
 



 

 

Amaç 

Türk Doğa ve Fen Dergisi, Dergipark tarafından yayınlanan Bingöl Üniversitesi Fen Bilimleri Enstitüsüne ait ulusal ve 

hakemli bir dergidir. Türk Doğa ve Fen Dergisi, Türkiye ve dünyanın her yerinden gelen doğa ve fen bilimlerinin her 

alanında özgün, yayımlanmamış, yayımlanmak üzere başka yere gönderilmemiş makale, derleme ve sempozyum 

değerlendirmesi gibi çalışmaların bilim alemine sunulması amacıyla kurulmuştur. 

Kapsam 

Türk Doğa ve Fen Dergisinde Mühendislik, Ziraat, Veterinerlik, Fen ve Doğa Bilimleri alanlarından olmak üzere Türkçe 

ve İngilizce hazırlanmış orijinal makale, derleme ve sempozyum değerlendirmesi gibi çalışmalar yayımlanır. Türk Doğa 

ve Fen Dergisi sadece online sistemde yayınlanmakta olup ayrıca kağıt baskısı bulunmamaktadır. 

Merhaba… 

Türk Doğa ve Fen Dergisi, Dergipark tarafından yayınlanmakta olup Bingöl Üniversitesi Fen Bilimleri Enstitüsüne 

aittir. Bahar ve güz dönemi olmak üzere yılda iki defa çıkarılan ulusal hakemli bir dergi olarak ilk sayısını 2012 bahar 

döneminde yayımlamıştır. Türk Doğa ve Fen Dergisi, Türkiye ve dünyanın her yerinden gelen doğa ve fen bilimlerinin 

her alanında özgün, yayımlanmamış, yayımlanmak üzere başka yere gönderilmemiş makale, derleme ve sempozyum 

değerlendirmesi gibi çalışmaların bilim alemine sunulması amacıyla kurulmuştur. İlk sayısından bugüne kesintisiz olarak 

faaliyetlerini sürdürmektedir.  

Türk Doğa ve Fen Dergisi sadece online sistemde yayınlanmakta olup ayrıca kağıt baskısı bulunmamaktadır. Dergimize 

gelen her çalışma öncelikle Turnitin intihal programında taranmaktadır. Dergimizde editörlerin, hakemlerin ve yazarların, 

uluslararası yayım etik kurallarına uyması ve makalelerin yazım kurallarına uyumlu olması zorunluluğu vardır.  

Yazarlar yayımlanmak üzere dergimize gönderdikleri çalışmaları ile ilgili telif haklarını zorunlu olarak Bingöl 

Üniversitesi Türk Doğa ve Fen Dergisi’ne devretmiş sayılırlar. Yazarlardan herhangi bir ücret talep edilmemektedir. 

Yazarların değerlendirmeleri, dergimizin resmi görüşü olarak kabul edilemez. Çalışmaların her türlü sorumluluğu 

yazarlarına aittir. Araştırma ürünleri için etik kurul raporu gerekli ise, çalışma üzerinde bu raporun alınmış olduğu 

belirtilmeli ve kurul raporu sisteme kaydedilmelidir. Araştırma ile ilgili intihal, atıf manipülasyonu, sahte veri uydurma 

vb. suistimallerin tespit edilmesi halinde yayım ve etik ilkelerine göre davranılır. Bu durumda çalışmanın yayımlanmasını 

önlemek, yayımdan kaldırmak ya da başka işlemler yapmak için gerekli işlemler takip edilmektedir. 

Dergimizde, kaynak gösteriminde uluslararası Vancouver sistemine geçilmiştir. Ayrıca dergimiz, Creative Commons ile 

lisanslanmak suretiyle dergimizde yayımlanan makalelerin paylaşımı, kaynak gösterimi ve yayımlanmasında dergi ve 

yazar haklarını korumaya almıştır. 2018 yılı güz döneminden itibaren makaleler, uluslararası yazar kimlik numarası 

ORCID No’su ile yayımlanmaktadır.  

Dergi ekibi, dergimizin ulusal ve uluslararası indekslerce taranan bir dergi olması yönünde çalışmalarını titizlikle 

sürdürmektedir. Dergimize gösterilen ilgi bu yönde bizleri teşvik etmeye devam edecektir. 
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Abstract: In this study, the effect of boriding temperature and time on the structural and 

mechanical properties of M42 high speed steel were investigated. Samples placed in Ekabor II 

powder were exposed to pack boriding treatment at 900°C and 1000°C for 4 hour and at 950°C 

for 2, 4 and 6 hours. Scanning electron microscope (SEM) images indicate that boron diffuses into 

the samples and a sawtooth-like cross-sectional morphology is formed. The presence of boron has 

also been proven by Energy Dispersive X-ray spectrometry (EDX). In addition, it was determined 

that boron layer thickness increased with increasing boriding temperature. When the 

microhardness values were examined, it was observed that the sample borided at the highest 

temperature had the highest hardness value and the hardness values decrease with the decreasing 

of boriding temperature. Similar results were also obtained regarding the boriding time. The 

highest microhardness and layer thickness values were obtained after 6 hours of boriding. 

Additionally, it was observed that the hardness values of borided samples decreased as they moved 

from the surface to the inner parts. 

 

 

Borlama Sıcaklığının ve Süresinin M42 Çeliğinin Yapısal ve Mekanik Özelliklerine Etkisi 
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Borlama, 

Borlama 

sıcaklığı, 

Borlama 

süresi,  

M42 çeliği, 

Mekanik 

özellikler 

Öz: Bu çalışmada borlama sıcaklığının ve süresinin M42 yüksek hız çeliğinin yapısal ve mekanik 

özellikleri üzerine etkisi incelenmiştir.  Ekabor II tozu içerisine yerleştirilen numuneler 900℃ ve 

1000℃ derecede 4 saat; 950°C derecede 2, 4 ve 6 saat kutu borlama işlemine maruz bırakılmıştır. 

Taramalı elektron mikroskop (SEM) görüntüleri incelendiğinde borun numunlerin içerisine difuz 

ettiği ve testere dişlisine benzer kesit morfolojisi oluştuğu görülmektedir. Borun varlığı enerji 

dağılım x-ışını spektrometresi (EDX) ile de ispatlanmıştır. Bunun yanında, borlama sıcaklığın 

artmasıyla bor tabaka kalınlıklarının da arttığı tespit edilmiştir. Mikrosertlik değerleri 

incelendiğinde en yüksek sıcaklıkta borlanan numunenin en yüksek sertlik değerine sahip olduğu 

ve borlama sıcaklığının düşmesiyle beraber sertlik değerlerinin azaldığı tespit edilmiştir. Benzer 

sonuçlar borlama süresiyle ilgili olarak da görülmüştür. En yüksek mikrosertlik ve tabaka kalınlığı 

değerleri 6 saatlik borlama sonucunda elde edilmiştir. Ayrıca, borlanmış numunelerin yüzeyden 

iç kısımlara doğru gidildikçe sertlik değerlerinin düştüğü görülmüştür. 

 

1. INTRODUCTION 

 

Surface hardening is a primary method for enhancing 

certain mechanical properties of materials. Processes, 

such as carburizing, nitriding, and boriding, have been 

widely used to improve the materials’ surface properties. 

In general, these processes are more cost-effective than 

replacing machinery components with ones made from 

pricier materials [1]. Boriding is a thermochemical 

reaction based on the diffusion of boron into the substrate 

material, forming a hard surface coating consisting of 

mixed boron compounds [2-5]. Due to its relatively small 

atomic radius, boron can easily diffuse into various 

materials such as steels, non-ferrous alloys, and some 

superalloys [6-8]. The boriding process of the samples is 

carried out by heating them in the temperature range of 

973 K to 1323 K for 0.5 hours to 12 hours [9-11]. 

Depending on boriding parameters and the chemical 
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composition of the material, the diffusion of boron atoms 

leads to the formation of iron and metallic borides in the 

material [12-14]. When it is sufficiently applied to the 

surface, high hardness values provide valuable wear, 

corrosion and heat resistance [15-17]. Boriding can be 

performed by various methods such as solid, liquid, gas, 

plasma, and past0 e[11, 12, 14, 18-20]. Among these, pack 

boriding is carried out using commercial boriding 

material containing BC4 KBF4 and SiC (Ekabor) [18]. 

This method is the most commonly used boriding method 

due to its simplicity and ease of applicability without 

requiring post process surface cleaning [15, 18, 20, 21]. 

Depending on the concentration of diffused boron atoms, 

the boride layer usually forms as tetragonal Fe2B (8 wt% 

B) and/or orthorhombic FeB (16 wt% B) [20-22]. 

Generally, while the FeB phase has higher hardness, the 

Fe2B phase exhibits better toughness [4, 20, 21].  

 

High-speed steels are commonly used in milling cutters, 

reamers, taps, broaches, saw teeth, drill bits, strip saws, 

and guide production [23-25]. The selected M42 high-

speed steel is known for its high toughness due to its 8% 

cobalt content. Additionally, due to the cobalt in its 

structure, it stands out as an ideal material in lathes used 

for processing aluminum and alloys, brasses, automatic 

steels, and drilling punches requiring high temperature 

and wear resistance [23-26]. In this study, the effect of 

boriding temperature and time on the structural and 

mechanical properties of M42 steel was investigated by 

boriding the steel at 900°C, 950°C, and 1000°C for 4 

hours, and additionally at 950°C for 2, 4, and 6 hours. 

 

2. MATERIAL AND METHOD 

 

In this study, M42 steel, chemical composition of the steel 

is provided in Table 1, with dimensions of Ø12.5 x 10 mm 

was utilized. The surfaces of the test specimens were 

polished using SiC abrasive papers of 80, 150, 360, 500, 

800, and 1200 grit sizes, respectively. The boriding 

process was carried out using commercial Ekabor II 

powder with the pack boriding method. The samples were 

placed in a cylindrical stainless-steel crucible containing 

Ekabor II powder. The furnace was heated to 900°C, 

950°C, and 1000°C, respectively, before placing the 

crucible, and the samples were borided in a preheated 

furnace for 4 hours. Additionally, to determine the effect 

of boriding time, samples were borided at 950°C for 2, 4, 

and 6 hours. Subsequently, they were allowed to cool to 

room temperature. Thereafter, to determine the thickness 

of the boride layer, the borided samples were cut in half, 

polished using SiC papers followed by 3 µm and 1 µm 

diamond suspensions, and then etched in a 5% Nital 

solution after cleaning with alcohol. The etched samples 

were examined using a scanning electron microscope 

(SEM) (ZEISS EVO LS 10) to determine the thickness of 

the boride layer. Additionally, the elemental composition 

of the samples was determined using energy-dispersive 

X-ray spectroscopy (EDX) method. The phase structure 

of the borided samples was analyzed in the range of 30° 

to 90° using X-ray diffraction (XRD) (GNR Europe 600 

XRD). XRD studies were performed with parameters of 

40kV and 15mA. CuKα radiation with a wavelength of 

1.542 Å was used to identify the phases. Microhardness 

measurements were conducted using the Vickers method 

under a load of 100 g and at intervals of 20 µm. At least 5 

measurements were taken, and the average value was 

calculated. 

 

3. RESULTS AND DISCUSSION 

 

SEM images of the cross-sections of M42 steels subjected 

to boriding at 900°C, 950°C, and 1000°C for 4 hours are 

shown in Figure 1, while SEM images of the cross-

sections of M42 steels subjected to boriding at 950°C for 

2, 4, and 6 hours are provided in Figure 2. The EDX 

results of M42 steel borided for 2, 4, and 6 hours at 950°C 

are given in Table 2.  The thickness of the boride layers 

which were determined by evaluating of SEM images, are 

presented in Table 3. Upon examining the thickness of the 

boride layers based on the boriding duration was found as 

28.1 μm, 47.5 μm, and 52.5 μm for 2, 4, and 6 hours, 

respectively. Additionally, thickness of boride layer of 

M42 steel which was borided at 900°C, 950°C, and 

1000°C for 4 hours, was measured as 29.7 μm, 47.5 μm, 

and 71.4 μm, respectively. It is observed that as the 

boriding temperature and time increase, the thicknesses of 

the boride layers also increase, with the highest thickness 

reached at 4 hours of boriding at 1000°C. Moreover, the 

boriding layers exhibit a morphology resembling 

sawtooth, which can be attributed to the diffusion of boron 

atoms into the base material. In addition, the EDX results 

that shows boron rates (weight %) increased from 8.72 to 

10.77, confirm the diffusion of boron. As indicated, with 

increasing temperature and time, the diffusion rate 

increases, leading to an increase in boride layer 

thicknesses [2-6].  

 
Table 1. Chemical composition of M42 steel 

C Mo Co Cr W V Si Mn 

1.1 9.2 8 4 1.5 1.1 0.5 0.2 

 
Table 2. EDX results obtained from the cross-sectional surface of M42 

steel borided for 2, 4, and 6 hours at 950°C 

Elemen

t 

Weight % Atomic % 

 2 h 4 h 6 h 2 h 4 h 6 h 

B 8.72 9.98 10.77 27.88 29.46 31.82 

C 11.74 10.32 9.2 31.18 27.45 26.48 

V 1.46 1.31 1.3 0.91 0.89 0.82 

Cr 3.5 3.32 3.54 2.15 2.04 2.29 

Fe 47.73 52.73 54.09 27.27 30.15 32.6 

Co 5.74 5.8 6.1 3.11 3.15 3.49 

Mo 15.5 11.6 8.63 5.16 3.86 3.11 

W 4.36 4.15 3.76 0.76 0.72 0.69 

 
Table 3. The boride layer thickness values obtained from borided M42 
steel at different temperature and time 

Boriding temperature 

(°C) 

Boriding time 

(hour) 

Boride layer thickness 

(µm) (±1%) 

900 4 29.7 

950 

950 

950 

2 

4 

6 

28.1 

47.5 

52.5 

1000 4 71.2 
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Figure 1. SEM images of M42 steel borided at (a) 900°C, (b) 950 °C 

and (c) 1000°C for 4 hours 

 

 
Figure 2. SEM images of M42 steel borided at (a) 2 hours, (b) 4 hours 

and (c) 6 hours at 950°C. 
 

The XRD results of the untreated M42 steel and the M42 

steel borided at 950°C for 4 hours are provided in Figure 

3. The XRD indicates that the boride layers consist of FeB 

and Fe2B phases as shown in Figure 3b. Generally, while 

the FeB phase is harder than the Fe2B phase, it has lower 

toughness, making its presence undesirable. Since, it can 

deform more easily and lead to fracture and spalling under 

high loads due to its brittleness [2]. Furthermore, the 

presence of the FeB phase on the surface also reduces 

corrosion resistance [3]. To prevent the formation of FeB 

phase, the chemical composition of the boriding powder, 

boriding temperature and time should be selected 

appropriately for the material to be borided. 
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Figure 3. XRD results of M42 steel under conditions of (a) untreated 

and (b) borided at 950°C for 4 hours. 
 

 
Figure 4 The cross-sectional microhardness values varying with the 

depth for M42 steel for (a) 4 hours at different temperatures and (b) 
950° for different durations  

 

The curves showing the variation of microhardness 

values, obtained from cross section of borided M42 steel, 

at different temperatures and time with depth are given in 

Figure 4. The hardness values of the borided layer range 

from 930 HV to 1914 HV. As can be seen in Figure 4, the 

hardness values of the borided samples decreased as depth 

increases from the surface towards the interior. 

Additionally, it is noted that the hardness of the boride 

layer formed on the surface increased with the increase of 

boriding temperature and time. 

 

4. CONCLUSION 

 

The phase structure, thickness boride layer, and 

microhardness values of M42 high-speed steel subjected 

to boriding at different temperatures for 4 hours and at 

varying time at a constant temperature were investigated. 

It was found that as the boriding temperature increased, 

the thickness of the layer increased from 29.7 µm to 71.2 

µm, and as the boriding time increased, it increased from 

28.1 µm to 52.5 µm. Additionally, in the EDX analysis of 

borided M42 steel at different times, the Boron element 

ratio increased from 8.72% to 10.77%. The structural 

analysis of the same sample also indicated the formation 

of FeB and Fe2B phases as a result of the boriding process. 

It was concluded that boron diffused into the M42 steel, 

and the diffusion depth incresed with increasing 

temperature and time and as a result of this surface 

hardness increased. 
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Abstract: The vibration frequencies, associated vibrational motions, and theoretically ideal 

molecular structure of the 3-[1-(5-Amino-[1,3,4]thiadiazol-2-yl)-2-(1H-imidazol-4-yl)-ethylimino]-

2,3-dihydro-indol-2-one (1) molecule were investigated using the Gaussian09 software program. 

The theoretically ideal chemical structure of the molecule (1), its vibration frequencies and the 

accompanying vibration movements of the molecule were examined. Quantum chemical 

computations have been performed utilizing the SDD and 6-311G base set of DFT(RB3LYP) 

methods. The molecule was subjected to the highest occupied molecular orbital (HOMO), the 

lowest unoccupied molecular orbital (LUMO) investigations to ascertain charge transfer. The 

molecule's stability was investigated using Natural Orbital Bonding (NBO) analysis as a function of 

both hyperconjugative interaction  and charge delocalization. Molecular Electrostatic Potential 

(MEP) was performed using a Density Functional Theory (DFT) technique. Both estimated DFT 

algorithms have comparable geometric parameters. 

 

 

3-[1-(5-Amino-[1,3,4]tiadiazol-2-il)-2-(1H-imidazol-4-il)-etilimino]-2,3-dihidro-indol-2-on 

Molekülün Teoriksel İncelenmesi 
 

 

Anahtar 

Kelimeler 

Yoğunluk 

fonksiyonel 

teorisi, 

Moleküler 

elektrostatik 

potansiyel, 

Doğal 

orbital 

bağlanma  

Öz: 3-[1-(5-Amino-[1,3,4]tiadiazol-2-il)-2-(1H-imidazol-4-il)-etilimino]-2,3-dihidro-indol-2-on (1) 

molekülünün titreşim frekansları, ilişkili titreşim hareketleri ve teorik olarak ideal moleküler yapısı 

Gaussian 09 yazılım programı kullanılarak araştırıldı. Molekül (1)’in teorik olarak ideal kimyasal 

yapısı, titreşim frekansları ve molekülün buna eşlik eden titreşim hareketleri incelenmiştir. 

Kuantum kimyasal hesaplamalarını gerçekleştirmek için DFT(RB3LYP) yaklaşımlarının SDD ve 

6-311G temel seti kullanıldı. Moleküldeki yük aktarımı için en yüksek dolu moleküler yörünge 

(HOMO), en düşük boş moleküler yörünge (LUMO) analizleri yapılmıştır. Molekülün stabilitesi, 

hem hiperkonjugatif etkileşimin hem de yük delokalizasyonunun bir fonksiyonu, Doğal Orbital 

Bağlanma (NBO) analizi kullanılarak araştırıldı. MEP, bir Yoğunluk fonksiyonel teorisi (DFT) 

tekniği kullanılarak gerçekleştirildi. Tahmin edilen her iki DFT algoritması da karşılaştırılabilir 

geometrik parametrelere sahiptir. 

 

 

1. INTRODUCTION 

 

The azomethine group, often referred to as the imine 

functional group, is a component of Schiff base 

derivatives, which are compounds that have become 

more well-known due to their biological activity, 

including antibacterial, anticancer, antifungal, and 

antimicrobial qualities [1]. These substances represent 

the largest class of photochromic materials with potential 

for use in optoelectronic devices. In recent years, 

potential applications have focused on the 

electrochemical characteristics and nonlinear optical 

(NLO) behavior of Schiff base ligands with various 

substituents that have different electron-donating and 

electron-withdrawing groups [2]. Furthermore, because 

of theirselectivity, synthetic flexibility and sensitivity to 

transition metal ions, The ligands of Schiff bases are 

important in inorganic alchemy [3]. Schiff bases metal 

complexes produced from heterocyclic compounds with 

ligand atoms of nitrogen, oxygen, and sulfur are 

employed in therapeutic and pharmaceutical applications 

www.dergipark.gov.tr/tdfd 
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[4]. Thiophene and its derivatives play an essential role 

in heterocyclic chemistry. They are utilized as charge-

carrying molecules in technologies such as transistors, 

supercapacitors, Electrochromic substances, chemical 

solar panels, and organic light-emitting diodes, and 

nonlinear optical materials [5]. In recent years, potential 

applications have focused on the electrochemical 

characteristics and nonlinear optical (NLO) behavior of 

Schiff base ligands with various substituents that have 

different groups that donate electrons and groups that 

remove electrons [6]. Physical and chemical 

characteristics of chemical and biological systems may 

now be predicted because to advances in computational 

chemistry. Furthermore, theoretical considerations 

substantially aid actual spectroscopic research. Density 

Functional Theory (DFT) is widely used in computing 

the UVeVis, FT-IR, and NMR spectra, charge 

distributions, HOMO-LUMO energies, and nonlinear 

optical (NLO) behavior of certain thiophene derivatives. 

Such substances have shown reliable findings that are 

compatible with experimental data [7]. 

 

The quantum chemical model of matter is known as 

density functional theory (DFT). Physicists, chemists, 

and materials workers prefer this model because 

simulation results are comparable to experimental 

studies. It reduces simulation time without affecting 

accuracy by considering the collective effect of electrons 

[8]. This is different from other models accepted in 

scientific studies. Thomas (1927) and Fermi (1928) also 

helped solve the many-electron problem in the years 

when the Hartree and Hartree-Fock methods emerged. 

Thomas and Fermi proposed the original density 

functional theory of quantum systems. This method 

explains how density functional theory (DFT) works, but 

is not precise enough for modern electronic structure 

calculations [9]. 

 

2. MATERIAL AND METHOD 

 

DFT was calculated using the (B3LYP)/SDD and 6-

311G techniques using Gaussian 09 software. For 

conformational analysis, a quasi-experimental approach 

is used. The form of the final molecule was optimized as 

the initial stage in the computer study. The vibrational 

frequencies, optimal geometries, and energies of 

molecular structure of the molecule (1) have been 

calculated utilizing the DFT approach in the Gaussian 09 

software. The DFT/(B3PW91/B3LYP) approaches and 

the 6-311G base set based software package have been 

used to develop the Lee's-Yang-Parr correlation 

function. ChemBio Ultra Drive 3D and GaussView 

6.0.16 were used to capture the visualization and input 

file [10]. The binding affinity of the molecule was 

calculated using the Maestro Molecular Modeling 

platform and the Schrödinger, LLC model (model 

6.0.16.) [11]. This experiment made use of the Gaussian 

09W package software. To do theoretical computations 

on the examined chemical, the Density Functional 

Theory (DFT) technique was performed. The DFT 

computations utilized the B3LYP mixed functional, 

which consists of Becke's three-parameter exchange 

functional and Lee, Yang, and Parr's correlation 

functional and is one of the most widely used exchange-

correlation functionals [12]. SDD and 6-311G base sets 

have been used to achieve geometry optimizations, 

geometric parameters, and minimal molecular energies 

of the molecule. Mulliken charges, molecular 

electrostatic potential surfaces and frontier orbitals have 

been calculated utilizing the B3LYP/SDD/6-311G 

method. However, using the same procedure, LUMO 

and HOMO energies of the molecule (1) were calculated 

and ΔE energy differences were obtained for each 

method using these data. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Structure Details and Analysis 

 

A molecule’s geometry is related to the bond angle and 

bond length between the atoms of that molecule and is 

one of the most important factors that directly affects the 

magnitude of the molecule’s the dipole moment [13]. 

The B3LYP method with SDD and 6-311G basis sets 

was utilized for geometric optimization computations to 

explore the the molecule (1) influence of the DFT 

technique on geometric features. Some angles bonding 

and lengths bonding of the molecule (1) obtained by the 

help of the Gaussian 0.9 program are given in Table 1 

[14]. The largest deviation appears in the C14-S15 

structural by a bond length of 1.84342 Å. Another 

structure with the largest deviation appears in the C12-

C13 structural by a bond length of 1.57546 Å. This is 

because there are N and O atoms, which are strong 

electron-withdrawing groups, attached to the C8 atom. 

The largest deviation in trihedral structures was 

determined in the N7-C8-O10 structure with the bond 

angle of 125.85439◦. In tetrahedral structures, The bond 

angle between C16-S15-C14-N18 was found to have the 

greatest variation, 1.15446◦. The lowest change in bond 

length in the C2-H26 structure was determined to be -

0.00568 Å. The smallest change in bond angle in 

trihedral structures is N7-C8-O10 -17.33484 and N11–

C12–C13-C20 -0.04996, respectively. 
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Table 1. Theoretically determined some bond lengths (Å) and angles (o) of the molecule (1). 

Bond Lengths B3LYP/ 

SDD 

B3LYP/ 

6-311G 

Bond Lengths B3LYP/ 

SDD 

B3LYP/ 

6-311G 

C1-C2 1.41136 1.39999 C12-H30 1.09577 1.08991 

C3-C4 1.39675 1.38731 C13-H32 1.09525 1.08899 

C5-C6 1.39944 1.38960 C22-H35 1.07906 1.07388 
C5-C9 1.47519 1.46960 C4-N7 1.42102 1.41565 

C8-C9 1.54551 1.53122 C9-N11 1.29193 1.28326 

C12-C13 1.57546 1.56918 C16-N19 1.37067 1.35878 
C12-C14 1.50288 1.49309 C22-N21 1.33629 1.32775 

C13-C20 1.49968 1.49095 N17-N18 1.40712 1.40407 

C20-C24 1.39034 1.37705 C8-O10 1.25112 1.24445 
C2-H26 1.08736 1.08168 C14-S15 1.84342 1.84935 

Bond Angles B3LYP/ 

SDD 

B3LYP/ 

6-311G 

Bond Angles B3LYP/ 

SDD 

B3LYP/ 

6-311G 

C1-C2-C3 121.43395 121.43000 C1-C6-H28 121.50067 121.57496 

C3-C4-C5 121.85055 121.74364 H31-C13-H32 108.51955 108.31528 

C5-C9-C8 105.39422 105.54416 N7-C8-O10 108.51955 125.85439 
C12-C13-C20 112.58595 112.98100 C14-S15-C15 84.25298 83.96123 

C4-N7-C8 111.97479 112.02741 N18-N17-C16 112.25886 112.68447 

Planar 

Bond Angles 

B3LYP/ 

SDD 

B3LYP/ 

6-311G 

Planar 

Bond Angles 

B3LYP/ 

SDD 

B3LYP/ 

6-311G 

C3-C2-C1-C6 -0.00748 0.00085 N21-C22-N23-C24 -0.00094 -0.02212 

C4-C5-C9-C8 0.90158 1.09487 C16-S15-C14-N18 1.06657 1.15446 
C4-N7-C8-C9 

N11-C9-C8-O10 

0.88384 

-2.79432 

1.07379 

-3.23090 

N11-C12-C13-C20 

O10-C8-N7-H29 

 -179.06379 

0.81900 

-179.11375 

0.76218 

 
3.2. Mulliken Atomic Charges 

 

Atomic charge is utilized to predict electrostatic 

potentials across molecule boundaries, evaluate charge 

transfer, and evaluate electronegativity equalization [15]. 

Mulliken atomic charges of the molecule (1) The gas 

phase were determined using the B3LYP theory SDD 

basis set and B3LYP theory 6-311G basis set and are 

given in Table 2 [16]. It has been noted that the 

electronegative atoms (N7, N11, N17, N18, N21, N23 

and O10) in the molecule have negative charge values. 

The charge values of these atoms are; It was calculated 

as -0.447, -0.004, -0.104, -0.058, -0.116, -0.321 and  -

0.263 (a.u.). Utilizing the RB3LYP prosedure with the 6-

311G base set, a) bond lengths, b) mulliken charge, c) 

structure optimization d) atomic mass are given in Figure 

1 [16]. 

 
Table 2. Mulliken atomic charges of the molecule (1). 

 B3LYP/ 

SDD 

B3LYP/ 

6-311G 

 B3LYP/ 

SDD 

B3LYP/ 

6-311G 

C1 -0.233 -0.183 N7 -0.447 -0.834 

C2 -0.173 -0.130 N11 -0.004 -0.251 

C3 -0.343 -0.067 N17 -0.104 -0.261 

C4 0.279 0.332 N18 -0.058 -0.180 
C5 0.193 -0.181 N21 -0.116 -0.367 

C6 -0.340 0.003 N23 -0.321 -0.321 

C8 0.115 0.559 S15 0.237 0.279 
C9 -0.145 0.000 H26 0.224 0.155 

C12 -0.150 -0.268 H27 0.234 0.170 
C13 -0.467 -0.372 H28 0.265 0.187 

C14 -0.133 0.065 H30 0.289 0.250 

C16 -0.135 -0.228 H31 0.221 0.200 
C20 0.238 -0.006 H34 0.335 0.344 

C22 -0.235 0.224 H35 0.257 0.196 

C24 -0.342 0.182 H36 0.210 0.336 
O10 -0.263 -0.382 H37 0.287 0.210 
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Figure 1. Molecule with DFT/B3LYP/6-311G basis set (1) a) bond 

lengths, b) relative charge, c) structure optimization d) atomic mass. 

 
3.3. HOMO and LUMO Analysis 

 

The lowest unoccupied molecular orbital (LUMO) and 

the highest occupied molecular orbital (HOMO) are very 

significant two orbitals in molecules [17]. The 

eigenvalues and gap energies of LUMO and HOMO 

represent the bioactivity of a chemical [18]. A chemical 

with a short gap between its border orbitals is more 

polarizable and has lower kinetic stability and increased 

chemical reactivity [19]. Because the HOMO, being the 

outside orbital holding electrons, tries to transfer 

electrons as electron donors, the HOMO's energy direct 

impacts the ionization potential. Although, LUMO might 

receive electrons, and its energy is proportional to its 

electron affinities [20]. The eigenvectors and energy 

deficits of HOMO and LUMO chemicals indicate the 

molecule's biological activity. Two key chemicals 

orbitals have been studied for the HOMO and LUMO 

energies, as illustrated in Figures 2 and 3 [21]. In the 

Table 3 [22] is showed the computed quantum chemical 

factor (in eV) for low energy suitability of molekül (1) 

using DFT/B3LYP/SDD and DFT/B3LYP/6-311G 

techniques. 

  

The orbital energies of LUMO and HOMO might be 

used to calculate electron affinity and ionization energy 

as follows: A=−ELUMO, I=−EHOMO, (μ=−(I+A)/2) and 

η=(I−A)/2. An electrophilic system is one that resists 

transferring electrons with its surroundings and can store 

more electrons than a non-electrophilic system [23]. It is 

a more accurate indicator of total chemical reactivity 

since it includes data on durability (hardness) as well as 

electron transfer (Potential chemical). The affinity of 

electrons and potential for ionization are the chemical 

species, and the formulas =(IA)/2 and =(I+A)/2 are used 

to calculate the chemical potential and hardness, 

respectively (A) [24].  The components from which the 

title compound is created do not spontaneously dissolve 

because of the complex's stable and negative chemical 

potential, which results from its negativity. The stiffness 

of an electron nebule in a chemical structure is its 

resistance to distortion caused by minor perturbations 

during chemical processing. Hardness is a notion used in 

physics and chemistry, although it cannot be seen 

physically. Though soft systems can be substantially and 

highly polarized, hard systems are less polarized and 

often tiny [25]. 

 

 
Figure 2. Boundary molecular orbitals of the molecule (1) as per the 

DFT/B3LYP/SDD phase. 

 

 
Figure 3. Boundary molecular orbitals of the molecule (1) as per the 

DFT/B3LYP/6-311G level. 
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Table 3. Calculated quantum chemical parameters⁕(in eV) to low energy compatibilities by DFT/RB3LYP/SDD-DFT/RB3LYP/6-311G methods of 

the molekül (1). 

Molecules Energy  DFT/ B3LYP 

SDD 

DFT/B3LYP  

6-311G 

ELUMO  -2.6204 -2.5986 

EHOMO  -6.0517 -6.0789 

ELUMO+1  -0.7673 -0.6884 

EHOMO-1   -6.1170 -6.1632 

Energy Gap            (ΔE)|EHOMO- ELUMO| 3.4313 3.4803 

Ionization Potential         (I = −EHOMO) 6.0517 6.0789 

Electron Affinity             (A = −ELUMO) 2.6204 2.5986 

Chemical hardness          (η = (I − A)/2) 1.7156 1.7401 

Chemical softness        (s = 1/2 η) 0.8578 0.8700 

Chemical Potential          (μ =−(I + A)/2) -4.3360 -4.3387 

Electronegativity            (χ =(1+ A)/2) 1. 8102 1.7993 

Electrophilicity index      (ω= μ2/2 η) 5.4793 5.4089 

 

3.4. Molecular Electrostatic Potential (MEP) 

 

MEP may be used to describe hydrogen bond 

interactions in addition to electrophilic and nucleophilic 

activities. It has been correlated with electron density 

(ED) [26]. The electrostatic potential V(r) is highly 

appropriated to research procedures requiring molecular 

identification, like interactions between receptors and 

drugs and enzymes and substrates. Because these two 

species initially perceive one other through the lens of 

their potential [27]. The electrophilic and nucleophilic 

portions of the examined compound have been predicted 

utilising the B3LYP/SDD and B3LYP/6-311G basis sets 

utilizing MEP in optimal geometry. As demonstrated in 

Figure 4 [28], MEP's negative (yellow or red) regions 

show electrophilic reacting, whereas favorable (blue) 

areas represent nucleophilic reactivity. 

 

 
Figure 4. Molecular electrostatic potential field of molecule (1) 
utilising DFT/B3LYP and DFT/B3LYP methods with SDD and 6-

311G basis set. 

3.5. Non-Linear Optical Properties (NLO) 

 

Nonlinear optical characteristics (NLO) are 

computationally predicted using polarizability (α) and 

hyperpolarizability (β) values [29]. Polarizability defines 

optical characteristics in organic-based materials. The 

hyperpolarizability of a material impacts the 

performance of its nonlinear optical characteristics. To 

show NLO qualities, a molecule's polarizability, 

hyperpolarizability, and dipole moment must be high, 

and the HOMO-LUMO energy difference must be 

modest [30]. Using the B3LYP/SDD(d,p) and B3LYP/6-

311G method and basıs sets, the hyperpolarization (β), 

polarization (α), and electric dipole moment (μ) of the 

molekül (1), NLO activity were measured. In the Table 4 

[31] has been showed the calculated NLO values. The 

mean values of the polarizability (α), static dipole 

moment (μ), and total first static hyperpolarizability (β) 

of the x, y, and z components have been obtained from 

equations Equality 1-4.” The total values molecule (1) 

determined using the DFT/B3LYP/SDD and 

DFT/B3LYP/6-311G methods are 3.48x10-30 esu and 

3.55x10-30 esu, respectively.  
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Table 4. The dipole moments (Debye), polarizability (au), components, and total value of molecule (1) are computed using the SDD and 6-311G 

basis sets using the DFT/B3LYP technique. 

Parameters B3LYP/ 

SDD 

 B3LYP/ 

6-311G 

Parameters B3LYP/ 

SDD 

B3LYP/ 

6-311G 

μ x -3.1262 -2.6959 β XXX -41.5112 -19.4581 

μ y -0.3183 -0.4954 β YYY 42.6236 37.5772 

μ z -0.9230 -0.7217 β ZZZ 1.8263 3.7207 

μ (D) 3.2751 2.8344 β XYY 124.3641 126.6830 

α xx -101.7798 -102.7201 β XXY -39.9238 -37.7491 

α YY -113.3843 -114.9895 β XXZ 9.7610 14.4029 

α zz -157.9199 -157.9704 β XZZ -22.5224 -21.2227 

α XY 2.9098 3.0128 β YZZ -0.7940 -0.7190 

α XZ -3.0550 -2.7397 β YYZ 0.7671 2.6970 

α YZ -10.5986 -9.3997 β XYZ -1.8619 0.8662 

α (au) -185.172 -184.8441 β (esu) 3.48x10-30 3.55x10-30 

 

3.6. NBO Analysis 

 

To better understand the intermolecular interactions of 

our compound, NBO analysis was performed on the 

optimized structures [32]. The NBO analysis software 

from the Gaussian 09W program package was utilized. 

The DFT (B3LYP) approach is used in the comparisons 

in the Table 5 [33] to demonstrate the percentages of 

individual bond electrons for and bonds in distinct 

bonds, as well as variations in the percentages of 

electrons in s,  

 

p, and d orbitals on each atom. A quadratic is used for 

molecule (1). Fock marix was used to forecast the 

relationship between the receiver (j) and the donor (i). 

The stabilizing value associated with delocalization is 

projected to be as follows Equality 5 to every donor (i) 

and recipient  

 𝐸(2) = ∆𝐸𝑖𝑗 =  𝑞𝑖
   (𝐹𝑖, 𝑗) 

(ℇ𝑖 − ℇ𝑗)

2

                                     (5) 

 

The NBO element of the Fock matrix is F(i,j), the 

diagonal elements are i and j, and the donor orbital 

occupancy is qi. The higher the stabilization energy, the 

more electrons are likely to be transferred to acceptor 

orbitals [2]. The electron density, E(2), E(j)-E(i), and 

f(i,j) values, as well as NBO computations, are shown in 

Table 5 [33] for a few chosen donors and acceptors. The 

interplay between the stabilization energy E(2), full and 

unfilled NBO type Lewis orbitals, and electron 

delocalization from bonding (BD) to antibonding (BD*) 

orbitals is characterized by NBO analysis. Bond (σ/π) 

and anti-bond (σ*/π*) interactions also contribute 

considerably to structural stability, with the π(C5-C6) 

/π*(C3-C4) interaction having the highest E value of 

30.17 kcal/mol. (2), followed by the π(C1-C2)/π* (C5-

C6) interaction with 7.54 kcal/mol. 

 
Table 5. Selected NBO results of molecule (1) are computed set using the DFT/B3LYP technique and the SDD basis set. 

NBO(i) Type Occupancies NBO(j)  Type Occupancies 
E(2)a 

(Kcal/mol) 

E (j)-E(i)b 

(a.u.) 

F (i, j)c 

(a.u) 

C1-C2 σ 1.98122 C1-C6  σ* 0.01327 1.42 1.22 0.037 

C1-C6 σ 1.97809 C1-H25  σ* 0.01442 0.71 1.20 0.026 

C1-C2 π 1.66611 C5-C6 π* 0.35889 22.55 0.29 0.072 

C2-C3 σ 1.97584 C4-N7 σ* 0.02889 7.11 1.05 0.077 

C3-C4 π 1.66701 C1-C2 π* 0.33082 22.19 0.29 0.072 

C4-C5 σ 1.96039 C9-N11  σ* 0.01657 4.61 1.26 0.068 

C5-C6 π 1.64491 C3-C4  π* 0.37349 24.68 0.27 0.074 

C6-H28      σ 1.97628 C1-C2  σ* 0.01546 4.67 1.05 0.063 

C8-C9      σ 1.97087 C5-C6 σ* 0.02306 5.61 1.19 0.073 

C8-O10           π 1.97119 C9-N11  π* 0.14278 0.63 0.39 0.043 

C9-N11             π 1.88665 C8-O10  π* 0.29819 12.18 0.30 0.057 

C5-C6       π 1.64491 C9-N11  π* 0.14278 18.13 0.26 0.065 

C13-H32       σ 1.97613 C20-C24  σ* 0.03128 5.94 1.04 0.070 

C14-S15 σ 1.97035 C16-N19  σ* 0.02406 5.55 1.04 0.068 

C14-N18 π 1.93607 C16-N17  π* 0.39043 7.77 0.31 0.048 

C16-N17 π 1.90315 C14-N18 π* 0.26756 12.27 0.32 0.059 

N17-N18 σ 1.97117 C12-C14  σ* 0.03547 5.47 1.17 0.072 

N19-H34 σ 1.98397 S15-C16  σ* 0.09479 5.68 0.78 0.061 

C20-C24       π 1.82681 N21-C22  π* 0.37577 16.39 0.26 0.061 

N21-C22 π 1.87079 C20-C24 π* 0.31090 21.22 0.33 0.078 

C22-H35 σ 1.98014 C20-N21  σ* 0.02637 4.77 0.98 0.061 

N23-C24 σ 1.98435 C13-C20  σ* 0.02161 5.78 1.21 0.075 

C20-C24     σ 1.97960 C13-H31 σ* 0.01500 0.96 0.44 0.046 

C22-N23 σ 1.99080 C24-H37  σ* 0.01152 2.84 1.32 0.055 

N23-C24 σ 1.98435 C13-C20  σ* 0.02161 5.78 1.21 0.075 

N23-C24       σ 1.98435 C22-H35  σ* 0.01802 2.88 1.29 0.054 

N23-H36 

C24-H37       

σ  

σ 

1.99062 

1.98165 

C20-C24 

C22-N23  

σ* 

σ* 

0.03128 

0.03752 

1.92 

3.76 

1.26 

0.95 

0.044 

0.054 
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4. CONCLUSION 

 

Important geometric data like as bond angles and bond 

lengths of the structure's atoms were gathered as a 

consequence of molecular optimization. The B3LYP/6-

31G and B3LYP//SDD techniques were used to calculate 

the different (E) between the compound's HOMO and 

LUMO energy levels depending on the solvent. The 

energy different between LUMO and HOMO did not 

vary importantly as the solvent polarity rose, implying 

that the solvent polarity had no influence on the contact 

of the chemical and the creation of the action. The 

Mulliken charge distribution method was used to collect 

information on the charge distribution on the atoms as 

well as the various features of the molecular structures. 

Furthermore, the MEP map discovered by employing the 

compound's DFT/RB3LYP/6-31G and 

DFT/B3LYP/SDD base sets The area has been 

discovered to be surrounding the methyl and hydrogen 

atoms, and these properties supplied us with knowledge 

about the regions of the chemical where non-covalent 

interactions may occur. 
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Abstract: The casting process involves filling a prepared mould cavity with molten metal, which 

takes the shape of the container. While the liquid metal takes the shape of the container it is in, the 

method is attractive, while the volumetric changes during the liquid-solid transformation reveal the 

importance of moulding design for the manufacture of solid parts. Especially in cast irons, moulds 

with the same design may produce different results depending on the changing casting and foundry 

conditions because the volumetric change that occurs during the solidification of ductile cast irons 

is affected by many parameters and develops differently than in steel and aluminium castings. This 

study used model wet and resin molding materials to create single and double-riser moulding and 

castings with different section thicknesses. The importance of the type of mold material used in 

castings and the number of feeders for the robust production of the cast part was evaluated using 

experimental and modeling techniques. When the results were examined, it was seen that the 

shrinkage risk was lower with resin mould than with green sand moulding. In addition, depending 

on the riser connection point, the importance of the riser neck has emerged. 

 

 

Kalıp Malzemesi Farkının GGG70 Küresel Grafitli Dökme Demir 

Üretiminde Kalıplama Tasarımı Üzerine Etkisinin İncelenmesi 
 

 

Anahtar 

Kelimeler 

GGG70, 

Kalıplama 

tasarımı, 

Kalıp 

rijitliği, 

Sıcak nokta, 

SolidCast. 

Öz: Döküm yöntemi ergitilmiş sıvı metalin hazırlanmış kalıp boşluğuna doldurulması ile parça 

imalatını kapsamaktadır. Sıvı metalin bulunduğu kabın şeklini alması, yöntemi cazip hale 

getirirken, sıvı katı dönüşümü esnasındaki hacimsel değişiklikler sağlam parça imalatı için 

kalıplama tasarımının önemini ortaya çıkarmaktadır. Özellikle dökme demirlerde aynı tasarıma 

sahip kalıplarda değişen döküm ve dökümhane şartlarına bağlı olarak farklı sonuçlar ortaya 

çıkarabilmektedir. Çünkü küresel grafitli dökme demirlerin katılaşması sırasında oluşan hacimsel 

değişim birçok parametreden etkilenerek, çelik ve alüminyum dökümlerindekinden farklı şekilde 

gelişmektedir. Bu çalışmada, farklı kesit kalınlıkları içerecek şekilde tasarlanan model yaş ve 

reçineli kalıp malzemeleri ile tek ve çift besleyicili olarak kalıplama ve dökümler yapılmıştır. 

Dökümlerde kalıp malzemesinin değişimine bağlı olarak besleyici sayısının döküm parçaların 

sağlam imalatındaki önemi deneysel ve modelleme teknikleri ile değerlendirilmiştir. Sonuçlar 

incelendiğinde aynı kalıplama tasarımında reçineli kalıp ile yapılan ölçümlerde yaş kalıp kumuna 

nazaran çekinti riskinin daha az ortaya çıktığı görülmüştür. Ayrıca besleyici bağlantı noktasına 

bağlı olarak besleyici boğazının önemi ortaya çıkmıştır. 
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1. INTRODUCTION 

 

Cast irons have a wide variety of properties such as 

strength, hardness, toughness, high corrosion resistance, 

easy machinability and vibration damping. In cast irons, 

the shape, and shape of the carbon in the internal 

structure after solidification determines the type of cast 

iron. Classification in cast iron determines variables such 

as the chemical composition of the material, cooling rate, 

production method, and heat treatment methods after 

production [1]. Ductile iron is one of the types of cast 

iron where carbon is formed as graphite spheres due to 

the addition of small amounts of spheroidizers like 

magnesium and cerium to the molten iron before casting 

[1,2]. Ductile iron is a type of material with perfect 

castability, easy machinability, wear resistance, high 

strength to low weight ratio, fatigue strength, high 

corrosion resistance and toughness. Due to these 

properties, it is a widely used material in the machinery 

and automobile industries for structural components such 

as machine tool bearings, bearings, rolling mills, pistons, 

cylinders and pump housings [3]. 

 

In shaping methods using the casting method, the 

solidification stage is important for the mechanical 

properties of the material, depending on the product's 

internal structures. Inoculation is crucial to achieve 

desired mechanical properties in the spheronization of 

ductile cast iron materials [4]. The microstructures of 

cast irons show different properties depending on their 

chemical composition, added inoculation element, 

casting parameters, and cooling conditions [5]. The 

mechanical properties of ductile cast iron castings 

largely depend on the volume, size, distribution, 

sphericity, and quantity of graphite in cast iron [6]. 

Changes in the matrix structure and sphericity of 

graphite can affect mechanical properties, influenced by 

alloying elements and ambient conditions during 

solidification. [7]. Ductile cast irons, which are widely 

used in the automotive and energy industries, can be 

further strengthened by changing the process parameters 

or applying an additional heat treatment [8]. When the 

literature is examined, it is seen that the material 

properties are improved by changing the casting 

conditions, heat treatment, and added alloying elements. 

In a study, the effect of the austempering process on the 

microstructure and wear properties of cast irons was 

investigated. And as a result, it was determined that as 

the amount of Al increased, the ferrite ratio and the 

amount of graphite in the matrix increased, while the 

sphericity of the graphites was impaired [9]. In a 

different study, the effect of normalized heat treatment 

on the microstructural change and mechanical properties 

of unalloyed ductile cast iron after annealing at 

intermediate critical austenitizing temperatures was 

investigated. At the end of the examination, they 

concluded that the processes performed differed 

considerably in the microstructure and the mechanical 

properties were improved. [10]. 

 

To obtain the material with the desired properties, the 

solidification process of the material, the mold material 

and the molding design are very important, apart from 

the addition of the alloy element. [11]. We can define it 

as a molding design, which is finally integrated with the 

runners and risers of the part. The ability to make a part 

sound depends on molding design considerations such as 

modulus, volume, feed path, and hot spot criteria [12]. In 

the design, it is necessary to determine the location, 

number, and size of the riser depending on the geometry 

of the part. The hot spot, defined as the isolated region 

during solidification, is the most important criterion in 

the design of the riser, both in determining the number of 

risers and in determining the riser locations. The hot spot 

can be multiple and of different sizes depending on the 

part geometry and casting conditions. [11-17]. In 

addition, in the molding design of cast irons, there are 

also difficulties because the volumetric change occurs in 

the form of shrinkage and expansion due to the increase 

in density during solidification. The resulting shrinkage 

and expansion are affected by many parameters such as 

mold material, chemical composition, alloy 

overtemperature, inoculation quality, solidification time 

of casting (modulus), and casting speed. High carbon 

equivalent, high mold rigidity, high solidification time 

(high modulus), high inoculation quality (high 

nodularity), low casting temperature (low excess heat) 

and low casting to reach high dilation press and 

consequently lowly shrinkage [18-20]. 

 

The difficulties encountered in molding design and the 

need for intensive experience have been developed with 

the developments in computer technologies and 

modelling studies. Macro and micro-size errors in the 

cast part can be predicted to a large extent thanks to 

modelling programs. In this way, the runner-riser design 

can be designed on these simulation applications by 

determining which number and size of the risers are 

needed and in which position they will be placed on the 

3D solid model. Modelling of the designed product can 

be done on the computer and many necessary results 

after casting can be obtained without any cost or loss of 

labour. [21-24]. 

 

With casting simulation programs, the riser design stages 

of cast irons are outlined; 

 

• Determining the hot spots of the cast part and 

the modules of these regions, 

• Calculation of percentage values of shrinkage 

time, net expansion or contraction depending on factors 

such as the chemical composition of the alloy to be cast, 

casting temperature, mould rigidity and casting modulus 

• Determining the location, volume and quantity 

of the required riser (if necessary) according to the 

calculated values, 

• We can sort it out as the design is completed 

and the results are evaluated [16,17]. 

 

In this study, a model with different section thicknesses 

was designed experimentally. Moulding and castings 

were made by applying changing casting parameters. As 

parameters, castings were made in green sand mould and 

resin moulding sand in accordance with two different 

designs, with a single top riser and a double top riser. 

The designs were supported by the computer-aided 3D 
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drawing program SolidWorks, and the modelling studies 

were supported by SolidCast casting simulation 

programs. After casting, the samples were cut from the 

locations determined in the modelling program and 

penetrant tests were applied, and microstructure samples 

were taken from the parts of the castings with different 

cross-sectional thicknesses and the sphericity was 

determined with image analysis software. Modelling and 

actual casting results were compared. Thus, in this study, 

the importance of moulding sand and the number of 

risers connected to the hot spot in the robust manufacture 

of cast parts were evaluated by experimental and 

modelling techniques. 

 

2. MATERIAL AND METHOD 

 

In this study, the design of the model with different 

cross-sections was done to examine the effect of the 

feeder path under changing casting conditions. The 

model given in Figure 1 is aimed to require a single or 

double riser depending on whether the feeding path 

remains open or close. 

 

 
Figure 1. Dimensional drawing of casting model. 

 

Model design studies were carried out from the 

SolidWorks program and solidification models were 

made with SolidCast software. As the first step of the 

molding design, the model was solidified in the 

SolidCast program without runner and riser. Thus, the 

hot spots and modulus of the part were determined. 

When the module of the relevant part is determined as 

1.42 cm, 2 hot spots appear. However, in the evaluations 

made with the modelling program, it has been 

determined that the feeding path will remain open at 

module values above 1.2 cm. The volumetric change 

curve and required riser dimensions were determined by 

SolidCast casting simulation software, depending on the 

relevant part weight, casting material mould rigidity, and 

chemical composition values. Example images of 

calculations taken from SolidCast software are given in 

Figure 2. 

 

 
Figure 2. a) Volumetric change curve calculation from SolidCast 

software, b) Specifying riser sizes in the Riser Design Wizard. 

As seen in Figure 2. a, the carbon, silicon and 

phosphorus values of the alloy, and the temperature of 

the casting part in the mould were entered and 

volumetric change curve calculations were made 

depending on the module value calculated by the 

program. In the volumetric change curve calculation, 

there are also the metallurgical quality and mould 

rigidity values that vary depending on the foundry and 

are the focus of the study. Relevant values are values 

ranging from 0 to 100, differing according to mould 

material and foundry spheroidization and inoculation 

procedure. After the volumetric change curve 

calculation, the riser design was started. In the riser 

design tab specific to cast irons in Figure 2. b, optional 

required features (sleeve type, riser height: diameter 

ratio, riser type etc.) are entered and riser calculations are 

started. In this study, riser type was preferred as the top 

riser and riser height, diameter and throat linkup measure 

were determined hence. Within the scope of the study, 

single and double-riser moulding designs were made 

according to the use of green sand moulding and 

resinous moulding sand in the calculations of the 

volumetric change curve, and considering the differences 

in spheroidization and inoculation efficiency, and 

keeping the feeding path open. Moulding design 

drawings in accordance with the dimensions determined 

by the SolidCast program were made with the 

SolidWorks program as seen in Figure 3. 

 

  
a) Single riser design b) Double riser design 

Figure 3. Moulding design images. 

 

In order to compare all the results obtained from the 

experiments in accordance with the design, the cast 

sample model, risers and runners were produced as free 

models. Moulding and casting processes were carried out 

in 2 commercially operating foundries. Moulds were 

prepared with green sand moulding in one of the 

foundries where the experiments were carried out, and 

moulding was made with alpha-set resin sand in the 

other foundry. Melting operations were carried out in 

induction furnaces located in the companies. After 

melting, castings after spheronization and inoculation 

processes were carried out by both companies depending 

on their own application procedures. After the casting 

parts were removed from the moulds, the runners and 

risers were cut and examined. 

 

The samples taken from the thermal centre of the thin 

and thick sections of the part for microstructure 

investigations were evaluated with the image analysis 

system after grinding and polishing. Microstructure 

examinations were performed using Clemex Vision Lite 

image analysis software on images taken from the Nikon 

Eclipse L150 optical microscope. With the modeling 

simulation program, the globalization of the samples, the 
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average diameter of the spheres and the dispersion rate 

of the globalization were determined as a percentage. 

 

After the casting samples were cut vertically from the 

centre of the thick section and medium thin section 

regions on the right and left, their surfaces were 

processed by milling and subjected to penetrant tests. 

Liquid penetrant testing is a non-destructive testing 

method and is used to detect invisible superficial defects 

such as cracks. Commercially used BETA BT68 

penetrant paint was applied to the surfaces to be 

examined with cleaning liquid after machininig. Here, it 

is aimed to see the pores formed on the surface, which 

cannot be detected with the naked eye. After a certain 

period of time, the paint fills into the pores on the 

applied surface. After waiting for enough, the paint 

special spray surface is applied and the surface is 

cleaned with a cloth. After removing the penetrant paint 

from the surface, BETA BT70 developer was applied to 

the section surface by spraying, so that the penetrant 

paint filled into the pores became visible as macro, and 

the pore status of the relevant surface was determined. 

 

Modeling studies were carried out with the help of 

solidcast casting program.. After the designs in STL 

format were transferred to the program, the alloy and 

thermo physical properties were defined. The 

thermophysical values of the casting alloy are shown in 

Figure 4 for the CU DI Ferr alloy corresponding to the 

ferritic ductile iron alloy in the database of the 

simulation program. 

 

 
Figure 4. CI DI Ferr alloy values. 
 

3. RESULTS  

 

The values related to the analysis results of the samples 

taken for the control of the chemical composition of the 

alloys used in the casting experiments are given in Table 

1. 
Table 1. Chemical composition of the casting alloy used in the 
experiments 

 

E
le

m
e
n

t 

(%
) 

C Si Mn Cr Ni Cu Mg P S Fe 

3.22 2.34 0.3 0.04 0.04 0.14 0.021 0.06 0.04 Bal. 

 

When the result is examined, it is understood that the 

chemical analyzes were determined as expected 

depending on the alloy additions added to the furnace 

and it is in accordance with the GGG70 alloy standard. 

 

 

3.1. Microstructure and Image Analysis Results 

 

The microstructure pictures taken at 50X magnification 

obtained from the thin and thick sections of the cast 

samples are given in Figure 5. The average image 

analysis results for the processing of the images are 

given. In Table 2, the % sphericity, mean sphere 

diameter and per cent area measurements of the samples 

were taken from the pictures taken at 100X 

magnification in order to cover a wider area. 

 
Table 2. Image analysis measurement results  

Riser 

Status 

Section 

Location 

% 

Spheriticy 

Spehere 

Diameter  

(µm) 

% 

Spherical 

Graphite 

Amount 

Number 

Spheres 

(Piece) 

Green 
Sand 

Top 

Single 

Thin 83.8 20.8 9.6 224 

Thick 83.3 24.5 9.2 198 

Green 

Sand 

Top 
Double 

Thin 84.1 22.4 9.7 215 

Thick 83.9 26.3 9.9 193 

Resin 

Top 
Single 

Thin 87.5 20.2 10.1 235 

Thick 87.2 23.9 9.6 198 

Resin 

Top 
Double 

Thin 86.8 25.6 9.7 206 

Thick 88.6 28.9 9.8 191 

 

First of all, the suitability of the spheroidization and 

inoculation process of the materials produced in both 

foundries was evaluated from the microstructure 

drawings and image analysis results. Depending on the 

evaluations, as seen in Figure 5, most of the graphite 

appeared in spherical form. When the results given in 

Table 2 are examined, while the globocity is measurand 

at more or less 83% in wet moulding sand, the globocity 

value in moulds prepared with resinous sand. It has been 

found to be around 87%. This shows that the inoculation 

and spheronization processes of the foundries are 

sufficient and appropriate. A striking point in all castings 

is the change in sphere diameter depending on the 

change in section thickness. As the section thicknes 

increased, an increment was observed in the mean 

diameters of the graphites, which were formed due to the 

prolongation of the solidification time. Depending on the 

solidification time in the microstructures occurring in the 

section thicknesses, larger graphite formation in the thick 

section area draws attention. Similarly, in cases made 

with double risers, when the whole of the cast is 

considered, it has been determined that the graphites that 

appear due to the prolongation of the solidification time 

tend to grow. In studies on the subject, it has been 

reported that the diameter of the sphere increases with 

the increase of the modulus and the number of spheres 

per unit area decreases [25-30]. When the effect of the 

moulding sand difference on the microstructure is 

examined, it is noteworthy that the graphite form, though 

not in size, appears in a more regular formation in the 

resinous mould. It is thought that this situation is caused 

by the prevention of the expansion of the mould during 

the expansion of the alloy, depending on the die rigidity, 

so that the sphericity ratio of the graphite increases. 
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3.2. Penetrant Test Results and Comparison with 

Modeling Results 

 

Porosity investigations due to insufficient feeding on the 

cross-sectional surface of the cast samples were carried 

out by penetrant tests. The test results of the vertically 

cut surfaces from the centre of the thin and thick section 

regions of the model are given in Figure 7. In Figure 7, 

the modelling results are also given and thus the results 

obtained are compared. Modelling results are result 

images of shrinkage risk with 99.8% precision. 
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Figure 7. Casting experiments penetrant test and modeling result 

images. 

 

The simulation and actual castings results seen 

compatible with acceptable error margin. When the 

results are examined in general, it is observed that the 

design is suitable and there is no error in the resin mould, 

while errors occur in castings made with green sand. 

This may be related to the hardness of the resin mould 

being much stronger than the green sand mould. It is 

thought that there is no error in the expansion that occurs 

during the induracation of the cast iron, as the casting 

part can’t sprawl in the gum mould due to the high 

rigidity of the mould. While the difference between 

green sand moulding sand and resinous moulding sand 

properties is entered in the modelling program, different 

values and casting iron properties and sand differences 

are specified in the "Mold Rididity" section of the mould 

rigidity section. As a result of modelling matches, 

models were made by entering 40 for wet moulding sand 

and 90 for resinous moulding sand. When the results of 

the casting samples made with wet moulding sand with a 

single riser from the top are examined, it is seen that 

there is a clear shrinkage in both of the thick sections. As 

a result of the evaluations made regarding this situation, 

it is thought that the narrow riser throat connection and 

the expansion of the mold dimensions during the 

expansion of the green mould sand caused the current 

situation. As can be seen from the penetrant test results 

and modelling results, there is no shrinkage risk on the 

cast part when the relevant design is poured into moulds 

prepared with resinous sand. It is thought that the errors 

that occur when the same design is produced with wet 

moulding sand are caused by the opening of the riser's 

throat due to expansion and not feeding the mould 

sufficiently. When the shrinkage rates in the feeder are 

examined depending on the moulding sand change; 

Although there was more shrinkage in the feeder in 

green moulding sand, it was observed that the casting 

sample sizes increased due to the expansion of the mould 

dimensions. However, although there is less shrinkage in 

the riser in the resin mould, it has been observed that 

there is no shrinkage in the cast part due to the expansion 

effect due to the solidification of the feeder's throat after 

feeding the mould. When castings made with resin 

moulding sand with a double riser from the top are 

examined, it is understood that there is no shrinkage risk 

on the part like single feeder castings made into resin 

moulds. In the literature, there are many studies in which 

consistent results are obtained as a result of modelling of 

castings and the importance of expansion pressure and 

casting errors due to hot spots are emphasized. And it is 

understood that they are compatible with the results 

within the scope of the study [31-38]. 

 

4. DISCUSSION AND CONCLUSION 

 

The results obtained from the study, in which the casting 

of GGG70 material in single and double riser green and 

resinous sand moulds was examined comparatively with 

modelling techniques, are given below; 

• In cast iron castings, foundry conditions have a 

significant impact on riser design. 

• When parts with the same design are cast under 

different casting conditions, significant differences are 

observed in the results. 

• When the sample microstructures are examined, the 

solidification period is efficient on the sphere diameter 

and dimension. Sphere diameters formed in thin-section 

regions with smaller modulus are relatively smaller in 

diameter by showing a more homogeneous distribution 

compared to regions with large cross-sections. 

• It has been observed that the mould rigidity is not very 

good, and when moulding with green sand moulding, the 

casting part expands during solidification and expands 

the mould, and the dimensions of the output casting part 

are larger. In this case, the part is also scrapped due to an 

error in the part due to insufficient feeding. 

• The required feeder design varies according to GGG70 

chemical composition, casting temperature, casting 

modulus, mould rigidity (moulding sand material used), 

and inoculation quality (metallurgical conditions). When 

these conditions change for the same model, the riser 

requirement can be single or double. 

• While designing the riser in cast irons, the volumetric 

expansion features show the shrinkage expansion 

together. For this reason, especially the throat connection 

should be chosen carefully while designing, and the 

situations called vomiting should be prevented by 

calculating to complete the solidification of the throat at 

the point where the expansion starts in the part after 

shrinkage. 

• Cast simulation programs are efficient device for riser 

blueprint and give results consistent with real casting 
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results when pouring conditions are transferred to the 

program exactly. 
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Abstract: Conventionally stained, C-banded and AgNOR-stained karyotypes of Clethrionomys 

glareolus were studied in Samsun, Türkiye. The autosomal and sexual chromosome pairs were 

determined by using the conventional, constitutive heterochromatin and nucleolus organizer 

region (C-, and AgNOR) staining techniques. The diploid chromosome number of a female C. 

glareolus specimen was found as 2n = 56, NFa = 56, and NF = 58. The karyotype consisted of a 

pair of small metacentric and 26 pairs of acrocentric chromosomes of different sizes. The X 

chromosomes were large acrocentrics. Similar to the result of past karyotype studies on C. 

glareolus, the C-positive and C-negative heterochromatin blocks were observed in the karyotype. 

As a difference from the results of a previous study, NORs were localized on the six acrocentric 

chromosome pairs instead of seven pairs. Thus, a chromosomal variation among C. glareolus 

populations was determined due to variability in the number of NOR-bearing autosomes. In this 

way, it contributed to the determination of intraspecific variations of this species and to Türkiye's 

biodiversity at the level of genetic diversity. 

 

 

Türkiye'den Clethrionomys glareolus'un (Mammalia: Rodentia) Karyolojik Varyasyonu 
 

 

Anahtar 

Kelimeler 

Kromozom, 

C-bantlama, 

AgNOR 

boyama 

Öz: Bu çalışmada, Türkiye’den elde edilen Clethrionomys glareolus türünün standart, C-bantlı ve 

AgNOR-bantlı karyotipleri incelendi. Otozomal kromozomları ve eşey kromozomları, standart, C- 

bantlama ve AgNOR boyama (C- ve AgNOR) teknikleri kullanılarak belirlendi. C. glareolus 

örneğinin diploid kromozom sayısı 2n = 56, NFa = 56 ve NF = 58 şeklindedir. Karyotipte, bir çift 

küçük metasentrik ve 26 çift farklı boyutlarda akrosentrik kromozomlar bulunmaktadır. X 

kromozomları büyük akrosentrik şeklindedir. C. glareolus üzerinde geçmişte yapılan karyotip 

çalışmalarının sonucuna benzer şekilde, karyotipte C-pozitif ve C-negatif heterokromatin bölgeler 

olduğu belirlendi. Bu çalışmanın sonuçlarında, Ag-NOR bölgelerinin altı akrosentrik kromozom 

çifti üzerinde lokalize olduğu tespit edildi. Böylece, Ag-NOR taşıyan otozomların sayısındaki 

değişkenliğe bağlı olarak C. glareolus populasyonları arasında kromozomal bir varyasyon olduğu 

belirlendi. Bu çalışma ile C. glareolus türünün tür içi varyasyonlarının belirlenmesine ve Türkiye 

biyoçeşitliliğine genetik çeşitlilik düzeyinde katkı sağlanmış oldu. 

 

 

1. INTRODUCTION 

 

The bank vole (or red-back vole), Clethrionomys 

glareolus is a rodent species that lives in mixed and 

deciduous forests consisting of coniferous and broad-

leaved trees. This species is widely distributed in the 

Palearctic region. Its distribution range extends from 

Europe to Central Asia [1-3]. In Türkiye, this species is 

widely distributed in the Black Sea Mountains and the 

Marmara Region across the forests found in the northern 

line of Türkiye. Also, an isolated population of the 

species lives in Uludağ, Bursa [15]. The karyotype of C. 

glareolus is characterized by the value of a diploid 

number of chromosomes 2n = 56, the number of 

autosomal chromosome arms NFa = 56, and the 

fundamental number of chromosomal arms NF = 60. The 

morphology of sex chromosomes is variable [5-8]. The 

X chromosome is acrocentric, while the Y chromosome 

is metacentric in Turkish populations or acrocentric in 

European populations. [4, 5, 9-14]. So far, few studies 

have been conducted in Türkiye revealing the 

karyological characteristics of C. glareolus. In these 

studies, both traditional and banded karyotypes (C-
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banded and AgNOR stained) of the populations of this 

species were examined. Accordingly, the standard 

karyotype of this species included a small metacentric 

pair and 26 acrocentric pairs in decreasing size. The X 

chromosome was a large acrocentric; the Y chromosome 

was a small metacentric [4, 13, 14]. The samples used in 

these studies were mainly obtained from the localities in 

the northwestern Anatolia (from Bolu, Kocaeli, Uludağ, 

and Karabük) and did not represent all populations of the 

species distributed along the northern line. Therefore, 

there may be a lack of information about the potential 

variations in the karyotype of other populations of the 

species within its distribution range. A few karyotype 

studies previously performed on the samples from the 

northwestern Black Sea have not revealed any variation 

among the species' populations, but according to 

mitochondrial DNA sequence variations, C. glareolus 

populations are divided into two different geographical 

lineages in Türkiye, the eastern and the western Black 

Sea lineages, by the Kızılırmak Valley [15].  

 

Chromosomes are known as the phenotype of the 

genotype, and although it is not as powerful a molecular 

marker as DNA sequences, karyotype studies aimed at 

determining chromosomal variations are still frequently 

used in rodent systematics to determine intraspecific 

variations [14]. By detecting variability in the number, 

morphology, and constitutive heterochromatin, 

condensed or nucleolus organizer regions (C-, G-, and 

AgNOR banding) patterns of chromosomes between 

populations, it may be possible to obtain significant 

phylogenetic, taxonomic, and even findings that may 

result in the identification of new taxa [16-18]. Also, the 

detection of variable karyotypes within populations of 

any species can help to understand and document the 

biodiversity at the genetic diversity level. Therefore, this 

study aimed to compare the conventional karyotypes of 

C. glareolus and their constitutive heterochromatin and 

nucleolus organizer regions (C- and AgNOR banding) 

patterns with previously conducted studies and to 

contribute to the next karyological studies. Thus, 

potential intraspecific variations will be revealed and a 

contribution to the biological diversity of our country. 

 

2. MATERIAL AND METHOD 

 

Karyotype analysis was performed on a female specimen 

of C. glareolus collected from Samsun (altitude: 450 m, 

North Anatolia, 41° 25’ 10.03’’N 36° 03’ 58.54’’E, 12, 

Apr. 2021). Karyotype preparations were prepared from 

the captured animals during the field work performed in 

accordance with the legal permission (no: E-21264211-

288.04 -1071462) given by the Ministry of Agriculture 

and Forestry, General Management of Nature 

Conservation and National Parks of the Republic of 

Turkey. The karyotype preparations, including 

metaphase chromosome plates, were provided from the 

fresh femoral bone marrow cells of colchicine-treated 

animals [19]. The autosomal and sexual chromosome 

pairs were determined by using the conventional, 

constitutive heterochromatin and nucleolus organizer 

region (C-, and AgNOR) staining techniques. According 

to the chromosome staining techniques by Sumner [20] 

and Howell and Black [21], constitutive heterochromatin 

(positive C-banded regions) and nucleolus organizer 

regions (NORs) were detected in the karyotype. In total, 

10 slides were prepared and approximately 20 well-

spread metaphase plates were investigated. The diploid 

number of chromosomes (2n), the fundamental number 

of chromosomal arms (NF), and the fundamental 

numbers of autosomal arms (NFa), together with the X 

and the Y chromosomes were organized from largest to 

smallest. All chromosomes were classified as the 

metacentric or acrocentric according to their centromere 

positions, consistent with Levan et al., [22]. The 

karyotype preparations of the specimen examined were 

deposited at the Artvin Çoruh University, Artvin, 

Türkiye.  

 
3. RESULTS  

 

The conventional, C-, and AgNOR-banded karyotype of 

C. glareolus from Samsun (Türkiye) was studied. The 

karyotype of a female C. glareolus specimen was in the 

form of 2n = 56, NFa = 56, and NF = 58. In the 

conventional karyotype, the autosomal set comprised a 

pair of small metacentric (no: 1) and 26 pairs of different 

sizes of acrocentric chromosomes (nos:2-27).  

 

 
Figure 1. Conventional karyotype (a), C-banded karyotype (b) of a 
female C. glareolus specimen from Samsun, Türkiye, M: metacentric 

pair, A: acrocentric pairs. 

 

The X chromosomes were large acrocentric. In the C-

banded karyotype, acrocentric autosomal chromosomes 

contained both C-positive (no: 3 and nos: 5-27) and C-

negative (no: 2 and 4) bands. The centromere region was 

clearly visible in the small metacentric chromosome pair 

(no: 1). X chromosomes showed C-positive bands 

(Figure 1). 

 

In the AgNOR-stained karyotype of C. glareolus, 

nucleolus organizer regions were localized on the six 

pairs of acrocentric autosomal chromosomes (nos: 2, 5, 

12, 14, 15, and 20). While three chromosome pairs (nos: 
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2, 5 and 15) had heteromorphic NORs, other NOR-

bearing chromosomes were homomorphic (Figure 2).  

 

 
Figure 2. AgNOR-stained karyotype of a female C. glareolus 

specimen from Samsun, Türkiye. Arrows show NOR bearing 
chromosomes, M: metacentric pair, A: acrocentric pairs. 

 

4. DISCUSSION AND CONCLUSION 

 

This study presents the conventional, C- and AgNOR-

stained karyotype of C. glareolus from Samsun, Türkiye. 

The standard karyotype of C. glareolus with the values 

of 2n = 56, NFa = 58, and NF = 58 is compatible with 

the previously determined karyotypes in the studies 

carried out within the distribution area of the species [4-

6, 8-13, 16]. According to the C-banded patterns 

revealed by this study, the heterochromatin distribution 

in the karyotype was observed in most of the 

chromosome pairs, except for the second and fourth 

pairs. Supporting this result, Arslan et al. [13], observed 

a similar situation in their karyotype study including no 

C-positive band for the fifth pair. A similar case was 

seen in the karyotypes of specimens from Australia and 

Greece [10, 12, 23].  

AgNOR staining has frequently been used in rodent 

systematics to determine intraspecific variations, since 

NORs in the karyotypes may be located on the different 

chromosome and may be presence in different numbers 

[24-29]. Variation in the distribution and the number of 

NORs has been previously reported in C. glareolus 

populations from different regions. In the karyological 

study conducted on the Bulgarian population, the NORs 

in the karyotype of C. glareolus were reported to be 

present on three autosomal chromosome pairs [30]. 

According to the results of the study including specimen 

from the north-western Black Sea region conducted by 

Arslan et al. [13], NORs present in seven acrocentric 

autosomal pairs, consisting of two homologous and five 

heteromorphic pairs. As a difference from that study, it 

was determined that NORs were present in six 

acrocentric chromosome pairs (three homologous and 

three heteromorphic) in the karyotype of the specimen 

from Samsun in the current study. Considering this 

result, it can be stated that there are intraspecific 

chromosomal variations in C. glareolus populations, 

which are known to have an uninterrupted distribution in 

the northern part of Türkiye. Analyses based on 

mitochondrial DNA sequence variations showed that C. 

glareolus populations in Türkiye have two distinct 

geographical lineages with genetic differences east and 

west of the Kızılırmak River [16]. Previous karyotype 

studies on this species include populations distributed 

west of the Kızılırmak River [4, 13]. The sample 

examined in this study was obtained from the east of the 

river and differs from western populations in terms of 

the number of NORs in its karyotype. It is thought that 

this is a significant finding that supports intra-specific 

genetic variations as proposed by mitochondrial DNA 

variations. In conclusion, karyotype analysis, which is 

frequently used in systematic studies due to its easy 

applicability, has enabled the determination of 

intraspecific variations of C. glareolus and contributed to 

the biodiversity of Türkiye at the level of genetic 

diversity. 
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Abstract: The Fumaria L. species (Papaveraceae), is known popularly as “Şahtere”. This species, 

which has been proven to contain significantly rich components, is used by people to treat a number 

of different diseases. This study investigated the cytotoxic effects of the methanolic extracts of 

above-ground portions of Fumaria asepala Boiss. and Fumaria schleicheri Soy.-Will. subsp. 

microcarpa Boiss. ex Hausskn. taxa against BEAS-2B, SH-SY5Y, HCT116 and A549 cell lines. 

The changes in cancer cell vitality were identified using the 3-(4.5-dimethylthiazol -2-il)-2.5-

diphenyltetrazolium bromide (MTT). While the results showed that F. asepala and F. schleicheri 

subsp. microcarpa's methanolic extracts presented a meaningful decrease in the vitality of colon 

(HCT 116) cancer cells, no cytotoxic effect was achieved on lung (A549) cancer and brain (SH-

SY5Y) cancer cells. Also, the herbal extracts did not create any toxic effect on healthy lung cells 

(BEAS-2B). 

 

 

Bazı Fumaria L. (Papaveraceae) Türlerinin Metanolik Ekstraktlarının Kanser Hücre Hatları 

Üzerindeki İn Vitro Sitotoksik Etkileri 
 

 

Anahtar 

Kelimeler 

Fumaria, 

Sitotoksik, 

BEAS-2B,  

SH-SY5Y,  

HCT116,  

A549 

Öz: Fumaria L. cinsi (Papaveraceae) halk arasında “Şahtere” olarak bilinir. Son derece zengin 

bileşiklere sahip olduğu kanıtlanmış olan cins, halk arasında birçok rahatsızlığın tedavisinde 

kullanılmaktadır. Bu çalışmada, Fumaria asepala Boiss. ve Fumaria schleicheri Soy.-Will. subsp. 

microcarpa Boiss. ex Hausskn. taksonlarının toprak üstü kısımlarının metanolik ekstraktının BEAS-

2B, SH-SY5Y, HCT116 ve A549 hücre hatlarına karşı sitotoksik özellikleri araştırıldı. Kanser 

hücrelerinin canlılığındaki değişiklikler 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolyum bromür 

(MTT) yöntemi kullanılarak tespit edildi. Sonuçlar, Fumaria asepala ve F. schleicheri subsp. 

microcarpa’nın metanolik ekstraktının özellikle kolon (HCT 116) kanseri hücrelerinin hücre 

canlılığında istatistiksel olarak anlamlı bir azalma olduğunu gösterirken, akciğer (A549) kanseri ve 

beyin (SH-SY5Y) kanseri hücreleri üzerinde sitotoksik etkinlik sağlamamıştır. Ayrıca bitkisel 

ekstraktlar, sağlıklı akciğer hücreleri (BEAS-2B) üzerinde ise herhangi bir toksik etki 

yaratmamıştır. 

 

 

1. INTRODUCTION 

 

Even though herbal drugs have been used to combat 

diseases since ancient times, information about their 

effective compounds and action mechanisms have only 

been known since the middle of the 19th century [1]. 

Some of the disadvantages of chemotherapy, one of the 

most preferred methods in cancer treatment, decrease the 

success rate of the treatment. Therefore, researching the 

anti-cancer efficacy of herbal products has recently 

become one of the fields of interest [2]. 

 

Also, the search to support treatment with natural 

products due to synthetic drugs having many side-effects 

has brought traditional and complementary medicine 

practices to the forefront. This presents the consideration 

that using herbal products rich in biologically active 

components may be an important alternative to reducing 

high drug costs [3, 4].   
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The World Health Organization (WHO) has reported 

that the number of medicinal and aromatic herbs being 

used worldwide is approximately 20.000, that about 

4.000 of these are widely used for therapeutic purposes, 

and about 2000 medical/aromatic herbs are traded 

worldwide while around 500 are traded in Western 

Europe [5, 6]. In Türkiye, the number of plants traded in 

the domestic market, together with the species and 

varieties collected from nature, is about 350 [7]. 

 

The Fumaria species (Papaveraceae), which is 

represented by 16 taxa in in Türkiye, consists of about 

60 taxa worldwide [8] and has a cosmopolitan 

distribution in the entire European continent, especially 

in the Mediterranean region and Eastern and Western 

Europe [9]. Since Fumaria taxa are frequently used by 

communities in the treatment of many diseases, 

researchers have conducted research on the chemical 

contents of these taxa, which have shown that they are 

extremely rich sources of alkaloid content [10]. The 

presence of different types of flavonoids, steroid 

compounds and organic acids has also been identified in 

addition to alkaloid content [11]. As a result of studies 

conducted on different species of the genus, the literature 

shows that analgesic, antioxidant, hepatoprotective, 

antiproliferative, antiplasmodial, antibacterial, 

antifungal, and anti-inflammatory activities of Fumaria 

species have been proven [12, 13-18]. These activities 

are especially due to the isoquinoline alkaloids found in 

the plant, and protopine is the most common among 

them [19]. 

 

In this research, we aimed to contribute to the studies on 

the supply of raw materials as a new therapeutics from 

plants that grow naturally in in Türkiye. The cytotoxic 

activity of two taxa belonging to the genus Fumaria 

were investigated through using methanolic extracts and 

testing on the BEAS-2B (Healthy Human Bronchial 

Epithelial), SH-SY5Y (Human Neuroblastoma), 

HCT116 (Human Colorectal Carcinoma) and A549 

(Human Lung Cancer) cell lines. To our knowledge, this 

the first study conducted to reveal the cytotoxic effect of 

Fumaria asepala Boiss. and Fumaria schleicheri Soy.-

Will. subsp. microcarpa Boiss. ex Hausskn. 

 

2. MATERIAL AND METHOD 

 

2.1. Plant Material Collection and Identification 

 

Plant materials were collected in May 2021 from Elazig: 

Baskil-Sancakli village inner road, 1410 m. in Türkiye 

(Lat: 38°35’13.061” Long: 38°55’23.055”). The 

taxonomic identification of plant materials was 

performed by Prof. Dr. Semsettin Civelek, who is a 

systematic-botanic specialist from Firat University. The 

collected plants were ventilated and dried in the shade 

for suitability for the study. Some of the specimens have 

been made into herbarium material and are kept under 

the herbarium number FUH8408 (F. asepala) and 

FUH8409 (F. schleicheri subsp. microcarpa). General 

appearances of plants are shown in Figure 1. 

 

 
Figure 1. General appearance of Fumaria species: (A. F. asepala, B. 
F. schleicheri subsp. microcarpa) 

 

2.2. Extraction Technique  

 

All the root, leaf and flower parts of the plants were 

ground into powder, and 1 g of the plant sample was 

weighed on a precision scale and set to wait in a shaking 

incubator inside 100 ml 80% methanol at 35 °C for 72 

hours. The mixture obtained from this was filtered using 

Whatman No 1 filter paper, and this process was 

repeated 3 times. Then, the obtained extracts were 

poured into sterile petri dishes and dried in a sterile 

cabinet until the solvent had evaporated. The dried 

extracts were dissolved with 99% DMSO 

(Dimetilsülfoksit-molecular grade), the concentrations 

were adjusted with DMEM (Dulbecco's Modified 

Eagle's Medium), and the stocks were kept at +4°C [20]. 

 

2.3. Cytotoxic Activity Assessment 

 

The cytotoxic analysis of F. asepala and F. schleicheri 

subsp. microcarpa’s methanolic extract was done using 

healthy lung cells (BEAS-2B) and brain cancer (SH-

SY5Y), colon cancer (HCT116) and lung cancer (A549) 

cell lines. 

 

2.4. Cell Culture 

 

Cells were grown in 25cm² flasks inside DMEM (25 mM 

L-Glutamine, 1% Penicillin-Streptomycin and 10% FBS 

(Fetal Bovine Serum)) at 37°˚C in 5% CO2 atmospheric 

setting. When the flask base was covered with at least 

95% cells, the cells were included in the experiments. A 

0.25% trypsin-EDTA (Etilendiamin tetraasetik asit) 

solution was used for the removal of cells from the 

surface. 

 

2.5. MTT Reduction Assay 

 

The potential cytotoxicity of the tested extracts was 

evaluated as indicated by the MTT (3-(4.5-

dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide) 

Assay. In order to do this, cells were placed into the 

plates with 96 wells so that there were 104 cells in each 

well. Then they were left to incubate in an incubator 

with 5% CO₂ at 37°˚C for 24 hours. After incubation, the 

medium in the wells was removed and added to the cells 

in 3 replicates at 5 different concentrations. (800, 400, 

200, 100 and 50 μg/ml) from the methanolic extract of 

Fumaria species prepared in the medium. Healthy lung 

cell line (BEAS-2B) was used as positive control, and 

cell lines that no application was done on were used as 

negative control. The cells were left to incubate in an 
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incubator with 5% CO₂ at 37°C for 24 hours. After the 

incubation period, MTT solution (5mg/ml) was added to 

the wells the cells were in and incubated in a dark 

environment containing 5% CO₂ at 37°C for 3 hours.  

 

After incubation, the medium was removed, and 

formazan crystals were dissolved with 100μl DMSO. 

Absorbance measurements were then made at a 

wavelength of 570 nm with the color change ELISA 

micro-plate reader (KHB ST-360) device, and cell 

vitality levels were calculated [21]. All MTT analyses 

were repeated 3 times. 

 

2.6. Statistical Analysis 

 

The results of the study were analyzed using SPSS 

statistical programming (version 22.0). The data were 

presented as mean ± SD. As a result of the SPSS 

analyses, the mean ± SD of the numerical data was 

provided. One-Way ANOVA test was used in the study 

to analyze the distributed data in the comparisons 

between multiple groups. A P-value of less than 0.001 

was considered to be statistically significant. Tukey's 

tests were used for post hoc comparisons between the 

groups. 

 

3. RESULTS  

 

The cytotoxic activity of the methanolic extract of F. 

asepala and F. schleicheri subsp. microcarpa against 

SH-SY5Y, HCT116, A549, BEAS-2B cell lines is 

presented in the diagram. The cytotoxic activity of 

methanolic extract of F. asepala and F. schleicheri 

subsp. microcarpa is quite significant on colon cancer-

HCT116 among the cell lines that were studied. This 

effect is stronger in F. asepala and relatively less in F. 

schleicheri subsp. microcarpa. At a concentration of 800 

μg/ml, cell viability reduced to 57.08 ± 5.12% (p<0.001) 

in F. asepala and 63.10± 14.18% (p<0.001) in F. 

schleicheri subsp. microcarpa and it is the strongest 

concentration in terms of cell death rate. It was also 

observed that both F. asepala and F. schleicheri subsp. 

microcarpa have cytotoxix effect at 400 μg/ml, 200 

μg/ml concentrations to reduce 57.42±2.28 % (p<0.001), 

88.39±6.61% (p<0.001) and 80.40±8.60% (p<0.001), 

85.35±6.01% (p<0.001) cell viability, respectively. 

While an increase was observed in the survival rate of 

cells due to the decrease in concentration, it was 

observed that the cytotoxic activity of the extracts 

continued down to the lowest concentration (50 μg/ml) 

for HCT116.  

 

There were not significant cytotoxic activity on the other 

cell lines studied within both plant groups. For example, 

almost all concentrations of the herbal extract had a 

proliferative effect on both healthy lung cells and brain 

and lung cancer cell lines via increasing the number of 

living cells by almost 20%-30%. The herbal extract 

served as a nutrient for the cell groups that were studied, 

and while it was predicted to suppress cell proliferation 

and even kill cells, it was observed to be encouraging 

them to multiply. However, no toxic effects of the 

extracts on healthy cells were observed; on the contrary, 

the extracts were observed to be promoting cell growth 

in both healthy and cancerous cell lines. The 

proliferative effect of plant extracts on cell groups is 

expected for healthy cells, but the fact that these extracts 

encourage cancerous cells to divide is evidence 

concluding that such extracts should not be used 

indiscriminately. The achieved results are presented in 

the live cell percentage diagram in Figure 2a-2b. 

 

 
Figure 2a. Viable cell percentage diagram of F. asepala (*p<0.001). 

 

 
Figure 2b. Viable cell percentage diagram of F. schleicheri subsp. 

microcarpa (*p<0.001). 

 

4. DISCUSSION AND CONCLUSION 

 

Many plant species belonging to the genus Fumaria are 

reported to have anticancer components that make them 

medically significant. Many Fumaria species have been 

utilized for biological properties such as essential oil, 

cytotoxicity, antimicrobial and antioxidant capacity, and 

very good results have been achieved. In studies 

conducted in this regard, it has been shown that the 

effects of herbal extracts on cell proliferation vary 

according to the type of extract used in the study and the 

type of cancerous cell [22]. 

 

Although there is no cytotoxic study conducted with F. 

asepala and F. schleicheri subsp. microcarpa taxa in the 

literature, there are studies that have been conducted 

with different Fumaria members.  

 

Tabrizi et al. [23] have researched the antiproliferative 

activity of the hexane, chloroform, ethyl acetate and 

methanol extracts of F. vaillantii species on SKMEL-3, 

MCF-7 and K562 cell lines and suggested that the 

chloroform extract of the plant showed necrotic activity 
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against the [24-27]. Adham et al. [28] studied the effects 

of chloroform and ethyl acetate fractions of F. officinalis 

on CCRF-CEM, CEM/ADR 5000, NCI-H929, OPM-2 

cell lines. According to their results, they discovered that 

the chloroform fraction of the plant was more effective 

against CCRF-CEM, CEM/ADR 5000 and NCI-H929 

cell lines, and the ethyl acetate fraction was more 

effective against the OPM-2 cell line. Celik et al. [22] 

conducted research on Hep3B and HepG2 cell lines 

using methanolic extracts of F. parviflora and F. 

capreolata species; as a result, while no serious 

cytotoxic activity was determined on the cell lines 

studied, when compared in terms of DPPH scavenging 

activity and total antioxidant capacity, F. parviflora 

methanol extract was observed to have high activity in 

DPPH free radical scavenging and total antioxidant 

capacity. Similarly, Yılmaz Sancar [33] revealed the rich 

chemical content of F. asepala and F. schleicheri subsp. 

microcarpa taxa and found that methanol extracts had 

antioxidant effect at a concentration of 1 mg/ml. 

 

Paltinean et al. [18] determined the antioxidant, 

anticholinesterase, and cytotoxic potential of the F. 

schichleiri species by evaluating its alkaloid content. 

According to the results of their study on BJ and DLD-1 

cell lines, they discovered that it did not have any 

cytotoxic activity against the studied cell line. Sattari et 

al. [29] conducted research on human breast cancer by 

combining AgNP (silver nanoparticles) and F. parviflora 

extract and showed that the resulting new compound had 

strong cytotoxic activity and could be used as strong 

potential nanodrugs against cancer. In the study done by 

Aljanaby [30], the antiparasitic, antimicrobial and 

cytotoxic potential of F. officinalis alcoholic extract and 

alkaloids extracted from the plant were studied. 

According to his results, alkaloids isolated from F. 

officinalis were more effective than alcoholic extract and 

showed strong effects as antiparasitic, anticancer and 

antibacterial agents. 

 

Sadaoui et al. [31] researched the cytotoxic activity of 

protopine isolated from the F. agraria plant on two 

different breast cancer (MCF-7 and MDA-MB-231) cell 

lines and both of the cell lines examined displayed 

cytotoxicity on the examined cell lines. They also 

reported at the same time that MCF10A did not show 

any positive or negative effects on healthy breast cells. 

The same researcher later [32] evaluated the same 

extract on two different lung cancer (NCI-H23 and NCI-

H460) cell lines and showed that it had strong 

cytotoxicity on both of the cell lines examined for 

protopine.  

 

In conclusion, the cytotoxic activity of F. asepala and F. 

schleicheri subsp. microcarpa taxa was reported for the 

first time in this study. The genus Fumaria is a single-

year herbaceous genus and has a cosmopolitan 

distribution. These plants that grow in areas such as 

fields, roadsides and slopes up to 700 m above sea level 

are not plants with special demands. Despite this, they 

contain a large amount of valuable compounds such as 

alkaloids, salt, and tannins, and are also a source of 

fumaric acid. All these compounds they possess and how 

easily they grow make them medically valuable. 

According to the study we conducted as well as the 

studies that already exist in literature, we can claim that 

the compounds in the Fumaria species are very valuable 

and can be used as potential therapeutics and as a source 

of raw materials in antiproliferative studies. 
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Abstract: With the support given to university education in recent years, newly opened or 

developing universities are trying to specialize in various fields within the framework of the 

regional development mission. In order to achieve success, there is always a need for experts -who 

do successful studies and have a wide perspective- in the field sought. Reaching candidates who are 

experts in their field is a difficult process since it cannot be expressed with a linear/linear 

mathematical formula. In particular, the increasing number of recent studies, articles and reports 

has made the selection of experts on the subject difficult and systems that automatically find 

experts are needed. Reaching candidates who are experts in their field is a difficult process since it 

is relative. In particular, the increasing number of recent studies, articles and reports has made the 

selection of experts on the subject difficult and systems that automatically find experts are needed. 

With this study, the scientific studies published by the academicians and the co-authors in the 

studies will be evaluated and expert candidates "suitable for the criteria sought" will be listed. 

Results will be given on the basis of scoring scientific studies for the appropriate researcher criteria. 

To evaluate a researcher's score, an object function of the expert will be made by looking at the 

filtered keywords over the articles and studies written by that person. In this application, using the 

'Dergi Park' database, suitable expert candidates were scored for the filtered words. 

 

 

Kalkınma Odaklı Üniversiteleri Destekleyecek Uzman Öneri Sistemi 
 

 

Anahtar 

Kelimeler 

Uzman Bulma, 

Otomatik Aday 

Seçimi,  

Uzman Öneri 

Öz: Son yıllarda üniversite eğitimine sağlanan desteklerle, yeni açılmış ya da gelişmekte olan 

üniversiteler, bölgesel kalkınma misyonu çerçevesinde çeşitli alanlarda uzmanlaşmaya 

çalışmaktadırlar. Bu çerçevede başarıya ulaşmak amacıyla, alanında yetişmiş başarılı ve geniş 

görüş açısına sahip olan akdemiysen/uzmanlara her zaman ihtiyaç duyulmaktadır. Konusunda 

uzman adaylara ulaşmak ise doğrusal/lineer bir matematiksel formül ile ifade edilemediğinden 

dolayı zorlu bir süreçtir. Özellikle, son zamanlarda yapılan çalışma, makale ve raporların gün 

geçtikçe artması konuyla ilgili uzman seçimini zorlaştırmış ve otomatik uzman bulan sistemlere 

ihtiyaç duyulmuştur. Yapılacak bu çalışmayla akademisyenlerin yayınlandığı bilimsel çalışmalar ve 

çalışmalardaki ortak yazarlar değerlendirilerek “aranan kriterlere uygun”  uzman adayları 

listelenecektir. Uygun araştırmacı kriteri için bilimsel çalışmaların puanlanması esasına göre sonuç 

verilecektir. Bir araştırmacının puanı değerlendirilirken, o kişinin yazdığı makaleler ve çalışmalar 

üzerinden, filtre edilen anahtar kelimelere bakılarak, uzmana ait objektif bir sıralama yapılacaktır. 

Bu uygulamada “Dergi Park” sisteminin veri tabanı kullanılarak, filtrelenen kelimelere uygun 

uzman adayların puanlandırılması sağlanmıştır. 

 

 

1. INTRODUCTION 

 

The increase in the speed and use of the internet and 

computers day by day has led to the need to store almost 

every existing piece of information in offline or online 

databases. The explosion in knowledge in the database 

brings to mind the idea of how these resources can be 

turned into a profit. While the previously used database 

techniques were based on querying and filtering, data 

mining techniques aim to discover the hidden and useful 

information stored in the data [1]. 

 

www.dergipark.gov.tr/tdfd 
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Data mining is the discovery of invisible or unnoticed 

knowledge from large-scale data. Since the aim of this 

study is to select experts on the subject, determining the 

knowledge, skills, and areas of expertise; it is crucial to 

choose the sources correctly to obtain meaningful 

information. 

 

In addition, with the augmentation in the use of 

computers and technological tools, almost every 

organization and company has started to store their 

employees' areas of expertise, talents and contact 

information in databases. Especially in academic 

communities, information about the person, the schools 

and universities he or she attended, personal background 

information, specific fields of study and certificate 

information are kept in related tables. So, meta-databases 

could be used as first step to determine expert area of a 

person. 

 

As a second step, documents, personal blogs, news and 

websites will provide much more detailed information 

about the expert. This process can be called as secondary 

source selection and document collection about the 

expert. 

 

Experts often cannot express themselves well or they 

may use very general or specific expressions when 

describing their areas of expertise. In particular, updating 

information is dependent on people, updating the process 

is time-consuming and undesirable, and the information 

accessed in the database does not reflect the person 

relatively. 

 

In addition, while data are being collected, they contain 

some errors called noise caused by people, environment 

and equipment [2].  In addition, obtaining data from 

different sources leads to inconsistent or incomplete 

information. These noisy and incomplete data obtained 

from these sources can be somewhat removed by using 

some data preprocessing techniques. 

 

The demand for specialists must be obtain from external 

sources because of ever-increasing need for information 

in organizations and companies, and the limited number 

of experts in these area. For this purpose, the evaluation 

of expert candidates outside the organization, which is 

called external resources, is of great importance. 

 

In general, expert represents people who have 

knowledge about a particular subject, are self-educated, 

have successful studies and have a broad perspective. 

Sometimes, they are called people who have special 

talents, mastery and dexterity in addition to their 

knowledge. The need for specialists is increasing, 

especially in rapidly and continuously developing fields 

such as health, informatics and technology. For this 

purpose, it is desired to create automatic expert finder 

systems by making use of many kinds of data sources 

and expert knowledge. 

 

Previous research suggests expert-finding systems using 

many techniques such as information extraction, data 

mining, and probabilistic modeling. P@NOPTIC Expert 

[3], Expertise Browser(ExB) [4], and Expert Finder [5] 

are some of the models that is developed as  software in 

this regard. 

 

The process of finding experts includes three important 

steps such as 'Selecting Experts’ Source', 'Creating 

Expert Model' and 'Matching Searched Criteria with 

Expertise Topics' [6]. 

 

2. LITERATURE WORK 

 

Meta databases serve to keep the skills and expertise of 

employees or members. Thus, general profile 

information of experts can be created. Moreover; 

projects the candidates were worked on, previous 

experience and background information of the 

candidates are recorded in the databases and certain 

information about the candidate is extracted. In a study 

conducted at NASA, a system called SAGA [7], which 

helps to find experts, is developed by using various 

educational data and profile information. 

 

Although the process of finding talent and expertise by 

using the main databases seems relatively easy, the fact 

that experts do not like to update their knowledge or 

there is incomplete or erroneous information causes the 

solution to become complicated and expensive. In 

addition, the fact that the expertise information in the 

system is very general and irregular are the factors that 

make it difficult to score experts. 

 

2.1. Document Collection of an Expert  

 

Having knowledge of related documents belonging to 

the candidate is also an important factor in defining the 

candidate's area of expertise. The information in the 

related publications, reports, mails, forums and web 

pages can provide a detailed inference about the expert. 

Dumais and Nielsen reached 117 conferences and tried 

to find their areas of expertise by looking at the abstracts 

of the articles published by the researchers [8]. 

Moreover, Balog developed a model that finds experts 

by using various documents such as speech, mail, web 

page, and report by making use of the local document 

warehouse [9]. Campbell et al., on the other hand, tried 

to determine the fields of expertise of the users by 

making use of the sender and receiver information, as 

well as the e-mail contents and headers by using inter-

mail connections [10]. However, a problem that should 

not be forgotten is that when determining the subject 

related to the mail, subject drifts (topic-drift) may be 

encountered. In addition, in the document collection 

process, name similarities are another issue that needs to 

be studied. 

 

3. MATERIAL AND METHOD 

 

In order to find the areas of specialization of a candidate, 

it is necessary to collect knowledge about the candidate. 

This type of information can be obtained from major 

databases (personal information, talent, expertise), 

online/offline documents (such as publications, forums, 

emails, reports, and web pages) belonging to the 
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candidate, or candidate's relational networks (such as 

social, academic and business networks). 

When we are searching for an expert, we generally ask 

these types of questions ‘Who is an expert on this area’ 

or ‘Who can make this job/work better?’ [6]. With in 

these types of queries, client is looking for an expert in a 

specific field. Algorithm structures such as 'Creative 

Probabilistic Model', 'Lay-Based Model', 'Network-

Based Model', and 'Hybrid Model' are widely used in 

expert finding problems. The expert inference algorithm 

usually answers questions such as 'Finding the 

Candidate's Areas of Expertise', 'Exploring Evidence of 

Expertise', and 'Inferring the Relationship between the 

Questioned Subject and the Expert Candidate' [11]. 

 

There are three inputs/criteria that are important to 

expert search: 

➢ Expert Candidate (EC) 

➢ Document(D) 

➢ Subject(S), Term in the Query (t,t ∈S) 

 

While the expert candidate represents the people who 

can be experts in the subject to be sought, the documents 

characterize the online/offline resources that may belong 

to that expert. The subject represents the expert search 

query/criteria. While this criterion is sometimes a few 

keywords, sometimes it can be in a summary text to 

represent the expertise to be sought. 

 

Figure 1 shows web interface for finding expert 

candidates who have worked on 'bee venom'. 

Additionally, by selecting the search source, it is 

possible to specify which sources data can be retrieved 

from. 

 

 
Figure 1: Determination of Expert Keywords 
 

Figure 2 demonstrates the flowchart of the expert 

candidate extraction algorithm suitable for the filter. 

After keywords are entered into the application, article 

information containing these words is pulled from the 

specified data source. Considering each article and 

author information, it is placed in the fitness function. 

 
Figure 2: Workflow of sorting expert candidates suitable for the filter 
 

In Equation 1, how the scores of each candidate author 

will be calculated is expressed mathematically. Thus, the 

content of the article written by an author is evaluated 

and scored according to the publication date and the 

number of co-authors. Here, the 'alpha(α)' coefficient can 

be made on a user basis by changing the publication date 

according to its importance. For example, in some fields 

(agriculture, agriculture, etc.), the time of publication of 

the article may not be very important, while in the field 

of technology and computers, the 'alpha(α)' coefficient 

can be changed to increase the value of time. 

 

𝐴𝑢𝑡ℎ𝑜𝑟𝑆𝑐𝑜𝑟𝑒𝑖 = ∑ (20

𝑖=𝐴𝑢𝑡ℎ𝑜𝑟𝑃𝑎𝑝𝑒𝑟𝐶𝑜𝑢𝑛𝑡

𝑖=0

− (2023 − 𝑃𝑢𝑏𝑙𝑖𝑠ℎ𝐷𝑎𝑡𝑒) ∗
∝

∗  ((1 +
1

𝑆ℎ𝑎𝑟𝑒𝑑𝐴𝑢𝑡ℎ𝑜𝑟𝐶𝑜𝑢𝑛𝑡
)

∗ 𝐾𝑒𝑦𝑤𝑜𝑟𝑑𝑠𝑅𝑒𝑝𝑒𝑡𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑢𝑛𝑡) (1) 

 

In Figure 3, the candidates who wrote an article in the 

"Journal Park" database in the "Bee venom" field are 

listed. Universities and organizations that need experts in 

this field can contact these authors and sign successful 

projects with academicians who are experts in their 

fields. 

 

 
Figure 3: Listing successful authors in the field of 'bee venom’ 
 

  



 

Tr. J. Nature Sci. Volume 13, Issue 2, Page 30-33, 2024 
 

 

33 

4. DISCUSSION 

 

When companies and universities search for expert 

candidates in their field, they generally use keywords 

and examine articles and studies written on the subject. 

Examining these studies and finding connections 

between authors not only took a long time, but also left 

the process of finding an expert to personal preference. 

In this study, using the 'Dergi Park' database, 

connections were revealed between the articles written 

by expert candidates and the searched keywords. In 

addition, the up-to-dateness of the expert candidate's 

work was taken into consideration, taking into account 

the date of acceptance of the articles and the order of the 

authors in the article. Thus, a system that evaluates 

expert knowledge based on time, author and keyword 

was obtained.  

 

3. RESULTS  

 

Finding experts, which is a difficult and time-consuming 

process, is automated using the contents of academic 

articles. Thus, it was transformed into an application that 

companies, organizations and universities can benefit 

from.  

 

An expert evaluation system is developed by including 

the effect of academic articles. In particular, a more 

dynamic system is proposed to replace the web-sites 

where experts are registered, such as 'kariyer.net' and 

'Linked-in', which allow searching for experts by paying 

fees and which need constant updating. 

 

In addition, the fact that expert candidates remain 

general or specific when describing themselves and their 

expertise, and the need for continuous updating of their 

CV information makes the process of finding experts 

difficult. However, with the use of academic network 

structure and personal reports, documents and articles, it 

is possible for the expert to evaluate the candidate's work 

area and abilities in a more up-to-date and objective way. 

 

As a result, a new expert recommendation system is 

presented by ensuring that the academicians who are 

experts in their fields that universities and organizations 

may need are listed in an objective way, preventing the 

institutions from spending too much time and effort. 
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Abstract: 7075 and 5182 aluminum alloys are critical for aerospace and automotive applications 

receptively. Joining these alloys can enable more economical and efficient structures. Therefore, 

the weldability of these materials by friction stir lap welding (FSLW) is of great importance. In 

this study, the effect of tool tip geometry (conical and cylindrical screw) and welding speed (22, 

37 and 51 mm min-1) on the weld microstructure and mechanical properties were studied in 

joining 7075 and 5182 aluminum alloys with FSLW. Strong welds were acquired with both tools. 

However, stronger ones were made employing the conical pin tool thanks to having deeper weld 

penetration and denser microstructure (microstructure with smaller grains). While the resistance 

of the weld to the tensile load was increased with increasing feed rate for the conical pin tool 

because the weld area width and vertical downward penetration increased, the opposite occurred 

for the cylindrical screw pin tool. By the conical pin, the greatest tensile load of 13033 N in the 

weld made at 51mm min-1, whereas by the cylindrical screw pin, the biggest 12162.5 N was 

achieved in the weld made at 22 mm min-1. It was an indication of a stronger weld formation for 

both tools when the lines formed through tool shoulder on top surface of upper sheet were broken 

into small particles and disappeared. Proper tool feed rate value can show considerable 

variability depending on tool pin geometry.  

 

 

7075 ve 5182 Alüminyum Alaşımlarının Sürtünme Karıştırma Bindirme Kaynağında Takım 

Pimi Geometrisi ve İlerleme Hızının Etkisinin Araştırılması  
 

 

Anahtar 

Kelimeler 

Sürtünme 

karıştırma 

bindirme 

kaynağı, 

Alüminyum 

alaşımları, 

Takım pimi 

geometrisi, 

Makro ve 

mikroyapı, 

Çekme yükü 

kapasitesi, 

Kırılma 

Öz: 7075 ve 5182 alüminyum alaşımları sırasıyla havacılık ve otomotiv uygulamaları için çok 

önemlidir. Bu alaşımların birleştirilmesi daha ekonomik ve verimli yapılara olanak sağlayabilir. 

Bu nedenle, bu malzemelerin sürtünme karıştırma bindirme kaynağı (SKBK) ile kaynak 

edilebilirliği büyük önem arz etmektedir.  Bu çalışmada, 7075 ve 5182 alüminyum alaşımların 

SKBK ile birleştirilmesinde takım uç geometrisinin (konik ve silindirik vidalı) ve kaynak hızının 

(22, 37 ve 51 mm dak-1)  kaynak mikroyapısı ve mekanik özellikleri üzerindeki etkisinin 

araştırılması temelinde çalışılmıştır. Her iki takımla da güçlü kaynaklar elde edildi. Ancak konik 

uçlu takım kullanılarak yapılan kaynaklar daha derin nüfuziyete ve daha yoğun bir mikro (daha 

küçük tanelere sahip mikro yapı) yapıya sahip olması nedeniyle daha güçlü çıkmıştır. Konik uçlu 

takım ile ilerleme hızının artmasıyla, kaynak alanı genişliği ve dikey aşağıya doğru nüfuziyet 

arttığı için kaynak mukavemeti artarken, silindirik vidalı uç ile bunun tersi meydana geldi. Konik 

pim ile 51mm dak-1'de yapılan kaynakta en büyük çekme yükü 13033 N, silindirik vida pimi ile 

ise 22 mm dak-1'de yapılan kaynakta en büyük 12162,5 N çekme yükü elde edilmiştir. Üst 

levhanın üst yüzeyinde takım omuzundan dolayı oluşan çizgilerin küçük parçacıklara ayrılarak 

kaybolması her iki takım için de daha güçlü bir kaynak oluşumunun göstergesi olmuştur. Uygun 

takım ilerleme hızı değeri, takım uç geometrisine bağlı olarak önemli ölçüde değişkenlik 

gösterebilir.  
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1. INTRODUCTION 

 

Aluminum (Al) alloys play a crucial role in aircraft and 

automotive applications thanks to their superior strength-

to-weight ratio and good machinability. There are series 

of Al alloys having different chemical compositions 

have been developed for using in different applications. 

7075 Al alloy is characterized by its high strength and 

generally used as structural material in aircraft fuselage 

panels [1]. 5182 Al alloy is characterized by its high Mg 

content and has outstanding formability and deep stretch 

forming and commonly utilized as structural material in 

automobile bodied [2]. Reliably joining dissimilar Al 

alloys can provide more flexible designs. But, traditional 

fusion welding techniques are not suitable for combining 

different Al alloys because porosity, hot cracks, brittle 

secondary phases, and residual stress often emerge [3] 

that degrade the mechanical properties of the joint. 

Additionally, welding Al alloys are hard by fusion 

welding methods since they have a strong oxide layer on 

their surface and high thermal conductivity [4]. Solid-

state welding techniques have been shown for combining 

dissimilar metals. AISI 1010 low carbon steel and 

copper alloy were joined without intermetallic phases at 

the weld region by friction welding, a solid-state welding 

technique [5]. Friction stir welding (FSW), one of these 

methods, has demonstrated to be appropriate and 

effective in the welding different Al alloys [6]. As the 

maximum temperature in FSW process is below the 

melting point of the metals being joined and thus melting 

connected issues such as gas porosity, solidification 

cracking do not occur [7,8]. Moreover, FSW does not 

necessitate the use of mechanical joining elements like 

rivets, fasteners, which results in fabricating lighter 

bodies and faster manufacturing periods [8]. 

Furthermore, FSW is seen as one of the greatest 

alternative welding methods because it costs low, 

consumes low energy, provides strong joints, reduces 

weight of structures, is environmentally friendly, and 

requires less human ability [9]. Tool profile, rotation 

speed and feed rate speed are the main parameters of the 

FSW process [7,8,10]. Tool geometry can be regarded as 

having the greatest impact on heat generation and 

material mixing. Combination of tool shoulder diameter 

and profile, and pin diameter, length, and profile are all 

crucial factors in determining other welding variables 

such as tool rotational and feed rate and also the 

resulting weld quality [11]. Çevik et al. [12] investigated 

the FSW of 7075-T651 Al alloys using different tool 

rotation speeds (900, 1250 and 1600 rpm) and stated that 

the weld with the best mechanical properties was 

produced at the rotation speed of 900 rpm. 6061 T6 Al 

alloy sheet couples were welded with the FSW method 

using tools with different pin profiles, and it was stated 

that the pin shape significantly affects the weld 

microstructure and mechanical properties [13]. Cakan et 

al. [14] investigated the effects of tool rotation speed 

(660 and 920 rpm) and feed rate speed (18, 32 and 54 

mm min-1) parameters on the weld quality in the FSLW 

of different pure copper and AA7075-T6 Al alloy 

materials. It was found that the rotation speed of 660 

rpm and feed rate of 32 mm min-1 was the best. Lap 

joints are often employed, for example, in joining 

stringer and skin in aircraft fuselages, and for assembling 

components in railway tankers, goods wagons and ship 

decks [15,10]. Buffa et al. [10] studied on FSLW of 

2198-T4 Al alloy by using three different welding tools 

with cylindrical, conical and cylindrical-conical pin and 

they determined that welds with better mechanical 

properties were produced by cylindrical-conical pin tool. 

They also stated that increasing the welding speed (50-

1000 mm min-1) or decreasing the rotation speed (500-

2000 rpm) improved the weld strength. Lee et al. [16] 

researched FSLW of 5052 Al and 6061 Al alloys using 

tool rotation speeds of 1250, 2500 and 3600 rpm at a 

constant speed of 267 mm min-1 and using welding 

speeds of 127, 267 and 507 mm min-1 at a fixed 1600 

rpm. They claimed that increasing rotation speed 

decreased weld strength while increasing welding speed 

improved weld strength. Reducing weight and fuel 

consumption and increasing efficiency, and performance 

for land and aircraft vehicles can be achieved by 

combining dissimilar Al alloys in the production. 

According to the literature research I have done, there is 

a need for more studies on the understanding effect of 

tool pin profile along with the tool feed rate on weld 

quality in the FSLW of different types of aluminum 

alloys. Therefore, the weldability of 7075-T651 Al alloy 

to 5182 Al alloy was experimentally investigated by the 

FSLW method using two tools having different pin 

shapes and various welding speeds. 

 

2. MATERIAL AND METHOD 

 

On a Falco FMH-4 brand universal milling machine, a 2 

mm thick 7075-T651 Al alloy sheet was put on a 5 mm 

thick 5182 Al alloy plate and then tightly fastened. Then, 

they were welded by friction stir lap welding (FSLW). 

FSLW experiments were carried out by conical pin tool 

and cylindrical screw pin tool at tool feed rates of 22, 37 

and 51 mm min-1 and at a constant tool tilt angle of 2 

degrees clockwise and tool rotational speed of 980 

revolutions per minute (rpm). Chemical composition and 

mechanical features of the alloys are given in Table 1 

and 2, respectively. FSLW experiment variables and 

configuration with dimensions are given in Table 3 and 

Figure 1, respectively. FSLW experiment and welding 

tools are shown in Figure 2. Tools were manufactured 

from a bar made of H13 hot work tool steel material. 

Conical pin tool has a conical pin with a length of 3 mm, 

tip diameter of 3 mm and root diameter of 5 mm and a 

shoulder with a diameter of 16 mm while cylindrical 

screw pin tool has a cylindrical screw pin right hand 

thread pitch 0.8 mm with a length of 3 mm and a 

diameter of 5 mm and a shoulder with a diameter of 16 

mm. The produced FSLWed samples were presented in 

Figure 3. After the welds were produced, they were cut 

on KMYDG 280 brand semi-automatic rotary belly band 

saw machine to acquire tensile test and macro and 

microstructure samples. Tensile test samples with 25 mm 

width based on AWS D17.3M:200X standard [17] were 

given in Figure 4. Cross-sectional areas of welds were 

ground by sandpaper up to 1500 grit and then etched by 

Keller’s reagent (1 ml HF, 1.5 ml HCl, 2.5 ml HNO3, 

and 95 ml H2O) for 10 s to examine macro and 

microstructures in the welds. The etched cross-sections 
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of the welds were presented in Figure 6. Macro and 

microstructures of the welds were examined on an AOB 

brand inverse metal optical microscope. The hardness of 

the welds was attained from their cross-sections by an 

AOB model micro Vickers hardness tester and utilizing a 

200 g load and 10 seconds dwell time. Tensile strength 

of the welds were obtained on SHIMADZU model 250 

kN universal tensile tester by utilizing 2 mm min-1 

constant cross-head speed at room temperature. Fracture 

surfaces of the joints were observed on JEOL JSM6510 

model scanning electron microscope (SEM). X-ray 

Diffraction (XRD) analysis was conducted on the 

Rigaku MiniFlex machine using X-Ray generator (40 

kV, 15 mA) and Scan speed/Duration time (4.00 °/min).  

 
Table 1. Chemical composition of Al alloys (wt. %)    

Material Si Fe Cu Mn Mg Cr Zn Ti Al 

7075-

T651 

0.

4 

0.5 1.2-

2 

0.3 2.1-

2.9 

0.18-

0.28 

5.1-

6.1 

0.2 Balance 

5182 0.

2 

0.35 0.15 0.2-

0.5 

4-5 0.1 0.25 0.1 Balance 

 
Table 2. Mechanical properties of Al alloys 

Material Yield strength 

(MPa) 

Tensile strength 

(MPa) 

Elongation (%) 

7075-T651 470 550 10 

5182 140 300 25 

 
Table 3. FSLW experiments with variables 

Sa
mp

le 

Welding 
tool with 

Tool tilt 
angle 

clockwise 

(degree) 

Tool 
rotation 

speed 

(rpm) 

Tool 
plunge 

depth 

(mm) 

Tool feed 
rate (mm 

min-1) 

S1 Conical 

pin 

2 980 3.6 22 

S2 2 980 3.6 37 

S3 2 980 3.6 51 

S4 Cylindric

al screw 

pin 

2 980 3.6 22 

S5 2 980 3.6 37 

S6 2 980 3.6 51 

 

 
Figure 1. FSLW configuration with dimensions 

 

 
Figure 2. FSLW of alloys and the used welding tools 

 

 
Figure 3. The FSLWed samples 
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Figure 4. The tensile test samples cut from the FSLWed samples 

 

3. RESULTS AND DISCUSSION 

 

3.1. Macrostructural Analysis 

 

Figure 5 illustrates the top surface appearance (weld 

beads) of FSLWed samples. The lines formed by the tool 

shoulder on the top surface of the upper sheet were 

broken into small particles and disappeared with the 

increasing tool feed rate (from weld S1 to S3) for the 

conical pin tool. On the other hand, the lines started to 

form more with increasing the welding speed (from S4 

to S6) for the cylindrical screw pin tool. There are no 

lines formed by the tool shoulder on the top surface of 

weld S3, whereas slightly more than half of the top 

surface of weld S4 had lines formed by the tool shoulder. 

Figure 6 displays the macro views of the cross-sections 

of the FSLW joints. Figure 7 represents optical 

microscope images of the cross-sections. It can be seen 

in Figure 7 that the effective welded area width and 

vertical downward penetration gradually enhanced by 

enhancing the tool welding speed from weld S1 to S3 

made through the conical pin tool. However, for the 

cylindrical screw pin tool, the effective welded area 

width and vertical downward penetration decreased 

when the tool feed rate was boosted from weld S4 to S6, 

and also voids appeared. While increasing the tool feed 

speed gave good results for the conical pin tool, it had 

negative results for the cylindrical screw pin tool. There 

are formations of voids observed under the weld S6 

made at the highest tool feed rate for the cylindrical 

screw pin tool. At this highest feed rate, heat input may 

have been insufficient to adequately soften, plasticize 

and stir the material because a higher feed rate provides 

less heat input. The heat on the lower side of the screw 

pin is less than on the upper side due to the tool shoulder 

contacting the upper sheet generating heat. Thus, the 

screw cut the material rather than mixing and allowing it 

to flow, leaving voids behind at the bottom. According 

to [18], in the FSW, a cavity takes place behind the 

welding tool and then filled with plasticized material that 

moves from the pin's front to its back. 

 

 
Figure 5. The top view of the FSLWed samples 

 

 
Figure 6. Cross-sections of the FSLWed samples 
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Figure 7. Optical microscope images of the cross-sections of the 

FSLWed samples 

 

3.2. Microstructural Analysis 

 

Microstructures of welds S3 and S4 are presented in 

Figure 8 as these are the strongest ones made employing 

the conical pin tool and cylindrical screw pin tool, 

respectively. Figure 8a, b and c show the microstructures 

of a, b and c regions on cross-section of the weld S3, 

respectively. a, b and c regions represent the welded area 

right at the interface of the sheets, the welded area just 

below the interface and thermo-mechanically affected 

zone (TMAZ) just next to the weld zone (stir zone), 

respectively. As can be seen that the microstructure of 

the region b contains the smallest grains and slightly 

smaller than the grains of the region a, however, region c 

has a mcirostructure with elongated and the largest 

grains. The width of region c (TMAZ) began to narrow 

from weld S1 to S3 with increasing welding speed for 

the conical pin tool since heat input decreased. On the 

other hand, Figure 8d and e indicate the microstructures 

of d and e regions on cross-section of weld S4, 

respectively. Region e consists of grains slightly smaller 

than that of region d. In general, the microstructures of 

the weld S3 had finer grains (denser) than that of weld 

S4. Hence, it can be said that the conical pin tool mixed 

the alloys better than the cylindrical screw pin tool. The 

fine-grained microstructure was formed because of 

intense plastic deformation and recrystallization. Similar 

observations were obtained in terms of grain size and 

orientation formed in the microstructures of the SZ and 

TMAZ during the FSLW of 7075 and 2024 Al alloys 

[19]. 

 

 
Figure 8. Microstructures of weld S3 and S4 

 

XRD analysis of the welds S1 and S3 were presented in 

Figure 9. Al2Cu2Fe phases were determined in both 

welds. However, the Al2Cu2Fe phase formation was 

higher in the S1 weld probably because of more heat 

input since S1 was produced at a lower tool feed rate. 

According to Bayazid et al. [20], Al7Cu2Fe is a brittle 

material and can seriously impair mechanical 

characteristics, particularly ductility. Cu increases 

hardness [21]. 

 

 
Figure 9. XRD analysis for the welds S1 and S3 



 

Tr. J. Nature Sci. Volume 13, Issue 2, Page 34-42, 2024 
 

 

39 

3.3. Microhardness 

 

The hardness values of the welds attained from the top 

7075 sheets (just above the interface of sheets) and 

bottom 5182 sheets (just below the interface of the 

sheets) are presented in Figures 10a and b, respectively. 

The hardness of 7075 and 5182 metals ranged between 

167 to 170, and 78 to 82 HV, respectively. It was found 

that there is a first decrease in the hardness and then an 

increase and reached a maximum in the weld center 

when moving on the upper sheet from 7075 base metal 

to the weld center, but lower than the hardness of the 

7075 metal (Figure 10a). Moreover, the hardness of the 

weld S4 was lower than the weld S3. This is because S4 

was produced at an approximately 2.3 times lower tool 

feed rate, which generates more heat input, resulting in 

the formation of bigger grains in the weld 

microstructure, as shown in Figure 8. On the other hand, 

when going from the 5182 base metal to the weld center, 

the hardness on the lower 5182 sheet first decreased 

slightly and then significantly increased and became the 

highest in the weld center above the hardness of the 5182 

base metal (Figure 10b). The reason for the much higher 

hardness of the weld center than the 5182 base metal is 

because the 5182 material mixed with the harder 7075 

material in the weld center. In general, the weld center 

just above the interface of the sheets had higher hardness 

than the weld center just below the interface of the 

sheets. This is because the 7075 material mixed more 

with the softer 5182 lower sheet material in the weld 

center at the bottom.  In addition, while the lowest 

hardness values were acquired in the HAZ regions, the 

hardness of the TMAZ regions was slightly higher than 

the HAZ regions. The hardness in the weld, HAZ, and 

TMAZ areas appeared to be slightly lower when the 

weld was produced at a smaller tool feed rate. This is 

probably because heat input increased with a smaller tool 

feed rate resulting in grains growing.  The weld region 

had higher hardness when compared to the HAZ and 

TMAZ regions due to most likely the smaller grains in 

its microstructure, as shown in Figure 8. The hardness in 

the weld areas where 7075 and 5182 metals were mixed 

became lower than that of the 7075 base metal and 

higher than that of the 5182 base metal. Similar results 

were observed in friction stir butt welding (FSBW) of 

7075 and 5182 alloys, where the hardness first decreased 

and then increased from the base material to the weld 

zone [22]. Çetkin et al. [23] studied friction stir welding 

of 5182 alloys and they found that the hardness from the 

5182 base metal to the TMAZ decreased, and later 

increased in the weld zone. Furthermore, it was observed 

that the welds made by the cylindrical screw pin tool 

possessed a slightly lower hardness value. This could be 

because this tool generated more heat input. 

 

 
Figure 10. Hardness of the weld S3 and S4 

 

3.4. Tensile Load Determination 

 

Figure 11 demonstrates the tensile test results of the 

FSLW joints generated by the conical pin and cylindrical 

screw pin tools at 22, 37, and 51 mm min-1 feed rates. 

The tensile load of the joint fabricated through the 

conical pin tool gradually increased with increasing of 

the tool feed rate, whereas the opposite of this was seen 

for the cylindrical screw pin tool. Welding area width 

and vertical downward penetration increased with an 

increase in the conical pin tool feed rate as seen in 

Figure 7, and accordingly the weld strength increased. 

However, when increasing the cylindrical screw pin tool 

feed rate speed led to a decrease in the welded area 

width and penetration as well as voids formed as can be 

seen in Figure 7, and as a result of these, the weld 

strength reduced. The strongest weld S3 with a tensile 

load of 13033 N was fabricated via the conical pin tool 

at 51 mm min-1 while via the cylindrical screw pin, the 

strongest weld S4 with a tensile load of 12162.5 N was 

produced tool at 22 mm min-1. These welds performed 

better strength as they had larger welded areas and 

higher penetration. In general, stronger joints were 

created by the conical pin tool. Because higher vertical 
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downward penetration with finer grain microstructure 

took place in the welds of the conical pin tool. 

Additionally, the concave shoulder of the conical pin 

tool might have assisted in more powerful weld 

production. Buffa et al. [10] investigated FSLW of 2198-

T4 Al alloy utilizing three different welding tools with 

cylindrical, conical and cylindrical-conical pin. They 

reported that the cylindrical-conical pin tool produced 

stronger welds and also stated that increasing the 

welding speed improved the weld strength. Song et al. 

[19] studied the FSLW of 2024 and 7075 Al alloys and 

they found that the weld strength enhanced with an 

increase in the welding speed. Lee et al. [16] 

investigated the FSLW of different 5052 Al and 6061 Al 

alloys. They reported that higher welding speed 

improved the weld strength. 

 

 
Figure 11. Tensile load-elongation curve of the FSLW welds 

 

Cakan et al. [14] studied the FSLW of different pure 

copper and AA7075-T6 Al alloy materials using 

different tool feed rates (18, 32 and 54 mm min-1) and 

the best joint was created at 32 mm min-1. Xie et al. [24] 

studied the FSLW of dissimilar 304 austenitic stainless 

steel and Ti6Al4V alloy and they achieved a maximum 

tensile shear strength of 7507 N for the joint produced at 

the welding tool rotation speed of 600 rpm and with the 

feed rate of 30 mm min-1.Top surface appearance of the 

welds in Figure 5 is giving a clue about the weld 

strength. When the lines formed by the tool shoulder on 

the top surface of the upper sheet were broken into small 

pieces, higher weld strength occurred. When the conical 

pin tool feed rate increased from 22 to 51 mm min-1, the 

lines formed by the tool shoulder on the top surface of 

upper sheet started to break into small pieces. For 

example, there are no tool shoulder lines formed on the 

top surface of the upper sheet of weld S3, the lines were 

totally broken into small pieces and disappeared and thus 

weld S3 had the highest tensile strength. Additionally, 

the microstructures of the conical pin welds had finer 

grains as can be seen in Figure 8. On the other hand, 

when the cylindrical screw pin tool feed rate was 

increased, clearer and more tool shoulder lines began to 

form resulting in a decrease in the weld strength. The 

tensile strength of the welds was found by proportioning 

the tensile load to the cross-sectional area. The cross-

sectional area is obtained by multiplying the effective 

weld thickness or sheet thickness by the weld width. The 

effective weld thickness of the welds failed from the 

weld region was found by measuring the distance from 

the interface of the sheets to the bottom of the weld as 

shown in Figure 12a. For the welds broken from the 

upper 7075-T651 sheet, the effective sheet thickness was 

measured from the broken area as shown in Figure 12b. 

Approximately tensile strengths and efficiency of the 

welds are shown in Table 4. As the upper 7075-T651 

sheet is thinner and failure took place from this during 

the tensile test, the weld efficiency was calculated based 

on the upper sheet with a tensile strength of 550 MPa. 

When looking at the tensile strength and efficiency of 

the welds, it generally improved with increasing tool 

feed rate, and maximum efficiency of 81.08 and 87.09 % 

were achieved at 51 mm min-1 for the conical and 

cylindrical screw pin tools, respectively. 5182 alloy 

sheet has a tensile strength of 330 MPa. All the welds 

had a higher tensile strength than the 5182 alloy. 

Generally, better welds were acquired via the tool having 

a conical pin. Cetkin et al. [25] investigated friction stir 

welding of 7075 aluminum alloys by tools with conical 

and triangular pins. They reported that stronger welds 

were made by the tool with the conical pin.      

 

 
Figure 12. Representation of measuring effective weld and sheet 
thickness 

 
Table 4. Tensile strength and efficiency 

Weld 

sample 

Effective 

weld or 

sheet 

thicknes

s (mm) 

Widt

h of 

weld 

samp

le 

(mm

) 

Failure 

load (N) 

Tensile 

strengt

h 

(MPa) 

weld 

efficie

ncy 

(%) 

S1 1.077 25 11564.45 429.506 78.09 

S2 1.108 25 12242.19 441.956 80.35 

S3 1.169 25 13033 445.953 81.08 

S4 1.395 25 12162.50 348.745  63.40 

S5 1.011 25 11057. 42 437.484 79.54 

S6 0.857 25 10262.50 478.996 87.09 

 

3.5. Fracture Area Examination 

 

Photographs of the fractured welds during tensile testing 

are given in Figure 13. S1, S2, S3 and S6 welds failed 
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from the weld area and exhibited tensile shear fracture 

while S3 and S4 failed from the heat-affected zone 

(HAZ) away from the weld area and showed tensile-type 

fracture. It can be seen when looking at the top of the 

5182 bottom sheets of the welds made by the conical pin 

tool in Figure 13 that the S3 weld had a larger fractured 

weld area than the S1 and S2 welds. A bigger fractured 

weld area was observed with an increase in tool feed 

rate, also seen in Figure 7.  Figure 14 shows the weld 

fracture surfaces of the strongest S3 and S4 welds 

produced by the conical and cylindrical screw pin tools, 

respectively. As can be seen, weld S3 has smaller and 

denser dimples than weld S4, which indicates a higher-

quality weld. Weld S4 contains larger dimples. Song et 

al. [19] reported ductile fractures in tensile tests of 

FSLW welds of 2024 and 7075 Al alloys. 

 

 
Figure 13. Photographs of the fractured welds during tensile testing 

 

 
Figure 14. Fracture surface SEM images for weld S3 and S4 after 
tensile test 

 

 

4. CONCLUSIONS 

 

Strong FSLW welds between 7075-T651 and 5182 

aluminum alloys were achieved. The results obtained are 

provided below. 

 

1. The strongest weld with a tensile load of 13033 N 

was obtained at the welding speed of 51 mm min-

1with the conical pin tool. By cylindrical screw pin 

tool, the weld having highest tensile load of 

12162.5 N was obtained at 22 mm min-1 welding 

speed. 

2. In FSLW welding with tapered pin tools, when the 

feed rate was increased from 22 to 51 mm min-1, 

the weld strength increased due to the increase in 

joint area and vertical downward penetration. 

However, exactly the opposite of this was observed 

for the cylindrical screw pin tool. While the 

strongest weld was obtained at the highest welding 

speed with the conical pin tool, the strongest weld 

was acquired at the lowest welding speed with the 

cylindrical screw pin tool.  

3. Better welds were produced through the conical pin 

tool. Because the materials were stirred better via 

the conical pin tool and thus the joints with higher 

penetration, denser and harder microstructures were 

created. Additionally, smaller and denser dimples 

were seen in the weld fracture surface of the 

conical pin tool.    

4. The more disappearance of the lines formed by the 

tool shoulder on the top surface of the upper sheet 

by breaking up into small particles meant the 

formation of a stronger weld. 

5. All welded samples were ductile fractured, but the 

fracture areas of conical pin tool welds exhibited 

smaller and denser dimples. Both tool pin profile 

and feed rate showed to have a great impact on the 

weld quality. 
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Abstract: Difficulties in the treatment of infections caused by Gram-negative bacteria have led to 

studies in recent years directed towards improving the effectiveness of existing antibacterial agents. 

In our study, the antibacterial activities of the combined use of Cupressus sempervirens leaf extract 

and amoxicillin trihydrate on Escherichia coli ATCC 8739, Escherichia coli ATCC 25922 

Salmonella typhimurium ATCC 14028, Salmonella abony NCTC 6017 bacteria and 4 coliform 

bacteria isolated from Karaman wastewater facility were investigated using the disc diffusion 

method. It was determined that the mixture of amoxicillin trihydrate and C. sempervirens leaf 

extract caused a synergistic effect on S. typhmurium and E. coli ATCC 8739. In general, it was 

observed that C. sempervirens leaf extracts contributed to the existing antibacterial activity of the 

antibiotic amoxicillin trihydrate. In addition, three of the bacteria isolated from wastewater were 

found to be sensitive to the antibiotic amoxicillin trihydrate, while one was found to be resistant 

 

 

Amoksisilin Trihidrat ve Cupressus sempervirens Yaprak Ekstraktının Birlikte Kullanımının 

Bazı Gram-Negatif Bakteriler Üzerindeki Antibakteriyel Etkisi 
 

 

Anahtar 

Kelimeler 

Antibakteriyel 

aktivite,  

Cupressus 

sempervirens,  

Koliform 

bakteri,  

Sinerjik etki,  

Atıksu 

Öz: Gram-negatif bakterilerin neden olduğu enfeksiyonların tedavisindeki zorluklar son yıllardaki 

çalışmaları mevcut antibakteriyel ajanların etkisini geliştirilmeye yönelmiştir. Çalışmamızda 

Cupressus sempervirens yaprak ekstraktı ve amoksisilin trihidrat birlikte kullanımlarının 

Escherichia coli ATCC 8739, Escherichia coli ATCC 25922 Salmonella typhimurium ATCC 

14028, Salmonella abony NCTC 6017 bakterileri ile Karaman atık su tesisinden izole edilen 4 

koliform bakteri üzerindeki antibakteriyel aktiviteleri disk difizyon metodu kullanılarak 

araştırılmıştır. Amoksisilin trihidrat ve C. sempervirens yaprak ekstraktı karışımının S. typhmurium 

ve E. coli ATCC 8739 üzerinde sinerjik etkiye neden olduğu tespit edilmiştir. Genel olarak C. 

sempervirens yaprak ekstraktlarının amoksisilin trihidrat antibiyotiğinin mevcut antibakteriyel 

aktivitesine katkı sağladığı görülmüştür. Ayrıca amoksisilin trihidrat antibiyotiğine karşı atık sudan 

izole edilen bakterilerden üçünün duyarlı olduğu görülürken birinin dirençli olduğu belirlenmiştir. 

 

 

1. INTRODUCTION 

 

Water used by people during their daily activities and 

transferred to sewers is called domestic wastewater. 

Wastewater contains various pathogenic microorganisms 

such as viruses, bacteria, fungi, protozoa and helminths. 

Different types of polluting agents, such as detergents, 

personal care products, endocrine disruptors and 

pharmaceuticals are mixed into wastewater. Recent 

studies have focused on pharmaceuticals, particularly 

antibiotics, with their use increasing worldwide [1,2]. 

Once antibiotics get in ecosystems, they can affect the 

structure, development and genetic structure of 

microorganisms and, accordingly, change the ecological 

functioning of the aquatic ecosystem [3]. Generally, 30-

90% of the dose taken as a result of the use of water-

soluble antibiotics is excreted in human urine and feces. 

On the other hand, large amounts of antibiotics are 

mixed into wastewater due to the disposal of unused 

antibiotics [1,4]. Such antibiotic residues and other 

pharmaceutical active molecules are heavily discharged 

into the municipal sewage system and then transferred to 

the wastewater treatment plant. Antibiotics mixed into 
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wastewater in this way may develop resistance in 

microorganisms in the environment and spread this 

resistance to sensitive microorganisms. Ultimately, this 

situation creates more threats to the environment and 

society [5-6]. In addition, unconscious and excessive use 

of synthetic antibiotics used in the treatment of 

infections causes increased resistance in bacteria. 

Difficult and slow healing of resistance-related 

infections has negative effects on human health. 

Therefore, the search for new antimicrobials has 

attracted worldwide attention. However, since such 

research is slow and costly, studies aimed at increasing 

the effects of existing antibiotics stans out [6-7]. 

 

In recent years, treatments with a single substance have 

been replaced by treatments with drug combinations in 

the treatment of some diseases. Investigating the 

synergistic effects of antimicrobial agents, especially 

with herbal extracts, is very important in finding new 

treatment combinations that increase the effects of 

existing antimicrobials.  

 

β -lactam antibiotics are the most widely used 

antibacterial compounds (approximately 70% of 

prescriptions) due to their ability to act on many 

different types of bacteria and their inhibition 

mechanism that disrupts bacterial cell wall formation. 

On the other hand, β-lactamase enzymes, which are 

frequently detected in Gram-negative bacilli, hydrolyze 

the β-lactam ring in the chemical structure of these 

antibiotics and render them ineffective. These enzyme 

groups, which hydrolyze broad-spectrum β-lactam 

antibiotics, negatively affect the clinical use of 

antibiotics [8,9]. 

 

Cupressus sempervirens L. is a decorative tree belonging 

to the Cupressaceae family and commonly used in parks 

and gardens, growing mostly in the Mediterranean 

region. It is also used as a pharmaceutical agent due to 

its antiseptic, antispasmodic, antipyretic and anti-

inflammatory properties. In addition, it has been proven 

that extracts obtained from different parts of this plant 

have antibacterial properties [10,11]. Therefore, it can be 

used as a natural antimicrobial agent in food preservation 

and to treat humans against infectious diseases [12]. The 

use of natural antimicrobial agents together with 

antibiotics can also help reduce negative effects such as 

environmental pollution, toxicity to humans, and 

resistance to synthetic chemicals and drugs. 

 

In our study, it was aimed to determine the antibacterial 

activity of Cupressus sempervirens extract, whose 

antibacterial activity has been proven in previous studies, 

and amoxicillin trihydrate antibiotic, which is widely 

used among the broad-spectrum penicillin group 

antibiotics, on gram-negative bacteria, both separately 

and together for the first time.. 

 

 

 

 

 

 

2. MATERIAL AND METHOD 

 

2.1. Preparation of The Extract 

 

Cupressus sempervirens leaves collected from Sakarya 

University Esentepe Campus were washed, cleaned and 

dried in a drying oven at 40ºC for 10 days. Then, 10 

grams of the sample from the leaves pulverized with the 

help of an electric grinder was placed in soxhlet 

cartridges and extracted with 200 mL 70% ethyl alcohol 

in the soxhlet apparatus for 8 hours. The solvents of the 

extracts filtered through the filter paper were removed in 

a rotary evaporator at 55º C for 15 minutes [13]. Stocks 

were prepared from the dried extracts at a concentration 

of 10 mg/mL(1:1 ratio of distilled water and DMSO) and 

used in activity studies. 

 

2.2. Isolation of Gram Negative Coliforms from 

Wastewater 

 

Water samples taken from the Karaman wastewater 

treatment plant effluent were brought to the laboratory in 

the cold chain and analyzed on the same day. 100 mL of 

the collected wastewater was filtered through cellulose 

nitrate filters with a pore size of 0.45 µm using a 

membrane filtration system. To detect total coliform 

bacteria, the filter placed on Chromocult Coliform Agar 

(CCA)(Bioneks) medium was incubated at 37±0.5°C for 

24±2 hours. After incubation, the bacteria growing on 

the petri dish were subjected to oxidation test [14]. For 

the oxidation (Merck 1.13300) test, a random colony 

thought to be coliform bacteria was selected from the 

colonies growing on CCA medium, and it was planted in 

Tryptic Soy Agar (Merck) and incubated at 37±0.5°C for 

24±1 hours. 10 possible coliform bacteria were selected 

and isolated from the bacteria with negative oxidation 

results. Additionally, gram negativity was confirmed by 

gram staining. 

 

2.3. Antibacterial Activity  

 

In determining the antibacterial activity, 4 standard 

strains (Escherichia coli ATCC 8739, Escherichia coli 

ATCC 25922 Salmonella typhimurium ATCC 14028, 

Salmonella abony NCTC 6017) used from Sakarya 

University Microbiology laboratory and 4 coliform 

bacteria isolated from Karaman wastewater treatment 

facility (wastewater treatment plant) were used. In this 

study, the antibacterial activity of C. sempervirens leaf 

extract, amoxicillin trihydrate and leaf extract + 

amoxicillin trihydrate combinations was evaluated using 

the disc diffusion method.  

 

2.3.1. Disc Diffusion Methods 

 

First of all, the leaf extract prepared at a concentration of 

5 mg/mL (1:1 ratio of distilled water and DMSO), 0.5 

mg/mL amoxicillin trihydrate and the binary mixture 

were absorbed (20µL) into empty sterile discs (Himedia) 

with a diameter of 6 mm. Suspensions were prepared 

from 24-hour fresh bacterial cultures at a density of 0.5 

McFarland. Then, bacteria were inoculated from these 

bacterial suspensions into Mueller Hinton Agar (Merck) 
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with sterile swabs and previously prepared sample-

impregnated disks were placed. After 24 hours of 

incubation at 37±0.5°C, the zone diameters formed in the 

petri dishes were measured in mm using a digital caliper 

[10].  Discs loaded with 50% DMSO(Merck) were used 

as negative control, and discs loaded with gentamicin 

(Oxoid) were used as positive control. The  antimicrobial  

activity  test  was  performed  three times  under  aseptic  

conditions  and  the  diameter  of  inhibition zone 

measured was the average of the three replicates. 

 

3. RESULTS AND DISCUSSION 

 

Gram-negative bacteria are more resistant than Gram-

positive bacteria due to their unique morphological 

structure and cause morbidity and mortality worldwide. 

Various strategies have been reported to combat and 

control resistant Gram-negative bacteria, such as the 

development of adjuvants to antimicrobial agents, 

structural modification of existing antibiotics, 

investigation of new mechanisms of action, etc. [15]. 

 

In our study, the antibacterial activity results of C. 

sempervirens leaf extract and amoxcillin trihydrate 

combinations on gram-negative coliform bacteria 

isolated from wastewater environment and Escherichia 

coli ATCC 8739, Escherichia coli ATCC 25922 

Salmonella typhimurium ATCC 14028, Salmonella 

abony NCTC 6017 bacteria used as standard strain are 

given in Table 1. 
 
Table 1. Inhibition zone diameters of extracts and amoxcillin trihydrate 

 

Test bacteria Inhibition Zones(mm)(±SD) 

Extract Amoxcillin trihydrate Extract+ amoxcillin 

trihydrate 

Negative control 

E. coli ATCC 25922 9±0.1 28.3±0.7 28.3±0.6 - 

E. coli ATCC 8739 - 18±1.0 19±0.1 - 

S. abony NCTC 6017 - 23.7±0.6 23.5±0.3 - 

S. typhimurium ATCC 14028 - 25.6±0.2 27±0.1 - 

Coliform-1 - 8±0.2 8±0.1 - 

Coliform-2 9±0.1 36±0.3 37.5±0.3 - 

Coliform-3 10±0.3 31.5±0.1 32.7±0.6 - 

Coliform-4 8±0.3 22±0.1 22.3±0.1 - 

 

Amoxicillin, which is among the beta-lactams that 

constitute the largest antibiotic group, is used in 

veterinary medicine as well as being frequently used in 

human treatment. Amoxicillin trihydrate created an 

inhibition zone diameter of 23.7 mm in S. abony, 25.6 

mm in S. typhimurium, 8 mm in Coliform-1, 36 mm in 

Coliform-2, 31.5 mm in Coliform-3, and 22 mm in 

Coliform-4. Standard strains, except E. coli ATCC 

8739, were found to be highly sensitive to the 

antibiotic amoxicillin trihydrate. While amoxicillin 

trihydrate created an 18 mm inhibition zone in E. coli 

ATCC 8739, it created a 28 mm inhibition zone in E. 

coli ATCC 25922. There are many studies showing 

differences in the antibacterial activity of different 

strains of the same bacteria. In a study evaluating the 

antibacterial effect of cystatin on three E. coli strains, it 

was reported that cystatin showed different effects in 

the three strains [16]. In a study examining the activity 

of C. sempervirens leaf extracts, it was reported that 

the ethanolic extract created an 8 mm inhibition zone 

on E. coli ATCC 35218 [17]. Similarly, Mogna et al. 

[18] reported in their study that probiotic bacteria 

exhibited different antibacterial activities on E. coli 

strains (ATCC 8739, ATCC 10536, ATCC 35218 and 

ATCC 25922). 

 
Figure 1. Antibacterial activity of samples (a=leaf extract, b= 

amoxicillin trihydrate, c) leaf extract + amoxicillin trihydrate) against 

(A= E. coli ATCC 8739,B=Coliform-3, C= S. abony, D= S. 
typhimurium). 

 

In our study, we isolated fecal indicator bacteria 

(coliform bacteria) from the Sakarya Karaman 

Wastewater Facility and evaluated the effect of 

amoxicillin trihydrate, and C. sempervirens extracts on 

these bacteria. Because most of this group of bacteria 

threaten public health. In addition, E. coli and other 

coliform bacteria can relatively easily incorporate 

resistance genes contained in plasmids. This may cause 

the spread of resistance in sensitive bacteria in 

Wastewater Treatment Plants [1,8].The results obtained 

showed that Coliform-1 bacteria isolated from 

wastewater were resistant to the antibiotic amoxicillin 
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trihydrate, while other coliform bacteria were found to 

be sensitive. In particular, the fact that C. sempervirens 

leaf extract creates an inhibition zone of 9 mm in 

Coliform-2, 10 mm in Coliform-3 and 8 mm in 

Coliform-4 is important in terms of demonstrating that 

phytochemical resources can be used as antibacterial 

agents. Many studies in the literature show that 

antibiotic-resistant bacteria are present in drinking 

water, surface water, groundwater and wastewater 

along with antibiotics [19-21]. 

 

The effect of antibiotics on bacteria can be enhanced 

by their combined use with phytopharmaceuticals and 

modern drugs. It was also observed that different 

combinations could help reduce the emergence of 

resistant bacteria and drug toxicity [22]. As a result of 

combining two drugs or phytochemical products, there 

may be a synergistic, additive or antagonistic effect on 

antibacterial activity, depending on the interaction 

between the drugs. 

 

In our study, the contributions of the combined use of 

C. sempervirens leaf extract and the antibiotic 

amoxicillin trihydrate to the activity of the antibiotic 

are given in Figure 2. If the antibacterial activity of two 

agents used together is greater than the sum of the 

antibacterial activities of the individual agents, it shows 

a synergistic effect. While C. sempervirens leaf extract 

did not show activity on S. typhimurium and E. coli 

ATCC 8739 bacteria, the leaf extract used together 

with the antibiotic (amoxicillin trihydrate) showed a 

synergistic effect by increasing the existing activity of 

the antibiotic. 

 

 

Figure 2. Antibacterial activity of combined use of amoxicillin trihydrate and C. sempervirens leaf extracts on bacteria 

 

When C. sempervirens leaf extract was used together 

with the antibiotic amoxicillin trihydrate, it was 

observed that it contributed to the existing effect of the 

antibiotic on Coliform-3, Coliform-4, E. coli ATCC 

25922 and S. abony bacteria. Studies in the literature 

have determined that C. sempervirens leaf extracts 

have antibacterial activity on many bacteria [23-25]. In 

our study, the effectiveness of C. sempervirens leaf 

extract on 3 of the 4 coliform bacteria isolated from 

wastewater emphasizes the importance of plant extracts 

against microbial resistance. In addition, our study 

provides important data to the literature by revealing 

that the use of C. sempervirens leaf extract together 

with amoxicillin trihydrate increases the antibacterial 

activity.  

 

Our study confirmed that plants can indeed be a source 

of compounds that can potentiate the activity of 

antibiotics against bacterial pathogens. From studies in 

the literature, it was seen that synergistic interactions 

between plant extracts and antibiotics could support β-

lactamase inhibition, blocking drug flow, increasing 

permeability and antibacterial activity due to 

alternative mechanisms of action [26,27]. 
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Abstract: It is more convenient to use fractional derivatives and integrals to express and 

represent rapid changes than to use integer derivatives and integrals. For this reason, 

fractional analysis has been found worthy of study in many fields. In recent years, fractional 

derivatives and integrals have been discussed together with inequality theory and the studies 

have attracted attention. In this article, we discuss new Hermite-Hadamard type 

approximations for strongly s − convex functions with the help of Atangana-Baleanu 

fractional integral operators. Additionally, new upper bounds have been obtained using 

various auxiliary inequalities with the help of twice differentiable strongly convex functions. 

 

Atangana-Baleanu Kesirli İntegral Operatörler Yardımıyla Güçlü s-Konveks Fonksiyonlar 

İçin Eşitsizlikler 
 

 

Anahtar Kelimeler 

Hermite-Hadamard 

eşitsizliği, 

Güçlü s-konveks 

fonksiyon,  

Atangana-Baleanu 

kesirli integral 

Öz: Hızlı değişimleri ifade etmek ve temsil etmek için kesirli türev ve integraller kullanmak 

tamsayı mertebeden türev ve integralleri kullanmaktan daha uygun olmaktadır. Bu nedenle 

kesirli analiz birçok alanda çalışılmaya değer bulunmuştur. Son yıllarda da kesirli türev ve 

integraller eşitsizlik teorisiyle birlikte ele alınmış ve yapılan çalışmalar dikkat çekmiştir. Biz 

de bu makalede, Atangana-Baleanu kesirli integral operatörler yardımıyla güçlü s −
konveks fonksiyonlar için Hermite-Hadamard tipli yeni tahminleri tartışıyoruz. Ayrıca, iki 

kez türevlenebilen güçlü konveks fonksiyonlar yardımıyla, çeşitli yardımcı eşitsizlikler 

kullanılarak yeni üst sınırlar elde edilmiştir. 

 

1. INTRODUCTION 

 

The discovery of mathematical inequalities in the 

twentieth century, leading to numerous new results and 

research problems, has contributed to the expansion of 

mathematics into different areas. Many studies, including 

various classical and new inequalities as well as many 

new applications and proof methods, have become the 

main resources for researchers [1,2]. Convex functions, 

which have a long history, began to find a place in 

mathematics as a result of the works of Hermite and 

Hadamard in the late 19th century. Convex functions 

increased their recognition with Jensen's systematic 

studies in 1905-1906, became an independent field of 

mathematical analysis and continued to develop rapidly. 

This rapid development can be attributed to the inclusion 

of applications of convex functions in many areas of 

mathematical analysis and the close relationship between 

the theory of convex functions and inequality theory [3,4]. 

The fact that inequalities and convex functions are not 

only significant in mathematics but also in other branches 

of science has made these topics a focused point for 

researchers, leading to numerous ongoing studies in these 

areas. 

  
The Hermite-Hadamard inequality plays an important and 

magnificent role in the literature and is stated as follows 

[5]. 

 

If :Q →  is convex in   for 1 2,    and 

1 2  , then 

 

( )
( ) ( )2

1

1 21 2

2 1

1

2 2

Q Q
Q Q x dx





  

 

++ 
  

− 
        (1) 

 

This inequality specifies the lower and upper bounds of 

the integral mean value of a convex function. In the last 

two decades, many studies have been published by 
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mathematicians regarding its generalizations and 

extensions. 

 

Fractional calculus is a branch of mathematical analysis 

that encompasses applications and research involving 

arbitrary order derivatives and integrals [6,7]. In this 

respect, the concepts of fractional derivative and 

fractional integral differ from classical derivative and 

classical integrals and are also more comprehensive than 

these concepts. 

 

The main objective of this study is to obtain new Hermite-

Hadamard inequalities for Atangana-Baleanu fractional 

integrals. Twice differentiable strongly s− convex 

functions are employed to achieve the results, and new 

inequalities are demonstrated by parameter substitutions. 

It can be easily observed that the results of this study are 

a generalization of the existing similar results in the 

literature. 

 

Definition 1: [8] A function such that :Q → , 

  is called convex function if 

 

        ( )( ) ( ) ( ) ( )1 2 1 21 1Q Q Q      + −  + −       (2) 

 

for all 1 2,    and  0,1  . 

 

In 1966, Polyak introduced the class of strongly convex 

functions and made a contribution to convex analysis. 

 

Definition 2: [9] A function such that :Q → , 

  is called strongly convex function with modulus 

0  , if 

 

      
( )( )

( ) ( ) ( ) ( )( )

1 2

2

1 2 1 2

1

 1 1

Q

Q Q

  

       

+ −

 + − − − −
    (3) 

for all 1 2,    and  0,1  . 

 

Definition 3: [9] A function such that :Q → , 

  is called strongly s− convex function with 

modulus 0  , if 

 

     
( )( )

( ) ( ) ( ) ( )( )

1 2

2

1 2 1 2

1

 1 1
ss

Q

Q Q

  

       

+ −

 + − − − −
   (4)                                             

for all 1 2,    and  0,1  . 

 

Fractional analysis has become a new field, laying the 

foundation for solving certain differential equation 

problems. Studies involving Riemann-Liouville fractional 

derivatives and integrals have begun, and it remains a 

popular field with ongoing research today [10,11,12,13]. 

Depending on the type of problem, there are multiple 

definitions to obtain the best solution. Grünwald-

Letnikov, Weyl, Marchaud, Hadamard, Erdèlyi-Kober, 

Riezs, Chen, Caputo, Osler, Khalil, Fabrizio, Atangana, 

Baleanu have made significant contributions to this 

process. In this study, we will focus on Atangana-Baleanu 

fractional integrals. 

 

In 2015, Caputo and Fabrizio introduced a new definition 

for the fractional derivative, which Caputo defined in 

1967, in order to eliminate the singularity of the kernel 

function by using the exponential function. In 2017, 

Abdeljawad and Baleanu presented the Caputo-Fabrizio 

fractional integral associated with this fractional 

derivative as following. 

 

Definition 4: [14] A function such that ( )1

20,Q   is 

called left and right side of Caputo-Fabrizio fractional 

integral, if  

 

      ( ) ( )
( )

( )
( )

( )
1

1

1 x
CF I Q x Q x Q y dy

B B






 

 

−
= +       (5) 

                                                                    

and 
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( )

( )
( )

( )
2

2

1CF

x
I Q x Q x Q y dy

B B






 

 

−
= +      (6)   

                                                                 

where 2 1  ,  0,1   and ( )B   is normalization 

function. 

 

In 2016, Atangana and Baleanu presented a new 

derivative operator and associated integral operator 

containing the Mittag-Leffler function in its kernel. The 

Mittag-Leffler function offers a more reasonable option 

than a power law in explaining the physical phenomena 

around us. This has made the Atangana-Baleanu 

fractional operator more powerful and flexible. Therefore, 

many researchers have shown great interest in using this 

operator [ 15,16,17,18,19]. 

 

Definition 5: [20,21] A function such that ( )1

20,Q   

is called left and right side of Atangana-Baleanu fractional 

integral, if 

 

 

( ) ( )

( )
( )

( ) ( )
( )( )

1

1

11
 

AB

x

I Q x

Q x Q x d
B B
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


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 
  
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−−
= + −
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 (7)     

                                           

and 

 

 

( ) ( )
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( )

( ) ( )
( )( )

2

2 11
 

AB

x

I Q x

Q x Q x d
B B





  
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−−
= + −

 
 (8)  

                                              

where 2 1  ,  0,1   and ( )B   is normalization 

function. 

 

The next section focuses on establishing new Hermite-

Hadamard type inequalities for Atangana-Baleanu 

fractional integrals involving twice differentiable strongly 

s−convex functions. To obtain these inequalities Hölder, 



 

Tr. J. Nature Sci. Volume 13, Issue 2, Page 49-60, 2024 
 

 

51 

Power-Mean, Young and Hölder-İşcan inequalities were 

used. 

 

2. MAIN RESULTS 

 

To prove our main results, we consider the following 

Lemma given by Set et al. in [19]. 

 

Lemma 1:[19]  1 2: ,Q   →  be differentiable 

mapping on ( )1 2,   with 1 2  . Then the following 

identity is valid for Atangana-Baleanu fractional integral 

operators 
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where  0,1  ,  1 2,x    and   is Gamma function. 

 

Theorem 1: Suppose that  1 2: ,Q   →  be a twice 

differentiable mapping on ( )1 2,   with 1 2   and 

 1 2,L   . If Q  is strongly s− convex on  1 2,  , for 

some ( 0,1s  with modulus 0   then following 

inequalities hold 
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where  0,1  ,  1 2,x   ,   is Gamma function and 

  is Beta function. 

 

Proof: Taking modulus on both sides of Lemma 1, we 

have 
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By using strongly s − convexity of Q , it yields 
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By calculating the above integrals, the proof is completed. 

 

Corollary 1: When we choose 1s = , Theorem 1 yields 

the following result for Atangana-Baleanu fractional 

operator 
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Corollary 2: In Theorem 1, if we choose 1 2

2
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Theorem 2: Suppose that  1 2: ,Q   →  be a twice 

differentiable mapping on ( )1 2,   with 1 2   and 

 1 2,L   . If Q

  is strongly s−convex on  1 2,  , for 

some ( 0,1s  with modulus 0   then following 

inequalities hold, 
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where  0,1  ,  1 2,x   , 
1 1 1 − −+ = , 1  ,   is 

Gamma function and   is Beta function. 
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Using strongly s − convexity, we conclude 
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By a simple computation, we get desired result. 

 

Corollary 3: Under the assumption of Theorem 2 with 

1s = , we obtain 

 

    

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( )

( )

1 2

1 1 2 2

1 1

1 1 2 2

1

2 1

AB ABI Q x I Q x

x Q x Q

B

x Q x Q

B

Q x

B

 

 

 

 

   

 

   

  





+ +

+

− + −
−



 − − −
−

+ 

−
−

               (14) 

 

( )

( ) ( ) ( )

( ) ( )( ) ( )

2

1

1

1
2

1
1

1

1

1 2 6

x

B

Q x Q x



  





  

  

 

+
−


+ 

 
   + −     −    + +   

  
 

 

( )

( ) ( ) ( )

( ) ( )( ) ( )

2

2

1

1
2

2
2

1

1
.

1 2 6

x

B

Q x Q x



  





  

  

 

+
−

+
+ 

 
   + −     −    + +   

  
 

 

 

Corollary 4: In Theorem 2, by setting 1 2
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where  0,1  ,  1 2,x   , 
1 1 1 − −+ = , 1   ,

  is Gamma function and   is Beta function. 

 

Proof: From Lemma 1 and applying Hölder inequality, 
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By using strongly s− convexity of Q
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 and by simple 

computation, the proof is completed. 
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Theorem 4: Suppose that  1 2: ,Q   →  be a twice 

differentiable mapping on ( )1 2,   with 1 2   and 

 1 2,L   . If Q

  is strongly s−convex on  1 2,  , for 

some ( 0,1s  with modulus 0   then following 

inequalities hold, 
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where  0,1  ,  1 2,x   , 1  ,   is Gamma 

function and   is Beta function. 

 

Proof: From Lemma 1 and using the power mean 

inequality, we obtain 
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Since Q
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 is strongly s− convex, by a simple 
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This completes the proof. 

 

Corollary 7: Under the assumption of Theorem 4 with 

1s = , we obtain 
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Corollary 8: In Theorem 4, if we choose 1 2

2
x

 +
= , we 

have 

 

( ) ( )

( )

( ) ( )
( ) ( )( )

( )

( ) ( ) ( )
( ) ( )( )

( )

( )

1 2

1 2 1 2

2 1

1 2

1

2 1

1 21

1 2

2 2

2

2 1

2 1
2

AB ABI Q I Q

Q Q
B

Q Q
B

Q

B

 

 









   

 
 

 

 
 

  

 




+

+

+ +   
+   

   

−
− +



−
 − −

+ 

+ 
−  

 
−

            (21) 

( )

( ) ( ) ( )

( )

( ) ( )

( )

( )

( ) ( )

( )

1
2

2 1

2

1 2

1

2

1 2 1

2

1 2

1

2

2 2 1

2

1

12 1

1 , 2
2

     
2 4 7 12

     1 , 2
2

         .
2 4 7 12

B

Q s

Q

s

Q s

Q

s








 



 

 

  

 
 

   

  

 
 

   

  

+

+

−  
  

++   

 + 
  + +   

 −
+ −
+ + + +


 + 
+ + +   


 −
+ − 
+ + + + 


 

 

Theorem 5: Suppose that  1 2: ,Q   →  be a twice 

differentiable mapping on ( )1 2,   with 1 2   and 

 1 2,L   . If Q

  is strongly s−convex on  1 2,  , for 

some ( 0,1s  with modulus 0   then following 

inequalities hold, 
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where  0,1  ,  1 2,x   , 
1 1 1 − −+ = , 1  ,   is 

Gamma function and   is Beta function. 

 

Proof: By using Lemma 1 and Young inequality, we 

obtain 
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By using strongly s− convexity of Q

 and by simple 

computation, the proof is completed. 

 

Corollary 9: Under the assumption of Theorem 5 with 
1s = , we obtain 
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Gamma function and   is Beta function. 

 

Proof: By using Lemma 1 and Hölder-İşcan inequality, 

we obtain 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( )

( )

( )

( ) ( ) ( )
( ) ( )( )

( )

( ) ( ) ( )
( )( )

1 2

1 1 2 2

1 1

1 1 2 2

2
11

1

1
0

2
1

2 1

2
0

1

2 1

1 1
1

1
1

AB ABI Q x I Q x

x Q x Q

B

x Q x Q

B

Q x

B

x
Q x d

B

x
Q x d

B

 

 

 

 








   

 

   

  






    

  


   

  

+ +

+
+

+

+

+

− + −
−



 − − −
−

+ 

−
−

−
  − + −

+ 

−
+  + −

+ 





 

( )

( ) ( ) ( )

( )
( )( ) ( ) ( )( )( )

( )
( )( ) ( )( )( )

2

1

1 1
1 11 1

1
0 0

1 1
1 11

1
0 0

1

1 1 1

   + 1 1

x

B

d Q x d

d Q x d



   

   



  

      

       

+

+ +

+

−


+ 


 − − + −




 − + −



 

 

 

( )

( ) ( ) ( )

( ) ( )( ) ( ) ( )( )( )

( )( ) ( )( )( )

2

2

1 1
1 11

2
0 0

1 1
1 11 1

2
0 0

 
1

1 1 1

   + 1 .

x

B

d Q x d

d Q x d



  

  



  

      

     

+

+

+ +

−
+

+ 


 − − + −




 + −



 

 

 

By using strongly s− convexity of Q

 and by 

computing the above integrals, we have desired result. 

 

Corollary 11: Under the assumption of Theorem 6 with 

1s = , we obtain 
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Corollary 12: : In Theorem 6, by setting 1 2
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3. DISCUSSION AND CONCLUSION 

 

In this study, new integral inequalities for strongly convex 

functions have been obtained with the help of Atangana-

Baleanu fractional integral operators. Additionally, new 

upper bounds have been obtained by applying different 

types of auxiliary inequalities. It has also been observed 

that some of these results are generalizations of 

inequalities previously obtained in the literature. 

Researchers interested in this subject can produce new 

identities and obtain different types of strongly convex 

function classes, as well as generalize the results with 

strongly convex function classes by using inequalities in 

the literature. 
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Abstract: This research describes and assesses a terahertz metamaterial absorber (TMA) with a 

simple and easy-to-produce structure consisting of gold-silicon (optical)-gold design as a refractive 

index sensing. Due to the high field limitation in the detection regime, electromagnetic (EM) 

wave’s absorption reaches 99.40% at a frequency of 3.719 THz, including a significant quality 

factor (Q-Factor) of 65.77 and a figure of merit, FoM, of 21.49. The TMA has a remarkable 

sensitivity of 1.215 THz/RIU and can be used as a refractive index sensor (RIS). The proposed 

metamaterial absorber-based sensor is susceptible to refractive index changes (1.00 to 1.05) in the 

surrounding medium. For the physical absorption mechanism, the fundamental absorption peak is 

mainly due to the simultaneous occurrence of electric and magnetic dipole resonances. The 

proposed absorber has the feature of being an excellent RIS due to its sensing and detection 

applications. 

 

 

Algılama Uygulamaları için Yüksek Hassasiyet ve Kalite Faktörüne Sahip Terahertz 

Metamalzeme Soğurucu Tabanlı Kırılma İndeks Sensörü 
 

 

Anahtar 

Kelimeler 

Soğurma, 

Polarizasyon-

bağımsız,  

Kırılma-

indeksi, 

Algılama, 

Sensör 

Öz: Bu araştırma, kırılma indisi algılaması olarak altın-silikon (optik)-altın tasarımından oluşan 

basit ve üretimi kolay bir yapıya sahip terahertz metamalzeme soğurucuyu (TMA) tanımlamakta ve 

değerlendirmektedir. Tespit rejimindeki yüksek alan sınırlaması nedeniyle, elektromanyetik (EM) 

dalganın emilimi, 65,77'lik önemli bir kalite faktörü (Q-Faktörü) ve 21,49'luk bir başarı rakamı olan 

FoM dahil olmak üzere, 3,719 THz frekansta %99,40'a ulaşır. TMA, 1,215 THz/RIU'luk makul bir 

hassasiyet sergileyen bir kırılma indisi sensörü (RIS) olarak kullanılabilir. Metamalzeme soğurucu 

tabanlı sensör, çevredeki ortamdaki kırılma indisi değişikliklerine (1,00 ila 1,05) karşı hassastır. 

Soğurma mekanizması için, temel soğurma zirvesi esas olarak elektrik ve manyetik dipol 

rezonanslarının eşzamanlı oluşumundan kaynaklanmaktadır. Önerilen soğurucu, algılama ve tespit 

uygulamaları nedeniyle mükemmel bir RIS olma özelliğine sahiptir. 

 

 

1. INTRODUCTION 

 

Since materials extracted from nature rarely interact with 

terahertz (THz) frequencies, artificial metamaterials are 

critical in interacting with electromagnetic (EM) waves 

at THz frequencies. Thanks to their exclusive features, 

such as excellent absorption/transmission and stealth, 

metamaterials reveal an extensive range of potential 

uses, such as sensors [1-6], absorbers [7-9], and imaging 

[10-12]. It has excellent potential in chemistry and 

medicine, such as biomolecular sensing, metamaterial 

devices, and diagnostic devices for cancer and infectious 

diseases. Metamaterial structures attract the attention of 

researchers due to their new and distinctive properties, 

which are very difficult to obtain by natural means, their 

excellent performance, especially in sensing, and their 

broad application capabilities. 

 

In a TMA structure, absorption performances (peaks) 

can be adjusted by altering certain structural parameters. 

Thus, TMAs can be sensors in numerous applications 

[13-16]. Biosensors [17-19] and temperature sensors 

[20,21] are designed as sensing applications. It is also 

clear that thickness and temperature sensing are not the 

only areas of use of terahertz metamaterials. In this 

regard, the use of TMAs in sensing the refractive index 

of the medium surrounding the sensor is available in the 

literature. In studies on detecting the refractive index 

(RI) of the encircling medium, quality factor (Q-factor), 
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a figure of merit (FoM), refractive index range under 

examination, and step size (refractive index unit) are 

important parameters. Table 1 lists some studies in the 

literature based on these parameters. 

 
Table 1. A comparison of the reported absorbers and the suggested 

TMA’s sensing parameters 

Reference Q-

factor 

FoM RI’s Range Step 

Size 

(RIU) 

Band 

Type 

[1] 22.05 2.94 η=1.0-1.39 0.05 Single 

[22] 32.167 6.015 η=1.1-1.90 0.20 Single 

[23] 132.05 8.887 η=1.0-1.10 0.02 Multi 

[24] N/A N/A η=1.0-2.00 0.2 Multi 

[25] 7.036 2.67 η=1.0-1.80 0.2 Single 

[26] 8.5 0.85 η=1.0-2.00 0.2 Multi 

[27] 5.5 0.4 η=1.0-1.40 0.1 Single 

[28] 35.36 94.05 η=1.0-1.05 0.01 Single 

[29] 296.3 229 η=1.0-1.10 0.02 Dual 

The 

Proposed 

Study 

65.77 21.49 η=1.0-1.05 0.01 Single 

 

It is essential to highlight some critical studies in the 

literature where the refractive index changes of the 

encircling medium are sensitive. As of 2019, a 

metamaterial absorber design with a near-perfect 

absorption response for terahertz sensing applications 

was projected and analyzed with a sensitivity of 

300GHz/RIU [1]. In studies on biomedical samples, the 

refractive index of most models is between 1.3 and 1.39, 

and the sensor reported in the author's study has high 

sensitivity for biomedical applications. An ultrathin 

multiband TMA was proposed in another study [23]. 

Simulation results reported near-perfect absorption (in 

the frequency range of 4.5 THz-6.0 THz). The authors 

also analyzed the impact of changes in the refractive 

index of the medium surrounding the absorber on the 

detection performances and implications of the analyte's 

thickness. They reported a sensitivity of 471 GHZ/RIU 

in a narrow refractive index range (η=1.0-1.1), noting 

that the presented absorber has potential applications in 

photodetectors, multispectral, biosensors, and imaging. 

In another study [28], a stainless-steel metamaterial 

absorber operating at THz was demonstrated. In this 

study, unlike metamaterial absorbers created with a 

sandwich structure (metal/dielectric/metal), they are 

made entirely of stainless-steel materials that do not 

contain a sandwich structure (metal metamaterial and 

substrate material). Thus, the authors reduced costs by 

aiming to simplify the production process. According to 

their results, by achieving a relatively high-quality factor 

(Q = 35.36) and a sensitivity of 74.18 µm/RIU based on 

the wavelength of resonance frequency, they presented 

sensor studies with a very high sensitivity compared to 

their counterparts. A dual-band TMA has been 

demonstrated by Wang et al. [29] Although the quality 

factor (6.9156) was too low in the first double-band 

absorption peak, they obtained a quality factor of 

approximately 296.3 in the second peak. It is also 

highlighted that the RIS exhibits a sensitivity of 

1900GHz/RIU for the second resonance peak. 

 

We present a simple and easy-to-fabricate terahertz 

metamaterial absorber with a gold-silicon (optical)-gold 

sandwich structure for terahertz sensing applications. 

Taking the studies given as a reference, we chose a 

smaller step size (0.01) of the refractive index of the 

medium surrounding the sensor. We offer an excellent 

RIS for sensing and detection applications with an 

acceptable high sensitivity compared to its counterparts, 

1215GHz/RIU, and a high-quality factor (Q=65.77). The 

study’s organization can be given as follows: first, the 

structural design of the proposed RIS is presented in the 

next section, and then the simulation results are reported 

in Section 3. Then, the polarization dependence of the 

proposed RIS is examined. A detailed discussion of the 

appearance of absorption peaks concerning refractive 

index changes is presented using the available scatter 

plots. A parametrical analysis is additionally performed 

to verify the selection of parameters, and lastly, the 

absorption mechanism is addressed by simulating the 

electric, magnetic field, and surface current distributions.  

 

2. METHODS AND DESIGNATION 

 

2.1. Absorption Method and Designation of Proposed 

Structure  

 

The metasurface consisting of gold (Au), which has a 

four-armed structure and an electrical conductivity (σ) of 

4.561e7 S/m, forms the upper part of the sandwich 

structure. The first of the arms was created as a 

rectangular structure with width w and length R along 

the y-axis. Afterward, this rectangular structure was 

moved away from the origin point by g. An arm of the 

unit cell was created by removing two identical 

triangular structures from the upper edges of the 

rectangular structure. After completing three more 

identical components to this arm, they were positioned 

on the silicon (optical) substrate material with 45-degree 

angle increments clockwise. The base surface of the 

substrate material was covered entirely with Gold (Au) 

to obtain a sandwich structure (Figure 1).  

 

 
Figure 1. (a) Array of unit cell, (b) bird’s eye view with design 

parameters, (c) lateral view, and (d) simulation medium 

 

Silicon (optical) material, selected from the CST 

Microwave Studio program library and containing data 

in the 350-1500THz frequency band with a 10th-order 

model with a dispersive epsilon value and a magnetic 

permeability of 1, was used as the substrate material 
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[30]. The design parameters are shown in Figure 1b, and 

the unit cell structure is depicted in lateral design views 

(Figure 1c). Furthermore, the design parameters in 

micrometers, resulting in the best absorption peak, are 

listed in Table 2. In order to conduct simulations, the 

suggested sensor creation is configured as metal-

substrate-metal. The layered structure's upper surface has 

been covered with lossy Au, which has an electrical 

conductivity of σ = 4.561×107 S/m and a thickness of 

0.1 μm, regardless of frequency. In the simulations, the 

bottom surface of the DBMA structure is covered with 

the same metal, which has a thickness of 0.4 μm. The 

finite Integration technique (FIT) was used for 

absorption performance simulations of the designed 

absorber. The unit cell receives illumination at normal 

incidence from a planar electromagnetic (EM) wave, 

where the x-axis represents the electric field (E-field) 

during the simulations. Perfectly matched layers are 

applied along the z-axis, and periodic boundary 

conditions are utilized in the x- and y-directions. (Figure 

1d).   

 
Table 2. Design parameters of the best performing TMA 

g h Px=Py R t tbase w 

1 4.5 100 52 0.1 0.4 4 

 

Metamaterial surfaces absorb EM waves based on the 

theory of impedance matching. Part of the EM waves 

will be transmitted, and some will be reflected when they 

reach the metamaterial absorber surface. Hence, it 

follows that in order to guarantee optimal absorption, the 

transmission and reflection coefficients must be as low 

as feasible. For the best absorption results, the free space 

wave and the metal array's surface impedance must 

coincide. The following formula provides the 

metamaterial's absorption rate when there is a matching 

impedance between the air and the absorber [31]: 

 

𝐴(𝜔) = 1 − 𝑅(𝜔) − 𝑇(𝜔)
= 1 − |𝑆11(𝜔)|2 − |𝑆21(𝜔)|2 

(1) 

 

A(ɷ) implies absorption, while R(ɷ) and T(ɷ) represent 

reflection and transmission, respectively. As known, 

S11(ɷ) and S21(ɷ) (as a function of frequency scattering 

parameters) obtained from the simulations yield R(ɷ) 

and T(ɷ), respectively. Simultaneous reflection and 

transmission coefficients can achieve the highest 

possible absorption rate. The thickness of the metallic 

surface on the substrate is such that T(ɷ) = 0, which 

means that the incoming wave cannot be transmitted. 

The rate of reflection is the primary factor influencing 

the metamaterial absorber's absorption property. Perfect 

absorption is attained in these circumstances, with a 

reflectance of about zero (R). Thus, the absorption 

formula, which is independent of the transmission 

parameter and solely reliant on reflection, can be stated 

as follows: 

 

𝐴(𝜔) = 1 − 𝑅(𝜔) = 1 − |𝑆11(𝜔)|2 (2) 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Outcomes  

 

Simulations using CST Microwave Studio (2023) were 

used to determine the absorption and assess the 

scattering characteristics (S11 and S21). Figure 2 displays 

the results that were achieved. The normalized input 

impedance of the proposed TMA is obtained with the 

following formula: 

 

𝑍 = ±√
(1 + 𝑆11)2 − 𝑆21

2

(1 − 𝑆11)2 − 𝑆21
2  (3) 

 

 
Figure 2. (a) S-parameters, (b) absorption spectra under normal 
oblique incidence angle, and (c) normalized impedance 
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A nearly perfect absorption at the operating frequency 

region can be achieved when the impedance matches 

between free space and a metamaterial absorber. It is 

valid if the normalized impedance of the free space (Z) is 

equal to 1 and equal to the normalized input impedance 

of the absorber. From Figure 2c, it is obviously seen that 

the condition of Z =Z0=1 is obtained at the resonance 

frequency of 3.719 THz. The absorption is 99.4% when 

the surrounding medium's refractive index is the same as 

the free space's refractive index (η=1). 

 

The absorption peak of 99.4% at 3.719 THz was 

obtained at the normal polarization angle (0 deg.) of 

incidence. To check the suitability of the proposed RIS 

for practical applications, it is plotted for various 

polarization angles from 00 to 900 in 150 increments, 

taking into account the normal incidence of the incident 

plane wave, as shown in Figure 3. All absorption 

resonance points have a high absorption rate of over 

99.4%. In addition, there is no significant change in the 

absorption resonance points in the spectrum when the 

polarization angle rises significantly, showing that the 

presented absorber sensor is not sensitive to polarization 

and is suitable for practical applications [32]. It should 

be noted that this is an expected result due to the 

symmetrical structure of the geometry. In addition, it 

was observed that the absorber presented was sensitive 

depending on the oblique angle of incidence. Assuming 

that the angle of incidence is not vital for sensor 

applications, the absorption results based on the oblique 

incidence are not included here. 

 

 
Figure 3. Absorption of the proposed sensor on different polarization 
angle 

 

In sensing applications, the sensor is considered to be 

entirely surrounded by the encircling medium. When the 

medium thickness is much larger than the consistent 

length of the light wave arriving at the sensor, this 

thickness can be considered infinite [33]. The variation 

of absorption peaks according to the refractive index 'η' 

is given in Figure 4. There is a significant shift in the 

absorption peaks in the refractive index of the medium 

surrounding the sensor. The shift feature shows that the 

proposed absorber (PA) has acceptable high absorption 

peaks even with a slight change of 0.01 in the refractive 

index. Thus, it shows that the PA acts as an outstanding 

RIS. Additionally, the peak values of the absorption 

peaks according to the η changes are given in Table 3. 

 

 
Figure 4. The absorption distributions of the proposed design based on 

changes in refractive index (η) of the encircling medium 

 
Table 3. The absorption percentages based on the η, refractive index of 
the encircling medium  

Refractive 

Index (η) 

1.00 1.01 1.02 1.03 1.04 1.05 

Absorption 99.20 98.60 99.00 98.77 98.00 97.75 

 

By observing simulation results from Figure 2b, 99.2% 

absorption rate was reached by the structure at a narrow 

absorption peak located at 3.719 THz. As is well-known, 

the quality (Q-) factor can be determined from the 

equation of Q=f / FQHM [33], where FWHM is defined 

as the full width at half maximum and f is the resonance 

frequency of EM waves. The FWHM of the PA is found 

to be 0.06264 THz, while the resonance frequency of 

EM waves is 3.719 THz.  According to the quality factor 

formula, the Q is obtained as 65.77.  

 

In Figure 5, the resonance frequencies (f0) as a function 

of the η are analyzed to understand the sensing 

performance according to the narrow absorption 

properties. The provided structure broadens the detecting 

region to obtain a noticeable sensing impact and 

reinforces the coupling of EM waves to produce a 

significant absorption effect. The obtained data from the 

resonant frequencies versus the refractive index is 

plotted with the linear fit of the data in Figure 5. The 

relationship between the resonant frequencies and the 

refractive index is determined by linear fitting as given 

in the equation of 𝑓0 = −1.2𝜂 + 4.922. 

 

Sensitivity is a critical factor to consider when assessing 

a sensor’s ability to sense. As shown below, the ratio of 

the evolution in the resonance frequency (fr) to the 

change of refractive index (η) can be used to determine 

sensitivity (S)[28]: 

 

𝑆 =
Δ𝑓𝑟

Δ𝜂
 (4) 

 

where Δ𝑓𝑟  and Δ𝜂  are the changes in the resonant 

frequency values and the refractive index, respectively. 

Thus, the sensitivity of the proposed RIS is 

approximately 1215 GHz/RIU. 
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Figure 5. (a) The simulated resonant frequency distributions versus the 

refractive index (the red line shows the functions of the linear fit of the 
distributed data) 

 

The ratio of sensitivity to FWHM of the absorber, called 

FoM, is another crucial parameter used to compare the 

detection performances of designed sensors. In our 

design, FoM was found to be 21.49. The high-quality 

factor, sensitivity as well as high FoM value make our 

design a high-quality RIS [33]. 

 

𝐹𝑜𝑀 =
S

FWHM
 (5) 

 

A parametrical investigation is provided in Figure 6 to 

justify the design parameters. From Figure 6a-c, the 

geometric parameters of the metasurface structure were 

analyzed at different values to obtain the best optimum 

absorption results.  

 

The best optimal results are given above in Table 1. 

Finally, the proposed structure was designed in diagonal 

two-arm shapes to simulate absorption. As can be seen 

from Figure 6d, the best absorption results are possible 

when a symmetrical structure is obtained. To vividly 

understand the physical mechanism of the absorption 

generated by the PA, the electric and magnetic field 

distributions at the frequency (fr=3.719 THz) 

corresponding to the absorption peak are calculated, 

respectively. While Figure 7a represents the electric field 

distribution on the upper surface (xoy-plane) of the 

presented absorber structure, Figure 7b shows the 

magnetic field distribution on the upper surface of the 

presented absorber. Figure 7c and d show the electric 

and magnetic field distributions in the xoz-plane, 

respectively. Figure 7a shows strong electric field 

distribution with regional charge accumulation in the 

absorber structure’s arms. It can be concluded that the 

local charge accumulation in the arms leads to the 

fundamental dipole’s excitation. It means that there 

exists a robust electrical resonance [28]. 

 

 

 

 

 
Figure 6. Parametric analysis based on (a) the width of each resonator, 

(b) the gap between resonators, (c) the length of each resonator, and (d) 
the number of resonators 

 

From Figures 7b and d, the opposing charges formed 

between the metallic structure on the upper surface of 

the absorber structure and the layer on the lower surface 

(see Figures 3 and f) excite the magnetic dipole [34]. It is 

seen that a substantial magnetic field increase occurs in 

the center of the structure. Briefly, the occurrence of the 

fundamental absorption peak is facilitated by the 

simultaneous activation of electric and magnetic dipole 

resonances. 
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Figure 7. (a,b) Electric and magnetic field on xoy-plane, respectively, 

(c,d) electric and magnetic field on xoz-plane, respectively, (e) surface 

current distributions on the top surface, and (f) surface current 
distributions on the bottom surface 

 

3.2. Equivalent Electrical Circuit Model 

 

A method of quasi-static estimation to figure the 

equivalent circuit model of frequency selective surfaces 

(FSS) and metamaterial structures is known as an 

equivalent circuit approach. In this approach, the 

interaction of EM waves in infinite periodic arrays is 

assumed as an EM wave along a transmission line to 

present an array. This approach approximately 

transforms a metamaterial structure into an equivalent 

electrical circuit [35]. Using this technique, an 

equivalent circuit of the proposed TMA has been 

designed and simulated using the advanced design 

systems (ADS) [36]. A single port is assigned, 

considering zero transmission coefficient in the 

equivalent circuit because of the metal-backed design. 

Each arrow component of the PA has been considered an 

LC circuit, which has been parallely connected, assigned 

as L1C1a through L4C4a, with a series of capacitors, 

assigned as C1 through C4 (Fig. 8a,b). The capacitors C1a 

through C4a represent the capacitance formed between 

the arrow-shaped metal metasurface structures and the 

ground plane, while the capacitors C1 through C4 display 

the capacitance formed between the arrow components. 

The calculated input impedance from the equivalent 

circuit of the PA is revealed in Eq. (5), while the 

impedance of Z4 is defined as [jωL4 + 1 𝑗𝜔𝐶4𝑎⁄ ]//
(1 𝑗𝜔𝐶4⁄ ) . The input impedance value obtained using 

Equation 5 is obtained with Re(Z)=371.94 ohm and 

Imag(Z)=0.00175 values at 3.719THz resonance 

frequency. Based on this, it is understood that 

mismatching is achieved between the input impedance of 

the metasurface and the free-space impedance. 

 

𝑍 = [((((𝑍4 +
1

𝑗𝜔𝐶3

) //𝑍3) +
1

𝑗𝜔𝐶2

) /

/𝑍2) +
1

𝑗𝜔𝐶1

] //𝑍1 

(6) 

 

 
Figure 8. The equivalent electrical circuit diagram on (a) top surface 

view, (b) lateral view, and (c) the equivalent circuit of the PA with the 

values of the components in detail 

 

For each identical component, the inductance and 

capacitance values formed between these structures and 

the ground plane are calculated as follows [37-39]: 

 

𝐿 = 2x10−4𝑙[ln (
𝑙

𝑤 + 𝑡
) + 1.193

+ 0.02235(
𝑤 + 𝑡

𝑙
)] 

(7) 

𝐶 = 1
(2𝜋𝑓0)2𝐿⁄  (8) 

 

The S-parameter simulation of the equivalent circuit was 

chosen in the same range as the frequency range in the 

CST simulations. The results of the S11 parameter, as a 

function of frequency, are plotted in Fig. 8c using the 

electromagnetic simulation and the equivalent electrical 

circuit simulation. The results are in good agreement 

shown in Figure 9.   

 

 
Figure 9. Comparison EM and equivalent electrical circuit simulation 
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4. CONCLUSION 

 

This theoretical study presents a single-band THz 

metamaterial absorber in the THz regime that can be 

used as an outstanding refractive index sensor. An EM 

and equivalent electrical circuit simulations are 

compared regarding the S11 reflection coefficient (in dB-

scale), resulting in a good agreement of findings by CST 

microwave studio and ADS. The proposed absorber is 

highly sensitive to changes in the surrounding medium's 

refractive index and has a polarization-independent 

property. From the analysis and the findings obtained, it 

is understood that this study demonstrates the theoretical 

feasibility and superior sensing performance. Theoretical 

findings show that the absorber-based sensor achieves a 

narrow peak absorption level of 99.20% at 3.719 THz. 

Geometric parameters can specifically be used to adjust 

the absorption. Further analysis reveals that electrical 

and magnetic resonances made the intended structure's 

efficient absorption possible. The absorber shows 

significant variations in the 3.719 THZ resonance 

frequency for different refractive indexes (0.01 steps size 

in the range of 1-1.05), and the sensitivity of the sensor 

is 1215GHz/RIU while the Q quality factor is 65.77 and 

the FoM is 21.49. Our work uses the designed terahertz 

metamaterial absorber as a refractive index sensor (RIS) 

to detect the change in the refractive index of different 

media. 
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Abstract: Pollutants resulting from industrial wastewater significantly threaten environmental 

health. Purification of wastewater, especially from the synthetic dye industry, is of great 

importance for the protection of aquatic systems. Advanced oxidation processes (AOPs), which 

are among the methods used in wastewater treatment in recent years, provide effective 

degradation of persistent organic pollutants with the help of radical species produced from 

oxidants used in the experimental environment.  

 

In this study, the removal of synthetically prepared reactive yellow 145 (RY145) dye solution 

by the sonocatalytic method, one of the AOPs, in the presence of (Mn0.37Fe0.63)2O3 catalyst and 

using persulfate as oxidant was examined. Characterization of the (Mn0.37Fe0.63)2O3 catalyst 

synthesized by the sol-gel method was carried out by XRD, SEM and EDS techniques. While 

persulfate concentration (5-10 mM), time (2-5 h) and catalyst dosage (0.25-0.75 g L-1) were 

determined as experimental parameters for the oxidation of RY145 dye, Box-Behnken design 

was preferred for modeling the experimental study. In experimental studies, the maximum 

%TOC removal was calculated as 92.98% after 5 h at 10 mM PS and 0.75 g L-1 catalyst dosage. 

 

 

Reaktif Sarı 145 Boyasının Sulu Çözeltisinin Persülfat Destekli Sonokatalitik Proses ile 

Degradasyonu 
 

 

Anahtar 

Kelimeler 

Atık su arıtımı, 

Sonokatalitik 

proses, 

 Box-Behnken 

Tasarımı, 

Azo boyar 

maddeler 

Öz: Endüstriyel atık sulardan kaynaklanan kirleticiler çevre sağlığını önemli ölçüde tehdit 

etmektedir. Özellikle boya endüstrisinden kaynaklanan atık suların arıtılması, sucul sistemlerin 

korunması açısından büyük önem taşımaktadır. Atıksu arıtımında son yıllarda kullanılan 

yöntemler arasında yer alan ileri oksidasyon prosesleri (AOP'ler), deney ortamında kullanılan 

oksidanlardan üretilen radikal türler yardımıyla kalıcı organik kirleticilerin etkin bir şekilde 

parçalanmasını sağlamaktadır. 

 

Bu çalışmada, reaktif sarı 145 (RY145) boyası içeren sentetik olarak hazırlanmış atık suyun, 

(Mn0.37Fe0.63)2O3 katalizörü varlığında ve oksidant olarak persülfat kullanılarak AOP 

tekniklerinden biri olan sonokatalitik yöntemle giderimi incelenmiştir. Sol-jel yöntemiyle 

sentezlenen (Mn0.37Fe0.63)2O3 katalizörünün kararakterizasyonu XRD, SEM ve EDS 

teknikleriyle gerçekleştirilmiştir. RY145 boyasının oksidasyonunda deneysel parametreler 

olarak persülfat konsantrasyonu (5-10 mM), süre (2-5 saat) ve katalizör dozajı (0,25-0,75 g L-1) 

belirlenirken, deneysel çalışmanın modellenmesinde Box-Behnken tasarımı tercih edilmiştir. 

Deneysel çalışmalarda 10 mM PS ve 0,75 g L-1 katalizör dozajında 5 saat sonra maksimum 

%TOC giderimi %92,98 olarak hesaplanmıştır. 

 

1. INTRODUCTION 

 

In parallel with the development of industry, it has 

become necessary to develop methods for the effective 

treatment of toxic compounds that cause environmental 

pollution without being released into natural water cycles 

[1]. Various synthetic dyes used in textile factories may 

cause changes in the oxygen content and temperature of 
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the water as a result of mixing with water, as well as 

causing a significant environmental hazard due to toxic 

species released as a result of hydrolysis, oxidation and/or 

other bio-chemical reactions of these dyes [2-4]. 

Therefore, effective methods must be applied to remove 

dyes from the aquatic environment. The processes applied 

to remove azo dyes from aqueous solutions are divided 

into three parts. These are respectively (i) physical; (ii) 

biological and (iii) chemical methods. Physical methods 

are generally based on the mass transfer mechanism or 

simple separation of dyes from aqueous solutions. 

Biological techniques require the use of microorganisms 

in the degradation process of azo dyes. In chemical 

methods, azo dyes are converted into degradation 

products by using various chemicals and theories. 

Physical methods are mainly classified as adsorption, 

filtration, ion exchange, coagulation, sedimentation and 

membrane separation. Chemical methods are generally 

grouped under Advanced oxidation techniques. Advanced 

oxidation techniques include many techniques such as 

Fenton and Fenton-based methods, Electro-oxidation, 

Ozonation, sonolysis, photolysis, and photocatalysis [5]. 

 

Reactive dyes included in synthetic textile dyes can be 

covalently bonded to the fiber structure thanks to the 

sulfonic group in their molecules and are highly water-

soluble structures [3,6]. Another classification for 

synthetic dyes is azo dyes. Azo dyes have azo groups (-

N=N-) in a complex aromatic structure. The deep color of 

these dyes is due to the azo group, and the color may 

disappear with the degradation of this group [7-9]. 

Reactive yellow 145 (RY145) dye, which contains azo 

group and monochlorotriazine, is generally used in cotton 

dyeing [6,10] and various physical and chemical 

techniques have been used to remove this dye from 

wastewater. To adsorption-based removal of RY145, 

various adsorbents such as watermelon seeds [6], KOH-

activated biochar [11], eggshell waste [12], soybean hull 

[13], MnOx-CeO2 [6], zero-valent iron/(Fe–Mn) binary 

oxide/bentonite nanocomposite [14] have been used 

previous studies. Although the adsorption method is low-

cost and simple operation, it cannot completely eliminate 

the pollutant. Recently, advanced oxidation methods 

based on reactive oxygen species (ROS) formation, 

especially hydroxyl radical (•OH), have been used in the 

oxidation of refractory organic pollutants that cannot be 

completely removed in biological treatment, such as 

textile dyestuffs [15]. In previous studies, Ni3O4-

Co3O4/Al2O3 [8], Co-Fe BTC/graphitic carbon nitride 

[16], nano CuO [17], nano-TiO2 [18], Al2O3/ZrO2 [19], 

Co1-xZnxFe2O4 nanodot coated with polyaniline [20], α-

Fe2O3@C@SiO2/TiO2 [21] nanocomposite etc. 

photocatalysts were developed for the oxidation of the 

synthetic aqueous solution of RY145 dye and their 

effectiveness in photocatalytic oxidation was examined. 

In recent years, applications of sulfate radical-based 

processes have attracted attention. Sulfate radical (SO4
•−) 

formation is produced as a result of thermal, UV and metal 

ions (metal oxides) supported activations for the 

homolytic breaking of the peroxide (0-0) bond of 

persulfate (PS) and peroxymonosulfate (PMS) structures. 

Since hydroxyl (•OH, Eo=2.80 V vs SCE), and sulfate 

radicals (SO4
•−, Eo= 2.5-3.1 V vs SCE) have very high 

oxidation potential, they react with organic pollutants 

non-selectively and at very high rates [22]. 

 

Sonochemical degradation (sonolysis) is used in support 

of other AOPs as well as being used alone. Applications 

based on sonolysis include sonocatalysis [23], 

sono/Fenton [24], sonication-ozonation [25], 

sonophotocatalysis [26], sonoelectrochemical oxidation 

[27] processes. Acoustic cavitation occurs due to 

compression and rarefaction cycles caused by ultrasonic 

emissions during sonolysis. The positive pressure caused 

by a large number of cavitation bubbles causes local high 

temperatures (5000 K) and high pressures (500 atm) in the 

solution, like a microreactor. Among the ROS formed in 

these local regions, there are also significant amounts of 

hydroxyl radicals [28-30]. Although, the most important 

disadvantages of the sonolysis process seem to be 

relatively long process time and energy consumption, the 

use of different catalysts and oxidants that have emerged 

recently are effective in solving these problems [31]. 

 

Bixbyite (Fe,Mn)2O3 and hematite (Fe2-xMnxO3), which 

are manganese iron oxide structures, are stable phases at 

low temperatures, whereas the spinel phase (Fe,Mn)3O4 

shows stability at higher temperatures [32]. It is also 

possible to obtain mixtures of these phase types at 

intermediate temperatures [33,34]. There may be different 

Mn/Fe molar ratios in the bixbyite structure depending on 

the synthesis conditions. The bixbyite-manganese iron 

oxide structure has been mostly studied as an oxygen 

storage material. Manganese iron oxide structures in 

bixbyite phase are mechanically durable and inexpensive 

oxygen-carrier materials that are suitable for chemical -

looping with oxygen uncoupling (CLOU) in the air 

reactor [33]. These types of storage materials undergo a 

reversible redox reaction with oxygen. 

 

In this study, persulfate-assisted sonocatalytic oxidation 

of RY145 dye using manganese iron oxide 

(Mn0.37Fe0.63)2O3 catalyst was examined. The effects of 

persulfate concentration, time and catalyst dosage on the 

oxidation of RY145 dye were examined using the 

response surface method and Box-Behnken design 

(BBD), and the optimum conditions were determined. 

 

2. MATERIAL AND METHOD 

 

2.1. Materials 

 

Reactive yellow 145 (RY145) was supplied from EKSOY 

Company (Adana, Türkiye) (Table 1). Potassium 

persulfate (K2S2O8), citric acid (C6H8O7), 

Mn(NO3)24H2O, and Fe(NO3)39H2O were purchased 

from Merck. 
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Table 1. Structure and properties of RY145 dye [35]. 

Properties of RY145 

Structure 

 
Molecular 

Formula 

C28H20ClN9Na4O16S5 

Molecular 

Weight 

1026.25 g mol-1 

CAS 

Registry 

Number 

93050-80-7 

Water 
solubility 

80 g L-1 

 

2.2. Method 

 

2.2.1. Synthesis of catalyst 

 

In the synthesis of manganeseIII-ironIII oxide 

((Mn0.37Fe0.63)2O3) structures, the sol-gel method was 

used to prepare Fe:Mn molar ratios of 1.7:1. Briefly, metal 

salts containing 0.17 mol Fe3+ and 0.1 mol Mn2+ were 

mixed in deionized pure water until completely dissolved. 

To this homogeneous mixture, 0.27 mol citric acid 

solution was added dropwise so that the metal ions: citric 

acid molar ratio was 1:1. It was waited in the magnetic 

stirrer at 70 °C until the gel formed, and then it was placed 

in a porcelain crucible and calcined at 700 °C for 5 h. 

 

2.2.2. Sonocatalytic oxidation 

 

The sonocatalytic experiments were carried out in capped 

pyrex glass bottles with a capacity of 150 mL. Catalyst 

and persulfate were added to 100 mL of 50 mg L-1 RY145 

solution and placed in an ultrasonic bath (Bandelin 

Sonorex, 84 W, 40 kHz). The temperature was kept 

constant at 30 °C by water circulation.  

 

2.2.3. Experimental design 

 

Box-Behnken design was used for the optimization study 

in the sonocatalytic oxidation of RY145 dyestuff. The 

most commonly used BBD for second order models in the 

surface method is a 3-level (-1, 0, +1) design. While 

persulfate (PS) concentration (X1), time (X2), and catalyst 

dosage (X3) were selected as independent variables, TOC 

removal was followed as the dependent variable, that is 

the response (Y). The lowest (-1) and highest level (+1) 

ranges for the three independent variables were selected 

as 5-10 mM PS, 2-5 h, and 0.25-0.75 g L-1 

(Mn0.37Fe0.63)2O3 catalyst (Table 2). The BBD with 3 

independent variables (k) was created as a matrix of 17 

runs (N) based on the N=2k  (k-1) + C0 formula (where 

C0 is the number of central points) by the Design-Expert 

11 program. The equation of quadratic equation showing 

the correlation between the independent variables and the 

response is as follows (Equation (1)). 

 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖

𝑘

𝑖=1

𝑋𝑖
2 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝑗𝑖

+ 𝜀 

 

(1) 
 

where, Xi and Xj point out the independent variables, ε 

represents the random error, βo, βi, βii and βij are the 

constant coefficient, the linear coefficient, the quadratic 

coefficient and the interaction coefficient, respectively. 

 

2.2.4. Determination of total organic carbon content 

 

Total organic carbon (TOC) contents of the samples taken 

were determined using the Merck TOC cell test. After the 

samples were heated at 120 °C for 2 h and were left for 1 

h to cool. Afterwards, TOC content was measured with a 

Spectroquant NOVA 30 model photometer (Merck). 

 

2.2.5. Characterization of catalyst 

 

Crystal structure analysis of manganese iron oxide was 

performed by X-Ray powder Diffractometry (XRD, 

Rigaku SmartLab model) using Cu-Kα1,2 radiation at 40 

kV from 20° to 70° at the scan rate of 2°/min. Field 

Emission Scanning Electron Microscopy (Fe-SEM, Zeiss 

Supra 55) was used to determine the morphology of the 

catalyst using Pt coating. Also, surface element 

distribution was examined with the Energy Dispersive 

Spectrometry (SEM-EDS) system. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Characterization of Manganese Iron Oxide 

 

The SEM images of the (Mn0.37Fe0.63)2O3 catalyst is given 

in Figure 1a, b. It is similar to the literature in terms of 

morphological structure [34]. Moreover, the elemental 

composition and atomic distribution of the manganese 

iron oxide catalyst are depicted in the EDS spectrum in 

Figure 1c. 

 

According to the XRD pattern given in Figure 1d, the 

presence of specific diffraction peaks (ICDD PDF-2, 01-

071-0637) belonging to the cubic bixbyite ((Mn,Fe)2O3) 

manganese iron oxide structure is seen due to, as well as 

the diffraction peaks of the hematite phase as an impurity 

[33]. Herein, XRD pattern supports bixbyite 

((Mn0.37Fe0.63)2O3) structure with 37% Mn and 63% Fe 

molar fraction. The lattice parameter of the synthesized 

magnesium iron oxide structure corresponds to a = b= c = 

9.41Å and α = β = γ = 90°, and the formation of a strong 

cubic lattice structure is observed. 
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Figure 1. SEM images (a, b), EDS spectrum (c), and XRD pattern of catalyst (d).  

 

3.2. Persulfate Assisted Sonocatalytic Oxidation of 

RY145 

 

The effects of sonolysis (US), persulfate-assisted 

sonolysis (US/PS), sonocatalysis (US/Catalyst), and 

persulfate-assisted sonocatalysis (US/PS/Catalyst) 

processes on the oxidation of RY145 dye solution were 

monitored by the decrease in TOC content. While it was 

observed that sonolysis alone and PS-assisted sonolysis 

methods were not effective on TOC removal, 18% and 

58% TOC removal was achieved with sonocatalytic and 

PS-assisted sonocatalytic methods, respectively. The 

combination of sonolysis with other systems creates a 

synergistic effect for radical formation and oxidation of 

organic pollutants. In sonolysis applications, especially 

magnetic catalysts can be distributed more 

homogeneously in the solution, thus increasing the 

effective surface area. 
 

Figure 2. TOC removal of RY145 solution at different processes 

(Catalyst: 0.25 g L-1, PS: 5 mM, t= 3.5 h). 
 

In order for the sulfate radical to form through heat 

activation, the temperature must be between 40-120 °C, 

because to break of peroxide (0-0) bond requires 140 - 

213.3 kj mol-1 a thermal activation energy [36]. Whereas, 

persulfate activation is carried out with transition metal 

ions and the formation of sulfate radical is achieved by 

Equations (2-4) at moderate temperatures [37].  

 

Mn(III) + S2O8
2- → Mn(IV) + SO4

•−+ SO4
•− (2) 

 

Fe(III) + S2O8
2- → Fe(II) + S2O8

•−   (3) 

 

Fe(II) + S2O8
2- → Fe(III) + SO4

•− + SO4
2- (4) 

Herein, the higher standard redox potential of Fe3+/Fe2+ 

(E° = 0.77 V vs SHE) allows for the oxidation of Mn3+ to 

Mn4+ (E° = 0.15 V) as giving Equation (5) and results in 

facilitating the cyclic of redox pair of Mn4+/Mn3+ [38]. 

Fe(III) + Mn(III) → Fe(II) + Mn(IV) (5) 

 

At all pH values, the formation of hydroxyl radicals may 

occur as a result of the reaction of the sulfate radical with 

water due to Equation (6) [39]. For this reason, it would 

be more accurate to accept the presence of both hydroxyl 

and sulfate radicals in the bulk solution. 

 

SO4
•− + H2O → •OH  + H+ + SO4

2-  (6) 

 

The effects of persulfate, catalyst concentration and time 

on the sonocatalytic oxidation of RY145 solution at close 

to room temperature were examined using the Box-

Behnken design, the experimental matrix and results are 

given in Table 2.  
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Table 2. BBD matrix for RY145 oxidation. 

Run no 

X1 X2 X3 TOC 

Removal 

(%)   PS (mM) Time (h) Catalyst (g L-1) 

1 5 (-1) 5 (+1) 0.50 (0) 76.82 

2 15 (+1) 3.5 (0) 0.25 (-1) 66.23 

3 5 (-1) 3.5 (0) 0.75 (+1) 73.72 

4 15 (+1) 3.5 (0) 0.75 (+1) 81.25 

5 10 (0) 2 (-1) 0.25 (-1) 59.33 

6 10 (0) 3.5 (0) 0.50 (0) 82.12 

7 5 (-1) 2 (-1) 0.50 (0) 51.82 

8 10 (0) 3.5 (0) 0.50 (0) 84.28 

9 10 (0) 5 (+1) 0.75 (+1) 92.98 

10 10 (0) 3.5 (0) 0.50 (0) 79.02 

11 10 (0) 2 (-1) 0.75 (+1) 70.33 

12 10 (0) 3.5 (0) 0.50 (0) 85.36 

13 5 (-1) 3.5 (0) 0.25 (-1) 58.54 

14 10 (0) 5 (+1) 0.25 (-1) 81.62 

15 15 (+1) 2 (-1) 0.50 (0) 62.61 

16 10 (0) 3.5 (0) 0.50 (0) 82.26 

17 15 (+1) 5 (+1) 0.50 (0) 88.21 

 

In ANOVA, the F-value (40.69) and p-value (<0.0001) of 

the proposed quadratic model (Table 3) for the 

sonocatalytic oxidation of RY145 dye solution shows an 

excellent fit to the experimental results. The compatibility 

of the model with the experimental results was also 

supported by the correlation coefficient values, R2 and 

adjusted R2, these values are 0.9812 and 0. 9571, 

respectively. In the proposed quadratic model, the most 

effective terms according to their p-values (<0.05) are the 

linear (X1, X2, X3) and quadratic (X1², X2², X3²) terms of the 

three independent variables. In contrast, the interactive 

effects of the independent variables do not have a 

significant effect on the TOC removal efficiency. When 

the polyfunctional Equation (7) of the quadratic model is 

examined, when linear terms have a positive effect, 

quadratic terms have a negative effect on the response. In 

other words, as all three independent variables increase up 

to a certain level, they have a positive effect on the 

response, but after the optimum point, their effect 

decreases or becomes constant (Figure 3). 

 
Table 3. ANOVA results of BBD for sonocatalytic oxidation of RY145 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F  

value 
P value  

Model 2163.18 9 240.35 40.69 < 0.0001 significant 

X1-PS (mM) 174.85 1 174.85 29.60 0.0010  

X2-time (h) 1140.99 1 1140.99 193.18 < 0.0001  

X3-Catalyst  
(g L-1) 

345.32 1 345.32 58.47 0.0001  

X1X2 0.0900 1 0.0900 0.0152 0.9052  

X1X3 0.0064 1 0.0064 0.0011 0.9747  

X2X3 0.0324 1 0.0324 0.0055 0.9430  

X1² 374.94 1 374.94 63.48 < 0.0001  

X2² 46.03 1 46.03 7.79 0.0268  

X3² 44.10 1 44.10 7.47 0.0292  

Residual 41.34 7 5.91    

Lack of Fit 17.74 3 5.91 1.00 0.4781 
not 
significant 

Pure Error 23.60 4 5.90    

Cor Total 2204.53 16     

 

𝑇𝑂𝐶 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 82.61 + 4.67𝑋1 +
11.94𝑋2 + 6.57𝑋3 +0.15𝑋1𝑋2 − 0.04𝑋1𝑋3  
+0.09𝑋2𝑋3 − 9.44𝑋1

2 − 3.31𝑋2
2 − 3.24 𝑋3

2 

 

 

(7) 

 

Figure 3 shows the interactive effects of PS concentration, 

catalyst dosage, and process time, which are effective in 

the PS-assisted sonocatalytic oxidation of RY145 dye, 

when a variable is kept constant. When Figure 3a is 

examined, it is seen that the processing time is an 

important parameter, and an effective TOC removal 

efficiency can be achieved especially after 4 h. A 

significant increase in TOC removal was observed when 

the PS oxidant concentration was increased up to 11 mM, 

but the efficiency started to decrease as it increased above 

11 mM.  When the PS concentration was 5 mM, TOC 

removal enhanced to 79%, whereas the PS concentration 

was increased to 11 and 15 mM the efficiency was 

observed as 94% and 89%, respectively. The reason for 

this result is that excess PS in the medium acts as a radical 

scavenger and consumes the radicals created during the 

process via Equations (8) and (9) [40]. 

 

S2O8
2- + SO4

•−→ SO4
2- + S2O8

•− k= 1.2106 M-1s-1 (8) 

 

S2O8
2- + •OH → OH- + S2O8

•−  k=1.4  107 M-1s-1 (9) 

In case the effect of catalyst dosage on TOC removal was 

examined in Figures 3b and 3c, 82% TOC removal was 

achieved with 0.25 g L-1catalyst at 5 h and 11 mM PS. 

Increasing the catalyst dosage to 0.6 g L-1increased TOC 

removal to 94% as it provided more active surfaces 

involved in radical formation. Keeping the catalyst dosage 

at 0.75 g L-1and determining TOC removal as 95% under 

the same conditions showed that there was no need to 

increase the catalyst dosage further. 
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Figure 3. The effect of time and PS concentration (a), catalyst dosage and PS concentration (b), and catalyst dosage and time on TOC removal efficiency 

(pH 5.5).  
 

According to the response surface method, the optimum 

conditions to achieve 95% TOC removal were determined 

as follows: 11 mM PS, 5 h process time, and 0.7 g L-1 

catalyst dosage. After the magnetic catalyst was collected 

with an external magnet and washed with ethanol and 

water, its reuse was tested for five runs, and 95% TOC 

removal was achieved in each cycle. 

 

Mohammad et al. [8], reported that the color removal of 

50 mg L-1 RY145 aqueous solution was completed in 60 

min at pH 3 with a catalyst dosage of 0.1 g L-1 with the 

Ni3O4-Co3O4/Al2O3 photocatalyst.  Nguyen et al. [17], 

achieved 99% color removal and 46% TOC removal for 

50 mg/L of RY145 in 45 min by using bimetallic Co-Fe 

BTC/graphitic carbon nitride nanocomposite 

photocatalyst. Vu et al. [41], achieved 98% color removal 

of RY145 (100 mg L-1) as a result of 60-min potocatalysis 

using the e-BTC/Graphene oxide (GO)-30 composite 

synthesized by microwave-assisted hydrothermal method. 

In the another study where Ag-Zn-BTC/GO composite 

was used as the photocatalyst, COD, BOD and TOC 

removals were reported as 80.06%, 81.66% and 56.13%, 

respectively, as a result of photocatalytic oxidation of 65 

mg L-1 RY145 aqueous solution for 35 min [42]. When 

the previous studies are examined, it can be seen that more 

emphasis is placed on color removal. In this study, 100% 

color removal as well as 95% TOC removal for RY145 

dye was achieved using the PS-assisted sonocatalytic 

method at 5 h. 

 

4. CONCLUSION 

 

In the study, experimental modeling was made with the 

Box-Behnken design, persulfate was used as the oxidant 

and (Mn0.37Fe0.63)2O3 was used as the catalyst in the 

sonocatalytic degradation process of RY145 dye. The 

maximum TOC removal value during experimental 

studies was 92.98%. However, according to the second-

order model obtained with the Box-Behnken design, the 

optimum conditions were determined as 11 mM PS, 5 h 

of processing time and 0.7 g L-1 catalyst dosage, and the 

TOC removal value to be obtained under these conditions 

was calculated as 95%. It has been determined that 

(Mn0.37Fe0.63)2O3 used as a catalyst can be easily separated 

from the experimental environment due to its magnetic 

properties and maintains its catalytic activity even when 

reused 5 times. The obtained ANOVA datas such as F-

value, R2 and Adj-R2 of the applied quadratic model prove 

the high compatibility of the obtained results with each 

other. The quadratic equation obtained for the removal of 

RY145 dye in the study can be used as preliminary data 

in determining experimental conditions for similar studies 
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to be carried out in this field. Considering the whole study, 

it has been shown that AOPs techniques, whose 

effectiveness has been demonstrated in many studies, can  

be applied in perfect harmony with experimental 

modeling methods. 
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Abstract: Due to the efficiency drops in solar panels at temperatures above 25°C, various panel 

surface temperature reduction studies are ongoing. Phase change materials can cool surfaces 

without needing an external energy source, but their performance varies depending on seasonal 

temperatures. Within the scope of this study, instantaneous panel surface temperatures in August 

were evaluated to present the panel temperature value of the summer months in Bingöl. Along 

with panel surface temperature values, instantaneous voltage, current, power, and efficiency 

results were also evaluated. According to the temperature measurement results made with 

thermocouples, the average and local maximum temperature on the front surface of the panel was 

55℃, and 65℃ respectively. On the other hand, according to the thermal camera measurement, it 

was understood that there was no homogeneous temperature distribution throughout the panel and 

the temperature value increased to 85℃ in some local areas. It has been understood that this 

temperature value is far from the panel operating conditions, therefore it is essential to cool the 

panels with appropriate phase change materials.  

 

 

 

Yaz Aylarında Fotovoltaik Panel Yüzey Sıcaklıkları ve Elektrik Üretiminin Deneysel 

İncelenmesi 
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PV Soğutma 

Öz: Güneş panellerinde 25 °C'nin üzerindeki yüzey sıcaklıklarda verim düşüşleri nedeniyle panel 

yüzey sıcaklığının düşürülmesi üzerine çeşitli çalışmalar devam etmektedir. Faz değiştiren 

malzemeler harici bir enerji kaynağına ihtiyaç duymadan yüzeyleri soğutabilir, ancak 

performansları mevsim sıcaklıklarına bağlı olarak değişir. Bu çalışma kapsamında Bingöl ilinde 

yaz aylarına ait panel sıcaklık değerini ortaya koymak amacıyla Ağustos ayı anlık panel yüzey 

sıcaklıkları değerlendirilmiştir. Panel yüzey sıcaklık değerlerinin yanı sıra anlık gerilim, akım, güç 

ve verim sonuçları da değerlendirilmiştir. Termokulplar ile yapılan sıcaklık ölçüm sonuçlarına 

göre panelin ön yüzeyinde ortalama ve yerel maksimum sıcaklık sırasıyla 55 °C ve 65 °C olarak 

tespit edilmiştir. Öte yandan termal kamera ölçümüne göre panel genelinde homojen bir sıcaklık 

dağılımının olmadığı ve bazı yerel bölgelerde sıcaklık değerinin 85 °C'ye kadar çıktığı 

anlaşılmıştır. Bu sıcaklık değerinin panel standart çalışma şartlarından çok uzak olduğu, 

dolayısıyla panellerin uygun faz değiştirici malzemelerle soğutulmasının önemli olduğu 

anlaşılmıştır. 

 

1. INTRODUCTION 

 

Solar energy systems are examined in two parts: collector 

applications, thermal systems, and photovoltaic panel 

(PV) applications, which produce electrical energy. 

Although the efficiency of solar thermal systems is known 

to be around 60%, the efficiency of PV panels is low, it 

changes between 12-20% [1,2]. PV efficiency depends on 

the panel material, panel type, weather conditions, solar 

incidence angle, panel surface temperature, etc. Due to the 

heat-absorbing feature of the panel material, most of the 

radiation also causes the panel to heat up. According to 

some studies, it is said that approximately 80% of the solar 

radiation coming to the panel unit surface cannot be 

converted into electrical energy, and this causes the panel 

temperature to increase [3]. Also, it has been observed that 
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as solar radiation increases during the day, panel 

temperature and panel efficiency increase together. 

However, it is known that increasing panel temperature 

negatively affects most parameters of the panel and 

ultimately decreases panel efficiency [4]. So the amount 

of electricity produced by photovoltaic panels is directly 

proportional to solar radiation and inversely proportional 

to the panel surface temperature. It is known that the 

surface temperature of a panel can rise to 40oC above the 

environmental temperature, depending on the solar 

radiation on the surface [5,6]. Although it depends on the 

environment where the experiment is performed, the 

monocrystalline panel surface temperature can increase 

from 51.8°C to 88.2°C [7]. In another study, it was 

mentioned that the temperature in the uncooled panel was 

95 °C, while the temperature in the cooled panel was 55 

°C [8]. According to some studies, if the surface 

temperature is reduced by 1 °C, PV panel efficiency 

increases by 0.5% or 0.65% [9]. In a study conducted in 

an area where solar radiation is 901 W/m2, it is mentioned 

that a 7.28% efficiency increase was achieved by reducing 

the panel surface temperature by 4.7 °C [10]. This means 

there was a 1.6% increase in panel efficiency with a 1°C 

temperature drop. In another similar study, a 7.3% 

efficiency increase was achieved with a 2.4°C 

temperature drop in the region where solar radiation was 

100-1120 W/m2 [11]. Therefore, a 3% increase in 

efficiency was achieved with a 1℃ temperature drop. 

According to these results, the increase in panel efficiency 

at a 1°C temperature drop also depends on solar radiation. 

In other words, in case of a 1°C temperature drop in 

regions with higher solar radiation, the increase in panel 

efficiency will also be higher. Bahaidarah et al., [12] 

mention that if there is a 20% decrease in panel surface 

temperature, there will be a 9% increase in electrical 

efficiency. According to the electrical data graphs in the 

study by Kane et al., [13], it shows that the change in the 

panel surface temperature from 25℃ to 75℃ and the 

change in the environmental temperature from 25℃ to 

35℃ will cause a 20%-27% change in the panel electrical 

efficiency. 

 

The best efficiency in solar panels is achieved when the 

surface temperature is 25°C at 1000W/m2 solar radiation, 

which is the panel's standard operating condition [14]. 

Today, it is known that even the best panels have a 

maximum efficiency of 17-18%, whereas monocrystalline 

panel efficiencies are generally between 12-15% [15]. It 

is also stated in literature studies that panel efficiency can 

reach up to 26% depending on the panel material [16]. 

With the increase in panel temperature, panel open circuit 

voltage, filling factor, panel output power decrease, and 

short circuit current increases [16,17]. Although the short 

circuit current (Isc) increases slightly, the open circuit 

voltage (Voc) decreases more obviously with the increase 

in panel temperature [18], so the maximum power and 

efficiency of the panel decrease significantly [14, 19]. 

 

In his study, Yılancı [14] mentions an approximately 20% 

increase in panel efficiency with appropriate 

thermoelectric cooling. Considering these situations, it is 

understood that an efficiency increase of approximately 

20-30% will be achieved by reducing the panel 

temperature from 50 °C to 40 °C in the summer months 

when solar radiation is at its highest. Therefore, it is 

predicted that panel efficiency will increase by up to 50% 

with good cooling. There are studies stating that PV/T 

systems will always produce more electricity, the payback 

period will be shorter, and their lifespan will be longer 

than the PV system [20]. It is also possible to store energy 

as electricity or heat in PV/T systems. Kabul and Duran 

[8] achieved a 7% increase in efficiency and a 31% 

increase in power by reducing the panel surface 

temperature by using cold water in the PV/T study. It has 

been determined that if nanofluid water is used instead of 

pure water in PV/T systems, much better cooling will be 

achieved on the panel surface, hot water can be obtained 

and the electrical output power will be 51% higher [21]. 

Gürbüz et al. [22] by using commercial-type phase change 

material (RT55) for cooling purposes, a maximum power 

of 31.5W was achieved in a 40W power PV/T panel with 

424 × 674 × 25 dimensions and 36° angle. The necessity 

of cooling PV and PV/T modules due to high summer 

temperatures is established in much literature [23]. Kerem 

et al. [17] stated in their study at Osmaniye Korkut Ata 

University that the panel efficiency increased by 14% as 

a result of cooling the panel surface with cold water. It is 

understood that effective surface cooling of PV panels is 

very important in terms of efficiency.  

 

Panel active cooling systems require pumps, compressors, 

etc. Since they use energy-consuming devices, they 

reduce the efficiency of the entire system. Passive cooling 

systems developed as an alternative to these can provide 

a lower cost of energy produced in the long run, as there 

are no energy-consuming devices. Passive cooling 

systems, which are more economical and state-of-the-art, 

are under development. Phase change materials are being 

tested within the scope of passive cooling systems. 

However, since phase change materials(PCM) have 

different melting/freezing temperatures and the 

daily/annual operating conditions of solar panels 

constantly change, PCMs to be used in passive cooling 

systems must be carefully selected. It will not be possible 

to use the system actively in the long term with a 

randomly selected phase change material. To select 

appropriate phase change materials, it is necessary to 

know the long-term operating conditions of PV panels in 

different regions. Particularly local solar radiation and 

panel temperature data will be of great importance in the 

studies to be carried out. With the use of relevant 

comprehensive data, more appropriate PCM selection and 

passive cooling system designs will be useful for a longer 

period. In this sense, instantaneous and average 

experimental/numerical data are to be obtained for each 

region to be used for proper PCM selections.  

 

It is also possible to passively cool PV panels by using a 

thermoelectric generator. There are studies in this field 

using thermoelectric coolers (TEC), which have the same 

operating principle as thermoelectric generators [24, 25]. 

However, if a thermoelectric cooler is used in panel 

cooling, electricity will be consumed, but if a 

thermoelectric generator(TEG) is used instead, no 

additional electrical energy will be used, and additional 

electrical energy will be produced from the heat of the hot 
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panel. This will increase the total efficiency of the 

PV/TEG system. So is of great importance to determine 

the surface temperatures of panels in different regions and 

different climatic conditions to design good systems, 

whether it is a PV/PCM or PV/TEG system, which can be 

called panel passive cooling systems. 

 

In this study, panel surface temperatures, panel power, 

and efficiency were investigated in the high-temperature 

month of August in Bingöl province, to serve as a 

reference for future studies on panel cooling. For this 

purpose, data obtained from the panel's front and back 

surfaces were evaluated. The panel temperatures to be 

obtained for Bingöl province within the scope of our study 

will be of great importance for suitable designs in suitable 

PV/TEG or PV/PCM passive cooling systems. 

 

2. MATERIAL AND METHOD 

 

Bingöl province, located in the northern hemisphere of the 

world, is surrounded by Muş in the east, Erzurum and 

Erzincan in the north, Tunceli and Elazığ in the west, and 

Diyarbakır in the south(Figure 1a). Bingöl borders are 

between 41 - 20 and 39 - 56 eastern longitudes and 39 - 

31 and 36 - 28 northern latitudes. High temperatures in 

Bingöl start in mid-June and last until mid-September. 

The average daily high temperature on these dates is 

above 28°C. The hottest months in the Bingöl region are 

July and August. In these months, the average high 

temperature is 33°C, the low temperature is 19°C, and 

maximum temperatures can reach 40°C [26]. Bingöl's 

annual sunshine duration is 2719 hours, and as seen from 

Bingöl’s solar map (Figure 1b) annual average solar 

radiation is around 1650 kWh/m2.

 

 
a) 

 
b) 

Figure 1. a)The location of Bingöl on the map of Turkey    b)Solar radiation map of Bingöl (GEPA)[27] 

 

Turkey Solar Energy Atlas [27] data were taken as the 

basis for solar radiation values. Accordingly, Figure 2a 

shows the amounts of solar radiation in Bingöl province 

by month, and Figure 2b shows the daily sunshine 

distribution for months. Here, the daily average amount of 

solar radiation is 5.81kWh/m2-day, and the average daily 

sunshine duration is 10.7 hours for August. In the light of 

these data, the total solar radiation (E) incident on the 

panel surface is equal to the product of the solar radiation 

falling on the panel unit area (I) and the panel effective 

surface area (Ap) and can be calculated with equation 

number 1 [16, 28]. The electrical efficiency (η) of a panel 

shows the ratio of the maximum electrical energy (Pmax) 

obtained from the panel to the total solar radiation (E) 

incident on the panel surface [16, 28]. Panel efficiency can 

be calculated with Equation 2. In Equation 2 and Equation 

3 Imax, Vmax, Isc, Voc, and FF indicate the maximum current, 

maximum voltage, short circuit current, open circuit 

voltage, and fill factor, respectively. In the study, 

instantaneous electricity and temperature data were taken 

throughout the day in August, one of the hottest months 

of the year. According to meteorological data, on the 

relevant date (26 August - 3 September 2023), the related 

Bingöl outdoor temperature is between 30-31℃ and the 

average wind speed is 7m/s. 
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a) 

 
b) 

Figure 2. a) Global radiation values (kWh/m2-day) of Bingöl, b)The daily sunshine duration of Bingöl(hour)(GEPA)[27] 

 

E = IxAp  (1) 

  

𝜂 =
𝑃𝑚𝑎𝑥

𝐸
=  

𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐼𝑥𝐴𝑝
=  

𝐼𝑠𝑐𝑥𝑉𝑜𝑐𝑥𝐹𝐹

𝐼𝑥𝐴𝑝
 (2) 

  

𝐹𝐹 =  
𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐼𝑠𝑐𝑥𝑉𝑜𝑐
 (3) 

 

Two identical panels with 25W power were used to 

investigate panel production power, efficiency, and panel 

surface temperatures. The monocrystalline panel, whose 

properties are given in Table 1, was preferred because it 

is the most preferred in Turkey and has higher efficiency 

than polycrystalline [29]. 

 
Table 1. Panel label data 

 

Instantaneous voltage and current values were noted with 

a digital voltmeter/ampermeter. 10 LED lamps with a 

power of 1.5W and 1 single lamp with a power of 10W 

were used to create resistance to read the current and 

voltage values through the system (Figure 3, Table 2). As 

seen in Figure 3, temperature data were taken with digital 

thermometers at a total of 6 points on both panels, 4 points 

on the front surface of the panel (T1, T2, T3, T4), 2 points 

on the back surface of the panel (T5, T6). Ambient 

temperature (To) was also measured for accurate 

evaluation of panel surface temperatures. Surface 

temperatures were measured with the help of k-type 

thermocouples in the 2-channel CEM DT 612 model 

thermometer and the 4-channel CEM DT 3891G model 

digital thermometer (Table 2). Temperature data were 

taken with the thermal camera also to see local 

temperature changes.  

 
Table 2. Information of devices used 

Instrument name Measurement 

range 

working 

environment 

conditions 

Error 

rate 

Digital manual-type 

thermometer 

With 2 two input 
signals 

-50°C 

÷1300°C 
0°C  ÷50°C  ±2.2°C 

or 

±0.75% 

 

 
Digital manual type 

thermometer with 4 

input signals 

 

 

-50 ÷ 1370°C  

0°C  ÷75°C ± 0,15 % 

K type 
± 2 % 

Infrared 

Voltmeter 
/amper meter 

Dc 4.5-100V 
Dc 0.00-

10.00A 

-10℃ ÷65℃ ± 1%  

Thermal Camera -30÷ 750℃ -15÷ 50℃  

Resistance 10 of 1.5W led lamps +10W single lamp 

 

A thermal camera, whose detailed specifications are given 

in Table 2, was used to see local temperature fluctuations 

on the surface. The data were taken at 15-minute intervals 

during the daytime between 10:30 and 16:30 when solar 

radiation is at its highest. 

 

A 45° tilt angle was used in this study as the best data was 

obtained at the related angle according to our previous 

study[29]. It is known that the highest efficiency is 

achieved in regions located in the northern hemisphere if  

the solar panels are directed toward the south. In this 

regard, the panels are oriented towards the south(Figure 

4). The experimental setup was installed in an 

environment where there was no shadow factor between 

the specified measurement times. 

 

 

Rated Power (Pm) 25W 

Type Monocrystal 

Total Number of Cells (Ns) 36 

Open Circuit Voltage (Voc) 24.84V 

Max. Voltage  (Vmp) 20.70V 

Short Circuit Current (Asc) 1.27A 

Max. Current (Amp) 1.21A 

Max. System Voltage (V) 1000V 

Module Dimensions (mm) 

Panel efektif alanı(Ap) 

362*433*20 

0.157m2 

Weight (kg) 1.68 
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Figure 3. Experimental setup 
 

3. RESULTS  

 

The changes in panel surface instantaneous temperature 

(Tps) data taken in different weeks in August according to 

time (h) are presented in Figure 5. As seen in the figure, 

digital temperature measurements were taken from two 

points on the back surface of the panel and four points on 

the front surface of the panel, measured with an interval 

of 15 minutes. According to the results, the front surface 

temperatures of the panel (T1, T2, T3, and T4) were 

generally higher than back surface temperatures (T5, and 

T6) with a difference of 10℃. It has been understood that 

a temperature difference of 10℃ between the front and 

back surfaces of the panel is compatible with the literature  

 

[28]. According to the temperature measurement results 

made with thermocouples, the average temperature on the 

front surface of the panel was 55℃, local maximum 

temperature also reached 65℃. From the relevant graph, 

it can be read that all panel front temperatures are above 

45℃. The average temperature value of the back surface 

was calculated as 45℃. It is also possible to read similar 

results from the instantaneous temperature graph (Figure 

5).  According to Figure 5, it is seen that the panel front 

surface temperature data is much higher than the 

environmental temperature (> To = 35℃) throughout the 

day, and the panel back temperatures T5 and T6 are close 

to the environmental temperature.  

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 5. Instant temperature graphs, a) First day, b)Second day, c)Third day, d) Fourth-day data 
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According to the data taken from another day, it is seen 

that the panel minimum surface temperature is around 

30℃ throughout the day, the average temperature is 

around 40-45℃, and the maximum surface temperature 

rises to 80℃ at 12:30 (Figure 7b). Therefore, due to their 

ability to absorb and retain heat, panel temperatures can 

reach up to 80-85℃ (Figure 6c and Figure 7b). However, 

according to both meteorological data and also according 

to Figure 5b, and Figure 5c, the average temperature value 

of the surrounding environment (To)  on the relevant date 

is 30-36℃. 

 

Thermal camera images were taken from the panel's front 

surface every two hours. Thermal images of the panel 

pair, whose real images are shown in Figure 3 and Figure 

4, and corresponding clocks, are presented in Figure 6 and 

Figure 7. The images more clearly reveal a non-uniform 

temperature distribution on the panel surfaces. Although 

the panels are identical in Figure 6, at different times 

(11:30, 12:30, 13:30, 14:30),  a higher temperature region 

was detected in the second panel. It is thought that the 

relevant temperature difference is due to the insufficient 

orientation of the panel towards the south. It can be said 

that this situation is related to the Azimuth angle not being 

adjusted properly. As it is known, while the panels are 

oriented exactly to the south, they can lean a little east or 

a little west. This can be possible by adjusting the 

Azimuth angle professionally.   According to the images, 

higher temperature regions were seen in the upper region 

of both panels. During the day, the minimum temperature 

value is approximately 40℃ (Figure 6c, Figure 6d), the 

minimum average temperature is approximately 45℃, 

and the maximum temperature is up to 85℃ (Figure 6c). 

In similar literature studies, it was understood that the 

average solar radiation value was 1100W/m2 between 

11:00 and 13:00 hours, and the panel temperature was 

around 110℃ [30]. 

 

It is also stated in the literature that the monocrystalline 

panel surface temperature can increase from 51.8°C to 

88.2°C, depending on the environment temperature in 

which the experiment is performed [7]. In the study 

conducted for Isparta province, it was mentioned that the 

temperature in the uncooled panel was 95 °C, while the 

average temperature in the cooled panel was 55 °C [8]. If 

the panel surface temperature value of Bingöl is high like 

this, located in the northern hemisphere of Turkey, it is 

clear that these temperatures will be even higher in the 

southern provinces such as Antalya, Şanlı Urfa etc. So it 

is essential to cool the solar power systems to be installed 

in the relevant regions with appropriate cooling methods, 

both to increase their electrical efficiency and make the 

panels last longer. Since the high temperatures the panels 

are exposed to will deteriorate the structure of the panels, 

the panels will have a shorter lifespan and produce less 

electricity than expected. 
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a) 

 
b) 

 
c) 

 
d) 

Figure 6. Thermal images of PV panel,   a) at 11:30, b) at 12:30, c) at 13:30, d) at 14:30 

 
Since high temperatures are a result of high solar 

radiation, high solar radiation increases both the panel 

surface temperature and electrical data. For example, 

according to the temperature data on the first day (Figure 

5a), since the panel temperatures were not stable 

throughout the day, the electricity efficiency curve peaked 

in a narrower range (between 12.00 and 15.30) (Figure 

8a). In Figure 5b, temperatures throughout the day 

(especially the panel front surface temperatures T1, T2, T3, 

and T4 values) are more uniform and higher, and in 

parallel, the related electrical data is also higher (Figure 

8b). 
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a) 

 
b) 

 
c) 

 
d) 

Figure 7. Thermal images of PV, a) at 10:30, b)at 12:30, c) at 14:30, d) at 15:30 

 
The ideal panel temperature value should be 25℃ 

according to literature research. According to the IEC 

60904-3 [31] panel standard, it is stated that at 1000 W/m2 

radiation, which is the standard test conditions, the air 

mass flow rate is 1.5 and the relevant panel ideal 

temperature value is 25℃. Under the same radiation 

intensity, panel surface temperatures closest to 25℃ will 

be the most efficient. In this regard, the high surface 

temperature of panels should be reduced with appropriate 

cooling methods. Therefore, if the surface temperature 

had been reduced with proper cooling on the second day, 

the efficiency would have been higher (Figure 5b and 

Figure 8b). Various literature has stated that by reducing 

panel temperatures by applying appropriate cooling under 

the same radiation conditions, significant efficiency 

increases will be achieved and panel life will increase, as 

thermal stresses that will occur in the material will be 

prevented [15, 32, 33].  Figure 8 shows that panel power 

and efficiency values are at their highest during the 12:00-

15:00 hours when the solar radiation value is highest. 

Parallel to this, panel front surface temperatures increase 

proportionally during the same hours. Therefore, in 

passive cooling designs can be developed especially for 

these noon hours. 
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a) 

 
b) 

Figure 8. Instant electrical data, a) First day,  b)Second day  

 
Gürbüz et al. [22] by using commercial-type PCM (RT55) 

for cooling purposes in a 40W PV/T panel, a maximum 

power of 31.5W was achieved. Considering that the 

maximum electricity obtained without cooling in the 25W 

panel used in this study is around 11-12W (Figure 8a, 

Figure 8b),  Gürbüz et al., [22] reported significant 

efficiency gains with panel cooling (FDM cooling) in the 

PV/T study. While an average of 20W electricity was 

expected to be obtained without cooling from a 40W 

panel, approximately 1.5 times higher electricity (31.5W) 

was obtained with the hot water obtained. If we make an 

evaluation from here, there is actually an increase in 

efficiency of at least 30% thanks to PCM. For example, in 

another study conducted for Pakistani climate conditions, 

it was mentioned that the breading yield was increased by 

29% with the organic PCM used [34]. Based on all these 

results, it is of great importance for the country's 

economies to carefully observe the increasing panel 

temperatures, especially in the summer months, and to 

carry out appropriate cooling processes. For panel passive 

cooling systems, especially those developed using PCM, 

to have relatively longer and wider usage areas, data on 

the outdoor temperatures where the panel is operated and 

the panel surface temperature will be needed. In this 

regard, the operating conditions of panels and relevant 

panel surface temperature data should be established 

throughout the country, especially in the summer months. 

 

4. DISCUSSION AND CONCLUSION 

 

Passive cooling systems that are more effective and more 

economical should be developed. So there is a need to 

select the appropriate phase change materials with 

suitable melting/freezing temperatures and to have 

specific passive cooling systems for certain climatic 

conditions and certain regions. To select appropriate 

phase change materials, it is necessary to know the long-

term operating conditions of PV panels in different 

regions. Particularly local solar radiation and panel 

temperature data will be of great importance in the studies 

to be carried out. With the use of relevant comprehensive 

data, more appropriate phase change material selection 

and passive cooling system designs that will be useful for 

a longer period will be possible. In this sense, the 

instantaneous and average experimental and numerical 

data obtained for each region to be used in panel cooling 

studies are important in selecting the appropriate PCM. 

According to the results of the 25W monocrystalline panel 

used in our study, panel efficiency values were found to 

be as low as 3% to 13%. Due to their heat-absorbing 

properties, solar panels absorb most of the solar energy as 

heat, approximately 80% or 60% [3, 16]. This causes the 

panel surface temperatures to warm up well above the 

ambient temperature. According to our study, data taken 

in August, one of the hottest months in Bingöl, the 

temperature value of the panel front surface was on 

average 10℃ higher than the rear surface. On the other 

hands front surface temperature values can rise to a 

maximum of 85°C, especially during the noon hours 

(12:00-15:00), when solar radiation values are most 

intense, in parallel with the radiation intensity. In this 

regard, PCM material selection and system design 

accordingly can provide better performance, especially in 

passive cooling designs. For example, according to the 

thermal camera temperature results, the maximum 

temperature was 85℃ on one day and 80℃ on the other 

day. In this case, if higher efficiency will be obtained from 

the panel, especially at noon hours, PCM material with an 

average melting temperature of 50-65C can be used. Or, 

if it is desired to increase efficiency throughout the day, 

the PCM melting temperature can be selected lower a. 

Ccordint to average temperature of panel surface. For 

example, if the average temperature of the panel 

throughout the day is around 55-60C, it would be more 

appropriate to choose a PCM melting point of 40-45℃. 

Of course, these scenarios need to be tested in the field 

and more data must be obtained for different regions and 

different seasons. Different material performances can be 

tried in this range. Thus, material melting temperature 

selections can be made more accurately thanks to 

extensive panel surface temperature data. 

 

Panel efficiency will be further increased if the panel 

temperature is reduced from 85℃ to at least the 

environment temperature (40℃) with appropriate cooling 

methods within the relevant period. The panel 

temperature values obtained as a result of our study are of 

great importance for the selection of appropriate PCMs, 

especially in passive cooling, which is likely to be used in 

the future.  In this regard, if the panel surface temperature 

has reached a maximum of 85℃ in Bingöl province, these 

temperatures will be much higher in the southern 

provinces of Turkey. So cooling operations will be more 

meaningful as they will provide a higher efficiency 
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increase in southern regions. In northern regions where 

radiation is low, the application of passive cooling 

systems is more suitable in terms of system total cost and 

total efficiency. As can be seen, the widespread use of 

cooling PV panels, both passively and actively, will 

increase panel efficiency. In this respect, any progress in 

both active and passive cooling methods will be 

important. In active cooling/heating systems such as 

vapor compression cooling systems or heat pumps, 

additional electricity is consumed in the system because a 

pump or fan systems are used to circulate the intermediate 

fluid[35]. However, since there is no pump or fan in 

passive systems, there is no additional energy cost. In 

southern regions where radiation is higher, active or 

passive cooling systems may be preferred, but it would be 

more appropriate to choose passive systems as they are 

more economical in the long term [36]. In addition, 

studies on increasing the conductivity coefficient of PCM 

material continue in these studies. For example, there are 

studies using nanomaterials to increase the transmission 

coefficient of the PCM material in order to achieve higher 

efficiency in this field [37].   In addition, since PV panel 

cooling is costly, increasing panel applications that do not 

require cooling will be an important development. For 

example, it is possible to use PV panels more efficiently 

in moving vehicles. Since the PV cells to be used on the 

top, front, and sides of the vehicle will be exposed to 

airflow while in motion, they will be protected from 

overheating that will cause efficiency drops and there will 

be no need for panel cooling. In this regard, studies on the 

use of PV panels in moving objects such as vehicles 

should be accelerated. It would be beneficial for future 

panel cooling studies to be carried out in this direction. In 

addition, another way to reduce panel cooling system 

costs will of course be PV/T systems. The widespread use 

of PV/T panels on roofs is extremely important in terms 

of meeting building electricity and hot water needs more 

efficiently. As a matter of fact, in PV/T systems, the 

complete system will be much more efficient as the PV 

panel will be actively cooled thanks to the domestic water 

circulated behind the PV panel. As we mentioned in our 

previous study [37], under normal conditions, if the 

payback period of PV systems installed on the roof of a 

house is 6 years on average, if this system is designed as 

PV/T, this payback period will be approximately halved. 

It is clear that the dissemination of PV/T systems, 

especially in industry, will make a significant contribution 

to the economy. Because in the industrial area, there is a 

need for hot water, hot air, heat pump etc. It will be 

possible to meet the electricity needs with the electricity 

produced at high efficiency by using it for the needs and 

by actively cooling the PV system. In solar energy 

systems, PV/T systems should be considered first, 

depending on the facilities located in the installation area. 

It would be more logical to choose a PV/T system instead 

of classical PV in all regions that require hot water or hot 

air (such as a heat pump). 
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Abstract: The eco-friendly green synthesis of silver nanoparticles (AgNPs) using Ocimum 

basilicum (basil) extract at varying extraction temperatures (40, 60, 80, and 100°C) was 

investigated to determine the optimal conditions for nanoparticle formation. Analysis methods 

such UV-Vis spectrophotometry, Fourier Transform Infrared Spectroscopy (FTIR), X-ray 

Diffraction (XRD), and Transmission Electron Microscopy (TEM) confirmed the crystalline, 

spherical nature of AgNPs and identified phytochemicals acting as capping and reducing agents. 

Notably, it was found that the extraction temperature influenced both the DPPH radical scavenging 

activity and the structural properties of AgNPs. TEM analysis revealed that higher extraction 

temperatures led to increased nanoparticle formation efficiency but also resulted in wider size 

distribution. The crystallite sizes of AgNPs synthesized at different extraction temperatures were 

determined to be 12.45 nm, 18.77 nm, 17.76 nm, and 16.03 nm, respectively, using the Scherrer 

equation. The hydrodynamic sizes of the AgNPs ranged between 158.1 and 333.7 nm. The study 

highlights the critical role of extraction temperature in the synthesis process, proposing 40°C as 

the optimal temperature for achieving efficient and environmentally friendly synthesis of AgNPs 

with enhanced biological activities. 

 

 

Ocimum basilicum (Fesleğen) Bitkisinin Farklı Ekstraksiyon Sıcaklıklarının Gümüş 

Nanopartikül Sentezine Etkisinin Değerlendirilmesi 
 

 

Anahtar 

Kelimeler 

Yeşil sentez,  

Ekstraksiyon, 

Ocimum 

basilicum, 

Gümüş 

nanopartikül 

Öz: Ocimum basilicum (fesleğen) özütü kullanılarak çeşitli ekstraksiyon sıcaklıklarında (40, 60, 

80, ve 100°C) çevre dostu yeşil sentez yöntemi ile gümüş nanopartikülleri (AgNPs) sentezi 

araştırıldı. Nanopartikül oluşumunun optimal koşullarını belirlemek için UV-Vis 

spektrofotometri, Fourier Dönüşümlü Kızılötesi Spektroskopi (FTIR), X-ışını Kırınımı (XRD) ve 

Geçirimli Elektron Mikroskobu (TEM) gibi analiz yöntemleri kullanıldı. Bu yöntemlerle 

AgNPs'lerin kristalin ve küresel yapısı doğrulanmış ve kaplama ile indirgeyici ajan olarak hareket 

eden fitokimyasallar tespit edilmiştir. Özellikle, ekstraksiyon sıcaklığının hem DPPH radikal 

süpürme aktivitesini hem de AgNPs'nin yapısal özelliklerini etkilediği bulunmuştur. TEM analizi, 

daha yüksek ekstraksiyon sıcaklıklarının nanopartikül oluşum verimliliğinin artmasına yol açtığını 

ancak aynı zamanda daha geniş boyut dağılımına yol açtığını ortaya çıkardı. Farklı ekstraksiyon 

sıcaklıklarında sentezlenen AgNPs'lerin kristalit boyutları Scherrer denklemi kullanılarak sırasıyla 

12.45 nm, 18.77 nm, 17.76 nm ve 16.03 nm olarak hesaplanmıştır. AgNPs'nin hidrodinamik 

boyutlarının 158.1 ile 333.7 nm arasında değişmiştir. Çalışma, ekstraksiyon sıcaklığının sentez 

sürecindeki kritik rolünü vurgulayarak, gelişmiş biyolojik aktivitelere sahip AgNP'lerin verimli ve 

çevre dostu sentezini için 40 °C’yi en uygun ekstraksiyon sıcaklığı olarak önermektedir. 
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1. INTRODUCTION 

 

Nanotechnology is an interdisciplinary field of research 

and innovation taht focused on building constructing 

materials and devices at the atomic and molecular scale, 

typically within the size range of one nanometer (one 

billionth of a meter, or 10-9 meters) [1]. Nanoparticles are 

recognized as essential building blocks within 

nanotechnology, holding the potential to revolutionize a 

broad spectrum of applications [2]. These miniature 

particles, with sizes ranging from 1 to 100 nanometers 

(nm), exhibit unique physical, chemical, and biological 

properties that differ significantly from those of bulk 

materials. Due to their small size, nanoparticles possess a 

high surface area to volume ratio, resulting in heightened 

reactivity and interaction with biological systems [3]. 

Nanoparticles, which include metallic (such as gold, 

silver, and platinum), metal oxide (including titanium 

dioxide, zinc oxide, and iron oxide), quantum dots, 

carbon-based (fullerenes, carbon nanotubes, graphene), 

ceramic, polymeric, and lipid-based varieties, offer a 

diverse range of applications from catalysis, medical 

imaging, and drug delivery to cosmetics, electronics, 

energy solutions, and pharmaceuticals, due to unique 

properties like conductivity, optical characteristics, 

mechanical strength, and magnetic or electronic 

behaviour [5].  Silver nanoparticles (AgNPs), among 

others, exhibit a multitude of biological properties that 

render them promising candidates for a variousbiomedical 

applications. Their diverse properties include 

antimicrobial activity against a broad spectrum of 

pathogens, including bacteria, fungi and viruses [5]. 

AgNPs exert their antimicrobial effect through diverse 

mechanisms, such as disrupting of microbial cell 

membranes, interfering with key cellular processes and 

including  oxidative stress leading to cell death [6]. In 

addition, silver nanoparticles exhibit remarkable anti-

inflammatory properties by modulating the production of 

pro-inflammatory cytokines and attenuating the activation 

of inflammatory cascades. This anti-inflammatory effect 

is promising for the treatment of various inflammatory 

conditions, thus promoting tissue repair and wound 

healing [7]. 

 

Silver nanoparticles can be synthesized by various 

methods, including physical (plasma spraying, thermal 

reduction and electrospinning under inert gas 

atmosphere), chemical (chemical reduction, sol-gel 

method, microemulsion) and biological (plant extracts, 

microorganisms, proteins or polysaccharides) methods 

[8]. The use of plant extracts in the biological synthesis of 

AgNPs has gained significant attention for several 

reasons. Plant extracts contain bioactive molecules such 

as phenolic compounds, flavonoids, alkaloids and 

terpenoids, which can serve as reducing agents, 

stabilizing agents and capping agents during the synthesis 

process. These compounds facilitate the reduction of 

silver ions into silver nanopartcicles. Additionally, the use 

of plant extracts offers a green and eco-friendly approach 

to nanoparticle synthesis compared to conventional 

chemical methods, which often involve the use of 

hazardous chemicals and harsh conditions. The green 

synthesis route using plant extracts not only reduces the 

environmental impact but also eliminates the need for 

energy-intensive processes, making it a sustainable and 

cost-effective alternative [9]. However, there are some 

important points to consider when synthesizing 

nanoparticles from plant extract. The conditions of plant 

extraction in nanoparticle synthesis crucial, given the 

pivotal as both reducing and stabilizing agents in the green 

synthesis process [10]. The extraction method and 

conditions—including temperature, time, and pH—must 

be optimized to maximize the extraction of active 

compounds without degrading their properties, as these 

factors directly impact the nucleation, growth, and 

morphology of the nanoparticles [11]. Among them, 

extraction temperature is a critical parameter in the 

process of extracting phytochemicals from plant 

materials, as it directly influences the efficiency, yield, 

and quality of the extracted compounds. Furthermore, the 

temperature at which phytochemicals are extracted 

significantly affects their antioxidant capacity, notably 

their effectiveness in DPPH radical scavenging activity, 

which in turn influences the biosynthesis and functional 

quality of nanoparticles derived from these extracts. This 

underscores the interconnected impact of extraction 

temperature on both the phytochemical yield and the 

subsequent synthesis of biologically active nanoparticles 

[12]. Higher temperatures generally increase the 

solubility of phytochemicals in solvents, allowing for 

more efficient extraction, yet there is a risk of thermal 

degradation of heat-sensitive compounds [13]. Many 

different temperatures are used in plant extraction. 

Previous studies on the synthesis of AgNP using plant 

extract are shown in Table 1. This paper presents a 

comprehensive study on the synthesis of AgNPs using 

Ocimum basilicum extract at different extraction 

temperature (40, 60, 80 and 100 oC). This research 

investigates the influence of temperature variations on 

synthesis efficiency and the properties of produced 

nanoparticles by harnessing the natural reducing and 

stabilizing properties of plant extract. Biosynthesized 

AgNPs were characterized using UV–Vis 

spectrophotometer, FT-IR, XRD, and TEM analysis. The 

2,2 diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 

activity of each extract was determined 

 
Table 1. Green synthesis of silver nanoparticles using plant extracts 

Plants  Extraction temp. (ºC)  Extraction time Sahape-Size References 

Allium cepa L 25 4h Cubic-150-200 nm [14] 

C. prophetarum 80 3h Polymorphic-below 150 nm [15] 

Tectona grandis seed 80 20 min Oval,spherical-10–30 nm [16] 

Sambucus ebulus 55 4h Spherical-18.6 nm [17] 

Moringa oleifera 100 30 min Spherical-10-25nm [18] 

Selaginella myosurus  80 5 min Spherical-15-95nm [19] 

Guettarda speciosa  60 30 min Spherical-30-35 nm [20] 
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2. MATERIAL AND METHOD 

 

2.1. Materials 

 

Silver nitrate (AgNO3, 99.8%), ethanol (C2H6O), and 

DPPH (2,2-diphenyl-1-picrylhydrazyl) were purchased 

from Sigma-Aldrich. The plant materials required for the 

synthesis were sourced from the area's Marketplace 

 

2.2. Preparation Process of The Herbal Extracts 

 

10 grams of the dried plant were weighed and added to 

100 mL of pure water. Based on the extraction 

temperatures most commonly used in the literature, it was 

allowed to stand for 1 hour at 40, 60, 80, and 100°C. After 

the extraction process, the mixture was allowed to cool to 

room temperature. Subsequently, the samples were 

filtered and stored at 4°C [21].  

 

2.3. Biosynthesis of AgNPs 

 

100 mL of 0.01 M silver nitrate solution was prepared in 

four separate beaker 10 mL of plant extract was gradually 

added to each. The mixture was left to react for 24 hours. 

At the end of the reaction time, the samples were 

centrifuged at 10.000 rpm. The pellet was washed several 

times with ethanol to remove impurities. It was then left 

to dry at 50 oC in the oven [18]. 

 

2.4. DPPH Radical Scavenging Assays 

 

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay relies 

on the reduction of the DPPH radical (a stable free radical 

with a violet colour) in the presence of a hydrogen-

donating antioxidant, leading to a colour change from 

violet to yellow. The DPPH free radical scavenging 

capacity was applied with some modifications to the 

Molyneux (2004) method [22]. Initially, the plant was 

extracted at 40, 60, 80 and 100 °C for 1 hour. The 

measured 0.1 mL extract was then transferred into a clean 

test tube and ethanol was added to bring the total volume 

of the solution up to 3 mL. 1 mL of 10-4 M DPPH (2,2-

diphenyl-1-picrylhydrazyl) solution was added and the 

mixture was vortexed, followed by incubation for 30 

minutes at room temperature in the dark. Absorbance 

were measured against ethanol at 517 nm with a UV-Vis 

spectrophotometer (UV-1601, Shimadzu, Kyoto, Japan). 

Measurements were made in three replicates. Results are 

given as percentage of DPPH radical scavenging. % 

inhibition was calculated with the following formula: 

 

%𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
(𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

2.5. Characterization Analysis 

 

Morphological structure was examined using 

transmission electron microscopy (TEM, Hitachi 

HighTech HT7700). Crystal structure was evaluated with 

an X-ray diffractometer (XRD, PANalytical Empyrean), 

across a range of 2θ angles from 20° to 80°.Functional 

groups responsible for NP reduction and stability were 

identified through Fourier transform infrared 

spectroscopy (FTIR, Bruker VERTEX 70v). Zeta 

potential and hydrodynamic size distribution were 

measured using a Malvern Zetasizer Nano ZSP. DPPH 

scavenging activity of the extracts was measured using 

UV-Vis spectrophotometer (1601, Shimadzu, Kyoto, 

Japan). 

 

3. RESULTS AND DISCUSSION 

 

3.1. Colour Change Observation 

 

The synthesis of AgNPs utilizing plant extracts was 

visually monitored. Initially, the solution displayed a 

brownish-purple to purple colour, indicating of the 

presence of plant extracts alone. Upon the addition of 

silver ions, a gradual color transition from gray to gray-

brown was observed, signifying the formation of AgNPs 

[23] (Fig 1). This colour change serves as a qualitative 

indicator of silver nanoparticle formation, attributable to 

the SPR effect of AgNPs [24].  

 

 
Figure 1. Plant extracted at different temperatures (40, 60, 80 and 100 
oC and AgNP formation (reaction time 24 hours) 

 

3.2. DPPH Radical Scavenging Results 

 

In Figure 2, percentage the %inhibition values are 

presented depending on the extraction temperature. It was 

observed that DPPH radical scavenging activity increased 

with higher extraction temperatures. The % inhibition 

values at 40, 60, 80 and 100 oC were found to be 33%, 

39%, 59% and 74.5%, respectively. The extraction of 

compounds from plants and their subsequent antioxidant 

activity are significantly influenced by temperature. 

Higher temperatures usually increase the solubility of 

many compounds, including antioxidants, in the solvent. 

Elevated temperatures enhance the efficiency of the 

extraction process as they can dissolve and extract more 

compounds from the plant material by breaking down the 

cell walls, thereby releasing more phytochemicals into the 

extraction solvent. 
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Figure 2. DPPH radical scavenging activity of basil extracted at 
different temperatures 

 

3.3. TEM Results 

 

TEM analysis enabled a detailed investigation of 

morphological, structural, and dimensional characteristics 

of the nanoparticle (NP) samples. The findings revealed a 

predominance of spherical nanoparticles, with sizes 

primarily ranging from 5 to 100 nanometers (Fig 3). A 

wide size distribution is generally observed in 

nanoparticle synthesis using plant extracts This variability 

can be attributed to the diverse bioactive compounds 

present in plant extracts, each with its own unique 

reducing capacities. As a result, nanoparticles of various 

sizes and shapes are formed. Dhir et al. (2024) and Iravani 

(2011) have noted that the use of plant extracts in NP 

synthesis leads to wide variations in size distribution [25-

26]. Additionally, it was also noted that nanoparticles 

tended to agglomerate. A significant finding was that the 

efficiency of nanoparticle formation was positively 

influenced by higher extraction temperatures, indicating 

the crucial role of thermal conditions in the synthesis and 

properties of nanoparticles. TEM has led to significant 

insights into the influence of crystalline structures within 

individual particles on TEM image contrast. It has been 

observed that particles containing multiple AgNPs 

crystallites exhibit a significantly higher degree of 

electron scattering than particles with a single crystalline 

structure. This enhanced scattering effect is attributed to 

the presence of multiple interfaces and boundaries within 

the particle resulting from the aggregation of different 

crystallites. Consequently, such particles appear darker in 

TEM images as the electron beam is more obstructed 

when passing through the particle [27]. 

 

Figure 3. TEM image of AgNPs synthesis from different extraction 
temparature a) 40 ºC b) 60 ºC c) 80 ºC d)100 ºC 
 

3.4. XRD Results 

 

The crystalline structure of AgNPs was characterized 

using X-ray diffraction (XRD) analysis. The obtained 

XRD pattern is presented in Figure 4. The diffraction 

peaks observed at 2θ values are indexed to the (111), 

(200), (220), and (311) planes, respectively, of face-

centered cubic (fcc) silver, according to the standard Joint 

Committee on Powder Diffraction Standards (JCPDS) file 

No. 04-0783 [28]. These peaks confirm the crystalline 

nature of the synthesized silver nanoparticles. A high 

XRD peak indensity has been observed in the AgNPs 

synthesized from the plant extract obtained at 40 and 60 

°C. This indicates that these nanoparticles possess a more 

regular crystalline structure [29]. The additional peaks 

indicated by asterisks in the XRD pattern may suggest the 

crystallization of a bio-organic phase on the surface of the 

AgNPs [30]. The average crystallite size was calculated 

using the Scherrer equation; 
 

𝐷 =
𝐾ʎ

βcos 𝜃
 

 

where: D is the mean size of the crystallites (often in 

nanometers), K is the shape factor (a dimensionless 

constant, typically taken as about 0.9), is the wavelength 

of the X-ray radiation (in meters),β is the full width at half 

maximum (FWHM) of the peak in radians, θ is the Bragg 

angle (in radians). AgNP synthesis conducted with 

extracts obtained at 40, 60, 80, and 100°C, the crystallite 

sizes were calculated to be 12.45, 18.77, 17.76, and 16.03 

nm, respectively. The results suggest that the controlled 

synthesis parameters significantly influence the crystallite 

size, thereby impacting the physical and chemical 

properties of the materials. 
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Figure 4. XRD graph of AgNPs (black line 40 ºC, red line 60 ºC, blue line 80 ºC, green line 100 ºC) 

 

3.5. FT-IR Results 

 

FTIR spectroscopy was utilized to identify the functional 

groups present on the surface of the synthesized AgNPs  

and to elucidate the mechanism behind the reduction of  

silver ions to AgNPs using plant extract. The FTIR spectra 

were recorded in the range of 4000-400 cm-1(Fig 5). The 

presence of a peak in the 2928 cm-1 region signifies C-H 

stretching vibrations, indicating aliphatic hydrocarbons' 

presence. This could relate to fatty acids or other 

hydrocarbon chains in the plant extract, possibly playing 

a role in stabilizing the silver nanoparticles. A strong peak 

around 1650 cm-1, indicative of C=O stretching vibrations 

typical of carbonyl groups in carboxylic acids, esters, and 

amides, suggests that compounds with carbonyl groups. 

The peak at around 1591 cm-1 can indicate C=C stretching 

vibrations, and it may also correspond to N-H bending 

vibrations in amides of the aromatic rings. The peak at 

~1370 cm-1   indicates C-N stretching from amines, and 

the peak at ~1040-1070 cm-1, showing C-O stretching, 

suggests the plant extract's nitrogen compounds aid in the 

synthesis and stabilization of AgNPs [31-33]. The FTIR 

results suggest that the phytochemicals present in the 

plant extract, such as phenolics, alcohols, aliphatic 

compounds, proteins, and nitrogen-containing 

compounds, play a crucial role in the bioreduction of 

silver ions to nanoparticles and their subsequent 

stabilization. These findings offer valuable insight into the 

green synthesis of AgNPs using plant extracts, 

emphasizing the potential of phytochemicals as dual-

functioning reducing and capping agents in the 

environmentally friendly production of nanoparticles. 

 

3.6. Hydrodynamic Size and Zeta Potential Results 

 

The analysis of hydrodynamic size and zeta potential 

provides crucial insights into the physical stability and 

surface charge characteristics of nanoparticles. The 

hydrodynamic size, determined through dynamic light 

scattering (DLS) techniques, provides information on the 

effective diameter of nanoparticles in a suspension, 

reflecting both the core particle size and any surface-

bound layers or molecules [34]. The results from this 

analysis indicated that the nanoparticles had an average 

hydrodynamic diameter within the range of 158.1 and 

333.7(Fig 6 and Table 2). Nanoparticles synthesized with 

extracts prepared at 80°C have shown a wide size 

distribution. The polydispersity index (PDI) quantifies the 

distribution of particle sizes within a sample [35]. It 

provides insight into the uniformity of the particles, with 

a lower PDI indicating a more uniform size distribution. 

While nanoparticles synthesized with extracts prepared at 

80 °C had high PDI values, the lowest PDI was observed 

at 60 °C. High temperatures can increase the solubility of 

bioactive components in plant materials [36-37]. With 

increasing solubility, more reducing agent passes into 

solution, which can lead to the formation of a denser 

nanoparticle. Higher temperatures may enhance the 

Figure 5. FTIR spectrum of Basil extract and synthesized AgNPs 
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solubility of phytochemicals in the extract, leading to a 

more rapid reduction of silver ions and accelerated growth 

of nanoparticles. This rapid growth can result in larger 

nanoparticles. 

 
Table 2. Zeta potential, size and PDI values of synthesized AgNPs  

 
 

  

  

Figure 6. Hydrodynamic size distribution of AgNPs a) 40 ºC b) 60 ºC c) 

80 ºC d)100 ºC 

 

4. DISCUSSION  

 

This study investigated the impact of different extraction 

temperatures (40°, 60, 80, and 100°C) on the eco-friendly 

synthesis of silver nanoparticles (AgNPs) using Ocimum 

basilicum (basil) extract. It was observed that higher 

extraction temperatures increased DPPH activity likely 

due to increasing the solubility of phytochemicals in basil 

extract. However, despite the higher efficiency in 

nanoparticle formation, higher extraction temperatures 

led to larger size distrubition, lower stability, and 

aggregation. The study underscores the critical influence 

of extraction temperature in the synthesis process, 

proposing 40°C as the optimal temperature for achieving 

efficient and environmentally friendly synthesis of 

AgNPs with enhanced biological activities. 
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Abstract: Vascular endothelial growth factor (VEGF165) is a vital biomarker linked to diverse 

physiological processes and pathological conditions like cancer, owing to its pivotal role in 

angiogenesis. Therefore, an efficient method to obtain recombinant VEGF165 in high yield is 

required. This study focused on optimizing a medium to enhance the biomass of Kluyveromyces 

lactis (K. lactis) GG799 cells that express recombinant VEGF165. Through screening various media 

components, galactose, tryptone, and yeast extract were identified as the most effective 

components. Using the Box–Behnken design, the medium components were optimized, resulting 

in a notable 31% increase in biomass concentration. The optimized medium, comprising 45 g L-1 

galactose, 30 g L-1 tryptone, and 5 g L-1yeast extract, achieved biomass productivity (P) of 0.26 

gDCW L-1 h-1. Additionally, the expression of VEGF165 reached 1024.09 μg per L of the culture 

medium, representing a 1.27-fold increase compared to the unoptimized medium. These results 

imply that the proposed optimized medium can serve as a model for a process development 

strategy, providing a foundation for obtaining elevated yields of other recombinant proteins in K. 

lactis. 

 

 

Rekombinant İnsan Vasküler Endotelyal Büyüme Faktörü (VEGF165)’nün 

Kluyveromyces lactis GG799'da Geliştirilmiş Ekspresyonu İçin Ortam Bileşenlerinin 

Optimizasyonu 
 

 

Anahtar 

Kelimeler 
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endotelyal 

büyüme faktörü 

(VEGF165), 

Kluyveromyces 

lactis, 

Biyokütle 

optimizasyonu, 

Rekombinant 

protein,  

Yanıt Yüzey 

Metodu 

 

Öz: Vasküler endotelyal büyüme faktörü (VEGF165), anjiyogenezdeki rolünden dolayı çeşitli 

fizyolojik süreçler ve kanser gibi patolojik hastalıklar ile ilişkili önemli bir biyobelirteçtir. Bu 

nedenle, yüksek verimde rekombinant VEGF165 elde etmek için etkili bir yöntem gereklidir. Bu 

çalışmada, Kluyveromyces lactis (K. lactis) GG799 hücrelerinde rekombinant VEGF165 

ekspresyonunu artırmak amacıyla büyüme ortamının optimize edilmesi amaçlanmıştır. Farklı 

ortam bileşenlerinin taranması sonucunda galaktoz, tripton ve maya ekstraktı en etkili bileşenler 

olarak belirlenmiştir. Box-Behnken tasarımı kullanılarak seçilen ortam bileşenleri optimize 

edilmiş ve biyokütle konsantrasyonunda %31'lik kayda değer bir artış sağlanmıştır. 45 g L-1 

galaktoz, 30 g L-1 tripton ve 5 g L-1 maya ekstraktı içeren optimize ortam ile 0,26 gDCW L-1 h-1 

biyokütle üretkenliğine (P) ulaşılmıştır. Ayrıca VEGF165 ekspresyonu, optimize edilmemiş ortama 

kıyasla 1,27 kat artışla 1024,09 μg L-1 değerine ulaşmıştır. Elde edilen sonuçlar, önerilen optimize 

edilmiş ortamın K. lactis'te diğer rekombinant proteinlerin üretimine yönelik proses geliştirme 

stratejisi olarak bir model olabileceğini göstermektedir. 
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1. INTRODUCTION 

 

Growth factors, which are biologically active molecules 

regulating cellular responses by binding to specific 

receptors on target cells, are essential for cellular 

regulation. Among these factors, Vascular Endothelial 

Growth Factor (VEGF) is a pivotal determinant, 

influencing both cell growth and survival, particularly in 

stimulating blood vessel formation through 

vasculogenesis and angiogenesis [1,2]. Although 

endothelial cells are the primary target of VEGF, its 

effects extend to various other cell types. VEGF plays a 

critical role in vascular development, contributing 

significantly to developmental processes and 

physiological homeostasis. Moreover, VEGF is vital for 

various physiological functions, including wound healing, 

regulation of the menstrual cycle, bone formation, 

hematopoiesis, and neural development [3–6]. Beyond its 

role in normal physiological processes, VEGF exerts 

pathogenic effects on tumor growth and metastasis by 

influencing vascular permeability and neoangiogenesis 

(neovascularization). Additionally, VEGF contributes to 

the progression of non-malignant diseases such as 

rheumatoid arthritis [7], psoriasis [8], diabetes, and 

neovascular eye diseases [9]. 

 

The VEGF family encompasses a group of proteins, 

including VEGF-A, B, C, D, E, and placenta growth 

factor (PIGF), regulated by three well-known receptors 

(VEGFR-1, VEGFR-2, and VEGFR-3) [10]. Initially 

identified as a vascular permeability factor (VPF) [11], 

VEGF-A, commonly referred to as VEGF, undergoes 

alternative splicing, resulting in various isoforms such as 

VEGF165, VEGF121, VEGF189, and VEGF206 in humans 

[12]. Among these isoforms, VEGF165 holds particular 

significance and has been a focal point of extensive 

research, especially in the context of tumor development 

[13]. Functionally potent in tumor vascularization, 

VEGF165 influences endothelial cell migration, 

proliferation, and tube formation. [14]. Structurally, 

VEGF165 is a disulfide-linked homodimeric protein 

consisting of two monomers with a 165-amino acid 

polypeptide chain and a molecular weight of 38.2 kDa 

[15].  

 

Recombinant DNA technology is a cornerstone of 

synthetic biology, particularly in the production of 

pharmaceutical proteins. The importance of recombinant 

therapeutic proteins in treating various diseases is steadily 

increasing, making them indispensable in the 

biotechnology market. Among the host systems utilized, 

yeasts are prominently featured for their numerous 

advantages in producing recombinant pharmaceuticals 

[16]. The main capacity of yeast is its sustained growth 

under straightforward media conditions in bioreactors. 

Yeasts excel in sustained growth under simple media 

conditions in bioreactors, and their amenability to genetic 

modification enhances their suitability as an ideal host 

system for pharmaceutical protein production [17]. 

Kluyveromyces lactis (K. lactis) emerges as one of the 

most promising yeast hosts for recombinant protein 

production due to its numerous advantages, including 

rapid growth, effective secretion levels, suitability for 

high cell density fermentation, low-cost culture media 

requirements, and ease of genetic manipulation compared 

to other yeast hosts. The industrial applications of K. 

lactis began with its use as a source of the enzyme lactase 

and later expanded into a protein supplement in foods. 

Notably, the production of bovine chymosin, the first 

recombinant protein from K. lactis, marked a significant 

milestone. Since then, numerous heterologous proteins 

have been recombinantly secreted from K. lactis. The 

GRAS (Generally Recognized as Safe) FDA status of 

these recombinant proteins underscores their safety and 

suitability for applications in both the food and 

pharmaceutical industries [18]. However, like all 

expression systems, certain process parameters must be 

optimized to ensure the successful expression of a protein 

in K. lactis and to increase production capacity before 

industrial-scale production for commercialization. For 

example, the impact of culture conditions and medium 

composition has been extensively studied to enhance the 

system's performance for higher biomass and protein 

titers. Previous studies have highlighted the crucial role 

played by medium components and their composition in 

both cell growth and protein expression levels [19–21].  

 

As a result, medium optimization has emerged as a critical 

step in enhancing protein yield for industrial production. 

Traditional optimization, characterized by its time-

consuming nature and neglecting factor interactions, has 

increasingly given way to statistical methods [22,23]. 

Response Surface Methodology (RSM) stands out as a 

valuable tool that integrates mathematical and statistical 

techniques to determine the optimal values of multiple 

variables in biochemical processes and has been widely 

adopted in recent years [24]. In this study, we aimed to 

optimize the medium components to maximize the 

biomass of K. lactis, thereby enhancing the expression of 

recombinant VEGF165. K. lactis was selected as the ideal 

host organism due to its capacity to achieve high cell 

densities and consistent reproducibility at an industrial 

scale. Initial screening studies investigated the effect of 

various carbon, nitrogen, and extract sources on biomass 

production. Subsequently, the most effective components 

were optimized using RSM based on a full factorial 

central composite design (CCD). 

 

2. MATERIAL AND METHOD 

 

2.1. Reagents, Strains, and Growth Medium 

 

All the chemicals were purchased from Sigma–Aldrich 

(St. Louis, MO, USA) and Merck (Merck Millipore, 

Darmstadt, Germany). Ni-NTA agarose resin was 

purchased from Qiagen (Hilden, Germany), 1000 kDa 

MWCO cellulose acetate dialysis membrane was 

purchased from Spectrum Laboratories (California, 

USA), 3,3′,5,5′-tetramethylbenzidine (TMB) (Acros 

Organics, Belgium) and Pierce™ BCA Protein Assay Kit 

was purchased from Thermo Fisher Scientific (Waltham, 

MA, USA). The ELISA washing buffer (PBST) consisted 

of 0.1 M PBS pH 7.2 containing 0.15M NaCl and 0.05% 

Tween 20, while the coating buffer was a 50 mM 

carbonate buffer, pH 9.6. The ELISA maxisorp 

immunoplate (96 flat-bottomed wells) was purchased 
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from Nunc (Roskilde, Denmark). Recombinant K. lactis 

strain GG799 (New England BioLabs, Massachusetts, 

USA) was previously constructed by inserting the human 

VEGF165 cDNA (GenBank accession no. AF486837.1) 

into the XhoI and EcoRI sites of the pKLAC2 vector under 

the control of the LAC4 promoter [25]. The recombinant 

strain was cultivated on YCB plates (3% 1 M Tris-HCl 

pH 7.4, 1.17% YCB, and 2% agar) containing 5 mM 

acetamide and preserved at −80 °C as a glycerol stock. 

Furthermore, YPLac (1% yeast extract, 2% peptone, and 

4% lactose) (pH 7.4) served as the unoptimized medium 

for the expression performance of recombinant VEGF165, 

allowing for comparison with the optimized medium. 

Optimization experiments at the shaking flask level were 

conducted in triplicate, and ELISA was performed in 

triplicate for each sample to determine the VEGF165 

concentration. 

 

2.2. Expression and Purification of Recombinant 

Human VEGF165 

 

The inoculum was prepared by transferring a single 

colony of recombinant K. lactis GG799 from YCB plates 

into 25 mL of YPLac medium, followed by incubation at 

30 °C at 250 rpm for 72 h. This pre-culture was then 

inoculated at a 1:100 ratio into a 2 L Erlenmeyer shaking 

flask containing 300 mL of YPLac for the VEGF165 

expression. After 72 hours of incubation, the supernatant 

containing the secreted recombinant VEGF165 was 

collected by centrifugation at 5000 rpm for 5 minutes at 

room temperature to facilitate protein purification. For 

VEGF165 purification, the supernatant was precipitated 

with a 60% ammonium sulfate solution in an ice bath for 

an hour, followed by centrifugation at 12000 rpm for 20 

minutes. The protein pellet was then solubilized in 100 

mM phosphate buffer (pH 7.4). Subsequently, a 

polycarbonate column containing Ni-NTA Agarose resin 

(Qiagen, Hilden, Germany) for affinity chromatography 

was washed with 100 mM phosphate buffer (pH 7.4). The 

protein solution was applied to the column, and the target 

protein was eluted from the column in fractions with 100 

mM phosphate buffer containing 300 mM imidazole. The 

eluted VEGF165 solution was dialyzed against 20 mM pH 

7.4 HEPES buffer using a 1000 kDa MWCO cellulose 

acetate dialysis membrane (Spectrum Laboratories, 

California, USA) at +4˚C overnight on a magnetic stirrer. 

The resulting pure VEGF165, obtained from the 

unoptimized medium, was used as the standard protein for 

the ELISA. The concentration of VEGF165 was 

determined using the 'Pierce™ BCA Protein Assay Kit'. 

 

2.3. Quantification of VEGF165 by Direct ELISA 

 

A direct ELISA protocol, adapted from methods outlined 

by Abcam (Cambridge, UK) with some modifications. 

VEGF165, purified from recombinant K. lactis GG799, 

served as the standard protein solution, prepared as 

previously described. Samples and dilutions of the 

standards were prepared using a coating buffer. Maxisorp 

96-well plates were coated overnight at 4°C with 100 µl 

well-1 of either sample or standard. After four washes with 

200 μL well-1 of PBST, the wells were blocked with 100 

μL of 2% w/v BSA in PBST for 2 h at room temperature. 

Following a rewashing step, the plates were incubated 

with 100 μL well-1 of HRP-conjugated anti-6X His tag 

antibody (Cat. No. ab1187; Abcam, UK), diluted to 

1:5000 in PBS, for 1 h at room temperature in the dark. 

After another round of washing, 100 μL of TMB substrate 

solution was added to each well for colorimetric 

development. The reaction was stopped by the addition of 

25 μL well-1 stop solution (4M H2SO4) and absorbances 

were measured at 450 nm using the Multiskan ™ FC 

Microplate Photometer (Thermo Fisher Scientific, USA). 

The VEGF165 concentrations of the samples were 

calculated using the VEGF165 standard curve following 

the manufacturer's protocol. 

 

2.4. Growth Profile of K. lactis Cells 

 

To assess the kinetics of VEGF165 production, 

transformed K. lactis cells were inoculated into flasks 

containing 300 ml of YPLac (pH 7.4) medium and 

cultivated at 30°C with agitation at 250 rpm for 72 h. At 

predetermined intervals during the incubation, the 

biomass of K. lactis cells and the concentration of 

VEGF165 were measured. Simultaneously, optical density, 

lactose consumption, and ethanol production were 

continually monitored. For dry cell weight (DCW) 

determination, 2 mL of culture broth samples were 

vacuum-filtered on pre-weighed filters (Whatman 

GF/CTM). After two rinses with 5 mL distilled water, the 

filter papers were dried at 65°C for 24 hours and 

reweighed. Culture samples underwent ELISA analysis to 

quantify the secreted VEGF165 protein. Lactose and 

ethanol levels in the culture medium were detected using 

the HPLC Dionex UltiMate 3000 system (Thermo Fisher 

Scientific, MA, USA) equipped with the HyperREZ XP 

Carbohydrate H+ column. 

 

2.5. Screening of Different Medium Components 

 

To evaluate the impact of various medium components on 

the biomass production of recombinant K. lactis, cultures 

were conducted in 250 mL shake flasks containing 50 mL 

of the initial basal medium in triplicate. The basal medium 

composition mirrored that of YPLac, with each flask 

supplemented with 40 g L-1 of a carbon source, 20 g L-1 of 

a nitrogen source, and 10 g L-1 of an extract component. 

The cultures were then incubated for 72 hours at 30°C and 

250 rpm. Eight carbon sources-lactose, glucose, starch, 

molasses, glycerol, acetic acid, sucrose, and galactose-

were tested at an initial concentration of 40 g L-1. 

Similarly, eight nitrogen sources-bacteriological peptone, 

meat peptone, casein peptone, urea, ammonium sulfate, 

diammonium sulfate, tryptone, and glycine-were 

examined at an initial concentration of 20 g L-1. 

Additionally, three different extracts-yeast, malt, and 

meat extract-were chosen as additional nutritional sources 

and screened at an initial concentration of 10 g L-1.  

 

2.6. Box Behnken Design 

 

Response surface methodology (RSM) was employed to 

optimize the medium components for the K. lactis cell 

biomass production. The experimental design utilized the 

Box-Behnken design within the Design Expert 13.0.0 
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program (Stat-Ease Inc., Minneapolis, USA). Overall, 

Box-Behnken design is characterized by a three-level 

second-order spherical design and offers several 

advantages compared to other designs. It allows the 

determination of significant factors using a limited 

number of runs and offers enhanced flexibility in selecting 

designs for a specified number of factors. In this study, 

the aim of using Box-Behnken design was to determine 

the optimal concentrations of galactose, tryptone, and 

yeast extract—identified as carbon, nitrogen, and extract 

sources, respectively—based on earlier screening.  

 
Table 1. The central composite experimental design with coded values 

of variables. 

 

A total of 17 experiments, encompassing all combinations 

of the three variables, were conducted with five replicates 

at the center point. This experimental setup aimed to fit a 

second-order polynomial model for each of the three 

independent variables, each at three levels. Additionally, 

the expression was carried out in 250 mL shake flasks 

filled with 100 mL of the medium in triplicate, incubated 

for 72 hours at 30°C and 250 rpm. Table 1 provides details 

on the normalized variables at levels of -1 (representing 

the lower value of the experimental conditions used), +1 

(representing the higher value of the experimental 

conditions), and 0 (representing the central point 

condition) in the central composite design. For further 

clarity, Table 2 presents the experimental design with the 

terms in codes and their actual values within the specified 

range of variables. 

 
Table 2. The central composite design of independent variables 

Run  Coded value Actual value 

A B C  A  B C 

1 0 +1 +1  40 30 15 
2 +1 -1 0  60 10 10 

3 -1 0 -1  20 20 5 

4 0 0 0  40 20 10 
5 -1 0 -1  20 20 15 

6 0 0 0  40 20 10 

7 0 +1 -1  40 30 5 
8 0 -1 +1  40 10 15 

9 +1 0 +1  60 20 15 

10 +1 +1 0  60 30 10 
11 0 0 0  40 20 10 

12 0 0 0  40 20 10 

13 -1 -1 0  20 10 10 
14 +1 0 -1  60 20 5 

15 -1 +1 0  20 30 10 

16 0 -1 -1  40 10 5 
17 0 0 0  40 20 10 

 

2.7. Statistical Analysis 

 

The dry cell weight of the transformant K. lactis cells was 

taken as the response to be influenced by the four 

variables. The relationship between the response and the 

variables can be described by the second-order 

polynomial equation given as (1):  

 

 

𝑌 = 𝛽0 +∑𝛽𝑖 𝜒𝑖 +∑𝛽𝑖𝑗 𝜒𝑖𝜒𝑗 +∑𝛽𝑖𝑖 𝜒𝑖
2 (1) 

 

where Y represents the response variable (in this case, the 

dry cell weight of the transformant K. lactis cells); 𝛽0 

represents the constant value; 𝛽𝑖, 𝛽𝑖𝑗and 𝛽𝑖𝑖   represent the 

regression coefficients, 𝜒𝑖  and 𝜒𝑗  represent the 

independent variables in coded values. Analysis of 

variance (ANOVA) was used to obtain the second-order 

polynomial equation for all response variables. The 

significance of the model equation was assessed using the 

F-test. The quality of fit of the polynomial model equation 

was determined by the coefficient of determination (R2) 

and adjusted R2. 

 

3. RESULTS  

 

3.1. Process Kinetics of the Expression of VEGF165 

from K. lactis 

 

The growth curve of K. lactis GG799 cultivated on YPLac 

medium with an initial lactose concentration of 40 g L-1 

was monitored over 120 hours. Samples were collected at 

intervals during this duration. Figure 1 presents the time 

course of changes in key growth parameters, including 

dry cell weight, optical density, lactose consumption, and 

ethanol production in shake flask fermentation. The graph 

illustrates that the strain K. lactis GG799 efficiently 

utilizes lactose as a carbon source for growth, with rapid 

consumption observed. Moreover, the strain expresses the 

gene encoding VEGF165 under the LAC4 promoter, 

inducible by lactose [26]. The results suggest the strain's 

ability to utilize lactose for both growth and the 

expression of the target gene, showcasing its potential for 

biotechnological applications. Figure 1 also indicates that 

VEGF165 production in shake flask cultures parallels cell 

growth until reaching the stationary phase at 72 hours. 

Concurrently, ethanol production peaks at 24 hours (2.49 

g L-1) and is nearly completely consumed. Notably, the 

culture exhibits a distinct exponential growth phase, with 

a maximum specific growth rate of 0.24 h-1 and a doubling 

time of 22 hours.  

 

 
Figure 1. Production of recombinant VEGF165 and cell growth profile of 

K. lactis GG799 in shake flask  

 

  

Symbol Independent variable name  Level 

-1 0 1 

A Galactose (g L-1) 20 40 60 

B Tryptone (g L-1) 10 20 30 
C Yeast extract (g L-1) 5 10 15 
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3.2. Effect of Different Medium Components on 

Biomass and VEGF165 Production 

 

As an initial screening step before further optimization, 

various broth media in shake flasks containing different 

medium components were employed to investigate the 

effects on K. lactis cell growth and VEGF165 expression. 

Figure 2 illustrates the impact of eight tested carbon 

sources added to the basal medium at 40 g L-1. While 

glucose and glycerol exhibited favorable outcomes for 

biomass production, galactose emerged as a particularly 

notable carbon source, resulting in 1.58 ±0.013 µg L-1 of 

VEGF165 production. Lactose and starch, also showed 

significant VEGF165 production, yielding 0.99 ±0.011 and 

0.83 ±0.014 µg L-1, respectively. This result is consistent 

with many reports in the literature on recombinant protein 

production in K. lactis based on the use of galactose and 

lactose as carbon sources [27–29]. Indeed, galactose 

exhibited the highest biomass production among the 

tested carbon sources, yielding 15.98 ± 0.587 g L-1. This 

was notably higher compared to both the control lacking 

any carbon source and the other carbon sources tested. 

 

 
Figure 2. Effect of carbon sources on the biomass of K. lactis and 

VEGF165 production. *Control culture without any carbon source 
 

In this study, the influence of eight nitrogen sources on 

VEGF165 production was investigated by supplementing 

them to a basal medium at a concentration of 20 g L-1. The 

results, illustrated in Figure 3, revealed notable variations 

in both biomass and VEGF165 production. Among the 

nitrogen sources examined, tryptone demonstrated the 

most favorable outcomes, yielding the highest biomass 

production at 16.18 ±0.213 g L-1. Additionally, tryptone 

also resulted in the highest VEGF165 production at 0.99 

±0.052 µg L-1. Other nitrogen sources such as 

bacteriological peptone, casein peptone, and meat peptone 

showed similar VEGF165 production levels, with yields of 

0.86 ±0.019, 0.87 ±0.005, and 0.89 ±0.028 µg L-1, 

respectively. These findings highlight the impact of 

different nitrogen sources on both biomass and VEGF165 

production, offering valuable insights for the optimization 

of culture conditions in K. lactis to enhance recombinant 

protein expression. 

 

 
Figure 3. Effect of nitrogen sources on the biomass of K. lactis and 
VEGF165 production. *Control culture without any nitrogen source 

 

In this study, three extract components—malt, meat, and 

yeast extract—were evaluated as an additional nutritional 

resource in the growth medium to assess their effects on 

K. lactis biomass and VEGF165 production. As depicted in 

Figure 4, the maximum VEGF165 production of 0.68 

±0.017 µg L-1 and the highest biomass production of 

16.18 ±0.758 g L-1were achieved when yeast extract (10 g 

L-1) was utilized. These results from the initial screening 

experiment highlight the significant impact of different 

medium components on both the biomass production of 

K. lactis and VEGF165 production. Consequently, 

galactose, tryptone, and yeast extract were selected as the 

medium components for further optimization 

experiments. 

 

 
Figure 4. Effect of extract components on the biomass of K. lactis and 

VEGF165 production. *Control culture without any extract component 

 

3.3. Optimization of K. lactis Biomass using Response 

Surface Methodology 

 

The objective of this study was to optimize the screened 

variables for biomass production to maximize VEGF165 

production, employing the Box-Behnken design. 

Experiments were conducted with compositions specified 

in Table 3. Following the screening experiments, three 

culture medium components—galactose, tryptone, and 

yeast extract—were selected for further evaluation in 

flask culture based on the experimental design. The 

relationship between the examined significant variables 

and biomass concentration, chosen as the response, was 

established using Response Surface Methodology (RSM). 

A central composite design (CCD) involving seventeen 

experiments, including 5 replicates of the central point, 

was executed. The observed and predicted responses, 

represented by dry cell weight values, for the 30 
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experiments are presented in Table 3. Utilizing the Box-

Behnken experimental design, a wide range of biomass 

production in K. lactis GG799 was observed, ranging 

from 8.74 ± 0.22 to 17.52 ± 0.95 g L-1. Comparing these 

experiments, the medium containing 20 g L-1 galactose, 

10 g L-1 tryptone, and 10 g L-1 yeast extract exhibited the 

lowest biomass production at 8.74 g L-1. Conversely, the 

highest biomass response of 17.52 g L-1 was achieved in a 

medium containing 40 g L-1 galactose, 20 g L-1 tryptone, 

and 10 g L-1 yeast extract.  

 

 
 

Table 3. Central composite design and with actual and predicted response of biomass production with the independent variable values. Values are 
means of triplicates ± SD. 

 

Run 

Factors Response Biomass (g L-1) 

A  B C Actual  Predicted 

1 40 30 15 17.12 ± 0.68 17.03 

2 60 10 10 14.68 ± 0.60 14.55 
3 20 20 5 11.61 ± 1.04 11.25 

4 40 20 10 16.33 ± 0.45 15.86 

5 20 20 15 11.30 ± 0.08 11.26 
6 40 20 10 17.52 ± 0.95 15.86 

7 40 30 5 15.94 ± 0.37 16.17 

8 40 10 15 15.04 ± 0.50 14.81 
9 60 20 15 17.18 ± 0.42 17.54 

10 60 30 10 16.94 ± 1.50 16.67 

11 40 20 10 15.87 ± 0.61 15.86 
12 40 20 10 14.97 ± 0.75 15.86 

13 20 10 10 8.74 ± 0.22 9.01 

14 60 20 5 15.08 ± 1.00 15.11 
15 20 30 10 11.93 ± 1.07 12.06 

16 40 10 5 13.14 ± 0.4 13.23 

17 40 20 10 14.63 ± 0.67 15.86 

By applying the response surface, the following second-

order regression equation explained the biomass as the 

interactions of the three culture medium components were 

yielded and is presented in the following equation: 

 

Ybiomass
= 15,86 +2,54A +1,29B +0,6096C -

0,2330AB +0,6035AC -0,1813BC -2,15A2 -

0,6348B2 +0,0840C2 

(2) 

 

where Y is the response (biomass) and; A, B, and C are 

galactose, tryptone, and yeast extract respectively. Plus 

(+) and minus (-) symbols represent positive and negative 

effects on the response, respectively. 

 

The effect of three independent factors on K. lactis 

GG799 biomass production was assessed using the 

analysis of variance (ANOVA) as detailed in Table 4. F-

test, comparing the mean square regression to the mean 

square residual (12.19), indicates the significance of the 

process model with p<0.05. The lack of fit F-value of 0.15 

means the lack of fit is not significant relative to pure 

error. The goodness of fit of the model is further evaluated 

using the R2 coefficient (R2 value), which stands at 0.94, 

explaining 94% of the validity of the response. 

Additionally, the predicted R2 of 0.8207 is in reasonable 

agreement with the adjusted R2 of 0.8629. 

 

Among the terms analyzed, A (galactose), B (tryptone), 

and A2 (galactose squared) with p-values less than 0.05 

are deemed significant model terms. In Table 4, it is 

evident that galactose and tryptone exerted a more 

substantial effect on biomass production, as indicated by 

their relatively high mean square values (51.55 and 13.33 

g L-1, respectively), compared to yeast extract (2.97 g L-

1). Specifically, galactose played a crucial role in inducing 

heterologous protein production and enhancing cell 

growth through the utilization of the LAC4 promoter 

(PLAC4). This promoter drives the expression of the LAC4 

gene, encoding native lactase (β-galactosidase). β-

galactosidase is an integral component of the lactose-

galactose regulon, enabling the organism to efficiently use 

lactose as a carbon and energy source [30]. 

 

Table 4. Analysis of variance results for the model for biomass production 

Source 
Sum of 
Squares 

df Mean Square F-value p-value 
 

Model  91.58 9 10.18 12.19 0.0017 Significant 

A (galactose, g L-1) 51.55 1 51.55 61.74 0.0001  

B (tryptone, g L-1) 13.33 1 13.33 15.97 0.0052  
C (yeast extract, g L-1) 2.97 1 2.97 3.56 0.1011  

AB 0.22 1 0.22 0.26 0.6257  
AC 1.46 1 1.46 1.74 0.2281  

BC 0.13 1 0.13 0.16 0.7033  

A² 19.54 1 19.54 23.41 0.0019  
B² 1.70 1 1.70 2.03 0.1970  

C² 0.03 1 0.03 0.036 0.8557  

Residual 5.84 7 0.83    
Lack of Fit 0.58 3 0.19 0.15 0.9279 Not significant 

Pure Error 5.27 4 1.32    

Cor Total 97.43 16     
       

R2=0.94, Adjusted R2=0.8629, Prediction R2=0.8207, Adeq Precision=12.1756 
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Biomass production was predicted for various values of 

the tested variables, and the results are illustrated through 

three-dimensional response surface plots (Figure 5). The 

plots depict the response (biomass production) on the z-

axis against any two independent variables. In Figure 5a, 

the 3D plot showcases the effects of galactose and 

tryptone concentrations on biomass production. The plot 

suggests that intermediate concentrations of galactose and 

tryptone result in a more pronounced increase in biomass 

production. Figure 5b highlights the interaction between 

galactose and yeast extract. It becomes evident that at 

higher concentrations of both components, biomass 

production can be elevated. In Figure 5c, the plot reveals 

the relationship between yeast extract and tryptone 

concentrations, indicating that increased biomass is 

observed with the rising concentration of yeast extract and 

tryptone. These three-dimensional response surface plots 

offer valuable insights into the intricate relationships 

among the variables and their impact on biomass 

production. 

 

 

 
Figure 5. Three-dimensional response surface plot for K. lactis GG799 biomass production showing the interactive effects of (a) galactose and tryptone, 

(b) galactose and yeast extract, and (c) yeast extract and tryptone with the remaining factors held constant at the middle level of the Box-Behnken 
experimental design. 

 

3.4. Model Diagnostics 

To assess the adequacy of the model, the difference 

between observed values and calculated values obtained by 

the model, termed 'residuals,' was examined. The normal 

probability plot of 'studentized' residuals emerged as a 

crucial diagnostic tool for identifying and understanding 

systematic deviations from assumptions that errors are 

normally distributed and independent of each other [31]. 

As depicted in Figure 6, the graphical representation of 

residuals as a function of estimated values reveals that the 

errors of the biomass production models are scattered close 

to the diagonal line. This pattern implies that the model is 

a good fit and that the errors are normally distributed. The 

normal probability plot serves as a valuable validation tool, 

affirming the reliability of the model for predicting 

biomass production. 

 
Figure 6. Normal (%) probability plot of the ‘studentized’ residuals for 

the model of biomass production 
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3.5. Validation of the Model 

 

The model was optimized using the ‘Point Optimization’ 

of the Design Expert to achieve the maximum biomass 

production of K. lactis for recombinant VEGF165. To 

validate the optimization, the criteria for biomass were set 

to 'maximize,' while galactose and tryptone were set to 'in 

range,' and yeast extract was set to 'minimize.' The level of 

yeast extract was minimized because it was identified as a 

non-significant model term with a p-value greater than 0.1. 

To verify the model, duplicate experiments were 

performed at the proposed optimum levels of the medium, 

comprising 45 g L-1 galactose, 30 g L-1 tryptone, and 5 g L-

1 yeast extract. The observed value for the biomass 

production was 18,65 g L-1 and the predicted mean was 

16.46. The 95% prediction interval ranged from 14.02 to 

18.90. Additionally, in the same study, VEGF165 

concentration increased from 803.63 μg L-1 to 1024.09 μg 

L-1 after optimization, representing a 1.27-fold 

improvement. The biomass productivity (P), expressed in 

g of dry biomass per L of culture medium per h of 

cultivation time, reached 0.26 (gDCW L-1 h-1) at the optimal 

levels. The excellent agreement between predicted and 

experimental biomass production after optimization 

reaffirms the validity of the screened medium components 

under the Box-Behnken experimental design. 

 

4. DISCUSSION  

 

The optimization of biomass production in K. lactis is 

paramount from an industrial perspective, as it 

significantly enhances the efficiency and feasibility of the 

processes involving recombinant protein production and 

other biotechnological applications. Numerous studies in 

the existing literature have emphasized maximizing K. 

lactis biomass production due to its inherent advantages, 

including, faster and cost-efficient recombinant protein 

production, scale-up potential, and enhanced productivity 

in terms of protein expression. This study delves into the 

impact of various growth medium components on the 

biomass production of K. lactis GG799. Subsequently, a 

statistical optimization approach was employed to augment 

the efficacy of the most impactful components.  

 

Initially, the growth curve of K. lactis GG799 was studied 

over 120 hours, analyzing the key parameters, including 

dry cell weight, optical density, lactose consumption, and 

ethanol production in the growth medium YPLac, which 

includes lactose as a carbon source. Rapid lactose 

consumption was observed, facilitating both growth and 

the expression of the target gene VEGF165 under the LAC4 

promoter (PLAC4). The PLAC4 encodes native lactase, an 

essential part of the lactose-galactose regulon, enabling K. 

lactis to utilize lactose as a carbon and energy source [32]. 

Biomass production and VEGF165 expression progressed in 

parallel progress until reaching the stationary phase at 72 

hours. Subsequently, while the biomass continued to 

increase, the VEGF165 expression remained constant. 

Within the initial 24 hours, most of the carbon source was 

consumed, and ethanol production peaked, gradually 

diminishing as ethanol was utilized as a substrate through 

the respire-fermentative metabolism of K. lactis [33]. The 

culture exhibited a distinct exponential growth phase, 

resulting in a maximum specific growth rate of 0.24 h⁻¹ and 

a doubling time of 22 hours. This growth rate closely aligns 

with the 0.29 h-1 reported by Toivari et al. (2013) for the 

same strain [34] and slightly exceeds the 0.16 h-1 reported 

by Hun et al. (2013) for another strain (K. lactis NRRL Y-

110) [27]. Furthermore, Boender et al. (2009) noted that a 

doubling time of 23.1 hours represents rapid growth for 

yeast in many natural environments [35].  

 

Most studies on K. lactis growth have utilized complex 

media or glucose as a primary carbon source. However, 

this study diverges by screening eight carbon sources to 

determine the most effective components for biomass 

production and VEGF165 expression. Both lactose and 

galactose serve as sugars capable of inducing expression 

under the LAC4 promoter in K. lactis. It was reported that 

the transcription of LAC4 can be induced 100-fold in the 

presence of lactose or galactose [36]. The screening assay 

highlights galactose and lactose stand out as carbon 

sources, yielding the highest expression of VEGF165. 

Interestingly, the use of galactose notably enhances 

VEGF165 production per unit of biomass compared to 

lactose. This suggests galactose supplementation exerts a 

more pronounced impact on the efficiency of VEGF165 

expression.  

 

In the unoptimized medium, two nitrogen sources, peptone 

and yeast extract are present. To enhance biomass 

production and VEGF165 expression, various nitrogen 

sources and extract components were screened. Among the 

nitrogen sources investigated tryptone yielded the most 

favorable outcomes, resulting in the highest biomass and 

VEGF165 production, following bacteriological peptone 

and meat peptone. This suggests that in the metabolic 

process of tryptone in K. lactis GG799, utilization of the 

peptides and amino acids present in tryptone serves as the 

most effective nitrogen source, promoting growth and 

biomass production. Moreover, among the diverse extract 

components tested, yeast extract, rich in amino acids, 

peptides, vitamins, and minerals, emerged as the most 

potent supporter of K. lactis GG799 cell growth and 

proliferation. 

 

This study aimed to optimize the screened variables for 

enhanced biomass production, with the ultimate goal of 

maximizing VEGF165 production, employing the Box-

Behnken design. The relationship between the three 

examined variables (galactose, tryptone, and yeast extract) 

and biomass concentration, chosen as the response, was 

established using RSM. The maximum biomass response 

of 17.52 g L-1 was achieved in a medium comprising 40 g 

L-1 galactose, 20 g L-1 tryptone, and 10 g L-1 yeast extract. 

The wide variation in biomass production, ranging from 

8.74 ± 0.22 to 17.52 ± 0.95 g L-1, underscores the 

significant influence of factors in recombinant protein 

production [37, 38]. The impact of the three independent 

factors on K. lactis GG799 biomass production was 

evaluated through ANOVA, revealing that the interaction 

between the variables significantly contributes to 

improving biomass production (p<0.05). Furthermore, the 

difference between the predicted and adjusted R2 was less 

than 0.2, as expected for the fit statistic [39]. According to 

ANOVA, of the terms examined, A (galactose), B 
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(tryptone), and A2 (galactose squared) with p-values less 

than 0.05 are considered significant model terms. 

Galactose and tryptone had a more pronounced impact on 

biomass production, as reflected by their relatively high 

mean square compared to yeast extract. Additionally, the 

3D plot illustrates the effects of galactose and tryptone 

concentrations on biomass production, suggesting that 

intermediate concentrations of galactose and tryptone lead 

to a more notable increase in biomass production. Also, the 

graphical representation of residuals as a function of 

estimated values indicates that the errors adhere to a 

normal distribution, affirming the good fit of the proposed 

model. The positive and negative contributions of the 

coefficients signify that any increase in medium 

components results in a statistically significant decrease or 

increase in biomass production, respectively. In equation 

(1), it is observed that the supplementation of galactose, 

tryptone, and yeast extract has a positive effect. The 

combined interaction of galactose and yeast extract (AC) 

has a positive effect on biomass production, while those of 

galactose and tryptone (AB) and tryptone and yeast extract 

(BC) are positive. However, the quadratic contribution of 

galactose and tryptone has a negative effect, while yeast 

extract shows a positive effect.  

 

Under the experimental conditions considered in this 

study, the optimal medium composition predicted by 

Design Expert software was determined to be 45 g L-1 

galactose, 30 g L-1 tryptone, and 5 g L-1 yeast extract. This 

resulted in biomass production of 18.65 g L-1 and VEGF165 

production of 1024.09 μg L-1. Notably, these values are 

approximately 1.31 and 1.27-fold higher than values 

obtained under unoptimized conditions, respectively. 

Despite the different medium compositions, the maximum 

biomass production obtained in this study (18.65 g L-1) 

exceeded the values reported in the literature. For instance, 

Pandey and Veeranki [21] studied the optimization of 

human interferon-gamma by varying growth parameters 

and carbon source concentration and they observed the 

maximum biomass of K. lactis GG799 (15 g L-1 dry cell 

weight) produced at a lactose concentration. In another 

study, Pandey et al. optimized the medium components for 

maximizing the biomass of recombinant K. lactis, resulting 

in a biomass production increased to 23.1 g L-1, which was 

1.5-fold higher as compared to the initial biomass value 

observed [20]. Zaharah et al. [38], developed a medium for 

recombinant endo-β-1,4- xylanase (Xyn2) production 

using K. lactis GG799, and the designed medium improved 

biomass output (5.67 g L-1) and protein production by 

approximately 9 and 22%, respectively. Finally, Hun et al. 

investigated the effect of medium composition on the 

production of probiotic K. lactis NRRL Y-110 biomass, 

with maximal biomass of 6.32 g L-1 yield obtained in shake 

flask cultivation [27]. 

 
Table 5. Comparison of results before and after optimization 

Variable Un-optimized medium Optimized medium 

Medium components 

 g L-1  g L-1 

Lactose 40 Galactose 45 

Peptone 20 Tryptone 30 

Yeast extract 10 Yeast extract 5 

Biomass (g L-1) 14.22 18.65 

VEGF165 (µg L-1) 803.63 1024.09 

Biomass productivity (gDCW L-1 h-1) 0.19 0.26 

5. CONCLUSION 

 

In this study, we significantly enhanced the expression of 

recombinant human VEGF165 by optimizing the biomass 

production of K. lactis through a statistical experimental 

design. Among the screened carbon, nitrogen, and extract 

components, galactose, tryptone, and yeast extract 

emerged as key factors leading to higher biomass 

production and increased VEGF165 expression. Through 

the application of the Box-Behnken design, we achieved a 

remarkable increase in biomass production at the shake 

flask level compared to the initial production in the 

unoptimized growth medium. Concurrently, the expression 

level of recombinant VEGF165 experienced a significant 

increase, surpassing 1 mg L-1 with the optimized medium. 

These findings underscore the significant influence of 

medium components on both the growth of K. lactis 

GG799 and the production of recombinant VEGF165. 

Nonetheless, the insights gained from this research have 

broader implications, offering potential relevance for the 

overexpression of other recombinant proteins utilized in 

various biotechnological applications. Furthermore, 

studies employing optimized media will advance the 

current understanding of the mechanism of heterologous 

protein secretion by K. lactis and facilitate new strategies 

to enhance the production capabilities of these cells. 
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Abstract: The regulation of Protein kinase A signaling pathway is controlled by the cellular 

cAMP level. The level of cAMP in the cell is regulated by the enzymes adenylate cyclase, which 

synthesizes the cAMP from ATP, and cAMP phosphodiesterase, which degrades the cAMP to 

AMP. The PDE1 and PDE2 genes encode two phosphodiesterases with low and high affinity 

for cAMP, respectively. The NTH1 gene encodes the neutral trehalase enzyme, which is 

responsible for stress-accumulated trehalose degradation, and its expression is regulated by 

PKA. The aim of this study was to examine the effect of PDE1 and PDE2 gene products on the 

expression of the NTH1 gene and reserve carbohydrate metabolism in both stressful and 

restoring conditions. Thus, the expression of the NTH1 was assessed under nitrogen starvation, 

heat stress, and recovery period by inserting the plasmid containing the Nth1-LacZ gene fusion 

into pde1∆, pde1∆, and wild-type yeast strains. The expression of the NTH1 gene was shown 

to be lower than that of the wild-type under normal conditions, heat stress, nitrogen starvation, 

and also during the replenishment period in pde1∆ and pde1∆ yeast cells. The accumulation of 

trehalose and glycogen was shown to be dramatically enhanced in pde1∆ yeast cells. However, 

deletion of the PDE2 gene did not lead to a significant change in trehalose and glycogen 

accumulation comparable to that found in the wild-type. These results indicate that the PDE1 

gene product, rather than PDE2, is required for the downregulation of reserve carbohydrate 

metabolism. Consequently, the Pde1 protein is considered to exert yet-unidentified regulatory 

control over the Pde2 protein. 
 

 

cAMP-bağımlı Fosfodiesteraz Aktivitesinin NTH1 Gen Ekspresyonu ve Depo Karbonhidrat 

Metabolizması Üzerine Etkisi 
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Isı stresi,  

Azot açlığı,  
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Stresten 

kurtulma  

 

Öz: Protein kinaz A sinyal yolağının düzenlenmesi hücresel cAMP seviyesi tarafından kontrol 

edilir. Hücredeki cAMP seviyesi ise, cAMP'yi ATP'den sentezleyen adenilat siklaz ve cAMP'yi 

AMP'ye indirgeyen cAMP fosfodiesteraz enzimleri tarafından düzenlenir. PDE1 ve PDE2 

genleri, cAMP için düşük ve yüksek afiniteye sahip iki fosfodiesterazı kodlar. NTH1 geni stres 

şartlarında biriktirilen trehalozun parçalanmasından sorumlu olan nötral trehalaz enzimini 

kodlar ve ekspresyonu PKA tarafından kontrol edilir. Bu çalışmada, stres koşullarında ve stres 

sonrasında, PDE1 ve PDE2 genlerinin NTH1 gen ekspresyonu ve depo karbonhidrat 

metabolizması üzerine etkisinin belirlenmesi amaçlanmıştır. Bu nedenle Nth1-LacZ gen 

füzyonu taşıyan plazmid pde1∆, pde1∆ ve yaban tip maya suşlarına transforme edilerek azot 

açlığında, ısı stresinde ve stres sonrasında NTH1 gen ekspresyonu belirlendi. Normal 

koşullarda, ısı stresinde, azot açlığında ve stresten kurtulma sonrasında, pde1∆ ve pde1∆ maya 

hücrelerinde belirlenen NTH1 gen ekspresyonunun yaban tipten daha düşük olduğu gözlendi. 

Trehaloz ve glikojen birikiminin pde1∆ maya hücrelerinde oldukça yüksek oranda arttığı 

gözlendi. Bununla birlikte, PDE2 yokluğunun trehaloz ve glikojen birikiminde önemli bir 

değişikliğe yol açmadığı gözlendi. Bu sonuçlar, depo karbonhidrat metabolizmasının aşağı 

regülasyonu için PDE2’nin değil de PDE1 gen ürününün gerekli olduğunu göstermektedir. 

Sonuç olarak, Pde1 proteininin, Pde2 proteini üzerinde henüz tanımlanamayan düzenleyici 

kontrol uyguladığı düşünülmektedir. 
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1. INTRODUCTION 

 

The budding yeast Saccharomyces cerevisiae has the 

ability to respond to environmental alterations by using 

different sensing and signaling mechanisms. Depending 

on nutrient availability, yeast cells alter their gene 

expression patterns and related metabolic pathways. The 

stress response system is a good example of how to 

analyze these alterations in nutrient-deficient conditions. 

The stress tolerance of yeast cells begins to increase 

whenever they enter the stationary phase of growth, where 

essential nutrients are depleted [1, 2]. One of these 

signaling pathways is the RAS-cAMP-PKA pathway, 

which is involved in different stress responses such as 

oxidative stress, osmotic stress, and STRE-related stress. 

Protein kinase A (PKA) is a tetrameric protein that is 

composed of two regulatory subunits (encoded by BCY1) 

and two catalytic subunits (encoded by TPK1, TPK2, and 

TPK3) [2, 3]. The activity of PKA is regulated by the 

binding of cyclic AMP (cAMP) to Bcy1p, which results 

in the release of catalytic subunits. The level of cAMP in 

the cell is regulated by the activity of RAS-associated 

adenylate cyclase (encoded by CYR1) and cAMP 

phosphodiesterase (encoded by PDE1 and PDE2) 

enzymes. The adenylate cyclase enzyme is responsible for 

the synthesis of cAMP from ATP, and the 

phosphodiesterase enzyme degrades the cAMP to AMP 

[4, 5].  

 

The primary amino acid sequences of Pde1 and Pde2 

cAMP phosphodiesterases are not similar. PDE1 and 

PDE2 genes were coded for 526 and 369 amino acids, 

respectively. Both phosphodiesterase enzymes have 

different affinities for cAMP. The monomeric Pde1p has 

low affinity for cAMP, with its Michaelis-Menten 

constant (Km) changing between 20 and 250 μM. The 

dimeric Pde2p has a high affinity for cAMP, with a Km for 

cAMP of 170 nM. Pde1 protein has dual activity on the 

hydrolysis of both cAMP and cGMP with similar 

enzymatic efficiencies. Pde1p is required for lowering the 

concentration of intracellular cAMP levels upon the 

addition of glucose. In addition, Pde1p has a specific role 

in agonist-induced cAMP signaling in response to 

intracellular acidification. Pde2p is responsible for 

breaking down exogenous cAMP. Pde2p controls the 

basal cAMP level in the cell. Deletion of the PDE2 gene 

causes the accumulation of cAMP and continuously 

active PKA, which results in irregularities in cell wall 

integrity and stress response pathways [5-7].  

 

The level of the stress metabolite, trehalose, is controlled 

by cAMP in S. cerevisiae yeast cells. Trehalose 

accumulation starts in the diauxic phase and continues 

during the stationary phase in normal growth conditions. 

But in a stressful environment, trehalose is accumulated 

at the logarithmic phase. The stress-accumulated 

trehalose must be rapidly degraded whenever the stress is 

terminated. The level of trehalose in yeast cells is 

maintained by means of the TPS enzyme complex and the 

trehalase enzyme. The hydrolysis of trehalose is fulfilled 

by the neutral trehalase enzyme encoded by the NTH1 

gene. The promoter region of NTH1 contains three STRE 

motifs that are the targets of transcriptional activator 

proteins, Msn2 and Msn4. NTH1 expression is induced by 

various stresses as well as by cAMP-dependent protein 

kinase [8]. Therefore, the inhibition of Msn2p and Msn4p 

activation via the highly activated RAS-cAMP-PKA 

pathway or some other interconnected pathways directly 

effects the stress response of the yeast S. cerevisiae [9-

11].  

 

We investigated the role of cAMP phosphodiesterases in 

NTH1 gene expression and reserve carbohydrate deposits 

under nitrogen deficiency and heat stress. Our results 

indicated that the deletion of PDE1 or PDE2 genes 

downregulates NTH1 gene expression both in normal 

growth conditions and stressful environments. In addition, 

the PDE1 gene product may be involved in the 

downregulation of reserve carbohydrate metabolism. 

 

2. MATERIAL AND METHOD 

 

2.1. Yeast Strains and Plasmids 

 

Yeast strains BY4741 (Mata, his3Δ1; leu2Δ0; met15Δ0; 

ura3Δ0) and mutant derivatives pde1Δ (Mata, his3Δ1; 

leu2Δ0; met15Δ0; ura3Δ0; YGL248w::kanMX4) and 

pde2Δ (Mata, his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; 

YOR360c::kanMX4) were used in this study. The yeast 

strains were purchased from EUROSCARF (Frankfurt, 

Germany). PDE1 and PDE2 genes were completely 

replaced with the KanMX4 module in both pde1Δ and 

pde2Δ strains, respectively. The pNL1 plasmid, including 

the Nth1-lacZ gene fusion, was used to quantify the 

promoter activity of the NTH1 gene. The other plasmid, 

including the Suc2-lacZ gene fusion, was used as a 

control. 

 

S. cerevisiae strains were cultured in YPD medium (1% 

yeast extract, 2% peptone, and 2% glucose) for plasmid 

transformation. The plasmids were transformed into wild-

type, pde1Δ, and pde2Δ yeast strains using a procedure as 

described previously [12]. Yeast cells were plated on 

Yeast Synthetic Minimal (YSM) medium without uracil 

(0.17% yeast nitrogen base (w/o amino acids and 

ammonium sulphate) + 0.5% ammonium sulphate + 20 

mg L-1 histidine + 60 mg L-1leucine + 20 mg L-1 

methionine) supplemented with 2% glucose and grown at 

30 °C till well-grown transformant colonies were 

obtained. 

 

2.2. Growth Conditions 

 

Transformant yeast cells were grown overnight in YSM 

medium at 120 rpm and 30 °C. The overnight cultures 

were resuspended in fresh YSM culture and grown to an 

exponential phase under the same conditions. The yeast 

cultures were then separated into two groups, and one part 

of the culture was transferred directly to a 42 °C incubator 

without changing the other growth conditions. The second 

part was harvested, washed, refreshed in YSM culture 

supplemented with proline (0.1%), and then incubated at 

30 °C. All yeast cultures were further incubated for four 

hours. At the end of incubation periods, half of the 

cultures were harvested and used for measurements of β-

galactosidase activities, trehalose, and glycogen contents 
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of the yeast cells. The second half of the cultures grown 

at 42 °C were transferred to 30 °C for heat stress recovery, 

and 0.5% ammonium sulphate was added to rescue yeast 

cells from nitrogen starvation. Then all yeast cultures 

were grown at these conditions for further 4 hours. 

 

2.3. Enzyme Assays 

 

The harvested yeast cells were used for determining β-

galactosidase activities as described previously [13]. Beta 

galactosidase units (U) were given in nanomoles of 

ONPG (o-Nitrophenyl β-D-Galactopyranoside) cleaved 

per minute per milligram of protein in permeabilized yeast 

cells. Trehalose and glycogen assays of yeast cells were 

determined as described previously [14]. The yeast 

transformants were removed, washed with ice-cold water, 

and then resuspended in 125 µL of 0.25 M Na2CO3 and 

incubated at 95 °C for about 3 hours. Then 75 µL of 1 M 

acetic acid and 300 µL of 0.2 M sodium acetate, pH 5.2 

were added and divided into two parts. One half of the cell 

mixture was incubated at 37 °C overnight in the presence 

of 3 mU trehalase enzyme (Sigma, T8778) for the 

trehalose assay. The second half of the suspension was 

incubated at 57 °C for overnight with continuous shaking 

in the presence of 70 U mg-1 amyloglucosidase enzyme 

from Aspergillus niger (Sigma, 10115) for the glycogen 

assay. The quantity of liberated glucose was measured 

enzymatically using the glucose oxidase-peroxidase 

system (GOD-POD assay) (Fluitest®-GLU, Biocon, 

Germany). The amounts of trehalose and glycogen in the 

yeast cells were calculated and expressed as micrograms 

of glucose equivalent per milligram of wet mass (µg mg-

1).  

 

2.4. Statistical Analysis 

 

The results were reported as the means ± standard 

deviation (SD) of at least three independent transformants 

and three independent experiments. Data analysis was 

performed using GraphPad Prism software 5 (GraphPad 

Software Inc., La Jolla, USA). Differences were 

considered statistically significant when a P value was 

less than 0.05. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Effects of Pde1 and Pde2 on NTH1 Transcription 

 

In order to determine the effects of low- and high-affinity 

cyclic AMP phosphodiesterases on regulation of NTH1 

gene transcription, Nth1-lacZ gene fusion was 

transformed into wild-type, pde1Δ, and pde2Δ strains. The 

expression of Nth1-lacZ gene fusion in wild-type, pde1Δ, 

and pde2Δ yeast cells was found to be 857.7±98.6 U, 

437.2±40.5 U, and 226.3±27.3 U, respectively (Figure 1). 

The NTH1 gene expression decreased 2-fold in the 

absence of Pde1 protein and 2-fold in the absence of Pde2 

protein at normal growth conditions. This result indicated 

that the absence of PDE genes caused a significant 

reduction in NTH1 transcription under normal growth 

conditions. Also, the promotor activation in pde2Δ yeast 

cells was 2-fold lower than that in pde1Δ yeast cells. 

 

 
Figure 1. The effect of Pde1 and Pde2 proteins on the expression of 
NTH1 gene during nitrogen starvation and recovery. For nitrogen 

starvation yeast cells transferred to 0.1% proline and for recovery 0.5% 

ammonium sulfate was added. Incubation period for nitrogen starvation 
and recovery period was 4 hours. 

 

In glucose-grown yeast cells, PKA is activated through 

the RAS-cAMP pathway, depending on the cAMP 

concentration. High cAMP accumulation results in a 

continuously active PKA that phosphorylates Rim15, 

Yak1, and Msn2/4 and localizes them in the cytoplasm [2, 

10, 15, 16]. Also, nuclear Msn2/4 proteins are 

phosphorylated by active Yak1 and Rim15 kinases from 

sites apart from the PKA phosphorylation site, and then 

they bind to the relevant stress elements (STRE 

sequences) and activate transcription. Therefore, in the 

absence of PDE1 and PDE2 gene products, continuously 

active PKA blocks Msn2/4 activation, resulting in 

reduced NTH1 transcription in a stress-free environment. 

As a result, even under normal growth circumstances, 

cAMP phosphodiesterase enzyme activity is required for 

NTH1 gene regulation. Furthermore, it was shown that the 

Pde2 protein exhibited greater efficacy in facilitating 

NTH1 transcription compared to the Pde1 protein. 

 

The exponentially growing yeast cells were transferred to 

the nitrogen starvation condition, and the promoter 

activations were determined (Figure 1). The expression of 

Nth1-lacZ gene fusion in the wild-type, pde1Δ and pde2Δ 

yeast cells was determined to be 3636.2±218.5 U, 

1044.5±98.6 U, and 869.8±95.2 U, respectively. The 

promoter activity of wild-type yeast cells increased nearly 

4-fold in nitrogen starvation. Similarly, when pde1Δ and 

pde2Δ mutant yeast cells were transferred to poor nitrogen 

sources, the expression level increased nearly 2-fold in 

pde1Δ and 4-fold in pde2Δ mutants. The NTH1 

transcription level in pde1Δ and pde2Δ yeast cells was 2-

fold lower than in wild-type yeast cells under nitrogen 

starvation conditions. When the yeast cells shifted to a 

nitrogen-rich environment, Nth1-lacZ gene expression 

became 2400.4±278.6 U, 631.8±72.6 U, and 

561.6.6±65.3 U in the wild-type, pde1Δ, and pde2Δ yeast 

cells, respectively. Although the NTH1 promoter activity 

in wild-type and mutant yeast cells decreased nearly 2-

fold after the replenishment period, it was still higher than 

in the normal growth condition. Yeast strains did not show 

a dramatic fall in NTH1 gene expression after the 4-hour 

post-stress period, but it was observed that there was a 

gradual recovery of gene expression back to pre-stress 

patterns after 8 hours (data not given). 
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When heat stress was applied to yeast cells, Nth1-lacZ 

expression of wild-type, pde1Δ, and pde2Δ yeast cells was 

measured as 1789.6±214.6 U, 679.7±71.8 U, and 

288.6±50.3 U, respectively (Figure 2). The shifting of 

wild-type and pde2Δ yeast cells to 42 °C increased the 

expression of Nth1-LacZ gene fusion nearly twofold. 

However, the shifting of pde1Δ yeast cells to heat stress 

did not cause a change in NTH1 promoter activity. After 

the 4-hour recovery period, the NTH1 promoter activities 

of wild-type (766.5±72.7 U) and pde1Δ yeast cells 

(458.3±62.8 U) were returned to the pre-stress level. 

Interestingly, in the absence of the PDE2 gene, NTH1 

transcription was not affected during heat stress and stress 

recovery. Generally, NTH1 transcription levels in pde1Δ 

and pde2Δ yeast cells became lower than wild-type yeast 

cells under both normal and stressful conditions. In 

addition, regulation of NTH1 gene expression in stress 

conditions is faster than in stress recovery. 

 

 
Figure 2. The effect of Pde1 and Pde2 proteins on the expression of 
NTH1 gene during heat stress and recovery. For heat stress yeast cells 

transferred to 42 °C and for recovery yeast cells retreated to 30 °C. 
Incubation period for heat stress and recovery period was 4 hours. 

 

The variable stress conditions activate Msn2/4 and Hsf1 

transcription factors via different signaling pathways. 

Msn2/4 and Hsf1 transcription factors bind to the STRE 

sequences and heat shock elements (HSE), respectively. 

Msn2/4 transcription factors are localized both in the 

cytoplasm and nucleus, depending on environmental 

conditions [15]. The nuclear localization and activity of 

Msn2/4 proteins increase after nutrient starvation or other 

stress treatments [15-17]. Hsf1 transcription factor is 

localized in the nucleus and bound to HSE under normal 

growth conditions. The occupancy and activity of Hsf1 

increase after heat shock treatment. The activity of 

Msn2/4 and Hsf1 transcription factors is regulated by 

different signaling pathways. Yak1 and Rim15 kinases are 

regulated by cAMP-dependent PKA and TOR (Target of 

Rapamycine) signaling pathways [18]. Rapamycin 

treatment or nitrogen starvation causes the inactivation of 

the TOR pathway, which results in the nuclear 

accumulation of Msn2/4 proteins and the localization of 

Yak1 and Rim15 kinases in the nucleus [2, 10, 16, 18, 19]. 

Thus, Yak1 kinase activates the nuclear Msn2/4 and Hsf1 

proteins for binding to STRE and HSE sequences, 

respectively. Therefore, in our research, NTH1 gene 

expression increased in wild-type yeast cells in response 

to nitrogen starvation and heat stress. The constitutive 

activation of the RAS/cAMP pathway blocks several 

rapamycin-induced responses, such as the activation of 

stress transcription [18, 20]. The high cAMP level in the 

absence of cAMP phosphodiesterase enzyme activity 

caused constitutive activation of PKA and may have 

blocked STRE-mediated NTH1 gene expression. 

Therefore, NTH1 transcription in pde1Δ and pde2Δ yeast 

strains may have been lower than in wild-type yeast cells. 

 

SUC2 gene expression is independent of stress regulation, 

so it was used as a control. The expression of Suc2-lacZ 

gene fusion at normal growth conditions was found to be 

1.48±0.02 U, 1.12±0.02 U, and 1.53±0.03 U in wild-type, 

pde1Δ, and pde2Δ yeast strains, respectively. The Suc2-

lacZ expressions in wild-type, pde1Δ, and pde2Δ yeast 

strains were found to vary between 1.88±0.01 U and 

4.72±0.05 U during nitrogen starvation, heat stress, and 

replenishment periods. 

 

3.2. Effects of Pde1 and Pde2 on Trehalose and 

Glycogen Accumulation 

 

S. cerevisiae yeast cells accumulate trehalose and 

glycogen as an energy source when environmental 

conditions become unfavorable. The accumulation of 

both carbohydrates is regulated by different signaling 

pathways, such as the RAS/cAMP pathway, depending on 

the growth rate of yeast cells. Therefore, the effect of 

cAMP phosphodiesterase activity on reserve 

carbohydrate accumulation was determined in wild-type, 

pde1Δ, and pde2Δ yeast strains during the exponential 

phase. As expected, the trehalose level was 2-fold higher 

than the glycogen level in wild-type cells under normal 

growth conditions (Figure 3). In pde1Δ yeast cells, the 

level of trehalose was almost four times higher than the 

level of glycogen. However, the levels of trehalose and 

glycogen in pde1Δ yeast cells were 17-fold and 9-fold 

higher, respectively, than in wild-type cells. The trehalose 

level in pde2Δ yeast cells was nearly 2-fold higher than 

the glycogen level, and the level of these carbohydrates in 

pde2Δ yeast cells was similar to the wild-type level. Both 

trehalose and glycogen levels in the yeast cells were quite 

high in the presence of solo PDE2 gene. But the presence 

of a solo PDE1 gene (pde2Δ) or the presence of both 

PDE1 and PDE2 genes (wt) resulted in basal-level 

accumulation of these reserve carbohydrates. These 

results suggest that PDE1 and PDE2 gene products may 

be involved in down- and up-regulation of reserve 

carbohydrate metabolism, respectively. 

 

It was previously reported that PDE2 deletion did not 

result in a significant reduction in expected PKA-

dependent phosphorylation events [21]. Furthermore, 

deletion of the PDE1 gene results in significantly larger 

cAMP accumulation in response to glucose addition, 

whereas deletion of the PDE2 gene results in low cAMP 

accumulation [22]. The phosphorylation of the Pde1 

protein by PKA does not change its affinity for cAMP but 

may change its interaction with other proteins and 

subcellular localization [22]. The cAMP-

phosphodiesterase Pde2 exhibits physical interaction with 

several stress-regulated transcription factors that are 

targeted by PKA [23]. The role of Pde2 is crucial in the 

proper initiation of Msn2/4 target genes [21]. 

Consequently, the Pde2 protein interacts with the Msn2/4 

transcription factors, creating a stress signal that induces 
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the accumulation of reserve carbohydrates. High levels of 

trehalose and glycogen were therefore observed in pde1Δ 

mutant cells. 

 

 
Figure 3. The effect of cAMP phosphodiesterase activity on trehalose 

and glycogen accumulations at normal growth condition. 
 

In a recent study, the hyperactivation of the 

Ras/cAMP/PKA pathway in pde2Δ mutant cells resulted 

in decreased glycogen accumulation and thermotolerance 

in the pathogenic fungus Candida auris [24]. As a result, 

they suggested that C. auris primarily uses high-affinity 

phosphodiesterase (Pde2) as the primary regulator of the 

cAMP/PKA signaling pathway, with the low-affinity 

Pde1 enzyme playing a minor role. However, the low 

levels of trehalose and glycogen in the wild-type and 

pde2Δ yeast cells in this study show that the Pde1 protein 

can regulate the activity of the Pde2 protein under normal 

growth conditions via an unidentified mechanism. It has 

been reported that the creation of deterministic 

mathematical models of the PKA module and complete 

cAMP pathway reveals that Pde1p is more important than 

Pde2p for controlling the cAMP levels following glucose 

pulses, and the proportion of active PKA is not directly 

proportional to the cAMP level, allowing PKA to exert 

negative feedback by activating Pde1p [25]. Our findings 

suggest that, in addition to the enzymatic activity of Pde1, 

its regulatory role confers upon it a heightened 

significance comparable to that of the Pde2 protein. 

 

3.3. Trehalose and Glycogen Accumulation Under 

Nitrogen Starvation and Recovery 

 

In order to determine the effect of Pde1 and Pde2 on 

trehalose and glycogen accumulation, yeast cells were 

grown at a strong nitrogen source until the exponential 

stage and then transferred to a poor nitrogen source. 

Trehalose and glycogen levels increased 3-fold and 26-

fold in wild-type yeast cells during nitrogen starvation, 

respectively (Figure 4). Glycogen accumulation during 

starvation was fourfold higher than the trehalose level in 

wild-type yeast cells. During starvation, half of the stored 

trehalose was broken down in pde1Δ yeast cells, resulting 

in a decline in the trehalose level, whereas the glycogen 

level increased two-fold. Trehalose level in pde1Δ yeast 

cells was still 3-fold higher than that of wild-type. The 

nitrogen deficiency induced trehalose and glycogen 

accumulation about 2-fold and 3-fold, respectively, in 

pde2Δ yeast cells. These results indicate that nitrogen 

starvation induces more glycogen accumulation than 

trehalose, both in wild-type and mutant yeast cells. 

Additionally, pde2Δ yeast cells were more susceptible to 

nitrogen deficiency than pde1Δ yeast cells, which 

indicates that Pde2 protein has a more significant function 

than Pde1 protein in the regulation of reserve 

carbohydrate metabolism. It was previously shown that 

the deletion of the PDE2 gene made cells sensitive to 

freeze-thawing and oxidative stress, whereas the deletion 

of the PDE1 gene has no effect on cellular stress 

resistance [6]. Furthermore, it was shown that glycogen 

accumulation and stress tolerance were lower in C. auris 

pde2Δ cells compared to Δpde1 mutant cells [24]. Since 

pde2Δ yeast cells accumulate fewer stress metabolites 

than pde1Δ yeast cells and are thus more sensitive to 

environmental stresses, our results are consistent with 

these findings. 

 

 
Figure 4. The effect of Pde1 and Pde2 proteins on trehalose and 

glycogen accumulation during nitrogen starvation and recovery. For 
nitrogen starvation yeast cells transferred to 0.1% proline and for 

recovery 0.5% ammonium sulfate was added. Incubation period for 

nitrogen starvation and recovery period was 4 hours. 
 

Reserve carbohydrate accumulation was also analyzed 

during the 4 hours’ recovery period. In wild-type and 

mutant yeast cells, starvation-induced trehalose and 

glycogen synthesis stopped during recovery. Within 4 

hours, 57% of the accumulated trehalose and 90% of the 

accumulated glycogen were broken down into glucose 

and restored to normal growth conditions in wild-type 

yeast cells (Figure 4). In wild-type cells, the rate of 

glycogen breakdown was seen to be higher compared to 

that of trehalose. In the presence of a solo PDE1 gene 

(pde2Δ), the levels of both trehalose and glycogen were 

shown to decrease by approximately 50% during the 

replenishing phase. In contrast to pde1Δ cells, pde2Δ cells 

showed 90% and 30% degradation in stress-induced 

accumulation of trehalose and glycogen, respectively. The 

rate of trehalose breakdown was shown to be faster in 

pde2Δ cells in comparison to both wild-type and pde1Δ 

cells.  

 

Trehalose levels in pde1Δ cells were high under normal 

growth conditions, but when stress was applied, yeast 

cells immediately began to break it down and continued 

to do so even after the stress was removed. However, the 

accumulation of glycogen continued through the 

starvation period and was subsequently metabolized 

during the recovery phase. These findings indicate that the 

Pde2 protein plays a crucial role in the regulation of 

intracellular trehalose accumulation, both in normal and 

stressful environments. 
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3.4. Trehalose and Glycogen Accumulation During 

Heat Stress and Recovery 

 

Intracellular trehalose levels are very low during normal 

growth conditions and increase during different stress 

conditions and heat shock. The heat shock treatment of 

yeast cells causes a decrease in the growth rate and the 

concomitant accumulation of reserve carbohydrates [26, 

27]. Therefore, the effects of Pde1 and Pde2 proteins on 

reserve carbohydrate accumulation during heat shock and 

recovery were analyzed. When wild-type yeast cells 

grown under favorable growth conditions were shifted to 

42 °C, the trehalose level increased 7-fold but the 

glycogen content remained unchanged (Figure 5). The 

reserve carbohydrate accumulations in pde1Δ cells 

decreased when exposed to heat shock, but they were still 

2-fold and 12-fold higher than the trehalose and glycogen 

levels of wild-type cells, respectively. As opposed to 

pde1Δ yeast cells, trehalose and glycogen levels increased 

3- and 2-fold in pde2Δ cells, respectively. During heat 

shock, the amount of trehalose in pde2Δ cells was 2-fold 

lower than in wild-type cells, whereas the amount of 

glycogen was 5-fold greater. 

 

The glycogen accumulation exhibited an upward trend in 

pde1Δ and pde2Δ cells after heat stress, while remaining 

unchanged in wild-type cells. As in nitrogen starvation, 

trehalose continued to be synthesized in wild-type and 

pde2Δ cells during heat stress, but it was degraded in 

pde1Δ cells. These results indicate that both Pde1 and 

Pde2 activity are essential for the proper accumulation of 

trehalose and glycogen during nitrogen starvation and 

heat stress. Furthermore, in the presence of Pde2 protein 

(in pde1Δ cells), trehalose levels were very high in normal 

and stressful conditions. This finding suggests that the 

Pde2 protein is capable of initiating stress signaling 

pathways even in the absence of external stress. 

Consequently, it can be inferred that the PDE1 gene 

product plays a crucial function in the regulation of PKA 

activity and, indirectly, in the regulation of Pde2 protein 

activity, thereby enabling the detection of stress signals. 

 

 
Figure 5. The effect of Pde1 and Pde2 proteins on trehalose and 

glycogen accumulation during heat stress and recovery. For heat stress 

yeast cells transferred to 42 °C and for recovery yeast cells retreated to 
30 °C. Incubation period for heat stress and recovery period was 4 hours. 
 

For recovery, yeast cells were transferred to 42 °C and 

incubated for 4 hours, then trehalose and glycogen levels 

were detected. Approximately 87% and 71% of stress-

accumulated trehalose were hydrolyzed in wild-type and 

Δpde2 yeast cells, respectively, during the recovery 

period. (Figure 5). Interestingly, in pde1Δ cells, 50% of 

the stress-accumulated trehalose was degraded, whereas 

glycogen synthesis continued twofold throughout the 

replenishment period. It was shown that pde2Δ cells 

recovered to a similar extent as the wild-type, whereas 

pde1Δ failed to recover properly in terms of trehalose. 

Additionally, unlike wild-type yeast cells, pde1Δ and 

pde2Δ yeast cells continued to synthesize glycogen during 

the recovery phase. These results indicate that both PDE1 

and PDE2 gene products are crucial for the regulation of 

trehalose and glycogen metabolism under normal 

circumstances, stress conditions, and replenishment. 

 

It is known that low levels of cAMP and repression of 

cAMP-dependent protein phosphorylation show 

enhanced heat resistance in yeast strains [19]. The 

overexpression of PDE2 genes showed enhanced heat 

resistance, whereas the overexpression of the Pde1 

enzyme did not show a significant change in heat 

resistance compared with the control yeast strain [22]. 

The ability of pde2Δ yeast strains to survive in stress 

conditions such as heat stress and nitrogen starvation was 

decreased [28, 29]. In addition, deletion of the PDE2 gene 

made cells sensitive to different stresses, whereas deletion 

of the PDE1 gene did not affect cellular stress resistance 

[6]. Our results showed that the trehalose level in pde1Δ 

yeast cells was too high and did not change during stress 

or the recovery period compared to the wild-type. 

Consistent with these results, the PDE2 gene product is 

essential for the accumulation of the stress metabolite 

trehalose, thus making the yeast cells more resistant to 

stress conditions. Interestingly, the level of glycogen in 

pde1Δ yeast cells decreased during heat stress and quietly 

resynthesized in the recovery period. Conversely, in 

pde2Δ yeast cells, glycogen synthesis was triggered 

during stress and the recovery period. Therefore, the 

PDE2 gene product has a distinct regulatory role in 

glycogen metabolism, even if the exact mechanism is 

unknown yet. 

 

Different external and internal factors affect the stress 

response production rate and the duration of the response 

in yeast cells. In the absence of cAMP 

phosphodiesterases, cAMP clearance is altered, affecting 

the overall timing of cellular decisions. Therefore, Pde1 

and Pde2 proteins affecting stress response duration [22, 

30]. The findings of our study indicate that Pde1 and Pde2 

proteins also play a crucial role in the sensing and 

production of stress responses. 

 

4. CONCLUSION 

 

In yeast cells, PKA activity has been linked to a variety of 

cellular functions, including stress response. The activity 

of PKA is regulated by the cAMP level, which is 

controlled by adenylate cyclase and cAMP 

phosphodiesterase enzymes. PDE1 and PDE2 genes 

encode the low- and high-affinity cAMP 

phosphodiesterases, respectively. Inactivation of PKA 

activates the stress response pathways and causes the 

accumulation of storage carbohydrates, which leads to 

increased tolerance to diverse environmental stresses such 

as nutrient deficiency, oxidative stress, and heat stress. 
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The activation of PKA represses the expression of genes, 

including STRE sequences on their promoters. The genes 

involved in trehalose metabolism and glycogen synthesis 

include STRE elements on their promoters. The neutral 

trehalase enzyme, encoded by the NTH1 gene, is 

responsible for the breakdown of stress-accumulated 

trehalose. In this study, the effect of Pde1 and Pde2 

proteins on NTH1 gene expression and storage 

carbohydrate accumulation was investigated at nitrogen 

starvation, heat stress, and during stress recovery. NTH1 

transcription levels in pde1Δ and pde2Δ yeast cells were 

lower than in wild-type yeast cells under normal 

conditions, nitrogen starvation, heat stress, and also 

during the recovery phase. In the absence of PDE1 and 

PDE2 gene products, the high cAMP level caused 

constitutive activation of PKA and may have blocked 

STRE-mediated NTH1 gene expression. Both trehalose 

and glycogen levels in the yeast cells were quite high in 

pde1Δ cells at normal growth conditions. However, in 

pde2Δ yeast cells, the accumulation of trehalose and 

glycogen was at the level of wild-type cells. Under 

conditions of nitrogen deficiency, heat stress, and 

subsequent replenishment, the concentration of trehalose 

in pde1Δ cells remained higher than in pde2Δ and wild 

type cells. In addition, pde2Δ cells recovered to a similar 

extent as the wild-type, whereas pde1Δ cells failed to 

recover properly. The Pde2 protein may interact with 

Msn2/4, creating a long-lasting stress signal to induce the 

accumulation of reserve carbohydrates. So, PDE1 is 

necessary for the downregulation of reserve carbohydrate 

metabolism, and/or Pde1 may regulate the activity of 

Pde2 via an unknown mechanism. These findings suggest 

that Pde1 and Pde2 proteins are essential for the regulation 

of trehalose and glycogen metabolism in both normal and 

stressful circumstances, as well as throughout the 

replenishment process. 
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Abstract: In this study, it was aimed to determine the effects of liquid seaweed on seed 

germination and radicle and plumule growth in some winter cereal species [Triticale (T), Barley (B) 

and Wheat (W)] were investigated. In the study, 6 different doses [Control (D0), 1000 ppm L-1 

(D1), 2000 ppm L-1 (D2), 4000 ppm L-1 (D3), 8000 ppm L-1 (D4) and 16000 ppm L-1 (D5)] of 

seaweed were used. Germination index , radicle and plumule fresh weight (g), radicle and plumule 

dry weight (g) and germinated seed number (number) were measured during the 14-day 

development period of cereal species at all seaweed doses. According to the study findings, apart 

from the "number of germinated seeds in cereal species" and "germination index in species x dose 

interaction"; significant differences were found between the average values of all the properties 

examined in the grain types, fertilizer doses and species x dose interactions. Wheat among cereals 

had the highest values concerning radicle dry weight and radicle fresh weight. D2 dose from the 

doses of seaweed fertilizer form has the highest values in germinated seed number, radicle dry 

weight, plumule dry weight, and radicle fresh weight, while D5 dose was the lowest. In terms of 

species x dose interaction, radicle fresh weight was found to be high in T x D1 interaction. 

Germinated seed number and plumule fresh weight were found to be high in H x D0 interaction. 

Germinated seed number and radicle dry weight were found to be high in W x D2 interaction. As a 

result, in the germination study with liquid seaweed, D2 dose for wheat, D1 and D2 doses for 

triticale, D0, D1 and D2 doses for barley were found as encouraging. 
 

 

Farklı Organik Kökenli Sıvı Deniz Yosunu Dozlarının Serin İklim Tahıl Cinslerinde 

Çimlenme Radikula ve Plumula Gelişimi Üzerine Etkilerinin İncelenmesi 
 

 

Anahtar 

Kelimeler 

Çimlenme 

indeksi,  

Çimlenen 

tohum,  

Doz,  

Serin iklim 

tahılları,  

Organik sıvı 

deniz yosunu 

Öz: Bu çalışmada, sıvı deniz yosununun bazı serin iklim tahıl cinslerinde [Tritikale (T), Arpa (B) 

ve Buğday (W)] tohum çimlenmesi ile radikula ve plumula gelişimi üzerine etkilerinin belirlenmesi 

amaçlanmıştır. Çalışmada 6 farklı dozda [Kontrol (D0), 1000 ppm L-1 (D1), 2000 ppm L-1 (D2), 

4000 ppm L-1 (D3), 8000 ppm L-1 (D4) ve 16000 ppm) ppm L-1 (D5)] deniz yosunu kullanılmıştır. 

Tahıl türlerinin 14 günlük büyümedöneminde tüm deniz yosunu dozlarında çimlenme indeksi, 

radikula ve plumula yaş ağırlığı (g), radikula ve plumula kuru ağırlığı (g) ve çimlenen tohum sayısı 

(adet) ölçülmüştür. Çalışma bulgularına göre, "tahıl türlerinde çimlenen tohum sayısı" ve "tür x doz 

interaksiyonunda türler çimlenme indeksi" dışında; tahıl türleri, gübre dozları ve tür x doz 

interaksiyonlarında incelenen tüm özelliklerin ortalama değerleri arasında önemli farklılıklar 

bulunmuştur. Tahıllar içinde buğday, radikula kuru ağırlığı ve radikula yaş ağırlığı en yüksek 

değerlere sahip olmuştur. Deniz yosunu gübre formunun dozlarından D2 dozu; çimlenen tohum 

sayısı, radikula kuru ağırlığı, plumula kuru ağırlığı ve radikula yaş ağırlığında en yüksek değerlere 

sahipken, D5 dozu en düşük olarak bulunmuştur. Tür x doz interaksiyonu açısından radikula yaş 

ağırlığı T x D1 interaksiyonunda yüksek bulunmuştur. H x D0 etkileşiminde çimlenen tohum sayısı 

ve plumula yaş ağırlığı yüksek bulunmuştur. G x D2 etkileşiminde çimlenenen tohum sayısı ve 

radikula kuru ağırlığı yüksek bulunmuştur. Sonuç olarak, sıvı deniz yosunu ile çimlendirme 

çalışmasında buğday için D2 dozu, tritikale için D1 ve D2 dozları, arpa için D0, D1 ve D2 dozları 

teşvik edici bulunmuştur. 
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1. INTRODUCTION 

 

Cereals in the Poaceae family are important cultural 

plants because they are mainly used as a source of 

carbohydrates and proteins in human and animal 

nutrition. In the structure of winter cereals, there is 

approximately 79.5% carbohydrates, 13.6% protein, 

2.3% crude oil, 2.5% cellulose and 2.1% ash [1]. 

Therefore, it is an important food source for human and 

animal nutrition. Apart from human and animal 

nutrition, it has an important place in the country's 

economy since it is also used in industry with value-

added products. 

 

Winter and spring cereals have an important place for 

cultivation area and production in the world and Türkiye. 

Especially, the cultivation of spring cereals such as bread 

and durum wheat, barley, oat, rye and triticale cultivars 

are carried out intensively in Türkiye. 

 

According to TURKSTAT [2], cereal sufficiency was 

80.3% in 2021 in Türkiye. However, sufficiency in 

wheat was the highest with 87.3% and sufficiency in 

durum wheat with 151.8%.  As of 2022, the cultivation 

area of wheat was 5423779 ha.  Wheat production was 

16000000 tons for grain and 310966 tons for green grass. 

In wheat yield, grain was 2930 kg ha-1 and green grass 

was 18480 kg ha-1.  The cultivation area of barley was 

3085617 ha in grain and 29273 ha in green grass. In 

addition, while the production of barley was 8100000 

tons in grain and 482665 tons in green grass, its yield 

was 2630 kg ha-1 for grain and 16520 kg ha-1 for green 

grass.  The cultivation area of triticale was 99640 ha for 

grain and 61919 ha for green grass. Triticale production 

was recorded as 320000 tons for grain and 1072635 tons 

for green grass, triticale yield was recorded as 3210 kg 

ha-1 for grain and 17320 kg ha-1 for green grass. 

Increasing the yield and quality values of winter cereals 

in proportion to the increasing population is important 

for more adequate and balanced nutrition for people and 

animals. Yield and quality vary according to the variety, 

environmental factors and agricultural methods applied. 

Türkiye, which is the gene center of many species, has 

the more importance for cereals. The existence of many 

registered cultivars, especially in the wheat, is an 

important place for Türkiye. However, the measures 

taken to protect and sustain it are not sufficient [3]. 

Fertilizer is one of the most important inputs in 

agricultural production, thus providing efficient and 

high-quality products and supporting the economic 

sustainability of agriculture [4]. Although there has been 

a significant increase in the use of chemical fertilizers 

and chemical pesticides by farmers to increase the 

fertility of the soil in parallel with the rapid increase in 

the world population after the Industrial Revolution [5],  

conventional agriculture in which excessive use of 

chemical fertilizers and pesticides is considered that it 

will not be sustainable due to cause problems such as 

deteriorates the soil organic matter, environmental and 

soil pollution, contributes to global warming, 

deterioration of the ecological balance and has problems 

with food security. [6,7]. For this reason, the necessity of 

alternative methods in agricultural production is 

inevitable One way to eliminate the negative effects of 

chemical fertilizers, which are used intensively, is to use 

organic fertilizers more in agriculture. Organic-origin 

liquid seaweed fertilizer is one of the mentioned organic 

fertilizers. Organic fertilizers or fertilizer forms provide 

root development by increasing the oxygen content of 

the soil and its water-holding capacity and also protect 

the structure of the soil by decreasing salinity in the soil 

[8]. Seaweed, which is an organic fertilizer form, 

increases germination, helps root development, and 

prolongs the life of the plant by protecting plants against 

diseases and pests [9]. This study was carried out to 

determine the effects of liquid seaweed doses on 

germination, radicle and plumule growth in wheat, 

barley and triticale, which have an important place in 

terms of cultivation and production. 

 

2. MATERIAL AND METHOD 

 

In the study carried out, organic-origin liquid seaweed 

obtained from "Kristal AG Kimya Tarım Sanayi ve 

Ticaret Ltd. Şti." was used. Information on liquid 

seaweed is given below (Table 1). 

 
Table 1. The organic-origin liquid seaweed fertilizer’s content and 

amount 

Seaweed Fertilizer Content Amount   

Organic Matter (%) 15.0  

Organic Carbon (%) 10.0  

Total Nitrogen (%) 1.0  

Water-soluble Potassium Oxide (K2O) (%) 2.0  

Alginic Acid (%) 1.5  

Gibberellic Acid (ppm) 0.4  

pH 4.0-6.0   

 

This study was carried out in the climate cabinet in the 

laboratory of Department of Field Crops, Faculty of 

Agriculture, Kahramanmaraş Sütçü İmam University in 

April 2021in Türkiye. In the research, T (Triticale: 

Ayşehanım variety), B (2-row barley: Novosadski 565 

variety), and W (Bread wheat: Balkoni variety), which 

are winter cereal species, were used as seeds.  

 

In the research, organic-origin liquid seaweed fertilizer 

form was applied in 6 different ways as D0 (Control: tap 

water) and 5 doses (1000 ppm L-1:D1, 2000 ppm L-1:D2, 

4000 ppm L-1:D3, 8000 ppm L-1:D4, 16000 ppm L-1:D5) 

[8]. In the study, symbolizing the doses of the species is 

done by adding the symbol of the species to the 

beginning of the dose. For example, the 2000 ppm L-1 

(D2) dose of triticale (T) is symbolized as TD2. Tap 

water was used as a control and for the preparation of 

other doses. The experiment was carried out according to 

the randomized plot design with 3 replications. 120 mm 

petri dishes were used, the bottom of these petri dishes 

was covered with 2 layers of blotting paper, and then 

blotting papers were wetted with 12 ml of prepared 

solutions. 25 healthy seeds from each cereal species 

were subjected to surface sterilization in 5% NaOCl 

(sodium hypochlorite) solution for 5 minutes. The seeds 



 

Tr. J. Nature Sci. Volume 13, Issue 2, Page 114-120, 2024 
 

 

116 

of the cereal species subjected to surface sterilization 

were washed in tap water and sown in petri dishes by 

adding different doses of solutions. Petri dishes were 

covered with parafilm (PM-992) to prevent evaporation 

of the applied solutions at different doses. Afterwards, it 

was left to germinate for 14 days in an incubator at 20±2 

°C. Measurements for germination and radicle and 

plumule growth were made on the 15th day. 

 

In the experiment, in winter cereal species; properties 

such as germination index (GI), radicle fresh weight 

(RFW) (g), plumule fresh weight (PFW) (g), radicle dry 

weight (RDW) (g), plumule dry weight (PDW) (g) and 

germinated seed number (GSN) (number) were 

investigated. Images of the research are given below 

(Figure 1-6). 

 

 
Figure 1. First and 6th dose of wheat (23.04.2021) 

 

  
Figure 2. In barley 4th dose 1st and 3rd recurrence 
(01.05.2021) 

 

Figure 3. In triticale 2th dose 1st recurrence 
(06.05.2021) 

  
Figure 4. In wheat 3. dose 1. Recurrence (06.05.2021) Figure 5. In triticale 1. Döşe 1. recurrence 

(06.05.2021) 

Triticum aestivum L. 

1st and-6th dose 

Hordeum vulgare L. 

4th dose 13.recurrence 

Triticale L. 
2th dose 1st recurrence 

Triticum aestivum L. 

3rd dose 1st recurrence 

Triticale L. 

1st dose 1st 

recurrence 
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Figure 6. Radicle dry weight of triticale was measured in the laboratory (15th day after placing) (07.05.2021) 

 

The germinated seed number from the examined traits 

was found by counting the germinated seeds from 25 

seeds planted in the petri dish. Counts were made every 

24 hours from the second day to the fourteenth day to 

find the germination index. Germination index (GI) 

values were calculated using the germinated seed 

number [10]. 

 

𝐺𝐼 =  𝛴 (𝐺𝑖 / 𝑇𝑡)           (1) 

GI= Germination index, Gi= seed germinated 

number on the "t. day", Tt= day number of the 

"t. day" 

 

 

Scales with a sensitivity of 0.001 grams were used to 

measure the radicle and plumule fresh weight. The 

radicle and plumule fresh weights were weighed. Then, 

the dry weight of radicula and plumula was calculated 

when they reached constant temperature in the oven at 

70 °C. 

 

2.1. Statistical analysis of data  

 

The statistical analysis of all data was made using the 

SAS (v. 9.0, 2002) statistical package programme 

according to the Completely Randomized Experimental 

Design. The mean of data was compared by least 

significant difference (LSD) multiple comparison test 

[10]. 

 

3. RESULTS AND DISCUSSION  

 

The average values of the effects of different seaweed 

doses on the germination and seedling growth of wheat, 

barley and triticale seeds are given in Tables 2,3 and 4. 

 

 
Table 2. Mean values of GSN, GI, RFW, PFW, RDW and PDW in organic-origin liquid seaweed doses. 

Doses (ppm L-1) 

Features D0 D1 D2 D3 D4 D5 Dose average LSD (0.05) 

GSN (number) 25.00 a 25.00 a 24.78 a 24.44 a 23.00 b 23.00 b 24.20  0.830 ** 

GI  18.41 b 19.89 a 18.94 ab 18.37 b 15.85 c 12.69 d 17.36  1.376 ** 

RFW (g) 1.59 a 1.60 a 1.60 a 1.44 b 1.31 c 1.10 d 1.44  0.119 ** 

PFW (g) 2.05 bc 1.95 c 2.10 ab 1.96 bc 2.21 a 1.78 d 2.01  0.142 ** 

RDW (g) 0.10 b 0.07 d 0.17 a 0.04 e 0.09 c 0.04 e 0.09  0.009 ** 

PDW (g) 0.11 b 0.11 b 0.13 a 0.11 b 0.11 b 0.12 b 0.12  0.009 ** 

GSN: Germinated Seed Number, GI: Germination Index, RFW: Radicle Fresh Weight, PFW: Plumule Fresh Weight, RDW: Radicle Dry Weight, 
PDW: Plumule Dry Weight, Fertilizer Doses D0: Kontrol, D1: 1000 ppm L-1, D2: 2000 ppm L-1, D3: 4000 ppm L-1, D4: 8000 ppm L-1, D5: 16000 

ppm L-1, the same letters in each line are in the same group. 

 
Table 3. Mean values of GSN, GI, RFW, PFW, RDW and PDW across species. 

Species (S) 

Features T B W S average LSD (0.05) S 

GSN (number) 24.61  24.00 
 

 24.00 
 

24.20 - 

GI 19.48 a 14.60 c 18.00 b 17.36 0.97** 

RFW(g) 1.52 a 1.32 b 1.48 a 1.44 0.08** 

PFW(g) 2.05 a 2.11 a 1.86 b 2.01 0.10** 

RDW(g) 0.05 c 0.06 b 0.14 a 0.08 0.00** 

PDW (g) 0.12 b 0.13 b 0.10 a 0.12 0.00** 

T: Triticale, B: Barley, W: Wheat, GSN: Germinated Seed Number, GI: Germination Index RFW: Radicle Fresh Weight, PFW: Plumule Fresh 

Weight, RDW: Radicle Dry Weight, PDW: Plumule Dry Weight, CV: Coefficient of Variation, S: Species.  

3.1. Germinated Seed Number (Number) 

 

The results of variance analysis showed that although the 

difference between the doses (P<0.01) and  species x 

dose interaction (P<0.05) were statistically significant 

for the germinated seed number, the difference between 

cereal species was found to be insignificant (Table 2, 

Table 3,Table 4). It was determined that the doses of 

germinated seeds varied between 22.00 and 25.00. The 

highest germinated seed number was found in the doses 

D0, D1, D2 and D3 (25.00, 25.00, 24.78, and 24.44, 

respectively) doses, and the least germinated seeds were 

Triticale L. 
Radicle dry weight 2th dose 3rd 

recurrence 
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in the D4 and D5 (23.00) doses. Among the doses, D4 

and D5 seem to have a limiting effect on the germinated 

seed number (Table 2). It was determined that the 

germinated seed number of the species x dose interaction 

varied between 23.00 and 25.00. Within the species x 

dose interaction, the highest germinated seed number 

was in TD0, TD1, TD2, TD3, TD4, BD0, BD1, WD0, 

WD1, WD2, WD3 (25.00), followed by BD2 and BD3 

(24.00) the least germinated seed number was obtained 

in BD4 and WD4 (22.00) (Table 4). Kaya and Erdönmez 

[8], in their research to determine the effect of 6 different 

doses (D0, D1, D2, D3, D4 and D5) of seaweed on 

soybean germination and seedling development; the 

highest germinated seed number was determined at a 

dose of 22.00 with D1 (1000 ppm L-1), and the least 

germinated seed number at a fertilizer dose of 5.00 with 

D5 (16000 ppm L-1). Kaya and Coşkun [11], in their 

research to determine the effect of 6 different doses (D0, 

D1, D2, D3, D4, D5) of liquid seaweed on rapeseed 

germination and seedling development; it was 

determined that the highest germinated seed number in 

the D0 application and D1 (23.78 pieces and 22.67 

pieces, respectively), the least germinated seed number 

was 4.33 at D3, germination did not occur in D5. As 

seen in previous studies, the number of germinating 

seeds varies according to plant species. 

 

 

3.2. Germination Index 

 

According to the results of the analysis of variance; In 

terms of germination index, the difference between 

cereal types and doses was statistically significant 

(P<0.01), while the difference between species x dose 

interaction was found to be insignificant (Table 2., Table 

3., Table 4.). The germination index of cereal species 

varied between 14.60-19.48. Among the species, the 

highest germination index was found in the T type 

(19.48), and the lowest germination index was found in 

the B type (14.60) (Table 3). The germination index of 

the doses varied between 12.69-19.89. The highest 

germination index was observed in the D1 dose, and the 

lowest germination index was observed in the D5 dose 

(Table 2). D1 dose seems to be more encouraging in 

terms of germination index. The germination index of 

the species x dose interaction ranged from 11.64 to 

22.00. Kaya and Erdönmez [8], who carried out to 

determine the effect of 6 different doses (D0, D1, D2, 

D3, D4 and D5) of seaweed on soybean germination and 

seedling development; reported that the highest 

germination index in the materials they applied seaweed 

at 6.39% to D1 dose, and the lowest germination index at 

1.39% to D5 fertilizer dose. In the study, it was observed 

that the germination index decreased with the increase of 

the seaweed fertilizer dose, except for the D0 

application, and this is consistent with our findings. 

 
Table 4. Mean GSN, GI, RL, PL, SL and RFW values in the organic-origin liquid seaweed doses of species. 

Species 
Doses 

(ppm L-1) 
GSN (Number) GI  RFW (g) PFW (g) RDW (g) PDW (g) 

T D0 25.00 a 22.00  1.52 a-d  1.83 cd 0.09 bcd 0.10 def 
 D1 25.00 a 22.00  1.87 a 2.14 abc 0.08 de 0.12 cde 
 D2 25.00 a 19.92  1.74 ab  2.31 ab 0.06 ef 0.17 a 
 D3 25.00 a 20.89  1.64 abc 2.20 abc 0.01 g 0.11 def 
 D4 25.00 a 18.23  1.26 def  2.24 abc 0,05 ef 0.13 cd 
 D5 23.00 ab 13.82  1.07 fg  1.60 de 0,04 fg 0.08 fg 

B D0 25.00 a 13.74  1.38 c-f 2.38 a 0.09 bcd 0.14 bc 
 D1 25.00 a 16.67  1.29 def 1.93 cd 0.05 f 0.12 de 
 D2 24.00 a 16.87  1.45 bcd 2.23 abc 0.04 f 0.16 a 
 D3 24.00 a 15.09  1.23 def  1.62 de 0.03 fg 0.09 f 
 D4 22.00 b 13.57  1.19 ef 2.20 abc 0.10 bc 0.10 ef 
 D5 23.00 ab 11.64  1.40 cde 2.28 ab 0.05 f 0.16 ab 

W D0 25.00 a 19.47  1.86 a  1.94 cd 0.00 b 0.09 fg 
 D1 25.00 a 21.01  1.63 abc 1.78 d 0.09 cd 0.09 f 
 D2 25.00 a 20.02  1.61 abc 1.75 d 0.41 a 0.07 g 
 D3 25.00 a 19.14  1.45 cd 2.05 bc 0.09 cd 0.13 cd 
 D4 22.00 b 15.75  1.48 bcd 2.18 abc 0.10 bc 0.11 de 
 D5 23.00 ab 12.61  0.82 g 1.46 e 0.04 f 0.12 de 

Overall Average  24.22  17.36  1.44  2.01  0,08  0,12  

LSD (0.05) T x D  2.49*   -  0.36**  0.43** 0.03**  0.03** 

CV (%)   3.58 8.27 8.65 7.39 11.21 8.43 

T: Triticale, B: Barley, W: Wheat, GSN: Germinated Seed Number, GI: Germination Index RFW: Radicle Fresh Weight, PFW: Plumule Fresh 

Weight, RDW: Radicle Dry Weight, PDW: Plumule Dry Weight, CV: Coefficient of Variation, D: Dose, Fertilizer Doses; D0: Control, D1: 1000 
ppm L-1, D2: 2000 ppm L-1, D3: 4000 ppm L-1, D4: 8000 ppm L-1, D5: 16000 ppm L-1. There is no statistical difference between the same capital 

letters in the same column. There is no statistical difference between the same lowercase letters in the same column. 

 

3.3. Radicle Fresh Weight (g) 

 

In the analysis of variance, the statistical difference 

(P<0.01) between cereal types, doses and species x dose 

interaction was found to be very significant for radicle 

fresh weight (Table 2, Table 3 and Table 4.). The fresh 

radicle weight of the cereal species varied between 1.32 

and 1.52 g. The highest radicle fresh weight was found 

in T and W types (1.52 and 1.48 g, respectively) among 

cereal species, and the lowest radicle fresh weight was 

determined in B type (1.32 g).  

 

It was observed that the doses ranged from 1.10 g to 1.60 

g fresh weight of the radicle.  While the highest radicle 

fresh weight was observed in the D1, D2 and D0 doses 

(1.60, 1.60 and 1.59 g, respectively) among the doses, 

the lowest radicle fresh weight was observed in the D5 

dose.  
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It has been determined that D5 has a limiting effect on 

the fresh weight of the radicle within the doses. The 

radicle fresh weight of the species x dose interaction 

ranged from 0.82 g to 1.87 g. Among the species x dose 

interaction, the highest radicle fresh weight was found in 

TD1 and WD0 (1.87 and 1.86 g, respectively), while the 

lowest radicle fresh weight was found in WD5. Bat et al. 

[13]investigated the effects of seaweed doses (0, 2, 4 and 

6 cc L-1) applied in viols on echinacea plant under 

drought stress. As a result of the research, the highest 

radicle fresh weight of 5.93 g and 6 cc L-1 seaweed dose 

was determined in the echinacea plant, and the lowest 

radicle fresh weight was 4.26 g at the control dose, and 

they reported that seaweed had a positive effect on the 

radicle fresh weight. 

 

Kara et al. [12], investigated the effect of seaweed 

applications (control, 2, 4 and 6 cc L-1) on salt stress 

(control, NaCl, KCl and CaCl2) in echinacea plant. As a 

result of the research, they observed that the highest 

average radicle fresh weight was obtained from 4.35 g 

and 6 cc L-1 seaweed dose, and the lowest average 

radicle fresh weight was obtained from 3.46 g and 2 cc 

L-1 dose. 

 

3.4. Plumule Fresh Weight (g) 

 

In the analysis of variance, the difference (P<0.01) 

between cereal types, doses and species x dose 

interaction in terms of plumule fresh weight was found 

to be statistically very significant (Tables 2, 3 and 4). 

The plumule fresh weight of the cereal species varied 

between 1.86 and 2.11 g. Among the species, the highest 

plumule fresh weight was obtained in B and T (2.11 and 

2.05 g, respectively) species, and the lowest plumule 

fresh weight was obtained in W species (1.86 g). 

 

It was determined that the fresh weight of the plumule of 

the doses varied between 1.78 and 2.21 g. The highest 

plumule fresh weight was observed in the D4 dose, and 

the lowest plumule fresh weight was observed in the D5 

dose. It was observed that the species x dose interaction 

varied between 1.46-2.38 g plumule fresh weight. 

Among the species x dose interaction, the highest 

plumule fresh weight was found in BD0, and the lowest 

plumule fresh weight was found in WD5 (Table 4). 

 

Bat et al. [13] investigated the effects of seaweed doses 

(0, 2, 4 and 6 cc L-1) applied in viols on echinacea plant 

under drought stress. As a result of the research, the 

highest plumule fresh weight of 6.35 g and 6 cc L-1 

seaweed was observed in the echinacea plant, and the 

lowest plumule fresh weight was observed in the control 

application with 5.11 g. Steveni et al. [14] determined 

that the seedling weight increased by 56% to 63% in the 

application of seaweed material in winter barley. Kara et 

al. [12] investigated the effect of seaweed applications 

(control, 2, 4 and 6 cc L-1) on salt stress (control, NaCl, 

KCl and CaCl2) in echinacea plant. As a result of the 

research, they observed that the highest average plumule 

fresh weight was obtained from 3.38 g and 6 cc L-1 

seaweed dose, and the lowest average plumule fresh 

weight was obtained from 2.45 g and 2 cc L-1 dose. 

3.5. Radicle Dry Weight (g) 

 

In the analysis of variance, the difference (P<0.01) 

between cereal species, doses and species x dose 

interaction in terms of radicle dry weight was found to 

be statistically very significant (Table 2, Table 3 and 

Table 4.). The radicle dry weight of the cereal species 

ranged from 0.05 g to 0.14 g. Among the species, the 

highest radicle dry weight was found in the W type, and 

the lowest radicle dry weight was found in the T type 

(Table 3.). The radicle dry weight of the doses ranged 

from 0.04 g to 0.17 g. The highest radicle dry weight 

was found in the D2 dose, and the lowest radicle dry 

weight was determined in the D3 and D5 doses (Table 

2). The radicle dry weight of the species x dose 

interaction ranged from 0.01 g to 0.41 g. Among the 

species x dose interaction, the highest radicle dry weight 

was observed in WD2, and the lowest radicle dry weight 

was observed in TD3 (Table 4). Bat et al. [13] 

investigated the effects of seaweed doses (0, 2, 4 and 6 

cc L-1) applied in viols on echinacea plant under drought 

stress. As a result of the research, the highest radicle dry 

weight of 1.04 g and 6 cc L-1 seaweed was observed in 

the echinacea plant, and the lowest radicle dry weight 

was observed in the control application with 0.71 g. Kara 

et al. [12] investigated the effect of seaweed applications 

(control, 2, 4 and 6 cc L-1) on salt stress (control, NaCl, 

KCl and CaCl2) in echinacea plant.  

 

As a result of the research, they observed that the highest 

average radicle dry weight was obtained with 0.81 g and 

6 cc L-1 seaweed dose, and the lowest average radicle dry 

weight was obtained in the control application with 0.58 

g. Kaya and Coşkun [11], in their research to determine 

the effect of 6 different doses (D0, D1, D2, D3, D4, D5) 

of liquid seaweed on rapeseed germination and seedling 

development; found that the highest radicle dry weight 

was 1.914 mg with D4, the lowest radicle dry weight 

was 0.535 mg with D1, and germination did not occur at 

D5 dose. 

 

3.6. Plumule Dry Weight (g) 

 

In the analysis of variance, the difference (P<0.01) 

between cereal types, doses and species x dose 

interaction in terms of plumule dry weight was found to 

be statistically very significant (Table 2, Table 3 and 

Table 4.). The plumule dry weight of the cereal species 

varied between 0.10-0.13 g. Among the species, the 

highest plumule dry weight was obtained in B species, 

and the lowest plumule dry weight was obtained in W 

species (Table 3.). The plumule dry weight of the doses 

ranged from 0.11 g to 0.13 g. Among the doses, the 

highest plumule dry weight was found in the D2 dose, 

and the lowest plumule dry weight was found in the D0, 

D1, D3, D4 (0.12 g) and D5 (0.12 g) doses (Table 2).  

 

The plumule dry weight of the species x dose interaction 

ranged from 0.07 g to 0.17 g. Among the species x dose 

interaction, the highest plumule dry weight was found in 

TD2 and BD2 (0.17 and 0.16 g, respectively), and the 

lowest plumule dry weight was found in WD2 (Table 

4.). Bat et al. [13] investigated the effects of seaweed 
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doses (0, 2, 4 and 6 cc L-1) applied in viols on echinacea 

plant under drought stress. As a result of the research, 

the highest plumule dry weight of 1.21 g and 4 cc L-1 

seaweed was determined in the echinacea plant, and the 

lowest plumule dry weight was determined as 0.84 g in 

the control application. Kara et al. [12] investigated the 

effect of seaweed applications (control, 2, 4 and 6 cc L-1) 

on salt stress (control, NaCl, KCl and CaCl2) in 

echinacea plant. As a result of the research, they 

observed that the highest average plumule dry weight 

was obtained with 0.81 g and 6 cc L-1 seaweed dose, and 

the lowest average plumule dry weight was obtained 

with 0.62 g in the control application. Kaya and Coşkun 

[11], in their research to determine the effect of 6 

different doses (D0, D1, D2, D3, D4, D5) of liquid 

seaweed on rapeseed germination and seedling 

development; determined that the highest plumule dry 

weight was 7.880 mg with D2, the lowest plumule dry 

weight was 4.591 mg with D1, and germination did not 

occur at D5. 

 

4. CONCLUSION 

 

Germination studies on organic liquid seaweed and seeds 

of cereal species have not been very much. With this 

study, the effect of organic-origin liquid seaweed 

material on the germination and growth of radicle and 

plumule in cereal species will be determined and will 

guide many future studies. 

 

In the study, it was observed that the data on the 

germination and radicle and plumule growth of the 

cereal species of seaweed doses were statistically 

significant. D2 (2000 ppm L-1) dose gave the highest 

values in terms of germinated seed number, radicle dry 

weight, plumule dry weight and radicle fresh weight, 

while the D5 (16000 ppm L-1) dose gave the lowest 

values. Among the cereal types, wheat reached the 

highest values for germination index, radicle fresh 

weight and plumule fresh weight.  

 

As a result, the D2 (2000 ppm L-1) dose of seaweed 

organic material is generally recommended for wheat 

from cereal species; while D1 (1000 ppm L-1) and D2 

(2000 ppm L-1) dose in triticale; D2 (2000 ppm L-1) dose 

are recommended as incentives in barley. 
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Abstract: In this article, the phenomenon of superconductivity in the brain has been examined 

based on some properties of superconductivity. The possibility of hydrogen-based compounds to 

be superconducting at ambient temperature and pressure has enabled an analogy to be 

established between superconductivity and living organisms including high ratio water in other 

words hydrogen. In this context, the superconductivity phenomenon occurring in microtubules 

structures in neurons in the brain has been studied and thus the quantum mechanical properties of 

the brain have been tried to be explained. Due to the behavior of acting like computer memory, 

the role of repairing deoxyribonucleic acid damage, property of giving the quantum mechanical 

behavior to the brain, microtubules are very interesting organelles.  Hence superconductivity 

with its extraordinary properties such as the quantum entanglement and bosonic state etc. may be 

guide for human beings in the respect of long term memory, empathy and consciousness. 

 

 

Beyindeki Süperiletkenlik 
 

 

Anahtar 

Kelimeler 

Süperiletkenlik,  

Kuantum 

Dolanıklık, 

Bilinç,  

Empati,  

Beyin 

 

Öz: Bu makalede beyindeki süperiletkenlik olgusu, süperiletkenliğin bazı özellikleri temel 

alınarak incelenmiştir. Hidrojen bazlı bileşiklerin ortam sıcaklığı ve basıncında süperiletken 

olma olasılığı, süperiletkenlik ile yüksek oranda su yani hidrojen içeren canlı organizmalar 

arasında bir analoji kurulmasına olanak sağlamıştır. Bu bağlamda, beyindeki nöronlarda bulunan 

mikrotübül yapılarda meydana gelen süperiletkenlik olgusu incelenmiş ve böylece beynin 

kuantum mekaniksel özellikleri açıklanmaya çalışılmıştır. Bilgisayar belleği gibi işlev görme 

davranışı, deoksiribonükleik asit hasarını onarmadaki rolü, beyne kuantum mekaniksel davranış 

kazandırma özelliği nedeniyle mikrotübüller çok ilginç organellerdir. Dolayısıyla süperiletkenlik 

kuantum dolaşıklığı ve bozonik durum gibi olağanüstü özellikleriyle uzun süreli hafıza, empati 

ve bilinç kavramları açısından insanlara yol gösterici olabilir.  

 

 

1. INTRODUCTION 

 

Superconductivity was discovered by Kamerlingh Onnes 

in 1911 at Leiden University in mercury at liquid helium 

temperature for the first time As the temperature 

decreases to a specific temperature value called as a 

critical transition temperature, Tc the resistance of the 

material disappears suddenly and superconductivity 

occurs in material [1]. Superconducting materials exhibit 

some interesting properties such as zero resistance below 

Tc, Meissner effect [2,3], Josephson junction tunneling 

[4], Bose-Einstein Condensation [5,6], quantum gravity 

[7,8] quantum entanglement [9], etc. These properties 

belonging of the superconductivity are of the collective 

behaviors of the superconducting material. First, general 

properties of a superconducting material have been 

summarized in the article and then the phenomenon of 

superconductivity in living organisms especially in brain 

is examined from literature in detail. Then the analogy 

between superconductivity and brain has been made and 

investigated in the terms of consciousness, memory etc. 

Also, the study has tried to determine the relationships 

between some characteristics properties of human brain 

and quantum mechanics by guiding of 

superconductivity.  

 

2. THE SOME CRUCIAL PROPERTIES OF 

SUPERCONDUCTORS  

 

The most known property of the superconductivity is the 

zero resistivity of material under the critical transition 

temperature, Tc, as shown in Figure 1. This fundamental 

property of the superconductivity was discovered for 
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mercury by Kammerlingh Onnes in 1911 for the first 

time [1]. 

 

 
Figure 1. Discovery of superconductivity in mercury with zero 

electrical resistivity at 4.2K [10]. 
 

After the discovery of superconductivity in mercury, 

many metals, alloys and cuprates have been found to be 

superconducting at low temperatures. In the following 

years, studies on superconductors have been continued 

both in the search of materials with higher critical 

transition temperatures and in the establishment and 

development of theories to explain the physical origins 

of the phenomenon of superconductivity. In this context, 

the Bardeen-Cooper-Schrieffer (BCS) theory, the first 

theory of superconductivity, was derived in 1957. The 

BCS theory states that electron pairs called as Cooper 

pairs with opposite momentum and spin occur due to the 

electron-phonon interaction as shown in Figure 2. These 

quasi particles in superconducting material behave like 

bosonic particles due to their zero spin and hence occupy 

the same quantum sate due to the quantum entanglement. 

Therefore, superconductors can be considered as giant 

quantum mechanical systems exhibiting Bose-Einstein 

Condensation (BEC) [11,12]. 

 

 
Figure 2. The formation of the Cooper (electron) pairs due to the 
attractive interaction between two electrons and phonons [13]. 

 

 BEC in the quasi-2D copper oxide layered 

superconductors called as cuprates was suggested as the 

possible mechanism of superconductivity [5,14].  It was 

determined that with the plasma frequency, BEC in 

copper oxide layers extends to the whole layers in 

mercury based CuO2 layered high temperature 

superconductors and hence three dimensional BEC were 

determined for superconducting material for the first 

time [15]. All electron pairs in the superconducting 

material have same wave function due to the BEC. Even 

if you break any electron pair in the superconducting 

system, the superconductivity in the system is destroyed. 

 

The other main property of all superconductors is the 

Meissner effect. A superconducting material displays 

diamagnetic character [2,12,16]. Whereas in normal 

state, the magnetic field applied to the sample penetrates 

to the material, it is completely expelled from the sample 

at superconducting state as seen in Figure 3. The 

magnetic levitation occurs due to expulsion of magnetic 

field from the superconducting sample. The magnetic 

field is completely expelled from the material in an ideal 

state while it penetrates a small shell of the surface of the 

superconducting material in reality [13]. 

 

 
Figure 3. The schematic representation of Meissner effect at upper and 
below Tc [10].   

 

Superconductors can be categorized as type I and II 

superconductors. Superconducting materials with type-I 

called low-Tc superconductivity are generally pure 

metals. Type-II called high-Tc superconductivity 

superconductors are alloys and oxides of ceramics. The 

Meissner effect manifests itself with perfect 

diamagnetism in the form of complete exclusion of 

magnetic flux up to a thermodynamically critical 

magnetic field value, Hc in type I superconductors as 

seen in Figure 4. In type II superconductors, the applied 

magnetic field is totally expelled from the type-II 

superconductor until the first critical field Hc1 is reached. 

At magnetic field values above Hc1, the magnetic field 

penetrates the superconductor and vortices, which are the 

magnetic flux quantum, occur. In these regions where 

magnetic field penetrates to the sample, it is no longer 

superconductor. The rest of the material still has 

superconducting properties. If the magnetic field is 

increased to the second critical field, Hc2, the material is 

no longer superconducting. Hc2 is generally upper than 

Hc of type I superconductors and this explains why type 

II superconductors are typically used for 

superconducting magnets [10,13]. 

 

 
Figure 4. Magnetization versus applied magnetic field curve of type I 

and type II superconductors [3,10]. 

 

In 1962, the young theoretical physicist Brian Josephson 

observed two different physical phenomena at the 

Josephson junction (Figure 5), which consists of two 

superconducting layers separated by a thin insulating 

layer: d.c. and a.c. the Josephson effect [4].  
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Figure 5. The schematic representation of ac Josephson junction [17]. 

 

In the dc Josephson Effect, even if no external voltage is 

applied to the Josephson junction, supercurrent flows 

through the junction as a result of electron pairs 

tunneling the junction, quantum mechanically. Cooper 

pairs (quasi-particles) in the superconducting regions in 

the right and left of the junction can be represented by an 

exponential wave function dependent on the phase 

difference. When no current flows in superconductors, 

since all Cooper pairs have the same phase, the system 

can be described by a single wave function. When 

superconductors are separated by a thin insulating layer, 

the wave functions of electron pairs on either side of the 

junction penetrate the insulator layer, locking them in 

same phase by quantum mechanical tunneling. In this 

case, without applying any voltage difference to the 

junction, a supercurrent proportional to this phase 

difference flows through the junction due to the phase 

difference Δφ between the wave functions of the electron 

pairs [18].When a d.c. voltage difference is applied to 

the Josephson junction, an alternating supercurrent flows 

through the Josephson junction proportional to the 

voltage applied to the junction. The a.c supercurrent 

flowing through the Josephson junction can create 

electromagnetic fields within the junction. Relevant 

electromagnetic waves were first experimentally 

observed in 1965 [19]. 

 

The other property of the superconductors is quantum 

gravity phenomenon which has been observed at 

optimally doped mercury based superconductor for the 

first time. In mercury-based superconductor, at 

temperature lower than Tc, the effective mass of the 

quasi-particles is at maximum value and as an indicator 

of this event, the plasma frequency shifts from the 

microwave to the infrared region due to the quantum 

gravity [7,8]. 

 

3. THE SUPERCONDUCTIVITY IN LIVING 

ORGANISMS  

 

Scientists have been studying that hydrogen-based 

compounds may be superconductor at ambient 

temperature and pressure. Some detailed analyses have 

shown that the highest critical temperatures for 

superconducting materials are achieved in the molecular 

and covalent hydrogen–hydrogen interaction materials 

[20]. Also, the small radius elements alloyed with 

hydrogen have new bonds instead of pure H-H bonds 

and these new bonds are more stable than H-H bonds 

[21]. In this context, materials containing hydrogen, such 

as living organisms are promising candidates to reach 

superconductivity at ambient temperature and pressure 

values.   

  

In recent years, the number of studies on 

superconductivity and quantum processing of 

information in living organism have been increasing 

[22]. Some studies have shown that living organisms 

being superconducting at room temperature exist in 

nature. The possibility of higher temperature 

superconductivity than the room temperature in organic 

polymers was proposed by W. A. Little in 1964 for the 

first time [23]. Mikheenko put forward a hypothesis that 

nature may have discovered the superconductivity in 

water being one of the most abundant substances in the 

planet very long time ago and he also stated that the 

enhanced coherence and quantum processing of 

information might be enabled by the properties of 

superconductivity. In this context, water might be the 

origin of the beginning of the existence of the intelligent 

life in the planet [22,24,25]. 

 

As is known, the ambient pressure like the chemical 

pressure affects the critical transition temperature of the 

superconducting system [26-28]. From this point of 

view, the high pressure is the other crucial parameter as 

well as water in other word hydrogen for appearing the 

intelligent life arisen from depth of oceans for the first 

time.  Hydrogen being the lightest ion has very high 

phonon frequency leading to room temperature 

superconductivity and it has solid structure under high 

pressure environment [27]. The studies show that the 

superconductivity mechanism is related to the number of 

the hydrogen atoms. During water formation, extra 

oxygen from water could be release atmosphere and this 

explains initial high oxygen concentration on the early 

stages and also evaluation of life on the planet [22].  

 

The studies show that brain water content in humans is 

approximately 75% for adults and 85% for infants [29]. 

There are some evidences that water could play essential 

role for formation of superconductivity and 

superconductivity could be responsible for coherent 

behavior of living organisms [24]. The brain and nervous 

system have the coherent features and could be analyzed 

by models developed for superconductivity [22]. 

Superconductivity in brain was suggested in 1972 to 

explain long-time memory and was explained that if 

there is room-temperature superconductivity, it should 

be in a system with high level of organization. 

Superconductivity in brain was also studied by Halpern 

and Wolf who explained that the superconductivity 

could be available in living organism and even 

consciousness of intelligent organisms [30]. 

 

The recent studies propound that if the dimensions of a 

material decreases, its critical temperature increases. 

William Little in 1964 developed a remarkable theory 

deriving very high critical temperature of about 2200 K 

in linear chains of organic molecules [23,25]. 

Microtubules being one dimensional structure with linear 

translational symmetry in living cells, which form the 

cytoskeleton, are organized as networks and in neurons 

[31]. It was suggested by scientists that 

superconductivity developing inside one dimensional 

microtubules inside neurons of brain could also be 

responsible for long-term memory [22,24]. Emilly 

Toomey and her collogues suggested that the 

superconducting nanowires could be used for the 
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development of an artificial neuron. The artificial neuron 

has functions with multiple characteristics of biological 

neurons [32]. 

 

Neuromorphic computing systems are inspired by the 

biological concepts and functions of the human brain 

[33] and are of studying areas of artificial intelligence 

and machine learning applications [34]. Superconducting 

electronics including Josephson junctions and 

superconducting nanowires have been widely using in 

neuromorphic computing systems to provide bio-

inspired functionality to the device. Neurons in brain 

exhibit the action potential and in order to make an 

analogy to action potential, Josephson junctions 

displaying naturally spiking behavior are used. Two 

Josephson junctions can imitate the ion channel 

dynamics observed in firing neurons, and the 

combination of nanowire resistor can simulate the 

relaxation oscillations determined in the brain due to the 

connections of several neurons [35]. Also it has been 

determined that Josephson junctions in conjunction with 

single photon detectors fulfill  many neural operations 

occurring in brain and can be utilized to construct 

synapses for communication requiring a single photon 

[36]. 

 

It is supposed that the brain has a macroscopic quantum 

wave and quantum processes take in the cytoskeleton. 

The long-range coherent informational transfer in brain 

is explained by Bose-Einstein condensation. Nambu-

Goldstone bosons, which are quanta of long-range 

correlation waves of aligned electric dipoles, are 

generated by the interaction between the water 

molecules and the local electromagnetic field in neurons 

[37,38].  

 

Scientists Alain Aspect, John Clauser and Anton 

Zeilinger who took the Nobel physics award, have 

investigated entangled quantum states (Figure 6). In the 

quantum entanglement state, two quantum systems or 

quantum particles being entities lacking individuality 

[39] behave like a same system quantum mechanically 

and share the same quantum state. Due to this reason, the 

distance between two systems are not important, because 

they share same quantum state and have same collective 

attitude. The other crucial property of the entangled 

particles is that they should be opposite spin with same 

amplitude. In this point of view, a Cooper pair is 

considered as a quantum entangled system. Perfect 

quantum mechanical communication occurs between 

entangled systems [9].  Also, Anton Zeilinger and his 

research group have demonstrated that a phenomenon 

called quantum teleportation between particles is 

possible regardless of distance [40]. 

 

 
Figure 6. The schematic representation of quantum entanglement [41]. 
  

Brain, in which thoughts, intentions, dreams and ideas 

are created, is responsible for human awareness. The 

brain waves are produced by metabolic activities. If two 

individual entities can be considered as two independent 

human brains, their frequencies and corresponding 

energy levels in other words state of cognition are 

quantized. Hence, each state of mind is determined by 

quantum mechanical wave function. “Thought” has 

quantum mechanical wave character and one’s thought 

cannot be read by any human made device because of 

collapsing of quantum wave function. The thought is in 

solitary wave character and the only possibility of 

reading of the thought is another brain. This situation is 

an example of quantum entanglement state between 

human beings [9]. In other way, when there is harmony 

between individuals, the flow of information between 

minds occurs without verbal communication. That is, for 

communication, individuals may not always need words 

or verbalizing. 

 

4. DISCUSSION ON SUPERCONDUCTIVITY AND 

HUMAN BEINGS 

 

Communication is the most important factor leading the 

formation of culture and civilization. In this context, the 

brain, in which thoughts, feelings, intentions and hopes 

are born, has important duties in the transmission of 

correct information. Hence, the brain and of course 

neurons have crucial missions and the connection 

between neurons and empathy is also known. 

 

It has been reported that there is a big correlation 

between mirror neuron systems and empathy. Many 

studies have investigated that the mirror neuron system 

is involved in empathy and emotions. Functions of 

mirror neurons depend on the anatomy and physiological 

properties of the brain. As it is known, mirror neurons 

create a direct link between the sender of a message and 

the receiver of the massage. Mirror neurons shaped the 

civilization provide a mechanism for action-

understanding, imitation-learning, and the simulation of 

other people's behavior [42]. 

 

An individual who is an empath gives importance to the 

feelings and thoughts of other people and feels /knows 

their feelings/thoughts from their behaviors and actions 

and s/he experiences the same situation as if they were 

her/his own feelings. The question of “what makes these 

people with nonverbal communication skills different 

from other people” becomes important at this point. It is 

supposed that the mirror neurons of empaths who may 

exhibit quantum entanglement feature, work more 

actively and neurons have superconducting microtubule 

structures, too. In this context, it can be deduced that the 

neurons of empath people may contain more 

superconducting microtubules and in this case they may 

affect the brain waves of the person.  

 

The collapse of the entangled states occurs due to the 

decoherence. Because of environment-induced 

decoherence, quantum systems settle into classical states 

and behave classically [43]. Hence, in which state 

entanglement occurs, is important. The highest states of 
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being of the eternal program must be the state of 

entanglement. The reality is obvious only in this state. 

Tegmark found that decoherence time scale in the brain 

is in 10− 20 to 10− 13 s. Characteristic processes in neuron 

activity in human brains, which are slower than the 

decoherence time scale, are in the order of 10− 3 to 10− 1 s 

[44]. The probability of the collapse of a system 

consisting of entangled particles can be calculated by 

using the hitting frequency, f which is as a function of 

total mass of entangled particles. If the frequency of the 

system is very low, the collapse of the system is nearly 

impossible. It has been still continuing some arguments 

which frequency values are very low or not. In this 

context, philosophical and phenomenological approaches 

rather than that of scientific are more guiding [45].  

 

According to Ehret and Raymond, animals without 

systems of attention and long-term memory do not 

experience awareness of the content of something or 

consciousness about something to do [46]. Das says that 

the image of consciousness is stored as binary data in the 

microtubules structures of the neurons like computer 

memory [47]. Hence, the genetic structure of the living 

organisms affects the awareness and consciousness. It 

has been shown that the microtubule structures of some 

animals are different [48] and microtubules are also 

known to play a role in deoxyribonucleic acid (DNA) 

damage repair [49].  

 

As is known, by using Josephson junction and 

superconducting nanowires, the artificial neurons are 

constructed and they display perfect communication 

between them. Another unusual property of 

superconductivity is its behavior in the presence of 

vortices being the non-superconducting regions in 

superconductor. Although superconducting system has 

vortices, it tries continuing superconducting properties. 

Because, by the spatial resonance, entities called vortices 

formed in a superconducting system are pinned and the 

superconducting system continues to exist. In this 

situation, vortices are non-functional entities. In short, in 

cases where the number of entangled states is greater, the 

vortices have no effect on the system.  

 

4. DISCUSSION AND CONCLUSION 

 

In this article, the analogy between superconductivity in 

the brain and superconducting systems has been 

investigated, especially in the context of the concepts of 

consciousness and empathy.  

 

The mind's reactions to events shape the system and this 

can be considered as a part of the evolutionary processes 

of the systems. As it is known, intelligent systems want 

to protect their own security and the development of 

systems is managed and supported by minds. In this 

context, the superconductivity may conceptually guide 

us. In this study, superconductivity with its extraordinary 

properties such as the, quantum entanglement and 

bosonic state can be an important starting point for the 

positive change of individuals or systems in terms of  

long-term memory, empathy and consciousness. 
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Abstract: Aurora kinases, belonging to a highly conserved family of serine/threonine kinases 

with critical roles in the regulation of the cell cycle, comprise three members: Aurora kinase A, 

B, and C, which serve as key mitotic regulators essential for maintaining chromosome stability. 

Aurora kinases play crucial roles in multiple events in mitotic such as the coordination of 

chromosomal and cytoskeletal events, regulation of the spindle assembly checkpoint pathway 

and cytokinesis to ensure the smooth progression of the cell cycle. Besides their mitotic functions, 

Aurora kinases are also involved in the regulation of meiosis. Gene amplification/mutation and 

overexpression of Aurora kinases have been detected in various solid and haematological cancers. 

In human tumours, Aurora kinases exhibit oncogenic roles associated with their mitotic roles, 

which drive the cancer cell proliferation and survival. Deregulation of Aurora kinase activity 

causes failure in centrosome function, spindle assembly, chromosomal alignment, and 

cytokinesis, eventually resulting in the mitotic abnormalities and genetic instability. These 

findings emphasize the crucial functions of Aurora kinases in cancer, prompting their recognition 

as valuable targets for cancer therapy. This review provides an overview of the structures and 

functions of Aurora kinases and sheds light on their oncogenic roles in cancer. 

 

 

Aurora Kinazların Kanser ve Hücresel Süreçlerdeki Rolü 
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Hücre döngüsü 

düzenleyicileri, 
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Öz: Aurora kinazlar, Aurora A, B ve C şeklinde tanımlanan üç üyeye sahip, hücre döngüsünün 

düzenlenmesinde kritik rolleri olan yüksek oranda korunmuş serin/treonin kinaz ailesine ait 

proteinlerdir. Aurora kinazlar, kromozom stabilitesinin korunmasında önemli rolleri olan mitotik 

düzenleyiciler olarak hizmet etmektedir. Mitozdaki çeşitli olaylarda kritik roller üstlenen Aurora 

kinazlar, kromozomal ve sitoskeletal olayların koordinasyonu, iğ ipliği oluşumu kontrolü ve 

sitokinez gibi olaylarda görev alarak hücre döngüsünün sorunsuz ilerlemesini sağlamaktadır. 

Mitotik fonksiyonlarının yanı sıra, Aurora kinazlar mayoz bölünmenin düzenlenmesi 

süreçlerinde de yer almaktadırlar. Aurora kinazların gen amplifikasyonu/mutasyonu ve aşırı 

ifadesi çeşitli solid ve hematolojik kanserlerde tespit edilmiştir. Aurora kinazlar mitotik rolleri ile 

ilişkilendirilen onkojenik fonksiyonları ile kanser hücrelerinin çoğalması ve hayatta kalmalarını 

sağlamaktadırlar. Aurora kinaz aktivitesinin bozulması, sentrozom fonksiyonunda, iğ ipliklerinin 

oluşumunda, kromozomal hizalanmada ve sitokinezde sorunlara neden olarak mitotik 

anormallikler ve genetik istikrarsızlığa yol açmaktadır. Bu bulgular, Aurora kinazların kanserdeki 

önemli fonksiyonlarını vurgulayarak kanser terapötikleri için değerli hedefler olarak 

tanınmalarını sağlamaktadır. Bu derleme, Aurora kinazların yapı ve fonksiyonlarına genel bir 

bakış sunarak, bu kinazların kanserdeki onkojenik rollerini aydınlatmaktadır.   

 

www.dergipark.gov.tr/tdfd 

https://orcid.org/0000-0002-2505-5804
https://orcid.org/0009-0008-6040-9875


 

Tr. J. Nature Sci. Volume 13, Issue 2, Page 128-139, 2024 
 

 

129 

1. INTRODUCTION 

 

1.1 Aurora Kinases 

 

Aurora kinases (AURKs) belong to the family of 

serine/threonine kinases that serve as mitotic regulators 

with crucial roles in various molecular events and 

structures involved in cell division such as centrosome 

duplication, chromosome condensation and separation, 

kinetochore-microtubule interactions, mitotic spindle 

formation, and completion of cytokinesis [1,2]. Aurora 

kinases are not only involved in the regulation of different 

steps during cell division but also contribute to the 

regulation of checkpoints that ensure proper cell cycle 

progression. Therefore, precisely coordinated temporal 

and spatial functions of Aurora kinases are crucial for 

maintaining chromosomal and genomic integrity during 

mitotic and meiotic processes (Figure 1) [3]. Because of 

their fundamental roles in cell cycle regulation, Aurora 

kinases were first identified in the late 1980s through 

genetic screening aimed at identifying the genes involved 

in controlling cell division. They were named after 

Drosophila melanogaster mutants displaying spindle 

defects resembling the phenomenon of the Northern 

Lights, also known as Aurora borealis [4]. Subsequently, 

additional homologs of Aurora kinases have been 

identified across in various species. In Drosophila, a 

second Aurora homolog was discovered, while 

Caenorhabditis elegans possesses two Aurora-related 

kinases, namely AIR-1/Aurora A and AIR-2/Aurora B 

[5,6]. In the budding yeast Saccharomyces cerevisiae, the 

single Aurora kinase gene, Ipl1 (Increased in Ploidy 1), 

has been detected, and phylogenetic trees show that 

Aurora members evolved from this single ancestor gene 

originating in Urochordata [7]. Similar to Drosophila and 

C. elegans, non-mammalian vertebrates such as the frog 

Xenopus possess two kinases, Aurora-A and -B [8]. 

Unlike other eukaryotes, only mammals have a third 

Aurora kinase called Aurora-C [9]. 

 

 
Figure 1. Functional diversity of Aurora kinases (AURKs) [2] 

 

1.1.1. Structure and Functions of Aurora Kinases  

 

Three Aurora kinases have been identified in humans: 

Aurora kinase A (AURKA), Aurora kinase B (AURKB) 

and Aurora kinase C (AURKC). Although AURKA and 

AURKB are ubiquitously expressed, the cellular 

distribution of AURKC is limited to meiotic cells 

including sperms and oocytes [10]. The size of Aurora 

kinases ranges from 309 to 403 amino acids, and they are 

composed of three domains: a highly conserved catalytic 

domain (250–300aa) involving the activation T-loop, a 

short C-terminal domain (15–20aa) regulating protein 

levels via proteasomal degradation and an N-terminal 

domain (39–139aa) with different lengths between 

kinases providing their different localization inside cells 

(Figure 2). Moreover, Aurora kinases have different 

percentages of homology in their catalytic domains as 

follows: 60% between AURKA and AURKC, 71% 

between AURKA and AURKB and 75% between 

AURKB and AURKC [7]. Although Aurora kinases are 

similar to each other in terms of the structure of the highly 

conserved catalytic domain, their N-terminal can vary in 

size and sequence, which allows for selective protein-

protein interactions [11]. All members of the Aurora 

kinases display differences in their localization, 

substrates, regulatory partners, and function. Aurora A 

primarily regulates centrosome maturation and the 

assembly of bipolar spindles, whereas Aurora B and C 

play essential roles in condensation, kinetochore 

attachment, chromosome alignment during (pro-) 

metaphase, and cytokinesis [7]. 

 

 
Figure 2. Structure and domains of Aurora kinases [7] Schematic 
representation of the Aurora A, B and C proteins with the indicated 

domains. The N-terminal and C-terminal domains contain regulatory 

motifs. The KEN regulatory motif is present in Aurora A and B and acts 
as an anaphase-promoting complex recognition signal. The D-box 

(Degradation Box) tag for ubiquitin identification and the D-box 
activating domain (DAD, or A-box), which is absent in Aurora B and C. 

Phosphorylation of conserved threonine residues at Thr288 (AURKA), 

Thr232 (AURKB) and Thr195 (AURKC), within the activation loop of 
the catalytic domain is required for kinase activity.  

a. Percentages of homology of the catalytic domains are shown. 

 

1.1.1.1. Aurora Kinase A (AURKA) 

 

AURKA (also known as AIK, ARKI, STK6, STK7 and 

STK15) maps to the 20q13.2 human chromosomal region 

and its cellular distribution is ubiquitous [12]. AURKA 

activity of AURKA is regulated through multiple 

mechanisms including phosphorylation/de-

phosphorylation events and ubiquitin-mediated 

degradation [1]. The phosphorylation of AURKA by 

TPX2 (Targeting Protein for Xenopus kinesin-like protein 

2) provides its activation and facilitates access to AURKA 

substrates. Moreover, the autophosphorylation of its 

activation segment at Thr288 (in humans) in the kinase 

domain is known to be critical for kinase activity [13]. Its 

inactivation can occur via the dephosphorylation of 

Thr288 by protein phosphatase 1 (PP1). During cell cycle 



 

Tr. J. Nature Sci. Volume 13, Issue 2, Page 128-139, 2024 
 

 

130 

progression, AURKA proteins begin to localize around 

the replicated centrosomes during the S phase. Their 

activity and protein levels increased from the late G2 

through to M phase. Finally, they undergo degradation by 

cadherin-1 (Cdh1)/anaphase-promoting complex/ 

cyclosome complex (APC) during mitosis and mitotic exit 

[14]. AURKA is involved in the regulation of several 

mitotic events occurring from late S-phase through the M 

phase such as centrosome maturation and separation, 

formation of  bipolar spindle by interacting pericentriolar 

material (PCM), stimulation of mitotic entry, 

chromosome alignment during metaphase, mitotic exit 

and cytokinesis [15,16]. AURKA also plays a crucial role 

in spindle orientation by regulating the localization of 

nuclear mitotic apparatus protein (NuMA), thereby 

organizing mitotic spindle poles and coordinating spindle 

orientation [17,18]. Studies of AURKA mutations in 

Drosophila melanogaster have demonstrated defective 

chromosome and centrosome segregations, leading to the 

formation of polyploid cells [19]. Furthermore, defective 

AURKA activity results in impaired PCM function which 

is crucial for microtubule anchoring, and impaired mitotic 

spindle assembly, causing a transient spindle checkpoint-

dependent mitotic arrest and subsequent apoptotic cell 

death [3,20]. Similarly, reduced AURKA activity results 

in proper NuMA distribution during metaphase, 

consequently impairing the orientation of bipolar spindles 

[12]. Apart from mitosis, AURKA plays a role in meiosis  

by stimulating oocyte maturation, polar-body extrusion, 

spindle positioning, and metaphase I exit [1]. 

Consequently, the diverse involvement of AURKA 

throughout cell division underscores its critical functions 

and potential implications during this dynamic period of 

cellular activity. 

 

1.1.1.2. Aurora Kinase B (AURKB) 

 

AURKB (also known as AIK2, AIM1, ARK2, AIRK2, 

IPL1, STK1, STK5, and STK12) is located on the 17p13.1 

human chromosomal region, and its expression, like 

AURKA, is ubiquitous [12]. The kinase activity and 

protein expression levels of Aurora kinase B change based 

on the stages of cell cycle progression, and its expression 

peaks at the transition from G2 to M phase and functions 

until the end of mitosis [11]. Mainly, AURKB plays 

crucial roles in chromosome condensation, alignment and 

biorientation, spindle-assembly checkpoint, kinetochore-

microtubule interaction, direction of metaphase-to-

anaphase transition process and completion of cytokinesis 

[21,22]. In early mitosis, AURKB localizes to in the inner 

centromere, where it phosphorylates histone H3 on Serine 

residues Ser10 and Ser28 and recruits other proteins of the 

large Chromosomal Passenger Complex (CPC) protein 

complex. AURKB acts as a kinase module of CPC with 

three non-enzymatic subunits: survivin, borealin and 

inner centromere protein (INCENP), to ensure accurate 

chromosome segregation [23]. During prophase, AURKB 

binds to and phosphorylates INCENP. This binding, in 

turn, triggers AURKB auto-phosphorylation of Thr232 

within the activation loop of the catalytic domain, altering 

its conformation to induce kinase activity. Subsequently, 

the binding of survivin and borealin proteins completes 

the CPC. In prometaphase, AURKB, as part of the CPC, 

localizes to the kinetochores, and it is subjected to spindle 

assembly checkpoints (SAC), which play a role in the 

correction of impaired spindle kinetochore attachments. 

During the transition from metaphase to anaphase, 

AURKB relocates to the microtubules, ensuring proper 

alignment and segregation of sister chromatids. During 

late mitosis, AURKB phosphorylates several proteins, 

including vimentin and Rac-GTPase activating protein-1 

(MgcRacGAP-1), which are involved in the formation of 

the cleavage furrow to complete cytokinesis [7,22,24]. 

Apart from its mitotic roles, AURKB extends its 

functionality to the DNA damage response (DDR), a 

critical process that determines cell fate by directing cells 

to either repair damage or undergo self-destruction [25]. 

AURKB suppresses the activity of the p53 protein by 

phosphorylating it at various subcellular regions, 

including S183, T211, and S215. This phosphorylation 

leads to rapid degradation of p53 through the 

polyubiquitination-proteasome pathway. This results in 

the downregulation of p53 target genes involved in 

regulating the cell cycle and apoptosis [11].  Furthermore, 

during meiosis, AURKB localizes to chromosomes at 

metaphase, where it regulates kinetochore-microtubule 

attachments and chromosome alignment, and to the 

spindle midzone during anaphase to facilitate cytokinesis 

[26]. Inhibition of AURKB leads to defective 

chromosome alignment and dysfunctional mitotic spindle 

checkpoint, resulting in impaired cytokinesis and 

endoreduplication followed by apoptosis induction [20]. 

In summary, the pivotal role of AURKB in orchestrating 

various aspects of cell division highlights its ability to 

maintain genomic stability and ensure the accurate 

chromosomal segregation during cell division processes.  

 

1.1.1.3. Aurora Kinase C (AURKC) 

 

A third and the most elusive member of the Aurora kinase 

family, AURKC (also known as AIK3, AIE2, ARK3, and 

STK13), maps to the 19q13.43 human chromosomal 

region, and its expression is predominantly in meiotically 

dividing gametes [10,12]. AURKC is predominantly 

expressed at its highest level in the mammalian testis, 

whereas low expression is detected in several somatic 

cells such as the placenta, lung, bladder, and skeletal 

muscle [27]. Aurora C protein and mRNA levels are low 

during the S phase and peak in the G2/M phase [28]. 

Similar to AURKB in mitosis, AURKC is the catalytic 

module of CPC and plays a role in the regulation of 

kinetochore-microtubule attachments, chromosome 

segregation, SAC, and cytokinesis in meiosis [29]. 

Therefore, as a member of the CPC, the subcellular 

localization of Aurora C was found to be similar to that of 

Aurora B [27]. AURKC also concentrates on the 

microtubule-organizing center to keep the integrity of 

bipolar spindles and coordinates the localization and 

function of both AURKA and AURKB in meiotic cells 

[29]. Regarding the regulation of AURKC, similar to 

AURKA and AURKB, autophosphorylation of a 

threonine within the activation loop activates the kinase 

activity of AURKC.  However, AURKC lacks protein 

degradation markers, such as KEN and D-box activating 

domain motifs found in AURKA and AURKB, 

suggesting that they are differentially regulated. 
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Additionally, this situation also demonstrates that 

AURKC provides a longer-lasting form of AURKB 

during meiosis [10,30]. Several studies have shown that 

defective AURKC in male mice results in blunted sperm 

heads, abnormalities in acrosome detachment and 

chromatin condensation, highlighting the critical role of 

AURKC in male fertility [31]. Moreover, mutations in 

AURKC cause meiotic arrest in meiosis-I [32], resulting 

in larger sperms with multiple flagella and misshapen 

heads, a condition called macrozoospermia [10,33]. 

Similar to male mice, AURKC deletion causes subfertility 

and arrests embryonic development in female mice owing 

to abnormalities in meiosis [34]. 

 

1.1.2. Aurora Kinases and Cancer 

 

The connection between Aurora kinases and cancer 

development relies on their crucial functions in different 

stages of the cell cycle. As mentioned above, these mitotic 

kinases are essential for maintaining genomic integrity 

and proper cell division, playing critical roles in mitotic 

entry, centrosome and kinetochore function, spindle 

assembly, microtubule dynamics, spindle assembly 

checkpoint, chromosome segregation, and cytokinesis. 

Consequently, any dysregulation of Aurora kinase 

activity can cause mitotic abnormalities and genetic 

instability. Given that genetic instability, and 

subsequently to uncontrolled cell proliferation, constitutes 

a hallmark of tumorigenesis, the aberrant expression of 

Aurora kinases may emerge as a potential catalyst for 

cancer development [35]. Overexpression and/or gene 

amplifications of AURKs has been demonstrated in 

various human cancers (Figure 3). Moreover, AURKA, B, 

and C exhibited intrinsic instability, with frequent defects, 

amplifications, and mutational regions identified at 

20q13.2, 17p13.1, and 10q13, respectively. These 

observations highlight the abnormal expression of Aurora 

kinases in human cancers, offering a clear explanation for 

their dysregulation in such contexts [14]. Overexpression 

of AURKA and AURKB is frequently observed in 

aneuploid tumours, which constitute approximately 90% 

of human malignancies [7,36] and gene amplification of 

AURKs has been linked to chemotherapy resistance and 

higher grades of malignancy [37]. Despite the 

overexpression and/or gene amplifications, there is no 

reported evidence of a natural deficiency of AURKs in 

human tumours thus far [14]. Moreover, Aurora kinase 

gene polymorphisms have been found to be related to an 

increased risk or early onset of cancer [38]. These findings 

underscore the intricate role of Aurora kinases in cancer 

pathogenesis and highlight their potential implications for 

therapeutic strategies. 

 

 
Figure 3. The median expression of AURKs in a variety of tumours. The data is obtained from Gene Expression Profiling Interactive Analysis (GEPIA) 
[39]. ACC—Adrenocortical carcinoma, BLCA—Bladder Urothelial Carcinoma, BRCA—Breast invasive carcinoma, CESC—Cervical squamous cell 

carcinoma and endocervical adenocarcinoma, CHOL—Cholangio carcinoma, COAD—Colon adenocarcinoma, DLBC—Lymphoid Neoplasm Diffuse 

Large B-cell Lymphoma, ESCA—Esophageal carcinoma, GBM—Glioblastoma multiforme, HNSC—Head and Neck squamous cell carcinoma, 
KICH—Kidney Chromophobe, KIRC—Kidney renal clear cell carcinoma, KIRP—Kidney renal papillary cell carcinoma, LGG—Brain Lower Grade 

Glioma, LIHC—Liver hepatocellular carcinoma, LUAD—Lung adenocarcinoma, LUSC—Lung squamous cell carcinoma, OV—Ovarian serous 

cystadenocarcinoma, PAAD—Pancreatic adenocarcinoma, PCPG—Pheochromocytoma and Paraganglioma, PRAD—Prostate adenocarcinoma, 
READ—Rectum adenocarcinoma, SARC—Sarcoma, SKCM —Skin Cutaneous Melanoma, STAD—Stomach adenocarcinoma, TGCT—Testicular 

Germ Cell Tumours, THCA—Thyroid carcinoma, THYM—Thymoma, UCEC—Uterine Corpus Endometrial Carcinoma, UCS—Uterine 

Carcinosarcoma 

 

1.1.2.1.  Aurora Kinase A in Cancer 

 

Aurora kinase A is a bona-fide oncogene, and its 

expression in tumours is frequently related to gene 

amplification, genetic instability, malignant 

transformation, poor histological differentiation, and 

prognosis [38]. Amplification of AURKA has been 

observed in various solid and haematological cancers 

(Table 1). Furthermore, AURKA tissue expression has 

been demonstrated to be a predictive and prognostic factor 

in several cancers, including colorectal, breast and gastric 

tumours [7]. High AURKA expression stimulates 

carcinogenesis by promoting epithelial-mesenchymal 

transition (EMT), metastasis, cancer cell proliferation, 

self-renewal of cancer stem cells, and resistance to 

apoptosis [40]. Mutation or upregulation of AURKA also 

leads to therapeutic resistance such as cisplatin resistance, 

by enhancing the DNA repair pathway [37]. In addition to 

the well-known phenomenon of overexpression of Aurora 

kinase A, it can interact with a variety of other proteins, 

including tumour suppressors and oncogenes, thus 

contributing to carcinogenesis. AURKA interacts with 

tumour suppressor genes that control centrosome 

duplication, cell cycle checkpoints and chromosomal 

stability, thereby contributing to centrosome 

amplification and cytokinesis failure. For instance, 
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AURKA interacts with the p53 tumour suppressor at 

multiple levels through phosphorylation of Ser315 

residues, which enhances Mdm2-mediated p53 

degradation [28], and on Ser215, which inactivates its 

transcriptional activity [41], subsequently inhibiting 

downstream targets such as PTEN and p21 [42]. Another 

tumour suppressor protein associated with AURKA, 

BRCA1, is involved in coordinating DNA replication 

with the centrosome duplication cycle.  Phosphorylation 

of BRCA1 by AURKA at Ser308 disrupts the G2/M 

checkpoint, leading to centrosome amplification and 

chromosomal instability [43]. Regarding the relationship 

between oncogenes and AURKA, it has been found that 

AURKA facilitates the oncogenic effects of well-known 

oncogenes such as Myc and FOXM1 in cancers, and that 

the overexpression or activation of these oncogenes and 

AURKA are frequently found together in human cancers 

[14,44]. Furthermore, AURKA engages with a multitude 

of substrates crucial in various cancer-promoting 

signalling pathways, notably polo-like kinase 1 (PLK1), 

β-catenin, and Akt. PLK1 acts as a pivotal cell cycle 

regulator, with its phosphorylation at the Thr210 region 

by AURKA being linked to essential processes like 

chromosome segregation, spindle assembly, and 

centrosome maturation [45]. AURKA's role is required 

for the activation of PLK1 to stimulate mitotic entry [46]. 

Overexpression of AURKA promotes PLK1 activity, 

accelerating centrosome amplification, chromosomal 

instability, faulty chromosomal segregation, and 

ultimately tumorigenesis [43]. Moreover, AURKA 

contributes to the downregulation of β-catenin and E-

cadherin expression that is pivotal in regulating cell-cell 

adhesion, thereby promoting EMT [14]. In human 

osteosarcoma cells, AURKA stimulates the 

phosphorylation of Akt and mTOR oncoproteins to 

increase the tumorigenicity [47]. Consequently, aberrant 

AURKA expression drives tumorigenesis by enhancing 

proliferation, evading apoptosis, inducing EMT, and 

promoting genomic instability. Given its critical role in 

cancer development, AURKA emerges as a potential 

target for cancer therapy. In this regard, several small 

molecules designed to inhibit AURKA have been 

developed. These inhibitors have undergone preclinical 

testing, and some have advanced to clinical trials, either 

as monotherapies or in combination with traditional 

treatments [40]. 

 

1.1.2.2.  Aurora Kinase B in Cancer 

 

Aurora B is frequently expressed at high levels in several 

human cancers, and its expression level has been related 

to aneuploidy and genetic instability [38]. AURKB 

overexpression has been detected in a wide range of 

human cancers (Table 1). Overexpression of AURKB 

promotes the impaired chromosome segregation, 

cytokinesis failure and chromosome lagging in metaphase 

in cancer cells [48]. In addition, AURKB plays a 

significant role in tumorigenesis by interacting with 

specific proteins, including the MYC oncogenic protein, 

Breakpoint Cluster Region-Abelson Leukemia (Bcr-Abl) 

oncoprotein, p53, and Cyclin-dependent kinase 1 (Cdk1) 

[11]. In human retinoblastoma, the direct regulation of 

AURKB by MYCN, a member of the MYC proto-

oncogene family, has been elucidated, highlighting the 

enrichment of a MYCN binding motif on the AURKB 

promoter [22]. Additionally, the upregulation of both 

AURKA and AURKB by c-MYC has been demonstrated 

in B-cell lymphoma [49]. Furthermore, Jiang et al. (2020) 

showed that AURKB stabilizes the MYC oncoprotein by 

phosphorylating it at the Ser67 position in T-cell acute 

lymphoblastic leukemia [50]. The Bcr-Abl oncoprotein, a 

product of the Philadelphia chromosome in human 

leukemias, is associated with constitutively activated 

tyrosine kinase, which plays a role in regulating various 

biological processes such as survival, invasion, growth, 

and angiogenesis in carcinogenesis [51,52]. Yang et al. 

(2014) showed that the Bcr-Abl oncoprotein stimulates 

the expression of both AURKA and AURKB via the AKT 

signalling pathway to promote clonogenic growth [53]. 

Furthermore, another study revealed that the progression 

of Chronic Myeloid Leukemia, a neoplastic disease 

arising from hematopoietic stem cells driven by the BCR-

ABL oncogene, is associated with the aberrant expression 

of the AURKB gene [54]. Importantly, AURKB induces 

proteasome-mediated degradation of p53 by 

phosphorylating it at the Ser183, Thr211, and Ser215 

regions to suppress its activity [11]. In addition, AURKB 

suppresses the expression of downstream target genes 

regulated by p53, thereby contributing to cell cycle 

inhibition. For instance, the overexpression of AURKB 

reduces the level of the p53 target p21Cip1 (cyclin-

dependent kinase-interacting protein-1), known as a cell 

cycle inhibitor, and its inverse correlation has been 

demonstrated in human leukemias. This illustrates the 

contribution of AURKB to tumorigenesis by suppressing 

the activity of the cell cycle inhibitor p21Cip1 and 

promoting chromosomal instability [55]. Additionally, 

the decreased expression of the cell cycle inhibitor 

p21Cip1 by AURKB causes abnormal activation of Cdk1, 

allowing cell cycle progression and thus promoting cell 

survival. Moreover, Cdk1 induces the activation of the 

acetyltransferase TIP60, resulting in the acetylation and 

activation of AURKB, which in turn leads to aneuploidy 

and uncontrolled cell cycle progression [14]. In addition 

to its pivotal roles in tumorigenesis, the overexpression of 

AURKB also serves as a significant indicator of disease 

progression and overall survival in various cancers. 

Studies have demonstrated its association with reduced 

overall survival in metastatic colorectal cancer [56] and 

breast cancer [57]. Similarly, patients with 

adenocarcinoma subtype of non-small cell lung 

carcinoma exhibit notably shorter survival times when 

AURKB is overexpressed in their tumour cells [58]. 

Moreover, AURKB expression correlates with poor 

prognosis and is often observed in higher grades of 

malignancy across various neoplastic lesions, suggesting 

its potential utility as a prognostic marker and predictor 

for aggressive tumours [59]. Furthermore, AURKB 

expression has been investigated as a prognostic marker 

in gastric cancer [60], oral cancer [61] and glioblastoma 

[62]. Variants of AURKB in hepatocellular carcinoma 

have been linked to advanced stages, poor prognosis, and 

tumour recurrence [63]. Notably, in colorectal cancer, 

prostate cancer, ovarian, and thyroid carcinomas, the 

degree of AURKB overexpression is directly proportional 

to disease grade or dedifferentiation status, indicating its 
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role in disease progression [64–68]. High expression of 

AURKB was detected in papillary and anaplastic thyroid 

carcinomas, the, with further overexpression observed in 

advanced stages, suggesting a growth advantage for 

neoplastic cells [59,68,69]. This evidence points to the 

targeting of AURKB for cancer therapy and the 

development of small AURKB inhibitors. These 

inhibitors have been extensively studied in preclinical and 

clinical studies across various tumour types  [70]. 

 

1.1.2.3.  Aurora Kinase C in Cancer 

 

AURKC is highly expressed in several cancers (Table 1). 

Even though AURKC overexpression has been observed 

across various cancer types, its precise oncogenic function 

remains unclear due to insufficient understanding of its 

role within the cellular context [71]. However, it is 

hypothesized that AURKC may contribute to centrosome 

amplification and multinucleation in cancer cells, 

potentially providing a survival advantage [72]. 

Moreover, Bejar et al. (2021) demonstrated that meiotic 

gene activation can drive tumour progression, further 

highlighting the potential significance of AURKC as a 

target for novel anti-cancer therapy [29]. Additionally, 

AURKC may exert an oncogenic role by phosphorylating 

several proteins involved in carcinogenesis, such as 

transforming acidic coiled-coil 1 protein (TACC1) [73] 

and telomeric-repeat binding factor 2 protein (TRF2) [74]. 

Notably, the overexpression of TACC1 has been shown 

to stimulate cell transformation and serve as a prognostic 

marker in breast cancer [75,76]. Similarly, TRF2 plays a 

critical role in telomere length regulation, and its 

phosphorylation by AURKC has been implicated in 

promoting tumorigenesis by reducing telomere length  

 [10,74,77]. In conclusion, investigating the normal 

function of AURKC in meiotic cells through ongoing 

studies is essential for a comprehensive understanding of 

its role in cancer progression. While AURKA and 

AURKB have been extensively studied in this context, the 

association of AURKC in carcinogenesis remains 

relatively unexplored, with only a few AURKC inhibitors 

developed thus far [78]. Therefore, further investigation 

into AURKC's role in cancer and the development of 

targeted inhibitors may reveal new therapeutic options for 

cancer treatment and prevention. 

 
 

Table 1. Summary of Aurora kinases and their overexpression/amplification in a wide range of tumour types [14]. 

Kinases Localization Function Tumour Types                                                    References 
 

 
 

 

 
 

 

AURKA 
  

 

 
 

 

 
 

Centrosome Spindle 

microtubule 
Midbody 

 

 
 

Mitotic entry, 

Centrosome 
maturation/separation, 

Bipolar spindle microtubule 

formation, 
Chromosome alignment, 

Cytokinesis, 

Mitosis exit 

 

Breast cancer                                                                         [79,80] 

Cervical cancer                                                                      [81,82] 

Colorectal cancer                                                                   [83,84] 
Esophageal squamous cell carcinoma                                    [85,86]  

Gastric/Gastrointestinal cancer                                               [87,88] 

Glioma                                                                                    [89,90] 
Leukemia                                                                                [91,92] 

Lung cancer                                                                            [93,94]  

Oral cancer                                                                              [95,96] 
Ovarian cancer                                                                        [97,98] 

Prostate cancer                                                                      [99,100] 

 

 
 

 

 
 

 
AURKB 

 
 

 

 
 

Chromosome 
Kinetochore 

Midbody 

 
Chromosome condensation, 

Chromosome Alignment, 

Chromosome Biorientation, 
Regulating SAC 

Kinetochore-microtubule-
interaction, 

Cytokinesis 

 
Breast cancer                                                                        [80,101] 

Cervical cancer                                                                          [102] 

Colorectal cancer                                                                [103,104] 
Gastric/Gastrointestinal cancer                                                    [87] 

Glioma                                                                                  [89,105] 
Leukemia                                                                                   [106] 

Lung cancer                                                                        [107,108] 

Oral cancer                                                                            [61,109] 
Ovarian cancer                                                                      [98,110] 

Prostate cancer                                                                    [100,111] 

Tyroid Cancer                                                                              [68] 
 

 

 

 
AURKC 

 

 

Chromosome 
Midbody 

 

Kinetochore-Microtubule 

Attachment, 
Regulating SAC, 

Meiotic chromosome 

segregation 

Cytokinesis 

 

Breast cancer                                                                             [112]  

Cervical cancer                                                                   [113,114] 
Colorectal cancer                                                                [114,115] 

Glioma                                                                                       [105] 

Prostate cancer                                                                    [100,112] 

  

  

2.CONCLUSION 

 

The Aurora kinase family offers a novel perspective for 

understanding the processes of mitosis, carcinogenesis, 

and their potential relationship. Aurora kinases serve as 

mitotic regulators and play an indispensable role in cell 

cycle progression. They interact with various partners to 

sustain their kinase activity and influence numerous 

downstream targets, including critical tumour suppressor 

proteins and oncoproteins. Therefore, exploring the link 

between interacting substrates and their effects on Aurora 

kinase regulation is significant, highlighting the 

importance of establishing regulatory networks for each 

Aurora kinase. Notably, the deregulation of a single 

mitotic regulator can significantly increase the risk of 

tumorigenesis. Amplification and overexpression of 

Aurora kinases have been found in numerous human 

tumours, and their aberrant expression triggers oncogenic 
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transformation, leading to the deregulation of multiple 

tumour suppressor and oncoprotein-regulated pathways. 

This ultimately results in genomic instability and 

tumorigenesis. The extensive network of Aurora kinases, 

encompassing different protein-protein interactions 

across a wide range of signalling pathways, supports the 

choice of Aurora kinases as potent targets for further 

exploration in drug discovery. The development of 

Aurora kinase inhibitors with fewer side effects and 

enhanced pharmacokinetic efficiency is required to 

counteract the overexpression of Aurora kinases and the 

deregulation of associated kinases involved in 

carcinogenesis. Therefore, Aurora kinases have emerged 

as promising targets to inhibit tumour cell growth and 

revealing the molecular functions of Aurora kinases will 

yield valuable insights for comprehending cell cycle 

control and provide novel strategies for drug design in 

cancer therapy. 
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