, lupeol, betulinic acid, oleanolic acid, and
campferol-3-O-glucopyranoside, which were identified
by infrared spectroscopy [55]. The antioxidant activity
of these extracts was 52.38 1.2 mg AA/g, which is by
9.6% lower than the antioxidant activity of the M. offici-
nalis methanol extract obtained in our work.

Zaborenko et al. proved the anticoagulant and anti-
oxidant activity of ethanolic M. officinalis extracts [56].
It was noted that coumarin is a natural phenolic product
obtained from sweet yellow clover (M. officinalis) by
maceration in ethanol solvent. The crude extract was
analyzed by high-performance liquid chromatography,
then divided into two parts. The first part was charac-
terized by FTIR and examined for anticoagulant and
antioxidant activity, and the second part was fractio-
nated by column chromatography. The results of the
anticoagulant activity of the crude extract were revea-
led to be dose-dependent. The value of the antioxidant
activity of M. officinalis was 53.61 = 1.10 mg AA/g,
which is by 7.5% lower than what our results. M. of-
ficinalis was found to be a good source of coumarin
and coumarin derivatives. In addition, the advantage
of FTIR analysis over column chromatography, which
are considered valuable separation and characterization
methods, was demonstrated [56].

Dmitrieva et al. described the antioxidant properties
of H. neglectum (a forage plant) [57]. The xanthone
glycoside mangiferin was extracted from this plant and
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used for the drug Alpizarin. In addition to substances
of xanthone nature (mangiferin and isomangiferin),
H. neglectum contains sugars, vitamins and provitamins,
tannins; the underground part contains oligomeric ca-
techins, isoflavonoids, butylphenols, alkaloids, tannins,
flavonoids, saponins, coumarins, carbohydrates, and vi-
tamin C. The researchers have found that in order to se-
lect the optimal biologically active substances fracti-
onation schemes, it is necessary to resort to multistage
grouping schemes: broad (preliminary) isolation and
preparative accumulation. In some cases, it is important
to consider the presence of accompanying substances,
as well as the efficiency and selectivity of the sorption
and chromatographic technology used. According to the
results of the authors, the use of silica gel and Sephadex
LH-20 for the isolation of the flavonoid and gallic acid
complex is the most effective method for selecting the
optimal option for the preparative isolation of total
biologically active substances in pg/mL. The results of
the study enabled the isolation of the desired biological-
ly active substances with a degree of extraction of at
least 80%: xanthone, flavonoid, and gallic acid fractions.
The value of the antioxidant activity of H. neglectum
biologically active substances was 54.90 + 1.10 mg AA/g.
The data obtained in the study by Dmitrieva et al. are
almost identical to ours (55.85 + 1.10 mg AA/g) [57].
Slight differences are explained by differences in the
approaches to determining the biologically active sub-
stances composition.

Infrared spectrometry revealed that A. hippocasta-
num aqueous extracts contain the coumarin glycosides
scopolin, fraxin, and esculent [57]. A number of quer-
cetin and camperfol flavonoid glycosides are also found
in leaf tissue. Escin, as well as leucanthocyanins, cis-,
trans-polyprenols, amino acids, fatty acids, and sterols
were also found. According to the results of the FTIR
analysis, the inhibitory effect on free radicals and
oxidative processes in the human body is due to the
phenolic components of A. hippocastanum polyols. Our
results are confirmed by Kiip et al. [58]. The value of
the antioxidant activity of 4. hippocastanum in a study
by Kumar ef al. was 53.86 + 1.10 mg AA/g, which is by
4.0% less than in our study [59].

In a study by Konstantinovitch et al., extracts of
A. hippocastanum bark generally had weak antibacterial
activity (MPC > 0.625 mg/mL) and bacteriostatic poten-
tial (minimum bactericidal concentration/minimum in-
hibitory concentration > 16) against both Gram-positive
and Gram-negative bacteria, which confirms our stu-
dies [60]. Dahash et al. demonstrated that 4. hippocas-
tanum extract exhibited a significant antibacterial effect
on tested Gram-negative and Gram-positive bacteria
compared to negative controls: p <0.05 for Klebsiella
pneumoniae and P. aeruginosa and p <0.01 for E. coli,
Staphylococcus epidermidis, and Staphylococcus aure-
us [61]. On the other hand, the extract had a relatively
lower antibacterial effect on K. pneumoniae, E. coli,
and P. aeruginosa compared to the positive control
(p <0.01), while the A. hippocastanum extract showed
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a comparable effect to the positive control for Gram-
positive S. epidermidis, p = 0.05. In addition, the extract
showed a concentration-dependent antibacterial effect
against Gram-positive S. epidermidis and S. aureus com-
pared to different concentrations (p < 0.01). The mini-
mum inhibitory concentration and minimum bacterici-
dal concentration of A. hippocastanum extract were high
for Gram-negative bacteria and low for Gram-positive
bacteria compared to the minimum inhibitory concentra-
tion of positive controls.

According to Ehsani et al., aromatic M. officinalis is
high in essential oils with antimicrobial properties [62].
The chemical components of essential oils were identi-
fied using chromatography-mass spectrometry analysis,
and the antimicrobial activity of essential oils was eval-
uated using disk diffusion analysis, as well as determi-
ning the minimum inhibitory concentration and mini-
mum bactericidal concentration against four important
food bacteria: Salmonella typhimorium, E. coli, Listeria
monocytogenes, and S. aureus. The key results revealed
that M. officinalis has a strong antimicrobial effect on
the bacteria tested. S. aureus with the lowest MPC va-
lue (0.12 mg/mL) was the most sensitive bacterium, al-
though the antibacterial effect of M. officinalis was quite
strong [63, 64].

Mosyagin et al. indicated that medicinal plants used
in cosmetology are subject to mandatory quality cont-
rol [65]. Physical and chemical methods of research
are the most common. A comparative study of mint
(Mentha piperita L.), thyme (Thymus serpyllum L.), and
celandine (Chelidonii herba L.) infusions was performed
using infrared spectroscopy for the first time. The re-
sults of mid-wave spectroscopy revealed infrared ab-
sorption peaks in different wavelength ranges for infu-
sions of different medicinal plants. Thus, they amounted
to 2900.41, 2830.12, 2123.51, and 1223.12 cm™ for the
gel based on thyme infusion; 3527.17, 2879.64, 2822.89,
1449.25, 1393.66, 129091, 1116.51, and 1083.03 cm!
for celandine; and 3863.60, 3724.47, 2904.68, 2835.10,
1453.00, 1271.44, 1111.11, 1102.16, and 1034.30 cm™!
for mint.

The data obtained in the infrared spectrum of me-
dicinal plant infusions allowed for the identification of
stretching bands of carbonyl, hydroxyl, carboxyl, methyl,
ether, acetal groups, compounds with aromatic ring,
heterocyclic rings, in particular pyridine and quinoline
rings, as well as mineral substances containing mainly
phosphorus and sulfur compounds.

These groups and compounds are typical of some
chemical compounds with biological activity (terpe-
noids, carotenoids, alkaloids, flavonoids, vitamins, ace-
tylsalicylic, ursolic, oleanolic, and other organic acids
and compounds). The results of the study can be used
as reference identification IR spectra for rapid identi-
fication of medicinal plant infusions. The use of FTIR
spectroscopy to study the chemical composition of
medicinal plant infusions can have a wide practical
value as a method of rapid analysis of medicinal plant
infusions [65, 66].
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CONCLUSION

This study examined Eryngium maritimum L., Hedy-
sarum neglectum Pall., Melilotus officinalis Ledeb., and
Aesculus hippocastanum L. extracts. IR spectroscopy de-
termined that the main component of E. maritimum
extract samples was astragalin. Also, 3,4-dihydroxyben-
zoic acid, astragalin, luteolin-7-glucoside, rosmarinic
acid, and chlorogenic acid were identified in the extract.
In addition, peak 19.007 may correspond to hyperoside or
rutin. Coumaric acid and quercetin-3D-glucoside were
identified in the H. neglectum extract. Peak 19.140 may
correspond to hyperoside or rutin. Large peaks of 9.883,
13.369, 15.502, 15.701, and 18.203 min were unidentified.

Astragalin, luteolin-7-glucoside, apigenin-7-O-gluco-
side, rosmarinic acid, and catechin were identified in
M. officinalis extract samples. The extract samples of
A. hippocastanum contained 3,4-dihydroxybenzoic acid,
astragalin, apigenin-7-O-glucoside, kaftaric and chloro-
genic acids, and catechin. The peak recorded in the
spectra of all the studied samples at 3400 cm™! is asso-
ciated with absorption due to deformation vibrations of
the -OH group. The absorption peak at 1725 cm™! was
due to the tensile vibration of the carbonyl group and
was present only in the spectra of M. officinalis and
A. hippocastanum. Furthermore, the IR spectra of all
samples recorded peaks in the range 1660-1600 cm™,
which is typical of hydroxybenzoic acids and/or hydro-
xycinnamic acids.

We suggeste that phenolic compounds contained in
E. maritimum, H. neglectum, M. officinalis, and A. hippo-
castanum extracts may be responsible for their antioxi-
dant properties. Thus, the results indicated that these
plant extracts might be recommended as natural antioxi-
dants required to treat diseases caused by the presence
of free radicals. However, further studies are required
to determine which of the individual phenolic compo-
unds in the E. maritimum, H. neglectum, M. officinalis,
and 4. hippocastanum leaves are involved in exhibiting
antioxidant activity.

The plant extract of H. neglectum was found to be
active against the bacteria Bacillus subtilis (diameter
of the inhibition zone was 7.0 mm) and the mold fungi
Candida albicans (diameter of the inhibition zone was

9.0 mm); the plant extract of E. maritimum was found
to be detrimental to both Gram-positive and Gram-
negative bacteria growth and development. It was found
that E. maritimum extract had no fungicidal activity
(test strain C. albicans).

Infrared spectroscopy is useful for the quantification
of phytochemical components and impurities in plant-
derived medicines and supplements. This analysis can
help in further studies to determine the quality of nutri-
tious plants to ensure the safety and efficacy of plant-
based products. It has been found that chemometrics can
overcome the complexity of the chemical composition
of herbs. Optimization of preprocessing methods and
variable selection and their combination are usually valu-
able in improving the predictive ability of models. This
is indicated by an increase in the linearity value (in calib-
ration and validation) and a decrease in the standard
error in the model on spectra that undergo preprocessing,
variable selection, and a combination of both compared
to unprocessed spectra. A validation value (close to 1) in-
dicates that the measurement of compound concentra-
tions using the FTIR method gives an accuracy proporti-
onal to the measurement results of the reference method.
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