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Review

Food additives and bioactive substances from
in vitro systems of edible plants from the
Balkan peninsula

During the last few years there is an increasing demand to the natural biologically
active compounds. According to the World Health Organization (WHO) about 11%
of the conventional medicines are of plant origin. Nowadays, plant biotechnologies
are modern and reliable tool for producing valuable bioactive compounds. Recently,
the potential of plant cells as foods also was confirmed. The advantages of plant
in vitro systems over the intact plants are well known: growing under controlled
and optimized laboratory conditions; independence of climatic and soil differences;
preservation of rare and endangered plant species; cultivation in diverse bioreac-
tor systems for increasing production yields of target metabolites. There have been
developed many in vitro systems for production of various plant bioactive com-
pounds with potential application in food industries. But potential for industrial
implementation of this technology depends on solving problems with the scale-
up of bioreactor cultivation, development of additional approaches for improv-
ing/modification of bioactivities of the target plant secondary metabolites, and to
find way to exclude or replace in the culture media the carcinogenic plant growth
regulator 2,4-dichlorophenoxyacetic acid (2,4-D) with its safety analogs, such as
a-naphtaleneacetic acid (NAA) and/or indole-3-butyric acid (IBA). The aim of the
current mini review is to summarize information about different in vitro systems of
edible plants from the Balkan Peninsula with potential for producing food additives
and biologically active substances and to describe prospects for successful industrial
implementation of this technology.
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Currently plants remain an essential source of biologically ac-
tive compounds in spite of development of chemical or microbial

Since ancient times people used plants both as food and as
sources of various valuable bioactive compounds. The extracts
of medicinal and aromatic plants are used as food and cosmetic
additives (e.g. essential oils, rosmarinic acid, vanillin), natural
dyestuffs (e.g. betalains, anthocyanins), biopesticides (e.g. nico-
tine, rotenone, ryonidine), as well as phytotherapeutics (terpenic
acids, phenolic acids, alkaloids: vinblastine, vincristine, caffeine,
nicotine, ephedrine) [1-3].
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Abbreviations: 2,4-D, 2,4-Dichlorophenoxyacetic acid; DW, dry weight;
FW, fresh weight; IBA, Indole-3-butyric acid; LS, Linsmaier and Skoog
medium; NAA, o-Naphtaleneacetic acid; RA, rosmarinic acid
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technologies [2]. According to the World Health Organization
(WHO) 11% of the conventional medicines are exclusively of
plant origin and a significant number are synthetic drugs ob-
tained from natural precursors [4].

According to Turrill, 1929 [5], Balkans are richer in flora
than any comparable area in Europe. The flora in the region
is characterized by high percentage of endemism. For example,
in Bulgaria there are 270 higher plant species that are endemic
to Balkan Peninsula, and other 174 species occur only on the
territory of Bulgaria [6]. These figures are of similar magnitude
for the other Balkan countries, except for Greece, where about
750 species are endemics to the country [7].

The ethnobotanical studies in the recent decades revealed
the peculiarities of traditional and contemporary plant use and
the most popular wild plant species. Redzic, 2006 [8] reported
308 plants used in nutrition and diet of local people in Bosnia
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and Herzegovina. Considerably lower number of species — 88
were noted by Nedelcheva, 2013 [9] for Bulgaria. Luczaj et al.,
2014 [10] reviewed the wild food plants in Dalmatia (Southern
Croatia) and concluded that the species used in the region were
almost the same like in the other Mediterranean countries.

While many studies focused on the use of wild edible
plants, relatively little is known about their cultivation. Cur-
rently, mostly aromatic and medicinal plants, having commercial
value, are subjected to cultivation (for example, Mentha, Orig-
anum, Melissa, Coriandrum), while the majority of wild edible
plant species are collected from nature. This could cause dis-
turbance of their natural populations and plant communities.
Therefore, the cultivation could be a very promising tool for
preventing the exhaustion of the natural resources and genepool
of wild edible plants and could contribute to the conservation of
their natural habitats [11,12].

However, natural plant-derived food additives and bioactive
compounds extracted through conventional methods from in-
tact plants are available only seasonally and are affected by en-
vironmental and geographical factors. Plant secondary metabo-
lites are synthesized in minor amounts in specialized tissues
(like trichomes) in variable yields year to year, that makes their
extraction, isolation, and purification from intact plants diffi-
cult. Due to their very complex structure and/or chirality, in
many cases organic synthesis is not possible or cost ineffective.
These disadvantages can be overcome by plant in vitro cultures.
Nowadays, plant biotechnology is modern and reliable tool for
producing plant bioactive compounds. The advantages of plant
in vitro systems over the intact plants are well known: year-round
growing under controlled and optimized laboratory conditions
(pH, temperature, medium components, and others environ-
mental factors); independence of climatic and soil differences;
conservation of rare and endangered plant species; cultivation
in diverse bioreactor systems for increasing production yields of
target metabolites; separation of target compounds is much eas-
ier due to lower complexity of the cultured materials [3,13,14].

In the current mini review we summarize available informa-
tion about in vitro plant systems of edible plants from the Balkan
Peninsula producing food additives and biologically active
substances.

2 In vitro systems of edible plants from the
Balkan Peninsula producing food
additives and bioactive substances

The capacity of plant cell, tissue, and organ cultures to pro-
duce and accumulate many valuable chemical compounds sim-
ilar to the parent plant in nature has been highlighted since the
inception of in vitro technology. The strong and growing de-
mand in today’s marketplace for natural, renewable products
has refocused attention to in vitro plant materials as potential
sources for secondary phytochemical products, and has paved
the way for new research exploring secondary product expres-
sion in vitro [15].

According to the degree of differentiation of the cultivated
plant tissues, plant in vitro systems could be classified as un-
differentiated in vitro cultures (calli and cell suspensions) and
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differentiated in vitro cultures (shoots, hairy roots, adventitious
roots, bulbs, somatic embryos) [3,16].

2.1 Undifferentiated in vitro systems

Undifferentiated in vitro systems consist mainly of callus cultures
and cell suspensions. Valuable bioactive substances from callus
and cell suspension cultures have been successfully obtained
from edible plants naturally grown in the Balkan Peninsula. Most
of them belong to the Lamiaceae and Vitaceae families (Table 1).

Keskin and Kunter, 2010 [17] successfully obtained callus
culture of Vitis vinifera L. cv. Okiizgozii, grown in Turkey that
produce resveratrol - a valuable stilbene. This secondary metabo-
lite has been found to possess a number of health benefits: an-
tiviral, antioxidant, anti-inflammatory, cancer chemopreventive
and therapeutic effects, prevent heart-artery diseases by reducing
cholesterol and harmful blot clots [18-21]. Due to these health
benefits, there is an increasing demand for effective approaches
to produce resveratrol. When 12-day-old culture of V. vinifera
L. cv. Okiizgozii was exposed to UV light (254 nm) for 15 min.
the amount of accumulated trans-resveratrol was 26-fold higher
than the control calluses [17].

Except trans-resveratrol, suspension cultures obtained of
grapevine grown in Slovak Republic and Italy have been reported
to accumulate a wide range of catechins, flavonoids and phenolic
acids possessing multiple biological properties such as antioxi-
dant, antibacterial, anticancer, estrogenic and heart-protecting
activities [22-25]. Most of these researches have been focused
on improvement of in vitro production of the target compounds
by adding elicitors, such as fungal pathogen Phaeomoniella
chlamydospora, metyljasmonate [23], chitosan [24], dimethyl- -
cyclodextrin [25] or cultivation in batch and fed-batch bioreac-
tors [24]. The elicited with dimethyl-8-cyclodextrin in vitro cul-
ture of V. riparia x V. berlandieri produced in the medium about
2400 times higher amount of trans-resveratrol (911.25 mg/L)
compared to untreated cells (0.37 mg/L) [25]. Ferri et al,
2014 [24] reported for 20-fold higher production of free and
mono glucosylated resveratrol (32.72 umol/g DW or 7.47 ug/g
DW) in fed-batch cultivation of Vitis vinifera cv. Barbera treated
with chitosan.

Beside by suspension cultures of grapevine, resveratrol was
successfully obtained by many engineered microorganisms (Sac-
charomyces cerevisiae, Escherichia coli) [26-30]. The highest yield
of resveratrol was obtained by Mingji et al., 2016 [30]. They
used metabolic engineering strategies, synthetic biology tech-
niques and system biology approaches and constructed engi-
neered strain of S. cerevisiae produced 811.50 and 754.70 mg/L
resveratrol in fed-batch fermentation on a minimal medium
with glucose or ethanol, respectively. Besides, this strain pro-
duced resveratrol from low cost carbon sources in short process
time with high purity that is a base for its commercial applica-
tion. Additionally, this engineered strain of S. cerevisiae synthe-
sized higher amount of resveratrol compared to the suspension
cultures of grapevine [23,25].

Cell suspension cultures of sweet basil (Ocimum basilicum
L.), grown in Greece were successfully developed for production
of rosmarinic acid (RA) — one of the widespread natural antiox-
idant in the Lamiaceae family [31, 32]. Double volume of the
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Table 1. In vitro systems of edible plants from the Balkan Peninsula producing food additives and bioactive substances

Type of in vitro culture Plant species (Family) Bioactive compounds Yield References
Callus Vitis vinifera L. cv. Okiizgozii trans-resveratrol 62.23 nug/g FW (17]
(Vitaceae)
Cell suspension Vitis vinifera L. cv. St. Laurent Catechin 1.48 mg/g FW [23]
(Vitaceae) Epicatechin 2.05 mg/g FW
trans -resveratrol 0.45 mg/L
Rutin 1.32 mg/g FW
p-coumaricacid 0.09 mg/L
Vanillic acid 0.73 mg/L
Cell suspension Vitis vinifera cv. Barbera (Vitaceae) Free and mono glucosylated 32.72 pmol/g DW (24]
resveratrol
Cell suspension V. vinifera cv. Pinot Noir (Vitaceae) trans-resveratrol 0.51 mg/L, 5.80 g/g (25]
Cell suspension V. vinifera cv. Merzling (Vitaceae) trans-resveratrol 4.31 mg/L, 3.91 ug/g [25]
Cell suspension V. amurensis (Vitaceae) trans-resveratrol 225.22 mg/L, 187.35 jug/g (25]
Cell suspension V. ripariax V. berlandieri (Vitaceae) trans-resveratrol 911.25 mg/L, 622.90 ugl/g [25]
Cell suspension Ocimum basilicum L. (Lamiaceae) Rosmarinic acid 10 mg/g DW [31]
Imobilized cell culture Ocimum basilicum L. (Lamiaceae) Rosmarinic acid 20 mg/g DW [32]
Callus Satureja hortensis L. (Lamiaceae) Rosmarinic acid 82.34 £+ 0.26 mg/g FW [33]
Cell suspension S. tomentosa Mill. (Lamiaceae) Oleanolic acid, 71.89 +1.23 pg/mL [35]
Ursolic acid 256.28 £ 2.68 ug/mL
Rhizogenic callus S. scabiosifolia Lam. (Lamiaceae) Oleanolic acid 829.14 mg/g DW [37]
Cell suspension Helianthus annuus L. (Asteraceae) «a - tocopherol 11.26 ug/g FW [39]
Cell suspension Arabidopsis thaliana L. (Brassicaceae) « - tocopherol 9.00 ng/g FW [39]
Cell suspension Helianthus annuus L. (Asteraceae) «a - tocopherol 24 nglg FW [40]
Cell suspension Helianthus annuus L. (Asteraceae) « - tocopherol 77.00 ng/g DW [41]
Cell suspension Helianthus annuus L. (Asteraceae) Linoleic acid 14.1% of the identified [42]
total volatiles compound
Hairy roots Salvia tomentosa Mill. (Lamiaceae) Gallic acid 39x [44]
Protocatechuic acid 188
Salicylic acid 446
Chlorogenic acid 331
Vanillic acid 332
Caffeic acid 131
Syringic acid 167
p-Coumaric acid 44
Sinapic acid 521
Ferulic acid 232
Cinnamic acid 27
Myrecetin 47
Hesperidin 21
Quercetin 25
Luteolin 4
Kaempferol 11
x«Adsorbed on Amberlite
XAD-4, (1g/RITA
apparatus (200 ml
medium)
Hairy roots Beta vulgaris L. Betanin 53 mg/L [45]
Shoots Vitis vinifera cv. Feteasca Neagra, trans-resveratrol 41.30 pg/g DW [50]
(Vitaceae)
Shoots Vitis vinifera Cabernet Sauvignon trans-resveratrol 7.94 nglg DW [50]
(Vitaceae)
Shoots S. officinalis L. (Lamiaceae) Carnosic acid, 2.75 + 0.02 mg/g DW [51]
Carnosol, 0.50 & 0.07 mg/g DW
Rosmarinic acid 12.3 0.1 mg/g DW
Hairy roots S. officinalis L. (Lamiaceae) Rosmarinic acid 30.9 & 1.0 mg/g DW [51]
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 801
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immobilization matrix of cell suspension culture of sweet
basil increased RA production hundred times. In addition,
RA was secreted into the culture medium, where it was
collected without terminating the culture of immobilized cells
[31,32].

Tepe and Sokmen, 2007 [33] developed a callus culture of
one of the most spread edible plant in the territory of Balkan
Peninsula Satureja hortensis L. In this study, production and
optimization of RA was investigated on Gamborg’s B5 [34] basal
medium supplemented with different indole-butyric acid (IBA)
and N6-benzyl aminopurine (6-BA) combinations and sucrose
concentrations.

Protocol for efficient cultivation of cell suspension culture of
Salvia tomentosa Mill. (Lamiaceae), naturally grown in Bulgaria
and production of valuable pentacyclic triterpenes was reported
by Marchev et al., 2011 [35]. S. tomentosa Mill. suspension syn-
thesized high amounts of oleanolic (71.89 ug/mL) and ursolic
acid (256.28 ug/mL). However, the nutrient media used for its
cultivation were supplemented with 2,4-D, which makes the use
of these valuable metabolites in food systems under discussion,
concerning the safety of this plant growth regulator and possible
cancer risk in humans [36].

It is well known that undifferentiated cell cultures have un-
stable growth and varying secondary metabolites yields because
of the high level of somaclonal variation and unpredictable
changes in endoreduplication pattern [37]. To minimize those
risks, the so called rhizogenic callus cultures - fast growing
undifferentiated transformed plant cells with a stable ploidy
pattern have been developed and studied for secondary metabo-
lites production [37]. Such type of callus culture was initi-
ated from S. scabiosifolia Lam. after genetic transformation with
agropine-type strain Agrobacterium rhizogenes ATCC 15834 and
subculture of transformed roots on Linsmaier and Skoog (LS)
medium [38]. The obtained rhizogenic callus was used to initi-
ate cell suspension culture with stable growth characteristics in
liquid medium and predominant accumulation of oleanolic acid
(829.14 ug/g DW) [37]. The stable growth, the predictable yields,
and cultivation in plant growth regulators free nutrient me-
dia of rhizogenic cell suspension culture of S. scabiosifolia Lam.
seems to be a possible approach for producing oleanolic acid for
foods [37].

After optimization of medium composition and culture
conditions, cell suspension cultures of Helianthus annuus L.
(Asteraceae) and Arabidopsis thaliana L. (Brassicaceae) were
established for the production of the most active component
of vitamin E, a-tocopherol. A considerable increase (49 and
66%, respectively) of a-tocopherol production was obtained
in both cultures, after a treatment with jasmonic acid [39].
Higher yeld of a-tocopherol (24 pg/g FW) was obtained by
standardized suspension of H. annuus L [40]. Besides, Geipel
etal., 2014 [41] described an efficient protocol for a-tocopherol
production from photomixotrophic suspension culture of H.
annus. Georgiev et al., 2010 [42] also reported for cell sus-
pension culture of Helianthus annuus L. (Asteraceae) that
produced 14.1% linoleic acid of the identified total volatile
compounds.

The homogeneity of an in vitro cell population, the
large availability of material, the high rate of cell growth in
controlled and reproducible bioreactor conditions make cell
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suspension cultures a valuable platform for the produc-
tion of high-value secondary metabolites and other sub-
stances of commercial interest [15]. Further benefits include
improved safety of the biosynthesized products based on
the absence of environmental pollutants and agrochemicals,
which is important for products legal registration as food
ingredients [43].

2.2 Differentiated in vitro systems

Undifferentiated plant in vitro systems have several disadvan-
tages as producers of food additives and bioactive metabolites.
The main concern is that the biosynthesis of some metabolites
requires a complex structural and physiological (cellular and
tissues) compartments that only specialized and differentiated
cells and organs can provide [3]. Other important points are the
low and variable yields and the high level of genetic instabilities
of fast growing undifferentiated plant cells [16]. The develop-
ment of production processes based on differentiated plant in
vitro systems could be a suitable solution to overcome those
concerns.

Transformed hairy root cultures, obtained after genetic
transformation with Agrobacterium rhizogenes strains are the
preferable production systems for valuable bioactive substances
among the differentiated plant in vitro systems. This is be-
cause transformed hairy roots usually have comparatively
high growth rates, stable metabolite profiles, low level of so-
maclonal variability, high potential to accumulate secondary
metabolites, as well as cultivation without exogenous growth
regulators. These in vitro systems also can be easily culti-
vated in various bioreactor types and temporary immersion
systems [3].

Marchev and co-workers, 2011 [44] developed hairy root
culture of S. tomentosa Mill. by Agrobacterium transformation
and cultivation in two-phase temporary immersion RITA system
with a presence of adsorbent resin Amberlite XAD-4 as a second
phase. The application of this approach had some important
biotechnological advantages, such as an effective separation of
the resin nets from the explants and removing of the biosynthe-
sized phenolics from the cultivation medium. The authors [44]
established that about 85% of released phenolic acids and 100%
of released flavonoids were removed from the medium and 100%
of the explants formed strong and healthy hairy roots for two
weeks. This new transformation protocol was proved to be very
effective and could be widely applied in other plant species,
overproducing and releasing phytotoxic phenolics in high con-
centrations [44].

Production of the valuable food colorant betanin by Croatian
Beta vulgaris L. hairy roots has been investigated by Kriznik and
co-workers, 2010 [45]. The authors reported volumetric yield of
53 mg/L betanin. This yield could be base for further industrially
visible production process. Furthermore, there is available a huge
amount of information about all bioprocess engineering aspects
(media optimization, elicitation, bioreactor design improvement
and etc.) for development of such process reported by Pavlov and
co-workers in the beginning of this century [46-49].

It was established that shoot cultures of Vitis vinifera cv.
Feteasca Neagra and Vitis vinifera cv Cabernet Sauvignon were

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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suitable in vitro systems for trans-resveratrol production. Elic-
itated cultures (with AICl;) accumulated 41.30 pg/g DW and
97.94 ug/g DW trans-resveratrol, respectively [50]. These yields
are higher than above described yields achieved by cell suspen-
sion culture of Vitis vinifera L. cv. Okiizgdzii and Vitis vinifera cv.
Barbera [17,24], but lower than those reported from genetically
modified yeasts [30].

It seems the differentiated in vitro cultures of S. officinalis L.
(Lamiaceae) are suitable production systems for carnosic acid,
carnosol and rosmarinic acid [51]. Grzegorczyk and co-workers,
2007 [51] established that shoot culture produced carnosic acid,
carnosol, rosmarinic acid, as the hairy root culture synthesized
only rosmarinic acid. Reported volumetric yields for these com-
pounds (Table 1) could be base for further development of eco-
nomically sufficient processes, Furthermore hairy roots accu-
mulated two fold higher quantities of rosmarinic acid than the
suspension culture of the same edible plant [51].

Nevertheless achieved progress, still a challenge and a crit-
ical step that limits the industrial implementation of differ-
entiated plant in vitro systems is their complicated scale up,
as the main problem is transfer of biomasses at the inocula-
tion processes [3]. The growth of plant tissues or organs un-
der controlled submerged conditions brings other engineer-
ing problems related to construction of vessels, realization of
mass transfer, mixing and etc. [3]. With the advance of bio-
process engineering, most of these technological issues have
been solved in acceptable level and nowadays many bioreac-
tor systems, as well as cultivation strategies have been developed
and successfully applied for cultivation of various differenti-
ated plant in vitro cultures including adventitious roots, trans-
formed hairy roots, embryos, shoots and seedlings. Some of the
processes have been implemented in commercial scale, as well
[3,52].

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

steps; #:x* interconnected steps).

3 Conclusion and future prospects of
bioprocess engineering aspects of
production of bioactive compounds by
plant in vitro systems

The objectives of many biotechnological industries are to develop
plant in vitro culture techniques to the stage that the production
of target bioactive compounds is cheaper either than extracting
the naturally grown plants or the chemically synthesized product.

Conventional approaches for increasing the productivity of
the plant in vitro cultures are based on media optimization,
selection of a suitable plant tissue culture, elicitation by dif-
ferent biotic (microorganism-derived elicitors; plant cell wall
compounds; peptides, cyclodextrins) and abiotic elicitors (metal
salts, UV light), as well as optimization of bioreactor design and
environmental conditions of cultivation [53-55].

Despite a significant progress, the experience showed that the
low yields and the complex scale-up of bioreactor cultivation
remain major limitations for industrial implementation of plant
cell and tissue cultures. Therefore, there is an increasing necessity
to find additional approaches for solving these limitations in
yield, cost and bioprocessing conditions [56].

Biotransformation was proposed as a novel element of the
integrated bioprocess approach for optimization of the produc-
tion processes of food additives and bioactive compounds by
plant in vitro systems (Fig. 1). It is based on modification bioac-
tivity, bioavailability and toxicity of the produced secondary
metabolites. Transformations of the structures of plant sec-
ondary metabolites are performed by bacteria and filamentous
fungi as an adaptive response to their environment at physio-
logical and/or biochemical level. They have ability to convert
molecules at positions that are either difficult or impossible

803



Engineering
in Life Sciences
www.els-journal.com

by chemical methods or are economically inexpedient. Besides,
biotransformation proceeds at mild conditions regarding pH,
temperature and pressure in contrast to the complicated steps
required for their chemical synthesis. Another advantage of mi-
crobial transformations is that the obtained derivate is pure and
with sufficient yield [57].

During the last years synthetic biology has been remarkably
developed. So, it could be proposed as a second novel element
in the integrated bioprocess approach for production of plant
bioactive compounds with sufficient yields and low cost (Fig. 1).
Synthetic biology is a promising engineering tool for controlling
and programming cellular behavior and biosynthesis of target
compounds [58]. Most frequently, the yeasts are used as an ap-
propriate biosynthetic matrix in this approach [59], but they also
could be used for tailoring the metabolite pathways in the plant
cells themselves. Omics studies and metabolic modeling enhance
the understanding of yeast and plant cells metabolic networks.
Nowadays, the challenges associated with synthetic biology are
discovery or program of a biochemical pathway toward the de-
sired compound, efficient and rapid assembly of this pathway
in the host, optimization of enzymatic activity and expression
levels of individual enzymes in the pathway, and optimization
of the host cell for efficient supply of precursors, co-factors, and
energy for the process [60]. Nevertheless of these limitations,
the future development of the production of bioactive plant
secondary metabolites will be based on the development of syn-
thetic biological platforms — from one side for tailoring plant cell
metabolism and from other for development of plant secondary
metabolites production systems based on the yeasts.

Regardless of all described limitations of plant cells biotech-
nologies, the first commercial processes for production of cos-
metics and food additives in Bulgaria are visible in the near fu-
ture. Last year appeared the first Utility Model (Phytochemical
profile of dedifferentiated cells of Calendula officinalis L.) devel-
oped by Prof. Atanas Pavlov and Dr. Vasil Georgiev, 2017 [61]
in collaboration with INOVA BM Ltd., on which base nowadays
the development of the industrial processes is at the stage of the
commercialization of the products.
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