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ABSTRACT

The genus Anthemis, with approximately 130 species globally, is significant within the Asteraceae family and is
widely used in traditional medicine. Studies on the biological activity of Anthemis kotschyana, an endemic
species found in Turkey, are limited. This study investigated the chemical constituents and antioxidant activity
of Anthemis kotschyana using two different extracts, methanol and water. The major components of the plant
were determined by GC-MS. According to the data obtained, the major component was found to be "2-
propenoic acid, a tridecyl ester" in the water extract and "cyclododecane" in the methanol extract. When the
DPPH and ABTS radical scavenging activities were analysed, the methanol extract was found to be more active
than the water extract in the DPPH experiment, while the opposite was observed in the ABTS experiment. The
TPC was greater than the TFC based on the acquired results. The TPC of the water extract was 83.7 + 15.6 mg
GAE/g, the TPC of the MeOH extract was 170.7 + 17.4 mg GAE/g, and the TFC of the water extract was 24.3 +
7.2 QE/g, while the TFC of the MeOH extract was 65.6 + 5.3 QE/g. For both substances, the amount of methanol
extract was greater than that of the water extract. In conclusion, further studies on this species, known for its
antioxidant activity and potential as a source of phenolic compounds, could support its use as a therapeutic

agent in the future.

This article is licensed under a Creative
Commons Attribution-NonCommercial 4.0
International License (CC BY-NC 4.0)

a@ gulsenguclu@cumbhuriyet.edu.tr @ https://orcid.org/0000-0002-3599-213X
Introduction

The Asteraceae family is widely distributed throughout
the planet, with the exception of Antarctica. It ranks first
among flowering plants in terms of diversity, having more
than 20,000 species and more than 1,100 genera. This
family contains both annual and perennial species. The
capitulum, a flower structure, is the most distinctive
feature of this family [1]. The majority of plant life is found
in glades, open meadowlands, and mountain vegetation.
In moist tropical forests, they are less common [2]. Within
the Asteraceae family, the genus Anthemis includes 51
species and 81 taxa that are registered in the Turkish flora
[3,4]. A total of 36.3% of these species are endemic [5].

In traditional medicine, many species of this genus—
especially flower organs—are widely used as sedatives,
anti-inflammatory agents, gastrointestinal spasmolytics,
and digestive aids. They are also applied externally to
reduce pain and irritation as well as to cure wounds and
ulcers [6]. It can be proposed that this therapeutic effect
of Anthemis is related to the secondary metabolites it
produces.

Sesquiterpene lactones (tatridin A, nobilin, 1-epi-
tatridin B), phenolics (caffeoylquinic acid derivatives, 3-
hydroxybenzoic acids, gallic and ferulic acids), and
flavonoids (salvigenin, quercetin, naringenin, apigenin,
pectolinarigenin, eupatilin and rutin) are the primary
secondary metabolites of Anthemis according to
phytochemical investigations [7-9]. This genus is also

Keywords: Anthemis kotschyana, Antioxidant, DPPH, ABTS, Medicinal plant.

antispasmodic,
and antioxidant

possess  antibacterial,
anticholinesterase

known to
antiproliferative,
properties [10-14].

Different effects on metabolic processes may emerge
from variations in the kind, density, and interaction of
antioxidant chemicals [15]. Exogenous antioxidants may
help the healing process when a pathological outcome
arises because antioxidants functioning in the defense
mechanism of cells might not be enough to stifle free
radicals. To improve metabolic defense in such situations,
antioxidant-rich medicinal plants can be employed [16-
18].

This study investigated the chemical composition and
antioxidant properties of water and methanol (MeOH)
extracts from Anthemis kotschyana plants that were
grown in Turkey. In addition, this study is the first in the
literature to involve the use of methanol extracts from
plants. It is thought that the acquired data will benefit
phytotherapeutic research.

Materials and Methods

Plant Material and Extract Preparation

Anthemis kotschyana plants were collected from Sivas
Province in May 2019 in a meadow area at an average
altitude of 1100 m. The general distribution of the plants
was reported to be Pinus and Quercus forests, calcareous
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rocks and slopes at an average altitude of 400-2745 m [3].
After being harvested, the plants were shade-dried and
sized appropriately for extraction using a lab-style grinder.
The Biology Department of Sivas Cumhuriyet University
identified the plant.

The plants were ground in a blender (blue house) after
being dried in direct sunlight until they reached a constant
weight. For 24 hours, with sporadic shaking, 10 g of dried
plant material was soaked in 50 mL of MeOH (Sigma) and
water. Next, No. 1 Whatman filter paper was used to filter
the extract. A rotary evaporator operating at 40 °C and
lower pressure was used three times to concentrate the
filtrate.

The components and relative percentages of the
extracts that were filter-dried in a rotary evaporator were
ascertained by GC—-MS [19]. The carrier gas, helium gas,
was used at a steady flow rate of 1.5 mL/minute. For two
minutes following the run, the splitless mode injection
volume of 1 ul was set at 300 °C and designed to be 5 per
minute between 80 and 300. The total running time was
one hour [20]. Several libraries were used to investigate
the chemical composition of the extract obtained from the
dried leaves (WI9N11. L, NISTO5a. L and wiley7n.I).

In vitro Antioxidant Activity

2,2-Diphenyl-1picrylhydrazyl (DPPH) Assay

The antioxidant activity of the extracts was quantified
using the DPPH radical scavenging assay, as previously
described [21]. The plant extracts (water and MeOH) were
dissolved in DMSO, and 180 uL of DPPH solution (made in
MeOH at 40 pg/mL) was combined with 20 pl of test
solutions at different concentrations in a 96-well plate.
After 15 minutes in the dark, the absorbance levels on the
plates were measured with a microplate reader at 540
nm. The standard and control were butylated
hydroxytoluene (BHT) and DMSO, respectively. The
experiments were conducted in triplicate, and the
standard deviation (SD) was computed to assess the
outcomes.

2,2"-Azino-bis-3-ethylbenzothiazoline -6 -sulfonic

acid) (ABTS) assay

With a few minor adjustments, the ABTS cation radical
decolorization activity of the extracts was assessed using
the methodology of Re et al. [22]. The preparation of the
test samples followed the DPPH protocol. 15 mL of 7 mM
ABTS and 264 uL of 140 mM potassium persulfate solution
were allowed to react in the dark at room temperature for
16 hours before the experiment to create a stock solution
of ABTS + radical. The stock solution was diluted with
MeOH to an absorbance of 0.70+0.02 at 734 nm, which
was the starting point for the preparation of the ABTS
working solution. Fifty microliters of the sample solution
and 100 pL of the ABTS working solution were combined
on a 96-well plate. After ten minutes of standing at room
temperature, the absorbance of the mixture at 734 nm
was measured. The ABTS-+ scavenging activity was
compared using BHT as the antioxidant standard. The
concentrations of the extracts utilized in the antioxidant
tests ranged from 0-1 mg/mL.

Total phenol content

The total amount of phenol in the extract was
ascertained as a result of the reaction with Folin—Ciocalteu
(F—C) reagent. Following the appropriate dilution of the
extract with 10 pL of DMSO, it was mixed with 100 pL of

distilled water and newly diluted F—C reagent (10-fold).
Five minutes later, 100 pL of 7.5% Na>COs was added, and
after sixty minutes, the absorbance at 650 nm was
measured. With the proper references (gallic acid in
DMSO) and blanks (DMSO), parallel runs were carried out.
The total amount of phenol was calculated using the
sample absorbance values [21].

Total flavonoid content

A colorimetric method with aluminum chloride was
used to determine the total flavonoid content of the
extracts. For calibration, serial dilutions of 0.0625 mg/mlL,
0.125 mg/mL, 0.25 mg/mL, 0.5 mg/mL, and 1 mg/mL were
made using a 10 mg/mL quercetin stock solution. The
ethanol-based test solution (150 pL, 0.3 mg/mL) was
mixed with 2% AIClz in a 96-well plate. The absorbance at
435 nm was measured following a 15-minute incubation
period at room temperature. The total flavonoid
concentration was calculated by multiplying the extract's
dry weight by the mg equivalent of quercetin [23].

Results and Discussion

Chemical Composition

The chemical contents of the water and MeOH
extracts of Anthemis kotschyana were determined by GC—
MS (Table 1). The chemical contents of the water and
MeOH extracts of plants showed significant differences in
terms of a variety of components. According to the data
obtained, 2-propenoic acid, a tridecyl ester, was found to
constitute 24.07% of the major component of the water
extract. The content of ethyl methyl ethylphosphonate
was 17.17%. When we evaluated the data obtained from
the MeOH extract, “cyclododecane”, with 16.72% as the
major component, was found. Octadecane was the
second major component at 9.15%.

Table 1. Chemical components of the water and methanol
extracts of A. kotschyana

R.T. Components Area (%)

Water MeOH
15.034 o-Hydroxyanisole 4.79
15.063 Guasol 1.21
22.616 4-vinyl-2-methoxy-phenol 1.29
28.258 Tridecanol 11.16
28.281 Dodecanol 5.80
29.374 Phenol, 2,4-bis(1,1- 9.09 3.25

dimethylethyl)
32.166 Megastigmatrienone 1.50
33.041 Ethyl methyl 17.17
ethylphosphonate
33.453 2-Propenoic acid, tridecyl 24.07
ester
33.476 Cyclododecane 16.72
35.164 (-)-Loliolide 3.34
36.354 Hexahydropseudoionone 1.56
37.722 Hexadecanoic acid, methyl 4.88 6.64
ester

38.420 Palmitinic acid 191
39.193 1-Hexadecanol 1.60
40.463 Methyl linoleate 7.79
40.537 Oleic acid, methyl ester 1.27
40.549 Methyl 7-octadecenoate 6.10
40.915 Methyl stearate 2.72 1.81
44.388 Oleic acid amide 2.54
46.059 Octadecane 9.15
Total 79.29 68.07
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This study represents the first investigation of the
MeOH extract of Anthemis kotschyana. To date, studies
utilizing different extracts of this plant are very limited. In
2020, a study was conducted with water and ethanol
extracts of this plant, which revealed the major
components to be hamnetin and quinic acid [12].

Antioxidant Activity

When the antioxidant activity of the Anthemis
kotschyana extracts was assessed, the two extracts
displayed varying levels of antioxidant activity in different
in vitro systems. The greater the ability of the extracts to
scavenge radicals was, the lower their ICso value was. Both
extracts displayed comparable levels of radical scavenging
activity in DPPH and ABTS. The MeOH extract
outperformed the water extract in the DPPH experiment
(ICso value: 31.04 ug/mL for water; ICso value: 28.44 pug/mL
for MeOH). Conversely, in the ABTS experiment, the water
extract outperformed the MeOH extract (ICso values:
108.9 pug/mL for MeOH and 103.8 pug/mL for water) (Figure
1). Nevertheless, in the water and MeOH extracts for
DPPH and ABTS, the radical scavenging activity was less
than that of the reference substance BHT (ICso value: 7,7

ug/mL).
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Figure 1. ABTS and DPPH radical scavenging activity of A.
kotschyana extracts and reference BHT.

Bursal et al. (2020) reported that the DPPH radical
scavenging activity of water and ethanol extracts of A.
kotschyana was lower than that of the reference
substance BHT. This result is consistent with the findings
of the present study. Additionally, the water extract
exhibited radical scavenging activity comparable to that of
the ethanol extract, although the latter was more
effective [12]. The data obtained from both studies

suggest that the presence of bioactive compounds in A.
kotschyana may play a role in its antioxidant activity.

Total Phenol and Flavonoid Content (TPC and
TFC)

Phenolic compounds are important because of their
antioxidant activity. The TPC and TFC of both the water
and MeOH extracts of A. kotschyana were evaluated. The
TPC was greater than the TFC, and the TFC of the MEOH
extract was greater than that of the water extract (83.7
15.6 mg GAE/g for the TPC of the water extract and 170.7
+17.4 mg GAE/g for the TPC of the MeOH extract; 24.3 +
7.2 QE/g for the TFC of the water extract and 65.6 + 5.3
QE/g for the TFC of the MeOH extract) (Figure 2). The
observation that phenolics were present in greater
guantities in the MeOH extract than in the water extract
indicates that the choice of solvent has an impact on the
ability to identify the phenolic compounds present in the
plant.
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Figure 2. TPC and TFC of the A. kotschyana water and MeOH
extracts

Bursal et al. (2020) employed LC-MS/MS to analyse
the phenolic and flavonoid compound contents of A.
kotschyana [12]. The results indicated that both the TFC
and TPC of A. kotschyana were high. Two significant
compounds out of twenty-seven standard compounds for
A. kotschyana were found by LC MS/MS analysis to be
quinic acid and rhamnetin. Furthermore, the in vitro
antioxidant data indicated that A. kotschyana extracts
possess effective antioxidant potential. However, a
comparison of the water and ethanol extracts was not
conducted.

Due to the limited number of studies on A. kotschyana,
the data obtained were also compared with those of
different species of this genus. In a 2020 study, the total
phenolic and flavonoid contents of the MeOH extract of
Anthemis tinctoria var. tinctoria were examined by LC—
MS/MS, and 30 different phenolic compounds were
detected [7]. In a separate study, the antioxidant activities
of MeOH extracts of A. cretica and A. tinctoria were
evaluated using the DPPH assay. Furthermore, in the same
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study, the total phenol and flavonoid contents of two
species of the genus Anthemis were investigated with
three different extracts (EA, MeOH and aqueous). The
total phenol and flavonoid contents of the MeOH extract
of A. tinctoria were greater than those of the MeOH
extract of A. cretica [24]. A further study on A. tinctoria
indicated that the ethanol extract exhibited high
antioxidant activity, as evidenced by its ability to scavenge
DPPH and ABTS radicals [13]. In a separate study
investigating the antioxidant activity of various extracts of
Anthemis aciphylla Boiss. var. aciphylla, it was reported
that the methanol extract exhibited high DPPH, ABTS,
superoxide radical, and nitric oxide scavenging activities
[14]. This corroborates the notion that the antioxidant
activity of different species belonging to the genus
Anthemis is considerable.

Conclusion

The findings of this study indicate that the MeOH and
water extracts of A. kotschyana demonstrate antioxidant
properties, as evidenced by their ability to scavenge free
radicals (DPPH, ABTS) and to inhibit the oxidation of
phenolic and flavonoid compounds. According to the GC—
MS analysis, if the major components 2-propenoic acid,
tridecyl ester (water) and cyclododecane (MeOH) are
obtained by fractionation, this will provide a different
direction for studies on the antioxidant activity of this
species.

In conclusion, the extension of the biological
properties of this species, which has antioxidant activity
and is a good potential source for phenolic compounds,
with more comprehensive studies may allow the use of
this plant as a therapeutic agent in the future.
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In this study, both dry and fresh biomass extracts of Klebsormidium subtile were used for the synthesis of silver
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nanoparticles (AgNPs). The UV-visible spectrum showed an absorption peak at 430 nm, indicating the presence
of AgNPs through surface plasmon resonance. FT-IR analysis identified bioactive functional groups, such as
amines, which acted as stabilizing agents for the nanoparticles. SEM imaging revealed well-dispersed, spherical

AgNPs ranging from 5 to 25 nm and 40 to 60 nm in size, accumulating on cell surfaces. EDS analysis confirmed
the presence of elemental silver. The antimicrobial activity of AgNPs derived from both fresh and dry K. subtile
extracts was similar, though AgNPs from the dry extract were more effective against Staphylococcus aureus,
with inhibition zones of 15.8, 16.2, and 15.2 mm at 1 mM, 2 mM, and 3 mM concentrations, respectively. AgNPs
also showed strong activity against Bacillus subtilis, Pseudomonas aeruginosa, and Candida albicans, but were
less effective against Bacillus cereus and Aeromonas hydrophila. These findings suggest that K. subtile-derived
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Introduction

Nanotechnology is a multidisciplinary research field
that involves the design, fabrication, application, and
characterization of structures, devices, and systems at the
nanometer scale [1]. The term 'nano' is derived from
ancient Greek, referring to length scales in the range of
billionths of a unit, specifically encompassing structures
between 0.1 and 100 nm in size. Nanotechnology has
become a pivotal field, fueled by advancements in
research and technology across various scientific
disciplines, including physics, chemistry, biology,
environmental and materials science, medicine, and
pharmacy [2]. Nanoparticles (NPs), fundamental
components in the field of nanotechnology, exhibit
unique physicochemical and morphological properties,
such as sizes smaller than 100 nm, large surface areas with
extensive binding regions, distinctive electronic
structures, and enhanced interface reactivity [3]. These
characteristics enable NPs to be utilized in the
development of products with antimicrobial, anticancer,
anti-inflammatory, surfactant, drug delivery, and
pharmacological applications [2]. Furthermore, metal
nanoparticles have found wide-ranging applications in
fields such as cosmetics, biological labelling,
optoelectronics, photocatalysis, diodes, fluorescent
tubes, piezoelectric devices, sensors, lasers, photonic
coatings, and photography [4].

"@ dyalcin10904@gmail.com

AgNPs have significant antimicrobial potential, particularly against S. aureus and C. albicans, and may be useful
in biomedical applications, particularly for treating biofilm-related infections.

Keywords: Klebsormidium subtile, Antimicrobial activity, Silver nanoparticles, Anti-quorum sensing, Antibiofilm.
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The synthesis of nanoparticles (NPs) via conventional
physical and chemical methods typically involves the use
of strong chemical reducing agents or complex physical
processes, which are often costly and lead to the
production of hazardous by-products. In contrast, the
green synthesis approach offers a more cost-effective,
environmentally friendly alternative, reducing the
chemical burden on the ecosystem and simplifying the
overall synthesis process by eliminating unnecessary steps
[5, 6]. With the rise of green nanoparticle synthesis
paradigms, there has been a growing preference for eco-
friendly methods that avoid the use of toxic chemicals in
the production of metal nanoparticles [5]. Currently,
green synthesis of NPs is achieved using a wide variety of
biological materials, including bacteria, fungi, yeast,
viruses, algae, and plant biomass or extracts [7,8].

Noble metal-based nanoparticles, particularly those
derived from metals such as gold (Au), silver (Ag),
palladium (Pd), and platinum (Pt), have been utilized since
ancient times, with silver being the most widely employed
metal in nanoparticle production. Silver nanoparticles
typically consist of 20 to 15,000 silver atoms and generally
have diameters of less than 100 nm [9]. These
nanoparticles are well-known for their thermal, electrical,
catalytic, and magnetic properties. Scientific studies have
shown that silver nanoparticles possess anti-inflammatory
properties, exhibit antibacterial, antifungal, and antiviral
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activities, and can be safely used in treatments if their
effective concentrations against microorganisms are
accurately determined [5, 10]. Various silver compounds
and their derivatives continue to be used as antimicrobial
agents in the treatment of burns, wounds, and infections,
due to their low toxicity to human cells and high thermal
stability [11].

The rising prevalence of drug-resistant
microorganisms, the emergence of mutant strains, and
the widespread misuse of antibiotics present significant
challenges in the management of infectious diseases. The
ongoing challenge of developing effective therapeutics
against bacterial pathogens and combating antibiotic
resistance remains a major obstacle for the scientific
community [10]. Similarly, microorganisms and parasites
are evolving resistance to pesticides and insecticides due
to their excessive and improper use in agricultural
practices. To protect agricultural products, researchers
are actively pursuing sustainable biological pest control
solutions that pose no harm to humans [12]. In a study by
Bafghi et al. (2021), selenium nanoparticles (SeNPs) and
silver nanoparticles (AgNPs) were biosynthesized using
extracts from Nepeta and Berberine plants [13]. The
application of these nanoparticles exhibited superior
efficacy compared to treatments with conventional
antifungal drugs. AgNPs are particularly favoured for their
low toxicity at minimal concentrations and their broad-
spectrum antimicrobial properties. While the precise
mechanism of action of silver nanoparticles against
pathogenic microorganisms is not fully understood, it is
widely accepted that the positive charge of silver ions
(Ag*) plays a critical role. This positive charge facilitates
interaction with the negatively charged plasma cell
membrane and nucleic acids, leading to membrane
destabilization, the generation of reactive oxygen species
(ROS), and eventual cellular breakdown [14]. The
antimicrobial activity of silver ions is multifaceted,
targeting multiple components of microorganisms. As a
result, the likelihood of microorganisms developing
resistance to silver is considered lower than that of
antibiotics, as mutations across multiple targets
simultaneously are less probable [12, 15].

Quorum sensing (QS) is a communication mechanism
used by bacteria, which relies on the continuous release
of signalling molecules into the environment. Quorum
quenching (QQ), on the other hand, involves the use of
chemicals that reduce or completely inhibit the
production of virulence factors [16]. The primary function
of QS is to regulate vital cellular processes, such as the
production of virulence factors and the formation of
biofilms. In the context of treating antibiotic-resistant
bacteria, QQ is regarded as a promising alternative
antimicrobial strategy, as it disrupts microbial
communication. Molecules that induce QQ can decrease
or entirely halt the production of virulence factors,
including biofilm formation [16]. Quorum-sensing
inhibitors (QSlIs), which resemble acyl-homoserine
lactones (AHLs), are molecules that bind to QS response
regulators without activating them. These QSI compounds

are believed to have potential biotechnological
applications, as they can block, inhibit, or deactivate QS
signals between or within bacterial species. Previous
studies have shown that AHL signal molecules are
essential for biofilm formation in Pseudomonas
aeruginosa, suggesting that disrupting bacterial cell-to-
cell communication could impede biofilm formation [17].
Bacteria within biofilms exhibit distinct physiology and
heightened resistance to both the immune system and
antibiotics compared to free-living planktonic cells,
making biofilms a source of chronic and persistent
infections [18]. Due to the rising prevalence of multidrug
resistance among pathogens, there is a growing need to
explore anti-QS and anti-biofilm compounds from natural
sources to combat bacterial infections. Additionally, QS
inhibitors can enhance bacterial susceptibility to
antibiotics [19]. Thus, the use of QS-inhibiting agents
holds promise as a strategy to control bacterial infections.
It is plausible that QS inhibition represents a natural
antimicrobial strategy employed by bacteria, with a
significant impact on biofilm formation [20]. Numerous
studies have identified antimicrobial compounds
produced by microalgae and cyanobacteria species.
Although research on the anti-biofilm activity of extracts
or molecules produced by these microorganisms is
currently limited, their importance is increasingly
recognized in anti-biofilm and anti-QS research. The use
of QS-inhibitory silver nanoparticles (AgNPs) synthesized
from microalgae in biofilm formation is anticipated to lead
to the discovery of novel QS-inhibitory agents, offering
new insights into the development of more effective
antibiotic drugs for medical and industrial applications.
Microalgae are organisms rich in biochemical
compounds, existing in both unicellular and multicellular
forms, with high growth rates and significant biomass
productivity. Their cultivation and utilization have broad
applications, including heavy metal detoxification,
biodiesel production (due to their high lipid content), and
the generation of commercially valuable metabolites
across various regions worldwide [21]. In recent years,
microalgae have gained attention for their role in the
biosynthesis of silver nanoparticles (AgNPs), thanks to the
availability of algal biomass for metallic nanoparticle
synthesis. Our research group has extensively examined
the antimicrobial activity of AgNPs biosynthesized by
Pseudopediastrum boryanum against various human
pathogenic microorganisms. The results showed that
AgNPs at different concentrations exhibited antimicrobial
effects on certain pathogens [7]. AgNPs were also
biosynthesized using Chlorella vulgaris as a reducing
agent, demonstrating antibacterial activity against several
human  pathogens, including  Escherichia  coli,
Pseudomonas vulgaris, Staphylococcus aureus,
Pseudomonas aeruginosa, and Candida albicans. Further
investigations into Chaetoceros calcitrans, Spirulina
platensis, Oscillatoria willei, and Plectonema boryanum
highlighted their potential for AgNP synthesis, with
positive results. Additionally, several seaweeds, such as
Tetraselmis gracilis, Chlorella salina, Chaetoceros
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calcitrans, and Isochrysis galbana, have been documented
to synthesize AgNPs [1]. The green microalga
Scenedesmus sp. was used for both intracellular and
extracellular biosynthesis of AgNPs. These synthesized
AgNPs were characterized through various techniques,
and their antibacterial activity against pathogenic bacteria
was successfully demonstrated [22].

In this study, both fresh and dry biomass extracts of
the freshwater green microalga Klebsormidium subtile, a
species that has not previously been used for the synthesis
of silver nanoparticles, were employed. The
morphological structure of the synthesized silver
nanoparticles (AgNPs) was characterized using UV-Vis
spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, scanning electron microscopy (SEM), and
energy dispersive spectroscopy (EDS). Additionally, the
study explored the antimicrobial activity of the AgNPs
against pathogenic microorganisms. The research further
investigated the antiquorum sensing activity, violacein
guantitative evaluation, and biofilm inhibition assay of
AgNPs derived from both dry and fresh extracts of K.
subtile. A key objective of the study was to prioritize
sustainability in the use of limited global resources. To this
end, K. subtile, which is abundantly available in local
environments, was isolated and cultivated from its natural
habitats to enable the green synthesis of AgNPs. The
scalability of this process was evaluated for potential
industrial applications, with a focus on the efficient
utilization of resources.

Materials and Methods

Microalgae Culture and Growth Conditions

In our previous research, strains of Klebsormidium
subtile were isolated from freshwater deposits in Ankara,
Tirkiye. After microscopic examination of the collected
water samples, K. subtile was isolated from the mixed
culture medium using a micropipette and the single-cell
growth technique. The molecular characterization of K.
subtile was conducted using Fourier-transform infrared
(FT-IR) spectroscopy and polymerase chain reaction (PCR).
Following the isolation and identification processes, K.
subtile strain was stored under optimal environmental
conditions in a culture room, assigned a code number
(CCA02Stc01), and included in the Kirsehir Ahi Evran
University Culture Collection (AEU-CCA).

Microalgae Extracts Preparation
Biosynthesis of Silver Nanoparticles

Klebsormidium subtile strains were cultivated under
controlled conditions for approximately 4-6 weeks, until
they reached a steady growth phase. The microalgae
intended for AgNPs synthesis were prepared using two
distinct methods to identify any potential differences
between fresh and dry biomass. For the dry extraction,
the microalgal biomass was dried in an oven at 60°C for 24
hours and then pulverized. Approximately 2 grams of both
fresh and dried algal biomass were selected and boiled at
100°C for 20 minutes. The resulting microalgal extracts
from the fresh and dry biomass were then cooled and

and

centrifuged. Subsequently, 10 ml of fresh and dry algal
extracts from the cultures were mixed with 90 ml of
aqueous AgNOs at concentrations of 1 mM, 2 mM, and 3
mM [23]. The resulting supernatant was stored at 4°C until
further experimentation.

Characterization of AgNPs

UV-vis spectrum analysis was conducted employing a
spectrophotometer (Thermo Scientific
Spectrophotometer Genesys 10S) within the range of
200-800 nm. Measurements were taken at 24-hour, 48-
hour, and 72-hour intervals. To validate the synthesis of
nanoparticles (NPs), all measurements were carried out in
triplicate. The FT-IR spectrum analyses of AgNPs
synthesized from the fresh and dry biomass of K. subtile
were conducted using the Thermo Scientific Nicolet 6700
model FT-IR spectrometer at the Central Laboratory of
Kirsehir Ahi Evran University, Kirsehir, Turkey. Scanning
Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) analyses were performed at the
Yozgat Bozok University Science and Technology
Application and Research Centre, Yozgat, Tlrkiye.

Determination of Antimicrobial Activities by
Agar Well Diffusion Method

In vitro antimicrobial assays were conducted against
Gram-positive and Gram-negative bacteria, as well as
yeast strains, sourced from the Culture Collection of
Kirsehir Ahi Evran University. The antimicrobial effects of
AgNPs synthesized from both fresh and dry biomass of K.
subtile were evaluated using the agar well diffusion
method. Pure cultures of the microorganisms were
activated by sub-culturing on nutrient agar at 37°C.
Pathogenic microorganisms were cultured in Trypticase
Soy Broth (TSB), and each strain was subsequently
cultivated on Trypticase Soy Agar (TSA). Wells (6 mm in
diameter) were created in the agar plates using a sterile
cork borer, and each well was filled with 75 pL of 1 mM, 2
mM, or 3 mM silver nanoparticle (AgNP) extracts obtained
from both fresh and dry K. subtile samples. Following 48
hours of incubation at 37°C, the diameter of the clear
inhibition zones (measured in mm) was assessed.
Inhibitory zones with a diameter greater than 5 mm were
considered positive for antimicrobial activity. AgNO;
served as the positive control, while nutrient broth was
used as the negative control. All procedures adhered to
the NCCLS guidelines throughout the experiment [24].

Minimum Inhibitory = Concentration (MIC)
Assessment of Antimicrobial Activity

Minimum Inhibitory Concentration (MIC) tests for
silver nanoparticles (AgNPs) at concentrations of 1 mM, 2
mM, and 3 mM, synthesized from both fresh and dry K.
subtile extracts, were performed against bacterial and
yeast strains in accordance with NCCLS guidelines [25].
Mueller-Hinton broth, along with a bacterial suspension of
0.5 McFarland standard, was used in combination with the
test solutions of K. subtile extracts (1 mM, 2 mM, and 3
mM  AgNPs). MIC values were determined
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spectrophotometrically using the microdilution broth
method in 96-well microtiter plates. Antimicrobial activity
tests were conducted using AgNP stock solutions
synthesized at a concentration of 1000 pug/mL. Bacterial
and yeast stock cultures, containing approximately 108
colony-forming units (CFU)/mL, were prepared according
to the McFarland 0.5 turbidity standard. In 96-well plates,
100 pL of dilutions ranging from 500 to 7.8 pg/mL were
incubated at 37°C for 24-48 hours.

Anti-quorum Sensing Activity Assay

The anti-quorum activity of the compound was
assessed  on Luria-Bertani  (LB)  agar  using
Chromobacterium violaceum (ATCC 12472). A bacterial
culture of C. violaceum (1x10°) was evenly spread on the
LB agar surface. Subsequently, wells were drilled in the LB
agar using a cork borer, and these wells were filled with
75 uL of ImM, 2mM, and 3mM AgNPs extracts obtained
from both fresh and dry K. subtile. The plates were then
incubated at 30°C for 24 hours to observe the inhibition of
pigment production around the wells. The presence of a
clear halo around the disc and the inhibition of bacterial
growth were considered positive indicators, following the
criteria outlined by McClean et al. (1997) [26].

Violaceum Quantitative Evaluation

The anti-quorum sensing activity against
Chromobacterium violaceum (ATCC 12472) was assessed.
Initially, AgNPs derived from K. subtile extracts (both dry
and fresh) were quantified on a 96-well plate, followed by
testing the inhibitory effects of AgNPs on pigment
production. Bacterial culture of C. violaceum (ATCC
12472) with a concentration of 1x10® CFU/mL was
suspended in LB broth. The culture, both in the absence
and presence of K. subtile (dry and fresh) AgNPs extracts,
was then diluted twofold and incubated at 30°C for 24
hours. To initiate the process, 200 pL of both treated and
untreated cultures were transferred to an Eppendorf
tube. Subsequently, lysing occurred by the addition of 200
pL of 10% Sodium Dodecyl Sulphate (SDS), followed by
vortexing and incubation at room temperature.
Additionally, 900 pL of water-saturated butanol was
introduced to the cell lysate, vortexed, and then subjected
to centrifugation. The absorbance of the upper (butanol)
phase containing violaceum was measured using a
Spectrophotometer at 580 nm (Jasco V-730-JAPAN). The
evaluation of the reduction in pigment production in the
presence of K. subtile (dry and fresh) AgNPs extracts was
conducted using the following formula [27].
Percent inhibition = [(OD of control - OD of treated) / OD

of control] x100

Biofilm Inhibition Assay

The anti-biofilm activity of AgNPs was assessed by
inoculating clinical pathogens S. aureus ATCC 29213, B.
cereus 709 Roma, P. aeruginosa ATCC 27853, and E. coli
ATCC 25922 into a 96-well microtiter plate. Each well
contained 100 pL concentrations of the extracts. The
AgNPs was individually added to all bacterial strains and

incubated at 37°C for 24 hours. After incubation, the
microalgal cells were removed, and the wells were
washed with sterile water. Subsequently, 125 uL of crystal
violet (0.1%) was introduced to all wells and incubated.
After the incubation period, the residual stain was
aspirated, and the wells were rinsed with sterile distilled
water to remove any unbound crystal violet stain.
Subsequently, the crystal violet bound to the attached
biofilm was solubilized in absolute ethanol (200 pL), and
the absorbance was quantified at 595 nm [28].

Percent biofilm inhibition= [(Control OD595-Treated

0D595) / (Control OD595)] x 100
Results and Discussion

Structural and Morphological Characterization
of AgNPs

The biosynthesis of AgNPs was visually confirmed by
the distinct colour change of the AgNOs solution, shifting
from yellowish-brown to ruby-red. This colour change was
attributed to the active molecules in the extract, which
facilitated the reduction of silver ions, leading to the
formation of silver nanoparticles. The appearance of these
characteristic colours is due to the excitation of surface
plasmon vibrations in the metal nanoparticles and the
reduction of AgNOs [7]. In the present study, both fresh
and dry extracts of K. subtile demonstrated changes in
their initial transparent colour, transitioning to yellowish-
brown and ruby-red, respectively. These alterations were
influenced by the concentration of the substrate and the
incubation time for nanoparticle synthesis, as observed
after a 72-hour reaction period.

Reaction temperature, pH, incubation time, and
concentration are critical parameters for producing
nanoparticles with uniform size and stable morphology
[29]. Among these, the reaction duration plays a key role
in controlling the size and shape of metallic nanoparticles
during synthesis. The UV-Vis spectrum is a highly sensitive
and convenient method for confirming the synthesis of
AgNPs, with colour changes validated through UV-Vis
spectrophotometer analysis. Metallic nanoparticles
typically exhibit distinctive optical properties due to
Surface Plasmon Resonance (SPR), which is monitored by
UV-Vis spectroscopy within the 190-1100 nm range [30].
The absorption spectra vary based on the material, and for
AgNPs, the spectrum typically falls within the 400-450 nm
range [31]. In this study, the synthesis of AgNPs was
monitored through UV-Vis absorption spectra at 24, 48,
and 72-hour intervals within the 200-800 nm range. In
both fresh and dry extracts of K. subtile, a distinct
absorption band at 430 nm was observed, providing clear
evidence for the formation of silver nanoparticles. This
band is associated with AgNPs and confirms the synthesis
of nanoparticles with a narrow size distribution. The
symmetrical shape of the band further indicates a uniform
distribution of spherical nanoparticles, as shown in Figure
1 and Figure 2.
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Figure 1. UV-Vis absorption spectrum of silver nanoparticles
synthesized by AgNO; solution with K. subtile fresh
extraction.
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Figure 2. UV-Vis absorption spectrum of silver nanoparticles
synthesized by AgNOs; solution with K. subtile dry
extraction.

FT-IR spectroscopy serves as a valuable tool for

identifying

Absorbance

the

functional

groups

attached

to

nanoparticles (NPs) and investigating the mechanisms
involved in their synthesis and surface chemistry. In this
study, silver nanoparticles synthesized utilizing both fresh
and dry extracts of K. subtile were subjected to FT-IR
spectrum analysis. The primary objective was to ascertain
whether biomolecules played a role as stabilizing and
reducing agents in the synthesis process. Examination of
the absorption spectrum revealed six distinct bands in the
wavelength range of 4000-500 cm™. The assignment of
these bands was conducted based on established
standards and published FT-IR spectra [32]. In Figures (3
and 4), the FT-IR spectra of biosynthesized AgNPs
exhibited distinct bands indicative of the presence of
amino, carboxylic, hydroxyl, and carbonyl groups. The
distribution of bands was tentatively associated with
residual water (-OH; Band 1), lipid (-CH2; Bands 2 and 3),
amide (protein; Bands 4 and 5), nucleic acid (>P=0; Band
6), and starch (-C-O; Band 6). In a broader context, the
observed bands at [3220 (Dry), 3228 (Fresh)] cm™ were
attributed to the stretching vibrations of amide, with the
corresponding bending vibration noted at 1631 cm™.
AgNPs synthesized using K. subtile exhibited prominent
bands at 1631 cm™ (aromatic ring C = C functional groups)
and 1361 cm™ (bi-methyls). The reduction of silver ions to
AgNPs is likely facilitated by the involvement of the (-OH)
group. The band at 2952 cm™ corresponds to the C-N
stretch of the amine. Simultaneously, a peak at [2848
(Dry) — 2825 (Fresh)] cm™ can be attributed to (-CH2-)
groups, characteristic of lipids and proteins. Peaks within
the 6th band, ranging from 1136 to 980 cm™, can be
assigned to the (P = O) bond present in phospholipids,
DNA, and RNA. Numerous peaks in the FT-IR spectra
suggest the presence of proteins, potentially contributing
to the stability of AgNPs. The FT-IR spectra indicate
proteins as plausible biomolecules involved in the
reduction of biosynthesized silver nanoparticles. The most
prevalent functional groups attached to nanoparticles are
(-C=0), (-NH2), and (-SH) [22].

AgNOs + K. subtile dry (a)

Figure 3. FT-IR spectra of AgNPs prepared by the dry (D) extracts of K. subtile
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Figure 4. FT-IR spectra of AgNPs prepared by the fresh (F) supernatant of K. subtile

Various characterization techniques are employed to
ascertain the size, shape, distribution, surface
morphology, and surface area of nanoparticles (NPs). One
such technique is Scanning Electron Microscopy (SEM),
which offers insights into particles at the nanoscale, aiding
in the determination of surface morphology and
distribution of NPs within a bulk or matrix [33]. SEM
analysis was conducted to elucidate the topology and size
of AgNPs generated through the addition of AgNOs to
both fresh and dry biomass extracts of K. subtile. The SEM
results confirmed the presence of AgNPs, demonstrating
an even distribution throughout the biomass. The
deposition of AgNPs on the cell surface of K. subtile (both

h)

fresh and dry) was observed through SEM, as illustrated in
Figure 5 and Figure 6. In the SEM micrographs of AgNPs,
small spherical silver nanoparticles with average sizes
ranging from 5to 25 nm and 40 to 60 nm in diameter were
observed to be well-dispersed in the solution and
deposited on cell surfaces. Energy Dispersive X-ray
Spectroscopy (EDS) revealed the presence of traces of
nitrogen and oxygen, along with the substantial formation
of silver particles. The presence of the elemental silver
signal was confirmed in the EDS analysis of AgNPs
obtained from K. subtile (both fresh and dry), as illustrated
in Figure 7.
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Figure 7. EDS of silver nanoparticles synthesized by AgNOs solution with K. subtile fresh extraction (a) and K. subtile dry extraction

(b).

Antimicrobial Activity of AgNPs Biosynthesis
from K. subtile (fresh and dry extract)

Antimicrobial activities of 1 mM, 2 mM and 3 mM
AgNPs obtained from fresh and dry biomass extracts of K.
subtile were tested by agar well diffusion method. The
antimicrobial activity of AgNPs were investigated against
gram-negative bacteria, gram-positive bacteria and yeast.
Table 1 and 2 show the mean values of three replicates of
the diameter of inhibition zones (mm) (DIZ) around each
well loaded with AgNPs solution and minimal inhibitory
concentration (MIC). Different concentrations of AgNPs
showed several antimicrobial effects on pathogen
microorganisms. The antimicrobial effects of AgNPs
obtained from fresh and dry extracts of K. subtile were
found to be close to each other. However, AgNPs obtained
from the dry extract of K. subtile were found to be more
effective against Staphylococcus aureus. Accordingly, the
inhibition zones of S. aureus were measured as 15.8, 16.2
and 15.2 mm at 1ImM, 2mM and 3 mM respectively. When
the antimicrobial activities of all three concentrations of
AgNPs obtained from the dry and fresh extracts of K.
subtile were examined in general, it showed an effective
activity against Bacillus subtilis and Pseudomonas
aeruginosa. A lower antimicrobial effect was detected
against Bacillus cereus and Aeromonas hydrophila
compared to other microorganisms. AgNPs prepared from
both dry and fresh extracts showed very strong activity
against Candida albicans. Inhibition zones formed by pure
AgNOs were detected between 12 and 18 mm. Nutrient
broth was used as a negative control for both the bacterial
strains and did not show any zone of inhibition around the
well.

Numerous mechanisms have been proposed by
researchers to elucidate how silver nanoparticles inhibit
microbial cell metabolism and growth, ultimately leading
to accelerated cell lysis. Silver nanoparticles release silver
ions at a slower and more controlled rate compared to
reactive silver salts. Silver ions are highly reactive and can
react with the negatively charged cell membrane [34]. It
has been suggested that AgNPs exhibit antibacterial

activity by inhibiting respiratory enzymes, producing
extremely reactive oxygen species that damage cell
membranes and inactivate cellular enzymes [15]. Also, it
has been reported that AgNPs increase membrane
permeability while causing membrane damage by binding
and accumulating on the cell membrane of bacteria [35].
In previous studies, the treatment of some pathogenic
bacterial strains with AgNPs has detected some deep
craters, indicating damage to the membrane surfaces and
membrane structure of all cells, by SEM studies. It was
concluded that leakage of cell contents after treatment
caused the cells to appear shorter and more compact [10].
It has been determined that although some microbial cells
are physiologically active and alive, there is no detectable
growth and therefore microorganisms cannot be grown
[36]. Raffi et al. (2008) reported that NPs have an effect
on DNA polymerase enzyme, showing that treatment of E.
coli cells with AgNPs eventually affects DNA replication
[37]. Araga™o et al. (2019) tested the AgNPs obtained by
using seaweed Gracilaria birdiae for antimicrobial activity
using E. coli and S. aureus. They reported that all samples
showed antimicrobial activity against E. coli [5]. In another
study, AgNPs prepared from Scenedesmus abundans were
evaluated against the test pathogens E. coli, K.
pneumoniae and A. hydrophila. The results revealed that
the obtained AgNPs showed activity against these
pathogens [23]. The effect of AgNPs obtained from
Pseudopediastrum boryanum on pathogenic
microorganisms was investigated. The antibacterial effect
of AgNPs were effective in 6 out of 12 Gram-negative
bacterial strains, 4 out of 6 Gram-positive bacterial strains
and in all 6 yeasts [7]. In the study by El-Sheekh et al.
(2021), silver oxide (Ag20|AgO-NPs) and gold
nanoparticles  (Au-NPs) were synthesized from
cyanobacteria Oscillatoria sp. and Spirulina platensis. The
efficacy of these nanoparticles as antimicrobial agents
was evaluated against six human pathogenic bacteria and
three fungal species. It was concluded that nanoparticles
obtained from Oscillatoria sp. and S. platensis have
effective antibacterial and antifungal activities [38].
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In this study, antimicrobial properties of AgNPs
obtained from dry and fresh extracts of K. subtile were
tested against various pathogenic microorganisms.
Although the results obtained from this study show
parallelism with the literature, quite successful results

were obtained. It is thought that the differences between
the studies in the literature and our results are due to the
microalgae species used, pathogenic microorganisms and
methodologies.

Table 1. Antimicrobial activity of the inhibition zone diameters (mm) and MIC values of K. subtile (dry)

1 mM AgNOs 2mM AgNOs 3mM AgNOs
Bacteria DIz? Mic® DIZ? Mic® DIZ? Mic® AgNO03 Nutrient
(mm) (rg/ml) (mm) (rg/ml) (mm) (rg/ml) Borth
Aeromonas hydrophila
ATCC 7966 12.1 0.78 12.2 0.78 12.4 0.78 18 -
Staphylococcus aureus
ATCC 29213 15.8 0.78 16.2 0.78 15.2 0.78 16 -
Klebsiella pneumoniae
ATCC 13883 12.2 0.78 12.4 0.78 12.8 0.78 15 -
Bacillus subtilis
ATCC 6633 13.8 0.78 13.8 0.78 14.2 0.78 12 -
Bacillus cereus 12.2 0.78 12.2 1.56 12.4 0.78 12 -
709 Roma
Vibrio anguillarum
ATCC 43312 12.2 0.78 12.4 1.56 12.8 1.56 18 -
Enterococcus feacalis
ATCC 29212 12.2 0.78 12.4 0.78 12.8 1.56 18 -
Pseudomonas aeruginosa
ATCC 27853 13.8 0.78 13.6 0.78 14.2 1.56 16 -
Escherichia coli
ATCC 25922 12.4 0.78 12.6 0.78 12.6 0.78 16 -
Candida albicans
ATCC 10231 12.6 0.78 14.2 0.78 13.4 1.25 18 -

[-: No activity observed]; [a) Not active (-, inhibition zone<5mm); weak activity (5-10mm); moderate activity (10-15mm); strong

activity (>15mm)]; [b) Not active (-, MIC >500 pg/mL)]

Table 2. Antimicrobial activity of the inhibition zone diameters (mm) and MIC values of K. subtile (fresh)

1 mM AgNOs 2mM AgNO:s 3mM AgNO3

Bacteria DIz? MIC ®) DIz? MIC®) DIz? MIC b) AgNOs Nutrient

(mm) (ng/ml) (mm) (rg/ml) (mm) (ng/ml) Borth
Aeromonas hydrophila
ATCC 7966 12.1 0.78 12.2 0.78 11.8 0.78 18 -
Staphylococcus aureus
ATCC 29213 15.8 0.78 12.4 0.78 10.4 1.56 16 -
Klebsiella pneumoniae
ATCC 13883 12.2 0.78 13.8 0.78 12.2 0.78 15 -
Bacillus subtilis
ATCC 6633 13.8 1.56 12.4 0.78 12.2 1.56 12 -
Bacillus cereus 12.2 1.56 12.2 0.78 11.8 1.56 12 -
709 Roma
Vibrio anguillarum
ATCC 43312 12.2 0.78 12.2 0.78 12.2 0.78 18 -
Enterococcus feacalis
ATCC 29212 12.2 1.56 12.2 0.78 11.8 1.56 18 -
Pseudomonas aeruginosa
ATCC 27853 13.8 0.78 14.2 0.78 12.2 1.56 16 -
Escherichia coli
ATCC 25922 12.4 0.78 12.6 0.78 13.4 1.56 16 -
Candida albicans
ATCC 10231 12.6 0.78 12.4 0.78 12.2 0.78 18 -

[-: No activity observed]; [? Not active (-, inhibition zone<5mm); weak activity (5-10mm); moderate activity (10-15mm); strong

activity (>15mm)]; [*) Not active (-, MIC >500 ug/mL)]

Quantitative Analysis of Antimicrobial Activity
via Microdilution

Effects of antimicrobial activity of the AgNPs’ (K.
subtile dry and fresh) (MIC) values are shown in Table 1
and 2. The MIC value was found in tested microorganisms
between 0.78 and 1.56 pg/ml by microdilution method
synthesized AgNPs (K. subtile dry and fresh). As shown in
Table 1, the MIC value of 1 mM concentration of AgNPs

obtained from the dry extracts of K. subtile was
determined as 0.78 pg/ml and showed high activity
against all microorganisms. While AgNPs at 2 mM
concentration, the MIC value of B. cereus and V.
anguillarum was determined to be the lowest with 1.56
pg/ml, other microorganisms showed MIC value of 0.78
pg/ml. At 3 mM concentration of AgNPs, the MIC value of
E. feacalis, V. anguillarum, P. aeruginosa and C. albicans
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was found to be the lowest with 1.56 pg/ml and the
highest MIC value was measured as 0.78 pg/ml in other
microorganisms. As can be seen in Table 2, the highest
MIC value of AgNPs obtained from the fresh extract of K.
subtile was found to be 0.78 upg/ml at 1 mM
concentration. The lowest activity at the same
concentration was 1.56 pg/ml, and B. subtilis, B. cereus
and E. feacalis showed this value. At 2 mM, the MIC value
was found to be 0.78 pg/ml in all microorganisms.
However, these values differed at 3 mM concentration.
MIC value was found to be high with 0.78 pg/ml in A.
hydrophila, K. pneumoniae and V. anguillarum.

Anti-Quorum Sensing Activity of Algal Extracts in
C. violaceum (ATCC 12472)

In this study, the anti-QS properties of AgNPs algae
extracts (K. subtile dry and fresh) were investigated using
the C. violaceum ATCC 12472 strain. All extracts showed
colourless colony formation, which is an indicator of anti-
QS capacity against the C. violaceum strain, and zone
diameters were measured in millimetres. 1 mM, 2 mM
and 3 mM concentrations of AgNPs obtained from fresh
biomass of K. subtile produced a pigment inhibition zone
of 18.4 mm, 18.4 mm and 18.6 mm against C. violaceum
ATCC 12472 strain, respectively. Inhibition of pigment
production was also detected in AgNPs synthesized K.
subtile dry algae at a concentration of 1 mM, 2 mM, and 3
mM with a pigment inhibition zone ranging from 18.4 mm,
18.6 mm and 19.2 mm against C. violaceum ATCC12472
(Table 3). Anti-quorum sensing activity was being
investigated. K. subtile (dry and fresh) AgNPs were
screened for anti-quorum sensing activity. At 2 mg/ml, K.
subtile (dry) AgNPs with QSI activity inhibited violacein by
71.2%, while K. subtile (fresh) AgNPs inhibited violacein by
63.3%.

The emergence of multi-drug resistant bacterial
pathogens worldwide has necessitated the search for
alternative and new antibiotics as well as new strategies
to combat the infections caused by these microorganisms.
Recently, Quorum Sensing (QS) systems have been
recognized as a promising anti-infective drug target in the
regulation of many physiological functions of
microorganisms. Quorum Sensing is a mechanism by
which bacteria respond quickly and effectively to external
environmental changes using their chemical language.
Inhibition of QS (Anti-QS system) is a new strategy to
prevent bacterial diseases and overcome its pathogenicity
in the early stages of bacterial infections. Recent advances
and research in Nano-biotechnology have shown that
nanoparticles, such as metal nanoparticles with broad
therapeutic potential and less toxicity to the host system,
are promising as new anti-QS agents and formulations
[39].

In various studies, silver nanoparticles were obtained
by green synthesis from various algae species and used as
antimicrobials against pathogens, but the use of AgNPs
obtained from algae against QS-mediated bacterial
infection is quite limited. In this study, both antimicrobial
and anti-QS studies of the K. subtile strain that we tested
have not been found in the literature, and there are
limited studies with different algae species. According to
the results of this study, AgNPs from fresh and dry extract
of K. subtile produced a pigment inhibition zone at a
concentration of 1 mM, 2 mM and 3 mM against C.
violaceum ATCC 12472 strain. According to Tang et al.
(2020) evaluated the antimicrobial and (QS) activities of
phlorotannins from a seaweed, Hizikia fusiforme. As a
result, while exhibiting antimicrobial activity against
pathogenic bacteria, it also inhibited the QS activity of C.
violaceum 12472 [39].

Table 3. Antiquorum-sensing activities of algae K. subtile (fresh) and (dry) against pigment-producing bacteria C.

violaceum ATCC12472

Diameter of pigment inhibition (mm)¥t
Concentrations (mM)

Violacein inhibition (%)
Concentrations (mg/mL)

Rl 1ImM AgNOs  2mM AgNOs
K. subtile (fresh) 18.4 18.4
K. subtile (dry) 18.4 18.6

3mM AgNOs 2 4 8 16
18.6 63.3 50.2 23.8 17.8
19.2 71.2 60.0 29.7 20.3

a : QS inhibition (radius of pigment inhibition in mm) = radius of growth and pigment inhibition (r,) — radius of bacterial growth

inhibition (ry).

b: Not active (-, inhibition zone <3mm); weak active (3—11mm); moderate active (12—15 mm); strong active (>15mm).

Assessment of Biofilm Inhibition Potential

The present study was also carried out to find the anti-
biofilm activity of AgNPs extract of K. subtile (dry and
fresh) against the pathogenic bacteria S. aureus, B. cereus,
P. aeruginosa and E. coli (Table 4). The extract of AgNPs of
K. subtile (dry and fresh) has shown the highest in biofilm
inhibition activity (80.0%, and 65.0%, respectively) for S.
aureus and (75.0% and 60.1%, respectively) for P.
aeruginosa.

Biofilms are organized communities of dynamic and
complex living microorganisms (such as bacteria, fungi,
and seaweed) sheathed in extracellular polymeric

substances (EPS). The biofilm formation is controlled by
quorum sensing and it confers antibiotic resistance to the
bacteria. Freshwater microalgae are rich sources of novel
and biologically active secondary metabolites with various
applications in the pharmaceutical industries. Therefore,
biofilm and QS studies with freshwater microalgae have
gained importance today. Biomaterials derived from silver
nanoparticles synthesized from freshwater microalgae,
which are non-toxic and inhibit pathogenic biofilms, have
great potential. Mutungwa et al. (2015) reported only
49.36% inhibition of biofilm formation in P. aeruginosa
when treated with Syzygium aromaticum at a
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concentration of 200 mg/ml. Whereas, methanol extract
of C. wulgaris showed 82% inhibition even at a
concentration of 1 mg/ml [40]. In this study, the extract of
AgNPs of K. subtile (dry and fresh) has shown the highest
in biofilm inhibition activity of S. aureus and P. aeruginosa.
The results obtained in this study are preliminary studies
to be conducted in this field and are considered
promising.

Table 4. Quantification of anti-biofilm action against
pathogenic bacteria

Pathogens Activity AgNPs activity (%)
K. subtile K. subtile
(dry) (fresh)
S. aureus ATCC Inhibition 80.0 65.0
29213
B. cereus 709 Inhibition 50.2 23.3
Roma
P. aeruginosa Inhibition 75.0 60.1
ATCC 27853
E. coli ATCC Inhibition 42.3 36.2
25922
Conclusion

Today, nanomaterials are produced by industries for a
variety of commercial applications. The use of green
synthesis in the production of nanoparticles has recently
attracted the attention of many researchers and
industries. Although many microorganisms are used for
the intracellular, and extracellular synthesis of
nanoparticles, many photo-autotrophic microorganisms
such as cyanobacteria, eukaryotic algae and fungi have
been reported in the biosynthesis of nanoparticles.
Because algae occur naturally in various ecosystems and
are grown on a large scale, they have the potential for
economical and environmentally friendly production of
metallic nanoparticles. In our study, silver nanoparticles
were synthesized from fresh and dry extracts of K. subtile.
Biosynthesis of AgNPs was confirmed not only by visual
references but also with a UV-visible spectrophotometer,
FT-IR  spectroscopy analysis, Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopic
analysis (EDS). UV-vis spectra showed the characteristic
Plasmon absorption peak for silver nanoparticles at 430
nm and FT-IR analyses confirmed the reduction of Ag* to
Ag’. In addition, the results of this study clearly reveal that
AgNPs obtained from K. subtile extracts inhibit the growth
and proliferation of the tested pathogen microorganisms.
This study revealed that microalgae are able to act as a
bio-control agent against pathogenic bacteria in
aquaculture. Therefore, the use of QS inhibiting agents
would be a promising approach to control bacterial
infections. P. aeruginosa and S. aureus are responsible for
nosocomial infections to severe tissue infections. In this
study, the AgNPs extract of K. subtile (dry and fresh)
significantly inhibits the biofilm formation and QS
controlled virulence factors in P. aeruginosa and S. aureus.
As a result, it seems that the use of algae for the synthesis

of metallic NPs will be a better alternative to chemical
methods. However, the production of such nanoparticles
has only been carried out in the research laboratory for
now. Therefore, it is necessary to reveal the reaction
mechanisms, to characterize the complex compounds
involved in the bio-reduction process at cellular levels, to
reduce the production costs and to evaluate which algae
can be preferred.
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In recent years, the use of medicinal plants as sources of drugs or herbal extracts has been of great importance.

History
Received: 20/07/2024
Accepted: 20/09/2024

Passiflora edulis is nowadays widely studied for its antimicrobial, anticancer, and antioxidant potential.
Therefore, this study aimed to determine the phytochemical structure of ethanol extract of P. edulis leaves and
to investigate its biological properties such as antimicrobial and anticancer activities. The ethanol extract of P.

edulis leaves was obtained and analyzed by GC-MS. The antimicrobial activity of P. edulis leaf extract was
determined by MIC test. XTT method was used to determine the antiproliferative activity. In the phytochemical
analysis of P. edulis extract, dodecanoic acid, tetradecanoic acid, and n-hexadecanoic acid were found the most.
The antimicrobial effect of P. edulis leaf extract was found against pathogenic microorganisms. In addition, P.
edulis leaf extract was found to have high anticancer activity against OvCar and MCF-7 cell lines, while it had the
highest effect on the PC-3 cell line. It is thought that the effectiveness of this antiproliferative and antimicrobial
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Introduction

In recent years, the use of medicinal plants as sources
of drugs or herbal extracts for various chemotherapeutic
purposes has been of great importance in both developing
and developed countries of the world. Furthermore, the
use of plant-derived natural compounds as part of herbal
preparations used as alternative sources of medicines
continues to play important roles in human health and the
treatment of diseases all over the world [1]. Throughout
history, the use of plant-derived therapies in cancer
treatment has been important due to their advantages in
terms of efficiency, minimal side effects, easy accessibility,
and improvement in quality of life. Several studies have
identified various compounds with chemopreventive
and/or chemotherapeutic potential in these medicinal
plants, among which the polyphenol family has received
much attention [2]. Advances in the field of biomedicine
have allowed significant progress in the understanding of
different antitumor mechanisms, which has helped in the
development of cancer prevention strategies. One of
these strategies is to promote the use of food
phytochemicals that have the potential to inhibit, delay or
reverse the process of carcinogenesis; many of these
substances have been identified in fruits, vegetables and
legumes [3].

Even with current treatment modalities, cancer causes
more deaths than all coronary heart disease or strokes [4].

b@drzeynepsumer@gmail. com

activity is related to the secondary metabolites determined by GC-MS analysis.

Keywords: Passiflora edulis, Dodecanoic acid, Antimicrobial effect, Secondary metabolite, Antiproliferative effect.
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Breast cancer is the fifth leading cause of cancer deaths
worldwide, with an estimated 2.3 million new cases,
representing 11.7% of all cancer cases [5]. Although
ovarian cancer is the third most common gynecologic
cancer worldwide, it stands out for having the highest
mortality rate among these cancers. This high mortality is
associated with a tendency to progress without
symptoms, leading to late diagnosis and a higher chance
of recurrence [6]. Approximately one in six men is likely to
develop prostate cancer, with most cases occurring after
the age of 50 [7]. Various treatments are used to treat
prostate cancer, including hormones, surgery, radiation
and chemotherapy. However, all these treatments have
limitations and in the majority of cases, relapse of the
disease occurs [8].

Passiflora edulis, the largest genus of the botanical
family Passifloraceae, originates from tropical and
subtropical regions of South America. P. edulis Sims
(family Passifloraceae) is a strong climber. They cling to
anything they can grab hold of. The leaves are evergreen
and alternate, with three-lobed leaves when mature. They
are fast growing and once established grow 15 - 20 feet a
year. [1]. The plant is widely cultivated worldwide for the
economic and medicinal value it adds to its fruits and
derivatives. The sedative and tranquilizing activities of P.
edulis are known and hence its leaves and fruits are widely
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used as popular compounds in the treatment of
alcoholism, anxiety, migraine, nervousness and insomnia
[9]. Passion fruit is a characteristic fruit of tropical regions
and is particularly prominent in the pharmaceutical
industry due to its various medicinal properties in its
extracts, leaves and flowers, as well as the antimicrobial
and antioxidant potential presented in its pulp, leaves,
seeds and bark. The leaves also contain the health-
valuable cyanogenic glycosides B-D-allopyranose benzyl
compounds [10].

The systematic screening of antimicrobial plant
extracts represents a continuous effort to find new
compounds with the potential to act against multidrug-
resistant resistant pathogenic bacteria and fungi. The
accumulation of phytochemicals in plant cell cultures has
been studied for over three decades and the knowledge
generated has helped realize the use of cell cultures to
produce desired phytochemicals [11]. It is possible that
phytochemicals derived from medicinal plants that exhibit
antimicrobial activities have different structures from
microbial-derived antibiotics and may have different
modes of action [12].

In many studies, biological activities and possible
therapeutic applications have been demonstrated using
different organs of P. edulis [13]. Amaral et al. conducted
a study for the first time on the cytotoxic potential of leaf
extracts of 14 species of the genus Passiflora against
cancer cell lines. Of these, only Passiflora alata leaf extract
showed relevant cytotoxic potential. Based on these data,
the hypothesis that other Passiflora species besides the 14
species tested may also exhibit anti-cancer activity is
emphasized [14].

The search for more effective and selective
compounds for use in cancer treatment is a challenging
task and nature provides an alternative to this problem
[15]. For these reasons, new strategies for cancer
treatments are needed. Due to the increase in antibiotic
resistance in recent years, it has become important to
investigate the antimicrobial effects of phytochemicals in
plants as alternative and supportive therapy in the
treatment of infectious diseases.

In this study, the phytochemical structure and
biological properties of the ethanol extract obtained from
P. edulis leaves were investigated by antioxidant,
antimicrobial and antiproliferative activity assays.

Materials and Methods

Collection and Identification of Plant Material

The leaves of P. edulis were collected from Dim Cave,
situated in the Alanya district of Antalya, Tiirkiye in July
2023. The plant samples were identified by Dr. Hilya
Ozpinar. Dim Cave, located 11 kilometers from Alanya, is
situated 232 meters above sea level on the western slope
of Cebeli Reis Mountain. All parts of the plant were
washed ten times with sterile distilled water. They were
then air-dried at 25°C for ten days in the absence of
sunlight. Subsequently, the dried plant material was
coarsely ground using a blender. The powdered material

was weighed, placed in an airtight container, and stored
in a refrigerator at 4 °C for future use.

Sample Extractions

Approximately 50 grams of the finely ground plant
material were carefully transferred into an extraction
thimble. This thimble was then positioned within a Soxhlet
apparatus, which was connected to a reflux condenser to
facilitate the continuous extraction process. The
extraction was performed using a series of solvents,
specifically petroleum ether, chloroform, ethyl acetate,
ethanol, and distilled water, each added sequentially to
the extraction flask to ensure comprehensive extraction
of the plant’s constituents. The Soxhlet apparatus was
operated for a total of 6 hours to ensure the thorough
extraction and complete exhaustion of the P. edulis herbal
material. Following this extraction period, the resulting
extracts were collected and concentrated using a rotary
evaporator, which allowed for the removal of solvents
under reduced pressure. The concentrated plant material
was subsequently subjected to vacuum drying at a
temperature of 40°C for two hours to eliminate any
residual solvents and moisture. After drying, the
concentrated material was transferred into sterile glass
bottles to prevent contamination and was stored at 4°C
until it was required for further experimental procedures
[16].

Gas Chromatography-Mass Spectroscopy (GC-
MS) Analysis of Passiflora Edulis Extract

GC-MS analysis of the ethanolic extract of P. edulis
leaves was conducted using the Shimadzu QP2010 SE
Ultra Version. The instrument was equipped with a DB-35
MS Capillary Standard Non-polar column, with dimensions
of 30 mts x 0.25 mm ID x 0.25 um film thickness. Helium
was used as the carrier gas, flowing at a rate of 1 mL/min.
The injector temperature was set to 250°C, and the oven
temperature was programmed to start at 60°C for 15
minutes, then gradually increased to 280°C and held for 3
minutes. Component identification was based on
comparing their mass spectra with those in the Wiley and
NBS libraries, as well as their retention indices [17].

Antimicrobial Activity

The antimicrobial activity of P. edulis leaf extract
against gram-positive and gram-negative bacteria and
yeast fungi was determined using the Minimum Inhibition
Concentration (MIC) test [18]. Staphylococcus aureus
(ATCC 29213), Enterococcus faecalis (ATCC 29212),
Bacillus cereus (ATCC 11778), Pseudomonas aeruginosa
(ATCC 27853), Escherichia coli (ATCC 25922), Klebsiella
pneumoniae (ATCC 13883) and Candida albicans (ATCC
10231) standard strains were used for this test. 10 uL of
the extracts prepared by dissolving in DMSO was added to
the first well and serial dilutions were made with a total of
10 concentrations. The microorganisms cultured in blood
agar were then transferred to Mueller Hinton Broth
(Accumix® AM1072) and Saboraud Dextrose Broth
(Himedia MEO33) and the concentrations were adjusted
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to 0.5 McFarland. 50 pL of microorganism culture was
added to all wells. Microplates cultured with bacteria
were incubated at 37°C and microplates cultured with
yeast fungi were incubated at 35°C for 24 hours. The first
well in which microorganism growth disappeared was
considered as the MIC value. The analysis was performed
in 3 replicates [19].

Antiproliferative Activity

Antiproliferative effects of plant extracts were tested
on the human lung cancer cell line (A549, ATCC-CCL-185),
human breast cancer cell line (MCF-7, ATCC-HTB-22),
mouse glioma cell line (C6, ATCC-CCL-107) and human
normal lung fibroblast (WI-38, ATCC-CCL-75) cell lines
using XTT Assay method. Cells were first passaged and
grown until they reached the appropriate density for the
appropriate experiment. They were then seeded in
microplates at 10.000 cells per well. The extracts were
added to the cells in a total of 8 concentrations. DMSO
was used as negative control and antineoplastic agents
were used as positive control. Microplates were incubated
for 24 hours at 37°Cin an atmosphere with 5% CO.. At the
end of the incubation period, the medium was removed
and 100 pL of XTT solution prepared according to the
experimental procedure was added to each well. After 4
hours of incubation, optical density values were measured
at 450 nm with a microplate reader (ELISA Reader) [20].

Statistical Analysis

One Way Anova test as well as Tukey test were used
for statistical analysis of the findings. For this purpose, the
SPSS 16.0 (SPSS, Chicago, IL, USA) statistical program was
used and a p<0.05 value at 95% confidence interval was
considered significant between groups.

Results and Discussion

Gas Chromatography-mass Spectroscopy (GC-
MS) Analysis of Passiflora Edulis Extract

In the GC-MS analysis, 25 main bioactive compounds
were identified in the ethanolic extract of P. edulis leaves
extract and the results were given in Table 1. These
compounds were identified based on their peak areas,
molecular weights, and molecular formulas. The GC-MS
spectrum indicated the presence of several long-chain
hydrocarbons. As the number of carbon atoms in a
molecule increases, its hydrophilicity decreases and its
lipophilicity increases.

The extract of P. edulis extract contained 62.05 to
73.78 % of total linolenic and linoleic acids, comparable to
safflower seeds. Monounsaturated fatty acids such as
oleic acid and stearic acid have been shown to lower blood
glucose levels when consumed as part of the diet [21].
Thus, the analysis indicates that the passiflora plant
extract of P. edulis extract contains fatty acids with
significant beneficial properties [22].

Table 1. Phytocompounds identified in the ethanolic extract of Passiflora edulis extract by GC-MS analysis

No RT (min.) Compound name Molecular formula Molecular weight
1 2.711 Benzhydrazide,N2-(2-methoxy-5nitrobenzylideno)- Ci15H1oN4Og 299.091
2 3.976 Styrene CeHsCH=CH, 104.063
3 4.356 Tetraethyl orthosilicate Si(OCyHs)4 208.113
4 6.543 1-Dodecene CH3(CH,)oCH=CH, 168.188
5 8.146 9-Octadecene, (E)- CigHs3e 252.282
6 10.153 7-Hexadecene, (2)- CieH3, 224.25
7 12.209 cis-11-Hexadecenal CieH300 23823
8 17.022 Oxacyclotetradecane-2,11-dione, 13-methyl- C14H2403 240.173
9 17.622 n-Hexadecanoic acid Ci6H320, 256.23
10 18.453 Palmitic acid Ci8H360; 284.272
11 20.867 Linolelaidic acid Ci9H340; 294.256
12 21.031 11-Octadecenoic acid, methyl ester, (2)- C19H3602 296.272
13 22.572 Ethyl Oleate CyoH350; 310.287
14 23.011 Ethyl Stearate Ca0oH400; 312.303
15 26.442 9, 12- Linoleic acid Ci8H3,0; 280.24
16 27.355 Methyl nonyl acetaldehyde C12H240 184.183
17 27.711 Pregna-3,5-dien-20.alpha.-ol,0-trimethylsilyl Ca4H400si 372.285
18 27.966 Heptadecane Ci7H36 240.282
19 28.207 Palmitic acid B-monoglyceride Ci9H3504 330.277
20 28.728 9,12-Tetradecadien-1-ol, (ZE)- CyqH260 210.198
21 30.122 4-(3,4,5,6-Tetrahydroxy-2-oxo-hexylamino)- benzonitrile Ci3H16N20s 280.106
22 30.439 9,17-Octadecadienal, (2)- CigH3,0 264.245
23 30.90 15-Hydroxypentadecanoic acid Ci5H3003 258.219
24 31.905 E-11-Hexadecenoic acid, ethyl ester CigH340; 282.256
25 33.723 (R)-(-)-14-Methyl-8-hexadecyn-1-o Ci7H3,0 252.245
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In this study, the GC-MS analysis of the ethanolic
extract of P. edulis leaves revealed the presence of
dodecanoic acid, tetradecanoic acid, n-hexadecanoic acid,
9,12-octadecadienoic acid (Z, Z), oleic acid, stearic acid,
palmitic acid, and linolenic acid. Among these identified
compounds, dodecanoic acid, tetradecanoic acid, and n-
hexadecanoic acid possess antioxidant and antimicrobial
properties. Additionally, n-hexadecanoic acid exhibits
larvicidal effects, while 9,12-octadecadienoic acid (Z, Z)
demonstrates anti-inflammatory and anti-arthritic
activities [23].

Determination of the Antimicrobial Activity of
Passiflora Edulis Extract

Antimicrobial Activity Results

In the determination of the antimicrobial activity of P.
edulis leaf extracts, MIC values were determined by
microdilution test. The results were compared with
reference sources [27] and MIC values of standard
antibiotics. Reference sources given as [Effective (MIC <
100 pg/mlL), Moderate (100 < MIC < 625 pg/mL), and
Weak (MIC > 625 pg/mL)] were used. The MIC values of
the extracts and antibiotics are given in the table below
(Table 2).

Table 2. MIC results of Passiflora edulis leaf extract

(ng/mL)
. . 8T o E
Microorganisms o 8
(Bacteria and Yeasts) 5 E E E Antibiotics
L EQ
§s &3
E. coli 50 8 Amoxicillin
K. pneumoniae 100 16 Piperacillin/Tazobactam
P. aeruginosa 25 4 Imipenem
S. aureus 50 2 Linezolid
E. faecalis 50 Linezolid
B. cereus 50 1 Linezolid
C. albicans 50 0.25  Fluconazole

P. edulis leaf extract showed effective antimicrobial
activity on the tested microorganisms based on reference
sources. When compared with the MIC values of standard
antibiotics, it was observed that the antimicrobial activity
was not at the targeted level. Ripa et al. showed that P.
edulis leaf petroleum ether and chloroform extract
moderately inhibited the growth of B. megaterium, P.
aeruginosa, S. dysenteriae and S. boydii microorganisms
[1]. Akanbi et al. reported that the leaf hexane extract of
P. edulis showed high antimicrobial activity in a study with
S. aureus, Salmonella paratyphi, P. aeruginosa and K.
pneumoniae obtained from clinical isolates [12]. Ramaiya
et al. and Kannan et al. found moderate antimicrobial
activity (12.0 mm / 10 = 1.03 mm) of P. edulis leaf
methanol extract against Bacillus subtilis and S. auerus
[24, 25]. Nugraha et al. showed that P. edulis ethanol
extract has antimicrobial activity against S. aureus and E.
coli bacteria [26]. According to the results of our study, P.
edulis leaf extract was found to have antimicrobial activity
considering the reference values. These results are in
agreement with the literature studies mentioned here.

Determination of the Antiproliferative Activity

of Passiflora Edulis Plant Extracts
The cytotoxicity of P. edulis leaf extract on three
different tumor cell lines (PC-3, OvCar, MCF-7) was

evaluated by XTT assay. Healthy WI-38 cell line was used
as a positive control. Cell viability was determined as
optical density. ICso values were obtained by dose-
response curve and the following tables and graphs were
generated (Table 3, Figure 1).

Table 3. ICso values of P. edulis extract

P. edulis 1Cso(pg/ml)
PC-3 ovCar MCF-7  WI-38
Leaf 10114017 12,0740,62 11314034  >100
Ethanol

Significant p< 0.05 level of analysis of variance (One Way
Anova Tukey)

100 -

L ]
80
=y
T 60
[+
s
3 40 4 .
52
20 -
[ ]
0 T
0 20 40 60 80 100 120
C (ng/mL)
a)
120 -
100 A
L]
2 80
E
s
5 604 o
3
(8]
£ 40 -
L]
20 A
a
0 T T T T T \
0 20 40 60 80 100 120
C (ug/ml)
(b)
100 -
80 -
)
T 60
(]
S
g w-
:°
20 4
0 T T T T T |
0 20 40 60 80 100 120
C (ng/mL)
(c)

Figure 1. a, b, c; Cell viability of PC-3, OvCar and MCF-7
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The ICso values given in Table 3 (PC-3=10.11,
OvCar=12.97, MCF-7=11.31) prove that effective
anticancer activity was found even at low concentrations.
When the anticancer activity of the three different cell
lines was compared with each other, no statistically
significant difference was found (p 2 0.05).

Passiflora edulis Leaf Extract

~
o
s

@
(=]
L

[
o
L

N
o
L

mPC3

w
o
L

mOvCar

% Cell Viability

N
(=]
L

MCF-7

[
o
L

(=]
I

100 50 25 12.5 6.25 3.125

Concentrations (pg/ml)

Figure 2. % Cell viability graphic of P. edulis extract.

P. edulis leaf extract showed high anticancer activity
on cancer cells as shown in cell viability graphs (Figure 2).
On healthy WI-38 cells, cell viability reached 100% even at
high concentrations of the extract. This indicates that the
toxic effect of P. edulis extract is almost negligible. Sari et
al. and Kuete et al. showed antiproliferative activity on
MCF-7 cells in a study with P. edulis extract [5, 27]. In an
in vitro study conducted by Fotsing et al., P. edulis leaf
extract showed significant inhibition in the growth of
MCF-7 and MDA-MB 231 cells at 100 ug/mL [28]. An
article examining the cytotoxic effect of P. edulis extracts
on OvCar and PC-3 cells was not found in the literature.
However, in a study conducted by Amaral et al. on 14
different Passiflora species, P. alata leaf extract was
shown to have a high antiproliferative effect on OvCar
cells [29]. In addition, da Silva et al. and Amaral et al.
showed antiproliferative effects on PC-3 cells in their
studies with P. mucronate and P. alata species [14, 30].

Conclusions

In this study, P. edulis leaves were extracted in ethanol
and analyzed for phytochemical content. While looking at
the biological activities, it was observed that antimicrobial
activity and anticancer effect were high. In line with these
data, more biological activities of P. edulis plant with high
biological activity can be investigated. In addition,
depending on the high antiproliferative activity, it may be
recommended to investigate the apoptosis mechanisms
of the cell lines examined.
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ABSTRACT

Barley (Hordeum vulgare L.) is an important agricultural plant that can adapt to stress conditions. Abiotic stress
factors significantly reduce growth, photosynthetic efficiency and metabolic processes in barley. Drought stress
increases reactive oxygen species (ROS) in plant cells, and the antioxidant defense system reduces damage
caused by overproduction of ROS. The aim of this study was to determine the physiological and biochemical
effects of short-term drought stress on some barley cultivars (Kalayci-97, Harman and Yaprak) grown in Turkey.
In 21-day-old seedlings, short-term drought stress decreased the total chlorophyll content. The amount of total
protein reduced in the Harman variety, while it increased by 19% in Kalayci-97 and 27% in Yaprak. The H.02
content decreased in Yaprak while increasing by 76% in the Kalayci-97 variety. It was demonstrated that TBARS
levels increased by 62% in Kalaycl-97 and 26% in Yaprak. In other ways, while drought stress caused a 48%
decrease in APX activity in Kalayci-97, it caused a 42% and 20% increase in APX activity in Harman and Yaprak,
respectively. However, in Kalayci-97 and Yaprak, CAT increased by 48% and 69%, respectively. These results
indicate that Yaprak genotype is tolerant, Kalayci-97 sensitive and Harman moderately tolerant to short term
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Introduction

Abiotic stress conditions that affect plants include
salinity, drought, excess or shortage of ions, extremes in
temperature, and inadequate or excessive light [1].
Extended periods of stress cause physiological,
biochemical, and molecular alterations in plants that
hinder growth and development and reduce yield [2]. The
degree and duration of the stress to which a plant is
subjected directly correlate with its capacity to withstand
stress. ROS production is a regularly observed cellular
response in plants to stressors [3]. The accumulation of
ROS results in the production of potentially harmful
compounds for the cell, such as superoxide (02*) and
hydrogen peroxide (H202) [4]. ROS concentrations
increase in plant cells exposed to environmental stress.
Overproduction of ROS has the potential to harm cells and
ultimately cause cell death. Intracellular redox balance is
preserved, nevertheless, because antioxidants scavenge
these radical molecules and keep them at levels that are
safe for plant cells. This is crucial for optimal plant growth
and yield [5]. Antioxidant enzymes like catalase (CAT) and
ascorbate peroxidase (APX) or a non-enzymatic
antioxidants like vitamin C and E offer protection against
ROS molecules [6]. Moreover, as markers of oxidative
stress, changes in malondialdehyde (MDA), H.0,, and
protein levels are crucial for assessing stress tolerance in
plants subjected to abiotic stress [6].

Barley (Hordeum vulgare L.), a member of Poaceae, is
an economically important cereal crop. Between 2018 and

|b{§"&oucur@comu.edu. tr

@3 https://orcid.org/0000-0002-9818-8827

2019, global barley production ranked third after maize
and wheat. According to the barley crop report published
by the Agricultural Economics and Policy Development
Institute in January 2021, in terms of the area under
barley, Turkey is the second largest producer after wheat
[7, 8]. It has been reported that barley has a high tolerance
to dry and saline soils. This makes it one of the most
adaptable cereals to different climatic conditions [9].
However, with the increasing impacts of global climate
change, barley production in Turkey has become one of
the crops most affected by environmental stresses such as
drought and salinity. According to the Intergovernmental
Panel on Climate Change (IPCC), it is predicted that the
severity and frequency of abiotic stresses will increase in
the near future due to global climate change [10].
Increasing population, industrialization, soil degradation,
and climate change are challenging agricultural water
availability [9]. In this context, evaluating and identifying
drought-tolerant genotypes is crucial for the future of
agriculture and food production.

This research focuses on determining for the first time
the drought tolerance of three barley varieties grown in
Turkey (cv. Kalayci-97, cv. Harman and cv. Yaprak) under
short-term drought stress. The determination of drought
tolerance of these varieties was investigated based on
physiological [relative water content (RWC), leaf water
loss (LWL), total chlorophyll content (SPAD), dry weight
(DW)] and biochemical [total protein content, CAT
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activity, APX activity, H20:2 level, histological localization of
H202, MDA level] changes.

Materials and Methods

Plant Material and Growing Conditions

Barley (H. vulgare), a high-value cereal crop from the
Poaceae family, was selected for this study. H. vulgare cv.
Kalayci-97 obtained from the Transitional Zone
Agricultural Research Institute (Eskisehir/TURKIYE), while
H. vulgare cv. Harman and H. vulgare cv. Yaprak were
obtained from the Thrace Agricultural Research Institute
(Edirne/TURKIYE).

The seeds were sterilized with 5% NaCl and placed in
dishes with moist filter paper. Seedlings were grown in
pots containing perlite and in a growth chamber (22-24°C,
65% relative humidity, 16/8h light/dark at 130-250 pumol
m=2 s light intensity) irrigated with Hoagland's solution
(100%) [11]. The 21 days old seedlings (3 weeks old plants)
were divided into two groups: Control and Drought. Each
group contained 75 seedlings. In the drought group, 21 d
old seedlings were subjected to drought stress through
irrigation cessation. The control group continued with
Hoagland (100%) irrigation. Physiological parameters such
as RWC, LWL, DW, chlorophyll contents (SPAD), H.0;
levels, enzyme activities and histological localization of
H202 were determined in leaf tissues of 31-day-old
seedlings after 10 days of drought stress. Sampled leaf
tissues were stored in a deep freezer (-20°C) until
biochemical analyses [MDA, total protein content, CAT,
APX]. The experimental design was a randomized
complete block design with at least independent three
replicates (each replicate is 1 pot x 20 seedlings).

Physiological Parameters

To determine LWL, the last fully developed leaf of each
plant was sampled. The samples were kept in a cold chain
(+4°C) to prevent water loss. After leaf fresh weight
recording (0 min), leaves were left at room temperature
(21°C) and leaf fresh weights were recorded at 10, 20 and
30 min. The LWL values were calculated as the percentage
of weight loss from the fresh weight [12]. Five replicate
samples were taken from each group.

Mature leaves of the seedlings were used to measure
fresh weight. Leaves were then placed between filter
papers in a plastic cuvette containing pure water for 4
hours and turgid weights recorded. Subsequently, the
same leaves are dried at 70 °C for 24 h to determine their
dry weight. The RWC was calculated according to the
following formula (Equation 1) [13].

RWC = w X100 (1)
T TW — DW

(FW: Fresh weight, TW: Turgida weight, DW: Dry weight)

Total chlorophyll was measured using a chlorophyll
meter (Minolta, SPAD-502, Osaka, Japan). [14].
Accordingly, the measurements were carried out on the
fully developed mature leaves of the seedlings, with 15

replicates being taken from three different seedlings in
each group, obtained from five pots.

Leaf samples from each group were dried at 70°C for
72 h and then used to determine the leaf DW of each
plant. Sampling was carried out with at least 3 replicates
in each group [15].

Determination of Antioxidant Enzyme Activities

The total protein content in leaf tissues was
homogenized in 3 mL of 0.05 M sodium phosphate buffer
(pH 7.8) containing 1 mM EDTA
(Ethylenediaminetetraacetic acid). The homogenates
were then centrifuged for 30 min at +4°C and 18895xg.
The supernatant was used for protein analysis. All
procedures were performed at +4°C. Protein
concentration was determined against a blank at 595 nm
using a spectrophotometer within 5-60 min after mixing
100 pL of supernatant with 5 mL of reagent [16]. Total
protein content was expressed in mg/mL using bovine
serum albumin as a standard.

Catalase activity (EC 1.11.1.6) was determined as the
decrease in absorbance at 240 nm due to the amount of
H202 consumed. The CAT activity is expressed in terms of
umol ml? of H,0; consumed per minute [17].

Ascorbate peroxidase activity (EC 1.11.1.11) was
determined by homogenizing leaves in 1ml of 50mM Na-
P buffer (pH 7.8) with 2mM ascorbate and 1mM EDTA. The
supernatants were used for analysis of APX activity
(extinction coefficient 2.8 mM™? cm™). The amount of
enzyme is the amount of 1 umol ml* ascorbate oxidized
per minute. [18].

For H:0: determination, 0.1 g fresh sample was
homogenized in a buffer containing H.SOs4 and cold
acetone (100%). The samples were subsequently
centrifuged at 4000xg for 5 min. The supernatants were
then mixed with e-FOX reading buffer and allowed to
stand for 30 min. The results were read at 550-800 nm
against a blank (water) in a polystyrene cuvette [19].

For the H20: histochemical localization leaves were
incubated in a solution containing 1 mg mlt 3'3'-
diaminobenzidine (DAB) at 25°C for 12 h. The incubated
leaves were then immersed in 90% ethanol in a hot water
bath for 15 min to remove color. Subsequently, stained
leaves were photographed against a contrasting
background for visualization [20].

The degree of lipid peroxidation (nmol g wet weight™)
was determined by measuring the level of MDA, the
product of lipid peroxidation (€=155 mMtcm?) [21].

Statistical Analysis

Data were subjected to multiple comparisons using
one-way analysis of variance (ANOVA) followed by the
Tukey test. Statistical analysis was performed using SPSS
V21.0 (Statistical Package for the Social Sciences, Version
21.0) software. The significance levels are shown in the
graphs, and comparisons with a significance level of P <
0.05 were considered significantly different. Table 2
presents the correlation analysis between the variables.
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Results

Physiological Parameters

At the end of the experiment, the total LWL in the
control group of Kalayci-97 was 10%, while it was found to
be 13% in the drought group. The best stomal
conductance started after 20 min in the control group and
10 min in the drought group (Figure 1A). In the Harman
variety, the total LWL within half an hour was 4% in the
control group and 5% in the drought group. The best
stomal conductance occurred after 10 min in the drought
group (Figure 1B). At the end of the experiment, the total
LWL in the Yaprak cultivar was 11% in both groups. In this
variety, the best stomatal conductance started after 10
min in both groups (Figure 1C).

The relative water content decreased in all cultivars
compared to the controls. However, only Kalaycl-97
showed a statistically significant decrease of 8% (Figure
1D).

Total chlorophyll content decreased by 14-28% in all
varieties under short-term drought stress compared to
the control (Figure 1E).

Dry weight decreased in all three cultivars due to
drought stress. Indeed, Kalaycl-97 was found to have the
greatest decrease in dry weight (17%) among the three
varieties (Figure 1F).
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Figure 1. Changes in physiological parameters of 10-day
drought stress in H. vulgare L. cultivars [Leaf water
loss (LWL, A; Kalayci-97, B; Harman, C; Yaprak), D;
Relative water content (RWC), E; Total chlorophyll
content (SPAD), F; Dry weight (DW)] (Mean values
followed by different letters are significantly different
at P<0,05).

Antioxidant Enzyme Activities

Short-term drought stress decreased total protein
content by 32% in Harman but increased by 19% in
Kalaycl-97 and 27% in Yaprak (Figure 2A). However,
catalase activity increased by 48% in Kalayci-97 and 69%
in Yaprak compared to the control but decreased by 3% in
Harman (Figure 2B). On the other hand, APX activity
decreased by 48% in Kalayci-97 under drought stress
compared to the control, while it increased by 42% in
Harman and 20% in Yaprak (Figure 2C).

H202 levels increased by 76% in Kalayci-97 under
drought stress but decreased by 7% in Yaprak (Figure
2D, E).

Malondialdehyde levels increased by 62% in Kalayci-97
and by 7% in Harman, while they decreased by 26% in
Yaprak compared to the control (Figure 2F).
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Figure 2. Changes in antioxidant enzyme activities caused
by 10 days of drought stress in H. vulgare L. cultivars
[A; Total protein amount, B; Catalase (CAT), C;
Ascorbate peroxidase (APX), D; H.02 amount, E; H,0>
Histochemical staining (C; Control, D; Drought), F;
Malondialdehyde amount] (Mean values followed by
different letters are significantly different at P<0.05).

Table 1. Correlations between physiological and biochemical parameters in all varieties.

1 2 3 4 5 6 7 8 9
1 LWL 1
2 RWC ,545%* 1
3 SPAD ,349* ,678** 1
4 DW 0,163 0,326 0,284 1
5 PR -0,001 0,07 -0,046 -0,357 1
6 CAT -0,251 -0,343 -,450** -,523* 0,155 1
7 APX -0,122 ,440* 0,164 -0,148 -0,163 -,414%* 1
8 H20: -,345* -,683** -,466** -0,328 0,138 -0,034 -0,196 1
9 MDA -0,175 -,499%* -0,308 0,366 -0,085 -0,144 -,424* ,535** 1

Note: LWL=Leaf water loss, RWC=Relative water content, SPAD=Total chlorophyll content, DW=Dry weight, PR=
Total protein amount, CAT= Catalase activity, APX=Ascorbate peroxidase, H202 amount, MDA= Malondialdehyde

amount.

**. Significant correlations P<0.01, and *: P<0.05

Discussion

Drought is a limiting factor for growth and vyield in
barley, as in most cereal crops. There is a need to
understand the effects of global climate change induced

drought stress on existing varieties. This data is important
for potential farmers to use these varieties. This study
focuses on determining the drought tolerance of three
barley cultivars (cv. Kalayci-97, cv. Harman and cv. Yaprak)
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grown in Turkey based on physiological and biochemical
parameters.

Relative water content reflects the water status in
plant tissues [22], and drought stress negatively affects
plant water content [23]. According to our results, short-
term water deficit reduced RWC only in Kalayci-97 among
the three barley varieties. The LWL results indicated that
Kalayc1-97 had the highest water loss of 3% compared to
the control among the three varieties at the end of 30 min.
On the other hand, there was no water loss in Yaprak
variety, while it decreased by 1% in Harman. Accordingly,
it was understood that drought stress decreased the
water content most in Kalaycl-97. Similar studies have
reported differences in RWC among genotypes with
contrasting drought tolerance [24], and drought stress has
been shown to reduce RWC in barley [22]. Furthermore, a
significant relationship between RWC and drought
tolerance was found in barley genotypes exposed to
prolonged water shortage [25]. In addition, a positive
phenotypic correlation between grain yield under water
deficit conditions and RWC has been reported in barley
[26]. Based on the RWC results, Kalaycl-97 seems to be
less drought tolerant than other varieties.

Drought stress is known to reduce chlorophyll content
in plants [3, 27, 28]. In this study, short-term drought
stress resulted in reduced total chlorophyll content in all
three cultivars. Similarly, severe drought stress [22, 29]
and water scarcity [26] have been reported to reduce
chlorophyll content in barley. Furthermore, changes in
total chlorophyll contents in barley genotypes have been
significantly associated with drought tolerance [30]. The
decrease in the chlorophyll content of Kalayci-97 under
short-term drought stress suggests that it is much more
sensitive to drought than other varieties.

Total protein content increased under drought stress
in Kalayci-97 and Yaprak, but surprisingly decreased in
Harman. Drought stress has been reported to decrease
protein content in barley [29]. Therefore, the increase in
protein content in the cultivar Yaprak may indicate its
drought tolerance.

Drought stress increases the concentration of ROS in
plant cells. ROS include molecules with unpaired
electrons, such as 02, OH’, and H20: [31]. Increased levels
of ROS can cause damage to lipids, proteins, and DNA.
Therefore, the antioxidant defense system, consisting of
enzymatic and non-enzymatic antioxidants, plays an
important role in detoxifying ROS [32].

Drought stress decreased APX activity in Kalayc1-97 but
increased it in Harman and Yaprak. In addition, CAT
activities increased in Kalayc-97 and Yaprak, but
remained unchanged in Harman. High concentrations of
ROS can attack lipids in cells and lead to lipid peroxidation
if not detoxified. As an indicator of this, MDA levels
decreased in Yaprak under short-term drought stress
compared to the control but increased by 62% in Kalayci-
97 and 7% in Harman. Short-term drought stress
increased H20: levels in Kalayci-97 but decreased them in
Yaprak. The localization of H20: in barley leaf tissue is
visualized by histochemical staining with 3',3'-

diaminobenzidine (DAB) [20]. Our histochemical staining
results support the findings on H20: levels. According to
our results, the high H202 levels and low APX activity in
Kalaycl-97 may indicate a weaker drought tolerance
compared to the other varieties.

The significant increase in H202 and MDA levels under
drought stress has been associated with drought
susceptibility in barley [22]. On the other hand, severe
drought stress [33] or decreasing soil moisture [34] has
been reported to increase CAT activity in barley. In
addition, drought stress induced by 10% PEG (-0.8 MPa)
was shown to increase POX, SOD and APX isoenzyme
activities in barley and was confirmed to be associated
with growth parameters [35]. Furthermore, different
barley genotypes have been shown to exhibit different
molecular and biochemical responses under the same
drought conditions [36]. Interestingly, in barley leaves
under water stress, there was a sharp increase in APX,
CAT, POX and SOD activities during flowering and stem
elongation. However, the continued increase in MDA
levels suggests that the increase in these enzymes may
not be sufficient [29].

According to our research results, short-term drought
stress decreased RWC and pigment content, increased
H20: levels and increased lipid peroxidation in Kalayci-97.
Despite the increase in CAT activity, the decrease in APX
activity in this genotype suggests that increased CAT
activity alone may not be sufficient to reduce lipid
peroxidation. Similar results have been reported in water-
stressed barley [29]. Furthermore, the results for Kalayci-
97 suggest that this cultivar has a lower drought tolerance
compared to other cultivars. On the other hand, in Yaprak
genotype under short-term drought stress, RWC was
preserved, less chlorosis was detected, the amount of
H202 was lower, and lipid peroxidation was found in
accordance with increased APX, and CAT activities
compared to other genotypes. Moreover, high RWC,
pigment and antioxidant activities have been shown to be
associated with high drought tolerance [22, 35, 36]. This
suggests that the Yaprak genotype is more tolerant to
short-term drought stress compared to other genotypes.
According to our results, the Harman genotype was found
to have moderate tolerance to short-term drought stress
compared to the Kalaycl-97 and Yaprak genotypes. The
fact that increased APX and CAT activities in this genotype
could not prevent the increase in lipid peroxidation is
consistent with previously reported results in barley [29].

It has been reported that a 15% differential water
deficit in barley leaves is associated with signaling and
ABA metabolism, leading to appropriate defense
activation [37]. Furthermore, it has been reported that
high temperature stress, which is prominent in global
climate change, in combination with drought, causes
more severe damage to barley [4]. Our results indicate
that the three barley genotypes used in this study, grown
in Turkey and exposed to short-term drought stress, have
different drought tolerances. Accordingly, it can be said
that Yaprak is tolerant, Kalayci-97 is sensitive, and Harman
is moderately tolerant to short-term drought stress.
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Conclusions

In this study, tolerance to short-term drought stress
has been demonstrated physiologically and biochemically
in three barley cultivars grown in Turkey. However,
further research is needed to understand the effects of
long-term drought tolerance and the tolerance
mechanisms in these genotypes. In addition, studying the
interactions of drought effects with major stressors such
as temperature can provide valuable insights into
potential scenarios related to global climate change.
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Research Article ABSTRACT

In this study, the methanol extract of Squamarina cartilaginea, a species distributed in Turkiye, was investigated
for its antimicrobial, antioxidant, cytotoxic, and DNA protective effects. The chemical composition of the extract
was elucidated through spectroscopic determination of total phenols, total flavonoids, and chromatographic
quantification of usnic acid. Antimicrobial activity was assessed using the disk diffusion method, revealing a
significant zone of inhibition with a diameter of 17.5 mm against M. luteus and S. aureus. The antioxidant activity
was evaluated through scavenging activities against DPPH and ABTS radicals, demonstrating a concentration-
dependent potent scavenging activity against ABTS radicals. Cytotoxic activity was determined using the MTT
method on DU-145 (Human Prostate Cancer Cell Line) and Colo 205 (Human Colon Cancer Cell Line) cell lines.
The extract exhibited strong cytotoxic activity against the Colo 205 cell line, with a viability percentage of
33.16%2.01 at a concentration of 3.906 ug/mL. Furthermore, the S. cartilaginea extract demonstrated DNA
protective activity on pBR322 plasmid DNA against UV and H20; exposure.
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Introduction

Lichens are symbiotic associations that generally
consist of two partners: a mycobiont (fungus) and a
photobiont (algae or cyanobacteria). The organism takes
on a thallus-shaped structure and can engage in
photosynthesis due to the fungal tissue possessed by algal
cells [1]. Lichens, along with phytochemicals, constitute a
crucial framework for drug development in modern
medicine, especially in developing countries. Presently,
numerous scientific studies are underway to identify
active compounds derived from plants and other
organisms. Lichens, being symbiotic organisms, also
produce a variety of secondary metabolites. The chemical
diversity of lichen secondary metabolites positions them
as potent natural resources for potential applications in
medical fields [2]. Additionally, lichens are of interest due
to their potent secretions that exhibit therapeutic effects
against certain diseases [3].

Lichens have been employed in traditional medicine
across diverse civilizations for centuries, owing to their
intrinsic biological properties [4]. Utilized both as a source
of sustenance and dyes during periods of scarcity, lichens
have played a multifaceted role in historical contexts [5].
Throughout history, lichens have found applications
across various domains, particularly in medicine,
pharmacy, and the chemical industry. In the realm of
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medicine, their therapeutic properties have been to
address ailments such as ringworm, arthritis, constipation,
infections, kidney diseases, leprosy, pharyngitis, and
rabies [6]. In the context of Turkish folk medicine, albeit
less common than the recognized healing properties of
plants, lichens are reported to be utilized in treatments
[71.

In addition to the traditional applications of lichens in
folk medicine, the discovery that certain lichen
compounds contribute to UV-B protection, the bioplastic
degradation capacity in frozen foods, and the presence of
antifreeze proteins with potential implications for
preventing desertification are noteworthy findings that
further enhance the distinctive biological profile of lichens
[8]. Numerous secondary metabolites produced by lichens
exhibit potential antioxidant properties owing to their
aromatic structures [9,10]. It is well-established that
algae, bacteria, fungi, plants, and lichen species synthesize
compounds with antimicrobial effects as a defense
mechanism in nature [11].

The genus Squamarina, inclusive of the species
Squamarina cartilaginea, manifests itself in calcareous
soil and rocks through the formation of spreading lobes or
overlapping scales, lacking a well-developed upper and
lower cortex [12]. Widely distributed, this genus
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encompasses 28 species [13]. Although chemical studies
on the Squamarina genus are limited, one identified
compound is the naphthoquinone squamaron [14].
Several investigations into the Squamarina genus reveal
the inhibitory effects of wusnic acid extract from
Squamarina lentigera against bacteria such as Bacillus
megaterium and Bacillus subtilis [15]. Notably, psoromic
acid derived from Squamarina cartilaginea exhibits robust
antibacterial activity against oral pathogens, including
Streptococcus gordonii and Porphyromonas gingivalis
[16].

To further explore the therapeutic attributes of
lichens, considering the information presented above, this
study conducted a comprehensive examination of the
antioxidant, antimicrobial, cytotoxic activities, and DNA
protective effects associated with the extract derived
from Squamarina cartilaginea. The chemical composition
of the extract, as well as the presence and quantification
of usnic acid, were determined through High-Performance
Liquid Chromatography (HPLC). This research contributes
a thorough investigation into the biological activity
potential of Squamarina cartilaginea, providing initial
data for this species, many of which lack precedent in the
existing literature regarding biological activities.

Material and Method

Lichen Species Used in the Study

The species used in this study was collected in
Uziimdere Village of Antalya Ibradi, along the road in a
mixed woodland of Quercus sp. and Pinus brutia, located
in an area characterized by predominantly limestone
bedrock, with coordinates 37° 05' 07.6" N, 31° 39'43.0" E
and an altitude of 550 m. This lichen was collected from
limestone bedrock in the area because it is commonly
found on calcium carbonate-containing substrates,
especially limestone and other basic rocks [12]. Floral
references such as 'Flechten Flora' [17] and 'The Lichen
Flora of Great Britain and Ireland' [18] were consulted in
the taxonomic identification of the collected lichen
sample. External morphological characters were
examined using a stereomicroscope (Olympus SZX16),
while anatomical features were investigated with a light
microscope (Olympus BX53 Light microscope).
Additionally, macroscopic and microscopic digital
photographs were meticulously taken using the Olympus
DP25 digital camera connected to the Stereomicroscope
Olympus SZX16 and Olympus BX53.

Critical parameters such as spore sizes, ascus sizes,
hymenium heights, and paraphysis widths played a
decisive role in the meticulous categorization of species
and subspecies. These morphological features were
precisely measured utilizing a micrometer, and chemical
reagents were judiciously applied for diagnostic purposes.
The specimens were systematically recorded and
systematically stored in envelopes, thus constituting
herbarium materials housed at Yozgat Bozok University,
Bogazliyan Vocational School, Lichen Herbarium [Leg. and
Det.: Mustafa Kocakaya, herbarium number: MK0365].

Preparation of Extracts

Fifteen grams of lichen sample were subjected to
extraction using 80% methanol in a water bath at 37 C for
8 hours, with intermittent shaking during three cycles.
Methanol solution is a widely used and effective solvent
for the extraction of natural antioxidants, especially
phenolic compounds, from plant materials. Therefore, the
extraction was performed with methanol [19]. The
filtrates obtained after each methanol treatment were
consolidated and concentrated under vacuum using a
rotavapor (maintained at 37-38 2C). Subsequently, all
obtained extracts underwent lyophilization and were
dried, then preserved at -20 2C until analysis [20].

Chemical Composition

Determination of total phenol amount

The total phenolic content of the extract was
determined as gallic acid equivalent using the Folin-
Ciocalteu method [21]. For this, a sample solution (100 pL)
was mixed with Folin-Ciocalteu reagent (500 pL) in the
presence of 6 mL of distilled water within a 10 mL
container. After one minute, 1.5 mL of 20% aqueous
Na2COs was added, and the volume was adjusted to 10
mL. The control group used a reagent mixture without the
extract. Following a 2-hour incubation at 25 °C,
absorbance values at a wavelength of 760 nm were
measured, and these values were compared with the
gallic acid calibration curve. Each experiment was
replicated three times, and the results are presented as
mean values.

Determination of total flavonoid amount

The total flavonoid content in the extract was
determined following the method proposed by [22]. In
this procedure, 1 mL of extract was mixed with 0.3 mL of
5% NaNO:2 solution at the initial moment (t=0). After five
minutes (t=5) 0.3 mL of 10% AICl3.6H20 solution was
added, and after six minutes (t=6) 2 mL of 1 M NaOH
solution was added. The mixture was then prepared by
adding 2.4 mL of water. Absorbance measurements at 510
nm wavelength were conducted, and the total flavonoid
content in the extract was quantified as mg ca /g ekstre,
equivalent to catechin (CA). The catechin calibration curve
was established using ethanol. All measurements were
conducted in triplicate, and the results were reported as
average values.

Quantification of usnic acid by high pressure
liquid chromatography (HPLC)

The lichen extract was dissolved in 80% methanol and
analyzed using Shimadzu LC-20AT HPLC system. PDA
spectrophotometric detector was employed in the
analyses, and the solvent of choice was methanol-water-
phosphoric acid (75:25:0.9, v/v/v). The flow rate was set
at 1 mL/min, and the usnic acid standard was dissolved in
0.5% DMSO (Dimethylsulfoxide).
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Determination of Antimicrobial Activity

In this study, the antimicrobial activity of the
Squamarina cartilaginea extract was investigated against
Gram-negative bacteria, including Proteus mirabilis (ATCC
25933), Escherichia coli (ATCC 25922), Enterobacter
aerogenes (ATCC 13048), and Gram-positive bacteria,
such as Bacillus subtilis (ATCC 6633), Micrococcus luteus
(ATCC 10240), and Staphylococcus aureus (ATCC 25923),
using the disk diffusion method. The S. cartilaginea
extract, prepared at a concentration of 20 mg/mL in
DMSO, was filtered through sterile filters with a diameter
of 0.45 um. The resulting extract was impregnated onto
sterile discs (Oxoid, blank disc) in a volume of 20 pL.

Bacterial strains were cultured by incubating at 37 °C
for 24 hours in Mueller-Hinton Broth (MHB) medium, and
their concentrations were adjusted to 1.5x10% cfu/mL
using a UV-VIS Spectrophotometer according to the 0.5
McFarland standard. Bacterial cultures were spread on
Mueller-Hinton Agar (MHA) medium in volumes of 100 pL.
Discs containing the lichen extract and control groups
were placed onto the medium with bacteria and then
incubated at 37 °C for 24 hours. Ampicillin (amp) standard
antibiotic discs (10 pg/disc) were used as a positive
control, and discs impregnated with sterile DMSO served
as the negative control. The diameters of the inhibition
zones resulting from incubation were measured using a
millimetric ruler. The experiment was conducted in
triplicate, and the arithmetic averages were calculated to
assess the obtained results.

Determination of DNA protective activity

To assess the efficacy of the S. cartilaginea extract in
safeguarding DNA from UV and oxidative-induced
damage, pBR322 plasmid DNA (Thermo Fisher Scientific)
was employed. Plasmid DNA was subjected to damage
induced by H202 and UV exposure in the presence of the
lichen extract. Sample preparations consisted of 5 L of
lichen extract at a concentration of 20 mg/mL, diluted by
5%, plasmid 3 pL, dH20 6 pL, and H202 1 pL. The samples
were organized as follows:

I. In Tube: pBR322

Il. In Tube: pBR322 + UV

lll. In Tube: pBR322 + H20:

IV. In Tube: pBR322 + UV + H20;

V. In Tube: pBR322 + S. cartilaginea extract + UV + H20,.

After exposing the tubes containing the lichen extract
to UV light for 5 minutes, incubation was carried out for 3
hours. Subsequently, 3 uL of loading dye was added, and
the mixture was run on a 1% agarose gel at 80 V for 3
hours. The gel was then photographed using a gel imaging
system (Bio-Rad ChemiDoc™ XRS+), as described by [23].

Evaluation of cytotoxic effects of extracts by MTT
(3-(4,5-dimethylthiazol-2-yl)-diphenyl  tetrazolium
bromide) method

In this study, DU-145 (Human Prostate Cancer Cell
Line) and Colo 205 (Human Colon Cancer Cell Line) cell

lines were employed to assess the cytotoxic effects of the
extract on cancerous cell lines. Throughout the
experiment, the cells were maintained in cell culture
dishes with ventilated lids in a CO2 incubator at +37 °C.
Regular observations were conducted, the medium was
refreshed every two days, and the culture was sustained.

The cytotoxic effects on DU-145 and Colo 285 cell lines
were determined using the MTT colorimetric method with
an 80% methanol extract. Twenty-four hours prior to the
experiment, the cells in the flask were counted, and 10000
cells in 100 pL were seeded into each well. After 24 hours
of incubation, the supernatant above the adhered cells
was removed, and the extract, prepared by diluting in the
medium, was added to the plate in volumes ranging from
3.906 to 1000 pg/mL. Subsequently, the plate was placed
in a carbon dioxide incubator at 37 °C for 48 hours. An MTT
working solution was prepared at a concentration of 0.5
mg/mL from the stock MTT solution, dissolved in sterile
PBS, and added to the 96-well microplates. After the
incubation period, the medium in the plate was aspirated,
and 100 uL DMSO was added. Following shaking for 5
minutes, the optical densities of the cells in the plates
were measured at a wavelength of 540 nm using an ELISA
device (Bio-Rad, USA). The average absorbance values
from the control wells were taken, considering this value
as 100% live cells. The absorbance values obtained from
the wells treated with the solvent and extract were
calculated as percent viability by proportioning to the
control absorbance value.

The percentage of cell viability was calculated using
the formula: (Concentration O.D. / Control O.D.) x 100.

Determination of Antioxidant Activity

1,1-diphenyl-2-picrylhydrazyl (DPPH®) radical
scavenging capacity evaluation

A 50 nM pH 7.4 Tris-HCl buffer was mixed with 1 mL of
1,1-diphenyl-2-picrylhydrazyl solution prepared in 0.1 mM
methanol. A reagent mixture without the extract was used
as a control, and butyl hydroxytoluene (BHT) was included
as a positive control. Following a 30-minute incubation at
room temperature and in darkness, absorbances were
measured at a wavelength of 517 nm.

The percentage of inhibition was calculated using the
following formula. Analyses were conducted in four
independent replicates, and the results were averaged
[24].

% inhibition = [(Abs Control - Abs sample) / Abs
control] x 100

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS**) radical scavenging capacity evaluation

The ABTS®* radical, with a concentration of 7 mM, was
generated by incubating it in dark conditions for 12-16
hours in its agueous solution and K25:0s (2.45 mM, final
concentration). The absorbance of the resulting solution
was adjusted to 0.700 (+ 0.030) at 734 nm at room
temperature. Subsequently, this radical solution (990 pL)
and extract solutions (10 pL) were meticulously mixed,
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and the reaction kinetics were measured at 734 nm
wavelength for 30 minutes with 1-minute intervals.
Concentration-dependent inhibition percentages were
calculated as Trolox equivalent (TEAC) using the acquired
data. The experiments were conducted three times in
parallel, and the results were averaged [21].

Results and Discussion

Squamarina cartilaginea, a widely distributed species
belonging to the genus Squamarina, has been the subject
of limited studies investigating its biological activities. In
this study, the total phenol, total flavonoid content, and
usnic acid—a common lichen acid—in the methanol
extract obtained from Squamarina cartilaginea were

determined using high-pressure liquid chromatography.
Furthermore, the study elucidated the antimicrobial, DNA
protective, cytotoxic, and antioxidant activities of the
extract.

The total phenol and total flavonoid content of the
extract were determined using spectrophotometric
methods. The total phenol amounts are expressed in gallic
acid equivalents, and the total flavonoid amounts are
expressed in catechin equivalents. The total phenol
content of the lichen extract was measured as 44.72+4.67
mgeae/gexract, While the total flavonoid content was
determined as 30.10+3.28 mgca/gexract (Table 1). When
examining studies that investigated the phenolic
substance content in various lichen samples, variations
were observed among different species [25,26].

Table 1. Total phenol, total flavonoid and usnic acid amounts in S. cartilaginea extract

Extract Total phenol Total flavonoid
[mgGAE/gexract] [mgCA/gexract] Usnic acid (mg/gexract)
S. cartilaginea 44.72+4.67* 30.10+3.28* 451.637+0.00

*Data are expressed as mean + standard error (n=3)

Since its first isolation in 1844, usnic acid has been a
frequently studied secondary metabolite in lichens. A
variety of interesting biological and physiological activities
have been determined in pharmacology and clinical
studies [27,28].The usnic acid content of the Squamarina
cartilaginea extract was calculated as 451,637 mg/gexract
(Table 1). In the literature, the amount of usnic acid in the

and correlation coefficient in the method using usnic acid
as a standard are provided in Table 2. The chromatogram
of the lichen extract is presented in Figure 1.

Table 2. Calibration equation and correlation coefficient
of the usnic acid standard

acetone extract of Squamarina lentigera, another species Material Calibration Equation Correlation
) _ L .
of the genus, was determined to be 2.47+0.01% [15]. The [y=ax+b] Coefficient [r?]
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mixture of dichloromethane and methanol (1:1) was Usnicacid  y=23.68971x+94.49502 0.99970
determined as 345.098 m/z [29]. The calibration equation
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Figure 1. Chromatogram of S. cartilaginea extract
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The antimicrobial effects of the S. cartilaginea extract
against six bacterial strains were tested, and the resulting
inhibition zones are presented in Table 3. Ampicillin, used
as a positive control, exhibited higher activity than the
lichen extracts, while no activity was observed in DMSO,
used as a negative control.

Table 3. Antimicrobial activity of S. cartilaginea extract

Microorganism  Squamarina (-) Control (+) Control
cartilaginea  empty disk (Ampicillin)
E. coli 10.0 mm - 16.0 mm
P. mirabilis 9.0 mm - 24.0 mm
M. luteus 17.5 mm - 30.0 mm
E. aerogenes 9.0 mm - 12.0 mm
S. aureus 17.5 mm - 20.0 mm
B. subtilis 9.5 mm - 14.0 mm

Photographs of the inhibition zones created by the
extract are presented in Figure 2. The S. cartilaginea
extract exhibited the highest antimicrobial activity with a
value of 17.5 mm against M. luteus and S. aureus strains,
and the lowest activity with a value of 9.0 mm against P.
mirabilis and E. aerogenes strains. In a study, it was
determined that the S. cartilaginea methanol extract was
active against Enterobacter cloacae up to 2000 pg/mL and
affected fungal hyphae morphologically and lysosome
activity against Staphylococcus aureus. Thus, this species
has been shown to be a potentially bioactive source of
compounds with antibacterial properties. In various
studies, findings have indicated a correlation between the
amount of wusnic acid and antimicrobial activity,

emphasizing that antimicrobial activity increases with the
concentration of usnic acid. This highlights the importance
of investigating lichens in detail as species of medical
significance [15,30].

Figure 2. Antimicrobial activities of S. cartilaginea extract 1.

luteus, 6. S. aureus

The DNA protective activity of the S. cartilaginea
extract was assessed using pBR322 plasmid DNA, which
exists in Form | (supercoil structure) and Form Il (open ring
structure). Form Ill refers to plasmid DNA in a linear
structure resulting from the double-strand break in
plasmid DNA. Standard pBR322 was loaded in well 1 and
used as a marker. When the PBR322 plasmid DNA was
exposed to UV and H202, damage occurred, alterations in
Form | and Form Il structures were observed, and the
emergence of Form Ill structure was noted, as seen in the
4th well. When tested against UV or H20: individually, a
decrease in the intensity of bands in Form I structure and

E. coli, 2. P. mirabilis, 3. B. subtilis, 4. E. aerogenes, 5. M.

an increase in the intensity of bands in Form Il structure
were observed.

In the 5th well, where the S. cartilaginea extract was
added to the reaction mixture, it was observed that linear
DNA formation was suppressed, and the structure of
supercoiled DNA was preserved. Based on the obtained
results, the lichen extract exhibited DNA protective
activity against UV and H20: (Figure 3). The evaluation of
the DNA protective effect of the S. cartilaginea species
extract was conducted for the first time in this study, and
no relevant data were found in the literature.
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Figure 3. PBR322 DNA Cleavage agarose gel
electrophoresis image. 1. pBR322, 2. pBR322 + UV, 3.
pBR322 + H20,, 4. pBR322 + UV + H,0>, 5. pBR322 + S.
cartilaginea extract + UV + H202

As a result of the studies conducted to determine the
cytotoxic effects of the S. cartilaginea species on DU-145
and Colo 205 cell lines, it was observed that the extract
exhibited a high cytotoxic effect on both cell lines. The
cytotoxic effect on DU-145 and Colo 205 cell lines for this
lichen species was elucidated for the first time in this
research. In the DU-145 cancer cell line, the extract
reduced the viability of the cancer cell line to less than
50% in the concentration range of 31.25-1000 pg/mL
compared to the control (Figure 4) and was observed to
be quite toxic. The highest activity was observed at a
concentration of 1000 pg/mL with a viability rate of
12.837+0.71%. The cytotoxic effects of the extract were
also evaluated on the Colo-205 cell line, and it was found
to be more toxic in this cell line compared to Du-145. It
was determined that the extract showed high toxicity
even at the lowest concentration. While 16.97+0.48%
viability was observed at a concentration of 1000 ug/mL,
33.16+2.01% viability was measured at a concentration of
3.906 pg/mL (Figure 5).

When evaluating the cytotoxic effect on cancerous cell
lines within the scope of this study, it can be hypothesized
that the high cytotoxic activity is related to the usnic acid
content in the lichen. However, it is also possible that
other compounds are responsible for this effect or that
multiple compounds act synergistically to produce this
effect. Studies have shown that especially usnic acid, a
dibenzofuran derivative, exhibits important
pharmacological activities [31]. Regarding
antiproliferative activity, it has been reported that both (-
) and (+) isomers of usnic acid demonstrate moderate to
strong cytotoxicity in vitro against a wide range of murine
and human cancer cell lines [31,32,33,34,35,36,37].

Table 4. DPPH® and ABTS** radical scavenging effects

DU 145
120

100

% Viability
N B O ©
o O O ©o

o

) 4 5 > ] v O Q) ) >
) V v Voo v N (N 0
’\?‘;» '\,"b ";\' © e v >

Y

Concentrations( pg/mL)

Figure 4. Cytotoxic effects of S. cartilaginea extract on
DU-145 cells
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Figure 5. Cytotoxic effects of S. cartilaginea extract on
Colo 205 cells

It has been observed that the S. cartilaginea extract
effectively scavenges the DPPH radical in a concentration-
dependent manner at physiological pH values. %
Inhibition values are provided in Table 5. The extract was
not as effective as BHT at the investigated concentrations.
It was determined that the S. cartilaginea extract has
moderate antioxidant capacity. In a study investigating
the antioxidant capacity of S. cartilaginea and different
lichen extracts, it was reported that the methanol extract
of S. cartilaginea had a higher DPPH radical scavenging
potential than other lichen species, and its ICso value was
0.9 pg/mL [38]. When the ABTS radical scavenging effect
of the S. cartilaginea extract was evaluated, high activity
was determined, especially at 4 and 2 mg/mL
concentrations (Table 4). However, it was not as effective
as standard BHT at low concentrations (0.5 mg/mL and 1
mg/mL).

DPPH*® % inhibition

0,5 mg/mL 1 mg/mL 2 mg/mL 4mg/mL
S. cartilaginea 8.42+0.68 12.46+0.55 22.27+1.01 44.99+0.98
BHT 73.69+0.2 79.17+0.1 81.0+0.3 86.9+0.1
TEAC (mmol/L/Trolox)
S. cartilaginea 0.79+0.16 1.18+0.25 2.10+0.28 2.54+0.25
BHT 2.50+0.1 2.51+0.8 2.54+0.9 2.55+0.9
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Conclusion

In conclusion, this study investigated the biological
activities of Squamarina cartilaginea, a lichen species
distributed in Tirkiye. Despite its wide distribution, there
has been limited research on the biological activities of S.
cartilaginea. The methanol extract of S. cartilaginea
exhibited antimicrobial, antioxidant, cytotoxic, and DNA
protective activities. In the chemical composition of the
extract, the amount of usnic acid was analyzed and the
amounts of total phenols and total flavonoids were
determined. Compared to a study on Squamarina
lentigera, a high concentration of usnic acid was found.
The amount of usnic acid determined shows the potential
to investigate the effects of this compound on biological
activities.

Antimicrobial assays demonstrated notable inhibition
zones against both Gram-negative (Escherichia coli,
Proteus mirabilis, Enterobacter aerogenes) and Gram-
positive  (Bacillus  subtilis,  Micrococcus luteus,
Staphylococcus aureus) bacteria. The extract's efficacy in
protecting plasmid DNA from UV and H:02-induced
damage further highlights its potential applications.

Cytotoxicity assessments on DU-145 (Human Prostate
Cancer Cell Line) and Colo 205 (Human Colon Cancer Cell
Line) revealed strong cytotoxic effects, particularly on the
Colo 205 cell line. The extract demonstrated
concentration-dependent scavenging activity against
DPPH and ABTS radicals, indicating its moderate
antioxidant capacity.

These findings contribute to the understanding of the
biological potential of Squamarina cartilaginea and
underscore its significance as a source of bioactive
compounds. Lichens have garnered considerable
attention due to their distinctive secondary metabolites.
Consequently, the isolation and large-scale cultivation of
lichen mycobionts hold the potential for extracting
bioactive compounds, paving the way for the commercial
utilization of lichens in the pharmaceutical sciences. This
approach not only facilitates the exploration of unique
and valuable compounds but also contributes to unlocking
the commercial value inherent in lichen-derived products.
The endeavor to harness the pharmaceutical potential of
lichen secondary metabolites through isolation and mass
culture represents a promising avenue for future research
and industrial applications.
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The research subject of this study is a specimen of Brunnipila collected from the Biga (Canakkale) district in
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2024. The specimen, which is characterised by outward facing brown hairs and densely septate hairs with
crystals on top, was identified as B. calyculiformis (Schumach.) Baral, as a new record for members of the
Ascomycota in Turkiye, based on morphological characters in accordance with the data obtained from field

studies and laboratory analyses. In this manuscript the macro- and micromorphological characteristics of the
new record were described and illustrated. This new record will contribute to the macrofungal diversity of
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Introduction

The order Helotiales within the class Leotiomycetes is
the most diverse order containing non-stromatic
discomycetes with inoperculate asci [1-3]. Most members
of Helotiales have very small apothecia, usually less than
2 mm in diameter. Apothecia may be sessile or stipitate,
dark or brightly coloured, and superficial or erumpent
along the plant host. The general shape of the apothecia
is cupulate-discoid, concha funnel-shaped or clavate [4].
Most are known to be saprophytic, living on fallen leaves
and decaying wood, but some are pathogenic or symbiotic
parasites with other organisms. This order is reported to
include 11 families, about 500 genera and about 4000
species [1-2]. With the advent of molecular phylogeny,
some families in the order Helotiales have been revised,
such as members with stromata (Sclerotiniaceae and
Rutstroemiaceae) or hairs (Hyaloscyphaceae and
Lachnaceae) [5].

The Lachnaceae Raitv are a family of inoperculate
discomycetes characterised by small, often stalked, hairy
apothecia, usually brightly coloured, bowl-shaped. Most
family members have been described as saprophytes on
dead plant tissues. However, there are also species
isolated as endophytes from living leaves and roots [6,7].
Some species within the family that are not known to pass
to the sexual stage and remain only in the asexual stage
have also been reported. Although these species show
morphological similarities, they are phylogenetically
positioned in different genera [7]. The most distinctive
feature of Lachnaceae is that the ascocarp is hairy and the
excipular cells are thin-walled. In 2004, Lachnaceae was
separated from Hyaloscyphaceae sensu Nannf. and
became a new family, supported by phylogenetic data [8-
9]. Various researchers have placed totally ten genera

Turkiye and the distribution of the genus Brunnipila.

Keywords: Ascomycota, Mycobiota, Novel record, Turkiye.
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(Albotricha, Brunnipila, Capitotricha, Dasyscyphella,
Erioscyphella, Incrucipulum, Lachnellula, Lachnopsis,
Proliferodiscus and Velebitea) in the family Lachnaceae
[10-13].

The genus Brunnipila Baral (Lachnaceae, Helotiales),
which has unique characters that have long been
overlooked, was introduced by Baral [14]. It was
characterised by brown, moderately thick-walled, densely
granulated hairs with a denser septation towards slightly
capitate apex and firmly attached, flat or octahedral
crystals on top. The lanceolate, strongly protruding
paraphyses consistently lack refractive vacuolar bodies
(Baral, pers. comm.). Octahedral crystals are less sharp
than the crystals known from the genus Incrucipulum
Baral, where they are more regular and sharper [15].

In recent years, valuable studies on Ascomycota have
been carried out in Tirkiye [3, 16-22]. In addition to these
studies, [23] and [24] found that there is only one species
(Brunnipila clandestina (Bull.) Baral) belonging to the
genus Brunnipila in Tirkiye. The aim of this study is to
contribute to the Ascomycota of Tiirkiye and to determine
the distribution of the genus Brunnipila.

Materials and Method

Fresh Brunnipila apothecia constituting the study
materials were collected in Biga (Canakkale) district on
23.03.2024. The external characteristics of the specimen
were noted in the field notebook. It was subjected to
photographic documentation in its natural environment.
At the end of the day, they were transferred to Canakkale
Onsekiz Mart University Mycology Laboratory. The
samples were dried in a non-illuminated environment and
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were converted into fungarium material by the author for
further use. For the determination of microscopic data,
preparations from the dried sample were made in water,
IKI or what and examined under a Leica DM500 (Germany)
research microscope, first under a 4 x 10 objective and
then under 10 x 10 and 40 x 10 objectives, respectively.
Finally, immersion oil was dropped onto the preparation,
it was analysed and photographed under a 100 x 10
objective. Microscopic characters (asci [IKI were used for
the ascus reaction], ascospores, hairs and paraphyses) in
the photographs were measured at least 20 times using
Leica Application Suite (version 3.4.0). Macro- and
micromorphological analyses were performed following
the methods described by [14-15,25]. Microscopic
drawings were prepared using CorelDRAW (64-bit)
(Canada). This ensured accuracy and clarity in depicting
the observed features of Brunnipila.

Result

Ascomycota Caval.-Sm.

Leotiomycetes O.E. Erikss. & Winka

Helotiales Nannf.

Lachnaceae Raitv.

Brunnipila Baral

Brunnipila calyculiformis (Schumach.) Baral (Figure
1,2)

Syn: Atractobolus calyculiformis (Schumach.) Kuntze,
Revis. gen. pl. (Leipzig) 3(3): 445 (1898); Cyathicula
calyculiformis (Schumach.) P. Karst. [as 'calyculaeformis'],
Not. Séllsk. Fauna et Fl. Fenn. Forh. 8: 207 (1866);
Dasyscyphus calyculiformis  (Schumach.) Rehm [as
'Dasyscypha'], Ascomyceten: no. 111b (1872); Erinella
calyculiformis (Schumach.) Quél., Enchir. fung. (Paris): 301
(1886); Lachnea calyculiformis (Schumach.) Gillet [as

'calyculaeformis'], Champignons de France, Discom. (3):
69 (1880) [1879]; Lachnella calyculiformis (Schumach.) W.
Phillips, Man. Brit. Discomyc. (London): 237 (1887);
Lachnum calyculiforme (Schumach.) P. Karst., Bidr. Kann.
Finl. Nat. Folk 19: 178 (1871); Lachnum calyculiforme var.
cyphelliforme Rehm, in Strasser, Verh. Kaiserl.-Konigl.
zool.-bot. Ges. Wien 57(1): 338 (1907); Peziza
calyculiformis Schumach. [as 'calyculaeformis'], Enum. pl.
(Kjpenhavn) 2: 425 (1803); Peziza calyculiformis var.
gregaria Berk. & Broome, Ann. Mag. nat. Hist., Ser. 3 7:
450 (1861); Trichopeziza calyculiformis (Schumach.)
Rehm, Ber. naturhist. Augsburg 26: 53 (1881).

Apothecia 0.5 — 2 mm across, stipitate, outer surface
brown; brown, beige-brown or olive-brown covered with
hairs, often with pale (almost white) crystals at the tips of
the hairs and hymenium whitish-gray. Discs pale yellowish
brown. Hairs 130 — 175 x 3.5 — 11 um, warty, 5 — 12
septate, septa often denser towards apex, lateral walls
0.5-1 um thick; cylindrical, brown, overall covered with
minute, hyaline granules, at their tips with refractive
matter or octahedral-shaped crystals, in their upper part
the young hairs are paler. Stipe 0.3 — 0.7 mm long. Asci 45
—60 x4 -8 um diam., hyaline, cylindrical, at apex tapering,
arising from croziers, 8-spored, apex turning blue in IKI.
Ascospores 7 —11.5 x 1.5 — 2 um diam., usually irregularly
biseriate, hyaline, without septa, narrowly fusiform.
Paraphyses 3 — 5.8 um wide, lanceolate, exceeding the
asci for 11-17 pm, septate towards the base. Ectal
excipulum of textura prismatica - textura angularis, cells
up to 15 um diam.

Specimen  examined:
Kaldirnmbasi village,

Biga (Canakkale), near
roadside on corticated branch

fragments of Corylus sp. 40° 14'31"N, 27° 12'45"E, 73 m,
23.03.2024, Acar 1861.

Figure 1. Brunnipila calyculiformis a. Apothecia on bark of Corylus sp. b. Ascospores (in water). c. Asci (in IKI) d. Asci and paraphyses
(in water). e. Fragments of hair (in IKI) f. Hairs lacking crystals. g. Hairs with crystals (in water). Scale bar: 10 um
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Figure 2. Brunnipila calyculiformis a. Ascospores b. Asci, c. Paraphyses, d. Ectal excipulum, e. Hair Scale bar: 10 um

Discussion

Lachnum latebricola (Rehm) R. Galan & Raitv. (=
Lachnella calyculiformis (Schum. ex Fr.) Phill. var.
latebricola (Rehm) Phill.), previously recognised as a
synonym of Brunnipila calyculiformis, was first discussed
by [26] as a different species. Later this variety was
elevated to the species level (separate due to smaller
spores and partly specific substrates (Ericaceae) by
[25,27]. Brunnipila clandestina (Bull.) Baral is among the
species with similarities to B. calyculiformis in Baral. Both
species have small, whitish or light-coloured apothecia.
Brunnipila calyculiformis usually has flatter, disc-like
apothecia, while the apothecia of B. clandestina are more
hairy and prominent. Differences in substrate (Rubus L.
and woody herbaceous stems of other dicots), larger
paraphyses, smaller asci without croziers and ascospores
are the distinguishing properties of B. clandestine. In
addition, the paraphyses of B. clandestina are sometimes
slightly yellowish in colour, whereas those of B.
calyculiformis are hyaline [25]; [28] — here you find the
statement “sans crochet”, Huhtinen apparently
overlooked the value of croziers here.

The genus Brunnipila, which is represented by 11
species in the world [29], was previously now known with
only one species in our country, B. clandestina. As a result
of this study, the number of species belonging to the
genus Brunnipila was increased to two and thus
contributed to the mycobiota of the country.
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ABSTRACT

In this study, a new analytical method based on the supramolecular solvent liquid phase microextraction (Ss-
LPME) and HPLC was developed for the analysis of voriconazole as an active drug in the class of antifungals with
a wide spectrum of action at trace levels. Nano/micro sized supramolecular phase formed in 1-decanol,
tetrahydrofuran and aqueous environment was used as extraction agent for separation and preconcentration
of trace level of voriconazole. For the optimization of the Ss-LPME method, important analytical parameters
such as the effect of sample solution pH, volume of 1-decanol, amount of THF, ultrasounic irridation time,
centrifugation time and sample solution volume on the extraction efficiency were evaluated. Optimal conditions
of the Ss-LPME; pH: 8, 1-decanol volume: 200 pL, THF volume: 300 pL, ultrasounic irridation time:10 min and
centrifugation time: 8 min. For the developed Ss-LPME/HPLC procedure, the limit of detection (LOD), limit of
quantification (LOQ) and enhancement factor (EF) were found 2.7 pg-L?, 8.8 pg-L"* and 36, respectively. The Ss-
LPME/HPLC procedure was applied to waste water, lake water and drug samples. The fact that recovery values
ranging from 100% to 108.5% were obtained for these real samples proved that this method can be used
successfully in the matrix environments studied.

Keywords: Voriconazole, anaylsis, Supramolecular solvent liquid phase microextraction, Preconcentration, High
performance liquid chromatography.
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Introduction

Voriconazole is a triazole in the antifungal class.
Voriconazole prevents invasive aspergillosis and
Scedosporium apiospermum and Fusarium spp. FDA
approval was given in 2002 for patients who did not
respond to or were resistant to other treatments.
Voriconazole, a new generation triazole antifungal, is used
for the treatment of life-threatening fungal infections in
immunocompromised patients. Use of voriconazole has
increased since the drug was launched in 2002 [1-3]. Due
to excessive use of voriconazole is increasing day by day,
It is important to determine the correct concentration of
the voriconazole active ingredient in drug formulations
and environmental samples due to its negative effects on
humans and especially ecosystems as a result of its spread
into the environment [4,5].

There are several analytical instruments to analyze
voriconazole and other pharmaceuticals in different
matrix mediums. They are mainly high performance liquid
chromatography (HPLC), liquid chromatography—mass
spectrometry  (LC-MS/MS), high resolution mass
spectrometry including time of flight (TOF), raman
spectroscopy and electrochemical sensors. However, the
disruptive effects of foreign species on the analysis in the
matrix environment where the voriconazole drug active

ingredient is located and the fact that the voriconazole
concentration that may be present at ultra-trace levels is
below the detection limit of these devices are the main
problems that limit accurate and sensitive analysis [6-8].
Selective extraction and enrichment of trace levels of
voriconazole molecules from the matrix medium into a
purer analysis medium before analysis is the most
effective way to solve this problem [9,10].

Liquid phase microextraction techniques (LPME), in
which solvent and chemical consumption is minimal
during the sample preparation process, the sample
preparation process is very fast, and basic laboratory
equipment is used, meet most of the requirements of
green analytical methods developed in recent years
[11,12]. By using deep eutectic solvents, ionic liquids,
supramolecular solvents and switchable solvents, which
are in the green solvent class, as extraction agents in LPME
methods, these methods are closer to the classification of
green analytical methods [13, 14]. Supramolecular
solvents, which belong to the class of green solvents, are
nano/micro structured liquids formed as a result of mixing
compounds with long carbon chains containing hydroxyl
(OH) and carboxylic acid (COOH) groups in an aqueous
environment with compounds such as tetrahydrofuran
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and tetrabutyl ammonium [16, 17]. Supramolecular
solvents, which consist of amphiphiles dispersed in a
phase, interact strongly with analytes because they both
have polar-nonpolar functional groups and contain
hydrogen bonds in their structures [16, 17].

In this study, a new liquid phase microextraction
technique based on the formation of supramolecular
solvent was developed by combining the advantages of
LPME and supramolecular solvents to separate and enrich
the trace level of voriconazole drug substance from the
matrix medium before its determination by HPLC. The Ss-
LPME/HPLC procedure was applied to waste water, lake
water and drug samples with high recovery values ranging
from 100% to 108,5%.

Experimental

Instruments and Chemicals

The determination of the analyte in the samples,
which were pre-separated and enriched by the liquid-
liquid microextraction method, was carried out with an
Agilent brand HPLC device. Optimum working conditions
for HPLC analysis of voriconazole: Mobile phase: 40 mM
pH 6 phosphate buffer and acetonitrile mixture at (70:30)
flow rate of mobile phase: 0.7 mL-min’?, retention time:
4.0 min, column: ACE S C8, Detector: DAD, 254 nm
wavelength. Bandelin brand DT-255 model ultrasonic bath
was used during the preparation of the mobile phase and
microextraction. Sartorius brand PT-10 model pH meter
was used to measure the pH of the solutions. In the study,
Hettich Rotofix 32 brand centrifuge device was used to
separate the aqueous phase and organic extraction phase
after microextraction. VWR international brand vortex
device was used in vortex mixing processes. All of these
chemicals were used in analytical purity. Stock and
intermediate stock solutions used for the determination
of voriconazole by the liquid phase microextraction
method were prepared at appropriate concentrations
using deionized water. Voriconazole stock solution at 100
mg-L concentration was prepared by weighing 100 mg of
pure voriconazole and completing the volume to 1000 mL
with pure water. Acetone, 1-propanol and acetonitrile
were obtained from Merck. 1-decanol, ethanol and THF
were obtained from Sigma-Aldrich.

Liquid Phase Microextraction-HPLC Procedure

An appropriate volume of the stock solution
containing 100 mg-L! of voriconazole was taken into a 50
mL centrifuge tube and the volume was completed to 10
mL with pure water. By adding 2.0 mL of pH 8 buffer to
this solution, the pH was fixed at 8. Then, 200 pL 1-decanol
and 300 pL of THF were added into the solution. The
resulting mixture was kept in an ultrasonic bath for 10
minutes. In this way, nano and micro sized supramolecular
extraction solvent drops were formed [16, 17]. The
mixture was centrifuged for 8 minutes for extraction and
separation of the aqueous phase. The resulting analyte
phase was taken with a syringe and methanol was added
and the final volume was completed to 1.0 mL. The
obtained sample was vialed with appropriate process and
measured on the HPLC device. The same procedures were
applied to blank samples.

Real Sample Applications

The developed method was applied to industrial
wastewater sample, lake water sample and solid form
pharmaceutical sample. The water samples taken were
filtered through filters with a pore diameter of 0.22
microns before use. 100 mg of drug sample was dissolved
in 100 mL of pure water and the developed method was
applied to certain volumes taken from the resulting
aqueous phase [18]. In addition, the accuracy of the
method was checked by applying the developed method
by adding voriconazole, whose concentration is precisely
known, to these samples.

Results and Discussion

In order to separate and enrich voriconazole with the
liguid phase microextraction method, optimum
conditions were determined by examining the important
analytical parameters on the extraction efficiency
including sample solution pH, volume of 1-decanol,
volume complementary solvent type, effect of
ultrasonication time, model solution volume and
centrifuge time. Real sample analyzes and the accuracy of
the method were tested under the optimal experimental
conditions.

Effect of Sample Solution pH on Extraction
Efficiency of Ss-LPME

To determine the optimum sample solution pH for the
separation/enrichment of voriconazole by the Ss-LPME,
model solutions with pH ranging from 2-10 were
prepared. Each stage was run in 3 repetitions in 10 mL
model solutions. It was observed that the extraction
efficiency increased from pH 2 to higher pH values,
reaching a maximum at pH 8, but after pH 8, the extraction
efficiency was decreased. The reason for this could be that
voriconazole would be in more molecular forms when the
pH was increased from 2 to 8, and yet they would be easily
degraded in acidic conditions. However, the extraction
efficiency slightly go down when the pH of solution was
increased from 8 to 10, indicating that the liquid phase
microextraction system reached saturation at pH 8. For
this reason, the optimum working pH was determined as
8.0 (Figure 1).

100 -

Recovery, %

pH

Figure 1. Effect of sample solution pH on the extraction
efficiency of voriconazole (N=3).
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Effect of 1-Decanol Volume on Extraction
Efficiency of Ss-LPME

1-Decanol volumes varying between 50, 100, 150, 200
and 250 pL were added to the model solutions prepared
at pH 8.0, and the effect of 1-Decanol volume on
extraction efficiency was screened. In the method
developed for the determination of voriconazole by liquid
phase microextraction, as the volume of 1-decanol added
to the mixture increased, the amount of analyte passing
into the solvent phase increased. As seen in Figure 2, the
maximum recovery values were obtained at maximum
200 pL and 250 pL of 1-Decanol volumes. When 200 pL 1-
Decanol was used, the maximum analyte passed into the
solvent phase and remained constant after this value.
Therefore, 200 puL of 1-Decanol was recorded as the
optimum value for the separation and preconcentration
of voriconazole by Ss-LPME.
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Figure 2. Effect of 1-Decanol volume on the extraction
efficiency of voriconazole (N=3).

Effect of THF Volume on Extraction Efficiency of
Ss-LPME

In order to determine the THF volume on extraction
efficiency, 100, 200, 300, 400 and 500 uL THF volumes
were added to test tubes containing voriconazole model
solution with pH 8.0 and 200 pL 1-decanol. Then, the
samples were centrifuged after being kept in an ultrasonic
bath. The resulting analyte phase was taken, its volume
was measured, and methanol was added to make up to
1.0 mL, and analyzes were carried out by HPLC. The
optimum THF volume for the determination of
voriconazole by liquid phase microextraction was
determined as 300 pL.

Effect of Volume Complementary Solvent Type

After liquid phase microextraction of voriconazole, the
extractant phase was completed to 1.0 milliliter with
various organic solvents to obtain a homogeneous phase
that could be injected into HPLC. For this purpose,
experimental studies were carried out with HPLC grade
solvents including isopropanol, ethanol, acetonitrile,
methanol and 50% methanol-50% ethanol mixtures. As
shown in Figure 3, the highest peak area was obtained
when methanol was used as the solvent. Methanol was
observed as the ideal solution for the injection of

extraction phase for the determination of voriconazole by
Ss-LPME. To determine the optimum methanol volume,
final volumes ranging from 0.5 to 3.5 mL were injected
into HPLC. The highest peak area was obtained when the
extractant phase was completed to 1.0 mL with methanol
after extraction. In the determination of voriconazole by
Ss-LPME, the ideal volume complementary solvent was
selected as 1.0 mL methanol.

%
%‘}'—
%

ol \@& o
. o z\\“ﬁs‘ \A"{J" p o

&
\o“@
L

o
[
=]

40 60 80 100
Recovery, %

Figure 3. Effect of complementary solvent type on the
recovery of voriconazole (N=3).

Effect of ultrasonic irridation time on extraction
efficiency of Ss-LPME

Ultrasonic irridation effect was used to obtain nano
and micro-sized supramolecular extraction droplets [16,
17]. To determine the optimum ultrasonic vibration time,
the tubes prepared by adding 2..0 mL pH 8 buffer, 200 uL
decanol and 300 pL THF were exposed to ultrasonic
vibration for 2, 4, 6, 8 and 10 minutes, respectively. At
each stage, each sample was kept in an ultrasonic bath for
the specified periods of time and centrifuged for 8
minutes. The resulting analyte phase was taken, its
volume was measured, and methanol was added to make
it up to 1.0 mL, and then it was given to the HPLC. As seen
in Figure 4, the highest recovery value was obtained at 10
minutes of ultrasonic irridation time. The optimum
ultrasonic bath time for the determination of voriconazole
by the liquid phase microextraction method was recorded
as 10 minutes.
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Figure 4. Effect of ultrasonic irridation time on the
extraction efficiency of voriconazole (N=3).
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Effect of Centrifugation Time on Extraction
Efficiency of Ss-LPME

After the extraction process, centrifuge was used to
separate the extraction phase and the aqueous phase.
Three replicate experiments were carried out with
centrifuge times varying between 2 and 10 minutes. At
each stage, 2.0 mL pH 8 buffer, 200 pL decanol and 300 uL
THF were added to the prepared sample solutions and the
developed Ss-LPME method was applied. The highest
recovery value for liquid phase microextraction of
voriconazole was obtained with 8 minutes of
centrifugation. It was observed that the amount of
analyte passing into the supramolecular microphase was
less in centrifugation processes performed for less than 8
min. Therefore, the optimum centrifuge time was
determined as 8 min.

Effect of sample solution volume on extraction
efficiency of Ss-LPME

For the determination of analytes with low detection
limits by obtaining a high preconcentration factor, the
sample volume to which a developed analytical method
can be applied should be as high as possible. To determine
the highest sample volume to which the developed Ss-
LPME method could be applied, model solutions ranging
from 15, 20, 30, 40 and 50 mL were prepared and the
microextraction method was applied under optimum
conditions. As shown in Figure 5, quantitative extraction
efficiencies were obtained with sample solution volumes
ranging from 10-40 mL. Quantitative recovery values
could not be obtained in sample volumes above 40 mL.
The results obtained showed that the developed method
can be applied up to 40 mL sample volume. Since the final
volume was 1.0 mL, a 40-fold preconcentration factor was
achieved with the developed method.
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Figure 5. Effect of sample solution volume on the
extraction efficiency of voriconazole (N=3).

Real Sample Analysis

The Ss-LPME method was applied to industrial
wastewater and lake water samples collected from the
Kayseri City region and to drug samples sold in
pharmacies. Method accuracy studies were carried out
with standard addition-recovery studies on these
samples. The analyte concentrations specified in Table 1
were added to these samples and the developed
microextraction method was applied. For this purpose, 2.0

mL of pH 8.0 buffer solution, 200 puL of 1-Decanol and 300
uL of THF were added to the analyte-added samples in 3
replicates. The samples were kept in an ultrasonic bath for
10 minutes and then centrifuged for 8 minutes. The
resulting analyte phase was taken and final volume was
completed to 1.0 mL with methanol. The obtained sample
was vialized with appropriate procedures and measured
on the HPLC. Analyzes were carried out using standard
solutions prepared under the same conditions to obtain
calibration curve. When the results obtained were
examined, it was seen that recovery values between 100%
and 108.5%. These results showed that the method we
developed was applicable for these matrices.

Table 1. Standard addition-recovery and accuracy
experiments for the Ss-LPME/HPLC procedure (N=3).
Added, Found, Recovery,
mg:L1 mg:L1 %
0.0 uLoD? -
vx:::: 2.0 2.1740.03 108.5
4.0 4.20+0.06 105.5
Lake water 0.0 uLoD i
1.5 1.62+0.05 108
3.0 3.06%0.045 102
Drug 0.0 2.84+0.03 -
sample 2.0 4.90+0.03 101
4.0 6.82+0.03 100
ULODa: Under of the limit of detection.
Analytical Performance of Ss-LPME/HPLC
Procedure

Chromatograms of voriconazole before and after the
Ss-LPME method are shown in Figure 6. Calibration graph,
preconcentration factor, enhancement factor, limit of
detection and limit of quantification were carried out to
determine the analytical performances of the Ss-
LPME/HPLC procedure by using The ICH analytical method
validation guidelines [19]. The developed Ss-LPME/HPLC
procedure was applied to 40 mL model solutions
containing increasing concentrations of voriconazole and
the calibration line graph was obtained. Calibration line
equation was: S$=156.05C-0.2449 (S: Peak area, C:
Concentration of voriconazole as mg-L?). The
enhancement factor was obtained by dividing the slope of
the calibration graph obtained after applying the method
by the slope of the calibration graph obtained before the
method. The enhancement factor was found to be 36. The
correlation coefficient (R?) of the calibration line is 0.994.
The limit of detection and limit of quantification values for
the method were found to be 2.7 pg-L™* and 8.8 pg-L?,
respectively.
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Figure 6. Chromatograms of voriconazole before (A) and
after (B) the Ss-LPME method.

Conclusion

In this study, a new sample preparation method was
developed to separate and enrich voriconazole in
different samples by LPME based on supramolecular
solvent formation. This study is the first literature study in
which supramolecular solvents are used in the separation
and enrichment of the active drug substance
voriconazole. By combining supramolecular solvents,
which are in the green solvent class, with liquid phase
microextraction, which is a green analytical method, a
greener analytical method has been developed compared
to traditional methods. The Ss-LPME/HPLC procedure was
applied to environmental water and drug samples with
guantitative recoveries (>98%). Considering the above-
mentioned advantages of using supramolecular solvents
and liquid phase microextraction techniques, the
developed Ss-LPME/HPLC procedure can be used in
environmental samples and drug preparations, especially
voriconazole. It has the potential to be used as a routine
method in the sensitive and accurate analysis of active
pharmaceutical ingredients.
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ABSTRACT

Toxoplasma gondii is a common intracellular parasite that causes the toxoplasmosis. Heat shock proteins (Hsps)
have a critical role in pathogenesis of toxoplasmosis. Hsps are highly conserved proteins in evolution among
living organisms. This protein family responsible for a wide range of biological processes such as protein folding,
protein translocation, protein aggregation. In the present study, Hsp70, a member of the Hsp family, was
isolated from T. gondii and its sequence and motifs were determined by PCR, cloning, sequencing and homology
modelling analysis. ATP hydrolysis, luciferase folding, and luciferase aggregation experiments were performed
for determination of its chaperone activity while the stability and secondary structure of the Hsp70 were
discovered by using biophysical experiments (FTIR, florescence and quenching experiment). In addition, in silico
analysis were used to determine the physicochemical characteristics of Hsp70. The results revealed that Hsp70
protein obtained from T. gondii (Hsp70-IPEK1) is similar to Hsp70s from other organisms. Also, the chaperone
activity, stability and secondary structure of Hsp70-IPEK1 were determined. Hsp70-IPEK1 together with other
chaperones in the presence of nucleotide were dramatically increased protein folding and aggregation.
According to these results, it is thought that Hsp70 has a potential to contribute many research areas such as

This article is licensed under a Creative
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pharmaceutical analysis.
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Introduction

T. gondiiis a highly prevalent intracellular parasite that
causes toxoplasmosis. This obligate intracellular parasite
leads to infection of one out of three people in the world.
Toxoplasmosis is a significant health problem in humans
and animals and especially it poses a potential risk for
pregnant women and immuno-compromised patients in
human [1,2]. Moreover, Toxoplasmosis can lead to severe
diseases in high-risk group individuals (e.g., still birth,
hydrocephalus, cerebral calcification retinochoroiditis and
pneumonia) [3,4].

T. gondii has two distinct forms: definitive host cat and
intermediate warm-blooded host. It is generally
transmitted to humans through contaminated water and
food, especially by ingestion of undercooked meat. Also,
humans may be infected by blood transfusion and organ
transplantation [3]. The life cycle of this parasite consists
of three forms: oocysts, tachyzoites and bradyzoites. The
rapidly replicating tachyzoites and the slow-replicating
bradyzoites have asexual replication stages within
intermediate hosts while the sporozoite-containing
oocysts has sexual replication stages in the definitive hosts
such as cat and other felids. The life cycle between the
tachyzoite and bradyzoite forms is important for
pathogenesis and survival of T. gondii within intermediate
hosts [2]. In vitro studies indicate that Heat Shock Proteins
(Hsps) can induce differentiation between tachyzoite and
bradyzoite forms [3]. For example, Hsp100 participate

|b€53/utﬁtutur@gmuil. com
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pathogen intracellular survival and pathogen infectivity in
pathogenic bacteria. Also, inhibition of Hsps lead to
suppression of bradyzoite development in host cell.
Therefore, Hsps can play a significant role in pathogenesis
of toxoplasmosis [1,5].

Hsps are evolutionary conserved proteins among living
organisms and structurally related but functionally
distinct in many organisms. Hsps are localized at different
parts of the cell compartments such as endoplasmic
reticulum, mitochondria and cytosol. Hsps as molecular
chaperones are divided into six main groups based on
their molecular weight (Hsp40, Hsp60, Hsp70, Hsp9o0,
Hsp100 and small Hsps (<40 kDa)). Hsps function to fold
nascent chains properly, translocate proteins across
membranes, disaggregate proteins and target damaged
proteins for degradation. Hsp expressions are affected by
many factors such as heat, infections, inflammation,
oxidative stresses and growth factors. Therefore, many
metabolic diseases are associated with expression levels
of Hsps [6].

Hsp70s are a highly conserved Hsp family found in all
organisms. Hsp70s are responsible for many biological
processes including protein assembly, protein folding and
protein denaturation [7,8]. Hsp70s have an N-terminal
nucleotide binding domain (NBD) and a C-terminal
substrate binding domain (SBD). N-terminal nucleotide
binding domain, also known as ATPase domain,
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hydrolyses the nucleotide and sends a signal to the SBD
[6]. While the NBD domain is a highly conserved region,
the SBD domain is a variable region [7]. The NBD contains
a lid-like structure and peptide-binding groove. Substrate
binds a hydrophobic region in the SBD. Unlike ADP bound
state, Hsp70s have lower binding affinity but faster
exchange ratio for substrate at ATP bound state. Hsp70
functions usually occur via repeated cycles including
substrate binding, ATP binding and ATP hydrolysis [9].

The aim of this study is to isolate and characterize
Hsp70 obtained from T. gondii RH strain (Hsp70-IPEK1).
Putative Hsp70-IPEK1 sequence was estimated by in silico
analysis. Cloning, sequencing and modeling experiments
were performed to determine Hsp70-IPEK1 sequence and
motif. After purification and expression processes of
recombination protein, chaperone activity of Hsp70-IPEK1
was investigated by ATP hydrolysis, luciferase folding and
luciferase aggregation experiments. The stability and
secondary structure content of the Hsp70-IPEK1 were
determined by using biophysical experiments including
FTIR, fluorescence and quenching methods.

Materials and Methods

In Silico Analysis

Putative Hsp70-IPEK1 sequence was predicted from T.
gondii database (www.toxodb.org) and NCBI Conserved
Domain Search (http://www.ncbi.nlm.nih.gov). T. gondii
ME49 strain was used as template (AAC72002.1) due to
this strain shows high sequence similarity to RH strain.

Expasy’s ProtParam prediction server and SOSUI
server were used to predict Hsp70-IPEK1 physicochemical
properties such as molecular weight, amino acid
composition and theoretical isoelectric point (pl) and
whether it is a soluble or a transmembrane protein.
Homology modelling of Hsp70-IPEK1 was performed by
using |-TASSER and SWISS-MODEL tools. The model of
Hsp70-IPEK1 was shown in (Figure 1).

&Y (% 4 f\“
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Figure 1. The tertiary structure of the Hsp70-IPEK1 and ATP
and peptide binding sites

PCR Amplification, Sequencing and Sequence
Analysis

T. gondii RH strain was obtained from the Saydam
Public Health Centre, Ankara, Turkey. Total RNA of T.
gondii was isolated and cDNA synthesis was performed
with a commercial kit (Roche Diagnostic) according to the
manufacturer’s instruction. Hsp70 gene fragment of T.
gondii was amplified by designed primers (forward
primer:  5-CACCATGGCGGACTCTCCTGCTGTG-3' and
reverse primer: 5- ATCAACTTCCTCCACGGT-3'). PCR
reaction was carried out in 50 pL volume containing 1 ug
cDNA, 4 uL forward and reverse primer (10 mM of each
primer), 5 uL dNTP mix (2 mM), 5 uL 10xPfu buffer with
Mg2SOs and 2 pL Pfu DNA polymerase (2.5 u/puL,
Fermentas).

The PCR amplifications were performed in a gradient
thermal cycler instrument (Thermo Scientific) with the
following thermal cycling program: initial cycle, 30 s at 95
°C; next 35 cycles, denaturation for 30 s at 95 °C; 30 s at
64.2 °C temperature; and polymerization at 72 °C for 1
min; and a final cycle of 7 min at 72 °C. Amplified PCR
products were run on a 1% agarose gel stained with
ethidium bromide. The PCR product was sequenced and
nucleotide sequence of Hsp70-IPEK1 was given in the
Figure 2. Comparison of T. gondii Hsp70 with other
organism was shown and same domains marked in (Figure
3a, Figure 3b).

ATGGCGGACTCTCCTGCTGTGGGTATTGACCTTGGCACCACCTATTCTTGCGTA
GGTGTGTGGAAGAACGATGCTGTGGAAATCATCGCGAACGACCAGGTCCACA
GGACGACCCCGTCCTACGTCGCGTTCACCGACACGGAGAGACTTGTCGGTGAT
GCTGCGAAGAACCAAGTCGCACGCAACCCGGAAAACACCATTTTCGATGCCAA
GCGCCTAATCGGTCGCAAGTTTGATGATCCCTCGGTCCAGTCGGACATGAAGC
ATTGGCCATTCAAGGTCATTGCTGGTCCGGGAGACAAGCCCCTCATTGAAGTC
ACGTACCAGGGAGAGAAGAAGACGTTCCACCCTGAAGAGGTTTCCGCCATGG
TTTTGGGCAAAATGAAGGAAATCGCGGAGGCTTACCTCGGCAAGGAAGTGAA
GGAGGCCGTCATTACCGTTCCTGCGTACTTCAACGATTCGCAGCGTCAGGCTA
CCAAGGATGCTGGTACTATTGCCGGCCTCAGCGTCCTCCGCATTATCAACGAG
CCCACAGCGGCTGCCATTGCTTATGGTCTGGACAAGAAGGGCTGCGGTGAGA
TGAACGTCCTCATCTTCGACATGGGTGGCGGTACGTTCGATGTGTCGCTGCTT
ACAATCGAAGACGGTATCTTTGAAGTCAAGGCCACCGCTGGTGACACCCATCT
TGGTGGTGAAGATTTCGACAACCGTTTGGTGGACTTCTGCGTCCAGGACTTCA
AGCGCAAGAACCGCGGAAAGGACATCAGCACCAACAGCCGTGCCCTTCGTCG
CCTGCGTACTCAGTGCTGGCGCACCAAGAGAACTCTCTCTAGCAGCACTCAGG
CAACCATCGAAATTGACTCTCTTTTTGAGGGCATTGACTACTCTGTGTCTATCTC
TCGTGCGCGCTTTGAGGAGCTTTGCATGGACTACTTCCGCAACTCCCTGTTGCC
CGTCGAGAAGGTCCTCAAGGACTCTGGTATTGACAAGCGCTCGGTCAGCGAA
GTTGTGTTGGTTGGTGGATCTACCCGTATCCCCAAGATTCAGCAGCTCATCACT
GACTTCTTCAACGGAAAGGAGCCGTGCAGGTCGATCAACCCCGATGAGGCCG
TTGCGTACGGTGCTGCTGTCCAGGCACCGATCTTGAAGGGAGTTACCAGCTCT
CAGGTGCAGGATTTGCTTCTTCTGGATGTTGCGCCTCTCTCTCTCGGTCTGGAG
ACAGCTGGTGGTGTCATGACCAAGCTGATTGAAAGAAACACAACGATCCCGA
CCAAGAAGTCTCAGACCTTCACCACGTACGCGGACAACCAGCCAGGAGTGCT
GATTCAGGTGTACGAAGGTGAGCGTGCGATGACCAAAGACAACAACCTCCTG
GGCAAATTCCACCTGGATGGTATCCCCCCCGCCCCCCGTGGTGTCCCCCAAATC
GAAGTCACTTTCGATATCGACGCTAACGGTATCATGAACGTCACAGCGCAAGA
CAAGTCCACCGGAAAGAGCAACCAAATCACCATCACGTACGACAAGGGCCGC
CTCAGTGCGTCCGAAATCGACCGCATGGTGCAAGAGGCAGAGAAGTACAAAG
CCGAAGACGAACAGAACAAGCACCGTGTGGAGGCGAAGAATGGCCTGCTAA
ACTACTGCTACCACATGAGACAGACCTTGGATGACGAGAAGCTTAAGGACAA
GATCTCCTCTGAGGACAGAGACACTGCCAACAAGGCCATCCAGGAGGCCCTT
GACTGGCTGGACAAGAACCAACTAGCAGAGAAGGAGGAATTCGAGGCGAAG
CAGAAGGAAGTTGAGTCCGTCTGCACACCAATCATCACCAAGCTGTACCAGGC
AGGTGCGGCTGCAGGTGGCATGCCTGCCGGTATGGGCGGTATGCCTGGTGGT
ATGGGCGGTATGCCTGGTGGTATGGGCGGTATGCCCGGCGGGATGGGCGGT
ATGCTCGGTGCAGGCATGGGAGGCTCTGGCGGCCCCACCGTGGAGGAAGTTG
ATTAA

Figure 2. Nucleotide sequence of Hsp70
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Figure 3a. Comparison of Hsp70-IPEK1 sequence with
Hsp70s in different organisms and common motifs.
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Figure 3b. Comparison of Hsp70-IPEK1 sequence with Hsp70s
in different organisms and common motifs. C terminal

domain.

Cloning and Purification of Recombinant Hsp70-
IPEK1 Protein

The PCR product was cloned into the Champion pET
Gateway  Expression  Kit  Pet-161  (Invitrogen).
Recombinant Hsp70-IPEK1 protein was produced by using
topoisomerase experiments without a sub-cloning
process. Firstly, topoisomerase recognition site
(underlined sequence in materials and methods 2.2) was
added before the forward primer. The PCR product was
cloned into Pet-161 vector and then isolated plasmid DNA
was transformed into BL21 Star™ (DE3) cells. Transformed
cells were grown into 10 mL of LB agar plates containing
100 pg/mL ampicillin. A single colony was inoculated into
10 mL LB media (containing 100 g/mL ampicillin) and
incubated overnight at 37 °C with shaking at 200 rpm. The
growing cells were inoculated into 1 L of LB (containing
100 g/mL ampicillin) until OD550 was reached 0.4 and
then these cells were induced with 1 mM isopropyl 3-D-
thiogalactopyranoside (IPTG) for 3-4 hours. At the end of
the induction process, the growing cells were centrifuged
and the pellet was lysed by bead beater using glass beats
in the binding buffer (pH 7.4, 20 mM sodium phosphate,
0.5 M NaCl, 5 mM imidazole).

After  centrifugation process, purification of
recombination Hsp70-IPEK1 protein was carried out by 5
mL HisTrap™ FF column (GE Healthcare) and was eluted
with imidazole gradient (20 mM-500 mM) with using Fast
Protein Liquid Chromatography (FPLC, AKTA-Purifier). The
collected fragments were analyzed by SDS—
polyacrylamide gel electrophoresis on a 10% gel and
transferred to nitrocellulose membrane via semi-dry
blotter. The target protein was detected with western blot
analysis by using primary and secondary antibody (anti-
mouse IgG). Bands were determined with NBT (Nitro blue
tetrazolium chloride) and BCIP (5-Bromo-4-chloro-3-
indolyl phosphate, toluidine salt) (data not shown).

Fluorescence Experiments

Fluorescence experiments of Hsp70-IPEK1 were
performed according to the method given in the reference
[1]. Briefly, emission spectrums of Hsp70-IPEK1 were
measured at 290 nm with 5 nm excitation and between
300 and 500 nm (Shimadzu RF 5301). The experiments
were carried out in different protein concentrations at 25
°C with 20 mM Hepes, pH: 7.4, 100 mM Nadl titrations.

Quenching experiments were performed in the
presence or absence nucleotides and different
acrylamide. Data were analyzed according to the Stern—
Volmer equation.

ATP Hydrolysis Experiments

ATPase activity screened with previously established
method in our lab [8]. The enzymes used for ATP
hydrolysis experiments are obtained from Roche and the
reaction mixture contains 2 mM phosphoenolpyruvate,
0.2 mM NADH, 2 units/ml pyruvate kinase and 10
units/mL L-lactate dehydrogenase (both from rabbit
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muscle). Each analysis was performed with two replicates
and the averages of them were used in the data analysis.

FTIR Experiments

FTIR experiments were carried out by Perkin—Elmer
FTIR spectroscopy device at 1 cm-1 resolution. FTIR
spectrum of protein solution was detected at amid-1
region and secondary structure of Hsp70-IPEK1 was
determined in the absence and presence of nucleotides.
Proteins were dialyzed in D20 to eliminate any
interference caused by water band spectrum. Hemoglobin
(76 % a-helix, 13 % B-sheet, 11 % random, 0 % R-turn),
conconavalin A (3 % a-helix, 44 % R-sheet, 28 % random,
25 % R-turn), lysozyme (36 % a-helix, 10 % B-sheet, 19 %
random, 36 % B-turn), chymotrypsin (11 % a-helix, 35 % R-
sheet, 30 % random, 25 % R-turn) were used as standard
to determine in secondary structure of Hsp-IPEK1. In the
experiments, ATP and ADP concentrations were adjusted
to 2 mM and Hsp70-IPEK1 protein was dialyzed against 30
mM sodium phosphate buffer solution, pH 7.4.

Luciferase Folding Experiments

The luciferase folding experiments were measured
with Biofix lumi-10 Macherey—Nagel luminometer.
Luciferase was used as substrate protein and denatured
with urea. Denatured luciferase was diluted in prepared
solution (pH 7.4, 25 mM Hepes, 50 mM KCl, 5 mM MgCl2,
2 mM ATP, and 5 mM dithiothreitol). This mixture was
incubated with different amounts of IPEK1. In addition,
IPEK1 protein was treated with different combinations of
Hsps (Hsp40 and Hsp100) in the presence of ATP. The level
of luciferase refolding with IPEK1 was measured at 320 nm
as described previously [10].

Luciferase Aggregation Experiments

The luciferase aggregation experiments were
measured with Shimadzu RF5301 at excitation and
emission wavelengths of 341 nm. Luciferase was diluted
10-fold with the reaction mixture (pH 7.4, 25 mM Hepes,
50 mM KCI, 5 mM MgCI2, 2 mM ATP, and 5 mM
dithiothreitol). The degree of aggregation was determined
by light scattering by substituting different Hsps (Hsp40
and Hsp100).

Results

In Silico Analysis of Hsp70-1PEK1

A 2004 bp PCR product was obtained for Hsp70-IPEK1.
Nucleotide sequence of IPEK1 was shown in Figure 2.
Theoretically, molecular mass of IPEK1 is approximately
70 kDa. Nucleotide sequence of Hsp70-IPEK1 was
analyzed by Expasy’s ProtParam prediction tool to
determinate physicochemical characteristics. In the
amino acid composition of Hsp70-IPEK1, alanine (24.2%),
cysteine (26.9 %), glycine (28.4 %) and threonine (20.5 %)
were found as the most abundant amino acids.

Length (2004 amino acids), molecular weight
(164131.83 Da), theoretical pl 4.89, extinction
coefficient, instability index, aliphatic index and grand

average hydropathy (GRAVY) of the Hsp70-IPEK1 protein
were analyzed using this tool. According to the computed
isoelectric point (pl), Hsp70-IPEK1 is an acidic protein (pl
lower than 7).

The computed extinction coefficient of IPEK1 protein
was 33750 MIcm™ at 280 nm. Additionally, the
experience showed that Hsp70-IPEK1 does not contain
any Trp residues. The instability index value (ll) was found
to be 49.11 and hence this protein is predicted as unstable
(Instability index >40) [10]. The aliphatic index (Al) for
IPEK1 was 24.15. The low Al of a protein indicates the it is
thermally unstable and more flexible [11]. The grand
average hydropathicity (GRAVY) of Hsp70-IPEK1 was
found to be 0.851. This protein was identified as a
transmembrane protein when analyzed by SOSUI tool.

Toxoplasma Hsp70-IPEK1 sequence was also
compared to homologs (Plasmodium falciparum,
Saccharomyces  cerevisiae,  Escherichia  coli and

Staphylococcus aureus). It was showed that motifs and
domains of Hsp70-IPEK1 were conserved in both
sequence and modelling platform. The Hsp70-IPEK1
sequence contains PO™ binding region, adenosine binding
region and GGMP repeat motif (Figure 3).

Fluorescence Experiments of Hsp70-IPEK1

Conformational changes of Hsp70-IPEK1 protein by
using fluorescence spectroscopy were investigated in the
presence and absence of nucleotides. Fluorescence
spectrum was blue shifted 10-15 nm when ATP and ADP
are added. Experimental results are indicated that ATP
binding causes conformational change in Hsp70-IPEK1
(Figure 4).

500 —
400

300 4 °

Fluorescence

B N N

Wavelength, nm

Figure 4. Intrinsic fluorescence spectra of the Hsp70-IPEK1 in
the presence of ADP and ATP

ATP Hydrolysis Experiments of Hsp70-IPEK1

Hsp40 and peptide increase the activity of Hsp70.
Therefore, ATP hydrolysis is an indirect indicator measure
in substrate protein folding of Hsp70 and was measured
by ATP regenerative system. The experiment results are
shown in Figure 4. Hsp40 provides substrate proteins by
binding to J domain of Hsp70 and thus, the activity of
Hsp70 increases with presence of Hsp40. According to our
results, the increase in the amount of Hsp40 and peptide
increased the Hsp70 function. When Hsp40 was 5 uM ATP
hydrolysis of Hsp70 was the highest (Figure 5).
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Figure 5. ATP hydrolysis under different conditions

FTIR Experiments of Hsp70-IPEK1

FTIR experiments were used to estimate the secondary
structure of Hsp70-IPEK1 at Amid | region. FTIR spectra
were determined by measuring different protein
concentrations in the presence and absence of nucleotide.
Similar to results of fluorescence experiments, FTIR results
showed that conformational changes were observed in
secondary structures of Hsp70-IPEK1 when it binds to
nucleotides (Figure 6).
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Figure 6. FTIR spectra of the Hsp70-IPEK1 in the presence
of ADP and ATP

Quenching Spectra of Hsp70-1PEK1

Quenching method is an alternative method to
determine the conformational changes of Hsp70-IPEK1
based on presence and/or absence of ADP. Changes
affecting temperature-ligand in the protein surface
chromophore were monitored with fluorescence
quenching spectrum (Figure 7). In the presence and the
absence of ADP form, Ksv values were measured 0.250 and
0.375 M respectively.
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Figure 7. Fluorescent quenching results of Hsp70-IPEK1 in
the presence and absence ADP

Luciferase Folding Experiments

In this experiment, the luminescence of the denatured
luciferase and luciferase was accepted as ‘0’ and ‘100’,
respectively. Addition of Hsp-IPEK1 to experiment helped
luciferase folding. Moreover, the light scattering degree
increased dramatically in the presence of Hsp40-Hsp70-
IPEK1 complex with ATP. Thus, it is thought that Hsp70-
IPEK1 can help to find the correct conformation of
substrate proteins, especially when coordinated with
Hsp40 and ATP.

Luciferase Aggregation Experiments

Luciferase aggregation experiment was performed in
the absence and presence of different Hsps (Hsp40 and
Hsp100) and ATP presence/absence. The luciferase
aggregation was measured with light scattering. The
aggregation degree is proportional to intensity of the
scattered light. Denatured luciferase formed aggregates
however these aggregates dissolved in different
combinations of Hsps and ATP (Figure 8). According to the
results of luciferase aggregation experiments, Hsp70-
IPEK1 protein with ATP and without ATP dissolved
aggregate to a certain degree. When Hsp40 and Hsp100
were added to reaction mixture in the presence of ATP, it
was observed that dissolution of the aggregates was
suddenly increased.
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Figure 8. Luciferase aggregation prevention by Hsp
complexes in the presence of ATP. Hsp70 alone (e),
Hsp70IPEK1 + Hsp40 (m), Hsp70 + Hsp40 + Hsp100 (0).
Addition of Hsp40 and Hspl00 help Hsp70 to
solubilize more aggregates and increase the stability
by 10 °C
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Discussion

Hsp70s are an important family of chaperones and are
expressed in response to stress conditions. Hsp70s are
involved in major cellular processes. They bind to their
protein substrates to prevent non-productive interactions
caused by aggregation and protein folding [9]. Also,
Hsp70s help the folding of newly synthesized proteins, the
subcellular transport of proteins, the degradation of
misfolded proteins, assembly and disassembly of
macromolecular complexes and in gene induction and
apoptosis [9,13]. In folding mechanism of the proteins,
Hsp70s interact with other chaperones such as Hsp40s,
Hsp100s and nucleotide exchange factors. Many studies
have been carried out on structural, biochemical and
molecular functions of Hsp70s. However, knowledge
about chaperone activity of Hsp70s is still unclear,
especially the interaction between Hsp70s and their
cofactors [8]. Recent studies revealed that misfolded and
aggregate proteins lead to a range of diseases including
cancer and neurodegeneration diseases [4,13,14].
Understanding of molecular mechanism in Hsp70s may
contributed to the prevention and treatment of various
diseases.

Hsps have been characterized in protozoan parasites
such as Leishmania, Toxoplasma and Plasmodium [2,14].
These parasites can infect humans and cause serious
diseases. Hsps have a critical role in these pathogenic
protozoa. Also, T. gondii has improved a stress response
mechanism by using Hsps to protect itself when exposed
to stress. For example, T. gondii Hsp90 gene has been
described in invasion and growth of the parasite in vitro.
Moreover, it has demonstrated that this gene associates
with virulence in BALB/c mice in vivo [2].

T. gondii leads to toxoplasmosis that is a parasitic
disease. During toxoplasmosis, Hsp70s are an important
control mechanism in the host immune system. Hsp70s
obtained from infected cells by T. gondii cause a serious
decrease of parasite burden [16]. Nucleotide sequences of
Hsp70-IPEK1 isolated from T. gondii were transformed to
three-dimensional protein structures by simulation. Both
these structures and nucleotide sequences exhibited
similar with homologous Hsps. Characteristic Hsp70
motifs indicate that this protein family are conserved
among species as mentioned in the literature [3,12,17].

In this study, some physicochemical properties of
Hsp70-IPEK1 were investigated by using in silico analysis
and thus some structural characteristics of IPEK1 protein
was identified such as solubility and stability. On the other
hand, the roles of IPEK1 in folding and aggregation of
protein were determined. Hsp70s help the proper folding
of protein by ATP regulated cycles of substrate binding
and release in cells [18]. This protein functions together
with other co-chaperones to prevent the protein
aggregation and to provide optimum protein folding
[9,18]. Similarly, Hsp70-IPEK1 protein isolated from T.
gondii assisted to protein folding and increased the
solubility of the aggregates with Hsp40 and Hsp100 in the
presence of ATP.

FTIR experiments, fluorescence experiments and
quenching analysis were performed in the presence and
absence of nucleotide to determine the conformational
changes in secondary structures of T. gondii Hsp70.
According to results of these experiments, Hsp70-IPEK1
protein exhibited conformational changes in the presence
of nucleotide. Understanding of biochemical properties of
Hsps is crucial to use it as a potential therapeutic target.
It is thought that Hsp70 upregulated in most cancers is
interacted with constituents of the apoptotic and the pro-
survival pathway and thus conferring a survival advantage
[18]. Hsp70s have some superior biochemical properties
such as increased ATP hydrolysis [12]. However, most
biochemical properties of Hsp70s are not fully known due
to the crystal structure of Hsp70s is yet unavailable.

Conclusions

Hsp70-IPEK1 protein obtained from T. gondii were
isolated and characterized for better understanding of
Hsp70 mechanism. Hsp70-IPEK1 exhibited similar function
with  homologous Hsp70 proteins found in other
organisms. Hsp70 proteins assist cellular proteostasis
such as protein folding and protein aggregation.
Therefore, characterization of Hsp70s, major players in
cells, is essential for future studies (e.g. biotechnology and
pharmaceutical areas) and results of the present work
have the potential to contribute to the current literature.
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Inhibition of the cholinesterases (AChE and BChE) plays a pivotal role in the symptomatic treatment of
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Alzheimer’s disease. The present study reports the synthesis and anticholinesterase activity of five novel
thiadiazole analogs in search of anti-Alzheimer agents. The structures of the newly synthesized compounds were
characterized using *H NMR, **C NMR and HRMS. Tested compounds inhibited acetylcholinesterase (AChE) and

butyrylcholinesterase (BChE) enzymes with ICso values in the range of 8.250-20.382 uM and 14.143-0.986 uM,
respectively. N-(4-Chlorophenyl)-2-[(5-(allylamino)-1,3,4-thiadiazol-2-yl)thio]-N-(3-nitrobenzyl)acetamide (6e)
was determined as the most potent inhibitor against both tested enzymes when compared with standard drug

the active site of AChE.
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Introduction

Alzheimer’s disease (AD) is a common type of
neurodegenerative brain disease that affects over 55
million people globally and people with AD is estimated to
increase to 78 million by 2030 [1]. Acetylcholine (ACh) is
critical for cognitive processes and, in the brain of people
suffering from AD, ACh is decreased, cholinergic pathway
is noticed to be irreversibly impaired, resulting in cognitive
dysfunction. The therapeutic strategies in the treatment
of AD are mainly focused on reduced cholinergic
neurotransmission and B-amyloid protein aggregation
that leads to progressive loss of structure and/or function
of neurons [2,3]. Cholinesterase inhibitors exert their
activity by inhibiting acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) which are both types of
cholinesterase enzymes, eventually increase the
concentration of the ACh in the brain of AD patients.
Currently licensed drugs used for AD are tacrine,
doneperzil, rivastigmine and galantamine. However, their
effectiveness is often limited by the appearance of central
and peripheral side effects. For instance, tacrine has been
withdrawn from the market due to hepatotoxicity [4,5].

Thiadiazole nucleus is a well-known five-membered
heterocyclic scaffold in medicinal chemistry.  The
thiadiazole moiety functions as a "two-electron donor

tacrine. Molecular docking study was carried out to reveal the binding interactions between compound 6e and

Keywords: Acetylcholinesterase, Butyrylcholinesterase, Cholinesterase inhibitors, 1,3,4-thiadiazole, Alzheimer’s disease.
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system" and "hydrogen-binding domain, which provide
the thiadiazole ring its biological activity [6]. The sulfur
atom also contributes lipo-solubility, resulting in more
lipophilic analogues with enhanced blood-brain barrier
(BBB) permeability. Thiadiazole ring has four isomers,
1,2,3-thiadiazole, 1,2,4-thiadiazole, 1,2,5-thiadiazole, and
1,3,4-thiadiazole, depending on the positions of
heteroatoms. 1,3,4-Thiadiazole is the main isomer that
has a wide range of pharmacological effects [7]. There are
currently numerous marketed pharmaceutical products
containing thiadiazole scaffold including acetazolamide,
methazolamide (carbonic anhydrase inhibitors), megazole
(antitrypanosomal),  sulfamethizole  (anti-microbial),
cefazolin, cefazedone (antibiotics) and timolol
(antihypertensive) [8,9].

Among above-mentioned thiadiazoles, 2-amino-1,3,4-
thiadiazole derivatives were studied for their
antibacterial, antifungal, antitubercular, antiparasitic
activities, antidepressant, anticancer and cholinesterase
inhibitory activities [10-15]. The activity of 1,3,4-
thiadiazoles is probably due to the presence of =N—-C-S
moiety [16]. In view of these facts, in this paper, we
synthesized new series of 2-subsitutedamino-1,3,4-
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thiadiazole derivatives and evaluated their in vitro
cholinesterase inhibitory activity.

Materials and Methods

Chemistry

All Chemicals used in the synthesis pathway of the
compounds were purchased from Sigma-Aldrich (Sigma-
Aldrich Corp., St. Louis, MO, USA) or Merck (Merck KGaA,
Darmstadt, Germany) chemical companies and were used
without further chemical purifications. Melting points
(MP) were determined by an automatic melting point
apparatus (MP90, Mettler-Toledo, OH, USA). The NMR
spectra (*H and 3C) were recorded in DMSO-ds by a
Bruker digital FT-NMR spectrometer (Bruker Bioscience,
MA, USA) at 300 MHz and 75 MHz, respectively. HRMS
studies were performed on an LCMS-IT-TOF system
(Shimadzu, Tokyo, Japan). Chemical purities of the
compounds were checked by classical TLC applications
performed on silica gel 60 F254 (Merck KGaA, Darmstadt,
Germany).

Synthesis of 4-chloro-N-(3-nitrobenzylidene)aniline (1)
(17]

Yield 69%. 4-Chloroaniline (33 mmol, 4.22 g), 3-
nitrobenzaldehyde (33 mmol, 5 g) and catalytic amount of
glacial acetic acid (0.5 ml) were dissolved in ethanol (100
ml) and refluxed for 9 h. After TLC screening, the mixture
was cooled, the product was filtered and the crude
product was recrystallized from ethanol.

Synthesis of 4-chloro-N-(3-nitrobenzyl)aniline (2) [17]

Yield 70%. Compound 1 (27 mmol, 7.1 g) was dissolved
in methanol (150 mL) and sodium borohydride was added
in four portions (4x0.5 g) 15 min intervals. After addition,
reaction mixture was allowed to stir for 1 h at room
temperature. The solvent was evaporated and the crude
product was washed with water, dried and recrystallized
from ethanol.

Synthesis of 2-chloro-N-(4-chlorophenyl)-N-(3-
nitrobenzyl)acetamide (3) [17]

Yield 67%. To a mixture of compound 2 (24 mmol, 6.2
g) and triethylamine (29 mmol, 4.04 mL) in
tetrahydrofuran (100 mL), chloroacetyl chloride (29
mmol, 2.31 mL) was added dropwise with stirring at 0-5
°C. The reaction was mixed for one hour at room
temperature, after dripping of CICH.COCl. To gain
product, tetrahydrofuran was evaporated. The product
was recrystallized from ethanol, after washing with water.

Synthesis of 4-substituted thiosemicarbazides (4a-4e)
(18]

Yield 72%. Various substituted isothiocyanates (20
mmol) and hydrazine hydrate (40 mmol) were dissolved in
ethanol (50 mL) and stirred at room temperature for 4 h.
The precipitated compound filtered and crystallized from
ethanol.

Synthesis of 5-substituted amino-1,3,4-thiadiazole-
2(3H)-thiones (5a-5e) [18]

Yield 65%. To a
substitutedthiosemicarbazide derivative

solution of 4-
(4a-4e) (23
mmol) in ethanol (80 mL), carbon disulfide (27 mmol, 1.6
mL) and potassium hydroxide (27 mmol) were added and
the mixture was refluxed for 12 h. The solution was cooled
and acidified to pH 4-5 with a hydrochloric acid solution
and crystallized from ethanol.

Synthesis of N-(4-chlorophenyl)-2-[(5-
substitutedamino-1,3,4-thiadiazol-2-yl)thio]-N-(3-
nitrobenzyl)acetamide derivatives (6a-6e) [18]

Yield 77%. A mixture of appropriate 5-
substitutedamino-1,3,4-thiadiazole-2(3H)-thione
derivative (5a-5e) (4 mmol), compound 3 (4 mmol) and
potassium carbonate (5 mmol, 0.66 g) were stirred was
stirred at room temperature for 9 h in acetone (40 mL).
After that, acetone was evaporated, the residue was
washed and crystallized from ethanol.

N-(4-Chlororophenyl)-2-[(5-(methylamino)-1,3,4-
thiadiazol-2-yl)thio]-N-(3-nitrobenzyl) acetamide (6a):
Yield 77%. M.P.= 145.9 °C. *H NMR (300 MHz, DMSO-ds,
ppm) 6 2.83 (3H, s, CHs), 3.91 (2H, s, CO-CH2), 5.01 (2H, s,
N-CH>), 7.33 (2H, d, J= 8.6 Hz, Ar-H), 7.46 (2H, d, J= 8.6 Hz,
Ar-H), 7.46 (1H, t, J= 7.8 Hz, Ar-H), 7.67-7.74 (2H, m, Ar-H),
8.08-8.13 (2H, m, Ar-H and NH). 23C NMR (75 MHz, DMSO-
ds, ppm) 6 31.53, 38.33, 52.17, 122.81, 123.22, 130.19,
130.38, 130.53, 133.36, 135.13, 139.68, 140.31, 148.24,
149.27, 167.47, 170.77. HRMS (m/z): [M+H]* calcd for
C18H16CINs03S;: 450.0456; found 450.0434.

N-(4-Chlororophenyl)-2-[(5-(ethylamino)-1,3,4-
thiadiazol-2-yl)thio]-N-(3-nitrobenzyl) acetamide (6b):
Yield 67%. M.P.= 161.5 °C. *H NMR (300 MHz, DMSO-ds,
ppm) & 1.14 (3H, t, J= 7.2 Hz, CH,-CH3), 3.19-3.28 (2H, m,
CH»-CHs), 3.91 (2H, s, CO-CH»), 5.01 (2H, s, N-CH>), 7.33
(2H, d, J= 8.6 Hz, Ar-H), 7.47 (2H, d, J= 8.6 Hz, Ar-H), 7.59
(1H, t, J= 7.8 Hz, Ar-H), 7.69 (1H, d, J= 7.6 Hz, Ar-H), 7.76
(1H, t, J= 5.2 Hz, Ar-H), 8.08-8.13 (2H, m, Ar-H and NH).
13C NMR (75 MHz, DMSO-ds, ppm) & 14.66, 38.32, 39.86,
52.17, 122.81, 123.21, 130.19 (2C), 130.38, 130.53 (2C),
133.36, 135.13, 139.68, 140.31, 148.24, 149.12, 167.48,
169.83. HRMS (m/z): [M+H]* calcd for CigH1sCIN5O3Sz:
464.0612; found 464.0606.

N-(4-Chlorophenyl)-2-[(5-(propylamino)-1,3,4-
thiadiazol-2-yl)thio]-N-(3-nitrobenzyl) acetamide (6c):
Yield 72%. M.P.= 144.0 °C. *H NMR (300 MHz, DMSO-ds,
ppm) 6 0.88 (3H, t, J= 7.4 Hz, CHs), 1.48-1.60 (2H, m, CHs-
CH:-CH>-), 3.14-3.21 (2H, m, CHs-CH2-CHa-), 3.91 (2H, s,
CO-CHa), 5.01 (2H, s, N-CH2), 7.33 (2H, d, J= 8.6 Hz, Ar-H),
7.46 (2H, d, J= 8.6 Hz, Ar-H), 7.59 (1H, t, J= 7.8 Hz, Ar-H),
7.69 (1H, d, J= 7.7 Hz, Ar-H), 7.79 (1H, t, J= 5.5 Hz, Ar-H),
8.08-8.13 (2H, m, Ar-H and NH). 13C NMR (75 MHz, DMSO-
de, ppm) 6 11.82, 22.22, 38.32, 46.84, 52.18, 122.80,
123.21, 130.18 (2C), 130.37, 130.52 (2C), 133.36, 135.13,

504



Cumhuriyet Sci. J., 45(3) (2024) 503-509

139.69, 140.31, 148.24, 148.99, 167.49, 170.06. HRMS
(m/z): [M+H]* calcd for Ca0H20CINsOsS2: 478.0769; found
478.0749.
N-(4-Chlorophenyl)-2-[(5-(isopropylamino)-1,3,4-
thiadiazol-2-yl)thio]-N-(3-nitro  benzyl)acetamide (6d):
Yield 69%. M.P.= 118.9 °C. *H NMR (300 MHz, DMSO-ds,
ppm) & 1.15 (6H, d, J= 6.5 Hz, 2CH3), 3.68-3.79 (1H, m, CH),
3.91(2H, s, CO-CH2), 5.01 (2H, s, N-CHz), 7.33 (2H, d, J= 8.6
Hz, Ar-H), 7.46 (2H, d, J= 8.6 Hz, Ar-H), 7.59 (1H, t, J= 7.9
Hz, Ar-H), 7.70 (2H, t, J= 5.0 Hz, Ar-H), 8.08-8.13 (2H, m,
Ar-H and NH). 3C NMR (75 MHz, DMSO-ds, ppm) & 22.57
(2C), 38.32, 46.98, 52.17, 122.81, 123.21, 130.18 (2C),
130.38, 130.53 (2C), 133.36, 135.13, 139.68, 140.30,
148.24,148.97, 167.49, 169.01. HRMS (m/z): [M+H]* calcd
for Ca0H20CINs03S2: 478.0769; found 478.0749.
N-(4-Chlorophenyl)-2-[(5-(allylamino)-1,3,4-

thiadiazol-2-yl)thio]-N-(3-nitrobenzyl) acetamide (6e):
Yield 75%. M.P.= 130.2 °C. H NMR (300 MHz, DMSO-ds,
ppm) 6 3.86-3.92 (4H, m, CH2=CH-CH2 and CO-CH,), 5.01
(2H, s, N-CH2), 5.10-5.25 (2H, m, CH2=CH-CH), 5.82-5.95
(1H, m, CH2=CH-CHa), 7.33 (2H, d, J= 8.7 Hz, Ar-H), 7.46
(2H, d, J= 8.6 Hz, Ar-H), 7.59 (1H, t, J= 7.7 Hz, Ar-H), 7.69
(1H, d, J= 7.5 Hz, Ar-H), 7.95 (1H, t, J= 5.6 Hz, Ar-H), 8.08-
8.12 (2H, m, Ar-H and NH). 3C NMR (75 MHz, DMSO-ds,
ppm) & 38.28, 47.12, 52.19, 116.65, 122.80, 123.21,
130.19 (2C), 130.38, 130.52 (2C), 133.37, 134.75, 135.13,
139.67, 140.31, 148.24, 149.71, 167.46, 169.82. HRMS
(m/z): [M+H]" calcd for C20H1sCINsO3S2: 476.0612; found
476.0604.

Cholinesterase Inhibitory Activity

The anticholinesterase (AChE and BChE) activities
were assayed by a modified version of the Ellman
method.The inhibitory effect of novel 2-subsitutedamino-
1,3,4-thiadiazole derivatives (6a-6e) on AChE (from
electric eel; Sigma) and BChE (from equine serum) was
investigated using acetylthiocholine iodide (ATChl) and
butrylcholine iodide (BChl) as substrates at 37°C. Stock
solutions of the compounds synthesized as inhibitors
were prepared in 20 % DMSO. The inhibition effects of
novel 2-subsitutedamino-1,3,4-thiadiazole derivatives
(6a-6e) was determined in the presence of at least five
different inhibitor concentrations, usually in the 102-102
MM range, to obtain between 0% and 100% inhibition of
cholinesterase activity. Enzyme solution (5.32 x 103 U, 50
pL) and inhibitor solution (20 pL) were added to a cuvette
containing Tris—HCI (100 uL, 1 M; pH= 8.0). After 5 min
incubation, DTNB solution (0.01 M, 100 pL) and
ATChlI/BChl (0.050 M, 50 uL) were added. Immediately
after brief stirring, 3 replicate measurements were
monitored spectrophotometrically at 412 nm [19-22]. The
ICso values of the derivatives were calculated from Activity

(%)-[Ligand] graphs for derivatives according to our
previous studies [23,24].

Molecular Docking

In silico investigations were conducted to study the
interactions between the compound 6e and the AChE and
BChE enzymes using molecular docking simulations, as
described in our earlier research [25-27]. These
simulations utilized Maestro 13.9 from the Schrodinger
Molecular Modeling Suite [28]. The crystal structures of
AChE and BChE, with PDB IDs 4TVK and 5NNO respectively,
were sourced from the RCSB Protein Data Bank. The
receptors were prepared at physiological pH using the
Protein Preparation Wizard [29], followed by optimization
and minimization with the OPLS4 force field. A receptor
grid was established around the natural ligands within the
protein structures. Ligands were prepared and protonated
at pH 7.0 + 2.0 using the LigPrep module.

Results and Discussions

Chemistry

The target compounds were prepared as illustrated in
Scheme 1. Firstly, 3-nitrobenzaldehyde and 4-
chloroaniline was reacted in the presence of glacial acetic
acid as a catalyst to afford compound 1, which further
reacted with sodium borohydride for the reduction of
imine bond to synthesize compound 2. Subsequently,
compound 3 was obtained via the reaction between
compound 2 and chloroacetyl chloride in the presence of
triethylamine. Various substituted isothiocyanates were
reacted with hydrazine hydrate to prepare compounds
4a-4e. In the next step, intermediate compounds 4a-4e
were subjected to the ring closure reaction with carbon
disulfide to give 5-substitutedamino-1,3,4-thiadiazole-
2(3H)-thione derivatives (5a-5e). In the final step,
compounds 5a-5e were treated with compound 3 in
acetone in the presence of potassium carbonate to yield
target compounds 6a-6e.

The structures of the synthesized analogues were
confirmed using NMR and MS spectral analysis. In the *H
NMR spectra, CHz protons bound to nitrogen and carbonyl
group were observed at 5.01 ppm and at between 3.91-
3.92 ppm, respectively. The rest aliphatic protons and all
the aromatic protons were assigned at their expected
area. In the 3C NMR spectra, a peak at between 38.28-
38.33 ppm was detected due to the signal of CH2 carbon
bound to carbonyl group. The signal belonging to the N-
CHa carbon was determined at between 52.17-52.19 ppm.
The rest aliphatic and aromatic carbons were assigned at
their expected regions. In the HRMS spectra of final
compounds (6a-6e), the M+1 peaks were observed in
accordance with their molecular formula.
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Scheme 1. The synthetic pathway of the compounds (6a-6e). Reagents and conditions; i: acetic acid, ethanol, reflux, 9
h; ii: sodium borohydride, methanol, r.t, 11 h; iii: Chloroacetyl chloride, triethylamine, tetrahydrofuran, ice-bath, 5
h; iv: hydrazine hydrate, ethanol, r.t., 4 h; v: (1) carbon disulfide/potassium hydroxide, ethanol, reflux, 12 h; (2)
hydrochloric acid, pH 4-5; vi: potassium carbonate, acetone, r.t., 9 h

Biological Activity

The aim of this study was to investigate the in vitro
effects of newly synthesized derivatives (referred to as 6a-
6e) on cholinesterase enzymes. The inhibitory activities of
the derivatives against key metabolic enzymes such as
AChE and BChE were determined and analyzed in
comparison with the known inhibitory effect of tacrine.
The ICso values of the derivatives were determined from
Activity (%)-[Ligand] graphs for derivatives (Figure S1 and
Figure S2). The inhibition data of /Cso values found to
evaluate the potential inhibitory effects of all series of the
new derivatives are presented in Table 1. The synthesized
derivatives exhibited inhibitor activity in micromolar
levels against AChE and BChE with the ICso values in the
range of 8.250-20.382uM and 14.143-0.986 uM,
respectively. The AChE inhibitory activities for the novel
compounds reduced in the order of 6e (allyl-substituted)
> 6d (isopropyl-substituted) > 6¢ (propyl-substituted) > 6b
(ethyl-substituted) > 6a (methyl-substituted), as well as
for BChE; 6e (allyl-substituted) > 6¢ (propyl-substituted) >
6d (isopropyl-substituted) > 6a (methyl-substituted) > 6b
(ethyl-substituted). The 6e derivative shows a more
selective inhibition potential for both cholinesterase
enzymes, while the effect of compounds 6a and 6b is
lower than the others. The allyl-substituted derivative 6e

(/ICso for AChE and BChE; 8.250 uM and 0.986 uM,
respectively) was identified as the most potent
cholinesterase inhibitor in the series (6a-6e).

Although the inhibitory potential of the series was
lower than the inhibitory potential of the standard tacrine
(IC50 for AChE and BChE; 0.145 uM and 0.208 nM), they
showed a more effective inhibitory effect than many
compounds with similar structures given in the literature
[30]. In a study, indole-based thiadiazole derivatives (1-18)
were synthesized and their inhibition effects against AChE
and BChE were evaluated. The ICso values of the
synthesized analogues against these enzymes ranging
between 0.17 £ 0.05 to 33.10 + 0.6 uM against AChE and
0.30 £ 0.1 to 37.60 = 0.6 uM against BChE [31]. In a
separate investigation, a novel set of benzimidazole-
based thiadiazole hybrid analogues was synthesized,
demonstrating diverse inhibitory capabilities against
targeted enzymes AChE and BChE. The ICso values ranged
from 1.32£0.10 uM to 19.26 + 0.60 uM for AChE and from
1.94+0.10 pM t0 21.33 £ 0.70 uM for BChE [32]. The allyl-
substituted derivative 6e has much more effective
inhibitory potential than many thiadiazoles synthesized in
many series in the literature and shown to have inhibitory
effect on cholinesterase.
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Table 1. ICso values of novel 2-subsitutedamino-1,3,4-
thiadiazole derivatives (6a-6e) against AChE and BChE

enzymes.
Compound AChE BChE
ICs0 (uM) R? ICs0 (M) R?
6a 20.382 0.968 10.520 0.979
6b 17.769 0.974 14.143 0.987
6c 16.902 0.973 4.846 0.939
6d 13.075 0.963 5.331 0.983
6e 8.250 0.963 0.986 0.944
Tacrine 0.145 0.962 0.208 0.966
Molecular Docking

We employed the Extra Precision (XP) molecular
docking method to perform detailed molecular docking
studies with the 6e compound to understand the protein-
ligand interactions. The 6e compound, recognized for its
strong inhibitory effects on AChE and BChE enzymes, was
analyzed using the XP docking protocol. Table 2
summarizes the docking scores of 6e compound against
the AChE and BChE enzymes.

o) Charged (negative) Polar = Distance —=* Pi-cation
J

Charged (positive) & Unspecified residue = H-bond — Salt bridge
Glycine Water Halogen bond Solvent exposure
Hydrophobic Hydration site — Metal coordination

o Metal X Hydration site (displacedp—e Pi-Pi stacking

o Charged (negative)
o) Charged (positive)

) Metal

Table 2. The docking scores of 6e compound against the
AChE and BChE enzymes.

Compound Docking Score (Kcal/mol)
AChE BChE
6e -8.301 -5.008

Molecular docking studies of the 6e compound, which
demonstrated significant inhibitory effects against AChE
and BChE enzymes in in vitro assays, revealed high docking
scores for both enzymes. Specifically, the docking
simulations showed scores of -8.301 kcal/mol for AChE
and -5.008 kcal/mol for BChE (Table 2), indicating a strong
binding affinity between the 6e compound and the
enzymes. Within the active site of the AChE enzyme,
compound 6e established a hydrogen bond with TYR121.
Additionally, it participated in pi-pi interactions with
TRP279 and TRP84, key components of the enzyme's
active site. In the BChE enzyme's active site, compound 6e
formed hydrogen bonds with THR120 and SER287
residues and engaged in a halogen bond interaction with
TRP82 (Figure 1).

o e ILE
Gl GLY 447
% S \
ASN
GLY
A s SER 116

—* Pi-cation
— Salt bridge
Solvent exposure

- Distance
—+ H-bond
Halogen bond

Polar
& Unspecified residue
Glycine Water
Hydrophobic Hydration site — Metal coordination

X, Hydration site (displacedp—* Pi-Pi stacking

Figure 1. Ligand-enzyme interaction diagram of compound 6e with AChE (left) and BChE (right) enzymes.

Conclusions

In this study, a novel series of 2-subsitutedamino-
1,3,4-thiadiazole derivatives (6a-6e) were synthesized as
potential targets for treatment of AD. The structures were
clarified by modern spectral techniques consisting of H
NMR, 3CNMR and HRMS. Cholinesterase assay displayed
that N-(4-chlorophenyl)-2-[(5-(allylamino)-1,3,4-
thiadiazol-2-yl)thio]-N-(3-nitrobenzyl) acetamide (6e) was
the most potent compounds against both AChE and BChE
with the ICso values of 8250 puM and 0.986 uM,
respectively. According to activity results, allyl group
enhanced both acetylcholinesterase and
butyrylcholinesterase inhibition. This might be due to the

binding interactions between compound 6e and the active
site of the cholinesterase enzymes.
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Zinc-ion hybrid supercapacitors (ZHSC) gain high traction due to the prosperous unification of batteries and
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supercapacitors. Especially with graphene discovery nano carbonaceous materials have been the most
investigated types in energy storage (ES) utilization including ZHSC. Among carbonaceous materials, graphitic
carbon nitride (g-CsNas) possessing polymeric layers, quasi graphene arouses extreme interest due to its low-

impact structure with economical yet chemical and mechanical stability inflicted by high nitrogen contents.
Herein, we aim to examine the g-CsNs doping effect on the electrochemical performance of hematite (a-Fe»0s)
for ZHSC application. The assembled ZHSC device managed to reach the potential window of 2.0 volts with an
efficient specific capacitance (Sc) of 280 F g at a current density of 1 A g*. Moreover, the highest energy and
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Introduction

Regarding the ongoing increase in energy
consumption, it is crucial to diversify energy resources
that are susceptible to depletion and to create efficient ES
systems for future utilization. Supercapacitors (SCs) are
among the most imminent electrochemical ES devices for
future energy systems due to their almost unlimited
lifespan,charge-discharge capability, and excellent power
density. However, the low energy density (ED) of SCs is the
main disadvantage limiting their utilization [1-14]. The
specific capacity can be boosted by battery-like redox
reactions, although, the aqueous electrolyte’s voltage
window is restricted by water decomposition. Therefore,
improving the voltage window of aqueous SCs is crucial to
obtaining high-performance SCs.

Recently, there has been a growing interest in metal
ion hybrid devices, such as those containing lithium (Li),
aluminium (Al), potassium (K), magnesium (Mg), and zinc
(Zn) metals [3, 15, 16]. These devices combine a battery-
like anode with a cathode that exhibits pseudocapacitive
properties, such as metal oxides, sulfides, or conductive
polymers. Zinc-ion hybrid batteries (ZIHB) and zinc-ion
hybrid supercapacitors (ZHSC) are prominent ion hybrid

power densities were 38.8 Wh kg™ and 20 kW kg™ respectively. With this remarkable efficiency, the a-Fe,0s/g-
C3N4 composite material can be considered a promising cathode material for ZHSC.

Keywords: Graphitic carbon nitride, Iron (l11) oxide, Zinc-ion hybrid supercapacitor.
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systems that excel in terms of their high capacity (819
mAh g) and low redox potential (Zn/Zn?*) (0.78 V against
Standard Hydrogen Electrode, SHE). These characteristics
are crucial for improving the ED of ES devices. In addition,
Zn is a more affordable and abundant metal (about 300
times greater than Li) that is also more reliable for usage
in aqueous-based electrochemical systems compared to
Li, Na, and K[11, 17].

Up to date, various materials have been utilized as
cathode material for SCs and ZHSCs applications including
especially carbon-based materials. Among carbonaceous
materials, graphitic carbon nitride (g-C3N4) with polymeric
layers, also known as quasi graphene, has piqued the
interest of researchers due to its low-impact structure
with no cost effect, as well as the chemical and mechanical
durability conferred by high nitrogen content [18, 19].

For instance, Zhou et al. formed flower-shaped
PANI/g-CsN4 hybrid material given the maximal Sc of 584.3
F g1, and the Sc degradation was just ~ 8 % after 1000
cycles [20]. Ragupathi et al. analyzed MnS electrochemical
features with the g-CsN4 effect and reported the highest
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Sc of 463.32 F g'* at the scan rate of 10 mV s with 98.6 %
retention after 2000 cycles [21] .

Herein, we aim to utilize the synergic effect of a-Fe>03
and g-CsNa for high-performance ZHSC. In the first step,
the electrochemical features of a-Fe20s3 and g-CsN4 were
scrutinized in three electrode system. When the Sc of pure
a-Fe,0z at a current density of 1 A g was 184 F g%, hybrid
material achieved 438 F g capable of operating at high
rates even at 20 A g. Moreover, the hybrid material's
cyclic stability was also better than pristine a-Fez0s3, the
degradation was 25 % while the degradation of the Sc of
a-Fe203/g-CaNg was 15 % after 5000 continuous cycles.
Afterward, the best-yielded composite electrode was
formed as the cathode electrode for ZHSC. The maximal
Sc was 280 F g at the current density of 2.5 A g* when
the highest ED and PD were 38.8 Wh kg, and 20 kW kg%,
respectively. Considering these excellent findings, the
resulting hybrid material is a viable cathode material for
aqueous ZHSCs.

Materials and Methods

Materials

Iron (Ill) chloride (FeCls, 99.0 %), sodium sulfate
(Naz2S04, 2 99.0 %), urea (CO[NHz]2, 98.0 %),potassium
hydroxide (KOH, = 85.0 %) nitric acid (HNOs, 65.0%) were
purchased from Merck (GERMANY). Sigma-Aldrich (USA)
was the supplier company for polyvinylidene fluoride
(PVDF, 99.9 %) and n-methyl-2-pyrrolidone (NMP, 99.0 %).
All chemical reagents and solvents for synthesis and
analysis were utilized without further purification and the
used deionized water (DI) was 18.2 MQ cm resistivity.

Synthesis of a-Fe;03

In particular, 3 mmol FeClz was dissolved DI. After
adding 1.6 mmol of Na:SO, this mixture was ultrasonically
sonicated for 1.5 hours. The resulting dark brown solution
underwent a six-hour hydrothermal treatment at 120 °C.
To get pure a-Fe:0s, the particles were centrifuged,
washed with DI and ethanol, vacuum dried at 90°C for 15
hours, then calcined at 450°C for 2.5 hours at a rate of 1°C
mintin flowing air[22].

Synthesis of g-CsN4

In a typical method, bulk g-C3Ns powders were
obtained after calcining 10 g urea for 4 h at 550°C at 30°C
mint heating rate in air in an enclosed muffle furnace. The
obtained bulk g-CsNs particles were then mixed
magnetically in 50 mL of HNOs3 (pH-1) aqueous solution
and heated to 90 °C for 8 hours. The sample was cleaned
with DI and ethanol to eliminate contaminants and bring
the pH level to 7, then vacuum dried for 15 hours at 85°C.
The acquired yellowish product was stored in a desiccator
pending use[23] .

Structural Characterization

The crystallographic conformation of the materials
was investigated using a Bruker AXS D8 X-ray powder
diffractometer with a simple cubic lattice and CU K
radiation (A = 0.15 nm), with the scan range (26) varying

from 5° to 90°. Fourier Transform Infrared Spectroscopy
(FTIR, Spectrum Two, Perkin-Elmer, USA) was applied to
screen the chemical bonds of the molecules. The
materials' morphology was examined using a Field
Emission Scanning Electron Microscope (FE-SEM, Gemini
550) and a Scanning Transmission Electron Microscope
(STEM, Gemini 550). Brunauer-Emmett-Teller (BET), and
(Barrett-Joyner-Halenda) BJH methods (Micromeritics,
Gemini Vii) were performed to obtain the pore size
distribution, total pore volume (TPV), and the specific
surface area (SSA) of the materials.

Electrochemical Characterization

Electrode fabrication and Tests

The electroactive materials (a-Fe203, a-Fe203/g-CaNa:
85 wt %, acetylene black: 10 wt %, and PDVF:5 wt % were
ultrasonicated in few drops of NMP solvent. Nickel foam
(NF) (1cm x 1cm) was chosen as the current collector. The
electroactive materials' slurry was dropped onto the NF
and vacuum dried at 95 °C for 12 h.When the active
components were obtained, they weighed around 1.5 mg.

Gamry Referance, 3000 Electrochemical Workstation
was utilized to check the cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS)
measurements. All three electrode analyses were
managed in 2M KOH aqueous electrolytes by using the
obtained materials as working electrodes, when silver
/silver chloride (Ag/AgCl), and platinum (Pt) foil (1x1cm)
were the reference, counter electrodes, respectively.
The following equations were used to measure the Sc
values of the electrodes at different scan rates, and
current densities

_ fI(V) dv
T vxmxAV

Ix At

Sc =
¢ T mxAV (2)

Where Sc(Fg?), [ 1(V) dV,v(mV s™), m(g), AV (V), | (A),
At (s) indicate the specific capacitance, the area under the
CV curve, scan rate, mass of the active material, potential
window, discharge current and, the average discharge
time, respectively.

The energy density (E,Wh kg?), and the power density
(P, W kg' ) were measured according to the following
formulas:

B Ccell x AV 2
T 2x36

p _ 3600xE
="t (4)
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Fabrication of ZHSC device

ZHSC was formed by using a-Fe:Os@g-CsNs as
cathode, Zn foil as both the anode and current collector in
2M KOH + 0.05 M ZnSQ, electrolyte at a potential range of
1.0-2.0V. Equations (2), (3), and (4) were used to measure
the Sc (F g?), the Ed (E, Wh kg?), and the Pd (P, W kg?) of
the ZHSC device.

Results and Discussion

Structural and Morphological Studies

X-ray diffraction (XRD) analysis was performed to
check the formation and phase character of the patterns.
In  Figure 2a the peaks detected at 25.50°
(012),34.56°(104), 37.04°(110),41.61°(113), 49.91°(024),
55.24°(116),58.14°(018), 65.2°(214) and, 68.4°(300) are
the characteristic peaks of a-Fe20s (JPCDS card no. 33-
0664) [11, 15, 24]. In Figure 1a the peaks at 20 values of
13.24° and 27.71° are diacritical peaks of the (100) and
(002) planes of g-CsNsand observed all idiosyncratic peaks
of a-Fe20s indicate a-Fe203/g-C3Na composite was formed
successfully [20, 21].

| w-- a-Fe,0,/ g-C3N,
— s ]
=5 = g
& A A A
>
w
=
2
£ ]
a- Fe,0,
] w 3 2. s
gl 2§ < S8
20 40 60 80
20 (degree)
(a)
=== a-Fe,0;/ g-C;N,
- vibration of triazine ring
S —
= T =z
S = o
w
5
g a- Fe,0,
=
o
=
o e
o v
4 o
1000 2000 3000 4000

Wavenumber (cm )
(b)
Figure 1. Structural characterization. (a) XRD patterns, and
(b) FTIR spectra of a-Fe203, a-Fe203/g-C3Na.

FTIR screening was carried out to investigate the
chemical production and chemical bonding of the
components. In Figure 1b (green line). the broad band at
3450 cm™ is considered to be the O-H stretching vibration.
The peaks depicted at 1640 cm™ and 1520 cm™® own

symmetric and asymmetric bending vibration of C=0. The
peak at 895 cm ! belongs to C-H stretching vibration, and
Fe-O stretching peaks were monitored at 480 and 562 cm’
1[25]. The presence of carbon peaks observed in the FTIR
analysis, despite the absence of carbon-containing
compounds in the structure, can be attributed to
impurities introduced during the measurement or the
carbon content present in the environment during the
calcining process. In Figure 1b (red line) vibrational peaks
of s-triazine units were observed at 821 cm™. The large
peaks in the area of 1250-1620 cm™ belong to C-N
stretching vibration of the heterocyclic ring. The peak at
1648 cm™is associated with the C=N stretching vibration
mode, whereas the wide peaks oriented at 2980 cm™ and
3467 cm™ might be related to the N-H and O-H vibrations
[23, 26-28]. The screened distinct peaks of a-Fe203
demonstrate that the a-Fe;03/g-CaNs combination
prosperously formed.

The pore chemistry of the patterns was determined by
N2 adsorption-desorption isotherms (Figure 2). The
specific surface areas (SSA) and total pore volume (TPV) of
a-Fe;0s3, a-Fe203/g-CsNa, are 5.66m? gt; 0.031 cm® g7,
11.92 m? g'%; 0.076 cm?3/g respectively. The SSA of a-Fe20s
was enhanced and nearly doubled, thanks to the high
porosity structure of g-CsNa, a-Fe20s/g-CsNa composite
has the highest pore volume (2~ wider than pristine a-
Fe203).

Em
0 35+ a-Fe,0,
?30_ —+—a-Fe,0, / g-C;N,
525-
D 201
o
‘615.
/]
T
<L 10 1
2
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0.08 -
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o

o

(=21
1

Pore Volume (cm 3/ g)
= S
I

o

(=]

o
1
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(b)
Figure 2. (a) Nitrogen adsorption-desorption isotherms of

a-Fe203, a-Fe203/g-C3Nas, and (b) BJH size distribution
plots of the patterns.
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In Figure 3 the surface morphology of the samples
examined by FESEM and STEM are presented. In Figure 3
[20] FESEM and STEM images of nanowire a-Fe,0Os3 are
shown which are dismantled with the addition of g-C3sN4

as seen in Figure 4 (c- d). Agglomerated and interwoven
particles also confirm the successful combination of the
materials.

Element % W

0 805
Fe 195

o A
" ' Y ? '
100 200 300 400 S0 600 00 800 900

10 Element %W
103 0 3549
l.' o
i} . 31.58
C 16.32
1004 N 843
1 o
] Mo
0]
40
0]
"o 200 300 400 500 500
200 nm

Figure 3. FESEM and STEM images of the samples. [20] a-Fe203 and, (c-d) a-Fe203/g-CsNa. (e) Individual elemental
mapping images of Fe, O, C, N,and spectra of EDX, respectively.

Electrochemical Studies

Cyclic voltammetry studies

The electrochemical characterization findings are
displayed in Figure 4. Figure4 (a-b) displays the
individual CV curves for each material at various scan
rates (20-50-100 mV s’1).

The area under the CV curves expands with the
increase in scan rates yet all samples still exhibit
obvious redox peaks. The Sc of the electrodes with
discrete scan rates was reckoned according to the
equation (1). It can be syllogized that the oxidation
and reduction peaks of a-Fe203/g-CsNs are more
distinct and the area under the CV curve is wider
(Figure 4a) [29-31]. The obtained highest Sc of a-
Fe;03 and a-Fe;03/g-C3sNs are 177 g'and 326 Fglin 2
M KOH at a scan rate of 5 mV s!. The other Sc
variations with different scan rates are exhibited in
Figure 5a.

Chronopotentiometry

Charge-discharge performance and stability after
long cycles of the electrodes after extended cycles at

various current densities at different current densities
(1 Ag*-20 Ag?) were checked by implementing GCD
measurements.

The proper potential window for the electrodes
was -0.1 to 0.40 V (vs. Ag/AgCl) in 2M KOH aqueous
electrolyte. On one hand, at low current densities
more electroactive interference between the
electrode surface and OH! ions causes an increment
on specific capacitance. On the other hand, at high
current density low interaction causes a decrease on
the specific capacitances.

Individual GCD curves and Sc variation with
different current densities are shown in Figure 4(c-d),
and Figure 5(b). The highest Sc, calculated via
equation (2), for all electrodes are obtained at a
current density of 1 A g'l. We can declare that with the
addition of g-CsN4 charge-discharge time of a-Fe:0s
increased significantly. Therefore, the composite a-
Fe203/g-CsN4 has higher Sc at the same current
densities as shown in Figure (5b).
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Figure 4. Electrochemical measurement results of the a-Fe203, and a-Fe203/g-C3sNa. [20] CV curves, (c-d) GCD curves.

As shown in Figure 5(c) a long-term When the retention of a-Fe.03 were 75 % ,the retention
chronopotentiometry experiment at a current density of  of a-Fe203/g-CsNs were 85% in 2M KOH electrolyte
20 Ag* for up to 5000 cycles was undertaken to further indicating g-CsN4 addition improve the cyclic stability of a-
investigate the electrodes' long-term cyclic stability. Fe20s.

375 = 500
- a-Fe,0; e [ a-Fe,0, B o-Fe.0;
I'E, S I a-Fe:00/g-CsN« zmg. I o-Fe01/g-CoNs [ o-Fe:0:/g-C:Ns L10u
S 272 o
1] 320
g 530 ; 3
s -~
L Q c
g 8 S
s © 20 100 €
3] O ‘:-:-
g - &
[} 1004
: H
5 20 50 100 T 25 5 10 20
Scan Rate (mVs™) Current Density (A g ey,
(a) (b) (c)
Figure 5. (a) Sc variation with different scan rates, (b) GCD curves, (c) Long term cyclic stabilities after 5000 cycles.
Electrochemical impedance spectroscopy (EIS) frequencies ranging from 0.01 to 100 kHz. The low-

The electrochemical impedance spectroscopy (EIS) frequency area controls the barrier to ion diffusion while
was used to examine the kinetics of ion and charge the high-frequency region specifies the charge
transmission behavior of the electrodes at high and low transmission [32, 33].
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lon diffusion between the electro-active area of the
electrode and electrolyte intersection generates an extra
line entitled the Warburg line. In Figure 6 the Nyquist plots
of a-Fe20: and, a-Fe0s3/g-CsN4 are illustrated. It is
possible to deduce that a-Fe:0s has the lowest charge
transport resistance (Rct) and equivalent series resistance
(Rs), which rose with the addition of g-CsNs, showing that
N-inclusive functional groups aroused extra resists.

100
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T 504
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Figure 6. Nyquist plots at low (a) and high (b) frequency
(The inset shows the zoom-in of Nyquist plots and,
equivalent circuit model).

Electrochemical performances of the Zinc-ion hybrid
supercapacitor

The formation of a highly efficient ZHSC device was
achieved through the consolidation of a battery-type zinc
anode and an a-Fe203/g-C3N4 cathode in a 2M KOH + 0.05
M ZnSO, electrolyte within the potential range of 1.0-
2.0V. Figure 7 (a) shows the symbolic representation of
the ZHSC device. Figure 7 (b) displays the CV curves of the
device at various scan rates. The obvious redox peaks
confirm the device has a high pseudocapacitive nature.
The Scs of the device were measured by Equation (2).
When the recorded highest Sc was 280 F g'* at the current
density of 2.5 A g, the minimum Sc was 80 F g? at the
current density of 40 A g*. In Figure 7 (c) GCD curves with
various current densities are shown. After 10000
continuous cycles, the retention was 74%.

60
a-Fe;0;3/g-C3Ny /[ Zn Foil ¢

ko PSS
$ ====50 mVs'
=y ----100mvs’
@ 20 -
c
[
]
£
g 0
=3
Q

.20 4

1.2 1.6 20
Voltage (V vs. Zn*% Zn)
(b)

§Z

a-Fe;03/g-CsNy // Zn Foil

Voltage (V vs.Zn*%Zn)
i

1.0 - r T
0 40 80 120
Time (s)
(c)
100 74 %
__ 80
£
& 6o
=
4
[T
S 40
4
20
2500 5000 7500 10000
Number of Cycles
(d)

Figure 7. Electrochemical performance of the ZHSC
device. (a) schematic representation of the ZHSC
device, (b) CV curves at various scan rates of the ZHSC
device, (c) GCD curves at various current densities of
the ZHSC, (d) Long term cyclic stability after 10000
cycles.
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The Nyquist plot in Figure 8 (a) notes that the device  or better than the previously documented outcomes for
owns a low Rs of 3.2 Q, and Rct of 3.8 Q. The Ragon plot  a-Fe203 symmetric and asymmetric supercapacitor (SSC,
indicates the ED and PD of the ZHSC are in the region of  ASC) devices. These results are summarized in Table 2,
the ionic supercapacitor, as seen in Figure 9 (b). In Table1  which includes information on the SC (device),
the ED (E, Wh kg?), and the PD (P, W kg?) of the ZHSC electrolyte, potential range (V), ED (Wh kg '), PD (W kg?
device is recorded. The obtained results are comparable ), and cyclic stability.
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Figure 8. (a) Nyquist plots at low frequency, (b) Ragone plot of the ZHSC
Table 1. Energy and power densities of the zinc ion hybrid supercapacitor at different current densities
Energy density/Power density (ED/PD) (Wh kg™/ W kg™)
Current density 2.5Ag? 5Ag? 10 Ag? 20 Ag? 40 Ag?
Energy density 38.8 27.7 194 16.6 11.1
Power density 1250 2500 5000 10.000 20.000

Table 2. Comparative Device Performance of Previously Reported a-Fe;0s3 Energy Storage Devices
SC Potential ED PD Stabilty (%)

# Device configuration (Device) Electrolyte range (V) (Whkg?) (Wkgl) /cycles Ref.
a-Fe;0;@CDs // 2 M KOH // . .

1 BIOCI (ASC) 251 FgtatlAg 2M KOH 0-1.8V 28 383 83/10.000 [15]
) ) 81.17/

2 MoOs-Fe;03//AC [2] 216.7Fglat1Ag? 3M KOH 0-1.2 43.3 600 5 000 [34]
RGO // (1-F8203@C802 1 1 87.5/

3 (ASC) 50 F glat 0.5Ag 2M Na,SO04 0-1.5 15.62 781 2,000 [35]

o-Fe;03/Mn0,/rGO//rGO i _1 PVA/KOH gel- 91/

4 (ASC) 97FglatlAg e 0-1.4 26.4 2099 5.000 [36]
. i i 92.4/

6 Fe,03@NilCol-S//AC (ASC) 123.1FglatlAg? 3 M KOH 0-1.6 43.8 810 10.000 [37]
. i i 94,52/

7  o-Fe;03/NiO/rGO // AC [2] 130Fglat1Ag? 6 M KOH 0-1.4 35.38 558 5,000 [38]

=2 -
8 Ny COPmFE e MAGH PAICLIES: 6 o 124 312 85/10.000 [39]
2 electrolyte
9 Fe,03-P//Mn0O, (ASC) - 1M Na,SO4 0-1.6 57.3 1404 980850 [40]
. 2M KOH + 74/ This
- y -1 -1 .
10  a-Fe;03/g-CsNs // Zn Foll 280Fglat2.5Ag 0.05 M ZnSO. 1.0-2.0 38.8 1250 10.000 work
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Conclusions

To summarize, the purpose of this research was to
investigate the electrochemical characteristics of g-CaNa
doped a-Fe20s for ZHSC applications. In the first step the
composite material analyzed was done in three-electrode
set up after the maximum conditions were optimized.
Thereafter, the best yielded a-Fe>03/g-CaNs material was
formed as cathode for ZHSC device when zinc foil was the
both anode, and current collector. The performed ZHSC
device ably reached the potential window of 2.0 volts with
a high Sc of 280 F g at a current density of 2.5 A g.
Additionally, the obtained maximum Ed and Pd were 38.8
Wh kg and 20 kW kg?, respectively. This enhanced cell
shows promise when compared to previous studies in the
literature, as it exhibits a better power density with a
wider working potential than asymmetric
supercapacitors. Moreover, owing to these remarkable
results, a-Fe203/g-CaNa might be considered an appealing
option for the cathode material in ZHSC.
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Introduction

Free radicals are highly very and unstable molecules
with one or more unpaired electron in valency shell. They
attack to other compounds to abstract electrons due to
their electron deficiency [1,2]. Targets of free radicals are
important macromolecules including lipids, nucleic acids
and proteins. The attacked molecule loses its electron and
becomes a free radical itself, initiating a chain reaction
cascade therefore damaging cells and tissues in the body
[3-5].

There are other reactive species that can oxidize
compounds including reactive oxygen species (ROS) and
reactive nitrogen species (RNS). Antioxidant defense
system is capable of reduce the amount of these free
radicals in the body, otherwise, excessive generation of
these reactive species leads to a condition known as
oxidative stress [6,7]. Oxidative stress is a common
denominator in several chronic and degenerative diseases
such as atherosclerosis, cancer, rheumatoid arthritis,
chronic fatigue syndrome, Alzheimer’s, Parkinson’s,
Huntington’s, amyotrophic lateral sclerosis, and multiple
sclerosis [8-16].

There are several hypotheses for  the
neurodegeneration process of Alzheimer’s Disease (AD).
According to the amyloid hypothesis, the accumulation of
AB in the brain initiates the onset and progression of AD.
In the brain of patients with AD, there is often a significant
extent of oxidative damage related to the deposition of
extracellular amyloid-B (AB) plaques and intracellular tau
neurofibrillary tangles. Thus, AB is a major target in the
therapy of AD. However, the etiology mechanisms
underlying factors initiate AB aggregation are not clear yet
[17,18]. Cholinergic hypothesis, the oldest known
hypothesis for the neurodegeneration process in AD,

(JJtugba.ercetin@emu.edu.tr

potent antioxidant activity with an ICso value of 43.91 + 0.021uM. Among the synthesized compounds,
compound 2b was found as the most potent antioxidant agent.

Keywords: Thiosemicarbazone, AChE, BuChE, Antioxidant.
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suggests that there is a reduced rate of production and
transportation of the neurotransmitter acetylcholine in
the brains of individuals suffering from AD. Cholinesterase
inhibitors such as donepezil, galantamine and
rivastigmine increase the quantity of acetylcholine at
cholinergic synapses by counteracting the effects of these
acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE) [19, 20].

Thiosemicarbazones are sulfur and nitrogen-
containing compounds with potential pharmacological
activities, resulting in significant attention in the field of
medicinal chemistry. Thiosemicarbazone derivatives have
been reported to be potent metal chelators both in vitro
and in vivo. Metal ions such as Cu, Zn and Fe are
associated with metal-induced AP fibrils aggregation in
the pathogenesis of AD, thus metal ion chelators may
serve as therapeutic agents [21-23]. Thiosemicarbazones
have been also reported as antioxidant and cholinesterase
inhibitors [24-28]. Due to the multifactorial nature of AD,
here, we report the synthesis of potential multi-targeted
compounds  with  cholinesterase inhibitory and
antioxidant effects.

Materials and Methods

Chemistry

Synthesis of 2-[(3-methylthiophen-2-yl) methylidene]
hydrazine-1-carbothioamide (1)

2-Methylthiophene-2-carbaldehyde and thiosemicarbazide
were dissolved in ethanol. The mixture was refluxed for three
hours. After this time, the mixture was set in an ice bath and the
precipitated product was filtered.
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General synthesis of target 2a-2f compounds
Compound 1 and appropriate aldehyde derivative
were dissolved in ethanol. Following that, the mixture was
refluxed for five hours. After this time, the mixture was set
in an ice bath and the precipitated product was filtered.
2-((3-Methylthiophen-2-yl)methylene)-N-(5-methylfuran-2-
yl)methylene)hydrazine-1-carbothioamide (2a): Yield: 74 %, M.p.=
194.1 °C. 'H-NMR (300 MHz, DMSO-ds): &: 2.26 (6H, s, CHs), 6.93-
6.95 (2H, m, Aromatic CH), 7.42-7.44 (1H, m, Aromatic CH), 7.53-
7.55 (1H, m, Aromatik CH), 8.17 (1H, br.s., Aromatik CH), 8.35 (1H,
s, Aromatik CH), 11.29 (1H, s, NH). *C-NMR (75 MHz, DMSO-ds):
6=13.27,14.94, 127.10, 127.20, 129.59, 129.68, 130.26, 132.48,
132.54, 136.56, 138.72, 140.54, 177.68.
2-((3-Methylthiophen-2-yl)methylene)-N-(5-nitrofuran-2-
yl)methylene)hydrazine-1-carbothioamide (2b): Yield: 78 %, M.P.=
150.1 °C. *H-NMR (300 MHz, DMSO-ds): &: 2.28 (3H, s, CHs), 6.95
(2H, s, Aromatic CH), 7.44-7.55 (2H, m, Aromatic CH), 8.17-8.36
(2H, m, Aromatik CH), 11.30 (1H, s, NH). BC-NMR (75 MHz, DMSO-
ds): 6= 14.11, 116.65, 120.53, 123.65, 126.03, 128.40, 131.38,
134.28,137.65,140.91, 166.41, 188.04. HRMS (m/z): [M+H]" calcd
for C12H10N403S;: 323.0267; found: 323.0270.
2-((3-Methylthiophen-2-yl)methylene)-N-(5-
hydroxymethylfuran-2-yl)methylene) hydrazine-1-
carbothioamide (2c): Yield: 79 %, M.P.= 98.6 °C. *H-NMR (300
MHz, DMSO-ds): &: 2.27 (3H, s, CH3), 4.50 (2H, s, CHz), 6.60-6.61
(1H, m, Aromatic CH), 6.93-6.95 (1H, m, Aromatic CH), 7.42-7.44
(1H, m, Aromatik CH), 7.54-7.55 (2H, m, Aromatik CH), 8.16-8.19
(1H, m, Aromatik CH), 8.35 (1H, s, Aromatik CH), 11.30 (1H, s, NH).
BCNMR (75 MHz, DMSO-dg): 6= 14.88, 56.39, 125.40, 127.10,
127.20, 129.58, 129.68, 130.26, 132.48, 136.55, 138.77, 140.53,
177.68. HRMS (m/z): [M+H]* calcd for CisH13N302S2: 308.0522;
found: 308.0517.
2-((3-Methylthiophen-2-yl)methylene)-N-((thiophen-2-
yl)lmethylene)hydrazine-1-carbothioamide (2d): Yield: 69 %, M.P.=
201.1°C. 'H-NMR (300 MHz, DMSO-de): &: 2.26 (2H, s, CHs), 6.93-
6.95 (1H, m, Aromatic CH), 7.41-7.44 (1H, m, Aromatic CH), 7.53-
7.55 (1H, m, Aromatik CH), 7.81 (2H, s, Aromatik CH), 8.15-8.17
(1H, m, Aromatik CH), 8.35 (1H, s, Aromatic CH), 11.30 (1H, s, NH).
BC-NMR (75 MHz, DMSO-ds): 6= 15.13, 127.15, 129.58, 130.14,
130.34, 132.40, 132.67, 136.59, 138.79, 140.32, 140.65, 177.66.
2-((3-Methylthiophen-2-yl)methylene)-N-(5-methylthiophen-
2-yl)methylene)hydrazine-1-carbothioamide (2e): Yield: 70 %,
M.P.= 190.0°C. 'H-NMR (300 MHz, DMSO-de): &: 2.26 (6H, s, CHs),
6.93-6.95 (1H, m, Aromatic CH), 7.43-7.46 (1H, m, Aromatic CH),
7.54-7.55 (1H, m, Aromatik CH), 8.17-8.19 (1H, m, Aromatik CH),
8.35 (2H, s, Aromatik CH), 11.30 (1H, s, NH). 3C-NMR (75 MHz,
DMSO-de): 6= 13.26, 14.97, 126.42, 127.10, 127.20, 129.58,
129.68, 130.26, 132.48, 132.54, 136.52, 138.75, 177.68. HRMS
(m/z): [IM+H]" calcd for C13H13N3Ss: 308.0344; found: 308.0359.
2-((3-Methylthiophen-2-yl)methylene)-N-(3-methylthiophen-
2-yl)methylene)hydrazine-1-carbothioamide (2f): Yield: 71 %,
M.P.= 185.6 °C. 'H-NMR (300 MHz, DMSO-ds): 6: 2.27 (6H, s, CHs),
6.94-7.02 (2H, m, Aromatic CH), 7.43-7.67 (2H, m, Aromatic CH),
8.17-8.35 (2H, m, Aromatik CH), 11.30 (1H, s, NH). 2C-NMR (75
MHz, DMSO-de): 6=14.94, 16.51, 127.11, 128.40, 129.59, 130.26,
131.37, 132.48, 136.55, 137.65, 138.76, 140.52, 177.72. HRMS
(m/z): [IM+H]"* calcd for C13H13N3Ss: 308.0344; found: 308.0349.

Cholinesterase Inhibition Assay

Inhibition potential of acetylcholinesterase and
butyrylcholinesterase was determined by Ellman’s
modified spectrophotometric technique [29]. “Equine
serum BuChE” (EC 3.1.1.8, Sigma) and electric eel AChE
(Type-VI-S, EC 3.1.1.7, Sigma) enzymes were employed.
The reaction’s substrates were butyrylthiocholine
chloride and acetylthiocholine iodide obtained from
Sigma Aldrich at Saint Louis, USA. 5,5'-Dithiobis(2-
nitrobenzoic acid) (DTNB, Sigma Aldrich at Saint Louis,
United States America) was also used as a coloring
reagent. The reaction mixture contained 50 mM Tris HCI
buffer (pH 8.0), 6.8 mM DTNB, 10 ul of BuChE/AChE
solution, and 2 upl of sample solutions in a 96-well
microplate. Following that, acetythiocholine chloride or
butyrylthiocholine chloride was added in 10 pul amount to
the respective AChE or BUChE enzyme solution to start the
enzymatic reactions. The hydrolysis of acetylthiocholine
iodide/butyrylthiocholine chloride was monitored by the
formation of yellow 5-thio-2-nitrobenzoate anion from
the reaction of DTNB with thiocholine. This reaction
catalyzed by enzymes and recorded at 412 nm, utilizing a
96-well microplate reader (Varioskan Flash, Thermo
Scientific, USA). The reaction mixture was incubated for
15 min at 27 °C. Periodic test lasting 75 seconds was
obtained. The Varioskan Flash software’s Skanlt Software
2.4.5 RE was used to assess the measurements and
computations. By comparing the sample reaction rates to
those of the blank sample (DMSO and methanol) and
applying the formula (E-S)/E x 100 (E: the activity of the
enzyme without the test sample, S: the activity of the
enzyme with the test sample) the percentage of AChE and
BuChE inhibition was calculated. Three replicates of each
experiment were conducted. Galantamine hydrochloride
obtained from the Sigma-Al, USA has been utilized as a
reference material.

Antioxidant Activity Assay

Ferrous ion-chelating effect

The ferrous ion-chelating effect of all the synthesized
compounds 2a-2f and reference galantamine was
measured through the method of Chua [30]. In brief,
various dilutions of compounds were dissolved in ethanol
(80%). After that 2 mM FeClz solution (200 pL) was added
and the mixture was incubated. 800 uL of 5 mM ferrozine
(Sigma, St. Louis, MO, USA) was added into the mixture to
start the reaction. The mixture was left standing at
ambient temperature for 10 min. The absorbance of the
reaction mixture was evaluated at 562 nm using a Unico
4802 UV-visible double beam spectrophotometer (USA)
against ethanol (80%) as blank. The inhibition ratio of

ferrozine-Fe?* complex formation was calculated
according to following equation:

1% = [(Ablank - Asample)/Ablank] x 100

Aviank: the absorbance of the control reaction

(containing only FeCl2 and ferrozine)
Asample: the absorbance of the compounds/reference

520



Cumhuriyet Sci. J., 45(3) (2024) 519-523

Rutin and butylated hydroxytoluene (BHT) were used
as references and they were obtained from Sigma Aldrich
(USA) in this assay. Analyses were run in triplicates and the
results were expressed as average values with S.E.M.
[31,32].

DPPH Radical Scavenging Activity Assay

Blois’s UV method [33] was utilized to measure the
2,2-diphenyl-1- picrylhydrazyl (DPPH) radical scavenging
activity of the compounds. 40 uM and 100 uM
concentrations of the tested compounds and gallic acid
(reference) were prepared in 20 pL methanol. 180 uL of
0.15 mM DPPH solution in methanol was added to each
solution. The rest amount of DPPH was measured at 520
nm using a Unico 4802 UV-visible double beam
spectrophotometer against ethanol (80%) as blank. The
percent DPPH radical scavenging activity was calculated as
given below:

1% = [(Acontrol - Asample)/AcontroI] x 100
Acontrol: the absorbance of the control reaction
Asample: the absorbance of the compounds/reference

Experiments were run in triplicate and the results were
expressed as average values with S.E.M. (standard error
mean).

o S

CH3

23, R: 5-methylfuran-2-yl; 2b, R: 5-nitrofuran-2-yl
2c, R: 5-hydroxymethylfuran-2-yl; 2d, R: thiophen-2-yl
2e, R: 5-methylthiophen-2-yl; 2f, R: 5-nitrothiophen-2-yl

Results and Discussion

Chemistry

Herein, a novel series of thiosemicarbazones (2a-2f)
were synthesized according to the two-steps synthetic
procedure as illustrated in Scheme 1. Firstly, intermediate
thiosemicarbazone compound 1 was afforded via the
reaction of starting material 3-methylthiophene-2-
carbaldehyde with thiosemicarbazide. In the second step,
target thiosemicarbazone compounds 2a-2f were
synthesized in good yields through the reaction between
compound 1 and various commercially available
heterocyclic aldehydes.

In the *H NMR spectra of the compounds (2a-2f), the
protons belonging to CHs group attached to thiophen ring,
were observed at between 2.26-2.28 ppm. NH protons of
thioamide structure were detected at between 11.29-
11.30 ppm. The other aromatic and aliphatic protons were
observed at the expected regions. In 3C NMR spectra of
the compounds, peaks due to all aliphatic and aromatic
carbons were in accordance with the chemical structures
of the compounds. In our previous study [34], In the *H
NMR spectra of the compounds, the protons belonging to
N=CH, and CO-NH were detected as paired peaks with
respect to the presence of the E and Z forms of the
compounds. Also, In the 3C NMR spectra of the
compounds, the carbons belonging to -N=CH- were
observed as paired peaks due to E and Z isomer forms.
Accordingly, it can be claimed that title compounds (2a-
2f) were obtained as a single isomer.

s )J\ . s \N/NH\H/NHZ
1
\ H o+ jN NHNH, —— > Q/\ )
CH, L

S NH Nx_ R
\N/ \H/ X
e
S
CH,

2a-2f

Scheme 1. Synthesis of thiosemicarbazide 1 and thiosemicarbazones 2a-2f. (i) Ethanol, reflux; (ii) aldehyde derivatives,

ethanol, reflux

Anticholinesterase Activity

The newly prepared thiosemicarbazones 2a-2f were
screened in vitro for their ability to inhibit cholinesterase
enzymes (AChE and BuChE) using Ellman’s method with
minor modifications [31]. The inhibition potencies of the
compounds were compared to the well-known AChE
inhibitor galantamine. The results were presented in Table
1. At the concentration of 50 uM, Galantamine showed
anti-AChE and anti-BuChE activity with 97.89% and
62.48%, respectively. In the series, compound 2c
demonstrated the most inhibitory activity against AChE
with 18.29%. Tested compounds showed weak inhibitory
activity against cholinesterase enzymes.

Table 1. % Cholinesterase inhibitory activities of the
synthesized compounds 2a-2f at 50 uM reaction
concentrations.

Compound AChE BuChE

2a 3.68 £ 0.009 NA*
2b 11.86 + 0.002 NA
2c 18.29 £ 0.013 4.86 + 0.006
2d 16.96 + 0.009 7.18 £ 0.002
2e 14.80 + 0.005 NA
2f 7.27 £ 0.006 NA

Gal HBr 97.89 £+ 0.01 62.48 £+ 0.01

*NA: non-active
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Antioxidant Activity

Ferrous ion-chelating effects

The ferrous ion chelating activities of the compounds
2a-2f, rutin and BHT are shown in Table 2. The results
showed that the compounds 2a, 2b and 2e demonstrate a
marked capacity for iron binding. The ferrous ion-
chelating activity of the most active compounds and
references decreased in the order of rutin >2b >2a > 2e >
BHT, which were 13.21, 5.26, 4.13, 2.59 and 2.57 (%), at
50 UM concentration, respectively.

DPPH radical scavenging activity

The DPPH radical-scavenging activity of the newly
synthesized compounds 2a-2f was determined using gallic
acid as a reference and ICso of the most active compounds
were calculated (Table 2). According to the results,
compounds 2b, 2c and 2f indicated free radical-
scavenging effects of 59.25%, 41.28% and 43.95%,
respectively, compared with that of gallic acid of 70.29%
at a concentration of 50 LM ICso values of the most potent
compounds 2b, 2c and 2f were found 43.91, 59.26, 58.01
UM, respectively, while that of gallic acid was found 29.48
MM It can be claimed that 5-nitrofuran (2b), 5-
hydroxymethylfuran (2c) and 5-nitrothiophene (2f) groups
have a positive contribution on the DPPH radical-
scavenging activity.

The -NH group of thiosemicarbazone scaffold in the
structure of 2a-2f compounds, is thought to react with
DPPH free radicals by giving hydrogen atom according to
the (DPPHe + R-NH - DPPH-H + R-Ne) reaction. It can be
stated that weaker hydrogen bonds are necessary for
higher antioxidant activity. In the light of this, nitro (-NO)
group bearing compounds 2b and 2f and hydroxymethyl (-
CH20H) possessing compound 2c showed the strongest
DPPH radical-scavenging activity of all the tested
compounds. Because the bond strength between nitrogen
and hydrogen atoms weakens in the presence of electron-
withdrawing groups near the donor atom, which causes
easier loss of the hydrogen atom. [35]

Table 2. DPPH free radical-scavenging activity and ferric
ion chelating effect (inhibition % + S.E.M) of
synthesized compounds at 50 uM and ICso values (LM)

Compound DPPH ION CHELATING  ICso (DPPH)
Hm
2a 26.65 +0.014 4.13 +0.003 > 60
2b 59.25 +0.021 5.26+0.001  43.91+0.021
2c 41.28 +0.005 NA* 59.26 + 0.005
2d 26.43 +0.004 0.62 +0.001 > 200
2e 39.87 +0.023 2.59 +0.002 > 200
2f 43.95 +0.032 0.54+0.001  58.01+0.032
Gallic Acid  70.29 + 0.005 4.13 +0.003 29.48 +0.014
RUTIN - 13.21 + 0.007 -
BHT - 2.57 £ 0.004 -

*NA: non-active

Conclusions

In this study, six thiosemicarbazone derivative were
synthesized and examined in terms of anti-cholinesterase
and antioxidant activities. All tested compounds showed
weak inhibitory activity against cholinesterase enzymes.
The ferrous ion-chelating activity of the compounds 2a, 2b
and 2e were higher than reference BHT at 50 uM
concentration. In addition, compounds 2b, 2c and 2f
containing electron-withdrawing groups showed more
effective antioxidant activity than the reference drug
according to the DPPH method.
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This study includes a simple electrodeposition technique for the fabrication of ZnSe thin film at room
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temperature and in an agueous medium without additional complexing agents. Comprehensive analysis of the
optical, structural, and morphological characteristics of the ZnSe thin film electrodeposited onto an ITO
substrate was conducted using UV-Vis spectrometry, X-ray diffraction (XRD), Raman spectroscopy, Fourier

transform infrared spectroscopy (FT-IR), and field emission—scanning electron microscopy (FE-SEM).
Furthermore, the photoelectrochemical properties were evaluated through current-time (I-t) measurements
and electrochemical impedance spectroscopy (EIS) under light on/off conditions. Mott-Schottky analysis was
also performed to determine the conductivity type, carrier concentration, and flat band potential of the ZnSe
thin film. Structural investigations revealed that the ZnSe thin film has a hexagonal structure, the longitudinal
optical (LO) phonon mode, stretching and bending vibration modes of Zn-Se. The carrier type of the ZnSe thin
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Introduction

Metal chalcogenides represent a crucial class of
semiconductor materials, drawing substantial interest
owing to their diverse applications in optics and
electronics. Modern electronic devices,
transistors, diodes, integrated circuits, photovoltaic cells,
and other solid-state components, rely on thin-film
materials. These materials are often made from metal
chalcogenides. Zinc Selenide (ZnSe) that belongs to the II-
VI metal chalcogenide family is a significant material in
many technological applications because of its broad

such as

optical transmission range from the visible to the far
infrared region (0.5-22 um), high transparency,
semiconductor properties, and mechanical durability.
ZnSe is used for CO2 lasers, and infrared (IR) optical
systems such as lenses, mirrors, and windows [1,2]. Due
to its direct and wide energy band gap of 2.7 eV and its
semiconductor properties, ZnSe thin films are also
important materials for use in optoelectronic devices,
light-emitting technologies, and as a buffer or window
layer in thin film solar cells [2-5].

Many deposition techniques have been explored to
fabricate ZnSe thin films such as chemical bath deposition
(CBD) [6,7], closed space sublimation [8,9], pulsed laser
ablation deposition (PLAD) [10], and electrochemical
deposition (ECD) [11-14]. Among these, ECD has emerged
as a particularly noteworthy technique for growing
semiconductor films, offering advantages such as cost-

film was identified as n- type semiconductor and photoelectrochemical measurements exhibited a
photoresponse under the light illumination.

Keywords: Electrodeposition, ZnSe, Characterization, Mott-Schottky, Photoelectrochemical measurements.

effectiveness, controllability of film properties (such as
thickness, morphology, and structure), and the ability to
produce large-area devices at low temperatures [3,4,15].
In the ECD method, the properties of the films can be
controlled by adjusting various parameters such as
applied potential, electrolyte composition and
concentration, pH, temperature and deposition time
[2,3,15]. The ZnSe thin films were synthesized by ECD
method conducted within a temperature range of 50 to 75
°C successfully in earlier studies [3-5,13,15,16].

The ZnSe thin films were deposited on ITO substrates
at room temperature by ECD and without additional
complexing agents in this study. The comprehensive
characterization of ZnSe thin films were carried out with

optical, structural, morphological, and
photoelectrochemical  analysis.  Additionally, the
determination of the «carrier type in the ZnSe

semiconductor thin film was achieved through Mott-
Schottky analysis.

Materials and Methods

The electrochemical deposition of the ZnSe film onto
an ITO substrate was achieved in aqueous solution
including 0.1 M ZnCl2 and 0.1 mM SeO: employing the
chronopotentiometry technique cathodically. The pH of
the solution adjusted to ~2 using 1 M HCI and the ECD was
carried out at a constant cathodic current of 0.1 mA with
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two 30-minute electrodeposition cycles (near -0.65 V) at
room temperature. Before coating the ITO substrate and
after each deposition cycle, the electrodeposited ZnSe
films on the ITO substrates were rinsed with ethanol and
ultrapure water, and then dried with an air drier.

To determine the energy band gap value of the ZnSe
film, a Shimadzu UV-1100 spectrometer was used. The
structural analysis of the ZnSe film was performed using a
Rigaku Smart Lab X-ray diffractometer (XRD) with CuKa
radiation (A = 1.54 A), an In Via Qontor Raman
spectrometer, and a Perkin ElImer UATR Two Fourier
transform-infrared (FT-IR) spectrophotometer.
Morphological analysis was conducted using a FEl
Quanta 650 field emission scanning electron microscopy
(SEM) instrument.

The electrochemical (EC) measurements such as
current-time (I-t) curves and electrochemical impedance
spectroscopy (EIS) were carried out in a 0.1 M KCl solution
with a three-electrode system using the CHI-660 D
electrochemical workstation. The platinum foil as the
counter electrode, the Ag/AgCl (3 M KCI) as the reference
electrode, and the ZnSe-coated ITO substrate were
employed as the working electrode. lllumination during
EC measurements was provided by a Kessil H150 model
150 W Blue LED light source (390 nm). The
electrochemical impedance spectroscopy (EIS)
measurements were performed within a frequency range
from 100 kHz to 1 Hz at the cathodic potential of 0.05 V
with an amplitude of 5 mV.

Results and Discussion

Optical Properties

The UV-Vis spectrometer was used to determine the
optical properties of the ZnSe semiconductor thin film.
The energy band gap of the ZnSe thin film was determined
using the relationship between the absorption coefficient
and photon energy as given below:

n
_ v =Ey) W
hv

Here, a represents the absorption coefficient, A
denotes a constant, hv stands for the photon energy,
Egrepresents the energy band gap, and n equals 1/2
because of the direct transition. The plot of a ? versus hv
is given in Figure 1. The E; value of the film was
determined by extrapolating the linear portion of the
graph onto the energy axis (where @ ?=0). The Eg4 value of
the ZnSe thin film was found as 2.39 eV which below the
bulk energy band gap value of ZnSe (2.7 eV) [2-4,11].
There are also studies in the literature where the Ejvalue
is below 2.7 eV [2,4,5,15,17].

8
5 x10
4+
a3
=
NS
G 2
1t
0 . . ‘ ‘
1 1.5 2 2.5 3
Energy (eV)
Figure 1. The a2 - hv graphs of the ZnSe thin film on ITO
substrate.
Structural Properties

To conduct structural analysis of the ZnSe thin film,
XRD measurements were performed scan range from 20°
to 80°. The XRD pattern depicting the ZnSe film is
presented in Figure 2. The crystal structure and miller
indices of the ZnSe film was determined using Joint
Committee on Powder Diffraction Standards cards. The
diffraction peak at 26 = 21° is related to the ITO (PDF Card
No.: 01-089-4598). The diffraction peaks at about 30°, 37°,
50°, and 60° were matched with PDF Card No.: 015-0105
which is expressed to the hexagonal crystal structure of
ZnSe. The diffraction peak at about 35° is indicated the
hexagonal crystal structure of the ZnSe which matched
the 01-073-6558 card number. The peak at ~32° was
determined to belong to the cubic crystal structure of the
ZnSe (PDF Card No.: 01-070-0777). The data obtained
indicates that the ZnSe film mostly possesses a hexagonal
crystal structure. There are many studies made in aqueous
solution by electrodeposition using temperature > 50 °C.
Though most of them has cubic crystal structures
[4,5,11,12,15], there are some studies with hexagonal
structures [16,17].

The average grain size (D), dislocation density (&), and
strain value () of the ZnSe thin film were calculated by the
following equations.

I KA @
kL™ Bcos6
5=
Df (3)
Bcosb
= 4
£ 2 (4)
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K denotes a constant, with a specific value set at 0.9.
The parameter [ represents the Full Width at Half
Maximum (FWHM) measured in radians. The symbol
A signifies the wavelength of the utilized X-ray, while 0
denotes the Bragg angle [18-21]. All parameters were
calculated for the diffraction peaks observed in the ZnSe
thin film and given in Table 1.

250
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=
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20 30 40 50 60 70 80

2-theta (degree)

Figure 2. The XRD pattern of the ZnSe thin film on ITO
substrate.

Table 1. The average grain size (D), dislocation density (),
and strain value (g) of the ZnSe thin film on ITO
substrate.

(hkl) Crystal System D ) &
(hm)  (10%° lines/m?) (103)
(101) Hexagonal 11.76 7.228 2.9
(200) Cubic 7.67 16.99 4.5
(002) Hexagonal 27.79 1.295 1.25
(102) Hexagonal 22.68 1.945 1.53
(103) Hexagonal 16.28 3.775 2.13
(202) Hexagonal 45.70 0.479 0.76

The vibrational and electronic states of the ZnSe film
were investigated by Raman spectroscopy which is
providing to characterize the materials with a non-
destructive technique. The Raman spectrum of the
electrodeposited ZnSe film was given in Figure 3 within
the Raman shift range from 150 cm™ to 600 cm™. There is
a peak seen at 249 cm™ attributed to the longitudinal
optical (LO) phonon mode of the ZnSe. The LO phonon
mode within the range of 238 cm® - 252 c¢cm™ was
reported in earlier studies on electrodeposited ZnSe
[3,12,16,17].

Additionally, FT-IR analysis was carried out to further
structural analysis. Figure 4 illustrates the FT-IR
transmission spectrum of the ZnSe thin film in the
wavenumber range of 400 cm? to 2000 cm™. The
researchers reported that characteristic Zn-Se vibrational
modes were observed between 450 cm™ and 1170 cm!
[7-9,22,23]. The peaks observed in the FT-IR spectrum of

the ZnSe thin film at 460, 603, and 744 cm™ correspond to
the characteristic Zn-Se vibration modes.
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Figure 3. The Raman spectrum of the ZnSe thin film on
ITO substrate.

The modes at 460 cm™ and 603 cm™ are attributed to
the stretching vibration mode of Zn-Se, and the mode at
744 cm! represents the bending vibration mode of Zn-Se
as given in the earlier studies [2,9,22].
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Figure 4. The FT-IR spectrum of the ZnSe thin film on ITO
substrate.
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Morphological Properties

The morphological properties of the ZnSe film on ITO
substrate was investigated by the SEM analysis. Figure 5
presents SEM images of the ZnSe film at magnifications (a)
100.000x and (b) 5.000x. ZnSe film is made up of clusters
that contain nanoparticles that range in size from 12 to 32
nm and the image taken at 100.000x magnification in
Figure 5 (a) show these clusters. It can be clearly seen from
Figure 5 (b) that the ZnSe thin film was deposited on the
ITO substrate smoothly and homogeneously.
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Figure 5. The SEM images of the ZnSe thin film at the (a)
100.000x and (b) 5.000x magnifications.

Electrochemical Measurements

The amperometric measurement was carried out for
investigating the photoelectrochemical performance of
the ZnSe thin film using the blue LED light (390 nm). Figure
6 shows the photocurrent-time graph obtained from the
ZnSe thin film electrodeposited on the ITO substrate in a
0.1 M KCl solution, with the light source being switched on
and off. As seen in Figure 6, the ZnSe film exhibited a
photoresponse with light illumination and there was a
significant increase in photocurrent.
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Figure 6. The current-time (I-t) plot of the ZnSe film at
light on/off conditions.

Electrochemical impedance spectroscopy (EIS)
measurement is a useful technique for investigating
charge transfer at the interface between semiconductor
and electrolyte. The EIS measurement was performed at
open circuit potential (OCP) to determine the charge
transport capability under dark and light illumination
conditions. The Nyquist plots of the ZnSe thin film both
with and without light illumination are shown in Figure 7.
The plots of ZnSe have two regions of high- frequency and
low-frequency and these plots were fitted with an
equivalent circuit as shown in Figure 8. The Zview 2.1b
software was used for simulating the Nyquist plots of the
ZnSe thin films. The high-frequency region includes an
electrolytic resistance (Re), a charge transfer resistance
(R2) of the ZnSe film, and a doubled layer capacitance (Cz1)
which occurred interface between the ZnSe thin
film/electrolyte. The Warburg (W) impedance which
about the diffusion is seen at the low-frequency region.
According to the fitting results, Re decreased from 10.64 Q
t0 9.87 Q, Rz decreased from 70.76 Q to 67.27 Q, and W-
R decreased from 989.6 Q to 586.4 Q under light
illumination.
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Figure 7. The Nyquist plots of the ZnSe film under light
on/off conditions at OCP in 0.1 M KCI.

R. C1
VaVe { |
Ri W

Figure 8. The equivalent circuit for the ZnSe film under
light on and off conditions.

To reveal the conductivity type of the ZnSe thin film,
Mott-Schottky (MS) analysis was performed with the
impedance measurement in the potential range of -0.6 V
to 0.1 V. The impedance measurement data was used to
plot the potential versus 1/C? graph that is given in Figure
9. The conductivity type of the film was determined based
on the shift observed in the MS curve [24-26]. The ZnSe
thin film displays a positive shift, indicative of n-type
conductivity. Furthermore, the carrier concentration (Np)
and flat band potential (Er) of the ZnSe was determined
from the linear fit of the MS curve using the following
equation:
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1 2 kpT

= o | E—E) =" (5)

€2 gegoNp a

C denotes the semiconductor’s free charge region, N
represents the semiconductor’s carrier concentration
(representing electron donors for n-type or the
concentration of hole acceptors for p-type
semiconductors), E signifies the applied potential. The
determination of N, was carried out utilizing the slope of
the linear fit curve and the Er was obtained through the
extrapolation of the linear fit curve (1/C?=0) [27,28]. The
Np and Ep values of the ZnSe thin film were found as
4.96x10' cm3 and -1.27 V, respectively.

—8— Experimental
— Linear fit

1/¢? (Frem*.1017)

02 00 02

06 -04
Potential (V)
Figure 9. The Mott—Schottky experimental and linear fit

curve of the ZnSe thin film.

Conclusion

The ZnSe thin film was synthesized on ITO substrate by
electrodeposition technique in an aqueous solution at
room temperature. The optical band gap (Ej;) of ZnSe was
found as 2.39 eV from the UV-Vis measurement, and the
crystal structure of the ZnSe thin film matched mostly
hexagonal structure by the XRD analysis. It was revealed
that by the Raman analysis ZnSe thin film has a peak seen
at 249 cm™ associated with the LO phonon mode of the
ZnSe, and by the FT-IR transmission spectrum it was seen
that the stretching vibration mode and bending vibration
mode of Zn-Se. SEM analysis demonstrated that the ZnSe
film was made up of clusters that contain nanoparticles
that range in size from 12 to 32 nm. The
photoelectrochemical performance was investigated with
I-t curve and it was obtained that ZnSe film exhibited a
photoresponse with light illumination. Also, the value of
the Re, R2, and W-R decreased under light illumination. The
carrier type, Np, and Ep values of the ZnSe film were
determined as n-type, 4.96x10' c¢cm?3 and -1.27 V,
respectively.
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In this study, 1-octadecene-alt-maleic anhydride (OC-MA) copolymer was synthesized by radical polymerization
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method. The synthesized copolymer was first time modified with ammonia, methylamine, aniline and
hexamethylenediamine reagents in acetone environment. The modified amidic acid derivatives were divided
into two parts as quantity. One of these amounts was dried as an amidic acid derivative, and the other was

imidized in dimethylformamide environment with constant stirring at 150 °C for 5 hours. Structural
characterizations of the obtained samples were determined from the FTIR spectra. Thermal stability was
compared from Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) curves. It was
established that the modified copolymers were thermally more stable than that of the original OC-MA
copolymer. However, it was observed that the size of the molar masses of the reagents participating in the
modification reactions showed linear or parabolic increases according to thermal parameter temperature of the
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Introduction

One way to increase the thermal stability of straight
chain polymers is to modify them. Polyimides (PI) have
been the subject of extensive investigation since the
1960s, owing to their exceptional thermal stability, high
mechanical strength, superior chemical resistance, and
remarkable electrical properties [1]. Polyamide-imides are
usually prepared by three methods; polycondensation of
amide group containing dianhydrides or diamines; imide
group containing diacids with diamines, trimellitic
anhydride with diisocyanates or diamines. First method
involves multi-step synthesis of dianhydride or diamine
monomers and high temperature imidization [2].
Aromatic polyimides are widely acknowledged as high-
performance materials renowned for their outstanding
thermal and oxidative stabilities, as well as their excellent
electrical and mechanical properties over prolonged
periods of use. However, their rigid structure and strong
intermolecular interactions render them difficult to
process, presenting challenges such as poor thermoplastic
flow and solubility, thereby limiting their widespread
application. To address these processing issues, various
strategies have been explored, including the
incorporation of flexible units such as -NHCO-, -O-, and -
SO, some of which have been successfully
commercialized [3]. Superior polymers are increasingly
sought after in cutting-edge technologies such as
microelectronics, semiconductors, and composites.
Polyimides are frequently favored for these high-
temperature applications, serving as coating materials

decomposition reaction obtained from the TGA and DSC curves.

Keywords: Copolymerization, Radical polymerization, Thermal analysis, Modification.

and insulators for electronic components, thanks to their
commendable thermal stability, excellent planarization,
superior processability, and elevated glass transition
temperature [4]. Cross-linking polymers brings about
versatility to the polymer’s mechanical properties and
processing behavior [5]. In order to increase the heat
resistance of a polymer, it is necessary to modify it. The
thermal attributes of polymeric materials are widely
recognized as their foremost defining features. TGA
enjoys broad utilization due to its straightforward
methodology and the valuable insights offered through a
basic thermogram. The thermal endurance of polymer
blends and alloys has undergone comprehensive
examination [6-11]. Over time, driven by its relevance
across diverse sectors within the polymer industries.
Maleic anhydride serves as a valuable intermediary in
organic synthesis, finding utility in crafting biologically
potent compounds and serving as building blocks for
polymerization processes [12]. Within a maleic anhydride
(MA) molecule, one can find a conjugated bond alongside
an electron-withdrawing carboxyl group. Hence, despite
its resistance to polymerization under heat alone, maleic
anhydride (MA) readily undergoes copolymerization with
electron-donor monomers like 1-octadecene and vinyl
acetate [13-14]. The presence of anhydride groups within
the polymer chain endows this copolymer with high
reactivity, facilitating its application across diverse fields.
Copolymers of maleic anhydride (MA) frequently serve as
compatibilizers in polymer blends [15—-16]. Polyimides are
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synthesized through the imidization process of polyamidic
acids, which are formed by the reaction of an anhydride
with an amine or diamine [17]. The literature extensively
documents the rapid formation of polyamidic acids at low
temperatures, contrasting with the high-temperature
requirement for imidization to occur. Copolymers
containing maleic anhydride (MA) have been instrumental
in crafting functional polymers, primarily attributed to the
ring-opening reaction of the anhydride unit [18-20]. The
1-octadecene-alt-maleic anhydride (OC-MA) copolymer
used in this paper has been synthesized in the authors’
previous work [21-23]. The OC-MA copolymer underwent
reactions with aniline (An), methylamine (MeA), ammonia
(Am), and hexamethylenediamine (HMDA), vyielding
maleamidic acid and maleimide derivatives of OC-MA, as
depicted in Fig. 1. These derivatives of the OC-MA
copolymer were called as amidic acid-1-octadecene,
bismaleamidic acid, maleimide and bismaleimide 1-
octadecene  copolymers. The  polymers were
characterized using Fourier transform infrared
spectroscopy (FTIR), followed by comparison of their
thermal degradation curves using TGA. Maleic anhydride-
alt-1-octadecen (OC-MA) copolymer were sequentially
modified by methylamine (MeA), ammonia (Am), aniline
(An) and hexamethylenediamine (HMDA) to obtain
copolymers of poly(amidic acid-1-octadecen) and
poly(Bisamidic acid-1-octadecen) (BisAA-OC) by opening
the maleic anhydride ring in the OC-MA copolymer.

In terms of novelty achieved, the main purpose of the
present study is to obtain modified copolymers with
higher thermal stability compared to the original
copolymer and to expand their areas of use by
synthesizing materials that are more robust and durable,
especially against cracking.

Experimental

Materials

Monomers Maleic anhydride (MA, MW: 98,06) and 1-
octadecene (OC, MW: 252,49) were obtained from Merck
made in Germany, aniline (An, MW: 93.13), methylamine
(MeA, MW: 31,06) ammonia (Am, MW: 17,03).
Hexamethylenediamine (HMDA, MW: 116,21) were
obtained from Aldrich Chemical Company, UK. N,N-
dimethylformamide (DMF, MW: 73,09) was obtained
from Merck Chemical Company, Germany.

Maleic anhydride- alt- 1-octadecene copolymer: OC-
MA

Amidic acids:

Amidic acid-1-octadecene: AA-OC

Methylamidic acid-1-octadecene: MeAA-OC

Phenyl amidic acid-1-octadecene: PhAA-OC

Bis amidic acid-1-octadecene: BisAA-OC

Imides:

Maleimide 1-octadecene: MI-OC

Methylmaleimide 1-octadecene: MeMI-OC

Phenylmaleimide 1-octadecene: PhMI-OC

Bismaleimide 1-octadecene: BisMI-OC

Synthesis of Maleic anhydride-alt-1-octadecen
copolymers

19.6 g of maleic anhydride was placed in a large dried
test tube and dissolved in 30 mL of ethyl acetate. 21.6 mL
l-octadecene (1:1) and 0.8 g 2,2'-Azobis(2-
methylpropionitrile) (AIBN) were added on it. It was
heated from room temperature in a 70 °C water bath for
two hours. Then, the mixture was placed in a beaker and
precipitated by adding propanol. Following the
precipitation of the maleic anhydride—alt-1-octadecene
copolymer, it was filtered through a Buchner funnel under
vacuum assistance. The copolymer was left in hexane
solution for 24 hours, then filtered and dried again

Synthesis of Amidic acid, Bisamidic acid,
Maleimide and Bismaleimide Derivatives

The poly(amidic acid-1-octadecene) copolymers were
synthesized by reacting the OC-MA copolymer with An,
Me, Am, and HMDA in DMF using a mixer in a large tube
at room temperature. For the synthesizing amidic acid
copolymers, the required amount of OC-MA copolymer is
10.0 g, one of An, MeA, Am and HMDA are 8.0 cm?® and
one of DMF used as solvent are 30 cm3. While the
reactions between OC-MA copolymer with Me, Am and
HMDA rapidly are occurred when they are mixed at room
temperature, those of OC-MA copolymer with An is
obtained by mixing at 60 °C for 2 h. While the precipitates
of amidic acid and BisAA-OC copolymers are white
colored, PhAA-OC precipitate is red colored. This
precipitates were dried under the vacuum at 60 °C. For the
obtained  maleimide-1-octadecene and  BisMI-ST
copolymers, 5.0 g of this precipitate are added to 50.0 cm3
DMF and thus, they obtained a solution of amidic acid
copolymers. The solutions were heated to 150°C for 5
hours and subsequently cooled to room temperature. The
solid samples in the solution were filtered and dried under
vacuum.

Structural Characterization and Thermal
analysis of Copolymers
The copolymers were spectrophotometrically

characterized using a Unicam Mark Mattson 1000 model
FTIR spectrophotometer with KBr pellets. The TGA and
DSC experiments were conducted utilizing a Shimadzu
TA50i model, employing a heating rate of 10°C min under
a flowing nitrogen atmosphere. The temperature range
spanned from 25 to 600°C. Polymer samples weighing 10
mg each were employed for the examination. The
nitrogen gas flow rate was maintained at 25 cm?® mint.

Results and Discussion

Structural Characterization

The OC-MA copolymer (Fig. 1) exhibited anhydride
units with characteristic peaks at 1804 and 1855 c¢cm,
attributed to the symmetric and asymmetric C=0
stretching vibrations, respectively [24]. The absence of
these bands in the modified copolymer spectra indicates
that the ring has opened and transformed into the amidic
acid structure.
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Figure 1. FTIR spectra of its amidic acid and bisamidic acid
derivatives and OC-MA copolymer.
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Figure 2. FTIR spectra of its maleimide and bismaleimide
derivatives and OC-MA copolymer.

The C-0—C stretching vibrations stemming from the
maleic anhydride (MA) ring were detected at 1025 and
935 cm™ L. Conversely, new peaks appeared within the
range of 1778-1640 cm™ 1, exhibiting characteristic peaks
at 1640 and 1736 cm™%, as well as 1727 and 1778 cm™},
(Fig. 2) likely corresponding to the maleamidic acid and
maleimide groups [25].

Thermal Analysis

The thermal transitions of amidic acid, BisAA-OC, MI-
OC and BisMi-OC were measured by TG technique and
compared with that of OC-MA copolymers. The thermal
curves are illustrated in Fig. 3 and Fig. 4, while the
corresponding thermal parameters extracted from these
figures are tabulated in Table 1. The thermal
decomposition peaks observed at these temperatures are
also reflected in the TGA thermograms, which can be
observed in Fig. 3 and Fig. 4 for all the polymers. In the
blue, green, red and pink colored thermograms In Figure
3, mass loss has been seen at 150 °C. This mass loss is due
to loss of water arisen from the heating of amidic acid
structures. Most water loss is seen in the pink colored
thermogram. While 1 mol H20 in the blue, green and red
colored thermogram is removed, 2 mol H20 in the pink
colored thermogram has been removed. This structure is
an indicator of bismaleimid formation.

TGA
100

102

a0

Loss Weigth /%
DrTGA mg/min

oo

1 1 1 1 1 1 1 1 1 1 1 1 |
0o 200 400 600

Ternperature § OC
Boc-mall as-oc [mens-oc Jehas-oc Peisas-oc

Figure 3. TGA and DrTGA curves of amidic acid and bis
amidic acid copolymers.

Figure 4 by heating at 150°C for 2 hours in solution
media amidic acids were heated for their imidization. their
thermograms were taken and then comparatively
presented. As can be shown in Figure 4, according to
Figure 3 the mass loss was less than those of 150 oC. The
cause of this situation may be still continuing of
imidization reaction.

TGA 12
100
= (=2}
2 =
@
= s ]
3 =
5 =
oo
Temperature / OC
Boc-rmall mi-oc memi-oc | rhmvi-oc [ Bismi-oc

Figure 4. TGA and DrTGA curves of imides and
bismaleimide copolymers.

The modification samples synthesized in Figure 4 were
imitated in DMF medium at 150 °C for 5 hours. The
thermograms of these modified samples were taken,
which were imitated at room temperature up to 600 °C.
The samples, which were both imitated outside and
subjected to chemical transformation by heating the
device, showed better stability against heat from the first
steps compared to the starting material in this
thermogram. As we mentioned in Fig. 4 and Fig. 3, there
is also a regularity in thermal stability depending on the
molecule size. The thermal parameters extracted from Fig.
3 and Fig. 4 indicate that the initial and final temperatures
signify higher thermal stabilities for the amidic acid and
MI-OC copolymers compared to the OC-MA copolymer, as
depicted in Fig. 4. Based on these elucidations, the
thermal stability of MI-OC surpasses that of the other
copolymers due to the formation of cross-linkages via
imidization, coupled with the elimination of 2 moles of
water, as illustrated in Fig. 3.

Ti, initial degradation temperature, Trfinal degradation
temperature Th half time temperature, Tm maximum rate
temperature, Tg glass transition, Rm maximum rate and
remained substance amount at maximum rate Cm given in
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Table 1.The molar masses of the ammonia, methylamine, (17, 31.06, 93.13 and 262.35 gmol™). Thermal parameters
aniline and hexamethylenediamine substances added as  values plotted against molar masses Fig. 5 and Fig. 6
modifications to the OC-MA copolymer are respectively  showed linear or parabolic increases.

Table 1. Thermal analysis parameters of copolymers

Copolymers Ti/ °c Ts/°C Th/°C  Tm/°C Te/C Ry /mgdk’ Cm/%
OC-MA 279 434 348 328 108 0.0081 62
AA-OC 358 426 378 391 133 0.0142 41
MeAA-OC 362 428 384 403 135 0.0186 32
PhAA-OC 374 430 386 398 149 0.0172 42
BisAA-OC 420 495 426 465 160 0.0101 31
Mi-0C 246 355 369 287 129 0.0084 63
MeMi-0C 315 406 380 364 150 0.0096 76
PhMi-OC 348 431 387 372 158 0.0239 61
BisMi-OC 404 495 450 467 169 0.0169 40
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Figure 5. Variation of modified molar masses with Figure 6. Variation of modified molar masses with
thermal parameters (a) Ti, (b) Tr and (c) Thof amidic thermal parameters (a) Ti, (b) Tr and (c) Tn of imide
acide OC-MA copolymers OC-MA copolymers
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Figure 7. DSC curves of amidic acid and bis amidic acid
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Figure 8. DSC curves of imides and bismaleimide
copolymers.
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imide

The glass transition temperatures obtained from DSC
Fig.7 and Fig.8 thermograms showed a non-linear
relationship with the size of the molecular masses of the
modified amines [26].
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Conclusions

The fact that the anhydride ring is active against amine
groups enabled the reaction to occur in a short time
period. The selection of modified amine groups was based
on a simple structure such as ammonia, an aromatic
structure such as aniline, and a hexamethylenediamine
structure. The size of the molecular masses of the amines
in the order of ammonia, methyl amine aniline and
hexamethylenediamine (17, 31.06, 93.13 and 262.346 g
mol?). The effect of the molar mass of the modified
amines on thermal stability was clearly seen. The thermal
stability of the newly modified copolymers obtained after
modification of the OC-MA copolymer, shown in black in
TGA, is higher than the OC-MA copolymer. The thermal
parameters obtained in the TG curves increased linearly
or parabolically with the molecular masses of the
modified amine groups. This tells us that one way to

increase the thermal stability of a polymer is to modify an
active group in that polymer chain. Again, the glass
transition temperatures obtained from the DSC curves
increased either linearly or parabolically with the molar
mass of the amine groups, similar to the thermal
parameters in the TGA curves. Graphs were drawn
between the molar mass and thermal parameters
regarding the interpretation of the values obtained in the
Table 1. Increases are generally seen in the graphs.

The bottom line is to modify a polymer to increase its
thermal stability depending on where it will be used. The
size of the molecular masses of the added modifying
reactant groups causes a large effect here.

Conflicts of interest

There are no conflicts of interest in this work.

535



Cumhuriyet Sci. J., 45(3) (2024) 530-536

Acknowledgement

The present paper has been funded by the Research
Foundation (Project number: F-105) of Cumhuriyet
University in Sivas, Turkey.

References

[1] Dongdan C., Jianfeng S., Mei H., Yanhua L., Jianjun W.,
Lixing D., Synthesis, characterization and hydrolytic
stability of poly (amic acid) ammonium salt, Polymer
Degradation and Stability, 96 (2011) 2174-2180.

[2] Nafeesa M., Qiaodi W., Guofei C., Beenish B., Haoji L.,
Yuanming Z., Lala R. S., Xingzhong F., Synthesis of
polyamide-imides with different monomer sequence and
effect on transparency and thermal properties, Polymer,
190 (2020) 122218.

[3] Liaw D.J., Liaw B.Y., Synthesis and characterization of new
polyamide-imides containing pendent adamantyl groups,
Polymer, 42 (2001) 839-845.

[4] Rathanawan M., Wittaya L., Anuvat S.,. Schwank J. W,,
Preparation, structure, properties and thermal behavior of
rigid-rod  polyimide/montmorillonite nanocomposites,
Composites Science and Technology, 61 (2001) 1253-1264.

[5] Liu. Y.L, ChenY.W., Thermally Reversible Cross-Linked
Polyamides with High Toughness and Self-Repairing Ability
from Maleimide and Furan-Functionalized Aromatic
Polyamides, Macromol. Chem. Phys, 208, (2007) 224-232.

[6] Zengin H. B.,. Boztug A., Basan S., Synthesis and
Comparative Study of Thermal Stabilities of the Imidization
of Some Maleic Anhydride Copolymers, Journal of Applied
Polymer Science, 101 ( 2006) 2250-2254.

[71 Jana R.N., Mukunda P. G., Nando G. B., Polym. Degrad.
Stabil. “Thermogravimetric analysis of compatibilized
blends of low density polyethylene and poly(dimethyl
siloxane), Rubber, 80 (2003) 75-82.

[8] YenH.Y., Lee F.S., and Yang M. H., Polym. Test, Thermal
degradation of polysulfones. VI: evaluation of thermal
pyrolysis of acrylonitrile-butadiene-styrene terpolymer
22, (2003) 31-36.

[9] Su W. Y, Wang Y., Min K., Quirk R. P, In situ
copolymerization and compatibilization of polyester and
polystyrene blends. 1. Synthesis of functionalized
polystyrenes and the reactions with polyester, Polymer, 42
(2001) 5107-5119.

[10] ZulfigarS., Masud K., Stabil, Thermal degradation of blends
of allyl methacrylate—-methyl methacrylate copolymers
with aluminum isopropoxide, Polym. Degrad, 78 (2002)
305-313.

[11] Yang M. H., The thermal degradation of acrylonitrile-
butadiene-styrene terpolymer under various gas
conditions, Polym. Test, 19 (2000) 105-110.

[12] Gabriele B.,. Veltri L., Salerno G., Costa M., Chiusoli G. P.,
Synthesis of Maleic Anhydrides and Maleic Acids by Pd-
Catalyzed Oxidative Dicarbonylation of Alk-1-ynes, Eur. J.
Org. Chem., 9 (2003) 1722-1728.

[13] Qian L., Shurong W., Yun Z., Zhongyang L., Cen K,
Mechanism study of wood lignin pyrolysis by using TG—
FTIR analysis, J. Anal. Appl. Pyrolysis, 82 ( 2008) 170-177.

(14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

You Y. Z,, Hong C. Y., Pan C. Y., Controlled alternating
copolymerization of St with MAh in the presence of DBTTC,
Eur. Polym. J., 38 ( 2002) 1289-1295.

Li H. M., Chen H. B., Shen Z. G., Lin S., Preparation and
characterization of maleic anhydride-functionalized
syndiotactic polystyrene, Polymer, 43 ( 2002) 5455-5461.
Zhaohui L., Zhang X., Tasaka S., Inagaki N., The interfacial
tension and morphology of reactive polymer blends,
Mater. Lett. , 48 ( 2001) 81-88.

Jeong J. H.,, Byoun Y. S,, Lee Y. S., Poly(styrene-alt-maleic
anhydride)-4-aminophenol conjugate: synthesis and
antibacterial activity, React. Funct. Polym., 50 (2002) 257—-
263.

Zengin H. B., Boztug A., Yilmaz E., Chemical modification
and thermal characterisation of poly(allylpropionate-
altmaleic anhydride) copolymer  modified by
hexamethylenediamine, Materials Research
Innovations,12(2) (2008),90-93.

Patel H., Raval D. A., Madamwar D., Patel S. R., Polymeric
prodrug: Synthesis, release study and antimicrobial
property of poly(styrene-co-maleic anhydride)-bound
acriflavine, Angew. Makromol. Chem., , 263 ( 1998) 25-30.
Roux M.V, Jimenez P., Angeles M., Luengo M., Davalos J.
Z., Sun Z., Hosmane R. S., Liebman J. F., The Elusive
Antiaromaticity of Maleimides and Maleic Anhydride:
Enthalpies of Formation of N-Methylmaleimide, N-
Methylsuccinimide, N-Methylphthalimide, and N-Benzoyl-
N-methylbenzamide, J. Org. Chem., 62 ( 1997) 2732-2737.
Molaeia H., Zaaerib F., h Sharific S., Ramazania A., Safaeid
S., Abdolmohammadie J., Khoobif M., Polyethylenimine-
graft-poly (maleic anhydride-alt-1-octadecene) coated
Fe304 magnetic nanoparticles: promising targeted pH-
sensitive system for curcumin delivery and MR imaging,
International Journal Of Polymeric Materials And
Polymeric Biomaterials, 70(18) (2021) 1344-1353.

Ute Schmidt, Stefan Zschoche, Carsten Werner,
Modification of Poly(octadecene-alt-maleic anhydride)
Films by Reaction with Functional Amines, Journal of
Applied Polymer Science, 87 (2003) 1255-1266.

Ayman M., Atta S., El-Hamouly H., AlSabagh M. A., Moataz
M. G., Crosslinked Poly(octadecene-alt-maleic anhydride)
Copolymers as Crude Oil Sorbers, Journal of Applied
Polymer Science, 105 (2007) 2113-2120.

Karakus G., Zengin H. B., Akin Polat Z., Yenidunya A F,,
Aydin Semiha., Cytotoxicity of three maleic anhydride
copolymers and common solvents used for polymer
solvation, Polym. Bull, 70 (2013) 1591-1612.

Zengin H.B., Girkan R., Novel amide- and imide-co-
polymers modified with sulfathiazole as efficient chelator
for selective extraction, pre-concentration and
determination of trace inorganic antimony (as Sb(lll)) from
edible vegetable oils by ultrasound assisted-cloud point
extraction coupled to micro-volume Uv-
spectrophotometry, Journal of Food Composition and
Analysis, 115 (2023) 104931.

Ahokas M., Wilén Carl-Eric, Synthesis of poly (styrene-co-
maleimide) and poly(octadecene-co-maleimide)
nanoparticles and their utilization in paper coating,
Progress in Organic Coatings, 66 (2009) 377-381.

536



| csj.cumhuriyet.edu.tr |

Cumbhuriyet Sci. J., 45(3) (2024) 537-542
DOI: https://doi.org/10.17776/csj.1497258

Cumhuriyet Science Journal
ISSN: 2587-2680 e-ISSN: 2587-246X

Founded: 2002 Publisher: Sivas Cumhuriyet University

Determination of Cytotoxic Activity of Aronia melanocarpa (Michx.) Elliot Fruit
Extracts on Breast Cancer (MCF-7) and Cervical Cancer (HeLa) Cell Lines

Eda S6nmez Giirerl2"*, Ayhan Altintag2b

1 Department of Pharmacognosy, Faculty of Pharmacy, Sivas Cumhuriyet University, 58140, Sivas, Tirkiye
2 Department of Pharmacognosy, Faculty of Pharmacy, Anadolu University, 26470, Eskisehir, Ttirkiye

*Corresponding author

Research Article

History
Received: 07/06/2024
Accepted: 23/09/2024

This article is licensed under a Creative
Commons Attribution-NonCommercial 4.0
International License (CC BY-NC 4.0)

a@edagurer@cumhuriyet.edu. tr

Introduction

https://orcid.org/0000—0003—0319—6312

ABSTRACT

Aronia (chokeberry) fruits are consumed as fresh fruit due to their high antioxidant activity, and are also
preferred among the public in the production of natural medicines. Aronia melanocarpa (Michx.) Elliot, a species
of the Rosaceae family, contains many phytochemical compounds such as flavonoids, phenolic compounds,
lignans, terpenes, tocopherols, phospholipids, organic acids and high amounts of anthocyanins. In this study, it
was aimed to determine the in vitro anticarcinogenic activities of A. melanocarpa (Michx.) Elliot fruit extracts
prepared with 6 different solvents. In the study, the cytotoxic effects of the fruits were investigated using breast
cancer cell line (MCF-7) and cervical cancer cell line (HeLa), and their effects on healthy cells were investigated
using human endothelial cells (HUVEC) and mouse fibroblast cells (L929) by the MTT method. As a result of the
study; It was determined that the highest cytotoxicity on the breast cancer (MCF-7) cell line was observed in the
ethanol extract (ICso=111.44 pg/mL) and the lowest cytotoxicity was observed in the hexane extract (ICs0=661.80
ug/mL). It was determined that the highest cytotoxicity on the cervical cancer (HelLa) cell line was observed in
the ethanol extract (ICs0=95.14 pug/mL) and the lowest cytotoxicity was observed in the ethyl acetate extract
(1C50=319.51 pg/mL). According to these values; It was determined that all extracts of Aronia fruit had cytotoxic
effects on MCF-7 and Hela cell lines, selectivity index values were higher in Hela cells, and they did not have
cytotoxic effects on HUVEC and L929 healthy cell lines (ICs0=411.25-663.27 pg/mL). Thus, it has been determined
that the fruits of the Aronia melanocarpa species are promising in the development of new natural resources,
new drugs and therapeutic agents in cancer treatment, thanks to their anticancer activities and low cytotoxicity.
It is recommended that further research be conducted on the mechanisms of anticancer activity in the future.

Keywords: Aronia melanocarpa, Antioxidant, Anticancer, Cytotoxicity.
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Of late years, the preference for native produces in the
protection and therapy of illnesses has increased. Aronia
melanocarpa grows in the form of a bush, its fruits are
small, dark purple or almost black in color, and like other
berry-derived fruits, it attracts the attention of
researchers because it has high antioxidant potential. It is
known that the most important structure that makes
aronia attractive is its high phenolic compounds, most
importantly anthocyanins in the form of cyanidin
derivatives. Fruits contain high amounts of polyphenolic
compounds, as well as many biologically active vitamins,
especially vitamins C and E, various minerals, carotenoids,
pectins and organic acids [1]. Aronia; Chokeberry,
commonly known as Chokeberry, is a fruit belonging to
the Aronia genus of the Maloideae subfamily of the
Rosaceae family. There are two species of this genus
consumed as fruit: Aronia melanocarpa (Michx.) Ell. (black
currant) and Aronia arbutifolia (L.) Pers. (red chokeberry)
[1].

Phenolic compounds, especially those commonly
found in fruits, have a significant impact on human health
as they prevent diabetes, allergies, vascular diseases,
hypertension, thrombosis, have cardioprotective,
neurological damage, and anticancer properties [2]. These

secondary metabolite groups, which are important
antioxidant compounds of plant origin, are the main
functional compound groups that enable plants to be used
for medicinal purposes and contribute to people's healthy
lives and the continuity of their current state of health [3].

Berries such as blueberries, blackberries, blueberries,
aronia and raspberries are food sources with high
antioxidant activity [4,5]. The fact that consumption rates
in the world have been increasing in recent years has
significantly increased the value of these fruits in exports
and imports [6]. Medicinal and aromatic plants serve
humanity because they are edible and drinkable
resources. Plants contain natural antioxidants,
antimicrobial, antiviral and antineoplastic, etc. There are
various active ingredients that act as such, and therefore
they are at the center of many pharmacological activity
studies. It has been shown in various studies that various
functional compounds such as phenolic compounds,
flavonoids and anthocyanins naturally found in plant
contents provide great benefits in maintaining health in
people with their antioxidant, antimicrobial, preventing
Alzheimer’s disease, preventing pulmonary diseases,
preventing diabetes and anticarcinogenic potentials [7—
9]. It has been determined that aronia, which is in the
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berry class, is more valuable than other berry fruits (such
as blueberries, blackberries, blueberries, raspberries) due
to its high content of antioxidant phytochemical
compounds [10]. A study conducted with chokeberry
juice, green tea and apple juice shows that; with the
addition of chokeberry juice to apple juice, the content
becomes richer in terms of vitamin C, phenolic acids and
anthocyanins. The addition of green tea extract resulted
in a much more significant enrichment of apple juice in
phenolic acids and flavonoids than chokeberry juice [11].

If we look at the sources of the World Health
Organization (WHO); cancer ranks second among the
causes of death in the world. Mostly lung, breast,
colorectal, prostate, skin and stomach cancers are seen.
Lifestyles known to be related to cancer development
include excessive weight, Inadequacy of consumption of
fruits and vegetables, inactivity and consumption of
tobacco products and alcohol [12].

The reason why Aronia species are more popular
among other fruits for scientists is; It can be listed as
having antiatherosclerotic, hypotensive and antiplatelet
activities, primarily heart and cardiovascular diseases,
protective effect on stomach ulcers, preventing liver
damage, cancer diseases prevention and antiproliferative
effects [1]. In this study, it was aimed to determine the in
vitro anticarcinogenic activities of A. melanocarpa
(Michx.) Elliot fruit extracts prepared with 6 different
solvents. In the study, the cytotoxic effects of the fruits
were investigated using breast cancer cell line (MCF-7)
and cervical cancer cell line (Hela), and their effects on
healthy cells were investigated using human endothelial
cells (HUVEC) and mouse fibroblast cells (L929) by the
MTT method.

Materials and Methods

Materials

DMEM (Sigma—Aldrich), L-Glutamine Streptomycin
(Sigma-Aldrich), MTT Solution (Applichem A-1080),
Absolute Ethyl alcohol (Sigma), Tris-Acetic Acid-EDTA
(TAE, 5x) to be used in experiments. ), Dimethyl sulfoxide
(DMSOQ), Trypsin (Applichem), Potassium chloride (KCl),
phosphoric acid (HsPOa4), sodium chloride (NaCl), sodium
phosphate (NaH:PQa), ethyl alcohol (C2HsOH), FBS
(Sigma—Aldrich), RPMI 1640 (Sigma—Aldrich), acetonitrile
(Me-CN), Tris-Boric Acid-EDTA (TBE, 10x), Trypsin
(Applichem), Sodium hydroxide (NaOH), sodium chloride
(Nacl), sodium phosphate (NaH2POa), thiobarbituric acid
(TBA), 2,3,5-Triphenyltetrazolium chloride (TTC) (Merck,
Germany) were provided.

In this study, as plant material, fruits obtained from
Aronia melanocarpa (Michx.) Elliot type plant was
purchased from the producer company named Dr. Aronia
and dried in the shade.

Plant Extraction

It was added from 100 ml solvents on a 20 g of ground
dry plant and kept at room temperature 24 hours a day,
then drained and the same process was repeated for 3

days. The collected extracts were blown in the evaporator
(40 ° C) using vacuum, the extract was combined with dark
glass bottles and % yield calculation was performed for
use in bioactivity studies and kept at -20 ° C.

For water extract; 100 ml of hot distilled water was
added on the 20 g of ground dry plant and kept at for 10-
15 minutes, then drained and the same process was
repeated 3 times. Lyophilization process was applied to
the collected extract, combined in dust dust dark glass
bottles and % yield calculation was made and kept at -20
° C for use in bioactivity studies.

Stock solutions were prepared from each extract at a
concentration of 1 mg/mL to be used in biological activity
studies. Stock solution concentrations to be used in the
studies were prepared by dissolving the water extract in
distilled water and the other extracts in dimethylsulfoxide
(DMSO).

Determination of Antitumor Activity In vitro

Within the scope of this study, to define the in vitro
anticancer potential of aronia plant fruit extracts; breast
cancer (MCF-7) and human cervical adenocarcinoma
(HeLa) cell lines were used. Cancer cell lines were
incubated in DMEM in 75 flasks by placing them in a CO:
incubator to proliferate sufficiently [13,14].

Cell lines were cultured in media containing DMEM
and 10% FBS in 25 cm? flasks in an oven with 5% CO> at 37
°C. The flasks that reached the passaging state were
selected and the sowing process was started in a sterile
laminar Flow-cabinet. 5 mL Trypsin-EDTA solution (0.25%)
and phosphate buffer (PBS) were added to the medium to
remove cells adhering to the flask. 15 mL of DMEM was
added onto the trypsin and the inside of the flasks were
washed thoroughly by pipetting. The flasks were then
transferred to the falcons, one flask to the other. In order
to determine whether the cells proliferated appropriately
for transplanting into 96-well cell culture plates and to
count them, they were stained with Trypan blue and
counted using a Thoma slide and an inverted microscope
[15,16]. The falcons were centrifuged at 2000 rpm for 8
minutes, and after the centrifugation, the cells were
collected at the bottom of the falcons. The upper phase
was poured, the cells were removed by tapping the
falcons slowly, and 20 mL DMEM and 5 mL FBS were
added to the cells. 200 plL of the mixture was placed in
each of 96 wells (5x103 cells in 100 pl/plate space). At the
end of the process, the 96-well plates were removed to
the incubator (Autoflow IR) [13,14].

Extracts at different concentrations were added to the
cells planted in 96-well plates, in triplicate, and at the end
of the process, the 96-well plates were placed in the
incubator and the cell cultures were incubated for 24
hours. At the end of the period, 10 microliters of 12 mM
MTT (Vybrant, Invitrogen) solution was added to the wells
and incubated for 4 hours at 37°C in an oven with 5% CO?
capacity. At the end of the period, the absorbance was
measured in 570 nm in the microbial reader (Thermo,
USA). As a result of the MTT determination, ICso values
were determined using the Graphpad program and
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graphics were drawn. components (SI) has been
calculated by obtaining the ICso ratio on the ICso/cancer
line on the healthy cell line [15].

Determination of Cytotoxic Activity In Vitro

In this study, MTT test was used on human endothelial
cell (HUVEC) line and mouse fibroblast cell (L929) line for
in vitro cytotoxicity research. In the first stage of viability
tests performed with tetrazolium compounds, cells were
incubated with plant extracts for 24 hours. MTT solution
was prepared (5mg/ml), for which MTT chemical was
dissolved in dH20 and filtered before use. In the second
stage, the media incubated in 96-well plates were
emptied and 50 mL of MTT tetrazolium compound and 50
microliters of new medium were added to the cell
cultures. It was incubated at 37°C for an average of 1-4
hours. For the spectrophotometer, 200 microliters of
DMSO solvent was added to dissolve the formazan
crystals and homogenized by gentle mixing. Finally, the
amount of living and non-living cells was detected by color
differences at a wavelength of 570 nm using the
spectrophotometric method [16-18]. The obtained
spectrophotometric data were converted to ICsovalues in
the Graphpad program and it was evaluated whether 6
different extracts made from aronia plant fruits had any
lethal toxic effects on HUVEC and L929 cells.

Statistical Analysis

SPSS 23.0 (IBM Corporation, Armonk, New York,
United States) program was used to analyze the data.
While Independent-Samples T test is used to compare two
groups, One-Way Anova test is used to compare more
than two groups; LSD, Dunnett and Games Howell tests
were used for post hoc analyses. The Kruskal-Wallis Test
technique, one of the non-parametric conditions, was
used. ICso values were calculated using the Graphpad
program. Quantitative data are mean = S.D. (standard
deviation) values are expressed in tables. Categorical data
were expressed as n (number) and percentage (%). The
results were evaluated at the 95% confidence level and
considered important if the p value was less than 0.05.

Results and Discussion

In our study, firstly extractions of Aronia fruits with
different solvents were prepared and biological activity
analyzes were carried out according to the aim of the
study. The yield calculations of the extracts prepared with
different solvents were calculated as a percentage based
on the dry plant. Extraction yields of the fruit vary
between 68.6% g and 1.25% g. It was observed that the
highest yield was in the methanol solvent and the lowest
in the hexane solvent (Table 1).

Table 1. Extract yields of Aronia melanocarpa fruits
prepared with different solvents

Extract % Extraction efficiency
Methanol %68,6

70% Ethanol %36,84

Ethanol %5,72

Ethyl acetate %2,15

Hexane %1,25

Water %30,85

The extracts obtained from the fruit with 6 different
solvents were applied on two separate cancer cell lines
(MCF-7 and Hela) at different concentrations between 0.1
pg/mL and 1000 pg/mL, and their cytotoxic activities were
examined using the MTT test after 24 hours of incubation,
all ext. It was observed that all extracts had moderate
cytotoxic activities on MCF-7 and Hela cell lines, and the
highest cytotoxic activity was in the ethanol extract (Table
2). It was determined that aronia fruit extracts were more
effective on the Hela cell line than on the MCF-7 cell line,
and ethanol extracts and methanol extracts had a more
cell viability-reducing effect on these cells than others
(Figure 1 and Figure 2).

Table 2. ICso levels of Aronia melanocarpa fruit extracts in
MCF-7 and Hela cell lines

Extract MCEF-7 Hela
ICso Values pg/mL 1Cso Values pg/mL
Methanol 268,42 + 54,63 101,55 + 24,27
70% Ethanol 237,18 £42,19 98,98 + 28,31
Ethanol 111,44 + 39,67 95,14 + 22,87
Ethyl acetate 259,50 + 54,43 319,51 + 88,25
Hexane 661,80 £ 78,70 163,98 + 73,48
Water 346,12 £ 84,56 116,12 + 58,63
150+
= cthanol
= B water
2 1004 hexane
g %70 ethanol
g
= 50- El Ethylacetate
(5] Methanol
0_

MCF-7 cell line

Figure 1. % Cell viability results of Aronia melanocarpa
fruit extracts in MCF-7 cell line. Activities were
evaluated after 24 hours of incubation. (**p<0.01)

water HELA
hexane

%70 ethanol
Ethylacetate
ethanol
Methanol

Cell Viability %

Hela cell line

Figure 2. % Cell viability results of Aronia melanocarpa
fruit extracts in Hela cell line. Activities were
evaluated after 24 hours of incubation. (**p<0.01)
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The extracts obtained from aronia fruit with 6 different
solvents were applied on two separate healthy cell lines
(HUVEC and L929) at concentrations between 0.1 pg/mL
and 1000 pg/mL, and after 24 hours of incubation, their
cytotoxic activities were examined using the MTT test. As
a result of the MTT reaction, readings were made on the
Elisa device (Thermo). ICso values showing the effects of
extracts on different cell lines are presented in Table 2.
There was no statistically important difference between
the control group and the dose groups in both cell lines
(p>0.05; Table 3.). In the light of these data, it was
concluded that aronia fruit extracts did not have a
cytotoxic effect on healthy cell lines HUVEC and L929.

Table 3. 1Cso values of Aronia melanocarpa fruit extracts in
HUVEC and L929 cell lines (p>0,05)

Extract HUVEC L929
1Cso Values pg/mL 1Cso Values pg/mL

Methanol 468,72+ 79,11 501,22+ 54,45
70% Ethanol 437,59+ 51,49 497,18+ 77,28
Ethanol 411,25+ 49,13 459,27+ 85,46
Ethyl acetate 569,47+ 74,16 521,55+ 96,08
Hexane 458,85+ 78,27 663,27+ 103,12
Water 463.27+ 84,73 506,42+ 114,13

= water HUVEC
Bl hexane

B %70 ethanol
W Ethylacetate
ethanol
Methanol

Cell Viability %

HUVEC cell line

Figure 3. % cell viability results of Aronia melanocarpa
fruit extracts in HUVEC cell line

water
hexane

%70 ethanol
Ethylacetate
ethanol
Methanol

Cell Viability %

L929 cell line

Figure 4. % cell viability results of Aronia melanocarpa
fruit extracts in L929 cell line

By comparing the ICso values of the MCF-7 and Hela
cell lines, which are cancer cell lines to which aronia fruit
extracts were applied, and the healthy HUVEC cell line,
comparison results were obtained regarding which cells

the plant extracts are most effective on (Table 4). In this
comparison, defined as the selectivity index, aronia plant
ethanol extract showed the highest anticarcinogenic
potential in the MCF-7 cell line with a selectivity index
value of 3.69, and aronia plant methanol extract showed
the highest anticarcinogenic activity in the Hela cell line
with a selectivity index value of 4.62 can be seen. In Table
4, the selectivity index values of plant extracts in the hala
cells are higher.

Table 4. Selectivity Index obtained from the comparison of
ICso values of Aronia melanocarpa fruit extracts in
HUVEC, MCF-7 and Hela cell lines

Selectivity Index

Extract 1Cso0 1Cso
(HUVEC/MCF-7) (HUVEC/Hela)
Methanol 1,75 4,62
70% Ethanol 1,84 4,42
Ethanol 3,69 4,32
Ethyl acetate 2,19 1,78
Hexane 0,69 2,80
Water 1,34 3,99

For many years; The fruits were first consumed fresh,
then made into rusks, and brewed as tea for influenza
infections. As fresh fruit or dried, freshly squeezed juice,
jam, sherbet, sauce, cake. Conditions where it is most
frequently used in treatment. Aronia melanocarpa is a
high antioxidant capacity and rich in anthocyanins. In both
in vitro and in vivo studies; Stomach ulcers have been
found to have healing potentials on diseases such as many
cancer and diabetes.

Sharif et al.; The effects of Aronia melanocarpa fruit
juice on the stem cell line P19 in mouse embryonal
carcinoma cells were investigated; As a result of the
experiment, it was concluded that aronia fruit juice
inhibited cell proliferation and caused the induction of
apoptosis [19]. In a study investigating the biological
effects of Aronia melanocarpa extracts on the human
colon adenocarcinoma cell line; The anticancer activity of
extracts was detected by MTT test. In conclusion; It was
thought that A. melanocarpa leaf extract may show
anticancer activity [20]. In the study conducted by
Mcdougall et al.; Berry fruit extracts, rich in polyphenols,
were screened for their antiproliferative activity using
human cervical cancer (Hela) cells grown in microtiter
plates. Extracts of mountain ash, raspberry, blueberry,
cloudberry, arctic thornbush and strawberry have shown
anticancer activity[21]. In the study conducted on 5
different berry juices, the antiproliferative activity of
Konic'-Ristic et al. fruit juices on Hela cells, Fem X cells and
MCF-7 cells was examined. In the results of working, it was
determined that all fruit juices showed antiproliferative
activity in a dose-dependent manner, with ICso ranging
from 10.2 to 70.5 I/ml [22].

Cyanidin glycosides, one of the major components of
Aronia melanocarpa, have been found to inhibit Hela
human cervical tumor cell proliferation, thereby causing
antiproliferative activity [23]. There are studies showing
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the anti-proliferative or protective effects of aronia fruit
extracts on many types of cancer, especially colon cancer
[10], pancreatic cancer [24], breast cancer [25], colon
cancer [26]. In the study investigating the biological
effects of A. melanocarpa leaf extracts on the human
colon adenocarcinoma cell line Caco-2; extracts have been
found to show anticancer activity [20].

Gao et al [27], reported that A. melanocarpa fruit
extract showed antiproliferative activity (ICso = 338.36
pug/mL) by inhibiting the growth of HepG2 human liver
cancer cells.

A recent study investigated the potential effect of
Aronia melanocarpa extract on cell viability in human
colon cancer cell line (HT-29) and healthy human umbilical
cord endothelial cell line (HUVEC). MTT assay showed that
Aronia extract induced 50% cell death (ICso) at a
concentration of 186 ug/mL in HT-29 cell line 48 h after
treatment. Cytotoxicity results showed a dose-dependent
decrease in cell viability in HT-29 cell line. However,
increasing concentrations of Aronia extract did not show
a similar effect in HUVEC cell line [28]. The results
obtained support our study.

Cvetanovic et al. [29], the cytotoxic activity of A.
melanocarpa extracts on malignant cell lines (A-549, LS-
174T and Hela) and normal lung fibroblasts (MRC5) was
examined. The results obtained showed that the growth
of the malignant cells used was inhibited by the effect of
the extracts. In addition, Hela cells were shown to be
much more sensitive to extracts than the other three cell
lines. In our study, the results were found to be
compatible with this study, as the extracts showed the
highest anticarcinogenic activity in the Hela cell line.
Savikinetal et al., who conducted a study similar to ours
[30], reported that aronia fruit water extracts prepared in
the form of infusion and decoction showed cytotoxic
activity against Hela cells and the ICso values obtained
were 86.99 and 11.16pg/mL, which was consistent with
the ICso values found in our study (116.12 + 58.63 pg/mL)
has been observed.

Conclusion

For in vitro anticancer activity determination, it was
applied to breast cancer (MCF-7) and cervical cancer
(HelLa) cell lines, and cytotoxic activities were examined
using the MTT test. In conclusion; It has been determined
that all extracts of aronia fruits have moderate cytotoxic
activities on MCF-7 and Hela cell lines, all extracts are
more effective on the Hela cell line, and ethanol and
methanol extracts have a more cell viability-reducing
effect on these cells than others.

For in wvitro cytotoxic activity determination,
application was performed on human endothelial
(HUVEC) and mouse fibroblast (L929) cell lines, cytotoxic
activities were examined using the MTT test and the
extracts were compared in terms of effectiveness. In
conclusion; It has been determined that all extracts of
aronia fruits have no cytotoxic effect on healthy cell lines
HUVEC and L929. The fact that any natural substance or

extract obtained from plants or a single active substance
does not harm healthy cells, but has a cytotoxic effect on
cancerous cells, suggests that it may have potential in the
development of drug substances in the future. In this
context, it is promising that aronia plant fruit extracts do
not have cytotoxic effects on the tested HUVEC and L929
healthy cell lines.

If we make a comparison in terms of selectivity index;
It is seen that aronia plant ethanol extract shows the best
anticarcinogenic activity in the MCF-7 cell line with a
selectivity index value of 3.69, and aronia plant methanol
extract shows the highest anticarcinogenic activity in the
Hela cell line with a selectivity index value of 4.62. It is also
seen that the selectivity index values of plant extracts are
higher in Hela cells.

As a result of the data we obtained from our study; It
has been shown that fruits belonging to the Aronia
melanocarpa species can contribute to the literature in
the development of new natural resources, new drugs and
treatment agents in cancer treatment, thanks to their
anticancer activities and low cytotoxicity. However,
further research on the anticancer activity mechanisms of
these extracts is recommended by the application of more
advanced and comprehensive techniques, including in
vivo experiments.

Conflicts of Interest
There are no conflicts of interest in this work.
Acknowledgment

This article is derived from Eda S6nmez Girer's 2022
pharmacognosy doctoral thesis. The study was funded by
the Anadolu University Scientific Research Project Fund
(ANABAP) (Project number: 21055218).

References

[1] Jurikova T., Micek J., Skrovankova S., Sumczynski D.,
Sochor J., Hlavacova ., Fruits of Black Chokeberry Aronia
melanocarpa in the Prevention of Chronic Diseases,
Molecules, 22 (2017) 944.

[2]  Gorzynik-Debicka M., Przychodzen P., Cappello F., Kuban-
Jankowska A., Marino Gammazza A., Knap N., Potential
Health Benefits of Olive Qil and Plant Polyphenols, Int J Mol
Sci., 19 (2018) 686.

[3] Sekeroglu Z.A., Sekeroglu V., Oksidatif Mitokondrial Hasar
ve Yaslanmadaki Onemi, Tiirk Bilimsel Derleme Dergisi, 2
(2009) 69-74.

[4] Benvenuti S., Pelleti F., Melegari M., Bertelli D.,
Polyphenols, Anthocyanins, Ascorbic Acid and Radical
Scavenging Activity of Rubus, Ribes, and Aronia, J Food Sci.,
69(3) (2004) 164-169.

[5] Caglar M.Y., Demirci M., Uziimsii Meyvelerde Bulunan
Fenolik Bilesikler ve Beslenmedeki Onemi, Avrupa Bilim ve
Teknoloji Dergisi, 7 (2017) 18-26.

[6] AgaogluY.S., Tiirkiye’de Uziimsii Meyvelerin Diinii Bugiinii
ve Yarini, Ulusal Kivi ve Uziimsii Meyveler Sempozyumu
Ordu, (2003) 1-14.

541



Cumhuriyet Sci. J., 45(3) (2024) 537-542

(7]

(8]

[0

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Akalin G., Selamoglu Z., Nutrition and Foods for Skin
Health, Journal of Pharmaceutical Care, 7(1-2) (2019) 31-
33

Deng H., Zhu J.,, Tong Y., Kong Y., Tan C.,, Wang M.,
Antibacterial Characteristics and Mechanisms of Action of
Aronia melanocarpa Anthocyanins Against Escherichia coli,
LWT, 150 (2021) 112018.

Kaloudi T., Tsimogiannis D., Oreopoulou V., Aronia
melanocarpa: Identification and Exploitation of its
Phenolic Components, Molecules, 27 (2022) 4375.

Kulling S., Rawel H., Chokeberry (Aronia melanocarpa) — A
Review on the Characteristic Components and Potential
Health Effects, Planta Med., 74 (2008) 1625-1634.
Srednicka-Tober D., Kazimierczak R., Rembiatkowska E.,
Strok T., Swigder K., Hallmann E., Bioactive Compounds in
Organic Apple Juices Enriched with Chokeberry and Green
Tea Extract, Journal of Research and Applications in
Agricultural Engineering, 62 (2017) 173-177.

Cancer in World Health Organization Available at:
http://www.who.int/news-room/fact-sheets/detail ,
Retrieved January, 2024.

Sarag H., Dastan T., Demirbas A., Durna Dastan S., Karakoy
T., Durukan H., Madimak (Polygonum cognatum Meissn.)
Bitki Oziitlerinin Besin Elementleri ve in Vitro
Antikanserojen Aktiviteleri Yonlinden Degerlendirilmesi,
Siileyman Demirel Universitesi Ziraat Fakiiltesi Dergisi, 1.
Uluslararasi Tarimsal Yapilar ve Sulama Kongresi, (2018)
340-347.

Sarag H., Dastan T., Durukan H., Durna Dastan S., Demirbasg
A., Karakoy T., Kirmizi Gelincik (Fam: Papaveraceae,
Glaucium grandiflorum Boiss.&Huet var. grandiflorum)
Bitkisinin Farkl Ozitlerinin Besin Elementi igeriginin ve In
Vitro Antiproliferatif Etkilerinin Degerlendirilmesi, Ziraat
Fakiiltesi Dergisi, (2018) 417—-428.

Al-Qubaisi M., Rozita R., Yeap S.K.,, Omar A.R., Ali A.M.,
Alitheen N.B., Selective Cytotoxicity of Goniothalamin
Against Hepatoblastoma HepG2 Cells, Molecules, 16
(2011) 2944-2959.

Tokur O., Aksoy A., In Vitro Sitotoksisite Testleri, Harran
Universitesi Veteriner Fakiiltesi Dergisi, 6 (2017) 112-118.
Mosmann T., Rapid Colorimetric Assay for Cellular Growth
and Survival: Application to Proliferation and Cytotoxicity
Assays, J Immunol Methods, 65 (1983) 55—63.

Riss T.L., Moravec R.A., Use of Multiple Assay Endpoints to
Investigate the Effects of Incubation Time, Dose of Toxin,
and Plating Density in Cell-Based Cytotoxicity Assays, Assay
Drug Dev Technol, 2 (2004) 51-62.

Sharif T., Stambouli M., Burrus B., Emhemmed F.,,
Dandache 1., Auger C., The Polyphenolic-Rich Aronia
melanocarpa Juice Kills Teratocarcinomal Cancer Stem-
Like Cells, but Not Their Differentiated Counterparts, J
Funct Foods, 5 (2013) 1244-1252.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Efenberger-Szmechtyk M., Nowak A., Nowak A., Cytotoxic
and DNA-Damaging Effects of Aronia melanocarpa, Cornus
mas, and Chaenomeles superba Leaf Extracts on the
Human Colon Adenocarcinoma Cell Line Caco-2,
Antioxidants, 9 (2020) 1030.

McDougall G.J., Ross H.A., lkeji M., Stewart D., Berry
Extracts Exert Different Antiproliferative Effects against
Cervical and Colon Cancer Cells Grown In Vitro, J Agric Food
Chem., 56 (2008) 3016—3023.

Konié-Risti¢ A., Savikin K., Zduni¢ G., Jankovi¢ T., Juranic Z.,
Menkovié¢ N., Biological Activity and Chemical Composition
of Different Berry Juices, Food Chem., 125 (2011) 1412-
1417.

Rugind D., Sconta Z., Leopold L., Pintea A., Bunea A.,
Socaciu C., Antioxidant Activities of Chokeberry Extracts
and the Cytotoxic Action of Their Anthocyanin Fraction on
Hela Human Cervical Tumor Cells, J. Med. Food, 15 (2012)
700-706.

Thani N.A.A., Keshavarz S., Lwaleed B.A., Cooper AlJ.,
Rooprai H.K., Cytotoxicity of Gemcitabine Enhanced by
Polyphenolics from Aronia melanocarpa in Pancreatic
Cancer Cell Line AsPC-1, J. Clin. Pathol., 67 (2014) 949-954.
Kedzierska M., Olas B., Wachowicz B., Stochmal A., Oleszek
W., Jeziorski A., The Nitrative and Oxidative Stress in Blood
Platelets isolated from Breast Cancer Patients: The
Protectory Action of Aronia melanocarpa Extract,
Platelets, 21 (2010) 541-548.

Bermudez-Soto M., Tomasbarberan F., Garciaconesa M.,
Stability of Polyphenols in Chokeberry (Aronia
melanocarpa) Subjected to In Vitro Gastric and Pancreatic
Digestion, Food Chem., 102 (2007) 865—-874.

Gao N., Wang Y., Jiao X., Chou S., Li E., Li B., Preparative
Purification of Polyphenols from Aronia melanocarpa
(Chokeberry) with Cellular Antioxidant and
Antiproliferative Activity, Molecules, 23 (2018) 139.
Caliskan Z., Yucel M.F., Celikok Y., Guler V., Duranay S. A,,
Preliminary Study of the Anti-Proliferative Effect of Aronia
melanocarpa Extract on Human Colon Cancer Cells and its
Relation with Human TERT Protein, Experimental
Biomedical Research, 6(2) (2023) 88-98.

Cvetanovi¢ A., Zengin G., Zekovié¢ Z., Svarc-Gaji¢ J., RaZi¢ S.,
Damjanovi¢ A., Comparative In Vitro Studies of the
Biological Potential and Chemical Composition of Stems,
Leaves and Berries Aronia melanocarpa’s Extracts
Obtained by Subcritical Water Extraction, Food and
Chemical Toxicology, 121 (2018) 458—-466.

Savikin K., Zduni¢ G., Jankovi¢ T., Godevac D., Stanojkovi¢
T., Pljevljakusi¢ D., Berry Fruit Teas: Phenolic Composition
and Cytotoxic Activity, Food Research International, 62
(2014) 677-683.

542


http://www.who.int/news-room/fact-sheets/detail

| csj.cumhuriyet.edu.tr |

Cumbhuriyet Sci. J., 45(3) (2024) 543-549
DOI: https://doi.org/10.17776/csj.1500231

Cumhuriyet Science Journal
ISSN: 2587-2680 e-ISSN: 2587-246X

Founded: 2002 Publisher: Sivas Cumhuriyet University

Effects of Different Doses of Biochar Applications on Yield and Nutrient Element
Concentrations on Wheat Grown under Salt Stress

Halil Géktan Demirbas’2, Osman S6nmez*, Ahmet Demirbag?<, Fatma Nur KiligL.d*

1 Department of Soil Science and Plant Nutrition, Faculty of Agriculture, Erciyes University, Kayseri, Tirkiye
2 Department of Plant and Animal Production, Sivas Cumhuriyet University, Sivas, Tirkiye

*Corresponding author

Research Article

History
Received: 12/06/2024
Accepted: 23/09/2024

ABSTRACT

In the study, the effects of different doses of biochar applications on the yield and nutrient uptake of wheat
grown under salt stress in greenhouse conditions were investigated. The study was conducted in 2 kg capacity
plastic pots with three replications using a random plot design. In the study, salt doses were applied as 0 dS m-
1, 6 dS mtand 12 dS m (in the form of NaCl), and biochar doses (BC) were applied as 0%, 0.5%, 1% and 2%
W/W. At the end of the study, the dry matter yield of wheat plant and sodium (Na), nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), zinc (Zn), manganese (Mn), iron (Fe) and copper (Cu) concentrations were
determined. Study results showed that BC applications increased the dry matter production of the plant, and
the highest was obtained with 2% BC application at 6 6 dS msalt dose, 1.85 g pot™*. However, due to increasing
salt doses, BC applications had no effect on the phosphorus and potassium concentrations of the wheat plant,
except for calcium, and decreases were determined in the average values. In the study, although all BC
applications increased iron, zinc, manganese and copper concentrations compared to the control, when
evaluated in terms of average values, decreases were detected in the microelement concentrations of the plant
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due to increasing salt doses.
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Introduction

The salinity problem in agricultural production areas
leads to soil degradation on one hand and yield losses in
plant production on the other. Saline soils are generally
found predominantly in arid and semi-arid regions. The
use of low quality irrigation water in agricultural areas,
inappropriate irrigation methods and inadequate
drainage conditions cause the salinity problem to increase
day by day. It has been reported that the electrical
conductivity of saline soils is higher than 4 mmhos / cm
and the percentage of exchangeable sodium (Na) is less
than 15 [1]. In general, it is known that the dominant salt
form in soils is NaCl and that the highest crop yield losses
are caused by this salt. More than 800 million hectares of
land worldwide face both salinity and alkalinity problems
[2]. In Tlrkiye, it has been reported that there is a salinity
problem in an area of 1.5 million hectares [3]. There may
be significant changes in the morphology of plants grown
under salt stress. Accordingly, salinity retards the growth
of plants, causing leaf appearance to be small and dull
bluish-green, and shoot growth generally declines more
than root growth [4]. It has been reported that the first
symptoms of salinity-related toxicity in plants growing in
saline areas are chlorosis, which starts from the tips of old
leaves and progresses to the leaf blade and stem, and then
turns into necrosis [5].

Biochar is produced by heating plant biomass in the
absence of oxygen and is a relatively new term that has

Keywords: Abiotic stress, Biochar soil conditioner, Salinity mitigation, Wheat crop resilience, Enhanced nutrient availability.
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emerged in relation to issues of soil management and
carbon (C) enrichment [6]. The production and application
of biochar to the soil is a new process in order to limit the
risk of COz return in the atmosphere and reduce the CO2
storage in the long term [6]. Carbon-rich materials
obtained by heating various biomass such as wood, animal
manure and leaves in a closed environment where there
is little or no oxygen are called biochar. In a more technical
sense, the material produced by the exchange/pyrolysis of
organic materials in the presence of a limited amount of
oxygen and at relatively low temperatures (<700 °C) is
called biochar [7]. It is an important issue to investigate
this valuable product called biochar in terms of different
application areas due to its high surface area and porous
structure, especially in improving soil quality and
removing pollution [8]. Due to the recalcitrant nature of
biochar (obtained from charcoal or biomass) in reducing
greenhouse gas emissions, there has been growing
interest in its use as a soil amendment [9]. Recently,
studies on biochar have increasingly focused on its
effectiveness in enhancing both the sustainability and
productivity of agricultural systems [10-11]. In this study,
the effects of different doses of biochar obtained from
peanut shells on the yield and nutrient uptake of Kiziltan
wheat variety grown under salt stress in greenhouse
conditions were investigated.
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Material and Methods

The greenhouse experiment was carried out in the
greenhouses of Erciyes University, Faculty of Agriculture,
Department of Soil Science and Plant Nutrition. The
experiment was set up according to the random parcel
design with three repetitions. The soil used in the
experiment; It has a clay loam texture and slightly alkaline
pH (7.98), low organic matter content (1.77%), salt-free
(0.02%), medium calcareous (9.95%), low phosphorus
concentration (56.8 kg P20s hal ) and low potassium
concentration (987.1 kg K20 ha). Plastic pots were used
in the experiment and 3000 g of soil was placed in each
pot. In the experiment, as basic fertilization, 200 mg N kg’
1 (in the form of CaN03.4H20), 100 mg P kg* and 125 mg
K kg? (in the form of KH2P0O4), 2.5 mg Zn kg (in the form
of ZnS04.7H,0) and 2.5 mg Fe kg™* (in the form of Fe-EDTA)
was applied to each pot. In the experiment, salt
concentrations were applied using a NaCl source at 0 dS
m?, 6 dS m? and 12 dS m™ levels. 1/3 of each salt dose
was initially mixed into the soil, and the remaining part
was completed with irrigation water along with the
outlets. Pure water was used for irrigation and care was
taken to avoid water loss from the bottom of the pot. The
Kiziltan wheat variety was utilized as the plant material.
Initially, 12 wheat seeds were sown in each pot, and after
germination, the seedlings were thinned to reduce the
number to 8.

In the study, biochar obtained from peanut shells by
slow pyrolysis and burning at 400 °C for 2 hours was
applied as 0%, 0.5%, 1% and 2% w/w. Approximately 50
days after planting, the harvested plants were brought to

the laboratory and washed first with tap water, then with
0.1% N HCI, and then with pure water. The plant leaves,
placed separately in a paper bag, were dried in an air
circulation drying cabinet at 70 °C until they reached a
constant weight. The samples, whose dry weights were
determined, were ground in a plant grinding mill. 0.2 g of
ground plant samples were weighed and burned in an acid
mixture of H202-HNOs (2 ml of 35% H202 and 5 ml of 65%
HNOs) according to the wet combustion method in a
microwave device, and the final volume was completed to
20 mL with pure water and filtered through blue band
filter paper. From the obtained filters, phosphorus (P)
concentration was measured colorimetrically in a
spectrophotometer at 882 nm [12], potassium (K), calcium
(Ca), sodium (Na), zinc (Zn), manganese (Mn), iron (Fe)
and copper (Cu) concentrations were determined by
Atomic Absorption Spectrophotometer device (Shimadzu
AA-7000) [13]. Nitrogen (N) determination was made
according to the Kjeldahl distillation method [14].
Research findings and all measured variables were
analyzed using the SPSS 20.0 for Windows package
program for statistical analysis, and the differences
between the means were determined with the Tukey test
at a significance level of p < 0.05.

Results and Discussion

In the study, the dry matter production and Na
concentration of the wheat plant are given in Table 1, the
N and P concentrations are given in Table 2, the K and Ca
concentrations are given in Table 3, the Fe and Zn
concentrations are given in Table 4, and the Mn and Cu
concentrations are given in Table 5.

Table 1. Effects of the applications on the dry matter production (g pot) and Na concentration of the wheat plant (%)

Applications Dry Matter Production (g pot™?) Na (%)
0dSm™ 0% BC 1.23 £0.01 ef 1.68 +0.35g
0.5 % BC 1.61 +0.06 bc 2.28 +0.02fg
1% BC 1.73 0.04 ab 2.66 10.16fg
2% BC 1.73 £0.08 ab 3.55 +0.60f
Average 1.57 2.54
6dSm? 0% BC 1.24 +0.20 ef 14.05 +0.70e
0.5 % BC 142 +0.02d 16.62 +0.32c
1% BC 1.48 +0.01 cd 16.12 +1.19cd
2% BC 1.85 0.06a 1450 +1.87 de
Average 1.50 15.32
12 dSm™ 0% BC 1.18 +0.04 e-g 27.56 $0.05a
0.5 % BC 1.14 +0.03fg 27.09 0.05a
1% BC 1.33 +0.02 de 24.67 +1.58b
2% BC 1.06 +0.11g 25.86 +0.59 ab
Average 1.18 26.29

P<0.05

When Table 1 is evaluated in terms of the effects of
the applications on the dry matter production of the
wheat plant in the research, the highest dry matter
production was obtained with 1.85 g pot? in 2% BC
application at 6 dS m™ salt dose. This application was
followed by 1% BC and 2% BC applications at 0 dS m™ salt

dose, production at 1.73 g pot™. The lowest dry matter
production was determined at 1.06 g pot?! and 2% BC
application at a salt dose of 12 dS m™. Research results
show that when moderate salt is applied, 2% BC
application significantly increases the dry matter
production of the plant compared to the control. In
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addition, BC applications at all three salt doses generally
increased the dry matter production of wheat plants
compared to the control. In a similar study, [15]
conducted a study to evaluate the potential of biochar and
gibberellic acid (GA3) to reduce salinity stress in wheat. In
this study, two different salinity levels (2.43 dS m™ and
5.11 dS m') and eight different combinations (T1-T8) were
used. The combinations applied in the trial are: T1 (control
with 2.43 dS m™ EC), T2 (salinity stress with 5.11 dS m
EC), T3 (10 mg kg* GA3 and 2.43 dS m™ EC), T4 (10 mg kg’
1GA3 and 5.11 dS m EC), T5 (0.75% biochar and 2.43 dS
m™1 EC), T6 (0.75% biochar and 5.11 dS m™ EC), T7 (2.43 dS
m™ EC with 10 mg kgt GA3 and 0.75% biochar) and T8 (10
mg kgt GA3 and 0.75% biochar with 5.11 dS m™* EC). They
reported that individual and combined applications of
GA3 and biochar significantly (P<0.05) increased plant
growth in saline conditions compared to the control.
When the average dry matter production was evaluated
in our research, it was determined that the dry matter
production of the plant decreased as the salt doses
increased. While the highest average dry matter
production was determined at 0 dS m™ salt dose with 1.57
g pot?, the lowest average dry matter production was
determined at 12 dS m™ salt dose with 1.18% g pot™.
When Na concentration was examined in the study,
the highest sodium concentration was found in 0% BC

application at 12 dS m™ salt dose with 27.56% Na. When
average Na concentrations were evaluated, it was seen
that sodium concentrations increased as salt doses
increased. In parallel with this increase, the dry matter
production of the wheat plant also decreased. Contrary to
our research results, [16] examined the effects of biochar
and selenium nanoparticles (Se-NP) on the growth and
biomass production of wheat irrigated with salt water in
their study. In the study, biochar was used as 5% of the
soil amount in 2 kg pots, 3000 ppm NaCl was applied 20
days after wheat emergence, and 30 ppm Se-NP was
added 5 days after salt application. Plants were harvested
after 55 days. The results showed that plants treated with
the combination of NaCl, biochar and Se-NP accumulated
50% less Na in their leaves and significantly increased
(P<0.005) growth and yield parameters. [17] reported that
roots are the first organs to encounter salinity and that the
decline in root growth is greater with salt stress compared
to the green parts. The decline in shoot and root growth
in question is due to osmotic stress in plants due to salt
stress [18], ion imbalances and regressions in
carbohydrate fixation [19]. Regressions in plant growth
due to salt stress have been shown in different plant
species, for example, wheat [20], rice [21] and corn [22].

Table 2. Effects of the applications on N and P concentration of the wheat plant (%)

Applications N (%) P (%)
0dSm 0% BC 4.44 +0.02 ab 0.86 +0.06 ab
0.5 % BC 494 +0.02a 0.43 +0.03 d-f
1% BC 5.04 +0.01a 0.47 +0.02de
2% BC 5.10 #0.13a 0.19 0.01g
Average 4.88 0.49
6dSm? 0% BC 499 +0.15a 0.60 +0.24cd
0.5 % BC 4.18 +0.00 bc 0.60 +0.00cd
1% BC 4.46 +0.10ab 0.26 +0.06 fg
2% BC 4.05 +0.19c 0.47 +0.12 de
Average 4.42 0.48
12 dS m? 0% BC 3.66 +0.23d 0.93 0.00a
0.5 % BC 3.58 +0.28de 0.69 +0.09 bc
1% BC 3.30 0.07e 0.39 +0.07 ef
2% BC 3.23 0.25e 0.18 +0.03 g
Average 3.44 0.55

P<0.05

The highest N concentration of wheat plant was
determined in the application of 2% BC at a dose of 5.10%
N and 0 dS m™ (Table 2). This application was followed by
1% BC application at 0 dS m™ dose, which is statistically in
the same group (5.04% N). The lowest N concentration
was determined in the application of 2% BC at a dose of
12 dS m™* with 3.23% N. In the study, while all BC doses at
0 dS m salt dose increased the N concentration of the
plant compared to the control, BC applications at other
salt doses did not have any effect and higher N
concentrations were detected in the control applications.
When average N concentrations were evaluated, the N
concentration of the plant decreased in parallel with

increasing salt doses. Similarly, BC applications had no
effect on the phosphorus concentrations of the plant. The
highest P concentration was determined in 0% BC
application at a dose of 12 dS m™* with 0.93% P. The lowest
P concentration with 0.18% P was detected in 2% BC
application at the same salt dose. In all three salt doses,
the P concentration of wheat plants decreased compared
to the control. [23] examined the effects of biochar and P-
dissolving and salt-tolerant PGPRs (Bacillus thuringiensis
or Bacillus tropicus) on wheat plants. For this purpose,
saline soil was added to 6 kg pots and biochar and PGPR
were applied at the rate of 1% of the soil amount.
Research results revealed that applications increased
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wheat growth and yield compared to the control group. In
particular, significant improvements were achieved in the
K/Na ratio, available P level and microbial biomass carbon
in the soil; this led to an increase in the nutrient content

(N, P, K) in roots, shoots and grains. These findings
indicate that the combined use of biochar and PGPR has
potential benefits in wheat cultivation in saline soil
conditions.

Tablo 3. Effects of the applications on K and Ca concentration of the wheat plant (%)

Applications K Ca
0dSm 0% BC 3,51 £0.04c 1.07 +0.06 e-g
0.5 % BC 3.96 0.05b 0.85 +0.06 gh
1% BC 4.11 +0.02 ab 0.85 0.11gh
2% BC 420 +0.01a 0.67 0.01h
Average 3.94 0.86
6dSm? 0% BC 3.12 10.10de 1.28 10.27 de
0.5 % BC 2.95 10.04 ef 1.37 +£0.00d
1% BC 3.10 0.01de 1.27 +£0.01d-f
2% BC 3.45 10.03c 1.02 +£0.12fg
Average 3.15 1.23
12 dS m? 0% BC 3.22 +0.14d 1.85 £0.05c
0.5 % BC 2.82 +0.01f 2,51 £0.19a
1% BC 2.87 10.04f 2.25 +0.21ab
2% BC 3.00 0.25ef 2.04 10.03 bc
Average 2.98 2.16
P<0.05

In the study, the K concentration of wheat plants
decreased due to increasing salt doses, as did N and P
concentrations (Table 3). While BC applications at 0 dS m"
! salt dose increased the K concentration compared to the
control, BC applications at increasing salt doses were
generally not effective and higher K concentrations were
detected in control applications. In the study, the highest
K concentration was determined in 2% BC application at 0
dS m? salt dose with 4.20% K, while the lowest was
determined in 0.5% BC application at 12 dS m™ salt dose
with 2.82% K. When average K concentrations were
evaluated, a decrease was observed due to increasing salt
doses. [24] reported that excessive uptake of Na* ion in
plants under salt stress led to less uptake of K*ion due to
competition. Contrary to the K concentration, the calcium
concentration of the plant also increased due to
increasing salt doses. This situation is explained by the fact
that Ca plays an important role in the selective transport
of K to make the plant resistant to salinity in the presence
of high Na. Consequently, under salt stress, the Ca uptake
of plants increases in parallel with the sodium uptake [25-
26]. Except for the 0 dS m salt dose, all BC applications at
other salt doses increased the Ca concentration of the
plant compared to the control. The highest calcium
concentration was determined in 0.5% BC application with
2.51% Ca and 12 dS m™ salt dose, and the lowest calcium
concentration was determined in 2% BC application with
0.67% Ca and 0 dS m™ salt dose. [27] in their study on the
use of biochar (corn stalk and rice husk) and
vermicompost (VC) improves the chemical structure of
the soil and the physiological and biochemical properties
of plants to relieve water stress of wheat plants in saline
sodic soil, VC (4% W:W), biochar (1% W:W) and
VC+biochar applications were made at 50%, 75% and
100% field capacity. As a result of the study, VC-biochar
combined application followed by biochar application as a
single application was significantly effective on relative
water  content, chlorophyll  content, stomatal
conductance, cytotoxicity, leaf K content in relation to
nutrient uptake (N, P and K), while reducing oxidative

stress ( P< 0.05) reported. Contrary to our study results,
some researchers studied different plant species, such as
wheat [28], sorghum [29], different pumpkin species,
melon [30] and tomato [31] reported that there were
decreases in Ca concentration due to salt stress. According
to [32], Ca nutrition has an important role in maintaining
good growth under saline conditions.

In the study, the highest Fe concentration was
determined as 97.7 mg Fe kg in 1% BC application at 0 dS
m! salt dose, while the lowest was determined as 59.2 mg
Fe kgt in 0% BC application at 12 dS m™ salt dose (Table
4). In the study, although all BC applications at all three
salt doses increased the Fe concentration of the plant
compared to the control, when average Fe concentrations
were examined, the Fe concentration of the plant
decreased due to increasing salt doses. A similar situation
applies to the Zn concentration of the plant. While Zn
concentration increased with BC applications at all salt
doses compared to the control, when average Zn
concentrations were evaluated, decreases were detected
in the Zn concentration of wheat plants due to increasing
salt doses. The highest Zn concentration was detected in
2% BC application at 0 dS m™ salt dose, with 147.0 mg Zn
kg. [32] investigated the determination of the effects of
Zn and salt applications on the shoot parts and some
element concentrations of durum wheat in a soil with Zn
deficiency. In the study, 3 different Zn doses (0, 5 and 10
mg Zn kg') were applied and 4 different salt doses (0, 0.5,
1.0and 1.5%) were applied during the stemming period of
the plants. At the end of the research, they reported that
the differences in the concentration of micronutrients in
the salty conditions of the durum wheat plant may be due
to the decrease in water use, especially with increasing
salt concentration, and the interaction resulting from the
imbalance in ion uptake.
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Tablo 4. Effects of the applications on Fe and Zn concentration of the wheat plant (mg kg™?)

Applications Fe Zn
0dSm 0% BC 69.9 +5.37c-e 132.3 +0.35 b-d
0.5 % BC 86.3 +2.12ab 137.2 +3.18 a-c
1% BC 97.7 +2.96a 144.1 +9.04 ab
2% BC 76.7 £2.05 b-d 147.0 +0.42a
Average 82.6 140.1
6dSm? 0% BC 64.7 *2.19e 102.7 +8.84fg
0.5 % BC 66.1 15.16de 115.9 +5.44 ef
1% BC 78.6 7.85bc 129.2 +0.07 c-e
2% BC 76.7 +1.98 b-d 118.4 +3.96de
Average 71.5 116.5
12 dS m? 0% BC 59.2 +l.4le 78.6 0.07 h
0.5 % BC 63.2 12.90e 92.0 +1.27 gh
1% BC 70.1 +13.51c-e 96.4 1325 g
2% BC 77.0 16.51 b-d 94.2 +16.97¢g
Average 67.4 90.3

P<0.05

Tablo 5. Effects of the applications on Mn and Cu concentration of the wheat plant (mg kg™)

Applications Mn Cu
0dSm 0% BC 101.5 +2.19de 13.8 +0.42 ab
0.5 % BC 103.4 +0.21cd 13.3 10.07 a-d
1% BC 143.4 +5.23a 14.7 £1.63a
2% BC 114.6 +1.34b 13.1 £0.00 b-e
Average 115.7 13.7
6dSm? 0% BC 110.7 +3.75 bc 12.1 +1.06d-g
0.5 % BC 116.7 +2.62b 11.7 +£0.14 e-g
1% BC 141.2 +0.64a 12.4 +0.35c-g
2% BC 136.9 +6.01a 12.5 10.57 b-f
Average 126.3 12.2
12 dS m? 0% BC 81.2 +0.78f 11.1 +0.35¢g
0.5 % BC 95.4 +2.47e 7.3 $0.92h
1% BC 101.3 +2.40de 11.1 +0.28fg
2% BC 99.05 £7.28de 13.7 $0.35a-c
Average 94.2 10.8

P<0.05

In terms of Mn concentration, when Table 5 is
examined, the highest concentration of 143.4 mg Mn kg
was detected in the 0 dS m? salt dose with 1% BC
application. This was followed by the 6 dS m™salt dose
with 1% BC and 2% BC applications, which are statistically
in the same group. The lowest Mn concentration was
detected in 0% BC application at a salt dose of 12 dS m™*
(81.2 mg Mn kg). In the study, BC applications at all salt
doses increased the Mn concentration of the plant
compared to the control. When the average Mn
concentrations were evaluated, the highest average Mn
concentration of 126.3 mg Mn kg* was determined in the
6 dS mapplication, while the lowest was determined in
the 12 dS m™ application with 94.2 mg Mn kg®. In the
study, it was seen that BC applications generally had no
effect on the Cu concentration of the plant. BC
applications at all salt doses did not provide a significant
increase compared to the control. However, when
average Cu concentrations were evaluated, it was

determined that Cu concentrations decreased in parallel
with increasing salt doses. In various studies, some
researchers have reported that the general effect of salt
stress on plants is the toxic effect of ions such as Na and
Cl. This toxicity, especially in the later stages of plant
development, leads to a decrease in or toxicity of nutrient
uptake and transport [33-34]. As a result of this effect, the
yield and quality of the plant are adversely affected [35-
36].

Conclusions

In the study, which aimed to determine the effects of
applying different doses of biochar obtained from peanut
shells to wheat grown under salt stress in greenhouse
conditions on yield and nutrient uptake, it was found that
dry matter production increased with biochar applications
at all salt doses, but when examined in terms of average
values, dry matter production decreased with increasing
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salt doses. In the study, BC applications significantly
increased the N concentration of the plant at the control
dose of 0 dS m™, however, BC applications were not
effective at increasing salt doses and control applications
had higher N concentrations. BC applications had no
effect on the P and K concentrations of the wheat plant,
except for Ca, due to increasing salt doses, and decreases
were determined in the average values. In the study,
when the effects of BC applications at increasing salt
doses were evaluated on the microelement
concentrations of the wheat plant, although all BC
applications increased Fe, Zn, Mn and Cu concentrations
compared to the control, when evaluated in terms of
average values, decreases were detected in the
microelement concentrations of the plant due to
increasing salt doses.

When the research results were evaluated as a whole,
it was found that while biochar (BC) applications alone had
an impact on the growth and development of the plant,
the effect of BC applications on the growth and
development of the wheat plant was limited when salt
applications were made.
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This study introduces a novel microextraction technique for the analysis of Brilliant Blue FCF, a widely used food
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dye, employing a deep eutectic solvent (DES). The method aligns with green chemistry principles by favoring
environmentally benign solvents, ensuring rapid and efficient extraction. Specifically, a DES composed of
tetrabutylammonium bromide (TBAB) and phenol (Ph) was prepared in a cost-effective and expedient manner.

To enhance extraction efficiency within the deep eutectic solvent-based dispersive liquid-liquid microextraction
(DB-DLLME), critical parameters such as the volume of DES, quantity of dispersive agent, extraction time, and
sample volume were systematically optimized. The accuracy of the method was conducted at pH 3 by spiking
various food samples with known concentrations of the analyte. Analytical performance metrics, including
recovery efficiency, limit of detection (LOD), limit of quantification (LOQ), and relative standard deviation (RSD),
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Introduction

Food colorants often provide information about the
ingredients, taste, vitamin value, and safety of the
product. Food colorants are divided into two classes:
synthetic such as tartrazine, patent blue V, ponceau 4R,
brilliant blue, erythrosin, allura red and sunset Yellow FCF
and natural such as curcumin, carmine, riboflavin, lutein,
carotene, chlorophyll. Synthetic dyes, which have a very
permanent and intense color, are classified according to
their structure into groups such as azo dyes, chiniline,
xanthan, and anthraquinone. Natural and synthetic food
colors are added to foods in order to enhance their
nutritional value and appearance. Synthetic colorants are
utilized more than natural dyes because they are cheap
and have high stability. Natural colorants are generally
preferred because of their positive effects on health [1-3].

Brilliant Blue FCF (E133) is a water-soluble synthetic
food color belonging to the azo dye group, also known as
FD&C Blue, Acid Blue 9 or Food Blue [4-6]. It is extensively
utilized to impart a blue hue to a variety of food products
including chocolates, dairy items, cereals, sauces, cheese,
jellies, and beverages. Despite its widespread application,
Brilliant Blue FCF has been associated with potential
genotoxic effects, manifesting in conditions such as skin
flaking, allergic reactions, convulsions, gastrointestinal
tumors, and neurotoxicity [7-9]. Conversely, the
International Agency for Research on Cancer has classified
Brilliant Blue FCF as having no carcinogenic effects (Mittal,
2006). The World Health Organization (WHO) and the
Food and Agriculture Organization (FAO) have established

were determined and reported as 0.86 pug/L, 2.88 ug/L, and 0.4-1.3% respectively. Furthermore, the method has
been successfully utilized for analyzing samples of confectionery, beverages, water, and chewing gum.

Keywords: Deep eutectic solvent, Spectrophotometric analysis, Brillant blue FCF, Green chemistry, Food additives..

the daily acceptable intake of Brilliant Blue FCF to be
within the range of 0-6 mg/kg body weight [4].

Due to the essential importance of brillant blue FCF in
metabolic activities, it is very important to develop
sensitive and accurate methods for the determination of
reliable concentration values in foods, feeds,
supplements, and biological samples [10]. Therefore,
many techniques such as high-performance liquid
chromatography (HPLC), voltammetry,
chemiluminescence, UV spectrophotometry (UV-Vis) and
mass spectrometry (MS), capillary zone electrophoresis,
spectroelectrochemistry are utilized for brillant blue FCF
determination. However, these methods have difficulties
such as trace concentration levels of brillant blue FCF in
real samples and complex matrix environments.
Therefore, solid and liquid phase extraction enrichment
methods have been developed by researchers. Since
these traditional methods are tedious, time-consuming,
expensive, and not environmentally friendly,
microextraction methods have drawn attention within the
scope of green chemistry in recent years. Solidified
floating organic drop microextraction (SFODME), hollow-
fiber membrane liquid-phase microextraction (HF-LPME),
fiber solid-phase microextraction (FSPME), in-tube solid-
phase microextraction, headspace liquid-phase
microextraction  (HS-LPME), dispersive solid-phase
microextraction, solvent bar microextraction (SBME),
single-drop microextraction (SDME), ultrasonic assisted
microextraction  (UAME), dispersive liquid-liquid
microextraction (DLLME) are implemented for the
separation and determination of organic or inorganic
species [11-16].
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In 2006, for the first time reported by Rezaee et al.
DLLME method, solvent systems such as switchable
hydrophobicity solvent, supramolecular solvent, natural
deep eutectic solvent, ionic liquid, and deep eutectic
solvent are used [17-18]. In this article, a dispersive liquid
phase microextraction method based on a deep eutectic
solvent system (DB-DLLME) was utilized for the sensitive
determination of brillant blue FCF.

DESs with low melting points are generally synthesized
from the combination of a hydrogen bond acceptor (HBA)
such as a quaternary ammonium salt and a hydrogen bond
donor (HBD) such as carboxylic acids, alcohol, and
carbohydrates by hydrogen bond interactions [19]. These
solvents, which are mixed by ultrasonic, freezing,
conventional heating, and microwave heating, are
biodegradable. Hence, they are known as environmentally
friendly and ideal solvents for microextraction studies. In
addition, DESs can be used not only in high-purity
extraction studies but also as auxiliary components in
material synthesis [17, 20-22].

In this current paper, a DB- DLLME method for the
analysis of brillant blue FCF was developed. For this
purpose, DES solvent consisting of tetrabutyl ammonium
bromide (TBAB and phenol (Ph) was synthesized in a very
short time by heating method. It was utilized for the
determination of brillant blue FCF in beverages, candies,
water and chewing gum food samples.

Experimental

Instrumentation and Reagents

Brilliant Blue FCF was analyzed using UV-Vis
spectrometry (Perkin-Elmer Lambda 25; Norwalk, CT,
USA). pH values for optimization and analyte
determination in foods were measured with a pH meter
(Hanna HI 2211, USA). The ultrasound-assisted DB-DLLME
method employed an ultrasonic bath (J.P. Selectra, Spain)
throughout the study. To prepare the deep eutectic
solvents (DES), mixtures were homogenized using a
heating device ((Velp Scientifica, Italy). Distilled water
utilized in the experiments was sourced from a Nuve
Water Distiller ND-4.

The DB-DLLME method was also conducted using
reagents of analytical grade purity. First of all, the analyte
was purchased from Sigma-Aldrich (USA). The solvents

TBAB and phenol, used for the formation of DES, were
sourced from Carl Roth (Karlsruhe, Germany), and (Isolab
Chemicals, Germany) brands, respectively. Additionally,
sodium chloride (NaCl) was procured from Isolab
Chemicals, Germany. Tetrahydrofuran (THF) from Sigma-
Aldrich was also employed to examine the influence of the
dispersing solvent on the method.

Formation of DES

DESs are obtained by combining several hydrogen
bond acceptor (HBA) and hydrogen bond donor (HBD)
components with distinct structures. In this study, the
formation of a DES consisting of tetrabutylammonium
bromide (TBAB) and phenol (Ph) for Brilliant Blue FCF
microtraction was investigated. TBAB and Ph were mixed
in a 1:1 molar ratio in a laboratory flask and stirred on a
magnetic heating plate until the mixture became
homogeneous and colorless. Meanwhile, the temperature
of the heater was maintained at a constant range of 60-
80°C [23]. Subsequently, the resultant solvent was cooled
to room temperature for application in the separation and
enrichment of Brilliant Blue FCF from real samples using
the DS-DLLME method.

Des Based- Dispersive

Microextraction (DB-DLLME) Method

The method was initially optimized using model
solutions to achieve maximum extraction efficiency
before the spectrophotometric analysis of Brilliant Blue
FCF from food samples. The DB-DLLME method, with
experimental parameters set at pH 3, 0.1 g NaCl, and 200
puL of DES, was applied to 10 mL volume samples
containing 0.793 pg/mL of the analyte. The developed
method involved ultrasonic mixing of these solutions for 5
min. Subsequently, the resulting turbid solutions were
centrifuged at 4100 rpm for 3 min. to separate the organic
phase from the aqueous phase. The separated phase
containing Brilliant Blue FCF was then made up to 1 mL by
adding approximately 0.8 mL ethanol to the extraction
phase to improve the extraction process. The blue-colored
solutions were analyzed using a UV-Vis
spectrophotometer at 627 nm. Additionally, a schematic
representation of the DB-DLLME microextraction method
is provided in Fig.1.

Liquid-liquid

Figure 1. Schematic depiction of the DB-DLLME technique

Model solution
preparation: Mixing for Phase
0.2 mL DES extraction separation
pH adjustment b
Brillant blue FCF
Analytical defining with
i - Measurerpent Phase
preparation: separation |
spectrophotometer Brillant blue FCF P
with ethanol i
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Sample Preparation Procedures Prior to Analysis

Brilliant Blue FCF (E133) is widely used to impart a
synthetic blue colour to a variety of food samples, making
them readily available for analysis. Sugar confectionery,
chewing gum, soft drinks were prepared for analysis using
appropriate sample preparation procedures. To facilitate
the dissolution of Brilliant Blue FCF, 2 grams of distilled
water were added to each confectionery and chewing
gum sample, which had been weighed individually.
Following preparation, the samples were exposed to
ultrasonic treatment for about 30 min. to aid in the
extraction of the analyte. Subsequently, centrifugation
was used to separate the phases and prepare them for
analysis of Brilliant Blue FCF (E133). In addition, liquid
samples were centrifuged prior to the application of the
DB-DLLME method. Subsequently, 0.1-1 mL of the liquid
phase was removed and subjected to the optimized
method.

Results and Discussion

Effect of pH

pH plays a crucial role in the extraction efficiency of
organic matter in the DB-DLLME method. The optimal pH,
which is dependent on the structure of the analyte,
facilitates a more rapid and quantitative transfer to the
extraction phase. In this study, the developed method was
tested on model solutions prepared at pH values of 1 and
8. The results, as depicted in Fig. 2, indicate that the
interaction between brilliant blue FCF and the extraction
phase is maximized at pH 3 and pH 4. However, extraction
efficiency declines outside this pH range. At pH 3, the
analyte's molecular form facilitates its transition from the
aqueous phase to the deep eutectic solvent (DES) phase
due to enhanced physical interactions. Consequently, a
high extraction efficiency is achieved at this pH value.
Given that the highest recovery was achieved at pH 3, this
pH was selected as the optimal value. Subsequent
optimization and actual sample analyses were conducted
with the solvent adjusted to pH 3.

100
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0 2 4 6 8 10
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Figure 2. The optimization of pH (n: 3, eluent volume: 1
mL, DES volume: 0.2 mL, salt amount:0.1g)

DES Type Selection
In the analysis of Brillant Blue FCF, trying different
types of DES is a parameter investigated to obtain the

highest extraction yield. Therefore, DLLME method was
applied using different molar ratio combinations of DES
formed from TBAB (HBA) and phenol (HBD). According to
the results given in the Fig. 3, it is seen that the best
extraction value is obtained from DES4 and DES5 among
DES models such as DES1 (1:2), DES2 (1:3), DES3 (1:1),
DES4 (2:1), DESS (3:1) formed from TBAB: Ph.
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Figure 3. The impact of various DES compositions on the
efficiency of Brilliant Blue FCF extraction (n: 3, eluent
volume: 1 mL, DES volume: 0.2 mL, salt amount:0.1g)

DES Volume Optimization

Solvent volumes ranging from 0.05 to 0.6 mL were
systematically evaluated to determine the optimum DES
volume required for the microextraction of Brilliant Blue
FCF. Based on the analysed data, a DES volume of 0.2 mL
was found to be sufficient to obtain quantitative
extraction results, as shown in Fig. 4. The recovery values
started to decrease after 0.2 mL DES volume. The primary
reason for the observed decrease in extraction efficiency
with increasing DES volume may be attributed to the
diminished interaction between the analyte and the DES,
which becomes excessively diluted at higher DES volumes.
In addition, the viscosity of the DES may alter at higher
volumes, complicating the analyte extraction process.
These factors collectively influence the distribution
coefficient of the analyte, leading to a subsequent
decrease in recovery rates.
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Figure 4. The impact of DES volume on the recovery of
Brillant Blue FCF (n: 3, eluent volume: 1 mL, DES
volume: 0.2 mL, salt amount:0.1g)
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THF Volume Effects on Analytical Performance

In studies involving DLLME, aprotic solvents such as
ethyl acetate, acetonitrile, diethyl ether, and
tetrahydrofuran (THF) are commonly utilized. In this
investigation, THF was employed as the dispersive solvent
to evaluate its efficacy in the extraction process. To
ascertain the necessity of THF in the extraction procedure,
varying volumes of THF, ranging from 0 to 600 L, were
systematically added to the samples. The findings
demonstrated that the use of tetrahydrofuran (THF) is
unnecessary for this microextraction method (Fig.5).
Achieving 100% extraction efficiency with reduced
chemical usage highlights the study's contribution to
sustainable development objectives.

100 g{. : .
80

x 60

2 40

[J]
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Figure 5. The impact of THF volume on the recovery of
Brillant Blue FCF (n: 3, eluent volume: 1 mL, DES
volume: 0.2 mL, salt amount:0.1g)

Salt Effect

In the DB-DLLME method, the addition of salt to the
samples is used as one of the phase separators. Since salt
affects the ionic equilibrium of the solution, it generally
increases the interaction between the analyte and the
organic solvent. In this way it can play a role in improving
the transition of the analyte from the aqueous to the
organic phase. However, too little salt can cause
incomplete extraction and too much salt can cause
interference. Therefore, in this study 0-3 g of salt was
added to the samples to evaluate the effect of salt.

According to the results presented in Fig.6, the highest
recovery values were achieved with the use of 0.1 to 0.3
grams of salt, whereas extraction efficiency began to
decline when the amount of salt exceeded 0.3 grams.
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Figure 6. The impact of salt amount on the recovery of
LGB (n: 3, eluent volume: 1 mL, DES volume: 0.2 mL)

Adjusting Extraction and Centrifugation Time for
Optimal Performance

Determining the optimal extraction parameters for
Brilliant Blue FCF is crucial for maximizing both time
efficiency and extraction efficacy. In DLLME methods,
either sonication or physical dispersion is typically
employed. In this study, the effectiveness of the DLLME
method was enhanced through sonication. To optimize
the extraction process, samples were subjected to
ultrasonic treatment for varying durations ranging from 1
to 10 minutes. Consistent distribution of the solute was
observed across all time intervals, with high extraction
efficiency achieved after 5 min. of sonication.

Additionally, model solutions undergoing the
extraction process from the DES phase were subjected to
rotational agitation at intervals of 1 to 10 minutes. The
efficiency of the extraction process was evaluated, and
the shortest duration yielding the most effective results
was identified. The optimal process was determined to be
a 3min. rotation period, during which recoveries
exceeding 95% were consistently achieved (Fig.7).
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Figure 7. The effect of sonication and centrifugation time
on the recovery of Brilliant Blue FCF (pH:3, n: 3, eluent
volume: 1 mL, DES volume: 0.2 mL, salt amount: 0.1g)

Sample Volume

In this section, the impact of sample volume on both
the enrichment factor and the method's applicability was
investigated. The microextraction of Brilliant Blue FCF was
conducted using the Dispersive Liquid-Liquid
Microextraction (DB-DLLME) method with sample
volumes ranging from 5 to 25 mL. Analysis of the results,
as illustrated in the Fig.8 revealed that the method
maintained quantitative extraction efficiency up to a
sample volume of 22.5 mL. However, extraction efficiency
declined for volumes exceeding 22.5 mL. Consequently,
given that the final extract volume was 1 mL and the
maximum effective sample volume was 22.5 mL, the
preconcentration factor was calculated to be 22.5.
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Figure 8. The effect of sample volume on the recovery of
Brilliant Blue FCF (pH:3, n: 3, eluent volume: 1 mL, DES
volume: 0.2 mL, salt amount: 0.1g)

Matrix Effects

To evaluate the suitability of the DB-DLLME method
for quantifying Brilliant Blue FCF in diverse matrixes, we
investigated the potential interference from various food
additives and elemental constituents. The method was
tested with synthetic dyes such as rhodamine B, curcumin,
chicago sky blue, B-carotene, sudan IV. Additionally, the
maximum permissible concentrations of metals, including
Ag?*, Cd**, Mn*?, Zn?*, and K* that do not adversely affect
the method's performance, were identified. The allowable
concentration levels for these metals are detailed in Table
1. The standard deviations and recovery rates at these
concentrations were computed to evaluate the method's
guantitative accuracy and reliability.

Table 1. Tolerance parameters for foreign ion
contaminants (pH:3, n: 3, eluent volume: 1 mL, DES
volume: 0.2 mL, salt amount: 0.1g)
Foreign species Concentration, pg L

Recovery, %

Rhodamine B 239 98+42
Curcumin 368 99+2
B carotene 2684 9242
Riboflavin 1882 91+3
Sudan IV 380 98+4

Chicago sky blue 1986 100+4
K* 120000 994

Ag?* 500 9712

Cd?* 500 986

Mn*2 1000 97+11

Zn*2 1000 104+2

2Mean * standard deviations

Real Samples Analysis

The optimized DB-DLLME method was employed for
the spectrophotometric quantification of Brilliant Blue
FCF in a variety of matrices, including beverages,
confectioneries, chewing gum. Table 2 and Table 3
indicates that Brilliant Blue FCF was detectable in some
food samples, whereas it was not found in others.
Additionally, standard addition recovery experiments

were conducted to verify the accuracy of the DB-DLLME
method. These experiments showed that the analyte can
be recovered with an efficiency in the range of 84-96%.
Consequently, it can be concluded that the developed
method is robust and suitable for the separation and
enrichment of Brilliant Blue FCF in a wide range of food
samples.

Table 2. Standard addition recovery studies on real
samples (pH:3, n: 3, eluent volume: 1 mL, DES volume:
0.2 mL, salt amount: 0.1g)

Samples (pAgf‘::.fll) Found 1()11 gml Recovery (%)
Drinking water 0.0 N.D? -
0.79 0.69£0.03 87.3
1.59 1.40+0.13 88.1
Tap water 0.00 N.D @ -
0.79 0.72+0.08 91.1
1.59 1.5240.10 95.6
Fruit juicel 0.00 0.28%0.01 -
0.88 1.00+0.02 86.2
1.76 1.77+0.02 86.8
Fruit juice2 0.00 0.3440.02 -
0.88 1.02+0.11 83.6
1.76 1.79+0.12 85.2

2N.D.: Not Dedected

Table 3. Analysis of Real Samples (pH:3, n: 3, eluent
volume: 1 mL, DES volume: 0.2 mL, salt amount: 0.1g)

Samples Found( pg-g?)
Candy N.D?
Chewing gam1 0.16+0.03
Chewing gam2 0.06+0.00
Fruit juicel 0.2840.01
Fruit juicel 0.34+0.02

2N.D.: Not Dedected

Analytical Performance

In order to evaluate the analytical performance of the
DB-DLLME method, parameters such as relative standard
deviation (RSD), correlation coefficient (R2), limit of
detection (LOD), Ilimit of quantification (LOQ),
preconcentration factor (PF) were studied.

Specifically, the LOD (calculated as 3sb/m) and LOQ
(calculated as 10sb/m) were determined using the
standard deviation (Sb) and slope (m) parameters,
yielding values of 0.86 ug/L and 2.88 pg/L, respectively.
The RSD, which indicates the repeatability of the method
based on five parallel measurements, was found to range
from 0.4 to 1.3%. The correlation coefficient (R?) reflecting
the degree of linearity was 0.9859. The calibration curve
is shown by the following equation A =0.6963C - 0.025 (A:
Absorbance and C: Concentration). Additionally, the
preconcentration factor was calculated to be 22.5.
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Conclusions

In this study, a DES-based liquid phase microextraction
(LPME) method was developed for the determination of
Brilliant Blue FCF, a commonly used food additive in food
samples. The DB-DLLME method was implemented by
adding only 200 pL of a DES composed of TBAB/Ph to the
samples, without the need for a dispersive solvent. The
molar concentrations of the DES consisting of TBAB/Ph
were tested at ratios of 1:2, 1:3, 1:1, 2:1, 3:1 and
extraction efficiencies above 95% were obtained at 1:1,
2:1, 3:1. This approach demonstrates that the method is
highly environmentally friendly and adheres to green
chemistry principles. The method was optimized by
investigating and adjusting crucial parameters such as
solvent usage, extraction time, and separation agent, and

was validated through recovery studies in various
matrixes, as detailed in Table 1. The optimized DB-DLLME
microextraction technique has been effectively employed
for a diverse array of food samples. Real samples were
prepared very simply by ultrasonic method. The results, as
presented in Table 2,3 indicate high recovery rates in the
range of 83.6-95.6%. Furthermore, the DB-DLLME method
was compared with other methods reported in the
literature, as listed in the Table 4, and was found to exhibit
very low limits of detection (LOD) and quantification
(LoQ). This DB-DLLME method offers significant
advantages over other techniques due to its lower
observable limit, enabling effective application even at
trace concentrations of analytes. A rapid and
straightforward spectrophotometric method, such as UV-
Vis spectroscopy, was also employed for the precise
analysis of various matrix media.

Table 4. Comparative assessment of the DB-DLLME method relative to existing techniques in the literature

Method Analy'tlcal Sample LOD? ek PF¢  Recovery,% Reference
technique %
Ultrasonic assisted ionic
. I|.qU|d. dlsperswe.llqwd UV-vis Energy, carbonated, fruity B L 1.15 50 94.65-100.95 4
liquid microextraction (USA- beverages
IL-DLLME)
Green-uItr.asound-a_55|sted HPLC Carbonated drmk Fruit jelly 0.42 pgml- 0.39-0.56 98.26- 102.5 7
extraction technique Sugar confectionary, candy
Vortex assisted sequential- Confectioneries, energy
simultaneous liquid phase drinks, candies, jellies,
micro-extraction (VA-SS- Uv-vis pharmaceutical drugs and 19 pg-L? 3.2 50 96-102 24
LPME) syrups, various teas, and
cinnamon
Amine-based HPLC-PDA Spices, cotton candy, fruit-
supramolecular solvent flavored candy, dried fruits, 0.07 mg.kg?  4\1-5\3 - 71-102 25
DLLME and chocolate dragee
Deep eutectic solvent-
based dispersive liquid- Uv-vis Beverage, chewing gum, 0.86 g L 04-1.3 225 84-96 This study

liquid microextraction (DB-
DLLME)

candy, water samples

LOD?: Limit of dedection, RSDP: Relative standart deviation, PFS: Preconcentration factor
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led to the existence of some systems throughout the years. In this paper, soft sets represented by polynomials
will be encrypted and decrypted in line with their representations. We are going to use the Rijndael Algorithm
for soft sets and then encrypt and decrypt the data in accordance with its algorithm. The Rijndael algorithm is

an algorithm which carries out the cyclic process according to the keys it has. At the end of each loop, the key is
renewed and is applied to the data. These data are firstly shown in strings. While enumerating, it starts with
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Introduction

Since people need some information to send data in
secret, cryptography has been a practical tool over the
centuries. Thus, only the planned receiver of the data can
understand it. Besides, cryptosystems have two different
types: The first one is a symmetric cryptosystem which
uses only one key during the encryption and decryption
process while the second one is, an asymmetric
cryptosystem which uses two different keys throughout
the process [1,2]. A key is employed for encrypting data,
while its counterparts are utilized to decrypt the
encrypted information.

The symmetric cryptosystem has two different ciphers
stream ciphers and block ciphers. It is not hard to
distinguish. The most important difference between block
and stream cipher is that while we deal with bits at a time
in stream ciphers, in block ciphers, we deal with blocks all
the time [3].

In this article, we examine a stream cipher known as
Vernam Cipher and also application on a soft set dealing
with uncertain objects to avoid some difficulties. The
concept of encrypting soft set emerges from the security
issues of the objects that the soft set deals with. However,
we have three traditional theories dealing with
uncertainties and solving complex problems in
engineering, environment, economies, and others:

The first one is the theory of probability, the second is
the theory of fuzzy sets [4,5] and the last one is interval
mathematics [6]. Because of the assorted uncertainties of
these problems, one cannot successfully use them.
Additionally, each theory has its own difficulty in itself.
Accordingly, these theories are not sufficient for
describing a tiny change of date information and therefore

zero index and ends with one less than string length.

Keywords: Soft sets, Encryption, Decryption, Vernam cipher, Stream cipher.
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they are not reliable and adequate. They also somewhat
contradict aims and other difficulties.

Materials and Methods

Definition 1.

Let U be a universal set, E is the parameters’ set, and
P(U) is the power set of U and A € E. Assume that there
is a soft set over universal set (U: faE - P(U)) such that
if e; A then fA(ef) is defined F, as @ so F, =
{(ej,fA(ej)):e]- € E,fA(ej) € P(U)}.

Here, f, is called the approximation function of the
F, [7].

Definition 2.

Let U = {uy, uy ug, ..., u,} be a universal set, E =
{e1, ey, €3, ..., e} parameters’ set, A € E and F, be a soft
set over U.

RA = {(ui,ej):ej € A,ui € F(ej)} CUXE

is called the relation form of F4. In this case, the
characteristic function of the R, relation form is defined
by

1, (uy €) ERy
XRA: U X E d {Oyl}JARA(ui'ej) = 0 (u e.) e RA
’ (2]

R4 can be described with the following table, where
U={u,u, us .., u,} is a universal set, E =
{e1, ey, €3, ..., e} is the set of parametersand A C E:
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Ry €1 €2 €m
Uy XRA(U1'91) XRA(ulveZ) XRA(uly em)
u; XRA(U2'€1) XRA(quez) XRA(uz;em)
Up Xr4 (un, €1) XRA(unv ez) XRA(un: em)
[8].
Definition 3.
Let [aij], [bij] € Siuxn- The inverse product of the soft matrices [aij] and [bij] are defined by [aij].i [bij] = [cij]
where
{1, lf al-_j * bi,j
c i = ;
2 O, lf ai,j = bi,j
[9].
Definition 4.

The numerical equivalences of the letters are given in the following:

LETTERS A B Cc D E F G H
NUMBERS 0 1 2 3 4 5 6 7

S T U 4 w X Y

18 19 20 21 22 23 24

/ J K L M N O P Q R

8 9 100 11 12 13 14 15 16 17

z c G | 6 s U

25 26 27 28 29 30 31

Thus, A starts from 0, and the letter U becomes 31. If the letters were matched with the binary system, it would be as

follows:
LETTERS A B C
BINARY 00000 00001 00010
SYSTEM

Because we want the binary system to be 32 bits, we add
six more letters such as G, G, i, 0, S, U. If desired, different
characters can be added to this alphabet and the number
can be increased to 64 bits [9].

Definition 5.

A stream cipher which sends plaintext string
P;,P,, P, ..., using the key stream S;,5,,53,.., to a
ciphertext C;,C3,Cs, ..., where C; = Eg, (P;). The

corresponding decryption function is Dy, (C;) = P;. Also,
d is a decryption key corresponding to the encrypting key
S; [10].

Definition 6.

Vernam Cipher, due to Gilbert Vernam in 1917, to
encrypt and decrypt telegraph messages automatically is
the simplest cipher. In the Vernam Cipher, the key stream
is represented by bit string S;,S55,53, ...,Sy, Wwith the
same length as the plaintext message, which is also a bit
string, Py, P,, P, ..., B, [11]. Plaintext bits are encrypted
using the encryption algorithm given below:

Ci = ESI(PI) = Si + Pi (mOd 2)
Thus, the decryption algorithm of Vernam Cipher is,

Dsi(ci) = Ci + Si(mod 2)

D E » S U
00011

00100 11110 11111

If the similarities between encryption and decryption
algorithms are wanted to be proven, it has to be proven
that the decryption function produces the plaintext bit
P; again. The ciphertext bit C; is calculated using the
encryption algorithm C; = S; + P, (mod 2) as follows:

DSi(Ci) = Ci + Si (mod 2)
(x,: + Sl.) + Si (mod 2)
X + Si + Si (mOd 2)
x; + 25; (mod 2)

x; + 0 (mod 2)

= x; (mod 2) [10].

Polynomial Representation of Vernam Cipher

Definition 7.

A stream cipher which sends plaintext string
P;(x),P,(x),P5(x),..., using the key stream
S1(x), S5(x), S3(x), ..., to a ciphertext

C1(x), Co(x), C3(x), ... where C;(x) = Eg,(x) (P;(x)). The
corresponding decryption function is

Ddi(x) (Ci(x)) = Pi(x)

Also, d(x) is a decryption key corresponding to the
encrypting key S;(x) [12].

Definition 8.
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In Vernam encryption, the keystream
$1(x),5,(x), S5(x), ... Sp(x) is a polynomial sequence
P;(x), P,(x), P3(x), ... Bp(x) with the same number of
terms as the plaintext message. Plaintext strings are
encrypted according to the following encryption
algorithm:

Ci(x) = Es;(x)(Pi(x)) = Pi(x) + S;(x) (mod 2)

Thus, the decryption algorithm of Vernam Cipher is,
Ds,; ) (i (%)) = Ci(x) + S;(x) (mod 2)

For the similarities between encryption and decryption
algorithms, one has to prove that the decryption function
produces the plaintext bit P;(x) again. As ciphertext bit
C;(x)is calculated by using the encryption algorithm
C;(x) = S;(x) + P;(x) (mod 2) as following:

Dy, (x)(Ci (%)) = Ci(x) + S;(x) (mod 2)

= (Xi(x) + S5 (x)) + Si(x) (mod 2)
= X;(x) + S;(x) + S;(x) (mod 2)
= X;(x) + 2S;(x) (mod 2)

Ci(x) = S;(x) + P;(x)(mod 2)

= X;(x) + 0 (mod 2)
= X;(x) (mod 2) [5].

Example 1.

Let's encrypt the plaintext “MATH” as a polynomial
using the Vernam Encryption Algorithm with the keyword
“IDEA".

The equivalence of “MATH” in the binary system is
01100 00000 10011 00111 and the polynomial
representation of the “MATH” is P;(x) = x'® + x17 +
O+ xC+xP+xP+x+1,

The equivalence of “IDEA” in the binary system is
01000 00011 00100 0000. Since the polynomial
representation of the “IDEA” is S;(x) = x® + x1 +
x'° 4+ x7 we use the encryption algorithm C;(x) =
S;(x) + P;(x)(mod 2). Then,

Ci) = [(x® +x™ + 2 +x7) + (x*® + x¥7 + x° + x® + x5 + x% + x + 1)](mod?2)
Ci(x) = [2x 8 + xV7 + x + x1° + x° + x7 + x° + x° + x? + x + 1](mod2)
C) =0 +x +x0 +x%+x7 +x+ x> +x2+x+1)

C,(x) = 00100 00011 10111 00111

As a result of the above steps, the ciphertext “EDXH” is obtained. Here note that the process has been made with the

coefficients of the polynomials.

Example 2.

Let's decrypt the ciphertext “EDXH” as a polynomial using the Vernam Encryption Algorithm with the keyword
“IDEA”.The equivalence of “EDXH” in the binary system is 00100 00011 10111 00111 and the polynomial
representation of the “EDXH” is C;(x) = x'7 + x11 + x1% + x° + x7 + x® + x> + x2 + x + 1, The equivalence of
“IDEA” in the binary system is 01000 00011 00100 0000. Since the polynomial representation of the “IDEA” is S; (x) =
x84+ x11 + x19 4+ x7 we use the decryption algorithm P;(x) = C;(x) + S;(x)(mod 2). Then,

P;(x) = Ci(x) + S;(x)(mod 2)

P(x) =[x +x +x0 +x%+x7 +x° + x5 +x2 + x + 1) + (¥ + 2 + x2° + x7)](mod2)
Pi(x) = (x*® + x27 4+ 2x11 4+ 2x10 + x° + 2x7 + x® + x° + x2 + x + 1) (mod2)
Pi(x)=(x®+xV7 +x° +x+ x5 +x2+x+1)

P;(x) = 01100 00000 10011 00111

As a result of the above steps, the plaintext “MATH” is obtained.

Suggestion For a New Cryptosystem

[pi]-]mxmis the plaintext matrix, [Tsif]mxm is the key matrix and they are two square matrices. The transposes of

these matrices are [pij];xmand [Sij]mxm?

Definition 9. Encryption procedure is obtained by
T T T
[Pij]mxm-c [Sij]mxm = [Cij]mxm

T
By transposing the matrix [Cif]mxm’ the original ciphertext matrix [Cij]mxm is obtained. The encrypted matrix given to

the receiver is [Cif]mxm'

Definition 10. The decryption procedure is similar to the encryption procedure.
T T T

[Cij]mxm'c [sij]mxm - [pij]mxm
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T
The transpose of the plaintext matrix [pij]m
matrix [pij]mxm
Definition 11.

The Soft Encryption Algorithm is as follows:
Step 1: An arbitrary soft set is chosen.

. . . . T
'S obtained. By transposing the matrix [pij]mx

- the original plaintext

is obtained. Here, the decrypted version of the encrypted matrix given to the receiver is [pij]mxm

Step 2: A soft set quadratic matrix is created using the selected soft set.

Step 3: The message is divided into blocks and each line is converted into a binary system.
Step 4: Each row of the soft matrix is rearranged according to the received 7 to obtain S;.
Step 5: The characteristic multiplication of S, and the message is made.

Step 6: The letter equivalent of each resulting line is found and sent to the recipient.

The Soft Decryption Algorithm is as follows:
Step 1: The encrypted message reaches the recipient.

Step 2: The receiver performs the characteristic multiplication of the encrypted message and S,.

Step 3: The soft matrix is rearranged.
Step 4: The text equivalent of the matrix is found.
Step 5: The encrypted text is decrypted.

Example 3. Encrypt and decrypt the plaintext matrix [pij]

0 0 1
key matrix [sij]3x3 =1 1 O0f
010

r 1 1 0 r 01 0
The transposes of the matrices are [pij]3x3 =|0 0 1|and [Sij]3x3 =10 1 1]
1 1

0 0

If we apply the encryption procedure then [pif]rTnx

1 1 0] [0 1 0] [0 1 1 ;
0 0 1|.l0 1 1[=|1 0 1 cl,-]3x3

1 0 0 1 0 0 1 11

is obtained. If [Cii]rTnxm
If we apply the decryption procedure then [Cij],Tn

0 1 17 [0 1 0] [1 1 0 .,
101.C011=001=[pi]-]3x3

1 11 1 0 0 1 0 0

1 01
is obtained. If the [pij];xm is transposed, then we have [pij]3x3 = Il 0 Ol.

In this way, a new encryption method is discovered.
Conclusion

According to these mathematical findings, we can
encrypt and decrypt a soft set using the Vernam
Encryption Algorithm as well as representing it as a
polynomial. Additionally, as a result of our work, we found
a new cryptosystem suggestion.

Conflict of interest

There are no conflicts of interest in this work.

T
m'¢ [Sij]mxm -

is transposed, then we have [Cij]3x3

xm’€ [Sij]mxm

1 0 1
. [1 0 Ol with the new encryption proposal using the
0

10

0 0

T
[ci;]._ , and therefore
Ydmxm

0 1 1
= [1 0 1]. (The matrix and its transpose coincided.)

1 11

and therefore

T
= [pij]mxm’

1 0
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Introduction

Complex partial differential equations first were
discovered in the early 1900. D. Pompeiu is one of the
important mathematicians who made substantial
contributions to the field and left a name. He described
the Pompeiu integral operator, which carries his name. It
still serves as the foundation for the theory of complex
differential equations today. Integral transforms, the
Adomian decomposition approach, and the reduced
differential transform were used to solve complex
differential equations [1-4]. These approaches divide the
equation into real and imaginer components before
solving it. The Sumudu differential transformation
method can be utilized in this article to resolve the
problem without dividing it into real and imaginer
components. Because of this, a solution can be developed
with minimal effort. Watugala introduced the Sumudu
transform with the article [5] in 1993. It is a
transformation that is crucial in the solution of several
ordinary differential equations in control engineering. The
Sumudu transform's characteristics and uses are
described[5-6]. The Laplace transform and its
characteristics are also taken into account, and the theory
that establishes the relationship between Sumudu and
Laplace transformations is presented. Sumudu
transformation is used in this study to solve partial
differential equations more quickly. The fundamental
details for integral transformations, as well as the
fundamental properties of the Laplace and Sumudu
transformations, are provided in the study's first sections.
In the following chapters, the solution of the partial
equation was obtained by applying the Sumudu transform

Gamma distribution. The probability characteristics of the resulting solutions, such as expected value and
variance, were obtained and graphically shown with the help of the Maple package program.

Keywords: Two-dimensional Sumudu Transform and Inverse Sumudu Transformation, Complex partial
differential equation, Expected value, Variance and confidence interval.
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to appropriate ordinary complex differential equations
and partial differential equations.

Watugala's Sumudu transform method (STM) was
used to address engineering issues [6]. Weerakoon used
the technique to solve partial differential equations [7].
Subsequently, Weerakoon discovered this
transformation's inverse formula [8]. The Sumudu
transformation technique (STM) was employed by
Demiray et al. [9] to discover precise answers to fractional
differential equations. The Sumudu transform iterative
method (STIM) was expanded by Kumar and Daftardar-
Gejji [10] to handle various time and spatial FPDEs and
FPDE systems. To solve linear fuzzy fractional differential
equations (FFDEs) using Caputo fuzzy fractional
derivative, Rahman and Ahmad used the fuzzy Sumudu
transform (FST) [11]. Prakash et al. [12] solved nonlinear
fractional Zakharov—Kuznetsov equations with the help of
the Sumudu transform method, which is a new iterative
technique.

Given the wealth of literature on stochastic and
deterministic  differential equation models, the
application of random differential equations (RDE) in
mathematical models is not as common. By including
random effect terms in the model's parameters,
deterministic models can be changed to random models.
Because random parameters offer the chance to account
for parameter changes, this method enables more
realistic modeling of physical processes. The probability
properties of the equations that are randomized in the
deterministic model by choosing the coefficients on the
second side of the equation or the initial conditions from
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continuous probability distributions will be investigated.
Ordinary differential equations in mathematical modeling
are not necessarily adequate for investigating natural
processes. Using random and stochastic differential
equations to investigate occurrences with random
components yields superior findings. Using ordinary
differential equations, random differential equations can
be produced in three methods[13]. ii. Differential
equations with random non-homogeneous sections iii.
Equations using random coefficients. In this study, we
considered complex partial differential equations with
inhomogeneous parts and initial conditions with random
values. Many physical and engineering problems can be
modeled more reliably with random differential
equations. In recent decades, there has been a significant
amount of research in the disciplines of parameter
uncertainty and randomness, as well as stochastic
differential processes.

In this study, the two-dimensional Sumudu transform
method is used to solve linear complex partial differential
equations. The structure of the essay is as follows. Section
2 provides information on the one dimensional and two-
dimensional Sumudu transformation and its attributes.
Examples of the random complex differential equation are
provided in Section 3. The solutions' probability features
were computed and graphically displayed. Section 4
provides the conclusions.

Materials and Methods

Sumudu Transform Method
Definition 2.1. Let A be a function set defined[14] by
t
A={g (t)|3M1T11T2>01|g(t)|<Merjl (1)
if t € (=1)7x[0,00)}

the Sumudu transform is defined over the set of functions
by

Gw) =Slg®)] = J, gut)e~tdt, u € (-1,7,)  (2)

Table 1. Special Sumudu transforms[14].

9@ G(u) = S[g(v)]
1 1
t u
3 sin(at) aw
1+ (au)?
4 cos(at) 1
1+ (au)?
t"'n>0 I'(n+ Du™
eat 1
1—au
7 ePtcos(at) 1—bu
(1 = bu)? + (au)?
8 ePtsin(at) au
(1 — bu)? + (au)?
9 it I'(n+ Dut
[Cerng

The Double Sumudu Transform

The Sumudu transform is a simple and somewhat
elegant approach to implement the double Sumudu
transform, assuming the function has a power series
transformation with regard to its variables. The double
Laplace transform of a function defined in the positive
quadrant of the xy plane is:

Lol y); (rs)] = f f 9y Ndxdy  (3)

where p and g are the transformation variables of x and
y, respectively.

Definition 1. [15-17] Let g(t,x): t,x € RY, If a
function is written as a convergent infinite series, its
double Sumudu transform is as follows:

G(w,v) = S,[g(t, x); (w,v)]
=S[S{g(t,x);t » u};x > v]

1 t x
=— f f e-(a’fa)g(t, x)dtdx 4
00

We propose applications of the double Sumudu transform
to several specific functions, which are similar to those
obtained by solving population dynamics equations with
age structure. However, it is a simple exercise to
demonstrate that the double Sumudu and Laplace
transforms are also theoretical dual. That is:

uvG (u, v)
= £, [90oy (5.5)] ®)

The relationship between the Sumudu Transform and
double Laplace Transform can be expressed as in (5).

Theorem 1. [15-17] Let G (x,y) be a real-valued
function of x,y € R*.
Then,

S;lg(x +y); (w,v)] =

1
u—v

{uGw) —vGW)}. (6)

g represents population density, age x, and time y, or vice
versa. The (x — y) example is even more interesting
from the point of view of biology, which is often
encountered with these works in Mathematical Biology.
The proof of the condition x > yis also simple and
sufficient. Thus, geometrically, although the line dividing
the first quarter into two equal parts represents the 1 axis
(represented by the lower part Q; and the upper part Q,
), dividing both the second and fourth quarters is the 7 -
axis (the row facing up) and the { —axis (the arrow from
the starting point to the fourth quarter), then the test is:

Let's assume that g is a dual function, then g (0) is odd
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1 x 1 x
SalgCx = y); (w )] = Ef f g —y)e @) dxdy - Ef f 9Ge—y)e @) dxdy.
Q1 Q2

_1 . —1
X—§(€+n).y—§(€—n)

variable transformation

[oe]

f f g(x — y)e_(%+%)dxdy = %J- g({)d{f e_%(%+%)(_%(%_%)ndn
Q1 0 4

similarly,

2

X,y v u
J f gGe—y)e @) dxdy = -
Q1

Therefore, for the odd function g

Salg(x —y); (w,v)]
_uGw) —vG(v)

u+v
and if g is a even function

uG () + vG(v)

Salglx —y); (wv)] = T~

Gw) =S[g(®)] = fomg(ut)e‘tdt, ue(—1,,7,) Sumudu conversion
From the equations G (u) and (8), if g is an even function, then it is obvious that

W+ v)S:[glx —y)] = (w—v)S;[g(x +y)]

are obtained. If STM is applied to partial derivatives as follows: g(0,a) = Gy(a),

Ojooe i[ife ui g(t, a)dt}

0

ag(t,a)_ 1
SZ[ at ’(u’v)]_'HE

t:lr—‘

O\S

f e (t a)dtda =
0

The inner integral given in the equation (5),

G(u,a)—g(0,a)
u

ag(t, 111 r _a 1 [ -2
Sz[ g((ai a);(u’v)] :a{;f e vG(u,a)da—;J e vgo(a)da }
0

0
1
- a{““' v) = Go(®))
Also,

s, [ag(t a) L v)] EEJ e%%g(t, a)dt} da
0

1 ad
=—fe v—G(u,a)da
v da

0

= G, (u,v).

(7

(8)

)

(10)

(1D

(12)

(13)
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Alternatively,

dg(t,a 100_2100_26
Sz[ g(gt );(u,v)] :Zfe u[;fe ua—gda}dt

G(u,v) — Go(w) (14)

Where G (u,0) = Go(u) and G(0,v) = G,(v). From the equations (12) and (13)

G,(u,v) =

it is expressed as.

G(u,v) — G,

v

Definition 2.[15-17]: Let G (t, X) and H(T, X) functions have a two-dimensional Sumudu transformation. Then the two-
dimensional Sumudu transformation of g(t, x) and h(t, x) of two-dimensional convolution,

x t

(gthmo=ffg@mma—cx—nmwn
00

S,[(g ** h)(t, x); w,v] = uvG (u, v)H(u,v)

Also, the two-dimensional Sumudu transformation of the partial derivative of the two-dimensional convolution with

respect to x e was obtained below,

] d
S, a(g xx ) (t,x); u, v] = uvs, [a (t,x);u, v] = S,[h(t,x);u,v]

or

uvS,[f (¢, x); u, v]S, [aa_x h(t,x);u, v].

Thus, the relationship between the Sumudu and Laplace Transform of the two-dimensional function,

1
S2[(g ++ W)(&, 2);u,v] = —— L L [g ++ B)(t, )]

to solve PDEs using the Sumudu transformation, partial derivatives of this transformation are needed. Thus, by applying
the two-dimensional Sumudu transformation to its second-order partial derivatives with respect to x

2

S
?|ox2

(&, )51,0| = 5 6,v) =5 Gw,0) — + = G(u, 0
gt 0)uv|=—56wv) - —5 G e (u,0)

expression is obtained. Similarly, given in the second-order partial derivative with respect to t;

2

Numerical Examples

Sumudu transformation method (STM) is used in this
section to solve random complex partial differential
equations. Examples of variances, confidence intervals,
and estimated values for various probability distributions
of these solutions are also provided. Complex differential
equations with random effect terms and various
probability distributions are included in each case. Mean-
square computation has been used in the past to solve a
few first-order random differential models and equations
[18-23]. A stochastic differential equation (SDE) is a
differential equation in which one or more elements are

S, |2 gt 050 0| = = 60w v) - =601 -~ 6(0,m)
2_at2g ,X),u,v —uz u,v u2 , U uat , V).

stochastic processes[24], and the solution is also
stochastic. SDEs have numerous applications in pure
mathematics, including modeling the behaviors of
stochastic models such as stock markets [25], random
growth models [26], and physical systems exposed to
thermal fluctuations.

SDEs have a random differential, which in the most
basic example is random white noise computed as the
derivative of a Brownian motion, or more broadly, a
semimartingale. Other sorts of random behavior are
possible, such as hopping processes like Lévy
processes[27] or hopping semimartingales. Random
differential equations are equivalent to stochastic
differential equations. Stochastic differential equations
can also be expanded to differential manifolds[28-30].
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Example 3.1.
ow oJw 2
FrRrr i 5w =0, w(x,0) = Be (15)

obtain the probability characteristics by solving the approximate analytical solution of the given partial differential
equation B~N(u, 02), independent random variables with a normal distribution, using the Sumudu method.
In equation (15)

ow 1 <6w .6W)

0z 2\ax 'y
aW_1<aW+.6W
3z 2\ox l@)

if their equality is written instead

1(6W _OW) 1<6W ow

“\=——-iz—)—=z|{z=—+i=—)—-5w=0
2\0x lay 2 6x+lay) v

are obtained. If w = u + iv is written in the given equation,

16u+,6v ,(au+,av)] 1[6u+_6v+.<6u+.6v>] 5(u + iv) = 0
210x lax lay lay 2 10x lax lay lay wrw =
dv ey =

dy “=

ou 5y =0

dy V=

if Sumudu transformation is applied to its equations, S[u(x, )] = R;(x, s)

Slv(x,¥)] = Ry(x,s)
when,

%[Rz(x, s) —v(x,0)] —5R,(x,s) =0

—%[Rl(x, s)—u(x,0)] —5R,(x,s) =0

if the Cramer rule applies to the resulting Sumudu transformations,

1 v(x,0)
—5R;(x,5) + ;Rz(x, s)=
1 u(x,0)
——R,(x,s) = 5R,(x,s) = — .
s s
c 1
- o 1
1 Sl1=25+5=4A
- s
— =5
s
v(x,0) 1
s s
_M _5 Be3x
Ri(x,y) = A =1 + (55)2
_sg v(x,0)
s
-1 u(x, 0
- —¥ Be3*5s
RoCey) = A TGz +1

taking the inverse Sumudu transformation into his equations,u(x,y) = S7*[R; (x, s)]

=57 [l

= Be3* cos(5y)

{Sleos(ay)) =

1

1+(as)?’

] = cos(ay) }

566



Cumhuriyet Sci. J., 45(3) (2024) 562-570

v(x,y) = STHRy(x, y)]

_q1 [Be3¥ss as

=S ] , {S[sin(ay)] =

(55)2+1
= Be%*sin(5y)

1+(as)?’

are obtained. Then

w(z) = Be3*[cos(5y) + isin(5y)]

— Be4z—2
can be found. Let's try to find the probability
characteristics of the solution we found. A random
variable X is normally distributed (X ~ N(u, 0?)) if its

probability  distribution function is  f(x)=
1 1(x—-u 2
e 3 (7))

Let B~N(u,02%) be a random variable with a Normal
distribution[32]. Moment generating function of Normal
distribution,

122
Mx(t) — E[etx] — e[,tt+2cr t i
Expected value and variance of the first, second moments

of the random variable x~N (i, %)

E[x] = u,E[x?] = u®2 + 6 veVar[x] = o

Using these moments and if x and yare random
arguments  E[xy] = E[x]E[y] since, approximate
formulas of expected value and variance

E[w(k, h)] = Z E[w(k, h)]x*y"
k=0 h=0

The expected value and variance of the solution we found
above are, respectively,

E[w(2)] = E[B]e*~*

— #642—2_
Variance
Var[w(z)] = Var[B]e8~%2
= 528727,
Specifically, the expected value if u=2,0%2=1 is
selected,

E[w(2)] = 2e**7%

Expectation Value

Figure 1 Expected value of equation (15) for values y =
2,62=1

57 ] = e |

The expectations can be given in a single graph for a
comparison with the deterministic results of equation (1)
as above (Figure 1). Maximum and minimum values of
expected values of the random variables are obtained as
follows: w(z) takes its maximum value 806,8576 and its
minimum value 0,0050.

Variance

Var[w(z)] = e82722,

If the variance found for the selected parameter values
is plotted with MATLAB (2013a), the graph in Figure 2. is
obtained.

Variance

15

Var(w(z))
-
f

0.5+

Figure 2 Variance of equation (13) for values u =
2,02=1

These are the results for the confidence intervals for
the expectations (Figure 3). The dashed line indicates the
upper end of the confidence range while the dashed-dot
lines show the lower ends of the interval in this case.
Three standard deviations were utilized to produce the
confidence intervals.

The variance of w(z) is given above (Figure 2).
Extremum values of the variances of the random variables
are obtained as follows: min[Var(w(z))] =
6.1442x107° and max[Var(w(z))] = 1.6275x10° .

Confidence intervals for expected values of random
variables,

(E[w(2)] — K.std(w(2)), E(w(2)) + K.std(w(z))
is equal to and this can be obtained through standard
deviations. For K = 3, this formula gives approximately
99% confidence interval for the approximate expected
value of the normally distributed random variable [21]. If
the 99% confidence interval is plotted with MATLAB
(2013a), the graph in Figure 3. is obtained. Known as the
three-sigma rule, this popular rule indicates that about
99.73% of values for a normally distributed variable are
within about three standard deviations of the mean.
Therefore, using appropriate parameters,
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we will compare the variations of the results for two
continuous distributions with limited and unlimited
support, respectively. Appropriate parameters will ensure
that almost all possible values for random effects are
drawn from the same range for both distributions.

%99 confidence interval

2500

2000 -

1500 -| W”% I
1 I
iy

I

1000 ~

500 -

No

Figure 3. Confidence interval(%99) of equation (15) for
valuesp=2,0%2 =1

The confidence intervals of w(z) are given in Figure 3. The

extremum values of the confidence intervals are as

follows: min(E(W(z)) - 3std(w(z))) =0.0025 and
max(E(w(z)) + 3std(w(z))) =2017.1. Here, K =
3 gives an approximate 99% confidence interval.
Example 3.2.

w,—w;=A—B, w(x,0) =(A+ B)x (16)

obtain the probability characteristics by solving the
approximate analytical solution of the given partial
differential equation with A,B~G(a,f/) gamma
distribution, independent random variables with Sumudu
method. In equation (16).

ow 1 i
E:WZ =E[Wx—lwy]
Z—Vz\f=wz—=§[wx+iwy]

if w = u + iv is written instead of equations,

1[ou . 0v . (0u , 0v 1[ou . 0v . (0u
E[E‘Hax l(6y+lay)] 2[ax+lax+l( +

dy

. o0v
la)] =A-B
are obtained. After the necessary procedures are carried
out,
W _ 4
ay -

u .,
—El =0

if Sumudu transformation is applied to its equations,

S[u(x,y)] = Rl(xl S)
S[v(x,¥)] = Ry(x,s)
when,

f[Rz(x, s)—v(x,0)]=A—-B
—f[Rl(x, s) —u(x,0)] =0.

if the Cramer rule applies to the resulting Sumudu
transformations,

Ri(x,s) = u(x,0) = (A + B)x,

R,(x,s) = v(x,0) +s(A—B) =s(A—B)

taking the inverse Sumudu transformation into his

equations,

u(x,y) = ST + B)x]
=(A+B)x

v(x,y) =S '[s(4 - B)]
=(A-B)y

are obtained. Then
w(z) =ulx,y) +iv(x,y) =(A+B)x+i(A—B)y =
Az + BZ can be found. A random variable X is gamma
distributed (X ~ G(a, f)) if its probability distribution
a-1,-Bxpa
%. When z~G(a,f),
the expected value and its variance are given below,
respectively [32].
Elz] = af ,E[z%] = (a + a?®)B?, Var[z] = af?,
The expected value and variance of the solution we found
above are, respectively,
Elw(z)] = E[Az + BZ]

= E[Alz+ E[B]z

=af(z + 2).
Var{w(z)] = Var[Az + BZ]

= Var[A]z? + Var[B]z?

= af?(z? + Z°).

function is f(x;a,f) =

Expected value if « = 1, 8 = 2 are selected specifically,
Elw(2)] =2z + 2)

Expectation Value

Figure 4. The expected value of equation (16) for values
a=1,0=2

The expectations can be given in a single graph for a
comparison with the deterministic results of equation (1)
as above (Figure 4). Maximum and minimum values of
expected values of the random variables are obtained as
follows: w(z) takes its maximum value 8 and its minimum
value 0. Variance,

Var[w(z)] = 4(z% + z?)
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Variance
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Figure 5. Variance of equation (16) for valuesa = 1,

g=2

The variance of w(z) is given above (Figure 5).
Extremum values of the variances of the random variables
are obtained as follows: min[Var(w(z))] =0 and
max[Var(w(z))] = 32

%399 confidence interval

n‘w\‘\“ e “

“a ‘:‘ AR
AR

‘ ’ ‘ﬁ‘ ;\‘ :‘& R
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W

N «‘;\“‘w‘l\\\

\

Figure 6. Confidence interval(%99) of equation (14) for
valuesa =1, =2

The confidence intervals of w(z) are given in Figure 3.
The extremum values of the confidence intervals are as
follows: min(E(w(z)) — 3std(w(z))) =0 and
max(E(w(z)) + 3std(w(z))) = 24.9706. Here, K =
3 gives an approximate 99% confidence interval.

Conclusion

With the aid of random variables chosen from the
initial conditions, a random complex differential equation
was used in this work. With the aid of transformations, a
system of random partial differential equations was
created from a normal and gamma distribution. The two-
dimensional Sumudu and inverse Sumudu
transformations have been used to analytically solve the
resulting system of equations. Several examples
demonstrate approximations to the solution stochastic
process's mean and standard deviation functions.

Calculated and graphically displayed are the found
solution's probability characteristics.
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Introduction

The curve theory has continued to extend for
centuries. There are many well-known planar and space
curves in Euclidean space, and in other spaces. Today,
especially in geometry and related branches, the focus is
on space curves in 3-dimension and in higher dimensions.
While most of the curves in space look well-known, some
of them are encountered in the literature rarely. For
example, one of them is the “pancake curve” which takes
place at the intersection of such two surfaces: (a) Pliicker’s
conoid and unit cylinder, (b) hyperbolic paraboloid and
unit cylinder, and (c) parabolic cylinder and unit cylinder.
Here, we mean by “unit cylinder” that it is a circular
cylinder with a unit radius. We note that this curve was
first named the “pancake curve” by Robert Ferréol [1]. A
quotation from [1] can be given as follows: “As far as |
know, this curve doesn't have any name of its own.
However, it is closely related to a famous item of 19th-
century mathematics, the cylindroid surface, discovered
by William Kingdon Clifford during his research into the

theory of screws. The equation of the cylindroid in 3D
2

. . x%-y .
Cartesian coordinates commonly reads z = w2 Turning

the whole thing thru 90 deg about the z axis yields z =
2xy
this cylindroid and the unit cylinder about the z axis. This
is generic: cylindroid and cylinder with common axis
always intersect in this kind of space curve”. In fact, the
author mentions Pliicker’s conoid by saying “cylindroid”.
On the other hand, pancake curve has many
interesting properties and applications. The pancake
curve is a special case of cylindrical sine wave; therefore if
we make it roll on a plane, the contact point describes
a sinusoid. The projection on x o y plane is a circle; the
projections on xoz and yoz planes are isometric
lemniscates of Gerono [1]. The projections on the planes

and there you are: your curve is the intersection of

Keywords: Pliicker’s conoid, Hyperbolic paraboloid, Darboux frame, Unit cylinder, Pancake curve

passing by Oz are the besaces. The projections on the
planes passing by Oz give a portion of parabola and an
ovoid quartic. The projections on the planes containing
Oy give a circle and the piriform quartic [1]. In real life,
pancake curve has a lot of applications in several areas.
For example, in the food industry, the edges of potato
chips (pringles) form a pancake curve. Furthermore, in
architecture and design, it has many applications for
various aims like constructing decorative lightings and
buildings.

In this study, we consider the pancake curve as an
intersection of two surfaces such as: (a) Pliicker’s conoid
and unit cylinder, and (b) hyperbolic paraboloid and unit
cylinder. We investigate the Darboux frame, and the
curve-surface curvatures. Moreover, in Theorem 3.8, the
relation between Frenet and Darboux frame of pancake
curve is given. In the last section, some examples are
given, and the Frenet and Darboux frame of the pancake
curve are illustrated.

Preliminaries

It is well known that Euclidean space is furnished by
the following metric:

1/2

ey =D i-w?)

where x = (x1,%5,...,%,), and y = (¥1,¥2,...,Vn). The
dot product of two vectors in n —dimensional Euclidean
space is given by
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n
xey= Z XiYi-
i=1

Lety:I - R3 be aregular curve in R3 Euclidean space
(i.e. ||| is nowhere zero), where I is an interval in R. The
curve P is called a Frenet curve of rank three if
Y'(s), " (s),p®(s) are linear independent and
Y'(s), " (s), v (s),p®(s) are no longer linear
independent for all s in I. In this case, ¥ lies in
3 —dimensional Euclidean subspace of R3. For each unit
speed Frenet curve of rank three, there occur an
associated orthonormal 3 —frame field {T, N, B} along v,
the Frenet 3 —frame, and functions k, 7: I — R, the Frenet
curvatures such that

T’ 0 k 0\ /T
(N’) = (—K 0 ‘r) (N)
B’ 0 -t 0/\B

where T’ = dT/ds, k and T is called the curvature and the
torsion of the curve. The principal normal vector of the
curve N(s) = T'(s)/IIT'(s)|l, and the binormal vector is
cross product of unit tangent and unit normal vector, B =
T X N. Let us consider the 1 lies on surface M in R3. Then,
instead of the Frenet frame field, we can consider the
Darboux frame field {']I‘lp =T,Vy, Nw} where Ty is the
unit tangent vector field of v, Nw is surface normal which
restricted to Y, and Ww = Nw X T¢. Here we note that i
is a unit-speed curve. The derivative formulas of the
Darboux frame field are given by

T’1p 0 Kg Ky 'H‘w
V’w =|l-x, 0 74 |(Vy] 1
Nllp —Kn —Tg 0 Nw

where K, Ky and Ty are the normal curvature of the
surface in the direction of Ty, the geodesic curvature and
the geodesic torsion of the curve 1, respectively [2].
From Eqg. (1) we have,
Kg = Tllp . le, K, = le L] Nw, Tg = Vllp . Nw
On the other hand, for the non-unit speed 1 curve, it
is written by [3], such that

1 o S .
ngm']rw'wlp, K"_hp_ﬂTlp.N‘P'
1 5
Tg = 1o Vw * Ny @)

Here, Y is geodesic, asymptotic or principal curve if and
only if either kg1, or k, vanishes everywhere
respectively [4]. For some of the studies on the Frenet and
Darboux frames in various spaces, see [5-10].

The Intersection of Pliicker’s Conoid and Unit
Cylinder

In this section, we consider the pancake curve as an
intersection of such two surfaces: Pliicker’s conoid and
unit cylinder (see Figure 1).

Figure 1 Pancake curve as an intersection of Pliicker’s conoid and unit cylinder.

In our calculations and illustrations, we utilized
Mathematica. Here, note that we investigate the Darboux
frame of the pancake curve on Pliicker’s conoid.
According to [11], we can give the Pliicker’s conoid surface
by
¥ 2uv

(u,v) = (u, v, T vz)' 3

The unit normal 7 on the surface Y(u, v) is given by

(o Y)(u,v) =

YuXYy, 1 (Zlv 2Au )
Yy XYy | Mu% r

v’ oou
where 1 = u? — v? and u = u? + v2.
Since the curve is the intersection of Pliicker’s conoid
and the unit cylinder, we can consider first and second
components of the intersection curve as u = coss and

v = sins, respectively. Then, the third component must

2uv 2sinscoss ,
be = — = sin(2s). Hence, we calculate
uZ+p2 sin2s+cos?s

the equation of the intersection curve as follows:
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a(s) = (coss, sins, sin(2s)). 4)

Obviously, a satisfies the equations of both Plicker’s
conoid and unit cylinder. Now, we can give our
calculations with the help of Eq. (4). First of all, |a'(s)| =

v 1+ 4cos?(2s), and a is not unit-speed curve. By Eq. (4)

we have the unit tangent vector,

,H, ( ) _ar(s) 1
|ar(s)| /3+2cos(4s)

————(—sins, coss, 2cos(2s)). (5)

Since N, is the surface normal restricted to «,

Ng(s) = (7o a)(s) = (Y (coss, sins))

= JTTMS(Z cos(2s) sins, —coss — cos(3s),1). (6)

By Egs. (5) and (6), we calculate the binormal vector as
follows:

V,(s) = N,(s) X T,(s) = (—coss, —sins, 0). @)

Hence, we have the Darboux frame {T,,V,,N,} the
pancake curve on Pliicker’s conoid. Now we can give our
results about the curvatures.

Theorem 3.1 The geodesic curvature of the pancake curve
on Pliicker’s conoid is

1

teg(s) = 3+ 2cos(4s)

Proof. Since a(s) is a non-unit speed curve, from Egs. (2),
(5) and (7) we obtain,

T _ (—3(coss + cos(3s)) + cos(5s) —3sins + 3sin(3s) + sin(5s) 4sin(2s)
«(8) = (3 + 2cos(45))3/2 ' (3 + 2cos(45))3/2 " (3 + 2cos(4s))3/2
and which completes our proof.

1

g(8) = T'a(s) * Val$) = 3757 sy

which completes the proof.

Theorem 3.2 The geodesic torsion of the pancake curve
on Pliicker’s conoid is

2cos(2s)

7(9) = 3+ 2cos(4s)

Proof. Since «(s) is non-unit speed curve, from Egs. (2), (6)
and (7) we obtain

V', (s) = (sins, —coss, 0),
and

2 cos(2s)

Via(s) « Na(s) = 3+ 2cos(4s)

W) = 1@l '( 5]

which is intended.

Theorem 3.3 The normal curvature of the Pllicker’s conoid
in the direction of T, is given by

4(2 sin(2s) + sin(6s))
(3 + 2 cos(4s))>/2

Kn(s) = -

Proof. Since a(s) is non-unit speed curve, from Egs. (2), (5)
and (6) we obtain

T T a(s) * Ne(s)
4(2 sin(2s) + sin(6s))
(3 +2cos(4s))5/2

Kn(s) =

Ia()l

Corollary 3.4 The pancake curve is a non-geodesic curve
on Pliicker’s conoid.

Proof. It follows from Theorem 3.1 that k4(s) never
vanishes, and obviously « is non-geodesic.

Corollary 3.5 The piece of pancake curve is an asymptotic
curve on Pliicker’s conoid if and only if

_T[Tl A €7
S—2 4,71 .

Corollary 3.6 The piece of pancake curve is a principal
curve on Pliicker’s conoid if and only if

Corollary 3.7 The trace of binormal vector V,, represents
acircle.

Theorem 3.8 There is the following equation between the
curvatures of Frenet and Darboux frames of the pancake
curve on Pliicker’s conoid:

2 2
K T+3TgKg =0,

where Kk, is the geodesic curvature and 7, is the geodesic
torsion of the pancake curve on Pliicker’s conoid.

Proof. By Frenet derivative formulas we calculate the
Frenet curvature and torsion as follows:

K(s) = T(s) = N(s) = 11 — 6 cos(4s)

(3 + 2 cos(4s5))3/?

and
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6cos2s
—11 + 6 cos(4s)’

2(s) = N'(s) « B(s) = By straightforward calculations, we obtain the equation.

The Hyperbolic Paraboloid and Unit Cylinder

In this section, we consider the pancake curve as an intersection of such two surfaces: hyperbolic paraboloid, and
unit cylinder (see Figure 2).

7 @

Figlire 2. Pancake curve as an intersection of hyperbolic paraboloid and unit cylinder.

Here, note that we investigate the Darboux frame of the
pancake curve on hyperbolic paraboloid. According to [1],
we can give the hyperbolic paraboloid surface by

Y(u,v) = (u, v, uv). (8)
The unit normal 71 on the surface W(u, v) is given by

(o W), v) = 1T !
no u,v) = =
[Py X Wl V1 +uZ+ 02

(-v,—u,1).

Since the curve is intersection of hyperbolic paraboloid,
and unit cylinder, we can consider first and second
components of the curve as u = coss and v = sins,
respectively. Then, third component of the intersection
curve must be

sin(2s)

UV = COoSS Sins = Hence, we calculate the

equation of the intersection curve as follows:

sin(ZS)).

> ©

B(s) = (coss, sins,

Now, we can give our calculations with the help of Eq. (9).

First of all, |8'(s)| = /1 + cos?(2s), and B is not unit-

speed curve. By Eq. (9) we have the unit tangent vector,

—6coss — 3cos(3s) + cos(5s) —6sins + 3sins(3s) + sin(5s)

B'(s)
1B'(s)
1

=———(—sins, coss, cos(2s)).

J 1+ cos?(2s)

Since Ny is the surface normal restricted to g,

Tﬁ (S) =

(10)

Ng(s) = (@ B)(s)
= 7i(¥(coss, sins))
_ (—sins —CoSss i) 11
vz vz v (
By Egs. (10) and (11), we calculate the binormal vector as
follows:

Vﬁ(S) = NB(S) X TB(S)

=————(—2cos3s, —2sin3s, —sin(2s)).

\/ 3 + cos(4s)

Hence, we have the Darboux frame of 8 as {’]I‘ﬁ,Wﬁ, NB}-
Now we can give our results about the curvatures.

(12)

Theorem 4.1 The geodesic curvature of the pancake curve
on hyperbolic paraboloid is

5 — cos(4s)

teg(s) = (3 + cos(4s))3/%

Proof. Since S(s) is non-unit speed curve, from Egs. (2),
(10) and (12) we obtain

Tp(s) = ( V2(3 + cos(4s))3/2 '

and,

V2(3 + cos(4s))3/2

2sin(2s)
A+ cosz(Zs))3/2>'
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B ’ B 5 — cos(4s)
O~ O O~ 5 e

which completes the proof.

Theorem 4.2 The geodesic torsion of the pancake curve
on hyperbolic paraboloid is

Proof. Since S(s) is non-unit speed curve, from Egs. (2),
(11) and (12) we obtain

2cos(2s)

(8)=—5—F =

3 + cos(4s)
Vi(s) = cos?s(18 sins — 5sin(3s) + sin(5s)) (18 coss + 5 cos(3s) + cos(5s))sin’s 8 cos(2s)

B = (3 + cos(4s))3/2 ’ (3 + cos(4s))3/2 " (3 + cos(4s))3/2)
and Corollary 4.5 The trace of normal vector restricted to 8
1 y y _ 2cos(25) represents a circle in space.

Ty(s) = 18" ()] p(s) * Np(s) = 3 + cos(4s)’

which is intended.

Theorem 4.3 The normal curvature of the hyperbolic
paraboloid in the direction of T is given by

V2sin(2s)

n(5) = = 3 + cos(4s)’

Proof. Since ((s) is non-unit speed curve, from Egs. (2),
(10) and (11) we obtain

V2sin(2s)

ten (5) " 3+ cos(4s)

1 , _
= mTﬁ(s) *Ng(s) =

which completes our proof.

Corollary 4.4 Pancake curve is a non-geodesic curve on
hyperbolic paraboloid.

Proof. By definition of cosine function —1 < cos(4s) < 1.
It follows from Theorem 4.1 that k,(s) = 5 — cos(4s)

never vanishes, and obviously f is non-geodesic.

Other results are similar to Corollary 3.5 and Corollary 3.6.

Figlire 3. Darboux frame of a at point P G,g,?)

Examples

Example 5.1 Let us consider the Darboux frame of the
curve which is given by Egs. (4)-(7) and lies on Plicker’s
conoid. Let us take the point Pas P = a(n/3) =
(50

> ,7) on the curve. Then, the Darboux frame of the

curve at point P is given as follows:

m V6 V2 V2
n@)-(-F5-7)

3

T 1 3
Ve(3) = (‘5"7'0)'
Na(TL’/S) = (_§;§;?>

On the other hand, the curvatures at point P are
calculated as

1 1 V6
Kg(ﬂ:/:;) = E: Tg(n/3) = _E: Kkn(/3) = _7-
The illustration of Darboux frame of this curve is given by
Figure 3.
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Example 5.2 Let us consider the Darboux frame of the
curve which is given by Egs. (9)-(12) and lies on
hyperbolic paraboloid. Let us take the point Q as Q =

B(m/6) = (?,%,?) on the curve. Then, the Darboux

frame of the curve at point Q is given as follows:

n [ V5 VIS VB
T (€)=<‘?'T'?>'

Ty 3v30 10 /30
“’ﬁ(g)—(‘w"%"W)'

Figlire 4. Darboux frame of 8 at point Q (?,%,—3).

Example 5.3 Let the space curve is given by Eq. (4), a(s) =
. . . V2 V2

(coss, sins, sin(2s)). AtpointR = a(r/4) = (7,7, 1),

the Frenet and Darboux frame of this curve is given by

r(7) = (_E @,o),

4 22
V(2

4\ 2vi7’ 2vi7' Vi7/)

242 2V2 1

v/ = (- 5~ 7 75
and,

n V2 V2
Te(3) = (‘7'7"))'
V,(n/4) = (—?,—?,o), N, (/4) = (0,0,1).

The picture of these frames at point R is given by Figure 5.

sy o (Y2 VB2
p/0) =\ =7 =)

On the other hand, the curvatures at point Q are
calculated as

11V/10

V6
Kg(T[/6) = T ?

2
) Tg(n/6) = _g‘ Kn(n/6) = -

The illustration of Darboux frame of this curve is given by
Figure 4.

Figlire 5. Frenet and Darboux frame of the curve a at
point R (ﬁ ﬁ, 1).

2’2
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Conclusion and Recommendations

This study initiates a new curve and its Darboux frame
on Pliicker’s conoid and hyperbolic paraboloid surfaces.
With the help of Darboux frame, the curvatures of
pancake curves on surfaces are calculated. Moreover, a
relation between the Frenet and Darboux curvatures of
the pancake curve is obtained. While our focus was
Plicker’s conoid and hyperbolic paraboloid surfaces, one
can examine the Darboux frame of pancake curves on a
parabolic cylinder. Moreover, the relation between the
pancake curve and the other curves (cylindrical sine wave,
lemniscates of Gerono, besaces, ovoid quartic, etc.) can be
investigated. According to current knowledge, there is not
enough paper related to the curve except on the website
of Robert Ferréol. Therefore, this paper will be instructive
for further studies about the curve.
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domains. This study explores the potential of neodymium permanent magnets in focusing and controlling SMFs,
specifically emphasizing wound healing applications. Numerical simulations using COMSOL Multiphysics create
a uniform static magnetic field for wound healing. The study systematically increases the number of neodymium

magnets, demonstrating enhanced magnetic flux density and a focused magnetic field. The results affirm the
efficacy of neodymium magnets in generating a uniform static magnetic field between 190-620 m Tesla. This
research proposes neodymium permanent magnets as a promising tool for wound healing applications, offering
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Introduction

Static magnetic fields (SMFs) have extensive
applications in contemporary science and technology, as
well as in industrial, agricultural, medical, and healthcare
sectors, among other fields [1]. Static magnetic fields are
essential in numerous fields, including but not limited to
applications like magnetic resonance imaging (MRI) [2],
transcranial magnetic stimulation [3], control of magnetic
nanoparticles for gene and drug delivery [4,5], and the
development of magnetic sensors [6]. Higher static
magnetic fields facilitate the advancement of these
applications. There are two distinct approaches to
enhancing static magnetic fields: one aims to amplify
them over a wide free space, potentially enhancing spatial
resolution in MRI applications. The other concentrates on
intensifying static magnetic fields within a confined space,
enhancing sensitivity in magnetic sensors, and advancing
the application of magnetic nanoparticles in gene and
drug delivery [1]. Magnetic fields are increasingly utilized
in diverse bioengineering and biomedical applications,
offering significant advantages in lower patient
invasiveness, especially regarding non-ionizing radiations.
The non-magnetic nature of human tissues allows
magnetic fields to penetrate without attenuation,
distinguishing them from electric fields. This property is
harnessed in various diagnostic and therapeutic methods,
including Magnetic Resonance Imaging (MRI), Magnetic
Fluid Hyperthermia (MFH) for hyperthermia and
thermoablation with magnetic nanoparticles, and
Transcranial Magnetic Stimulation (TMS). In MRI, a
homogeneous magnetic field is crucial for imaging various
pathologies across different anatomical regions, requiring

a non-invasive and focused therapeutic approach. While the study provides valuable insights, further
experimental and clinical validations are necessary to establish the real-world efficacy of this method. The work
contributes to the evolving understanding of static magnetic fields as a viable therapeutic modality for various
medical conditions, particularly in the context of wound healing.

Keywords: Static magnetic fields, Wound healing, Neodymium permanent magnets.

P @ reyhan.zengin@inonu.edu.tr - @ https://orcid.org/0000-0001-8631-3339

a larger field of view (FOV). Conversely, in Magnetic Fluid
Hyperthermia (MFH), the focused magnetic field induces
localized heating for cancer therapy, aiming to preserve
surrounding tissue. Similarly, in Transcranial Magnetic
Stimulation (TMS), focusing the induced electric field
within the brain enhances procedure effectiveness and
accuracy and reduces patient invasiveness. The challenge
lies in generating the desired magnetic distribution due to
diffraction and attenuation phenomena, especially at
lower frequencies, prompting research into technologies
for optimizing and controlling this aspect [7]. The
literature has  documented various radiation
configurations capable of manipulating diverse magnetic
fields, representing significant advancements in this field.
Volume, Helmholtz, and Birdcage Coils generate and focus
magnetic fields for various applications. Volume Coils
offer advantages such as medium homogeneity, scalability
in terms of geometry, and high efficiency. However, a
notable drawback is that their length must be greater than
the solenoid section [8, 12-15, 16, 17]. On the other hand,
Helmholtz coils provide a very homogeneous field but
come with the disadvantage of poor efficiency [9,10,11].
Birdcage coils are characterized by their ability to
generate circular or linear homogeneous fields, but their
design complexity is a notable drawback [18,19].

In contemporary research, there is significant interest
in utilizing neodymium permanent magnets to focus and
control static magnetic fields. Their capacity to
concentrate  magnetic fields presents potential
advantages across diverse fields, from medical imaging
systems to industrial applications. General Motors and
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Hitachi collaborated in the 1980s to create neodymium-
iron-boron magnets. Due to their ability to generate
substantial magnetic force with minimal material, these
magnets have gained significance in producing robust
permanent magnets composed of rare earth elements. In
information technology, neodymium magnets find
specific applications in hard disc drives, mobile phones,
and television audio and video systems [20]. Neodymium
magnets find application in the health sector, integrated
into medical devices like magnetic resonance imaging
(MRI) machines used for diagnosing and treating various
conditions such as chronic pain syndrome, arthritis,
wound healing, insomnia, headaches, and other diseases,
owing to their capacity to generate a static magnetic field.
Over the past decade, there has been a notable rise in
their utilization [21].

The static magnetic field (SMF) emerges as a viable and
non-invasive therapeutic approach with potential
advantages [22-24]. Despite having less robust support in
scientific literature, magnets have been utilized in
alternative medicine to expedite the healing process and
alleviate pain. Limited data indicates three potential
mechanisms underlying the effectiveness of static
magnetic fields (SMF): 1) an anti-inflammatory impact; 2)
assistance in endothelial cell proliferation; 3) stimulation
of collagen formation [25]. SMFs are recognized as
powerful promoters of cell proliferation, migration, and
differentiation, hastening the differentiation of
osteoblast-like cells in laboratory settings [23].

Recent studies suggest that exposure to static
magnetic fields (SMF) can affect the release of
inflammatory cytokines by macrophages and lymphocytes
[26]. The US FDA has approved SMF for the treatment of
pain and edema, confirming its impact on cell metabolism
and proliferation [27]. Prolonged exposure to SMF has
shown potential in controlling hypertension [28] and has
produced positive results in the treatment of
osteoarthritis and nonunion fractures [27, 29, 30].

Research findings indicate that a static magnetic field
of 220 mT enhanced the recovery rate in normal rats [25].
More recent investigations have delved into the effects of
a 230 mT static magnetic field generated by a permanent
NeFeB magnet on cutaneous wound healing in diabetic
rats [24]. Additionally, a study conducted in 2016
demonstrated accelerated wound healing in rats by
applying a pulsed electromagnetic field (PEMF) signal
using a Helmholtz coil at a frequency of 75 Hz and a
magnetic field intensity of 1 mT. This effect was observed
when combined with pulsed radiofrequency energy
(PRFE) at a carrier frequency of 27.12 MHz [31].

Furthermore, current studies have noted that a
moderate-intensity static magnetic field (0.6 T) notably
enhances the healing of wounds in a mouse model of type
2 diabetes. Even field strengths below 180-230 mT have
demonstrated positive effects on healing streptozotocin-
induced diabetic wounds in mice [32].

In this research, we examined the focusing of static
magnetic fields using permanent neodymium magnets for
applications in wound healing. Numerical simulations

were employed to generate a uniform static magnetic
field, specifically between neodymium magnets
positioned at defined distances, to achieve optimal focus.

Materials and Methods

Static magnetic field theory

Static magnetic fields occur from either permanent
magnets or direct current (DC) flow in conductive
materials. The Biot-Savart law defines the contribution of
a magnetic field (dB) created by a small wire segment of
length (dL) carrying a current (l) as follows [33]:

I dLxr
de%ET (1)
Here, r is the vector from the current element to the
point where the field is being calculated, and pu represents
the permeability of the medium. Equation (1) illustrates
that the magnetic field is a vector circulating around the
current element and decreases with the square of the
distance from it. Integrating this law (Equation 1) enables
the assessment of magnetic fields around structures
carrying current, such as coils or electrical distribution
networks.

Magnetic fields are identified by the force they exert
on moving charges, such as those composing electric
currents. The force (F) in newtons is proportional to the
charge (q) in coulombs and velocity (v) in meters per
second, and it is perpendicular to both the motion and the

field direction. Mathematically, this relationship is
expressed as:
F=qwXxB) (2)

The magnetic flux densities (B) are measured in tesla
(T). The actual magnetic field strength (H) is quantified in
amperes per meter (A m™) and is linked to magnetic flux
density through

B = uH (3)

In materials without magnetic properties, such as air,
permeability is equivalent to the permeability of free
space (o), defined as 4rtx107H m™.

Numerical Studies

Numerical analysis is often used to solve problems that
may have complex or impossible analytical solutions. This
study utilizes the numerical analysis program COMSOL
Multiphysics based on the finite element method. This
study aims to develop a uniform static magnetic field
environment for wound healing techniques. Static
magnetic fields have been produced in various ways in the
past, but this study aims to concentrate a homogeneous
static magnetic field on a specific region and create a
setting that can be used in animal experiments with
permanent magnets. Four neodymium magnets were
positioned in Figure 1 to generate a uniform magnetic
field. The dimensions of the magnets were chosen as 10
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cm x 10 cm x 5 cm. The distance between the two magnets
is 16 cm. In COMSOL, Magnetic Fields, No Currents
module was selected as the Physics Module. The air
environment that would contain the magnets was also
modeled. Figure 2 (a) shows two selected domains
subjected to magnetization in the y direction, and Figure
2 (b) shows two selected domains subjected to
magnetization in the x direction. The mesh image for four
magnets is shown in Figure 3.

Yix

Figure 1. 3D geometry of neodymium magnets is
arranged in a mutually facing configuration with four
magnets focused. The dimensions of the magnets are
5 cm x 10 cm x 10 cm along the x, y, and z axes,
respectively.

.
'

B et

(a)

(b)
Figure 2. Selected areas for magnetization applied in the
(a) y direction and (b) x direction.

Figure 3. Mesh image of four magnets placed opposite
each other.

The mesh consists of 6289137 domain elements,
77580 boundary elements, and 1326 edge elements. Each
model takes approximately 148 seconds to run. We used
a Free Tetrahedral element size with an extremely fine
mesh structure. The mesh was highly detailed to achieve
results as close to the actual outcome.

First, the edges of the rectangular structure
surrounding the magnet, defined as air in Figure 2 and
other figures, were set as boundary conditions. These
boundary conditions were defined as Magnetic Insulation.

In Figure 4 (a), eight electrodes are modeled by adding
one magnet behind each of the four magnets. The number
of magnets was increased to increase the magnetic flux
density value in the area between the magnets. Figure 4
(b) shows four selected domains that were subjected to
magnetization in the y direction. Figure 4 (c) shows four
selected domains that were subjected to magnetization in
the x direction.

In Figure 5 (a), twelve electrodes are modeled by
adding two magnets behind each of the four magnets. The
number of magnets was increased to increase the
magnetic flux density value in the area between the
magnets. Figure 5 (b) shows six selected domains that
were subjected to magnetization in the y direction. Figure
5 (c) shows six selected domains that were subjected to
magnetization in the x direction.
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X
oy i -y
X X
(a) (k) (c)
Figure 4. (a) Two pairs of Neodymium magnets arranged in a mutually facing configuration with eight magnets focused,
(b) Selected areas for magnetization applied in the y direction, (c) Selected areas for magnetization applied in the x
direction.
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= E
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y 4 v-3

(a) b) (c)

Figure 5. (a) Triple pairs of Neodymium magnets are arranged with twelve magnets focused in a mutually facing
configuration, (b) Selected areas for magnetization applied in the y direction, (c) Selected areas for magnetization
applied in the x direction.

Results

Slice Magnetic flux density normmT,

Single, double, and triple permanent magnet groups
were utilized to obtain static magnetic flux distributions
focused on a wide area within the region between the
magnets. These distributions are given in Figures 6 (a-c)
for single, dual, and triple magnet configurations,
respectively. Magnetic field changes were graphed asa 1D
plot on a line passing through the center of opposing
magnets. To compare these three configurations, a line

graph showing the change in magnetic flux density value ¥
depending on distance is shown in Figure 6 (d-f). Figure 7 y
shows a line graph showing the change of magnetic flux (a)

density value depending on distance for comparison of all
magnets.

Slice Magnetic flux density norm mT,

(b)
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Figure 6. Magnetic flux density distribution of (a) single
magnets, (b) dual magnets, and (c) triple magnets.
Line graph showing the change of magnetic flux
density value depending on distance for single (d),
dual (e), and triple (f) magnets.
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Figure 7. Line graph showing the change of magnetic flux
density value depending on distance for comparison
of all magnets.

Figure 6 and Figure 7 demonstrate that the SMF
distribution ranges from 190-290 mTesla with a single
magnet group in an area of approximately 10 cm?
between the magnets. The SMF distribution with the dual
magnet group is within the 400-580 mT range. With the
triple magnet group, the SMF distribution is within the
440-620 mT range in a higher and wider area. As a result,
increasing the number of magnets increased the magnetic
flux density values.

Conclusions and Discussion

Static magnetic fields (SMFs) play a pivotal role in
various scientific, technological, and medical applications,
including magnetic resonance imaging (MRI), transcranial
magnetic stimulation, and magnetic nanoparticle-based
therapies. The ability to enhance and control static
magnetic fields is crucial for advancing these applications.
This study explored the utilization of neodymium
permanent magnets to focus and control static magnetic
fields, with a specific focus on wound healing applications.

The literature review highlighted the diverse
applications of SMFs in bioengineering and biomedical
fields, emphasizing their non-invasive nature and
penetrative capability through human tissues. The study
delved into the potential therapeutic benefits of SMFs,
including anti-inflammatory effects, cell proliferation
assistance, and collagen formation stimulation.

Numerical simulations using COMSOL Multiphysics
were conducted to generate a uniform static magnetic
field for wound healing. The study systematically
increased the number of neodymium magnets to enhance
magnetic flux density, resulting in a focused and
homogeneous magnetic field. The numerical results
demonstrated that increasing the number of magnets led
to higher magnetic flux density values, emphasizing the
effectiveness of the neodymium magnets in creating a
uniform static magnetic field.

Overall, the findings suggest that neodymium
permanent magnets hold promise for applications in
wound healing, offering a non-invasive and focused
approach to harnessing the therapeutic benefits of static
magnetic fields. Further experimental validations and
clinical studies are warranted to validate the efficacy of
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this approach in real-world medical scenarios. The study [13] Mazon E. E., Sémano A. H., Calleja H., Quintero L. H., Paz J.

contributes to the ongoing exploration of static magnetic
fields as a viable therapeutic modality with potential
benefits for various medical conditions, including wound
healing.
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ABSTRACT

This study investigates doped CdznS thin films synthesized through the ultrasonic spray pyrolysis technique,
followed by annealing at temperatures of 400 and 500 °C. X-ray diffraction analysis demonstrated that both
undoped CdZnS and Cu-doped CdZnS thin films exhibit cubic crystal structures, with a preferred orientation
along the (111) plane. Scanning electron microscopy (SEM) measurements indicated that the CdznS thin film has
a smooth surface, whereas the Cu-doped CdZnS film shows clustered particles, attributed to the effect of copper
doping acting as an activator metal ion. Electron dispersive scanning (EDS) analysis confirmed that the Cd, Zn,
and S elements are present in acceptable chemical stoichiometry (Cd + Zn/S = 1:1), with a ratio of 3:1, consistent
with the molar amounts used in the precursor solutions. The band gap of the CdznS thin film decreased from
3.12 to 2.56 eV after annealing at 500 °C, attributed to an increase in crystal size. In contrast, the band gap of
the Cu-doped CdZnS thin film decreased from 2.51 to 2.22 eV, lower than that of pure CdZnS, due to the
formation of additional phases such as zinc oxide and copper oxide within the CdZnS host structure during
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annealing.
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Introduction

The 1I-VI compound group holds significantimportance
in the field of material science due to their specific
bandgap spanning from UV to IR light wavelengths. These
compounds are composed of elements from group Il (like
zinc, cadmium, and mercury) and group VI (including
oxygen, sulfur, selenium, and tellurium). Their appeal to
scientists lies in their direct bandgap energy, typically
falling between 1.5 to 3.7 eV, which makes them highly
suitable for optical applications. They exhibit exceptional
optical absorption characteristics, capable of absorbing
99% of incident light with just a 1um thickness, making
them a focus of extensive research [1, 2].

There are many methods to produce CdZnS thin film
like chemical bath deposition (CBD) [3,4], thermal vacuum
evaporation technique (PVD) [5], electrodeposition
technique [7,8], and ultrasonic spray pyrolysis (USP) [9,
10]. Among these techniques, USP technique is the most
preferred one, it is easy, and many layers can be
deposited.

Previous studies reported that CdZnS thin film could be
doped with cationic metals such as Cu, Zn, Ag, and Al or
anionic metals such as B, Cl, and Fe, etc. In our study
doping by copper ions has been used to improve the
electro-optical properties and to increase the efficiency of
photocatalytic activity by enhancing the electron
transition [11], [12, 13, 14, 15, 16, 17].

In this study, first, pure CdZnS ternary and Cu-doped
CdZnS quaternary thin film samples were fabricated by

|bmuratkaleli@sdu‘edu‘ tr
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the USP technique and then annealed at 400 and 500 °C,
to investigate of annealing effect on the crystal structures,
surface morphology, chemical composition, and optical
properties of the fabricated samples.

Materials and Methods

To fabricate the CdznS thin films, zinc chloride (ZnClI2),
cadmium chloride (CdCl2), and thiourea (CH4N3S) salts
were used as precursor materials. First, 0.3 M of ZnCI2 was
dissolved in 20 ml of distilled water, and after 10 minutes,
two drops of hydrochloric acid (HCI) was added to this
solution to prevent oxychloride formation. Then, 0.6 M of
thiourea was dissolved in a separate beaker with 10 ml of
distilled water and mixed with the ZnCI2 solution.
Subsequently, 0.1 M of CdCI2 was dissolved in 20 ml of
distilled water in another beaker. This solution was then
poured into the first prepared solution, and the mixture
was stirred with a magnetic stirrer for two hours until it
became completely homogeneous. This solution was
divided into two separate beakers: one for the
preparation of pure CdZnS thin films and the other for the
preparation of Cu-doped CdZnS thin film samples, to
which 2 mg of copper sulfate (CuSO4.5H20) was added.

The glass substrate cleaning process involved using
ethanol, acetone, and ethanol sequentially. The Sono-Tek
Flexi Coat, equipped with a nitrogen gas generator, was
utilized in an ultrasonic spray pyrolysis (USP) deposition
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system. Other optimization parameters were set as
follows: nitrogen pressure at 2.5 kg/cm?, substrate-to-
nozzle distance at 12 cm, and solution flow rate at 0.5
ml/minute. Doped and undoped CdznS thin films were
produced on substrates with a 10 x 10 cm? deposition area
at a substrate temperature of 275 °C in an ambiance
containing 3% oxygen. Both thin films were annealed at
400 °C and 500 °C, respectively, using an oven supplied
with nitrogen gas and excess sulfur (sulfurization) to
improve crystallinity [18,19] .

The structural properties of CdZnS and CdZnS: Cu thin
films were studied by using Bruker D8 Advanced Twin-
twin XRD system with the Cu-Ka radiation with a
wavelength of 1.5406 A and 28 ranging from 20° to 80°.
Morphology and elemental analyses of the films were
examined by FEI Quanta FEG 250 Scanning Electron
Microscope (SEM) which attached an EDAX EDS system.
Optical characterization was also held by using Perkin
Elmer Lambda 950 UV/Vis spectrophotometer in between
300 — 1000 nm wavelength.

Glutathione (GSH) is a tripeptide found within cells. It
plays a critical role in neutralizing free radicals and
reactive oxygen species (ROS), thereby preventing
oxidative stress and maintaining cellular homeostasis. It is
a central component in preserving redox homeostasis (the
oxidative state within cells) [11]. The balance between
oxidized glutathione (GSSG) and reduced glutathione
(GSH) determines a cell's capacity to cope with oxidative
stress. This ensures that cells function healthily and
prevent the onset of pathological conditions. Therefore,
GSH and its metabolism are considered potential
therapeutic targets in many diseases associated with
oxidative stress [12, 13].

Malondialdehyde (MDA), a by-product of lipid
peroxidation, is also considered an indicator of oxidative

damage. It is used to assess the extent and effects of
oxidative damage to membrane lipids [14, 15].

In particular, in research and clinical studies, the
examination of GSH and MDA aids in understanding
oxidative damage and elucidating cellular mechanisms at
the cellular level. In this study, the effects of toluene
exposure-induced oxidative stress in rats were
investigated. Additionally, it was assessed whether
resveratrol plays a protective role against these adverse
effects. Levels of MDA, an indicator of lipid peroxidation,
and GSH, which plays a significant role in cellular
antioxidant defense, were analyzed.

Results and Discussion

X-Ray Diffraction Measurements

The XRD patterns recorded for CdZnS and CdZnS: Cu
thin films deposited on glass substrates for as-grown and
annealed samples at 400 °C and 500 °C are given in Figures
1. a) and b), respectively. It can be seen, all the planes
displayed in cubic structure and polycrystalline in nature.
The major peak of cubic structure for both films CdZnS and
CdZnS: Cu were found at 20 values of 28.62° and 28.39°,
respectively, which are attributed (111) directional plane
as a preferred plane orientation. Scherer’s equation
[19](Eg.1) has been applied to calculate the average
crystal size.

D=0.92)\/B cosb (1)

Where A =1.5406 A for CuKa , B is full width at half
maximum (FWHM) and 6 is Bragg’s angle. Crystal size was
Calculated of CdZnS and Cu-doped thin films are listed in
Table 1 and 2, respectively.

Table 1. Crystal size for CdZnS and CdZnS : Cu doping thin films.

Sample peak position for FWHM Average of crystal size
(111) indices (deg) A°

Undoped sample as grown 28.62° 0.784 116.2
Undoped sample annealed 400 °C 28.72° 0.735 124.0
Undoped sample annealed 500 °C 28.28 0.692 131.5
Doped sample as grown 28.39° 3.515 26.0
Doped sample annealed 400 °C 28.21° 3.084 29.5
Doped sample annealed 500 °C 27.92° 3.352 27.2

Table 1 shows that the crystal size of CdZnS and CdZnS:
Cu doping thin films increases with annealing temperature
due to the reduction of structural defects within the
lattice by applying extra thermal energy [19, 21, 22], but
this trend is disrupted after annealing at 500 °C for copper
doping thin film. This is due to the substitution of Cu?*
ions, which have a smaller ionic radius (0.73 A) compared
to Cd?* ions (0.97 A). Cu?* ions can easily enter the CdZnS
lattice, causing distortion in the CdZnS lattice structure,
which aligns with previous reports in the literature
[22,23].

Figure 1.a) shows that the improvement of the main
diffraction peak intensity of CdZnS thin film depended on
the increase of the annealing temperature, this
improvement might be attributed by the high thermal
energy helps the atoms to move to the correct position in
the lattice. As a result the defects will be reduced that
leads to re re-crystallization in the lattice [19, 21 ,22].
Whereas Figure 1.b) shows that after annealing the
samples up to 500 °C, it is clear there is a disruption of the
main diffraction peak for CdZnS: Cu thin film, and a slight
shifting for the major peak (111). This reason is argued by
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Figure 1. (A) GSH levels in rat lung. (B) GSH levels in rat serum

the oxidization and with copper oxide crystal structure has  01-079-7040 library, it is in consistent with the literatures
been generated to take its poison inside the hostel crystal,  reported [23, 24, 25].

however all the peaks matching with CdZnS structure PDF

Surface Morphology Analysis
Figure 2. a) and b) represents images of scanning electron microscopy (SEM) for the surface of CdZnS and CdZnS:Cu
thin films, respectively.

Figure 2. As grown SEM images of a) CdZnS and, b) CdZnS: Cu thin films
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SEM images shows that the surface of CdZnS thin film
has smooth and a few cracks, whereas the surface of
CdZnS: Cu thin film has clusters, due to the effect of doped
copper metal which was added to the precursor solution
and generated agglomerated particles.

The energy dispersive spectroscopy (EDS) system is
followed by SEM measurements, and the elemental
composition analysis of the CdZnS and CdZnS: Cu thin films
for as grown, annealed at 400 °C and 500 °C, respectively,
are given in Table 3. and 4. It was observed that Cd, Zn,
and S elemental compositions are approximately the
same for CdZnS and CdZnS: Cu thin films. Although there

were slight differences in their concentrations due to the
deposition process was not homogeneous. However, all
the elements in both films are closed to be aimed
composition with the acceptable chemical stoichiometry
(Cd+Zn/S =1:1), and the ratio of Zn: Cd = 3:1, according to
the amount of molarity which has been used. After
annealing under sulfur resulted in an excess number of
sulfur elements in the thin film structure as expected. It is
also clear that the crystallographic results gained from
XRD and elemental composition results obtained from
EDS measurements are in good agreement with each
other.

Table 3. EDS measurements as atomic percentage(A%) of CdZnS and Cu doping thin film as grown, and annealed at 400

°Cand 500 °C.

Samples S cd Zn Cu Zn/Cd Zn+Cd/S

undoped sample as grown 39.07 8.36 33.3 -- 3.98 1.06
undoped sample annealed 400 °C 40.05 9.09 38.13 - 4.19 1.17
undoped sample annealed 500 °C 36.62 8.07 39.5 -- 4.89 1.29
doped sample as grown 33.55 7.78 30.6 0.36 3.933 1.14
doped sample annealed 400 °C 30.98 7.97 36.3 0.45 4.55 1.42
doped sample annealed 500 °C 33.32 8.1 39.06 0.37 4.82 1.41

Optical Properties

Figure 3.a) and b) showed the Absorption spectra for ahv = A (hv - Eg)" 2)

both CdZnS and Cu doped respectively. The absorption
spectra for both films were recorded by using UV-vis
system at room temperature in the wavelength ranging
from 300 -1000 nm, the result showed that the absorption
spectrum is shifted to the blue region which exhibited
lower absorption in the longer wavelength. The band gap
energy was estimated with help of absorption spectra and
by using Tauc relation [25] (Eq. 2)

4.0x10° 4 r /i

—— CdZnS Asgrown 7
——— Annealed at 400 C i

—— Annealed at 500 C

3.0x10°

2.0x10% 4

(ahv)? (a.u.)

1.0x10°

15 20 25 30 35
hn.(eV)

(a)

Where «o; is an absorption coefficient, hv; photon
energy, Eg; band gap, A; constant and n = 1/2 for allowed
direct band gap transition of CdZnS. By plotting the graph
of (ahv)? versus and applying the extrapolation method,
the band gap energy values of the samples shown in the
figure3

6x10° 4
5x10° -
——— CdZnS:Cu Asgrown
Annealed at 400 C
4x10° 4 —— Annealed at 500 C

3x10° 4

(ahv)? (a.u.)

2x10° 4

1x10° 4

:
15 20 25 3.0 35
hu (eV)

(b)

Figure 3. Band gap energy of a) CdZnS and b) CdZnS: Cu doped thin films.
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Figure 3.a) shows that an absorption edge is shifted to
the blue region, which exhibited lower absorption in the
longer wavelength, and optical band gap value decreased
from 3.12, 3.01 to 2.56 eV for as grown, annealed sample
at 400 °C and annealed sample at 500 °C, respectively. The
decrease in the bandgap values arises from increasing of
crystal size as is shown in Table 3. And quantum
confinement which taking a place in the crystal structure
[26, 27].

Figure 3.b) indicates that the energy band gap value of
CdznS: Cu thin film decreases with increasing annealing
temperature. The bandgap energy values decrease from
2.51, 2.30, and 2.22 eV which is associated with an extra
phase of zinc oxide and copper oxide, generated inside the
host structure of CdZnS due to the effect of thermal metal
oxidization. That will cause to shift toward lower energies.
However, this is in agreement with the previous
literatures reported related to metal doping to CdZnS thin
films [28, 29].

Conclusion

CdZnS and Cu-doped thin films were fabricated by
ultrasonic spray pyrolysis method and annealed at 400
and 500 °C to investigate the annealing effect on the
crystal structures, surface morphology, chemical
composition, and the optical properties of the fabricated
samples, XRD, SEM, EDS, and UV-VIS measurements were
conducted. XRD analysis showed that the CdZnS and Cu-
doped CdZnS thin film samples have cubic crystal phase
and polycrystalline structure. SEM measurements
indicated that CdZnS thin film has a smooth surface,
whereas CdZnS: Cu has cluster particles due to the effect
of copper doping which presents as an activator metal ion.
EDS analysis exhibited that all the components Cd, Zn, and
S are composed in chemical stoichiometry (Cd+Zn/S =1:1),
and the ratio of Zn: Cd = 3:1. After annealing at 500 °C, it
was observed that the bandgap energy value of CdZnS thin
film decreased from 3.12 to 2.56 eV due to an increase in
crystal size , and at the same time bandgap energy of the
CdZnS: Cu thin film was lower than pure CdZnS decreasing
from 2.51to 2.22 eV resulting from the associated to extra
phases of zinc oxide and copper oxide, generated inside
the host structure of CdZnS by annealing effect. This is
evidence that doping by copper ions is playing a major
strategic role in the enhancement of photocatalytic
activity.

In addition, some studies can be carried out on the
application of the USP deposited CdZnS thin films as a
window layer for solar cells since their suitable band gap
energy values can be changed by applying annealing and
copper doping as required
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Introduction

Plants are known to contain various secondary
metabolites such as alkaloids, phenols, steroids,
glycosides, tannins, terpenoids and phytoalexins to
survive and reproduce. Alkaloids are structures that have
an important place among secondary metabolites [1].
Alkaloids are secondary metabolites that come to the fore
in treatment studies that show various effects such as

AChE inhibitor, butyrylcholinesterase inhibitor,
muscarinic and adenosine receptor agonists [2].
Moreover, alkaloids are compounds that show

antioxidant, anti-inflammatory, antibacterial effects and
have therapeutic potential in various diseases such as
Alzheimer's disease [3-5]. Pyrrolizidine alkaloids are
secondary metabolites found in plants used for medicinal
purposes but are known for their hepatotoxic, genotoxic
and neurological effects [6]. It has been reported that
these compounds, which are the subject of controversy
due to their toxic effects, can be used temporarily,
considering that the exposure will be low, when found in
trace amounts in herbal medicinal products [7].
Echimidine, a pyrrolizidine alkaloid, is an important
compound known to be active in AChE inhibition [8]. As it
is known, Cholinesterase inhibitors are an important
enzyme that stands out in studies on the treatment of
diseases such as Alzheimer's disease [8, 9]. Echimidine
also shows binding activity to Muscarinergic receptors and
5-HT2 [10]. Echimidine has been reported to have

its drug potential. With this study, geometry optimization of the molecule, elucidation of its interactions with
AChE, and prediction of its pharmacokinetic properties were achieved for the first time.

Keywords: Echimidine, Acetylcholinesterase, Molecular Docking, ADMET.

comprehensive pharmacological effects due to its various
activations [1].

The three-dimensional structures of molecules are
related to molecular interactions and affect biological
processes. Considering that the three-dimensional
structures of molecules are important, the optimization of
these structures is also very important. With geometry
optimization, information is obtained about the optimum
three-dimensional arrangement of the atoms that make
up the molecules. The molecular docking method is a
computer-aided method that plays a key role in
elucidating biochemical processes by theoretically
examining the interactions of small molecules called
ligands and the receptors that these ligands have the
potential to interact with. ADMET analysis, a predictive
tool to evaluate a molecule's drug potential, provides
information regarding  absorption, distribution,
metabolism, excretion, and toxicity.

In this study, firstly, the optimized geometry of the
echimidine molecule was obtained using the
DFT/B3LYP/6-311++G(d,p) method. Then, in order to
elucidate the AChE inhibitor activity of the echimidine
molecule, its binding affinity and binding profile were
obtained by molecular docking method. Finally, the
pharmacokinetic properties and toxicity profile of the
echimidine molecule were evaluated by the ADMET study.
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Methods

Molecular Optimization

The three-dimensional molecular structure of
echimidine  was downloaded from Pubchem
(https://pubchem.ncbi.nim.nih.gov/, CID: 5281729). The
optimization of echimidine was realized with DFT method,
B3LYP theory level, 6-311++G(d,p) basis set using
Gaussian09 software program [11].

Molecular Docking

Echimidine molecule was prepared as a ligand for
molecular docking study with AutoDock Tools 1.5.6. The
structure of AChE given with 2ACE PDB Code was
downloaded from PDB DataBank (https://www.rcsb.org/)
[12]. AChE was prepared for molecular docking study by
deleting water and other ligands and adding polar
hydrogens. After the ligand and receptor were prepared,
the grid box was prepared and all the necessary input
information for the molecular docking study was

obtained. Then, molecular docking study was successfully
carried out by AutoDock Vina [13]. The Echimidine-AChE
complex structure and the binding profile of echimidine
obtained as a result of the molecular docking study were
visualized with the Discovery Studio Visualizer 2019 [14].

ADMET Analysis

ADME and toxicity properties of echimidine molecule
were determined by SwissADME and pkCSM online
servers [15, 16].

Results and Discussion

Optimization

Echimidine molecule was optimized using Gaussian09
package program at DFT/B3LYP/6-311++G(d,p) basis set.
The optimized parameters of the molecule were listed in
Table 1,2,3. The energy value of optimized molecule was
calculated as -1362.4795376 a.u.

\
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Figure 1 The input and output structures of Echimidine

Table 1. The bond lengths of optimized echimidine molecule.
Bond Length (A) Bond Length (A) Bond Length (A)
R(1,10) 1,4579 R(11,12) 1,534 R(22,41) 1,0922
R(1,21) 1,347 R(11,31) 1,0908 R(22,42) 1,0905
R(2,16) 1,4535 R(11,32) 1,0936 R(22,43) 1,0907
R(2,19) 1,3418 R(12,33) 1,0939 R(23,44) 1,093
R(3,17) 1,4237 R(12,34) 1,1022 R(23,45) 1,0925
R(3,50) 0,9676 R(13,15) 1,3332 R(23,46) 1,0897
R(4,18) 1,4296 R(13,16) 1,4953 R(24,47) 1,0936
R(4,51) 0,9684 R(14,15) 1,5031 R(24,48) 1,088
R(5,20) 1,4364 R(14,35) 1,1023 R(24,49) 1,0917
R(5,52) 0,9633 R(14,36) 1,0983 R(25,26) 1,5122
R(6,19) 1,2105 R(15,37) 1,0841 R(25,27) 1,3458
R(7,21) 1,219 R(16,38) 1,0908 R(26,53) 1,0909
R(7,51) 2,0136 R(16,39) 1,0926 R(26,54) 1,0928
R(8,9) 1,4878 R(17,18) 1,5939 R(26,55) 1,0937
R(8,12) 1,4665 R(17,19) 1,5361 R(27,28) 1,497
R(8,14) 1,4681 R(17,20) 1,5661 R(27,56) 1,0892
R(9,10) 1,5467 R(18,22) 1,5329 R(28,57) 1,0851
R(9,13) 1,5144 R(18,23) 1,5357 R(28,58) 1,0971
R(9,29) 1,0979 R(20,24) 1,5252 R(28,59) 1,0946
R(10,11) 1,5295 R(20,40) 1,0915
R(10,30) 1,0859 R(21,25) 1,4906
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Table 2. The angle values of optimized echimidine molecule.

Angle Degree(°) Angle Degree(°) Angle Degree(°)
A(10,1,21) 118,2036 A(8,14,35) 111,4463 A(18,22,41) 108,8119
A(16,2,19) 115,9465 A(8,14,36) 111,7616 A(18,22,42) 110,6741
A(17,3,50) 107,5038 A(15,14,35) 111,5863 A(18,22,43) 111,6055
A(18,4,51) 109,6462 A(15,14,36) 111,5232 A(41,22,42) 109,0885
A(20,5,52) 107,9582 A(35,14,36) 106,5445 A(41,22,43) 107,6632
A(9,8,12) 109,5407 A(13,15,14) 111,9899 A(42,22,43) 108,9201
A(9,8,14) 109,6123 A(13,15,37) 125,2854 A(18,23,44) 111,8142
A(12,8,14) 117,4101 A(14,15,37) 122,7219 A(18,23,45) 108,5819
A(8,9,10) 105,9679 A(2,16,13) 108,7554 A(18,23,46) 111,1434
A(8,9,13) 104,1709 A(2,16,38) 109,5147 A(44,23,45) 107,8425
A(8,9,29) 110,372 A(13,16,38) 111,4775 A(44,23,46) 108,4926
A(10,9,13) 120,9332 A(13,16,39) 112,0527 A(45,23,46) 108,8723
A(10,9,29) 105,7523 A(38,16,39) 107,7218 A(20,24,47) 108,1866
A(13,9,29) 109,4268 A(3,17,18) 106,7093 A(20,24,48) 112,3584
A(1,10,9) 112,1335 A(3,17,19) 106,8099 A(20,24,49) 111,1192
A(1,10,11) 107,4348 A(3,17,20) 105,4648 A(47,24,48) 109,1928
A(1,10,30) 108,6231 A(18,17,19) 110,6013 A(47,24,49) 108,7286
A(9,10,11) 101,9672 A(18,17,20) 115,6273 A(48,24,49) 107,1896
A(9,10,30) 112,4717 A(19,17,20) 111,0296 A(21,25,26) 113,1742
A(11,10,30) 114,058 A(4,18,17) 111,327 A(21,25,27) 125,9756
A(10,11,12) 103,5985 A(4,18,22) 106,6775 A(26,25,27) 120,8259
A(10,11,31) 112,4104 A(4,18,23) 109,6945 A(25,26,53) 110,5886
A(10,11,32) 108,4265 A(17,18,22) 109,3928 A(25,26,54) 110,9602
A(12,11,31) 113,7485 A(17,18,23) 110,25 A(25,26,55) 111,4338
A(12,11,32) 110,3041 A(22,18,23) 109,4199 A(53,26,54) 108,7161
A(31,11,32) 108,2129 A(2,19,6) 123,2313 A(53,26,55) 108,4597
A(8,12,11) 103,9 A(2,19,17) 114,0812 A(54,26,55) 106,5436
A(8,12,33) 111,52 A(6,19,17) 122,6872 A(25,27,28) 131,8754
A(8,12,34) 111,3774 A(5,20,17) 108,5073 A(25,27,56) 114,6884
A(11,12,33) 112,1565 A(5,20,24) 110,2124 A(28,27,56) 113,4323
A(11,12,34) 110,3313 A(5,20,40) 104,4908 A(27,28,57) 113,5444
A(33,12,34) 107,5975 A(17,20,24) 119,3883 A(27,28,58) 109,7989
A(9,13,15) 110,0286 A(17,20,40) 103,8546 A(27,28,59) 109,4414
A(9,13,16) 124,7614 A(24,20,40) 109,2385 A(57,28,58) 108,0134
A(15,13,16) 125,2042 A(1,21,7) 122,917 A(57,28,59) 109,4586
A(8,14,15) 104,0933 A(1,21,25) 115,3681 A(58,28,59) 106,325
A(2,16,39) 107,2087 A(7,21,25) 121,6946

Table 3. The dihedral values of optimized echimidine molecule.
Dihedral Degree(°) Dihedral Degree(°) Dihedral Degree(°)
D(21,1,10,9) 106,6397 D(1,10,11,31) 42,7373 D(18,17,20,40) 75,141
D(21,1,10,11) -142,1149 D(1,10,11,32) 162,3243 D(19,17,20,5) -47,0553
D(21,1,10,30) -18,285 D(9,10,11,12) 37,5617 D(19,17,20,24) 80,2945
D(10,1,21,7) -4,0904 D(9,10,11,31) 160,7876 D(19,17,20,40) -157,808
D(10,1,21,25) 177,5263 D(9,10,11,32) -79,6253 D(4,18,22,41) 64,4626
D(19,2,16,13) -175,9019 D(30,10,11,12) 159,0629 D(4,18,22,42) -175,6821
D(19,2,16,38) -53,8575 D(30,10,11,31) -77,7113 D(4,18,22,43) -54,202
D(19,2,16,39) 62,7482 D(30,10,11,32) 41,8758 D(17,18,22,41) -175,0097
D(16,2,19,6) 5,978 D(10,11,12,8) -36,3639 D(17,18,22,42) -55,1544
D(16,2,19,17) -173,8507 D(10,11,12,33) -156,9475 D(17,18,22,43) 66,3257
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D(50,3,17,18) 116,1846 D(10,11,12,34)
D(50,3,17,19) -2,1398 D(31,11,12,8)
D(50,3,17,20) -120,3387 D(31,11,12,33)
D(51,4,18,17) 87,5893 D(31,11,12,34)
D(51,4,18,22) -153,1311 D(32,11,12,8)
D(51,4,18,23) -34,7139 D(32,11,12,33)
D(52,5,20,17) 95,3723 D(32,11,12,34)
D(52,5,20,24) -37,0578 D(9,13,15,14)
D(52,5,20,40) -154,3039 D(9,13,15,37)
D(12,8,9,10) 3,1538 D(16,13,15,14)
D(12,8,9,13) 131,7405 D(16,13,15,37)
D(12,8,9,29) -110,8922 D(9,13,16,2)
D(14,8,9,10) -127,0152 D(9,13,16,38)
D(14,8,9,13) 1,5716 D(9,13,16,39)
D(14,8,9,29) 118,9389 D(15,13,16,2)
D(9,8,12,11) 20,4841 D(15,13,16,38)
D(9,8,12,33) 141,4956 D(15,13,16,39)
D(9,8,12,34) -98,2828 D(8,14,15,13)
D(14,8,12,11) 146,3056 D(8,14,15,37)
D(14,8,12,33) -92,6829 D(35,14,15,13)
D(14,8,12,34) 27,5387 D(35,14,15,37)
D(9,8,14,15) -2,8785 D(36,14,15,13)
D(9,8,14,35) 117,5299 D(36,14,15,37)
D(9,8,14,36) -123,3767 D(3,17,18,4)
D(12,8,14,15) -128,6647 D(3,17,18,22)
D(12,8,14,35) -8,2563 D(3,17,18,23)
D(12,8,14,36) 110,8371 D(19,17,18,4)
D(8,9,10,1) 89,2652 D(19,17,18,22)
D(8,9,10,11) -25,3709 D(19,17,18,23)
D(8,9,10,30) -147,9615 D(20,17,18,4)
D(13,9,10,1) -28,6614 D(20,17,18,22)
D(13,9,10,11) -143,2975 D(20,17,18,23)
D(13,9,10,30) 94,1119 D(3,17,19,2)
D(29,9,10,1) -153,5459 D(3,17,19,6)
D(29,9,10,11) 91,818 D(18,17,19,2)
D(29,9,10,30) -30,7726 D(18,17,19,6)
D(8,9,13,15) 0,567 D(20,17,19,2)
D(8,9,13,16) 179,7343 D(20,17,19,6)
D(10,9,13,15) 119,3895 D(3,17,20,5)
D(10,9,13,16) 61,4432 D(3,17,20,24)
D(29,9,13,15) -117,4522 D(3,17,20,40)
D(29,9,13,16) 61,7151 D(18,17,20,5)
D(1,10,11,12) -80,4886 D(18,17,20,24)
Molecular Docking

Molecular docking study of echimidine molecule was
realized with AChE using Autodock Vina program. The
binding profile and binding affinities of echimidine were
determined. The best binding affinity was calculated as -
8.5 kcal/mol and the binding interactions was provided by
hydrogen bond, pi interactions, and van der Waals
interactions (see Figure 2). Echimidine made weak
hydrogen bonds (3.05 A and 3.14 A) and pi-alkyl

83,1183 D(23,18,22,41) -54,1343
-158,7044 D(23,18,22,42) 65,721
80,712 D(23,18,22,43) -172,7989
-39,2223 D(4,18,23,44) 60,4099
79,5011 D(4,18,23,45) -58,455
-41,0825 D(4,18,23,46) -178,1839
-161,0168 D(17,18,23,44) -62,5319
-2,4788 D(17,18,23,45) 178,6031
176,9338 D(17,18,23,46) 58,8742
178,3584 D(22,18,23,44) 177,1148
-2,229 D(22,18,23,45) 58,2499
-34,3118 D(22,18,23,46) -61,479
-155,1561 D(5,20,24,47) -57,559
84,0255 D(5,20,24,48) -178,1757
144,7308 D(5,20,24,49) 61,7288
23,8864 D(17,20,24,47) 175,8877
-96,932 D(17,20,24,48) 55,2711
3,3593 D(17,20,24,49) -64,8245
-176,0708 D(40,20,24,47) 56,7027
-116,9549 D(40,20,24,48) -63,914
63,615 D(40,20,24,49) 175,9905
124,0176 D(1,21,25,26) 166,4001
-55,4126 D(1,21,25,27) -15,391
-178,7229 D(7,21,25,26) -12,0049
63,6284 D(7,21,25,27) 166,204
-56,7411 D(21,25,26,53) -179,287
-62,911 D(21,25,26,54) 59,9852
179,4403 D(21,25,26,55) -58,567
59,0708 D(27,25,26,53) 2,4009
64,3549 D(27,25,26,54) -118,3269
-53,2938 D(27,25,26,55) 123,1209
-173,6633 D(21,25,27,28) -0,4908
-167,1485 D(21,25,27,56) -179,7178
13,0218 D(26,25,27,28) 177,5918
77,1024 D(26,25,27,56) -1,6353
-102,7273 D(25,27,28,57) -13,4654
-52,6561 D(25,27,28,58) 107,5574
127,5142 D(25,27,28,59) -136,0911
68,2752 D(56,27,28,57) 165,7692
-164,3751 D(56,27,28,58) -73,208
-42,4775 D(56,27,28,59) 43,1435
-174,1063

-46,7566

interactions with Tyr-121 residue in the PAS region of
AChE. Echimidine made a pi-sigma interaction with Tyr-
279, another important residue in the PAS region. Trp-84,
Phe-330 and Phe-331 residues on the anionic site are
other residues that make pi-alkyl interactions with
echimidine. Echimidine had a van der Waals interaction
with the His-440 residue from the CAS region. As a result
of molecular docking, van der Waals interactions were
observed with Gly-118 and Gly-119, which are important
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residues in the oxyanion hole. In the binding profile where
van der Waals interactions were dominant, other residues
participating in the van der Waals interaction was Gly-335,
lle-287, Arg-289, Ser-122, Asn-85, Ser-81, Asp-72, Tyr-70,
Phe-290 and Tyr-334. Additionally, echimidine made
unfavorable donor-donor interaction with Phe-288
residue of AChE. The echimidine molecule interacted with
most of the residues that Galantamine, used in
Alzheimer's disease, interacts with in the active site of
AChE [17]. Considering that the binding affinity value of
Rivastigmine, a cholinesterase inhibitor, in the molecular
docking study performed with AChE using

Autodock Vina was -7.7 kcal/mol [18], the binding affinity
obtained as a result of the molecular docking study of the
Echimidine molecule with AChE had a lower value, and it
was predicted that it could provide a strong binding
profile. Additionally, considering that the AChE structure
used is important for the docking result, a docking study
was performed again for Rivastigmine with the prepared
protein structure in this study. As a result of the study, it
was determined that the binding affinity was again lower
than echimidine.

P219

Figure 2. The molecular docking profile of echimidine at AChE active site

ADMET Analysis

Pharmacokinetic properties of echimidine were
obtained by ADMET (absorption, distribution,
metabolism, excretion, toxicity) analysis by using

SwissADME and pkCSM servers, and tabulated in Table 4.
It is stated that drug candidates that can be taken orally
may violate at most 1 of the 4 criteria specified according
to Lipinski's rules [19]. These 4 criteria are called the
Lipinski's rule of five and consist of the principles that the
molecular weight (MW) should not exceed 500 Daltons,
the hydrogen bond donors (HBD) should not be greater
than 5, the hydrogen bond acceptors (HBA) should not be
greater than 10, and the octanol-water partition
coefficient (logP) should not exceed 5. Apart from the
Lipinski rule, other rules such as Ghose and Veber, which
contain different rules, can also be evaluated for drug
candidates. The Ghose filter indicates that the absorption
rate will be high if the molecular weight, logP, molar
refractivity and total number of atoms are within certain
ranges [20, 21]. Veber's rule for oral bioavailability states
that a drug should have fewer than 10 rotatable bonds
and its polar surface area should not exceed 140 A2 [22,
23]. Egan's rule states that polar surface area (PSA) and
logP values must be within a certain range [24, 25]. The
Muegge's rule selects even more specific ranges. The
ranges of MW, LogP, PSA, number of rings, number of
carbons, number of heteroatoms, rotatable bonds, HBD

and HBA was stated by this rule [26]. According to
SwissADME server results, it was determined that
echimidine complies with all the rules. The results of
echimidine showed poor BBB penetration and did not
inhibit CYP450 enzymes according to the SwissADME
server results. On the other hand, the molecule displayed
optimum bioavailability scores and showed high Gl
absorption. P-glycoprotein, another prominent parameter
in ADME estimation, is an important protein in the
elimination of toxins and the absorption and disposition
of the drug [27]. These substances that use the P-
glycoprotein transporter for such activities are called p-
glycoprotein substrates. In the prediction made according
to the SwissADME server, echmidine was evaluated to be
a P-gp substrate. When the skin permeability parameter
was evaluated, it was predicted that echimidine had low
skin permeability. When the echimidine molecule was
evaluated using pkCSM server, it was determined that it
was not mutagenic according to the AMES toxicity
estimate, had no skin sensitization, and had no potential
as a hERG I-ll inhibitor in this study. However, it was
evaluated in the toxicity prediction study that it should not
be ignored that the molecule may have a hepatotoxic
effect. It was observed that the prediction that
echimidine, a pyrrolizidine alkaloid, may have a
hepatotoxic effect is supported by literature studies [6,
28].
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Table 4. Predicted ADMET properties of Echimidine.

Physicochemical Properties Lipophilicity
MW 397.46 g/mol LogPo/w(iLOGP) 3.43
No. of heavy atoms 28 LogPo/w(XLOGP3) 0.74
No. rotatable bonds 9 LogPo,w(WLOGP) -0.08
No. of HBA 8 LogPo/w(MLOGP) 0.30
No. of HBD 3 LogPo/w(SILICOS-IT) 1.00
Polar surface area 116.53 A? Consensus LogPO/W 1.08
Water Solubility Pharmacokinetics
Log S (ESOL) -2.18 Gl absorption High
Solubility 2.65e+00 mg/ml; 6.66e-03 mol/I BBB permeant No
Class Soluble P-gp substrate Yes
Log S (Ali) -2.77 CYP1A2 inhibitor No
Solubility 6.81e-01 mg/ml; 1.71e-03 mol/I CYP2C19 inhibitor No
Class Soluble CYP2C9 inhibitor No
Log S (SILICOS-IT) -0.60 CYP2D6 inhibitor No
Solubility 9.98e+01 mg/ml; 2.51e-01 mol/I CYP3A4 inhibitor No
Class Soluble Log Kp (skin permeation) -8.20 cm/s
Druglikeness Toxicity
Lipinski Yes, 0 violation AMES toxicity No
Ghose Yes Max. tolerated dose (human)  0.37 (log mg/kg/day)
Veber Yes hERG I inhibitor No
Egan Yes hERG Il inhibitor No
Muegge Yes Hepatotoxicity Yes
Bioavailability Score 0.55 Skin Sensitisation No
Conclusion References

In this study, the structure of the echimidine molecule
was elucidated for the first time, its interactions with AChE
were examined in detail, and predictions regarding its
pharmacokinetic properties and toxicity were provided.
The three-dimensional structure of the echimidine
molecule, which plays a role in AChE inhibition, was
optimized, and the interaction profile of the optimized
structure with AChE was elucidated by molecular docking
study. The binding profile and binding affinity of
echimidine with molecules with proven interactions with
AChE, such as galantamine and rivastigmine, were
compared. As a result of the studies, it was evaluated that
Echimidine has similar binding points to Galantamine used
in Alzheimer's disease and can provide a stronger binding
than the binding affinity of rivastigmine, a cholinesterase
inhibitor. Additionally, the ADMET profile of echimidine
was examined and it was determined that it complied with
Lipinski’s rules and other druglikeness rules, but its
hepatotoxicity should not be ignored. This study is a
molecular modeling study on echimidine, and it is
anticipated that the different properties of this molecule
can be further elucidated through experimental studies.
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temperature of 250°C and a working pressure of 13 mTorr. Subsequently, the films were annealed at
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Introduction

Due to its small difference between indirect and direct
bandgap, high carrier mobility, and strong photon
absorption, Germanium's optical properties are highly
attractive compared to other semiconductors [1].
Furthermore, its large exciton Bohr radius, lower
bandgap, and smaller effective carrier mass [2], along with
its unique energy bandgap structure, make it appealing for
scientific research and open up new possibilities for next-
generation applications [3]. However, electronic devices
based on narrow bandgap materials suffer from being
unsuitable for operating at high temperatures and having
high power consumption during processing [4]. The high
processing cost and chemical instability of pure
semiconductors also limit their application areas [5].

Therefore, in recent years, the production and
engineering of semiconductor oxide materials at the nano
scale have gained significant importance due to their
exceptional physical and chemical properties and have
attracted great interest due to their potential applications
in modern nano-scale electronic and optical devices.
Among various semiconductor oxides, Germanium oxide
(Ge0.) is a promising material exhibiting interesting
properties such as high transparency, wide energy
bandgap (> 5 eV), good mechanical strength, high
dielectric constant, high thermal stability, high carrier
concentration, and refractive index [6,9]. The unique
properties of crystalline GeO: make it suitable for
optoelectronic and memory applications [8, 10-12].
Additionally, GeO: finds various uses in optical
applications such as infrared lenses, prisms, spectroscopy
devices, electronic memory devices [13], fiber optics [14],
piezoelectric material [15,16], and potential anode

reflection measurements and they were calculated using the Kubelka-Munk method. It was observed that the
energy band gap increased with increasing oxygen ratio. Additionally, annealing temperatures were found to
cause changes in the energy band gaps.

Keywords: GeO;, Reflectance, RF Magnetron.
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materials for high-energy Li-ion batteries [17,18]. Apart
from these, GeO: is used as the main material in devices
emitting photoluminescence emission in the visible region
[10]. However, the technological importance of films in
optical fields strongly depends on quality and structural
properties that can be adjusted with varying growth
conditions and growth parameters [19,20].

In recent vyears, various techniques have been
developed for the growth of GeOz2 thin films, including the
sol-gel technique [21], hydrothermal technique at
different synthesis pressures and temperatures [22],
electron beam evaporation [23], RF and DC magnetron
sputtering [24,25], and pulsed laser deposition (PLD)
technique [26]. Yin and Garside [27] produced GeO: thin
films through radio frequency (RF) sputtering and reactive
direct current (DC) sputtering. In both techniques, high
deposition rates were achieved. Valligatla et al. prepared
GeO:2 planar waveguides on v-SiO2 substrates using an RF
magnetron sputtering system with GeO: target, applying
80 W rf power at a pressure of 5.4x103 mbar with Ar gas,
and then annealed with a pulsed CO2 laser. They
examined the effects of this annealing on the optical and
structural properties of the produced material using m-
line and micro-Raman spectroscopy and AFM
measurements. When they looked at the Raman
spectroscopy and AFM results after pulsed CO2 laser
annealing [28], they found that the materials produced
showed a crystalline environment that changed with the
varying irradiation time. Xie et al. [29] grew GeO2 with a
thickness of 300 nm on n-type Ge (100) using radio
frequency magnetron sputtering method with a GeO2
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target in Ar/O; at a base pressure of 6 x 107° Pa at room
temperature. Chiasera et al. [30] grew GeO: planar
waveguides on a silica substrate of size 7.5 x 2.5 cm under
an Ar atmosphere at a pressure of 5.4x1073 mbar using the
Radio Frequency Sputtering (RFS) technique with 80 W RF
power and then annealed with a pulsed CO2 laser.

The aim of this study is to optimize the performance of
germanium dioxide (GeO:) annealed at different
temperatures and produced at different oxygen flow rates
by examining its optical properties. Understanding the
effects of annealing temperature and oxygen flow rates
on the energy band gap of GeO: in detail is critical to
increase the efficiency of the material in various high-tech
applications. Our motivation for this study is the
increasing importance of GeO;  especially in
optoelectronic and sensor technologies. However, studies
on the properties of GeO2 produced by RF magnetron
sputtering at different annealing temperatures and
different oxygen flow rates are limited in the current
literature. This research was carried out to address this
deficiency and to maximize the potential of GeO: in
applications. In our study, the effects of changes in the
optical properties resulting from the annealing of GeO; at
different temperatures and different oxygen flow rates
were comprehensively analyzed. In addition, this study
provides valuable information for future research and
applications by revealing the effects of different annealing
temperatures and different oxygen flow rates on the
performance of GeO: in detail.

Materials and Methods

In this study, GeOx films were produced on silicon
using the RF magnetron sputtering method. The
NANOVAK NVTS-400 Thermal and Sputter combined
system was utilized to fabricate the films. Germanium
with a purity of 99.999% was used as the target material,
and GeOxy thin films with different oxygen ratios of 7%, 8%,
and 9% were obtained. The films were produced at a
substrate temperature of 250°C, with a rotation speed of
10 rpm, a power of 100 W, a growth rate of 0.4-0.6 A/s,
and a working pressure of 13 mTorr.

Subsequently, the films were annealed at
temperatures of 300°C, 500°C, 600°C, 700°C, 900°C, and
1000°C. Reflection measurements for the optical study of
the GeOx semiconductor films, produced under different
growth conditions on silicon substrates, were performed
using a Cary 5000 UV-VIS-NIR Optical spectrophotometer.
Total and diffuse reflection measurements were taken in
the wavelength range of 250-800 nm using the
spectrophotometer. The diffuse reflection measurements
allowed us to determine the energy band gap.

Result and Discussion

Figure 1 (a, b, c) shows the total reflection
measurements of the films produced at three different
oxygen ratios and annealed at different temperatures.
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Figure 1. Variation of total reflectance as a function of
wavelength (a) 7% oxygen flow (b) 8% oxygen flow (c)
9% oxygen flow.
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It has been observed that there is a shift towards
shorter wavelengths in thin films with oxygen ratios of 7%
and 8% up to 700°C, followed by an increase again. In the
case of the thin film with a 9% oxygen ratio, there is a shift
towards shorter wavelengths up to 600°C, followed by an
increase. After 600°C, it can be said that the surface
properties of the film have changed. Films produced with
different oxygen percentages were annealed at different
annealing temperatures and as annealing increased, total
reflection first increased and then decreased. The
decrease in reflection with annealing is thought to be
related to the removal of defects. Accordingly, the energy
band gap first increased and then decreased. It was
observed that the energy band gap first increased and
then decreased with the increase in annealing
temperature. The shift in the energy band gap is generally
related to oxygen deficiencies in the crystal phase.

The graphs of diffuse reflection measurements are
provided in Figure 2. When examining the graphs, it is
observed that as the temperature increases in the
ultraviolet region, the diffuse reflection also increases.
Although there is a gradual decrease in diffuse reflection
after 700°C for thin films with oxygen ratios of 7% and 8%,
a decrease is observed after 600°C for the film with a 9%
oxygen ratio. The energy band gap of the produced thin
films was determined using diffuse reflection
measurements. For this purpose, the Kubelka-Munk
method was employed [31]. The diffuse reflection of the
film is related to the Kubelka-Munk function denoted as
F(R). Calculation of the reflection data is performed using
the Kubelka-Munk method as follows:

(1-R)?
2R

F(R) =

(1)

This equation relates the film's diffuse reflection (R) to
the Kubelka-Munk function (F(R)). From here, graphs of
(F(R) xE)? are plotted against energy to determine the
energy band gap. In the Cary 5000 device, there is a
transition from the Deuterium lamp to the halogen lamp
at a wavelength of 350 nm. Therefore, the fluctuations
seen in Figure 3 (b) have occurred.

25 M
N 7%
i Silicon
& As-deposited
o 20 300 °C
X ] 500 °C
N
@ T 600 °C
g 15 °C
£ 15— 700 °C
° T 900 °C
b1 -
= e 1000 °C
é 4
o 10—
g 4
&
a 4
5 =
0 —4
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
25
] 8 %
] Silicon
- As-deposited
e gl 300 °C
&% o
e : (b) 500 °C
@ 600 °C
g 15 ] oC
515 700 °C
@ 900 °C
b4 .
= - 1000 °C
2 J
o 10—
2 .
&
o -
5 -
0 —

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

9%

Silicon

As-deposited
20 300 °C

500 °C

600 °C
15 700 °C

900 °C

1000 °C

Diffuse Reflectance (%)
=
|

n

(=]

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2. Variation of diffuse reflectance as a function of
wavelength (a) 7% oxygen flow (b) 8% oxygen flow (c)
9% oxygen flow

600



Cumhuriyet Sci. J., 45(4) (2024) 598-603

llll'llllllllllllll'lllll%loAl)llllll

As-deposited
300 °C
500 °C
7 600 °C
') —— 700°C
/ 1 Iy

i 900 °C

1
» L 1000 °C

(a)

(F(R)xE): (a.u.)

3 3.5 4 4.5 5 5.5 6 6.5
Energy (eV)

lllllllllllllllllllIllllllgol/llllll
(]

As-deposited
300 °C
500 °C
600 °C
700 °C
900 °C

———1006°C

(b)

(F(R)xE)? (a.u.)

IlIllllllllllllllllll/lllllllllllll

3 3.5 4 4.5 5 5.5 6 6.5
Energy (eV)

llllllIllllllIllllllllllllllllllll
9 %
As-deposited
(©) P
300 °C
500 °C
7—— 600 °C

(F(R)xE) (a.u.)

Z
lllllllllllIlllllllllllllllllllllllllllllllIl

2 25 3 35 4 45 5 55 6 65
Energy (eV)

Figure 3. Variation of (F(R)xE)? of the film with 7%
oxygen content according to energy (b) Variation of
(F(R)xE)? of the film with 8% oxygen content
according to energy (c) Variation of (F(R)xE)? of the
film with 9% oxygen content according to energy

In Figure 3 (a), tangents are drawn at the absorption
edges based on the first peaks (absorption edge). The
points where these tangents intersect the x-axis provide
the energy band gap. It is observed that the energy band
gap increases up to 600°C. The highest increase in the
energy band gap is also observed at 700°C. After this
temperature, a decrease in the energy band gap is
observed. It has been visually observed that the color of
the films changes after 700°C. As seen in Figure 4, the
energy band gap of the as-annealed samples with a
substrate temperature of 250°C varied with increasing
oxygen flow. Up to annealing temperatures of 300°C,
500°C, and 600°C, the energy band gap of all three
samples increased. However, at higher temperatures the
energy band gap decreased. When comparing films
produced at 7% and 8% oxygen ratios, there was no
decrease in the energy band gaps. However, for the film
produced at a 9% oxygen ratio, a decrease was observed
after 600°C.
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8%, and 9% Oxygen Ratios

This is because the produced film maintains its
structure up to a certain temperature. After a certain
value of the annealing temperature, there may be a
decrease in the band gap values, a decrease in the number
of oxygen vacancies and/or defects that may be grain
boundaries. This leads to a decrease in the carrier
concentration in the conduction band of the material. At
the same time, the annealing process improves
crystallinity and increases the average grain size.
Ultimately, this results in the reduction of defects. It
reduces the tension in films. As a result, high-temperature
annealing improves the crystal structure of the material
and increases the ordering at the atomic level. This can
cause a narrowing of the energy band gap. This change is
related to the crystallization and defect correction that
occurs during the annealing process [32,33,34].
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Conclusion

GeOx films produced on silicon substrates with
different oxygen percentages were successfully produced
by the RF magnetron sputtering method at different
annealing temperatures. It has been observed that there
is a shift towards shorter wavelengths in thin films with
oxygen ratios of 7% and 8% up to 700°C, followed by an
increase again. In the case of the thin film with a 9%
oxygen ratio, there is a shift towards shorter wavelengths
up to 600°C, followed by an increase. It is observed that
the energy band gap increases up to 600°C. The highest
increase in the energy band gap with a 7% oxygen ratio is
also observed at 700°C. After this temperature, a decrease
in the energy band gap is observed. For the film produced
at a 9% oxygen ratio, a decrease was observed after 600°C.
This is because the produced film maintains its structure
up to a certain temperature.
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Introduction

There are many studies on quantum structures
confined to various confining potentials for a long time [1-
3]. Specifically, it is possible to calculate a various physical
parameters including the optical properties of the dot
structures, the states both with and without the influence
of external electric and magnetic fields , and the
transitions between these states [4-5]. Most of the
calculations made have been used methods based on
energy minimization and the calculations involve many
iterations [6]. However, in order to ensure that precise
and reliable results are obtained in iterative calculations,
a termination criterion is needed to know where to stop
the iteration. It is possible to reach the solution of such
problems with the help of the virial Theorem, which was
first formulated in classical mechanics and later found
applications in quantum mechanics. The virial coefficient
obtained from the virial theorem can be used as a cut off
parameter in calculations based on the minimization of
energy for any quantum system in a bound state.

The virial theorem, a fundamental concept in
theoretical physics and astrophysics, plays a crucial role in
understanding the dynamics of many-particle systems.
Lord Rayleigh, a prominent physicist, published a
generalized version of the virial theorem concerning gas
pressure [7]. This theorem establishes an equality
between the average total kinetic and potential energies
of systems with many particles, providing insight into the
energy transformations and formation processes of
complex systems [8-11].

Cottrell and Paterson derived a version of the virial
theorem in quantum mechanics, specifically for a particle
system confined within a box. [12].

= = O
2T—Z]r].V]V+a£=0

relationship, and the results were plotted. The fitting function obtained for the virial coefficients is proposed as
an effective cutoff criterion for electronic structure calculations of quantum dot systems.

Keywords: Quantum Genetic Algorithm (QGA), Variational calculations, Virial coefficients, Quantum dots.

Parker's formulation of the tensor form of the
virial theorem [13] is regarded as a pioneering application
of this theorem. Moreover, the virial theorem facilitates
intricate calculations in statistical mechanics, such as
those involving the proportionality theorem and
temperature calculations based on average total kinetic
energy. In astrophysics, it assists in determining the
internal temperature, mass, radius, and stability of stars.
Additionally, it provides insights into systems that exhibit
temperature independence and are not in thermal
equilibrium.

In 1964, William G. Hoover and Francis H. Ree
presented a comprehensive combinatorial approach to
star integrals, enabling the precise calculation of the first
five virial coefficients for gases composed of rigid parallel
squares and cubes with attractive forces [14].

A trial wave function uniformly expands all its
coordinate vectors from a specific origin by a certain scale
factor, aiming to better align with the actual spatial
domain occupied by the system. By treating the scale
factor as a variable parameter, the variational principle
can be used to derive the virial theorem. In equilibrium or
with fixed nuclei, the virial theorem has demonstrated its
applicability for any normalized trial function through an
appropriate choice of the scale factor. Therefore,
satisfying the virial theorem is necessary but not sufficient
to confirm that a wave function is an exact solution to the
Schrodinger equation. By considering the first derivative
of energy with respect to any parameter, a general form
of the Hellmann-Feynman theorem is obtained. Using
Ritz's variational method to solve the Schrédinger
equation allows one to derive not only the energy for each
state but also its derivative with respect to the scale
factor. While scale factors can be independently varied for

604


http://csj.cumhuriyet.edu.tr/tr/
https://orcid.org/0000-0002-8415-8440

Cumhuriyet Sci. J., 45(4) (2024) 604-608

states with different symmetry types, scaling becomes
more complex for states sharing the same symmetry.

Fernandez et al. [15,16] conducted research on
applying the virial theorem to confined systems. These
studies propose modifications to the formulation of the
virial theorem, taking into account its relationship with
boundary conditions. Mukhopadhyay and Bhattacharya
[17] derived the accurate modified form of the virial
theorem for bounded systems. Demir and colleagues [18]
computed the virial coefficients for He and Li atoms
confined within infinite spherical potentials, as defined for
free atoms.

In this study, virial coefficients were calculated for H
and He type quantum dot structures with one and two
electrons confined to infinite potential. It has been
suggested that virial coefficients can be used as a cut-off
criterion to stop the iteration in electronic structure
calculations of quantum dots performed with variational
methods.

Theory

Where H is the time-independent Hamiltonian and i
is state function of the system, the Schrédinder equation
of the system is as follows,

Y = Ey. (1)
If the operatér A is a linear and time-independent
operator as below,

A=3,4p = —ihY;q aiqi’ (2)
Where the sum is over on 3n coordinates of n particles and
then

[y[A Alpdr=0 (3)

can be written and, is known as hypervirial theorem [19].
The commutation of A ve H is,

=~ ~ A . av PN
[A,%:4:0:] = in Ziq"a_qi — 2ihT = 0. (4)
Here, T and V are kinetic and potential energy operators,
respectiveliy and,

(Beaisn) = 2y 5
is written. Where bra-ket represents to quantum
mechanical averages.This equation is known as the
quantum mechanical virial theorem for bound states. If
there is a confining potential surrounding system and R is
the dot Radius then Eq. 5 is written as follows [20].

av 0E
(eaise) = 2y + 722 Q
Materials and Methods

For one electron system with an impurity confined
infinite potential, Hamiltonian in given Eq.1 can be written
as follow,

hZ
2m*

A=-—

szt s
() 7)

where Z is the impurity charge, m” is the effective mass
and ¢ is the dielectric constant of the medium. The
confining potential V, is,

v ={  TSA (®)

’

If Hamiltonien in Eq.7 is submitted in Eq.1 the energy and
state function of the system can be computed from
Schrodinger equations. In this case, state function of the
system is one-electron wave fuction @,,;,,. where nlm is
the quantum numbers of the state function, this function
can be written as linear combination of Slater-type orbital
as follows,

¢p = Xi=1 ok X (i T) (9)

Where k—>nlm, o is size of the basis set, Cpk is the
expansion coefficients and (), is screening constant.
Unnormalized complex STOs y;({,,7) are as follows

X ™) =12 Y, (6, 9) (10)

Hamiltonian of the two-electron system confined to
infinite spherical potential (1) can be written as,

— 2 ze? Ze?
H= —Ziz=1( v ——) R

2m* ery 7 —To|

UGB (1)

where,

0, 7,7% <R

VC(?D?Z) Z{OO 17.’ 17.’ >R
) 1,12 =

The additional term is the coulomb interaction between
electrons. 1 is the state function of the system and is
constructed from the Slater determinant (ground state) or
the appropriate combination of these determinants
(excited states) and it can be given for ground states as
follows,

Y7 = 5 (01,04 [@(DB() — a(BD] (12)

Where @,.(7;) is one electron orbital and is given Eq. 9,
a(i) ve B(i) are electron spin up and down functions. For
the system confined to the infinite spherical potential
considered, with the approach of Fermandez [16], virial
coefficients were calculated using the expression

222
2E-<V 2 —ry o= = 10 | 201D
o

dr

(13)

The wave function of the system is constructed from
Slater determinants, which are generated from single-
electron spin orbitals. Since single-electron spin orbitals
are constructed as linear combinations of Slater-type
orbitals in determining the electronic structure of atomic
systems, the same approach can be applied to confined
systems, often referred to as artificial atoms. In this study,
a linear combination of STOs with different screening
parameters for s (or p, d) type atomic orbitals was
selected to construct one-electron atomic orbitals. To
preserve the orthogonality of the orbitals, the same set of
screening parameters was used for all spatial orbitals with
the same angular momentum. To accurately calculate the
expected energy value, five basis sets (o = 5) were used,
and the QGA procedure was combined with the HFR
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methods to minimize the total energy over the STOs. This
approach allowed for both the accurate representation of
wave function behavior and the optimization of energy
calculations.

The Genetic Algorithm (GA) can be defined as a search
and numerical optimization technique in which individuals
that adapt well to the environment survive, while those
that do not adapt are eliminated [21-24]. The Quantum
Genetic Algorithm (QGA) consists of three main
processes: reproduction (or copying), crossover, and
mutation. In the reproduction process, the survival
probabilities of individuals are calculated. Individuals with
a high probability of survival are passed on to the next
generation, while those with a lower probability are
eliminated. The crossover process is similar to the natural
crossover mechanism in biology and is carried out on
individuals obtained during the reproduction stage. The
genetic information of two randomly selected individuals
is exchanged by cutting at a specific point. The
information on the left of the cut in one individual is
swapped with the information on the right of the cut in
the other, and vice versa. This allows both individuals to
carry each other's genetic information. The mutation
process is applied to escape local minima and is
performed on a randomly selected individual. In the
application of crossover and mutation processes, a
probability of execution is determined. The crossover
probability is chosen to be high in order to increase
diversity within the population, while the mutation
probability is kept low to avoid incorrect solutions. If the
probability is set too high, convergence becomes difficult,
and randomness increases. The initial population was
composed of 100 randomly selected individuals who were
solutions of the Schrédinger equation. Each individual in
the initial population was evaluated, and then the QGA
method was executed based on these energy values.

Achieving the desired precision in calculating physical
quantities using the variational method often requires
extensive iterations. However, to effectively manage
computation time, establishing a stopping criterion is
essential. Although its application in atomic and molecular
systems differs, the virial coefficient can serve as a viable
stopping parameter for determining the electronic
structure of bonded systems, even considering their
distinct states compared to free atoms and molecules.
Virial ratio can be written as

n_ _1
T2 (14)

When determining the electronic structure of confined
systems, the ratio approaches a certain value at large dot
radii, but significantly different values can be obtained

due to the confinement effect at small dot radii.

Results and Discussion

The virial coefficients for one and two-electron
confined systems were calculated using Equation 13
derived by Fernandez. Virial coefficients were determined
using the system energy and wave functions calculated

with the quantum genetic algorithm. Since the errors that
occur in calculations in confined systems depend on the
dot radius, it was not appropriate to use Fernandez's
equivalent expression as a direct stopping criterion.
Considering that in finite systems errors in calculations
depend on the dot radius, it was not considered
appropriate to use Fernandez's equivalent expression as a
direct stopping criterion. Virial coefficients in the system
were calculated from (T)/(V). The graph of the values
found is drawn depending on the dot radius and can be
seen in Fig.1.

In this study, virial coefficients of unconfined
Hydrogen and Helium atoms were used as a stopping
criterion in the electronic structure calculations of
Hydrogen and Helium-like quantum dot structures
confined by an infinite potential well. The graph of the
obtained virial coefficients as a function of dot radius was
plotted, and a fitting function was defined for this
purpose, as shown in Figure 1

0,0

1s!, z=1

44900

virial ratio

-2,5 T T T T T T T

dot radius

Figure 1. The curves of the virial coefficients calculated
for one and two electron systems were drawn
according to the dot radius. The continuous lines
show the fit functions.

The best fit function representing data shown in Figure 1

was found as follows.

Viie = =2+ a.exp(—b.R*?) + ¢/R. (15)

Here V;; refers to virial ratios and R represents of dot
radius. a, b and c are parameters and also absolute error
values were found by fit programme of each parameter
are given in Table 1.
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Table 1. Parameters of fit function given in Eq. (15)

Level, impurity a b c Aa Ab Ac r2
1s1, z=1 2.0396 0.2661 -0.1112 0.0937 0.0097 0.0511 0.99
1s1, z=2 2.2283 0.8045 -0.1090 0.0647 0.0143 0.0265 0.99
152, z=1 2.0992 0.1639 -0.0876 0.0698 0.0060 0.0431 0.99
152, z=2 2.2358 0.6374 -0.0714 0.1080 0.0168 0.0470 0.99
1s1, z=1 2.0396 0.2661 -0.1112 0.0937 0.0097 0.0511 0.99
1s1, z=2 2.2283 0.8045 -0.1090 0.0647 0.0143 0.0265 0.99

Using absolute error of parameters a, b and ¢ absolute error of Vg;, given in Eq.15 is given as follows,

WV = (242 00)" + (222 pp)” + (2L )’ (16)

fie = da ab ac

Table 2. As an example, the table of virial coefficients calculated with the help of the Fernandez equation and the curve

fitting method for the case of 1s?, z=2.

R Veal Vit Ivcal'vfit I av

1s1, z=1 2.0396 0.2661 -0.1112 0.0937
1s1, z=2 2.2283 0.8045 -0.1090 0.0647
1s2, z=1 2.0992 0.1639 -0.0876 0.0698
1s2, z=2 2.2358 0.6374 -0.0714 0.1080
1s1, z=1 2.0396 0.2661 -0.1112 0.0937
1s1, z=2 2.2283 0.8045 -0.1090 0.0647

The iteration process was stopped when the binding energy of a spherical quantum dot, Superlattices

difference between the virial coefficient calculated from
the iteration and the one obtained from the fit function
was smaller than AVfit. Values for several different dot
radii are presented in Table 2. As can be seen in Table 2,
when the 4th and 5th columns are compared, it is
observed that Vcal - Vfit consistently remains smaller than
AVfit. This indicates that while the absolute error is
relatively large for small dot radii, it significantly decreases
for larger dot radii. Therefore, it was concluded that these
results provide a robust and reliable criterion for stopping
the iteration process, ensuring the accuracy and precision
of the calculations. In summary, this approach not only
enhances the reliability of the method but also
contributes to the overall efficiency and accuracy of the
computational process. Therefore, it is deemed
appropriate to consider the use of virial coefficients as a
stopping criterion in iterative calculations performed with
variational methods as a strategic approach that can both
enhance the speed and ensure the accuracy of the
computations.
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regime. We supposed that there were two dimensional concentric circular steps on initial surface and
attractive/repulsive interactions between these monoatomic steps. While following the surface's evolution, the
equation of motion related to each step radius's change and diffusion equation have been solved. We obtained
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Introduction

Studies on crystal morphology, which provides
information about the structural properties and growth
mechanisms of various materials, have long been an
interesting field in material science. Crystal morphology is
also important for understanding the complex dynamics
of mass transfer, surface structure and surface processes.
Vicinal surfaces are characterized by a conscious deviation
from the crystallographic orientation and they play an
important role in understanding surface dynamics with
growth kinetics [1-7]. This deviation causes the formation
of step bunches that affects the surface roughness and
morphology. Vicinal surfaces consist of steps and terraces
under their roughening temperature. We have to know
the interaction type between these steps to understand
surface dynamics. There are repulsive and attractive
interactions between steps on the surface [8-12]. The
repulsive interaction which arises from the elastic [13-15]
or entropic [16] interactions varies inversely with the
square of the average step separation. It has been
demonstrated through experimental studies that the
attractive interaction is inversely proportional to the step
separation [17-21]. This type of interaction appears from
dipole—dipole interactions [22,23] or indirect electronic
interactions [24,25]. Step bunching that occurs in
semiconductor materials is significant because of its
effects on device performance and fabrication [4,26-30].
Discovering the dynamics of step bunching and mound
formation finds out the interplays between surface
diffusion and adatom kinetics. The crystals can growth
under different regimes like Diffusion-Limited (DL) and
Attachment-Detachment-Limited (ADL) regimes. In DL
regime, the growth rate is determined by the mass

bunching regions scale with each other. In the case of the amplitude (wavelength) is changed, the scaling factor
is (Ay/Ap)Y® ((1/2)*/?). When both the wavelength and amplitude of the surface are changed at the same
time, the scaling factor is equal to (4,/A4)Y/® x (A1/A1)/2.

Keywords: Diffusion, Surface structure, Semiconducting Materials, Step Bunching.

transport rate. On the other hand, atoms'
attachment/detachment at/from the surface direct the
growth kinetics in the ADL regime. Particularly, DL regime
governs the evolutions of step bunches and the
semiconductor mounds. A lot of works have been done on
the step bunching phenomenon from past to present.
Some of the studies carried out in recent years are as
follows; Siewierska and Tonchev [31] studied on the
scaling of the minimum distance between consecutive
two steps in the bunch. Sato [32] examined that how the
surface diffusion field affects the growth law of the bunch
size in the step bunching induced by immobile impurities.
In the model they created Popova et al. [33] investigated
step bunches on the surface of growing and sublimating
crystals and showed that the overall picture of the
bunching process changes entirely when steps cannot
overlap, thus forming macrosteps. In another study
Popova [34] studied the effect of step-step exclusion on
growing vicinal surfaces destabilized by a step-up (SU) or
step-down (SD) driving force in Diffusion-Limited (DL) and
Kinetics Limited (KL) growth regimes. In the presence of
repulsive and attractive interactions between steps,
Tdzemen et al. [35] searched a surface which consists of
two dimensional concentric circular monoatomic steps in
DL regime. They obtained a phase diagram separating the
step bunching and no step bunching regions for the
surface they examined. In addition, Tizemen [36]
investigated the bunching - no bunching regions for
different initial surfaces consist of concentric circular
monoatomic steps in a parameter space. He found out the
scaling characteristics of these bunching/no bunching
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regions under the effects of attractive and repulsive
interactions between steps.

In this investigation, we studied a sinusoidal mound
shaped initial surface in two dimensions for Diffusion
Limited (DL) regime. We assumed that this surface had
concentric circular steps with attractive and repulsive
interactions between them. We determined bunching and
no bunching regions of examined initial surfaces in a
parameter space with their scaling features. To achieve
our goals, we solved the diffusion equation and obtained
an equation of motion regarding the change of radius of
each circular step. After that we achieved the solution of
these coupled equations numerically

Theory

We investigate that how an initial surface whose edge
structure coincide with a sinusoidal function in the form
of A, sin(2mx /1) reaches to equilibrium situation in course
of time in this study. The wavelength and amplitude
variables that define sinusoidal surface structure are
identified by 1 and A, respectively. The working surface
has monoatomic and concentric circular steps in two
dimensions. There are flat terraces between consecutive
two steps. Figure 1 shows the general structure and side
view of the initial surface. The radii of the each circular
steps are defined as 1y, 1y, 73.... etc. in Figure 1. The
movements of steps on the surface under roughening
temperature provide the surface evolving. The
mechanism that controls these movements is by the
attachment and/or detachment of particles to/from step
edges. In the absence of bulk diffusion or
evaporation/condensation processes, local mass transfer
takes place with surface diffusion. The borders belonging
to i'" terrace are specified by i (from above) and i + 1
(from below). In the case where we assume that there is
no flux to the surface, we can write the general diffusion
and steady state diffusion equations for i*" terrace atom
concentration in polar coordinates as follows respectively
(371,

DyV2C, () = 240 (1
and
o%¢ci(M) | 1¢i(H) _

or? r or =0 (2)

Dy is the surface diffusion constant. The solution of Eqgn.
(2) is given by C;(#) = A;Inr + B;. We calculate the
constant 4; in expression by doing mathematical solution

details of which are given in Ref. [35].
cel_ceq

Al — i i+1 (3)

lni_&(lJr 1 )
Tigr K\ Tigq

/" defines the equilibrium concentration of atoms on the
adjacent terrace to the i" step. The value of C/‘
(according to the Gibbs-Thompson relation) is given as,

Ci = C%exp (%) ~ C¢ (1 + %) (4)

The value of Boltzman’s constant is taken as 1 due to the
used units in the calculations. p; indicates the step
chemical potential written depending on the line tension,
repulsive and attractive interactions between the nearest
neighbor steps.

For ease of mathematical calculation we can write the
equations of motion related with the change of radiis of
circular steps in dimensionless form. To do this we make
the following definitions respectively [21,35,37]

_doi _ Ag_A£—1

t at g

(5)

Here ¢ and 7 are the dimensionless radius and time. 4;
corresponds the dimensionless form of arbitrary constant
A; given in Eqn. (3). The expressions of g, T and A] can be
written as,

T
0; = T (6)
= D,C1Q (l)z (1 + E)_1 t (7)
T="s ar kQr
Ay = —Hitian ®)
_ i (i, 1
a q)ln0i+1 q(5i+‘7i+1)

where T, Q, and T express the absolute temperature
value, the area owned of a diffusing particle and the steps'
line tension respectively. The equilibrium value of particle
concentration at the step edge is shown by C¢.
k charactizes the step attachment/detachment
coefficient. The q parameter in Eqgn. (8) identifies in which
regime the surface will evolve. When g = 0, the surface
evolves in the DL regime. If g = 1, surface evolution
regime is ADL. The value of chemical potential u; obtained
with dimensionless radii can be written as

o1 20,44 1
Up=—=+y [( 3
o; (0141 + 0)) (0441 — Ui)l

Oi—1
B (0; + 0i-1) (0, — 01'—1)3) (9)

_ ( Oit1 1 0 1 )]
(6i41+0) (0i41—01)?  (oi+0i_1) (6;—0i-1)?

The first term is the line tension, the second and the third
terms are repulsive and attractive interactions between
the nearest neighbor steps respectively. Dimensionless
coefficients are y=(T?y'/0?T3®) and f=
Qr/TYB'/y"). y' and B’ indicates the repulsive and
attractive interaction strengths respectively.
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h(x)

Figure 1. (a) The initial surface with monoatomic circular
steps with radii ry,1,,713, ... ....7;,. The extrapolated
height of initial surface is given by h(0). The sinusoidal
function coincided with the edge structure is shown
with dashed lines, (b) side view of the initial surface.

Results and Discussion

For Diffusion Limited (DL) regime, we discussed initial
surfaces which have sinusoidal shaped and its edge
structures fit A, sin(2mx /A1) function in two dimensions.
Initial surfaces have circular and concentric monoatomic
steps. Surface evolution takes place by disappearing some
top steps on the surface because of transfering particles
on it to other terraces and steps. We investigated
bunching/no bunching regions of different initial surface
structures as a function of the repulsive and attractive
interaction parameters y and f by following the step
bunchings formed throughout the surface evolution. We
changed the values of the repulsive interaction parameter
y from 5 X 1077 to 1x 1072 in all examinations.

14
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Figure 2. (a)The initial surfaces with different values of
amplitudes (4, = 20,30,40,50) and the same
wavelength (1 = 5000), (b) the bunching/no bunching
regions of the surfaces given in Fig. 2a as a function of 8
and y. The inset shows the scaling behavior of obtained
curves.

Figure 3. (a) The initial surfaces which have different
wavelengths (2 = 3000,4000,5000,6000) and the same
amplitude value (4, = 40), (b) the bunching/no bunching
regions of the surfaces given in Fig. 3a as a function of 8
and y. The inset gives the scaling behavior of obtained
curves.
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We studied the initial surfaces with the same wavelength
for the first part of our work (Figure 2a). While we took the
wavelength’s value as 5000, we altered the amplitudes of the
surfaces by increasing by 10 from 20 to 50. In other words, we
kept fixed the point where the rightmost parts of the initial
surfaces intersect the x-axis and changed the steps’ numbers
owned by these surfaces. We numerically obtained the
bunching/no bunching regions of the step interaction
parameters y and by revealing the 8 value corresponding to
each y value mentioned above [35,36]. The results are given in
Figure 2b. The regions above and below obtained curves
indicate the bunching and no bunching regions, respectively.
The relations between the line tension of a step and
repulsive/attractive interactions between nearest neighbor
circular steps ensure the determining these two regions. If
Figure 2b is analyzed carefully, it can be seen that the bunching
region of the surface expands with increasing the surface’s
amplitude (number of the steps on initial surface). Besides we
found that the bunching/no bunching regions were scaled as
(Ay/AY)Y® forinitial surfaces which had different amplitudes
as A, and Ay respectively. The inset in Figure 2b shows the
scaled case of the curves. All curves have been scaled
according to the curve with A, = 20. The scaling factors are
(5/2)Y6, (4/2)/¢, (3/2)Y¢ and 1 for the amplitude’s
value of the initial surfaces A, = 50, 40, 30 and 20.

In the second part of the study, we examined the effect of

altering the wavelength belonging to the initial surface on the
surface's evolution in time and the areas of the bunching/no
bunching regions. While doing this, we assumed the value of
amplitude as constant while changing the wavelength values.
Figure 3a indicates the initial surfaces with the same amplitude
(A, = 40) and different wavelengths 1=
3000, 4000,5000, 6000).
In these conditions, the behaviors of obtained bunching/no
bunching regions relating to given surfaces in Fig. 3a are
presented in Figure 3b. We found that when we increase the
surface’s wavelength, the bunching region expands. In
addition to this result, we identified that the curves (which
separates the bunching/no bunching regions) scaled as
(A/ )2 for initial surfaces which have different wavelength
values as A1 and A’ respectively. The inset gives the scaled
behavior of the curves. The curves have been scaled according
to the curve with 1 = 3000. The scaling factors are (6/3)/2,
(5/3)'/2, (4/3)Y/%, 1 for 1 = 6000,5000,4000,3000
respectively.

As last part, we changed both of the amplitudes and the
wavelengths of the all initial surfaces. While we took the values
of amplitudes as 20, 30, 40 and 50, we used the values from
3000 to 6000 in increments of 1000 for the wavelength
respectively. The initial surfaces studied here are given in
Figure 4a. When we analyzed the curves obtained as a function
of B and y in Figure 4b, we found that when both the
amplitude and wavelength were increased, the bunching
region expanded and these curves were scaled among
themselves. The scaling coefficient here was appeared as the
product of the scaling coefficients we found before
((Ag/ADY® (A/A)Y?). All curves have been scaled
according to the curve with A, = 20 and A = 3000. The

scaling factors are (5/2)Y¢ (6/3)/2, (4/2)Y/¢ (5/3)'/?,
(3/2)Y% (4/3)2 and 1

n(x)

.00

,“1:-o--a.m
% A0, 1=4000
A0, 125000

Y - Y
1 2 3

4
!
1E7 4
°

Figure 4. (a) The initial surfaces which have different
amplitudes (4, = 20,30,40,50) and the wavelengths
(1 =3000,4000,5000,6000), (b) the bunching/no
bunching regions of the given surfaces as a function of 8
and y. The scaling behavior of obtained curves is given in
inset.

Conclusions

In this study, we investigated the evolution of a two
dimensional initial surface which is sinusoidal mound
shaped for Diffusion Limited (DL) regime. We supposed
that there were concentric circular steps on initial surface
and attractive/repulsive interactions between steps. We
obtained the equation of motion regarding the change of
radius of each circular step together with the solution of
the diffusion equation to follow surface's evolution. We
examined bunching and no bunching regions of studied
initial surfaces in a parameter space with their scaling
properties. We can summarize our results as follows:
while the wavelength A (amplitude A,) of the initial
surface under consideration is constant, increasing its
amplitude (wavelength) causes the bunching area of the
surface to grow. In both cases, the resulting curves scale
with each other. In case where the amplitude
(wavelength) is changed and the wavelength (amplitude)
is constant, the scaling factor is (4o/A4)"/° ((A/2)?).In
the condition that both the wavelength and amplitude of
the surface are changed, the scaling factor is equal to the
product of the expressions obtained above ((4,/4,)/°
(A/A)V2).

612



Cumhuriyet Sci. J., 45(4) (2024) 609-613

Conflict of interest
The author declares no conflicts of interest.
Acknowledgement

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors

References

[1] Guin L., Jabbour M.E., Shaabani-Ardali L., Benoit-Mar echal
L., Triantafyllidis N., Stability of Vicinal Surfaces: Beyond the
Quasistatic Approximation, Phys. Rev. Letts., 124 (2020)
036101.

[2] Krzyzewski F., Zatuska-Kotur M., Krasteva A., Popova H.,
Tonchev V., Scaling and Dynamic Stability of Model Vicinal
Surfaces, Cryst. Growth Des., 19 (2019) 821-831.

[3] Misbah C., Pierre-Louis O., Saito Y., Crystal surfaces in and out

of equilibrium: A modern view, Rev. Mod. Phys., 82 (2010)

981.

Toktarbaiuly O., Usov V., O Coiledin C., Siewierska K.,

Krasnikov S., Norton E., Bozhko S.l., Semenov V.N., Chaika

A.N., Murphy B.E., Libben 0., Krzyzewski F., Zatuska-Kotur

M.A., Krasteva A., Popova H., Tonchev V., Shvets |.V., Step

bunching with both directions of the current: Vicinal W(110)

surfaces versus atomistic-scale model, Phys. Rev. B, 97

(2018) 035436.

Pérez Ledon C., Drees H., Wippermann S.M., Marz M.,

Hoffmann-Vogel R., Atomically resolved scanning force

studies of vicinal Si(111), Phys. Rev. B, 95 (2017) 245412.

[6] Hecquet P., Stability of vicinal surfaces and role of the surface
stress, Surface Science, 604 (2010) 834—852.

[7] Mugarza A., Schiller F., Kuntze J., Cord’on J., Ruiz-Os’es M.,
Ortega J.E., Modelling nanostructures with vicinal surfaces,
J. Phys. Condens. Matter, 18 (2006) 27—-49.

[8] Ciobanu C.V., Tambe D.T., Shenoy V.B., Wang C.Z., Ho K.M,,
Atomic-scale perspective on the origin of attractive step
interactions on Si(113), Phys. Rev. B, 68 (2003) 201302.

[9] Persichettil., Sgarlata A., Fanfoni M., Bernardi M., Balzarotti
A., Step-step interaction on vicinal Si(001) surfaces studied
by scanning tunneling microscopy, Phys. Rev. B, 80 (2009)
075315.

[10]Magri R., Gupta S.K., Rosini M., Step energy and step
interactions on the reconstructed GaAs(001) surface, Phys.
Rev. B, 90 (2014) 115314.

[11] Sawada K., lwata J.l., Oshiyama A., Origin of repulsive
interactions between bunched steps on vicinal solid
surfaces, e-J, Surf. Sci. Nanotechnol., 13 (2015) 231-234.

[12] Righi G., Franchini A., Magri R., Attractive interactions
between like-oriented surface steps from an ab initio
perspective: role of the elastic and electrostatic
contributions, Phys. Rev. B, 99 (2019) 075311.

[13] Andreev A.F., Kosevich A.Y., Sov. Phys. JETP, 54 (1981) 761.

[14] Pearson E.M., Halicioglu T., Tiller W.A., Long-range ledge-
ledge interactions on Si(111) surfaces: I. No kinks or surface
point defects, Surf. Sci., 184 (1987) 401-424.

[15] Andreev A.F., Sov. Phys. JETP, 53 (1981) 1063.

[16] Gruber E.E., Mullins W.W., On the theory of anisotropy of

crystalline surface tension, J. Phys. Chem. Solids, 28 (1967)
875-887.

[4

[l

[5

—_—

[17] Saenz J.J., Garcia N., Classical critical behaviour in crystal
surfaces near smooth and sharp edges, Surf. Sci., 155
(1985) 24-30.

[18] Metois J.J., Heyraud J.C., Analysis of the critical behaviour of
curved regions in equilibrium shapes of in crystals, Surf.
Sci., 180 (1987) 647-653.

[19] Sudoh K., Iwasaki H., Williams E.D., Facet growth due to
attractive step step interactions on vicinal Si(113), Surf.
Sci., 452 (2000) 287-292.

[20] Shenoy V.B., Zhang S., Saam W.F., Step-bunching transitions
on vicinal surfaces with attractive step interactions, Surf.
Sci., 467 (2000) 58-84.

[21] Jeong H.C., Williams E.D., Steps on surfaces: experiment and
theory, Surf. Sci., Rep. 34 (1999) 171-294.

[22] Jayaprakash C., Rottman C., Saam W.F., Simple model for
crystal shapes: step-step interactions and facet edges,
Phys. Rev. B, 30 (1984) 6549.

[23] Wolf D.E., Villain J., Shape fluctuations of crystal bars, Phys.
Rev. B, 41 (1990) 2434.

[24] Frohn J., Giesen M., Poensgen M., Wolf J.F., lbach H,,
Attractive interaction between steps, Phys. Rev. Lett., 67
(1991) 3543.

[25] Redfield A.C., Zangwill A., Attractive interactions between
steps, Phys. Rev. B, 46 (1992) 4289.

[26] Fujita K., Ichikawa M., Stoyanov S.S., Size-scaling exponents
of current-induced step bunching on silicon surfaces, Phys.
Rev. B, 60(23) (1999) 16006.

[27] Fok P.-W., Rosales R.R., Margetis D., Unification of step
bunching phenomena on vicinal surfaces, Phys. Rev. B, 76
(2007) 033408.

[28] Borovikov V., Zangwill A., Step bunching of vicinal 6H-
SiC{0001} surfaces, Phys. Rev. B, 79(24) (2009) 245413.

[29] Zatuska-Kotur M.A., Krzyz'ewski F., Step bunching process
induced by the flow of steps at the sublimated crystal
surface, J. App. Phys., 111 (2012) 114311.

[30] Tonchev V., Classification of step bunching phenomena,
Bulgarian Chemical Communications, 44 (2012) 1-8.

[31] Siewierska K., Tonchev V., Scaling of the minimal step-step
distance with the step-bunch size: Theoretical predictions
and experimental findings, Crystal Growth, 43(4) (2016)
204.

[32] Sato M., Step Bunching Induced by Immobile Impurities in a
Surface Diffusion Field, Journal of the Physical Society of
Japan, 86 (2017) 114603.

[33] Popova H., Krzyzewski F., Zatuska-Kotur M.A., Tonchev V.,
Quantifying the Effect of Step-Step Exclusion on
Dynamically Unstable Vicinal Surfaces: Step Bunching
without Macrostep Formation, Cryst. Growth Des., 20
(2020) 7246-7250.

[34] Popova H., Analyzing the Pattern Formation on Vicinal
Surfaces in Diffusion-Limited and Kinetics-Limited Growth
Regimes: The Effect of Step—Step Exclusion, Cryst. Growth
Des., 23 (2023) 8875-8888.

[35] Tuzemen A.T., Esen M., Ozdemir M., The investigation of the
morphology of a decaying conic mound in the presence of
repulsive and attractive step interactions, Journal of
Crystal Growth, 501 (2018) 1-6.

[36] Tuzemen A.T., Scaling characteristics of bunching and no
bunching regions of semiconductor mounds, Journal of
Crystal Growth, 546 (2020) 125788.

[37] Israeli N., Kandel D., Profile of a decaying crystalline cone,
Phys. Rev. B, 60 (1999) 5

613



| csj.cumhuriyet.edu.tr | Founded: 2002

ISSN: 2587-2680 e-ISSN: 2587-246X

Cumbhuriyet Sci. J., 45(3) (2024) 614-617
DOI: https://doi.org/10.17776/csj.1212015

Cumhuriyet Science Journal

Publisher: Sivas Cumhuriyet University

Modeling of Growth in Turkeys by Nonlinear Regression Models

Esin Koksal Babacan 12", Umut Demir 2b
1 Statistics Department, Science Faculty, Ankara University, Ankara, Tiirkiye.

2 Tokat-Erzincan Avenue, Kemal Pasa Street, Susehri District Police Department, Susehri, Sivas, Tlirkiye.

*Corresponding author

Research Article ABSTRACT

Nonlinear regression models are commonly used in many areas, such as physics, chemistry, biology, and

History
Received: 02/12/2022
Accepted: 20/08/2024

engineering. In these models, the solution of normal equations is more difficult than normal equations of linear
regression models. Iterative algorithms are used to solve these equations. It is highly important to choose an
appropriate initial value while using these algorithms. The values obtained during the study or from previous

studies can be used as an initial value. With an inappropriately chosen initial value, the number of iterations will
increase, and convergence may also not occur. In this study, the nonlinear Gompertz, Richards, and Weibull

This article is licensed under a Creative
Commons Attribution-NonCommercial 4.0
International License (CC BY-NC 4.0)

a?ﬁgﬁekoksal@scien ce.ankara.edu.tr {2 https://orcid.org/0000-0002-9649-5276

Introduction

Nonlinear regression models are commonly used in
many areas, such as physics, chemistry, biology, and
engineering. The model's nonlinearity originates from its
geometry or the parameters in the model. Linearity refers
to the linearity of the variables or parameters in the
model. The linearity mentioned here is whether the
parameters in the model are linear or not. In the model, if
the value obtained when the first-degree derivative is
taken according to the parameters is independent of the
parameter, in other words, if it is a constant value, the
model is called linear. Estimates in linear models are
unbiased least squares estimates with minimum variance.
However, estimates in nonlinear models are usually
biased and may not have minimum variance. When a large
sample is taken, the parameter estimation results will best
fit the linear case approximation.

In nonlinear regression models, the solution of normal
equations is more difficult than normal equations of linear
regression models. Algorithms, such as Gauss-Newton,
Newton-Raphson, and steepest descent, are used to solve
these equations. It is highly important to choose an
appropriate initial value while using these algorithms. The
values obtained during the study or from previous studies
can be used as an initial value. With an inappropriately
chosen initial value, the number of iterations will increase,
and convergence may also not occur.

In the literature, there are also some heuristic
methods that are not affected much by the starting point
and do not require derivatives. Nelder-Mead (1964)
developed the Nelder-Mead simplex method, which
allows finding the local minimum of a multivariate
function [1]. In 1964 and 1973, Huber conducted studies
on robust estimators and developed M-estimators [2,3].

models of turkey growth were considered by taking the data on female turkey weight, and it was investigated
which of these models was the most appropriate model for turkey growth using the R program.

Keywords: Nonlinear regression, Growth models, Convergence.
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In their study, Bates and Watts (1988) included
nonlinear regression models and applications [4]. In the
study by Caglar (1995), the likelihood function was
maximized by the Gauss-Newton method in nonlinear
regression models, and the model parameters were
estimated [5]. In the study by Aksoy (1996), after the
nonlinear  regression model was established,
autocorrelations between model residuals were also
included in the model, and nonlinear parameters were
estimated by the linearization method [6].

Sengiil and Kiraz (2003) used nonlinear regression
models to obtain growth models for male and female
turkeys [7]. In their study, they considered the
Gompertz, Logistic, Morgan-Mercer-Flodin (MMF),
and Richards nonlinear models, and at the end of the
study, the researchers concluded that the Gompertz,
Logistic, and Richards models were mathematically
appropriate.

In their study, Celik et al. (2022) expressed growth
for male and female turkeys with a multiphasic model
[8].

In the second section of the study, the Gompertz,
Richards, and Weibull nonlinear models, which are the
most used growth models in the literature, were
given, and it was explained how the initial values to be
used for parameter estimation in these models could
be obtained by transforming the models. In the third
section, namely the application section, the data on
female turkey weight in the study by Celik et al. (2022)
were taken into account, and the suitability of these
data to the Gompertz, Richards, and Weibull models
was examined [9]. The conclusion and discussion were
included in the final section.
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Materials and Methods

The models most commonly used as growth models in
living things in the literature are the Gompertz model, the
Richards model, and the Weibull model. The formats of
the models are given in Table 1, where x represents the
time and y represents the body weight.

Table 1. Growth Models

y=Bieh " 4
B

1
1+ ,323_33’5)[’,4
y =By~ Boe P 1 g

Gompertz model

Richards model y= te

Weibull model

where x =1,2,...,n, B, represents the maximum
value that y will take in case of n - oo, 3, represents the
scale parameter, 35 refers to the location parameter, 3,
denotes the inflection parameter that determines the
shape of the function, and & represents the Normally
distributed random error term with a mean of 0 and a
variance of o2.

As is seen, these models are nonlinear models
according to their parameters. Accordingly, the model's
parameters can be estimated using parameter estimation
methods in nonlinear regression models. The most
important thing for the parameter estimation of the
models is to determine the appropriate initial values.
When the appropriate initial value is not given, the
parameter estimation results cannot be achieved, and an
error occurs. Therefore, it is crucial to determine the initial
values of the parameters appropriately. In this study,
transformations to the models were used to determine
the initial values of the models' parameters [10]. How the
initial values for each model are obtained is explained in
detail in the following section.

Let us consider the Gompertz model first. A
logarithmic transformation can be applied to the model to
determine the initial values where the model is

y = Ble‘ﬁze_ﬁ3x + &, (1)

when the natural logarithm of both sides is taken,
where

In) = In(B)—P,eP* + In(e,)

and, if necessary arrangements are made, it is
obtained as follows:

In (ln (%)) = In(B,) — Bax

In this equation obtained, if

y' = In (ln (%))ﬁé‘ = tn(6,), 5 = b5
is taken,

y' =B+ Bsx ()

linear regression model is obtained. The initial value
can be taken as ﬁl(o) > max(y) for ;. Accordingly, the
parameters of the linear regression model (2) obtained by
applying the mentioned transformations are estimated to
be able to determine the initial values for other
parameters. Thus, by substituting the estimates for 8 and
B3, the initial values for the parameters are obtained with
the inverse transformation:

5(0 B: p(0 A *
Z()Zeﬁzlﬁ:g)z_ﬁ?,.

Second, let us consider the Richards model. A
logarithmic transformation can be applied to the model to
determine the initial values where the model is

= A + ¢
y= (1 + ByeB3x)L/Bs = X

(3)

when the natural logarithm of both sides is taken,
where

In(y) + Blln(1 + Bre7F3%) = 1n (By)
4

and, if necessary arrangements are made, it is
obtained as follows:

B 1o
In ((%)m - 1) — InB, — Byx

where, if

B

y = In ((%) fo 1),[;; = InB, and Bi=—P; (4)
is taken,

y'=p5+Bix

linear regression model is obtained. The initial value

© > max(y) for B;, and the initial

value can be taken as B:fo) = 1for B,. Accordingly, the
parameters of the linear regression model (4) obtained by
applying the mentioned transformations are estimated to
be able to determine the initial values for other
parameters. Then, by substituting these parameter
values, the initial values for the parameters are obtained
with the inverse transformation:

can be taken as f

R
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Finally, let us consider the Weibull model. If two
logarithmic transformations are applied to the model to
determine the initial values where the model is

xB
yzﬁl_ﬁze_ﬁ3eﬁ3 * + &y (5)

and necessary arrangements are made,

B~y = pae P

In (—ln (ﬂ L B_ Y )) = 1n(Bs) + By In(x)
2

is obtained. In this equation obtained,

B2
x* =1In (x)

y'=ln (—ln (’“)) 5 =n(Bs), Bi = Pyand

where, if
v =Ps + Bax” (6)

linear regression model is obtained. Since the initial

value is ﬁl(o) > max(y) for Byanditis y, = B; — Ba, itis
B1 = B, and the initial value is taken as BZ(O) = Al(o) >
max(y) for B,. Accordingly, the parameters of the linear
regression model (6) obtained by applying the mentioned
transformations are estimated to be able to determine
the initial values for other parameters. Then, by
substituting the obtained parameter estimates, the initial
values for the parameters are obtained with the inverse
transformation in the following way:

A?EO) = eB;, ﬁzl(‘[)) = B\:
Application Study

In this study, weekly body living weight values of
female turkeys between 4-60 weeks, which were obtained
from Kahramanmaras Siitgii imam University, Faculty of
Agriculture, Department of Zootechnics, Livestock
Research and Application Center (Haymer) and used in the
master's thesis entitled "Multiphasic Growth Functions
and Some Applications," were taken into account, and it
was attempted to obtain the most appropriate growth
model for the growth of female turkeys. The data are
presented in Table 2.

It was aimed to determine the appropriate growth
model using weekly weight values of female turkeys.
Therefore, three widely used nonlinear growth models
given in Table 1 were considered, and it was attempted to
determine which model was the most appropriate for the
data by making parameter estimations regarding the
models. In these three models taken for comparison, the
weeks and female turkey weights are expressed by x and
y, respectively.

Table2. Weights of female turkeys

week weight week weight week weight
4 439 23 5250 42 11250
5 614.5 24 5432 43 11680
6 835 25 5578 44 11680
7 1183 26 5838.5 45 11685
8 1483 27 5807 46 11908
9 1845 28 6075.5 47 12110
10 2165 29 6283.5 48 12345
11 2520 30 6445.5 49 12460
12 2652 31 6432 50 12578
13 2935.5 32 6783 51 12614
14 3207 33 7245 52 12723
15 3505 34 7936 53 12715
16 3784 35 8746 54 12812
17 3994.5 36 9102 55 12894
18 4049.5 37 9457 56 12889
19 4342.5 38 9364 57 12892
20 4577 39 9809 58 13053
21 4823.5 40 10182 59 13046
22 5007.5 41 10895 60 13055

In the linear regression models obtained by applying
the transformations described, parameter estimations
were made using the R program, and the initial values of
the parameters were obtained for each model with the
necessary transformations. The initial values of the
parameters for each model are presented in Table 3.

Table 3. Parameter initial values of the Gompertz,
Richards, and Weibull models

Model B1 B2 Bs Ba
Gompertz 13056 12.2509 0.1215 -
Richaards 13056 44,7727 0.14 1

Weibull 13056 13056 0.0020 1.844

With these initial values obtained, parameter

estimates of the three growth models were obtained
using the "nls" command, which performs analysis with
the nonlinear least squares method in the R program. This
command calculates the parameter estimates using the
Gauss-Newton algorithm [11]. According to the
parameter estimates obtained, the graphs of the curves
fitted with the data are shown in Figure 1.

Real Data and Fitting Graphs

12000
|

8000
|

Weight

4000

0
|

Week

Figure 1. Graph of the estimate and actual values of the
real data application
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It was seen that the nonlinear regression models
obtained were quite compatible with the data. When we
are fitting several models to certain sample data and the
aim is to select the preferable model among these models,
we use F-test such that, where p is the number of
parameters and n is the number of observations,

sS
MSR ks

F=sE = 55,

(7)
n—-p-—1

when the sum of squared residuals (errors) is denoted by
S§S. and the sum of squared regression is represented by
SSReg, SO that:

SSkeg = ) 1 =9 = ) (i = 9 @
i=1 i=1

$Se = Zn: e’ = zn:(yl' - 9)? ()

i=1 i=1

It is better to use a model with a considerable and
higher F value. The models can be compared using the
information theory-based Akaike information criterion
(AIC) in order to provide a more thorough assessment of
their performance. The AIC value is calculated as follows,

AIC = nln (SSe/n) + 2p

A smaller value of AIC criteria indicate a preferable
model [12].

In Table 4, the parameter estimate values, standard
errors, number of iterations, and AIC values required for
model comparison are given for each model.

Table 4. The models' results of turkey growth

Number
Parameter of
plos) Estimate Al Iteration SE
s
B = 16867
B, = 3.5083
Gompertz B = 0.0476 874.0791 9 495.4
By = 13305
B, = 970.3538
Richards B; = 0.1694  861.8387 42 441.3
By = 2.9424
By = 14669
. B, = 13573
Weibull By = 0.00053 874.0259 13 4911
By = 2.0627

According to the results in Table 4, the model with the
smallest AIC value was the second model, the Richards
model. Furthermore, the model with the smallest
standard error was the Richards model. Therefore, it can
be said that the most appropriate model for turkey growth
based on the available data was the Richards model.

Conclusion and Discussion

In the study, the Gompertz model, Richards model,
and Weibull model, which are nonlinear growth models,
were fitted to the 60-week living weight growth data of
turkeys, and the models' parameter estimations were
made. One of the most important problems in parameter
estimation in nonlinear models is to determine the initial
values of parameters. In this study, linear regression
models were obtained by applying transformations to the
models in order to determine the initial values of the
parameters, and the initial values of the original model
parameters were determined by the inverse
transformation method by making parameter estimations
in these linear regression models. In conclusion, it was
seen that all three models fitted the data quite well. The
AlC values of the models were calculated to determine the
best model, and it was observed that the model with the
smallest AIC value was the Richards model. This result was
consistent with the results of previous studies in the
literature.
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ABSTRACT

The research delved into analysing the stochastic characteristics of Nigeria's Real GDP, the exchange rate of the
Naira to US Dollar, and the inflation rate employing Autoregressive fractionally integrated moving average
(ARFIMA) and the Autoregressive Fractionally Integrated Moving Average Fractionally Integrated Generalized
Autoregressive Conditional Heteroskedasticity (FIGARCH) modelling approach. The ability of the hybrid
formation of ARFIMA-FIGARCH model with Nigeria macroeconomic variables in modeling the periodicity of long
memory volatilities was examined. ARIMA GARCH method of modeling was also employed in analyzing the
volatilities of Nigeria selected macroeconomic variables to enrich the study. The efficiency of ARFIMA, ARFIMA
FIGARCH and ARIMA GARCH models were evaluated with the forecast evaluation measurements. Results
revealed that ARFIMA FIGARCH and ARIMA GARCH models are more adequate in modeling the Inflation rate
and the exchange rate while ARFIMA present more adequacies in modeling the RGDP. This result revealed
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Introduction

Improvements in econometrics methods have fetched
different tools of exploring the theoretical features of
economic variables over time. Analyzing and modelling
applied times series from diverse area of application in
econometric study is very essential due to their salient
features. Recently, there is evolution of phenomenon of
modelling and forecasting series with long memory
behavior with time varying conditional variance,[1-3]
introduced a widely adopted method for analyzing long
memory time series data through the utilization of
autoregressive fractionally integrated moving average
(ARFIMA) processes. The perception of long memory
characteristics relates to the interdependence among
data points gathered over a period of time. In the study of
[4,5], long-term memory descriptions were described as
the gradual decrease occurring in the autocorrelation
function's graphical representation within a dataset. This
phenomenon led to suggestion of applying fractional
differencing in mean models when long memory is being
identified in the time series data.

Researchers have extensively worked on analyzing
significant inferences of long memory returns of
modelling financial economic series. Modern researches
delved into modelling of long memory in econometrics
model, prediction of prices of agricultural products and
numerous financial series [3,6,1,7] among others.

However, ARFIMA model is based on the assumptions
of linearity, stationarity and homoscedasticity of error
variance, ARFIMA model is incompetent in handling

dataset that exhibits presence of high volatility, most
financial time series portrays features involving high
volatilities in unstable phase succeeding stability periods.
Autoregressive conditional heteroscedastic (ARCH) model
was proposed by [8] to handle cases of volatility in Times
series.

Nevertheless, ARCH model has the features of rapid
decay in squared residuals of unconditional
autocorrelation function when compared to a usual
observed values unless there is large extreme lag. The
generalized autoregressive conditional heteroskedasticity
(GARCH) model was developed by [9,10] with the purpose
of handling the evolving pattern of conditional variance,
thus addressing the limitations of the ARCH model. The
square volatility modelling was assumed to relate to its
past values and errors in estimating the parameters
involved, GARCH model are independent of one another.
Several theoretical and empirical works has been
established relating GARCH and its kind.[11,12]. Long
memory procedure allows the integration of conditional
heteroscedasticity which revealed the presence non-
periodic cycles. [13-15] Employed a seasonal ARFIMA
model with GARCH errors in analyzing PM concentration.
[16,17] explored nonlinear time series with GARCH
models and nonetheless, neither the Generalized
Autoregressive Conditional Heteroscedasticity nor ARCH
process can effectively capture the handling of the
presence of long memory in model volatility. Addressing
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long-term memory effects in variations, incorporating
fractional differencing into variance models.

Developed a new notable model named FIGARCH in
the realm of long-term memory variance from
Exponential Generalized Autoregressive Conditional
Heteroscedasticity (EGARCH), a generalized family of
GARCH that allows persistency in conditional variance.
Fractionally Integrated Generalized Autoregressive
Conditional Heteroscedasticity (FIGARCH) model is mostly
used for modeling long memory in time series with
volatility. [18] FIGARCH model was introduced mainly to
create a more flexible process of estimating and
summarizing conditional variance that has dependencies
in financial market volatility, the FIGARCH model permits
gradual hyperbolic rate of decay for the lagged squared in
the conditional variance function. Several studies had
been conducted on modelling and forecasting times series
model applying concept and relevance of FIGARCH model.
FIGARCH model was employed by [2,19] in modeling and
predicting the effect of long-range relationship long
memory patterns in conditional variance. Applicability of
FIGARCH in other field were well spelt out by researchers,
[20,21] introduced a FIGARCH model with seasonality, the
work gives room for examining both periodic patterns and
long memory comportments in conditional variance.[22]
ascertained that FIGARCH model operates in the opposite
direction as that of ARFIMA in persistency, as the
fractional parameters parameter approaches zero, the
memory of the process rises. ARFIMA-FIGARCH model is a
connection between ARFIMA model and FIGRACH model
[23]. Several studies show the significant evidences of long
memory model in series that exhibits volatilities through
the use of ARFIMA-FIGARCH [24,25] among others.

A number of recent studies suggest that most
macroeconomic variables exhibit long-range dependence
followed by the periods of instability in volatility and
should be modelled as a fractionally integrated process
[26-28] among others. Although long-memory models
have gained popularity in modeling and forecasting future
series but there are limited studies explored the possibility
of long-period dependence and volatilities of macro-
economic variables in Nigeria. Modeling time series
volatility aids in improving parameter estimation
efficiency and forecast accuracy [29].

However, this study aims to leverage the combination
of ARFIMA-FIGARCH models to capture both the mean
and long memory aspects of volatility within combined
data samples. The research endeavors to explore the
empirical stochastic properties of the inflation rate,
exchange rate, and Nigeria's Real GDP using both the
autoregressive fractionally integrated moving average
(ARFIMA) and the Autoregressive Fractionally Integrated
Moving Average Fractionally Integrated Generalized
Autoregressive Conditional Heteroskedasticity (FIGARCH)
modeling approaches.

Moreover, this work investigates the capability of the
ARFIMA-FIGARCH model using Nigeria macroeconomic
variables to estimate the long memory volatilities. The

model efficiency is then evaluated with the forecast
evaluation measurements.

Material and Method

ARFIMA Model Process
The Autoregressive Fractionally Integrated Moving
Average (ARFIMA) process is stated as:

y(U) (1 - U)dXt = 9(U)e, (1)

U is defined as the lag operator such that
UXe =UX;—4 (2)

and the (1U)4 fractional difference operator replaced
the usual standard difference operator (1 — U) of a short
memory ARIMA process, d is a non-integer parameter that
represent the level of the fractional difference. &; is
independently and identically distributed with mean 0 and
variance o2, y(U) and 9(U) signify AR and MA
components respectively. The method is covariance
stationary for the interval of d lying between - 0.5 and 0.5;
which involve mean reversion when d is less than 1.
[29],[4] and [5]) generalized process of ARFIMA as the
fractional white-noise process Where y(U) is established
to equal to unity to further analyze the features of the
method. Following the fact that many time series steadily
exhibits slow decay autocorrelations process, the
possibility virtue of exploiting ARFIMA process with decay
hyperbolic autocorrelation patterns in financial time
series modeling are numerous compared to modelling the
process of ARMA model that have either geometric
exponential decay.

-y =Y oF () a
—i—av 3)

dd—1) _d(d—1)(d -2 ¢
+ (2! ) o & 3)!( )U3+,...,+Z(,‘k(d)
k=0

for any d>-1. When d = 0, equation (3) above reduces to
the classical ARMA(p,q) model, following the expression
in equation (3), obvious significance of the hyperbolic

features is shown.

Long Memory Test

Testing whether the observed data series exhibits long
memory behavior is a prior process to method of
estimating ARFIMA models. The techniques of Hurst
Exponent will be employed in checking whether the data
conforms to long memory structures.

Hurst Exponent

The Hurst exponent is one of the time series long-
memory family. The long memory structure happens
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when the values of H fall in the interval 0.5 < H < 1. The
Hurst exponent estimation process uses the formula;

_ log(5) (4)
log(N)

N signifies length of the sample data, R is the range, S
is the standard deviation and % is the matching value of
the rescaled evaluation.

ARFIMA process estimation

The estimations of d are usually done in frequency
domain. ARFIMA estimators of d are generally categorized
into semi parametric and parametric forms.

This research employed the approaches of the Hurst
exponent and semi-parametric approaches of Geweke
and Porter—Hudak (GPH) methods to test and estimate
long memory parameters, using the following regression,

In(wy) = U — din[4sin?(w, /2)] + 1y (5)

2nk . . .
where wy, = - k =1,2,...,n, ngis the white noise
term and wy, represent the Fourier frequencies.

The periodogram of a time series a, is I(wy,) defined
as;

T
I(wy) = L ‘ a,e Wkt |2 (6)
k 2nT t=1 !

GARCH Model
The variance equation of GARCH(u,v) model can
expressed as;

Utz = w+ Yo aigtz—l + Xt Bjatz—j (7)

The o7 are the model parameter to be estimated
according to GARCH(u,v) models where w > 0, fori=1...,u
and B; =0, forj=1,.,v.

a; represent the parameter determining the effect of
previous residual g2 ;while Bj measures the effect of
change in its lagged value atz_]-..

From equation (7), conditional variance o2, &, at time
t dependent on the occurrence of the lagged squared
errors in the preceding past periods and also on the
conditional variance over the past periods.

In general, [7] has established that the stationarity of
GARCH (u, v) if there is satisfactory of the following
conditions,

E(e) =0 (8)

w

Var(e) = (A—a(1)-@) “

Cov(es, &), t # s, provided a(1) + S(1) is less than

The Fractionally Integrated Generalized
Autoregressive  Conditional  Heteroscedasticity
(FIGARCH).

The FIGARCH (u,D,v); model was introduced by [2]) in
depicting long memory in volatility. The effect of shocks
on the volatility is not finite. This infinite idea leads to the
process of fractional integration in volatility. Fractional
difference parameter (D) is used to model the persistent
behavior of volatility in the FIGARCH model, whereas
short term volatility is being considered by usual ARCH
and GARCH parameters.

Considering, the typical (GARCH) model defined as;
0?2 = w+ a(U)e? + p(U)cf (10)

where ¢? and &? are conditional and unconditional
variances of ¢; respectively. U is the backshift operator
and

a(U) = qqu+ au?+, ..., a,u’

B = piu+ Byu?+, .., Buut

To ascertain the stability and covariance stability of the
&; process, all the roots of 1- a(U) — B(U)and 1- B(U)
lies outside the unit circle.

From GARCH (u,v) model, the conditional variance of
o?, &t depends on the squared innovations in the
previous u periods, and the conditional variance in the
previous v periods. Equation (10) can be expressed as;
Utz = w+ Z?:l aigtz—l + Z?:l ﬁjatz—j (11)

where atz_]-is the volatility at day t - j, w >0, @i 2 0 for
i=1,..,p,and Bj20forj=1,..,q, are parameters of
the model to be estimated.

The GARCH (u, v) process in equation [10] can be
simplified as an ARMA (r,s) process in &2 as follows;

1-a() - pW)et =w + BV, (12)
where r is equivalent to maximum of {u, v} and
ve=¢ef — of=(ef — 1) of (13)

The{v,;}is known to be the innovations for the
conditional variance. €,'s are uncorrelated with E(e;)=0
and var (€;) is one.

From the integrated GARCH (IGARCH) models of [30]
whose unconditional variance does not occur represented
in equation (14) below

(IGARCH) (p,a)= B(U)(1 — V)e? = w +[1 — 1)
BW)v,]

where
@W) =1-a) - WA -U)" (15)
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is of order r-1.

The Fractionally Integrated Generalized
Autoregressive Conditional Heteroscedasticity (FIGARCH)
is achieved by substituting first difference in equation (15)
above with fractional difference operator (1 — U)¢ such
that;

BUA-U)ef = w+[1- BU)]v, (16)
If d=0, the FIGARCH (u, D, v) process reduces to a GARCH
(u, v) process and if d=1, the FIGARCH process becomes an
integrated GARCH process. Rearranging the terms in
Eq.(16), the FIGARCH model can be simplified as;
1- BW)of =w+[1- W] (1 - V) (17)

ARFIMA- FIGARCH Model

The ARFIMA-FIGARCH model is employed to
simultaneously investigate the long memory and volatility
characteristics of a time series. The ARFIMA (u,d,v)-
FIGARCH (U,D.V) model is a conditional time-dependent
variance of the process o7 specified by the FIGARCH
model defined in equation (16). The FIGARCH model
propose enhanced flexibility in modeling volatility by
enforcing an ARFIMA structure on &? yielding a hybrid of
ARFIMA FIGARCH model. In this hybrid forms, the two
fractional integration parameters d and D will account for
the long-term dynamics of the volatility of the series.

The ARFIMA (u,d,v)-FIGARCH (U, D.V) model follow this
polynomial form
81— (r_p) = 0(U)e, (18)
1-pWA-U)Pe =w+[1- a)v]
& = 7,0y Z,~N(0.1)

(19)

W is an unconditional mean, u and v representing the
AR and MA lag orders addressing the short memory,
de(0,1) represents the long memory in the series; &; is a
white noise process;

o) = 1-0,U - @,U*—, ..., 0,U" (20)
And
O(U) =1+ 6,U + 6,U%+,...,0,U" (21)

are the AR and MA polynomials, De(0,1) measures the
degree of volatility persistence; where wis a constant,
a(U) = qU+a,U%+, ..., a,U” (22)
ﬁ(U) =ﬁ1U+ﬁ2U2+, ...,ﬂpUu (23)

are the ARCH and GARCH polynomials; v, represents
serially uncorrelated, zero-mean residuals, measured by

v.=e? — of (24)

The methodology involved in the work involved the
iterative steps of [31] which include identification of the
adequate model, parameter estimations of the
parameters involved, model diagnostic and forecasting.

THE ARIMA-GARCH Model

The ARIMA-GARCH model is employed to examine
trend and volatility of a time series concurrently. ARIMA
(p,d,q) and GARCH(u,v) is generally defined as

(B)(1 — U)?, = 0(V)e, (25)

e 1Y~ N o2 (26)
The ARIMA-GARCH method has been established to
handle the serial correlated residuals encountered in
ARIMA models. ARIMA-GARCH model permits concurrent
modeling of both the conditional means and the volatility
of the series. Moreover, this method of modeling times
series yields more precise estimate values and higher
forecast performance compared to ARIMA models.

Test Statistics

Model Identification: stationarity and fractional
integration modelling of the data involved were evaluated
with the Autocorrelation function, partial autocorrelation
function, ADF and KPSS at 0.05 level of significant level.

Augmented Dickey Fuller Test of Stationarity: ADF test
model is expressed as;

AX, = aX,_, + Yoo + BiAX, 27
+ BoAX o+, o, BybXy

where,

AX, denotes the differenced series

AX;_p, denotes the immediate past observations.

Y; signifies the optional exogenous regressor which
can be constant or be represented as constant trend

a and @ are parameters needed to be estimated.

B1, .-, Py signifies the coefficients of the lagged terms.

The ADF test statistic is denoted by

ty = (28)

The test of hypothesis involves;

Hy:a = 0, itimplies that the series contains unit roots

Hi:a < 0, itimplies that the series contains no unit
roots.

Decision rule: Reject Hy: if t, is less than asymptotic
critical value

Kwiatkowski-Philips-Schmidt-Shin(KPSS)Test

Considering the following DGP with no linear trend
that assumes the null hypothesis of stationarity;
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Ye= Xt Z (29)
where
X = QXpq + ApXp_p, e, ApXp_py + U (30)

u,~iid(0.0?) and z, is assume to follow a stationary
process.

KPSS test statistic is expressed as;

1w St
KPSS=E nel—— (31)

020
Where s, = Yt_,M; with M,= x, —x and 6,2 is a
t = Zij=1M t= Xt o
long run variance estimator of the
stationary Process z;.

Model selection

The model selection was accomplished implementing
the optimum selection criteria by choosing the model with
minimum Akaike Information Criteria (AIC), Schwarz
Information  Criterion  (SIC) and Hannan-Quinn
Information Criteria (HQIC).

Model estimation

After identification of the best tentative model, Quasi
Maximum Likelihood (QMLE) method of estimation will be
adopted to estimate the ARFIMA-FIGARCH model that is
normally distributed based with the following log-
likelihood function:

2

1 1% 2, &t
Log (g, 0) = —ElogN(Zn) —3 Z logof + oz (32)
n=

t

1
where 8" = (ao, d, By, ..., Bp, D1, - Dg)

Model Diagnostics

The white noise, serial correlation and the
heteroscedasticity test was examined applying the
residual normality test, the Portmanteau test and
Autoregressive Conditional Heteroscedasticity Lagrange
Multiplier (ARCH-LM) test respectively to validate the
adequacy of the selected ARFIMA models. It is actualized
by examining the test of the hypothesis of white noise
residuals that assumed to be independently distributed.

Employing the methods of [29] the variance of
autocorrelation is defined as

Var(pg () = —— (N-K), k= 1,2,..., K

N(N-2)

And

-1

N-K
N(N+2)

pi(e) = N(0,1)

-1
N-K

(33)
N(N +2)

Qs = Pi(€)

2
NN +2) 55, 290 s 2 k- 1) (34)

where K-1 = k-p-q and there is no inclusion of constant
term in p+q, N is the sample size and p symbolize the
autocorrelation coefficient.

Autoregressive Conditional Heteroscedastic-
Lagrange Multiplier (ARCH —LM) Test

[8] proposed ARCH-LM test that allows issues of
conditional heteroscedasticity in squared residuals, it has
the null hypothesis that there is no heteroscedasticity in
the model residuals. The test statistic is given by;

Q=BB+2)TH, 4

i=1 M-1)' (35)

the Q statistic is an asymptotic y2distribution that has
n degrees of freedom with uncorrelated squared
residuals, B is the number of observation and the sample
correlation coefficient between squared residuals
&% and €% ,is denoted by p;.

Model Forecasting and Performance Evaluation

Validation criterion such as; Akaike Information
criteria (AIC), Schwarz Information Criterion (SIC) and
Hannan-Quinn Information Criteria (HQIC) were
employed for examining and comparing the predicting
performances of the selected models

AIC = 2T -m (36)
SIC = 2Tlogn — logm (37)
HQIC = —2logm + 2Tlogn (38)

where T symbolizes the total of estimable parameters,
m denotes the maximum likelihood and n is the digits of
samples. Moreover, the forecasts accuracy of fitted
ARFIMA and ARFIMA FIGARCH model are evaluated in
terms of Root Mean Square Error (RMSE), the Mean
Absolute Error (MAE) and the Relative Mean Absolute
Percentage Error (MAPE) respectively.

MAE is the absolute value of the difference between
the forecasted value and the actual value. It calculates the
average absolute deviation of predicted values from real
values. MAE is estimated as follow:

HQIC = —2logm + 2Tlogn (38)

n

MAE=EZ|)7— |
n F— YVt

t=1

(39)

RMAPE is projected as the mean absolute percent
error for each time period minus real values divided by
real values. It computes the percentage of mean absolute
error occurred in the model formation. It is stated as
follows;
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Y-yt
Yt

RMAPE = ~ ¥, | | x 100% (40)

RMSE illustrate the absolute fit of the model to the
observed data, it is computed as follows:

_ 1tyn (o _ 2
RusE = 2524 (5 - %) ()
Where: jr and y, are the estimated and the real

values respectively; n is the sample size. Model with lesser
value is likely to have the best precision power of forecast.

Data Collection and Description

The data for this study is a secondary monthly data set
from 1970 to 2023 obtained from Nigeria CBN bulletin, it
comprised figures of Real Gross Domestic Product (RGDP)
per capital, Inflation rate and Exchange rate of Naira-US
Dollar.

Results and Discussion

Table 1. Summary Statistics

RGDP Inflation Exchange
Rate rate
Mean 173.8996 0.181853 91.78458
Median 73.48 0.1301 21.89526
Maximum 574.18 0.7284 425.9792
Minimum 9.18 0.0346 0.546781
Std. Dev. 175.9127 0.151777 115.8329
Skewness 0.893138 2.010273 1.302508
Kurtosis 2.190781 6.343058 3.872064
Jarque-Bera 8.492408 6.3776556 16.66542
P- value 0.014318 0.0000000 0.000241
Sum Sq. Dev. 1609155  1.197882 697698
Observations 648 648 648

NB: RGDP is Real Gross Domestic Product per capital.

Table 1. gives the summary statistics of monthly
average macro-economic data for this study, the series
ranges from 1970 to 2023.The total observation is 648,
which is large enough for modelling Autoregressive
Fractionally Integrated Moving Average models. The
series are normally distributed as revealed by the high p-
value and low Jarque-Bera test values.

RGDP

Figure 1. Times series plot of RGDP

Inflation Rate

RS
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Figure 2. Times series plot of INF. RT

Exchange Rate

70 75 80 85 90 95 00 05 10 15 20

Figure 3. Times series plot of EXC. RT.

Fig 1, 2 and 3 displays times series plots of the
average annual series of Nigeria Real Gross Domestic
Product (RGDP) per capital, Inflation rate and exchange
rate of Naira-US dollar respectively. The plot shows the
direction of the series over time.

Table 2. Stationarity test results at level.

ADF KPPS
Variables AD;:St Prob. KP:a.I;ESt Prob.
RGDP -4.2670 0.0278 0.5196 0.0341
INF;:_—I_FIIEON 0.1953 0.1374 0.3301 0.0922
EXCRIX?_’:GE -2.3203 0.0732 0.6282 0.0638

Table 3. Stationarity test results at First Difference.

ADF KPPS
Variables ADF Test Prob. KPSS Test Prob.
Stat Stat

RGDP -2.1023 0.008 0.6318 0.000
INELATION 0.2310 0.002 0.6027 0.036

RATE
EXCHANGE -4.1203 0.000 0.8924 0.091

RATE

Table 2 and 3 shows the result of ADF and KPSS test for
unit root of Nigeria Real Gross Domestic Product (RGDP)
per capital, Inflation rate and exchange rate of Nigeria
Naira to US Dollar using the lag length of 12. The outcome
of the unit root test for ADF-test of RGDP shows that the
variable is stationary at level of 5% level of significant,
which implies that RGDP is integrated of order zero i.e.,
1(0) while the results of ADF of the inflation and exchange
rate indicate that the time series data integrated at | (1).
The KPSS tests at both level and first difference are greater
than 5% critical values which shows that the series is
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neither 1(0) nor (1), this warrant needs to carry out

Autocorrelation Partial Correlation AC PAC Q-Stat Prob
fractional difference on the data. | — - | 1 095 0goo 19904 0.000
| | | 2 0.177 -0.276 21.702 0.000
| . | | -\ 3 0.078 0.181 22.061 0.000
Table 4: Long Memory tests of the ARFIMA models. ! .'._1 ! '...1 oS 09ns 2a%8 5
N . | | | | 6 0.178 0.042 24.962 0.000
Macroeconomics Varlables om N 7 0.089 -0.102 25468 0.001
| ' | | ' | 8 -0.077 -0.110 25.855 0.001
RGDP INFLATION EXCHANGE :E 1 1‘1 1 10 0119 0012 20241 0002
| | | | 11 -0.116 -0.104 29.182 0.002
0.6302 OR;AleEO RALE 1 3 1 1 1' 1 13 0093 -0.086 20544 0008
| | | | 14 -0.076 0.004 29.971 0.008
HURST.E Rs * * 0.6664 0.008 \‘ | \‘ | 15 -0.166 -0.150 32.094 0.006
/ (0.002) (0.000) ( ) :". : 1 -.'1 17 0051 0035 3724 0.000
. | | | | 18 -0.071 -0.178 34.144 0.012
Hurst. E/ RS is the Hurst Exponent Rescaled Range. e y 19 0116 0016 33301 0013
1 1 1 1 -0.1 -0 R .
\‘ | \i | 21 -0.178 -0.103 39.198 0.009
Table 4. above shows the Hurst exponent values of 1‘:: 1 1.1_ 1 35 0703 0418 46498 0.008
1 1 1 1 24 -0.122 0.061 47.924 0.003
Nigeria RGDP per capital, Inflation and Exchange rate of
Nigeria Naira to US Dollar data using the rescaled Range,  Figure 5. Correlogram of INF.RT
Table 4 confirmed the existence of long memory of the
series under study. Also, the Hurst exponent test gives “Rissomemion Partiol Gomelation AC  PAC  Qstat Prob
values in the range of 0 <d < 1. in L | 5 05% 050 srass oor
Fig 4,5 and 6 above displayed the correlogram of D D 2 0557 oios 11m5¢ oo
. - . ] =1 [ 5 0226 0.078 14.906 0.011
Nigeria RGDP per capital, Inflation and Exchange rate of 1 :.'1 1‘{ 1 S o oo teisy ooa
. . . . ! ! ! ! 8 -0.016 -0.098 16.453 0.036
Nigeria Naira to US Dollar respectively. From the R - 9 0137 -0.189 17.685 0039
- ) . [ o 10 0.037 0.138 17.775 0.059
correlogram of the series presented in fig 4,5 and 6 above, Dl 1 12 5008 00sa 17780 0459
. ) v R 13 -0.024 0.048 17.823 0.164
several speculative ARFIMA models for the variables were N rr 14 0061 -0.060 18.100 0202
! I ! ' | ' 15 -0.053 0.015 18.311 0.247
fitted to the series. A B | o o e o
1 _\ 1 | 1 18 0.157 0.022 24903 0.128
ol N 19 -0.070 -0.097 25.321 0.150
Autocorrelation  Partial Correlation AC PAC Q-Stat Prob X 'h: X 'h: i? 73:?22 7%??2 531223 g::g
[ I B 22 0.082 -0.152 27.864 0.180
: ‘!- : -l-‘ 1 0265 0265 38752 0049 TR gk 54 0,053 0035 26169 0283
e 'R 3 0146 -0.096 53255 0149
rh P 4 0043 0114 54314 0.246 Figure 6. Correlogram of EXC
| L\ ! '-\ 5 0.021 -0.051 5.4585 0.363
! ! ! ! 6 0.091 0.103 59633 0427
o I 7 0037 0005 60503 0.534 . )
vl N 8 0040 0033 61503 0.630 (RGDP) per capital, INF. RATE and EXCH. RATE is the
ol il 9 -0.095 -0.097 6.7379 0.664 . . . . .
| N 10 -0.160 -0.124 84455 0585 inflation rate and exchange rate of Nigeria Naira to US
! ‘ ! ! '\ 11 0.019 0.113 8.4699 0.671 .
l : l wd‘ l 12 -0.055 -0.179 8.6793 0.730 Dollar respectlvely.
1 ! ! ! 13 -0.063 -0.012 8.9669 0.775 . 3
P Ch 14 0026 0025 9.0152 0.830 Table 5 report the estimates of the fractional
15 -0.032 -0.091 9.0905 0.873 . . . . . .
} :. } l:..l 16 0010 0097 90877 0908 difference of Nigeria RGDP per capital, inflation and
-0. -0. A . . . .
o e T e oS o% exchange rate series employing an automatic
o 4 |1 -00m0 0085 ase0s 0g6t commencement of integration employing approaches of
}"‘ ! ].} ! 2 o 00T 19512 D Geweke and Porter-Hundlak log-periodogram. The
! " ! }“'} 28 0001 0084 11280 0980 competitive estimated models of each series and their

Figure 4. Correlogram of RGDP

Table 5. ARFIMA Model Identification

respective values for the selection criteria are as tabulated
in Table 5. The optimum model for each series is in bold
print and asterisk mark for easier identification.

MODEL ARFIMA (p,d,q) D AIC sic Halc
RGDP
MODEL 1 ARFIMA 1, d, 1 0.5117 6.393" 6.937" 6.842"
MODEL 2 ARFIMA 1, d, 2 0.1956 7.220 7.479 6.926
MODEL 3 ARFIMA 2, d, 1 0.8945 6.451 6.952 6.970
INF. RATE
MODEL 1 ARFIMA 1, d, 1 0.5339 12.002 10.573 10.208
MODEL 2 ARFIMA 1, d, 2 0.7167 13.342 9.175 9.944
MODEL 3 ARFIMA 2, d, 2 0.6802 9.035" 8.884" 9.240°
EXCH. RATE
MODEL 1 ARFIMA 1, d, 1 0.6930 4.720" 4.717* 4.509"
MODEL 2 ARFIMA 2, d, 2 0.7760 4.939 4.958 4.820

NB: RGDP is the of Nigeria Real Gross Domestic Product
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Table 6: Parameter Estimates of the ARFIMA fitted model.

Parameter Coefficient Standard Error Prob.
RGDP
D 0.5117 0.0324 0.0001
Y1 0.1972 0.0208 0.0000
Y4 0.8287 0.0450 0.0009
Inflation Rate
D 0.6802 0.5810 0.0057
Y1 -0.9567 0.3981 0.0002
Yo 0.8326 0.3106 0.0028
Iy 0.2798 0.2851 0.0000
9, 0.2089 0.0495 0.0005
Exchange Rate
D 0.6930 0.8314 0.0049
Y1 1.0038 0.0348 0.0000
94 -0.9822 0.3119 0.0000

Diagnostics checking of ARFIMA Models.

Table 7: Statistical tests of the residuals of selected ARFIMA models.

Times series ARFIMA(p,fd,q) Autocorrelation Test Heteroskedacity Test Normality test
Model Lung Box Q  Portmanteau Breusch White Jarque  Bera Shapiro Wiki
Pagan Test
p- value p- value p-value p. value p-value p-value
RGDP ARFIMA(1,0.5117,1) 0.1923 0.1011 0.1422 0.1721 0.2431 0.2142
Inflation RT ARFIMA(2, 0.6802,2) 0.2831 0.1829 0.2160 0.3230 0.2206 0.3339
Exchange RT ARFIMA(1, 0.6930,1) 0.2925 0.2026 0.2542 0.4951 0.3534 0.1474
a 0.05 0.05 0.05 0.05 0.05 0.05

Table 7 gives the outcome of the autocorrelation,
Heteroskedacity and the normality check and the
respective p values for each selected ARFIMA models for
the variables. The normality tests revealed that the
residuals generated from the selected ARFIMA models are
normally distributed, the Ljung-Box and the Portmanteau

FIGARCH Model Estimation.
Heteroscedasticity Test

Table 8: Results of test for ARCH effect on the series.

value for all the variables are greater than the significant
level which inferred that there is no autocorrelation
among the residual of the model's forecast errors,
moreso, the results of heteroscedasticity tests of residuals
for the variables revealed homoscedasticity nature of the
residuals.

RGDP Inflation Rate Exchange Rate
Test statistic value Prob. Test statistic value Prob. Test statistic value Prob.
F Statistic 134.4516 0.0000""  89.3780 0.0001"™" 158.2819 0.0000""
Observed R? 140.1827 0.0000™  94.2268 0.000** 147.2072 0.0000™
**1% level
To model the volatility of a time series variable, it is  economic variables reveal presence of conditional

mandatory to test for the presence of ARCH Effect in the
residuals of the series.

The result of the ARCH-LM test in Table 8 revealed the
presence heteroscedasticity in the series. The macro-

volatility from the result which can well be captured by
fitting a FIGARCH model to the series.
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Table 9: FIGARCH 1, D,1 Models

Exchange

RGDP Inflation
W 1.3269 (1.7219) 1.4649 (1.0172)
aq 0.0496 (0.1206) -0.0427(0.192)
b1 0.3314(0.225) 0.3509 (0.422)
D 0.3842(0.162) 0.4682(0.332)
In (L) 1928.816 1048.619
AIC 8.3694 6.2791
SIC 8.2001 6.2640
Q(5) 7.8854 12.1552
ARCH 5 0.6852 (0.773) 0.5293 (0.1193)
Skewness -0.0295 0.0074
Jarque Bera 43.39 68.06
Kurtosis 1.4438 1.3941

1.2895 (1.0170)
-0.3102(0.282)
0.5819 (0.014)
0.3936(0.171)
2734.307
4.9164

49387

5.3458

0.2204 (0.7898)
0.00367

92.18

1.4140

Table 9 above presented the estimates of FIGARCH
models, the standard errors are reported in parenthesis,
the model selection is based on the selecting model that
has the lowest selection criteria and passes Q-test
simultaneously using AIC, SIC and Ljung-Box Q-statistics.

The model fitting specifications are given in Table 9,
Estimate of long memory parameter ‘D’ from the FIGARCH
model above is shown to be significantly different from

Table 10: Estimates of ARFIMA FIGARCH Model.

zero and falls within theoretical range. the revealing that
the volatility exhibits a long memory process in the macro-
economic variables under study. This justifies the
significance of modeling persistence behavior in volatility
and hence there is need for the dual long memory test.
This justification brings about the examination of blended
ARFIMA- FIGARCH model in investigating the structure of
long memory and volatility simultaneously in the series.

Series

RGDP

Inflation

Exchange Rate

Mean Equation

Constant ()

AR 1

AR 2

MA 1

MA 2

D

Variance Equation

Constant (w)
241
B

D

In (L)

AIC

SIC

Q(5)

ARCH( 5)

0.024™ (0.020)
-0.168™ (0.221)

-0.354™" (0.095)
0.257"" (0.040)

0.025™ (0.001)
0.326™" (0.000)
0.532™" (0.005)
0.696™" (0.019)
-6403.186
8.278

8.279

7.304

3.680

0.037"" (0.016)
-0.721(0.217)
0.135"(0.024)
-0.779"" (0.010)
-0.3727"(0.005)
0.450"" (0.000)

0.016™ (0.062)
0.064"" (0.000)
0.715"(0.021)
0.305"" (0.001)
-3949.247
6.125

6.532

4.365

1.526

0.042™ (0.028)
-0.150 (0.4 20)

0.241 (0.193)
0.665™ (0.012)

0.033"™ (0.031)
0.283™ (0.000)
0.867"" (0.041)
0.518™ (0.02)
-7351.233
9.223

.9246

2.294

3.389

Notes: Table 10 gives the estimates of the quasi-maximum likelihood estimation of the hybrid of ARFIMA-FIGARCH
model for the monthly data of Nigeria macroeconomic variables.

ARFIMA FIGARCH model combines the ARFIMA model
that considered the mean behavior of the time series and

the FIGARCH model which is employed to model the
variance behavior (ARCH effect).
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Table 11: Estimate of ARIMA GARCH.

Coefficient Std. Error  t- value Prob.
RGDP

0 0.3203 0.2936 -1.3144 0.0144

W 0.0016 0.0026 2.0270 0.0039

a 0.1231 0.0182 2.2033 0.0000

B 0.2849 0.0315 4.3184 0.0007
INFLATION RATE

0 0.2701 0.0631 0.3164 -2.284

W 0.0019 0.0000 1.2012 0.0022

a 0.3861 0.0742 2.5433 0.0000

B 0.3849 0.0201 5.2934 0.0001
EXCHANGE RATE

0 0.3031 0.1333 -1.8344 0.0038

w 0.0029 0.0018 0.3712 0.0000

a 0.2171 0.0182 0.3733 0.0050

B 0.3749 0.0171 2.1634 0.0000

Table 12: Diagnostics check for the ARIMA GARCH Model.

Applying the residual series obtained from the fitted
ARFIMA models, suitable FIGARCH models were built.
Table 10 above present results of the combined ARFIMA-
FIGARCH model fitted to the macro-economic variables
series and parameter estimates with their respective
standard error in bracket, the best model is selected on
the basis of the selection criteria. From Table 10, the
fractional parameters for all the variables at 5% level of
significance revealed significances.

ARIMA-GARCH model combines the ARIMA model that
considered the mean behavior of the time series and the
GARCH model which is employed to model the variance
behavior (ARCH effect).

Times series Model

Portmanteau Test

ARCH LM Test

RGDP ARIMA(1,1,1) GARCH(1,1)
INF RATE ARIMA(1,1,1) GARCH(1,1)
EXCH RATE ARIMA(1,1,1) GARCH(1,1)

Applying the residual series obtained from the fitted
ARIMA models, suitable GARCH models were built. The
results of the combined models are presented in Table 11

(1623.258) 0.0122
(2102.1671) 0.3190
(1918.2052) 0.1884

(11.6128) 0.4721
(9.336) 0.2775
(11.3688) 0.0326

above while Table 12 presents the serial correlation and
heteroscedascity diagnostics for the ARIMA-GARCH
models.

Table 13: Evaluation of selected ARFIMA, ARFIMA FIGARCH and ARIMA GARCH Models forecast Accuracy.

ARFIMA ARFIMA FIGARCH ARIMA GARCH
RGDP  INFRATE EXCHRATE RGDP INFRATE EXCHRATE RGDP INFRATE EXCH RATE
RMSE 0.0312 0.5051 0.3347 0.5147  0.0212  0.0112 0.0172 0.2934 0.0311
MAE 0.0235 0.4637 0.2619 0.1196  0.0257  0.0214 0.0219 0.4826 0.0292
MAPE  0.1947 0.6853 0.4417 0.2226  0.0051  0.0092 0.0039 0.5044 0.0018
R? 0.9274 0.8155 0.8771 0.9742  0.9602  0.8899 0.9912 0.9187 0.8938
Table 13 displayed the ARFIMA, ARFIMA FIGARCH and  Conclusion

ARIMA GARCH selected models for Nigeria macro-
economic variables forecast accuracy measures
respectively. From the Results comparison of ARFIMA,
ARFIMA FIGARCH and ARIMA GARCH modeling from Table
13, low estimates of the validation statistics such as RMSE,
MAE and MAPE from ARFIMA FIGARCH and ARIMA GARCH
models revealed the adequacy of the models in modeling
the Inflation Rate and the exchange rate while estimates
of validation statistics from ARFIMA model shows more
adequacy in modeling the RGDP. This result revealed
evidence of high volatilities in Nigeria Inflation and the
exchange rate of Naira to US dollar. The low values of an
unbiased statistic MAPE of ARFIMA FIGARCH models in
Table 13 revealed the adequacy of the selected ARFIMA
FIGARCH models. Moreover, the general error measures
showed evidence of better forecast performance with
ARFIMA FIGARCH models in forecasting the inflation and
exchange values of Naira to US dollar.

The study investigated the relevance of two iterative
methods of long memory dependency in modeling and
forecasting the rate and volatilities of selected major
macro-economic variables of Nigeria, these variables
were chosen based on the crucial roles they played in
influencing the overall economic performance of Nigeria
economy; the selected predictors are some of the
powerful instruments for upgrading developing nations
from their current economic status. Hybrid of ARFIMA-
FIGARCH and ARFIMA model were employed in modeling
the series. FIGARCH techniques of modeling were applied
to model the residuals sequence from the fitted ARFIMA
model. ARIMA GARCH methods of modeling were also
employed in analyzing the volatilities of Nigeria selected
macroeconomic variables to enrich the study. Results
comparison of ARFIMA, ARFIMA-FIGARCH and ARIMA

627



Cumhuriyet Sci. J., 45(3) (2024) 618-628

GARCH modeling revealed that ARFIMA-FIGARCH and
ARIMA GARCH models are more adequate in modeling the
Inflation Rate and the exchange rate while ARFIMA
present more adequacies in modeling the RGDP. The
selection of the best model is based on the minimum
selection criteria. The result from the research revealed
evidence of high volatilities in Nigeria inflation and the
exchange rate of Naira to US dollar. Certainty of the fitted
models was established by the evidence of minimal values
of MAPE. Both conditional mean and conditional variance
parameters of the long memory were statistically
significant, this revealed the prevalence of the dual long
memory property in the series and volatility.
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ABSTRACT

Modeling precipitation data plays a critical role in water resource and flood management. Statistical
distributions are frequently used in describing hydrological variables. Different distributions and estimation
methods have been presented in previous studies for modeling precipitation data. In this study, the inverted
Kumaraswamy distribution is considered for its advantageous properties, and the L-moments and maximum
likelihood methods are employed in estimating the parameters of the inverted Kumaraswamy distribution. In
the application part, the annual maximum monthly precipitations recorded in the Rize, Turkiye are modeled with
the inverted Kumaraswamy distribution. To the best of the author’s knowledge, the L-moment method is
considered for the first time to estimate the parameters of the inverted Kumaraswamy distribution. In addition,
the efficiencies of the estimation methods are compared with a Monte-Carlo simulation study. For evaluating
the performances of the estimation methods, the goodness of fit criteria including root mean square error,
Kolmogorov Smirnov test, and coefficient of determination (R?) are used in the application part of the study.
The results show that for the data considered, the L-moments method yields more accurate results than the
maximum likelihood method in estimating the parameters when the sample size is small. Accordingly, the
corresponding distribution with L-moments estimations provides a better fit to precipitation data obtained from
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the Rize station.
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Introduction

According to European Environment Agency [1]
increased flooding is likely to be one of the most serious
effects of climate change in Europe over the coming
decades. In connection with flood management planning,
modeling precipitation data has been one of the highlights
in the field of hydrology. In recent years, there has been a
growing interest in using probability distribution models
to analyze precipitation data. The accurate prediction of
precipitation is essential for effective flood management,
water management, and hydrological modeling.
Accordingly, the primary concerns of the studies using
probability distribution models are to fit the most suitable
probability density function (pdf) to data and estimate its
parameters accurately.

In parameter estimation, several methods are
available in the literature, such as maximum likelihood
(ML), least squares, L-moment methods, and so on. The L-
moment estimation is one of the methods for estimating
the parameters of a probability distribution based on
order statistics presented by Hosking [2]. The L-moment
method is generally known for its applications in the
hydrology field. It has some advantageous features that
make it attractive for application to precipitation data
where extreme rainfall events are possible. The use of L-
moments has been shown to provide robust estimates of
the parameters of distributions, especially when dealing

with small sample sizes or skewed data [3]. As mentioned,
another concern of using probability models is, fitting the
most suitable distribution to data. Since every region has
its own characteristics, the selection of the pdf mainly
depends on the available precipitation data at a particular
site [4]. Different pdf’s are employed in modeling various
natural phenomena including precipitation previously.
The Kumaraswamy distribution is one of the distributions
generally known for its applications in the hydrology field.
A transformation of the Kumaraswamy distribution
introduced by Abd Al-Fattah et al. [5] called the inverted
Kumaraswamy (IKum) distribution presents some
advantageous features such as having a longer right tail
that increases the modeling ability of the distribution. The
use of the IKum distribution in modeling ecological
(precipitation and wind speeds) variables has been
studied previously, see [6] and [7] respectively. Bagci et al.
[7] have shown that the lkum distribution can provide a
better fit to given data compared to other well-known
distributions, such as the Weibull, in some cases.
Consequently, the IKum distribution is employed in
this study for modeling the precipitation data obtained
from Rize province since it has some tractable properties.
Rize is a province located in the eastern Black Sea region
of Turkiye, which is a flood-prone area due to its
geographical and climatic features. Unfortunately, Rize
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has been the subject of devastating flooding and
landslides most recently. In addition, Rize is the rainiest
province in Tlirkiye, having a total annual precipitation of
over 2300 mm [8]. As a result, many studies are
addressing the issue using different approaches.
However, the studies in the region mostly concentrated
on time series analysis. Such as Yozgatligil and Tiirkes [9],
modeled monthly maximum precipitation amounts for 60
year period using a pdf and time series analysis approach
for several stations in the Black Sea region. They employed
the generalized extreme value distribution in the analysis
and the time series analysis. Cengiz et al. [10] analyzed
historical precipitation changes at 16 stations during
1960-2015 in the Black Sea region of Turkiye. They
emphasized the limitations in time series analysis such as
normality, and independence of series, and used a
combination of graphical and statistical methods to relax
some of these restrictive assumptions. Aksu et al. [11]
employed a comprehensive set of statistical methods to
provide a detailed analysis of precipitation patterns in the
Black Sea region mostly focused on trend analysis.
Numerous studies have been presented to compare
different parameter estimation methods in the literature
additionally. Upon analysis of these studies, it becomes
apparent that the most effective probability distribution
and estimation method may differ based on the unique
precipitation characteristics of the region being studied.
For example, Lee et al. [12] investigated the estimation of
rainfall data using L-moments. The authors tested their
method using daily rainfall data from several stations in
Korea and conducted a simulation study to test the
effectiveness of the method for different sample sizes.
Shabri et al. [13] proposed a new method called LQ-
moment for estimating the parameters of the kappa
distribution. This method relies on the concept of L-
moment and is an extension of the L-moment method for
estimating parameters of other distributions. The LQ-
moment method is compared with the L-moment
estimation. The results showed that the LQ-moment and
L-moment methods performed similarly. Wan Zin et al.
[14] modeled the maximum daily rainfall data obtained
from several rain gauge stations in Malaysia. Ngongondo
et al. [15] conducted a regional frequency analysis of
rainfall extremes in Southern Malawi using the index
rainfall and L-moment approaches. They found that the
generalized extreme value distribution is the most
suitable model for precipitation data analysis. Galorie et
al. [16] conducted a study using rainfall data recorded for
66 years in Austria and estimated parameters of several
well-known distributions using methods including the L-
moment and ML. Rahman et al. [17] conducted a study to
investigate appropriate probability distribution and
associated parameter estimation procedures in at-site
flood frequency analysis. They employed the ML, L-
moment, and method of moments estimation for fitting
annual maximum floods from Australia. According to their
study different estimation methods and pdfs performed
better for each station. Similarly, [18] used the L-moments
approach to analyze daily rainfall extremes in Iran. They

found that the generalized extreme value and three-
parameter log-normal distributions are the best fit for
their data. According to their study, the best-fitting
distribution depends on the method of estimation and the
data mostly follow the generalized logistic distribution,
and the L-moment method performed better than the LQ-
moment. Li et al. [19] conducted a study on the frequency
analysis of extreme precipitation in the Heihe River basin
in China, using daily precipitation observations between
1960-2010 years. They showed that theoretical return
levels with the ML estimation show better approximations
to the empirical ones for the precipitation data of the
Heihe River. Zhou et al. [20] utilized Pearson type 3 and
generalized extreme value distribution to forecast the
annual maximum precipitation at the Changxi Station,
located in the Taihu Basin. They employed different
parameter estimation techniques, including the ML, L-
moment, and conventional moment, and concluded that
the generalized extreme value distribution with
parameters estimated through the L-moment method
yielded the best fit for the observed data at the Changxi
Station. Khan et al. [21] investigated the effectiveness of
different estimation methods including the L-moment,
ML, and maximum product of spacing methods for
modeling extreme precipitations. Their study found that
the L-moment method performed the best in terms of
accuracy and efficiency in estimating extreme values of
precipitation data. It is also emphasized that the L-
moment method can be preferred in case of small sample
sizes.

In Tirkiye, several studies have been carried out on
modeling precipitation data. Some of them have already
been discussed in the previous section. More studies using
L-moment estimation are reviewed additionally. Although
these studies employ the L-moment method in
estimation, they generally focused more on fitting the
most suitable pdf to data, a study [22] conducted a
regional frequency analysis of rainfall data recorded in
Trabzon province using L-moment estimation. The
authors aimed to determine the most suitable pdf for the
data and estimate the return periods of extreme rainfall
events. Their study provides insights into extreme rainfall
patterns and can contribute to the development of
effective flood management strategies in the region.
Seckin et al. [23] conducted a flood frequency analysis
employing the L-moment method. They analyzed flood
events in six regions of Tiurkiye and found that the 3-
parameter log-normal and Pearson type Il distributions
were the most suitable models for the precipitation data.
[24] conducted a regional flood frequency analysis of the
Coruh Basin considering the L-moment method. Topcu et
al. [25] analyzed the drought conditions of the Seyhan
Basin by utilizing the L-moment method. Their findings
highlighted the potential of these tools for drought
analysis and management in the region. Also, Ghaei et al.
[26] used the L-moment approach to conduct a regional
intensity—duration—frequency analysis in the Eastern
Black Sea region in Tirkiye. They found that the
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generalized extreme value distribution provided the best
fit for precipitation data.

Considering all of the reasons mentioned above, this
paper investigates the efficiency of L-moment estimation
with a particular focus on the application of the Inverted
Kumaraswamy  (IKum) distribution in  modeling
precipitation data from Rize, Turkiye. It should be noted
that to the best of the author’s knowledge L-moment
estimation for parameters of the IKum distribution are
obtained for the first time in this study. Moreover, with
the L-moment estimation, the maximum likelihood (ML)
method is considered in estimating parameters for
comparison. In addition, a Monte-Carlo simulation study
is conducted to examine these methods' efficiencies.
Although, the L-moment method has the advantages of
being robust and computationally simpler as emphasized
in the study of [2] as is known the ML method is the most
efficient estimation method under regularity conditions. It
also stated that the L-moment estimates can even be
more accurate than the ML estimates in small sample
sizes. The comparison is done by using several well-known
criteria including the root mean square error (RMSE),
coefficient of determination (R?), Kolmogorov Smirnov
(KS) test and KS p-value.

Contributions of the study to related literature are
given as follows. First, the L-moment estimates of
unknown parameters of the IKum distribution are
obtained and compared with ML estimates; second, a
critical region in terms of flood risk is selected for analysis
and the precipitation data of Rize is modeled for the first
time using the IKum distribution.

The study is structured as follows: In Section 2 the
methods used in the analysis along with L-moments of the
IKum distribution described. Afterward, the presentation
of precipitation data and modeling results are given.
Finally, Section 4 discusses the findings of the study, which
concludes with some final remarks.

Materials and Methods

In this section, primarily the data set is described.
Then, the pdf of the IKum distribution is given and the L-
moment estimations of its parameters are provided.
Afterward, the results of the Monte-Carlo simulation are
presented.

Data Set

In this study, the precipitation records obtained from
the Rize gauge station are considered in the application.
The data comprises monthly maximum precipitations
between the dates of January 2021 and March 2023. The
data are obtained from the Turkish State Meteorological
Service. The data may be shared by the author upon
request. As mentioned previously, Rize province
experienced a devastating flood last year. For this reason,
the data of this region is considered in this study and it is
believed that it is important to obtain accurate predictions
of the precipitations in the region.

The geographic location of Rize is given in Table 1.

Table 1. Geographical information of the Rize province
Latitude Longitude
41.026089 40.518929

Descriptive statistics for precipitation data of Rize are
provided in Table 2.

Table 2. Descriptive statistics

Descriptive Statistics Values
Mean 45.6630
Skewness 1.723
Kurtosis 2.100
Variance 1196.713
The IKum Distribution

The IKum distribution is presented by Abd AL-Fattah et
al. [5]. Due to its advantageous features, the IKum
distribution has attracted attention. Consequently, many
applications and extensions of it are presented in the
literature, see [6] and [27].

Let X be a random variable following the IKum
distribution with shape parameters a and 0, then its pdf is

fOGa,0) = ad(1+x)"@D(1 - (14x)"9)°0-1;
x>0,a,6>0.

The Theoretical Background of the L-Moment
Method

The L-moment theory proposed by Hosking [2] is
based on order statistics. The method is generally adopted
by the hydrology field. Hosking [2] showed that L-
moments can be expressed by using linear combinations
of probability-weighted moments PWMs ( 3,.) as well.

The first four theoretical L-moments are defined as

M =EXp4] = fol x(F)dF,

Ay = %E[Xz:z —Xy2] = fol x(F)(2F — 1)dF,

A3 = %E[Xs:s — 2X53 + X13] = fol x(F)(6F? — 6F + 1)dF,
and

}\3 = %E[X4;4 - 3X3:4 + 3X2:4 — X1:4] = f01 X(F)(20F3 _
30F2 + 12F — 1)dF.

Here, X areal-valued random variable with cumulative
distribution function F (x) and quantile function x(F) and
X114 < X5 - < Xy are the order statistics of a random
sample of size n drawn from the distribution of X. Let n
be the sample size, the r-th sample L-moment is

— - - k(-1
L =3 .. 3r s —18 (" )x,
1<i;<ip..<ip<m,

L-moments can be obtained using the PWMs [28]
given as follows,
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1
Br = f x(F)F"dF
0
Here, F is non-exceedance probability.

A1 = Bo,

Ay = 2B1 — Po,

A3 = 6B, — 6B + o,

Ay = 2083 —30B, + 126, — B, and sample L-
moments arel; = by, 1, = 2b; — by, 13 = 6b, — 6b; + by
and l, = 20b; — 30b, + 12b, — by when by, by, b, and
b; are

1 1 (i-1)
by = ;Z?zl Xim, by = n ?:1 (n-1) ims
p, =1yn -1(@E-2)
2T A= (n-1)(n-2) ins
p. = Lyn  (=D(=2)(=3)
3T nfEl - m-2)(n-3) T

L-moment Estimation
The first four theoretical L-moments of the IKum
distribution are

h=60p(0,1-2)-1,

A =29ﬁ(1—§,29)—93(9,1—§),

L=0p(01-2)-60p(1-2,20)+60p(1-
L20)

and

L=120p(1-220)-0p(01-2)-
300[;(1—§,39)+209ﬁ(1—§,40)

wherea > 1and 6 > 0.

The L-moments estimations of the parameters of the
IKum distribution are obtained by equating the first two
theoretical L-moments to the corresponding sample
moments, i.e., l; andl,, respectively. Since these
equations can not be solved explicitly, iterative
techniques are employed in obtaining L-moment
estimates of the parameters of the IKum distribution.

ML Estimation

The ML methodology aims to obtain the parameters
maximizing the likelihood function. The ML estimators of
the IKum distribution are not provided here for brevity
since they were obtained previously in [5]. See [5] for
more information on the ML estimators of the IKum
distribution.

Simulation Study

As mentioned previously a Monte-Carlo simulation is
conducted for comparing efficiencies of the ML and L-
moment estimation methods. For the simulation study
n = 25,50, 100, 500, and 1000 sample sizes are utilized.

Performances of these methods are compared using
Mean Squared Error (MSE) values for the cases
considered. The simulations are implemented using the
optimization toolbox in MatlabR2021 software and results
are provided in Tables 3, 4 and 5. The formulas for the MSE
criterion are,

MSE(G@) = E(@—a)*and MSE(0) = E(0 — 0)2.

Table 3. Simulation results for a=3 and =1

a=3 6=1
Mean Var MSE Mean Var MSE
n=25
ML 3.3658 0.8573 0.9911 1.1266 0.1089 0.1249
L-Moment 3.3192 0.8465 09484 1.1319 0.1027 0.1201
n=50
ML 3.1469 0.3863 0.4079 1.061 0.043 0.0467
L-Moment 3.1904 0.4346 04709 1.0719 0.0756 0.0808
n=100
ML 3.0826 0.1689 0.1757 1.029 0.0197 0.0205
L-Moment 3.1338 0.2585 0.2764 1.0495 0.0424 0.0449
n=500
ML 3.0156 0.0345 0.0348 1.005 0.0036 0.0036
L-Moment 3.0205 0.0634 0.0639 1.0068 0.0091 0.0092
n=1000
ML 3.0131 0.0168 0.017 1.0045 0.0018 0.0018
L-Moment 3.0165 0.0332 0.0334 1.0059 0.0049 0.0049
Table 4. Simulation results for a=2 and =2
a=2 6=2
Mean Var MSE Mean Var MSE
n=25
ML 2.165 0.2676 0.2948 2.3199 0.7615 0.8638
L-Moment 2.3101 0.341 0.4372 2.5948 1.4917 1.8455
n=50
ML 2.0922 0.1108 0.1193 2.1524 0.2503 0.2735
L-Moment 2.1858 0.1661 0.2006 2.3179 0.5267 0.6277
n=100
ML 2.0518 0.0523 0.055 2.0867 0.1105 0.118
L-Moment 2.1181 0.0976 0.1115 2.2123 0.3014 0.3465
n=500
ML 2.0084 0.0096 0.0097 2.0205 0.018 0.0184
L-Moment 2.0436 0.0265 0.0284 2.0836 0.0684 0.0754
n=1000
ML 2.0033 0.0052 0.0052 2.0081 0.0089 0.009
L-Moment 2.022 0.0172 0.0177 2.0414 0.04 0.0417

Table 5. Simulation results for a=5 and 6=0.5

a=5 6=0.5

Mean Var MSE Mean Var MSE
n=25

ML 5.8202 4.1115 4.7842 0.552 0.0198 0.0225

L-Moment 5.7911 4.9961 5.622 0.5378 0.0424 0.0439
n=50

ML 5.3649 1.5977 1.7309 0.5212 0.0086 0.0091

L-Moment 5.3999 2.0187 2.1786 0.5239 0.0188 0.0194
n=100

ML 5.1719 0.6874 0.717 0.5084 0.0036 0.0036

L-Moment 5.1828 0.9579 0.9913 0.508 0.008 0.0081
n=500

ML 5.0287 0.1265 0.1273 0.503 0.0007 0.0007

L-Moment 5.0301 0.1843 0.1852 0.5027 0.0016 0.0016
n=1000

ML 5.0112 0.0619 0.062 0.5008 0.0003 0.0003

L-Moment 5.0069 0.0958 0.0958 0.5 0.0008 0.0008
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According to Table 3, for both of the parameters, when
sample size n= 25, the L-moment estimation performed
better and for the other sample sizes the ML estimation
provided more effective estimations. When both of the
parameters are set to 2, for all sample sizes ML estimation
performed better as presented in Table 4. Similarly, for
the parameter settings, a=5 and 8=0.5 ML estimations are
superior for all sample sizes. Overall, it can be said that
although ML estimations are superior in general, for larger
samples MSE values are close between the rivals. For the
small samples, although ML estimations provided good
performance in one scenario the L-moment method is
better. Consequently, the L-moment estimation has
shown a performance worth examining especially for
small sample sizes.

Return Period

The return period is the average time between the
occurrence of a specific event, such as a natural disaster
or weather event, of a certain magnitude or greater. If an
event of magnitude x; occurs once in T years, where x
represents the precipitations, the probability (P) of the
variable exceeding or equaling x in any given year is
expressed as follows

P(x= x¢)=1/T

Application

In this section, the data are modeled using the IKum
distribution. In estimating the parameters, the ML and L-
moments methods are used and estimates of the
parameters are given in Table 6, in addition, precipitations
for the 10, 25, 50, and 100-year return periods are
provided.

Table 6. Estimates of the parameters of the IKum
distribution

Parameters a ]
L-Moment 2.22678 1793.4614
ML 1.6121 210.1573

Values of evaluating criteria for the L-moment and ML
methods are provided in Table 7. As is known lower values
of the KS and RMSE, higher values of KS (p-value) and R?
criteria indicate a better fit.

Table 7. Fitting performance for the IKum distribution
using estimation methods

Criteria R? RMSE KS (p-value)
L- 0.9758 0.0451 0.1016
Moment (0.9169)
ML 0.9438 0.0594 0.1582
(0.4616)

It can be seen from Table 7 that the L-moment
provided the smallest values for the KS and RMSE and the
largest values for the R2. Thus, the L-moments method
performed better in all criteria and provided more
accurate estimates than ML in modeling the precipitation

records of Rize province. It should be noted that the
sample size in this study can be regarded as small (n=27).
Furthermore, fitted density plots for the ML and L-
moment methods are provided in Figure 1.
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Figure 1. Fitted density plots of the IKum distribution using
the L-moments and ML methods.

Figure 1 shows that the ML performed poorly than the
L-moment at the peak of the distribution, although it
fitted quite satisfactorily for the remaining part of the
distribution. It can also be seen that the IKum distribution
presents the advantages of having a longer right tail and
the precipitation data in the right tail of the distribution
are modeled quite well. Consequently, the results pointed
out in Table 7 are also supported by the plots.

Return period information is a valuable tool for
policymakers and planners, enabling them to make
informed decisions within defined timeframes. The return
periods are obtained for the precipitations of the Rize
station for the ML and L-moment estimations. When the
ML method is utilized, the precipitations equivalent to 10,
25, 50, and 100-year return periods are 110.4272,
199.6232,309.3570, and 477.5745, respectively. However
when the L-moment estimation is considered the
precipitations are calculated as 78.4441, 120.6133,
165.7886, and 227.2125 for the given return periods. For
instance, the precipitation value of 78.4441 can be
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considered as the average occurrence expected once
every 10 years when the L-moment method is used. Thus,
one can see how much the estimation method can
differentiate the results. This situation may pose risks in
terms of planning and emphasizes the importance of the
accurate prediction of precipitation is essential for
effective hydrological modeling.

Conclusion

Modeling precipitations using probability distributions
generally paired with the L-moment method in parameter
estimation. In this study, the estimations of the L-moment
method and the ML are compared. In this context, the L-
moment estimations of parameters for the IKum
distribution are obtained for the first time. It has been
noted that, although the simulation study favored the
MLE method, the L-moments method was more effective
in one scenario, when the sample size was small. In the
application part, the annual maximum monthly
precipitations recorded in Rize are modeled and results
show that the L-moment method allows for estimating
parameters more accurately. While simulation results
often favor the MLE, real data applications may not always
align with these results as in this case. Overall, the
prediction of precipitation amounts is an important issue
for the planning and design of flood protection systems. It
is hoped that this study will contribute to the
management of risks arising from floods.
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