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Abstract

In this study, the Knoevenagel condensation reactions of 3-(heteroaryl)-3-
oxopropanenitriles and various aromatic/heteroaromatic aldehydes via L-proline were
performed. In these reactions, a-cyanochalcone compounds were obtained in mid-good yields.
Spectroscopic techniques were used to clarify the compounds' structures. Both the well-
diffusion method and the minimum inhibitory concentration (MIC) method were used to assess
the antibacterial and antifungal properties of all products. Compound 1c, containing the pyridin-
3-yl group, exhibited broad-spectrum properties by acting against all bacteria and fungi tested.
The antioxidant activities of the compounds were tested by a DPPH radical scavenging assay,
and according to the results of antioxidant activities, the most effective compound among all
was found to be lc. It is possible to say that compounds 1b and 1d also have moderate

antioxidant activity.

Keywords: o-cyanochalcone; Knoevenagel condensation; Antimicrobial activity;

Antioxidant activity.
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a-Siyanokalkon Bilesiklerinin Sentezi, Karakterizasyonu ve Antibakteriyel, Antifungal ve

Antioksidan Aktivitelerinin Belirlenmesi
Oz

Bu calismada, 3-(heteroaril)-3-oksopropannitriller ile ¢esitli aromatik/heteroaromatik
aldehitlerin L-prolin araciliginda Knoevenagel kondensasyon reaksiyonlar1 gerceklestirildi. Bu
reaksiyonlarda orta-iyi verimlerde a-siyanokalkon bilesikleri elde edildi. Bilesiklerin yapilari
spektroskopik yontemler kullanilarak aydinlatildi. Tim triinlerin antibakteriyel ve antifungal
aktiviteleri hem kuyu- difiizyon yontemi hem de minimum inhibisyon konsantrasyonu (MIC)
yontemiyle belirlendi. Piridin-3-il grubunu igeren bilesik 1c, hem Gram (+) hem de Gram (-)
bakteri ve mantarlara kars1 etki gostererek genis spektrumlu &zellikler sergiledi. Bilesiklerin
antioksidan aktiviteleri DPPH radikal temizleme yontemi ile test edildi ve antioksidan aktivite
sonuclaria gore en etkili bilesigin 1c¢ oldugu bulundu. 1b ve 1d bilesiklerinin de orta diizeyde

antioksidan aktiviteye sahip oldugunu sdylemek miimkiindiir.

Anahtar Kelimeler: o-Siyanokalkon; Knoevenagel kondensasyonu; Antimikrobiyal

aktivite; Antioksidan aktivite.
1. Introduction

Chalcones, which are both found in natural products and are readily synthesized using a
multitude of techniques, are an important compound class in organic chemistry because they
show a broad and diverse biological activity and are the starting components of many important
biologically active compound classes [1-3]. Among the wide range of biological activities
shown by chalcones are antimicrobial [4, 5], antimitotic [6], antitumor [7, 8], anti-inflammatory
[9], antioxidant [10], antihistamine [11], antidiabetic [12], antihypertensive [13], enzyme
inhibition [14, 15], antiparasitic [16], and antiplasmodial [17] properties (Fig. 1).

OH O S0 o
oo
HO OH ~o o~

Butein (Anticancer) Metochalcone (Choleretic)
OH O O
HO O/ YO 0 O/\)\
Cardamonin (Anticancer) ﬁ Sofalcone (Anti-ulcer)
HO™ ~O

Figure 1: Some of the bioactive chalcone compounds.



Aslan & Avsar (2025) ADYU J SCI, 10(1), 1-16

Chalcones are mostly synthesized by base-catalyzed Claisen-Schmidt condensation but
can also be synthesized by coupling reactions such as Heck, Suzuki, Suzuki-Miyaura, Wittik,
and Sonogashira [2]. Additionally, chalcones can be converted to biologically important five-
membered (pyrole, furan, benzofuran, pyrazole, imidazole, isoxazole, thiazole, triazole), six-

membered (pyridine, pyrimidine), and seven-membered heterocycles (diazepine) [3].

a-Cyanocalcone compounds are mostly synthesized by Knoevenagel condensation and,
like chalcones, exhibit a variety of biological functions [18]. For example, Kumar et al. [19]
synthesized a-cyano chalcones, including bis(indolyl) groups, and examined the effectiveness of
these compounds against lung (A549), prostate (PC3) and pancreas (PaCa2) cancer lines. They
reported that the best results were obtained against lung cancer. Fahim and Farag [20] reported
that they synthesized various o-cyanochalcone compounds. They also synthesized
aminopyrazole compounds and pyrazolopyrimidine compounds, respectively, by reacting these
compounds with hydrazine derivatives and various pyrazole derivatives. They examined the
antimicrobial effects of both the a-cyanochalcones and the products they obtained from a-
cyanochalcones. They found that both a-cyanochalcones and heterocyclic products showed

moderate to good activity against bacteria and fungus.

In this study, a-cyanochalcone compounds were obtained by performing the Knoevenagel
condensation reaction of 3-oxopropanenitriles and various aromatic/heteroaromatic aldehydes.
Spectroscopic techniques were used to clarify the compounds' structures. The biological effects

against bacteria, fungi, and antioxidant properties of the substances were investigated.
2. Materials and Methods

3-Oxo-propanenitriles (1-3) were synthesized according to the literature [21]. Aldehydes
are commercially available and were not further purified before being used. An electrothermal
capillary melting point device (Stuart SMP30) was used to measure melting points (mp).
Infrared spectra were acquired using a SHIMADZU IRSpirit QATR-S in the 400-4000 cm™
range. 'H and "“C-NMR spectra were recorded on a Bruker AVANCE III-400 MHz
spectrophotometer. The coupling constants (J) are expressed in hertz (Hz), and chemical shifts
are reported in parts per million (ppm) concerning Me4Si as the internal standard. The following
are the designations for splitting patterns: s stands for singlet, d for doublet, t for triplet, m for
multiplet, and bs for broad singlet. An Agilent 6530 and an Agilent 6230 Accurate-Mass Q-
TOF LC-MS apparatus were used to measure the mass spectra; m/z (rel. %). Using Merck silica
gel 60 (230400 mesh) as the stationary phase and EtOAc and hexane as eluents, column

chromatography (cc) was utilized to purify the products.
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2.1. General Procedure for the Synthesis of 3-Oxo-Propanenitriles (1-3)

A three-necked flask with a thermometer, dropping funnel, and condenser with a gas trap
at the outlet; 60% sodium hydride (5.6 g; 140 mmol), ester (70 mmol), and 150 mL toluene are
added and heated to 90 °C. To the mixture at this temperature, 6 mL of toluene solution of
acetonitrile (140 mmol) is added dropwise over 30 minutes. The reaction continues until
hydrogen gas is released. After gas evolution ends, the solution is cooled. The resulting solids
are filtered and dried. These solids are then dissolved in water in an ice-salt bath and hydrolyzed
dropwise with a dilute HCI (1:1) solution, preventing the temperature from rising above 5°C.

The resulting crude product is purified by crystallization from methanol [21].

2.2. General Procedure for the Reactions of 3-Oxo-Propanenitriles (1-3) and

Aldehydes (a-f) via L-Proline

3-aryl-3-oxo-propanenitrile (1 eq) and the L-proline (0.2 eq) are dissolved in 4 ml of
ethanol. Aromatic aldehyde (1 eq) is added to the mixture. The chalcone derivative formed
within 1-2 minutes from the solution mixed at room temperature on the magnetic stirrer begins
to separate in solid form. The experiment is controlled by thin-layer chromatography and
terminated at the appropriate time. Once the starting compounds are completed, cold water is
added to the reaction medium. The solid undergoes filtration, a cold ethanol-water mixture
wash, and a thorough water wash before drying. The product is purified by crystallization or cc

[22].
2.3. Determination of Antimicrobial Activity

In this study, the techniques described in previous studies [23-24] were used to evaluate
the compounds' minimal inhibitory concentrations (MIC) and agar well diffusion. In this study,
2 Gram (+) (Staphylococcus aureus ATCC 6538 and Bacillus cereus ATCC 7064), 3 Gram (-)
(Escherichia coli ATCC 11293, Klebsiella pneumonia ATCC 27889, and Pseudomonas
aeuroginosa ATCC 27853) and 2 fungi (Candida krusei ATCC 6258 and Candida parapsilosis
22019) reference microorganisms were used. DMSO, in which the chemicals were dissolved,
was used as a negative control. Additionally, Bacteria were grown on Mueller-Hinton Agar
(MHA) and Broth (MHB), while fungi were grown on Sabouraud-Dextrose Agar (SDA) and
Broth (SDB).

2.4. Agar Well Diffusion Method

After being grown overnight in MHB and SDB, the bacterial and fungal cultures were
adjusted using the McFarland 0.5 standard (~1.5x10® cfu/mL). Following this, approximately
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10° cfu/mL of new cultures was added to recently prepared sterile MHA and SDA petri
surfaces. Using a sterile cork borer, on the agar surface, wells with a diameter of 6 mm were
created. 40 pL of the product's solution to be tested—2 mg of compounds coded Ic, 1d, and le
and 0.1 mg of chemicals coded la, 1b, 2a, and 2b—was added to the wells. The petri dishes
were then incubated for 18 to 24 hours at 37+4°C (for bacteria) and at 28+2°C (for fungi). At
the end of the period, the zone diameter formed around the wells was measured with the help of
a millimetric ruler and then transferred to Excel 2010 to obtain the Standard Deviations (£SD)
of the three repeated tests. Commercial antibiotics were used as the positive control (pc), while

DMSO was used as the negative control (nc).
2.5. Minimal inhibitory concentrations (MIC)

Minimum inhibition concentrations were determined by the tube dilution method
followed by incubation techniques in an agar medium. For this, 1 mL of MHB and SDB was
added to each tube, and after the sterilization process, serial dilutions (range 5 — 0.125 mg) of
the compounds to be tested were prepared. Then, 50 pL of microorganism culture prepared
based on the McFarland standard was inoculated into each tube and incubated at 37+4°C (for
bacteria) and at 28+2°C (for fungi) for 18-24 hours. The results were visually inspected, and the
dilution at which no growth or turbidity was observed was recorded as the MIC value. The
sample taken from the dilution showing the MIC value was inoculated into sterile MHA and
SDA petri dishes and incubated at 37+4°C and 284+2°C for 18-24 hours. Results were reported

based on whether there was growth in the petri dishes.
2.6. Determination of antioxidant activities

Samples were analyzed for free radical scavenging activity using the DPPH radical
scavenging test [25-26]. Different concentrations (1000 — 62.5 pg/mL) of the compounds to be
tested were prepared. A 4 mL DPPH-ethanol solution (0.1 mM) was introduced to various
component concentration solutions in 1 mL ethanol. Absorbance values at 517 nm were
measured after the solutions were left in the dark for half an hour. The following formula was

used to determine the DPPH radical's scavenging activity:

AB — AS

5 100 (1)

% Inhibition =

In this equation, AS represents the absorbance of the test substance, and AB represents

the absorbance of the control reaction. ICso stands for the concentration of a chemical needed to
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block 50% of free radical scavenging action. The standard was ascorbic acid. Standard-free

ethanol was used as a negative control, and the tests were also performed in triplicate.
3. Experimental
3.1. Physical and Spectral Data of the Substrates

3-Ox0-3~(furan-2-yl)-propanenitrile (1): Yield 76 %, brown solid, mp: 74-75 °C (Lit.
[27] mp: 66-68 °C); IR (ATR, v/em): 3134 (ArH), 2950-2920 (RH), 2256 (C=N), 1671 (C=0);
'H-NMR (400 MHz, CDCls, §): 4.00 (s, 2H), 6.67 (dd, 1H, J = 3.6, 1.6 Hz), 7.42 (dd, 1H, J =
3.6, 0.8 Hz), 7.69 (t, 1H, J= 0.8 Hz). Similar to that previously reported [27].

3-0xo0-3-(thiophene-2-yl)-propanenitrile (2): Yield 81%, brown solid, mp: 114-115°C
(Lit. [27] mp: 123-126 °C); IR (ATR, v/cm): 3113-3091 (ArH), 2949-2918 (RH), 2256 (C=N),
1664 (C=0); 'H-NMR (400 MHz, CDCls, §): 4.00 (s, 2H), 7.20 (dd, 1H, J = 4.8, 4.4 Hz), 7.78-
7.80 (m, 2H). Similar to that previously reported [27].

3-Ox0-3-(pyridine-2-yl)-propanenitrile (3): Yield 76%, claret red solid, mp 87-88°C; IR
(ATR, v/cm): 3101-3058 (ArH), 2953-2927 (RH), 2260-2186 (C=N), 1711 (C=0); {H-NMR
(400 MHz, CDCls, d): 4.74 (s, 2H), 7.76-7.73 (m, 1H), 8.09-8.00 (m, 2H), 8.75 (d, 1H, J = 3.2
Hz) ; "C-NMR (100 MHz, CDCls, §): 29.73, 116.75, 122.30, 129.14, 138.35, 149.83, 151.27,
191.33; HRMS (m/z): calculated for CsHgNO [M]™: 146.0475, found: 146.9963.

3.2. Physical and Spectral Data of the Products

2-(furan-2-carbonyl)-3-(furan-2-yl)acrylonitrile (1a) : Yield 92%, yellow solid, mp: 143-
144°C; IR (ATR, v/cm): 3134-3117 (ArH), 2213 (C=N), 1640 (C=0); 'H-NMR (400 MHz,
DMSO-d6, §): 6.84-6.85 (m, 1H), 6.92-6.93 (m, 1H), 7.60 (d, 1H, J=3.2 Hz), 7.70 (dd, 1H, J =
4.0, 0.8 Hz), 8.168-8.173 (m, 1H), 8.26 (s, 1H), 8.28 (d, 1H, J = 0.8 Hz); *C NMR (101 MHz,
DMSO-d6, 8): 173.95 (C=0), 150.77 (CH), 150.29 (C), 149.59 (CH), 149.07 (CH), 139.89
(CH), 125.60 (CH), 121.82 (CH), 117.07 (C), 115.07 (CH), 113.52 (C), 103.20 (C); HRMS
(m/z): calculated for C1,H;NO; [M+H]": 214.04987, found: 214.9802.

2-(furan-2-carbonyl)-3-(thiophen-2-yl)acrylonitrile (1b) : Yield 90%, yellow solid, mp:
135-136°C; IR (ATR, v/cm): 3113-3088 (ArH), 2214 (C=N), 1644 (C=0); '"H-NMR (400 MHz,
DMSO-d6, d): 6.84-6.87 (m, 1H), 7.39-7.42 (m, 1H), 7.70 (dd, 1H, J = 4.0, 0.8 Hz), 8.13 (d,
1H, J = 3.2 Hz), 8.17-8.18 (m, 1H), 8.26 (dd, 1H, J = 4.8, 0.8 Hz), 8.73 (s, 1H); *C NMR (101
MHz, DMSO-d6, §) 173.81 (C=0), 150.33 (C), 149.58 (CH), 148.44 (CH), 141.33 (CH),
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138.00 (CH), 136.56 (C), 129.41 (CH), 121.80 (CH), 117.61 (C), 113.55 (CH), 104.10 (C);
HRMS (m/z): calculated for C1.H7NO>S [M+H]": 230.027026, found: 230.9596.

2-(furan-2-carbonyl)-3-(pyridin-3-yl)acrylonitrile (1c) : Yield 62%, yellow solid, mp:
135-136°C; IR (ATR, v/cm): 3137-3116 (C=CH), 2216 (C=N), 1641 (C=0); 'H NMR (400
MHz, DMSO-d6, 3) 9.12 (s, 1H), 8.78 (d, J= 4.5 Hz, 1H), 8.55-8.48 (m, 2H), 8.22 (s, 1H), 7.79
(d,J=3.6 Hz, 1H), 7.67 (dd, J = 8.0, 4.8 Hz, 1H), 6.88 (dd, J = 3.6, 1.5 Hz, 1H); *C NMR (101
MHz, DMSO-d6, 6) 174.04 (C), 153.48 (CH), 152.51 (CH), 152.49 (CH), 150.27 (CH), 149.89
(C), 136.93 (CH), 128.58 (C), 124.60 (CH), 123.04 (CH), 116.72 (C), 113.73 (CH), 111.36 (C);
HRMS (m/z): calculated for Ci3HsN>O, [M+H]": 225.065854, found: 225.06576.

3-(4-chlorophenyl)-2-(furan-2-carbonyl)acrylonitrile (1d) : Yield 79%, beige solid, mp:
125-126°C; IR (ATR, v/cm): 3143 (C=CH), 3034 (ArH), 2207 (C=N), 1651 (C=0); 'H NMR
(400 MHz, DMSO-d6, ) 8.45 (s, 1H), 8.21 (d, J= 0.9 Hz, 1H), 8.11 (d, J = 8.6 Hz, 2H), 7.75
(d, J = 3.5 Hz, 1H), 7.72 (d, J = 8.6 Hz, 2H), 6.87 (dd, J = 3.6, 1.6 Hz, 1H); *C NMR (101
MHz, DMSO-d6, §) 174.28 (C), 154.02 (CH), 150.10 (CH), 150.00 (C), 138.32 (C), 132.94
(CHx2), 131.22 (C), 129.91 (CHx2), 122.75 (CH), 116.91 (C), 113.66 (CH), 109.74 (C); HRMS
(m/z): calculated for C14HsCINO, [M+H]": 258.031633, found: 258.03144.

2-(furan-2-carbonyl)-3-(4-hydroxyphenyl)acrylonitrile (le) : Yield 63%, orange solid,
mp: 181-182°C; IR (ATR, v/cm): 3304 (OH), 3162 (C=CH), 2212 (C=N), 1606 (C=0) ; 'H
NMR (400 MHz, DMSO-d6, §) 10.92 — 10.87 (bs, 1H, OH), 8.33 (s, 1H), 8.16 (s, 1H), 8.06 (d,
J = 8.5 Hz, 2H), 7.67 (s, 1H), 6.98 (d, J = 8.3 Hz, 2H), 6.83 (s, 1H); *C NMR (101 MHz,
DMSO-d6, 3) 174.75 (C), 163.52 (CH), 155.50 (CH), 150.37 (C), 149.41 (C), 134.74 (CHx2),
123.45 (CH), 121.64 (CH), 118.17 (C), 116.90 (CHx2), 113.42 (CH), 103.85 (C); HRMS (m/z):
calculated for Ci1sHoNO; [M+H]": 240.06552, found: 240.06524.

3-(furan-2-yl)-2-(thiophene-2-carbonyl)acrylonitrile (2a): Yield 87%, yellow solid, mp:
138-139°C; IR (ATR, v/cm): 3085-3031 (ArH), 2210 (C=N), 1629 (C=0); 'H-NMR (400 MHz,
DMSO-d6, d): 6.92 (dd, 1H, J=3.6, 1.6 Hz), 7.34 (dd, 1H, J= 5.2, 3.6 Hz), 7.59 (d, 1H, J=3.6
Hz), 8.15 (dd, 1H, J=4.0, 1.2 Hz), 8.18 (dd, 1H, J=4.8, 1.2 Hz), 8.20 (s, 1H), 8.28 (d, 1H, J =
1.2 Hz); *C NMR (101 MHz, DMSO0-d6, §) 179.47 (C=0), 150.72 (CH), 149.00 (C), 141.52
(C), 140.08 (CH), 137.05 (CH), 135.42 (CH), 129.49 (CH), 125.66 (CH), 117.39 (C), 115.04
(CH), 103.53 (C); HRMS (m/z): calculated for Ci;H,NO,S [M+H]": 230.26242, found:
230.9593.

3-(thiophen-2-yl)-2-(thiophene-2-carbonyl)acrylonitrile (2b) : Yield 84%, yellow solid,
mp: 150-151°C; IR (ATR, v/ecm): 3110-3083 (ArH), 2207 (C=N), 1628 (C=0); 'H-NMR (400
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MHz, DMSO-d6, 6): 7.35 (dd, 1H, J=4.8, 4.0 Hz), 7.40 (dd, 1H, J=4.8, 4.0 Hz), 8.12 (d, 1H,
J=4.4Hz), 8.15 (dd, 1H, J=4.0, 0.8 Hz), 8.18 (dd, 1H, J=4.8, 0.8 Hz), 8.26 (d, 1H, J=4.8
Hz), 8.67 (s, 1H); >*C NMR (101 MHz, DMSO-d6, §) 179.40 (C=0), 148.60 (CH), 141.55 (C),
141.31 (CH), 137.92 (CH), 137.04 (CH), 136.50 (C), 135.46 (CH), 129.54 (CH), 129.41 (CH),
117.89 (C), 104.56 (C); HRMS (m/z): calculated for C1xH/NOS, [MH]": 246.00418, found:
246.0039.

4. Result and Discussion

Initially, the reactions of 3-Oxo-3-(furan-2-yl)-propanenitrile (1) and 2-
furancarboxaldehyde (a) via different catalysts were investigated (Table 1). Inorganic bases,
organic and inorganic acids, and L-proline were tested as catalysts in these reactions carried out
in 80% ethanol solution, and the highest efficiency was obtained when L-proline was used as
the catalyst. In reactions where absolute ethanol was used as a solvent, a significant increase in

yield was observed due to the solubility of the compounds increased.

Table 1: Optimization conditions of Knoevenagel condensation reactions.

(e}
CN +
S S H
\_6 \_6
1 a
No Reactive Solvent Time la b
Yield (%)
1 Na,CO; EtOH/H,0O? o.n. 25
2 K>COs EtOH/H,O! o.n. 38
3 NaOH EtOH/H,O* 0.n. 45
4 KOH EtOH/H,O* o.n. 48
5 der. H,SO4 EtOH/H,O?* 0.n. 5
6 p'TOI“zléfg‘ﬂfomc EtOH/H,0° o.n. 45
7 Silica-Sulfuric acid EtOH/H,O* o.n. 51
8 L-Proline EtOH/H,O* o.n. 65
9 L-Proline EtOH 1h 89
10 L-Proline EtOH 25h 92

a: 80% Ethanole solution were used. b: All experiments were carried out at room temperature.

a-Cyano chalcone compounds were obtained in mid-good yields by performing L-proline
catalyzed Knoevenagel condensation reactions of 3-oxo-propanenitriles (1, 2) and aldehydes (a-
e) (Table 2). The structures of the compounds were clarified through the use of spectroscopic
methods. However, the targeted a-cyanochalcones could not be synthesized from the reactions
of pyridine-2-carbaldehyde with 3-aryl-3-oxo-propanenitriles and the reactions of 3-(pyridin-2-

yl)-3-oxo-propanenitriles with aldehydes. In these experiments, compounds that were insoluble
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in most solvents, dark colored, and had low light transmission were obtained, and their

structures could not be elucidated due to solubility problems.

Table 2: Products of the Knoevenagel condensation reactions of 3-Oxo-propanenitriles (1-3) and
aldehydes (a-f) via L-proline®.

0 0 _ 0
)]\/CN .\ J]\ L-Proline CN
R R ™H  EtoH,rt R
1-3 a-f 1-3a-f "R
No R R' Time Product Yield (%)"
1 Furan-2-yl Furan-2-yl 25h la 92
2 Furan-2-yl Thiophene-2-yl l1h 1b 90
3 Furan-2-yl Pyridine-3-yl o.n. lc 62
4 Furan-2-yl 4-ClI-CeH4 o.n. 1d 79
5 Furan-2-yl 4-OH-CsH4 o.n. le 63
6 Thiophene-2-yl Furan-2-yl lh 2a 87
7 Thiophene-2-yl Thiophene-2-yl o.n. 2b 84
8 Furan-2-yl Pyridine-2-yl o.n. 1f -
9 Thiophene-2-yl Pyridine-2-yl 4h 2f -
10 Pyridine-2-yl Furan-2-yl o.n. 3a -
11 Pyridine-2-yl Thiophene-2-yl o.n. 3b -
12 Pyridine-2-yl Pyridine-2-yl 0.1. 3f -

a: All the reactions were carried out in a 1: 1: 0.2 molar ratio of 3-Oxo-propanenitrile (1-3), aldehyde (a-f)
and L-proline in EtOH at rt.

b: Isolated yield.

0. n. : overnight

When the IR spectra of the products were examined, the vibrations of the aromatic and
vinylic hydrogens were observed in the range of 3162-3031 cm’, the vibrations of the cyano
group were observed around 2210 cm™, and the vibrations of the conjugated carbonyl group
were observed around 1640 cm™ and all these vibrations are as expected (Table 3). le's phenolic

O-H vibration was observed at 3304 cm™.

Table 3: Some selected IR vibrations.

Compound O-H C=C-H C=N C=0

la 3134-3117 2213 1640
1b 3113-3088 2214 1644
Ic 3137-3116 2216 1641
1d 3143-3034 2207 1651
le 3304 3162 2212 1606
2a 3085-3031 2210 1629
2b 3110-3083 2207 1628

In the 'H-NMR spectra of the products except lc, aromatic protons resonated at

between 6.8 and 8.3 ppm. Due to the presence of the pyridine ring in compound 1c, resonance
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occurred in a lower area according to the other compounds, and H-C2 in the pyridine ring gave
a signal as a single peak at 9.1 ppm. While vinylic protons adjacent to the thiophene ring
resonated at 8.7 ppm, vinylic protons in other compounds resonated in the range of 8.2-8.45
ppm. Similarly, in the ?C-NMR spectrum, the carbon atom in the carbonyl group attached to
the thiophene ring gives a peak at 179 ppm, while the carbonyl carbon attached to the furan ring
gives a peak at 174 ppm.

Table 4:. Agar well diffusion test results of the samples.

@ § @« = 8 8 o~
= € §g S 82 -y = 2%
g 2O §S 24 S < SIS SI<a S
2 $2 .o 3T 5S:zE 288 s%z 39
(=" ~ o~ S
E < £ 59 T3k 239 §28 E0o
S S8 T2 S ¥ S5 ©g§ P
SE 9 &< 3 < S S
3
S S8
la 16+£0.2 - - - - - 12+0.43
1b 13+0.05 - - - - - -
1c 2441 17.3£0.5 - - 20+1 17.3+1.5 14+2
1d - - - - - - -
le - - - - - -
2a - 144+0.45 - - - - -
2b - - - - - - -
DMSO - - - - - - *
Ipm 10 28 26 21 * 38 * *
CL30 27 10 - 9 - * *
Te 30 11 21 21 13 16 * *
Da?2 11 16 - 12 14 * 43
Cyc * £ * ES £ 40 ES

(-) not effect, (*) not tested; negative control: DMSO; positive control: Imipenem (Ipm 10); Cephalexin
(CL-30); Tetracycline (TE 30); Clindamycin (Da-2); Cycloheximide (Cyc); units of measurement are
recorded in millimeters

Agar well diffusion test results of 7 different a-cyano chalcones tested are shown in
Table 4. According to the results, compounds 1d, le, and 2b had no effect against
microorganisms, while compound 1c had a significant effect (between 14+2 and 24+1 mm)
against Gram-negative, Gram-positive, and fungi (Fig. 2). Based on the findings of the MIC
test shown in Table 5, although the effects of 1d and le were observed above 2 mg
concentration against two Gram-positive isolates and C. krusei, the effective result of lc

between 0.25 and 4 mg concentrations was remarkable.
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Table 5: Minimal Inhibition Concentration (MIC) test results for the samples

3
@ @) 2

s = O 5 § g 0

g [ = 8o S = >

Z b < < S £ 22 <«

s g9 g B S8 §& 8§ 3
3 ol S N S S SN S~ 2%
2 20 $S 3 SO NS 20 S a

= S =
g Y S& 5% 50 SO SO =€

S =3 g 2 S = S = S = =

= = S S < 2 < < <« S

3 3 3 E 3 S S

3 Q] & 2 = © S

la 125 - - - -

1b 125 500 - 500 - - -
Ic 250 1000 4000 - 500 500 500
1d 2500 2500 - - - - 2500
le 2500 2500 - - - - 5000

2a ; - - : ; - -

2b . - - ; ; - ;

DMSO - - - - - - -

(-) not effect; negative control: DMSO

Compounds 1d, le and 2b showed no antimicrobial effect against the tested
microorganisms in the agar well-diffusion test. While compounds la, 1b, and 2a showed
moderate to good activity only against Gram (+) bacteria, compound lc showed a broad
spectrum of activity against both Gram (+) and Gram (-) bacteria and fungi. In addition, the
antioxidant activities of the compounds were measured by the DPPH method, and the most
effective compound was found to be 1c (Table 6). It is possible to say that compounds 1b and
1d also have moderate antioxidant activity. On the other hand, samples coded 1a, le, 2a, and 2b
were considered as having no activity since they showed antioxidant activity higher than 1000

ug/mL (Table 6).

WAL L Hl s m
N

Figure 2: Agar well-diffusion test result images of (A) B. cereus (B) S. aureus, (C) C. parapsilosis
strains, (D) Five different MIC test result images of B. cereus, '-' on the tubes means no growth, '+' means
growth (turbidity due to growth is seen in the last two concentrations).
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Table 6: ICs0 (ug/mL) antioxidant test results of the samples based on DPPH.

la -
1b 765.74+1.77
Ic 553.14+2.38
1d 736.10+0.51
le -
2a -

2b -
A 110.96+0.58

A: Ascorbic acid; (-) no activity

When the antimicrobial and antioxidant activities of the synthesized a-cyanochalcone
compounds from this study were examined, it was observed that different compounds had
different effects (Tables 4-6). Although it is difficult to evaluate the synthesized o-
cyanochalcone compounds among themselves due to their different chemical structures, there
are still studies on a-cyanochalcone compounds in the literature. One of them, Fahim and Farag
[20], synthesized a-cyanochalcone compounds in their study and reported that the compounds,
including bis-substituted phenyl rings, showed antimicrobial activity in the range of 11.0 £ 0.11
- 19.2 £ 0.21 mm against Gram-positive and negative bacteria and some fungi. In another study
conducted by El-Shenawy [28], in which the synthesis and antibacterial activities of
quinazolinone substituted a-cyanochalcone compound was studied, it was determined that the
compound was effective against Gram-positive (S. epidermidis and S. aureus) and Gram-
negative (P. aeruginosa and E. coli) bacteria in the range of 14-22 mm. Apart from these, a-
cyanochalcone compounds were studied not only in terms of antimicrobial activities but also in
anticancer research, and it was determined that they have potential in the fight against lung
cancer cells [19], colorectal carcinoma [29] and breast cancer cell lines [30]. To the best of our
knowledge, there are only two studies involving the antioxidant properties of a-cyanochalcones
[30, 31]. In the first of these, indole-pyrazole amalgamated a-cyano-substituted chalcones were
synthesized, and it was stated that some of these compounds showed moderate DPPH free
radical scavenging activity [30]. In the second study, compounds with a-cyano-substituted bis
chalcone structure containing indolyl groups were synthesized, and their antioxidant properties
were examined. According to the stated results, the synthesized compounds were found to have
good to excellent DPPH free radical scavenging activity [31]. This study we have conducted, to
the best of our knowledge, will be the third study involving the synthesis and antioxidant
properties of a-cyano chalcones. Due to the scarcity of such studies, when we consider a-cyano

chalcones as two different functional groups, chalcone, and acrylonitrile, there are many studies
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in the literature showing that compounds with these structures also exhibit antioxidant activity

[32-35].
5. Conclusion

In this study, a-cyanochalcone compounds were synthesized in mid-good yields by
performing the Knoevenagel condensation reactions of 3-(heteroaryl)-3-oxopropanenitriles and
various aromatic/heteroaromatic aldehydes. L-proline was found to be the most effective
catalyst among those tested in these reactions. Spectroscopic techniques were used to clarify the
compounds' structures. It was also observed that some of the synthesized a-cyanochalcone
compounds were effective against Gram-positive and negative bacteria and fungi. In addition,
they were evaluated for their antioxidant activity. Although one of the compounds had a five
times lower effect than the tested positive control, it was observed to be promising. All these
data show that the a-cyanochalcone compounds synthesized in this study are remarkable in
terms of their antimicrobial and antioxidant capacities, and their inclusion in the literature

shows the importance of this study.
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Abstract

Immune checkpoints are regulators of the immune system that maintain immune
homeostasis and prevent autoimmunity. Cancer cells often manipulate immune checkpoint
mechanisms to escape anti-tumor immune response by overexpressing the immune checkpoint
ligands. Thus, the interactions between the immune checkpoint receptors and ligands attracted
attention and were proven to be effective targets in treating cancer. In this study, combining
several computational approaches, we discovered small molecules that effectively bind to the
ligand Programmed Cell Death Ligand 1 (PD-L1) and have the potential to hamper its interaction
with the negative immune checkpoint receptor Programmed Cell Death Protein-1 (PD-1).
Different pharmacophore models were constructed using triple and quadruple combinations of
the interface residues on PD-1, which were used later for scanning the ZINC15 database. 12714
small molecules were retrieved and virtually screened using molecular docking calculations. The
complexes of promising small molecules with PD-L1 were further evaluated using energetic and
structural analyses. Our results suggest that the three small molecules ZINC21075815,
ZINC70692276, and ZINC64031730 retrieved from the ZINC15 database establish stable and

energetically favorable interactions with PD-L1 at the hot region consisting of the residues Tyr

* Corresponding Author DOI: 10.37094/adyujsci. 1567604 L@ﬁ
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56, Glu 58, Arg 113, Met 115, and Tyr 123. These molecules can be used as a starting point to

develop more effective and selective anti-PD-1/PD-L1 inhibitors.

Keywords: Inhibitory T cell receptors, immunomodulation; PD-1 receptor; computer-aided

drug design; Molecular docking; Molecular dynamic simulations.

Molekiiler Modelleme Yaklasimlar: Kullamlarak Potansiyel PD-1 ve PD-L1 Etkilesim

Inhibitorlerinin Kesfi
Oz

Bagisiklik kontrol noktalari, bagisiklik homeostazini siirdiiren ve otoimmiiniteyi énleyen
bagisiklik sistemi diizenleyicileridir. Kanser hiicreleri, anti-tiimor bagisiklik yanitindan kagmak
icin siklikla bagisiklik kontrol noktasi ligandlarini agirt ifade ederek bagisiklik kontrol noktasi
mekanizmalarint manipiile eder. Bu nedenle, bagisiklik kontrol noktasi reseptorleri ve ligandlart
arasindaki etkilesimler aragtirmacilarin dikkatini ¢ekmis ve bu etkilesimin kanser tedavisinde
etkili hedefler oldugu gosterilmistir. Bu ¢aligmanin temel amaci, ¢esitli hesaplamali yaklagimlart
birlestirilerek, ligand PD-L1'e etkili bir sekilde baglanan ve negatif bagisiklik kontrol noktasi
reseptorii PD-1 ile etkilesimini engelleme potansiyeli tasiyan kii¢iik molekiiller kesfetmektir. Bu
amag dogrultusunda PD1/PD-L1 ara yiiziinde PD-1 {izerindeki amino asitlerin ii¢lii ve dortlii
kombinasyonlart kullanilarak farkli farmakofor modelleri olusturuldu. Farmakofor modelleri
kullanilarak ZINC15 veri tabani tarandi. ZINC15 veri tabanindan indirilen 12714 kii¢iik molekiil
molekiiller i¢in molekiiler kenetleme c¢aligmalar1 gerceklestirildi. Molekiiler kenetleme
calismalarinda 6ne ¢ikan kiiciik molekiillerin PD-L1 ile komplekslerinin molekiiler dinamik
simiilasyonlar1 gergeklestirildi ve bu kompleksler enerjik ve yapisal analizler kullanilarak
detaylica incelendi. Bulgularimiz, ZINC15 veri tabanindan alman ZINC21075815,
ZINC70692276 ve ZINC64031730 adl ii¢ kiigiik molekiiliin, Tyr 56, Glu 58, Arg 113, Met 115
ve Tyr 123 amino asitlerinden olusan sicak bolgede PD-L1 ile kararli ve enerjik agidan uygun
etkilesimler kurdugunu gostermektedir. Bu molekiiller, daha etkili ve se¢ici anti-PD-1/PD-L1

inhibitorleri gelistirmek i¢in bir baglangi¢ noktasi olarak kullanilabilir.

Anahtar Kelimeler: Inhibitor T hiicre reseptorleri; Immiinomodiilasyon; PD-1 reseptérii;

Bilgisayar destekli ilag tasarimi; Molekiiler kenetleme; Molekiiler dinamik simiilasyonlari.
1. Introduction

The immune system's role in controlling tumor growth and spread is now well established.
However, tumor cells may evolve mechanisms to escape immune surveillance and suppress

immune response. One of the frequently used mechanisms by tumor cells is the exploitation of
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co-inhibitory immune checkpoints via overexpression of immune checkpoint ligands such as
PDL-1[1], CD155[2], and CD112[3]. Revealing how immune checkpoints work has paved the
way for new strategies to fight against cancer. The primary focus in the rapidly emerging field of
cancer immunotherapy is to control and redirect the host immune response to recognize and
eliminate cancer cells. Developing immune checkpoint inhibitors, mainly antibodies, has
provided a remarkable advancement in this field. Those inhibitors exhibit their effects by
interrupting co-inhibitory signals and reactivating antitumor immune responses. PD-1/PD-L1 and
CTLA-4 inhibitors have shown promising effects among the immune checkpoint inhibitors.
Some have been approved for treating different types of cancers, while clinical trials for others
are ongoing [4—6]. PD-1 (CD279), one of the well-studied immune checkpoint receptors, delivers
a co-inhibitory signal when it binds to one of its ligands, PD-L1 and PD-L2. Several monoclonal
antibodies targeting PD-1/PD-L1 interaction have been approved for monotherapy or
combinatorial therapy with other therapeutic agents, such as other immune checkpoint inhibitors,

radiation, and chemotherapy against different cancer types [7, 8].

Despite the success of monoclonal antibodies in immunotherapy against cancer, some of
their disadvantages have led researchers to seek small-molecule or peptide alternatives [7, 9]. The
production cost of monoclonal antibodies remains exceptionally high. While their high molecular
weight prevents them from diffusing into the tumor, their high affinity for the target keeps them
on the outer edge of the tumor. Additionally, their unintended interactions with various cell
surface receptors prolong their retention in circulation and delay their arrival at the target site or
excretion from the body [10, 11]. When administered as a monotherapy, monoclonal antibodies
reported common side effects are fatigue, rash, diarrhea, colitis, endocrine and hepatic toxicities,
pneumonitis, neurological syndromes, and ocular toxicities [12]. For the anti-PD-1 monoclonal
antibodies, severe and sometimes fatal lung-related autoimmune adverse effects have been
reported [13, 14]. This is partly due to PD-1 inhibition simultaneously disrupting the binding of
both ligands, PD-L1 and PD-L2, which play an essential role in maintaining immune homeostasis
in the lung. Targeting PD-L1 has some advantages over targeting PD-1[15]. When PD-L1 is
targeted, PD-L2 remains active, reducing the risk of developing severe inflammatory toxicity in
organs such as the lungs [16]. Moreover, targeting PD-L1 also disrupts the interaction of PD-L1
with B7-1, the function of which is to inhibit T-cell activation and cytokine production [17, 18].

Small molecules have numerous key advantages, such as being cheap, being administered
orally, having low immunogenic potential, and kinetic advantages over significant antibodies
[19]. However, the discovery process for these molecules faces several difficulties, especially for

protein-protein interaction inhibitors [20]. This is due to the lack of natural small-molecule
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binders that can be used as starting points, the relatively large surface area buried by both protein
partners, the flatness of the interfaces, and the absence of narrow, deep cavities at the interfaces.
Fortunately, we also know that the small-molecule effectors do not need to cover the entire
interface due to the small number of interface residues that contribute substantially to binding
affinity [21]. Yet, the protein-protein interaction modulators have been reported to be larger on
average than classical drug molecules and tend to be more hydrophobic and rigid. They have
fewer hydrogen bonding groups than classical drug-like molecules [22]. PD-1/PD-L1 interaction
forms a typical example of protein-protein interfaces. Zak et al. [23] reported that the relatively
flat interface involves polar and nonpolar interactions and has a moderately large, buried surface
area. Their structural analysis showed three major hotspots on PD-L1 that can be important for
drug design. The first hotspot is a pocket of predominantly hydrophobic character that
accommodates Ile 134 of PD-1. The second hotspot is a neighbor of the first one and
accommodates Ile 126 of PD-1. Finally, the third hot spot is an extended groove where the PD-1
residues Tyr 68, Gln 75, and Thr 76 of PD-1 bind.

In this study, we combined several computational approaches to discover new small-
molecule candidates that target the PD-1/PD-L1 interaction. We scanned the ZINC15 database
and retrieved 12714 small molecules that were further evaluated using molecular docking and
molecular dynamic (MD) simulations. Detailed energetic and structural analyses suggested three
molecules that form stable and energetically favorable interactions with PD-L1 at the region

consisting of the residues Tyr 56, Glu 58, Arg 113, Met 115, and Tyr 123.
2. Materials and Methods
2.1. Generation of Small Molecule Set

The atomic coordinates of the PD-1/PD-L1 complex were retrieved from the PDB databank
with the PDB ID 4ZQK. PD-1 (chain B) was used to generate structure-based pharmacophore

models, whereas PD-L1 (chain A) was used as the target protein in docking calculations.

All possible triple combinations of the interfacial residues were generated. Then, the triple
combinations with a distance larger than 7 A between any of their two residues were eliminated,
resulting in 63 triple combinations in total. These triple residue combinations were used to
construct pharmacophores, which were used later to screen the ZINC15 database [24]. 12714
small molecules were retrieved from the ZINC15 database using these pharmacophores. The
pharmacophore models that resulted in a vast number of hits in the ZINC15 database were
reconstructed by including another residue within 7 A distance to the original residues. Thus, 8

more pharmacophore models were constructed using quadruple combinations of interface
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residues. PocketQuery was combined with ZINCPharmer to construct pharmacophore models and

search the ZINC15 database [25].
2.2. Molecular Docking Calculations

We carried out two sets of molecular docking simulations using the molecular docking
software AutoDock 4.2 [26]. In the first set of calculations, we docked 12714 small molecules to
the target protein PD-L1 using the standard Lamarckian genetic algorithm protocol, where the
size of the initial population and the maximum number of energy evaluations were set to 300 and
5 million, respectively. Afterward, we ranked the small molecules based on their free binding
energies to PD-L1. The top 600 molecules were selected and evaluated further in the second set
of docking calculations. In the second set of calculations, the maximum number of energy
evaluations and the number of independent runs were increased gradually. Here, we aimed to
generate a single densely populated cluster with low energy to achieve convergence in the results.
The results are based on 100 independent runs, with a maximum of 30 million energy evaluations

set for each run.

The target protein PD-L1 and the small molecules were prepared for docking using the
AutoDock Tools version 1.5.6 [26]. The torsions of the small molecules were determined by
employing the AutoTors function of AutoDock Tools. Amide and ring torsions were kept rigid,
while all other torsions were treated as flexible. Gasteiger atomic charges were assigned to both
the protein and the small molecules. The non-polar hydrogen atoms were treated implicitly. Grid
maps were generated with 0.375A spacing by the AutoGrid program. The grid dimensions were
chosen to ensure that all of the residues on PD-L1 at the PD-1/PD-L1 interface were included.
Thus, the grid dimensions were 60A x 80A x 60A. The initial position of the ligand was set

randomly in both sets of docking calculations.

We assumed that a docking calculation was converged when 20% of the 100 independent
runs resulted in the same binding conformation. Subsequently, we ranked the molecules that fulfill
the convergence criterion according to their binding free energies and selected the top 20

molecules for further analysis.
2.3. Parameterization of Small Molecules

Topologies and parameters for the small molecules selected for molecular dynamic (MD)
simulations were obtained using the Antechamber Python Parser Interface (ACPYPE) [27]. The
spatial coordinates of each small molecule were obtained from the top-ranked conformation

within the dominant cluster. The AM1-BCC charges were derived after the optimization of the
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structure [28]. Force constants and equilibrium values for the bond lengths, angles, and dihedrals

of the compounds were borrowed from the General Amber Force Field (GAFF) [29].
2.4. Molecular Dynamics (MD) Simulations

In this work, we performed 11 ns conventional MD simulations of 20 protein-ligand
complexes solvated in explicit water, utilizing Gromacs version 5.1.2 [30]. For the MD simulation
of each complex, we used the highest-ranking conformation within the dominant cluster derived
from molecular docking runs as starting structures. The complex was inserted in a cubic box filled
with TIP3P water molecules, and the whole system was neutralized by adding counterions. The
Amber force field ff99sb-ildn [31] was utilized for modeling the interactions of protein and ions.
The short-range non-bonded interactions were cut at 1.2 nm. The electrostatic interactions were
treated using the particle mesh Ewald method. A dispersion correction was implemented for

pressure and energy, while periodic boundary conditions were enforced in every direction.

Energy minimization was performed using a combination of algorithms, performing 1000
steps of the conjugate gradient method, with one steepest descent step inserted every 10 steps.
After minimization, we equilibrated each system by running 100 ps of molecular dynamics (MD)
in the NVT ensemble. During equilibration, the non-hydrogen atoms of the protein were
harmonically restrained with a force constant of 1000 kJ mol™ nm™=. Solute and solvent atoms
were independently coupled to temperature baths where the temperature was maintained at 300
K with a coupling time of 0.5 ps. A leap-frog algorithm was used to integrate Newton’s motion
equations, with a time step set to 2 fs. We used an NPT ensemble for the production phase without
applying any restraints. The pressure was kept at 1 bar with the help of the Parrinello-Rahman
barostat [32], setting the time constant to 0.5 ps. To regulate the temperature, we employed the
Nose-Hoover temperature coupling method [33, 34], setting the reference temperature to 300 K

and the time constant to 0.5 ps. The generated trajectories were used for free energy calculations.
2.5. Binding Free Energy Calculations

The end-point MM(PB/GB)SA method integrates gas-phase and solvation energy
contributions derived using an implicit solvent model for the ligand, receptor, and complex.

Additionally, solute entropy contributions are included to refine the total free energy.

In this work, we used the single trajectory approach to derive the binding free energies for
the selected compounds. We treated the first 1 ns of each trajectory as the equilibrium phase.
Before the free energy calculations, water molecules and ions were removed from the trajectory

files. The computations were performed with the MMPBSA.py script of AmberTools18 [35]. For
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the calculation of the gas phase free energy contributions, the Sander program in AmberTools18

was utilized.

The polar contribution of solvation-free energy was derived using the continuum solvent
model GB-OBC introduced by Onuftriev et al. [36]. The values 1.0, 0.8, and 4.85 were used for
the parameters a, B, and y. As Onufriev et al. [37] suggested, we utilized mbondi2 radii for
effective Born radii. The LCPO method [38] was used to approximate the nonpolar components
of solvation-free energy. Translational, rotational, and vibrational entropies were calculated

individually and then summed to estimate the solute configurational entropy.

We computed the translational and rotational entropies from their gas phase partition
functions. Frequencies for the vibrational modes were derived by normal-mode analysis following
energy minimization. The entropy was averaged using 200 equally spaced snapshots taken from

the trajectory.

To calculate the standard error of the binding free energy, we combined the standard errors
for the effective energy from the MMGBSA method and the solute entropy using quadrature. The
resulting standard error was then used to create a 95% Welch-Satterthwaite confidence interval

for the binding free energy.

As positive controls, two well-characterized PD-L1 dimerizers (BMS-202 [39] and A1D9R
[40]) and two compounds that bind PD-L1 in its monomeric form (CA-170 [41] and the cyclic
peptide, Peptide 104, [42]) were used. For BMS-202 (5J89, chain C) and A1D9R (9INU, chain
A), docked models and available crystal structures were used as starting structures for the
simulations. For Peptide 104, only the crystal structure (PDB ID: 70UN) was used, as the number
of torsions exceeded the maximum allowed for docking. In the case of CA-170, a representative
docked conformation was obtained as explained in the Materials and Methods, as no crystal

structure was available.
3. Results and Discussion
3.1. Generation of Small-molecule Dataset

The interface residues of the PD-1/PD-L1 complex were retrieved from the PDBsum
database. PD-1 and PD-L1 contribute to the interface with 17 residues, corresponding to an
interface area of 1557 A? that forms 2 salt bridges, 11 hydrogen bonds, and many other non-
bonded close contacts. Using the interface residues on PD-1, 71 different pharmacophore models
were constructed to be used later for scanning the ZINC15 database. Some of the pharmacophores

did not match with any small molecules, while others resulted in millions of molecules. We
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modified the pharmacophore models, which resulted in millions of molecules, including another
nearby residue that fulfilled our distance criterion. More than 12000 small molecules were
retrieved from the ZINC15 database using the pharmacophore models constructed from the PD-
1 interfacial residues. Based on the residue combinations used for pharmacophore modeling, the

number of retrieved molecules ranges from 1 to 4367.
3.2. Virtual Screening by Molecular Docking

We selected the molecules based on their binding free energies in the first set of docking
calculations. This calculation set resulted in 600 promising small molecules further evaluated in
the second set of calculations, where a more extensive search was performed. The molecules were
filtered based on the convergence criterion (see the Methods Section) and ranked according to
their binding free energies. Table 1 lists the top 20 molecules together with some of their
molecular properties and their binding free energies obtained from molecular docking. As seen in
Table 1, the most promising 20 molecules have quite different molecular properties. Among those
molecules, there exists one tripeptide (ZINC83308150) and 2 macrocycles (ZINC94303267 and
ZINC94303139). The molecular weight, logP values, and the charges for those molecules range
from 350.5 to 765, -6.9 to 7.1, and O to 5, respectively (see Table 1).

We examined the docked conformations of the top 20 molecules and found that all of them,
although they are of different molecular characters, were bound to the same site on PD-L1 (see
Fig. 1b). This site covers two of the three hotspots reported before by Zak et al. (see Fig. 1a).
Even though the grid box used in docking calculations spanned the whole interface on PD-L1, the
site preference of the top 20 molecules suggests that the two hotspots (HS-1 and HS-2) may, in
fact, be druggable.

Table 1: The top 20 promising molecules came out of molecular docking calculations. The reported

binding free energies were obtained from the second set of molecular docking calculations. The molecular
weight and logP values were taken from the ZINC15 database.

Molecule ID Molecular LogP Charge Binding free energy
Weight (kcal/mol)
ZINCT77271764 539.6 -6.9 5 -17.3
ZINC77271775 539.6 -6.9 5 -15.8
ZINC67910521 666.8 1.8 0 -14.2
ZINC83308150 426.6 -1.7 0 -12.1
ZINC94303267 720.9 1.3 2 -11.9
ZINC67903231 682.8 0.4 0 -11.7
ZINCT77257248 678.9 33 0 -11.4
ZINC22048461 449.7 2.2 2 -11.2
ZINC36047071 4334 -1.8 0 -11.2
ZINC39500620 412.5 1.2 1 -11.0
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ZINC39362507 378.5 0.9 1 -10.8
ZINC21075815 464.6 4.7 0 -10.6
ZINC70692276 536.6 0.4 0 -10.5
ZINC20832674 487.6 2.1 0 -10.5
ZINC59676745 632.8 7.1 0 -10.4
ZINC40173059 505.5 5.8 0 -10.3
ZINC64031730 350.5 0.4 1 -10.3
ZINC77257358 620.8 3.1 0 -10.2
ZINC35456718 520.5 0.1 0 -10.1
ZINC94303139 765 1.9 1 -10.1

Figure 1: Site preference of the top 20 molecules on PD-L1. a) The 3 hotspots (HS-1, HS-2, and HS-3) on
PD-L1 reported by Zak et al. b) Docked top 20 molecules shown with stick representation. The PD-L1
residues that contribute to the PD-1/PD-L1 interface are depicted in the yellow surface.

3.3. Energetic and Structural Evaluation of PD-L1/Small-molecule Complexes

We performed 11 ns MD simulations of 20 protein-ligand complexes derived from
molecular docking calculations. For all analyses performed using MD simulation trajectories, the

first 1 ns was treated as the equilibrium phase and discarded.

Table 2 summarizes the energy contributions of each term obtained from MMGBSA and
entropy calculations. Free energy calculations put forward 6 molecules (ZINC77271775,
ZINC67910521, ZINC67903231, ZINC21075815, ZINC70692276, and ZINC64031730) whose
free energies of binding vary from -7.1 to -18.1 kcal/mol (see Table 2). Binding free energies for
the other 14 molecules are higher than -5 kcal/mol, which indicates nonspecific binding or no
binding. Therefore, we decided to further assess the complexes for the 6 promising small

molecules using detailed structural analysis.
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Table 2: MMGBSA and entropy contributions to the binding free energies for the top 20 molecules. VAW
and EEL refer to the average Van der Waals and electrostatic interaction energies, respectively, while EGB
and ESURF represent the average polar and nonpolar solvation-free energies. TOTAL indicates the
MMGBSA effective energy, which includes the contribution of solute entropy. The values in parentheses
represent the standard deviations, and the brackets indicate the 95% Welch-Satterthwaite confidence
interval for the binding free energy.

Molecule ID MMGBSA Entropy Binding free energy
VAW EEL EGB ESURF TOTAL (keal/mol)
ZINC77271764 -16.1 -283.2 2793 -3.1 -23.1(3.9) -19.8(3.6) -3.3[-3.8,-2.8]
ZINC77271775 -25  -392.0 360.8 -2.7 -36.4(6.5) -18.3(3.4) -18.1[-18.7,-17.5]
ZINC67910521 -329 -155 240 -4.1 -285(3.9) -193(3.0) -9.2[-9.7,-8.7]
ZINC83308150 -222 -102 219 -32 -13.7(4.1) -18.6(3.9) 4.9[4.3,5.5]
ZINC94303267 -12.6 -80.0 8l.6 -2.2 -13.2(54) -182(3.1) 5.0[4.5,5.5]
ZINC67903231 -345 -121 249 45 -26.2(3.8) -18.0(3.4) -8.5[-8.7,-7.7]
ZINC77257248 -264 -16.6 221 -3.7 -24.6(6.2) -20.1(3.3) -4.5[-5.0,-4.0]
ZINC22048461 -12.1  -1623 1533 -2.5 -23.6(6.5) -19.6(3.7) -4.0[-4.6,-3.4]
ZINC36047071 -25.0 -36.7 451 -34 -20.0(3.9) -19.5(25) -0.5[-0.9,-0.1]
ZINC39500620 -255 324 432 3.1 -17.8(3.8) -19.7(29) 19][1.5,2.3]
ZINC39362507 -16.4 -76.7 783 -2.2 -17.0(4.3) -19.5(3.4) 2.5[2.0,3.0]
ZINC21075815 -25.1 =379 393 -38 -27.5(4.0) -18.9(3.0) -8.6[-9.1,-8.1]
ZINC70692276 -25.0 -404 439 -34 -249@3.8) -17.8(2.1) -7.1[-74,-6.7]
ZINC20832674 -30.8 -13.2 255 -44 -229(49) -219@M4.2) -1.0[-1.6,-0.4]
ZINC59676745 -33.3 -89 214 -4.1 -249(4.5) -22.6(3.0) -23[-28,-1.8]
ZINC40173059 -26.7 9.5 183 -3.1 -21.034) -183(22) -2.7[-3.0,-24]
ZINC64031730 -219 750 726 -24 -26.7(3.0) -18.8(2.8) -7.9[-8.3,-7.5]
ZINC77257358 -342 -102 227 45 -26.2(42) -219@3.2) -43[-48,-3.8]
ZINC35456718 -27.3 =203 293 3.7 -22.0(8.3) -21.9(3.5) -0.1[-0.7,0.5]
ZINC94303139 -22.0 -26.8 39.0 -3.1 -129(2.9) -213(3.5) 8.4[7.9,8.9]
Peptide 104 -49.9 -144.0 1582 -7.9 -43.6 (10.5) -31.0(3.9) -12.6[-13.4,-11.8]

Table 3 depicts some structural properties of the complexes formed by PD-L1 and 6 small

molecules. The root mean square deviation (RMSD) values were computed using the docked
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conformations of the molecules as reference structures after aligning the protein conformations.
While RMSD values show how the molecular conformations during the simulations differed from
the docked conformations, the standard deviations show how stable the binding conformations
were throughout the simulations (See Table 3). Fig. 2 shows how the RMSD values for the
promising 6 small molecules change over time. The compounds ZINC77271775 and
ZINC67910521 adopted conformations that were different from their docked conformations
during the simulations. The compound ZINC67903231 did not adopt a stable conformation over
time (see Fig. 2). However, ZINC21075815, ZINC70692276, and ZINC64031730 preserved
conformations close to their docked conformations throughout the simulations (see Fig. 2). The
average RMSD values were 2.4 A, 2.5 A, and 3.1 A for ZINC21075815, ZINC70692276, and
ZINC64031730, respectively (see Table 3).
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Figure 2: RMSD values for 6 promising molecules over time. The RMSD values were computed using the
docked conformations of the molecules as reference structures after aligning the protein conformations.

The buried solvent-accessible surface area (BSASA) was calculated as the sum of the
solvent-accessible surface area of PD-L1 and the small molecule minus the solvent-accessible
surface area of the complex. Note that we did not assume interface symmetry and did not divide
the total buried solvent accessible surface area by two. Hence, the values in Table 3 involve the
surface contributions of both binding partners. The smallest (ZINC64031730) and the largest
(ZINC77271775) BSASA values given in Table 3 account for 43% and 63% of the solvent-
accessible surface area buried upon complexation of PD-1 and PD-L2 (1557 A?%). Except for
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ZINC77271775, our small molecules tend to form fewer hydrogen-bonding contacts than average
drug-like molecules. The average BSASA values and the number of hydrogen-bonding contacts

the molecules formed are comparable to those previously reported for TIMBAL molecules [22].

Table 3: Structural properties of 6 promising molecules and their complexes. The docked conformations
of the molecules served as the reference points for RMSD calculations following the alignment of the
protein conformations. Values given in parentheses stand for standard deviations. BSASA values and
several hydrogen bonds were computed using the Gromacs routines gmx-sasa and gmx-hbond, respectively,
with default settings.

Molecule ID Chemical Structure RMSD H-bonds BSASA (A%)

HO
P NH2
ZINC77271775 How. Q 5.5(1.8) 6.2(1.0) 979.0 (63.0)
oy 0 & ::
NH2
NH2
ZINC67910521 9.4 (2.3) 1.6(0.6) 922.3(52.2)
ZINC67903231 4.7(1.6) 0.7(0.8) 950.9 (56.4)

NH N N OH
ZINC21075815 f 2.4(0.5) 1.6(1.2) 772.0(50.4)
7z © \

OH

OQOH 2.5(0.8) 2.3(0.8) 942.4(48.3)
H

OH

ZINC70692276
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ZINC64031730 NHT(\N - 3.1(0.5) 1.9(0.8) 670.5 (40.2)
'&/N \ NQ\

Figure 3 depicts the binding conformations of the three molecules (ZINC21075815,
ZINC70692276, and ZINC64031730) that preserved conformations close to their docked
conformations. As evident from Fig. 3, the PD-L1 surface exhibits high structural plasticity;
therefore, the three hotspots shown in Fig.la are no longer readily distinguishable. The
rearrangement of the side chains of the contact residues (the RMSD value for the backbone of
PD-L1 was smaller than 2 A throughout the simulations) enabled stable interactions with the small
molecules. We utilized the program LigPlot+ [43] to identify the PD-L1 residues forming contact
with the small molecules. Even though the binding region on PD-L1 adopts a different
conformation for each molecule, the contact residues are common (Tyr 56, Glu 58, Arg 113, Met
115, and Tyr 123) for all molecules. The common contact residues Tyr 56, Glu 58, Arg 113, Met
115, and Tyr 123 constitute the first hotspot, a pocket of predominantly hydrophobic character,
and accommodates the PD-1 residue Ile 134 [23]. It is well-established that the free energy of
binding is not evenly distributed across the interface; instead, a small subset of interface residues
(enriched in tryptophan, tyrosine, and arginine) contributes substantially to the free energy of
binding [21].

ZINC64031730 (c) on PD-L1. The small molecules are shown in stick representation. The PD-L1 residues
that contribute to binding are depicted in the orange surface. The conformations represent the last snapshots
of the corresponding MD trajectories.

Moreover, it was shown that those energetically critical residues are not randomly
distributed but rather form clusters termed hot regions [44]. A recent study that addresses hot

regions at the PD-1/PD-L1 interfaces defined two hot regions, which comprise the residues Tyr
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56, Glu 58, and Asn 66 and the residue Met 115, respectively. The first region (Tyr 56, Glu 58,
and Asn 66) was important in antibody and small-molecule binding. In contrast, the second region
(Met 115) was found to be necessary only in small-molecule binding [45]. Considering the site
preference of the top 20 molecules in molecular docking calculations and the structural and
energetic analysis of the MD trajectories of the PD-L1/Small-molecule complexes together with
previously reported findings suggests that the PD-L1 residues Tyr 56, Glu 58, Arg 113, Met 115
and Tyr 123 comprise the hot region on PD-L1 at the PD-1/PD-L1 interface and this hot region
is the most likely region to accommodate a small-molecule inhibitor of protein-protein

interactions.
3.4. Comparisons with Known PD-L1 Inhibitors

Most well-known small-molecule PD-L1 inhibitors like BMS-202, A1D9R, and their
analogs work by inducing PD-L1 dimerization, which sterically blocks PD-1 binding [46].
However, our aim in this study was to discover non-dimerizing small molecules that inhibit PD-
1 binding. There are limited non-dimerizing PD-L1 inhibitors with well-defined structural and
mechanistic evidence, and all are either antibodies or larger peptide/macrocyclic compounds that
fall outside the typical small-molecule criteria. In fact, an analysis of all 67 human PD-L1
structures deposited in the Protein Data Bank further supported this, revealing the lack of well-

characterized non-dimerizing small molecules.

Since no non-dimerizing small molecule with strong structural or mechanistic evidence for
PD-L1 binding was available, we performed simulations of several reported compounds to
evaluate their stability and binding behavior. Simulations of BMS-202 and A1D9R with
monomeric PD-L1 showed unstable binding. None of the ligands kept their initial conformations,
whether starting from docking poses or crystal structures. The average RMSD values exceeded
12 A and 8 A for BMS-202 and A1D9R, respectively, indicating substantial deviation from crystal
structures. This is not surprising as these compounds bind to the dimeric form of PD-L1 in their

crystal structures and interact with residues from both monomers.

CA-170 is an orally available small-molecule antagonist targeting PD-L1/PD-L2 and
VISTA, proposed to disrupt PD-1/PD-L1 interaction without inducing PD-L1 dimerization.
Although it has advanced to Phase I clinical trials, its direct binding to PD-L1 remains debated
[41, 47]. CA-170 detached from PD-L1 within the first 3 ns of simulation, suggesting a lack of
stable interaction. This observation aligns with the study reporting no direct interaction with PD-

L1, supporting the view that CA-170 may act through an indirect or alternative mechanism [46].
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Since well-known small molecules do not form stable interactions with monomeric PD-L1,
we used the cyclic Peptide 104 as a positive control. This peptide maintained stable binding to
monomeric PD-L1 throughout the simulation, with an average RMSD below 2.0 A. The binding
free energy computed using our protocol was —12.6 kcal/mol, consistent with the reported
moderate binding affinity (120 nM) of the peptide [42], considering that MM/GBSA calculations
often overestimate binding affinity [48]. Peptide 104 keeps its key interactions with residues Ile
54, Tyr 56, Met 115, and Tyr 123 in the simulation, which aligns with the binding regions
observed for our most promising compounds, emphasizing the importance of this surface region

for non-dimerizing PD-L1 binding.

4. Conclusion

In this study, using triple and quadruple combinations of the interface residues on PD-1,
we constructed several pharmacophore models to scan the ZINC15 database. More than 12000
small molecules were retrieved from the ZINC15 database. The retrieved small molecules were
virtually screened using molecular docking calculations. We further evaluated the complexes of
promising small molecules energetically and structurally. Overall, our results suggest that the
three small molecules ZINC21075815, ZINC70692276, and ZINC64031730 establish stable and
energetically favorable interactions with PD-L1 at the hot region consisting of the residues Tyr
56, Glu 58, Arg 113, Met 115, and Tyr 123. This surface region undergoes local structural
rearrangements and provides sufficient space and interaction surface to accommodate relatively
large ligands such as ours. The positive control, Peptide 104, forms also key interactions with this

surface region, underscoring the relevance of this region for non-dimerizing binding.

Our study highlights the relevance of incorporating molecular dynamics in drug discovery,
as it provides a deeper understanding of the interactions and behavior of molecules in a dynamic
environment. The molecules ZINC21075815, ZINC70692276, and ZINC64031730 have
moderate estimated binding affinities (-8.6, -7.1, and -7.9 kcal/mol, respectively) for PD-L1 and
can be used as starting points to develop more effective and selective non-dimerizing anti-PD-

1/PD-L1 inhibitors.
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Abstract

White rot fungi can produce exopolysaccharides (EPS) and these EPSs have the potential
to be used in various applications. Trametes versicolor, a white rot fungus, can also produce high
amount of EPS. EPS production varies depending on fermentation method, production conditions,
nutrient sources (especially glucose concentration) in the medium, and also the strain used.
Therefore, in this study, EPS production ability of 7. versicolor strain collected from
Hatay/Turkey was firstly investigated during the repeated-batch fermentation (RBF) process.
T. versicolor was incubated under RBF condition. After investigating the EPS production in
different media during repeated-batch process, the effect of medium retention time on EPS
production was determined. Then; the effects of agitation, temperature, pH, amount of pellets
used and amount of glucose on EPS production were determined. The results of the study showed
that both production conditions and glucose concentration affect the EPS production of this strain
during the RBF process.

Keywords: Exopolysaccharide; Repeated-batch fermentation; Trametes versicolor; White

rot fungus.
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Yeni izole Edilmis Trametes versicolor’un Tekrarh-Kesikli Fermentasyon Siirecinde

Ekzopolisakkarit Uretme Potansiyelinin Arastiriimasi
Oz

Beyaz ciiriik¢iil funguslar ekzopolisakkarit (EPS) iiretebilir ve bu EPS'lerin ¢esitli
uygulamalarda kullanilma potansiyeli vardir. Beyaz ciiriik¢iil fungus olan Trametes versicolor da
yliksek miktarda EPS {iretebilir. EPS iiretimi fermentasyon metodu, iiretim kosullari, ortamdaki
besin kaynaklar1 (6zellikle glukoz konsantrasyonu) ve ayrica kullanilan susa bagli olarak degisir.
Bu nedenle, bu ¢aligmada 6ncelikle Hatay/Tiirkiye'den toplanan 7. versicolor susunun EPS iiretim
yetenegi tekrarli-kesikli fermentasyon (TKF) siirecinde arastirilmistir. 7. versicolor, TKF
kosulunda inkiibe edildi. Tekrarli-kesikli siire¢ sirasinda farkli ortamlarda EPS {iretimi
aragtirildiktan sonra, besiyeri alikonma siiresinin EPS {iretimi iizerindeki etkisi belirlendi. Daha
sonra da calkalama, sicaklik, pH, kullanilan pelet miktar1 ve glukoz konsantrasyonun EPS iiretimi
tizerindeki etkileri belirlendi. Caligmanin sonuglari, hem iiretim kosullarinin hem de glukoz

konsantrasyonun bu susun TKF siirecinde EPS iiretimini etkiledigini gdstermistir.

Anahtar Kelimeler: Beyaz ¢irikgil fungus; Ekzopolisakkarit; Tekrarli-kesikli

fermentasyon; Trametes versicolor.
1. Introduction

Exopolysaccharides (EPS) are polysaccharides secreted by microorganism into the
extracellular medium. The biological activities of EPSs (long chain and molecular weight
polymers composed of especially sugar units) including anti-inflammatory, antioxidative,
antitumoral and antidiabetic have led to their increasing interest in various fields and especially

in medicine [1, 2].

White rot fungi are efficient EPS producers. It was reported that the EPS from Pleurotus
pulmonarius has potential antioxidant capacity and therefore, it can be used for functional food
and medicine production [3]. Similarly, EPS from Pleurotus eryngii have antitumoral and
antioxidative activities [1]. Trametes versicolor is a biotechnologically important medicinal white
rot fungus. It can be used in bioremediation and for producing various enzymes such as laccase
and peroxidases. Another important characteristic of this fungus is its ability to produce EPS [4-
6]. The anti-inflammatory and prebiotic potential of crude EPS obtained from submerged culture

liquid of T. versicolor was also reported [7].
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EPS production potential varies depending on microorganism and even the strain used,
physical conditions of the microorganism such as agitation, pH and temperature, and also

inorganic/organic sources in the growth medium [8].

Fermentation method is also important for EPS production. Repeated-batch fermentation
(RBF) method is an alternative method to batch method, and it allows maintenance long term
activity of fungal pellets for a long period of time [9]. This method can also be used for production
of metabolites and it improves the productivity of fungal products [10-13]. In this method, the
mycelia of the fungus are in free pellet form and free pellets are self-immobilized mycelia [10,
14]. It is possible to store and reuse these pellets and retain their long-term activity [10]. For
example, it is an easy and simple process for production of high amounts of laccase enzyme by
whole fungal pellets. RBF process was reported as the efficient method for obtaining high amount
of EPS [2]. This method provides an easy operation for EPS production by free and immobilized
pellets of Ganoderma lucidum [15, 16]. Highly stable Ganoderma pfeifferi pellets can be used in
extended fermentation cycles for production of EPS efficiently [14]. It is possible to produce EPS
with antioxidant activity by immobilized Chinese medicinal mushroom Cordyceps militaris [17].
However, there are limited studies on EPS production under RBF conditions [13, 15, 16] and
according to our literature knowledge, there is no study on EPS production potential of repeated-
batch culture of 7. versicolor and this strain. The aim of this study is to investigate the EPS

production potential of newly isolated 7. versicolor pellets during RBF process.
2. Materials and Methods
2.1. Fungus

The white rot fungus Trametes versicolor was used in this study. This fungus was isolated
as a pure culture after being collected from Hatay/Turkey and stored in Biotechnology laboratory

in Inonu University. It was maintained at 4 °C on Sabouraud dextrose agar (SDA) plates.
2.2. Production of Stock Inoculum and Pellets

T. versicolor cultured on SDA plates was inoculated on slant SDA and incubated statically
at 30 °C for 5 days. After incubation, distilled water was added, and a conidial suspension of the
culture was prepared. Four mL of this suspension was transferred into 250 mL flask containing
100 mL Sabouraud dextrose broth (SDB) and the culture was incubated at 30 °C and 150 rpm for
5 days. After incubation, the whole culture was gently homogenized and 1.5 mL of this
homogenized culture inoculated into fresh SDB. This culture was incubated and then

homogenized in the same conditions as above. This homogenized culture was used as stock
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inoculum culture. For fungal pellet production, 7.5 mL from this stock inoculum culture was
inoculated into 600 mL SDB/1000 mL flask. It was incubated 30 °C and 150 rpm for 5 days and
the pellets obtained [18].

2.3. Repeated-Batch Fermentation with Fungal Pellets

The fungal pellets prepared as stated above were harvested and used for RBF studies.
Appropriate amounts of the prepared pellets were transferred to fresh medium to be used in RBF
studies and incubated. After incubation, the culture was filtered under sterile condition, and fresh

medium was added onto the pellets remaining in the flask [18].
2.4. Selecting the Most Appropriate Culture Medium for EPS Production
Firstly, the RBF studies were conducted in two different culture media. These media were
A) Commercial SDB medium (g/L): Peptone 10, glucose 20

B) Complex medium (CM) (g/L): KH,PO,4 0.5, MgS04.7H,0 0.5, peptone 2, yeast extract
2, glucose 22.

In RBF experiments, the pellets were, firstly, transferred into 100 ml medium/250 mL.
After incubation for appropriate time, the culture was filtered without removing the pellets. The
medium was discharged and was exchanged with fresh medium. In these experiments the pellets
were repeatedly used in these two media for 3 times with medium retention time of 1 h, 2 h, 24 h

or 72 h and then, the most appropriate medium and retention time were selected.
2.5. Optimization the EPS Production of Repeated-Batch Cultures

These studies were performed in the most appropriate medium. After the most appropriate
medium selected, studies were conducted to determine the optimum conditions for
exopolysaccharide production in this medium. The medium and medium retention time used in

these studies were the Complex medium and 24 h, respectively.
2.5.1. Effect of Agitation on EPS Production of Repeated-Batch Cultures

Effect of agitation on EPS production of pellets during RBF was investigated within the
agitation rate of 0-200 rpm. The temperature and pellet amount used were 30 °C and 20 g,

respectively.
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2.5.2. Effect of Incubation Temperature on EPS Production of Repeated-Batch

Cultures

To test the effect of incubation temperature on EPS production of pellets during RBF, the
cultures were incubated within the temperature range of 20-40 °C. The agitation rate and pellet

amount used were 150 rpm and 20 g, respectively.
2.5.3. Effect of Initial pH on EPS Production of Repeated-Batch Cultures

Effect of initial pH on EPS production of pellets during RBF was investigated within the
pH range of 3.0-7.0. The incubation temperature, agitation rate and pellet amount used were 30

°C, 150 rpm and 20 g, respectively.
2.5.4. Effect of Pellet Amount on EPS Production of Repeated-Batch Cultures

Different pellet amounts (5, 10, 20 and 30 g) were tested to determine the effect of pellet
amount on EPS production during RBF studies. The incubation temperature, agitation rate and

initial pH used were 30 °C, 150 rpm and 7.0, respectively.

2.5.5. Effect of Glucose Concentration on EPS Production of Repeated-Batch

Cultures

To determine the effect of glucose concentration on EPS production 0, 11, 22, 44, 88 g/L
of glucose (final concentrations) were used, and RBF were conducted under the optimum culture

parameters detected.
2.6. Isolation of Exopolysaccharide

To isolate the EPS from culture broth of repeated-batch cultures, the culture was
centrifuged at 9000 rpm for 15 min. to separate the supernatant from pellets. The supernatant
obtained was mixed with cold ethanol and kept overnight at 4 °C. Then, it was filtered using filter
paper (pre-dried at 65 °C for overnight/pre-weighed) and the filter paper with EPS was kept again
at 65 °C for overnight, placed in desiccator and dried to a constant weight. After that, the dry
weight of the EPS was calculated [14, 19]. The macroscopic image of EPS obtained under optimal

condition during RBF is shown in Fig. 1.
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Figure 1: Macroscopic image of EPS.

3. Results and Discussion

Both the isolation of new microorganisms/strains and increasing the capacity of EPS
production attract the attention of researchers [17, 20]. Trametes versicolor is one of the most
frequently studied medicinal mushroom [7]. Therefore, in this study, the EPS production ability
of T. versicolor strain collected and isolated from Hatay/Turkey was investigated under repeated-
batch fermentation conditions. This fermentation method has various advantages such as storage
and reuse of the pellets and use of fungal pellets for a long period of time with long-term activity
[9, 10]. The effects of various production conditions and glucose concentration on EPS production

of this strain was also tested.
3.1. Selecting the Most Appropriate Culture Medium

EPS production by 7. versicolor pellets under RBF was investigated in two different media
(SDB and CM). These pellets were used for 3 times with various medium retention times of 1 h,
2 h, 24 h and 72 h. Low amounts of EPS could be produced at the retention times of 1 h and 2 h.
On the other hand, when the medium retention time of 24 h was used, the amounts of EPS detected

at third cycle were 2.14+0.36 and 2.75+0.33 g/L in SDB and CM media, respectively (Table 1).
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Table 1: EPS production (g/L) by T. versicolor pellets in SDB and CM media at 24 h and 72 h medium
retention times.

Medium Retention Time

24 h 72 h
Number of Times Pellets SDB CM SDB CM
Used
First cycle 1.88+0.16 1.67+0.07 2.02+0.10 1.74+£0.23
Second cycle 1.80+0.27 3.06+0.17 1.13+£0.23 1.99+0.32
Third cycle 2.14+0.36 2.75+0.33 1.32+0.31 2.41+0.10

When 1 h and 2 h medium retention times used the cumulative total EPS amounts obtained
after three cycles were below 2.5 g/L. However, when medium retention of 24 h and 72 h were
used for SDB cultures, the cumulative total EPS amounts after three cycles were 5.82 and 4.47
g/L, respectively. These values were 7.48 and 6.14 g/L for CM cultures (Fig. 2). The fungal pellets
could produce low amounts of EPS at short retention times. However, when medium retention
times of 24 h and 72 h were conducted, higher EPS amounts were obtained by the pellets (Fig.
2). As aresult of the studies, CM medium and 24 h medium retention time were selected and used

throughout the studies.

= SDB
ECM

S = N W A 0N X
1

24 72
Medium retention time (hour)

Cumulative total EPS amount (g/L)

Figure 2: EPS production (g/L) by T. versicolor pellets at 24 h and 72 h medium retention times after three
cycles in SDB and CM media.
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3.2. Effect of Agitation Rate on EPS Production of Pellets During Repeated-Batch

Fermentation

Agitation and aeration ensure good mixing of liquid, solid and gas phases in the medium.
However, high agitation rates can also cause the pellets to break down. Therefore, the effect of
agitation on EPS production during RBF mode was tested. Agitation affected the EPS production
of the pellets. As can be seen from Table 2, the EPS production of the RB cultures at each cycle
remained low when the culture was mixed at low agitation speed such as 50 ppm or without
mixing. However, higher levels of EPS could be produced at 100 (2.1540.19 at third cycle) and
150 rpm (3.06+0.17 at second cycle) and the production decreased at 200 rpm.

Table 2: Effect of agitation on EPS (g/L) production of pellets during RBF.
Number of Times Pellets Used

Agitation (rpm) 1 2 3

0 0.34+0.13 0.62+0.05 0.63+0.06
50 0.19+0.09 0.64+0.15 0.78+0.09
100 0.65+0.04 1.81£0.52 2.15+0.19
150 1.67+0.07 3.06+0.17 2.75+0.33
200 0.83+0.30 1.20+0.28 1.79+0.26

The cumulative total EPS amounts at 0, 50, 100, 150 and 200 rpm after three cycles were
1.59, 1.61, 4.61, 7.48 and 3.82 g/L, respectively (Fig.3). Oxygen transfer rate is reduced at low
agitation and therefore, it affects the cell growth and metabolism. On the other hand, high
agitation rate can cause shear stress and lead the cell (pellet) damage [2, 10]. In this study, the
best agitation rate for EPS production was determined as 150 rpm. It was reported that 150 rpm

is the best agitation rate for EPS production of white rot fungal cultures [21].
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Figure 3: The cumulative total EPS amounts obtained at various agitation speeds after three
cycles.

3.3. Effect of Temperature on EPS Production of Pellets During Repeated-Batch

Fermentation

EPS production by pellets was carried out at various temperatures such as 20-40 °C and
150 rpm. The pellets were able to produce EPS at all temperatures tested. However, more EPS
was produced between 20-30 °C than between 35 and 40 °C. 30 °C was detected as the best
temperature for EPS production and the EPS amounts obtained at second and third cycles were

3.06+0.17 and 2.75+0.33, respectively (Table 3).

Table 3: Effect of temperature on EPS (g/L) production of pellets during RBF.

Temperature (°C) Number of Times Pellets Used
1 2 3
20 1.88+0.48 2.26+0.13 2.01+0.41
25 1.56+0.07 3.03+0.44 2.28+0.14
30 1.67+£0.07 3.06+0.17 2.75+0.33
35 1.41£0.10 1.76+0.39 1.12+0.11
40 1.42+0.15 1.26+0.16 1.13+£0.07
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The cumulative total EPS amounts at 20, 25, 30, 35 and 40 °C after three cycles were 6.15,
6.87, 7.48, 429 and 3.81g/L, respectively (Fig. 4). Most fungi can produce EPS within a
temperature range of 22-30 °C [22].

20 25 30 35 40

Temperature (°C)

Cumulative total EPS amount (g/L)
S = N W A U0 X

Figure 4: The cumulative total EPS amounts obtained at various temperatures after three cycles.

3.4. Effect of pH on EPS Production of Pellets During Repeated-Batch Fermentation

The effect of initial pH values (pH 3.0-7.0) on EPS production activity of the pellets was
also tested with 20 g wet pellet amounts at 30 °C and 150 rpm. All initial pH values supported
the EPS production of the pellets. At pH 3.0, the EPS amounts were 2.49+0.32 g/L and 3.18+0.38
g/L at second and third cycles. When initial pH 7.0 was used, it was 3.58+0.46 g/L at the third
cycle (Table 4).

Table 4: Effect of pH on EPS (g/L) production of pellets during RBF.
Number of Times Pellets Used

pH 1 2 3

3 1.57+0.32 2.494+0.32 3.18+0.38
4 1.53+0.05 1.75+0.19 2.20+0.25
5 1.62+0.18 2.124+0.20 1.79+0.07
6 1.55+0.35 1.58+0.04 2.08+0.11
7 1.51+0.11 1.99+0.35 3.58+0.46
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The cumulative total EPS amounts detected after three cycles for pH values of 3, 4, 5, 6,
and 7 were 7.24, 5.48, 5.53,5.21 and 7.08 g/L, respectively (Fig. 5). It was reported that the best
initial pH values for EPS production of shake flask cultures of C. versicolor, Grifola umbellata
and Grifola frondosa are pH 5.5, pH 5.0 and 5.5, respectively [23-25]. Aspergillus sp. DHEG6
produces the highest amount of EPS at pH 6.0 under submerged fermentation conditions [26]. L.

edodes can produce high amount of EPS at initial pH of 4.5 under submerged culture condition

[27].
3 4 5 6 7

pH

Cumulative total EPS amount (g/L)
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Figure 5: The cumulative total EPS amounts obtained at various pH values after three cycles.

3.5. Effect of Pellet Amounts on EPS Production of Pellets During Repeated-Batch

Fermentation

It was reported that an increase in pellet amounts makes a positive effect on activity of
pellets during RBF [10, 28]. In our study, pellets were used for three times under optimum
conditions (Table 5).

Table 5: Effect of pellet amounts on EPS (g/L) production.

Pellet Amounts Number of Times Pellets Used
(g/100 mL) 1 2 3
5 1.59+0.10 1.80+0.05 2.67+£0.24
10 1.74+0.13 2.114+0.32 2.59+0.08
20 1.67+0.07 3.06+0.17 2.75+0.33
30 1.44+0.27 2.98+0.39 2.79+0.24
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When 5 and 10 g pellet amounts used, the cumulative total EPS amounts after three cycles
were 6.06 and 6.44 g/L, respectively. However, these values were 7.48 and 7.21 g/L for pellet
amounts of 20 and 30 g/L (Fig. 6). The results showed that higher pellet amounts positively
affected the EPS production.

N W A U1 &N O ®
1

Cumulative total EPS amount (g/L)

5 10 20 30
Pellet amounts (g/100mL)

Figure 6: The cumulative total EPS amounts obtained by various pellets amounts after three cycles.

3.6. Effect of Glucose Concentration on EPS Production During Repeated-Batch

Fermentation

Glucose is a principal carbon and energy source for most of the microorganisms. Therefore,
the effect of glucose amount on EPS production potential of the pellets was tested. As shown in
Table 6, an increase in the glucose amount had a positive effect on the EPS production potential

of the pellets and EPS production activity increased at each cycle.

Table 6: Effect of glucose concentration on EPS (g/L) production of pellets during RBF.

Glucose (g/L) Number of Times Pellets Used
1 2 3
22 1.67+0.07 3.06+0.17 2.75+0.33
44 3.26+0.35 5.75+1.08 6.87+0.20
88 3.27+0.44 6.22+0.51 9.68+0.74

46



Torun et al. (2025) ADYU J 5Cl, 15(1), 35-50

The cumulative total EPS amounts obtained after three cycles for the glucose
concentrations of 22, 44, 88 g/L were 7.48, 15.88 and 19.17, respectively (Fig. 7). This shows
the critical role of glucose for EPS production. Glucose is a favorable nutrient for EPS production
of G. formosanum [29] and the best carbon source for EPS production of submerged cultures of
P. sajor-caju [30]. a-phosphoglucomutase gene was reported as an important gene for EPS

production of G. lucidum [31].

25

20

(9]
1

Cumulative total EPS amount (g/L)

22 44
Glucose concentration (g/L)

Figure 7: The cumulative total EPS amounts obtained at various glucose concentrations after three cycles.

4. Conclusion

This biotechnologically important 7. versicolor strain used in our study was able to produce
significant amounts of exopolysaccharide (EPS) under repeated-batch condition. The EPS
production potential of this microorganism varied depending on the agitation speed, temperature,
pellet amount, medium type and glucose concentration. It was observed that the concentration of
glucose, which is a carbon and energy source, was very effective in the EPS production of these
pellets in RBF process. Our results show that this strain and RBF method can be used for
production of high amounts of EPS repeatedly.
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Abstract

Cyprus is one of the important islands in the Western Palearctic for bird migration routes,
especially on the eastern Mediterranean route. In contrast to Western Europe, research on bird
migrations in Eastern Europe and the Eastern Mediterranean remains limited. Due to its
geographical location and surface area, Cyprus hosts millions of migratory birds in the Eastern
Mediterranean region during the Eastern European bird migrations. The Karpaz Bird Ringing
Station, established in Northern Cyprus, has the potential to fill many gaps. Regular ringing
activities started in the autumn season of 2024 at the station, a total of 157 meters of mist nets
were used, and 1,436 birds from 39 species were ringed. The most frequently ringed species were
the Eurasian blackcap, common chiffchaff, European robin, Sardinian warbler, willow warbler,
song thrush, stonechat, Spanish sparrow, black redstart, and common redstart. According to the
results, the long-distance migrants, such as willow warblers, common redstarts, and blackcap

individuals, have higher fat scores. These preliminary data reveal the importance of the role of
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Cyprus in bird migrations. Although there is only one control bird (Hungarian control), increasing
the recapture data (especially between Israel, Tiirkiye and Cyprus) will significantly contribute to
the determination of migration dynamics (migration phenology, stopover ecology, migration
routes, individual physiological changes and more) in the Eastern Mediterranean part of bird

migrations under the western Palearctic migration route.

Keywords: Bird migration; Bird ringing; Ecological barrier; Eastern Mediterranean; North

Cyprus; Stopover.

Kibris’in ilk Halkalama Istasyonu, Karpaz Kus Halkalama Istasyonu:
2024 Sonbahar Go¢ Sezonu Sonuclari

Oz

Kibris, ozellikle Dogu Akdeniz rotasi olmak iizere, Bat1 Palearktik kus go¢ yollart i¢in
onemli adalardan biridir. Bati Avrupa'nin aksine, Dogu Avrupa ve Dogu Akdeniz'deki kus gogleri
iizerine yapilan arastirmalar sinirli kalmaktadir. Kibris, cografi konumu nedeniyle Dogu Avrupa
kus gogleri sirasinda Dogu Akdeniz bolgesinde milyonlarca gogmen kusa ev sahipligi
yapmaktadir. Kuzey Kibris'ta kurulan Karpaz Kus Halkalama Istasyonu birgok boslugu
dolduracak potansiyele sahiptir. Istasyonda 2024 sonbahar sezonunda diizenli halkalama
faaliyetlerine baslanmis, toplam 157 metre sis ag1 kullanilmis ve 39 tiire ait 1.436 kus
halkalanmigtir. En sik halkalanan tiirler karabasli 6tlegen, ¢ivgin, kizilgerdan, maskeli 6tlegen,
sOgiit biilbiild, dter ardig, sogiit sergesi, kara kizilkuyruk ve kizilkuyruk olmustur. Elde edilen
sonuglara gore, karabasl 6tlegen, kizilkuyruk ve sogiit biilbiilii gibi uzun mesafe go¢menler daha
fazla yag miktara sahiptir. Bu 6n veriler, Kibris'in kus goclerindeki roliiniin 6nemini ortaya
koymaktadir. Sadece bir kontrol kusu (Macar geribildirimi) olmasina ragmen, yeniden yakalama
verilerinin artmasi (6zellikle Israil, Tiirkiye ve Kibris arasinda) Bat1 Palearktik go¢ rotast altindaki
kus goclerinin Dogu Akdeniz bdliimiinde gé¢ dinamiklerinin (go¢ fenolojisi, durak ekolojisi, go¢
rotalar1, bireysel fizyolojik degisiklikler ve daha fazlasi) belirlenmesine biiylik katki

saglayacaktir.

Anahtar Kelimeler: Kus gocleri; Kus halkalama; Ekolojik engel; Dogu Akdeniz; Kuzey

Kibris; Konaklama.
1. Introduction

Bird migration has been one of the most important research topics throughout human

history. With the acceptance of bird ringing methodology in the early 20th century [1,2], very
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comprehensive, and long-term studies have been carried out in cooperation between countries [3].
Bird ringing stations have played a significant role in determining the mysteries of the journeys
of species between breeding and wintering areas in Western Palearctic bird migrations [4]. In the
last few decades, with the development of technology, detailed data on bird migrations, times,
migration routes, and wintering areas have been obtained by using geographical positioning
devices (satellite transmitter, GPS, geolocator, etc.) [5,6]. Numerous studies conducted in Europe
have produced comprehensive results on Western Europe-Western Mediterranean migration
routes [7,8]. In contrast, significant deficiencies are observed in Eastern Europe-Eastern

Mediterranean bird migrations.

The key roles of Tiirkiye (wetlands and coastal stopovers against geographical-ecological
barriers) and Cyprus (terrestrial area in the Eastern Mediterranean) in Eastern Europe-Eastern
Mediterranean bird migrations are revealed. Control data obtained from ringing studies in
southern Tiirkiye reveal that Central and Eastern European bird populations migrate between
breeding and wintering areas via this route [9,10]. Due to its geographical location and surface
area, Cyprus hosts millions of migratory birds in the Eastern Mediterranean region during Eastern
European bird migrations. However, to date, although irregular studies or short-term research
have been conducted to identify diseases carried by birds [11], there is no station in Cyprus where
regular bird ringing studies are carried out. To fill this gap and investigate the migration ecology
and behavior of birds, the Karpaz Bird Ringing Station (Northern Cyprus) was established in
Dipkarpaz, northeast of the island, by the Taskent Nature Park and the Cyprus Wildlife Research
Institute. Studies for the 2024 autumn migration period have begun. This study aimed to

determine the diversity and phenology of migratory species in the autumn period of 2024.
2. Materials and Methods
2.1. Study Area

The Karpaz Bird Ringing Station is located near Dipkarpaz Town in the Iskele District,
northeastern Cyprus. The station is situated close to Ronnas Beach at the Taskent Nature Park
Karpaz Research Station (35°36'01" N; 34°19'50" E) (Fig. 1). The following plant species are
dominant in the area: Juniperus phoenicea, Pistacia lentiscus, Thymus capitatus, Myrtus
communis, Lithodora hispidula, and Rhamnus oleioides. In addition, Fumana thymifolia, Rubia
laurae, Asparagus acutifolius, Cistus sp., Helichrysum conglobatum, Genista fasselata, Olea

europea, Allium sp., Hyperhenia hirta, and Ceratonia siliqua species are also found in the region.

53



Karaardig et al. (2025) ADYU J 5Cl, 15(1), 51-62

Karpaz Kug Halkalama fstasyonu

Karpaz Kus Halkalama istasyonu

ooalo b e

Figure 1: The location of the Karpaz Bird Ringing Station (modified from Google Earth).

2.2. Fieldworks

The study was conducted during the autumn migration period (October-November 2024)
to examine the migration movements of bird species and determine their migration phenology.
During the autumn season, a total of 157 meters of mist nets were used, including one 18-meter
net, ten 12-meter nets, two 9-meter nets, and one 6-meter net. The nets were set parallel to the
vegetation in the area, which primarily consisted of juniper and lentisk (Fig. 2). All birds were
aged and sexed by plumage coloration [12], measured (maximum wing length to the nearest 0.5
mm) [12], and weighed to the nearest 0.1 g. The fat score was estimated on a nine-class scale
[13], and the size of the breast muscle was assessed on a four-class scale [4]. The individuals were
ringed using metal rings sourced from "cwri.net," each coded individually and suitable for the leg

size of the bird.
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Figure 2: Mist nets used for capturing birds, set parallel to the vegetation.

3. Results and Discussion

During the autumn ringing season in 2024, 1.434 birds from 39 species were captured at
the Karpaz Bird Ringing Station. Among these, 1.401 birds were ringed for the first time, one was
a control bird, and 32 were recaptures. The ringed bird species and numbers during the autumn

period of 2024 are presented in Table 1.

The most frequently ringed species during the autumn period were the Eurasian blackcap
(Sylvia atricapilla), common chiffchaff (Phylloscopus collybita), European robin (Erithacus
rubecula), Sardinian warbler (Curruca melanocephala), willow warbler (Phylloscopus trochilus),
Song thrush (Turdus philomelos), stonechat (Saxicola torquatus), Spanish sparrow (Passer
hispaniolensis), black redstart (Phoenicurus ochruros), and common redstart (Phoenicurus
phoenicurus) (Fig. 3). According to the results, the long-distance migrants, such as willow
warblers, common redstarts, and blackcap individuals, have higher fat scores. The mean values

of the weight, fat scores, and muscle scores of these species are presented in Table 2.

During the autumn period, two scarce species for Cyprus, the red-breasted flycatcher

(Ficedula parva) and little bunting (Emberiza pusilla), were captured and ringed (Figs. 4-5).
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Table 1: Summary of bird ringing results at Karpaz Bird Ringing Station in 2024 (I: "First capture," R:

"Recaptured during the period," and C: "Control").

Autumn Autumn
Species Total Species Total
I R C I R C
Acrocephalus melanopogon 3 1 0 4 | Luscinia svecica 12 1 0 13
Acrocephalus 1 0 0 1 | Oenanthe oenanthe 1 0 0 1
schoenobaenus
Acrocephalus scirpaceus 2 0 0 2 | Otus cyprius 1 0 0 1
Alcedo atthis 1 0 0 1 | Passer domesticus 14 0 0 14
Athene noctua 1 0 0 1 | Passer hispaniolensis 37 0 0 37
Cettia cetti 4 1 0 5 | Phoenicurus ochruros 18 2 0 20
Curruca communis 2 0 0 2 Phoenfcurus 17 0 0 17
phoenicurus
Curruca curruca 14 0 0 14 | Phylloscopus collybita 149 4 0 153
Curruca melanocephala 9 2 0 101 | Phylloscopus trochilus 94 0 0 94
Emberiza pusilla 1 0 0 1 | Prunella modularis 1 0 0 1
Erithacus rubecula 111 14 0 125 | Saxicola maurus 1 0 0 |
Falco tinnunculus 2 0 0 2 | Saxicola torquatus 41 2 0 43
Ficedula parva 1 0 0 1 | Serinus serinus 1 0 0 1
Fringilla coelebs 4 0 0 4 | Spilopelia senegalensis 1 0 0 1
Galerida cristata 2 0 0 2 | Sylvia atricapilla 690 5 1 696
Hirundo rustica 1 0 0 1 | Sylvia borin 3 0 0 3
Jynx torquilla 1 0 0 1 Troglodytes troglodytes 0 0
Lanius collurio 1 0 0 1 Turdus merula 0 0
Linaria cannabina 1 0 0 1 Turdus philomelos 58 0 0 58
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Figure 3: The most frequently captured migratory species.
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Table 2: Body condition values of the most frequently captured migratory species during the autumn season
(2024).

Weight Fat Score Muscle Score

Species

n mean min-max SD mean min-max SD mean min-max SD
Curruca 100 11,10 9,6-13,5 0,704 0,81 0-4 1,080 1,51 03 0,674
melanocephala
Erithacus rubecula 111 15,06 12,6-18,6 1,097 0,73 0-3 0,863 1,50 0-3 0,686
Luscinia svecica 12 1497 12,8-174 1,667 1,58 0-3 1,084 1,08 1-2 0,289
Passer hispaniolensis 37 2599 229-30,3 1,669 143 0-3 0,728 1,43 1-2 0,502
Phoenicurus ochruros 18 15,08 13,8-17 0,949 0,67 0-2 0,594 1,33 0-3 0,767
Phoenicurus 17 1523 12,6-194 1,729 1,76 0-4 1,091 1,06 02 0,556
phoenicurus
Phylloscopus collybita 148 7,22  48-114 1,370 1,61 0-5 1,450 1,14 0-3 0,791
Phylloscopus trochilus 94 10,10 7-12,7 1,246 2,60 0-4 1,221 0,87 0-2 0,660
Saxicola rubicola 41 13,68 10,9-153 0,854 1,12 0-3 1,077 1,59 0-3 0,670
Sylvia atricapilla 688 18,20 14,2-28,5 2,026 227 0-6 1,343 1,58 0-3 0,682
Turdus philomelos 58 62,83 47,.8-7577 4,985 0,67 0-2 0,803 0,91 0-2 0,601

Figure 4: One of the rare species for Cyprus, the red-breasted flycatcher (Ficedula parva).
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Figure 5: Extremely rare species for Cyprus, little bunting (Emberiza pusilla).

During the 2024 bird ringing season at the Karpaz Bird Ringing Station, recovery data for
one control bird were obtained. The Eurasian blackcap (Sy/via atricapilla) was originally ringed
at the Sumony Bird Ringing Station (Baranya, Hungary) on September 23, 2024. After 51 days
and covering an aerial distance of 1,795 kilometers, it was recaptured at the Karpaz Bird Ringing

Station on November 13, 2024.

4. Conclusion

Cyprus has a strategic location on the bird migration routes of Eastern Europe, particularly
in the Eastern Mediterranean. Birds spend most of their time in stopover areas during their long-
distance migration journeys [6], and the Mediterranean is one of the ecological barriers during
the migration [14], with the importance of almost all of Cyprus and the south coastline of Tiirkiye

as stopover arcas.

Bird ringing stations contribute to determining the bird diversity of a region [15,16].
Moreover, it can clearly reveal the spread of rare species in the area [17]. Although there is no
regular ringing station in Cyprus to date, species diversity has been primarily revealed through

bird observation records. However, the little flycatcher and little bunting captured in the first
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season of the study (autumn 2024) were important indicators of the level of contribution level of
the bird ringing station where regular work had started. On the other hand, long-term ringing
studies are effective in determining the migration phenology [18] and the behavior of species [19]
over time and in response to changing environmental conditions, particularly climate change. In
addition, islands in ecological barriers serve as stopover areas for species during their long and
dangerous migration journeys, and data can be obtained to reveal the migration strategies of
species (fat depot, muscle score, weight, etc.). Birds increase their fat stores to successfully
complete long-distance migrations and cross ecological barriers such as the Mediterranean [6].
Among the species captured in the first season of the study, the weights, fat and muscle scores of
long-distance migrants (such as willow warblers, blackcaps, common redstarts, chiffchafts) were
higher compared to other species (Table 2, Figs. 6-8). These preliminary data reveal the
importance of the role of Cyprus in bird migrations. Although there is only one control bird for
now (Hungarian control), increasing the recapture data (especially between Israel, Tiirkiye and
Cyprus) will significantly contribute to the determination of migration dynamics (migration
phenology, stopover ecology, migration routes, individual physiological changes and more) in the

Eastern Mediterranean part of bird migrations under the western Palearctic.

As aresult, the start of the studies at the Karpaz Bird Ringing Station will contribute to bird
migration research in the Western Palearctic. Future studies at this station will support the
planning of conservation measures, the acquisition of information required for the protection of
bird migration, and biodiversity monitoring due to both climatic and environmental changes.
Additionally, it will facilitate the establishment of new stations and the development of
international cooperation projects on this island, where millions of migratory birds stop over each

year.
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Figure 6: Distribution values of weight from the most frequently captured migratory species during the

autumn season (2024).
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Abstract

In this study, in the first stage, the chalcone compound was synthesized in accordance with
the literature. Then, the synthesized chalcone compound was reacted with bromine acetylbromide
and the initiator used in the ATRP method was synthesized. The characterization of the
synthesized compound was carried out by FT-IR and NMR spectrometers. The number average
molecular weight (Mn) of the polymer was measured as 11780 and the heterogeneity index (HI)
was measured as 1.32 by Gel Permeation Chromatography (GPC). In the second stage, the
synthesized chalcone compound was used as an initiator and the polymerization of n-butyl
methacrylate monomer was provided by the ATRP method. In the last stage, the dielectric and
antimicrobial properties of the polymer were investigated. The Agar well method was used in the
antimicrobial study. Dielectric properties were investigated as a function of frequency between

100 Hz and 5000 Hz at room temperature.

Keywords: Chalcone; ATRP; Antimicrobial properties; Dielectric properties.
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Poli(n-Biitil Metakrilat)'in Kalkon Baslaticisi ile Sentezi ve Dielektrik-Antimikrobiyal
Ozellikleri

Oz

Bu c¢aligmada, ilk asamada, literatiire uygun sekilde kalkon bilesigi sentezlenmistir. Daha
sonra sentezlenen kalkon bilesigi ile brom asetilbromiir ile tepkimeye sokularak ATRP
metodunda  kullanilan  baglatict  sentezi  gerceklestirilmistir.  Sentezlenen  bilesigin
karakterizasyonu, FT-IR ve NMR spektrometreleri ile yapilmistir. Jel Gegirgenlik Kromatografisi
(GPCQ) ile polimerin sayica ortalama molekiil agirligi (Mn) 11780 ve heterojenlik indisi (HI) ise
1.32 élgiilmiistiir. Ikinci asamada, sentezlenen kalkon bilesigi baslatici olarak kullanilarak ATRP
metodu ile n-biitil metakrilat monomerinin polimerlesmesi saglanmistir. Son asamada ise
polimerin dielektrik ve antimikrobiyal 6zelligi incelenmistir. Antimikrobiyal ¢aligmada Agar
kuyu yontemi kullanilmistir. Dielektrik 6zellikleri, oda sicakliginda 100 Hz ile 5000 Hz araliginda

frekansin bir fonksiyonu olarak incelenmistir.
Anahtar Kelimeler: Kalkon; ATRP; Antimikrobiyal 6zellik; Dielektrik 6zellik.
1. Introduction

Polymers are high molecular weight compounds formed by the regular bonding of many
molecules with chemical bonds [1]. Polymers are used as basic materials in many areas such as
toy materials, textile materials, insulation materials, space vehicles, automobile parts, waste and
clean water pipes, door and window materials, elastomers, foams, adhesives and many packaging
materials. Many of the materials containing polymers have been the subject of research in many
areas because they are cheap, lightweight, non-corrosive and durable materials [2]. Synthesis of
functional polymers is very important in terms of technological developments. Synthesis of
functional polymers is possible by polymerization of monomers with functional groups or by

chemical modifications.

Chalcone compounds are one of the members of the flavonoid family that do not have a
heterocyclic C ring. The presence of an o,p-unsaturated carbonyl group on the propane chain in
the main structure of flavonoids, or in other words, the presence of a double bond and a ketone
group, forms chalcones. Chalcone is used for all compounds with the structure of 1,3-diaryl-2-
propen-1-one [3]. It is known that chalcones are found in edible plants and fruits in nature and are
very beneficial compounds for health. They can be obtained from plants and fruits by methods
such as extraction and can also be synthesized chemically. Cyclic compounds and their

derivatives containing heteroatoms are used in many areas such as agriculture and medicine.
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Polymers containing chalcone as a functional group have good thermal stability, solubility,
photosensitivity and film formation capacity [4-6]. Polymers containing reactive functional
groups are of great industrial and academic importance. The reason is that their synthesis is
basically compatible with modification of the polymer structure to have the desired
macromolecules in specific applications. Photopolymers are used to consider the properties of
photosensitizers and macromolecular groups. Polymers with photocrosslinkable functional
groups such as chalcones, thymine, and coumarin have become an active research area in the
polymer world due to their technological importance in the fields of photolithography, non-linear
optical materials, microelectronics, liquid crystal materials, and electrophotographic coating
[7,8]. Chalcones and their derivatives possess various potent biological activities, such as
antimicrobial [9,10], antihypertensive [11], anticancer [12], antioxidant [13], antidiabetic [14],

anti-inflammatory [15], antiulcer [16], antimalarial [17], antiviral [18] and anti-gout [19].

AC conductivity measurements of materials are very important. When a dielectric material
is placed between opposite poles, it reduces the force acting between the electric charges as if
they were separated. Therefore, the dispersion and dielectric constant factor help us to obtain
more information about the properties of the polymer. There are many studies on the electrical
behavior of methacrylate and styrene derivatives [20-22]. In our study, the polymer containing
the chalcone group in the end group was synthesized, and its dielectric properties were

investigated.

In this study, it has been proven to be used in the polymerization reaction by synthesizing
the previously synthesized but not used in the ATRP method, according to the literature. Thus, it
has been determined that it could lead to new studies. investigating how the departure groups at

the ends of the polymer chain will affect the polymers has a very high potential to lead new studies
2. Materials and Methods
2.1. Synthesis of 4-[3-(1-benzofuran-2-yl)-3-oxoprop-1-en-1-yl]phenyl bromoacetate

It was synthesized in accordance with the literature [23]. The synthesis reaction is shown

in Fig. 1.
o]
o oy o Qo ot
Br ———88M8 >
| + o 1 0T
[0} AN ¢} ‘ Br
0 (0]

Figure 1: Initiator synthesis.
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2.2. Polymer synthesis by ATRP method

0.07 mmol CuBr, 0.14 mmol Bpy and 0.07 mmol synthesized initiator were added to a
rubber capped polymerization tube. Then, 1 drop of 1,4-dioxane solvent was dropped into this
mixture. After the complex formation, 7 mmol of n-butylmethacrylate monomer was added to the
polymerization tube and 0.5 ml of 1,4-dioxane solvent was added. The prepared polymer tube
was passed through argon gas for ten minutes and then placed in an oil bath set at 110 °C and kept
for 24 hours. The polymerization was terminated after the polymer solution thickened. Then, the
thickened polymer solution was dissolved in dichloromethane and precipitated in methyl alcohol.
The precipitation process was repeated three times. The precipitated polymer was dried first at
room temperature and then under vacuum at 40 °C for 24 hours. The polymer reaction is shown

in Fig. 2.

CH, .
HzC:(:3 110 C'/ 1, 4-Dioxane
+ _ -
(|: © Bpy / CuBr
I
CH,
H2c|:/
__CH,

Figure 2: Polymer synthesis.

2.3. Dielectric measurements of polymer

The dielectric properties of the synthesized polymer were investigated. The polymer was
converted into pellets by applying approximately 4 tons of pressure and the pellet thickness was
measured. The pellet surfaces were painted with silver paint. The dielectric properties of the
polymer were investigated as a function of frequency between 100 Hz and 5000 Hz at room

temperature with the impedance analyzer.
2.4. Biological studies

In this study, the gram-negative bacteria Escherichia coli ATCC 25322 and Klebsiella
pneumaniac  ATCC 700603, Gram-positive bacteria Bacillus megaterium DSM32 and
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Staphylococcus aureus ATCC 25923 and a fungus Candida albicans FMC17 were used. These

microorganisms were obtained from Elazig Fethi Sekin City Hospital Central Laboratory.
2.4.1. Antimicrobial Studies

An Agar well diffusion method was used to test the antimicrobial effects of the polymer on
bacterial strains. Each bacterium was inoculated onto Sabouraud dextrose agar (SDA) and
Nutrient Broth (Biolife Lot: HE2602) using a loop and adjusted to the McFarland turbidity
standard of 0.5 to obtain a bacterial density of approximately 1-2 x 108 CFU/ml. The fungal strain
was inoculated onto petri dishes containing SDA and incubated for 48 hours (31°C). Yeast
colonies were suspended in 0.9% sodium chloride (saline) solution and incubated at 45°C to reach
a concentration of 2x107 cells/ml. Diluted and sterilized in autoclave (121°C for 15 min) MHA
was distributed in an 15-20 ml amounts into petri dishes and allowed to cool. 100 pl of
microorganism suspension was added to the solidified MHA and spread evenly on the agar using
a drigalski spatula. Wells of the desired diameter were opened with an agar piercer (corkborer).
Samples were prepared at four concentrations (125, 250, 500 and 1000 mg/ml) and mixed under
aseptic conditions at 100 pl per well. Incubation for bacteria and fungi inoculated plates was 24
h (37£0.1°C) and 48 h (25+0.1°C), respectively. 100% DMSO (Merc-Lot K51154243 948) was
used as a negative control and a standard disk containing 2 mcg clindamycin (Lot 171127A) was

used as a positive control. At the end of incubation, inhibition diameters were measured [24,25].
2.4.2. Determination of antioxidant activity

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity method was used to
evaluate the antioxidant activity of the synthesized polymer. The stock solution of the polymer
was prepared and then serially diluted with 0.005% methanolic DPPH solution at concentrations
of 125,250, 500, 1000 uM. 100% ascorbic acid was used as positive control, and 100% methanol
was used as negative control. After the mixtures were incubated at 37+0.1°C for 30 min, their
absorbances were measured by spectrophotometer at 517 nm wavelength. The following formula

was used to determine the scavenging rate of DPPH radicals for each mixture [26]:

Antioxidant activity (%) = [(Ac — As) + Ac] x 100 (1)

Ac: Control absorbance; As: Sample absorbance.
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3. Results and Discussion

3.1. Characterization of 4-[3-(1-benzofuran-2-yl)-3-oxoprop-1-en-1-yljphenyl

bromoacetate

The IR spectrum of the synthesized initiator is given in Fig. 3, the "TH-NMR spectrum in

Fig. 4 and its evaluation in Table 1.
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Figure 3: IR spectrum of the initiator.

Figure 4: 'H-NMR spectrum of the initiator.
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Table 1: Spectrum evaluation of the initiator.

FT-IR (cm™)
3114-3000 Aro. C-H 1609 Aro. C=C
1761 Cc=0 1165 C-O-C asym.
1660 C=0 (C=C-C=0) 1133 C-O-C sym.
'H-NMR (ppm) DMSO-ds
Hs Hio His Ho Hi2 Hs H~ Hs His H2s
8,31 8,02 7,92 7,89 7,83 7,75 7,55 7,41 7,31 4,49

3.2. Characterization of Polymer

The IR spectrum of the synthesized polymer is given in Fig. 5, the 'H-NMR spectrum in
Fig. 6, the GPC spectrum in Fig. 7 and its evaluation in Table 2.
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Figure 5: IR spectrum of the polymer.
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Figure 6: 'H-NMR spectrum of the polymer.
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Figure 7: GPC spectrum of the polymer.

In the IR spectrum of the polymer synthesized by the ATRP method; aliphatic C-H
stretching at 2945-2845 cm-1, ester C=0 stretching at 1736 cm-1, C-H stretching at 1371-1393
cm-1 and C-O-C symmetric stretching in the range of 1148-1050 cm-1 and C-Br stretching at
670-500 cm-1 are the characteristic bands. In the "H-NMR spectrum; signals at 7.51-7.10 ppm
characterize aromatic ring protons and solvent signals, signals at 3.96 ppm characterize O-CH>
protons, signals at 1.90 ppm characterize CH; protons in the main chain and signals at 1.82-0.95
ppm characterize CH»-CH3 protons. Since aromatic protons are only at the ends of the chain, the

signals are weak.

Table 2: Spectrum evaluation of the polymer.

FT-IR (¢cm™)
2945-2845 Ali. C-H 1148-1050 -C-0-C
1736 Cc=0 670-500 C-Br gerilmesi
1371-1393 C-H
'H-NMR (ppm) CDCl3
H H H H
Aromatic OCH; CH; (Main chain) CH;
7,51-7,10 3.96 1.90 1.82-0.95

3.3. Dielectric Results

The dielectric properties of the synthesized polymer were investigated. The polymer was
converted into pellets by applying 4 tons of pressure and the pellet thickness was measured. The
pellet surfaces were painted with silver paint. Measurements were taken at different frequencies

with the impedance analyzer. Dielectric measurements of the polymer against frequency are
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shown in Fig. 8, Fig. 9 and Fig. 10. The dielectric values of the polymer at 1 kHz and room

temperature are given in Table 3.
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Figure 8: Variation of dielectric constant versus frequency.
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Figure 9: Variation of dielectric loss factor versus frequency.
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Figure 10: Change of logarithm of conductivity value with frequency.
Table 3: Dielectric values of the polymer at 1 kHz and room temperature.
Dielectric constant Dielectric loss Gac Log ©ac
P(mBMA) 41113 2.6023 2.28133E” -8.64181

It has been observed that the dielectric constant and dielectric loss factor of the polymer
decrease with increasing frequency. The dielectric constant and dielectric loss factor tend to
decrease noticeably in the low frequency range. As high frequency values are approached, the
tendency of the dielectric constant decreases, but the decrease continues, albeit slightly. The
reason for the sudden decreases in the low frequency regions is that the charged dipoles in the
polymer have a higher tendency to move in the direction of their own field than in the direction
of the applied electric field in this frequency region [27]. It has been observed that the logarithm
of the conductivity value of the polymer increases with increasing frequency. Since the
conductivity values are less than 10, we can say that these polymers exhibit insulating

properties.
3.4. Biological Results

In the study, the antimicrobial activity of the synthesized polymer on five different

microorganisms was investigated. Antimicrobial effects were measured as a function of the
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inhibition zone diameter (mm) in Table 4, DMSO was used as a negative control and compared

with Clindamycin antibiotic disk.

Table 4: Antimicrobial effects of the polymer on 5 different microorganism strains (Zone diameters in mm)

E.coli B. megaterium S. aureus C.albicans K. pneumoniae

125 250 500 1000 125 250 500 1000 125 250 500 1000 125 250 500 1000 125 250 500 1000

WM pgM M MM WM M pM MM M pM M MM M aM M MM WM pM pM M
P(aBMA) = U+ 1= 12+ 1lE 12¢ 3% l4: 12+ 12 13 14 14= 13 1l 12¢ 13 l4= 15: 15k

02 02 02 07 L5 05 05 L5 07 07 02 12 15 0,5 L5 0,5 2 02 07 07
Clindamycin 20+1,4 22+0,6 23+1,6 20+1,4 22+0,6

According to the results shown in Fig. 11, the Polymer showed good scavenging activity
with 94% DPPH scavenging activity at all concentrations. Based on these results, it was

determined that the Polymer in general and the concentrations used had a significant effect on the

DPPH scavenging activity.
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Figure 11: Percent inhibition of DPPH free radical scavenging activity of the polymer.

4. Conclusion

There are many methods for the synthesis of polymers. One of the most important of these
methods is the ATRP method. The synthesis of new initiators that can be used in the ATRP
method is very important for the scientific world. This study has proven that the initiator we
synthesized can be used in the ATRP method. In this study, an initiator containing a chalcone

group was synthesized in accordance with the literature. For this purpose, a benzofuran chalcone
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compound containing a hydroxy group was reacted with bromocetylbromide. The
characterization of the synthesized compound was carried out by FT-IR and NMR spectrometers.
Then, the synthesized initiator was polymerized with n-butyl methacrylate monomer. The ATRP
method was used as the polymerization method. The average molecular weight and molecular
weight distribution of the synthesized polymer were measured with a gel permeation
chromatography (GPC) device at 25 °C using a refractive index (RI) detector at a solvent flow
rate of 1 mL/min. Polystyrene was used as the standard substance and THF was used as the
solvent. In the last stage, the dielectric and antimicrobial properties of the polymer were
investigated. The Agar well method was used in the antimicrobial study. Dielectric properties
were investigated as a function of frequency between 100 Hz and 5000 Hz at room temperature.
In our study, it was determined that the polymer showed the best zone diameter (17 mm) against
E. coli. When the antioxidant activity of the polymer was examined, it was seen that it had
approximately 94% DPPH scavenging activity. In line with these results, it was determined that
the polymer and the concentrations used had a significant effect on the DPPH scavenging activity.
When the dielectric properties of the polymer were examined, it was observed that the dielectric
constant and dielectric loss factor generally decreased with increasing frequency. It remained
almost constant at high frequency values. When the conductivity value was examined, it was seen

that the synthesized polymer had insulating properties.
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Abstract

Fuzzy logic is a theory used as an alternative to classical structures in both application and
algebraic fields. In particular, there are fuzzy structures in metric spaces and partial metric spaces.
The most widely used of these structures are fuzzy metric spaces, fuzzy partial metric spaces and
intuitionistic fuzzy metric spaces. In this paper, intuitionistic fuzzy partial metric spaces are
defined, their basic properties and examples are obtained. For it, open ball, convergent sequence,
and Cauchy sequence are defined and their basic properties are introduced. Furthermore, the
relations between intuitionistic fuzzy partial metric spaces, classical metric spaces, fuzzy metric
spaces, fuzzy partial metric spaces, and intuitionistic fuzzy metric spaces are analyzed. As a result
of this investigation, it is shown that from each classical metric, classical partial metric, and
intuitionistic fuzzy metric, an intuitionistic fuzzy partial metric can be obtained. Moreover, it is
achieved that an intuitionistic fuzzy metric is also an intuitionistic fuzzy partial metric space.
Thus, a new structure is given by transferring the partial metric structure to intuitionistic fuzzy

metric spaces.
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Sezgisel Bulanmik Kismi Metrik Uzaylar
Oz

Bulanik mantik, hem uygulama hem de cebirsel alanlarda klasik yapilara alternatif olarak
kullanilan bir teoridir. Ozellikle metrik uzaylarda ve kismi metrik uzaylarda bulamk yapilar yer
almaktadir. Bu yapilardan en yaygin olarak kullanilan bulanik metrik uzaylar, bulanik kismi
metrik uzaylar ve sezgisel bulanik metrik uzaylardir. Bu ¢alismada, sezgisel bulanik kismi metrik
uzaylar tanimlanmis, temel oOzellikleri ve ornekleri elde edilmistir. Bunun i¢in acik yuvar,
yakinsak dizi ve Cauchy dizisi tanimlanmis ve temel 6zellikleri tanmitilmistir. Ayrica, sezgisel
bulanik kismi metrik uzaylar, klasik metrik uzaylar, bulanik metrik uzaylar, bulanik kismi metrik
uzaylar ve sezgisel bulanik metrik uzaylar arasindaki iliskiler incelenmistir. Bu inceleme
sonucunda, her bir klasik metrik, klasik kismi metrik ve sezgisel bulanik metrikten bir sezgisel
bulanik kismi metrik elde edilebilecegi gosterilmistir. Ayrica, bir sezgisel bulanik metrigin ayni
zamanda bir sezgisel bulanik kismi metrik uzay oldugu elde edilmistir. Boylece kismi metrik

yapist sezgisel bulanik metrik uzaylara aktarilarak yeni bir yap1 verilmistir.

Anahtar Kelimeler: Metrik uzaylar; Kismi metrik uzaylar; Bulanik metrik uzaylar; Bulanik

kismi metrik uzaylar; Sezgisel bulanik metrik uzaylar; Sezgisel bulanik kismi metrik uzaylar.
1. Introduction

Partial metric spaces [1] were defined by Matthews in 1994. The most important feature
that distinguishes this metric from the classical metric is that the distance of a point to itself is not

always zero. This property leads to important properties in fixed point theories (FPTs).

Zadeh defined fuzzy logic (FL) and fuzzy sets (FS) [2] in 1965 to explain uncertainties
more precisely mathematically. In FS, the degree of membership of each element of set takes a
value in the range [0, 1]. Thus, unlike classical logic, the membership of each element is graded.
For example, the weather can be specified with expressions such as hot, cold, warm, cool, very
hot, very cold, etc., and with different degrees of membership. Thus, a more precise type of logic,
including classical logic, has been defined to explain uncertainties. FL is one of the most widely
used types of logic in almost every field of science, including decision-making applications and
algebraic fields. Recently, Emniyet and Sahin obtained fuzzy normed rings [3] in 2018. Kum et
al. studied an alternative method for determining erosion risk based on FL [4] in 2022; Wang et
al. introduced a new distance measure for q-Rung Orthopair FSs [5] in 2024; Xu and Wang
introduced a novel fuzzy bi-clustering algorithm for Co-Regulated Genes [6] in 2024;
Plebankiewicz and Karcinska studied supporting construction using to the FSs theory [7] in 2024.
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In 1975, Kramosil and Michalek defined fuzzy metric space (FMS) [8]. Also, Grabiec
obtained fixed points in FMSs [9] in 1989. This new type of metric, defined as an alternative to
classical metric spaces, brings the advantages of FL to the theory of metric spaces. Thus, the
distance between two points is graded with the help of a fuzzy membership function. Many
classical metric types have been similarly redefined according to FL. Recently, Shukla et al.
studied vector-valued FMS [10] in 2024; Gregori et al. achieved completeness FPT based on
FMSs [11] in 2024; Huang introduced properties for some metric spaces based on FSs [12] in
2024.

Moreover, fuzzy partial metric space (FPMS) has been defined differently in three different
works [13-15] in different years. Olgun et al. introduced the basic definition and properties were
given and provided an FPT for FPMS [13]. Recently, Aygiin et al. studied FPTs based on FPMS
[16] in 2022; Gregori et al. studied relationship between FPMS and fuzzy quasi-metrics [17] in
2020.

In 1986, Atanassov [18] defined intuitionistic fuzzy sets (IFS) by including the degree of
uncertainty in addition to the degree of membership and non-membership in FL. In this type of
logic, the degree of uncertainty is defined depending on the degree of membership and the degree
of non-membership so that the sum of the degree of membership, degree of non-membership, and
degree of uncertainty is 1. Thus, a new type of logic that can give more precise results than FL
has emerged. Intuitionistic fuzzy logic is frequently used in areas where FL is insufficient.
Recently, Ngan studied creating operators and functions based on IFSs [19] in 2024; Gerogiannis
et al. obtained an approach for IFSs [20] in 2024; Rajafillah et al. defined intuitionistic fuzzy
pooling [21] in 2024.

In 2004, Park defined intuitionistic fuzzy metric spaces (IFMS) [22]. In this study, open
balls, convergent sequence, Cauchy sequence, and complete space are defined for [IFMS and given
an FPT. Also, thanks to this metric space, the advantage of using IFSs is brought to the theory of
metric spaces. While defining this metric space, the relationship between FL and intuitionistic FL
was transferred to metric spaces. Thus, many researchers are working on IFMS [23-26]. Recently,
Wong et al. studied complex-valued IFMS [27] in 2024; Singh et al. defined fuzzy differential
equations based on IFMS [28] in 2024.

In this paper, we define intuitionistic fuzzy partial metric spaces (IFPMS) for the first time
and give their basic properties. These definitions and properties are obtained by considering the
basic definitions and properties given for FPMS in the study [13] of Olgun et al. and in the study
[22] of Park. The IFPMS defined in Section 3 have new properties different from the other
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structures, but they also provide some basic properties of FMS, FPMS, and IFMS. For this reason,
to make the definitions, properties, and results obtained in Section 3 more comprehensible and to
easily show which definitions, properties, and results are given by making use of which
definitions, properties, and results, the basic information in Section 2 is included. In Section 3,
IFPMS are defined and some examples are given. It is also shown that every IFMS is also an
IFPMS. It is also shown that one can obtain an IFPMS from every classical partial metric and
every IFMS. For IFPMS, basic properties are given. Also, open balls, convergent sequence,
Cauchy sequence, and complete space are defined for IFPMS. The basic properties of these
structures are given. Thus, existence of IFPMS is proved for each classical, classical partial, and
IFMS. In the last section, the conclusions of this study are given and suggestions are made to

researchers about the structures that they can obtain by using this study.
2. Preliminaries

In this section, the basic definitions, examples, lemmas, and properties are given based on

FS, IFS, FMS and IFMS. These basic contractures are used in Section 3.
Definition 1. [2] Let E be a non-empty set. Fuzzy set K is denoted by
K={y,ux(n)y € E}

where
pg: E - [0,1]

is the membership function of K. For example, pug (y) is the membership value of y € E.
Definition 2. [18] Let E be a non-empty set. Intuitionistic fuzzy set L is denoted by
L={v.u()v.():vy €EE}.

where
u,:E - [0,1]

is the membership function of L and
v: E - [0,1]

is the non-membership function of L such that

0<u@)+v,(y) <1
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Also, u;(y) and v, (y) are membership values of y and non-membership values of y;

respectively.
Definition 3. [29] Let @ be a binary operation such that
®:10,1] x [0,1] - [0,1].

If the following properties are satisfied, then @ is called a continuous t-norm (CTN).

Foryy,¥2,v3,va € [0,1],

i YI @ 1= YI'
ii. Ify; <y,andy; <y, theny, @y; <7y, Dvs
iii. @ is continuous,

iv. @ is commutative and associative.
Definition 4. [29] Let (© be a binary operation such that
©:[0,1] x [0,1] - [0,1].

If the following properties are satisfied, then © is called a continuous t-conorm (CTCN).

Foryy,v2,v3,va € [0,1],

L 71 @0=y,
ii. Ify;<yzandy; =<y, theny; @y;=<v, @7,
iii. (© is continuous,

iv. (© is commutative and associative.

Definition 5. [13] Let X be a non-empty set, @ be a CTN and R be FS on Xx(0, ). A
3-tuple (X, R, @) is said to be an FPMS if the following conditions are satisfied. For each
Y1.¥2,¥s € X;p,p1,p2 >0,

L 0SROuyv2p) <1,
ii.  RUwLYLeE) =RYLY2P)
iiil.  RGwLY2P) =RG2Y1P)
iv.  R@(1,v2p) = R(1,71,p) = R(y2, 72, p) ifand only if y; =y,

v.  R¥1v3p01) @ RWY3V202) <R, Y3 P1+02) @ R(Y3v3 p), p=pyand p = py,
vi.  R(1,V2.):[0,00) — [0,1] is continuous,

The function R(y4, V2, p) denotes the degrees of nearness, between y; and y, with respect to p.
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Definition 6. [13] Each FPMS R(y4, ¥, p) on X*x(0, ) generates a topology T on X with
the family of open M-balls

{By(y1,€):v1 €X,0<e<R(y1,¥1,01)}

as a base, where for all y; € X,

By(1,€)={y2 € X:R(y1,¥2,0) ® R(y1,v1,01) > R(Y1yv1,P1) — €01 = p}.

Definition 7. [13] A sequence {y;,} in an FPMS R(y4, V2, p) converges to y; € X with

respectto 7 if and only if
lim R(y1,¥n, p) = R(y1,71,P)-
Definition 8. [13] A sequence {y,,} in an FPMS R(y, Y2, p) is called Cauchy if
Lm RV, Vo )

exists and finite.

Lemma 1. [13] Let (X, R, @) be an FPMS. Then,

i IfR(y1,v2,p) =1 theny; =y,
ii. If y; # v, then R(yq,v2,p) < 1.

iii. If v, = y3 with R(y3,v3, p) =1, then lim R(y,, ¥n, p) = Ry, V3, p) forally, € X.
n—-oo

Definition 9. [22] Let X be a non-empty set, @ be a CTN, @ be a CTCN and R, S be FS
on X%x(0, ). A 5-tuple (X, R, S, @, ®) is said to be an IFMS if the following conditions are
satisfied. Forall y1,7,,¥3 € X; p,p1,P2> 0,

L 0=SRYLY2P) =1L0=<S(Yv2p) <1land0 < R(yy,v2,p) + S v2,p) <1,
ii. R(yi,¥2,p)=1lifandonlyify; = y,,
iii.  R(1uv2p) =RY2v1,P)
iv.  iV.R(y1,v2p1) @ R(2,¥3,p) S R(Y1, V3,0 + P1),
V. R(Y1,Y2, -):[0,00) — [0,1] is continuous,
vie i lim R(yy,y2,0) = 1,
vii.  S(y1,¥2,p) = 0ifand only ify; = y,,
vill. Sy, v2,p) = S(2,v1,P),
ix.  S(1Y2p1) ©@SW2v3p) 25U v3p +P1),
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The functions R(y4, 2, p) and S(y4, 2, p) denote the degrees of nearness, the degrees of non-

nearness between y; and y, with respect to p; respectively.

Example 1. [22] Let d be a metric such that d: X* [0, ©), R and § be two functions on
X?x[0, c0) such that

p

d(y1,¥2)
p+d(y1v2)

and S(Yl; Y2, ,0) - p+d(y1y2)

RY1,Y2,p) =

Also, if we take y; @ y, = min{y;,y,} and y; @ y, = max{yy,y,}. Thus, (X, R, S, B, @)
satisfies the conditions of IFMS.

Definition 10. [22] Let (X, R, S, D, @) bean IFMSand 0 <r<1,p>0and y; € X. The

set
B(yi, r.p)={v2 € X:R(y1,¥2,p) > 1 =7,8(y1,¥2,p) <7}
is called the open ball with center y; and radius r with respect to p.
Remark 1. [22] Let (X, R, S, @, @) be an IFMS. Define

(R, S)={A c X: for each y; € A, there exists p >0 and 0 <r < 1 such that B(y;, r,
p)CA}.

Then, T(R, §) is a topology on X .

Lemma 2. [22] Let (X, R, S, D, ©®) be an IFMS. Then, R(y4, V>, .) is non-decreasing and
S (¥1,Y2,-) is non-increasing for all y4,y, € X.

Theorem 1. [22] Let (X, R, S, @, @) be an IFMS. Every open ball B(y,, , p) in this space

is an open set.

Theorem 2. [22] Let (X, R, S, @, @) be an [IFMS and t(R, §) be a topology on X induced
by the (X, R, S, @, ®@). Then for a sequence {y,,} in (X, R, S, P, @),

Yn 271

if and only if

lim R(y1,¥n, p) = 1and lim $(yy, ¥, p) = 0.
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Definition 11. [22] Let (X, R, §, @, @) be an IFMS and t(R, §) be a topology on X
induced by the (X, R, §, @, ®). Then a sequence {y,,} in (X, R, §, B, @) is said to be a Cauchy

sequence with respect to T(R, §) if for p >0, r € (0, 1), there exists ny € N, n, m > n, such that

R Yo P) ® R, Vi p) > 1 —1

and

S(ym' Yn, p) © S(ym; Ym, p) <r.

3. Results

In this section, IFPMS are defined and their basic properties and examples are given. For
IFPMS, open ball, convergent sequence, and Cauchy sequence are defined and their basic
properties are achieved using the basic definitions and basic properties in Section 2. Furthermore,

the relations between IFPMS and classical metric spaces, FMSs, FPMS, and IFMS are analyzed.

Definition 12. Let X be a non-empty set,  be a CTN, @ be a CTCN, R and S be FSs on
X2x(0, o). A 5-tuple (X, R, S, @, @) is said to be an IFPMS if the following conditions are
satisfied. For all y4,¥2,v3 € X; p, p1,p2> 0,

L 0=SROLY2P)=L0=SWyv2p) <1 and 0 <Ry, v2,p) + S v2p) <1,
i RUvp) Z R, 72, p),
iiil.  RWv2p) =RW2v10)
iv.  R(y1,v2p) = R(1,v1,p) = R(¥2,¥2,p) ifand only if y; = 5,
V.  RU1Y3D01) O RW3,v2,02) < R(1,¥3,01 +02) @ R(¥3,v3,0), p=prand p = p,,
Vi. R(Y1,Y2,.):[0,0) — [0,1] is continuous,
vii. - lim Ry v1.0) = 1,

viil.  S(y1,v1,p) S v2,P),

ix.  SUuv2p) =8W2v1p),

X, SUuYv2p) =81 v1p) =82 vz p) ifand only if y; = s,

Xi. — S(ru,¥3P1) © S(¥3,¥2,P2) ZS(V1,¥3,P1 +P2) @ S(¥3,¥3,p),p=prandp =py,
Xii. S(¥1,Y2,-):[0,0) — [0,1] is continuous,

xiil. lim S(y1,v1,p) =0,
p—)OO

The functions R(y4,¥2, p) and S(y4,V,, p) denote the degrees of nearness, the degrees of non-

nearness between y; and y, with respect to p, respectively.
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Example 2. Let p be a partial metric such that p: X?—[0, o), R and § be two functions on
X?x[0, o) such that

p

p(Y1.Y2)
p+p(Y1,¥2)

and §(y1,¥2,p) = p+p(y1.¥2)

Ry, Y2, p) =

Also, we take a@b = min{yy,y,} and a@b = max{y;,y,}. Thus, (X, R, S, @, ©) satisfies the
conditions of IFPMS.

Corollary 1. In Example 2, if we take for all y;,y, € X,

R(1,v2,p) =1 and §(yy,¥2,p) = 0.

then, (X, R, §, @, @) satisfies the conditions of IFMS. Thus, from Definition 13 and Definition
9, every IFMS is also an IFPMS.

Corollary 2. From Example 2, we can obtain an IFPMS from every partial metric space.

Example 3. In Example 1, if we take for all p; € [0, o),

B p+D1 ___ drura)
R(Y1’ yz’ p) p+p1+d(]/1,Y2) and 5(]/1, yz' p) P+p1+d(V1vY2)
instead of
B p _ d(yyy2)
R(Yl' Y2, p) - p+d(Y1,]/2) and S(yl' VZJ,D) t+d(]/1,)/2)

then, (X, R, S, @, ©) satisfies the conditions of IFPMS.
Corollary 3. From Example 3, we can obtain an IFPMS from every IFMS.
Definition 13. Let (X, R, S, @, @) be an IFPMS and
0= $(1uy1,p) <r<R(1,¥1,p),p12p>0andy; €X.

The set

B, v2,p) = {y1 E X: R(Y1,¥2,0) ® Ry, v1,0) > R(y1,v1,p) — 1,
SuY2p) ©@SWLyLp) <SU1yLp)+ 1}

is called the open ball with center y, and radius r with respect to p.

Corollary 4: In Definition 13, if we take for all y;,y, € X,

R¥1,¥2,p)=1and S(y1,¥2,p) =0
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then, (X, R, S, @, ©) satisfies the conditions in Definition 10 for IFMS.
Remark 2. Let (X, R, S, @, ©®) be an IFPMS. Define
(R, S)={A c X: for each y; € A, there exists p >0 and
0 < S(y1,¥1,P) <t <R(y1,¥1,p) such that B(y1, 2, p) CA}.
Then, (R, §) is a topology on X.

Lemma 3. Let (X, R, S, @, ©) be an IFPMS. Then, R(y;,¥>,.) is non-decreasing and

S§(¥1,Y2,-) is non-increasing for all y4,y, € X.

Proof.
Assume that R is strictly decreasing. Then,

R(1,¥2, 1) <R(Y1,¥2,02) for 0 <p; <py and R(y2,¥2, 1) <R(Y2,¥2,p1 = p2). (1)
From Definition 12, we get

R(1,¥201) ® R(2,v2,01) = R(Y1,V2,02) © R(V2, V2, P1 — P2)- (2)
From Definition 3 and (1), we have

R(1,¥201) ® R(¥2,v2,01) < R(2,V2,02) © R(Y2, V2, P1 — P2)- (3)
where there is a contradiction because of (1), (2), and (3).
Hence, R(y4,72,.) is non-decreasing.
Assume that § is strictly increasing. Then

S(r1,¥2,01) >S(V1, V2, p2) for 0<p, <p; and S(y2,¥2,p1) >S(V2, Y21 —P2)- (4

From Definition 12, we obtain

SWLY2P1) © SW2v2p1) <SWLY2D02) © SV V2, 01 — D2)- ®)

From Definition 4 and (5), we obtain

SLY2P1) © SW2v2p1) 28U, Y2,02) © (Y2, V2,01 — D2)- (6)

where there is a contradiction because of (4), (5), and (6).
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Hence, §(y1,¥2,.) is non-increasing.

Theorem 3. Let (X, R, S, @, @) be an IFPMS. Every open ball B(y,, 1, p) in this space

is an open set.
Proof. We assume that
Y1 € B(y2,7,p).
Since B(y,, 1, p) is an open ball in (X, R, §, @, ®), then

R¥1,72.0) ® RO1,v1,01) > Ry, v1,P1) — 7

and

S1Y2P) ©@SWLyup) <SWuyLp) +7

for py = p > 0. From Lemma 3, since R(y;,¥2,.) is non-decreasing, S(y;,V2,.) is non-

increasing, there exists p, € (0, p) such that

R¥1,¥2,P2) © R(y1,71,p1) > Ry, Y1, P1) — 7

and

SW1Y2,P2) @SV P1) <SW1 Y1, p1) 1.

We assume that r; = R(y4, V2, P2) © R(y1,v1, p1). Since ry > R(yq,v1,P1) — T, there existr, €
(0, 1) such that

11 >R¥LYLP1) — 12> R YLP1L) — T

Thus, there exist 13,7, € (0, 1) such that

11 @ 13>RY1, YL p1) — 12 and (S(V1, V1, P1) — )OS V1, V1, p1) — Ta) S 1y

We assume that 5 = max {r3, 7} and B(y1, R(Y1,¥1,P1) — 15, P — P2) is an open ball. We claim
that

B, R(y1,¥1,p1) — 75,0 — p2) € B(y, 7, p).

We assume that y3 € B(y1, R(y1,¥1,p1) — 5, p — p2). Hence, we obtain

R(Y3, V2, p — p2)>7s and S (¥3, V2, P2)<2R (Y1, V1, p — p2) — Ts.
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Thus, we get
R(¥3,72,0) @ R(y1,v1,01) = R(¥3,¥1,02) ® R0, v2,p — P2)
=1 @Drs
=@
=R, Y1P1) — T2
>Ry p) =1
and
SW3,72,p) @ Sy, v1,p1) < S(¥3,¥1,02) @ S(V1,¥2,p — P2)
S SWuyee) —1) © (S v, p1) —715)
S Surp) — 1) © S, v1,p1) —1a)
<n
<r
<8§(y1, v, P
Therefore, we obtain
Y3 € B(y2, 1, p).
Hence, we get
B(y1, R(y1,¥1,p1) = 15,0 — p2) © B(v, 7, p).
Corollary 5. Let (X, R, S, @, @) be an IFPMS. The set
(R, §)={A c X:foreachy; € A, thereexistsp>0and 0 < Sy, V1, p) <r<R(1,¥1,P)
such that B(y,,r, p) CA}.
is a topology on X.

Theorem 4. Let (X, R, §, @, @) be an IFPMS and t(R, §) be a topology on X induced
by the (X, R, §, @, ®@). Then for a sequence {y,,} in (X, R, S, P, @),

88



Kargin (2025) ADYU J SCI, 15(1), 77-97

Yn 271

if and only if
lim R(y1,¥n, p) = R(y1,v1,p) and lim S(y1, ¥, p) = S(y1,v1,p)-
Proof. We assume that for p > 0,
Yn = V1-
Then for r € (0, 1), there exists ny € N, n > n, such that
Yn € By, 7, p).
Hence, we get
R ¥ p) @ R(y1,v1,0) > R(y1v1,p) =7

and

SO1 Y P) @S, v1,p) <Suyp) +T.
Thus, we obtain

R(1,Y1P) — R, ¥ p) @ Ry, v1,p) <7
and

SV p) ©@S(1,v1,p) =S v1,p) <T.

From Definition 12, clearly

RW1, Y P) < RO YLP) <1

and from Definition 12, clearly

RW1, Y P) © Ry, v1,0) < Ry, V1, P).

Hence, we have

Ry, 7LP) — RV p) © R, v, P) < R, v1,P) — ROy, ¥np) <T.

Since ¥, — ¥4, we obtain

RyuY1,P) — R0, ¥ p) =0.
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Hence,

R¥1,v1,P) = R(Y1, Y p)-

From Definition 12, clearly
SruYwp) < S Yo P
0< (y1,v1,P),

and from Definition 12, clearly

SWLYP) ESWLYnP) © S, Y1, P).

Hence, we have

SWLYP) @SWLYLP) = SWLyLp) < SWLYnp) =S vLp) <T.

Since ¥, = Y1, we obtain

SW1Ynp) =S, 71, p) =0.

Hence,

S,V p) = S0 Y1, P).

Conversely, we assume that

lim R(y1,¥n, p) = R(y1,v1,p), 1im S(yy, v p) = S(r1,v1,0)
and

lim H (1, vn, p) = H(y1,v1,p)-
Thus, for r € (0, 1), there exists there exists ny € N, n > n, such that

Ry, 7LP) — R Yp) <rand < Sy, ¥ p) — S0, v1,p) <T.

Since

RW1, Y P) © RO, v1,0) < R, v1,p) and (¥4, ¥, P) S SV, Vo P) © S, ¥1, P)s

we obtain

Ry1,v1,0) — Ry, Vnp) @ Ry, v1,0) <71
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and

SWLYP) ©@SWLyep) —SOLy,p) <r.
Thus, from Definition 13, we get
Yn € B(yy,7,p) and y, - ;.

Lemma 4. Let (X, R, S, @, ®) be an [FPMS. Then,

L IfR(y1,v2,p) =1and S(y1,v2,p) =0, theny; =y,.
ii. If y; # vy, then R(yq,¥2,p) <land S(yq,¥2,p) >0
iii.  Ify, = y3 withR(y3,y3,p) = 1and §(y3,v3,p) =0, then

lim R(yn,v2,p) = R(¥3,v2,p) and lim S(vn,v2,p) = S(¥3,72,p)
for all y, € X.
Proof.
i) From Definition 12, clearly,
R(1,v2,p) SLR(y1,v1,0) 2 R(y1,¥2,p) and R(y2,¥2,0) 2 R(¥1, V2, P)-
If R(y1,v2,p) =1, then
R(1,v1,0) 2 R(y1,v2,0) = 1.
Hence, we get
Ry ynp) =1
Similarly,
If R(y1,v2,p) =1, then
R(Y2,v2,0) 2 R(y1,v2,p) = 1.
Thus, we obtain

RY2,72,p) = 1.

Therefore,

R¥1,Y2,P) =R, 71, ) =R(¥2,¥2,p) = 1.
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From Definition 12, we obtain
Y1 =72
Similarly, we get
0<8W1Y2,0): 82 v20) S0, ¥2,p) and S(v1,¥1,0) < S(¥1,¥2, P)-
If S(y1,72,p) =0, then
S v1,p) < S, v2,p) =0.
Thus,
S(ru,v1,p)=0.
If S(y1,72,p) =0, then

SW2v2p) =S, v2,p) =0.

Thus,

S2,v2,p) =0.

Therefore,

S(1,¥2:p) =S¥, ¥1,p) =S(¥2,¥2,p) = 0.
From Definition 12, we obtain
Y1 =72
ii) Let y; # y,. We assume that
R(y1,¥2,p) 21 and S(y1,¥2,p) < 0.
Thus, From Definition 12,
R(y1,v2,p) =1 and S (y1,¥2,p) =0 (7
since R(y1,¥2,p), S(v1,v2,p) €[0, 1].
From (7) and i), we obtain y; = ¥5. ()

where there is a contradiction because of (7) and (8).
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Hence,
R(¥1,¥2,p) <l and S(y1,¥2,p) > 0.
iii) From Theorem 4, if y;,, = ¥3, then
lim R(y3,¥n p) = R(¥3,3,p) and lim S(y3,yn, p) = S(v3,¥3,0)-
Thus, since
R(¥3,¥3,p) =1 and $(v3,¥3,p) =0,
we obtain
lim R(y3, ¥, p) = 1 and lim $(y3, ¥, p) = 0.
From Definition 12, we obtain
R ¥3:P) @ R(¥3,¥ns ) S R(¥ns Yo 29) @ R(¥3, V3, P)-
Also, from (9) and (10), it is held that
1@ 1<RMu¥n20) D1
From Definition 3, clearly
R(n Yn 2p) = 1.
Also, from Definition 12 and for p; — p < p and 0 <p < p;, we have

R¥2,73,01 = P) © R¥3, ¥ P) < RW2 ¥ P) @ R(¥3,73,P)

and

RW2:Yn P) @ R, ¥3,P) < R(¥2,¥3,2p) @ RV, Yo 2P).

From (9), (11) and (12), we obtain

RY2,73,01 — P) < RW2, Y, P)

and

R¥2:Yn P) < R(¥2,V3,2P)

since R(y1,V2,.):[0,00) — [0,1] is continuous. From (13), we obtain
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R(¥3,v2,p) < lim R(yn,v2, p)
and
lim R, ¥2,p) < R(y3,v2,p)-
Hence, we get
lim R, v2,0) = R(¥372,P)-
Also, similarly, we have
lim S(vn,v2,p) = $(v3,¥2,p0)
for all y, € X.
Corollary 6. In Lemma 4, if we take for all y;,y, € X,
R(y1,v2,p) =1and S(y1,y2,p) =0
then, (X, R, S, @, ©) satisfies the conditions for IFMS.

Definition 14. Let (X, R, S, @, @) be an IFPMS and (R, §) be a topology on X induced
by the (X, R, S, ®, ®).

a) Then a sequence {y,,} in (X, R, S, @, @) is said to be a Cauchy sequence with respect to (R,

S)iffor p> 0, r € (0, 1), there exists ny € N; n, m > ng such that
RWm Yo P) @ RWins Vims £) > RV Vs ) — 1
and
SWms ¥noP) @ 8 (Vi Yo P) < 8 (Vim, Y, P) + 7
b) (X, R, S, @, @) is called complete if every Cauchy sequence is convergent in this space.

Corollary 7. Let (X, R, S, @, ©) be an IFPMS and t(R, S) be a topology on X induced
by the (X, R, §, @, ©®). Then a sequence {y,,} in (X, R, §, @, ©) is said to be a Cauchy with
respect to T(R, §) if

lim R(Vm, ¥n.p) and Lim SV, Vo, p)
n,m—co n,m—co

exists and finite.
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4. Conclusion

In this paper, IFPMS are defined and their basic properties and examples are achieved. For
IFPMS, open ball, convergent sequence, and Cauchy sequence are defined and their basic
properties are obtained. Furthermore, the relations between IFPMS and classical metric spaces,

FMSs, FPMS, and IFMS are analyzed.

Thanks to this paper, researchers can define some partial metric spaces based on IFS. For
example, researchers can define intuitionistic fuzzy partial G-metric spaces, intuitionistic fuzzy
partial m-metric spaces, and intuitionistic fuzzy partial b-metric spaces. Also, Researchers can
introduce new fixed point theories for these new types of metrics. Furthermore, researchers can
define intuitionistic fuzzy partial normed space and neutrosophic partial metric space by taking

advantage of IFPMS.

Abbreviations

Continuous t-conorm: CTCN

Continuous t-norm: CTN

Intuitionistic Fuzzy Partial Metric Spaces: IFPMS
Intuitionistic Fuzzy Metric Spaces: IFMS

Fuzzy Partial Metric Spaces: FPMS

Fuzzy Metric Spaces: FMS

Intuitionistic Fuzzy Sets: IFS

Fuzzy Sets: FS

Fuzzy Logic: FL

Fixed Point Theorem: FPT
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Abstract

This study presents a mathematical analysis of the SVEITR model, which incorporates
susceptible (s), vaccinated (v), exposed (e), infected (i), treated (t), and recovered (r) populations
to evaluate the dynamics of cholera spread. By integrating treatment and vaccination rates into
the model, we aim to understand their impact on disease transmission and the development of
immunity. Our findings reveal that combining rapid treatment and vaccination significantly
reduces the spread of cholera disease, highlighting the importance of these interventions in public
health strategies. The model demonstrates that timely and widespread implementation of
vaccination and treatment can effectively control outbreaks and mitigate the disease’s impact.
Through a numerical simulation of the Laplace Adomian Decomposition Method, the results
reveal that treatment rate reduces the spread of the disease, and vaccination plays a vital role in
curbing the aftermath of widespread disease. Hence, there is a need for robust healthcare policies
that prioritize these measures to achieve substantial progress in managing and eventually
eradicating cholera, particularly in vulnerable regions. The SVEITR model offers a valuable
framework for policymakers and healthcare professionals to develop effective strategies for

cholera control, contributing to improved public health outcomes.
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Kolera Bulasiminin Dinamikleri Uzerinde Tedavi ve Asilama Etkilerinin Kantitatif

Modellemesi
Oz

Bu calisma, kolera yayiliminin dinamiklerini degerlendirmek amaciyla duyarli (s), asili (v),
maruz kalmis (e), enfekte (i), tedavi edilen (t) ve iyilesen (r) popiilasyonlar1 iceren SVEITR
modelinin matematiksel analizini sunmaktadir. Modele tedavi ve asilama oranlarinin entegre
edilmesiyle, bu Onlemlerin hastaligin bulagsmasi ve bagisiklik tizerindeki etkilerini anlamayi
amacliyoruz. Bulgularimiz, hizh tedavi ve aginin birlestirilmesinin kolera hastaliginin yayilmasini
onemli dl¢lide azalttigin1 ortaya koyarak, bu miidahalelerin halk saglig: stratejilerindeki 6nemini
vurgulamaktadir. Model, asilama ve tedavinin zamaninda ve yaygin olarak uygulanmasinin
salginlart etkili bir sekilde kontrol edebilecegini ve hastaligin etkilerini azaltabilecegini
gostermektedir. Laplace-Adomian Ayristirma Y dntemi ile yapilan sayisal simiilasyon sonucunda,
tedavi oraninin hastaligin yayilimini azalttig1 ve asimin hastaligin yaygin etkilerini azaltmada
hayati bir rol oynadig1 ortaya ¢ikmistir. Bu nedenle, bu 6nlemleri dnceliklendiren saglam saglik
politikalarina duyulan ihtiyag, ozellikle savunmasiz bolgelerde koleranin yonetilmesi ve
nihayetinde ortadan kaldirilmasi i¢in 6nemli ilerlemeler saglamak agisindan gereklidir. SVEITR
modeli, politika yapicilar ve saglik uzmanlart i¢in kolera kontroliine yonelik etkili stratejiler
gelistirmede degerli bir ¢ergceve sunarak, halk sagligi sonuglarinin iyilestirilmesine katkida

bulunmaktadir.

Anahtar Kelimeler: Kolera kontrolii; Tedavi etkinligi; Asilama orani; Kararlilik analizi;

Kantitatif analiz; Simiilasyon.
1. Introduction

Cholera is a highly infectious disease caused by the bacterium Vibrio cholerae, which
remains a public health challenge, particularly in regions with inadequate water and sanitation
infrastructure. Characterized by severe diarrhea and dehydration, cholera can lead to death within
hours if untreated, as in [1-2]. The disease primarily spreads through the consumption of
contaminated water and food, making its control closely linked to the quality of water supply,
sanitation, and hygiene practices in [3]. Despite advancements in medical sciences and public
health strategies, cholera outbreaks continue to pose a substantial health risk in developing

countries. The focus of contemporary cholera research includes treatment efficacy, vaccination,
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water and environmental cleanliness, regional enlightenment, regular hand washing, proper waste
disposal, and community awareness by [4-5]. These components of sensitization and treatment
are crucial in developing a comprehensive approach to control and prevent the disease effectively
[6]. Effective treatment of cholera involves prompt rehydration, which can be lifesaving as
discussed in [7]. Oral rehydration salts (ORS) are the cornerstone of treatment for most patients,
while intravenous fluids are necessary for severe cases [8]. Antibiotics can also reduce the
diarrhea and the volume of rehydration fluids needed can be increased instantaneously with
researching into optimizing the treatment ongoing in endemic African regions such as Sudan,
Ethiopia, Nigeria, Niger and Somalia, aiming to enhance their efficacy and accessibility to healthy

water supply and hygienic environmental settings as in [9-10].

The goal is to ensure that treatment protocols are both efficient and adaptable to various
healthcare infrastructures, thus reducing mortality and morbidity rates associated with cholera
disease [11-12]. Oral cholera vaccines (OCVs) have proven effective in providing immunity and
reducing the incidence of the disease as well [13]. The integration of vaccination into public health
strategies, especially in high-risk areas, can prevent outbreaks and provide long-term protection
[14]. Recently, researchers have focused on improving the efficacy and duration of vaccine-
induced immunity, as well as logistics to enhance vaccine distribution and administration to
endemic regions, where the success of vaccination campaigns depends on the timely and
widespread coverage, particularly before and during cholera outbreaks, as in [15]. Clean water
and proper sanitation are fundamental in preventing cholera transmission, where contaminated
water sources are the primary vectors for the bacterium, highlighting the need for robust water

treatment and safe water storage practices by [16].

Additionally, environmental cleanliness, including the maintenance of clean living
conditions and proper sanitation facilities, is essential in [17-18]. Public health initiatives must
focus on infrastructure development and community education to promote sustainable practices
that ensure water and environmental cleanliness. Educating communities about cholera
prevention and control is vital. Regional enlightenment campaigns can significantly impact public
health by raising awareness about the disease, its transmission, and preventive measures, as in
[19]. These campaigns should focus on informing individuals about the importance of using safe
water, practicing good hygiene, and recognizing the symptoms of cholera for prompt treatment.
Tailored educational programs that consider local customs and practices can enhance community
engagement and compliance with preventive measures [20]. Hand washing technique with soap,
disinfectants, and clean water is one of the simplest and most effective ways to prevent the spread

of cholera. Regular hand washing, particularly before eating and after using the toilet, can
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significantly reduce the transmission of the bacterium [21]. Public health campaigns must
emphasize the importance of this practice and ensure that communities have access to soap and
clean water. Installing hand-washing stations in public places and schools can also promote this
essential hygiene practice. Proper waste disposal is crucial in preventing cholera outbreaks.
Improperly disposed of human waste can contaminate water sources, facilitating the spread of
Vibrio cholerae [22]. Implementing effective waste management systems, including the use of
latrines and sewage treatment facilities, is vital. Public health initiatives should focus on
constructing and maintaining these facilities, as well as educating communities about the
importance of proper waste disposal [23]. Safe disposal practices help break the transmission
cycle and reduce the risk of outbreaks. Awareness campaigns play a crucial role in cholera
prevention, informing the public about the deadly disease, its symptoms, and the importance of
seeking immediate treatment can save lives [24]. Awareness efforts should also highlight the
preventive measures individuals can take to protect themselves and their communities, as in [25].
Utilizing various media platforms, including radio, television, social media platforms, and
community outreach programs, can effectively disseminate information and reach a broad

audience [26].

However, this research focuses on controlling the spread of cholera, which requires a
multifaceted approach. This involves developing a mathematical model that incorporates both
effective treatment and vaccination rates, along with various control measures, including water
and environmental cleanliness, regional education, regular hand washing, proper waste disposal,
and public awareness. By addressing these areas, public health initiatives can significantly reduce
the incidence and impact of cholera, ultimately aiming for its eradication. Proper and continuous
investment in these strategies is essential to overcoming the persistent threat posed by cholera,

particularly in vulnerable regions.
2. Materials and Methods
2.1. Model Formulation

The total population N (t) is distinctly divided into six sub-compartments of population
sizes of are susceptible S(t), vaccinated V(t), exposed E(t), infected I(t), hospitalized/treated T(t)
and recovered population R(t), The rate of migration 7 or inflow into the population resulting to
the spread of cholera is f as human population are exposed through contaminated water and the
hygienic measure put into practice to avoid ingestion and reduce the contact rate of the disease.
Logistic coverage of public awareness of infected individuals at a rate of ¢, where exposed

individuals are subjected to contracting cholera at &, and the rate of recovery is denoted with ¥
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The treatment rate of the hospitalized individuals @, . More than 75% of contamination risk of

vibro-cholerae results in the spread of the disease and ¢ vaccination rate of susceptible
individuals, with & representing the vaccine efficacy and shedding rate of infected human
population, coupled with natural mortality rate for human and vibro-cholerae are @ and f. The

above parameters can be demonstrated with schematic flow in Fig. 1 and a system of nonlinear

differential equations in Eqn. (1) below, respectively.

5,

% o S 0
r 0—@&5‘
o o °
0 0

/ﬂ’ (cr+ﬂ)f

Figure 1: Schematic diagram of the model.

2.2. Model Analysis

From the schematic diagram above, an equation of the model is obtained in Eqn. (1) below:

CCZZ—Lj:;z—,BSI—@1 + 1)S + R

v _ ¢S —(1—&)BIV — uV

dt

d—f =(1-&)BIV + pSI — (k + u)E

g—kE—(a+y+7/+¢2)l

dT

7—%1 (p+T

dR

7—¢T+ﬂ (6 + 1R (1)
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Subjected to the initial condition
S(0)=s,,V(0)=v,,E0)=¢,,1(0)=71,,T7(0)=t,,R(0) =7, 20. )

Parameters of the model solution, descriptions, and references are displayed in Table 1 and Table

2 with values that are time-dependent for cholera spread.

Table 1: Description of model state variables.

Variables | Description

S(t) Susceptible population
V(t) Vaccinated population
E(t) Exposed population
I(t) Infected population
T(t) Treated population
R(t) Recovered population

Table 2: Description of model parameter, values and references

Parameter | Description Values References

N Total population 80,000 [10]

® Recovery rate of hospitalized individuals 0.001 [11]

& Vaccination efficacy 0.5 [1]

¢2 Treatment rate of hospitalized individuals 0.2 [18]

¢1 Vaccination rate of infected individuals 0.03 [2]

yzi Natural death 1.0 [5]

o Immunity waning rate 0.0016 [20]

T Recruitment rate 0.113 [3]

ﬂ Rate of cholera transmission 1.0126 [14]

a Disease induced death rate 0.33182 [21]

V4 Natural recovery rate 0.16524 [17]

k Progression rate between exposed and infected class of 0.25533 [9,16]
individuals
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2.3. Existence and Uniqueness of Model

The system of Eqn. (1) above, which describes an epidemic disease within a human
population, should have parameters that are non-negative. To ensure that the system of differential
Eqn. (1) is both mathematically and epidemiologically well-posed, it is essential to demonstrate
that the state variables in the model are nonnegative. Therefore, the system of Eqn. (1) is bounded
by an initial condition ofS(O) =S, V(O) =V, E(O) =e,, I(O) =1i,, T(O) =t,, R(O) =7,,in
which the solution will persist in being non-negative throughout their evolution, i.e., # > 0 and

that these positive solutions are bounded in this region. We thus apply the theorem (1) below.

Theorem 2.3.1. Let (x,y)be distinct points of normed linear space (X , ---||)over R.

Then the map of p:[0,l]]cR — (X oIl - ||) such that p(1) = Ax + (1 — A)yis continuous on

[0,1].
Proof. Let A, €[0,1] then p(4,)=A,x+(1—4,)y forany A, €[0,1],
|2 = P = (A= 20)x+ (A= 20)¥]| < |2 = 24 (] +[]) ()

g

If € > 0is given, let & =
[+

If [ = 4y| < . then the |p(A)— p(4, )] < &.

Therefore, p is continuous at A, . Since A, is an arbitrary point in [0,1]. then p is continuous
on [0,1]. Let X be a linear space over R . If x,y are distinct points of X, the set Ax + (1— A1)y lies
in0<A<1.

Hence, the solutions of system of Eqn. (1) are bounded if we consider the total population
N(t) =S(t) + V(t) + E(t) + I(t) + T(t) + R(t)
The variation in the total population concerning time is given by:

dN(?) _ ds(r) N av(t) N dE(t) N dl (1) N dT (1) N dR(t)

)
dt dt dt dt dt dt dt
Such that d];(t) =r—-u(S+V+E+I+T+R)-ad —> d];(t) <7 —uN . When

there is no outbreak of cholera, ¢ =0.Thus, substituting Eqn. (1) into Eqn. (4) as time

progressively yields:
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lim N(¢) < lim Z+(N(0)—£]e/”} _T (5)
t—© t—00 lLl ILl ,Ll
N '
Ifso N(0) £ —,as N(f) £ —. Thisisa positive invariant set under the flow described
7

by Eqn. (2) so that no solution path leaves through any boundary SRi . However, it is sufficient to

consider the dynamics of the model in the domain ﬂ?i . In this region, the model can be considered

mathematically and epidemiologically well-posed.
2.4. Positivity and Boundedness of Model

This shows that the total population N(t), and the subpopulations S(t), V(t), E(t), I(t), T(t),
R(t) of the model are bounded and are a unique solution. Hence, its applicability to study physical

systems is feasible.

Theorem 2.4.1. Suppose X = X, is a space of consecutive real numbers, and that are defined as

o=

n Q
L(x,y) = [Z|xl| } Q>1 (6)
i=l

X with the metric is called ¢"space. If ¥ |x|' <o or absolutely convergent and

o=

s Q
L(x,y)= (Z|xi - yi| j , then X with this metric is called an ¢ space.
i=1

Proof. It can be checked that for each n:

0<x2+xZ24+x3+...+x2 < (|xg| + |xz| + |x3|+... +]x,])? (7)

This will result to;

2

SR P )

Therefore,

1
0 < (Fededrand )2 < |+, + x|+ %,
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If i|xn| converges, that is i|xn|is absolutely convergent, then

n=1 n=l1

0
I
0< (x12+x22+x32+...+x3)5 < xl‘ + ‘xz‘ +‘x3‘ +..+ X, = Z X, <00 )
n=l1
Therefore,
0sx, =X, X3 +X] +.t X, £|:§‘x”@<00 (10)
n=1

The sequence x,, is monotone increasing and bounded above, it therefore converges. Thus

Z x, converges absolutely, i. E if x, € &', then x, € & where &' < &2 In case of &' denote

n=1

o0
the set of all sequences of x, of real numbers such that an is convergent absolutely. i.e

n=1

0 0
Z |xn| < cowhere as &7 denote the set of all sequence X, of real numbers such that Z X} <oo

n=1 n=1
. . . 1
converges. From the proceeding x, € & 'e x, €& ’ie (fl C fz. Further, if x, =—, then
4
n

00 o0 o0 1
Z|xn |diverges and thus x, ¢ ¢& ' But ij = 2—3 converges, implying that x, € 52. We

=1 =1 =1 4
n n n n 4
conclude that &' = £%and thus &' # £2.If (x,, ¥, )are sequences of real numbers, then;

1 1
i(xi —yi)2 < ixiz +§:yi2 +2{ixi2}2{2yi2}2 (11)
n=1 n=1

n=1 n=1 n=1

Therefore if le.z < ooand Z yl.2 < oo then Z(xi —y,)> <oofor all n. The monotone

n=1 n=1 n=l1

o0
. . 2. .
increasing sequence {E (x;, =) }15 then bounded above and hence converges i.e
n=1

Z(xi—yl.)2<oo. Thus (xi—yl.)2e§2if (xn,yn)efzas in [18]. Given that the

n=1

S(0)=s,>0, ¥(0)=v, >0, E(0)=¢, >0, 1(0)=i, >0, T(0)=¢,>0, R(0)=r, >0
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and¢ > 0, then the solution of S(t), V(t), E(t), I(t), T(t), R(t) of the Eqn. (1) will always be

nonnegative.

Let: ¥ = {(S(t),V(t),E(t),I(t),T(t),R(t)) eR® N < f} (12)
U

If f.,i=L2....6where fisa constant. Then;

df,

—

ds
df,

dT
df;

dR
q.

[’}

dl
d.

5%}

dv

(%)

dR

IS

dl

w

dv

(=2}

ds
q.

wn

df,
a4,
s

df

dR

df df d
(prprurof<m, | Boeo, [ Do, Do o
=|a| <o
d d

:|5|<oo,£:|¢l|< de =|(1—&)B+ p| < oo, a{; =10/ < o0,

d d d
:|(1_g>ﬁ|<oo‘d_1;z:|o|<oo, ‘fz 0 <o0 ‘f3 <0,

d d

—l0- ) <o, ‘d_f;:|(k+ﬂ)|<oo ‘; —j1-eppl <0, L <l <ce,
=< Lol <Jg <0, | 2| <o} < ‘Zf; < oo,

d d df
a7+t <o ‘£:|0|<oo, ‘£:|0|<oo, Y5 i) <o,
d d
<oy [Loi—fof<en, [ Delf|<on, (el = s <0, [ Lo} [uf <o,
<o, \%=|o|<oo, Ll i<, |l =bl<on. [Lelplcon
dv dE dl dT
:|(,u+5)|<oo (13)

Eqn. (13) above confirms that system of Eqn. (1) is bounded, invariantly and attractively

influential on the bounded region of i]i’i .

2.5. Disease Free Equilibrium

The cholera non-infected equilibrium state represents a scenario in which Eqn. (1) is

entirely free from Vibrio cholerae spread as in [1]. Consequently, when the number of disease
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population of infected, exposed individuals is at equilibrium, i.e [ = E = 0. This context brings

about the solution for the cholerae free equilibrium oint which is derived as follows in Eqn. (14)

dS _dv _dE _dl _dT _dR _,

o2 =2 (14)
dt dt dt dt dt dt
At no outbreak of measles infection, the diseases class, atf > 0, from Eqn. (8),
(SO’VO’EO’IO’ToaRO):[ . ’ ﬂ¢l 90703090 (15)
(@ +1) (p-0+u)1-¢)f+u

2.6. Disease Endemic Equilibrium

Examining cholera endemicity spread, we focus on strategic interventions of treatment and
vaccination of infected individuals with the aim of long-term eradication. The frequency of
choleraon (S,V,E,ILT,R) at ¢ # 0, stressing the dynamic aspect of it to gauge on the crucial role

in its infectious disease and protection on the populace. Let the endemic nature of Eqn. (1) be
E,=(S"V',E",I",T",R") at steady state, I # 0, hence the equation for its endemicity at

equilibrium is obtained in Eqn. (16) below;
g __ m(=e) g, +u+al+ fluty+ol
[(u+y+1=-8))+ WA +(1—&)+(u+y+9)

o _U=m(prk+ o +pu+d) oo fA-e)dy+y+p)
G+u+d)(u+y+1-)p1 " Jy+k+w(5+u+a)

_ =)z + (uty + )k +¢ + S+ p+7)]

I ,
[+ p+7)]
. (u+y+k) +\/(k+(ﬂ+¢1)(5+ﬂ+5) (16)
(S+p+a)(u+k+4,] (r+u+k)
r__ (ura+d) +\/ (u+p+h)+u’
[P (p+ ) +(-8)] \k+a)y+pu+ke+pu+o)

2.7. Basic Reproduction Number

The basic reproduction number R, measures cholera spread by calculating secondary

infections using next-generation matrices for new infections and transitions. Let
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R, = p(G—AI|) where G=F xV 'and p is the spectral radius of the matrix| G — AI |. Thus,

o, (x,) V= ov,(x;)
x| Ox,

J

the R, is obtained as it is defined thatF; ={ ] Such that

_ (ﬂISo +(1-e)pl Voj ( (k+ u)E
f= andy =
0 —kE+ (a+u+y+¢,)I

J, the transmission matrix for

the disease and its transition compartmentally for the disease spread is obtained below in Eqn.

(17)

al(l-e)f+u+4¢] (k+2) 0
F= . (¢1—5+ﬂ)(§1—8)ﬂ+,u V=( i (a+ﬂ+y+¢2)J (17)
. 1 0 72-[(1_8):3+y+¢1] (a+u+y+¢2) 0
k@t (¢1+”)(10‘8)ﬂ+”( —k (k+ﬂ)}

Resolving the above matrix respectively with their eigenvalues being independent factors
of the leading variables, the basic reproduction number for Eqn. (17) is obtained in Eqn. (18) as

discussed in [10]

_ ”[(1_5)ﬂ+ﬂ+¢1] (18)
(@ —o+wd-—e)p+ulla+u+y+¢,)

2.8. Quantitative Analysis of R,

Here, we conduct a quantitative analysis of R . to assess its metric progression concerning

each intervention method. By excluding the values of intervention parameters, we assess Eqn.
(18) using the baseline values provided in Table 1, subsequently resulting in Eqns. (19)-(22). The

outcomes of these calculations are presented in Table 3.

P 7[(1—0.028726) 3 + 0.0087363 + 0.52635324, ]
" [(1.27364— 09377847 + 0.38736c)(1 — 0.7653¢) B + 0.872625](0.9972 + 0.52434364, )

R, =f(g) = -1.7363526¢, +1.4591378864, (19)

5=0,4,=0

&

R, = f(p),.,,, =0-005728262500+0.0000133p +0.0039257856 (20)
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R, = f( 2]FWO:0.093762(0.09756+0.54¢1)+o.137747¢2+—0.018¢

R

Table 3: Standalone metric of vaccination and general awareness on R o

A

s/n ¢l
1 0
2 0.2
3 0.4
4 0.6

&

f() . =1.38947804-1.92764245

PN
0o 0 |o
0o 0 |0

R,
1.4591378

1.1964930

0 0 0.93384824

0 0 0.67120342

B
s/n ¢l

0

0

0

0

0

0.2

0.4

0.6

S

&

1.45913788

1.16731030

0.87548273

0.58365515

2.9. Local Stability for Disease Free Equilibrium

C

s/n ¢l

0

0.2

0.4

0.6

21
(22)
&
1.45913788
0.25434513
0.20246410
0.18416303

Theorem 2.9.1. The disease-free state of the model is locally asymptotically stable if the

threshold of the disease spread R, < 1 and unstable whenever it is of the form R, > 1.

Proof. The disease-free equilibrium is obtained using the Jacobian matrix approach from next

generation matrix of the resulting eigenvalues of respective parameters as of the system of Eqn.

(1) and evaluated at the disease free state using the linearization method thus;

p
(1-¢)p
(1-¢)p

—(atut+y+d)

-(B+u+d+0) 0 0
4 ~[A-8)p+u] 0
g (I-e)p  —(k+p)
0 0 k
0 0 0
0 0 0

9,
/4

S O O O

-(p+up)
¢

S O O o O

—(0+u)

(23)

Computing for the eigenvalues from the characteristic equation as ‘J E Al ‘ =0, we then have

%

p
0
0
0

a—A

0 0 yij
b-1 0 (A-¢)p
1-&)p c-1 (A-¢&)p
0 k d—A
0 0 o,
0 0 4
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a=—(f+u+¢ +0), b=-(0-e)f+ul, c=—k+p), d=—(a+u+y+¢),
e=—(@+u), f =—(0+ u) as obtained from Eqn. (23) the respective eigen vales are deduced
in Eqn. (24) below:

—(a+u+y+¢)-1 0

/ _(gpw)_ﬂ,%=—(a+u+7+¢z),/1=—(¢+ﬂ)

A=~(v+u).A=~ay+p),h=-p,
24

Respective eigenvalues are negatively invariant in the regioninr, indicating a biological

implication that there will be a decrease in the spread over time if necessary control measures as
indicated are strictly adhered to. Hence it is asymptomatically stable VA4, < 0,n = 1,2...6,t >
0.

3. Regional Resilience for Persistence Equilibrium State

Theorem 3.1. The local stability of the persistent equilibrium of the model is ensured that if
R, <1, invariantly and otherwise, it is unstable if R, > lis in the modification of the model

equation as discussed in Eqn. (1).
Proof. Suppose

S=x+§" V=y+V E=z+E I=a+I",T=b+T" ,R=c+R’ 25)

Linearizing Eqn. (1), is then obtained as from Eqn. (26) for respective sensitive parameters for

each state variable that are

§=ﬂ—ﬁ(x+5*)(a+l*)—(¢l+,u)(x+S*)+5(x+R*)

dv . . . "

ZZ(A()HS )=(=&)Bla+ 1)y +V")—u(y+V")

dE . . . " "
E:(l—g)ﬁ(a+1 Y+V )+ p(x+S)a+1")—(k+u)(z+E7) (26)
%:k(z+E*)—(a+y+y+¢2)(a+I*)

L g+ 19+ b+ T
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B o +T)+ @+ 1=+ e+ R)

Linearizing Eqn. (25), it is then obtained that each

% = —fax — (¢ + p)x — ox +higher order + non - linear terms...
dy . .

5 ¢x—(1—¢)pay — py + higher order + non - linear terms...
dz . .

i (1-¢&)pay + Pax — (k + p)z + higher order + non - linear terms... (27)
da . .

= =kz —(a+ u+y+@,)a+higher order + non - linear terms...
db . .

i ¢,a— (@ + p)b+higher order + non - linear terms....

dc . .

= @b +ay — (6 + p) +higher order + non - linear terms...

The characteristic equation obtained from its Jacobian matrix is;

A-1 0 0 — Pax 0 0
px  —lAd-&)pay+wly-4 0  (1-¢&)pay 0 0
Pax (1-¢)pay B-1 Pax 0 0 _0 (28
0 0 kz C-1 0 0
0 0 0 ag, —-(p+u)—1 0
0 0 0 ay @b 0+ p)c

Denoting that 4 =—(fa + 11+ @)x, B = fax—(k + 11)z],C =—~(a + t+y + ¢,)

the resulting eigenvalues of the above matrix are obtained as;
2 =(x+(a+y)+(c+b)L +((x+c)y+s)+az+by)1+b)A —(ab(c +z) +be(a + y)1 +2)2°
+ y(cz(a +b)+xb(a+ y))ﬂ,2 —(a+c)(x+y)A+abcxyz =0. (29)

With the invariance of the eigen values it is said to be locally asymptotically stable because

all are of negative results.
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3.1. Global Stability of Disease-Free Equilibrium

We employ the Lyapunov’s function approach to establish the global asymptotic stability
of the model solution for Eqn. (1) and ta disease free equilibrium, utilizing the Lyapunov

algorithm for the model state variables, this is deduced in Eqn. (30) thus;
®(t,S,V,E,I,T,R)=C1, +C,I, +C,I, (30)

c%) =C/lI +C,1; +C,1;

:Cl((l—g)ﬂle+,812S—(k+/,¢)11)+C2(k11 —(a+y+9, +ﬂ)12)
+C2(¢2[2 — (o, +/U)13)

=Cokl, =G (k+ )1, +C\(1-&) LV + C, pI,S - Cy(a +y + ¢, + W),
+C0,1, — Ci(p, + 1)1,

S(Czk_cl(k+ﬂ))11 +(C1(1—8):BV0 +C S5, —C(a+y+, +/U)+C3¢2)12
—Cs(p, + W1,

S = 4 V. = 7T¢1
g @G-S p-e)prp

E,=0,1,=0,T,=0,R, =0 (31

T oy a4 co |
Yt @ -s+w-o)f+p’ " (k+w)’
c :[(czﬁ,-w—é)a—e)mw)j
oz a5y a+ )

S, =S

do <C[7r(l—g)ﬂ+7z,u+7r¢, _(k+,u)]11 _[ﬂ(y+u+§)(l—g)ﬁ+,u ~ 7r(;/+,u+§)(l—6),3+,u]12

dt ~ '\ [g-0+ml-e) (k+p) \G+w@+u+td)l-e) (4+u)y+p+d)l-g)

)

ZZ<w(R, -1 32
o w( ) (32)

It is pertinent to observe that when time of the disease spread is simultaneously increasing

at ¢t — ooand the constant of C; <1, substituting into the model Eqn. (31), it is revealed that,

113



Odeyemi & Kolawole (2025) ADYU J SCl, 15(1), 98-127

based on Lasalle’s invariance principle ®° =0, is globally asymptotically stable whenever
R, >1 asseenin Eqn. (32), because the basics reproduction number of the model system of Eqn.

(1) is independent of the deiseal state eigen parameters.

3.2. Global Stability of Disease Endemic Equilibrium

Theorem 3.2.1 The Dulac criterion is a method used in dynamical systems to determine the
absence of periodic orbits in a given region of the phase plane, which can be extended to analyze

the global stability of an equilibrium point.

Proof. For a dynamical system described by the differential equations, i. e

dx _ @ _
PREACSUIE et C) (33)

The Dulac criterion states that if there exists a continuously differentiable function B(x, y)

(called the Dulac function) such that the expression in Eqn. (33) gives the equation below;

(B )+ (B, g5 ) G4
X Oox

Which is either strictly positive or strictly negative throughout a simply connected region
D of the phase plane. Then, there are no closed trajectories (periodic orbits) contained entirely
within D. To apply this to determine the global stability of an endemic equilibrium (x*, y*)of
a mathematical model, the endemic equilibrium point (x*, y*), which is also defined by the

Dulac function B(x, y)gives the equation below

(Bl S0 )+ (B 1)g6, ) 35 B 1)g() 35)
X Ox

This indicates that the equation has a constant sign (either strictly positive or strictly
negative) in the region of interest. If such a Dulac function B(x, y) can be found, the system has
no periodic orbits in that region, suggesting the global stability of the endemic equilibrium if no

other attractors exist. Hence, if 3B(x, y) € C' is such that

(Bl S+ (B 1) (5, ) # 0in . (36)
X Ox
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Then, there are no closed trajectories in D . This criterion is useful in proving the global

stability of the endemic equilibrium when combined with other stability analysis techniques.

We then employ this concept of Dulac’s criterion. Let, X =(S,V,E,I,T,R) define the

Dulac’s function, i. E if G = —. The following system of equations are derived.
das 1
G—=——pBSI — (¢ + 1)S + R
= T BSI= (9 + 10 + OR]
& b5 --a)p17 - )
@t
dE 1
G—=—1\0-&)plV+pSI —(k+ u)E 37
=5 U= OBV + BSI = (k + i E] (37)
dl
G—=—WE—(a+u+y+¢,)I
. SI{ (@+p+y+4)I}
dT 1
o 1~ (p+ 0T}
dt
dR 1
G—=—0T+y —(0+ )R
=g T+ A =8+ pR]

The above system of equations then results to;

GdS {”_ﬂ_(¢1+,u)+5_R}
dt | SI I SI
{ _M_ﬁ}
S
dE {(1 g),b’ (k+,u)E} (38)
S
Gl _ k_E_(a+u+7+¢z)}
dt | SI I

Gd_T:{¢2 _((D"'/J)T}

Gd_R:{_T+Z_(5+_ﬂ)R}
s s
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d(GX)

At an initial time, # > 0 orbital resolution of the system of equations is given by

which are obtained below compartmentally for each state variable and resolved descriptively to

dt oS dt oV dt OE dt ol dt) 0T dt

have,

+E{Gd—R}
OR | dt
d(GX>:i{i_ﬁ_w+5£}+i{ﬁ_w_ﬁ}
dt oS | SI 1 St) ov |1 S S
+i{(l—€)ﬂ+ﬁ_(k+u)E}
OE S S

+£{k_E_(0‘+ﬂ+7+¢z)}+i{ﬁ_M}+i{ﬂ+l_w} (39)
or | st I orls st | erlst s s

d(GX) ={_[ﬂ+ﬂ+(¢1 +ﬂ)+5]}+ﬁ{_ 4 +(1—8)ﬂ+ﬂ}
di SI ov SI

+i{_ (1—8)ﬂ+ﬂ+(k+ﬂ)}
OF S

+Q{_k+(a+ﬂ+7+¢2)}+i{_¢z+((p+ﬂ)}+i{_¢+7+(5+u)}
ol SI or S OR SI

AQ=v)+[A=p)+ pBl+(m+ ) m+{1-p)—(pf+H)
d(GX) _ SI I
dt LA=p)f+(6+u) So+pp+((y+pu+td) Avty—p
I ST SI

(40)

d(GX) __|[20-p) +3p8 1+ Jy2m’ +m(=p) v (pB+ | o )
dt SI

This implies that the system has no closed orbit. It therefore portrays epidemiologically
that, no existence of a periodic orbit which implies that there are fluctuations in the number of
infective, which makes it obvious that in allocation of resources for the control of the disease,

vaccination will help to eradicate the rapid spread of cholera with time.
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3.3. Sensitivity Analysis

The primary aim is to assess the sensitivity of the basic reproduction number by computing

its derivatives concerning all relevant parameters. This analysis will result in the determination

R dR

of the normalized forward sensitivity index which is denoted as I, = 57 Xm Here we

investigate the influence of various factors that affects the dynamic progression of cholera disease
dynamics. Hence, the respective equations depicting the influence on cholera spread is obtained

in Eqn. (42) and its values are illustrated in Table 4 below.

OR. _ OR. xﬁ =1.002863633, R, _ R, ><ﬂ =0.001307654,
o of R o4 0¢ R
OR. _OR. ><¢—2 =1.1096546, OR, _ OR, x - 0.15356728, (42)
og, 0¢, R. ou Op R
) . R. OR.
OR. _OR. @ _ 765438, R OB 7 _ 564301
op 0¢ R, or oOr R.

The above results generated descriptively are depicted in Table 3 below.

Table 4: Sensitivity analysis of parameter and indices.

Parameters Sensitivity indices
yij 1.002863633
b, 0.001307654
b, 1.1096546
H 0.15356728
) 0.765438
T 0.564321

Table 4 above shows that the sensitivity indices are positively invariant in ;. The

sensitivity indices depend on the values of each parameter of R, and this brings about changes in

the values that will affect the behavior of the threshold on the spread or vanity of cholera disease.
Based on the Table 3, above, we can conclude that parameter & is the most sensitive to the basic

reproduction number of the cholera disease. Particularly, increasing the value of & will result in

a 80.86% increase in R, , while increasing the value of & will lead to a 91.52% decrease in R,.

3.4. Numerical Simulation

Numerical simulation was conducted on the cholera model by creating the following
iterative scheme of Laplace Adomian Decomposition Method for the model equation. The

(LADM) was employed to computationally analyze the epidemic model. Also, Maple 18 software
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facilitated the generation of iteration formulas for each compartment. These formulars were then
iteratively solved which enables the numerical evaluation of the model’s dynamics and providing
insights into the epidemic’s behavior and progression. Taking the (LADM) transforms from both
sides of the system of Eqn. (1) to the form of Eqn. (43) below.

L ‘le } L[z]- L|BSI = (¢, + 1)S + SR]

L } L[pS]- LI -&)pIV — uV]

L ”Z#} L[(1-&)BIV]- L|SI - (k + u)E] (43)
L %} LIkE]-L[(a + u+ y + $,)I]

L_ o |= 1=l + 1]

L:‘;—I:: = L[pT |- L[y - (6 + )R]

Substituting from Eqn. (1) into Eqn. (43) above to yield
mL[S(t)|= S(0)+ 7 + L[~ a|SI|- 7 — BSI — (4, + 12)S + R]
mL[V (©)|=V(0)+ L] S]- L[4 S - (1— ) IV — uV']
mL[E(t)]|= E(0)+ L[aSI|- L[(1- &) BIV + SI — (k + 11)E]
mL[I(t)]= 1(0) + L[kE| - L|[(ct + g1+ y + ¢,)I]
mI[T(0)]=1(0)+L[$,1]- L{(p+ w)T] (44)
mL[R(®)]= R(0) + L|gT |- L[ — (5 + )R]
Where at initial values of each state variables, S(0)=s,, V(0)=v,, E(0)=¢,, 1(0)=i,

R(0) = r,, the resulting iteration from Eqn. (44) gives that in Eqn. (45) below

Ls®)=2+ = + L 1] afs1]- BSI— (4, + 1)S + &R]
m m m

L O]+ 1[gS)- L[~ ) A1V - ]
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LE®]=2+ L, L[(1-&)BI- L[BSI - (k + u)E] (45)
m m
L[I()]= ) + 1 + LIkE]- L{(a+ pu+y +¢,)I]
m m
mL[T(0) ="+ + Lp, 1]~ L[(p+ w)T]
m m

mL[R(t)]= %0 + % + L[pT]- L[yt - (5 + )R]

Letting the non-linear terms in the above iteration and substitutes by taking the inverse

Laplace transform of both sides, we have

S(t)=s,+m+L" (l L[ — BSI - (¢, + 1)S + aR]j
m

V(t)=v, +L‘l(iL[¢1S]—L[(1 —&)pIV - m/]j
m

E(t)=e, + L-l(l +L[(1-&)B]-L[BSI - (k + y)E]] (46)
m

I(t)=i, +L" (l +LIKE]-Ll(a+u+y+4¢, )1])
m

T(t)=iy+L" [i + L[g,1]- Ll(p+ mT]J
m

R(t)=r, + Ll[ ! L{pT]- L[y - (5 + ,u)R]j

m
Subsequently, iteration results obtained from the above Eqn. (46) which is deduced from

the general iterative series in Eqn. (47) below as,

iS”(t) =5, +7zT+L‘(lL —aiﬁn —¢liSn +¢ziVn —,uiSnD
m L

k=0 k=0 k=0 k=0 k=0

k=0

PNACE +m+L1&L S A-DB =AYV, + BV, —uinD
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iEn (t)=e, + L &Mgpign —L[ﬂ—(k+,u)]iEnj

iln(t)=i0+L‘1(% i (a+,u+}/+¢2)]i j 47)
iTn(t):io+L‘1£i+LaiEn L((p+,u)]ZT]
k=0 m k=0

iRn (=i, +L" & + L¢2iEn — L[5+ ,u)]ian

The initial approximations of each class are given by Eqn. (44). Comparing the coefficients
at n=1, using the recurrence relations obtained from the iterations in Eqn. (47).

Compartmentally, we obtained that

: I 1 1
S1(1) = (s, — ps, = s, +¢1vo)l+[_5mog_5ﬂﬂ_§5¢1jtz

) 1
Vi(t)= (_ U+ gis, — Py, +(1_5)geo)t +55ﬂ1t2
) | I
E ()= ((/’loso — e, — oe, )t + Eamlt

L(t)=KE —(ar+ p+y+@)(= 8y —a+ u+y+d,eyiy +oe, It

T ()= (_ ry +@,5,v, +((ﬂ+ﬂ)io)t
1 1 :
Rl(t):§¢¢z(_¢+ﬂro+§(5+ﬂ)lojt (48)

Further iterations are done to obtain successive iterative terms at n = 2 which gives Eqn. (49)

below
| | 1 . I . 1 . l . 1 .
S, (1) = (Eazzzso + Qs + 30,y + 5 alisypy ~ o sy +Eals0,81 —Ealsoﬂz jt

+(%,uzso + Bus, + Buv, +%ﬁzso +%,B1 Jtz +(éa2i20+%aioﬂ5+§aio7wjt3
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(. 1 1 1
V(1) = _E(alsoﬁl +5ﬂzvo = Piisy + Bruss, _EﬂlﬂZVO +Eﬁ22"0jt2

1 . 1 1 1

_(gaZOﬂ:ﬂl _gﬂlﬂﬂ_gﬂ12ﬂ+gﬂ2ﬂﬂljt3
1 ., 1 . 2 I 1 1 1 .
E, (@) =(—ga212 —Eazoé—gazo,u—goaop+§aeoal —g,uz _galo”ﬂ1jt3
1 . .2 1 . . 1 .

—(Eazlzso — ois, —galso,uo _gazsopo — e, B, +5aleoazjt2

2

L(t)= —éaz +(00a’s0 +%52i0 + 8, — Soie, + p’iy — ppi, jt—(,ua’o +%p2i0 jt
| 1 o,. A S . .

T,(t) = Eaazs0+55 10+5,uzo—550160+§,u iy — Hpiy |t

2

A T
+ ,um0+5p zO—Epmeot

.. 1 R BT |
R, () =(—55,010 +5/‘2”0 —HO, —5p2l0 +§¢l¢eojt2

and so on. This can be further resolved untived until the desired number of iterations is obtained.

Thus, the obtained raw solution to each model compartment is summarily expressed in some form

as shown in Eqn. (49) below:

S@0)=2 5,0V (@)= v, (0).E0)= D e,(0,1() = X i, (), R(®) = D 1, (1) (49)

Evaluating these series results using the corresponding variables and parameter values, gives:

S(t) =500.012 — 30.4440t + 1.1315290300t2 — 0.05075029853¢3
—3.509616000x10713¢> — 5.179149070x10~7¢t*

V(t) =120—-1.5060¢ — 0.01591470000¢> +0.001033697580¢°
+9.015111000x 1077 ¢*

E(t)=65+18.1785¢t —1.171778775t* +0.04929560765¢°
+5.087939775%x107"¢*

I(t) = 23.0.9 - 60z + 0.0292567500¢> — 0.0008440367798¢

4 (50)
—4.378044000x10"¢
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T(¢) = 23.0.9 — 607 +0.0292567500¢* — 0.0008440367798¢"
—4.378044000x 1077 ¢*

R(t) =14 —0.0155¢ — 0.005054500000¢> + 0.000145824254 1¢°
+2.473075000%x 107 ¢*

Hence, from the results of successive iterations in Eqn. (50), the comparison of control
intervention effects on sub-populations in its graphical illustration is depicted as shown in Table

5 below.

Table 5: Comparison of parameters ¢, and ¢, values for & at & =0,0.2,..0.5.

Variables Description at £=0.1,0.25,0.5
E(t) exposed population 0.5,0.25,0.125
I(t) infected population 0.5,0.25
R(t) recovered population 0.1,0.25...0.5
¢1 treatmen tintervention 0.1,0.2,...0.5
¢ Vaccination intervention 0.1,0.2,...0.5

2

4. Iterative Results

Graphical illustration of the resulting iterations is thus shown below:

2000 4
1750 -
1500 -
1250 A

1000 -

S[cl(t)

750 1

500 -
250 1

0.0 05 10 15 20 25 30 35 40
Time

Figure 2: Effect of treatment rate on susceptible individuals.
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Figure 3: Adverse effect of treatment rate on the population of vaccinated individuals.
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Figure 4: Adverse Increase of vaccination efficacy on individuals in the recovered population.
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Figure 5: Increase in vaccination rate on exposed population.
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Figure 6: Effect of treatment rate on infected population.
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Figure 7: Effect of treatment rate on infected population.
5. Discussion of Graphical Results

From results obtained, Fig. 2 and Fig. 3, depicts that the effect of treatment ¢, and

vaccination rate ¢ on the population of susceptible, infected, exposed and recovered is vital to

the control of cholera disease as this brings about a rise in its efficacy and steep-slope in the spread
of the viral disease in the disease compartments. In Fig. 4 shows the effect of vaccination rate on
the population of the recovered individuals, as a rise the vaccination rate increases the population
of the susceptible and rescored population which leads to a drastic fall in the exposed and infected
population. Consequently, Fig. 5 and Fig. 6 depicts that an increases in treatment rate of exposed
individuals will lead to an increase in the population of non-diseases classes. However,
comparison of the control policies of on the infected population of Fig. 7 came with a rise in

treatment and vaccination rate increases bring about drastic fall in the wide spread of cholera
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disease in the disease population. Lastly, from the susceptible population of Fig. 8, the adverse
effect of vaccination and treatment on this population brings about a rapid influx of non-disease
class of individuals who reunite into the population free of the deadly diseases. This implies that,
vaccination and treatment rate are vital control measures to eradicating the wide spread of cholera
from the populace. The effect of vaccination and treatment brings about convergence to the spread

of cholera disease in the exposed and infected population respectively.
6. Conclusion

The study explains that combining rapid treatment, and vaccination will significantly aid
in the control of the spread of cholera. These interventions reduce infection rates and mitigate the
disease's impact in endemic regions. It is imperative for healthcare personnel to prioritize and
adhere to these measures to assist in controlling cholera outbreaks effectively. Prompt treatment
and widespread vaccination should be an integral component of public health strategies to combat
this persistent and potentially devastating disease. It is therefore recommended that adequate
awareness, environmental sanitation in lieu of water treatment, and antibiotics can also be looked
into in the future to study towards curtailing the spread of this disease. We can achieve substantial

progress in managing and eventually controlling the spread of cholera.
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p-Adik Faktoriyelin ve p-Adik Gama Fonksiyonunun Genellemesinin Baz

Ozellikleri
Oz
Bu c¢aligmada, genellestirilmis p-adik gama fonksiyonu [z’ nun gesitli ozelliklerini
aragtirtyoruz. I ’nun dikkate deger 6zdesliklerini ve 6zel degerlerini gosteriyoruz. Ayrica I nun
Mabhler agilimi araciligiyla yeni bir gdsterimini tiiretiyor ve bu ac¢ilimdaki katsayilar arasinda

iligkiler kuruyoruz. Bu calismay1 basitlestirmek i¢in g-adik faktoriyel tanimini tanitiyor ve

ozelliklerini belirliyoruz. Ek olarak, bu yeni kavram i¢in bazi kongriianslar tiiretiyoruz.
Anahtar Kelimeler: Mahler acilimi; p-adik gama fonksiyonu; p-adik faktoriyel; p-adik say1.
1. Introduction

In 1897, Kurt Hensel introduced the p-adic numbers, which are an extension of the rational
numbers for a given prime number p. These numbers have become essential in modern

mathematics, due to their wide applications in number theory, analysis, mathematical physics,

and cryptography. The unique representation of the p-adic numbers is given by the infinite series:

+00
x=ijpj , where ij{O,l,...,p—l}andeZ.
j=m
The p-adic gamma function [}, is the p-adic analog of the classical gamma function. In
1975, Morita [1] defined I}, as a unique continuous extension of the following sequence:

n

L,(n+1) = (-t 1_[ k , where n € N.

k=1
(w.k)=1

Several generalizations of the p-adic gamma function have been proposed (see [2-5]), one

of which was presented by Kaori Ota in 1994 [4]. To facilitate the study of the generalized p-adic

hypergeometric function, Ota defined the generalized p-adic gamma function I, where ¢ = p*

and t is a positive integer, by the formula:
I(a+1) =L,(h(a) + 1).

such that @ = Y15 a;p’ and h,(a) = 215 ajp’ = for £ € N.
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The representation of generalized hypergeometric functions in terms of generalized gamma
functions is particularly important. Such representations consistently yield results of notable
mathematical significance, especially in applied contexts. The profound utility of these
relationships manifests across multiple disciplines, including quantum field theory, analytic

number theory, and cryptography.

N. Koblitz [3] proposed another extension of the p-adic gamma function, using the same
notation I3 for his modified function. However, this shared notation does not lead to confusion.
Both Koblitz's and Ota's generalized p-adic gamma functions were presented without complete

characterizations of their properties.

In this paper, we introduce the concept of a g-adic factorial and establish several
congruences and inequalities related to this new construct (see Definition 3.1, Lemma 3.3,
Proposition 3.6, Proposition 3.7, Corollary 3.8, and Corollary 3.9). Furthermore, we present a
definition of the generalized p-adic gamma function I; and we demonstrate some of its
combinatorial properties, similar to those of the p-adic gamma function (see Proposition 3.15,
Proposition 3.16, and Corollary 3.17). Additionally, we propose a Mahler expansion for Ij, and
prove the relationships between its coefficients (see Proposition 3.18). Finally, we provide several
numerical examples to illustrate our results (see Examples 3.4 and 3.13). These results offer new
insights into the combinatorial and analytic structure of p-adic special functions and paving the

way for further developments.

2. Preliminaries

2.1.Notations

In this work, we use the following concepts: p € {2,3,5,7,11,13,17, ... } is a prime number,
Z denotes the set of integers, Z_ (resp. Z, ) represents the set of negative integers (resp. the
positive integers), Z* is the set of non-zero integers. The set of non-negative integers is denoted
by N, the field of rational numbers is @, and R is the field of real numbers. The absolute value in
R is denoted by |[. |, and the real integer part is denoted by [. ].

The p-adic valuation is defined as v,(0) =+ and for n €Z" by v,(n) =
max{r € Z /p" divides n}. For — € Q, the p-adic valuation is given by Vp (3) =v,(n) —

m m

vp(m).

The p-adic absolute value of an element in Q is given as
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A
P o ifa =0

The completion of Q with respect to the p-adic absolute value |. |,, yields a field, known as
the field of p-adic numbers, denoted by Q,,. The p-adic absolute value on Q,, is the extension of
that on Q. The set of p-adic integers, denoted Z,, contains the p-adic numbers that satisfy |a|p <

1. For more details about p-adic numbers, we refer to the classical book of Gouvéa [6].

2.2. The p-adic Factorial and the p-adic Gamma Function

In this part, we present the concept of the p-adic factorial and the p-adic gamma function,

along with several fundamental properties.
Definition 2.1. [7] We define the p-adic factorial by 0!, = 1, and forn € N is given by
n
nl, = 1_[ m. (1)
m=1
pim
For more details and properties of this concept see [7].

The p-adic gamma function has found significant applications in dynamic systems and
string theory. Various mathematicians [8-10] have utilized this function to explore properties of

polynomials.

Definition 2.2. [1] The p-adic gamma function is a function I}, : Z, - Z, that extends the

following sequence: I,(n + 1) = (— 1)"+1n!p , forn € Z,. Which we have, for x € Z,:
L(x) = 7lli_r)rjlcl“p(n).

Here, we cite the properties of I}, that we will give their analogue for the generalization of

[, in the next section.

Proposition 2.3. [11] The function I, holds the following properties
1. L,0)=1,L1)=-1,,2)=1
2. L(n+ 1)=(CD""nl,, vn € N.

Proposition 2.4. [11] Let n > 1 be a positive integer with its p-adic expansion given by

Zf:o njpj and we suppose the sum of digits is S, = Zfﬂ) n;. Then,
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(=P p

k 1[ pk 19

)n+1 n!

ul pu

Forp = [ ] we have T(n+1) = . In particular T (pk)

1. Form € N such that 0 < A < p, we have

(_1)np+l+1 (np + /1)!
n! pn '

Lnp+A+1)=

2. We have the relation between n! and I, P

w= et [, (5l +1)-

Theorem 2.5. [11] (Mahler Expansion of I;,)

Forx € Zj, , let the Mahler expansion of I}, be given by the series [, (x + 1) = Y% ock(k)

x(x—1)...(x—n+1)

where the symbol (f]) is defined by (’é) =1and (i]‘) = o ,m=12,..
Then, the coefficients oy satisfy the following relationship
+00
xP\ 1—xP xk
exp|x+— = Z(—l)k“a — 2
p) 1—x re k!

3. Main Results and Proofs

Drawing on the work presented in [7], we will introduce a g-adic factorial and establish a
few congruences and inequalities related to this new concept. We also provide a definition for the
generalization of the p-adic gamma function and demonstrate some of its properties, including

the Mahler expansion. Throughout this section, we consider ¢ = p¢, where t is a positive integer.
3.1. The g-adic Factorial

Definition 3.1. The g-adic factorial is defined by 0!; = 1 and for n > 1 is equal to

n! =1_[k. €)

k=1
qtk

Remark 3.2. If 1 < n< q—1,thenforall1 < k < nwehaveq t k. So, nl; =nl.
Lemma 3.3. For § > 1, we have (q6)!; = (¢6 - 1)!,.

Proof. We observe that g divides gd, it means that
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qé—1

nk=(q6— Dl .
k=1

qtk

Example 3.4. In Tables 1, 2, and 3 we compute the g-adic factorials of a given positive integer,

specifically for g = 22,23,32,

Table 1: For q = 22,

n 0 1 2 3 4 5 6 7 8 9 10 11

nly2 1 1 2 6 6 30 180 1260 1260 11340 113400 1247400
Table 2: For g = 23,

n 0 1 2 3 4 5 6 7 8 9 10 11

nlys 1 1 2 6 24 120 720 5040 5040 45360 453600 4989600
Table 3: For q = 32.

n 0 1 2 3 4 5 6 7 ] 9 10 11

nls2 1 1 2 6 24 120 720 5040 40320 40320 403200 4435200

A g-generalization of the Wilson congruence is given in the following theorem, which is

necessary to prove the Proposition 3.6.

Theorem 3.5. Leta € Z and s > t. Then

1. Forp odd,

a+pS—1

[
j=a
qtj

2. Forp =2,

a+25—1

[
j=a

qtj

a+pS—1

- 1—[ Jj (mod p®).
j=a

plJj

a+25—

1
1_[ j (mod 2%).
j=a

j even
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Proof. We have

a+pS—1 a+pS—1 a+pS—1
j=a j=a j=a
qtj plj ptj

By generalizing the Wilson congruence, we obtain the result. For p = 2 is the same. From the

previous, we get the following congruence.

Proposition 3.6. Letn € N and s > t. Then

1. For p odd, we have % = — H?:np:lj (mod p%).
plj
2. Forp = 2, we have % = ]-"=+n2j1j (mod 2%).

j even

Proof. We calculate the quotient, we get

n+p’
S
4+l _ .
n! J
q j=n+1
qtj

Now, we take a = n + 1 in Case 1 of Theorem 3.5, we derive the congruence for p odd.

Similarly, we obtain the result for p = 2, from case 2.

More generally, we establish the following proposition along with its immediate

corollaries:
Proposition 3.7. Let n,m,s € Z, where s > t. Then

1. Forp odd, we have

(n + mp®), T
————=D" | | itmodp®.
q j=n+1
plj

2. Forp = 2ands > 3, we have

n+2°
n + m2%)!
(—')QE 1_[ j (mod 2%).
TLq j=n+1
j even
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Proof. This is proved by induction on m. Indeed, about the case p = 3 we have:

For m = 1 is true. We assume that the property is true at rank m and we demonstrate it at rank

m + 1. We write

n+(m+1)p*s
(n+ (m+ 1p®), _ (n +mp*)!, j
| | ’
g q j=n+mpS+1
qtj
On the other hand
(n + mp®)! R
n-+mp-): .
St = om [ ] g @mod po)
a j=n+1
plJj
and
n+(m+1)p° n+(m+1)p*
j=- ] Jmodp®
j=n+mpS+1 j=n+mpS+1
qtj plj
So
n+mp*s n+(m+1)ps
n! -
a j=n+1 j=n+mpS+1
plJj plJj
n+(m+1)p*s
=™t [ [ odp
j=n+1
plj

Then the property is true for all m. For p = 2 is the same.
The following corollaries follow from Proposition 3.6 and are presented here without proof.
Corollary 3.8. Forp = 3,n € Nand s € Z, where s > t, we have

n+ps

(n+p®)lg +nly 1_[ Jj| <
j=n+1
pli 1y

1
F .
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Corollary 3.9. Forp=2,n € Nand s € Z, and s = 3 where s > t, we have

n+2°%
1

(n+ 2%, —nly, 1_[ j S;.

j=n+1
Jjeven |,

3.2. Generalized p-adic Gamma Function

In this important subsection, we present the definition of the generalized p-adic gamma
function, which was originally introduced by Kaori Ota in [4], and we also explore in depth several of
its significant properties. Moreover, we establish new properties of this function that were not covered

in Ota's original work. For other references on this subject, see [12-13].

Definition 3.10. [4] Let x € Z, be given by its p-adic expansion 2;-’:6 xjpj , where xy # 0 and

x; €{0,1,---,p — 1} for all j € N. Ota define a map h, for £ € N by a formula
+o0
heGO) = D xpl ™. @
=2

Furthermore, we have

£-1

x = Z xip’ + pfhe(x). )

j=0

Definition 3.11. [4] The generalized p-adic gamma function is defined from Z,, to Z, by:

~
|
[y

L+ 1) = | | L) + 1) ©)
£

I
=}

Remark 3.12. For t = 1 the function I, coincides with [,, i.e.
I(x + 1) =L,(ho(x) + 1) = ,(x + 1).
Example 3.13. For t = 2, we have ¢ = p? so
I(x +1) = L,(he(x) + DI, (R (x) + 1)
= I, (ho(x) + DI, (R (x) + 1).

according to the relationship Eqn. (5) we have x = x4 + ph;(x), hence
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X — X

hy (x) =

Therefore

X — Xg
FyGe+ 1) = LG+ DI . 1),

For example, if x = 3,p = 3 and t = 2, so ¢ = 3%. Then, [(4) = l;(4)[3(2) = 2.

In his paper [4], Ota presented some properties of the generalized p-adic gamma

function. Among them, the following property is especially remarkable.
Proposition 3.14. [4]
1. For a positive integer n, we have
Tq(n+ 1) = (=1)#np~Bnnl, @)

where

2. For p odd and x € Zj, the complement formula is given by
(O (1 = %) = (=D, (®
where R¢(x) € {1,2, ..., q} is the representative of x modulo qZj.

Next, we present our results concerning the combinatorial properties of the generalized p-

adic gamma function and the coefficients of its Mahler expansion.
Proposition 3.15. The following statements are verified by the function Iy:

1. For a positive integer n and § = E], we have

(=1)4np~Ennl
I}I(n +1) = E'—qz )
2. For a positive integer mand A € {0,1,---,q — 1}, we have
—1)AmA p~Bma(mq + A)!
[, (mq + A+ 1) = S P (ma £ DY (10)

m! g™
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where Ay =t+A+mq+vp(A!) and By =m (z;_i) —tm—t [2] + v, (AD) .

3. Fors € N we have

(=Dt p~Pati(q - 1))

Sy —
Fq( q ) - qs_l! qu—l

where

(11

t—1 t
Agp_1=t—1+ z ps and Bg_; = Z psTl —tgst.

Proof.

1. We know that

EENTEANEAR
{0 -1

qlk qtk qlk

On the other hand, we know that card {1 < k <n/ qlk} = E] Thus,

ﬁk l_[(m) H [n]

Therefore, by the Proposition 3.14, we get

(=1)Anp~Bnn
— (—1\Anp=Bapl  —
[[(n+1) = (D" p~"rnl, = 00

2. The Euclidean division gives n = mq + A, where A € {0,1,- - -

e n

Substituting this into Eqn. (9), we obtain

(_ 1)Amq+/1 p_qu+A n!

l(mg+1 +1)= ——

Such that Appq42 and By,q4, are calculated as follows:
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e For Apgep, we have

[ﬁ] . (14)

t-1 t-1 _;  t-1
mq+ A 1
Amq+l=t+2[ ; ]=t+mq+l+mq2(—) +
=P =P i=1

1=
1] o 11\ .
We know that v,(A!) = XiZ] [;] Since the sum Y.{Z5 (;) is even, it comes that

») =1

t—-1
-1
Then, (—1)4ma+r = (—1)t+A+ma+vp(A) Finally, we obtain A, ; =t + A +mq + v, (A1).

e For Byg42, we have

: mq + A mq + A : 1\
s = ) [ = [F ] = ma 2, () +
=1 i=1

t—

ERCRIRE

1
i i=1
So Bpp=m (E) —tm—t [ﬂ +v,(4).

3. We simply need to substitute n = q* — 1 into Eqn. (9) to determine the value of I, ( g°).
Proposition 3.16.

1. Wehave I[4(0) = 1 and |Fq(x)|p =1, forallx € Zj,.

2. Forp =3, letx,y € Z,. We have

o If [x—yl|, =1, then |Fq(x) - Fq(y)|p < x—ylp.

o If [x—yl, = #,with > t, then |Fq(x) - Fq(Y)|p =[x —ylp.

Proof.

1. By the definition of I}, we have I;(0) = [15Z¢ I, (h,(—1) + 1). Furthermore, we have

-1 +00
-1= Z(p - Dp' + p"Z(p - Dpt. (16)
i=0 i=0

So, hy(—1) = —1. Then, I(0) = [15=3 [,,(0) = 1.
For the second part |Fq (x)lp = 1, we simply use the fact that |Fp(x)|p =1.

2. First, we prove the property for positive integers and then extend the result to p-adic
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integers by taking the limit. For m,n € N, we consider the following cases:
e If|n—m|, =1. Then,

() = Iy m)| < max (|, )], 1G] ) < 1= In—ml, (17)

e Ifn>mand|n—-m|,= # , with s > t. Then, there exists p € N such that n =

m + up® and p t u. Therefore, by applying the Eqn. (7), we get

m+upS—1
L) = Lm+wp*) = (D5 [ ]k
k=1
qtk
m—1 m+up®—1
— (=1)Anp=Bn Hk 1_[ k). (18)
k=1 k=m
qtk qtk

Now, since s = t we must have 4,, = A; + 4, and B, = B; + B,, with

t—1 t-1
A=t+ ) |= Ay = s
1= pl ) 2 — ‘Llp .
i=0 i=0

: m m : .
31=Z[_i]_t[_] ) Bz=2ups‘l—tups‘t-
(i LD q =
i=1 =1
Therefore
m-1 m+up-1
R = otp | [k ot [k
k=1 k=m
qik atk
m+upS—1
=rm| o || k). (19)
k=m
atk
Hence
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m+upS—1

|rq(n)—rq(m)|p=|rq(m)|p (—1)42p~Be || k-1 . (20)
k=m
qtk

Now, rewriting the product as follows

m+upS—1 m+pS—1 (m+2ps—1) (m+/,tps—1 \)
nk:nk nk Hk. Q1)

k=m k=m k=m+pS k=m+(u-1)ps
qtk qtk qtk qtk

By Theorem 3.5, we have for all 6 € {1,2, ..., u}

m+6pS—1 m+6pS—1
k=- 1_[ k (mod p*®).
k=m+(6—-1)ps j=m+(6-1)ps
qtk plj

We know that the fact p|k implies that k = Ayp*® with p t g and £y € N. Thus

m+upS—1
[ k=cor ﬂae ﬂpfe (mod p*). @2)
k=m \ /
qik pM
which implies
m+upS—1
(~1)%p P ]_[ k= (~1)krAe plhaafo- Bz]—[ag (mod p*). 23)
CI’fk pMa
On the other hand, we have
t t
4 p -1 p-—1 _
A, = 1 S+1-t , B, = s —t t .
So, we get
m+upS—1
(~D%p B [ | k)= patet] |29 (modp®). 28
k=m =
qtk ptdg
Thus
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m+upS—1 1
(—1D)42p~5: 1_[ k|-1] = max{ p32‘25=1€9,p‘5, 1} > el (25
k=m
qik »
Which yields the result |Fq n) -1 (m)lp = [n—ml,.
By passing to the limit, we conclude that the property holds for all elements of Z,,.
Corollary 3.17. For p odd, we have
1
I, (—) = (—1D"
2(5) =D
Proof. According to the complements Eqn. (8), for p odd and x = %We have
1 1 2 (1 t—1+R(%
L (5)n () = (5) = o (26
with R, G) € {1,2, ..., q} is the representative of % modulo gZ,. In fact, we know that
1 p+1 sop-1 +1 1C . -
4 Z p—1 ., D p— Z i Z i
—_ = = — B B 2
2= 2 YL ettt - @7
i=1 i=1 i=t

which implies that

qZp—_lp} (28)

1
thus Rt( ) q;rl which is even, so (—1)" 1+Rt(§) = 1. Hence, the result follows.

Proposition 3.18. (Mahler expansion of [y)

Let the Mahler expansion of I'; (x + 1) be given by

+00

L(x+1) = Z a, (;)

1=0

For x € Zj. So, the coefficients a,, in this expansion satisfy the following relation
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q-1 1 — x
expp <pp—1xq + x) = 6—2 (—1)’705,7 ? , 29)
4550 :
where
q-1
y)
8q = (_1)t+vp<l!>pt[a]‘”l’(’“)(—x)l.
A=0

Proof. The coefficients a;, satisfy the generating function relation

+oo . +o0 .
X X

Day i =e Y L+ D (30)

oy . !

7=0 7=0

The aim is to find an expression for the generating series of (F g+ 1)) N given by
ne

+co xn
fe)= ) L+
1=0
To achieve this, we'll first decompose the index 1 in the sum according to its residue modulo q.
Letn =mq +Awherem>0and A € {0,1,...,q —1}.

By separating the sum based on the possible values of A, we can express f(x) as

q-1 +oo

Iy(mg+A+1)
flx) = ! xMa+A (31)

(mq + A)!
We now use relation (10) to derive an explicit form of the generating series f

_ - A
q-1 +oo (_1)t+1+mq+va) p—m(g—_i)+tm+t[a]—vp(l!)

feo = T xmare
A=0m=0
ks A - q ,a\™
= ) (D@ plal @y D <'(_1) i ) T
q m!
A=0 m=0
q-1
= Gqexp <P”‘1(—X)">. (32)
where
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gl
8y = Y (—1)fvp@ plal @ (2
=0
Hence
q-1
e ™ f(x) = 6, exp <pp—1(—x)q — x>. (33)
Then
- xM q-1
Z ay F = G4 exp <pp—1(—x)q — x>. (€Z))
7=0 '

By replacing —x with x, we obtain
- x" q-1
2(—1)"&77 ? = §, exp <pp—1xq + x>.
7=0

This completes the proof.
4. Conclusion

In this work, we introduced and systematically studied the g-adic factorial n!, establishing
its fundamental properties, including several novel congruences and inequalities. Building on this
foundation, we reformulated the generalized p-adic gamma function I given by Ota through the
q-adic factorial, revealing new combinatorial identities. In addition, we proposed the Mabhler
expansion of I and proved the relationships between its coefficients. These results collectively

advance the theory of p-adic special functions and open new avenues for further research in p-

adic analysis and its applications.
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Abstract

In this study, the addition of samarium (Sm) and boron (B) to indium oxide (In,Os3) thin
films at rates of 5%, 10%, and 20% was investigated, and radiation properties were determined
using the Monte Carlo N-Particle (MCNP6.2) simulation program. The reason for choosing In,O3
in the study is that In,Os3 has high chemical stability, optical transparency, excellent electrical
properties, and semiconductor properties. It is also widely used in various applications, including
displays, solar cells, and sensors. Since In,Os is used in sensors, it is aimed to be investigated for
integration into radiation detector systems. At this point, it will provide a new idea. The simulation
results obtained were compared with the values in the National Institute of Standards and
Technology (NIST-XCOM) database, and it was observed that the simulation gave efficient
results. According to the simulation analyses, it was observed that Sm provided better radiation

shielding properties than B.

Keywords: Boron; Thin film; Indium oxide; MCNP; Radiation; Samarium.
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Samaryum ve Bor Katkili indiyum Oksit ince Filmin Radyasyon Karakteristiklerinin

Simiilasyon Yontemiyle Belirlenmesi
Oz

Bu ¢alismada, indiyum oksit (In,Os3) ince filmine %5, %10 ve %20 oranlarinda samaryum
(Sm) ve bor (B) katkilanarak radyasyon oOzellikleri Monte Carlo N-Particle (MCNP6.2)
simiilasyon programiyla belirlenmeye calisilmistir. Calismada In,Os’lin secilmesinin sebebi;
In,O3’1in yiiksek kimyasal kararliliga, optik seffafliga, miikemmel elektriksel 6zelliklere ve yari
iletken Ozelliklere sahip olmasidir. Aym1 zamanda ekran, giines pilleri ve sensorler gibi bircok
alanda yaygin olarak kullanilmaktadir. InoO3’lin sensorlerde kullanildigi i¢in radyasyon dedektdr
sistemlerine entegrasyonu amaciyla arastirilmasi amaglanmaktadir. Bu noktada yeni bir fikir
sunmus olacaktir. Elde edilen simiilasyon sonuglar1 Ulusal Standartlar ve Teknoloji Enstitiisii
(NIST-XCOM) veri tabanindaki degerlerle karsilagtirilarak yapilan simiilasyonun verimli
sonuglar verdigi gozlenmistir. Simiilasyon analizlerine gére Sm’nin B’den daha iyi radyasyon

zithlama 6zelligi kazandirdigi gézlenmistir.
Anahtar Kelimeler: Bor; Ince film; Indiyum oksit; MCNP; Radyasyon; Samaryum.
1. Introduction

Todays, it is important to minimize the effects of radiation in environments where radiation
is used. For this purpose, there are intensive studies on technological developments in various
sectors, such as medicine, materials science, and energy, in order to protect against radiation or
to utilize radiation more efficiently. One of these is the design and improvement of thin films. In
some studies, different elemental additives can be used to improve the physical properties of thin
films. Radiation and particles, including electromagnetic waves and transmissions from nuclear
inter-level transitions, are a pervasive and fundamental aspect of our time. These radiation and
particles are emitted from a variety of sources, both natural and artificial, and play a crucial role
in people's lives, particularly in scientific, industrial, and medical practices. The need for
protection has necessitated extensive research into materials that can reduce the harmful effects
of radiation. onizing radiation, with its ability to remove tightly bound electrons from atoms, can
also cause unwanted damage to the cell structures of living organisms. The necessity to protect
against these potential hazards has led to the research and development of materials that function

as shielding [1-4].

Natural sources of ionizing radiation include external cosmic rays. In addition, terrestrial

radiation from the Earth's crust, radioactive isotopes in the environment, and artificial sources
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used for diagnostic purposes in medicine are also in this category [5]. On the other hand, industrial
processes and nuclear energy production also involve the use of ionizing radiation. Of course, in
energy production, concrete and lead are used for shielding structures. However, transparent
materials with high MAC (mass attenuation coefficient) (non-toxic like lead) are of interest to
researchers [6—9]. Glass compositions play a very important role in various industrial
applications, especially in the field of radiation protection due to specific properties of the
materials [10]. One of them is the MAC values for glass compositions, which are crucial for
optimizing glass in radiation protection applications [11]. On the other hand, numerous questions
remain unanswered regarding the use of transparent materials for this purpose, and further studies
are needed in these areas. This study aims to utilize glass as an alternative and environmentally

friendly material for gamma radiation shielding applications.

Indium oxide (In,0;), studied as a thin film, is an n-type semiconductor with a bandgap of
3.5-3.7 eV [12]. It also has high electrical conductivity and outstanding optical transparency [13].
In,O; thin films can be synthesized using various techniques, including sol-gel dip coating, RF
and DC sputtering, chemical vapor deposition, and spray pyrolysis [14]. Of these, the spray
pyrolysis method is easy, low-cost, and suitable for industry as large areas can be coated with this
method. In addition, the phase, size, and morphology of the thin film can be controlled [15]. It is
crucial to obtain ultrafine powders with high purity, high porosity, and a large surface area through
spray pyrolysis [16]. The electrical resistance and optical transmission of this film have been
studied [17]. The physical properties of In,Os thin film have been reported to be extensively
improved by iron doping [18]. In,O5 is widely preferred in thin film designs due to its high
semiconductor properties. At the same time, some physical properties can be created by doping
various elements to In,Os. In thin film designs, it is also important for it to be transparent for use
in sensors and detectors. For example, molybdenum element is doped into In,O; to increase its

conductivity and transparency properties [19].

Various elements are being tested to increase the physical properties of devices used in
nuclear technologies. One of these is Sm. Since Sm is a high-purity element, it is the focus of the
studies [20]. Stainless steels are also used for radiation protection in nuclear applications.
According to the researches, Sm doping has also been tried to strengthen the shielding properties
of stainless steel used in radiation shielding processes. The results indicate that Sm has positive
contributions to radiation shielding [21]. There are also studies on the radiation properties of Sm-
doped compounds. In one of these studies, radiation permeability coefficients were investigated
Sm doped zinc bismuth silicate. The change in radiation shielding properties under the influence

of silica at low photon energies was investigated [22].
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Another element widely used in research on the radiation properties of compounds is B.
Boron has a positive effect in slowing down radiation types such as thermal neutrons. Therefore,
when examining studies on B-containing compounds, it is evident that high performance is
achieved in terms of radiation shielding [23]. When we examine the studies investigating the
radiation properties of alloys composed of iron and B, it has been observed that there is a positive
correlation between the photon shielding property and the amount of B. This shows that B-

containing samples can be used for radiation shielding [24].

The main objective of this study is to determine the radiation protection properties of In,O3
thin films by obtaining other parameters, such as MAC, LAC, and HVL for different types of
glasses produced by doping In,Oj3 thin films with different proportions of Sm and B at 5%, 10%
and 20%. The reason for choosing In»Ojs is that it has high chemical stability, optical transparency,
excellent electrical properties, and semiconductor properties. Due to these properties, it offers the
opportunity to be used in nuclear applications. Sm, one of the elements doped in In,Os, provides
a high density to In»Os;. At the same time, it increases its high-purity feature. The other element

doped in In,Os3, B, contributes to the increase in radiation shielding feature.
2. Materials and Methods

In this study, Indium oxide doped with different ratios of Sm and B was investigated as a
radiation shielding material. The individual doping rates of Sm and B materials were decided as

5%, 10%, and 20%. The values of the related shielding materials are given in Table-1.

Table 1: Percentage ratios and densities of the samples.

Sample Name | Doped Material | Main Material | Density (g/cm”3)
Sm (%) In203 (%) (g/cm”3)
sml 0 100 7.13
sm2 5 95 7.12
sm3 10 90 7.09
sm4 20 80 7.00
Sample Name | Doped Material | Main Material | Density (g/cm”3)
B (%) In203 (%) (g/cm”3)
bl 0 100 7.13
b2 5 95 6.92
b3 10 90 6.70
b4 20 80 6.30

The Monte Carlo N-Particle (MCNP6.2) simulation program, a Monte Carlo-based tool,
was utilized in this study. MCNP is a radiation transport program that is frequently used and

preferred in radiation modeling in the scientific world. Input files were prepared, and calculations
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were performed using the experimental setup shown in Fig. 1. The experimental setup consists of
a source emitting radiation at various energy levels (0.284 MeV, 0.347 MeV, 0.511 MeV, 0.662
MeV, 0.826 MeV, 1.17 MeV, 1.33 MeV, and 2 MeV), 0.0002 cm-thick thin film samples, and a
detector system that detects gamma rays passing through the samples. f4 (Average photon flux
n/cm2) was used for the detector tally card. The simulation was performed with 10 million stories

for each sample and each energy value.

Radiation source Thin Film Sample Detector

|

f

= 17
m@’

=——"

Collimator

Collimator

Figure 1: MCNP experimental setup.

The Linear Attenuation Coefficient (LAC) (Eqn. (2)), Mass Attenuation Coefficient
(MAC) (Eqn. (3)), Mean Free Path (MFP) (Eqn. (4)), Half Value Layer (HVL) (Eqn. (5)) and
Tenth Value Layer (TVL) (Eqn. (6)) values of each sample were calculated according to the Beer-
Lambert Law stated in Eqn. (1) using the data in the outputs obtained from the simulation [25].

These equations represent the radiation characteristics of the respective samples [26].
I =Ije H* (1)

Where Iy is the intensity from the radiation source, / is the intensity detected by the detector, x is

the sample thickness and u is the LAC.

LAC = u (1/cm) 2)
_uy (m
MAC ="/, e 3)
Here pis the density of the sample.
mrp == 4
=TIc = H(Cm) 4
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In(2) In(2
HVL = ILlj C) - n;i ) (em) )

In(10) B In(10)

TVL =
LAC

(cm) (6)

The LAC, MAC, MFP, HVL, and TVL values were compared with the NIST-XCOM data
using the data from the simulation outputs [27]. This study is simulation-based and experimental
results are not available. Therefore, to verify the accuracy of the simulations, the results obtained
were compared with NIST-XCOM values. The NIST-XCOM program is utilized for calculating
mass attenuation coefficients and cross sections of interaction for different elements, compounds,
and mixtures in the energy range 1 keV—-100 GeV [28,29]. According to the comparison results,

the simulation was found to be efficient.
3. Results and Discussion
3.1. Results for Sm Doped In,O; Samples

The LAC, MAC, MFP, HVL and TVL results obtained using MCNP6.2 simulation

program for Sm doped In,Os thin film are given in Figs. 2-6, respectively.

Encrgy (MeV) | smi LAC (ls/r:;) p— i Linear Attenuation Coefficent
0.284 117824 | 1.17824 | 1.21751 | 1.25679 15
0.347 0.94257 | 0.94257 | 0.94257 | 098184 | &
0511 | 066763 | 0.66763 | 0.66763 | 066763 | = e
0.662 0.54981 | 0.54981 | 0.54981 | 0.54981 | & 05 —e—sm2
0.826 0.47126 | 0.47126 | 0.47126 | 0.47126 . sm3
117 0.39271 | 0.39271 | 0.39271 | 0.39271 3 e 3 18 5 ,g —a—smd
1.33 0.35344 | 0.35344 | 0.35344 | 0.35344 Energy (MeV)
2 0.31417 | 031417 | 0.2749 | 0.2749

Figure 2: LAC values of Sm doped In2O3 samples.

Encrgy (MeV) sm;wAc(C::i/g) 3 pr Mass Attenuation Coefficent
0.284 0.16525 | 0.16548 | 0.17172 [ 0.17726 | _ 02
0.347 01322 | 013238 | 0.13294 | 0.13848 | = 015
0.511 009364 | 0.09377 | 009417 | 009417 | E o et
0.662 007711 | 0.07722 | 0.07755 [ 0.07755 | < /.o —t—sm2
0.826 0.0661 | 0.06619 | 0.06647 | 0.06647 | = . sm3
117 0.05508 | 0.05516 | 0.05539 | 0.05539 0 . ) P 5 ,g —e—smd
1.33 0.04957 | 0.04964 | 0.04985 | 0.04985 Energy (MeV)
2 0.04406 | 0.04412 | 0.03877 | 0.03877

Figure 3: MAC of Sm doped In203 samples.
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MFP (cm)
Energy (MeV) sm1 sm2 sm3 sm4 Mean Free Path
0.284 0.84873 | 0.84873 | 0.82135 | 0.79567 4
0.347 1.06093 | 1.06093 | 1.06093 | 1.01849 [ = 3 I
0.511 1.49783 | 1.49783 | 1.49783 | 149783 | =<, :
0.662 181881 | 1.81881 | 181881 | 181881 | £ | —s—sm2
0.826 212197 | 2.12197 | 2.12197 | 2.12197 . —&—sm3
1.17 254638 | 2.54638 | 2.54638 | 2.54638 05 ) 1c 5 ,g  —e—smd
1.33 2.82932 | 2.82932 | 2.82932 | 2.82932 Energy (MeV)
2 3.183 3.183 | 3.63773 | 3.63773
Figure 4: MFP of Sm doped In203 samples.
HVL (cm)
Energy (MeV) smil sm2 sm3 sm4 Half Value Layer
0.284 0.58829 | 0.58829 | 0.56931 | 0.55152 3
0.347 0.73538 | 0.73538 | 0.73538 | 0.70596 |
E 2 ——sm1
0511 1.03822 | 1.03822 | 1.03822 | 1.03822 | ©
0.662 126071 | 126071 | 126071 | 126071 | = 1 —t—5m2
0.826 1.47084 | 1.47084 | 1.47084 | 1.47084 . —&—sm3
117 1.76502 | 1.76502 | 1.76502 | 1.76502 05 N e ) sg —e—smé
1.33 196114 | 196114 | 1.96114 | 196114 Energy (MeV)
2 2.20629 | 2.20629 | 2.52148 | 2.52148
Figure 5: HVL of Sm doped In2O3 samples.
TVL (cm)
Energy (MeV) sml sm2 sm3 sm4 Tenth Value Layer
0.284 1.95427 | 1.95427 | 1.89122 | 1.83211 10
0.347 244289 | 2.44289 | 2.44289 | 2.34516 . 8
0511 344888 | 3.44888 | 3.44888 | 3.44888 | o °© et
0.662 418797 | 418797 | 4.18797 | 418797 | = ; —4—sm2
0.826 438601 | 4.88601 | 4.88601 | 4.88601 . —&—sm3
117 5.86326 | 5.86326 | 5.86326 | 5.86326 . ) ic ) ,g —e—smd
1.33 6.51476 | 6.51476 | 6.51476 | 6.51476 Energy (MeV)
2 7.32913 | 7.32913 | 8.37618 | 8.37618

Figure 6: TVL of Sm doped In2O3 samples.

When the LAC values of the Sm-doped In,O3 samples were examined, it was observed that
the LAC values increased as the doping ratio increased. Only at an energy of 2 MeV, a deviation
was observed in the LAC values of the sm3 and sm4 coded samples. For this reason, Sm-doped
In,0; thin films do not give the desired results at very high energies. When the obtained results
are compared with XCOM, the fact that the error rates are higher than the others support this
situation. When the MFP values are examined, it is seen that the values deviate as the doping ratio
increases at high energies. Since the MFP values of the samples express the amount of radiation
passing through the substance without interacting, these results show that Sm-doped In,Os thin

films are not efficient at high energies.
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3.2. Results for B Doped In,Os Samples

LAC, MAC, MFP, HVL and TVL results obtained using MCNP6.2 simulation program for
B doped In»Os thin film are given in Figs. 7-11, respectively.

LAC (1/cm)

Energy (MeV) bl b2 b3 b4
0.284 1.17824 | 1.09968 | 1.0604 | 0.94257
0.347 0.94257 | 0.90329 | 0.82474 | 0.78546
0.511 0.66763 | 0.62836 | 0.62836 | 0.54981

Linear Attenuation Coefficent

-
in

e b 1

LAC (1/cm)

0.662 0.54981 | 0.51053 | 0.51053 | 0.47126 =e=hz
0.826 0.47126 | 0.47126 | 0.43199 | 0.43199 . —+—b3
1.17 0.39271 | 0.39271 | 0.35344 | 0.35344 o o0s s .5 5 55 —e—ba
1.33 0.35344 | 0.35344 | 0.35344 | 0.31417 Energy (MeV)
2 0.31417 | 0.2749 | 0.2749 | 0.2749

Figure 7: LAC of B doped In2O3 samples.

Energy (MeV) MMAC(m:;ZIg) w3 o4 Mass Attenuation Coefficent
0.284 0.16525 | 0.15891 | 0.15827 | 0.14961 | _ ©2
0.347 0.1322 | 0.13053 | 0.12309 | 0.12468 §o.1s -
0.511 0.09364 | 0.0908 | 0.09378 | 0.08727 | E o
0662 | 007711 0.07378 | 0.0762 | 0.0748 | 9 .. . b
0.826 00661 | 00681 | 0.06248 | 0.06857 | = ; ——b3
1.17 0.05508 | 0.05675 | 0.05275 | 0.0561 o s ) s 5 .5 —e—ba
1.33 0.04957 | 0.05108 | 0.05275 | 0.04987 Energy (MeV)
2 0.04406 | 0.03972 | 0.04103 | 0.04363

Figure 8: MAC of B doped In2O3 samples.

MEP (cm)

Energy (MeV)| bl b2 b3 b4 Mean Free Path
0.284 0.84873 | 0.90936 | 0.94304 | 1.06093 4
0.347 1.06093 | 1.10707 | 1.21251 ) 1.27314 | & 3 / .
0.511 1.49783 | 1.59145 | 1.59145 | 1.81881 | =
0.662 1.81881 | 1.95873 | 1.95873 | 2.12197 | %, ——
0.826 212197 | 2.12197 | 2.31488 | 2.31488 . —+—b3
1.17 2.54638 | 2.54638 | 2.82932 | 2.82932 0 . S . 5 55 —A—bs
1.33 2.82932 | 2.82932 | 2.82932 | 3.183 Enerzy (MeV)
2 3.183 | 3.63773 | 3.63773 | 3.63773

Figure 9: MFP of B doped In2O3 samples.

HVL (cm)

Energy (MeV)] bl b2 b3 ba Half Value Layer
0.284 0.58829 | 0.63032 | 0.65367 | 0.73538 3
0347 | 0.73538 | 0.76736 | 0.84045 | 0.88247 gz'z -
0.511 1.03822 | 1.10311 | 1.10311 | 1.26071 | = 45
0.662 1.26071 | 1.35769 | 1.35769 | 1.47084 | = 1 —t—hz
0.826 1.47084 | 1.47084 | 1.60455 | 1.60455 02 ——b3
1.17 1.76502 | 1.76502 | 1.96114 | 1.96114 0 os . . 5 .5 —e—ba
1.33 196114 | 1.96114 | 1.96114 | 2.20629 Energy (MeV)
2 2.20629 | 2.52148 | 2.52148 | 2.52148

Figure 10: HVL of B doped In2O3 samples.
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TVL (cm)

Energy (MeV)| bl b2 b3 ba Tenth Value Layer
0.284 185427 | 2.09387 | 2.17143 | 2.4428% 10
0.347 244289 | 2.54911 | 2.79191 | 2.93151 3 8 — b
0.511 3.44888 | 3.66445 | 3.66445 | 418797 g °
0.662 418797 | 451012 | 451014 | 2488601 | £ ° S=—ha
0.826 488601 | 4.88601 | 5.33021 | 5.33021 ; b3
117 5.86326 | 5.86326 | 6.51476 | 6.51476 0 05 1 15 2 25 —e—bs
1.33 6.51476 | 6.51476 | 6.51476 | 7.32913 Energy (MeV)
2 7.32913 | 8.37618 | 8.37618 | 8.37618

Figure 11: TVL of B doped In2O3 samples.

When the LAC values of the B-doped In,O3 samples were examined, it was observed that
the LAC values decreased as the B ratio increased. This situation demonstrates that doping with
B did not have a positive effect on the radiation properties. When compared with the XCOM
values, it was seen that the error rates were below 5%. This situation demonstrates that the
simulation outputs were not erroneous and that doping B into In,Os did not contribute to the
radiation shielding properties. Similarly, when the MFP values were examined, it was seen that

the values for each sample at each energy increased.

According to the results obtained in this study, if a comparison is desired between Sm and

B, it can be said that Sm is more efficient in radiation shielding due to its higher density than B.
4. Conclusion

In this simulation-based study, an attempt was made to obtain data for the most frequently
used energy values in nuclear applications. It can be considered a study that is recommended for
glass forms suitable for use in nuclear applications. When the MAC values obtained in the study
are compared with the NIST-XCOM data, the difference rates do not exceed 5%. These difference
rates indicate that the simulation is efficient (available upon request). In this study, Sm has a
higherdensity when compared with B. Therefore, it is seen that Sm is more efficient in terms of
radiation shielding. Additionally, Sm can be preferred for glass components worldwide due to its
abundant presence. Upon examining the literature, it becomes apparent that numerous studies
have been conducted on samples in glass form. The study conducted is simulation-based only and
cannot be compared with experimental data. At this point, experimental studies can be
recommended for Sm-doped In,O; glass samples. In addition, experimental studies of other

elements with high densities, electrical and optical properties, such as Sm, are also recommended.

154



Yasar et al. (2025) ADYU J SCI, 15(1), 146-156

References

[1] Saeed, J.J., Jasim Hasan, M., Hala, A.R., Ajmi, D.R.N., & Ati, EM., The dangers of
ionizing radiation that affect human safety and the environment: A review Article, Texas Journal
of Medical Science, 26, 151-160, 2023.

[2] Tasnim, A., Sahadath, M.H., & Islam Khan, M.N., Development of high-density
radiation shielding materials containing BaSOy and investigation of the gamma-ray attenuation
properties, Radiation Physics and Chemistry, 189, 109772, 2021.

[3] Alshahrani, B., Olarinoye, 1.0., Mutuwong, C., Sriwunkum, C., Yakout, H.A., Tekin,
H.O., et al., Amorphous alloys with high Fe content for radiation shielding applications,
Radiation Physics and Chemistry, 183, 109386, 2021.

[4] Sayyed, M.I., Mhareb, M.H.A., Alajerami, Y.S.M., Mahmoud, K.A., Imheidat, M.A.,
Alshahri, F., et al., Optical and radiation shielding features for a new series of borate glass
samples, Optik, 239, 166790, 2021.

[5] Charles, M., UNSCEAR Report 2000: Sources and effects of ionizing radiation, Journal
of Radiological Protection, 21(1), 83—-86, 2021.

[6] Al-Buriahi, M.S., Alrowaili, Z.A., Alomairy, S., Olarinoye, 1.0., & Mutuwong, C.,
Optical properties and radiation shielding competence of Bi/Te-BGe glass system containing
B20s and GeO:, Optik, 257, 168883, 2022.

[7] Alharshan, G.A., Eke, C., Al-Buriahi, M.S., Radiation-transmission and self-
absorption factors of P>Os—SrO-Sb,0s glass system, Radiation Physics and Chemistry, 193,
109938, 2022.

[8] Alothman, M.A., Kurtulus, R., Olarinoye, 1.0., Kavas, T., Mutuwong, C., Al-Buriahi,
M.S., Optical, elastic, and radiation shielding properties of Bi>O3-PbO-B>03 glass system: a role
of SnO: addition, Optik, 248, 168047, 2021.

[9] Sekhar, K.C., Hameed, A., Narsimlu, N., Alzahrani, J.S., Alothman, M.A., Olarinoye,
LO., et al, Synthesis,optical structural, and radiation transmission properties of
PbO/Bi;03/B:0s/Fe:0;3 glasses: An experimental and in silico study, Optical Materials, 117,
111173, 2021.

[10] Karpuz, N., Radiation shielding properties of glass composition, Journal of Radiation
Research and Applied Sciences, 16(4), 100689, 2023.

[11] Eid, M.S., Bondouk, 1., Saleh, H.M., Omar, K.M., Sayyed, M., El-Khatib, A.M., et al.,
Implementation of waste silicate glass into composition of ordinary cement for radiation shielding
applications, Nuclear Engineering and Technology, 54(4),1456—-1463, 2022.

[12] Sudha, A., Sharma, S.L., and Gupta, A.N., Achieving sensitive and stable indium oxide
thin films for gamma radiation monitoring, Sensors and Actuators A: Physical, 285, 378-385,
2019.

[13] Yan, C., Su, Z., Zhao, Z., & Zhou, Y., Abrasion-resistant, transparent, conductive
In;0s@ SiO; films, Ceramics International, 49(22), 35316-35322, 2023.

[14] Deokate, R.J., Influence of spray solution quantity on microstructural and optical
properties of In;O;s thin films prepared by spray pyrolysis, Macromolecular Symposia, 392,
1900152, 2020.

[15] Patil, S.P., Patil, V.L., Shendage, S.S., Harale, N.S., Vanalakar, S.A., Kim, J.H., et al.,
Spray pyrolyzed indium oxide thick films as NO: gas sensor, Ceramics International, 42, 16160—
16168, 2016.

155



Yasar et al. (2025) ADYU J SCI, 15(1), 146-156

[16] Gavrilovic, T.V., Jovanovic, D.J., and Dramicanin, M.D., Synthesis of Multifunctional
Inorganic Materials: From Micrometer to Nanometer Dimensions, Nanomaterials for Green
Energy, 55-81,2018.

[17] El Hichou, A., Addou, M., Mansori, M., and Eboth'E, J., Structural, optical and
luminescent characteristics of sprayed fluorine-doped In;O;3 thin films for solar cells, Solar
Energy Materials and Solar Cells, 93, 609—612, 2009.

[18] Beji, N., Souli, M., Ajili, M., Azzaza, S., Alleg, S., and Turki, N.K., Effect of iron
doping on structural, optical and electrical properties of sprayed In>Oj3 thin films, Superlattices
and Microstructures, 81, 114-128, 2015.

[19] Meng, Y., Yang, X.L., Chen, H.X., Shen, J., Jiang, Y.M., Zhang, Z.J., et al,,
Molybdenum-doped indium oxide transparent conductive thin films, Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films, 20(1), 288-290, 2002.

[20] Sokkalingam, R., Panghal, A., Roy, S.S., Sankaran, E.M., & Sonachalam, A., Impact
of shockwaves on the structural and morphological characteristics of the Sm:03 compound for
wastewater treatment, Journal of the Taiwan Institute of Chemical Engineers, 106105, 2025.

[21] Yayla, N., Albayrak, M.G., Giiler, O., Sen Baykal, D., Alkarrani, H., ALMisned, G.,
et al., Enhanced Radiation Shielding and Structural Modifications in Samarium (III) Oxide-
Reinforced Type 316L Stainless Steel Composites for Nuclear Applications:A Comprehensive
Evaluation of Physical, Structural, Mechanical, Gamma-Ray, and Neutron Attenuation
Properties, Nuclear Technology, 1-21, 2025.

[22] Iliyasu, U., Bature, M., Umar, M., Abubakar, U., & Shehu, A., Photon attenuation
properties of samarium-doped zinc bismuth silicate glass: A study using Cs-137, Co-60, and Na-
22 Radiation Sources, Caliphate Journal of Science and Technology, 6(3), 281-288, 2024.

[23] Shin, J.W., Lee, J.W., Yu, S., Back, B.K., Hong, J.P., Seo, Y., et al,
Polyethylene/boron-containing composites for radiation shielding, Thermochimica Acta, 585, 5—
9,2014.

[24] Levet, A., Kavaz, E., & Ozdemir, Y., An experimental study on the investigation of
nuclear radiation shielding characteristics in iron-boron alloys, Journal of Alloys and
Compounds, 819, 152946, 2020.

[25] Eskalen, H., Kavun, Y., Kerli, S., Eken, S., An investigation of radiation shielding
properties of boron doped ZnO thin films, Optical Materials, 105, 109871, 2020.

[26] Mirji, R., & Lobo, B., Computation of the mass attenuation coefficient of polymeric
materials at specific gamma photon energies, Radiation Physics and Chemistry, 135, 3244,
2017.

[27] Hubbell, J.H., Gimm, H.A., & Verbo, .O., Pair, triplet, and total atomic cross sections
(and mass attenuation coefficients) for 1 MeV-100 GeV photons in elements Z= 1 to 100, Journal
of Physical and Chemical Reference Data, 9(4), 1023—1148, 1980.

[28] Gerward, L., Guilbert, N., Jensen, K.B., Levring, H., WinXCom-a program for
calculating X-ray attenuation coefficients, Radiation Physics and Chemistry, 71(3—4), 653-654,
2004.

[29] El-bashir, B.O., Sayyed, M.1., Zaid, M.H.M., Matori, K.A., Comprehensive study on
physical, elastic and shielding properties of ternary BaO-Bi;03-P>Os glasses as a potent
radiation shielding material, Journal of Non-Crystalline Solids, 468, 92-99,2017.

156



