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This article provides an analytical overview of South Korea’s bioindustry, examining its current status,
achievements, and challenges. The article covers various aspects of the economy, including innovation
opportunities, government policies, economic impact, and social change. The analysis identifies key
achievements, including South Korea’s leadership in biopharmaceutical production and innovation, and
addresses challenges such as global competition and climate change. It outlines key future development
prospects, highlighting the potential of digital healthcare, personalized medicine, and green biotechnology to
position South Korea as a leader in the bioeconomy. It also highlights lessons that can be learned from South
Korea’s experience and their applicability to other countries, including Ukraine and Poland, that are seeking
to strengthen their bioeconomy and bioindustry potential. Considering the strategic approach of South Korea,
this study aims to identify valuable ideas for promoting innovation, ensuring sustainable development and
positioning the bioindustry as a driving force for national economic growth. The analytical analysis of this
work concerns the coverage of the current state of industrial production and areas of scientific research in
classical biotechnology to improve existing and develop new bioengineering technologies, which are aimed at
developing the strategic importance of the bioindustry for achieving sustainable development of the country.

Aim. The article purposed to analyze the current state, key achievements, challenges, and prospects
of the South Korean bioindustry, focusing on obtaining valuable knowledge and practices that can be
adapted to promote the development of the bioindustry in Ukraine and Poland.

Materials and Methods. Methodological analysis and abstract-logical method of generalizing the
criteria for assessing the formation, development, and integration of biotechnological production into
the structure of the global output of safe products, as well as bioproducts for improving health and
rejuvenation.

Results. The article describes the current state of key industries based on the Korean bioindustry
classification code KS J 1009: biopharmaceutical, biochemical, and bioenergy, biofood, bioenvironmental,
biomedical equipment, and bioinstrument & bioequipment, bioresource, and bioservice industries. Each
sector is characterized by distinct dynamics of growth, levels of innovation implementation, and
integration into national and global bioeconomic strategies.

Conclusion. The analysis highlights both the technological achievements and structural priorities
shaping South Korea’s modern bioindustry.
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Bioindustry has become a cornerstone of
modern economic development, combining
advanced technologies with sustainable
solutions to address global challenges in
healthcare, agriculture, and environmental
protection. Automation and data-driven
processes are increasingly being implemented
in biotechnology. They are expected to
radically improve the predictability and
reproducibility of research and manufacturing
outcomes by 2040 through the creation
of new bioengineered products, as well as
groundbreaking innovations such as mRNA
vaccines against cancer and CRISPR-based
therapies, improvements in safe delivery
systems such as lipid nanoparticles for gene
editing for clinical use, etc. Today, the US
is the leader in the world of biotechnology
products, with a share of almost 50%.
However, this depends on the specific data
source and year. According to Statista, in
2021, the United States accounted for nearly
59% of the global value of biotechnology.
Still, there is a reality of competition between
the United States and China in the field of
biotechnology. South Korea is also a major
player in the global biotechnology market, with
a growing presence in the biopharmaceutical
sector. However, its share is much smaller
than that of the United States. South Korea
stands out as one of the world’s leading
countries in this field, leveraging its material
resources, advanced technological base,
strong government support, and innovation-
driven economy. Over the past two decades,
the country has made significant strides in the
production of biopharmaceuticals, the use of
bioresources and the creation of biomaterials,
the investment development of bioenergy, the
scaling up of model bioengineering research
and pilot developments, establishing itself as
a key player in the global bioeconomy, which
uses biological resources to produce goods,
services, and processes. South Korea has
significant potential for bio-based industries,
particularly in health, food, and biomaterials.

Global economic growth is expected to
remain at 2.8% in 2025, unchanged from 2024.
The global biotechnology market will reach
approximately USD 2.18 trillion by 2025, up
from USD 1.95 trillion in 2024. According
to the Biotechnology Industry Outlook 2025
by StartUs Insights (https://www.startus-
insights.com), the bioindustry is expected to
continue to expand, potentially reaching USD
5.90 trillion by 2034, with a CAGR of 11.6%
from 2025 to 2034. In this context, analyzing
the structure and priorities of South Korea’s
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bioindustry becomes particularly important, as
the country represents one of the most rapidly
advancing and innovation-driven markets in
Asia. Understanding its strategies, investment
trends, and technological focus provides
valuable insights into the future trajectory of
the global bioeconomy and highlights potential
models for sustainable growth, international
cooperation, and commercialization of biotech
innovations.

Considering South Korea’s strategic
approach to the development and
implementation of biotechnology, this
study aims to examine the current state,
achievements, and challenges of the
bioindustry, identify wvaluable ideas for
promoting innovation, ensuring sustainable
development, and positioning the bioindustry
as a driving force for national economic
growth. Special attention is given to the
applicability of South Korea’s experience in
shaping effective bioeconomic policies and
fostering international competitiveness in the
biotechnology sector.

Materials and Methods

The work used methodological analysis
and abstract-logical method to generalize
the criteria for assessing the formation,
development and integration of bioengineering
biotechnologies and the biotechnological
process into the bioindustry with a number of
transnational companies, corporations and
firms for the production of bioproducts and the
provision of services for the use of bioprocesses,
taking into account that the main trends in the
modern development of the world bioeconomy
include globalization, informatization,
transnationalization. To process the
information, methods of searching for scientific
literature, statistical analysis, systematization,
comparison, and generalization of information,
and processing of the obtained data were
used. Analysis of own developments and their
generalization regarding the assessment of the
sectors of classical biotechnology and cellular
and genetic engineering for the formation
and development of the bioindustry in South
Korea, the use of the biotechnological process
in various productions of target bioproducts
according to world standards in accordance
with the recommendations, requirements and
standards with the development of patents
of the Eurasian Patent Organization, as well
as the creation of a number of promising
biotechnologies, the combination of which will
constantly vary depending on specific practical
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tasks, the development of technical conditions
for their production, in particular with regard
to the bioindustry of Ukraine.

Results and Discussion

In the 21st century, in the context of
changes and transformations in the global
economy, the bioindustry is one of the key
sectors that determines the technological
competitiveness of countries and contributes
to their sustainable development. South Korea
or the Republic of Korea (hereinafter referred
to as Korea) demonstrates the development of
the bioindustry, investments in biotechnology
research, and active international cooperation
[1]. The country’s bioorientation is due to
strategic state support, developed scientific
and research infrastructure, a high level
of technological integration, and export
orientation to global markets.

The development of the bioindustry in
Korea is due to both global challenges and
the strategic planning of the country’s
government. Several stages of the formation of
the bioindustry in Korea can be distinguished.

I. The initial stage (1970-1980) is
characterized by the development of
fermentation and fermentation technologies
for the production of traditional products
(soy sauce, fermented beverages, etc.) and the
emergence of the first research institutes in
the field of biotechnology.

II. The stage of the formation of the
bioindustry (1990s), which began with the
emergence of the first companies specializing
in the production of biopreparations and the
creation of a basic plan for the promotion of
biotechnology (Biotech 2000, Bio-21) in 1994.

III. The stage of expansion and
globalization (2000-2010), which is
characterized by integration into the global
bioindustry, increasing export potential, and
the development of bioenergy.

IV. Modern stage (2010s—present).
Today, the bioindustry is one of the strategic
directions of economic development in Korea
and is supported through national programs.
It is expected that the bioindustry will solve a
number of urgent problems of today, such as
the phenomenon of an aging society, depletion
of fossil fuel resources, outbreaks of new
infectious diseases, water shortages, and
global warming [2, 3].

As of 2023, Korea’s bioindustry revenue
was USD 25.6 billion [4], accounting for 1.7%
of global bioindustry revenue. In the same
year, the export value of products and services
in Korea’s bioindustry amounted to KRW
11.6 trillion, equivalent to USD 8.9 billion
[6—T]. According to forecasts [4], by 2030, the
bioindustry revenue will grow more than 3
times and will reach USD 81.6 billion. The top
10 companies of the Korean bioindustry are
given in Table 1.

Samsung Biologics Co Ltd, Celltrion Inc
are leaders of the Korean bioindustry, as well
as prominent players in the global bioindustry
[8, 9]. Logos of the top 10 companies of the
Korean bioindustry are given on the Fig. 1.

The basis for harmonious cooperation,
communication, and coordination of
Korean bioindustry producers is the Korea
Biotechnology Industry Organization
(KoreaBIO) with its logo (Fig. 2). The
organization was established on the basis of 3
associations in 2008: Bioindustry Association
Korea (BAK), Korea Biotechnology Research
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BIOLOGICS

« SK bioscient SL E B

SK maceutica

LegoChembBio

&> Hanmi Pharm.

7Y DAEWOONG

Fig. 1. Logos of the top 10 Korean biotech companies

* Author’s compilation.

koreaBio

Fig. 2. Logo of the Korea Biotechnology Industry Organization
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Table 1
The top 10 Korean biotech companies by market capitalization in 2024
Foundation | Market cap, .
No. Company year mln USD Main products
1 Samsung Biologics 2011 45.180.00 Development, manufacturing of antibody-drug
: Co Ltd ’ : conjugates (ADCs) and mRNA; CDMO-services.
. Biosimilars, novel biopharmaceuticals and
2. Celltrion Inc 2002 27,129.00 monoclonal antibodies (MCAs); CDMO-services.
Development and commercialization of novel
3. Alteogen Inc 2008 10,860.00 biologics (long-acting biobetters) such as ADCs,
biosimilars etc.
Dietary supplement, biopharmaceuticals, CDMO-
4. Yuhan Co Ltd 1926 6,327.00 services. Development of active pharmaceutical
ingredients (APIs).
SK Development of innovative pipeline in CNS
5. | Biopharmaceuticals 1993 6,184.00 tabolic disord i tonia et >
Co Ltd metabolic disorders (epilepsy, myotonia etc).
6. 'LigeChem 2006 2.740.00 Development of nevel biopharmaceuticels,
Bioscience Inc production of medical devices and supplies.
7 Sam Chun Dang 1943 9.486.00 Dietary supplement, biopharmaceuticals, over the
: Pharm Co Ltd ’ : counter drugs (OTC), APIs; CDMO-services.
Hanmi Pharm Co Biopharmaceuticals, dietary supplements and
8. Ltd 1973 2,446.00 CDMO-services.
9. SK Bioscience Co 2018 2,273.00 Biopharmaceuticals, yaccines and infusion
Ltd solutions.
Daewoong Pharm Biologics, chemicals, OTC and medical devices;
10. Co Litd 1945 1,166.00 CDMO-services.

* Developed by the authors based on [8].

Association (KBRA), and Korea Bio-venture
Association (KoBioVen). KoreaBIO is intended
to promote technological development,
industrialization, and development of the
national economy according to Article 38 of the
Industrial Development Act of the Ministry of
Trade, Industry, and Energy [10].

The enormous potential of Korean biotech
companies is determined by government
support and developed infrastructure. And
the sector’s growth to become a competitive
and innovative global force — underpinned
by a dynamic economy, a highly skilled
workforce, and significant government and
commercial infrastructure investment —
is bringing major opportunities for
international companies [11].

The biotechnology classification code —
KS J 1009: Classification of the bioindustry
(set by the Korean agency for technology and
standards (KATS) in 2008) — was developed
to classify bioindustry into sectors, facilitate
the collection of statistical data, and shape

public policy. According to the standard, the
bioindustry is divided into eight sectors:

. biopharmaceutical industry;

2. biochemical and bioenergy industry;

3. biofood industry;

4. bioenvironmental industry;

5
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—

. biomedical equipment industry;
.bioinstrument and bioequipment in-
dustry;

7. bioresource industry;

8. bioservice industry[2, 3, 12].

In the context of the development of
the bioindustry, this standard is aimed at
ensuring quality, safety, and efficiency in
the production of bioproducts in various
bioindustrial sectors. Among these sectors,
the biopharmaceutical industry stands out
for its exceptional support, as evidenced by
the highest level of investment in research
and development (R&D) in the bioindustry.
In 2023, it amounted to about KRW
3.7 trillion (equivalent to USD 2.7 billion)
[13].
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Fig. 3. Biopharmaceutical market size of South Korea in 2012—2023

* Developed by the authors based on [19].
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In 2023 Korean bioindustry had 1293
enterprises, including 328 biopharmaceutical,
261 biochemical and bioenergetic, 264
biofood, 89 bioenvironmental, 138 biomedical
equipment, 60 Dbioinstrumental and
bioequipment, 27 bioresource, 126 bioservice
(including bioservices in other production
sectors that integrate bioobjects and/or
bioprocesses into their operations) [14]. Each
of the areas is characterized by achievements
and challenges that need to be overcome
for the sustainable development of Korea’s
bioindustry[12, 14, 15].

Biopharmaceutical industry

It’s focused on production and R&D
of biopharmaceuticals: bioantibiotics,
biologically manufactured low-molecule
medicines, hormones, vaccines, therapeutic
antibodies and cytokines, blood products,
cell-based and gene therapeutics,

biomaterial-based medicine, veterinary
biopharmaceuticals, etc. The industry also
includes biological diagnostic products,
generics, and biosimilars.

In 2022, the Korean biopharmaceutical
industry ranked 12th in the world by market
capacity [16—18]. The graph (Fig. 3) shows
a gradual growth since 2015. The decrease
in market volumes in 2022 is associated
with a reduction in demand for “COVID-19-
products”, increased regulation of clinical
trials and genetic research, a fall in share
prices of industry leaders such as Celltrion Inc.
and Samsung Biologics Co. Ltd, and the global
economic downturn.

There are nine dominant types of
bioproducts on the Korean biopharmaceutical
industry market (Fig. 4): MCAs (1), cell-based
and gene therapeutics (2), recombinant growth
factors (3), purified (4) and recombinant (5)
proteines, recombinant hormones (6), vaccines
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KPBMA

Korea Pharmaceutical and Bio-Pharma
Manufacturers Association

Fig. 6. Logo of the Korea pharmaceutical and biopharma manufacturers association

(7), recombinant enzymes (8), synthetic
immunomodulators (9) [20].

Leading Korean biopharmaceutical
companies are (Fig. 5): Samsung Biologics
Co Ltd, Celltrion Inc, Alteogen Inc, Hanmi
Pharmaceutical Co Ltd, SK Bioscience Co
Ltd, GC Pharma Co Ltd, Chong Kun Dang
Pharmaceutical Co Ltd, KoreaVaccine Co
Ltd, Daewoong Pharmaceutical Co Ltd, D&D
Pharmatech Inc, Boryung Biopharma Co Ltd,
and Eubiologics Co Ltd [13].

The companies have their specialization
and areas of leadership. Samsung Biologics
Co., Ltd is a global leader in providing CDMO
services due to its large-scale production
capacity and technology. Celltrion Inc. is
distinguished by the production of biosimilars,
in particular Remsima™ — the first
biosimilar of MCAs in the world, approved
by the FDA. Hanmi Pharmaceutical Co., Ltd
focuses on providing biopharmaceuticals for
the treatment of metabolic and autoimmune
disorders, infectious diseases, oncology,
and rare diseases. It also produces OTCs and
dietary supplements. SK Bioscience Co Ltd,
KoreaVaccine Co Ltd, Boryung Biopharma
Co Ltd, and Eubiologics Co Ltd specialize
in making vaccines. D&D Pharmatech
develops drugs for the treatment of
neurological disorders, such as Alzheimer’s
and Parkinson’s disease. GC Pharma Co.,
Ltd produces plasma protein therapeutics
and biopharmaceuticals. Daewoong
Pharmaceutical Co Ltd develops drugs for
regenerative medicine and chronic diseases
[10, 13].

10

Investments in the development of Korea’s
bioindustry are made by the state, private
entrepreneurs, and foreign companies. The
Korean government provides subsidies to
support clinical trials, works on the legislative
and regulatory aspects of the bioindustry,
and creates a regulatory framework in
accordance with current needs. In particular,
in August 2019, it adopted the Act on
advanced regenerative medicine and advanced
biological products (ARMAB), which
significantly simplifies the introduction
of innovations in the bioindustry [21]. At
the same time, the implementation of laws
to regulate the activities of manufacturers
ensures the quality of bioproducts and the
introduction of innovative technologies
into the industry. In 1945, the Ministry of
Health and Welfare (MoHW) facilitated
the creation of the Korea Pharmaceutical
and biopharma manufacturers association
(KPBMA) with its logo (Fig. 6). The
Association represents the interests of
Korean pharmaceutical companies, ensures
partnerships of manufacturers with related
and international organizations, and
government agencies. In 2025, KPBMA
includes 174 domestic pharmaceutical firms
and 21 multinational companies, among
which 24 are biopharmaceutical [22].

The revival of investment activity by
foreign companies indicates the level of and
confidence in the Korean biopharmaceutical
industry. Investment agreements provide a
stable income stream while reducing the risks
and costs of full-scale drug development.
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* Developed by the authors based on [23].

Among the information on foreign cooperation
and investment in 2025 are the following:

- Alteogen In announced a licensing
agreement with UK-based MedImmune
(AstraZeneca) to develop subcutaneous (SC)
formulations for three of AstraZeneca’s IV-
administered cancer drugs.

+ OliX Pharmaceuticals Inc announced a
global licensing agreement with USA-based Eli
Lilly to complete the 1st phase of clinical trials
of a candidate drug OLX702A.

+ Genome & Company signed a licensing
deal last month with UK-based Ellipses
Pharma for its immuno-oncology drug
candidate GENA-104.

Among the results of cooperation in 2025
are the completion of the third phase of trials
of the subcutaneous form of the drug Keytruda
in collaboration with Alteogen Inc and Merck
& Co the completion of the third phase of trials
of combination therapy with the drugs Leclaza
from Yuhan Co Ltd and Rybrevant from
Johnson & Johnson [7].

Unfortunately, as of 2025, no examples of
direct Ukrainian-Korean and Polish-Korean
commercial projects or investments in the
biopharmaceutical industry have been found.

Biochemical and bioenergy industry

It’s focused on production and R&D of
chemicals: biopolymers, enzymes, and reagents
for research and industry, biocosmetics,
biological agrochemicals, etc. The essential
sub-sector is biofuel and bioenergy products,
which form the basis of the country’s energy
security.

The bioenergy industry is developing
rapidly. In 2024, the Korean bioenergy
industry produced 14.67 billion kilowatt-
hours of electricity. The market is expected

to grow by 9.13% by 2029 (Fig. 7). Despite
this, the volume of Korean bioenergy on the
global market remains relatively modest [23].
Therefore, Korea is increasingly investing
in bioenergy, which reflects its commitment
to sustainable development and reducing
greenhouse gas emissions in its energy sector.

The industry’s main products include
biopolymers, biocosmetics, and biofuels.
Leading Korean biochemical and bioenergy
companies are (Fig. 8): SK Chemicals Co Ltd,
Orient Bio Inc, Anygen Co Ltd, Elecseed Pty
Ltd, CheildJedang Bio Co Ltd, Beauty of Joseon
Ltd, GS Caltex Co Korea South-East Power
Co., Ltd.

Orient Bio Inc and CJ Bio Co Ltd are
producers of a wide range of biochemicals
and reagents. Anygen Co Ltd is a bio-venture
company and specializes in the development
of peptides and their biomaterials. Beauty of
Joseon Ltd develops and produces different
types of biocosmetics.

There is particular interest in bioenergy.
It is expressed both in government support
and in the desire of manufacturers to follow
trends and introduce new approaches to
energy production on an industrial scale. The
country’s government is actively promoting
the development of biohydrogen production.
On February 5, 2021, the Hydrogen Economy
and Hydrogen Safety Management Act
(“Hydrogen Act”), the world’s first hydrogen
law, came into force in Korea. After that,
Hanwha Group, Hyosung Group, Hyundai
Group, SK Group and Posco International,
and other companies invested USD 38 billion
to stimulate the country’s hydrogen economy
by 2030. The participating companies
plan to increase hydrogen production and
consumption many times over by 2030. In

11
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addition to biohydrogen, entrepreneurs are
introducing the production of other types of
biofuels from various types of raw materials
or industrial waste to support Korea’s energy
security. In Fig.9, bioenergy facilities in Korea
in 2024 are marked.

Jungrang Water Recycling Centre is
a leader in biogas production with a daily

24
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capacity of 5,112 m? of biogas. The leaders in
the generation of electricity from municipal
waste are: waste gasification demo-plant by
plasma, owned by GS Platech (capacity of
50 kW, Cheongsong city); waste-to-energy
plant, owned by NowOn Technologies Pvt Ltd
(capacity of 281 thousand tons per year, Seoul
city); landfill gas-to-energy plant, operated
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Fig. 8. Korean biochemical and bioenergy companies [10]

* Author’s compilation.
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Table 2
Comparison of bioenergy production and forecast of its annual growth rate in 2025
Bioenergy production,
No. Country billion kWh CAGR,%
1. South Korea 16.28 8.68
2. Poland 11.09 2.02
3. Ukraine 0.70 1.40

* Developed by the authors based on [8].

by Sudokwon Landfill Site Management
Corporation (processes about 18 thousand
tons, Incheon city) and wood pellet enterprise,
owned by SY Energy Co Ltd (300 thousand
tons of pellets per year, Jincheon city) [24].

The leading manufacturers of biodiesel
are SK Energy Co Ltd, S-0Oil Co, GS Caltex
Co and Hyundai Oilbank Co Ltd [24-26].
The enterprises are working on increasing
production capacities and expanding export
opportunities in the field of sustainable
aviation fuel (SAF). This activity is correlated
with a SAF expansion strategy of Korea’s
Ministry of Trade, industry and energy and
the Ministry of land, infrastructure and
transport. The aim is to capture 30% of the
global blended SAF export market [26]. Among
these enterprises, HD Hyundai Oilbank Co
Ltd stands out for its use of the supercritical
process, which involves the use of high
temperatures and pressures without a catalyst.
This technology expands the raw material base
for biodiesel production, as it allows the use of
inedible, difficult-to-process raw materials,
such as palm oil from residues [25].

The above-listed production facilities are
part of Korea’s strategy to decarbonize the
energy sector and increase the use of renewable
energy sources, aimed at achieving carbon
neutrality, strengthening energy security.
and stimulating innovation in the field of the
green economy. In the comparative context of
bioenergy in Korea, Poland, and Ukraine, the
former is the undisputed leader (Table 2).

The issue of energy security and further
economic recovery is particularly acute and
relevant for Ukraine in the context of the
Russian-Ukrainian war. Due to damage to
the infrastructure, the country needs reliable
energy sources. Bioenergy reduces dependence
on traditional fuels (coal, oil, and gas) and
contributes to the decentralization of the
energy system, which is critically important
in the context of military operations. In the
long term, bioenergy also contributes to the
ecological modernization of the country, the
reduction of greenhouse gas emissions, and

harmonization with European environmental
standards, which is an essential component
of Ukraine’s European integration course.
Thus, the development of bioenergy is
becoming not only a tool for survival in crisis
conditions, but also a strategic direction for
the recovery and sustainable growth of the
state. Based on these factors, cooperation
in the bioenergy industry between Ukraine
and Korea is being intensified. In particular,
in 2023, representatives of the Ministry of
Energy of Ukraine and the Ministry of Land,
Infrastructure and Transport of the Republic
of Korea confirmed mutual interest in further
cooperation in hydropower, nuclear industry,
and renewable energy [27].

In 2024, a framework intergovernmental
agreement was signed with Korea, according
to which the Ukrainian economy will receive
USD 2.1 billion in soft loans from the Korean
Economic Development Cooperation Fund
(EDCF). The priority area for the development
of future cooperation between Ukrainian and
Korean businesses is green metallurgy and the
development of modern energy infrastructure.
Posco International will actively participate
in Ukraine’s recovery projects. One of its
upcoming projects is the construction of a
cogeneration power plant in Odessa using
RDF (refuse-derived fuel). This initiative,
worth USD 106 million, will be implemented
in cooperation with EDCF [28]. The payback
period of the project is estimated at 6.5 years.

By the agreement, there is an opportunity
to involve The Fund’s finances in state
initiatives and recovery projects from The
Unified Project Portfolio. Under favorable
conditions, the scope of this agreement will
expand to the private sector, the number
of projects will increase, and the size of
investments will increase.

Korea is the largest Asian investor in
Poland. According to the National Bank of
Poland, in 2018, the value of South Korean
investments amounted to EUR 978.8 billion.
However, as of 2025, no examples of direct
Polish-Korean commercial projects or

13



BIOTECHNOLOGIA ACTA. 2025. Vol. 18, no. 4

5,00

4,00

3,00

billion USD
J
8

1.88 2,04
1,0

00 -y g6 159 172 I I

=

2,67
223 2,44

4,57
4,18
3,82
3,19 i
2,92

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Fig. 10. Functional health foods market size of South Korea in 2017—2023 and forecast to 2030

* Developed by the authors based on [31].

c]..’ﬁ CHEIWJEDANG S/

seawlth  §& HAERIM FUCOIDAN

r Advanced
SIMPLE ptq@ GREENGENE ~bereum ?é%f;’;bg.es

Corp.

Fig. 11. Korean biofood companies

* Author’s compilation.

investments in the biochemical and bioenergy
industry have been found. Given Korea’s
interest in building a hydrogen economy
and the potential of Poland and Ukraine in
bioenergy, future cooperation between the
states and the exchange of technologies will
contribute to their sustainable development
and decarbonization of economies for
environmental safety. Thus, Poland and
Ukraine have the potential for leadership in
European bioenergy, provided that regulatory
barriers are overcome and investment is
actively attracted [29].

Biofood industry

It’s focused on production and R&D of
functional health foods (e.g., eubiotics,
nutraceuticals), fermented foods, food
additives (dietary supplements), feed
additives, and other biofoods. The industry
receives active support from the government,
stimulating exports and global popularization
of Korean cuisine [30].

Priority is given to creating functional
health foods, alternative protein sources
(vegetable), as well as environmental
technologies in production and packaging. In
2023 Korean functional health foods market
reached a revenue of KRW 3.19 trillion or USD
2.44 billion (Fig. 10). The expected CAGR to
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2030 for this branch is 9.4%, which is one of
the most significant indicators in the world.

Leading Korean biofood companies are
(Fig. 11): CJ CheilJedang Co Ltd, Daesang
Co Ltd, SeaWith Inc, Haerim Fucoidan Ltd,
Greengene Inc, Simple planet Inc, Bereum Co
Ltd, Advanced Protein Technologies Co [10].

CdJ CheildJedang Co Ltd produces amino
acids for humans and animals and functional
foods with probiotics, enzymes, fiber, and
other bioactive components (including
probiotics and postbiotics under its brands
BiomeNrich™ and WellNrich™). It works
in the direction of molecular cuisine,
experimenting with cooking processes at
the molecular level, enzymes, stabilizers,
and emulsifiers of biological origin. The
company’s brand Bibigo™ popularizes Korean
dishes such as mandu, kimchi, etc.

Functional foods are also produced
by Simple Pplanet Inc and probiotics and
postbiotics by Bereum Co Ltd.

Daesang Co Ltd specializes in the
production of fermented foods, food additives,
and amino acids. It is widely known for its
fermented products such as miso and soy sauce.

Haerim Fucoidan Ltd focuses on products
containing seaweed fucoidan, which is used
in pharmaceuticals, dietary supplements, and
cosmetics.
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SeaWith Inc specializes in the production
of cultured meat under the brand name
Welldone™. The company aims to create a
sustainable alternative to traditional livestock
farming, reducing its environmental impact
and ensuring ethical protein production.

Greengene Inc. is working on a chloroplast
gene editing technology that improves
the absorption of carbon dioxide during
photosynthesis. The method helps to increase the
nutritional value of products (GREENedit™) by
increasing the synthesized plant protein.

The innovativeness and multi-vector
nature of the developments of the enterprises
mentioned above indicate their desire
for sustainable development of the state,
overcoming the global food crisis, energy
challenges, and environmental problems
[30]. Support for innovative solutions
in industry is provided by scientific
institutions, organizations, associations
(scientific and technological base), and the
government (regulatory support). Thus, in
2018, the Bio-Green 21 Project was founded
in cooperation with academies, research
centers, industry, and the Rural Development
Administration. The goal of the project
is to ensure the global competitiveness of
Korean agrobiotechnologies by creating an
infrastructure for research and its use for the
development of new technologies [32, 33].

In 2024, the Bio Future Food Industry
Association (BFFIC) was established to support
and develop the cultivated meat market. The
association consists of 33 companies, including
biofood industry innovators (Simple Planet
Inc, SeaWith Inc, TissenBioFarm Co Ltd,
CellQua Inc), well-known food conglomerates
(CJ CheildJedang Group, Daesang Group),
nutrient media developers, production
process developers, etc. To facilitate the
BFFIA initiative, the Korean government has
designated the Gyeongbuk cell-cultured foods
regulatory-free special zone (RFSZ) (Fig. 12),
free from legal obstacles and intended for
the creation of industrial facilities for the
production of cultured meat.

In the first phase of the project, companies
will create banks of highly purified animal
cells and establish quality and safety standards
for these products. The second phase includes
a demonstration of mass production and
commercialization using 3D scaffolding and
molecular cuisine technologies to improve the
taste and texture of the final product.

The Gyeongbuk special zone is designed
to accelerate the commercialization of
cultured meat and will expire in 2028. During
the project, the government will work on
a regulatory framework to remove legal
obstacles to developers and establish standards
for such products [34—-35].
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Korea is witnessing the dynamic
development of new areas of the biofood
industry, in particular in the field of
functional nutrition, molecular gastronomy,
catering, fusion cuisine, and smart farming.
Some of the products produced within
these segments are already presented on
the markets of Ukraine and Poland, which
indicates a growing interest in this area.
Both countries show a high interest in
the development of biotechnology in the
agro-industrial complex, in particular
bioingredients, dietary supplements, and
innovative food solutions. Ukrainian and
Polish manufacturers express their readiness
to cooperate with Korean companies, in
particular by supplying specialized products
for the needs of the innovative gastronomy
segment, which meets modern global trends
in sustainable nutrition.

In particular, on 2023 July 15, as part of
the visit of the Korean President to Ukraine,
issues of security and economic cooperation
between the countries were discussed [37].
Among the promising areas of cooperation in
the bioindustry, the parties are considering
the introduction of nnovative farming and
organic farming into the agro-industry and
the development of environmentally friendly
technologies for building a modern city and its
infrastructure, which concerns the next sector
of the bioindustry [38—40].

Regarding the raw material base for the
bioindustry, an important initiative is the use
of new methods of classical biotechnology and
bioengineering in the agro-industry.

Bioenvironmental industry

It’s focused on production and R&D of
bioenvironmental products and services:
biological treatment agents and systems
for treatment and recycle, materials and
equipment for bioimmobilization, measuring
apparatus and services for environmental
pollution and assessment. Key areas include:
biological wastewater treatment, soil
bioremediation, organic waste processing,
air biofiltration, green biotechnologies in the
urban environment (e.g., phytoremediation,
vertical farms, ecological facades with moss
and microalgae), etc.

According to the analyzed sources of
information, the most significant growth,
development, and investments are biological
wastewater treatment (CAGR = 7.2%),
bioremediation (CAGR = 12.1%), and
vertical farming (CAGR = 21.0%) (Fig. 13)
[41-44].
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Modern biotechnological solutions, in
particular biological wastewater treatment,
bioremediation, and vertical farming,
play a key role in ensuring environmental
safety, increasing economic efficiency, and
contributing to the sustainable development of
the state through the rational use of resources
and minimizing environmental impact.

Biological wastewater treatment is an
essential phase for reducing anthropogenic
pressure on the environment, as it ensures
safe disposal and reuse of water resources.
Among the methods of biological wastewater
treatment, aerobic methods dominate,
providing 53% of the industry’s revenue
in 2024. Interest in these methods is
confirmed by scientific works, research, and
development of Korean scientists [42, 45,
46]. Anaerobic and anoxic methods are less
common [42].

In turn, bioremediation is aimed at deeper
removal of contaminants in soils and water,
which complements the ecological restoration
system. In 2021, in situ, soil bioremediation
provided 56.36% of the industry’s revenue
[43]. Toxic compounds in soil and groundwater
pose a threat to human health and nature.
In particular, an accidental oil spill is a
significant environmental disaster, which
disrupts the complex networks of biotic
and abiotic interactions of ecosystems.
Bioremediation, as a set of bioprocesses and
interactions between microorganisms, is a
soft and cost-effective approach to removing
organic pollutants [47].

The final link in the ecological coexistence
of nature and industry is the use of green
biotechnology in the urban environment, in
particular, vertical farming. It allows for the
effective use of purified resources, ensuring
food security for society, and creating a closed,
environmentally friendly cycle for sustainable
agricultural production in wurbanized
conditions.

Leading Korean bioenvironmental
companies are (Fig. 14): EcoBio Holdings Co
Ltd, KERT Korea Environmental Restoration
Technology Co Ltd, NeoEcogene Co Ltd,
N.Thing Inc, Farm8 Co Ltd [48].

EcoBio Holdings Co Ltd is engaged in the
business of waste recycling. At the same time,
KERT Co Ltd specializes in soil purification,
which can treat oil pollution, heavy metals,
and complex contaminated soil.

N.Thing Inc and Farm8 Co Ltd specializes
in vertical farming.

In the post-war period, the development
of the bioenvironmental industry in
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Ukraine will be of utmost importance for
ecological restoration, food security, energy
independence, and sustainable economic
growth. Large-scale destruction of the natural
environment, soil degradation, pollution
of water resources, and the atmosphere as
a result of hostilities will require the use of
biotechnological solutions for environmental
remediation (cleaning) and restoration
of ecosystems. One of the key areas will
be biological wastewater treatment and
bioremediation — technologies that allow
using safe biological methods to eliminate soil,
water, and air pollution. Vertical farming will
ensure local, environmentally friendly food
production with minimal use of land resources,
which is especially relevant in conditions
of destroyed infrastructure and potentially
dangerous zones.

Other promising areas include:

» Composting and reuse of organic waste
to create fertilizers and biogas;

» Phytoremediation — the use of plants
to clean the environment;

» Production of biopolymers and
biodegradable materials from renewable raw
materials;

» Creation of energy-efficient ecological
buildings using bioinsulation materials;

» Agroecology and organic farming —
to restore degraded soils and reduce chemical
loads.

The development of these areas will allow
Ukraine not only to restore its ecological
potential but also to become a regional leader
in the field of green bioeconomy.

South Korean companies are interested in
participating in projects for the development
of a smart city and infrastructure in
Ukraine. One of such potential projects is the
transformation of Truhaniv Island in Kyiv into
an environmentally friendly innovation park
with research laboratories and residential real
estate. But so far this is just an idea [38].

Biomedical equipment industry

It’s focused on production and R&D of
biomedical equipment, biosensors, biomarkers,
and in vitro diagnostics. Biomedical
devices are designed for therapeutic and
diagnostic purposes and cover a wide range of
technologies: from advanced imaging systems
and surgical instruments, implantable devices
(pacemakers and insulin pumps), to biometric
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sensors and biosensors for continuous health
monitoring.

Since rapid diagnostics play a vital
rolerole in preventing the spread of
infectious diseases (such as the coronavirus
disease caused by SARS-CoV-2), the
biosensor medical device industry has
excellent investment potential. The
growth of the sector is also due to rapid
urbanization, technological progress, and
increasing disposable incomes, especially in
developing economies. In 2024, the Korean
biosensors market generated a revenue of
USD 274.4 million. It is expected that by
2030 its CAGR will be 9.6% (Fig. 15)[49].

Korea’s biosensor market, as a leader in
the electronics industry, shows significant
growth potential due to technological
advancements, growing consumer demand,
and changing regulatory frameworks. As
the market matures, product innovation and
digital transformation are expected to drive
its expansion. Growing interest in sustainable
and environmentally friendly solutions will
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drive product demand. Sales are expected
to shift towards high-quality, premium
products, contributing to rising disposable
incomes and the dominance of quality over
quantity. Government initiatives that promote
industrial modernization and international
trade partnerships will further expand growth
opportunities.

Among the leading Korean biomedical
equipment manufacturers (Fig. 16):
MiCo BioMed Co Ltd, GeneMatrix Inc,
KogeneBiotech Co Ltd, Genomictree Inc,
Huinno Inc, Dx&Vx Co Ltd, Calth Inc,
Inogenix Inc.

MiCo BioMed Co Ltd, GeneMatrix Inc,
KogeneBiotech Co Ltd, Calth Inc, and Inogenix
Inc. specialize in the development and
production of molecular diagnostics.

Genomictree Inc focuses on the
development of innovative in vitro molecular
diagnostics technologies. The company is
working on the discovery of DNA methylation
biomarkers for early diagnosis of diseases such
as colorectal cancer.
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Huinno Inc develops biodevices for
monitoring cardiac activity, such as smart
watches and patches, equipped with artificial
intelligence technology for analyzing biometric
signals

Dx&Vx Co Ltd offers multiomics solutions
for personalized medicine, including the
development of vaccines and strains for
treatment.

The Ukrainian biosensor market is in a
stage of active development, focused primarily
on scientific research and prototyping. The
country has already developed dozens of
effective biosensors suitable for use in various
fields, including medical diagnostics, agro-
industry, and environmental monitoring. At
the same time, the widespread implementation
of such technologies is hampered by limited
funding, lack of production capacity, and
complex licensing procedures.

Among the leading companies working in
this area, BIOsens stands out — the developer
of a mobile analyzer for the rapid detection of
mycotoxins in grain crops. This solution has
significant practical significance for farms
and contributes to increasing food security.
The BIONANOSENS project, dedicated to
analytical biotechnology and innovative
management, was also an important initiative.
Despite the difficult conditions caused by
the pandemic and war, its implementation
confirmed the high potential of Ukrainian
science in the field of biosensors.

Thus, although the development of
the market requires overcoming a number
of challenges, Ukraine has significant
prerequisites for becoming an essential player
in the field of biosensor technologies. With
state support and investment, scientific
developments can turn into effective
commercial solutions with great applied value
for healthcare, the agricultural sector, and the
environment.

Bioinstrument and bioequipment industry

It’s focused on production and R&D
of equipment for analysis, synthesis, and
manufacturing of genes, proteins, peptides,
cell cultures, and other bioproducts and
bioprocesses.

Bioservice industry

It’s focused on providing R&D and/or
manufacturing services, processing treatment
& warehousing services, biodiagnostic
services, and consulting cooperation.
Bioservices in Korea is a key component
that supports research, development, and

innovation in the biotechnology sector. This
industry focuses on providing specialized
services and technologies necessary for the
successful development of biotechnology,
pharmaceuticals, medicine, agro-industry,
and other related fields. Due to the wide range
of bioservices that bioindustry enterprises can
provide, we propose to conditionally divide
the types of bioservices into two categories:
production-related bioservices and intellectual
bioservices or practical and intellectual
support.

Production-related bioservices, as the
name suggests, include services related to
the development, research, analysis, quality
control, and production of bioproducts.

Practical support includes:

— Contract research organization services
(CROs), which provide processes for the
development and research of bioproducts,
improving their quality, optimizing their
production technology, etc. CROs can
also consist of the study of laboratory and
toxicological properties of the product and
the use of genetic and cellular engineering to
modify bioproducers and bioprocesses:

— Contract manufacturing organization
services (CMOs), which provide processes
for the mass production of bioproducts to
order: from the preparation of raw materials
to the filling and packaging of the finished
product, as well as its quality control
(molecular diagnostics, biosensor analysis,
physicochemical and microbiological expertise,
certification according to GMP/GLP/ISO);

— A separate category can be distinguished,
contract development and manufacturing
organization services (CDMOs), which provide
the entire cycle of commercialization of
bioproducts from development and research to
mass production;

— Contractual provision of auxiliary
production processes (CP — biopurification
of water, industrial effluents, air zones, and
territories, bioremediation, etc.), supply of
consumables, reagents, and equipment for
scientific institutions and companies.

Intellectual support includes:

— biodata processing, genetic analysis
services (study of hereditary diseases,
personalized treatment, disease screening, use
of CRISPR-Cas9, for modification of genetic
material, as well as use of next-generation
sequencing (NGS) technologies for genome
analysis), development of algorithms for
bioanalytics and diagnostics, IT solutions for
the bioindustry (electronic laboratory journals,
management systems, etc.);
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— bioproject consulting, business planning,
and support of startups, and training, training
of qualified personnel.

The development of the bioservice
industry is evidenced by the dynamics of the
growth of the contract manufacturing of
bioproducts. In particular, in 2024, contract
manufacturing of biosimilars more than
doubled in the period 2018-2021, and is
projected to grow 9 times by 2030 (Fig. 17).
Rapid growth will also be observed in the
larger market of contract manufacturing of
biopharmaceuticals by 2030.

Among the leading Korean companies in
the bioservices industry are (Fig. 18): Samsung
Biologics Co Ltd, Celltrion Inc, Clinomics Inc,
Woojung Bio Inc, SpMed Co Ltd, Binex Co Ltd,
and Invites Biocore Co Ltd.

Strict adherence to international
standards such as GMP, ISO, and GLP (Good
Laboratory Practice) ensures high-quality
services. Korea is one of the world’s leading
bioservices centers, providing services
to companies in the US, EU, and other
regions. Bioservices ensure the effective
implementation of innovations in the
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bioindustry and medicine, and contribute to
the rapid development of scientific research,
the commercialization of innovations,
and increasing the country’s global
competitiveness. Thanks to infrastructure,
government support, and highly qualified
specialists, Korea is consolidating its position
as a worldwide leader in bioservices [50]. In
particular, the development of the bioservice
industry is supported by the research base of
scientific institutions. Over the past decade,
Korea has become a global clinical center.
For example, in 2017, 213 clinical trials of
biopharmaceutical products (Fig. 19) were
approved [8, 16].

Innovation. Korea has a very high level of
academic achievement. The country ranked
6th out of 133 countries surveyed in the
2024 Global Innovation Index. The country
ranks 4th in the world in terms of the number
of patents granted to Korean citizens both
domestically and abroad, behind Japan and
China in the region. The country also has a
higher number of active patents than the world
average, indicating a favorable environment
for innovation in the country [24].
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Among the research institutions,
organizations, and associations, the following
should be mentioned:

1. The Korea Drug Research Association
(KDRA) was founded in 1986 as a non-profit
organization. KDRA represents innovative
Korean companies focused on research and
development. The association supports
the development of new, improved drugs
by promoting information exchange and
outsourcing [51].

2. The Korea Pharmaceutical and Bio-
Pharma Manufacturers Association (KPBMA)
has played a key role in the development of the
pharmaceutical industry in Korea since its
establishment in 1945. KPMA’s objectives are
to develop new drugs through R&D and supply
of pharmaceutical products [18].

3. The Korea Research Institute of
Bioscience & Biotechnology (KRIBB) is a
leading research center in Korea that conducts
basic and applied research in bioscience and
biotechnology. It was founded in 1985 in
Daejeon. The institute operates under the
auspices of the Korea Institute of Science and
Technology (KIST), is funded by the Korean
government, and specializes in research on new
biomaterials, development of environmentally
friendly biotechnology, new energy sources,
and biofood innovations [52].

4. Korea Research Institute of Chemical
Technology (KRICT) is a leading state-owned
research institute in South Korea, which
is engaged in the development of advanced
chemical technologies for industry, ecology
and medicine. Founded in 1976, Daejeon.
Key research areas: green chemistry,
new generation chemical materials,
pharmaceutical, and medicinal chemistry [53].

5. Korea Institute of Oriental Medicine
(KIOM) is a leading research institution that
researches and develops traditional oriental
medicine, in particular Korean (Hanbang).
The institute was founded in 1994,
Daejeon. Key projects concern acupuncture,
cerebrovascular diseases, and complicated
diabetic diseases [54].

6. The National Cancer Center of Korea
(NCC) is Korea’s leading medical institution
specializing in cancer prevention, treatment,
research, and education. The center plays a
key role in the national cancer control strategy
and in implementing advanced technologies to
improve cancer treatment [55].

7. The Mogam Biotechnology Research
Institute (MBRI) is the first government-
approved non-profit research organization
established in 1984. It specializes in the
development of innovative biologics. The
institute plays a key role in the development
of Korea’s pharmaceutical industry by
contributing to the creation of new drugs and
therapies [56].

The logos of the leading research
infrastructure organizations are shown in
Fig. 20.

Technoparks and infrastructure

The Korean government is developing the
bioindustry by promoting and supporting
bioclusters, taking into account their
regional characteristics. To encourage the
development of a regional innovation system
and ensure balanced national growth, a
biocluster system was introduced in 1998,
establishing bioindustry complexes in each
region. There are 18 bioclusters (Fig. 21)
according to the “Third master plan for
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fostering and supporting pharmaceutical and
bio industries”, jointly announced by Korean
government ministries on March 24, 2023
[67—-59]. The main of them are:

— Biomedical R&D Cluster (Seoul City);

— Bio Cluster (Incheon City);

— High-tech Medical
(Chungcheongbuk Province);

— Bio Venture Town (Daejeon City);

— Biomedical Cluster (Hwasun County);

— Natural Product and Medical Instrument
Cluster (Gangwon Province);

— Gyeonggi Bio-center (Gyeonggi Province);

— Pangyo Techno Valley (Gyeonggi
Province);

— High-tech Medical Complex (Daegu City)
[59].

The bioindustry in Korea is regulated by
several key government agencies that ensure
control, safety, and development of the
industry. At the same time, the government
is trying to support the development of the
bioindustry as much as possible. Ministry of
Food and Drug Safety Ministry of Food and
Drug Safety (MFDS) is the main regulatory
body for the bioindustry and its products.
The ministry sets standards for production
and testing; it monitors the long-term results
of the use of innovative therapies. Under its
jurisdiction is the control of vaccines, drugs,
genes, and cell therapy products. Each regional
center has its own Food and Drug Safety
(FDS) units or offices that are engaged in the
regulation and approval of products, including
medicines, herbs, and other similar products in
South Korea. To control the quality and safety
of bioindustry production, the experience of
the FDA and the units that continue the FDA’s
control function at the national level for
entering the international market are taken
into account [57].

Ministry of Science and ICT (MSICT)
promotes research and development in the
fields of genetic engineering, bioinformatics,
artificial intelligence in medicine, and the
development of bioenergy. The ministry funds
research projects and promotes international
cooperation in this area.

Complex
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The Ministry of Health and Welfare
(MoHW) focuses on the implementation
of biotechnology in the healthcare system.
It develops the legal framework for the
integration of regenerative medicine into
medical practice and monitors its impact on
public health.

There are also specialized regional
development agencies in various regions of
Korea that promote clustering of companies
and research centers, creating conditions for
the growth of the bioindustry at the local level.
The coordinated work of all these institutions
ensures effective regulation and active
development of the bioindustry [57].

All production scientific state institutions
affect the harmonious, sustainable
development of the state.

Based on the experience of the Korean
bioindustry, we can identify the “three
pillars” for the sustainable development of the
bioindustry:

— research institutions, organizations,
associations;

—industrial associations of entrepreneurs;

— government support for innovative
solutions and response to trends and
developments.

To strengthen cooperation between
representatives of the Ukrainian bioindustry
and foreign colleagues, it is necessary to
develop a clear strategy for its development.
The key provisions of the Strategy should
include:

1. Initiating government dialogue. Launch
an intergovernmental platform for dialogue
in the field of biotechnology (at the level
of the ministries of economy, health, and
science). Include bioindustry issues in bilateral
economic forums.

2. Supporting scientific exchange.
Promote academic partnership between the
Ukrainian NAS, Ukrainian universities
(e.g., KNU, NUFood Technologies, Lviv
Polytechnic NU), and Korean universities
(e.g., KAIST, POSTECH). Create scholarships/
grants for internships and joint research in
biotechnology, pharmaceuticals, and agrobio.
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3. Attracting investors. Organize
roadshows for Korean investors in Kyiv/
Seoul with presentations of Ukrainian R&D
startups and the potential of pharmaceutical
production. Offer preferential conditions for
the creation of production clusters in medical
or agrobiotechnologies.

4. Develop pilot projects (e.g., DS or
vaccines) to reduce risks and demonstrate
yourself as a reliable partner.

Conclusions

Korea’s bio-industry is rapidly developing,
becoming one of the key sectors of the country’s
economy. Thanks to government support,
innovative technologies, and a favorable
business climate, Korea has established
itself as a global leader in biotechnology,
biopharmaceuticals, and functional foods.
Government initiatives such as the Bio-21
strategy and Bio-vision have become the
basis for the growth of the industry. Through
funding, the creation of bioclusters, and
legislative reforms, the Korean government
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is stimulating the development of both large
corporations and small startups.

Key achievements of the Korean
bioindustry include:

1) Development of biopharmaceuticals.
Korea is a leading player in the production
of biologics such as monoclonal antibodies
(MABs), vaccines, and other drugs. Leading
Korean companies such as Samsung Biologics
Co., Ltd, and Celltrion Inc. occupy an essential
place in the global market.

2) Functional foods. Thanks to advanced
technologies, Korean companies are creating
products that not only meet nutritional needs
but also contribute to improving health.

3) Innovation in manufacturing. The
development of cultured meat, bioplastics, and
animal protein substitutes demonstrates an
environmentally friendly approach to product
manufacturing.

The role of the bioindustry for the
sustainable development of Korea is decisive,
as it contributes to the achievement of
environmental, economic, and social goals of
sustainable development:

— environmental sustainability, which
involves the development of bioenergy and
the production of biomaterials. By 2050, the
country plans to transition to carbon neutrality
and reduce dependence on fossil fuels through
the use of biofuels (bioethanol, biodiesel) and
biogas;

— economic development, which is a result
of supporting biotechnology startups and
scientific research through government grants
and investments;

— social initiatives, such as supporting food
security and environmental policies.

The bioindustry is the foundation of the
country’s transition to a green economy. The
government has identified biotechnology as one
of its national development priorities, seeing it
as a tool for diversifying the economy, creating
jobs, and ensuring technological leadership in
the global market. Overall, the bio-industry
has become a driver of Korea’s economic
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BIOITPOMUCJIOBICTD ¥ IIBJIEHHIN ROPE:I:;_
AHAJITUYHUU OTJIA TA OCHOBHI TEPCIIEKTHUBH i PO3BUTKY

A. JTomawoseys', O. Illeed", T. Kupka®

'Hanionansauit yHiBepcurer «JIbBiBCchbKa moJriTexHiKa», YKpaiHa
2University of Opole, Institute of Chemistry, Poland

E-mail: olha.v.shved@Ipnu.ua

BucsiTsieHo pisHi acmekTu eKOHOMiKM, 30KpeMa I iHHOBAIIifiHi MOMKJMBOCTi, Jep:KaBHY IIOJiTHUKY,
eKOHOMIiUHMII BILJIUB Ta colliajibHi 3MiHU. BusdHaueHO KJIIOYOBI JOoCATHEHHS, JigepcTBo IliBmennoi Kopei
y BUPOOHUIITBI Ta iHHOBamiax 6ioapMaieBTUKM, a TAKOXK POBIJIAHYTO TaKi mpobiemMu, AK riobaibHA
KOHKYPeHIIid Ta 3MiHa KiaimaTy. OKpecyieHO KJII0YOBi MePCIeKTUBY MaiOyTHHOTO PO3BUTKY, ITiITKPECIIIOI0UN
moTeHIian mudpoBoi OXOPOHU 340POB’s, MEPCOHANI30BAHOI MEeIUIMHU Ta 3ejieHoi O6ioTexHoJorii mas
nosullionyBauHsa IliBgennoi Kopei ak smizepa B 6ioekonomiili. BucBiTiieno ypoku, AKi MOKHA BUHECTHU 3
mocBiny IliBgennoi Kopei, Ta iXHI0 3aCTOCOBHiCTH M0 iHIMUX KpaiH, 3okpema YKpainu ta Iloabirmi, axi
IParHyTh 3MIITHUTHU CBilfl moTeHIian 6ioekoHOMiKY Ta 6GioigycTpii. BpaxoByiouu crpareriunuil nigxin
IIiBgennoi Kopei, me mocrmim:keHHsS Mae Ha MeTi BU3HAUUTU IiHHI imel AN cOpUsAHHS iHHOBAaIiAM,
3abe3MeUeHHS CTAJIOTO PO3BUTKY Ta MOSUI[IOHYBaHHA OioiHAycTpii AK pymIifiHoil cuam HAIioHAJIBHOTO
€KOHOMiIYHOI0O 3pOoCTaHHs. BHCBiT/IEHO CyUuacHUH CTAH IPOMUCJJIOBOTO BUPOOHUIITBA Ta HAIIPAMIiB HAYKOBUX
JOCJIiIXKeHDb V KJIACUUHiM 6i0TeXHOJIOr1 AJIA BAOCKOHAJIECHHS iCHYI0UMX i po3p00/IeHHA HOBUX 0i0iHKeHEePHUX
TeXHOJIOTiH, 10 CIPAMOBAHI Ha PO3BUTOK CTPATETiYHOTO 3HAUEHHA 0i0iHAYCTPil AJA JOCATHEHHS CTAJIOTO
PO3BUTKY KpaiHu.

Mema. AHaji3 TOTOYHOTO CTaHY, KJIIOUOBUX NOCATHEHDb, BUKJNKIB Ta MEePCIEeKTUB ITIiBIeHHOKOpeichbKol
b6ioimgycTpii, 3ocepemKyoUunch Ha OTPUMAHHI IiHHUX 3HAHDL Ta MPAaKTUK, AKI MOMKHA aJalTyBaTH AJId
CIPUSAHHS PO3BUTKY OioimaycTpii B YKpaiui ta IToabmri.

Mamepianu it memodu. MetogosoriuHuii aHaIi3 Ta a0CTPAKTHO-JIOTIUHUIA METO y3araJbHeHHA KPUTePiiB
OI[IHKM (POPMYBAHHSA, PO3BUTKY Ta iHTerpailii 6i0TexHOoJJIOriuHOT0 BUPOOHUIITBA § CTPYKTYPY CBiTOBOTO
BUIIYCKY 0e3MeYHOI IPOAYKIIii, a TAKOK 6i0IPOAYKTiB A MOKPAIIleHH 3JOPOB’ A Ta OMOJIOAKEHHA.

Pesyavmamu. OnmcaHo cydacHUI CTaH KJIIYOBUX Tajy3eil IPOMMCJIOBOCTiI Ha OCHOBI KOPEUCHKOTO
KJacudikamiiitaoro koxy 6iompomucaoBocti KS J 1009: 6iohapmatieBTnuHa, 6ioximiuna Ta 6ioenepreTuyna,
O0ioxapuoBa, GioekoJioriuna, 6iomMenuuHe Oo0JIafHAHHS, a TAKOXK OioimcTpyMeHTH Ta 6GioobGjamHaHHS,
OiopecypcHa Ta GiocepBicHa ranysi. KosxeH ceKTOp oxapakTepu30BaHO Pi3HOIO AMHAMIKOIO 3POCTAHHSI,
piBHAMU BOpOBaIKeHHA iHHOBAIIill Ta iHTerpaliii B Hal[ioHaJbHI Ta riio6anbHi 6ioekoHOMIUHI cTpaTerii.

BucHook. AHali3 BUCBIiTJIIOE AK TEXHOJIOTiUHI JOCATHEHHSA, TaK i CTPYKTYpPHi mpiopureru, ImMo
dopmyroTh cyuacHy 6ioingycrpito Ilisnennoi Kopei.

Knawuosi cnoea: IliBmenna Kopes, 6ioimgycrtpisa, 6ioeKoHOMiKa, CcTaluii PO3BUTOK, iHHOBAIIii,
iHBecTUILil, cCTAHZADPTH.
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Aim. Searching for efficient biocompatible sorbents that possess zero neurotoxicity is an actual task.
Biochars are auspicious carbon materials for the adsorption of heavy metals in the environment, waste-
water, and also in human organisms.

Methods. Biochar from sunflower seed husk (SB) was synthesized by pyrolysis at 800 °C without spe-
cial functionalization. Neurotoxicity risk of SB was assessed in an animal model using presynaptic nerve
terminals isolated from rat cortex (synaptosomes).

Results. It was shown in radiolabelled experiments that SB did not change the synaptosomal ambient
levels of the excitatory neurotransmitter L-[3H] glutamate and inhibitory neurotransmitter [’H] GABA
within the concentration range 0.25—-1.0 mg/ml. In the fluorimetric experiments using the dye JC-1, SB
at a concentration of 1.0 mg/ml did not change the mitochondrial membrane potential of the nerve ter-
minals.

Conclusions. SB demonstrated the absence of neurotoxicity signs and high biocompatibility, and
therefore, SB has the potential to be used as an adsorbent in biotechnology and medicine.

Key words: agricultural waste; sunflower seed husk; biochar; non-functionalized carbon materi-
als; neurotoxicity risk; glutamate; GABA; presynaptic terminals, brain.

Usage of agricultural waste for the materials, biochar, a black solid carbon-
synthesis of carbon materials based on “green” rich substance, has been attracting a lot of
principles is a very promising stream in attention for various applications due to its
modern biotechnology as well as environmental unique specific characteristics and low-cost
sciences and management [1]. Among carbon production. Biochar is produced by pyrolysis,
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i.e, heating organic materials in an oxygen-
free or low-oxygen environment. Biochar
possesses a large specific surface area, high
cation exchange capacity, high porosity,
has functional groups at the surface, and
is stable in different media (generally in
the absence of oxidizers) [2, 3]. The above
properties may vary depending on the type
of biomass used as a starting material,
temperature, heating rate, residence time
of the pyrolysis formulation, and the
modification technique [4].

Many studies have reported the
considerable adsorption efficiency of
various biochars in the removal of multiple
contaminants [5]. The adsorption mechanisms
are different and depend on pollutant physical
and chemical properties and biochar surface
characteristics, and include binding by
electrostatic interaction, ion exchange,
adsorption on surface or pore filling, and
chemical binding with the formation of
insoluble compounds [5—7]. Literature data
describe biochars as the eco-friendly, cheap,
multipurpose materials with high potential
for recovering soil efficiency, managing
toxic metals and organic pollutants, which
could be employed as a green alternative to
conventional sorbents [2, 3, 7]. However,
biochar can have toxic effects on living
organisms as harmful substances may be
present in it [8]. Biochar contaminants can
be both organic and/or inorganic. They can
be byproducts of pyrolysis during biochar
production and/or components of the
feedstock that remain more concentrated
after the pyrolysis process [8].

Among different organic agricultural
waste materials, sunflower seed husks
recently appeared in the mainstream
of biotechnological research. Different
condition of synthesis of biochar from
sunflower seed husks and numerous
applications of this biochar were proposed
in numerous studies and were reported in
the literature. In particular, sunflower
seed husks were pyrolyzed at 450 °C, and
the produced biochar was tested for its
ability to filter out NO gas. It was found
that the sunflower seed husk biochar could
be proposed as a low-cost and effective
solution for reducing air pollution with NO
in industrial and urban environment [9].

Biochar was considered as an additive
for improving soil [10]. It was revealed
that biochar improved soil parameters,
and soil enrichment with sunflower husk
biochar increased CH, oxidation, favouring

to reduction of CH, exhaust [10]. In
another study, biochar produced from
sunflower husks had a significant effect
on soil respiration, soil water flux, and soil
temperature [11].

A promising approach for eliminating
various contaminants from wastewater was
proposed using bacterial consortium-biochar
composites [4]. These composites exhibited
higher remediation capacity with respect
to lead and phenol than the sum of bacterial
consortium and biochar per se, showing
thus the synergistic adsorptive capability
of biochar and bacterial consortium [4]. In
another study, sunflower seed husk biochar
was used for the purification of water
contaminated with cadmium [12].

H;PO,-treated sunflower seed husk
biochar effectively adsorbed antibiotics
tetracycline, ciprofloxacin, ibuprofen,
and sulfamethoxazole from the aquatic
environment [3].

Taking into account the above mentioned
facts, the aims of this study were:

1) to synthesize and characterize biochar
from sunflower seed husks; and

2) to assess its toxicity and biocompatibility
for further biotechnological and medical
application as adsorbent, measuring the
ambient levels of the excitatory and inhibitory
neurotransmitters L-[*H] glutamate and [*H]
GABA, respectively, and the mitochondrial
membrane potential in isolated rat cortex
nerve terminals (synaptosomes). The activated
carbon studied herein is referred to as the
sunflower seed husk biochar (SB).

Methods and Materials

Synthesis of SB

The preparation of biological material
was carried out according to the established
procedure: sunflower seed husk was
thoroughly ground using a laboratory mill
until a homogeneous powdery mass was
obtained. Direct pyrolysis of sunflower
waste was carried out in two stages by heat
treatment in argon. At the first stage,
the crushed sunflower seed husk material
was subjected to thermal destruction at
a temperature of 600 °C for 3 hours. At
the second stage, the resulting pyrolyzed
residue was mixed with sodium hydroxide
and kept for 3 hours at a temperature
of 800 °C. After completion of the heat
treatment, the carbon material (SB) was
washed with distilled water until a neutral
pH value was reached.
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Experiments using brain nerve terminals

Ethics

Males, Wistar rats, were kept at 22—-23 °C
in a quiet temperature-controlled room in
the vivarium of the Palladin Institute of
Biochemistry of the National Academy of
Sciences of Ukraine. Rats were supplied
with dry food pellets and water ad libitum.
Experiments involving animals were carried
out in accordance with the Guidelines of
the European Community (2010/63/EU),
Scientific Requirements and Research
Protocols; Research Ethics Committees of
the Declaration of Helsinki; and ARRIVE
Guidelines for reporting experiments
involving animals [13, 14], and Ukrainian laws
and policies. The protocols of the experiments
were approved by the Animal Care and
Use Committee of the Palladin Institute of
Biochemistry (Protocol # 1 from 10/01,/2024).
The overall number of animals was 12.

Isolation of nerve terminals from the rat
cortex (rat cortex synaptosomes)

The synaptosomes were isolated from the
rat cortex. The rat cortex was homogenized
in the following solution: sucrose 0.32 M;
HEPES-NaOH 5 mM, pH 7.4; EDTA 0.2 mM.
All procedures were carried out at + 4 °C.
The isolation was carried out as described by
Cotman with minor modifications [15—18]. The
standard saline solution in the synaptosome
experiments was as follows: NaCl 126 mM;
KCl 5 mM; MgCl2 2.0 mM; NaH2P0O4 1.0 mM;
HEPES 20 mM, pH 7.4; and D-glucose 10 mM.
Protein concentrations were recorded as
described by Larson [19].

The ambient level of L-[>H ] glutamate in
synaptosomes

The synaptosome suspension with a
concentration of 2 mg of protein/ml was
preincubated at 37 °C for 10 min; after
that, the suspension was loaded with
L-[?H] glutamate at 37 °C for 10 min. The
synaptosome suspension was diluted with 10
volumes of the standard saline solution, and
centrifuged at10,000xg for 20 s. The pellets
were suspended in the standard saline solution
up to a concentration of 1 mg protein/ml. The
ambient L-[*H] glutamate level was monitored
in 125 pl aliquots with a concentration of
0.5 mg of protein/ml The aliquots were
preincubated for 8 min, and after that, SB
was added, and the suspension was incubated
at 37 °C for 0 and 6 min. Then the suspension
was centrifuged at 10,000 x g for 20 s. The
value of the ambient L-[?H] glutamate level
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was recorded in the supernatant and pellets
(preliminary treated with SDS, 100 1 of
10% SDS stock solution) using the liquid
scintillation counting with Sigma-Fluor®
High Performance LSC Cocktail and counter
Hidex 600SL (Finland). The experimental data
were from “n” independent experiments with
different synaptosome preparations.

The ambient level of [PH] GABA in syna-
ptosomes

The synaptosome suspension with a
concentration of 2 mg of protein/ml was
preincubated at 37 °C for 10 min; after
that, the suspension was loaded with [3H]
GABA in the standard saline solution at 37
°C for 10 min. Throughout all experiments,
100 pM aminooxyacetic acid was added to the
incubation media. Then, the synaptosomes
were diluted with 10 volumes of the standard
saline solution, centrifuged, and the pellets
were suspended in the solution up to a
concentration of 1 mg of protein/ml. The
aliquots were preincubated for 8 min, and after
that, SB was added and further incubated at
37 °C for 0 and 5 min; after that centrifuged
at 10,000 x g for 20 s [20]. The value of the
ambient [SH] GABA level was monitored in
the supernatant aliquots using the liquid
scintillation counting with Sigma-Fluor® High
Performance LSC Cocktail and the counter
Hidex 600SL (Finland). The experimental
data were obtained from “n” independent
experiments with different synaptosome
preparations.

The mitochondrial membrane potential in
synaptosomes

The cationic fluorescent membrane-
permeable dye JC-1, a mitochondrial
membrane potential assay kit, was applied
to measure the mitochondrial membrane
potential in synaptosomes in the control
and in the presence of SB. Synaptosome
suspension with the concentration of 0.15 mg
of protein /ml was incubated in a stirring
cuvette; after that, JC-1 at a concentration
of 5 1M was added and preincubated at 37 °C
for 10 minutes; and then the fluorescence
spectra were measured at a 485 nm excitation
wavelength and from 510 to 610 nm emission
wavelengths. The ratio of the fluorescence
intensity at 590 versus 530 nm was used
in the calculations. The fluorescence
measurements were carried out using a
spectrofluorimeter, Hitachi 650-10S, and
Shimadzu RF-6000.
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Statistical analysis

The experimental results were expressed as
the mean = SEM of n independent experiments.
One-way ANOVA was used with the accepted
significance P < 0.05.

Materials

HEPES, EGTA, EDTA, salts of the
analytical grade, High Performance LSC
Cocktail were obtained from Sigma, USA;
L-[®H] glutamate and [3H] GABA were from
Revvity, Waltham, MA, USA.

Methods

Scanning electronic microscopy (SEM)
images were obtained using the FEI Inspect
Instrument at 20 kV. Samples were placed on
a carbon film without any special treatment.
Analysis of the surface of the biichar was
performed using energy-dispersive X-ray
spectroscopy (EDX) using an Apollo XL SDD
EDAX instrument.

Results and Discussion

SB characterization

SEM studied the morphology of the
biochar prepared from sunflower seed husk.
The material contained particles of irregular
shape (Fig. 1) with a wide size distribution
(10-100 pm). A large number of voids were
observed, which could be due to the partial
preservation of the cellular microstructure
of the material of biological origin. Such
heterogeneous particle morphology and
the presence of voids of different sizes can
influence the sorption properties of the
resulting material, as well as the kinetics of
the processes occurring on its surface.

The element composition of the surface
of the SB sample was analyzed using energy-
dispersive X-ray spectroscopy. The carbon
content (Fig. 2) was expectedly the highest
and was equal to 89.5%, and the oxygen
content was 8.3% . Other typical biogenic
elements were also present in small amounts:
magnesium (1.0%), silica (0.8%), and
calcium (0.4% ). These elements apparently
originate from the starting material used for
pyrolysis.

Toxicity assessment of SB using rat brain
nerve terminals: measurements of the
ambient levels of L-[3H] glutamate and
[BH]GABA as well, as the mitochondrial
membrane potential

Neurotoxicity risk assessment of SB
was carried out in the nerve terminal
preparations according to its influence on
the ambient levels of the key excitatory
neurotransmitter L-[3H] glutamate and
the inhibitory neurotransmitter [*H]
GABA. The changes in the ambient level of
the neurotransmitters reflect the plasma
membrane disintegration and changes in
the transportation of neurotransmitters
[21, 22]. It was proven that SB within the
concentration range 0.25-1.0 mg/ml did
not change the ambient levels of L-[*H]
glutamate and [*H] GABA in the nerve
terminal preparations (Fig. 3). Therefore, it
can be concluded that SB was biocompatible
and did not demonstrate any neurotoxic
signs at these concentrations.

In the following sets of experiments, the
possible effect of SB on the mitochondrial
membrane potential was assessed in the

Fig. 1. SEM microphotograph of SB
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nerve terminals. The measurement was
performed using the cationic carbocyanine
fluorescent dye JC-1. It was revealed that
SB at a concentration of 1 mg/ml was inert
regarding modulation of the synaptosomal
mitochondrial membrane (Fig. 4). Therefore,
SB (1 mg/ml) did not depolarize the
mitochondria membrane in nerve terminals.

These fluorimetric data entirely corresponded
to the above results obtained using L-[3H]
glutamate and [3BH]GABA (Fig. 3).

It was found that SB did not change the
ambient levels of neurotransmitters and
the mitochondria membrane potential, thus
it can be concluded that SB did not have
neurotoxicity signs and was biocompatible.
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Fig. 2. Energy-Dispersive X-ray Spectroscopy (EDX) and element composition of the surface of SB
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Fig. 3. The ambient levels of neurotransmitters L-[3H] glutamate (4) and [3BH]JGABA (B) in the nerve termi-
nals in the presence of SB (0.25—1.0 mg/ml)

Note. Data are the mean = SEM. n = 12.
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Fig. 4. The mitochondrial membrane potential of the nerve terminals in the presence of SB (1.0 mg/ml) was
measured using the cationic membrane-permeable dye JC-1 and the fluorescence intensity ratio at 590 vs.

530 nm

Note. JC-1 at a concentration of 5 pM was added to the synaptosome incubation media (0.15 mg of protein/
ml); incubated in the dark at a temperature of 37 °C for 10 min; after that SB aliquots were added to the cuvette;

and the JC-1 fluorescence was recorded at 0, 15, 40, 90 min time point at an excitation wavelength of 485 nm
and emission wavelength from 510 to 610 nm. Data are the mean values + SEM. n = 12.

Due to these features, we believe that SB
has high potential for its application as an
adsorbent in biotechnology and medicine.
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BIOBYTI1JIJIA 3 JIYIIIINHHA HACIHHA COHAIIHUKY :
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A.I. Kypucw 2, M. O. Isanuys 2, T. O. Bopucosa ', C. B. Konominos ®
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Mema. Tlomyk edpekTUBHUX OGiocyMicHMX cOpOeHTiB, AKi MaloTh HYJIbOBY HEHPOTOKCUUHICTH, €
aKTyaJbHUM 3aBAAHHAM. BiOoBYTijas € OAysKe IMepCIeKTUBHUM BYTJIEIleBUM MaTepiajgoM AJA amcopOIrii
BaKKUX METAJiB Y HABKOJIUIITHHLOMY CePEeOBUIIli, CTIYHIX BOJAX, a TAKOXK B OPraHidMi JIOAUHN.

Memodu. Bioyrinusa 3 aymmnuuaa HaciHnHA coHAMHUKY (BJIC) 6y10 cCMHTE30BaHO MIJISAXOM ITipoJisy
mpu 800 °C 6es crnemianbuoil pyuKionamisamnii. Pusuk meiiporokcuunocti BJIC ominoBamiy Ha TBAPUHHIN
MOJIeJIi 3 BUKOPUCTAHHSAM i30JIbOBAHUX ITPECHHAIITUYHNX HEPBOBUX 3aKiHUEHb KOPU T'OJIOBHOT'O MO3KY IIypPiB
(cuHamTocom).

Pesyavmamu. B eKcmepuMeHTax 3 BUKOPUCTAaHHAM pPaJioaKTHBHO MiueHUX HelipoMmemiaTopiB 0yJio
nokasaHo, 1o BJIC He 3MiHIOE mO3aKIiTHHHI piBHI 86ymKyBanbHOrO HeiipomeniaTopa L-[*H] rayramary
Ta raibpMiBHOTO HeiipomexniaTopa [PH] TAMK y mpemapaTax CHHAITOCOM B AiamasoHi KOHIeHTparii 0,25—
1,0 Mmr/Mma. ¥V payopuMeTpUUHUX eKcIepuMeHTax 3 Bukopuctanuam 6apBauka JC-1, BJIC y koumenTpairii
1,0 Mr/Ma1 He 3MiHIOBaB MiTOXOHAPiaabHUI MeMOPaHHUN IOTEHIliaJ HePBOBUX 3aKiHUEHbD.

Bucnosrku. BJIC nmpoieMoHCTPYBaB BiICYyTHICTH 03HAK HEMPOTOKCUYHOCTI Ta BUCOKY OiocyMicHiCTB, TOMY
BJIC mae nmepcrieKTUBY IJisI BUKOPUCTAHHS AK afcopOeHTy B 6ioTexHOJIOriI Ta MeZUIINHI.

Knwuwosi cnoea: cinbCbKOTOCHOAAPCHKI Biaxomm, JYINWHHS HACiHHA COHAINHUKY, O0ioByrijad,

He()YHKI[IOHAJIi30BaHi ByTJIeleBi MaTepiaau, pusuK HeMPOTOKCUYHOCTI, riryramar, [AMEK, npecunanTuuHi
3aKiHUYeHHSA, MO30K.
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The issue of treating cerebrovascular disorders is very important due to their wide occurrence in the
human population, especially in the elderly. The resulting ischemia of brain tissues leads to mortality,
violent behaviour, biochemical and morphological changes in the brain. Correlation analysis allows evalu-
ating the statistical relationship between two random variables or two-dimensional data. In recent years,
the neuroprotective properties of mesenchymal stromal cells (MSCs) have been actively studied. Stem cell
transplantation for ischemic stroke is one of the ways of the modern regenerative strategy in the treat-
ment of this pathology.

Aim. The study was to analyse the correlations between biochemical indicators determined in the
somatosensory cortex and hippocampus, morphological manifestations of neuroapoptosis, and
parameters of CNS functioning in acute cerebral ischemia in rats after MSCs transplantation.

Methods. A 20-minute bilateral cerebral ischemia-reperfusion in rats. Experimental animals were
intravenously injected with mesenchymal stromal cells from human umbilical cord Wharton jelly (hWJ-
MSCs) or adult adipose-derived stem cells (hAD-MSCs). Rats were evaluated for mortality dynamics,
neurological deficits, and biochemical parameters 7 and 14 days after surgery.

Results. Mortality after transplantation of hWJ-MSCs was 10% versus 65% in the control group
and 32% in the group of rats that received hAD-MSCs. On day 7, the mean McGraw scores were 7.1 =
0.19/ 8.9 = 0.23 /11.8 = 0.48 points in rats injected with hWJ-MSCs/ hAD-MSCs/saline; on day 14,
these were 4.9 = 0.15/ 5.7 = 0.23/ 9.1 = 0.30 points, respectively. Transplantation of mesenchymal
stromal cells eliminated energy deficiency in ischemic rat brain tissue, reduced metabolic acidosis and
oxidative damage to neurons, and had a positive effect on nitric oxide metabolism, but hAD-MSCs were
less effective.

Conclusions. Transplantation of hWJ-MSCs had a better therapeutic effect than transplantation of
hAD-MSCs.

Key words: somatosensory cortex, ischemia-reperfusion, mesenchymal stromal cells, Wharton
jelly, adipose stem cells, biochemical parameters.
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Ischemic stroke is one of the dangerous
vascular diseases with a high level of disability
and mortality among people having acute
cerebrovascular accidents [1]. Within the
framework of the regenerative strategy,
a new impetus has been given to stem cell
transplantation in ischemic stroke. It is
posible to use embryonic and fetal stem cells
(SCs), cells of Wharton’s jelly (substantia
gelatinea funiculi umbilicalis) and umbilical
cord (UC) blood, as well as SCs from an adult
organism for cell therapy [2]. Encouraging
results regarding endogenous mechanisms
of neuroregeneration in response to
ischemic damage of brain structures have
been demonstrated by cell therapy using
mesenchymal stromal cells (MSCs) [3]. MSCs
are pluripotent cells obtained from adult
tissues, which makes them ethically preferable
for both preclinical and clinical research [4].
Mechanisms underlying favourable outcomes
in stromal cell transplantation include
“bystander” effects, paracrine mechanisms, or
restorative effects mediated by extracellular
vesicles [5]. Among all MSC types, MSCs
derived from umbilical cord (frequently called
Wharton’s jelly mesenchymal stem cells —
WJ-MSCs) are of interest. MSCs derived
from bone marrow or adipose tissue, unlike
perinatal organs MSCs, have some limits, such
as an invasive procedure to get them, a higher
risk of transmitting infectious diseases, the
donor’s age, and the limited proliferative
potential [6].

In contrast to the available published
results of experimental studies, our work will
analyse and compare the therapeutic effects of
MSCs transplantation (isolated from human
umbilical cord Wharton jelly, i.e., hWJ-MSCs
and adult adipose-derived SCs (hAD-MSCs))
in conditions of cerebral ischemia-reperfusion
with the aim to identify the most active culture
with cerebroprotective effect.

Materials and Methods

The research was done on 99 Wistar
male rats weighing 160-190 g. Eighty-five
animals underwent transient bilateral cerebral
ischemia-reperfusion (IR) by ligation of the
internal carotid arteries (ICA) for 20 min with
subsequent blood supply restoration. Fourteen
animals (the group of sham-operated rats)
were subjected to the following interventions
(anaesthesia, skin incision, wvascular
dissection) except for ICA ligation. The
Bioethics Committee in the National Pirogov
Memorial Medical University (protocol No. 2,

dated 01.31.2024) approved all animals taken
for the research. Surgical interventions,
traumatic manipulations were performed
under propofol anaesthesia (“Propofol-novo”,
Novopharm-Biosyntez production, Ukraine,
60 mg/kg intraperitoneally). After modelling
the pathology, 20 animals were injected with
hWdJ-MSCs (1 million cells/animal suspended
in 0.2 ml of saline) into the femoral vein.
Another group of experimental rats (n = 25)
was transplanted with hAD-MSCs (1 million
cells/animal suspended in 0,2 ml of saline)
intravenously. Animals of the control group
(n = 40) were intravenously injected with
0.2 ml of saline. The method for obtaining
MSCs to transplant them into rats is described
in our previous publications [8].

For biochemical studies, the brain was
removed from rats (by decapitation), washed
with a cold 1.15% KCI solution. The tissue of
the somatosensory region was homogenized in
amedium of 1.15% KCl (ratio 1:3) at 3000 rpm
(Teflon-glass). Succinate dehydrogenase
(SDH) content was determined by the rate of
potassium hexacyanoferrate (III) reduction
in order to assess the parameters of energy
and carbohydrate metabolism in the tissue of
the somatosensory region of a rat brain. For
the same purpose, the content of glucose (by
glucose oxidase method using standard kits
from Filisit-Diagnostics, Ukraine), lactate,
and pyruvate (by colorimetric method) was
determined [9].

Oxidative stress was assessed by
determining the content of malondialdehyde
(MDA), which is its final product (by reaction
with thiobarbituric acid) [10]. In addition, the
activity of superoxide dismutase (SOD) was
measured (by the percentage of inhibition in
quercetin oxidation) [11] to analyse the state of
antioxidant protection and total NO synthase
activity (by the amount of formed nitrite anion
(NO,") after incubation of the postnuclear
supernatant in NADPH Sigma medium, USA
(1 ml of which contains 50 mM KH,PO,-NaOH
buffer (pH 7.0), 1 mM MgCl,, 2 mM CaCl,,
1 mM NADPH, 2.2 mM L-arginine) for 60 min
[12].

We determined the dynamics of mortality,
neurological deficit (according to the
C.P. McGraw stroke-index scale), biochemical
indicators such as glucose, lactate, succinate
dehydrogenase (SDH), malondialdehyde
(MDA), superoxide dismutase (SOD), total NO
synthase (NOS) activity in the somatosensory
cortex of rats with cerebral IR in the subacute
period of ischemia (day 7) and the recovery
period (day 14 after pathology modelling).
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Statistical processing of the results was carried
out using the computer program Statistica 7.0
(StatSoft Inc., USA) using non-parametric
(Mann-Whitney U-test) statistical methods.

Results

In the group of sham-operated rats, in
which ICA preparation was performed under
propofol anaesthesia. Ligatures were applied
without further arterial ligation, no case
of mortality was recorded during the entire
observation period (96 hours) (Fig. 1). An
injection of 0.9% NaCl solution into the
femoral vein of the rats from the control
group (in 20 minutes after bilateral ICA
ligation followed by subsequent reperfusion)
was accompanied with a progressive increase
in the animal mortality rate. Most animals
(45%) died 12 hours after cerebral ischemia
modelling, which can be considered a critical
period in the development of this pathology. In
24 hours, mortality in this group reached 65%
and didn’t change further during the entire
observation period (see Fig. 1).

Experimental therapy of acute cerebral
ischemia using intravenous hWJ-MSC
transplantation in rats contributed to a
reduction in mortality, when mortality was
recorded at 10% level, in contrast to the
control group having 65% level (P < 0.05)
(Fig. 1). Intravenous transplantation of

80

hAD-MSCs to rats with cerebral IR also
contributed to their survival, in which the
mortality rate was at the 32% level and
was significantly lower than in the control
group of rats (P < 0.05) (Fig. 1). Therefore,
intravenous transplantation of hWJ-MSCs
significantly improved the survival of
experimental animals after IR brain damage
compared to intravenous transplantation of
hAD-MSCs.

An integral indicator that allows us to
assess the magnitude of the protective effect
on the ischemic brain for a cerebroprotector,
along with a decrease in the mortality rate,
is the positive dynamics of changes in the
neurological status of experimental animals.
Thus, intravenous transplantation of hWd-
MSCs and hAD-MSCs led to a significant
regression in neurological deficit. On the day
7 after IR, the average score on the McGraw
Stroke-index scale was 7.1 = 0.19 points in
the rats administered with hWJ-MSCs and
8.9 = 0.23 points in the rats having hAD-
MSCs treatment versus 11.8 = 0.48 points in
the control group. On the day 14: 4.9 = 0.15
points and 5.7 = 0.23 points versus 9.1 *=
0.30 points respectively (P <0.05).

Transplantation of hWJ-MSC tended
to have a better modulating effect on the
neurological deficit dynamics in rats with IR
brain damage than hAD-MSCs transplantation
(Fig. 2).
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Fig. 1. Rat mortality rates in the studied groups (%)
* — P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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Taking into account the powerful
cerebroprotective properties in MSCs, it
is advisable to investigate the possible
biochemical mechanisms in their influence on
glucose metabolism, indicators of oxidative
and nitrosative stress. The cerebroprotective
effect of the studied MSCs is closely related to
their sham-operated brain metabolism [13-15].

During our study (on days 7 and 14 after IR
brain injury), a significant increase in glucose
levels was observed in the somatosensory cortex
of rats compared to sham-operated animals
(Fig. 3), which averaged 3.2 = 0.10 umol/g
of dry tissue and 2.9 = 0.07 pmol/g of dry
tissue, versus 2.1 = 0.10 pumol/g of dry tissue
and 2.2 = 0.08 pymol/g of dry tissue (P < 0.05).
hWJ-MSCs transplantation had a modeling
effect on the increase in glucose levels in
the somatosensory cortex of rats having IR
lesion, which was manifested by a significant
decrease in glucose content compared to
the control group and was found to be on
average 2.6 = 0.07 pymol/g of dry tissue and
2.4 £ 0.05 pymol/g of dry tissue (P < 0.05).
Simultaneously, intravenous transplantation
of hAD-MSCs showed a tendency to normalize
glucose levels in the somatosensory cortex in
rats with IR (Fig. 3).

At the phase of energy shifts, it
compensatory activates the anaerobic
pathway in glucose metabolism. It improves
the formation of lactate and hydrogen ions.
causing metabolic acidosis development
(Fig. 3). Thus, on days 7 and 14 after cerebral
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IR, a significant increase in lactate levels was
observed in the somatosensory cortex of rats.
Its level averaged 6.5 = 0.14 pmol/g of dry
tissue and 5.9 = 0.13 pumol/g of dry tissue,
respectively, compared to sham-operated
animals — 1.6 = 0.03 pymol/g of dry tissue and
1.5 = 0.05 pmol/g of dry tissue (P < 0.05).

We found that hWJ-MSCs in conditions
of brain IR significantly reduced metabolic
acidosis development in the somatosensory
cortex during the studied periods — the
lactate level was 4.6 = 0.08 pmol/g of dry
tissue and 3.6 = 0.12 pmol/g of dry tissue
on days 7 and 14, respectively (P <0.05).
HAD-MSCs transplantation had no positive
effect on lactate levels in the somatosensory
cortex of rats with IR; hence, the average
lactate concentration was 6.2 = 0.11 umol/g
of dry tissue on day 7 after IR and
5.6 = 0.14 nmol/g of dry tissue on day 14.

The leading cause of brain damage due to
stroke is energy deficiency caused by changes
in mitochondrial metabolism. Therefore,
the next stage of our study was to assess
the effect of MSC therapy on mitochondrial
dysfunction through the investigation of
a key enzyme of the Krebs cycle — SDH
activity (Fig. 4). Thus, after cerebral IR
in rats a sharp decrease in SDH activity
was observed in the somatosensory cortex,
both on day 7 (SDH activity was on average
3.1 = 0.17 pymol/min - mg protein) and day
14 (4.0 = 0.22 pmol/min -+ mg protein) in
comparison with the sham-operated animals

Sham-opereted

Ischaemia-

- reperfusion (IR)

B [P+ hWJ-MSCs

IP+hADMSCs

on the day 14

Fig. 2. Dynamics of neurological deficit in rats of the observed groups in keeping
with the McGraw Stroke-index scale
* — P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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in which SDH activity was on average 8.2 =
0.21 pmol/min - mg protein and 8.4 = 0.17
nmol/min - mg protein, respectively, (P <0.05)
(see Fig. 4). A positive effect of hWJ-MSCs
transplantation on SDH activity was noted
in the studied periods, which significantly
increased the level of SDH activity in
comparison with the control animals (on
average to 6.1 = 0.36 pymol/min - mg protein
and 7.7 = 0.14 pmol/min-mg protein (P
<0.05). Also, therapy with hWJ-MSCs
transplantation was significantly better than
hAD-MSCs transplantation, in which SDH
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5,00

=

=

%
(IR)
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= [R+hWJ]-MSCs
3,00 4 g L , o
2,0 # IR+hADMSCs
10 I
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activity averaged 3.5 = 0.25 pmol/min - mg
protein on day 7 and 4.3 = 0.24 pmol/min - mg
protein on day 14 (P < 0.05) (Fig. 4).

The implementation of oxidative stress
processes occurred against the background
of a significant lowering in the antioxidant
enzymes activity, such as SOD (Fig. 5), and
intensification of free radical oxidation,
which induces lipid peroxidation processes.
Thus, SOD activity in the somatosensory
cortex of rats after IR during the subacute
and recovery periods decreased in comparison
to the indicators of the sham-operated

® Sham-opereted

Ischaemia-reperfusion

Glucose pmol/g dry - Glucose pmolig dry  Lactate pmol/g dry  Lactate pmol/g dry
tissue on the day 7 tissue on the day |4 tissue onthe day 7  tissue on the day 14

Fig. 3. Glucose and lactate levels in the somatosensory cortex of the observed rat groups on days 7 and 14
after IR
— P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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Fig. 4. SDH activity in the somatosensory cortex of the observed rat groups on days 7 and 14 after IR
— P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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animals and averaged 1.3 = 0.26 standard
units/mg protein on day 7 and 1.7+ 0.15
standard units/mg protein on day 14, versus
2.7 = 0.17 standard units/mg protein and
2.8 = 0.10 standard units/mg protein
respectively (P <0.05) (Fig. 5). Cure with hWJ-
MSCs transplantation had an assertive effect
on the antioxidant enzymes — SOD activity
significantly exceeded the corresponding
indicators in animals of the control group
and amounted to an average of 2.2 = 0.16
standard units/mg protein on the day 7 and
2.3 = 0.16 standard units/mg protein on the
day 14 (P <0.05). Additionally, hWJ-MSCs
transplantation was credibly preferable than
hAD-MSCs transplantation, after which SOD
activity in the somatosensory cortex was on
average 1.2 = 0.20 standard units/mg protein
(day 7) and 1.6 = 0.08 standard units/mg
protein (day 14) (P <0.05) (Fig. 5).

Therapeutic intravenous transplantation
of MSCs to rats with cerebral IR reduced lipid
peroxidation processes in the somatosensory
cortex. Thus, MDA (Fig. 6) levels in rats
having IR followed by intravenous hWdJ-
MSCs transplantation were on average 17.2
+ 1.02 pmol/g of dry tissue on the day 7
and 10.5 = 0.58 umol/g of dry tissue on the
day 14, that was significantly lower than in
the animals with IR receiving 0.9% NaCl
solution intravenously — 31.1 + 0.87 umol/g
of dry tissue and 24.9 = 0.65 pmol/g of dry
tissue respectively (p<0.05). Transplantation
of hAD-MSCs was worse than hWJ-MSCs
regarding lipid peroxidation reduction in the
somatosensory cortex of rats with cerebral IR
(Fig. 6).
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One of the foremost mechanisms
in the protective action of a modern
cerebroprotective agent is its corrective
effect on nitric oxide metabolism, in
particular on the development of nitrosative
stress in brain tissues. In the course of
our studies it was found that IR in rats
leads to growing in the total NOS (Fig. 7)
activity in the somatosensory cortex on
days 7 and 14 after IR which averages
223.6 = 9.18 pmol/min-mg protein and
208.6 = 8.70 pmol/min - mg protein, when
in sham-operated animals the total NOS
activity averaged 122.6 = 4.66 pmol/
min - mg protein and 121.3 = 3.90 pmol/
min - mg protein respectively, which may
indicate hyperproduction of nitric oxide
(P <0.05) (Fig. 7). Treatment of rats using
hWJ-MSCs in the subacute and recovery
periods of cerebral ischemia had a positive
modulating effect on the nitric oxide
cycle and was superior to treatment with
hAD-MSCs. Thus, during the indicated
experimental days (7th and 14th), total NOS
activity in the somatosensory cortex of rats
transplanted with hWJ-MSCs decreased
relative to the control group. It averaged
149.6 = 5.11 pmol/min-mg protein
and 145.0 = 3.21 pmol/min-mg protein
(P <0.05) (Fig. 7). hWJ-MSCs were better
than hAD-MSCs at restoring normal
functioning of the nitric oxide system
in acute cerebral ischemia in rats (both
in the subacute and recovery periods of
stroke), which may be one of the foremost
mechanisms of its cerebroprotective action
in post-reperfusion brain damage.

Sham-opereted
[schaemia-
reperfusion (IR)

m [R-+hWJ-MSCs

! IRHhADMSCs

MDA pmol'g on the MDA umol/g on the

day 7 day 14

Fig. 5. SOD activity in the somatosensory cortex of the observed rat groups on days 7 and 14 after IR
* — P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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Discussion

The pronounced cerebroprotective activity
of hWJ-MSCs was demonstrated during their
therapeutic application in conditions of IR
modelling in rats. Thus, in the capability to
reduce the mortality rate in the critical period
of the research, hWJ-MSCs were superior to
hAD-MSCs of rats with IR. An integrative
indicator that allows for assessing the quality
of the protective effect in cerebral ischemia
is, along with a decline in mortality, the rapid
disappearance of neurological deficit.

K.J. Wu et al. showed that intracerebral
transplantation of hWJ-MSCs significantly
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*H#
2,00 - *
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reduced neurological deficit manifestations
in rats on days 3 and 5 baft middle cerebral
artery occlusion [16]. In another study made by
H. Cao et al., it was found that intracerebral
transplantation of human umbilical cord MSCs
24 hours after middle cerebral artery occlusion
at a dose of 1x10° cells/animal credibly reduced
the indexes of neurological deficit in rats [17].

This is consistent with the outcomes of
our study in rats with acute cerebral IR,
which, along with significant mortality,
developed severe neurological deficits within
the first 2 days. Experimental cell therapy
in rats with the IR model contributed not
only to a reduction in mortality, but also in
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Fig. 6. MDA levels in the somatosensory cortex of the observed rat groups on days 7 and 14 after IR
— P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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Fig. 7. NOS activity in the somatosensory cortex of the observed rat groups on days 7 and 14 after IR
— P < 0.05 relative to the corresponding group of sham-operated animals;

# — P < 0.05 relative to the control group of animals.
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the manifestations of neurological disorders.
HWJ-MSCs exerted the best modelling effect
on neurological deficit.

Variations in paracrine factors of different
MSC populations contribute to varying levels of
regenerative activity. hWJ-MSCs or hAD-MSCs
have different effects on CNS cell populations;
thus, hWJ-MSCs have a better influence on the
metabolic viability of somatosensory cortex
neurons in rats. Therefore, during our study,
an increment in the levels of glucose, lactate,
MDA, total NOS activity, and a decrease in
the activity of SDH and SOD were found in
the somatosensory cortex of rats on days 7
and 14 after brain IR. A burst of free radicals
and reactive oxygen species accompanies
reperfusion. Free radicals’ appearance next to
blood vessels is one of the agents in reperfusion-
induced damage by increasing blood-brain
barrier permeability [18, 19]. At the same
time, the liver, as the central metabolic organ,
contributes not only to immunosuppression
after stroke, but also to stress-induced
hyperglycemia [20]. Systemic hyperglycemia
associated with infarction may promote glucose
entry into ischemic brain tissue due to injury to
the blood-brain barrier [21].

It is known from literature that lipid
peroxidation processes occur mainly in the
membrane structures of neurons, which,
with a sharp decrease in the function of the
antioxidant defence system and appearance
of uncompensated acidosis, inevitably
leads to disruption of cytoarchitectonics,
interneuronal connections, and death of a
neuron as a structural unit of the CNS [22].
Therefore, intensive therapy of IR damage by
hWJ-MSCs transplantation exhibited the most
potent antioxidant effect, as evidenced by the
ability to eliminate imbalance in the enzyme
pro- and antioxidant systems and by slowing
down of lipoperoxidation processes.

Conclusions

Twenty minutes of transient cerebral
ischemia-reperfusion in rats, induced by
ligation of the internal carotid arteries,
was accompanied by substantive metabolic
disorders in the somatosensory cortex in the
mode of energy imbalance and appearance
of lactic acidosis, nitrosative and oxidative
stress, leading to severe neurological deficits
and death of the experimental animals.

The complex mechanism of hWJ-
MSCs’ cerebroprotective action in acute
cerebrovascular accident is associated with

abolition of energy deficiency, metabolic
acidosis, oxidative damage to neurons,
affirmative effect on nitric oxide metabolism,
which had a normalizing impact on the
neurological status and increased survival of
rats.

Intravenous transplantation of hWJ-MSCs
to rats with cerebral ischemia-reperfusion
contributed to better stabilization of
neurological changes than hAD-MSCs, as well
as increased survival of experimental animals,
restored disturbed energy processes, and had a
modulating effect on nitrosative and oxidative
stress in the somatosensory cortex.

Prospects for further research

Results of the study substantiate the
feasibility of creating a new medication for the
therapy of ischemic stroke. The data obtained
can be used to seek new ways to treat ischemic-
reperfusion injury of the brain.
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ITuranHA TiKyBaHHA I1epPe0POBACKYJISPHUX HOPYIIEHD € Y Ke BasKJIMBUM Uepes IX IITUPOKY IO PEHICTh
y JIOACBKiNl MmomynasAIiii, ocobJuBO y Jiogell mOXujaoro BiKy. Imiemis TKaHUH MO3KY IPU3BOAUTH M0
CMEPTHOCTI, arpeCUBHOI TOBEiHKY, OioXiMiuHMX Ta MOPGOJIOTiYHNX 3MiH ¥ Mo3Ky. Kopenaiiituuii anaris
IO3BOJISE OIIHUTU CTATHCTUYHUN 3B 30K Mi)K JBOMAa BUNANKOBUMM BeJIWYMHAMU ab0 IBOBUMIPHUMU
ITaHUMHU. 3a OCTaHHI POKM HAOYJI0 0COOJIMBOI0 3HAUEHHS JOCIIIKeHHY HeHPOIPOTEKTOPHUX BJIACTUBOCTEI
MeseHximManbHUX cTpoMasbHUX KJIiTuH (MCK). TpancnianTaiiia cToBOypOBUX KJIITUH MPU ilIeMiuHOMY
iHCYJIBTI € OMHUM i3 IIJISXiB cyuacHOI pereHepaTuBHOI cTpaTerii B likyBaHHI 11iel maToJorii.

Mema. IlpoamanisyBaTu KopendAllilo MixK OioxiMiuHMMHM NHOKasHUKaAMMU, BU3HAUYEHUMU B
CcOMaTOCEHCOPHiN# Kopi Ta rimoxkamii, Mop@oJOoTiuHUMU IIpogBaMU HelpoamomnTo3y Ta mapaMeTpaMu
dyurmionyBanua [THC npu roctpiii immemii rosioBHOro Mo3Ky y nrypis micaa rpauncmiarTanii MCK.

Memoodu. 20-xBuIMHHA JBOCTOPOHHA IlepebpasbHa inmemia-penepdysisa y mypis. EkcnepuMeHTaILHUM
TBapWHAM BHYTPiIIHLOBEHHO BBOAMJIN Me3eHXiMaJbHiI cTpoMaJbHi KJaiTuHu 3 BapToHoBUX apariis
nynoBuau goguan (hWJ-MSCs) a6o meseHxiMaabHiI CTOBOYPOBi KJIITHHN »KHPOBOI TKAHMHU JOPOCIUX
awoneit (hAD-MSCs). Ctau mypiB olliHioBaJu 3a JTMHAMiKOIO CMEPTHOCTi, HEBPOJIOTiUHUM Ae(iluToM Ta
GioxiMiuHMMU MOKasHUKaMu uepes 7 Ta 14 nuiB micaa omeparrii.

Pesyavmamu. CmepTHicTs micasa TpancmiaanTainii hWdJ-MSCs cranoBuia 10% npotu 65% y KOHTpOIBHIH
rpyui ta 32% y rpyni mypiB, aki orpumysanu hAD-MSCs. Ha 7-it nenb sHaueHHA 3a IIKagoo McGraw
cramosuau 7,1 = 0,19/8,9 = 0,23/11,8 + 0,48 Gaxis y mypis, asxum eBoguau hWJ-MSCs/hAD-MSCs/
(isiomoriunuii posunn; Ha 14-ii neHs i mokasHuku 6yau 4,9 = 0,15/ 5,7+ 0,23/ 9,1 = 0,30 6aiis, BigmosigwHo.
TpancmianTamia MeseHXiMaJIbHUX CTPOMAJNLHUX KJITHH YCYyHYJa eHepreTuyHui gedinuT B inmemiszoBaHii
TKaHUHI MO3KY ITyPiB, 3MeHIIINIa MeTab0IiuHUIT allu103 Ta OKCUIaTUBHE MOIITKOJKeHHA HePOHiB, a TAKOK
MO3UTUBHO BILIMHYJIA Ha MeTaboJidM okcuy asory, aine hAD-MSC 6yau meHIln eheKTUBHUMU.

Bucnosxu. Tpaucmnanramnia hWJ-MSC mana kpaiuii TepaneBTUYHnE eeKT, HisK TPaHCIJIAHTAILA
hAD-MSC.

Knwmouwosi cnosa: comatoceHCOpPHAa Kopa, immemis-penepdysis, Me3eHXiMaJbHi CTpOMaJbHI KJIITWHU,
BapTOHIBCHKE JKeJie, JKUPOBi cCTOBOYPOBi KaiTuHM, 6ioxiMmiuHi mapameTpu.
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Plants and butterflies have a coevolutionary relationship, and butterflies are essential to the ecosys-
tem. They serve as ecosystem indicators as well since research on their populations and behaviour can
reveal how healthy an environment is. They are efficient pollinators, and particular species have been
known to migrate great distances to spread pollen, which causes genetic variety in plant species and
increases their chances of surviving.

Aim. This work aimed to study the morpho-molecular features of Papilio polytes, Papilio polymnestor,
and Euploea core from the Jharkhand state of India.

Methods. The study spans different areas from five districts, viz. Chatra, Koderma, Giridih, Godda,
Ramgarh of the state. The specimens were collected, examined, and physical specimens of each species
were submitted to the Insect Collection, Record and Identification, of the Department of Zoology, St.
Xavier’s College, Ranchi, and Voucher numbers were obtained. Modern biotechnological and bioinfor-
matic tools were used in this work, five specimens of each species were sequenced for the mitochondrial
cytochrome oxidase subunit 1 (CO1), on the basis of which the BLAST (Basic Local Alignment and Search
Tool) search was performed for identification of the species on the basis of matching scores with sequenc-
es present in the nucleotide sequence databases.

Results. The latest biotechnologies were used. After identification, the sequences were submitted to
GenBank, and accession IDs were obtained. The sequences were used to prepare a phylogenetic tree to
ascertain the relationships among the collected specimens.

Conclusions. There is a paucity of knowledge related to the morphology and taxonomy of butterflies
of the state; thus, this study is the first attempt of its kind. The study revealed significant intraspecific
variation among specimens of Euploea core. The least variation was exhibited among specimens of Papilio
polymnestor. The study contributes to the knowledge related to butterfly species of Papilio polytes,
Papilio polymnestor, and Euploea core. It will be helpful in further studies related to the conservation and
monitoring of the species.

Key words: morpho-molecular, Jharkhand, India, Papilio polytes, Papilio polymnestor, Euploea
core, BLAST, phylogeny.
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Butterflies are keystone species that
act as driver species [1] in the context of
ecosystem services as pollinators. Mostly,
some anthropogenic activity and, to some
extent, also the natural result in habitat loss,
the spread of invasive species, pathogens,
and climate change. Pollinator populations,
including the butterflies, have been declining
in many parts of the world [2—4]. Consequently,
the decline in pollinators has raised concerns
about the consequences of the loss of one of
the most critical ecosystem services, i.e.,
pollination [5]. Pollination, without doubt, is
a vital ecosystem service that is accomplished
through the involvement of multiple species
of pollinators, among which insects like moths
and butterflies share a notable contribution
[6]. As per an estimate [7], the value of crop
pollination on a global level in economic terms
happens to be over €153 billion annually. More
than 75% of crops, particularly fruits and
vegetables, are dependent, to a considerable
extent, on pollinators in order to provide
optimized yield [5]. Having perceived that
the pollinator species with a significant share
of butterflies and moths, in the context of
our global economy and food production, are
essential ecosystem service providers [8], it
is not only surprising but also alarming that
there is a paucity of knowledge on the rapidly
declining pollinator populations and vanishing
of different species [8, 9].

The status of pollinators as a whole
and butterflies in particular has attracted
much attention from their identification
and conservation viewpoint. More than 30
countries are members of Promote Pollinators,
the Coalition of the Willing on Pollinators
(initiated at the CBD CoP 13), committing
themselves to take action to identify and
conserve pollinators.

O’Connor et al. [10] reported the
unavailability of data on declining population
and community change for many taxonomic
groups, including butterflies. This underlines
the gap in knowledge pertaining to proper
identification and subsequent efforts of
conservation. The leading cause behind the
gaps is that monitoring biodiversity is a task
[4, 11, 12] that requires information from gene
to species and ecosystem level. Biodiversity
conservation demands, at its first step, the
identification of the species with the genetic
variation within the species. The situation
is not different in this region. Butterflies
of this region have not been adequately
identified. Most of the information on
butterflies from this region (Jharkhand) is

either a survey or preliminary reports, lacking
any morphological study and taxonomical
observation [13—-16]. For instance, in 2023,
Kumar and Keshari prepared a checklist of the
variety of butterflies encountered at Bhagwan
Birsa Biological Park in Ormanjhi, Ranchi,
Jharkhand. They enlisted Papilio polytes,
Papilio polymnestor, and Euploea core among
86 butterfly species that belong to six families.

In contrast to their methods, which used
a random encounter approach and involved
taking pictures of butterflies, the whole
paper lacked even a single photograph of the
reported butterflies, including Papilio polytes,
Papilio polymnestor, and Euploea core. Mahto
et al. [17] studied the status of diversity
and conservation of Rhopalocera in urban
Ranchi. Osga et al. [18] studied the diversity
of butterfly species in a work that was limited
to the campus of St. Xavier’s College, Ranchi.

Considering the paucity of authentic
information on taxonomy and phylogeny of the
region, we have initiated a project exploiting
the latest biotechnological and bioinformatic
tools for identification of the butterflies of this
region based on morphological, anatomical,
as well as DNA bar coding based morpho-
molecular approach; so based on the latest
biotechnologies.

The present communication is a part
of the project stated above, and deals with
morphological and molecular identification
of Papilio polytes (Papilionidae), Papilio
polymnestor (Papilionidae), and Euploea core
(Nymphalidae) collected from different sites
spread along the Jharkhand State of India.

Materials and Methods

Butterfly Sampling

Various parts of the Jharkhand state (Table
1) of India were surveyed for the collection of
butterfly samples. Several butterflies were
captured and released after preliminary
identification based on study of traditional
morphological characteristics of wings, locale,
and other information as per the butterfly
identification keys [19, 20]. In this work, the
latest biotechnologies were used to rule out any
error in the identification of morphologically
similar (cryptic) species. For genetic level
identification, the COI gene is preferred due
to its high interspecific variation leading to
species-level resolution, maternal inheritance,
and universal primer compatibility. It
also exhibits negligible intraspecific
variation. This barcode gap makes it ideal
for distinguishing species, thus for genome
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Table 1
Details of sampling sites, date of survey, GPS coordinates of Sampling sites
C . Site . GPS Co-ordinates Voucher No.
Sp. District | 40 Locality (N/E) Date (SXCRAN-ENT-)
Chatra A | Kathautia Talab ) aehe02 | 04 Apr, 2024 0424-S17A
¢ | Kod B Raja Talab 24.46980312, | 10 A 9023 0423-S17B
s oderma aja laia 85.59268970 pT,
(=)
Y c . S.S. U. Children 24.180694277,
8 Giridih C Park 86.30340222 26 Mar, 2023 0323-S17C
=
IS Godda D | Biodiversity Park L TooaTs, 1 May, 2024 0524-S17D
Ramgarh | E | GadhBabaMandir | 3503301972 | 90 Apr, 2024 0424-S17E
. 24.202032144
Chat F N Talab ’ 4 May, 2023 0523-S18A
. atra awi taia 84.87149307 ay
o . 24.469585704,
§ Koderma B Raja Talab 25.59092695 6 May, 2024 0524-S18B
=) C . 24.183487830,
& Giridih G Pampoo Talab 86.31396327 9 June, 2023 0623-S18C
A
g Godda H Godda Park 237823%133,?3312’ 27 Apr, 2023 0423-S18D
¥
Ramgarh I Radha Rani Van 28356gi558(’)7§§32, 4 June, 2024 0624-S18E
Chatra J Puraniya Talab AA2100188T, | 10 Apr, 2024 0424-S19A
Koderma Town 24.465371166,
g Koderma K Station 85.61008921 19 Apr, 2023 0423-S19B
(8]
g Giridih L Shashtri Nagar o a00a080, | 28 Mar, 2023 0323-819C
.
3 .. . 24.7904938,
= Godda M Biodiversity Park 37 92146098 3 May, 2024 0524-S19D
ce1s 23.620302331,
Ramgarh N Bijuliya Talab 85.51636776 20 Apr, 2024 0424-S19E

(COI) sequence analysis. At least one specimen
from each sampling site was preserved in
70% alcohol for DNA (deoxyribonucleic acid)
extraction, PCR (Polymerase Chain Reaction)
amplification, and sequencing [21]. Two
to three specimens from every survey site,
after being sacrificed under the ethyl acetate
fumes, were pinned and spread for further
reference. One representative of each specimen
was submitted to the ICRI (Insect Collection,
Record and Identification), Entomology
Section, Department of Zoology, St. Xavier’s
College, Ranchi, and Voucher numbers were
obtained (Table 1).

Morphological Investigations

Morphological cues were used to describe
and record each sample’s sex and colour
pattern. Sex was investigated based on the
wing markings [19, 20, 22].
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DNA extraction, PCR amplification, and

sequencing

A butterfly specimen’s hind limb was

used for extracting DNA. A 1.0% agarose
gel was used to evaluate the quality. There
was only one band of high-molecular-
weight DNA visible. Using specific forward
and reverse primers, fragments of the
mitochondrial cytochrome ¢ oxidase subunit
I (COI) gene were amplified. There was only
one identifiable PCR amplicon band visible
when the sample was resolved on an agarose
gel. The length of the sequences that were
extracted from each sample varied. To get
rid of contaminants, the PCR amplicon was
subjected to further purification. The BDT
v3.1 Cycle sequencing kit was used on an ABI
3730x1 Genetic Analyser (ThermoFisher,
2024) to sequence the PCR amplicon using
forward and reverse primers [23].
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Molecular sequence analysis tools

The latest biotechnological tools were
used, unique PCR amplicon was obtained
by the Sanger sequencing method. The
NCBI’s (National Centre for Biotechnology
Information) BLAST (Basic Local Alignment
Search Tool) software was used to compare
the resultant PCR amplicon with information
found in nucleotide databases. The option
of nucleotide blast (BLASTn) was used.
The nucleotide query (our sequence) and
the subject sequence (data from databases)
are compared by BLASTn. The following
parameters were used when running BLASTn:
Program selection: highly similar sequences
(megablast); search set: standard database.
Sequences can be identified and compared
within species using Megablast [24].

Submission of nucleotide sequence to
GenBank

Based on the biotechnology of the BLASTn
search results, the butterfly specimens
were identified as Papilio polytes, Papilio
polymnestor, and Euploea core. Additionally,
accession IDs for nucleotide sequences were
acquired after the COI nucleotide sequences
were submitted to GenBank and the DNA Data
Bank of Japan (DDBJ).

Phylogenetic Tree and Distance Matrix

Phylogenetic tree and Distance
Matrix were obtained using other novel
biotechnological and bioinformatic tools. The
15 sequences (5 from each species) derived
from the COI nucleotide sequences of the
three species collected from various survey
sites restricted to the five districts (Chatra,
Koderma, Giridih, Godda, and Ramgarh) of
the state of Jharkhand were used to create the
distance matrix and phylogenetic tree. The
evolutionary distances (matrix), which are
expressed in units of base substitutions per site
(Tamura et al., 2004), were constructed using
the Maximum Composite Likelihood approach
[25]. In this study, ten nucleotide sequences
were employed. All unclear sites were removed
(pairwise deletion) for each pair of sequences.

Other biotechnological and bioinformatic
tools were used for determining the
evolutionary history. The evolutionary history
was derived using the Maximum Likelihood
method and the Kimura 2-parameter model
[26]. The initial tree for the heuristic search
was automatically created by applying the
Neighbor-Joining and BioNdJ algorithms to
a matrix of pairwise distances determined
using the Maximum Composite Likelihood

approach. Next, we selected the topology with
the highest log likelihood value. In this study,
fifteen nucleotide sequences were employed.
These analyses were performed using MEGA
X (Molecular Evolutionary Genetics Analysis)
software, version 10.2.6, build 10210527-
x86 64 (Windows 11)[24, 27, 28].

Results and Discussion

Morphological Investigations

Papilionidae

The Papilionidae family of butterflies
includes the swallowtail and Parnassian
species. This is a family of big, vibrant
butterflies. They vary in size from 60 to 180
mm. The genus Ornithoptera includes the
largest butterflies in the world, the birdwing
butterfly. From behind the hind wing, many
swallowtail butterflies have long tails or
extensions [29-31].

Papilio polytes

Commonly referred to as “Common
Mormon,” butterflies belonging to the Papilio
polytes family come in three female forms:
cyrus, stichius, and romulus, with only one
male. Males are black with a white stripe across
each hindwing and white specks along the
outer margin of the forewing. The majority of
the adult female Papilio polytes’ polymorphism
mimics that of other distasteful butterfly
species. The cyrus form, which is present
throughout the typical Mormon’s entire
range, resembles males but has paler colouring
and more pronounced red crescents. Common
Mormon populations from the Himalayas to
Japan, Sulawesi, and Sri Lanka are home to the
most prevalent stichius form, which resembles
the typical rose (Pachliopta aristolochiae).
The dull-coloured romulus form is similar
to the Crimson rose (Pachliopta hector). This
predator escape technique is an example of
Batesian mimicry since Papilio polytes mimics
unpleasant butterfly species and is palatable
[21, 32, 33].

Wing venation of Papilio polytes

Forewing: Papilio polytes has a big,
triangular forewing. Costa has a somewhat
arched posture. Dc (discal cell), which is more
than half the length of the wing, is closed.
The Sc (subcostal) vein is located at the costal
edge. R2 (radius 2) originates behind the
Dc. It ends at the apex, while R1 (radius 1)
emerges at one half of the costal edge near
Sc. R3 (radius 3) forms an arch at the apex,
emerging from the Dc’s anterior corner.

49



BIOTECHNOLOGIA ACTA. 2025. Vol. 18, no. 4

Papilio polytes (female)

Papilio polytes (male)

Fig. 1. Photograph of Dorsal Side of specimen of Papilio polytes

Papilio polytes (female)

Papilio polytes (male)

Fig. 2. Photograph of Ventral Side of specimen of Papilio polytes

2A

3A
Fig. 3. Venation in the forewing of Papilio polytes

From a similar vein that emerges from the tip
of Dc at the source of R3, R4 (radius 4), and
R5 (radius 5) contact the wing’s margin. The
lower apex of Dc is where M1 (median 1), M2
(median 2), and M3 (median 3) originate, and
each of the three median veins has a roughly
equal length. Starting independently from
the lower portion of Dc, the Cul (cubitus 1)
and Cu2 (cubitus 2) reach the wing edge close
to the tornus. Anal vein 2A (anal 2) emerges
from the back and ends at the tornus’ edge.
3A (anal 3) is extremely short, starting at the
base and ending at the dorsum near the wing
border.

Hindwing: The hindwing resembles
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M3
Fig. 4. Venation in the hindwings of Papilio polytes

something of a fan. DC is closed, and the
coastal margin is somewhat arched. The
humoral vein is located at the base’s anterior-
most point. Sc and R1 combine to form
Sc+R1, which emerges from the base and
travels parallel to the costa to the apex, or
wing margin. The anterior sector of Dc is the
origin of the radial sector vein (Rs), which
ends at the anterior part of the termen at the
wing’s border. Both M1 and M2 emerge from
Dc’s terminal end and arrive at the margin
at the term. The M3 vein lengthens along
the wing margin to create a protrusion that
resembles a tail. From the bottom portion of
Dc, Cul and Cu2 emerge, reaching the wing
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Fig. 5. Photograph of Dorsal Side of specimen
of Papilio polymnestor
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Fig. 7. Venation in the forewings
of Papilio polymnestor

margin near the tornus. 2A rises from the
wing’s base to the tornus, which is the wing’s
edge.

Papilio polymnestor, often known as Blue
Mormons, are giant swallowtail butterflies
that are found in Sri Lanka, Southern India,
and Northeastern India [34]. It is the state
butterfly of Maharashtra, an Indian state.
Between 120 and 150 mm is its wing span.
It is the fourth-largest butterfly in India.
The wings at the back have a glistening blue
tint. In addition to the buff-coloured female
of Sri Lanka’s Papilio polymnestor parinda
Moore, it has several characteristics with
the latter. A few preliminary reports of it
have been made from the state of Jharkhand
[13-16], but none of them have included
morphological, molecular, or documentation
(photographs, sketches, sample preservation,
etc.) research.

Fig. 6. Photograph of Ventral Side of specimen
of Papilio polymnestor

Sc+R1
Rs
M1
M2
M3 1A
Wia cy1p

Fig. 8. Venation in the hindwings
of Papilio polymnestor

Wing venation of Papilio polymnestor

Forewing: The forewing contains twelve
veins, as well as a vast, closed discal cell from
which numerous veins radiate. The base is
where the first and last of the 12 veins emerge,
while the discal cell is where the others appear.
Subcostal (Sc) joins the R5 vein on the forewing.
There are five branches of the radial veins
(R1-R5). The lower discal is the origin of the
median veins (M1-M3). The last vein is the anal
vein, which contains two branches, 1A and 2A,
followed by the cubital veins, Cula and Culb.

Hindwing: Sc+R1 (fused) is the result of
the first radial vein in the hind wing fusing
with the subcostal. The term “radial sector”
refers to the unbranched radius (Rs). There
are three branches of the median vein (M) (M1-
M3). There are cubital veins Cula and Culb.
There is only one anal vein (1A). The Humeral
vein is a little spur that extends towards the
costa close to the base of the eighth vein.
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Fig. 9. Photograph of Dorsal Side of specimen
of Euploea core

R3 R4
o B RS
M1
M2
M3
Cul
2 Cu2

Fig. 11. Venation in the forewings of Euploea core

Nymphalidae

Two groups in this family are very different
from one another in appearance. While the
undersides of the fritillaries frequently have
silver markings, the upper surfaces are orange
and feature black markings. The other contains
some of the brightest-coloured butterflies [19,
20, 28].

Euploea core

The medium-sized butterfly Euploea core,
also called the “Common Crow,” is a member
of the Nymphalidae family. It has a glossy
black appearance with white dots on the wing
edges. The range of the wingspan is 85 to 95
mm. The female’s forewing has a straight hind
border, but the males have a bow-shaped one.
Australia and South Asia are home to it. It is
also occasionally called the “Common Indian
Crow” in India and the “Australian Crow” in
Australia.

Wing venation of Euploea core

Forewing: The Euploea core’s forewing has
a roughly triangular form. The Dc is closed.
From the base of the wing, R1 arises to the
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Fig. 10. Photograph of Ventral Side of specimen
of Euploea core

Cul

2A (w2

Fig. 12. Venation in the hindwings of Euploea core

edge in the centre of the costa. R2 emerges
from Dc’s anterior end and travels to the costa.
The anterior terminal end of Dc is where R3
and R4 originate. R3 contacts the wing margin
shortly before the apex, while R4 reaches the
wing margin at the apex. R5 emerges from R4
as a branch and reaches the edge immediately
below the wing’s apex. The terminal end of Dc
is where M1, M2, and M3 originate.

M2 enters the Dc for a very brief distance.
The posterior portion of Dc gives rise to anterior
Cul and posterior Cu2, to reach the wing’s edge
close to the tornus. As a shared vein, 2A and 1A
emerge from the wing base and split apart near
the wing’s tornus, just short of the margin. At
the margin, the 2A and Cu2 meet.

Hindwing: The rear wing of the Euploea
core resembles a fan and achieves an oval-
triangular form. The anterior-most vein, the
humeral vein, begins at the base of the wing
and ends close to the base at the wing’s border.
Sc and R1 combine to create Sc+R1, which
emerges from the base of Dc and meets the
wing edge close to the apex. The near-anterior
tip of Dc is where Rs, M1, and M2 originate
from. At the top, Rs satisfies the margin.
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Table 2

Nucleotide frequencies and NT length of CO1 nucleotide region of the butterfly samples collected
from Different parts of Jharkhand

: Nucleotide Frequencies, %
Site District Butte'rfly Accession Ids 4 ’
Code species
T(U) C A G Total
A Chatra PQ565876 40.1 | 15.6 | 29.8 | 14.5 704
B Koderma PQ565875 40.3 | 15.4 | 30.1 | 14.2 837
C Giridih Papilio PQ565873 40 16 29.8 | 14.3 658
polytes
D Godda PQ565874 40 16 20.8 | 14.3 658
E Ramgarh PQ565877 30.6 | 16.7 | 29.8 14 642
F Chatra PQ569085 390.7 | 16.2 | 30.3 | 13.8 630
B Koderma PQ569086 30.6 | 16.5 | 29.9 14 642
G Giridih Papilio PQ569087 30.7 | 16.3 | 30.1 | 13.9 638
polymnestor

H Godda PQ569088 38.9 | 16.3 | 30.7 | 14.1 596
I Ramgarh PQ569089 38.8 | 16.4 | 30.7 | 14.1 596
J Chatra L.C849501 42.7 14 28.8 | 14.5 708
K Koderma LC849500 418 | 151 | 28.9 | 14.2 650
L Giridih | Euploea core LC849499 43.1 13 29.3 | 14.6 583
M Godda 1.C849498 42.9 | 14.4 | 28.9 | 13.9 613
N Ramgarh LC849497 42,9 | 14.3 | 289 14 630

The margin is met at the term by M1 and
M2. M3 emerges from the Dc tip to reach the
wing margin in the middle of the period. Cul
emerges from the Dc’s near-posterior end to
meet the wing margin at the termen.

The 2A extends from two-thirds of the
lower DC’s length to the wing border at the
termen above the tornus. The base of the
wing is where anterior 2A and posterior 3A
originate. Tornus is where 2A touches the
wing’s margin, whereas dorsum is where 3A
touches the wing’s margin.

Molecular analysis

DNA extraction, PCR amplification, and
Nucleotide Sequencing

The process of verifying an organism’s
identity at the molecular level is known as
molecular identification [35]. One way for
identifying an organism is DNA barcoding,
which uses a brief DNA fragment from a
particular gene to identify an organism. To
determine the organism, the DNA sequence
is compared to a reference library [36]. For
example, the cytochrome c oxidase I (COI) gene
is utilised for animals, the internal transcribed
spacer (ITS) rRNA gene is utilised for fungi,
and ribulose bisphosphate carboxylase/
oxygenase (RuBisCO) is utilised for plants
[87]. In this study, the COI gene sequence is

used for DNA barcoding (identification of
organisms at the molecular level).

Using a particular primer, a single distinct
PCR amplicon of the COI region was obtained.
Table 2 lists the specifics of the sequences
that were extracted from the 15 specimens
from the three species — Papilio polytes,
Papilio polymnestor, and Euploea core. Using
the NCBI (National Centre for Biotechnology
Information)-based BLASTn program, all of
the resulting nucleotide sequences (query)
were compared with the nucleotide databases.
The BLASTn search parameters were: program
selection: highly comparable sequences
(megablast); search set: standard database.
The megablast is employed for intraspecies
comparison and sequence identification [38,
39]. The findings of the BLASTn similarity
search were used for the identification of the
specimens at the molecular level.

After identification on the basis of BLASTn
search results, the 15 sequences obtained in this
study were submitted to DDBJ (DNA Databank
of Japan) and bankit to obtain accession IDs
(Table 2). By looking up the accession IDs using
the ENTREZ search engine, one can view the
whole definition of CO1 sequences for each of
the 15 sequences online. Additionally, each
sequence’s link has been provided with its QR
(quick response) code, which is represented
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as Fig. 13 (Papilio polytes), Fig. 14 (Papilio
polymnestor), and Fig. 15 (Euploea core). The
QR codes can be scanned to view the complete
definition of the sequence online.

Distance Matrix and Phylogenetic Tree

Phylogenetic tree and Distance Matrix were
obtained using other novel biotechnological
and bioinformatic tools described below. The
MEGAX software’s ClustalW alignment
function was used to align the 15 sequences,
using a gap opening penalty of 15.00 and a
gap extension penalty of 6.66. Following that,
the alignment was exported in MEGA format.
The distance matrix was subsequently created
using this alignment (Table 3). There are
many applications for distance matrices in
bioinformatics, including phylogenetic tree
construction, protein structure representation,
protein structure comparison and alignment,
inferring protein-protein interactions, and
protein structure determination. A distance
matrix is a two-dimensional array that contains

=

PQ565876 PQ56587

the pairwise distances between a set of elements
(in this case, nucleotide sequences) [40, 41]. The
distance between two people, or the number of
loci that separate them, is measured by pairwise
distance. The more species separate from one
another, the more unrelated they are, or the
greater the distance matrix value, the more
variety there is between any two species [28].
In the distance matrix presented as Table 3, the
value of pairwise distance ranged from 0.00 to
0.175.

Among the samples of Papilio polytes, the
matrix score ranged from a minimum of 0.000
(close relationship) to a maximum of 0.017
(distant relationship). These ranging values
indicated the intraspecific variation among the
populations of Papilio polytes of the sampling
regions. The specimen collected from Giridih
was very closely related to the sample from
Godda (0.00). The most distant relation was
between Papilio polytes collected from Chatra
and Godda; Chatra and Giridih, with a distance
matrix score of 0.009 in each case.

PG56587

Fig. 13. Accession IDs and QR codes for accessing the full definition (online) of CO1 sequences
of Papilio polytes submitted to GenBank

[=;

PQ569085 PG569086 PQ56908

(o

PQ569088 PQ569089

Fig. 14. Accession IDs and QR codes for accessing the full definition (online) of CO1 sequences
of Papilio polymnestor submitted to GenBank

Fig. 15. Accession IDs and QR codes for accessing the full definition (online) of CO1 sequences of Euploea
core submitted to DDBJ
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Table 3
Distance Matrix prepared using the 15 different sequences of Papilio polytes, Euploea core
and Papilio polymnestor to estimate the evolutionary divergence between sequences
| Il Il IV v Vi Vil | vl 1X X Al pAll K| XV | XV

Giridih_P.pofyres PO565873 | 0.000 | 0.003 | 0.047 | 0.009 [ 0.160 | 0.159 | 0.148 | 0.145 | 0.168 | 0.081 | 0.081 | 0.081 | 0.079 | 0.078
Godda_P.pofytes_PQ565874 Il [ 0.000 0.003 | 0.017 | 0.009 | 0.160 [ 0.159 | 0.148 | 0.145 | 0.168 | 0.081 | 0.084 [ 0.081 | 0.079 | 0.078
Koderma_FP.polyies PO5658T5 I ] 0.003 | 0.003 0.016 | 0.00F | 0.164 [ 0.166 | 0.162 | 0.144 [ 0475 | 0.074 | 0.076 | 0.074 | 0.073 | 0.070
Chatra_P.pofytes PQ565ETH [V 0.047 | 0.017 [ 0.016 0.001 | 0.155 | 0.155 | 0.162 [ 0.137 | 0.161 | 0.080 | 0.082 | 0.080 | 0.079 [ 0.077
Ramgarh_F.pofyres_PQ5S658TT Y ] 0.009 | 0.009 | 0.007 | 0.001 0.155 [ 0.155 | 0.150 | 0.138 | 0.156 | 0.080 | 0.079 [ 0.079 | 0.079 | 0.077
Ramgarh_E.core_LC8404497 VI [ 0.160 [ 0.160 | 0.164 [ 0.155 | 0.155 0.000 | 0.000 | 0.144 | 0.000 [ 0.153 | 0.158 | 0.158 | 0.163 | 0.165
Godda_E.core_LC849498 VIl [ 0.159 | 0.159 | 0.166 | 0.155 | 0.155 | 0.000 0.000 | 0.140 | 0.000 | 0.159 | 0.159 | 0.159 | 0.162 | 0.164
Giridih_E.core_LCB49409 VI [ 0.148 | 0.148 | 0.162 | 0.162 | 0.150 | 0.000 [ 0.000 0.141 | 0.040 | 0.160 | 0.160 [ 0.160 | 0.160 | 0.163
Koderma_E.core_LC840500 [X [0.145 | 0145 | 0144 [ 0137 | 0,138 | 0.144 ] 0.140 | 0.141 0141 [ 0,132 | 0.134 | 0.134 | 0127 | 0.125
Chatra_E. core L C849501 % | 0.168 | 0.168 [ 0.175 | 0.161 | 0.156 | 0.000 | 0.000 | 0.040 | 0.141 0.158 | 0.159 | 0.160 | 0.162 | 0.164
Chatra_P.pofymnesor_PO563085 | X | 0.081 | 0.081 [ 0.074 | 0.080 | 0.080 | 0.158 | 0.159 | 0.160 | 0.132 | 0.158 0.000 | 0.000 | 0.000 | 0.002
Koderma_P.polymiestor_POS62081 X1 | 0.081 | 0.081 | 0.076 | 0.082 | 0.079 | 0.158 | 0.159 | 0.160 | 0.134 [ 0.159 | 0.000 0.000 | 0.000 | 0.002
Giridih_P.pofymnestor PQSGI08T | XIII | 0.081 | 0.081 | 0.074 | 0.080 | 0.079 | 0.158 | 0.159 | 0.160 | 0.134 [ 0.160 | 0.000 | 0.000 0.000 | 0.002
Godda_P.pofymiesor PO5GI083 | XIV [ 0.079 | 0.079 | 0.073 | 0.079 | 0.079 | 0.163 [ 0.162 | 0.160 | 0.127 | 0.162 | 0.000 | 0.000 [ 0.000 0.002
Ramgarh_P.pofymnestor POS6908Y XV [ 0.078 | 0.078 | 0.070 | 0.077 | 0.077 | 0.165 [ 0.164 | 0.163 | 0.125 | 0.164 | 0.002 | 0.002 | 0.002 | 0.002

Among the samples of Euploea core, the
distance matrix score ranged from a minimum
of 0.000 to a maximum of 0.144. A very close
relationship was exhibited between samples
collected from Ramgarh & Godda; Ramgarh
& Giridih; Ramgarh & Koderma; Godda &
Giridih, Godda & Chatra, exhibiting a matrix
score of 0.000. The distant relationship was
shown among the specimens collected from
Koderma and Ramgarh, with the highest
matrix score of 0.144 among Euploea core.

Least variation was observed among
samples of Papilio polymnestor, with a
minimum of 0.000 to a maximum score
of 0.002; this exhibits lower intraspecific
variation among populations of Papilio
polymnestor collected from the different
sampling sites. The six pairs — Koderma &
Chatra, Giridih & Chatra, Godda & Chatra,
Giridih & Koderma, Godda & Koderma, Godda
& Giridih exhibited very close relationships
with a matrix score of 0.00.

Regarding interspecific variance, the
matrix score varied between 0.070 and 0.175.
The number of base substitutions between
sequences is displayed for each location. The
Maximum Composite Likelihood model was
used for the analyses [25]. For every pair
of sequences, all ambiguous locations were
eliminated (pairwise deletion). The final
dataset contained 986 locations in total [27].

A figure that shows the evolutionary
descent lines of various species, creatures,
or genes from a common ancestor is called a
phylogenetic tree, or phylogeny. Phylogenies
are helpful for structuring classifications,
organising knowledge of biological diversity,

and shedding light on evolutionary events. Since
Charles Darwin’s time, tree diagrams have been
employed in evolutionary biology. [42].

The Neighbor-Joining approach was used
to estimate the evolutionary relationships of
taxa[43]. The branches are accompanied by the
proportion of duplicate trees where the related
species clustered together in the bootstrap
test (100 repetitions) [44]. The evolutionary
distances are shown in terms of the number of
base substitutions per site and were calculated
using the Maximum Composite Likelihood
approach [25]. Fifteen nucleotide sequences
were analysed. In MEGA X, evolutionary
studies were carried out [27]. Figure 16
displays the resultant phylogenetic tree.

As exhibited by the phylogenetic tree,
the Papilio polytes from Giridih, Godda, and
Koderma fell in a separate clade, and Chatra
and Ramgarh fell in another clade. In the case of
Papilio polymnestor, the sample from Koderma
and Giridih fell in a separate clade as sister taxa.
Interestingly, the samples of Papilio polytes
and Papilio polymnestor, both species have a
common genus under which fall the two species
polytes and polymnestor, this is visible from the
phylogenetic tree, which shows that both have
originated from a common ancestor. The sample
of Euploea core collected from Chatra showed
most intraspecific variation, which is also
exhibited by a high matrix score of 0.175.

Conclusions

Morpho-molecular studies on Papilio
polytes, Papilio polymnestor, and Euploea core
collected from various sampling sites from
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Fig. 16. Phylogenetic tree prepared using 15 different CO1 sequences
of the Papilio polytes, Euploea core and Papilio polymnestor

Koderma, Giridih, Godda, Ramgarh, and
Chatra districts of the Jharkhand state of India
were done. The study involved the use of the
latest biotechnological and bioinformatic tools.
There is a paucity of knowledge related to the
morphology and taxonomy of butterflies of
the state; thus, this study is the first attempt
of its kind. The study revealed significant
intraspecific variation among specimens of
Euploea core. The least variation was exhibited
among specimens of Papilio polymnestor. The
study contributes to the knowledge related to
butterfly species of Papilio polytes, Papilio
polymnestor, and Euploea core. It will be
helpful in further studies related to the
conservation and monitoring of the species.
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MOP®O-MOJERY JAPHI JOCAIIEHHA SPASKIB OCEPEIRY (?) Papilio polytes, Papilio
polymnestor TA Euploea, 3SIBPAHUX ¥y IIITATI JGRAPKXAH/, (IHAIA) 3 BAROPUCTAHHAM
BIOTEXHOJIOTTYHHUX TA BIOIH®OPMATHYHHNX THCTPYMEHTIB
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PocinHU Ta MeTeJIUKHN MAlOTh KOEBOJIOIINHMNH 3B’ 30K, i MeTeINKHU € BaXKJIUBUMU OIS €eKOCUCTEMH.
Bonu Takoik ciayKaThb €KOCUCTEMHUMH iHAMKATOPAMHU, OCKiJIBKU HOCJHiMMKEeHHSA IXHIX HOMyJAMid Ta
MOBEAiHKY MOJKYTDb IIOKA3aTH, HACKIIbKY 3OPOBUM € HABKOJUIITHE cepefoBuIlle. BoHU € ehpeKTUBHUMU
3anmIloBavYaMu, i Bimomo, 10 AeAKi BUAM MIrpyioTh Ha BeJIMKi BifcTaHi AJA IMONMIMPEHHS HTUJIKY, IO
CIPUUYNHSIE TeHeTUYHY PiBHOMAHITHICTh YV BUJaX POCJNH Ta 30iJbITye iXHi IITaHCH HA BUJKUBAHHSI.

Mema. Busuutu MmopdomosieKyaapHi ocobumBocTi ocepenky Papilio polytes, Papilio polymnestor ta
Euploea 3i mrary I»xapkxany B Iazii.

Memodu. [Tocrim:KeHHA OXOILIIOE PidHi OiIAHKY I’ ATHU paiioHiB, a came mratu YaTtpa, Kogepma, Iipigix,
Tonma, Pamrapx. 3pasku 6yau 3i0pani, mocaimkeni, a QisuuHi 3pasKku KOKHOTO BUAY OyJsu mepemami
mno Bigginy xkomeriii, o6aiky Ta izeHTudikamnii komax Kadeapu 3o0o0iorii Koaemky Cearoro Kcasepisa
B Panui, Ta orpuMaHi HOMepu BayuepiB. ¥ Iiii po6oTi Oysiu BUKOpPHUCTaHi cyuacHi 6ioTexHoJJOTiuHi Ta
Gioirgopmarlifiai incTpyMeHTH, I’ ATh 3pa3KiB KOKHOT0 BUAY OyJI CEKBEHOBAaHI Ha ImpeaMeT cyooauumnli 1
(CO1) miToxoHIpiaIBLHOI IIMTOXPOMOKCHIA3M, Ha OCHOBI UOT0 0YJI0 BUKOHAHO IIOMIYK 3a gomomMoroio BLAST
(Basic Local Alignment and Search Tool) gna inertudikarii Buay Ha ocHoBi 36iris i3 mocaigoBHOCTAMM,
IIPUCYTHIMU B 0asax JaHUX HYKJEOTUIHUX IIOCTiJOBHOCTEM.

Pesyaemamu. Bynu BukopucrtaHni HafHOBImIi 6ioTexHom0Tii. ITicaa inenTudikanii nocaigosuocti Oyin
nepenani 1o GenBank, i 6yau orpumaxni izenTudikaropu mocrymny. IlociaizoBHoCTi Oyau BUKOPUCTAHI I
mo0ymoBH (piIOreHeTUYHOTO JepeBa AJId BCTAHOBJIEHHSA B3a€M0O3B’ A3KiB MisK 3i0paHuMu 3pasKaMu.

BucHosku. IcHye HegoCTaTHBO 3HAHD ITPO MOP(OJIOTii0 Ta TAKCOHOMil0 MeTeJIUKiB I[bOTO IITAaTa; TOMY
e AOCJHiIKeHHSA € MepIIoio cIpoboio Takoro pony. HocaigKeHHA BUSBUIO 3HAUYHY BHYTPIIIIHHOBUILOBY
Bapiamiro cepen exsemnnapiB Euploea core. Hailimenmia Bapiamis cmocrepiranmacsa cepej eK3eMILJIAPiB
Papilio polymnestor. [locaimxeHHs CIIpUsAe PO3MINPEHHIO 3HAHB IPO BUAU MeTenukiB Papilio polytes, Papilio
polymnestor Ta Euploea i 6yne KOPUCHUM y IONANBIINX AOCIiIKEeHHAX, II0B’ A3aHUX 3i 30epeKeHHAM Ta
MOHITOPHUHIOM BUAY.

Knwuoei cnosa: mopdhomosnerynapuuii, okapkxaun, Iupia, Papilio polytes, Papilio polymnestor,
Euploea, BLAST, dimorenis.
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Aim. The study was purposed to find alternative reinforcing fillers for the modification of starch-
based bioplastics using agricultural waste.

Materials and Methods. The visual analysis method was used to compare the characteristics of mate-
rials with different types of fillers. The influence of various kinds of fillers on the mechanical properties
and structure of starch-based bioplastics was evaluated. The study used corn starch according to the
DSTU 3976-2000 standard and five different types of agricultural waste as fillers to modify biodegrad-
able plastics. The method of manufacturing the bioplastics included preparing a 10% starch solution,
mixing it with other fillers, heating the suspensions to 90 °C, and drying the resulting solutions at 60 °C,
depending on the type of filler.

Results. The most successful options were those using technical cellulose fiber and sunflower seed
husks compressed into granules. The obtained materials based on these fillers demonstrate better mechan-
ical properties and better shape retention compared to starch-based materials without fillers. The optimal
particle size was found to be in the range of 0.03-0.06 mm.

Conclusions. It can be concluded that agricultural vegetable waste has a high potential as an effective
filler for starch-based bioplastics, which will significantly reduce the cost of biomaterials and expand the

scope of their use, making them more accessible for a wide range of applications.

Key words: bioplastics, agricultural waste, reinforcing fillers, starch, properties.

The development of the bioplastics industry
in Ukraine is an urgent issue, especially
given the gradual abandonment of synthetic
polymeric materials in the world. The lack
of affordable foreign materials with reliable
providers and national production stimulates
further research in this area and the creation
of local technologies [1].

The high cost is one of the main hurdles
to the widespread use of bioplastics.
Today, polylactic acid (PLA) and
polyhydroxyalkanoates (PHA) are considered
the most promising areas for the development
of the biodegradable plastic market. However,
the production of these polymers requires more
sophisticated technologies than their synthetic
counterparts, which significantly increases
their cost [2].

Often, for reducing the cost and improving
the mechanical properties of biodegradable
materials, a certain amount of synthetic
fillers is added to their composition. These are
usually materials such as polyvinyl chloride
or polyethylene. However, these components
can negatively affect the biodegradability of
polymers [3].

Therefore, the search for simplified
technologies for the production of
biodegradable materials using fillers of natural
origin is relevant today [3].

Starch is one of the most readily
available natural polysaccharides used to
make biodegradable materials. An essential
characteristic of starch-based bioplastics is
their elasticity, which is provided by linear
amylose, while amylopectin, which has a

Citation: Kozar, M. Y., Korneliuk, O. A. (2025). Reinforcing starch bioplastics with agricultural waste.
Biotechnologia Acta, 18(4), 60—67. https://doi.org/10.15407 /biotech18.04.060
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branched structure, controls tensile and
elongation strength [4-5].

However, starch-based bioplastics are
of limited use due to their insufficient
strength. Therefore, modification using
vegetable plasticizers, such as glycerin
or sorbitol, as well as fillers that increase
the mechanical strength and ductility of
bioplastics, is necessary. In addition, the
modification of hydrophilic OH-groups
makes it resistant to moisture. Vegetable
agricultural waste can be a promising
alternative to synthetic fillers. Due to the
high content of lignin and cellulose, these
materials can be used as a reinforcing
material to increase strength and stiffness
for starch-based polymer metals [4].

The research aims to find reinforcing
fillers for the modification of starch-based
bioplastics using agricultural waste.

Materials and Methods

Materials

In the study of the process of obtaining
biodegradable plastic based on starch, we
used potato starch, which corresponds to
DSTU 4286:2004 Potato starch. Technical
conditions. Amended” [6].

To modify starch-based biodegradable
plastics to improve their mechanical
properties, the use of agricultural waste as
a filler was investigated. For the study, five
samples of fillers were selected:

— corn waste (dry stalks, leaves, cobs);

— waste peanut husks, crushed;

— sunflower husk pressed into pellets;

— technical fiber cellulose;

— crushed sunflower husk. The choice
of specific types of plant waste for use as
reinforcing fillers in starch plastic materials
was based on their availability, physical
properties, and economic advantages. The
selected wastes include by-products of typical
crops, so they are available in large quantities
and have low costs. It is also important to
note that obtaining fillers based on such
materials can be an alternative method of
their utilization and turn waste into a valuable
resource [7]. All of these wastes have specific
physical properties and chemical composition
(high lignin and cellulose content), which
can increase the strength and durability of
bioplastics. The use of naturally occurring
fillers helps to improve the biodegradation of
polymeric material [7].

Corn waste (dry stalks, leaves, cobs). In
terms of chemical composition, this type of

raw material contains about 43% cellulose,
18% lignin, 26% pentosans, 4% inorganic
substances, and 15-18% moisture [7, 8].

Peanut husks contain about 37-45%
cellulose, 28-35% lignin, and 18-30%
hemicellulose. Due to this composition, it
is considered a promising raw material for
biotechnological applications, in particular
in the production of bioplastics, biofuels,
and fermented products. To improve the
fusion of this type of filler with starch-based
biodegradable plastics, it is crushed.

Sunflower husk pellets (produced by
Harveles OIL) are compressed cylindrical
pellets 5 cm long and about 8 mm in diameter.
The moisture content of the pellets does not
exceed 8.6% [9].

Crushed sunflower seed husks. The
chemical composition of the husk may vary
depending on the sunflower variety, with
high-oil species having a higher fat and ash
content but lower fiber content. Sunflower
husk composition: lipid content for different
varieties ranges from 0.99 to 3.78%, fiber —
49-67% , of which cellulose — 31-42%, and
14 pentosans — 23—28% . The amount of lignin
in the husk is 24-30%, and the proportion of
inorganic components is 1.37-2.98% [10].

Fibrous technical pulp was also used as
a filler. Cellulose has a fibrous structure
and is insoluble in water. It was obtained
from vegetable, mechanically processed raw
materials by sulfite and alkaline cooking.

Methods

Methods of obtaining biodegradable
materials based on starch

The technological properties of starch
materials are still inferior to polyethylene
and polypropylene, which they could replace.
Materials made from starch are pretty fragile
and not resistant to temperature or moisturero.
However, they can provide the necessary
flexibility to other biopolymers. Starch-based
polymers can also be used as a separate type
of material, but they must be reinforced with
fillers to provide mechanical strength and
stability [4].

The methodology for producing starch-
based bioplastics consists of several steps.
First, a 10% starch solution is prepared in
a 100 cm? flask. 10 g of starch and 60 cm?® of
distilled cold water are mixed, stirred for
15 minutes to ensure uniform distribution of
starch in the dispersion medium. Following
starch dispersion, 5 cm?® of glycerol is added,
and the volume is brought up to 100 cm?
with distilled water. The resulting mixture
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is subsequently stirred for an additional
5 minutes [5].

The 100 cm? of starch was divided into
five portions for mixing with the appropriate
fillers. To 20 cm?® of the prepared 10%
suspension, 1 g of crushed fillers of various
types was added [5].

Next, the resulting suspensions were
heated to 90 ‘C with constant stirring for 25
minutes until a homogeneous solution with
slight opalescence was obtained; the filler
particles should be evenly distributed in the
solution. [5].

The resulting solution was evenly distributed
in a 5 mm thick layer on a flat surface and placed
in a drying oven preheated to 60 ‘C. Drying was
carried out with different durations for different
types of filling: 3.5—6 h. [5]

To evaluate the biodegradation potential
of polymeric materials, a vermicomposting
method utilizing household organic waste
and the earthworm species Eisenia fetida was
employed. The vermicomposting conditions
were maintained within a temperature range of
15-25 °C, a moisture content of 70-80% , and
a pH between 7.0 and 7.6.

Starch-based polymeric materials were
subjected to the vermicomposting process
in order to determine their susceptibility to
biodegradation. The results demonstrated a
high degree of biodegradability, with complete
decomposition of the materials observed within
60 days. The selected filler types demonstrated
a high degree of compostability under the
established vermicomposting conditions..

Results and Discussion

A polymeric material based on starch was
obtained. A visual assessment of the material
was carried out. According to which we can

say that this material is hard, transparent,
very elastic, not viscous, brittle, and easily
crushed. The drying time of the material at
a temperature of 60 °C is one hour. The main
disadvantage observed in comparison with
synthetic analogues is low strength and poor
shape retention.

To improve the mechanical properties of
the resulting material, crushed materials of
plant origin were used. The following results
were obtained by grinding different types of
fillers.

The first type of raw material, based on
corn stalks, leaves, and ears, is well crushed,
and the resulting mixture is homogeneous.
To determine the size of the ground particles,
they were microscoped using a ULAB XSP-137
biological microscope; the results are shown
in Fig. 1. The average particle size is 0.03—
0.025 mm.

Another type of raw material — crushed
peanut husks — is characterized by much better
properties during mechanical processing. The
degree of grinding is maximized, the resulting
mixture is homogeneous, and the particles are
easily ground to a powder. The average particle
size is 0.05—-0.08 mm, and the presence of
larger fragments is not observed. To confirm
the homogeneity and degree of grinding, the
samples were microscoped using a ULAB XSP-
137 biological microscope. The results of the
study are shown in Fig. 2.

The raw material is based on sunflower
husks, which are easily crushed, and a powder
with a uniform distribution of particles was
obtained.

To determine the size of the crushed
particles, they were microscoped using a ULAB
XSP-137 biological microscope. The results
are shown in Figure 3. The average size of the
crushed particles is 0.04—0.07 mm.

Fig. 1. Microscopy of crushed corn waste particles (ULAB XSP-137),
x10 objective and x10 eyepiece, division price is 0.01 mm
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Sunflower husk pellets with a diameter of
8 mm and a length of 2—5 cm were crushed to
improve the fusion of this type of filling with
starch-based biodegradable plastic. As a result
of grinding, a heterogeneous mixture was
obtained. The smallest particles have a size
of 0.03—0.05 mm; there are also fibers with a
width of 0.002 mm, and the largest particles
are within 2—5 mm. To determine the size of
the crushed particles, they were microscoped
using a ULAB XSP-137 biological microscope;
the results are shown in Fig. 4.

The technical fiber pulp was not subjected
to additional grinding, as the fiber size in its
original form is sufficient for mixing with
the polymer material. The fiber thickness was
approximately 0.01 mm so that the length
could vary significantly. To determine the
size of the cellulose fibers, microscopy was
performed using a ULAB XSP-137 biological
microscope; the results are shown in Fig. 5.

Images of the materials obtained by mixing
starch-containing polymer with various types
of fillers are shown in Fig. 6.

A visual analysis of the differences in the
characteristics of the materials was carried
out, and the method of measuring Shore
hardness (Shore hardness) was used using
a durometer, which measures the ability
of a material to resist the penetration of
a steel pin into its surface. The following
scales were used scale A — to measure the
hardness of elastic materials such as rubber
or soft plastics. Based on the data obtained,
a conclusion was made about the uniformity
of particle distribution in the polymer, as well
as its hardness, strength, and ability to retain
its shape.

He W

Fig. 2. Microscopy of crushed peanut husks (ULAB
XSP-137), x10 objective and 10x micrometer eye-
piece, division price is 0.01 mm

Method in accordance with ISO 868-
85 Plastics and ebonite. Determination of
indentation hardness by durometer (Shore
hardness).

Table 1 shows the measured hardness
values for each of the samples.

The characteristics of the obtained samples
of polymeric materials with different types of
fillers are shown in Table 2.

A comparative analysis of starch-based
polymeric materials with various plant-based
additives revealed significant differences in
their structural and mechanical properties,
including surface texture, uniformity, and
Shore A hardness.

The control sample, consisting of pure
starch-based bioplastics without fillers,
showed the lowest hardness value (13.87 A).
Despite its high elasticity and smooth
appearance, its mechanical stability and ability
to retain its shape were significantly limited.
This is in line with previously reported data on
the inherent softness and flexibility of starch-
based polymers in the absence of reinforcing
agents.

Among the modified composites, the
inclusion of sunflower seed husks compressed
into pellets resulted in the highest hardness
(47.00 A), indicating excellent mechanical
strength. However, visual analysis revealed
a coarse and granular structure, which, while
effective in increasing stiffness, compromises
material surface uniformity and elasticity.
This filler has proven to be optimal in
applications that require structural stability
over flexibility.

The sample filled with crushed peanut
husks also showed a significant improvement

Fig. 3. Microscopy of crushed sunflower seed husk
particles (ULAB XSP-137), x10 objective and x10
micrometer eyepiece, division price is 0.01 mm
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Fig. 4. Microscopy of particles of crushed sunflower husk pellets (ULAB XSP-137),
x10 objective and x10 micrometer eyepiece, division price is 0.01 mm

a

a c E:
E
=

d f -

Fig. 6. The obtained polymeric materials reinforced with different types of fillers based
on crushed agricultural waste
a — starch-based bioplastic without fillers; b — corn waste (dry stems, leaves, cobs); ¢ — crushed peanut

husks; d — sunflower husks compressed into granules; e — technical cellulose fiber; f — crushed sunflower
husks
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Table 1
Hardness values for each of the samples
Hardness
indices in Average
Type of filler three hardness
repetitions. value
A
starch-based 16.1
bioplastic without 10 13.87
fillers 15.5
20.5
corn waste (dry
stems. leaves. cobs) 24.5 28.5
40.5
35
crushed peanut husks 36 32.83
27.5
sunflower husks 49.5
compressed into 46.5 47.00
granules 45
15.5
technical cellulose 18.5 16.5
fiber . :
15.5
39.5
crushed sunflower 49.5 39.5
husks
36.5

in hardness (32.83 A) compared to the
control. Despite the somewhat uneven
distribution of particles, the material
retained a relatively balanced structure
with acceptable shape retention and reduced
brittleness. This indicates that finely ground
peanut husks can serve as an effective
reinforcing agent, especially in semi-solid
biopolymer products.

The corn waste (dry stalks, leaves, and
cobs) had a moderate hardness level (28.5
A), a more visually uniform structure,
and a smoother surface texture. This filler
resulted in a material that successfully
combines stiffness and light flexibility,
making it suitable for flexible packaging or
biodegradable sheets.

In contrast, the samples filled with chopped
sunflower husk (39.5 A) and technical cellulose
fiber (16.5 A) showed mixed results. While the
crushed sunflower husk contributed to the
hardness increase, its poor distribution due
to the coarse particle size resulted in localized
brittleness and poor mold stability. On the
other hand, industrial cellulose fiber improves
material homogeneity and reduces brittleness,

but does not significantly increase mechanical
strength.

Conclusions

In the context of the ever-increasing
awareness of environmental issues and
changes in the global plastic materials market,
the development of bioplastics production
is becoming an urgent task, especially for
countries like Ukraine. The research conducted
in this paper aims to find alternative
reinforcing fillers for the modification of
starch-based bioplastics using agricultural
waste.

The study results showed that the use
of different fillers significantly affects the
mechanical properties of starch bioplastics.
The best results in terms of stiffness (47.00 A)
and mechanical strength were obtained with
sunflower husk granules. However, this filler
has a coarse structure, which reduces the
elasticity and homogeneity of the material,
making it more suitable for applications where
mold stability is essential.

Other materials, such as crushed peanut
husks (32.83 A) and corn stover (28.5 A),
showed moderate results, combining stiffness
and elasticity. The crushed peanut husks
provided good uniformity and reduced
brittleness, while the corn stover was a
material that combined flexibility and
sufficient stiffness for biodegradable films and
packaging.

Cellulose, although it does not provide a
significant increase in mechanical strength
(16.5 A), improves material uniformity and
reduces brittleness. It is a good choice for
products where a stable structure is important
without high stiffness requirements.

Prospects for further research are to
refine technological processes to improve
the distribution of particles in the material
and to study resistance to temperature,
hydrolysis, and biodegradation. This will
allow us to expand the use of bioplastics and
ensure their stability in various conditions,
in particular for the production of durable
and environmentally friendly products. Based
on our analysis, starch-based bioplastics
reinforced with agricultural plant waste
show promising potential in the following
applications.

Short-term packaging, such as disposable
food trays. The material demonstrates
sufficient mechanical strength for food contact
and is fully compostable, including through
vermicomposting.

65



BIOTECHNOLOGIA ACTA. 2025. Vol. 18, no. 4

Table 2
Description of the properties of the obtained starch-based polymeric materials
using different types of fillers
Type of filler Properties of the resulting material Time. h
Starch-based Semi-transparent material with a glossy surface, without visible inclusions.
bioplasti Demonstrates good elasticity, but has the lowest hardness among all samples 3.5
pioplastics 13.87 A), indicating low shape retention and mechanical instability under :
without fillers ( i d .
eformation.
Translucent yellowish sample with a homogeneous texture. The high degree of
Corn waste (dry grinding ensured a uniform distribution of particles in the polymer. Still,
stalks. leaves thpre are particles of glifferent shapes and sizes, which can cause in_sufficienfc 5.5
ea’rs)' > | resistance to deformation. It has a hardness of 28.5 A, which allows it to retain :
’ its shape better than bioplastics without fillers, while maintaining partial
flexibility.
The material is dark in color with noticeable particle inclusions. The sample
crushed peanut has a hardness of 32.83 A, which indicates sufficient strength and shape 3.5
husks retention, The husk particles are evenly distributed, which makes the material :
somewhat brittle at the edges, but generally holds its shape well.
Sunflower seed One of the most complex samples (47.00 A). The material is dark, with a rough
husk texture and granular inclusions. The filler particles are embedded in the
usks are . . . L5 L
. polymer matrix quite densely, but the insufficient degree of grinding reduces 5.5
pressed into th 1 st to d Th ial is inelastic b ins its sh
ellets: e overall resistance to damage. The material is inelastic but retains its shape
p ’ very well.
Translucent sample with a fibrous structure. The fibers are well distributed,
Technical fiber which reduces brittleness. The material has medium hardness (16.5 A) and is
lo: stable in shape. Due to the good distribution of structural particles in the 5
buip; material, it has a good ability to retain its shape. It is suitable for the
formation of rigid films that maintain their geometry under load.
A material with a high level of hardness (39.5 A) but an uneven distribution of
Crushed particles. The surface is rough, with noticeable inclusions of husks. As a
sunflower seed result, the sample does not retain its shape well under load and is prone to 4
husks; deformation. Low elasticity and increased brittleness reduce functionality in
flexible applications.

Agricultural use, including biodegradable
seedling pots and mulching films. After
fulfilling their function, these materials can be
left in the soil, where they naturally decompose
without leaving harmful residues.
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APMYBAHHA BIOIIJIACTHURIB HA OCHOBI KPOXMAJIIO
CIJIbCBROTI'OCIIOJAPCBLRKUMH BIAXOJAMH

Koszap M.IO., Kopreatk O.A.
KuiBcbkuit mosiTexuiunuii inctutyt imeni Iropsa CikopcbKoro
E-mail: marinakpi@gmail.com

Mema. Tlomyk anbTepHATUBHUX apMYHOUNX HANOOBHIOBAUYiB AJsa Moaudpikaliii 6iomaacTukis Ha
OCHOBi KPOXMaJIi0 3 BUKOPUCTAHHAM BiIX0/iB CiJILCHKOI0 roCIIogapcTBa.

Mamepiaau it memodu. [nsa mMOpiBHAHHA XapaKTEePUCTUK MaTepiajiB 3 pisHUMH THHaMUu
CiTBbCBHKOTOCIIOIaPCHKUX BiIX0OMiB AK HAIIOBHIOBAUiB BUKOPUCTAHO METOJ BisyabHOI ominku Ta MeTtozn
BumipoBanHA TBepgocti 3a Illopom. OmineHo BnyinB piBHWX THUIIIB HAIIOBHIOBAUiB Ha MeXaHiuHi
BJIACTMBOCTI Ta CTPYKTYPY 0i0IJIaCTUKIiB HA OCHOBiI KPOXMAJTIO.

VY mocnimiKeHHI BUKOPHCTOBYBAIM KYKYPYA3SHUN Kpoxmaiab 3a cranmaprom DSTU 3976-
2000 Tta m’ATh PiBHUX TUMIB CiIBCHKOTOCHOAAPCHKUX BiAXOAiB AK HANMOBHIOBAUYL Aad Momu@ikarii
OioposkaagHUX IIacTUKiB. MeTo BUrOTOBJIeHHS GiommacTuKiB BKIOUaB miaroToBKy 10% posummy
KpPOXMaJilo, 3MIiIllyBaHHS HOT0 3 PisHMMHU HaIOBHIOBAUaMu, IifirpiBanusa cycmensiii mo 90 °C ra
CYIIiHHA oTpuMaHuX po3unHiB npu 60 °C 3ayiesKHO Bif TUIy HAIIOBHIOBaYA.

Pesynvmamu. HaifibinbIn BaJuMy BUABUJIUCA BapiaHTU 3 BUKOPUCTAHHAM TeXHIYHOTO BOJOKHA
IeJII0JIO3U Ta CIIPECOBAHOTO B IPAHYJIN JYIINUHHA COHANTHNKOBOTO HaciHHA. OTpuMani maTepianiu Ha
OCHOBI ITX HATOBHIOBAYiB IEMOHCTPYIOTh KPAaIIli MeXaHiUHi BJJaCTUBOCTI Ta Kparile 30epekeHHA (opMU
HOPiBHAHO 3 MaTepiajaMu HAa OCHOBI KpoxMaJio 0e3 HamoBHIOBauiB. ONTUMAaJIbHUY PO3MIP YaCTHHOK
BuABUBCA B gianasouni 0,03—0,06 mm.

BucHosok. PocinHHI ciIbCBKOTOCIOAaPChKi BiIX0oau € e(peKTUBHUMU JJIs 0i0IIacTHKiB Ha OCHOBI
KPOXMAaJIIo, IO JO3BOJUTL 3HAUHO 3HU3UTHU cobiBapTicTh 6iomaTepiasiB Ta posmupuTtu chepy ix
BUKOPUCTAHHSA, 3POOUBIIHY iX OiJIbIII JOCTYIHUMH AJIA IITTPOKOT0 CIIEKTPY 3aCTOCYBaHb.

Kanwuosi cnosa: 0ioILIaCTHUK, CLIBCHRKOTOCHOZAapPChKi BiaAxomu, apMyoui HAMOBHIOBAUi, KPOXMaJb,
BJIACTHUBOCTI.
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Aim. To evaluate the effect of adding N-acetylcysteine (NAC) to SAGM (adenine-glucose-mannitol
saline) solution on the electrolyte composition and pH of canine erythrocytes during hypothermic storage.
Material and Methods. Red blood cells were stored in SAGM solution with or without NAC at 4-5 °C.
The concentrations of sodium, potassium, chloride, and pH were determined on days 0, 7, 21, and 35 of

storage.

Results. The sodium concentration increased in both groups, slightly less in the experimental group
with NAC. The accumulation of potassium was less pronounced in the NAC-supplemented group. Chloride
levels remained stable, and pH decreased, particularly in the experimental group.

Conclusions. NAC contributes to the stabilization of the electrolyte environment during storage, in

particular to potassium retention and pH control.

Key words: erythrocytes, hypothermic storage, electrolyte balance, N-acetylcysteine, antioxi-

dant protection.

Hypothermic storage of red blood
cells is an essential practice in veterinary
transfusion medicine, allowing for the long-
term preservation of donor blood. Despite
the effectiveness of this approach, storage at
4-5 °C leads to a gradual deterioration of red
blood cell integrity due to metabolic changes
and oxidative stress [1]. During storage,
red blood cells undergo changes in volume,
shape, membrane deformation, and metabolic
profile, including progressive ATP depletion
and lactate accumulation, which impair their
functionality. When choosing red blood cell
storage conditions, maintaining an optimal
pH level and regulating electrolyte gradients
play an essential role. These parameters affect

the efficiency of gas exchange and provide the
necessary conditions for the stability of red
blood cell function [2].

Potassium (K*) is the principal intra-
cellular cation and plays a fundamental role in
maintaining cell membrane potential, osmotic
balance, and enzymatic activity. During
storage, erythrocytes tend to lose K* to the
extracellular environment due to changes in
membrane permeability and energy depletion.

Sodium (Na*), which is usually maintained
at a low level within canine red blood cells,
tends to accumulate during storage, altering
the osmotic balance and indicating membrane
instability. Chloride (C17), a key anion, is also
involved in regulating pH and fluid balance.

Citation: Hrebeniuk, K. R., Denysova, O. M. (2025). Electrolyte state of canine red blood cells during
hypothermic storage with the addition of N-acetylcysteine. Biotechnologia Acta, 18(4), 68—71.
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A decrease in pH during storage leads to
the accumulation of lactate and a reduction
in buffer capacity, which negatively affects
the enzymatic function and conformation
of proteins in red blood cells [3]. Therefore,
monitoring these parameters is essential for
assessing the quality of storage.

N-acetylcysteine (NAC), an antioxidant
and glutathione precursor, can help stabilize
red blood cell membranes and buffer the
intracellular environment. NAC acts as a
thiol group donor, reducing oxidative stress
and maintaining the structure of membrane
proteins. This study evaluates its effect
on the electrolyte profile and pH of canine
erythrocytes stored for 35 days.

This study aimed to evaluate the effect
of adding N-acetylcysteine (NAC) to SAGM
(adenine-glucose-mannitol saline) resuspension
medium on the electrolyte balance (Na*, K™,
Cl") and pH of canine erythrocytes during
35-day hypothermic storage.

Material and Methods

Whole blood samples were collected from
clinically healthy donor dogs and processed
within 2 hours of collection. Red blood cells
were obtained by centrifugation at 5000g for
7 minutes at 4 °C using blood bags equipped
with satellite storage containers. The plasma
was separated and frozen, and the erythrocyte
mass was resuspended in a standard
SAGM solution. The experimental group
was supplemented with NAC at a specific
concentration, while the control group was
kept in standard SAGM without NAC.

All samples were stored at 4—5 °C in a blood
storage refrigerator. Aliquots for analysis
were taken on days 0, 7, 21, and 35 of storage.

Biochemical parameters, including the
concentration of sodium (Na'), potassium
(K"), chlorine (Cl7), and pH, were evaluated
using an EL-5 electrolyte analyzer (Quertimed,
Ukraine).

The results were statistically processed
using the Statgraphics software package
(Manugistic Inc.; Statistical Graphics System,
USA). The data were presented in the format
M = SE (mean = standard error). Each series of
experiments was performed at least five times.

Results and Discussion

Electrolyte analysis of the resuspension
medium revealed dynamic changes
during 35 days of hypothermic storage of
erythrocytes. The sodium concentration

increased progressively in both the
experimental and control groups. On day O,
the Na* level was 159.6 = 1.3 mmol/1 in the
experimental group and 157.6 = 1.0 mmol/1
in the control group. On day 35, these values
increased to 165.4 = 0.7 mmol/]l and 167.75
+ 2.6 mmol/l, respectively. However, these
differences were not statistically significant,
indicating that NAC had no marked effect on
sodium accumulation.

A more pronounced difference was
observed in the concentration of potassium.
In the experimental group, K' increased from
3.48 = 0.3 mmol/]l to 3.75 = 0.21 mmol/1
within 35 days, while in the control group,
it increased from 3.51 = 0.26 mmol/1 to 4.59
+ 0.26 mmol/l. This statistically significant
increase (P < 0.05) in the control group reflects
a more substantial leakage of potassium,
probably due to membrane instability.
NAC supplementation seems to attenuate
this effect, indicating improved membrane
integrity.

During the 35-day hypothermic storage,
the chloride concentration in the resuspension
medium gradually decreased in both NAC-
treated and control samples. However, no
statistically significant differences were found
between the groups, indicating that the Cl~
dynamics remained relatively stable and within
the physiological range during storage. The pH
of the resuspending medium showed a steady
downward trend in both groups, indicating
acidification due to red blood cell metabolism.
In particular, the pH value decreased from
7.21 =£0.09 t0 6.77 = 0.24 in the NAC group
and from 7.35 = 0.07 to 6.62 = 0.025 in the
control group. Although acidification was
observed in both groups, the presence of NAC
helped to maintain a relatively higher pH level
on day 35.

These results confirm that the addition
of NAC can reduce the degree of electrolyte
imbalance caused by storage, in particular by
limiting potassium efflux and slowing the pH
decline. This highlights its potential role in
improving the quality of red blood cell storage
for clinical use.

The data on changes in Na“, K", Cl", and pH
levels over time are shown in the Figure.

Conclusions

During 35 days of hypothermic storage,
erythrocytes suspended in the SAGM medium
showed progressive changes in electrolyte
composition and pH. The addition of NAC
helped to stabilize the level of Potassium,
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Changes in the ionic composition of the SAGM resuspension medium with
and without NAC on days 0, 7, 21 and 35

significantly reducing its leakage compared to
the control group. Sodium levels increased in
both groups, but the addition of NAC slowed
the rate of accumulation, indicating improved
membrane stability. Chloride concentrations
remained within the physiological range,
regardless of treatment.

The presence of NAC mitigated the
acidification of the storage medium, with
pH values decreasing less than in the control
group.

These results support the potential use
of NAC as a protective agent to improve
electrolyte balance and maintain pH in stored
red blood cells. The results highlight the
potential of NAC as an effective additive to
improve the quality and shelf life of red blood
cells in veterinary transfusion practice.
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EJIEKTPOJIITHUY CTAH EPUTPOITUTIB COBAKH
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3 JOJABAHHSM N-AIIETHJIIIUCTEIHY

K.P. I'pebeniok, O.M. J[enucosa
Hep:xaBHuil 6ioTexHOJOTiUHNI YHiBepcuTeT, XapKiB, YKpaina
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Mema. Oniautu Buaus nogasauusa N-aneruaiiucteiny (NAC) no posunny SAGM (ameHiH-rII0K030-
MaHiTOJI-COJILOBUH PO3UYMH) Ha CKJAM eJeKTpoJiTy Ta pH epurpomuTiB cobak Imig yac rimorepmMiuHOro
3bepiranus.

Mamepiaau ma memodu. Epurponuru 36epiranu B posunui SAGM 3 NAC a6o 6e3 HbOro 3a
Temieparypor 4—5 °C. Konnenrparlii maTpiio, xaiiro, xaopuny ta pH susumavaau ma 0, 7, 21 ta 35
noby 36epiramus.

Pesyavmamu. Koumeurparnia HaTpito B 060x rpymax Oyja migBuIllleHa, AEINO0 MeHIIEe B
ekcuepuMeHTanbHi# rpymi 3 NAC. HakonunueHHsA KaJjiio 6yjio MeHINI BUPaKeHUM y TpPyIi,
aka orpumyBasa NAC. PiBeus xyjopupay 3ajaumiaBcs cTabiibHUM, a pH 3HuU3uBCS, 0COOJIMBO B
eKCIIepUMEeHTaJIbHINA rpyi.

Bucnosorx. NAC crnpuse crabdinisaiiii eeKTpoJiTHOTO cepeqoBHUIlia Hig yac 30epiraHHsa, 30KpeMa
YTPUMAaHHIO KaJIito Ta KOHTPoJio pH.

Knwmouwosi cnosa: epuTpoiuTu, rimorepMiune 30epiranus, ejJeKTpoJiTHuM 6anaHc, N-areTHamucTei ,
AHTHUOKCUTAHTHUHN 3aXUCT.
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